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Methanol is essential to produce chemicals such as acetic acid, alkyl acrylates and
various olefins. Over 65 million metric tons of methanol are produced each year by
Cu(ZnO x )-catalyzed hydrogenation of CO and CO 2 . However, fundamentals such as
the nature of the active site, the effect of particle size, and the origin of the ZnO x
promoter effect are still being debated.[1-3] Recently, a DFT study predicted a strong
decrease in activity for particle sizes below 20 nm, due to loss of effectiveness of the
ZnOx promotion.[2] Our group was the first to publish experimental results on the
dependency of turn-over frequency (TOF) on particle size, showing decreasing
activities for particles below 8 nm.[3] Although structure sensitivity was postulated as
an underlying cause, the results for unpromoted Cu particles were inconclusive,
leaving space for an alternative explanation via the effectiveness of the ZnO x
promoter. These previous studies employed different supports, mostly metal oxides,
to allow variation of the particle size. However, the nature of the support may affect
the efficiency of Cu and ZnO x , thus obscuring intrinsic particle size effects. In this
study, we utilized carbon as an inert catalyst support to elucidate the particle size
effects for both Cu and CuZnO x .

The carbon-supported Cu particle size was tuned between 3–13 nm, both in absence
and presence of ZnO x , which was achieved by systematic variation of the synthesis
parameters, including fine-tuning of the Cu loading, carbon surface functionalization
and the final heat treatment temperature. Transmission electron micrographs for two
typical carbon-supported Cu (Cu/C) catalysts are displayed in Fig. 1a,b. The catalytic
performance for the full set of Cu/C catalysts was evaluated under industrially
relevant conditions. The surface-specific activity was strongly dependent on the Cu
size, corroborating earlier results. Interestingly, the Cu-based activity was
consistently higher for the SiO 2 -supported catalysts compared to carbon, for the
same Cu size (Fig. 1c). In presence of ZnO x , the particle size effects still existed, yet

the activity was dominated by the strong promoter effect. Using carbon as an inert
support unequivocally proved that structure sensitivity contributes significantly to the
particle size dependence of methanol synthesis, using Cu and CuZnO x
nanoparticulate catalysts with sizes between 3–10 nm. Moreover, we revealed the
pivotal role of the support on the Cu and CuZnO x particle size-activity relationships in
methanol synthesis. These findings may assist in the rational design of more efficient
industrial catalysts and ultimately lead to conserving energy and material resources.

Fig. 1: a) Micrograph of 3.1 nm Cu/C catalyst; b) Micrograph of 13.4 nm Cu/C catalyst, white
scale bars measure 50 nm; c) Activity versus surface-averaged particle size for Cu/C (blue
squares), CuZnO x /C (green triangles) and Cu/SiO 2 (red circle) catalysts during methanol
synthesis from CO 2 -enriched synthesis gas. The TOF results for Cu/SiO 2 (empty triangles)
and CuZnOx/SiO 2 (empty hexagons)[3] were incorporated for direct comparison under the
same reaction conditions: H 2 :CO:He:CO 2 = 60:23:10:7 vol%, 260 °C and 40 bar(g), GHSV
1,000–7,000 h-1.
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Introduction
Owing to the multipurpose applications of propene, the demand for this olefin is
continuously increasing but cannot be fully covered by oil-based steam and fluid
catalytic cracking. To close the propene gap, non-oxidative propane dehydrogenation
to propene (PDH) over Pt- or CrO x -based catalysts has been developed. Although
the catalysts are active and selective, they have drawbacks related to cost or
environmental impact. Recently we have introduced non-toxic and low-cost ZrO 2 based catalysts [1]. Two coordinatively unsaturated Zr cations (Zr cus ) were suggested
to participate in propene formation [2]. The purpose of this study was to identify the
active sites and the factors affecting both desired selectivity as well as formation of
coke, which is the main undesired product. In particular, we focused on the role of (i)
ZrO 2 phase composition, (ii) the size of crystallites, (iii) the kind of promoter (Y 2 O 3 or
La 2 O 3 ) for ZrO 2 and (iv) supported metal (Ir, Pt, Ru or Rh) in PDH.
Results and Discussion
The catalysts were prepared through support impregnation with an ethanol solution of
metal nanoparticles (NP) of about 1 nm. For all catalyst, the use of metal NP
positively affected the rate of propene formation. The supported metals can be
ordered in terms of their positive effect on the activity as follows Rh>Ru>Ir>Pt.
Importantly, SiO 2 -supported metals showed negligible activity thus suggesting that
there is a synergy effect between the ZrO 2 -based supports and the supported
metals.
To derive insights into reaction pathways of product formation in the course of PDH,
catalytic tests were carried out at different degrees of propane conversion to
construct selectivity-conversion relationship. Figure 1 exemplary shows such
dependences to illustrate how Rh loading, reaction temperature and the size of
crystallite of bare monoclinic ZrO 2 affect the selectivity to propene and coke with the
latter being the main undesired product. For all materials, the selectivity to propene
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Figure 1. The selectivity to (a, c, e) propene and (b, d, f) coke as a
function of propane conversion over (a-d) YZrOx catalysts with (a, b)
0.01 wt% (), 0.05 wt% () or 0.08 wt% () Rh and over (e, f) monoclinic
ZrO2 with 9.1 and 43.4 nm crystallites. Reaction conditions: 550°C (filled
symbols) or 600 °C (open symbols), 40 vol% propane in N2.

catalysts with Ru, Pt or Ir NP.
The metals can be ordered in
terms of their undesired effect
as follows Pt>Ru~Rh>Ir.

When the PDH reaction was performed at 600°C, the selectivity to propene
increased, while the selectivity to coke decreased (Figure 1 c, d). This is probably
due to increased propene desorption. Another selectivity-affecting factor is the
crystallites size of bare monoclinic ZrO 2 [2]. The smaller the crystallites, the higher
the propene selectivity is (Figure 1 e, f). Phase composition of zirconia is also
important. The selectivity to coke over monoclinic ZrO 2 was also lower than over
tetragonal ZrO 2 . According to operando UV-vis analysis, the phase composition and
the size of crystallites affect the rate of conversion of coke precursors (seeds) into
higher oligomerized species.
Summary
The obtained results provide fundamentals for controlling activity and particularly
selectivity of ZrO 2 -based catalysts in the non-oxidative dehydrogenation of propane
to propene. The catalyst performance can be tuned through changing the size of
crystallites and phase composition of ZrO 2 , the kind of promoter for ZrO 2 and the
kind of supported metal. The knowledge derived may be used for designing other
alternative-type catalysts on the basis of non-reducible metal oxides.
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1. Introduction
Nitrogen-containing carbons (NCs) have been used in a wide variety of fields.
However, it is still under debate on the nature of active N sites, mainly pyrrolic,
pyridinic and graphitic N, due to the blending and inhomogeneity of different N types
in NCs. Zeolitic imidazolate frameworks (ZIFs), a subfamily of metal-organic
frameworks (MOFs), are ideal candidates to prepare NCs with exceptional chemical
and thermal stability by pyrolysis. Different from other MOFs, the ZIFs promise an
increase of active site density and a more uniform distribution of N species.
Supported Cu catalysts have been widely used in oxy-carbonylation of methanol to
dimethyl carbonate (DMC). To this end, NCs are considered as a class of novel
catalyst carriers for the oxy-carbonylation reaction. However, the in-depth
investigation on the functions of active N sites is sporadic. Here, we employ ZIF-7
and ZIF-8 to prepare NCs and then supported Cu catalysts for the oxy-carbonylation
of methanol. The results indicate that the Cu/NCs with proper N content and
pyrrolic/pyridinic N ratio can markedly enhance the performance and stability.

2. Experimental
ZIFs and PmPDA-C samples were synthesized according to the previous works [1,2]
The NCs were then obtained by pyrolysis under an Ar atmosphere, being denoted as
NCs-T, NCs-T-wet-t NCs-T*, and NCs-P-T (T represents the calcination temperature,
P represents the polymerization, t represents the time of vapor treatment). The
supported Cu catalysts were prepared by using different NCs as the carrier and
copper salts as the precursor with a conventional impregnation method, labeling as
Cu/NCs-T, Cu/NCs-T-wet-t Cu/NCs-T*, Cu/NCs-P-T. The oxy-carbonylation of
‡
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methanol was evaluated in a fixed-bed reactor system. The catalyst structure was
characterized by a series of spectroscopic techniques.

3. Results and discussion
Fig. 1a shows the TEM image of Cu/NCs-1000, indicating its morphology is similar to
ZIFs. Fig. 1b depicts a preliminary correlation of DMC yield and pyrrolic/pyridinic N
ratio. When the ratio is among 1.3–2.0, the DMC yield is above 30.0%. The yield
does not change much when the pyrrolic/pyridinic N ratio is further increased to 5.
Fig. 1c displays a comparison of performance over different catalysts as a function of
TOS. The Cu/NCs-1000, Cu/NCs-P-1000 and Cu/NCs-1000* catalysts show better
catalytic activity compared with Cu/XC-72. On the other hand, all catalysts show
deactivation, but the deactivation rate is different. The deactivation rate during 20 h
are 19%, 15%, 20% and 50% for Cu/NCs-1000, Cu/NCs-P-1000, Cu/NCs-1000* and
Cu/XC-72, respectively. The reasons are essentially due to the agglomeration of Cu
particles and the structure changes of N species.
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Fig. 1. (a) TEM image of Cu/NCs-1000; (b) Correlation of DMC yield and
pyrrolic/pyridinic N ratio; (c) Performance of Cu/NCs catalysts as a function of TOS.

4. Conclusions
The NCs can inherit the octahedral structure of ZIFs. The Cu catalysts with NCs
containing pyrrolic/pyridinic N ratio around 1.3–2.0 outperform Cu/XC-72 and other
Cu/NCs catalysts for the selective oxy-carbonylation of methanol to DMC.
The preliminary correlation between DMC yield and pyrrolic/pyridinic N ratio may
further rationalize the catalyst design for such reaction and provide a new thought on
better understanding the catalysis by using NCs as support.
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The effect of pressure on methane aromatization over Mo/HZSM-5
catalyst in a micro fluidized bed reactor
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Introduction
For the Mo/HZSM-5 catalyzed methane dehydroaromatization reaction, increasing
the operating pressure enable to improve the heat and mass transfer efficiency of the
catalyst bed, suppress coke formation, and increase catalytic stability [1], whereas
leading to a decrease in CH 4 conversion due to equilibrium limitations. Thus there
should exist an optimum operating pressure to maximize the reactor performance. In
this study we performed the reaction in a micro fluidized bed reactor at 5 different
pressures (1-5 atm) and 1073 K. We aimed at collecting the catalytic performance of
a spherically-shaped, binder-free Mo/HZSM-5 at these pressures so that a databased evaluation on the pressure-affected bed performance becomes possible.

Experimental
A spherically-shaped binder-free 6wt%Mo/HZSM-5 catalyst was used. Its catalytic
tests were carried out in a micro fluidized bed reactor (15 mm ID) at 1073 K and
pressures from 1 to 5 atm for 100-150 min. The amount of the catalyst sample and
the feed rate of methane used in each test were proportionally increased with
increasing the operating pressure to have a fixed superficial gas velocity (about 7.5
cm/s) and hence to form a similar uniform bubble fluidized bed. During the reaction
period at 1073 K a small amount of the reacted effluent was depressurized and
introduced into a 10 port-valve sampler held at 503 K, and on-line analyzed by two
gas chromatographs. Over the whole test period the pressure was monitored by a
pressure sensor and confirmed to remain stable.

Results and Discussion
At all test operating pressures and bed heights from 13 to 95 mm CH 4 conversion
reached the highest level at the first sampling time point (5 min after the 10%Ar/CH 4

make-up was introduced into the reactor at 1073K) and then began to decrease, first
at a small rate and last at an increased rate. As expected, due to the equilibrium
limitations, the maximum CH 4 conversion was indeed decreased with increasing the
operating pressure. On the other hand, the benzene formation rate, in most of the
tests, reached its maximum at the second sampling time point (15 min) or a delayed
timing due to the suppressive effect of H 2 produced via CH 4 pyrolysis on reduced Mo
species [2]. Only in a few cases where the gas hourly space velocities reached very
high, the benzene formation rate attained the maximum at the first sampling. With
respect to the effect of the operating pressure, the benzene formation rate always
remained higher at a raised pressure. This confirms that increasing the CH 4 partial
pressure does increase rather than decrease the overall benzene formation rate. In
addition, the time-dependences of both CH 4 conversion and benzene formation rate
suggested that continuous deactivation does occur over the whole reaction course at
all test pressures. At the same time, however, the product selectivity to benzene
obtained in all the cases remained stable and high at the levels 65-70% over the first
50-100 min, and then dropped rapidly to the levels of 10-20% in 20-40 min. This
suggests that the narrowing of the openings of the zeolite channels by coke
accumulation through the benzene selectivity-stable period might dominate the
deactivation process of Mo/HZSM-5 catalyst [3]. Moreover, lowering the gas hourly
space velocity by increasing the amount of catalyst packed in the bed enabled to
improve the catalytic stability of the bed for benzene production, although the
benzene yield itself was decreased with raising the operating pressure of the reactor.

Conclusions
A constant benzene selectivity of 65-70% was achieved at all test pressures. The
CH 4 conversion obtained decreased and the maximum benzene formation rate
increased with increasing the operating pressure of the catalyst bed.
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The study of self-oscillations during CH 4 oxidation over Ni by the
pulse method
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Introduction
Self-oscillations of catalytic reaction rate is an interesting kinetic phenomenon that
allows to reveal in more details a mechanism of the reaction. It was believed that
self-oscillations could be observed only for open systems with continuous supply of
reactants. We assumed that self-oscillations during some heterogeneous catalytic
reaction could be also detected with pulse supply of reagents and the results would
give an additional information about the reaction mechanism. Methane oxidation over
Ni was selected for the investigation because of well-known self-oscillations under
the continuous supply mode.
Materials and methods
Ni foil sample (4×3×0.5 mm) with an internal thermocouple was prepared from a Ni
capillary. Catalytic experiments were carried out in a tubular quartz flow-through
reactor. A quadrupole mass-spectrometer (Pfeiffer, OmniStar GSD 301) was
employed to analyze the composition of the outlet gas flow.
Results and discussion
Periodic variations of MS signals related to reagents and products in series of
7.3%O 2 -40.8%CH 4 -He pulses were observed in the range of the Ni foil temperature
from 650 to 800°C [1]. The waveform of the periodic variations (Fig.) reminds one of
a well-known effect whereby a high-frequency oscillation signal becomes modulated
by a low-frequency oscillation signal. Therefore, this phenomenon will be henceforth
referred to as “modulated” oscillations with the period equal to the number of pulses
between the repetitive responses.
The Ni temperature curve demonstrates that
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a selectivity of CH 4 transformation in every pulse. Effects of the second type led to
the step-wise changes in the temperature of the Ni foil when in He flow between the
reaction mixture pulses. Such step-wise changes were related to changes in heat
transfer between the Ni foil and the surrounding furnace because they occurred when
Ni foil changed its color between light metallic Ni and dark NiO.
The pulse experiments allowed more accurate measurements of O- and C-containing
gas components and calculations of O and C balances in every pulse. Positive or
negative O disbalances in some pulses have proved NiO reduction or Ni oxidation
correspondingly in different stages of the oscillation cycle. Similarly, C disbalances
revealed the stages with carbon accumulation or removal. The observed selectivities
of CH 4 transformation (total oxidation to CO 2 and H 2 O, partial oxidation to CO and
H 2 , decomposition to C and H 2 ) depended on the oxidation and carbonization
degrees in each pulse.
Conclusions
For the first time it has been shown that the self-oscillatory behavior during
heterogeneous catalytic reactions can be studied by the pulse method. The pulse
method allows to eliminate the influence of heat and mass-transfer effects on the
reaction rate and to reveal the role of reactor dynamics in the origin of the selfoscillations. The complicated waveform of the temperature variations during the
"modulated" oscillations allowed to distinguish the heat effects from the chemical
reaction proper as well as from the heat transfer processes in the reactor-furnace
system. The application of the pulse method can “freeze” some of the states of the
catalyst during the fast stages of the self-oscillations revealing the fine structure of
the oscillation cycle. The detailed structure of the self-oscillation cycle can be
described as a sequence of at least five reaction stages. The role of the accumulated
carbon and oxygen in the mechanism of methane oxidation over Ni has been
revealed. The new results allow to fill in some of the gaps in our knowledge about the
mechanism of self-oscillations during methane oxidation thus enabling further
mathematical modelling of the process.
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1. Scope
Oxidation reactions enable the catalytic upgrading of renewable feedstocks
through the incorporation of a functional group, resulting in compounds potentially
useful in cosmetic and pharmaceutical applications. An economically attractive and
environmentally friendly approach is the use of molecular oxygen as the final oxidant
for these transformations [1].
Palladium salts are highly efficient and versatile catalysts in homogeneous
organic oxidations [2]. In order to maintain the catalytic cycle, auxiliary reversible cocatalysts, such as p-benzoquinone (BQ), are usually required for the regeneration of
palladium(II) active species. BQ readily re-oxidizes zerovalent palladium and can be
regenerated under superatmospheric oxygen pressure, or under atmospheric
pressure in the presence of an electron transfer mediator (e.g. Cu(OAc) 2 ). Both
approaches have been successfully applied in the palladium-catalyzed oxidation of
several naturally occurring alkenes [3-6].
In the present communication, we focused on our recent results on the
palladium-catalyzed homogeneous oxidation of cis-jasmone, a fragrance ingredient
used in many scent mixtures, found in cosmetics, perfumes and other products [7].
The catalytic functionalization of the abundant, naturally occurring cis-jasmone
represents an attractive entry to new fragrant compounds.

2. Results and discussion
We found that the exocyclic double bond in the cis-jasmone (1) molecule can
be successfully oxidized by molecular oxygen as final oxidant using the Pd(OAc) 2 /BQ
catalytic system. The reaction was performed under atmospheric pressure in the
presence of catalytic amounts of Cu(OAc) 2 as an electron transfer mediator for the
effective regeneration of BQ during the catalytic cycle. Alternatively, a more

environmental friendly oxidation process in the absence of any co-catalyst was
performed at superatmospheric pressures (up to 10 atm).
After the optimization of the reaction variables, combined selectivity of 90% for
the allylic oxidation products was achieved at nearly complete substrate conversion.
Allylic acetate 2 shown in Figure 1 was the major reaction product, responsible for
80% of the mass balance in most of runs.
Initial reaction rates were strongly dependent on the BQ concentration,
suggesting that the re-oxidation of
hydroquinone

was

the

rate-

determining step in the process.
Temperatures higher than 80 °C
should be avoided in order to
prevent the lost in selectivity due to
the substrate decomposition and
over-oxidation of the primarily formed products to give high boiling compounds.

3. Conclusion
A novel selective Pd2+/BQ catalyzed oxidation of cis-jasmone, a naturally
occurring substrate, by molecular oxygen has been developed. Catalytic systems
and reaction conditions were selected to allow high yields for the major allylic ester, a
novel compound, under mild conditions. The functionalized product is potentially
useful as component of synthetic perfumes, cosmetics and pharmaceuticals.
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Hydrogenation of succinic acid over supported molybdenum
carbide
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Scope
The development of new catalytic systems for the conversion of biomassderived molecules into valuable chemicals and fuels has attracted the attention of
many research studies. Succinic acid is a C4 platform chemical which can easily be
obtained by bacterial fermentation of glucose. The hydrogenation of succinic acid
over heterogeneous catalysts can generate value added chemicals such as γbutyrolactone, butyric acid and 1,4-butanediol (Figure 1). This reaction has principally
been studied over noble metal supported catalysts in aqueous phase where γbutyrolactone is predominantly obtained over monometallic (e.g. Pd/C [1]) catalysts;
the incorporation of a second metal switch the selectivity towards 1,4-butanediol (e.g.
Pd-Re/TiO 2 [2]).
Transition metal carbides are potential substitutes for the conventional noble
metal catalysts usually used for such reactions; their catalytic activity is comparable
to noble metals but with unique pathways and distinct products selectivity [3]. In this
work, Mo carbide were used for the first time for the hydrogenation of succinic acid.
We prepared novel molybdenum carbide supported on TiO 2 , ZrO 2 and C. The effects
of the preparation conditions on the catalyst composition and its corresponding
catalytic response were investigated.

Figure 1: Hydrogenation of succinic acid

Results
A

range

of

supported-molybdenum

carbides

were

synthesized

by

impregnation followed by temperature programmed reduction carburization. TiO 2 ,
ZrO 2 and C were used as support. For the carburization, the effect of nature of the
carbon source (CH 4 , C 2 H 6 ), the gas composition (5-40% v/v C x H y /H 2 ), the gas
hourly space velocity (GHSV = 1000-7600 h-1), and the final temperature (600800°C) were investigated.
The catalysts were characterized by XRD,
ICP, STEM, TEM and XPS. All the catalysts
exhibited well dispersed particles (< 5nm) of cubic
MoC (Figure 2). The method of preparation was
shown to affect the degree of carburization and the
amount of free carbon on the surface.
Succinic acid reactions were conducted in a
batch reactor, at 160-240°C and under high H 2

Figure 2: STEM of MoC/TiO2

pressure (90-150 bars). Periodical samples were
analyzed by GC and HPLC.
In the presence of supported MoC catalysts, full conversion of SA were
obtained after 24 h at 240 °C and 150 bars in water. After 24 h, the main products
obtained were butyrolactone and butyric acid. After 48 h, these intermediates were
converted to butanol, THF, and 1,4-butanediol. Among the 3 supports, MoC/TiO 2
was the most active. Changing the nature of the carbon source during carburization
did not affect the catalytic results. However when increasing the carburization
temperature, the hydrocarbon content or GHSV, higher selectivity towards butyric
acid were obtained.
For the first time, yield up to 70% of butyric acid was obtained during the
hydrogenation of succinic acid. Performing this reaction in absence of noble metals is
a step towards the development of a sustainable economy, since molybdenum is
more abundant and less expensive than noble metals catalysts usually used.
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In-situ synchrotron radiation photoionization mass spectrometry
(SR-PIMS) for the detection of gas-phase catalytic products
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National Synchrotron Radiation Laboratory, University of Science and Technology of
China, Hefei, Anhui 230029, P. R. China
The gas-phase mechanism in catalytic reaction mainly involves the reaction kinetics
process of gas-phase intermediates desorbed from the surface of catalysts. Thus, insitu observation of active intermediates, especially free radicals is of great
significance for the establishment of reaction mechanism.[1, 2]
In this work, a spatially-resolved catalytic reactor combined with in-situ synchrotron
photoionization mass spectrometry (SR-PIMS) was developed to investigate the
nascent gaseous products during solid-gas catalytic reactions. In comparison with
former used methods, this apparatus can obtain stable and short-lived species at
varied temperature (up to 800 °C), space distance (2 to 55 mm from the catalyst
surface), and a wider pressure range (0.1 to 360 Torr) in real time. Oxidative coupling
of methane (OCM) with Li/MgO as model catalyst was adopted to evaluate the
performance of this reactor coupled with SR-PIMS. Key intermediate • CH 3 was
observed with high sensitivity. All the products were found to be greatly affected by
temperature, distance and reaction pressure. These findings can provide deep
insights about the primary heterogeneous reaction and subsequent secondary gasphase reactions network, which can depict the whole picture of solid-gas catalytic
reactions with known surface mechanisms.
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In-situ synchrotron radiation photoionization mass spectrometry
(SR-PIMS) equipped with a high-pressure catalytic reactor
Shengsheng Yu, Wu Wen, Jiuzhong Yang, and Yang Pan*
(E-mail: panyang@ustc.edu.cn)
National Synchrotron Radiation Laboratory, University of Science and Technology of
China, Hefei, Anhui 230029, P. R. China
In-situ observation of the gas-phase catalytic products under ambient and high
pressure atmosphere is crucial for the elucidation of reaction mechanisms. In this
work, a high pressure catalytic reactor was designed and combined with in-situ
synchrotron radiation ultraviolet photoionization mass spectrometry (SR-PIMS)

[1]

.

The reactor was connected to the ionization chamber (~10-3 Pa) through a
differential-pumping system, and the working pressure of this reactor could be
adjusted from atmospheric pressure to around 4MPa.
Fischer-Tropsch reaction with Co/SiO2 as the model catalyst was selected to
evaluate the performance characteristics of the reactor. Main products ranging from
C1 to C11 were detected in real time

[2]

. The amounts of reaction products showed a

significant pressure-dependant trend. This device could be used to detect and depict
more precise processes during medium or high pressure heterogeneous catalytic
reactions.
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Binary Alkoxide Ionic Liquids for Catalysis
P. McNeice; A. C. Marr and P. C. Marr.
School of Chemistry and Chemical Engineering, and QUILL, Queen’s University
Belfast, Belfast, Northern Ireland.

We address here the dual problems of ionic liquid instability under basic conditions,
and the lack of versatile basic ionic liquids. Ionic liquids are materials which are
composed entirely of ions, and are often hailed as “Green Solvents”.[1] Exchanging
one ion for another allows the properties of ionic liquids to be tuned, which has led to
the concept of “functionalised ionic liquids” (previously known as task-specific ionic
liquids).[2] However, there are relatively few examples of base-catalysed reactions
being performed in ionic liquids, probably because of the lacuna of basic ionic liquids,
resulting from the instability of many ionic liquids under basic conditions.
We have prepared binary mixtures of ionic liquids containing alkoxide anions to
produce highly basic ionic liquids (Figure 1).[3] The basicity of these materials is
higher than many traditional bases such as Et 3 N, pyridine and even KOH. These
novel materials have been proven to be homogeneous basic catalysts for
Knoevenagel condensations and Aldol reactions. We are working towards
heterogenising the system via sol-gel process and immobilisation upon mineral
supports.
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Hydrodeoxygenation of sorbitol into bio-alkanes and -alcohols over
phosphated ruthenium molybdenum catalysts
Yujing Weng and Yulong Zhang*
Henan Polytechnic University, Jiaozuo, Henan, 454000 (China)
Increasing issues on environmental pollution and rapid consumption of fossil
resources promote interests to explore sustainable production of chemicals and fuels
from renewable resources. Herein, carbon supported phosphated rutheniummolybdenum (RuMoP) catalysts were employed in a continuous trickle-bed reactor
for biomass sorbitol into renewable alkanes and higher alcohols. Sorbitol was chosen
for its higher thermal stability and natural hydrophility due to its high oxygean content
than carbohydrates and readily avalable from degradation/hydrogenation of glucose
or cellulose. The result showed that AC supported RuMoP presented complete
sorbitol conversion and high yields of gasoline- and diesel-range alkanes and
alcohols. Subsequently, RuMoP/CNT catalyst was prepared and studied in detail for
comparison. RuMoP/CNT displayed a less C-C cracking activity with much lower
content of C1-C4 products and higher content of C6 species both in gas- and oilphases. The surface morphology, surface area, compositions and acidity of the
catalysts were studied by XRD, XPS, BET, TEM, NH 3 -TPD and Py-IR.
Materials and Methods

Figure 1. Typical TEM and HRTEM images (a, b, c, d), and corresponding EDX elemental mapping of
P, Ru and Mo atoms (e, f, g) of RuMoP/CNT spent sample.

Phosphated ruthenium molybdenum carbon catalysts (RuMoP/C and RuMoP/CNT)
were prepared by sequential impregnation with 1.5 wt.% Ru loading amount and
molar ratio of Ru/Mo=1. HDO reaction was carried out in a tubular stainless-steel
trickle-bed reactor (inner diameter of 10 mm; length of 350 mm) at 4 MPa H 2
pressure. During reaction, the sorbitol aqueous solution (20 wt.%) was pumped into

the trickle-bed reactor at different flow rates by a high-pressure liquid pump (HPLP).
H 2 flow (150 cm3 min-1) was purged into the reactor at the same time. The reactor
set-up kept H 2 pressure at 4 MPa with the use of pre- and rear-pressure controller
and operated in the co-current-flow of liquid and hydrogen from top to bottom.
Results and Discussion
As reported, the HDO reaction is a catalytic process whereby the total or partial
removal of oxygen from biomass derivatives.

[1]

Obviously, the results of sorbitol test

indicated that the mono-alcohol products were key intermediates in the HDO reaction
of sorbitol into alkanes and could be changed by adjusting the space velocity of the
sorbitol solution. Generally, the increase of reactant space velocity could decrease
the contact time, which would lead to oxygenated intermediates such as monoalcohol. Therefore, the low C-C cracking property of metal catalyst would enhance
the yield and selectivity to higher alcohols. Herein, the RuMoP catalyst presented a
lower C-C cracking property with higher C5-C6 products in gas- and oil-phase. The
subsequent characterizations over relevant catalysts (RuMoP/C and RuMoP/CNT)
suggested that Ru and partial reduced MoO x were highly dispersed on the support
with intimate contact, which would suppress the cracking property of metal Ru.
Additionally, the adsorbed phosphate groups would be Bronsted acid sites and would
work in concert with metal sites in HDO reaction according to literature.[2] Among the
catalysts, RuMoP/CNT exhibited excellent HDO performance with high selectivity to
C6 products in gas-phase (C6 alkane, 74.7%) and oil-phase (C6 alkane and alcohols,
87.8%). Detailed characterization studies suggested that RuMoP/CNT presented nice
dispersion of nanoparticles on outer surface of carbon-nanotubes, which significantly
increased the contact surface between the reactants and active sites, and greatly
minimize the diffusion limitation[3].
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Higher activity of Ni/Al 2 O 3 over Fe/ and Ru/Al 2 O 3 for catalytic NH 3
synthesis in non-thermal atmospheric-pressure plasma of N 2 and
H2
Masakazu Iwamoto, Keigo Aihara, Ryu Hashimoto, Masataka Horikoshi,
Tomiko Sawaguchi, Masahiko Matsukata
Research Institute for Science and Engineering, Waseda University,
3-4-1 Okubo, Sinjuku-ku, Tokyo 169-8555, Japan.

Developing a novel ammonia synthesis process from N 2 and H 2 is of interest to the
catalysis and hydrogen research communities [1]. Nickel-supported alumina (γ-Al 2 O 3 :
Strem Chemicals Inc., USA (SC) or Kanto Chemical Co., Japan (KC)) was
determined capable of serving as an efficient catalyst for ammonia synthesis using
non-thermal plasma under atmospheric pressure without heating. The activity of
Ni/Al 2 O 3 was quantitatively compared with that of Fe/Al 2 O 3 and Ru/Al 2 O 3 , which
contained active metals for the conventional Haber-Bosch process. The activity
sequence was Ni/Al 2 O 3 > Al 2 O 3 > Fe/Al 2 O 3 > no additive > Ru/Al 2 O 3 , surprisingly
indicating that the loading of Fe and Ru decreased the activity of Al 2 O 3 , as shown in
Figure1. The catalytic activity of Ni/Al 2 O 3 was dependent on the calcination
temperature and the reaction time. That of Ni/Al 2 O 3 calcined at 773 K decreased
gradually with the reaction time and became stabilized after 2 h, while that of
Ni/Al 2 O 3 calcined at 1073 K increased during the first 30 min and was stable after
that. XRD, visual, and XPS observations of the catalysts before and after the plasma
reaction indicated the generation of NiO, NiAl 2 O 4 , and Ni (metal) on Al 2 O 3 . The NiO
species was readily reduced to Ni in the plasma reaction, whereas the NiAl 2 O 4
species, generated upon high-temperature calcination, was difficult to reduce. The
catalytic behavior could be attributed to the production of small Ni particles that
served as active sites. The N 2 /H 2 ratio dependence and rate constants of formation
and decomposition of ammonia were determined for Al 2 O 3 and Ni/Al 2 O 3 , and
summarized in Figure 2. The ammonia yields were 3.0 and 6.3 % for the catalysts at
a residence time of reactant gases of 0.12 min and H 2 /N 2 =1. The results provide new
insights into ammonia synthesis that will be significant for the future hydrogen
economy.
[1] M. Iwamoto et al., Chem. Commun. 2016, 52, 13560-13563; ACS Catal. 2017, 7, 6924-6929.

Figure 1. Comparison of activities of Ni-, Fe-, and Ru-supported γ-Al 2 O 3 catalysts.
The broken red line indicates the average activity of Al 2 O 3 (SC) and Al 2 O 3 (KC).
Reaction conditions: applied voltage, 6 kV; frequency, 50 kHz; electrode length, 150
mm; total flow rate, 100 mL min-1; and H 2 /N 2 =1.

Figure 2. Change in the synthesis rate (closed) and yield (open) of ammonia as a
function of the N 2 /H 2 ratio using Al 2 O 3 (KC) (blue) and Ni/Al 2 O 3 (KC, 773) (red)
catalysts. The results of the blank experiment (black) are also shown for comparison.
Reaction conditions: applied voltage, 6 kV; frequency, 50 kHz; electrode length, 150
mm; total flow rate, and 100 mL min-1.

Rhodium-Catalyzed Hydroformylation promoted by Cyclodextrins:
Scale-up approach into a Continuous Process

K.U. Künnemann; D. Vogt, J.M. Dreimann, TU Dortmund, Dortmund, Germany

Sustainability and efficiency are highly important in chemical industry. Considering the
principles of Green Chemistry the development of novel, efficient production processes
and the use of green solvents is needed. Therefore, the rhodium-catalyzed
hydroformylation in an aqueous/organic two-phase system is considered as an
economical and safe approach for the production of linear and/or branched aldehydes
(Figure 1).
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Figure 1: Rhodium catalysed hydroformylation of olefins

A biphasic system allows the recovery of the catalyst by simple phase separation, since
the catalyst is dissolved in the polar aqueous phase and the organic substances
represent the apolar phase. The Ruhrchemie-Rhône Poulenc process for the
hydroformylation of propene, using an aqueous biphasic system is successfully applied
on a large scale. Unfortunately, this rhodium-based hydroformylation process has only
shown potential for the conversion of lower alkenes up to butene.[1] The solubility of
higher alkenes in water is generally too low to achieve industrial important conversion
rates. For the hydroformylation of longer chain alkenes is often carried out with cobaltbased catalysts at higher temperature and pressure while giving lower selectivity to the
linear aldehydes.[2]
In order to use a highly efficient rhodium catalyst and water as solvent it has been
reported that cyclodextrins increase reaction rates at mild reaction conditions. With their
shape of a conical cylinder, with a hydrophobic inner surface and a hydrophilic outer
surface, the cyclic oligosaccharides constituted of multiple D-glucopyranose units, act
as mass transfer promoters between the aqueous and organic phase.[3]

Several investigations have been reported on small-scale batch experiments (10-20 ml)
for the conversion of long-chained alkenes such as 1-octene or 1-decene.[4]
Therefore, this research examines the scale-up of the cyclodextrin-promoted
hydroformylation into a 1-liter pressure autoclave, which is subsequently connected to
a phase separator to enable a flow process by continuously recycling the catalyst
(Figure 2).

substrate

product

catalyst-recycle
Figure 2: General flow chart of the continuous process consiting of a CSTR and a phase seperator

The long-term stability of the catalyst and the cyclodextrin will be shown for this process
with regard to the reaction indicators such as regioselectivity and substrate conversion.
In addition, different obstacles like foam formation and their influence on the reaction
performances will be discussed.
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Catalytic Hydrogenation of Sunflower Oil Over a Supported
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1. Introduction
Catalytic hydrogenation of edible oils is most commonly used process for the
food industry, during partially hydrogenated oil, mainly trans-fatty acids (TFA) are
formed due to cis/trans isomerization [1]. Modern studies have shown that trans
isomer adverse effects for human health. .High intake of TFA has been associated
with increased risk of coronary heart disease, diabetes mellitus and linked in
cholesterol and promotes inflammation [2, 3]. The main challenge is now to develop
more active and selective catalysts for the hydrogenation of edible oils and to reduce
the trans content of hydrogenated fat products that conform to international
standards. The present work concerns the synthesis, characterization and the activity
of platinum supported on γ-Al 2 O 3 . The catalytic performance of 1.0%Pt/γ-Al 2 O 3 was
investigated in selective hydrogenation of sunflower oil.
2 Experimental/methodology
1.0% Pt/γ-Al 2 O 3 catalyst was prepared by the colloid adsorption method. The
catalyst was characterized by BET, XRD, TEM, H 2 -TPR and NH 3 -TPD. The
hydrogenation tests were carried out in a batch microreactor of 100 ml. Analysis fatty
acids composition and trans-isomer were determined by using a capillary gas
chromatograph (CP-Sil 88, 100 m x 0.25 mm i.d., 0.2 µm ﬁlm) equipped with a flame
ionization detector according to the ISO 52677 standard method.
3 Results and discussion
Hydrogenation of sunflower oil tests were carried out in the presence of the
1.0% Pt/γ-Al 2 O 3 catalyst, at three different temperatures: 90,110 and 130оС. under
0.5 MPa hydrogen pressure and stirring rate of 800 rpm. Using 0.06g catalyst per
60ml oil were loaded into the reactor.
Table 1 shows the changes of fatty acids composition and physical properties in
hydrogenated sunflower oil.

Table 1. Fatty acid composition of initial and hydrogenated sunflower oil
Fatty acids (wt%)

1.0% Pt/γ-Al 2 O 3

Initial
sunflower oil

90 оС

110 оС

130 оС

C14:0 - Myristic acid

0.11

0.07

0.08

0.07

C16:0 - Palmitic acid

6.90

6.33

6.42

6.51

C18:0 - Stearic acid

4.00

17.76

18.92

19.11

C18:1 Cis -oleic acid

21.16

41.09

40.92

41.39

C18:1 Trans -oleic acid

0.21

4.08

6.15

7.10

C18:2 Cis - linoleic acid

65.71

23.24

22.23

20.75

C18:2 Trans - linoleic acid

0.83

0.44

0.56

0.71

C20:0 - Arachidic acid

0.24

0.30

0.14

0.30

C22:0 - Behenic acid

0.58

0.71

0.72

0.72

Total trans isomer

1.04

4.52

6.71

7.81

133.68

80.7

80.5

80.1

1.4645

1.4582

1.4582

1.4582

-16.3

36.4

37.0

38.09

Iodine value
Refractive index
о

Melting point ( С)

Table 1 showed 1.0% Pt/γ-Al 2 O 3 the best performance in activity and selectivity
during the selective hydrogenation of sunflower oil. The formation of trans isomer
was dramatically reduced in the hydrogenated sunflower oil. At an iodine value 80.7
the platinum catalyst formed 4.52% trans, at temperature 90оС. And trans isomer
content of hydrogenated products is found to be 7.81%, at temperature 130оС.
4 Conclusions
Pt catalyst was found to be active and formed to low levels of trans isomer for
hydrogenation of sunflower oil and the reduced hydrogenation temperatures
produces hydrogenated fat of low saturated stearic acid content.
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Introduction
Ammonia synthesis over Fe-based catalysts is one of the most important processes
in the chemical industry (Haber-Bosch process) [1]. Its usage in fertilizer production is
essential for feeding today’s world population. Although the Haber-Bosch process
has been applied for more than 100 years already, further optimization is still ongoing
with particular focus on process efficiency and energy saving [2]. The Fe-catalyzed
NH 3 synthesis is a highly structure-sensitive reaction and even for industrial catalysts
some studies estimate that less than 5 % of the Fe surface is actually covered with
catalytically active centers [2].
The conventional Fe catalyst of the Haber-Bosch process is derived by reduction of a
magnetite (Fe 3 O 4 ) precursor with incorporation of small amounts of wuestite
(Fe 1-x O), α-Fe and several promoters. This was the only industrially applied Fe-based
catalyst system until the discovery of a catalyst originated from a multi-promoted
wuestite precursor in 1986 [3]. Compared to a magnetite-based catalyst, a wuestitebased one is easier to reduce and exhibits a higher catalytic activity [2,3]. However,
further investigations are necessary for a better understanding of its superior
performance. This work focuses on the influence of the main promoters (K, Al, Ca) on
the properties of wuestite-based NH 3 synthesis catalysts (as a catalyst model
system) by studying different laboratory samples prepared by the industrially applied
melting process. Especially the effect of promotors on e.g., catalytic activity,
reduction behavior and nanostructure is investigated.
Experimental
Three different laboratory samples of FeO-based catalysts were tested and
compared to a multi-promoted industrial FeO-based catalyst. The laboratory samples
differ in their degree of promotion: besides the unpromoted wuestite sample, one
catalyst precursor was promoted with K and Al and a third sample with Ca in

addition. The ammonia synthesis tests were performed in a flow set-up equipped with
a guard and a synthesis reactor as well as an online IR-detector for quantitative gas
analysis. 1 - 3 g of catalyst precursor were activated in a synthesis gas flow (75 %
H 2 , 25 % N 2 ) by reducing it to α-Fe applying heating rates from 1.2 K/min to 0.2
K/min up to 500 °C and at 30 barg. The catalytic tests were performed at 400-500 °C
and 90 barg.
Results
The catalytic activity for the investigated catalyst series is shown normalized to the
activity of a wuestite-based industrial catalyst at 400 °C in Figure 1. The intermediate
steps at 500 °C serve as stress test, where the NH 3 formation is thermodynamically
limited. Comparing the activity at 400 °C, an increasing activity with increasing
promotion is observed. Furthermore, all samples show stable activity. In addition, the
promoters have a strong influence on the reduction behavior of FeO (see Figure 2).
Due to thermal disproportionation of FeO into Fe 3 O 4 and α-Fe, several reduction
peaks are observed for the less promoted samples; with increasing promotion the
disproportionation of FeO is suppressed. Further investigations are performed to
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Figure 1: Relative NH 3 synthesis activity of the
FeO-based samples at 400 and 500 °C.
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clarify the correlation between reduction behavior and activity.
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Figure 2: Temperature-programmed reduction
of the FeO samples.
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Polymer-derived carbons as active and selective catalysts in the
oxidative dehydrogenation of ethanol to acetaldehyde
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Introduction
Solely carbon materials are known to be active catalysts for the oxidative
dehydrogenation (ODH) of organic substrates like ethylbenzene [1], alkanes [2], or
alcohols [3]. Especially nano-carbons were widely investigated and showed attractive
yields and selectivity. Nevertheless, for an application as industrial catalysts such
nano-materials keep some drawbacks with regard to the scale up of their synthesis,
the pressure drop induced by a fix bed of nano-materials and unclear health risks.
Recently, the excellent catalytic properties of mesoporous graphitic carbide-derived
carbons (CDC) was demonstrated, giving potential alternatives to nano-carbons [4].
Nevertheless, CDCs need to be prepared from expensive carbides and employing
chlorine at temperatures above 1000 °C. With this contribution we expand the
alternatives to polymer-derived carbons (PDC), which can be produced in a more
economical and ecological manner. The application of these PDC materials as
catalysts in the ODH of ethanol was studied.
Methods
Polymer-derived carbon was synthesized by polymerization of phloroglucinol and
formaldehyde in presence of the structure directing agent Pluronic F127 [5]. The
resulting polymer was mixed with chloroacetic acid to increase the ion-exchange
capacity and loaded afterwards with Ni as graphitization catalyst via ion exchange.
Subsequent, the Ni-loaded polymer particles are submitted to carbonization between
700 and 1500 °C. The graphitization catalyst is removed by acid leaching. The kinetic
investigations were performed in a fixed bed reactor with MS online analytic. A feed
of 4.3 vol.-% ethanol and 10 vol.-% O 2 was employed at ambient pressure. Textural
changes of the catalysts were analysed by N 2 -physisorption and Ramanspectroscopy prior and after reactions.

Results
Spherical carbon particles with an average size of 100 µm resulted from the
synthesis. Depending on pyrolysis temperature the texture of the PDCs varied.
However, in all cases mesoporous materials with BET-surfaces in the range of 80 –
570 m2 g-1 were obtained.
Pristine material didn’t show catalytic activity. After pre-treatment with oxygen (20 %,
5 h, 300 °C) activity towards acetaldehyde as main product resulted. However, strong
changes in activity and selectivity during time on stream were observed in long term
runs and steady state could only be achieved after several hours (e.g. 100 h).
Characterization of the catalyst after this “induction period” revealed 1) a loss of
catalyst mass, 2) a formation of macropores and 3) a predominant removal of
amorphous parts, while parts with higher degree of crystallinity seem to remain. Most
probably during the “induction period” the active, selective and stable phase of the
catalyst is formed by burning the amorphous parts. Determining activities and
selectivity only after these “induction” time is crucial.
It was found that the “induction time” is strongly influenced by the pyrolysis
temperature during PDC synthesis, which most likely results in a different hybrid of
amorphous and crystalline carbon. Furthermore, conversion and selectivity depend
strongly on the pyrolysis temperature. Exemplarily, PDC1200 shows a conversion of
61 % and a selectivity to acetaldehyde of 67 % while PDC1500 shows a conversion
of 30 % and a selectivity to the aldehyde of 82 %. In addition to kinetic investigations
mechanistic studies were also performed. By-products are only combustion products
and ethyl acetate, acetic acid is not observed. In the presence of additionally fed
water (2.5 and 5.0 vol.-%) the formation of ethyl acetate vanishes and acetic acid is
detectable while the conversion of ethanol and the selectivity to acetaldehyde
remains unaffected. The preferred pathway to form the ester seems to be the
reaction of ethanol and acetic acid, because a co-feed with both compounds shows a
strongly increase of ethyl acetate formation.
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Highly Selective Dehydrogenation of Bioethanol to Acetaldehyde
using Copper Catalyst Supported on Mesoporous Carbon
Rouzana Pulikkal Thumbayil; David Benjamin Christensen; Jerrik Jørgen Mielby;
Søren Kegnæs, DTU Chemistry, Technical University of Denmark, Lyngby, Denmark

Introduction
Current dependency on non-renewable resources as energy bases are causing
environmental issues like global warming, climate change and urban smog. Biomass,
often called as molecular platform, could be a powerful candidate for the utilization of
renewable resources for producing intermediated materials for the industry [1][2].
Acetaldehyde is an important intermediate in many of fine and bulk chemical
industrial process. Today’s industrial production of acetaldehyde involves oxidation of
non-renewable ethylene using PdCl 2 and CuCl 2 in a strong acidic and corrosive
solution [3]. Other methods including oxidative dehydrogenation of ethanol using
gold, palladium and copper on metal oxides employed suffers from formation of
highly oxidized side products, acetic acid, CO 2 and CO are few among them [4].
Catalytic dehydrogenation of ethanol to acetaldehyde (DHEA) provides an
inexpensive pathway for the conversion of bioethanol to acetaldehyde [5]. Here we
investigate different copper catalyst supported on mesoporous carbon for the
selective DHEA reaction with high conversation rate and stability with improved
energy efficient process [6].
Experimental
Various mesoporous carbon supports were synthesized typically based on a
surfactant

F127,

resorcinol

and

hexamethylene

tetraamine.

Catalysts

are

synthesized by impregnating different copper precursors on mesoporous carbon
support followed by reduction in pure hydrogen to obtain copper nanoparticles on
mesoporous carbon support. Catalyst was loaded in a flow reactor, which is set with
10% ethanol/water mixture at atmospheric pressure and reactor outlet connected to
an online GC for the timely analysis of products after regular intervals.

Results and Discussion
Various parameters like metal loading, nature of supporting carbon, temperature etc.
are tested for DHEA reaction. The role of particles distribution of nanoparticles is
analysed by transmission electron microscopy (TEM) and the image is shown in
Figure 1(a). The conversion results analysed using product distribution curve in
Figure 1(b) over a temperature range from 210 to 350˚C shows an increase in
acetaldehyde production with conversion nearly 85% at 350˚C, with no side products.

b)

a)

Figure 1: a) TEM image of Cu/Meso carbon b) Product distribution curve

Conclusions
In conclusion, we report copper catalyst supported on mesoporous carbon for
dehydrogenation of ethanol to acetaldehyde. The reaction is found to be highly selective.
Additionally, sintering stable nature of the copper nanoparticles is confirmed by particle
size analysis after the reaction via TEM. The effect of nitrogen on the reaction are also
studied by altering the mesoporous carbon support by nitrogen doping.
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Role of Base Catalyst in the Synthesis of Porous PhenolFormaldehyde Carbons
Inchan Yang, Jihoon Yoo, Suna An, Ji Chul Jung*, Department of Chemical
Engineering, Myongji University, Yongin, 17058, Republic of Korea

Introduction
In 1989, R. W. Pekala successfully synthesized porous resorcinol-formaldehyde
carbons

(RF

carbons)

from

poly-condensation

using

base

catalysts

[1].

Subsequently, several studies have been conducted [2-4]. Particularly, studies on
properties of porous RF carbons by controlling the type and amount of catalysts have
been actively performed because different application fields require various physical
properties (e.g., surface area, pore size, and pore volume) [3,4]. In addition, many
attempts have been conducted to replace resorcinol, which is a relatively high-cost
starting material, to other inexpensive starting materials. As a starting material for
porous carbons, phenol has been used due to its relatively low-cost and similar
chemical formation with resorcinol. However, the reactivity of such phenol with
formaldehyde is relatively low. In this study, thus, we attempted to synthesize porous
phenol-formaldehyde carbons (PF carbons) using an appropriate amount of
catalysts.
Experimental
To prepare PF carbons with different physical properties, phenol and
formaldehyde were poly-condensed using sodium carbonate as the base catalyst.
The molar ratio of phenol and formaldehyde was kept as 1:2, and the molar ratio of
phenol to catalyst (P/C) was controlled from 30 to 150. We termed the prepared
porous carbons as PF_X (X = P/C). Successful preparations of porous PF_Xs were
strongly supported by characterizations.
Results and discussion
In the nitrogen adsorption-desorption isotherms (Fig. 1), we confirmed that all
synthesized PF carbons were microporous carbon materials, and PF_50 showed the
highest micropore volume. To clearly confirm the physical properties of the prepared
PF_Xs, we calculated the values of physical properties (Table 1). All prepared PF
carbons showed considerable specific surface area. Particularly, PF_50 showed the

highest specific surface area. Consequently, we successfully prepared porous
carbons with high surface area using phenol and formaldehyde under base catalyst
conditions.

Fig. 1. Nitrogen adsorption-desorption isotherms of the prepared carbon materials.

Table 1. Physical properties of the prepared porous carbon materials.
Sample

Specific surface area

Mean pore diameter

Total pore volume

[m g ]

[nm]

[cm3 g−1]

PF_30

596.5

2.1

0.31

PF_50

1373.3

1.9

0.63

PF_100

709.4

1.8

0.31

PF_150

571.3

1.7

0.25

2

−1

Conclusions
In this study, phenol and formaldehyde were poly-condensed using sodium
carbonate as the base catalyst to synthesis of porous PF carbons. In the results of
nitrogen adsorption-desorption isotherms, we confirmed all PF carbons were
microporous, and PF_50 showed the highest surface area owing to abundant
micropores. Finally, we successfully prepared PF carbons with high surface area
under base catalyst conditions. In addition, physical properties of PF carbons wellcontrolled by controlling the amount of catalyst.
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Progress in homogeneously catalyzed oxidation reactions –
sustainability through catalyst recycling
Johanna Vondran, Dieter Vogt, Thomas Seidensticker, Laboratory of industrial
chemistry, Technical University, Dortmund, Germany

Abstract
Due to the change of mindset in terms of sustainability in the 21st century, the
conversion of renewable resources to valuable products gains in importance in the
chemical industry. An indispensable tool for walking along energy-saving reaction
routes is the application of catalysis. Especially homogeneous transition metal
catalysis offers formidable advantages of mild reaction conditions, high catalyst
activities and high selectivities. Nevertheless, catalyst separation and recycling are
challenging and often the pivotal reason for the chemical industry to decide upon
heterogeneous catalysts for chemical process development due to cost-efficiency
and pureness of products.
Amongst homogeneous catalysis, oxidation reactions have the highest worldwide
capacity of 18 million tons per year.[1] The present challenge is the use of “green”
oxidants that meet the requirements of sustainability. In particular, the prevention of
waste has come to the fore. Oxidants like potassium permanganate or chromium
trioxide are expensive and often result in the formation of undesired co-products,
whereas with economic oxidants like oxygen (from air) or hydrogen peroxide only
water is formed.[1]
To name two types of homogeneously catalyzed oxidations as model reactions, the
Wacker-Tsuji oxidation and the oxidative cleavage of higher olefins are interesting
subjects of research opening up a plethora of valuable products, including methyl
ketones, aldehydes and (di-)carboxylic acids.[2,3] In the present work, recycling
studies for the two model reactions are focused on two main concepts, i.e.
thermomorphic multiphase systems (TMS) and membrane technique (Figure 1).

Figure 1: catalyst separation and recycling via TMS (left) or membrane technique (right)

Homogeneously catalyzed oxidative cleavage of higher olefins like oleic acid
provides an alternative to the energy-demanding industrial ozonolysis resulting in
pelargonic acid and azelaic acid, both of industrial relevance. This rutheniumcatalyzed reaction makes use of hydrogen peroxide as oxidant and is performed
under relatively mild reaction conditions. Dipicolinic acid has been reported as most
active ligand, nevertheless, in terms of developing a suitable TMS, the catalyst
should be preferably soluble in the aqueous phase. Additionally, acetonitrile is used
as a solvent, so that the mixture is homogeneous at any temperature.[4] In
conclusion, for implementation of catalyst recycling via TMS, an investigation towards
water-soluble ligands and the reduction of acetonitrile as solvent are of need.
Another approach for recycling is based on replacing the ruthenium catalyst by
polyoxometalates like phosphotungstic acid, which exhibit a high molecular weight
and solubility in polar solvents, so that a membrane separation is conceivable as well
as the development of a TMS (Figure 2).
OH
O
oleic acid

H 2O 2,
[Ru] or
H3PW12O40

O
OH
pelargonic acid

O

O
+

HO

OH
azelaic acid

Figure 2: homogeneous transition metal catalyzed oxidative cleavage of oleic acid

In the Palladium-catalyzed Markownikow-selective Wacker-Tsuji oxidation of terminal
alkenes to methyl ketones, a broad variation of reactants has been reported,
although a recycling of the homogeneous catalyst has not been investigated so far.
Green oxidants like hydrogen peroxide are of special interest for regeneration of the
(co-)catalyst. Feasible recycling of the catalytic system could be implemented in a
TMS, since aqueous solvents are applied for the conversion to organic products.
From the state of research, the lack of homogeneous catalyst recycling in the
oxidative cleavage of fatty acids and the Wacker-Tsuji oxidation of olefins as
exemplaries for industrially relevant sustainable oxidations becomes apparent. In this
work, we report TMS and membrane technique as promising approaches for process
development.
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One-pot synthesis of vanadium-containing silica SBA-3 materials
and their catalytic activity for propene epoxidation
Ewa Janiszewska, Agnieszka Held, Jolanta Kowalska-Kuś, Aldona Jankowska,
Krystyna Nowińska, Stanisław Kowalak, Adam Mickiewicz University, Faculty of
Chemistry, 61-614 Poznań, Poland
Vanadium species supported on mesoporous silica materials such as MCM-41, SBA15, HMS or MCF are known to be effective catalysts in oxidative dehydrogenation
(ODH) of alkanes, partial oxidation of methane or methanol oxidation to
formaldehyde. Recently, it was shown that all silica mesoporous materials of SBA-3
structure modified with vanadium by means of impregnation method are active
catalyst in propene epoxidation with N 2 O as an oxidant [1]. However, there are some
literature reports showing that vanadium containing mesoporous materials obtained
by the direct synthesis show better catalytic performance than their vanadium
supported counterparts. Their high performance has been attributed to the wide
dispersion

of

highly

reducible

vanadium-isolated

species

with

tetrahedral

coordination.
Our studies presents synthesis, characterization and catalytic activity of novel
promising vanadium-containing SBA-3 catalysts. In the presented study V-SBA-3
mesoporous catalysts were prepared by means of one-pot hydrothermal procedure
using different vanadium precursors (NH 4 VO 3 or VOSO 4 ) and under various pH of
the reaction mixture (pH<1, 2.2 or 3.1). The combined usage of various
physicochemical methods (DR UV-vis, FTIR, EPR, H 2 -TPR) allowed to determine the
nature of vanadium species in the studied samples. The catalytic activity of the
samples was tested in propene epoxidation with N 2 O as an oxidant.
It was evidenced that silica SBA-3 molecular sieves with incorporated vanadium can
be successfully prepared in acidic medium using VOSO 4 or NH 4 VO 3 as V
precursors. The nature of precursor as well as pH of the synthesis mixture influence
the properties of the resulting products and their catalytic activity. Using of VOSO 4
allowed to introduce only small amount of vanadium (< 1 wt. %) regardless of the pH
of the synthesis mixture, whereas in the presence of NH 4 VO 3 and at higher pH value
the high V content samples (~5 wt. %) have been obtained (Table 1). All the
investigated samples show highly dispersed, isolated tetrahedrally coordinated VO x

species including both monomeric VO 4 vanadyl and oligomeric VO x species,
regardless of vanadium content.
Table 1 Chemical and structural properties of samples
a
Sample
V source
pH
Si/V

a

b

2 -1

S BET [m g ]

Vs 1 -SBA-3

VOSO 4

<1

165

1411

Vs 2 -SBA-3

VOSO 4

2.2

140

1275

Vs 3 -SBA-3

VOSO 4

3.1

162

1327

Vm 1 -SBA-3

NH 4 VO 3

<1

354

1370

Vm 2 -SBA-3

NH 4 VO 3

2.2

14

1020

Vm 3 -SBA-3

NH 4 VO 3

3.1

12

965

b

the molar ratio of Si/V calculated from the ICP results, BET specific surface area

Catalyst have been tested in direct propene epoxidation in the presence of N 2 O as
an oxidant in the temperature of 380 and 400oC. We have evidenced that vanadium
modified SBA-3 materials show noticeable activity in the formation of epoxide. The
activity is significantly affected by vanadium content resulting from the usage of
different pH of the synthesis and, even more, from vanadium precursor.

Figure 1. Comparison of speciﬁc activity expressed as space time yield (STY) (A) and turn over
frequency (TOF) (B) for propene epoxidation toward propene oxide on V-SBA-3 at different reaction
o
o
temperatures: at 380 C and 400 C (V s -SBA-3 series obtained with VOSO 4 , V m -SBA-3 series
obtained with NH 4 VO 3 ) .

Although the highest propene oxide (PO) productivity was achieved over V-SBA-3
samples with high vanadium content (> 5 wt. %), the comparison of TOF values
evidenced that some vanadium species do not show activity towards mild
electrophilic oxygen species generation enable the formation of PO (Figure 1).
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Epoxidation of propane and propene with nitrous oxide and/or
oxygen on silica-supported vanadium catalysts
Agnieszka Held, Justyna Czerepińska, Ewa Janiszewska, Jolanta Kowalska-Kuś,
Krystyna Nowińska, Adam Mickiewicz University, Faculty of Chemistry,
61-614 Poznań, Poland
Propylene oxide (PO) is a very important intermediate applied for the production of
many various consumer goods such as polypropylene glycol, polyether polyols and
many others. Despite the development of new methods of PO production, more than
40% of world production is still conducted by means of the chlorhydrine method [1].
Recently, we have evidenced that propene [2] and also propane [3] can be directly
processed to propylene oxide with N 2 O over vanadium-containing mesoporous
materials. Nevertheless, the activity of the vanadium supported catalysts decreased
noticeable with time on stream, especially when propane was used as a substrate.
We have found that the reduction of vanadium was mainly responsible for the rapid
deactivation of the V-containing system in propane oxidation [3]. Propane
oxydehydrogenation occurs according to Mars van Krevelen mechanism, while
reoxidation of vanadium in the presence of N 2 O is much slower when compared to
molecular oxygen [4]. Therefore, in the presented studies the effect of oxidant (N 2 O
or oxygen or the mixture of both oxidants) on catalysts performance in propene and
propane epoxidation has been searched. Synergy effect of oxygen and nitrous oxide
in propane oxidative dehydrogenation has been already reported in literature [5].
In the presented studies supported vanadium catalysts have been prepared by wet
impregnation of vanadium compounds solution over various mesoporous silica
supports (SBA-15, MCF, MCM-41, SBA-3). The nature of vanadium species in the
studied catalysts was investigated by different physicochemical methods (DR UV-vis,
FTIR, Raman, H 2 -TPR). Catalytic activity was measured in glass flow reactor in the
temperature range of 673 to 743 K under atmospheric pressure. Composition of
reagents and products mixtures was estimated from GC analysis using two
chromatographs equipped with TCD and FID detectors. Typically, a total ﬂow rate
was 28.5 cm3/min and the feed composition was 1 vol.% of propene/propane and 15
vol.% of N 2 O or 1 vol.% of O 2 + 13 vol.% of N 2 O in helium.

Both oxidation activity and product distribution recorded as an effect of propene or
propane oxidation in the presence of N 2 O or with the mixture of N 2 O and O 2 differ
significantly. Propane oxidation requires higher reaction temperature (703 – 773 K),
while propene epoxidation occurred already at 673 K, regardless of the applied
oxidant. We have found that during the oxidation both propane and propene in the
presence of O 2 (both alone oxygen and in the mixture with N 2 O) the selectivity to
CO x markedly increases. When exclusively N 2 O was used as an oxidant in propene
epoxidation, besides PO we have observed the oxygen-bearing products such as
propionaldehyde, acrolein and acetone. Addition of O 2 into the reaction mixture
resulted in growing selectivity to acrolein at the expense of propionaldehyde and
acetone.
The contribution of oxygen in the mixture with N 2 O in direct propane epoxidation
resulted in much lesser decrease in hydrocarbon conversion with time on stream. It
confirms our previous suggestions about the crucial role of vanadium reoxidation in
direct propane epoxidation. On the basis of spectroscopic measurements and the
catalytic data the possible mechanism of propane and propene oxidation with nitrous
oxide or O 2 and N 2 O mixture has been proposed.
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Encapsulation of Metal Nanoparticle Catalysts in Porous Silicabased Shells
Simone Louise Zacho, Technical University of Denmark, Kgs. Lyngby, Denmark;
Jerrik Mielby, Technical University of Denmark, Kgs. Lyngby, Denmark;
Søren Kegnæs, Technical University of Denmark, Kgs. Lyngby, Denmark

Introduction
A pronounced focus in the field of supported metal nanoparticle catalysts is
the synthesis of small metal nanoparticles encapsulated in shells to enhance catalytic
efficiency. The synthesis of conventional nanoparticle catalysts often suffer from poor
control of nanoparticle size distribution and their deactivation by sintering at high
temperatures [1]. However, highly sinter-stable catalysts have recently been
achieved by encapsulation of individual nanoparticles in porous materials [2-4].
Here we present the use of different zeolite and silica-based shells to
encapsulate metal nanoparticles to enhance the control of the metal loading, metal
nanoparticle size distribution and leaching, among other things. An example is the
use of Metal-Organic Frameworks (MOFs) as templates and self-sacrificing
precursors to obtain various high surface area catalysts with encapsulated metal
nanoparticles. These catalysts show promising activity and excellent stability as
catalysts for several reactions including CO oxidation [5].

Experimental
All prepared materials were synthesized from commercially available
chemicals. The MOFs were prepared by mixing metal nitrates with 2-methylimidazole
in methanol. The metal oxide shells were synthesized by adding a surfactant and a
metal oxide precursor. All syntheses included a final heating step in either Ar and/or
air to yield the final catalysts.
The catalysts were characterized with TEM, SEM, STEM, XRD, XPS, XRF and N 2
physisorption.

Results and discussion
We have proved that it is possible to obtain a better control and higher stability
by encapsulating catalysts in porous silica-based shells. One example demonstrated

the ability to synthesize nanorattle catalysts of different metal loadings, nanoparticle
size distributions and nanorattle particle sizes from MOFs. Moreover, it was possible
to control the 3D distribution of the encapsulated metal nanoparticles by simple
changes in the heating steps [6]. The synthesis route had a large effect on the
catalytic activity, which as a proof of concept was shown in CO oxidation. Here, the
best activity was achieved with a nanorattle catalyst comprised of Co nanoparticles in
a mesoporous SiO 2 shell. Figure 1. presents the synthesis route to obtain the
encapsulated nanoparticle catalysts (nanorattles) with different characteristics. Other
work has been conducted on encapsulation of polyoxometalates and FeMo-based
catalysts in zeolites and SiO 2 shells.
b)

a)

c)

Figure 1. a) Illustration of catalyst synthesis pathway. b) TEM image of Co nanorattle catalyst and c)
tomographic reconstruction of Co nanoparticles inside a mesoporous SiO 2 nanorattle catalyst, entitled
Co x @SiO 2 (Zn y ) where x and y are variables.

Conclusions
These results illustrates a simple way to prepare various encapsulated metal
nanoparticles catalysts in porous silica-based shells, which can be used to develop
efficient and more sinter-stable catalysts.
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Structure effects of supported silver catalysts prepared via melt
infiltration in the selective hydrogenation of cinnamaldehyde
Petra H. Keijzer, Lee J. Durndell, Baira Donoeva, Jovana Zečević,
Petra E. de Jongh, Krijn P. de Jong, Inorganic Chemistry and Catalysis, Debye
Institute for Nanomaterials Science, Utrecht University, Utrecht, The Netherlands

Introduction
Silver catalysts are industrially used amongst others to produce formaldehyde from
methanol, and to selectively oxidize ethylene to ethylene oxide [1]. Moreover, silver
has promising catalytic properties for the selective hydrogenation of α,β-unsaturated
aldehydes [2]. Supported silver catalysts are generally synthesized using
precipitation or impregnation routes. As an alternative technique we explore melt
infiltration: we heat a physical mixture of silver nitrate and a porous silica support, in
this case SBA-15, above the melting point of silver nitrate, which then enters the
pores as a result of capillary forces. Advantages are that catalysts with high metal
loadings can be obtained and dissolution of the precursor salt is not needed [3], but
challenges arise regarding control over the particle size and distribution of the silver.
We show the synthesis of either supported silver nanowires or spherical particles,
and their application in the hydrogenation of cinnamaldehyde.

Results
The narrow pore size distribution of the chosen ordered mesoporous silica support,
SBA-15, allowed us to study the infiltration process using differential scanning
calorimetry, by measuring the heat loss or gain during phase transitions. We found
that >90% of the silver nitrate infiltrated into the pores of the SBA-15 after heating the
material to 250 °C for 20 h. Subsequently, the silver nitrate was decomposed to
obtain supported silver nanoparticles or nanowires. The well-defined pore structure,
and hence absence of support irregularities, allowed direct control over silver size
and

shape.

Both

transmission

electron

microscopy

and

in-situ

X-ray diffraction were used to follow the decomposition process. By varying the
decomposition conditions (temperature and gas atmosphere), either long silver
nanowires (Figure, left) or spherical silver particles (Figure, right) inside the
mesopores of the SBA-15 were obtained, while few large silver particles were

present on the external surface area in all cases (see Figure). Silver nanowires inside
the SBA-15 pores were obtained when the composite was heated slowly to 130 °C in
a 10% hydrogen in nitrogen flow, while spherical particles were obtained by starting
the reduction at 250 °C following prior heating in nitrogen flow.

Figure: Transmission electron microscopy images of Ag/SBA-15 composites obtained
after reduction of silver nitrate in hydrogen.

Subsequently, we investigated the influence of Ag morphology and size when used
as a catalyst for the liquid phase hydrogenation of cinnamaldehyde. In this reaction,
both the C=O and the C=C bond of this α,β-unsaturated aldehyde can be
hydrogenated. We found that the silver wires were more selective towards C=O bond
hydrogenation (75% at 35% conversion), which gives the desired cinnamyl alcohol,
than spherical silver particles (52% at 35% conversion). Claus et al. reported silver
particle size effects in the hydrogenation of another α,β-unsaturated aldehyde,
crotonaldehyde, in the gas phase [2]. Building on their findings, we propose that also
in liquid phase catalysis, the higher selectivity towards C=O bond hydrogenation for
the silver wires can be ascribed to the greater exposure of Ag(111) facets, while
spherical particles have more edge and corner sites.
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Heterogeneous Transition Metal-Catalysed Amination of Alcohols:
A Computational Study
Julien Engel, Alberto Roldan
School of Chemistry, Cardiff University, Cardiff, Wales, United Kingdom

Amines are probably the most important group of organonitrogen compounds as they
are among the basic building blocks of all living organism and are used in chemical
industry as agrochemicals, drugs, polymers, and reactive intermediates in the
production of a large variety of fine and bulk chemicals.[1] Therefore, cheap and
sustainable methodologies for the formation of amines and the introduction of new
C–N bonds are of particular interest.
Alcohols are readily available substrates and their direct conversion to amines is
highly atom economic. Due to the relative unreactive nature of the alcohols, they
have to be converted to more reactive derivatives such as aldehydes or ketones. To
avoid an expensive and inefficient step-wise process using oxidation and reducing
agents and potentially multiple purification steps, efficient catalysts are required to
promote all of the reaction steps: the oxidation to the carbonyl compound, the
imination, as well as the reduction of the imine intermediate (cf. Figure 1).[2] This
reaction mechanism is often called “borrowing hydrogen concept”, since the
hydrogen produced in the oxidation step is retained and used for the reduction step.
cat.

OH
−

O

NHR

+H

H2
RNH2

2

NR

- H2O
Figure 1: Amination of alcohols following a borrowing hydrogen mechanism.

In recent years, several effective transition metal-based heterogeneous catalysts for
the amination of alcohols through a borrowing hydrogen mechanism have been
developed.[3] However, many of these systems require the use of additives like
Brønsted bases, Lewis acids or hydrogen gas, which dramatically reduces the atom
economy of the reaction. The need for these additives indicates weak performance of
the catalysts in some of the reaction steps.

In this study, the amination of alcohols with heterogeneous group VIII-X transition
metal catalysts is investigated using density functional theory calculations.
Theoretical calculations give the unique possibility to investigate the intrinsic
performance of the catalysts in each step of the amination process to identify
properties and parameters giving high catalytic performance. This valuable
information can be used for a rational design of new materials with optimised
catalytic efficiency and without the need for additives.
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Introduction
Oxidized starch is considered to be a promising renewable replacement for
polyacrylates and polyacrylamides because of its efficient absorbing properties [1]. In
particular, the paper and textile industry have a major interest in oxidized starch.
However, the current production routes of oxidized starch utilize hazardous bleaching
agents, such as halogens and peroxides. Hence, this study aims at employing a
heterogeneous catalyst for the oxidation of starch, using air as a sustainable and
environmentally friendly oxidant.

Platinum on activated carbon (Pt/AC), has previously been shown to be suitable for
the selective oxidation of carbohydrates [2, 3]. Here, we will also consider the
oxidation of glucose and later starch. The focus of this study will be to investigate the
effect of particle size and support surface chemistry on the catalytic performance of
Pt/AC.

Materials/methods
Two different methods for modifying the Pt were used: 1) calcination of the catalyst
before catalyst activation (reduction) or 2) introduction of oxygen groups on the
surface of the support. It is hypothesized that both procedures reduce the Pt particle
size and enhance the dispersion of Pt on the support. In addition to the direct
influence of particle size on activity by making available more reactive surface area
the oxygen groups could also influence the catalytic activity either by modifying the
adsorption of the reactants or via an electronic effect on the Pt.

Results and Discussion
Figure 1 summarizes the obtained particle sizes from different characterization
techniques and the Turnover Frequency (TOF) of the glucose oxidation reactions. As

the catalyst was calcined (b & d), the particle size becomes smaller compared to the
non-calcined catalyst (a & c), while the oxidation treatment of the support seems not
to have an effect on the catalyst preparation (a & b compared to c & d). Based on the
TOF, a slightly higher catalytic activity for the calcined catalyst (b & d) can be seen
which might be explained by a particle size effect. However, the calcined Pt catalyst
on an oxidized support (d) exhibited the highest catalytic activity (2.8 s-1). Apparently
only the combination of oxidizing the support and calcining the precursor lead to a
high activity. This cannot be explained by a particle size effect or adsorption effect of
reactants. Therefore we tentatively explain this by an electronic modification of the Pt
after these treatments. A more detailed investigation with a.o., XPS and XAFS is

currently carried out.

Figure 1. Preliminary Pt particle size and glucose oxidation degree (TOF) of the
Pt/AC catalyst either thermal pre-treated and supported on different AC
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Linear alpha-olefins, such as 1-hexene and 1-octene, are used primarily as
comonomer for the synthesis of linear low-density polyethylene (LLDPE), plasticizers
and synthetic lubricants [1-4]. Most of the ethylene tri-/tetramerization catalyst system
based on homogeneous chromium catalyst [5-9]. However, even the most ethylene
oligomerization catalysts usually produce polyethylene as a side product leads to
reactor fouling and clogging of lines in laboratory scale batch reactions. Also, this
catalytic system must be avoided from impurities because they are very vulnerable to
air and moisture. One possible solution is heterogeneous catalytic system. In this
study, Cr/PCCP catalyst was supported on various silica supports such as fumed
silica, silica nanopowder and mesoporous silica for ethylene oligomerization reaction.
Mesoporous

silica

supported

Cr/PCCP

catalyst

presented

comparable

oligomerization activity with homogeneous catalyst. Also, improved selectivity of
polyethylene and 1-octene were observed with mesoporous silica supported
Cr/PCCP. Interestingly, heterogeneous catalysts have better resistance to impurity
than homogeneous catalysts. Heterogeneous catalyst which was treated with air and
moisture showed similar activity and selectivity to as-made sample.

References
1. Bollmann, A.; Blann, K.; Dixon, J. T.; Hess, F. M.; Killian, E.; Maumela, H.; McGuinness, D. S.;
Morgan, D. H.; Neveling, A.; Otto, S.; Overett, M.; Slawin, A. M. Z.; Wasserscheid, P.; Kuhlmann, S.,
Ethylene tetramerization: A new route to produce 1-octene in exceptionally high selectivities. J Am
Chem Soc 2004, 126 (45), 14712-14713.
2. Skupinska, J., Oligomerization of Alpha-Olefins to Higher Oligomers. Chem Rev 1991, 91 (4), 613648.
3. Tullo, A. H., Single-site catalysts - New tailor-made plastics with superior properties are scoring big
with film producers as polyolefin makers vie to get in the game. Chem Eng News 2000, 78 (32), 35-+.
4. Morse, P. M., Downturn for petrochemicals. Chem Eng News 1999, 77 (11), 19-24.
5. Agapie, T.; Schofer, S. J.; Labinger, J. A.; Bercaw, J. E., Mechanistic studies of the ethylene
trimerization reaction with chromium-diphosphine catalysts: Experimental evidence for a mechanism
involving metallacyclic intermediates. J Am Chem Soc 2004, 126 (5), 1304-1305.
6. Overett, M. J.; Blann, K.; Bollmann, A.; Dixon, J. T.; Haasbroek, D.; Killian, E.; Maumela, H.;
McGuinness, D. S.; Morgan, D. H., Mechanistic investigations of the ethylene tetramerisation reaction.
J Am Chem Soc 2005, 127 (30), 10723-10730.
7. Jiang, T.; Zhang, S.; Jiang, X. L.; Yang, C. F.; Niu, B.; Ning, Y. N., The effect of N-aryl
bisphosphineamine ligands on the selective ethylene tetramerization. J Mol Catal a-Chem 2008, 279
(1), 90-93.
8. Blann, K.; Bollmann, A.; de Bod, H.; Dixon, J. T.; Killian, E.; Nongodlwana, P.; Maumela, M. C.;
Maumela, H.; McConnell, A. E.; Morgan, D. H.; Overett, M. J.; Pretorius, M.; Kuhlmann, S.;
Wasserscheid, P., Ethylene tetramerisation: Subtle effects exhibited by N-substituted
diphosphinoamine ligands. J Catal 2007, 249 (2), 244-249.
9. Jiang, T.; Ning, Y. N.; Zhang, B. J.; Li, J. Z.; Wang, G.; Yi, J. J.; Huang, Q., Preparation of 1-octene
by the selective tetramerization of ethylene. J Mol Catal a-Chem 2006, 259 (1-2), 161-165

Tuning Porosity of Boron Nitride for Oxidative Dehydrogenation
Reactions
Patrick Schmatz, Isabel Moritz, Kai Brunnengräber, Alfons Drochner,
Bastian J. M. Etzold,
Ernst-Berl-Institut für Technische und Makromolekulare Chemie, Technische
Universität Darmstadt, Alarich-Weiss-Straße 8, D-64287, Darmstadt, Germany

Introduction
Recently, the availability of shale gas and natural gas resources, which contain
considerable amounts of light alkanes (C 2 -C 4 ), has been growing. Therefore, gas
based dehydrogenation routes to olefins are of high interest. Nevertheless,
conversion of direct dehydrogenation reactions suffers from thermodynamic
limitations and a continuous catalyst deactivation by coking takes place. Oxidative
dehydrogenation reactions (ODH) are an attractive alternative because they are
thermodynamically not limited and deactivation by coking is negligible. However, the
combustion of light alkanes to CO or CO 2 is the main drawback of ODH reactions. In
2016, Grant et. al. discovered that the oxidation of propane to propylene is catalyzed
by boron nitrides (BN).[1] Further, it is shown that the use of BN in the ODH of ethane
and butane achieves a remarkable selectivity to olefins in comparison to metal oxide
catalyst systems, like Cr 2 O 3 or VO x on Al 2 O 3 . [2,3] Since the postulated mechanism
suggests active sites on the edge of the boron nitride structure, a rational catalyst
design aims to increase such active sites. In this work, the synthesis of high surface
area porous boron nitride is studied, while the boron- and nitrogen-source, the
pyrolysis conditions as also the post purification treatment were varied.
Experimental and results
With a template-free synthesis strategy, starting with boron oxide or boric acid as
boron (B)-precursor and urea or melamine as nitrogen (N)-precursor, boron nitride is
gained in four synthesis steps (Figure 1). Initially, the precursors are suspended and
a nearly homogeneous solid mixture is obtained by a controlled precipitation
subsequently (1.). The mixture is pyrolyzed to boron nitride at temperatures between
600 °C and 1000 °C in presence of nitrogen (2.).

Unreacted boron oxide is extracted by guanidine hydrochloride in methanol (3.).
Carbon residues are removed by a post oxidation treatment at 600 °C in air (4.).

Figure 1: Synthesis of porous boron nitride.

The stoichiometric ratio between nitrogen and boron as well as the kind of
N-precursor have significant influence on the boron nitride yield. With Melamine as
N-precursor, the yield of boron nitride increases. The cleaning procedure with
guanidine hydrochloride leads to a higher mesopore volume. In comparison to
commercial boron nitride, the surface area is increased from 20 to approximately
200 m² g-1 . The synthesized material is stable against oxidation up to 800 °C.
Conclusion
A simple method with low-cost precursors (boric acid / boron oxide and
urea / melamine) and a new cleaning procedure were developed for the synthesis of
mesoporous boron nitride with only small amounts of micropores. The porosity and
the high oxidation stability are predestined properties for a catalytic application in
oxidative dehydrogenation reactions.
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Ionic Liquids (ILs) are due to their extremely low vapor pressure in combination with
widely variable chemical properties interesting in catalysis [1-3]. Despite the use as
solvent, where huge amounts of IL would be needed, porous solids coated with a
minor amount of IL are attractive and widely studied. Conceptually, these thin film
systems can be divided into two main variants: Supported Ionic Liquid Phase (SILP)
for immobilizing homogeneous catalysts and Solid Catalyst with Ionic Layer (SCILL)
for modifying heterogeneous catalysts [1]. Performance of these catalysts typically
shows a volcano-plot dependency on IL loading [1,4], highlighting the beneficial and
detrimental effect of an IL coating. Consequently, the interaction between support
and confined IL has attracted much attention [1,4,5]. However, the distribution of IL
within a SCILL/SILP catalyst is poorly understood, despite its impact on performance.
To study the IL distribution, most researcher use gas sorption measurements to
examine changes to bulk texture as a result of IL modification [5].
Our current work is therefore focused on the development of a method to enable a
meaningful determination of the IL distribution on a SCILL PEMFC (Polymer
Electrolyte Membrane Fuel Cell) catalysts via EDS spectral imaging at the scale of
the local environment of catalyst particles.

Method Outline
EDS was chosen over EELS mapping because it offers a superior energy range for
analysis. This wide range is necessary to determine the typically lighter elements of
support and IL as well as the usually heavy metal catalysts. On the other side, EDS
maps suffer from poor efficiency for light elements, amplified by the usually low IL
loading of SCILL catalysts. Another problem is a very heterogeneous background,
which is neglected by most researchers, leading to biased results. In our approach
these problems are overcome by applying multivariate statistical analysis (MSA)
methods and fitting of a sophisticated background model.

Results and Discussion
Figure 1 shows EDS-maps of a tri-metallic PEMFC catalyst supported on carbon
black (PtNiCo/C), used in an ongoing project of our workgroup. The catalyst is loaded
with [MTBD][beti] (C 12 H 16 F 10 N 4 O 4 S 2 ), a highly hydrophobic IL.
To demonstrate the capabilities of our method, sulphur element maps were selected,
as shown in Figure 1a-c. Figure 1a shows the as measured elemental map of
sulphur, exhibiting unsatisfactory contrast. After pre-processing (Figure 1b), a
significant

improvement

is

achieved.

After

correcting

for

the

background

bremsstrahlung (shown in Figure 1c), a meaningful elemental map for sulphur is
derived (Figure 1d). Since the carbon support contains no detectable amounts of
sulphur, any sulphur on the sample can be assigned to the IL. Figure 1e shows a
compositional phase of the material, derived via machine learning assisted, modelfree principle component analysis. Based on its sum-spectrum, this phase can be
identified as IL. The phase-map is consistent with the previous result. In conclusion it
can be seen that evaluating only the raw data from the detector, most of the potential
information is lost. It was further shown that neglecting bremsstrahlung leads to
significant bias in the resulting elemental map. Derivation of an IL phase-map was
also demonstrated.

Figure 1: a-c) Sulphur element maps at different stages in the processing pipeline: a) as measured, b) after
preprocessing and c) after correcting for background and overlap with Pt M g line. d) shows the background
removed from the Sulphur map. e) shows a principle component derived via NNMF, which incorporates all lines of
the ionic liquid: N K a , F K a and S K a .
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Introduction
With a production capacity of about 80 million tons per year[1] the NH 3 -oxidation via
the Ostwald process represents the most relevant way of producing nitric acid. At the
same time, this process and its products are one of the main sources of
anthropogenic emissions of the high potential greenhouse gas N 2 O[2]. With regard to
global warming it is a goal to abate these N 2 O emissions in nitric acid production.
A fundamental understanding of the surface mechanism under realistic conditions is
needed to reach that aim. Furthermore, harsh reaction conditions (hazardous and
corrosive media, temperatures up to 900 °C) and mass transport limitation of the
reaction[3] increase the degree of complexity to investigate kinetic steps and
influencing factors of the Pt catalysed NH 3 -oxidation.
A lab-scale setup, engineered to process mechanism investigations under these
obstacle conditions, is presented in this contribution.

Methods
By this means, the lab-scale setup for investigating the Pt catalysed NH 3 -oxidation
was developed and engineered to work at different conditions - including industrial
ones (volume flow of about 4560 L h-1 (STP), NH 3 volume fraction of 10,5 % (L L-1) in
air, 900-1000 °C and up to 5 atm). The setup consists of three modules (gas supply,
reactor/analytics and exhaust after-treatment). The gas supply offers the opportunity
to not just feed the reactants (NH 3 and air), but also product gases such as N 2 O or
NO. The reactant gas mixture is feeded into the reactor after it is heated up in three
steps up to 450 °C. The tubular reactor itself has an inner diameter of 30 mm in
which the catalyst gauzes fit in a special cartridge. This makes it possible to quickly
change the gauzes and also investigate other types of Pt catalyst geometries. An
online quadrupole mass spectrometer (MS) is used for analytics. It allows to
determine the volume fractions of all the occurring species time resolved. The

sampling of the MS is realised via a silica capillary. This capillary is implemented into
the reactor and offers the possibility to sample directly at the catalyst.

Results and discussions
Experiments with the lab-scale setup show that there is the possibility to investigate
the Pt catalysed NH 3 -oxidation under industrial conditions. The use of an inert silica
cartridge prevents the detection of side reactions taking place in the high temperature
area around the catalyst. Additionally, with the sampling via a silica capillary, it is
possible to determine selectivities resulting from catalytic reactions on Pt only.
The main advantage results in screening different types of gauzes (woven, knitted)
and investigations on model catalysts. These are necessary for validating and
improving the surface mechanism. With their simplified flow field, they are well
amenable for CFD simulations. Together with experimental data from the lab-scale
setup the simulation can help to improve reaction mechanisms.
First tests with a Pt disc as a model catalyst (OD: 24.0 mm, 0.5 mm thick) show the
reactivity of the catalyst in the presented system (figure1).

Figure 1: SEM images of fresh Pt disc (left) and Pt disc after 5 h reaction time (right).

In the future, these investigations spend a learning outcome, which can be used to
investigate the catalytic mechanism concerning elementary kinetic steps as well as
mass transport phenomena. The realistic reaction conditions can help to bridge the
upscaling gap to rationally design Pt-geometries or optimise experimental conditions
in order to reduce the N 2 O emission.
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1. Scope
The selective oxidation of allyl alcohols to the corresponding unsaturated carbonyl
compounds is an important organic transformation, [1] which should apply
heterogeneous catalysts and oxygen or air as hydrogen acceptor in order to be
considered a sustainable process. Promising heterogeneous catalyst are Pd [2], Ru
[3] and Au [4]-based. Particularly, Au-based heterogeneous catalysts show good
chemoselectivity in alcohol oxidation reactions, but exhibit only a sluggish activity in
the absence of a Brønsted base, which aids the generation of the alcoholate
intermediate. Hence the close approximity of a suitable Brønsted base site and Aunanoparticles (NPs) is a requisite for a fast alcohol dehydrogenation reaction.

2. Results and discussion
We used cerium oxycarbonate monohydrate (Ce 2 O(CO 3 ) 2 ·H 2 O) as support for AuNPs, which were generated by the metal vapor synthesis (MVS) approach (Scheme
1).[5] For comparison reason, Au-NPs on CeO 2 (nano-powder from Aldrich) were
synthesized.
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TEM and XPS measurements carried out on both latter catalysts confirmed important
differences: (i) The NPs’ size of Au@Ce 2 O(CO 3 ) 2 ·H 2 O was significantly larger
compared to that of Au@CeO 2 (i.e. 4.0 vs 2.0 nm); (ii) The oxidation state of Au in
Au@Ce 2 O(CO 3 ) 2 ·H 2 O was exclusively 0, while Au@CeO 2 showed, as reported,
oxidized Au species.[4] The application of both catalyst for the aerobic allyl alcohol
oxidation to the corresponding carbonyl compounds conducted in toluene (Scheme
1) gave for Au@Ce 2 O(CO 3 ) 2 ·H 2 O a threefold higher catalytic activity compared to
Au@CeO 2. This beneficial solvent effect is absent, when methanol is used as
reaction medium, due to its strong interactions with surface carbonate groups.[6]

3. Conclusions
Au@Ce 2 O(CO 3 ) 2 ·H 2 O outperformed Au@CeO 2 in the catalytic aerobic allyl alcohol
oxidation in terms of activity, if toluene was used as reaction medium. The carbonate
unit in close approximity to the Au-NPs accelerated the generation of the alcoholate,
which is the key species in the Au-mediated dehydrogenation reaction. The catalyst
is completely recyclable for several catalytic runs in air atmosphere. Neither the AuNPs’ size nor the support structure experienced any significant alteration.
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Introduction
Despite a cost-intensive and cumbersome recycling procedure, the hydroformylation
process emerged as one of the most relevant homogeneously catalyzed reactions.
[1] However, heterogeneous catalysts are generally preferred in industrial
applications due to facile separation of the catalyst from the reaction mixture and
subsequent reuse. Still, a heterogeneous catalyst with sufficient activity, selectivity
and stability has yet to be found for the hydroformylation process.
Amongst some attempts to synthesize heterogeneous catalysts via immobilization or
phosphine-functionalized polymers, Single Atom Catalysts (SACs) are a promising
alternative. [2,3,4] Consisting of dispersed single metal atoms on a heterogeneous
support, these materials feature isolated reaction sites and utilize the precious metal
efficiently – similar to homogeneous catalysts but with the benefits of heterogeneous
catalysts. Our research is motivated by the goal to find a heterogeneous catalyst for
the hydroformylation process and to systematically investigate SACs based on (ab
initio) quantum chemistry calculations.

Methods and Outline
The challenge is not only to predict stabilities and activities across the catalytic
reaction cycle in Fig. 1 but further to understand electronic effects of a bulk surface in
the role of a ligand. Strong adsorption of the active rhodium complexes on the
surface relative to the gas phase is essential for a stable heterogeneous catalyst.
Hence, we employ DFT calculations with periodic boundary conditions to compute
adsorption energies of RhH-carbonyl complexes on flat and stepped surfaces of
different support materials (MgO, ZnO, CeO2). Inspired by mechanistic studies on
homogeneous catalysts, [5] we predict reaction free energies and transition states of
heterogeneous SACs along the reaction coordinates corrected by DLPNO-CCSD(T)
calculations. The catalytic activity of adsorbed rhodium complexes will be discussed
for the most relevant surfaces and compared to homogeneous catalysts.

Figure 1: The catalytic reaction cycle of the hydroformylation with a heterogeneous SAC was
inspired by mechanistic studies on the homogeneously catalyzed Heck and Breslow
mechanism. [5,6,7] Each step comprises varying ligands at a single rhodium atom situated on
the surface of a support material (MgO, ZnO, CeO2). There are four transition states (TS1-4).
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Introduction
Unlike oxidation catalysts containing noble metals, mixed-metal oxides are less
expensive and exhibit higher resistance to poisoning and high thermal stability.
Especially cobalt-based spinels are considered promising in replacing commonly
used oxidation catalysts in industrial applications like the oxidation of CO or volatile
organic compounds (VOCs).[2,3] They offer a great tunability of the catalyst
composition and related properties due to the presence of octahedral and tetrahedral
sites within the oxygen lattice, while the structure remains stable. Nevertheless,
Co 3 O 4 or CoFe 2 O 4 catalysts can also deactivate during oxidation reactions due to
coking.[4,5] Gaining insight in deactivation is of crucial importance for the
understanding of the reaction mechanism and the design of superior catalysts. The
selective oxidation of 2-propanol is applied as probe reaction for the redox and acidbase properties of the spinels.
Experimental
Cobalt oxide and cobalt ferrite were synthesized by using a colloidal one-pot method
by decomposition of M(acac) 2 in the presence of oleyl amine followed by calcination
at 573 K.[5] The Co 3 O 4 and CoFe 2 O 4 nanoparticles were tested in the selective
2-propanol oxidation in a microreactor set-up with a fixed-bed reactor and a
calibrated quadrupole mass spectrometer. The catalysts were oxidatively pretreated
(TPO) in 10% O 2 /He at 573 K prior to the oxidation reaction. Using a feed of 0.18%
2-propanol / 0.18% O 2 / He (100 sccm), the catalysts (100 mg) were heated to 573 K
with a heating rate of 0.5 K min−1 under quasi steady-state conditions. DRIFT spectra
were acquired with oxidatively pretreated CoFe 2 O 4 diluted with diamond powder
(1:2) during (CH 3 ) 2 CHOH dehydrogenation at 503 K for 30 min with subsequent
desorption in inert gas.
Results

The results of the catalytic 2-propanol oxidation conversion over Co 3 O 4 and
CoFe 2 O 4 (Figure 1 A,B) reveal that both cobalt based oxides are highly active and
selective in the oxidative dehydrogenation of 2-propanol yielding acetone. Up to
573 K the selectiv-ity only drops slightly due to the formation of the total oxidation
product CO 2 . Especially Co 3 O 4 showed remarkable results reaching almost full
conversion with 100% selectivity to acetone at 430 K, but only during the first
oxidation run.[6] Various transient kinetic experiments indicate the selective character
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Figure 1: Conversion of (CH 3 ) 2 CHOH (■) and O 2 (●) as well as yields of (CH 3 ) 2 CO (▲), CH 2 =CHCH 3 (▼), H 2
(♦) and CO 2 (◄) during the first and subsequent second (brighter colors) 2-propanol oxidation over Co 3 O 4 (A)
and CoFe 2 O 4 (B). Traces with full symbols were obtained during heating and traces with hollow symbols during
cooling of the catalyst. Additional DRIFTS investigation of 2-propanol dehydrogenation at 503 K over CoFe 2 O 4
(C).

According to the DRIFT spectra of 2-propanol dehydrogenation shown in Figure 1 C
supported by acetic acid adsorption experiments, inhibition of the low-temperature
reaction pathway is caused by acetate species formed during unselective oxidation.[7]
Carbonates are found to be spectators, whereas TPO and XPS studies of the spent
catalyst reveal additional carbon deposition causing further deactivation.
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Introduction
CO 2 fixation has attracted much interest in achieving a low carbon society. Both
Sabatier reaction (CO 2 +4H 2 →CH 4 +2H 2 O) and reverse water gas shift reaction
(CO 2 +H 2 →CO+H 2 O) have been recognized as attractive and important reactions in
CO 2 utilization and these reactions proceed competitively. To achieve the selective
formation of CH 4 or CO, it is necessary to reveal the dominant factor for changing the
selectivity in CO 2 hydrogenation. We found that the selectivity in CO 2 hydrogenation
was drastically changed by support of Rh catalysts. Based on DRIFT spectra, the
effect of support on reaction mechanism was discussed.
Experimental
Supported Rh catalysts (Rh loading amount: 1wt%) were prepared by an
impregnation method. The reaction (CO 2 :H 2 = 1:4) was carried out in a fixed bed flow
reactor. The adsorbed species on the catalyst surface was characterized by using
DRIFT spectra.
Results and Discussion
Fig.1 shows the yield of the
products in CO 2 hydrogenation.
On Rh/Nb 2 O 5 , CH 4 was mainly
formed,

whereas

selective

formation of CO was observed on

Fig.1 Yield of products in CO2 hydrogenation over
(a) Rh/Nb2O5 and (b) Rh/NbOPO4. (○) CH4, (△) CO

Rh/NbOPO 4 . As is the case for Nb-based materials, metal oxide-supported Rh
catalysts (TiO 2 , Y 2 O 3 , ZrO 2 , CeO 2 ) shows high CH 4 selectivity, and CO was
selectively formed on Rh/phosphates (TiPO 4 , YPO 4 , ZrP 2 O 7 , CePO 4 ) regardless of
temperature.

In

situ

DRIFT

spectra

(Fig.2)

indicate that methanation of CO 2
proceeded through hydrogenation
of adsorbed CO species on Rh and
formate species [2]. For Rh/metal
oxide,

positive

Δx

value

(the

difference in peak position due to
linear carbonyl species at 373 and
673 K) was observed, and CH 4

Fig.2 In situ DRIFT spectra of adsorbed species on
(a) Rh/Nb2O5 and (b) Rh/NbOPO4 in CO2/H2 gas.

was selectively formed. The positive
Δx value may be due to coexistence

Table.1 Assignment of absorption bands of
in situ DRIFT spectra

of CO and H on Rh (absorption bands
(3)).

On

the

other

hand,

for

Rh/phosphate, Δx was almost zero,
and CO was selectively formed. These
results suggest that CO hydrogenation
to CH 4

did not proceed on Rh

supported on phosphate because H
was not coexistent with CO.
From CO-DRIFTS and Rh 3d XPS, it was revealed
that electron deficient Rh was dispersed on
phosphates. This is caused by the electron
withdrawing effect of the PO 4 units [2]. This
electron deficient Rh suppressed adsorption and
activation of adsorbed CO species on Rh (Table.1)
Conclusion
We found that selectivity in CO 2 hydrogenation
(CH 4 or CO) could be controlled by support
(metal oxides or phosphate) of Rh catalysts.
The electronic state of Rh and adsorbed

Fig.3 Selectivity in CO2 hydrogenation
and Δx (the difference in peak position
due to linear carbonyl species at 373
and 673 K).

species on Rh were affected by support, resulting in the change in selectivity.
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In this work alkali earth metal molybdate catalysts with Mo:M = 1.0 and 1.1 stoichiometry have been synthesized and tested for the selective oxidation of methanol to
formaldehyde in a lab scale fixed bed reactor setup. Excess Mo gave better initial
activity and selectivity but a higher rate of deactivation during 100 h on stream.
Background
Formaldehyde is the most significant aldehyde commercially available as it is an irreplaceable C 1 building block for higher-valued products [1]. The annual global production of formaldehyde is expected to increase with 4.8-5.8% per year and reach 36.6
million tons by 2026 [2,3]. Formaldehyde is mainly produced through either the silver
process (Silver catalyst) or the Formox process (metal oxide catalyst) [1].
In the Formox process, methanol is selectively oxidized over an iron molybdate catalyst (MoO 3 /Fe 2 (MoO 4 ) 3 ), which achieve high selectivities >92 % at conversions larger than 99% [1]. The catalyst is however not stable under reaction conditions due to
formation of volatile molybdenum compounds [4]. The alkali earth metal molybdates
were reported to have high thermal stability [5], with expected lower volatility of Mo in
MeOH atmosphere, and their properties as catalysts for selective oxidation of methanol are scarcely investigated in the literature.
Results and Discussion
MMoO 4 (M = Mg, Ca, Sr, Ba) catalyst samples with stoichiometric amounts and 10
mol% excess Mo were synthesized by a sol-gel method. The samples with excess
Mo had superior selectivity compared to the samples with stoichiometric Mo content
(Figure 1a, the Sr and Ba catalysts were far less active and are not shown here). Furthermore, it can be seen that the Mo:Ca = 1.1 and Mo:Mg = 1.1 samples have the
same selectivity as function of conversion, both close to the industrial reference. The
activity of the catalysts with excess Mo was superior to stoichiometric catalysts. This
shows that the excess Mo has a significant role w.r.t. the activity and selectivity for

(a)

(b)

Figure 1. (a): Reversible products corrected selectivity (DME = 2 MeOH, DMM = 2 MeOH + CH 2 O, MF = CO + MeOH) towards
formaldehyde vs. the conversion of methanol achieved at 250 ºC, 300 ºC, 350 ºC and 400 ºC. (b): -ln(1-X) vs. time on stream at
400 ºC for 100 h. Conditions: Catalyst loading: 25 mg 150-250 µm particles, SiC for dilution 150 mg. Feed: ~5 % MeOH in 127.5
NmL/min of N 2 and 15 NmL/min of O 2 .

the oxidation of methanol to formaldehyde. The importance of excess Mo has also
been reported for the industrial iron molybdate catalyst [7].
Stability tests for 100 h on stream (Figure 1b) showed that the first order rate constant for methanol oxidation decreased faster for the M:Mo = 1.1 samples, than the
M:Mo = 1.0 samples. This is probably due to the initial vaporization of the excess Mo.
This is also indicated by the selectivity of the Mo:Mg = 1.1 being equal to the selectivity of Mo:Mg = 1.0 after 100 h. None of the alkali metal molybdate catalysts showed
the reactivation behavior observed for the industrial reference, as discussed in [8],
and none of the catalysts had activity comparable with the industrial reference after
100 h on stream (ranged 6-16% of industrial reference after 100 h compared to 24118% initially). Furthermore, it was found that the stoichiometric CaMoO 4 catalyst
was significantly more stable than the stoichiometric MgMoO 4 catalyst, which might
be related to the thermal stability, which is reported higher for CaMoO 4 than for
MgMoO 4 [5].
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Introduction
Raman spectroscopy can be a powerful tool for characterizing structural information
of studied material by analyzing the vibrational mode whose position is directly
related to the reduced mass and bond strength of the oscillator. However, owing to
intrinsic property of sample (e.g., fluorescence, low scattering cross section) and
efficiencies of optics and detector, Raman bands are sometimes not quite
pronounced and resolved under specific laser excitation. Alternatively, a Raman band
can be selectively enhanced if the excitation laser frequency is close to the frequency
of an electronic band, which is called resonance Raman (RR). In particular, it would
be of great interest if the enhanced Raman band is related to active site of a
catalyst.1-2

To

correlate

structure

with

performance

directly,

an

operando

implementation of resonance Raman spectroscopy is preferred. For these purposes,
we describe here a customized multi-wavelength Raman spectroscopy setup with an
integrated laser source covering from deep ultraviolet (UV) light to near infrared (NIR)
range. It is easily tunable and highly compatible with operando study.
Description of the setup
As shown in Figure 1, a triple-spectrograph system (TriVista 557, Princeton
Instruments) combining 9 lasers was adopted. Gratings from 150 to 3600
grooves/mm suitable for various light ranges were installed. Higher resolution or low
frequency Stokes/anti-Stokes Raman spectrum is available with additive or
subtractive mode. The light path in Figure 1 shows the case of using mono-stage
grating. Scattered light signals are monitored by back-illuminated CCD detectors

(PyLoN:2K and PyLoN:100 from Princeton Instruments). The former detector with
2048 x 512 imaging array and 13.5 µm x 13.5 µm pixels is highly sensitive both in UV
and visible range (quantum efficiency (QE): 50 % - 70%). The latter one with 1340 x
100 imaging array and 20 µm x 20 µm pixels is highly sensitive both in visible and
NIR range (QE > 80%). A reactor sitting below the microscope is coupled with mass
spectrometer and micro-GC to allow products analysis.

Figure 1. Schematic diagram of the multi-wavelength Raman spectroscopy setup.

Results
As shown in Figure 2, Raman spectra of Si wafer as a standard were obtained with
decent signal counts by the built multi-wavelength Raman spectroscopy. The largest
deviation of band position as compared to 520.0 cm-1 is 3 pixels (~1.5 cm-1) in the
case of 355 nm laser excitation with 2400 grooves/mm grating. At present, pulse
experiments performed on real catalysts (vanadium based oxides) were on-going.
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Figure 2. Selected Raman spectra recorded on Si wafer from multi-wavelength excitation. The
numbers in the legend represent light wavenumber in the central CCD chips. A power of 2.3 mW for
785 nm, 13.0 mW for 532 nm and 0.9 mW for 355 nm laser was used. Acquisition time was set at 1
second for 785 nm and 532 nm laser excitation and 10 seconds for 355 nm laser excitation.
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Supported catalytically active liquid metal solutions (SCALMS) offer the potential for
new and unusual catalytic reactivity in alkane dehydrogenation. SCALMS are
composed of catalytically active liquid alloy droplets on a porous support [1]. In
contrast to conventional supported liquid phase catalysis, the catalytic reaction in
SCALMS occurs only at the highly dynamic liquid metal/gas interface, as the liquid
metal does not provide any relevant reactant solubility. Recently, we reported the use
of Ga-rich Ga/Pd mixtures (atomic Ga/Pd ratio >10) on porous glass in the highly
endothermal n-butane dehydrogenation [1]. The liquid nature of the supported alloy
droplet under the reaction conditions was confirmed through a combination of XRD,
SEM, XPS, and ab initio dynamics calculations. Most remarkably, these SCALMS
materials outperform commercial dehydrogenation catalysts (Pt/Al 2 O 3 , Cr 2 O 3 /Al 2 O 3 )
without any material or process optimisation. The most remarkable finding, however,
is that coking, the typical deactivation mechanism for this type of high temperature
hydrocarbon chemistry under reductive conditions [2-4], is largely suppressed with
SCALMS systems. As explanation for this unexpected behaviour molecular dynamics
calculations suggest that the topmost layer of the Ga-rich Ga/Pd alloy is depleted in
Pd, but the layer directly underneath is enriched [1].

In our current study, the scope of SCALMS was extended to Al 2 O 3 supported Ga-rich
Ga/Rh catalysts for propane dehydrogenation. The unique properties of the SCALMS
approach resulted in a remarkable activity and selectivity towards propene, which is
in contrast to literature reporting a poor performance of Rh based catalysts in alkane
dehydrogenation [5,6]. Once again, the formation of carbon was limited by the highly
dynamic liquid/gas interface of the supported liquid alloy. Nevertheless, observed
deactivation may be related to the formation of coke. Hence, spent catalysts were

regenerated via temperature programmed oxidation (TPO) in 21% O 2 /He. The TPO
was monitored by means of thermogravimetry in a XEMIS sorption analyser (Hiden
Isochema) equipped with a mass spectrometer (MS) to identify different types of
carbonaceous species. Furthermore, performance data during dehydrogenation are
compared to the amount of formed coke. In addition, in situ dehydrogenationregeneration cycles were conducted allowing for direct monitoring of the formation of
coke while deactivation can be validated using the MS. Lastly, the kinetic of coke
oxidation by O 2 during catalyst regeneration has been analysed by isoconversional
methods providing insight into the reactivity of the formed coke.

Figure 1

Comparison of various conversion levels of coke (α i ) in the Arrhenius plot according to
the isoconversional method by Starink [7] during temperature programmed oxidation in
21% O 2 /He at different heating rates (β i ) for a spent Ga/Rh SCALMS catalyst applied
in propane dehydrogenation.
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Titania-silica (TiO 2 -SiO 2 ) mixed oxides are often considered as catalysts for the
epoxidation of olefins. The catalyst active sites, isolated framework-Ti [1], are
obtained only at low Ti loadings, which limits their number and thus the overall
catalytic performance. Thus the need to search other approaches to boost the latter.
We have hypothesized that increasing the catalyst hydrophobicity by promoting the
presence of organic moieties on the catalyst surface could improve the catalytic
performance by favoring both adsorption of the hydrophobic olefins and desorption of
the less hydrophobic epoxides. Some previous studies have already correlated
superior performance of catalysts with increasing hydrophobicity [2], but other studies
found a negative or negligible effect of hydrophobization on the epoxidation of olefins
[3], demonstrating that more understanding should still be gained.
In this work, hydrophobic TiO 2 -SiO 2 mixed oxides were prepared through one-pot
sol-gel procedure. Hydrophobization was achieved by partial substitution of
tetraethoxy silane (TEOS) by methyl triethoxy silane (MTES). Titanium butoxide
(TiBut) was used as the Ti precursor to reach a nominal Ti molar fraction (Ti/(Si+Ti))
of 0.025. Additionally, the corresponding totally inorganic TiO 2 -SiO 2 catalyst was
synthesized as reference material. The samples were dried under vacuum at 140 °C
and calcined at 500 °C. The calcined samples were characterized by Solid-State

29

Si

DE-MAS NMR, TGA-MS, ICP-AES, FTIR, DRUV, XPS, N 2 physisorption, and water
vapor sorption. The catalytic activity was tested in the epoxidation of cyclooctene with
hydrogen peroxide (H 2 O 2 ).
Our TiO 2 -SiO 2 samples exhibited four degrees of methylation: 0%, 1%, 5%, and
14%, determined from direct excitation NMR experiments. They are noted as TSx%Me, where x represents the effective percentage of methyl-functionalization. The
characterization of the Ti species, performed by FTIR, DRUV and XPS, confirmed the
presence of significant amount of the active framework-Ti (FW-Ti) (Table 1).

Table 1. Ti molar ratios quantified by ICP-AES and XPS
Sample
TS-0% Me
TS-1% Me
TS-5% Me
TS-14% Me

bulk Ti/(Si+Ti)
molar ratio
(ICP-AES)
0.025
0.029
0.031
0.023

Ti/(Si+Ti)
molar ratio
(XPS)
0.020
0.018
0.017
0.011

FW-Ti/(Si+Ti)
molar ratio
(XPS)
0.014
0.013
0.011
0.009

Figure 1 shows that the initial rate was the
highest for the 5% methyl content whatever the
normalization, which indicates that there is an
optimal methylation degree that improves the
catalytic
methylation

performance.
degree

is

An

excessive

detrimental

to

the

catalytic activity, not only due to the lower FWTi content it induces but also due to the too high
hydrophobic character it brings. Indeed, the
Figure 1 Initial reaction rates

water vapor sorption isotherm of TS-14%Me

normalized to the corresponding specific

showed a very reduced affinity for water, likely

surface area and to the Ti molar
fractions Ti/(Si+Ti): bulk Ti, surface Ti
and surface FW-Ti.

decreasing its affinity for H 2 O 2 and preventing
the oxygen atom transfer from H 2 O 2 to the FW-

Ti site required for the olefin epoxidation.
Conclusions
The synthesis of methyl-functionalized TiO 2 -SiO 2 catalysts by one-pot sol-gel
procedure was successful at incorporating a significant amount of the active FW-Ti
species and different degrees of hydrophobicity. Isolating the hydrophobic effect on
the catalytic epoxidation performance was possible. Hydrophobic TiO 2 -SiO 2
performed much better than inorganic more hydrophilic TiO 2 -SiO 2 . However, a too
high degree of methylation and thus hydrophobicity led to diminished catalyst
performance, likely due to a too low affinity between the too hydrophobic catalyst
surface and H 2 O 2 .
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reduction: microbial growth-medium electrolyte enhances electrocatalytic conversion of CO 2 to formate
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Background
Globally, there is ongoing effort to recycle CO 2 emissions into fuels and commodity
chemicals. With the expected future availability of cheap renewable energy,
electricity-driven conversions could be a viable approach. Non-noble metal catalysts,
like copper, are able to electro-catalytically reduce CO 2 in aqueous electrolytes, to
products such as hydrogen, carbon monoxide, methane, formate, ethylene and
ethanol. On the other hand, microorganisms can also catalyse CO 2 electro-reduction
in aqueous electrolytes, via Microbial Electro-Synthesis (MES), with acetate and
methane as the main products. These bio-electro-catalysts can directly utilize
electrons from the electrode, as well as electro-chemically produced electron
equivalents (e.g. formate or hydrogen).
Interestingly, formate is an intermediate product of CO 2 conversion for both types of
electro-catalysts (metal and microbial). Therefore, a "metabolic cooperation" between
(metal-) electro-catalytic and bio-electro-catalytic CO 2 reduction could be envisioned.
However, in order to use formate as a metabolic intermediate between electrocatalysts and MES, both catalytic processes should ideally take place in the same
aqueous electrolyte, as extraction would be challenging due to high solubility. Here,
we investigate the feasibility of electro-catalytic formate production with copper
electro-catalysts in microbial growth-medium electrolyte, as the first step in assessing
the feasibility of metabolic cooperation.
Results & Discussion
CO 2 electro-reduction has been typically performed using a bicarbonate-based
electrolyte [1]. In contrast, when using microorganisms, the electrolyte has a different
composition, mainly phosphates (Na 2 HPO 4 - KH 2 PO 4 buffer), growth nutrients
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Fig.1: Formate production (left axis,
■ microbial medium, ▲ bicarbonate) and
dissolved copper (right axis, □ microbial
medium, △ bicarbonate) over time. Cathode
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CO2 flushing rate in electrolyte = 50 ml/min.

(NH 4 +, Cl-, Mg2+, Ca2+) , and trace
elements (ions of Fe, B, Cu, I, Mn, Mo,
Zn, Co, Ni). This medium was found to
enhance formate production (pure Cuelectrode, Fig. 1), likely due to trace
elements contained in the microbial
medium [1]. Thus, the medium needed
for microbial growth can also enhance
the activity of copper electro-catalysts.
Initially,

Cu-ions

leached

from

the

electrode, but within 24 h (in bicarbonate)
or 72 h (microbial medium), Cu-ion

concentration in solution decreased to zero (Fig. 1). This is due to re-deposition of
the metal on the electrode, as a result of the negative cathode potential applied.
Compared to bicarbonate electrolyte, leaching of Cu-ions in solution is enhanced,
and re-deposition is delayed in microbial growth-medium, likely due to chelating
agents contained in the medium, which stabilize the dissolved species. Overall, these
results show that microbial growth-medium is a suitable electrolyte for metalcatalysed CO 2 electro-reduction.
Outlook
We show that MES electrolyte not only allows the electro-catalytic conversion of CO 2
to formate, but in fact enhances the catalytic activity of copper electrodes. Therefore,
there is great potential for combining metal- and bio-electro-catalytic CO 2 conversion
in microbial growth-medium electrolytes. We are further investigating this
combination, by combining both catalytic processes in situ, as well as in sequential
reactions. This could improve the kinetics of both reactions, as it would increase the
concentration of substrate (formate) for MES, while decreasing the concentration of
products for the metal catalyst (i.e. formate consumption via MES). This could also
enable the production of different final products, if a metabolic intermediate is
introduced that changes the overall reaction pathway. Similar combinations can be
envisioned for reactions that do not share a common substrate (i.e. CO 2 in this
study), as long as the right metabolic intermediates are identified.
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Introduction
Highly reactive α-O sites, capable of the low temperature activation of CH 4 and C 6 H 6
were recently defined as a high spin (S=2) square pyramidal Fe(IV)=O species.[1]
The α-O site can be formed by oxygen atom abstraction from N 2 O by the α-Fe(II)
precursor, which is hosted in extra-framework cation exchange sites of 6MR
containing zeolites with specific positioning of aluminum-substituted T-atoms.[2]
Tuning the α-Fe(II) sites by manipulating the coordination environment
The high-spin α-Fe(II) precursor preferentially adopts a square planar coordination
and is highly stable relative to spectator species.[3] Not every zeolite structure
provides an optimal coordination environment for α-Fe(II) binding. Still, various
zeolite topologies with varying 6MR symmetries can be used to host α-Fe(II) sites
with very comparable reactive properties. A balance is struck between deformation of
the host 6MR (strain energy on the lattice) and deviation from square planar
coordination and ideal Fe-O FW bond length (strain on the Fe(II) coordination).[4] An
exemplary case is given by α-Fe(II) sites in Fe-*BEA and Fe-CHA. The BEA-6MR is
narrower and of lower symmetry (C 2 ) than the wider CHA-6MR with C 3v symmetry,
resulting in predictive changes in electronic structure and spectroscopic parameters.
The case illustrates the opportunity of tuning the active site function through adjusting
structure. This can be achieved by modifying the host matrix structure and flexibility.
The entatic state in N 2 O activation and α-O reactivity
The distorted coordination environment of α-Fe(II) has implications for reactivity.
Work submitted for publication indicates that N 2 O binding and activation to form the
α-O site is contingent on slight deformations of the most favorable Fe(II) ligand field
environment enforced by the rigid zeolite matrix.
Moreover, for the reactive α-O site, an entatic state was defined, tuning up the
reactivity towards HAA from CH 4 – again reflecting the importance of the zeolite 6MR
host. The square pyramidal α-O structure is disfavoured in absence of lattice

constraints, relaxing to a structure with a trans axial O ligand. This instability versus
reaction product creates a driving force introducing high reactivity, even at room
temperature. The underlying reason is the exceptionally high electrophilic character
of the α-O Fe d z² derived LUMO. The same characteristic tunes down the barrier of
C-O formation on benzene with α-O.[5]
Selecting the zeolite to match application
From the foregoing, the zeolite host selection could be optimized to match
application. A wide variety of zeolite matrices is available from synthesis and zeolite
tuning is increasingly becoming common practice. Firstly, aluminum distribution must
be tailored to application. Secondly, the pore structure must be selected to match the
reaction system’s components. Thirdly, the coordination environment of the active
site can be used to specifically stabilize certain intermediates over others, as
demonstrated by the previous examples. It is, for example, not the CH 4 HAA step
which is limiting in the methane to methanol reaction cycle with currently employed
Fe-zeolites. Rather it is the activation of N 2 O forming the highly reactive α-O. Our
results suggest that it is possible to tune down the entatic effect on the α-O site and
simultaneously to destabilize the α-Fe(II) precursor versus the transition state and αO by introducing elevated distortion on the host 6MR. This comes at a penalty in α-O
electrophilicity, which is not problematic given its excessively high reactivity.
References
1. B.E.R. Snyder, P. Vanelderen, M.L. Bols, S.D. Hallaert, L.H. Böttger, L. Ungur, K. Pierloot,
R.A. Schoonheydt, B.F. Sels, E.I. Solomon. Nature 2016, 536, 317-321.
2. B.E.R. Snyder, L.H. Böttger, M.L. Bols, R.A. Schoonheydt, B.F. Sels, E.I. Solomon et al.
PNAS 2018, 115, 4565-4570.
3. S.D. Hallaert, M.L. Bols, P. Vanelderen, R.A. Schoonheydt, B.F. Sels, K. Pierloot. Inorg.
Chem. 2017, 56, 10681-10690.
4. M.L. Bols, S.D. Hallaert, B.E.R. Snyder, J. Devos, D. Plessers, H.M. Rhoda, M. Dusselier,
R.A. SChoonheydt, K. Pierloot, E.I. Solomon, B.F. Sels. JACS 2018, 140, 12021-12032.
5. B.E.R. Snyder, M.L. Bols, H.M. Rhoda, R.A. Schoonheydt, B.F. Sels, E.I. Solomon et al.
PNAS, 2018, 115, 12124-12129.

Hydrophobic hybrids constructed from Keggin phosphotungstic
acid and bipyridine as heterogeneous epoxidation catalysts
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Among the diverse types of polyoxometalates (POMs) used in catalysis, Keggin
heteropolyacids constitute one of the most promising structures adopted by POMs
[1]. However, one of the main drawbacks related to heterogeneous catalysis is their
high solubility in polar solvents which makes them prone to leach [2]. One efficient
strategy to overcome this problem is the hybridization of POMs with nitrogencontaining

heterocycles

[3].

Precisely,

this

research

aims

to

study

the

heterogenization of a hydrophilic phosphotungstic acid H3PW 12O40 (PTA), with
hydrophobic bipyridine (bpy) ligands (2,2’-bpy and 4,4’-bpy), for the catalytic
epoxidation of cyclooctene (C.O) with H2O2.
The great availability, low cost and environmentally friendly H 2O2 makes this
oxidising agent attractive for catalytic epoxidation reactions. However, the fact that
H2O is produced as the main by-product, presents a number of consequences for
several catalysts. Indeed, water can affect sensitive functions of the catalyst
operation by trying to compete effectively for binding at the hydrophilic POM active
sites and, consequently, inactivating and rendering the catalyst less selective.
Therefore, in this study we hypothesize that the hydrophilic nature of the POM in PTA
can be mitigated by introducing hydrophobic bipyridine molecules through a simple
ionic exchange between the moieties. The overall hydrophobicity of the solid catalyst
would accelerate the desorption of water produced, by expelling the latter from the
hydrophilic POM active sites and thereby, this would facilitate a new adsorption of
reagent at the catalyst surface, initiating a new successive catalytic cycle.

To achieve the targeted sort of hybrids, a rigorous control and monitoring on their
synthesis is needed. We will show that keeping the intrinsic properties of the POM
anion after the hybridization, can be achieved through non-covalent interactions
between the moieties via a simple hydrothermal synthesis. (Fig.1).

FTIR confirms that after hybridization
the POM
a)
anion integrity is preserved. Moreover, a TGAMS analysis reveals the almost total absence of
water

after

hybridization,

confirming

the

hydrophobic properties of the constructed solids.
Additional Raman and NMR data will be provided
demonstrating the structure of the hybrids;
besides

TPD-NH3

and

DR-UV-Vis reveal
b) do not have
respectively that the hybrids
remaining acidity and still display a marked
oxidative potential, which makes them promising
for epoxidation catalysis.

The two insoluble solid hybrids indeed present
excellent catalytic activities and
toward the epoxide (Fig. 2). The
heterogeneous reaction proved to
selective than its homogeneous

selectivities
Figure 1. (a) FTIR of typical vibration
bands of the POM skeletal unit in
PTA and hybrids; (b) TGA-MS profile
of pristine PTA and hybrids under air
flow at 10°C/min.

(pristine PTA), since the opening

ring

was

more

counterpart
of

a)

epoxide

be

the
b)

Figure 2. Evolution of (a) conversion and (b) selectivity to cyclo-octene-oxide for the epoxidation of
cyclo-octene with H2O2 in acetonitrile. Note that the PTA operates in homogeneous phase.

prevented.
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Introduction
Ethylene oxychlorination is an important step in the industrial production of vinyl
chloride monomer (VCM), which is needed for polyvinyl chloride (PVC) production.
CuCl2/ γ-Al2O3 based catalysts are effective to catalyze ethylene, HCl and oxygen to
produce 1,2-dichloroethane (EDC) in this process [1-2]. The promoter, K, is widely
used in the industrial catlaysts to achieve optimum performance. Many researches
are devoted to studying the effect of K [3-4], however, the undelying nature of the
promoter effects is not fully understood yet. Herein, we employed density functional
theory to study the role of potassium in the reaction.
Method and Model
We performed DFT calculations by using VASP5.3.2. We used Bayesian error
estimation functional with van der Waals correlation (BEEF-vdW) functional[5] and
the projected augmented wave (PAW) method[6] combined with the plane-wave
expansion at a kinetic energy cutoff of 400 eV. The Brillouin zone integration was
performed with a 4 × 4 × 1 k-point grid. The ground-state atomic geometries of bulk
and surface were obtained when the total energy difference between two steps of the
SCF loop was below 1 × 10−4 eV, and residual forces on atoms were converged
when below 0.03 eV/Å. The surfaces are simulated using a slab model with eight
atomic layers for the dehydrated γ-Al2O3 (110) surface. A vacuum of 15 Å is set
between two periodic repeated slabs.
Results and Discussion
The interaction between support and copper plays an important role in the reaction
and thus we built a model with three CuCl2 molecules supported on γ-Al2O3 (110).
KCl was co-adsorbed on the surface to represent the K-promoted catalysts. The coadsorbed KCl significantly changed the structure of CuCl2 and decreased the
adsorption strength of CuCl2. The results revealed that both the reduction and

oxidation rates depend on the Cl/Cu ratios, where different numbers of Cl atoms
were removed to represent different Cl/Cu ratios.
The effect of the co-adsorption of KCl in CuCl2 on ethylene adsorption depends on
the Cl/Cu ratio. Co-adsorbed KCl in CuCl2 weakened ethylene adsorption heat and
thus increased the reduction barrier at a high Cl/Cu ratio (i.e. Cl/Cu = 2), while it had
a negligible effect on the adsorption energy of ethylene at relatively low Cl/Cu ratios
(i.e. Cl/Cu = 1.33 and 1.67). Moreover, it is found that co-adsorbed KCl increased the
adsorption strength of oxygen at various Cl/Cu ratios and decreased the barrier of
oxygen dissociation by 0.36 eV compared to the neat Cu+ catalysts (i.e., 3CuCl2-3Cl/
γ-Al2O3). The electronic properties such as charge density of Cu and Cl and band
gap have been analyzed to unravel the underlying nature of potassium promoter
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Figure 1. Adsorption energy of ethylene(a) and oxygen (b) on the surface with various Cl/Cu ratios, the
transition states and activation barrier of oxygen dissociation on the surface with KCl (c) and without
KCl (d). Red balls represent O in alumina, gray balls are Al, green balls are Cl, blue balls are Cu, the
purple ball is K, and yellow balls are dissociated O.

Conclusion
DFT study provides a better understanding of the catalytic cycle of ethylene
oxychlorination on Cu based catalysts. The co-adsorbed KCl enhances the oxygen
adsorption and thus facilitates its dissociation and improves significantly Cu+
oxidation, which is typically the rate-determining step of Cu catalysts. In addition, the
co-adsorbed KCl weakens the ethylene adsorption heat and increases the reduction
barrier.
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Formation of metathesis active sites in WO x /SiO 2 catalyst: a DFT
study
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Introduction
WO x /SiO 2 system is an industrial catalyst for large-scale metathesis of light alkenes
[1-3]. Tungsten alkylidene sites, required for alkene metathesis, are generated in situ
from the surface tungsten oxide species upon contact with alkene [2-6]. The structure
and oxidation state of the tungsten oxide precursors are not exactly known. The
mechanism of the transformation of the surface metal oxide species into the active
sites is also not well recognised, although several routes for this initiation stage of
alkene metathesis were proposed [2,4-8].
In this computational study we have examined potential initiation mechanisms for
olefin metathesis catalysed by the WO x /SiO 2 system, using density functional theory
(PBE0-D3) and the cluster approach.
Results and discussion
Surface W(VI), W(V) and W(IV) oxide species are considered as the active site
precursors. A number of potential pathways for their transformations into tungsten
alkylidene species have been calculated to understand the initiation stage of olefin
metathesis.
At

first,

the

pseudo-Wittig

mechanism

involving

the

formation

of

oxatungstacyclobutane intermediate from W(VI), W(V) and W(IV) oxide precursors is
discussed. The reactivity of ethene towards dioxo W(VI) species is predicted to be
significantly lower, compared to propene and 2-butene, in accordance with the
reported experimental results [4]. The calculated activation barrier for the formation of
W(VI) mono(alkylidene) species is reasonable, taking into account the moderate or
high temperature of the process. On the other hand, the recently suggested [4]
formation of W(VI) bis(alkylidene) species does not seem to be kinetically and
thermodynamically accessible. According to the calculations, the W(V) and W(IV)
oxide species are less likely as the active site precursors than the dioxo W(VI)
species. Transformation of the monooxo W(VI) species into W(VI) alkylidene centre

is shown to be highly improbable, in general agreement with the recent experimental
findings [6].
We have also calculated the pathway for reduction of the dioxo W(VI) species to
W(IV) site by propene, with participation of the neighbouring silanol group, analogous
to the initiation mechanism recently proposed for MoO x /SBA-15 system [8]. Although
the overall reduction process is found to be less preferred kinetically and
thermodynamically than the pseudo-Wittig mechanism, the first step is exergonic and
kinetically favoured.
Finally, 1,2-hydrogen shift and formation of tungstacyclopentane intermediate,
followed by 1,4-hydrogen shift, are considered as other potential initiation
mechanisms for the W(IV) oxide species. Although both pathways cannot be
excluded, generation of tungstacyclopentane species is strongly favoured kinetically
and thermodynamically.
Conclusions
At higher temperatures, the W(VI) species can be activated according to the pseudoWittig mechanism or reduced to W(IV) sites. The W(V) oxide precursors should be
less

reactive

than

the

W(VI)

species.

For

W(IV)

oxide

precursors,

tungstacyclopentane formation, followed by 1,4-hydrogen shift, seems to be the most
likely initiation mechanism.
Acknowledgments: This work has been supported by the National Science Centre, Poland, Project No.
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Introduction
Recently a direct route to olefins from syngas employing mixed oxide (MMO) -zeolite
catalysts was proposed over ZnCrOx – SAPO-34 [1] and Zn/ZrO 2 – SAPO-34 [2]
systems. The reaction proceeds via CO hydrogenation to an oxygenated
intermediates which are simultaneously converted to olefins over SAPO-34 [1,2].
Despite a high peak selectivity to olefins [1], challenges in olefin yield and stability
remain due to apparent catalyst transformations over time. Literature on Zn-Cr
catalysts teaches that an inversed ZnCr 2 O 4 spinel with Zn occupying octahedral
coordination sites is an active phase in methanol synthesis [4]. Unfortunately, the
structural stability of the non-stoichiometric Zn-Cr phase under syngas is limited. Our
hypothesis was to employ a structurally similar (i.e., Zn in octahedral coordination)
but more stable inversed Zn-containing spinel based on titania (Zn 2 TiO 4 ) [4].
In the present study, we evaluated a series of different titanium oxides as supports
for Zn to form active mixed metal oxide components for hybrid catalysts with SAPO34.
Materials and Methods
Commercially available TiO 2 was used: 100% anatase, 100% rutile and anataserutile mixed phase. Supports were crushed and sieved to 60-80 mesh. ZnO/TiO 2
catalysts were prepared by incipient wetness impregnation using aq. zinc nitrate
solution. The catalysts were dried and calcined on air, and were characterized by
XRF, XRD, TPR, XPS, XANES and TEM methods. SAPO-34 was prepared following
standard literature procedures and characterized by XRD, SEM, BET and NH 3 -TPD.
Prior to use SAPO-34 was calcined to remove template (600°C/4h) and compacted
to 60-80 mesh size. Syngas conversion testing was performed in a stainless steel
fixed-bed tubular reactor (i.d. 3 mm). Hybrid catalysts were prepared by mixing
ZnO/TiO 2 with SAPO-34. The experiments spanned the following condition ranges:

390-400°C, 20-40 bar, H 2 /CO feed ratio=2 and GHSV: 900-3000 h-1. Data was
collected for at least 100 h on stream and the reported values (Cmol%) are at steady
state. Reaction components and products were analyzed by online GC and the
carbon balance in experiments was 95-105%.
Results and Discussion
Syngas conversion over ZnO/TiO 2 –SAPO-34 was in the range of 20-35%; selectivity
to C2-C5 olefins selectivity reached 35% at moderate paraffin (<25%) and low
methane made (<5%). Among the phase composition tested, we found that high
surface area anatase supports are preferred over mix phases and pure rutile
materials. Supported ZnO/TiO 2 catalysts demonstrate better stability of olefin make
with time than bulk Zn/Cr materials (Figure 1a).

Figure 1. a) Selectivity to olefins over ZnO/TiO 2 and bulk Zn-Cr containing hybrid catalysts vs time (20 bar,
390°C) and b) steady state data for ZnO/TiO 2 -SAPO-34 (CO 2 , C2-C5 olefins, C2-C5 paraffins, C1 (methane)
-1

selectivities and syngas conversion) at 20 and 40 bar, respectively. Data collected at H 2 /CO=2, GHSV=1200 h .

Active and stable ZnO/TiO 2 catalysts advance catalyst development in the direct
syngas to olefins conversion over hybrid catalysts and outperform existing bulk Zn-Cr
oxides reported in literature [1,5]. Detailed analysis of the catalyst structure by XRD,
XANES and TEM has enabled identification of the active phase in ZnO/TiO 2 system
under reaction conditions.
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In Situ XAS Study of Supported Palladium in the Direct Synthesis of
Hydrogen Peroxide in Ethanol-Based Solvents Using a ContinuousFlow High-Pressure Setup
B.J. Deschner, D.E. Doronkin, T.L. Sheppard, J.-D. Grunwaldt, R. Dittmeyer,
Karlsruhe Institute of Technology, Karlsruhe, Germany
Introduction
Hydrogen peroxide is a very attractive commodity from the point of view of industrial
single-oxygen transfer reactions. Following molecular oxygen, it is the most efficient
oxidizing agent [1] and is also environmentally friendly because its decomposition
reaction only produces water as a by-product. The current standard for industrial
production is the anthraquinone process, which impedes cost-effective production
due to the high number of process stages and the limited recyclability of the organic
anthraquinone [1].
In contrast, the liquid-phase catalyzed direct synthesis of hydrogen peroxide is an
attractive synthesis route which involves contacting both molecular hydrogen and
oxygen using a heterogeneous catalyst in a single reaction. In recent years, intensive
research has been carried out into the understanding of the reaction mechanism in
order to achieve a knowledge-based increase in selectivity, which currently impedes
industrial implementation. In particular, the structural elucidation by X-ray absorption
spectroscopy (XAS) has contributed to a considerable increase in knowledge [2-4]. In
this contribution, we show the evolution from our low-pressure XAS study with
aqueous solvent [3] to a continuous-flow high pressure setup. This setup enables in
situ X-ray absorption spectroscopy to reveal structure-activity relationships at
technically relevant conditions, i.e. elevated pressure and alcohol-containing reaction
media. We disclose an experimental design that allows XAS studies under the
boundary conditions of synchrotron facilities at pressures up to 100 bar.
Experimental Details
We investigated a 1%Pd/TiO 2 catalyst in a fixed bed continuous flow of an ethanolbased solvent at 40 bar system pressure. The setup and the cell (Fig. 1) made
mainly of passivated stainless steel allow safe H 2 and O 2 dosing and dissolution in
separate liquid streams. In this way variation of many experimental parameters such
as pressure, H 2 :O 2 ratios, flow rate and residence times etc. on the structure and
activity of catalysts can be studied. X-ray absorption data at Pd K-edge were

recorded at the CAT-ACT beamline at KIT synchrotron whereas the corresponding
catalyst productivity was linked to H 2 O 2 concentrations determined by subsequent
manual Ce(SO 4 ) 2 titration. We studied the effect of the liquid phase H 2 :O 2 ratios over
a broad range as well as the effect of adding H 2 SO 4 and Br- promotors.
Results and Discussion
Analysis of XAS spectra points out that even below stoichiometric H 2 :O 2 ratios Pd
lattice expansion occurs. The Pd-Pd distance gradually increases with increasing
H 2 :O 2 ratio, whereas some lattice expansion is visible already at a H 2 :O 2 ratio of
0.67, opposite to our findings in water [3]. Moreover, no sign of surface-chemisorbed
oxygen could be identified in the XANES spectra, even in O 2 -saturated ethanol.

Fig. 1. Scheme of the experimental setup for operando X-ray studies during
continuous H 2 O 2 synthesis at high pressures.
Conclusions
In conclusion, a platform for operando studies of H 2 O 2 synthesis catalysts under
technically relevant conditions is developed and the first results on the structure and
catalytic performance of 1%Pd/TiO 2 in ethanol are presented in comparison with the
results of previous studies in aqueous solution [3]. Effects of H 2 SO 4 and NaBr
addition on the structure and performance of Pd species were also evaluated. The
setup can be used directly or with small modifications to expand the characterization
portfolio to other techniques such as XRD or Raman spectroscopy.
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Cerium oxide-catalyzed formation of diethyl carbonate
from carbon dioxide and ethanol
Marco Buchmann, Martin Lucas, Marcus Rose
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TU Darmstadt, Germany.
Diethyl carbonate (DEC) has great potential to be used as solvent, alkylation agent,
fuel additive and electrolyte for lithium ion batteries. Furthermore it is a volatile, nontoxic and bio-degradable chemical.[1] It can be produced by direct conversion of
carbon dioxide and bio-ethanol as both reactants are obtained simultaneously by
fermentation. The main challenge of the formation of DEC is the thermodynamic
limitation due to the formation of water. From literature it is well known that cerium
oxide catalysts are good catalysts for the direct reaction of carbon dioxide and
ethanol.[2] In our work we synthesized various pure cerium oxide catalysts by
precipitation with different basic agents from an aqueous solution.[3] The precipitation
and calcination temperature were varied to identify the optimal conditions and
elucidate property-activity-relations. Furthermore, different basic precipitation agents
and defined pH values were applied under well-defined and automatized precipitation
conditions. The catalysts were characterized by various techniques such as nitrogen
physisorption, XRD, SEM as well as ammonia and carbon dioxide temperatureprogrammed desorption (TPD). The ammonia TPD experiments show one broad
peak which decreases by increasing the calcination temperature. In contrast, the
carbon dioxide TPD shows two peaks at low calcination temperatures and only one
decreasing peak with increasing the calcination temperature indicating several
different basic surface sites. Accompanied by the vanishing of one peak the catalytic
activity of the catalysts rises. As shown by XRD measurements the crystallinity of the
cerium oxides increases with increasing calcination temperature. All observed
reflexes in the diffraction pattern could be assigned to phase pure cerium oxide. By
comparing the different precipitation agents and conditions, cerium oxide catalysts,
which were prepared by using an aqueous ammonia solution at a pH value of 10 and
50 °C, showed the by far best results for the catalytic activity. The increase in
catalytic activity can be assigned to smaller crystallites and a slightly higher BET
surface area compared to the urea precipitated catalyst. Concurrently, the ammonia
uptake increases significantly with nearly the same carbon dioxide uptake. This

indicates a higher activation towards ethanol and no loss of activity towards carbon
dioxide.[5] The catalytic activity of cerium oxide is mainly caused by defects in the
crystal structure. In this case two phenomena are often discussed in literature, the
oxygen storage capacity (OSC) and the oxygen vacancy defects (OVD).[4] Especially
OVDs can increase the adsorption and activation of carbon dioxide. Both the
synthesis of OVDs and their exact characterization are very demanding. In a first
approach we investigated the introduction of these defects by partial reduction of the
cerium oxide surface under a pure hydrogen stream at different temperatures. First
results showed a slightly higher activity and, interestingly, no formation of diethyl
ether as a byproduct. In summary, with optimized cerium oxide catalysts we obtained
a very good performance and an understanding of property-activity relations
regarding the influence of crucial synthesis parameters. In future work, the main task
is to overcome thermodynamic limitations that arise from the formation of water by
combining the reaction with in situ water removal.
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Tuning catalytic performance of MoC x /C by controlling the
carburization degree
J. Zhu, N.A. Kosinov, E.J.M. Hensen,
Laboratory of Inorganic Materials and Catalysis, Eindhoven University of Technology,
Eindhoven, Netherlands

Since the pioneering work of Levy and Boudart [1], transition metal carbides (TMCs)
are widely investigated as a cheap alternative to noble metal catalysts due to their
promising catalytic properties. Among all the explored TMCs, molybdenum carbide is
of particular interest and has been applied to various reactions in which hydrogen
activation plays a role, such as CO X hydrogenation, the water-gas shift reaction, and
biomass hydrodeoxygenation (HDO). One of the central questions regarding
molybdenum carbide catalysts is the relation between catalytic performance and
carbide surface structure, in particular the inclusion of heteroatoms of reactants in the
metal carbide surface under working conditions. Bhan et al. showed that about 0.29
monolayers of oxygen was incorporated during transient anisole HDO experiments
[2]. Another related aspect is that in many studies a passivation step in preparation is
used because of the pyrophoric nature of metal carbides. The resulting passivated
catalyst often needs to be reactivated before catalytic test, yet its performance is
influenced by the way how it is passivated and reactivated (activation gas, activation
temperature etc.).
In this work, we prepared MoC x /C catalysts by carburization of ammonium
heptamolybdate (NH 4 ) 6 Mo 7 O 24 (AHM), impregnated on activated carbon. We
evaluated the catalytic performance of these catalysts without a passivation step in
CO 2 hydrogenation and anisole HDO. Firstly, a combination of in situ XANES and
TPR-MS was employed to trace the stepwise carburization process (AHM  MoO 3
 MoO 2  MoO X C y  MoC X ). Based on the aforementioned data, four
carburization temperatures were selected to prepare MoC x /C catalysts with different
carburization degrees and the resulting catalysts were further carefully characterized
(XRD, XPS, EXAFS etc.) and tested without exposure to ambient conditions. The
results show that both activity and selectivity depend strongly on the catalyst
carburization degree: CO 2 and anisole conversion increased with increasing
carburization temperature. The main products during anisole HDO shifted from

benzene and phenol to only benzene (>90%) as the carburization temperature was
increased from 600 °C to 700 °C. Such observations indicate that pure molybdenum
carbide is more efficient than molybdenum oxycarbide for H 2 activation and oxygen
removal reactions. Moreover, there was a stronger deactivation observed during
anisole HDO than CO 2 hydrogenation. XPS on spent catalysts for both reactions and
in situ XANES on catalysts under anisole HDO condition were employed to study the
possible catalyst structure and compositional changes. These obtained results
showed that no significant catalyst oxidation occurred for both reactions, indicating
that coke formation may be the main reason for deactivation in these cases.

Fig. 1. (a) In situ XANES spectra during carburization ramping to 800 °C (b) XPS spectra of MoC x /C
catalysts prepared at different temperature

Fig. 2. (c) CO 2 conversion for CO 2 hydrogenation and (d) C 6+ product selectivity for anisole HDO of
MoC x /C catalysts prepared at different temperature
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Synthesis of 2-pyrrolidone from glutamic acid on Ru catalyst
Satoshi Suganuma; Akihiro Otani; Shota Joka; Etsushi Tsuji; Naonobu Katada
Center for Research on Green Sustainable Chemistry, Tottori University, Tottori,
Japan

1. Introduction
Nitrogen-containing organic compounds have been produced through the insertion of
ammonia into organic matrix at high pressure and temperature. In place of these
processes consuming energy and resources, conversion of a natural nitrogencontaining compound such as amino acid in moderate conditions is promising to
produce the valuable compounds. Glutamic acid is commercially produced through
fermentation of saccharides extracted from sugarcane, corn, cassava, etc.[1]
Therefore, it has potential as a raw material of nitrogen-containing organic
compounds. Herein, we report the
synthesis

of

2-pyrrolidone

from

pyroglutaminol and then glutamic
acid

under

high

pressure

of

hydrogen at 433 K (Scheme 1). 2Pyrrolidone has been utilized as a
solvent, feedstock of polymer and
pharmaceutical

medicine.

The

activities of noble metal catalysts

Scheme 1. Proposed reaction pathways in
conversion of pyroglutamic acid into 2-pyrrolidone

were compared.
2. Experimental
Noble metal catalysts loaded on Al 2 O 3 (metal loading: 5 wt%) were purchased and
then treated at 673 K for 3 h in H 2 flow to obtain Ru/Al 2 O 3 , Pt/Al 2 O 3 , Rh/Al 2 O 3 , and
Pd/Al 2 O 3 .

In the reactions, an aqueous solution of a reactant (pyroglutaminol,

pyroglutamic acid or glutamic acid; 0.026 mol L-1, 50 mL) and catalyst (0.2 g) were
charged into a batch autoclave reactor (120 mL). The atmosphere was set at desired
pressure of H 2 . After designated time at 423 K, the resulting solution was analyzed
using a gas chromatograph with a flame ionization detector.

3. Results and Discussion
Figure 1 compares the yield of products in
the conversion of pyroglutaminol for 1 h in
1 MPa of H 2 . Ru/Al 2 O 3 exhibited extremely
high activity for the formation of 2pyrrolidone, while the other catalysts had
little activity. It is noteworthy that the
turnover frequency on Ru/Al 2 O 3 was more
than 200 times larger than those on the
other

catalysts.

pyrrolidine
predicted

Such

and
as

by-products

as

5-methyl-2-pyrrolidone,

Scheme

1,

were

Figure 1. Yield of products in the conversion
of pyroglutaminol using supported metal
catalysts for 1 h in 1 MPa of H2.

not

significantly observed in the liquid
products.
Reactions of pyroglutamic acid
and glutamic acid on Ru/Al 2 O 3 were
examined for 2 h in 2 MPa of H 2
(Figure 2). Apparently high yield of 2pyrrolidone
reactions.

was

found

in

both

Pyroglutaminol,

an

intermediate on the pathway from
pyroglutamic acid to 2-pyrrolidone,
was also observed, but the yields of
the

by-products

significant

were

influence

small.

due

to

No

Figure 2. Yield of products in the conversion of
pyroglutamic acid and glutamic acid with Ru/Al2O3
for 2 h in 2 MPa of H2.

the

difference of reactants between pyroglutamic acid and glutamic acid was observed.
4. Conclusions
Ru/Al 2 O 3 exhibited remarkably high activity for the formation of 2-pyrrolidone from
pyroglutaminol. Pyroglutamic acid and glutamic acid were also converted into 2pyrrolidone over Ru/Al 2 O 3 .
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Synthesis and Properties of Silica-Coated Nanocrystalline TiO 2 and
ZrO 2 with High Thermal Stability
Ekaterina Shuvarakova, Alexander Bedilo, Alexander Volodin
Boreskov Institute of Catalysis, Novosibirsk, Russia

Titanium dioxide with the anatase crystalline structure is widely used for many
practical applications, primarily as a photocatalyst for oxidation of various organic
impurities in air and water and as a support for heterogeneous catalysts. However,
the anatase TiO 2 modification is converted to rutile as the temperature is increased
above 600–700°С. This phase transformation results in a substantial decrease of the
particle dispersity and surface area significantly worsening the TiO 2 catalytic
properties. A similar effect is known for ZrO 2 : during the heat treatment it undergoes
conversion from initially formed tetragonal phase to monoclinic.
Anatase particle size is an important factor affecting the temperature of the
anatase phase transformation to rutile. We have recently demonstrated that its
thermal stability can be improved by depositing of an intelligent carbon or SiO 2
coating on its surface [1, 2]. In this report we shall present our recent results on the
synthesis and properties of TiO 2 @SiO 2 and ZrO 2 @SiO 2 nanocrystalline core-shell
materials with low SiO 2 concentrations featuring improved thermal stability.
Deposition of the silica shell on nanocrystalline xerogel TiO 2 results in
significant improvement of its thermal stability. As low as 0.5% Si was sufficient to
preserve the small anatase crystallite size after calcination at 600 °C. Meanwhile,
such treatment led to considerable sintering of TiO 2 nanocrystals without the silica
shell with the average particle size growth from 9 to 50 nm, surface area decrease
from 135 to 22 m2/g and partial anatase conversion to rutile. The temperature range
where the phase composition, crystalline size, and surface area of 5%Si-TiO 2
samples were largely preserved was extended till at least 800 °C.

Substantial improvement of the thermal stability after deposition of the silica
shell was also observed for nanocrystalline ZrO 2 . The 12%SiO 2 -ZrO 2 sample
remained in the tetragonal phase with the average crystallite size 8 nm and surface
area 67 m2/g after calcination at 900 °C. Meanwhile, without the SiO 2 shell ZrO 2
nanocrystals after the same treatment grew to 17.5 nm, were converted to monoclinic
phase, and the surface area of the sample was as low as 23 m2/g.
Typical EPR spectrum of perylene radical cations was observed after perylene
adsorption on all TiO 2 @SiO 2 samples with anatase crystalline structure and all
ZrO 2 @SiO 2 samples. This means that electron-acceptor sites capable of ionizing
perylene are present on their surface. So, the silica shell formation improves the
thermal stability TiO 2 and ZrO 2 without limiting access to the surface active sites.
Recently it was suggested that such electron-acceptor sites could be the sites
accounting for the activity of nanocrystalline MgO and other metal oxides in
destructive sorption of halocarbons [3] and catalytic dehydrochlorination reactions [4].
Our latest data suggest that nanocrystalline TiO 2 and ZrO 2 samples have higher
activity in these reactions than MgO aerogels.
The presence of active sites on the surface of TiO 2 @SiO 2 and ZrO 2 @SiO 2
core-shell structures with high thermal stability implies that these materials are very
promising for various catalytic and adsorption applications where TiO 2 or ZrO 2 have
promising properties but insufficient thermal stability. Furthermore, deposition of the
silica shell can be suggested as a universal approach to improve the thermal stability
of various nanocrystalline oxides operating in the oxidizing atmosphere.
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Renewable short-chain olefin production through dehydration
reactions over nano-HZSM-5/γ-Al 2 O 3 hybrid catalysts
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Scope
The recent shale gas boom, has oversaturated the petrochemical market with
ethylene due to the cheap availability of ethane as a cracking feedstock, this
disrupted the European petrochemical market, which is highly dependent on the
more expensive naphtha as cracking feedstock [1] to produce the highly demanded
short-chain olefins, such as propylene and butenes. Simultaneously with the market
disruption, the bio-based economy has been gaining importance, as illustrated by the
increasing number of European biorefineries [2]. It is in this context that the
sustainable production of bio-olefins through acid catalyzed alcohol dehydration
reactions is interesting. The obtained olefins could act as a drop-in for classic fossilbased olefins. Bio-derived alcohols are generally obtained as mixtures, therefore
novel hybrid catalysts (i) having a broad acid strength distribution, to reduce the
difference in alcohol reactivity and (ii) that are able to improve the catalyst stability
are necessary. The hybrid catalysts consist of HZSM-5, which is an important zeolite
catalyst already used within classic refineries [3] and dehydration reactions [4], and γAl 2 O 3 which is typically used as a catalyst support [5].
Results and discussion
First hexagonal shaped nano-sized HZSM-5 (n-HZSM-5) catalysts were synthesized
following a clear solution method [6], see XRD and SEM image in Figure 1.

Figure 1: SEM-image (left) and XRD pattern (right) of the nano-sized ZSM-5 crystals

Following,

nano-HZSM-5/γ-Al 2 O 3

hybrid

catalysts,

were

synthesized

upon

hydrothermal synthesis by preparing nano-HZSM-5 zeolites [6] in the presence of
commercial alumina. To obtain the hybrid materials, first the aluminum source is
dissolved in TPAOH to obtain a clear solution, this is followed by adding adequate
amounts of NaOH, H 2 O and TEOS, the mixture is stirred at room temperature during
24 hours and before crystallization, γ-Al 2 O 3 is added to the mixture . The novel hybrid
catalysts as well as the nano-HZSM-5 zeolites and alumina catalyst were
characterized using XRD, N 2 adsorption, SEM and NH 3 -TPD. The catalysts were
tested in a high throughput set-up at temperatures ranging from 453 K to 523 K and
alcohol partial pressures of 10-30 kPa to analyze the conversion-selectivity profiles
and evaluate the deactivation of the catalyst. The hybrid systems are compared with
the separate components from which it consists, i.e., (1) nano-HZSM-5 zeolites and
(2) alumina, as well as with a commercial HZSM-5 (c-HZSM-5) with comparable Si/Al
ratio, see Table 1 for the properties of the different catalysts.
Table 1: Properties of the different catalyst materials

Code

S BET (m²/g)

Acid site density Crystal size

Si/Al through

(mol/kg)

(nm)

EDX

n-HZSM-5

330

329

80-200

29.4

c-HZSM-5

394

430

300-500

28.1

γ-Al 2 O 3

198

n.a.

n.a.

0

The combined catalyst synthesis and high-throughput testing approach results in an
efficient route to explore the most important hybrid catalyst properties and optimal
dehydration reaction conditions. This allows to fasten the sustainable development
and potential upscaling and commercialization of the emerging bio-based olefins.
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Synthesis and Characterization of Nanocrystalline Calcium
Aluminate with Mayenite Crystal Structure C12A7
Alexander Bedilo, Alexander Volodin, Ekaterina Shuvarakova, Ekaterina Ilyina
Boreskov Institute of Catalysis, Novosibirsk, Russia

Unique properties of calcium aluminate with 12CaO•7Al 2 O 3 stoichiometry (usually
labeled as C12A7) were discovered and investigated by H. Hosono et al. [1-3]. These
materials possess a stable cation framework [Ca 24 Al 28 O 64 ]4+ and changeable anion
sublattice 4Xˉ. Chemical and electrophysical properties of these materials can be
easily varied in a wide range by substitution of Xˉ anions. Particularly interesting are
materials with Xˉ = Oˉ that supply reactive radical anions in chemical and catalytic
oxidation reactions [2] and electrides (Xˉ = eˉ) that can behave as electron donors in
organic reactions or as superbasic supports for heterogeneous catalysts [3].
Ceramic method was usually used for synthesis of C12A7 materials leading to
materials with low surface area that are not well suited for catalytic applications.
Recently we demonstrated that nanocrystalline C12A7 electrides could be prepared
in a carbon shell starting with a mixture of nanocrystalline aluminum and calcium
hydroxides [4]. In the current presentation we shall explore the methods of synthesis
and properties of nanocrystalline C12A7 materials.
For synthesis of nanocrystalline C12A7 materials in aqueous solution, a
mixture of aluminum and calcium hydroxides with required stoichiometry was used as
the precursor. The mixture was thoroughly stirred in distilled water for 10 h, filtered
and dried at 110 °C. Then it was calcined in air at 600 °C for 6 h. The obtained
sample with mayenite (C12A7) crystallite structure, crystallite size about 15 nm and
the surface area about 80 m2/g was used as the starting material for synthesis of
other high-temperature materials based on C12A7.
Nanocrystalline oxide aerogels are materials with very small particle sizes,
high surface areas and pore volumes prepared by sol-gel method usually in an
alcohol solution followed by drying in an autoclave under supercritical conditions
avoiding collapse of the pore structure. In this study C12A7 aerogels were prepared
for the first time starting from a mixture of calcium methoxide prepared by dissolving
calcium metal in methanol and aluminum isoproproxide in isopropanol taken in the
appropriate ratio. The surface area of amorphous hydroxide obtained after hydrolysis

with stoichiometric amount of water, gelation overnight and drying under supercritical
conditions was about 450 m2/g. Detailed information on the effect of its treatment at
high temperatures in air and in the argon flow will be reported.
One of possible application areas of finely dispersed C12A7 materials is their
use in catalytic technologies. Therefore, it was important to study various active sites
on their surface. After treatment at elevated temperatures in the oxygen-containing
atmosphere mayenite samples are known to undergo partial substitution of dielectric
oxide or hydroxide anions for O- and/or O 2 - radical anions.
Electron-acceptor and electron-donor sites are very active surface species
observed by EPR using the formation of radical cations and radical anions after
adsorption of appropriate probe molecules [5]. We observed that sites of both types
were present on the surface of C12A7-600 sample. In particular, the concentration of
electron-acceptor sites tested using phenothiazine as the probe proved to be as high
as on the surface of Al 2 O 3 sample with 2.5 times higher surface area.
Remarkable results were obtained after diphenylamine adsorption on C12A7600. The observed EPR spectrum can be attributed to adsorbed diphenyloxyl nitroxyl
radicals. These radicals are formed from diphenylamine in solution in the presence of
peroxides due to reaction with hydroxyl radicals. Apparently, the surface of
nanocrystalline C12A7 activated in air has a significant concentration of active OH or
O- radicals. It seems to be a specific feature of this material related to its unique
structure that merits further investigation as we did not observe similar signals on any
other oxide material. So, C12A7 is likely to have unusual properties in various
oxidation catalytic reactions related to the presence of active radicals on its surface.
This study was supported by RFBR, Project 19-03-00834.
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Catalytic Hydrogenation of CO 2 -based Ionic Liquids into Methanol –
Process Intensification and Optimization
Roger Marti, Ennio Vanoli, Pauline Sanglard, Institute ChemTech, Haute école
d’ingénierie et d’architecture Fribourg, HES-SO, 1700 Fribourg, Switzerland

Methanol is recognized today as an important and valuable energy carrier with a high
potential in replacing fossil resources [1]. A sustainable and carbon-neutral approach
to produce methanol is by hydrogenation of carbon dioxide by using hydrogen from
solar water splitting. The challenge of this reaction is that CO 2 is a rather inert
molecule and typically, high pressure and temperature and the use of expensive
catalysts with loadings are needed [2]. Further, a CO 2 -capture system is needed if
one wants to use CO 2 from the environment. As shown in Figure 1, we developed a
capture method using amines to form CO 2 -based ionic liquids that can then be
further hydrogenated to methanol.

Figure 1: Concept of CO 2 , IL-based CO 2 to Methanol Process

Here, we present our work on the process intensification and optimization of the
hydrogenation steps of CO 2 -based ionic liquids. We discuss our DoE studies on the
influence of reaction parameters, optimization of the work-up and isolation of the
methanol, and of the scale-up.
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Acceptor and Donor number as an efficient tool for the selection of
solvents in acid-base heterogeneous catalysis
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Solvents are extensively used in all the steps of a catalytic process, including the

synthesis of the catalyst, the catalytic test and finally the product purification.
Specifically, during the catalytic reaction, the role of the solvent is critical in determining
the rate, conversion, and selectivity of products. However, so far, very little attention has
been paid in understanding the role of solvent in heterogeneous catalysis. The reasons
could be 1) the difficulty in selecting the appropriate solvents from the large bunch of
solvents with different physicochemical properties, and 2) the existence of a complex
solid-liquid and solid-gas interfaces, making the investigation of boundary interactions
difficult. In reality, there is no rule of thumbs in selecting a solvent for a specific reaction.
Therefore, we tried to rationalize different properties of a solvent as dielectric
constant, boiling point, polarity and protic/aprotic nature, with the observed catalytic
activity first in several acid catalyzed reactions, such as Prins condensation of β-Pinene
to nopol (catalyst: Zn-beta), Prins cyclization of styrene to dioxane (Sulfated zirconia),
acylation of butanol (H-beta), and Friedel-Craft butylation of resorcinol (H-Y zeolite).
None of these properties helped in direct correlation with the activity/selectivity.
Therefore, we came up with other properties in the form of numbers as given by Gutman
et.al, i.e. Acceptor (AN) and Donor (DN) numbers of solvent, which somehow measure
the Lewis acidic and basic properties of the solvent, respectively. [1] We found that
increasing the AN of the solvent used from cyclohexane to 1,2-dicholoroethane
increases the activity in the probed acid catalyzed reactions; at the same time increasing
the DN of solvent used from nitrobenzene to Dimethyl sulfoxide decreases the activity of
the catalysts for these same reactions. [2-3] A good correlation exists between these
numbers and catalytic activity in all these catalytic reactions (Table 1).

Table.1. Influence of Acceptor and Donor number in acid catalyzed reactions.

AN

DN

cyclohexane
0
0
Benzene
8.2
0
1,2-dicholoroethane
16.7
0
Nitrobenzene
14.8
4.4
Benzonitrile
15.5 11.9
Dioxane
10.3 14.3
Dimethyl formamide
16.0 26.6
*acetonitrile (AN=18.9, DN= 14.1)

Prins
condensation
Conversion of
β-pinene
94.0
99.6
100
99.0
76.4
*69.5
5.0

These interesting trends observed in acid
catalysis drive our curiosity to look at base
catalyzed reactions assuming the trends will be
reversed. In order to test this hypothesis,
Knoevenagel and Claisen-Schmidt condensation
reactions were carried over hydrotalcite catalyst.
As

an

example,

condensation,

the

in
catalytic

Claisen-Schmidt
activity

was

completely inverse in trend compared to acid

Catalytic activity
Acylation
reaction
Conversion of
butanol
46.2
56.2
69.7
52.1
38.5
34.3
29.6
Conversion of acetophenone (%)

solvents

Alkylation
reaction
Conversion of
resorcinol
44.8
50.9
59.3
42.2
35.8
30.5
0

80

60

Bromobenzene
Nitrobenzene
Benzonitrile
DMSO

40

20
1

2

3
4
5
Reaction Time (hr)

6

7

catalysis (Figure: Claisen-Schmidt condensation reaction, T=140 °C, Acetophenone:
Benzaldehyde = 1:1.5, catalyst = 0.2, Solvent = 3ml). The highest DN solvent (DMSO)
indeed exhibits highest acetophenone conversion compared to the high AN solvents
(Bromobenzene).
The mechanism of AN and DN of solvents in these reactions were understood by
spectroscopic (FTIR, UV, TGA-MAS) and adsorption techniques. The molecular
interaction of solvents with the reactants elucidates hydrogen bonding and stabilization
of intermediate carbocations/anions in the reaction. Furthermore, the adsorption of
solvent on the catalyst surface was also a crucial factor in dictating the observed trend.
In summary, high AN and DN are excellent solvents in acid and base catalyzed
reactions, respectively. The present finding provides a rationale tool for selecting an
appropriate solvent in any acid-base catalysis.
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Highly Efficient CO 2 Hydrogenation to Aromatics via a Consecutive
Olefination–Aromatization Route
Tijun Wu, Shunwu Wang, Yushan Ji, Minghua Qiao*
Department of Chemistry and Shanghai Key Laboratory of Molecular Catalysis and
Innovative Materials, Fudan University, Shanghai 200438, P. R. China

Introduction
The aromatics occupy about one-third of the market for commodity petrochemicals
[1]. Recently, it was reported that on ZnAlO x &HZSM-5 [2] and ZnZrO/HZSM-5 [3],
high aromatics selectivities of about 73% could be obtained in CO 2 hydrogenation.
However, the aromatics productivities over these catalysts based on the concept of
methanol synthesis–aromatization are low due to the poor intrinsic hydrogenation
activity of the metal oxide components. Herein, we report that a bifunctional catalyst
constituted

by

honeycomb-structured

graphene

(HSG)

supported

FeK1.5

(FeK1.5/HSG) and HZSM-5 designed based on the concept of consecutive
olefination–aromatization can convert CO 2 to the aromatics in high efficiency. The
effect of the zeolite type was also investigated and discussed.
Results and discussion
HSG was fabricated by reacting Li 2 O with CO. Iron and potassium with nominal
loadings of 20 wt% and 1.5 wt%, respectively, were loaded successively on HSG. In
CO 2 hydrogenation under the reaction conditions of 613 K, H 2 /CO 2 ratio of 3, 2.0
MPa, and SV of 26 L h−1 g−1, FeK1.5/HSG alone afforded the CH 4 selectivity of 26%,
C 2 –C 4 selectivity of 70% (C 2 =–C 4 = of 59%), and C 5+ selectivity of 4.1% (Fig. 1).
When HZSM-5 was packed downstream of FeK1.5/HSG, the high carbon-number
products, including the aromatics, were boosted at the expense of the light olefins,
clearly evidencing the occurrence of the olefination–aromatization pathway. The
aromatics selectivity was 68%, only 5.9% lower than the best value reported so far
[2]. Ethylbenzene (36%), xylenes (18%), toluene (10%), and ethyltoluenes (10%) are
the major aromatics. Benefited from the outstanding hydrogenation activity of
FeK1.5/HSG, the aromatics productivity amounted to 131 μmol CO2 g Fe −1 s−1, which is
about two orders of magnitude higher than the literature values.
When FeK1.5/HSG was combined with SAPO-34, HY, Hβ, and HMCM-22, the
1

hydrocarbon distribution varied with the zeolite type. SAPO-34 with the smallest pore
size gave the lowest aromatics selectivity, as its pore is too small even for ethylene
with kinetic diameter of 3.9 Å to facilely access the acid sites inside. Although both
HY and Hβ have 12-member large pores, Hβ has an additional 12-member small
pore of 5.6 Å × 5.6 Å. It is known that benzene has a kinetic diameter of 5.85 Å. The
kinetic diameters of toluene and p-xylene are about the same [4]. Hence, Hβ displays
better shape-selectivity to the aromatics than HY. HMCM-22, similar to ZSM-5, has
two sets of 10-member pores of 4.0 Å × 5.5 Å and 4.1 Å × 5.1 Å, but they are slightly
smaller than those of ZSM-5 (5.1 Å × 5.5 Å and 5.3 Å × 5.6 Å), thus giving the
aromatics selectivity second to ZSM-5.
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Conclusions
We demonstrate for the first time that the direct and efficient hydrogenation of CO 2 to
the aromatics can be achieved on a catalyst designed based on the concept of
consecutive olefination–aromatization. Using FeK1.5/HSG as the olefination
component, the aromatics selectivity is mainly determined by the pore size of the
zeolite, and the optimal pore diameter is around 5 Å.
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The uses of propylene derivatives have grown rapidly over the last years and are
likely to continue doing so. There is a large demand for short alkenes and the onpurpose propylene technologies (OPP) are called to fill the supply gap of the global
demand. The propane dehydrogenation (PDH) process is the most widely used OPP
technology, which is a simple approach to generate propylene by elimination of two
hydrogen atoms from propane. Another option is the oxidative dehydrogenation of
propane using CO 2 as a soft oxidant (CO 2 -ODHP) to produce additionally water and
carbon monoxide. [1]
While Palladium-based catalyst have not been extensively studied in the past for
these processes, they have been coming more into focus in recent years [2-4]. These
catalysts are particularly interesting for the oxidative dehydrogenation using CO 2 as a
soft oxidant. [3] In this contribution we aim at shedding light on the reaction
mechanism of this soft oxidative dehydrogenation of propane over Pd-ceria catalysts
employing density functional theory (DFT) calculations.
Computational Methods
All DFT calculations were performed using the VASP program [5] employing the
BEEF-vdW functional [6] that has shown promising results for transition metal
catalysis. [7,8] Pd (111) and (211) surfaces were modelled using a 3x3x4 supercell
where the two topmost layers were allowed to relax and the two bottom layers fixed
at the bulk position. An energy cut-off of 450 eV and a k-point sampling of 4x4x1
have been used.

Results and Discussion

The dehydrogenation of propane to propylene has
been investigated on both Pd(111) and Pd(211)
surfaces. In order to investigate the influence of the
soft

oxidant

CO 2

the

reaction

pathway

was

investigated using surface oxygen and hydroxyl
where the hydrogen can be abstracted producing
hydroxyl and adsorbed water, respectively. Correspondingly, CO 2 activation
producing CO and adsorbed oxygen has been investigated on both the metal and the
ceria support. Finally, we compare the effect of oxygen on the dehydrogenation
pathway on propylene on these two different surfaces.
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Dehydrogenation and oxidative dehydrogenation of medium and
short chain paraffins over confined NiNbAl nanorod composites
using air and CO 2 as oxidants
Holger B. Friedrich, University of KwaZulu-Natal, Durban, South Africa; Majid D.
Farahani, University of KwaZulu-Natal, Durban, South Africa; Itegbeyogene P.
Ezekiel, University of KwaZulu-Natal, Durban, South Africa; Thomas Moyo, University
of KwaZulu-Natal, Durban, South Africa
The transformation of gas, coal and biomass to liquid fuel created a large pool of
intermediate-length straight-chain alkanes. The dehydrogenation (DH) of paraffins
and their transformation to olefins is a commercially established technique. This
reaction has the advantage of high selectivity towards the olefins.

However,

drawbacks of this process are it being endothermic, coke formation and the low
equilibrium conversion. Therefore, high operating temperatures and frequent catalyst
regenerations are required to have a constant production output in time on line
process. The need for an efficient replacement for the DH process has motived
researchers in the field to conduct a wide spectrum of investigations on the oxidative
dehydrogenation (ODH) of paraffins [1].
ODH using air is an exothermic reaction, which makes it operable at lower
temperatures than DH [2]. Coke formation usually is minimal in ODH reactions, and
the reverse water gas shift reaction (RWGS) decreases the limiting role of the
equilibrium conversion in DH [2]. However, the major disadvantage of this reaction is
a high production of carbon-containing greenhouse gases such as CO 2 , CO and
CH 4 , which prevents it from achieving commercialisation.[2]
CO 2 as a soft oxidant has received considerable attention over the past years. The
use of this greenhouse gas for the ODH of paraffins can completely suppress the
combustion reaction while minimising the contribution of equilibrium conversion that
was observed during the DH of paraffins via reverse water gas shift (RWGS)
reaction. The use of CO 2 has also been found to inhibit the accelerated catalyst
deactivation via coke deposition. Also, this oxidant is seldomly reported to maintain
the applied metals in their oxide forms during the DH reaction [3].
Doped or supported nickel oxide based catalysts are amongst the most studied
catalysts for activation of ethane. Doped NiO with Nb was found to have a better
Mars-van Krevelen mechanism (MvK) (redox mechanism where nucleophilic oxygen

species are involved) with a minimised formation of electrophilic oxygen species
(responsible for CO x formation) [4].

Both factors resulted in a significant

improvement in efficiency of NiO in the ODH of ethane. Considering the high stability
of ethene in comparison to ethane, the theory mentioned above has been challenged
by many researchers [5].
To examine all discussed theories involving NiO in the ODH of paraffins, NiNbAl
composites with different Ni/Nb ratios, but unified structures were synthesised using
glycol-thermal techniques. They were tested for activation of medium chain paraffins
(n-octane as a model in this study) and examining the sensitivity of the products
formed against different possible oxygen species. In addition, the ODH of propane
was also carried out as reference. These two series of catalytic data, as well as the
applied characterisation techniques such as XPS, in situ XRD, H 2 -TPR and O 2 -TPO,
revealed some new science behind these materials. Our study showed that the
release of a high concentration of nucleophilic oxygen species with possibly high
entropy resulted in the combustion of the n-octane and the primary formed products.
However, this is not the case for ethane and ethene which have greater stabilities,
that can be selectively activated possibly using electrophilic oxygen species or even
radical mechanisms.
Furthermore, this study introduces the CO 2 -ODH of n-octane over NiO based
catalysts for the first time. Obtained characterisation data and the comparison of the
catalytic data to the dehydrogenation results showed that the distance between Ni
and Nb is a pivotal parameter to activate the CO 2 over these catalysts. The formed
oxygen species were found to enhance the RWGS reaction and participate in coke
removal from the surface of the catalyst, which allowed for enhanced longevity of the
catalyst under time on line conditions.
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The Consortium for Operando and Advanced Catalyst
Characterization via Electronic Spectroscopy and Structure
(Co-ACCESS) at SSRL
Simon R. Bare, Adam S. Hoffman, Alexey Boubnov, Sunjay Melkote, and Oliver
Müller
SSRL, SLAC National Accelerator Lab, Menlo Park, CA 94025 (USA)
Introduction
The use of synchrotrons for in-situ and in-operando characterization of catalysts has
proven to be essential for linking structural information to the performance of the
working catalyst. The diverse techniques available at such user facilities, e.g. X-ray
absorption spectroscopy, small- and wide-angle x-ray scattering, x-ray microscopy,
and ambient pressure X-ray photoelectron spectroscopy, provide crucial information
that cannot be obtained by other means. At Stanford Synchrotron Radiation
Lightsource (SSRL) at SLAC National Accelerator Laboratory we have initiated a new
methodology, the Consortium for Operando and Advanced Catalyst Characterization
via Electronic Spectroscopy and Structure (Co-ACCESS). The goal of Co-ACCESS is
to enable any catalysis researcher (whether they study heterogeneous,
homogeneous, electro- or photo-catalysis) with an interest in using X-ray methods for
in-situ/in-operando catalyst characterization, to be able to pursue those interests in
an expedient manner, with minimal barrier to conducting the research. This program
builds on the proven success of the Synchrotron Catalysis Consortium at NSLS [1].
Materials and Methods
We are creating a holistic suite of integrated in-situ and operando synchrotron-based
catalytic reactors by: (i) fabricating a suite of user-accessible in-situ cells, (i)
constructing automated feed delivery systems, (iii) coupled with on-line analytics.
These experimental facilities are enhanced by investments and developments at
SSRL, e.g. in data collection methods, and new beamlines, coupled with access to a
wet chemistry laboratory, designed for catalysis studies, to allow the synthesis,
proper handling, and activation of catalysts on-site. All of these activities are assisted
by experienced staff.
Results and Discussion

This presentation will focus on the capability development, with details provided on
the infrastructure that is now available at SSRL for catalysis studies and a look
forward to some of the
new capabilities under
development. These
capabilities will be
illustrated by research
that have been
collaboratively conducted:
(i) The development of
safe and routine
operations at high
Figure 1. Schematic of the gas delivery system and analytics for in-situ
catalysis studies at SSRL

pressure, facilitating
research in syngas

chemistry for higher alcohol synthesis and Fisher-Tropsch catalysis [2]. (ii) The
application of high-energy resolution fluorescence detection methods for determining
the active site complex [3][4], (iii) The development of time-resolved studies via
continuous scanning of the monochromator, and (iv) The use of multi-modal
methods, including XRD/XAS and XAS/TXM in order to extract more information for a
given system [4].
Summary
SSRL offers a growing suite of techniques and methodologies for in-situ/operando
advanced catalyst characterization. These techniques are driving new catalyst discoveries by determining the structure responsible for the activity, and vice-versa, the
need to understand catalyst activity is also driving new experiments at SSRL.
Co-ACCESS, is supported by the U.S. Department of Energy, Office of Science, Office of Basic
Energy Sciences.
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The reason of high stability of Ni/CeO x in Dry Reforming: the
promotion of interfacial oxygen on CO* production and desorption
Zan Lian, Dang Sheng Su, Bo Li*
Institute of Metal Research, Chinese Academy of Sciences, Shenyang, People’s
Republic of China
*e-mail：boli@imr.ac.cn
Introduction
Dry reforming (DRM) is an environment-friendly reaction, which consumes two
greenhouse gases, CO 2 and CH 4 , and produces syngas[1]. Because of the cheap
price and high activity, Nickle based catalysts have been studied widely[2, 3], while
the stability of Ni based catalyst is unfavorable comparing with noble metals.
Changing of support is an effective strategy to improve the stability of Ni based
catalyst. lanthanide oxide supporting Ni catalysts show highest stability in several
supported catalysts, and the “bi-functional” mechanism was proposed[4]. Recently, A
literature reports that only the metal atoms at perimeter have high coke resistance
ability, in contrast, non-perimeter Ni is deactivated rapidly[5]. Besides, the oxygen
vacancies are supposed to be another reason of high stability, and the “step-wise
redox” mechanism was proposed[6]. Therefore, it is necessary to discuss the
mechanism of DRM on lanthanide oxide supporting Ni catalyst.
Calculation Detail
The calculations reported here were performed using periodic density functional
theory as implemented in the form of Vienna ab initio simulation package(VASP)[7-9].
Five different sites from three models of Ni/CeO x are investigated in this work. Which
are surface of metal nanoparticle (m), surface of support (s), interface of metal
nanoparticle and support (ms), oxygen vacancy at interface (ovms) and oxygen
vacancy at support (ovs).
Results and Conclusions
Oxygen vacancy contained interface (ovms) shows the highest activity for both of
CO 2 , CH 4 activation and CO* production, and oxygen vacancy contained surface of
support (ovs) is also high activity for CO 2 activation. However, the oxygen vacancies
are easily filled and are hardly regenerated. When neglect the exist of oxygen
vacancies, surface of nanoparticle (m) shows the highest activity for both of CO 2 and

CH 4 activation, and interface containing interfacial oxygen (ms) is highest activity for
CO* production. While only ms is favorable for CO* desorption because of the
existence of interfacial oxygen. Therefore, m is blocked easily and ms is the site for
adsorbate transform to CO* and CO* desorption. Therefore, the interfacial oxygen is
the key for the high stability of CeO x supported Ni based catalyst.
-3.5
-3.0

Ead/eV

-2.5

-2.84
-2.55

-2.0
-1.5
-1.0

-0.8

-0.5

-0.64
-0.31

0.0
m

ms

s

ovms

ovs

Site

The adsorption energy of CO* on different site
References
1.
Subramani, V. and S.K. Gangwal, Energy & Fuels, 2008. 22(2): 814-839.
2.
Becerra, A., et al., Granular Matter, 2001. 3(1-2): 79-81.
3.
Daza, C.E., et al., Catalysis Today, 2008. 133: 357-366.
4.
Slagtern, A., et al., Journal of Catalysis, 1997. 172(1): 118-126.
5.
Lou, Y., et al., Journal of Catalysis, 2017. 356: 147-156.
6.
Makri, M.M., et al., Catalysis Today, 2015. 259: 150-164.
7.
Kresse, G. and J. Hafner, Physical Review B, 1993. 47(1): 558-561.
8.
Kresse, G. and J. Furthmuller, Computational Materials Science, 1996. 6(1): 15-50.
9.
Kresse, G. and J. Furthmuller, Physical Review B, 1996. 54(16): 11169-11186.

Atom Economic Synthesis of Amines from Alkenes with
Recycling of the Homogeneous Catalyst in Thermomorphic
Solvent Systems
Jonas Bianga, Alexander Kühl, Lisa Goclik, Dieter Vogt*, Thomas Seidensticker*,
TU Dortmund, Dortmund, Germany
Introduction
Homogeneous catalysis bears enormous potential in the direct synthesis of amines
from alkenes for example by the hydroaminomethylation (HAM). This tandem
catalytic reaction consists of an initial alkene hydroformylation, followed by the
reductive amination of the intermediate aldehyde to the desired amine. In comparison
to most industrially established processes, there is no need to resort to already
functionalized starting materials.[1] Overall there is a large potential for an
improvement in terms of the selectivities and reduction of byproducts and waste.
For the development of efficient and sustainable homogeneously catalyzed
processes, the reuse of the catalyst might be necessary. Among the various
concepts for catalyst recycling, the use of thermomorphic multiphase systems (TMS)
is very promising. These systems are characterized by a homogeneous reaction
followed by a phase separation, induced by a temperature switch. Advantages of
these systems are the general use of standard solvents and commercially available
catalyst systems. Especially in the HAM of alkenes the use of TMS brings a big
advantage. Non-polar alkenes can be brought into a single-phase reaction with
partially strongly polar amines.
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HAM reactions with various substrates in different TMS are already reported in
literature.[2-6] Up to now a continuous HAM process has not been created. Especially
high catalyst leaching into the product phase limited the approach of TMS in most
cases.
We will present our work within the research cluster “InPrompt, SFB Transregio 63”
on the development of a continuous process for the HAM of 1-decene and
diethylamine in a TMS. To this end a systematic investigation of different solvent
systems is carried out to identify the most appropriate solvents. Starting from a
catalytic system published in 2008 by Vogt et al. the influence of different solvents on
the reaction and the catalyst, as well as on product separation was investigated.
These and other results on the way to establish more efficient industrial processes
for the homogeneously catalyzed synthesis of amines from readily available starting
materials will be presented in detail.
References
[1] K. S. Hayes, Appl. Catal., A, 2001,221, 187–195.
[2] A. Behr, R. Roll, J. Mol. Catal. A: Chem. 2005, 239(1-2), 180–184.
[3] A. Behr, A. J. Vorholt, N. Rentmeister, Chem. Eng. Sci. 2013, 99, 38–43.
[4] A. J. Vorholt, P. Neubert, A. Behr, Chem. Ing. Tech. 2013, 85(10), 1540–1547.
[5] A. Behr, T. Seidensticker, A. J. Vorholt, Eur. J. Lipid Sci. Technol. 2014, 116(4), 477–485.
[6] A. J. Vorholt, S. Immohr, K. A. Ostrowski, S. Fuchs, A. Behr, Eur. J. Lipid Sci. Technol. 2017,
119(5), 1600211.
[7] B. Hamers, P.S. Bäuerlein, C. Müller, D. Vogt, Adv. Synth. Catal. 2008, 350, 332 – 342.
Corresponding authors:
Dr. Thomas Seidensticker, Prof. Dr. Dieter Vogt
Company: Laboratory of Industrial Chemistry, TU Dortmund University,
Address: Emil-Figge-Str. 66, 44227 Dortmund,
Email: Thomas.Seidensticker@tu-dortmund.de
Dieter.Vogt@tu-dortmund.de
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Production of light alkenes via oxidative dehydrogenation (ODH) of alkanes is
becoming an alternative to olefin extraction by conventional methods, such as
catalytic cracking or conventional dehydrogenation, and is associated with lower
energy

consumption

and

less

catalyst

coking

compared

to

conventional

dehydrogenation of alkanes [1]. Vanadium based systems are the important class of
ODH catalysts, but their performance depends strongly on vanadium dispersion [2]
and there is a lack of clear indication which types of vanadium centers are active in
ODH: isolated vanadium centers in tetrahedral or octahedral coordination or
polymeric V-O-V chains. Microporous materials, such as zeolites, may serve as
support for vanadium, offering the possibility to introduce it in a well-defined
environment controlling its dispersion and speciation.
Our aim was to design series of vanadium-containing materials in which
varying location of V centers results in their different geometry and electronic
properties, leading to distinct reactivity in ODH of propane.

The non-modified BEA zeolite (Si/Al = 17), its partially dealuminated form, and
fully dealuminated form were chosen as a suport for vanadium. The samples were
synthetized using NH 4 VO 3 as vanadium precursor, at pH equal to 2.5 and 7.0 by the
following methods: two-step postsynthesis method [3], traditional impregnation, and
ion exchange. V content varied from 0.1 to 7.0 V wt %.
The chemical composition of the samples was confirmed with XRF, phase
composition by XRD, BET provided surface area and porosity. Reducibility was
measured with H 2 -TPR method, while NH 3 -TPD gave information on the type and
strength of acid centres. The nature of the introduced vanadium species was probed
by DR UV-vis,

51

V MAS NMR, and EPR. The active sites present in the samples are

characterized by DFT calculations (PBE/def2-TZVP). The catalysts are submitted to
catalytic tests in ODH of 7.1 %vol. propane in air at temperature 420 – 520 °C in
gas-flow fixed-bed reactor coupled to GC.
In fully dealuminated samples, the presence of vanadium(V) of tetrahedral
coordination incorporated in the structure of the dealuminated BEA zeolite was
demonstrated by DR UV-vis bands at 260 and 340 nm and

51

V MAS NMR peaks at -

590 and -620 ppm at lower loadings. At higher loadings octahedral sites appear. In
samples prepared with parent zeolite, vanadium is present mainly as extraframework octahedral V(V) species as evidenced by a broad DR UV-vis band at
around 430 nm and the

51

V MAS NMR peak at -730 ppm. At lower loadings, it forms

tetrahedral sites, whereas at higher loadings octahedral sites appear. DFT
calculations suggest that vanadium can substitute T atoms in all available
crystallographic positions in BEA, but preferably is present as V=O center in T2
and/or T3, exhibiting pseudo-tetrahedral coordination. The preliminary catalytic tests
show that tetrahedral vanadium sites are responsible for selective ODH reaction,
while octahedral vanadium sites are responsible for total combustion.
Acknowledgments: This work was supported by the National Science Centre, Poland within project no
2016/23/B/ST4/02854.
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Introduction
MAX phases are layered ternary carbides or
nitrides featuring both

ceramic and metallic

properties. Their name reflects their chemical
build-up: M is an early transition metal, A is
typically a group 13 or 14 element, and X is either
carbon or nitrogen.[1] Ti 2 AlC is one of the most
stable MAX phases (Figure 1a), with an oxidation
resistance up to 1100 °C.[2] MAX phases are well
known in electrical, thermal and mechanical
applications, yet few studies focus on their catalytic
potential.[3,4]

We are interested in the catalytic conversion of
CO 2 into high value chemicals. CO 2 activation
requires high temperature, so co-reactants of
higher energy are often used to lower the
thermodynamic penalty of the reaction. The dry

Figure 1. (a) Hexagonal crystal structure
of Ti2AlC. There is one Al layer for every
second layer of Ti. The TiII atoms have
[2]
chemical bonds to both C and Al. (b)
Scanning Electron Microscopy (SEM)
image of Ti2AlC, showing its layered
structure.

reforming of butane (DRB) is especially interesting as it can run at relatively low
temperatures (500–600 °C). Moreover, butane is widely available from shale gas and
from crude oil cracking. Therefore, DRB can be a practical solution for using CO 2 .
Here we study the catalytic properties and stability of Ti 2 AlC-based materials in the
DRB reaction. We use Ti 2 AlC as a support for Co 3 O 4 /CoO species (represented
hereafter as CoO x ), and compare it to the more conventional supports ɣ-Al 2 O 3 , TiO 2
and TiC.

Catalytic results
The Ti 2 AlC MAX phase was synthesized by
mixing powders of Ti, Al and TiC and heating
the mixture to 1350 °C for 2 h under
pressure.[5] Supported 5 wt.% CoO x samples
were prepared by wet impregnation followed
by calcination at 450 °C. In catalytic tests at
650 °C (Figure 2a), we see that CoO x /Ti 2 AlC
catalyst converts 20% of CO 2 and is stable
for at least 18 h on stream. The CoO x /Al 2 O 3
catalyst has higher activity, but is less stable
over time. Butane conversion values are
similar to the CO 2 ones, and both catalysts
show similar selectivity towards CO (64%)
and H 2 (34%).
Overall, we prove that CoO x /Ti 2 AlC is an
active and stable material during DRB.
Furthermore, the MAX phase support incurs
less coking compared to alumina (Figure 2b).
The low amount of coke increases the

Figure 2. (a) CO2 conversion over time of the 5
wt.% CoOx catalysts. Reaction conditions: 100–50
-1
mg catalyst, CO2:C4H10 = 4:1, total flow 20 mL·min ,
atmospheric pressure, 650 °C. (b) TGA profiles of
the used catalysts. The mass loss at 450-600 °C
corresponds to the oxidation of carbon nanotubes
formed during reaction.

stability of the catalyst and with it the efficiency of the reaction. In the lecture, we will
show how the structure and the textural properties of the Ti 2 AlC MAX phase affects
the catalysis and the resistance to coking side reactions.
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Introduction
The mechanistic understanding of chemical surface processes in heterogeneous
catalysis is constantly improving, with many detailed surface mechanistic and kinetic
models for a variety of heterogeneously catalyzed processes having been published
in the literature [1]. As lot of these processes underlie mass transfer limitations, a
detailed knowledge of the interaction between external mass transfer and the
chemical reactions occurring on the surface of the catalyst are essential for the
understanding of the catalytic process as such, for the rational design of catalysts
and for the adjustment of process parameters in order to achieve optimal
performance.
Rapid improvement and increasing availability of powerful computational hardware,
as well as more and more efficient mathematical algorithms have opened the window
to the direct investigation of even very large surface kinetic models all the way to the
coupling of those models to detailed CFD simulations of resolved complex
geometries and systems [2, 3].
In this contribution, we present a new combined approach of CFD simulation and
sensitivity analysis of a micro kinetic model with coupled mass transfer in order to
investigate the interaction between flow, mass transfer and surface chemistry of a
heterogeneously catalyzed system. Industrial NH3 oxidation on platinum gauze
catalysts, which is a prominent example for a mass transfer limited process, is
utilized as a test case.

Methods
Based on the “Degree of Rate Control” (DoRC) analysis, published by Campbell et
al. [4], we extended the concept by explicit incorporation of external mass transfer to
the network of elementary step surface processes. We introduce this concept as

“Degree of Mass Transfer Control” and applied it to a mean field micro-kinetic model
for NH3 oxidation [5]. In order to obtain local mass transfer coefficients, laminar CFD
simulations of a resolved catalyst gauze model with coupled surface chemistry were
carried out using the commercial package Fluent.

Results and Discussion
The distribution of the local NH3 mass transfer coefficient on the catalyst (Figure 1a)
reveals areas of different mass transfer intensity due to the geometry and the flow
field throughout the catalyst. The effects of inhomogeneity in mass transfer on the
chemistry is described by a “Degree of Mass Transfer Control” analysis, identifying
elementary steps that are governed by mass transfer and predicting the sensitivity of
product selectivities to perturbations in external mass transfer (Figure 1b). A
combination of these two approaches reveals catalyst zones of different selectivity
towards certain product species (e.g. unwanted side products like N2O or N2) and
therefore providing insights and understanding of mechanisms governing the
performance of a catalyst in a mass transfer limited process on one hand and aiding
in developing more efficient catalysts on the other (for instance by tuning the
catalysts geometry). This method offers great potential for in silico catalyst design, as
it can be applied to any mass transfer limited process for which a detailed surface
kinetic model is at hand.
a)

b)

)

)

NH3 mass transfer coefficient / m s

—1

Figure 1. (a) Local mass transfer coefficient on the catalyst and (b) Degree of selectivity control for
the three product species NO, N2O and N2.
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Role of polyenes in the formation of aromatics within zeolites
Aromatics are omnipresent within hydrocarbon chemistry in zeolites. In fluid catalytic
cracking aromatics are known to be the precursors for cokes which deactivate the
zeolitic catalyst. Furthermore, in the zeolite-catalyzed methanol-to-olefins (MTO)
process aromatics appear not only as deactivating species, but also play an active
role in the aromatic cycle of the hydrocarbon pool (HP) mechanism, which is known
to govern the methanol conversion in this process [1]. However, the formation of
aromatics in zeolites is still not well understood on the molecular level. Recently,
indisputable experimental evidences were given for the presence of polyenes in the
reaction system which might suggest their intermediate role in aromatics formation
[2-5]. Despite many experimental efforts in this field the mechanism of aromatics
formation from polyenes in zeolites is still not disclosed.
Possible mechanisms of aromatics formation from polyenes
Within this contribution, a combination of state-of-the-art static and dynamic periodic
DFT calculations are used to obtain insight into the formation mechanism of
aromatics starting from polyenes within the small pore zeolite H-SSZ-13. This
catalyst is characterized by cages interconnected by 8-ring windows, which may
further influence the formation and growth of aromatics from polyenes. To this end
different

reaction

mechanisms,

such

as

the

intramolecular

rearrangement,

dimerization and cyclization, Diels-Alder reaction and electrophilic aromatic
substitution are studied using both static and dynamics based molecular simulations
to unravel the nature and stability of intermediate species at operating conditions.
Heptatriene, for which the resonance-stabilized carbocation is depicted in Figure 1, is
chosen as a model compound for polyenes and a starting point for this study.
Exemplary aromatic products from the intramolecular arrangement and electrophilic

aromatic substitution of heptatriene over the zeolite are shown in Figure 1. The
obtained free energy profiles of the different pathways will be compared to assess
the relative importance and hence unravel the most feasible reaction mechanism for
aromatics formation in zeolites starting from polyenes. The insights are obtained by
using molecular dynamics based methods that allow to simulate reaction pathways
and intermediates at operating conditions, taking into account the flexibility of the
material, effect of temperature and pressure. The obtained insight gives crucial
insights into the formation of aromatics and possible deactivating routes for important
processes such as alcohol conversion, catalytic cracking reactions. Such knowledge
is mandatory to propose valuable design guidelines for the next generation of
catalysts, optimizing product selectivity and catalyst lifetime.

Figure 1: Protonated heptatriene reacts over a chabazite-type zeolite to various aromatics.

References
[1] U. Olsbye, S. Svelle, K. P. Lillerud, Z. H. Wei, Y. Y. Chen, J. F. Li, J. G. Wang, W. B. Fan, The
formation and degradation of active species during methanol conversion over protonated zeotype
catalysts, Chemical Society Reviews, 44 (2015) 7155-7176.
[2] A. Hwang, M. Kumar, J. D. Rimer, and A. Bhan, Implications of methanol disproportionation on
catalyst lifetime for methanol-to-olefins conversion by HSSZ-13, Journal of Catalysis, 346 (2017)
154-160.
[3] J. S. Martinez-Espin, K. De Wispelaere, T. V. W. Janssens, S. Svelle, K. P. Lillerud, P. Beato, V.
Van Speybroeck, U. Olsbye, Hydrogen Transfer versus Methylation: On the Genesis of Aromatics
Formation in the Methanol-To-Hydrocarbons Reaction over H-ZSM-5, ACS Catalysis, 7 (2017)
5773-5780.
[4] A. D. Chowdhury, A. L. Paioni, K. Houben, G. T. Whiting, M. Baldus, and B. M. Weckhuysen,
Bridging the Gap between the Direct and Hydrocarbon Pool Mechanisms of the Methanol-toHydrocarbons Process, Angewandte Chemie, 57 (2018) 8095-8099.
[5] Y. T. Chua and P. C. Stair, An ultraviolet Raman spectroscopic study of coke formation in methanol
to hydrocarbons conversion over zeolite H-MFI, Journal of Catalysis, 213 (2003) 39-46.

ROMEO - A major step toward more sustainable hydroformylation
processes
Marco Haumanna, Markus Schörnera, Jennifer Hasselbergb, Robert
Frankec,d, Frank Stengere, Morten Logemannf, Jakob Marinkovicg,
Anders Riisagerg
a

Friedrich-Alexander-Universität Erlangen-Nürnberg (FAU), Lehrstuhl für
Chemische Reaktionstechnik (CRT), Egerlandstr. 3, 91058 Erlangen, Germany, Email: markus.schoerner@fau.de, b Evonik Technology & Infrastructure GmbH, PaulBaumann-Str. 1, 45772 Marl, Germany, cEvonik Performance Materials GmbH, PaulBaumann-Str. 1, 45772 Marl, Germany, d Ruhr-Universität Bochum, Lehrstuhl für
Theoretische Chemie, Universitätsstr. 150, 44780 Bochum, Germany. eEvonik
Technology & Infrastructure GmbH, Rodenbacher Chaussee 4, 63457 HanauWolfgang, f Rheinisch-Westfälische Technische Hochschule Aachen (RWTH),
Lehrstuhl für chemische Verfahrenstechnik, Forckenbeckerstraße 51, 52074 Aachen,
g
Technical University of Denmark (DTU), Department of Chemistry, Kemitorvet,
Building 207, DK-2800 Kgs. Lyngby

One of the most prominent industrially applied reactions is alkene hydroformylation.
More than 10 million tons of chemical products rely on this reaction step every year;
thus, a permanent improvement of this homogeneously catalyzed reaction is of
utmost interest for many chemical companies worldwide[1].
Here we present the latest results of the developments in the field of
hydroformylation within the currently running EU funded project ROMEO (Reactor
Optimization by Membrane Enhanced Operation)[2]. This project aims at the
combination of a catalyzed reaction with the separation step on a single support
structure[3]. This combination in an innovative “2-in-1” reactor opens the possibility to
omit or at least significantly downsize the separation units. This concept allows
increasing the efficiency of catalytic reactions by immediately removing the desired
products from the reaction zone and thereby reducing consecutive reactions.

Figure 1. Schematic representation of the ROMEO approach for reaction and separation of homogeneously
catalyzed reactions.

ROMEO’s approach is to use and combine existing or only slightly modified building
blocks such as supports, coatings and catalysts. The consortium further focuses on
the development of a new reactor methodology. In addition to the actual technical
developments, a universal modelling tool will be implemented in order to allow the
accurate prediction of ROMEO’s benefit for other homogeneously catalyzed
reactions. The European Commission is providing financial backing to the project and
its nine academic and industrial partners through the Horizon 2020 research program
(http://www.romeo-h2020.eu/). In the wide range of tasks within the project, this work
focuses on the experimental investigation of the developed reactor module.
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Introduction
Due to ever increasing environmental regulations and the shift towards more sulfur
containing feedstocks, there is continued interest in improved MoS 2 based
hydrotreating catalysts for hydrodesulfurization of crude oil [1, 2]. Such catalysts are
also relevant for the hydrodeoxygenation of feedstocks derived from biomass, e.g.,
bio-oil derived via fast pyrolysis [3, 4]. The atomic-scale structure and morphology of
MoS 2 , Co-MoS 2 and Ni-MoS 2 catalysts have been widely studied using density
functional theory (DFT) along with transmission electronic microscopy (TEM) and
scanning tunneling microscopy. DFT studies indicate that exposure of MoS 2 to water
vapor can lead to exchange of S with O at the edge of MoS 2 and that promotion
stabilizes the catalyst [5]. The active sites of Co-MoS 2 and Ni-MoS 2 catalysts are
probably located at the edges and corners of MoS 2 and thus only constitute a small
fraction. Modulation excitation spectroscopy (MES) [6] coupled X-ray absorption
spectroscopy (XAS) is an excellent tool to elucidate the structural changes of such
minute amounts of active sites as function of the concentration of water and sulfur
containing species. In the present study, we demonstrate how XAS coupled with
MES supported by DFT calculations can help in identifying the active sites of MoS 2 ,
Co-MoS 2 and Ni-MoS 2 based catalyst as a function of the applied reaction
conditions.
Results and Discussion
Figure 1 shows the overview of the procedure employed for the MES experiments
[7]. MES studies were performed by cycling between H 2 O/H 2 and H 2 S/H 2 gas
conditions with a total period of 360 seconds. Time-resolved quick-scanning EXAFS
(QEXAFS) spectra were collected at a frequency of 20 Hz for all samples at the Mo

K-edge and for the NiMo
sample additionally at the Ni
K-edge

at

beamline
Switzerland).
MES

the

SuperXAS

(SLS,
By

coupled

Villigen,
employing
XAS

for

unpromoted as well as Coand

Ni-promoted

MoS 2

Fig. 1: Experimental procedure employed for the MES

catalysts, it has been shown that upon
cycling between H 2 O/H 2 and H 2 S/H 2
conditions, O atoms replace S atoms at
the edges of MoS 2 , an insight which is
not accessible by conventional XAS.
As compared to Mo, the lower amplitude
of the demodulated spectra observed for
CoMo and NiMo strongly suggests a

Fig. 2. Kinetics of the phase transition of Mo
observed as function of time.

decrease in S-O exchange upon promotion. In the case of the Ni-MoS 2 , MES-XAS at
the Ni K-edge revealed fast oxidation of the Ni while the S-O exchange at the Moedge is rather slow. The kinetics of the reaction occurring at the time scale of the
MES measurements can also be probed as shown in Figure 2 [7]. Theoretical
calculations based on DFT also suggest that the thermodynamics of the S/O
exchange become more favorable in the order Ni > Mo > Co edge atoms. In
conclusion, we have demonstrated that by employing well-designed experiments
MES is able to probe changes on catalyst surfaces at the atomic-scale as a function
of variation in the chemical environment. This approach is also of general interest for
investigating the mechanism of heterogeneous catalysts.
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P-Xylene Production By Tandem Green and Direct Flow Process
from Cellulosic Biomass-Derived 2,5-dimethylfuran and Acrylic
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In 2015, around 37 million metric tons of p-xylene was consumed in wide range of
chemical industries [1]. In general, xylenes, i.e., o, m and p-xylene, is simply
produced from the purified petroleum reformate with 20% yield [1]. The
environmental concern motivate researchers to develop alternative and eco-friendly
route for production of poly(ethylene terephthalate) (PET) from renewable resources,
i.e., cellulosic biomass. In the last decades, p-xylene were synthesized from DielsAlder reaction using cellulosic biomass-derived 2,5-dimethylfuran (DMF) in the
presence of ethylene over zeolite catalysts through the intermediate 1,4 dimethyl-7oxabicyclo[2.2.1] hept-2-ene. This approach always required batch system and high
temperature (~ 573 K), ethylene pressure (> 5.0 MPa) and long reaction time (~24 h)
[2,3]. Alternatively, Ni et al. [4] reported on the 2 step batch synthesis of p-xylene
from DMF in the presence of acrylic acid (AA) as green and safer replacement of
ethylene using metal triflates in ionic liquid as a solvent.
In this work we report for the first time on a green and direct liquid-phase tandem
flow-process for DMF upgrading to p-xylene in the presence of AA over different
zeolite catalyst (Scheme 1), i.e., ZSM-5, Beta and Y. Furthermore, the influence of
zeolite porosity modification, acid site density, space time, reaction temperature and
DMF/AA molar ratio will be introduced.

Scheme 1: Synthesis of p-xylene from cellulosic biomass-derived DMF and AA over different zeolite
catalyst.

Over all tested catalyst above 90% of DMF
conversion was observed at short residence
time (15 min) and reaction temperature
423 K, 473 K and 523 K. In this approach,
only

p-xylene

(dominant

product)

and

2,5-dimethylbenzoic acid (2,5-DMBA) were
produced. Among the tested catalyst, Beta
zeolite exhibits the highest yield of p-xylene
(81%) at 473 K with carbon balanced of
99.6% (Fig. 1). Furthermore, as expected

Fig. 1: p-xylene and 2,5-DMBA yield over

increasing the reaction temperature from

ZSM-5, Beta and Y zeolites at

234 K to 473 K resulted in higher p-xylene

different reaction temperatures (423

and 2,5-DMBA yields (Fig. 1). However,

K, 473 K and 523 K); reaction

higher reaction temperature, i.e., 523 K, led
to slight decrease in p-xylene yield and
higher 2,5-DMBA yield (Fig. 1).

condition: mDMF = 2.5 g, mAA = 12.5
g,

Qreactant

=

0.3

cm

3

-1

min ,

tresidence = 15 min.

In conclusions, p-xylene was selectively synthesized (81%) via and direct and ecofriendly and alternative heterogeneously-catalyzed route in flow system. These
findings will envisage the pave for sustainable production PET from renewable
resource.
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Single atom catalysis (SAC) has recently become one the most active frontiers of
heterogeneous catalyst research [1]. The SAC approach has shown to boost the
catalytic performance of a metal over their corresponding bulk metal counterpart.
Facilitated by the advances in material synthesis, various strategies have been
employed to achieve atomic dispersion and stabilization of metal on a solid support.
One innovative strategy developed in our institute is the Supported Catalytic Active
Liquid Metal Solutions (SCALMS) concept, where a solution of an active metal (e.g.
Pd, Pt, Rh etc.) in a low melting metal, e.g. Ga, is deposited on a porous support
(Figure

1)

[2].

The

concept

was

successfully

demonstrated

for

butane

dehydrogenation with a Pd-Ga liquid metal solution. The use of liquid metal
overcomes any temperature limitation, which is the major drawback in the case of
other supported liquid phase catalyst concepts.

Figure 1: Illustration of the Supported Catalytic Active Liquid Metal Solutions (SCALMS) concept [2]

Moreover, since the reaction occurs only at the highly dynamic gas/liquid metal
interphase, the catalyst showed higher resistance to deactivation by cocking. As a

natural extension of this work, we have been testing the concept for different metals.
Of particular interest is the performance of RhGa-SCALMS catalyst for propane
dehydrogenation (PDH). Very few examples for Rh as an active dehydrogenation
catalyst have been reported, mostly with very poor activity and selectivity [3,4].
Indeed, pure rhodium supported on aluminium oxide (Rh/Alox) showed negligible
conversion and low selectivity while the RhGa/Alox SCALMS catalyst showed activity
and selectivity comparable to state of the art catalyst for PDH (See Figure 2).
Additionally, analysis of the spent catalyst showed that Rh/Alox showed excessive
coking.

Figure 2: Conversion (a) and Selectivity(b) of Rh supported on Alox (circle) and RhGa SCALMS
catalyst supported on Alox (diamond).

The nature of SCALMS material has also been probed using XPS, DRIFTS and
TEM. Furthermore, in order to understand the role of the dynamic liquid surface
towards cocking, highly sensitive gravimetric analysis paired with mass spectroscopy
under reaction conditions was performed.
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Introduction
Adipic acid is predominantly used as a co-monomer in the production of nylon-6,6
alongside hexamethylenediamine. Annually, it is produced on a scale of around 2.5
million metric tonnes worldwide as of 2012. The industrial production of adipic acid
historically relies on the aerobic oxidation of cyclohexane. However, the possibility of
using cyclohexene as a feedstock has become an option due to the recent
improvements in the partial hydrogenation of benzene in the Asahi process.[1] The
higher reactivity of cyclohexene allows it to be oxidised by less environmentally
harmful oxidants such as O 2 and H 2 O 2 . Cyclohexanediol would offer an intermediate
in this reaction route to adipic acid, therefore its aerobic oxidation in air is of
continuing research interest.
Previous work in the group of Obara et al. has shown that a one-pot synthesis
of adipic acid from cyclohexanediol can be achieved by using a combination of Pt/C
and vanadium oxide. The Pt/C catalyst aids this reaction by catalysing the conversion
of cyclohexane diol to 2-hydroxycyclohexanone (2-HCO) while the vanadium oxide
then directs this towards adipic acid with high selectivity [2] as shown in Figure 1.
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Figure 1 Oxidation of cyclohexanediol to adipic acid using Pt/C and vanadium catalysts.

Results and discussion
In this work we investigate the use of vanadium bronzes in this reaction as a
substitute for the homogeneous V 2 O 5 catalyst used in the study by Obara et al.
Leaching in aqueous media is a particular concern for vanadium catalysts, however

stabilisation as a truly heterogeneous catalyst would increase the industrial viability of
this system. Incorporating metals such as silver or copper into the vanadium oxide
lattice under a hydrothermal procedure we aim to stabilise this material against
leaching.
Table 1 shows in entry 1 that a Pt/C catalyst exhibits an appreciable
conversion of 47.6 %, however 90.2% of its selectivity is directed towards 2-HCO.
Although NaV 6 O 15 shows only low activity on its own, its use as a co-catalyst with
Pt/C enables both high conversion and selectivity towards adipic acid. Furthermore,
this is achieved with a relatively low catalyst loading. However, leaching data for this
reaction analysed via MP-AES revealed high levels of vanadium in the reaction
solution, suggesting a large contribution from homogeneous vanadium. This was
further confirmed by study of a reaction spiked with the leached solution from the
bronze. Interestingly, when we switch to a CuV 2 O 6 bronze (entry 5) we sacrifice
some activity, however selectivity is still strongly directed towards adipic acid. This
CuV 2 O 6 bronze also exhibits much lower leaching compared to the NaV 6 O 15
analogue, dropping from 36.8 % vanadium leaching to only 2.5 % in CuV 2 O 6 .
Table 1 Oxidation of trans-1,2-cyclohexanediol over vanadium bronzes and Pt/C utilising molecular oxygen
Entry

Catalyst

Conversion / %

Selectivity / %
Adipic acid

2-HCO

Glutaric acid

Succinic acid

Unknowns

Vanadium
leaching / %

1

Blank

0

0

0

0

0

0

0

2

Pt/C

47.6

3.1

90.2

2.7

1.3

3.8

0

3

NaV6O15

3.0

0

0

0

0

100

47.6

4

NaV6O15 + Pt/C

40.9

70

2.1

0

1.4

26.8

36.8

5

CuV2O6 + Pt/C

27.2

60.4

9

0

0

30.6

2.5

6

AgVO3 + Pt/C

18.4

41.6

21.3

0

2.1

35

2.9

Reaction conditions: 80 °C, 3 bar O 2 , 10 000 ppm cyclohexanediol in water (5 mL), 4 hr, 10 mg 5% Pt/C, 4mg vanadium bronze

Conclusion
Vanadium bronzes, when combined with Pt/C, are effective catalysts for the selective
cleavage of vicinal diols in cyclohexanediol. These catalysts are hindered by the level
of leaching observed, however this can be lowered by the incorporation of copper or
silver into the bronze structure, while still maintaining good selectivity and activity.
This represents progress towards a truly heterogeneous catalyst for this reaction.
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Oxychlorination Catalysts
Samuel K. Regli1, Endre Fenes1, Hongfei Ma1, Kumar R. Rout2, Terje Fuglerud3, De
Chen1, Magnus Rønning1
1

Department of Chemical Engineering, Norwegian University of Science and Technology (NTNU),
2

Trondheim, Norway; SINTEF Materials and Chemistry, Oil and Gas Process Technology, Trondheim,
3

Norway; INOVYN, Porsgrunn, Norway

Introduction
Oxychlorination is an important industrial process to produce ethylene dichloride
(EDC), a precursor of the vinyl chloride monomer (VCM) for polyvinylchloride (PVC)
plastic with a wide range of applications [1]. During oxychlorination, ethylene,
hydrogen chloride and oxygen react over supported copper chloride catalyst (CuCl 2 )
in temperature range of 200-550 °C to form EDC and water [2]. The oxychlorination
reaction is assumed to proceed in three steps; (I) chlorination of ethylene where the
chlorinating agent is the catalyst and it reduces from CuCl 2 to CuCl, (II) oxidation of
CuCl to form oxy-chloride and (III) re-chlorination of the oxy-chloride using HCl to
form CuCl 2 and H 2 O. Although CuCl 2 oxychlorination catalysts are already applied in
commercial plants around the world, several problems related to industrial operation
still exist. One of the main challenges of this process is that the Cu1+ formed during
the reaction aggregates and leads to a loss of Cu active material due to its low
melting point and volatility.
Materials and Methods
Operando X-ray absorption spectroscopy (XAS), powder X-ray diffraction (PXRD)
and UV-Vis spectroscopy were carried out at the Swiss-Norwegian Beamlines at the
European Synchrotron Radiation Facility for a better understanding of catalyst
composition during reaction, and the impact of alkaline metal dopants. The goal of
this study was to find a strategy to optimize the reaction conditions and catalyst
composition to reduce the amount of Cu1+ in the catalyst during reaction.
Operando studies were performed on 5 wt% CuCl 2 on γ-Al 2 O 3 prepared by
impregnation for transient and steady-state reaction conditions, as reported by our
earlier publications [3-5]. Cu K-edge XAS data was collected to extract Cu1+ and Cu2+
fractions. UV-Vis spectra were collected simultaneously with a UV-Vis probe. PXRD

was collected at the beginning and end of transients to detect the different crystalline
phases formed in situ when doping with alkaline metals. Reaction products were
monitored with an on-line mass spectrometer.
Results and Discussion
The linearly combined near edge XAS data presented in figure 1 shows the evolution
of the Cu species present during reduction (I) and oxidation (II) as well as during the
oxychlorination reaction of a potassium doped catalyst. The fraction of Cu1+ and Cu2+
obtained by UV-Vis spectroscopy was found to be in agreement with the fractions
obtained by XAS.

Figure 1. Transients of the reduction and oxidation of 0.4 K/Cu mol/mol 5 wt% Cu on
γ-Al2O3, as well as the oxychlorination reaction followed operando by XAS and UVVis spectroscopy. Top row: Fraction of the Cu species determined by linear
combination fitting of the near edge X-ray absorption spectra. Bottom row:
Normalized Kubelka-Munk function of the UV-Vis signal at 796 nm. The fractions
obtained via UV-Vis spectroscopy are in agreement with the XAS data.
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Introduction
Zeolites are extensively used in the chemical industry as both catalytic supports and
as catalysts. Encapsulation of metal particles in microporous zeolites provide a
shape and size selectivity for the reactions, however, limited diffusion in the
microporous channels can result in lower yields and deactivation by coking.
Hierarchical zeolites can be used to enhance the diffusion of the molecules which
results in higher yields and lower rate of deactivation.[1–3] Metals supported in
mesopores will benefit from a higher diffusion, however, it may reduce the selectivity
of the reactions. Core-shell materials provides a way for introducing the shape
selectivity of a microporous shell while still having the metal supported in a
mesoporous core.[4]
Here, we present a new method for growing a microporous shell around a
hierarchical silicalite-1 zeolite containing metals nanoparticles. The effect of the shell
was evaluated based on hydrogenation reaction with substrates varying in size.

Experimental
A hierarchical silicalite-1 zeolite was prepared by use of carbon as hard template
during steam assisted synthesis conditions. Metal particles were supported on the
hierarchical zeolite by incipient wetness impregnation. Finally, a protective silicalite-1
shell was grown around the metal containing hierarchical zeolite.
The materials were characterized using X-ray powder diffraction, N 2 physisorption, Xray photoelectron spectroscopy, transmission and scanning electron microscopy. To
evaluate the effect of the protective shell, the materials were tested in different
hydrogenation reactions.

Results and discussion
The transmission electron microscope image (Figure 1 left) shows a shell formed
around a porous metal containing interior. The encapsulation of mesopores inside a
microporous shell is also supported by the physisorption isotherms of hierarchical
zeolite and hierarchical core zeolite with shell (Figure 1 right).
Catalytic tests show that the microporous shell provide the materials with a selectivity
for the molecules that can enter the microporous shell and reach the reactive core.
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Figure 1: Left: TEM image of hierarchical zeolite with shell, Right: physisorption isotherms of hierarchical zeolite
and a hierarchical core zeolite with microporous shell.

Conclusion
We developed a new method to protect and encapsulate metal particles supported
on a hierarchical zeolite with a microporous shell. The shell induced a selectivity for
the molecules that could diffuse and react in the catalytically active interior.
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Preparation of immobilized supported N^O donor Ni(II), Co(II) and
Fe(II) complexes for ethylene oligomerization reactions
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Ngcobo, Student, Pietermaritzburg, South Africa

Catalysis
Homogeneous and heterogeneous catalysts both can efficiently catalyze ethylene
oligomerization reactions.[1, 2] However, there are some major drawbacks
associated with each of these catalysis processes. Therefore, the aim of this
research project is to bridge the lacuna between homogeneous and heterogeneous
catalysis by immobilizing the homogeneous catalysts on silica support and iron
magnetic nanoparticles in order to develop a separable single-site catalyst.[3, 4] The
immobilized complexes have been successfully synthesized using the sequential
approach according to Scheme 1. Characterization of the compounds using NMR,
infrared spectroscopy, SEM, TEM, EDX, TGA and ICP-OES confirmed the formation,
stability, morphology and metal contents of the immobilized pre-catalysts for ethylene
oligomerization reactions.
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Scheme 1 Synthesis of MCM-41 and Fe 3 O 4 nanoparticles supported Co(II), Ni(II)
and Fe(II) N^O donor complexes for ethylene oligomerization reactions.
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Introduction
There is a growing interest focused on the synthesis and properties of layered double
hydroxides as part of the anionic clays materials [1]. The main method of preparation
of LDH is still the co-precipitation by contacting an aqueous solution of the salts
containing the target cations with an alkaline solution [1]. However, it involves some
disadvantages as the inability to insert large cations into the octahedral network,
multiple synthesis steps, high energy consumption, use of specific vessels in each
stage of the process. Accordingly, the mechanochemical method resulted as an
alternative to co-precipitation involving only one step mixing in a mortar of all the
reactants followed by washing and drying [2]. The aim of this study was to perform a
comparative analysis of the physico-chemical properties and catalytic activity of
hydrotalcite with La3+;Y3+-modified hydrotalcites (Mg2+/Al3++La3+(Y3+)=3) prepared by
co-precipitation, hydrothermal and mechanochemical routes. These catalysts were
investigated in the liquid-phase oxidation of cyclohexene towards the corresponding
epoxides.

Experimental
The hydrotalcite (Mg/Al = 3 molar ratio) was obtained at pH 10 by co-precipitation of
nitrates of the corresponding cations and basic solution under low supersaturation
[3]. The modified hydrotalcite was prepared by adding La or Y nitrate to the initial
nitrate solution. In the mechanochemical method, all metal nitrates were
mechanically mixed with Na 2 CO 3 and NaOH in the desired ratio for 1h [4]. For the
hydrothermal route the oxides of Mg, Al and La(Y) were placed in an autoclave filled
with bi-distilled water and kept at 120 °C for 1,3,5, or 10 days. All samples were
washed until neutral pH, dried at 120°C, and calcined in air atmosphere at 460°C.

The resulted mixed oxides were then rehydrated in order to reconstruct the layered
structure. The characterisation of samples has been carried out by chemical analysis,
XRD, DRIFT, BET, irreversible adsorption of organic acids of different pK a values.
The cyclohexene oxidation was performed with H 2 O 2 in presence of acetonitrile at 60
°C or molecular oxygen in presence of iso-butyraldehyde at room temperature.

Results and discussion
Hydrothermal synthesis provides the hydrotalcite-type structure confirmed by the
corresponding diffraction lines of Mg(OH) 2 (001, 101, 102, 110, 111) and LDH-3R2polytype phase (014, 017, 01.10, 01.11). Co-precipitation is also confirmed as
effective by the XRD typical pattern of Mg,Al-LDH structure (JCPDS card 00-0541029) incorporating a large amount of CO 3 2- anion than OH- in the interlayer space.
The insertion of La or Y was not demonstrated. These cations exist in conjuction with
Mg-Al hydrotalcite as hydroxides or hydroxycarbonates. Very different, the
mechanochemical method allows the formation of the LDH structure via solid-solid
reactions occurring in the presence of the hydration water of nitrates. It incorporates
more OH- groups than CO 3 2- thus providing more basic materials. Only Y (Mg2+/Al3++
Y3+=3 and Al3+/Y3+=1) led to an isomorphous substitution of Al from octahedral
positions modifying the “a” parameter in the XRD patterns. Mechanochemical
method, for hydrotalcite, led to a smaller surface area (85 m2∙g-1) compared to the coprecipitation route (122 m2∙g-1). The catalytic tests showed a linear correlation
between the yields to cyclohexene-oxide and the population of medium and weak
base sites. Mechanochemical route provided hydrotalcites which after calcination
generated mixed oxides affording yields of 65% after 5 h (H 2 O 2 /acetonitrile/60°C
system) compared to 52% for samples produced via co-precipitation. The same
behavior resulted for O 2 /isobutyraldehyde yield of 61.5% for mechanochemical route
compared to 50.2% for co-precipitation.
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The catalytic oxidation of benzyl alcohol via the in-situ production
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1. Introduction.
Hydrogen peroxide (H₂O₂) is considered a powerful and efficient and green oxidant,
due to its high active oxygen content and producing only water as the by-product. [1]
The use of H₂O₂ in the production of fine and commodity chemicals has seen growing
interest in recent years with the production of benzaldehyde, an important substrate
in the flavor and fragrances sector a pertinent example. However the use of ex-situ
generated H₂O₂ has significant drawbacks, including the need for high molar excess
for oxidation transformations, its high energy intensive production from the sequential
hydrogenation and oxidation of anthraquinone, this also requires the transportation of
highly concentrated solutions of H₂O₂ which does not come without it’s risks. It has
already been shown that by combining knowledge of AuPd based catalysts which are
well known to produce H₂O₂ directly from H₂ and O₂ with the oxidation reaction can
lead to an increase in selectivity towards the aldehyde and acid products under
milder conditions. [2]
2. Experimental.
1 wt. % XPd (where X is Au, Cu, Fe, Co, Mn and Ce) supported catalysts with X:Pd
1:1 were synthesised following a modified impregnation preparation procedure. [2]
Aqueous PdCl₂ (0.58M HCl) and solid chloride X precursor were supported onto TiO₂
before being dried and reduced (500 °C, 4 hrs, 5 % H₂/Ar). Catalytic activity for the
oxidation of benzyl alcohol, via the in-situ production of H₂O₂, was investigated at 50
°C for 30 minutes in a 50 ml Parr Instruments stainless steel autoclave. Catalyst
(0.01g), methanol (7.1 g) and benzyl alcohol (1.04 g, 9.6 mmol) were all added to the
reactor before the reactor was filled with a mixture of 5 % H₂/CO₂ and 25 % O₂/CO₂,
before heating and reaction commenced. Oxidation products were evaluated and
quantified using a Varian 3200 GC.
3. Results and Discussion.
Typically the oxidation of benzyl alcohol is carried out with molecular O₂ at 100−120
°C and though high conversions can be observed the addition of H₂ to the reaction

can activate oxygen at lower temperatures and via the production of H₂O₂ and
hydroperoxy radical intermediates. [3] The oxidation of benzyl alcohol is believed to
proceed via a radical process involving hydroperoxy intermediate where normally
high temperatures are utilised to produce these intermediates. [3] The oxidation of
benzyl alcohol via the in-situ production of H₂O₂ has previously been shown with a
5% AuPd/TiO₂ and these have shown to generate H₂O₂ and its hydroperoxy
intermediate, which was believed to aid the oxidation of benzyl alcohol at lower
temperatures and potentially higher selectivities. [2] This series of catalysts will
explore the use of novel Pd non-precious supported catalysts.

(B)

(A)

Figure 1. (A) Catalytic activity of 1 wt. % XPd catalysts towards the oxidation of benzyl alcohol.
0.01 g catalyst, 1.05 g benzyl alcohol, 7.1 g methanol, 29 bar 5 % H 2 /CO 2 and 11 bar 25 %
O 2 /CO 2 , 1200 RPM, 50 °C, 30 minutes. (B) Synthesis of H 2 O 2 , 0.01 g catalyst, 2.9 g water, 5.6 g
methanol, 29 bar 5 % H 2 /CO 2 and 11 bar 25 % O 2 /CO 2 , 1200 RPM, 30 minutes, room
temperature.

It has been shown that the combination of Pd with los cost non-noble metals much as
Mn and Fe can produce higher yields of benzaldehyde compared to the conventional
AuPd catalyst. It is postulated that this is due to these catalysts being superior at
producing hydroperoxy and hydroxyl radicals in-situ.
4. Conclusion.
A combination of base-metal supported catalysts have been synthesised and have
been shown to be active for the oxidation of benzyl alcohol, with a high selectivity
towards benzaldehyde. The non-noble Pd supported catalysts have proven more
active than previously well studied analogous AuPd catalysts.
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Fatty alcohols are important intermediates in the cosmetic industry for the production
of emulsifiers and surfactants. They can be obtained out of petrochemical or
renewable raw materials. In 2005, the production capacity was estimated to be
2.5 million t/a [1]. One of the currently applied industrial processes to produce fatty
alcohols requires high temperatures and pressures about 100 bar as well as long
reaction times [2]. Our aim is the significant reduction of the energy input in terms of
temperature and pressure by using a combination of heterogeneous biocatalysts with
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Figure 1: Reaction sequence of a biocatalyzed esterification by lipase B of Candida antarctica
(CalB) and a chemocatalyzed hydrogenation by Ru-Macho-BH for the synthesis of myristyl
alcohol

homogeneous chemocatalysts.
This two-step reaction sequence (Figure 1) focusses on the conversion of fatty acids
to the corresponding fatty alcohols. We chose myristic acid for our investigations.
Esterification as first step is catalyzed by immobilized lipase B from Candida
antarctica (CalB) in a bubble column reactor, which was successfully implemented at
industrial scale [3, 4]. This reactor type demonstrates two major advantages: firstly,
the removal of formed reaction water, secondly, the low energy input by bubble
aeration to agitate sensitively the reaction medium. The second step is the

hydrogenation of myristyl myristate using homogeneously soluble chemocatalyst (RuMacho-BH) in an autoclave.
For continuous operation, both reaction steps get connected via simple filtration to
separate the CalB particles.
In the case of the solvent-free esterification, we investigated the kinetics for different
substrate ratios of myristyl alcohol to myristic acid as well as for the temperature
range of 60 up to 90 °C. This analysis revealed a decreasing reaction rate with
increasing myristyl alcohol mass fraction and a temperature optimum of 75 °C. Due
to the acid sensitivity of the chemocatalyst Ru-Macho-BH, full conversion of the acid
in the first step is required to realize a direct connection between both steps without
additional downstream processes besides filtration. Consequently, a slight excess of
the alcohol should be favoured to convert all myristic acid in the esterification step.
In the case of the hydrogenation step, we investigated the pressure dependency and
a possible recycling method for the chemocatalyst. Complete conversion of myristyl
myristate was achieved in 18 hours at a hydrogen pressure of 30 bar. To achieve
solvent-free conditions in the hydrogenation, a specific amount of myristyl alcohol
has to be added to solve the homogeneous Ru-Macho-BH in the substrate myristyl
myristate, enabling a simple downstream processing.
In summary, a convenient new method for the synthesis of fatty alcohols in
comparison to currently applied industrial processes is demonstrated, utilizing a
two-step

sequential

chemoenzymatic

reaction

sequence

at

low

pressure,

temperature and short reaction time.
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Introduction
Introducing additives to supported vanadia catalysts has been intensively studied
with the aim to improve the catalyst performance in oxidative dehydrogenation of
propane (ODP).[1-3] Alkali metal additives such as Li-, K-, and Rb- on supported V 2 O 5
decrease the activity while increases the selectivity to propylene due to modification
of the redox and acid-base properties.[1-4] Possibly formed alkali vanadates (for
example K 3 V 5 O 14 ) have melting points that range from ~ 390°C to ~ 510°C, which
are in the reaction temperature range for ODP. The objective of the present work is
the investigation of the effect of liquefaction on the propane oxidation kinetics by
measuring the catalyst performance for three different alkali (A: K, Cs, and Rb)
added to V 2 O 5 /SiO 2 with different ratios of A:V.
Experimental
A physical mixture of alkali carbonates (K 2 CO 3 , Cs 2 CO 3 and Rb 2 CO 3 ) and V 2 O 5 (10
wt.% as total of alkali carbonates and V 2 O 5 ) have been deposited on SiO 2 (Aerosil
300) and calcined at 620°C for 16 hours in air. Physical and chemical properties of
the materials have been analyzed using DSC, XRF, BET and XRD. The samples
have been tested in the ODP reaction in a 1:1 feed of propane and oxygen (i.e.
C 3 H 8 :O 2 :N 2 = 7.5/7.5/85 vol.%) in an 8-fold parallel reactor set-up and an operandoDSC.
Results and Discussions
By varying the composition of alkali in between 20-40 mole %, supported alkali
vanadate phases were successfully synthesized. For K-added V 2 O 5 /SiO 2 samples,

different alkali vanadates are formed at the surface of the support such as K 3 V 5 O 14 ,
K 2 V 6 O 16 1.5H 2 O and mixtures of both phases. The sample with a 37 mole% of Kloading was found as phase pure K 3 V 5 O 14 which melts at 410°C. On the other hand,
in case of Cs addition, CsV 2 O 5 was the only crystalline phase detected in all
samples. Specifically for the 28 mole %-loaded Cs-sample, melting in the range 430 446°C was observed. Similary with K, Rb addition leads to formation of the mixtures
of Rb 2 V 4 O 11 and Rb 3 V 5 O 14 phases whose melting points are in between 390-438°C.
Both, catalytic test in a fixed bed reactor as well as operando DSC reveal that activity
drastically decreases when reaching the melting point (Fig.1). In case of the K- and
Rb-containing catalyst, the selectivity is rapidly increased after melting, which is not
the case for the Cs-containing catalysts perhaps due to the broad temperature range
of melting. At higher temperatures the selectivity of the two catalysts approaches
similar values. Changes in specific surface area or loss of oxygen can be excluded
as reason for the drop in activity. The results will be discussed based on
spectroscopic investigation of the materials and comparison with Li- and Na-
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In-situ studies are irreplaceable to gain a deep understanding of a catalytic process.
Fix-bed reactors are particularly relevant because of their wide use in industrial
applications. A powerful in-situ set-up should provide various methods for analysing
simultaneously state of catalyst, temperature and gas phase composition. Especially,
tracking of intermediates along catalytic bed would help to study chemical reaction
networks in detail. Traditional tube measurements accomplish this with the
measurements of different catalyst masses at constant gas flow or increasing gas
velocity. Drawbacks of these measurements are the high time and catalyst material
consumption (8 points – 8 reactors) or changed reaction conditions. [1;2;3].
One main challenge is the correct analysis in the very low product concertation
regime, caused by low conversions of already low reactant concentrations in the
feed. Those conditions are essential in order to stay close to industrial conditions and
to respect explosion limits. With Profile Reactors for spatially resolved high-resolution
profiles of species we are able to study kinetics in an alternative way. With one profile
many kinetic data are available without changing temperature or gas velocity. Those
big data sets can be used to verify or to feed kinetic simulations. [4] The size of the
reactor was chosen to fit to typical amounts from lab scale catalyst synthesis,
normally < 1g. The lab scale profile reactor consists of a quartz tube with an inner
diameter of 4 mm. The chosen catalyst bed length is 40 mm.
Focus of this study is the selective oxidation of n-butane to maleic anhydride (MAN)
over vanadyl pyrophosphate (VPP). First kinetic results of oxidation of n-butane to
maleic anhydride measured by GC are shown at Fig. 1. Implementing a methanizer
in GC improved detection limits of CO 2 and CO below 5 ppm and product formation
under 0.02 vol.-% are visible. Furthermore, temperature profile shows a nearly
isothermal behavior (ΔT < 2 K) within catalytic bed.
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Figure 1: Selective oxidation of n-butane at GHSV: 2000 1/h, oxygen/n-butane/water/helium: 20/2.4/3/74.6 vol.%, T heating block : 366 °C. a: Conversion of reactants and temperature over length of catalytic bed. b:
Concentrations of main products as function of n-butane conversion. c: Comparison between
Selectivities of main products as function of n-butane conversion and MAN selectivity of conventional
kinetic studies [5] (isothermes of 360 °C at 2000, 4000, 8000, and 16000 h-1) of selective oxidation of nbutane over VPP. d: CO to CO2 ratio as a function of n-butane conversion.

At a n-butane conversion between 6 % and 17 % selectivities remain on a constant
level. At lower conversion (1-6 %) MAN selectivity decreases by 10 %. Comparing to
previous work in parallel reactors [5] the unknown selectivity gap at conversions
under 6 % could be successfully closed. Below a n-butane conversion of 1 %
concentration of products are very close and low that a valid selectivity statement is
not possible. Lower selectivities of MAN at low n-butane conversion could be caused
by initially higher MAN consumption rate or by an initially formation of MAN
intermediates. In addition, a decrease of MAN selectivity goes along with a decrease
of CO/CO 2 ratio.
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Methane to Chloromethane by Mechanochemical Activation
Marius Bilke, Pit Losch, Olena Vozniuk, Alexander Bodach and Ferdi Schüth
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Chloromethane (CH 3 Cl) is an important intermediate for a large variety of bulk
chemicals. [1] Existing methods for direct chlorination of methane suffer from low
product selectivities and harsh operating conditions. These rely on the use of
corrosive reagents and typically yield multiply chlorinated products. [2]
This study describes an alternative strategy to mechanochemically convert methane
into chloromethane at overall mild conditions. Trichloroisocyanuric acid (TCCA), a
commonly used disinfecting and bleaching agent, is considered as a cheap, nontoxic and non-corrosive solid chlorinating agent. [3] Besides being a safe chlorinating
compound it exhibits an exceptionally high active chlorine content of 46 wt.%
(comparable to Cl 2 (g) with 50 wt.%). This molecule is stable under ambient
conditions and thermally decomposes only above 200 °C. For these reasons we
chose TCCA as a chlorine source for this work. Our idea was to use TCCA at low
temperatures, releasing active chlorine species upon milling to functionalize methane
(Figure 1).

Figure 1. Conceptual scheme for mechanochemical chlorination of methane.

We adapted an available ball milling set up that has been designed in our group for
the use in gas flow reactions. [4] Screening different materials unveiled a strong
structure-activity relationship (Figure 2). Basic MgO was compared to redox active
Fe 2 O 3 , weakly acidic SiO 2 , Brønsted acidic zeolite H-USY (Si/Al = 6), non-reducible
(γ-Al 2 O 3 ), and reducible Lewis acids (TiO 2 and CeO 2 ) and to the milling jar material

WC. Figure 2A shows the respective reaction rates in µmol(CH 4 conv ).(g.s)-1 over a
reaction of 40 minutes. The Lewis acidic materials result as the most promising for
the given transformation.

Figure 2. A) Reaction rate (R) integrated over 40 min for different materials under identical milling
conditions. In all the reactions only CH 3 Cl was detected. B) Reaction rates for three different materials
after multi-parametric optimization.

The benefit of our setup is the possibility to screen catalytically relevant parameters
in a systematic manner. Temperature (from RT to 150 °C), contact time (i.e.
composition and rate of gas flow) and the transfer of kinetic energy or momentum (by
varying the shaking frequency) were studied. Thereby a thorough milling parameter
optimization could be performed. As a result of this optimization the loading of the
chlorinating agent as well as the shaking frequency emerged as key parameters.
Figure 2B displays reaction rates for ceria, alumina and silica before and after the
optimization. The reaction rates for ceria and alumina were increased by a factor
of 3-4. In contrast, silica still showed no detectable activity. Intriguingly, we reached a
maximum methane chlorination rate of 0.8 µmol(CH 4,

-1
conv. ).(g.s) ,

which is

comparable to state-of-the-art chlorination processes. [1]
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Abstract
The ease of oxygen vacancy formation is often used as a primary descriptor for the
catalytic activity of metal oxides in oxidation processes taking place by the Mars and
van Krevelen mechanism. We, therefore, hypothesized that doping MgAl 2 O 4 with Fe
will create a disturbance in the spinel lattice, increase lattice oxygen mobility and
lower the energy requirement for surface oxygen vacancy formation, thereby
increasing the rate of n-octane and CO 2 conversion.
Here in we report a low cost self-sustaining synthesis of four (4) Fe modified
MgAl 2 O 4 nano-catalysts with nominal composition MgFe x Al 2-x O 4 (x = 0, 0.02, 0.04
and 0.06) represented as SP-Fe(0), SP-Fe(2), SP-Fe(4) and SP-Fe(6) respectively.
In each case, aqueous solutions of appropriate amounts of the corresponding metal
nitrates and urea were mixed, gelled and combusted at 673K, and calcined at 1073K
under the flow of air. The catalysts were characterized using PXRD, FT-IR, BET,
SEM & SEM-EDX, TEM, elemental mapping (HR-TEM) and ICP-OES. The PXRD
results showed only spinel peaks (at 2ϴ = 18.95 o, 31.21 o, 36.78 o, 44.73 o, 59.26 o,
65.14

o

and 82.49 o) with no phase contamination, while the FT-IR spectra of the

materials showed two distinct peaks at around 675 and 495 cm-1 attributed to
tetrahedral Mg-O and octahedral AlO 6 or (FeAl)O 6 stretching vibrations respectively.
These observations indicated the formation of the normal spinel. BET surface area of
the materials were in the range of 60 ± 6 m2/g with pore diameters in the mesoporous
range (4.4 - 4.9 nm). SEM images showed particles with sheet-like morphology that
are stacked together in layered form while SEM-EDX results qualitatively indicated
the incorporation of Fe into the spinel. This observation was quantitatively confirmed
by ICP-OES. TEM images showed particles of different sizes owing to agglomeration
resulting from high temperature treatment. The average particle sizes obtained from
XRD using the Scherrer equation fell in the range 4.0- 7.0 nm. HR-TEM elemental

mapping of the materials, however, showed that Fe is poorly dispersed with some
clustering/ aggregation at higher Fe loading. To further confirm the incorporation of
Fe into the spinel lattice, Mossbauer spectroscopy and X-ray photoelectron
luminescence (XPS) studies were carried out. H 2 -TPR and CO 2 -TPD results
revealed the effect of Fe doping on the redox and acid-base properties of the
materials respectively. These catalysts were tested for CO 2 -ODH of n-octane in a
continuous flow fixed bed reactor at temperatures between 723 and 823 K. The
catalytic results, including the mechanism of action of the catalysts, as well as effect
of temperature and GHSV on CO 2 conversion and olefin selectivity will be presented
and discussed at the conference.
Table 1: Chemical composition and texture parameters of SP-Fe(x) nanocatalysts
Catalyst

Fe (wt%)a

S BET (m2g-1)b

V p (cm3g-1)c

D p (nm)d

D (nm)e

SP-Fe(0)

-

62

0.09

4.4

5.82

SP-Fe(2)

1.67

64

0.09

4.5

5.79

SP-Fe(4)

4.2

66

0.09

4.9

5.12

SP-Fe(6)

5.82

55

0.08

4.7

6.71

a

Weight percentage of Fe obtained from ICP-OES analysis
Specific surface area calculated by applying the BET method
c
Total pore volume (BJH desorption method)
d
Average pore diameter calculated from the BJH method
e
Average crystallite size calculated from XRD data (Debye Scherrer method)
b

Intensity (a. u)

SP-Fe(x)

SP-Fe(0)
SP-Fe(2)
SP-Fe(4)
SP-Fe(6)

10

30

50

70

90

2 Theeta (degrees)

Figure 1: Powder XRD spectra of SP-Fe(x) nanocatalysts

Acetaldehyde from ethanol over copper on self-supported ordered
mesoporous zirconia
Özgül Agbaba Sener, Wolfgang Schmidt, Ferdi Schüth
Max-Planck-Institut für Kohlenforschung, Mülheim an der Ruhr, Germany
Acetaldehyde is a very important bulk chemical which is widely used as precursor for
the synthesis of acetic acid, acetic anhydride, ethyl acetate and many more largely
produced chemicals with a worldwide production exceeding 1 million tons/year [1-3].
As a green chemistry alternative to the petroleum-based Wacker process,
acetaldehyde can also be produced from bio-based ethanol via two routes, either by
oxidative or non-oxidative dehydrogenation of ethanol [2-3]. Only few studies have
been reported on the non-oxidative dehydrogenation of ethanol to acetaldehyde so
far, and in those Cu-based catalysts were successfully used. However, acetaldehyde
selectivity was typically limited due to the formation of side products, such as ethyl
acetate, 1-butanol and 2-butanone, as well as short life-time of the catalyst caused
mostly by the agglomeration of copper nanoparticles.
Our previous studies have shown that copper particles have a good interaction with
nanostructured zirconia supports which reduces the agglomeration tendency of
copper on the surface of the support material [4]. More specifically, zirconia nanotube
arrays prepared from a hard template, such as SBA-15, could be an excellent
support for the impregnation of copper particles. For this purpose self-supported
ordered mesoporous zirconia was synthesized via hard templating using SBA-15 and
KIT-6. After removing the templates, these materials were used as support and Cu
was impregnated on them. Furthermore, for comparison, commercial zirconia with
two different structures was also used as support materials.

Figure 1: Ethanol conversion and acetaldehyde selectivity for Left: different Zr loadings (keeping the
Cu amounts similar) on catalysts templated from SBA-15-OH; Middle: different Zr loadings (varying Cu
amounts) on catalysts templated from KIT-6-OH; Right: catalysts supported on commercial zirconia
with different copper loadings.

The performance of the catalysts was evaluated in a continuous flow, fixed-bed
tubular reactor at 250 °C and atmospheric pressure. Regardless of the amount of
zirconium, all catalysts showed very high conversions (90-94%) and acetaldehyde
selectivities

(93-99%).

Overall,

catalysts

comprising

of

Cu

supported

on

nanostructured self-supported zirconia revealed superior conversion and selectivity
to catalysts obtained by impregnating Cu on commercial zirconia supports as well as
to catalysts reported in literature for non-oxidative dehydrogenation of ethanol so far.
Furthermore, the reaction temperature can be kept lower than usual. This study
allows the development of new methods for the precise design of composite supports
with multi-interfaces, adjusted surface structure, and enhanced dispersibility as well
as stability of active nanoparticles.
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Catalytic Gas-Phase Cyclization of alpha-hydroxy Esters: A Novel
process Toward PLA and Glycolide-Based Bioplastics
De Clercq Rik, Makshina Ekaterina, Sels Bert, Dusselier Michiel
Centre for Surface Chemistry and Catalysis, KU Leuven, Leuven, Belgium

Abstract
A catalytic method to obtain cyclic di-lactones from alpha-hydroxy esters in the gas
phase based on Ti-catalysis is presented. One such prominent di-lactone, lactide, is the
cyclic dimer of lactic acid, a key monomer for the production of bioplastic PLA (polylactic
acid). The novel catalytic process is based on the gas-phase transesterification of alkyl
lactates over TiO 2 /SiO 2 catalysts. These provide an excellent selectivity to lactide of up
to 90%. Furthermore, the process is also amenable to produce glycolide, the cyclic
monomer for polyglycolic acid, given some kinetic and thermodynamic considerations.
Structure-activity relations for Ti-Si oxides in this process were unearthed. [1, 2 and 3].
Experimental
Catalytic reactions with methyl glycolate and methyl lactate were performed in a
custom-built plug-flow fixed-bed reactor equipped with 6 parallel quartz reactors. Feed
solutions typically consisted of 95 vol% α-hydroxy ester and 5 vol% o-xylene (noninterfering internal standard, similar boiling point). The solution was fed to an
evaporation chamber and mixed there with a N 2 flow (typically 20 ml min-1) yielding a
molar composition of 5.6/0.2/94.2 of the gas mixture (α-hydroxy ester/o-xylene/N 2 ).
Changes in molar composition of the vapor fraction (e.g. higher concentration of esters)
were realized by simultaneously changing the feed mixture and N 2 to ensure the same
total molar amount of gas was used. The diluted feed gas was then passed to the
reactor (220-300°C) and over the catalyst bed, prior to online GC analysis. Supported
TiO 2 /SiO 2 catalysts (5 and 0.4 wt% TiO 2 loading) were prepared by incipient wetness
impregnation of an amorphous, large-pore SiO 2 -gel with a suitable amount of Tiisopropoxide dissolved in 2-propanol. Experimental details are found in ref [1, 2 and 3].
Results and conclusion
Lactide and glycolide are the key building block of the biodegradable plastics polylactic
acid and polyglycolic acid. Instead of the current industrial two-step route, which
involves the polycondensation of GA (glycolic acid) or LA (lactic acid) followed by the
depolymerization of the polymer, a direct route based on the gas-phase transesterification of methyl glycolate (MGA) or methyl lactate (MLA) over a fixed catalyst
bed is presented. (Fig. 1 for PLA). The catalytic performance of the active TiO 2 phase

was found to be completely modified by interaction with the SiO 2 support. The specific
catalytic activity of TiO 2 was strongly correlated to its geometric features and the
corresponding band gap energies derived from DR UV-VIS spectroscopy.

Fig. 1. Proposed new process in the gas phase starting from esters, based on Ti-Sioxides, and transesterification. Current process needs two steps, starting from the acid.
For glycolide, with specific supported TiO 2 catalysts, a high selectivity of 75-78% can be
achieved at the thermodynamically-limited equilibrium conversion of MGA (54% at
300°C, 5.6vol% MGA, 1 atm). The absence of a methyl substitution on the alpha-carbon
seems to lead to faster cyclization kinetics of MGA when compared to MLA or the
double-substituted methyl-2-hydroxy-isobutyrate. Contrarily, glycolide production is less
favored thermodynamically compared to lactide. The absence of glycolide
decomposition at temperatures up to 300°C however allows to increase equilibrium
conversion by taking the endergonic reaction to higher temperatures (Fig. 2, e.g. 300
°C). A thermodynamic analysis is also presented.

Fig. 2 Kinetic plots of glycolide formation from MGA at different temperatures.
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The impact of silica to alumina ratio on the methane formation and
product distribution of light naphtha cracking measured at initial
activity of the catalyst
Wojciech Supronowicz, Khalid Ali Almajnouni Sabic Technology Centre, Riyadh,
Saudi Arabia

Fluid catalytic cracking (FCC) continues to be one of the major conversion
processes in most of the refineries. Recent developments on the field of FCC
including catalyst modification (application of mesoporous zeolite Y- Rive Technology
[1]), new process concept (dual riser FCC process [2], high severity FCC and DCC)
to maximize propylene, and using new feed that is light [3] underline the importance
of FCC process in the future and its potential to response to challenges of fast
changing chemicals market.
FCC traditionally processes heavy feedstock such as vacuum gas oil and
residual gas oil. In addition, it is used for olefinic light feedstock as in the case of KBR
superflex, now K-COT [4]. For light naphtha feedstock, steam cracking is well
developed

to

process

such

a

feed.

Recently

KBR

announced

K-COT

commercialization for naphtha feed. Fundamental understanding of the conversion of
the feed to desirable products at the commercial conditions to optimize the process
further is required.
This work will highlight the kinetics study of a model component representing
light naphtha using riser simulator. The Impeller, in the riser simulator, induced
circulation of gases through the catalyst basket fluidize the catalyst bed, which allows
to operate at conditions closer to the FCC units (Figure 1).The product distribution
reflects the initial catalyst activities, fresh catalyst, unlike fixed bed study where the
measured products distribution does not reflect the initial rates.

Moreover, the

reactor is connected to a vacuumed chamber. After reaching the desired feedcatalyst contact time, the connection is opened automatically and the reaction
products and unreacted feed is rapidly transferred to the vacuumed chamber, which
terminates the reaction and allows to precisely control the contact time.

Figure 1. Simplified reactor scheme showing principle of gas circulation through the
catalyst bed. 1) Impeller; 2) Reactor body; 3) Catalyst basket; 4) Catalyst bed

Two topics of industrial importance will be covered in this presentation; 1) the
methane formation and how it can be minimized; 2) and the impact of different silica
to alumina ratio on the product distribution with the focus on light olefins. The finding
is supported with kinetics study to determine the activation barrier difference between
different pathways.
Applying the above mentioned system, series of tests of hexane cracking at
simulated riser conditions were conducted. Various feed-catalyst contact time (5-9s)
and temperatures (460 – 520oC) were tested. To further mimic the industrial
conditions, the tested H-ZSM5 samples were mixed with kaolin and colloidal silica (,
calcined (550oC) and crushed to obtain uniformed size of particles.
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Introduction
Graphene, an allotrope of carbon, is considered as an excellent suitable catalytic
support due to its high carrier mobility, high electrical and thermal conductivity, high
surface area (theoretical value of 2630 m2/g), unique two-dimensional (2D)
honeycomb lattice, high electron mobility, strong metal-support interactions and easy
surface functionalization [1,2]. In addition, doping graphene-nanosheets with
heteroatoms became an attractive method of tuning its electronic and catalytic
properties [3]. On the other side, graphene supported metal nanoparticles (MNPs)
have already shown very active and selective properties for various organic
transformations such as: oxidations,[4] reductions[5] or coupling reactions [6]. Henry
coupling is a classic carbon–carbon bond formation reaction, consisting in the
addition of a nucleophilic anion derived from nitroalkane to an electrophilic aldehyde
or ketone [7]. Under classical conditions, this reaction is generally catalyzed by many
organic bases, including carbonates, bicarbonates, alkali metal hydroxides,
alkoxides, and organic nitrogen bases in the presence of organic solvents, and long
reaction times, which may lead to environmentally hazardous residues and
undesirable by-products [8]. In order to prove the versatility of the graphene
supported MNPs in coupling reactions in this study we extended the investigation of
these materials from the monometallic to bimetallic A͞u͞/C͞u͞ 2 O/fl-G (fl meaning few

layers structures; G meaning defective graphene) films looking for a synergistic effect
in the Henry coupling (Scheme 1).
Experimental
The catalysts were prepared using a reported procedure [6] and exhaustively
characterized by powder XRD, CO 2 -TPD, Raman spectroscopy, XPS and HRTEM.
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Scheme 1. Henry coupling of benzaldehyde with nitromethane
The activity tests were carried out using 0.5mmoles of benzaldehyde and 10mmoles
of nitromethane in 3mL of isopropanol, as solvent, at 50ºC for 24h and 1×1 cm2 plate
of A͞u͞/fl-G, C͞u͞/fl-G or A͞u͞/C͞u͞ 2 O/fl-G film as catalysts. The products were analyzed and
identified by using GC-MS and a Bruker Advance III UltraShield 500 MHz
spectrometer.
Results and discussion
The concentration of the basic sites decreased in the order A͞u͞/C͞u͞ 2 O/fl-G > C͞u͞ 2 O/fl-G

>A͞u͞/fl-G while the strength of these sites, appreciated from the CO 2 desorbed at

around 350oC, in the A͞u͞/C͞u͞ 2 O/fl-G >A͞u͞/fl-G> C͞u͞ 2 O/fl-G order. These results parallel
the catalytic data showing TON values of 1x107 for A͞u͞/C͞u͞ 2 O/fl-G, 2.7x105 for C͞u͞ 2 O/fl-

G and 1.2x105 for A͞u͞/fl-G respectively. They also correlate to the catalysts

characterization by XPS and HRTEM confirming the increase of the activity of the
bicomponent Cu 2 O-Au/graphene catalyst as a the result of the direct interaction of
Au with Cu 2 O.
Conclusions
The new catalytic approach provides a facile, economic, and environmentally friendly
method for the synthesis of nitroaldol products with high yields, up to 94.2%. The
A͞u͞/C͞u͞ 2 O/fl-G provide a remarkable catalytic activity affording the coupling reaction in

the absence of any extrinsic inorganic base. In addition, the catalyst fits the green
chemistry demands being easily recoverable and recyclable.
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Introduction
Despite the fact that metal-based catalysts have been used for decades, scientists are
still seeking for those catalysts delivering the largest atomic efficiency. This concept is
based on the evidence that the availability of most of the 3d, 4d and 5d metals used in
catalytic processes is rather low and continuously diminishing as well as on the
awareness that most of these processes occur at the metal surface, meaning that any
atom that could not be approached by reactant molecules is wasted. These
observations together with the aim of developing greener catalytic processes has led
to the systematic reduction in size of the cluster to the most extreme situation where
only single metal atoms are dispersed on a support, a so-called single-atom catalyst
(SAC). However, the stability and catalytic activity of such a SAC are still highly
debated. Therefore, we are aiming to systematically reduce the number of metal atoms
on an amorphous silica support and analyse changes in catalytic activity and chemical
reactivity within the framework of conceptual and periodic density functional theory
(DFT).

Computational details and model description
The computational model was built using a previously constructed hydroxylated
amorphous silica slab.[1] Single atoms of Fe, Ni and Cu were placed above various
siloxane ring systems of the silica slab containing 4, 5 and 6 Si-atoms to form a
catalytic complex. The DFT calculations have been performed using the Vienna Ab
initio Simulation Package (VASP).[2] The electron–ion interactions were described
using the projector augmented plane wave (PAW) method[3] with a cutoff energy of
400 eV. The Perdew Burke Ernzerhof (PBE) functional[4] was employed.

Results and discussion
We observed that the highest adsorption energy for Fe, Ni and Cu was always
obtained at the same siloxane ring containing five Si atoms, which is in line with the

obtained Molecular Electrostatic Potential (MEP). Nevertheless, the interaction
between the transition metal and the surface is highly dependent on the investigated
system. Therefore, the adsorption and corresponding Bader charges of the remaining
group 8 (Ru, Os), group 10 (Pd, Pt) and group 11 (Ag, Au) as well as group 9 (Co,
Rh, Ir) metals were scrutinized. This leads to a conclusion that the adsorption of the
metals on the silica surface increases across a period and within a group with the
exception of Pd and the inert metals of group 11. The corresponding Bader charges
appeared to decrease when moving down and across the rows from group 8 to group
10 elements, after which they converged to a quasi-zero charge for the inert metals.
Furthermore, only for the Pt and Ir-atom a negative Bader charge was obtained,
which could also be expected since these elements are characterized by an electron
affinity that is higher than that of oxygen.

Figure 1: Adsorption energy (left) and corresponding Bader charges (right) of a single
transition metal (group 8-11) interacting with an amorphous, hydrated silica slab.
In general, the observed trends for Bader charges are, with the exception of Pd, in
good agreement with the electron affinity trends for transition metals of group 8 until
group 11. Current research consists of calculating conceptual DFT reactivity indices
such as the Fukui functions, which are related to the local density of states, and the
dual descriptor. These indices should provide us with a picture of the reactivity of the
surfaces for processes where charge transfer is dominant.
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The identification of powerful catalysts is key to efficient and economic production of
chemicals. Usually, catalysts are developed based on experiments, which can be
expensive, time-consuming and therefore often limited in scope. In silico studies with
quantum chemical methods already offer an alternative to experiments for many
applications in chemistry and chemical engineering. However, the fully computational
design of catalysts is still regarded as one of the “Holy Grails in Chemistry” [1] and
the development of in silico catalyst design methods is still in its infancy.
To enable a reliable in silico design of catalysts, prediction methods are required that
yield accurate results in acceptable computation time. Even then, the results of
quantum chemical calculations alone are usually insufficient since we need to assess
the performance of the designed catalysts in the overall chemical process.
In this work, we propose an approach to in silico catalyst design integrating
predictions based on advanced quantum chemical methods with chemical process
simulations. In this approach, catalyst structures are mutated using a library of
molecular fragments. Reaction rate constants achieved with the obtained catalysts
are calculated based on transition state theory. The transition states are identified
using the density functional theory method B3LYP-D3. Electronic energies are
computed with the accurate yet efficient DLPNO-CCSD(T) method [2]. The rigid rotor
harmonic oscillator approximation is used to calculate partition functions. Solvation

effects are accounted for with the advanced solvation model COSMO-RS [3]. The
performance of designed catalysts is evaluated by process simulations, which are
directly integrated into the design.
The proposed design approach is demonstrated for urethane cleavage reactions,
which are part of a possible production route to industrially important isocyanates [4].
Urethane cleavage has been shown to be catalysed by organic acids [5]. By
mutations of the catalyst structure, the barriers in Gibbs free energy along the
reaction path are reduced significantly, as shown in Figure 1 below.

Figure 1: Reduction of the barrier in G along reaction path by optimization of catalyst.

Besides the impact on the free energy barrier and thus on the reaction rates,
mutations of the catalyst structure also affect the catalyst holdup in the reactor, which
is accounted for by the process simulations in our approach. Thereby, we
successfully identify catalysts with a better process performance in urethane
cleavage.
The proposed design approach is generally applicable to a variety of reactions.
Moreover, the catalyst design approach can be fully automated. Thereby, we can
further reduce effort and eliminate human bias in the exploration of large design
spaces.
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When Ru is supported on basic materials, the observed rates of NH 3 synthesis were
higher [1,2]. On the other hand, an intensified NH 3 synthesis process using an acidic
absorbent -such as MgCl 2 - in the reactor, maintained a low partial pressure of
ammonia in the gas phase, and the reaction equilibrium shifted to right [3]. Along
these lines, the effect of surface acidity of the hydroxyapatite (HAp), zeolite-Y and
carbon (Vulcan XC72R) supports on the NH 3 synthesis rate over Ru is reported in
this study.
Experimental
NH 3 synthesis experiments were carried out at 300-400 oC, 1 atm, and under flow of
100 mL/min (H 2 :N 2 :Ar=3:1:2) gas flow over 4 wt% Ru/HAp, 1.37 wt% Ru/Zeolite-Y
and 1 wt% Ru/Carbon catalysts. The reaction rate of ammonia synthesis was
determined following the change of conductivity of 0.00108 M H 2 SO 4 solution with
respect to time at 25 oC and 1 atm. After NH 3 synthesis reaction test is completed,
the total adsorbed NH 3 during the reaction was quantified after desorption under 100
ml/min pure Ar flow at reaction temperature. Dispersion measurements were
conducted at room temperature in a home built static chemisorption system [4]. The
surface acidity of the support materials are determined with an approximate method
using a heat flow calorimetry (Tian Calvet Seteram C80). The heat released upon
dosing 0.01 M NH 3 solution at 100 oC and 1 atm was used to rank the acidity of the
support.
Results and Discussions
NH 3 synthesis reaction rates reported in Table 1 exhibited an increasing trend with
increasing temperatures indicating that the reaction is well away from equilibrium.
The highest activity was measured over Ru/zeolite-Y catalyst at 400 oC. Activation
energies were calculated as 63.7, 28.9, and 22.4 kJ/mol for Ru/HAp, Ru/Zeolite-Y
and Ru/Carbon catalysts, respectively. In Table 2, desorbed amount of NH 3 after the
reaction tests were reported. Significant amounts of NH 3 desorbed from all catalysts
and temperatures. The lowest amount of ammonia desorption was measured at 300
o

C over Ru/Hap as expected.

Structural characterization results are reported in Table 3. Zeolite Y has the highest
BET surface area, while all of the catalysts have similar Ru dispersions as measured
by volumetric hydrogen chemisorption.
Table 1. Initial NH 3 synthesis reaction rates
Table 2. NH 3 desorption after the reaction tests

573 K
598 K
623 K
648 K
673 K

Reaction Rates, μmol NH 3 /g cat -h
Ru/HAp Ru/Zeolite-Y Ru/Vulcan
103
304
249
127
323
250
304
308
316
321
332
349
329
468
422

573 K
598 K
623 K
648 K
673 K

Total amount of desorbed NH 3 , μmol/g cat
Ru/HAp Ru/Zeolite-Y
Ru/Vulcan
35
150
145
65
155
95
155
100
80
120
115
75
90
100
100

Table 3. Surface characteristics of support materials and catalysts

HAp
Zeolite-Y
Vulcan

BET surface area,
2
m /g
13
744
222

Ru metal dispersion,
%
30
36
28

Effective activation
energy, kJ/mol
63.7
28.9
22.4

Acidity
Weak base
Strong acid
To be determined

Activation energies reported for NH 3 synthesis over Ru catalysts are in the range of
60-110 kJ/mol [5,6]. The activation energy determined over Ru/HAp is in agreement
with literature values. The discrepancy between the activation energies obtained over
acidic and basic supports indicate large quantities of ammonia adsorption over the
support surface. The effective activation energies measured in this work agree very
well with the heat of vaporization of ammonia (~23.4 kJ/mol at 25 oC, 1 atm). In other
words, the dominant component during the rate measurements seems to be the
desorption of ammonia from the adsorbed ammonia multilayers, but not the true
kinetics, especially from the supports exhibiting acidic nature. A microkinetic model
[4] is presently modified to demonstrate the role of ammonia retained on the support
on the reaction rates.
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Introduction
The effect of cobalt loading on the local hot spots leading to changes in activities and
selectivities of exothermic Fischer Tropsch reaction was investigated experimentally
and through mathematical modeling.
Catalyst Preparation and Characterization
3 wt % and 21 wt % Co//Al 2 O 3 catalysts were prepared by incipient wetness
technique starting from a cobalt nitrate precursor (Matheson Coleman & Bell) and
Al 2 O 3 (Riedel De Haen). 3 wt % catalyst was prepared by differential dosing of a very
dilute cobalt nitrate solution to ensure a good metal support interaction. After each
layer, the slurry was dried and the subsequent dose was impregnated until 3 wt %
was obtained. The prepared catalysts were dried in an oven at 70 °C overnight and
calcined in the oven at 450°C for 45 minutes. The catalysts were characterized by
SEM (Tescan, Vega 3) for particle sizes and EDS analyses were performed for the
coating uniformity. In order to develop the catalyst coating methodology over an
aluminum microfluidic substrate, a thorough study was conducted to select etching
parameters and coating strategy. Hierarchal micro-porosity was induced into the
aluminum plates through etching, using a mixture of acetic acid, nitric acid,
phosphoric acid and distilled water while thoroughly maintaining the surface
cleanliness of the aluminum plates prior to the etching (by cleaning with ethanol and
acetone). A masking agent was used to protect the non-reactive domains. The
results of etching were monitored using SEM. TPR on these samples was performed
using the Micromeritics Chemisorb 2720 instrument under the flow of 25 ml/min
argon containing 2% H 2 and a heating rate of 5 °C/min.
Experimental results
The etched layers of aluminum exhibited hierarchical porosity observed from SEM
results. The EDAX analysis results shown in Figure 1 belong to the powdered

catalysts with Co loading, which clearly demonstrates the dispersion quality of low
loading catalyst (Figure 1a) in comparison to the high loading catalyst (Figure 1b).

Figure 1a

Figure 1b

Figure 2

The reduction characteristics of powdered catalyst were determined using TPR, as
shown in Figure 2. Normally, Co exhibits two distinct peaks, a high temperature peak
and a low temperature peak which each correspond to the reduction of Co 3 O 4 to
CoO and then CoO to Co. However, for the case of 3% Co/Al 2 O 3 , the high
temperature peak was not observed, signaling that CoO was not reduced to Co. Co
spreads on alumina like a uniform monolayer for the lower metal loading, whereas
clumps of Co are observed on higher metal loadings. When clumps are present, they
can be fully reduced to the metallic state of Co. When the monolayer is present, it
interacts strongly with the alumina and does not get fully reduced. As metal loadings
are altered, particle size also changes. Thus, an experimental excursion is in
progress to determine an optimum range of metal loading and metallic dispersion
Mathematical Model
Using COMSOL, it was demonstrated that during the reaction the temperatures on
the catalyst particles were immediately equilibrated indicating that the heat of
reaction being dissipated very quickly on the metal particles. However, the
dissipation of heat between the metal and the support is not as rapid. A series of
calculations carried out for two extremities: one, where all the heat of reaction is
absorbed by the catalyst, and the other, where the gases are continuously in contact
with the catalyst surface. The temperatures calculated by the two extremes were very
different; one was in the order of 1020 whereas the other was very slightly higher than
the operating temperature of the reactor, which is around 573K. Further modeling
analyisis is in progress elucidating the selectivity of the reaction as a function of local
temperatures.

Hydrogen Adsorption over Pd/CeO 2 monitored by in situ 1H NMR
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Interaction of hydrogen with palladium below subcritical temperatures and pressures
of PdH give rise to two distinct hydride phases known as α-PdH and β-PdH. These
phases are identified with distinct chemical shift values by in situ solid state NMR
spectroscopy reveal two chemically distinct environments[1] assigned to alpha and
beta hydrides. We report here using a compact NMR spectrometer to obtain 1H NMR
data of hydrogen adsorbed over Pd/CeO 2 under fast exchange conditions.
Experimental
1 gram 1.66 wt% Pd/CeO 2 was used to collect NMR spectra over a benchtop unit
(MAGRITEK Spinsolve 42.5 MHz) connected to a vacuum manifold described
elsewhere [2]. Prior to the NMR measurements, the catalyst was exposed to several
cycles of hydrogen for in situ reduction at room temperature, sufficient for the
reduction of the catalyst as was previously demonstrated [2]. The NMR spectra and
the adsorption isotherms were simultaneously collected at different pressures up to
700 mm Hg.
Results and Discussion
Figure 1. Chemical shift as a function of H/Pd ratio

NMR spectra of Pd/CeO 2 gives rise to two distinct
and broad peaks: one is attributed to OH groups
originating from CeO 2 , and the second one was
assigned to β-PdH, in the light of the previous
reports in the literature. The chemical shift of the βPdH peak obtained from NMR versus H/Pd ratio
determined in situ volumetrically are plotted in
Figure 1. Two distinct domains were identified: The
domain below H/Pd<0.60 had a strong dependency of the chemical shift on H/Pd
ratio. At H/Pd ratios higher than 0.60, chemical shift values were independent of the
absorbed hydrogen amounts. It is well known that for H/Pd<0.60, α and β phases of
PdH coexist. Whether there is a fast exchange between the spin states of α and β

phases of PdH, the equation of the straight line shown in Figure 1 is determined as
𝜎 = 37.5 (𝐻⁄𝑃𝑑) + 5.3.

In other words, in the diminishing limit of the spin

populations of the β phase of PdH, another peak -most probably α phase- with a

chemical shift of 5.3 ppm existed.
The direct evidence for this state came from a
measurement of the spectrum at the highest pressure
(~700 mm Hg), when the NMR spectrum of the sample
was recorded after immersing the sample in liquid nitrogen
and then collecting the spectrum. Spectrum collected as
such (green) was compared to the spectrum from the
same sample recorded at room temperature (brown) in
Figure 2 clearly indicate two distinct sharp peaks one at 7
ppm and another at around 0 ppm.

0 ppm peak was

attributed to gas phase hydrogen while 7 ppm peak was
assigned to the missing α peak during the room
temperature measurement.
Figure 2. in situ 1H NMR spectra of hydrides of Pd under ~700 mm
Hg hydrogen pressure. Brown: room temperature, green: after being
immersed in liquid nitrogen.

These results indicate that at pressures greater than 5 mm Hg, both α and β hydride
of Pd have enough mobility as well as long enough T2 to exhibit liquid like behavior
even at room temperature and below. The ability to make such measurements in situ
using a benchtop spectrometer has already opened the possibility of facile NMR
spectroscopy oof the adsorbed species in operando, revealing not only the identity of
the surface species but also the dynamics as can be measured by a plethora of
multidimensional NMR spectroscopic techniques.
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Introduction
The usage of layered double hydroxides (LDHs) as precursor materials for the
synthesis of heterogeneous Fe-based catalysts is one promising approach. Since
iron has two accessible oxidation states in aqueous solution, it is possible to obtain
nanostructured spinels by calcination of co-precipitated LDHs that contain Fe2+ and
Fe3+ ions in the proper stoichiometry.[1] However, controlling the formation of byphases besides the target LDH structure is a challenging task. In situ XRD analysis in
combination with H 2 -TPR experiments revealed that the reduction behavior of the
oxide precursor is strongly affected by the presence of undesired by-phases formed
already in the precursor stage.[2] Ageing time has a huge impact on these critical
aspects so to further investigate this matter, LDHs with equimolar amounts of
Mg2+:Fe2+:Fe3+ and Mg2+:Co2+:Fe3+ were respectively synthesized using different
anionic species of the corresponding metal salts for two ageing times at constant pH.
Upon calcination and reduction, the thoroughly characterized samples were
systematically investigated at 1 atm in the ammonia decomposition and at 90 bar in
the ammonia synthesis.
Results and discussion
Via co-precipitation in an automated laboratory reactor system (OptiMax, Mettler
Toledo) mesoporous Mg2+:Fe2+:Fe3+ and Mg2+:Co2+:Fe3+ hydrotalcite-like compounds
were obtained. Powder XRD analysis showed that during the synthesis of
Mg2+:Fe2+:Fe3+-LDHs magnetite forms, which is generally evidenced after calcination
in the form of hematite. This by-phase formation is favored in the presence of nitrates
for an ageing time of 1 h. Despite lowering the LDH fraction in favor of the coprecipitated spinel phase, the formation of magnetite is fully suppressed if the ageing
time is increased to 24 h. This results in a crystallographic phase pure

magnesioferrite after calcination. A further improvement is achieved by substituting
the metal nitrates with the corresponding chlorides.
In view of the absent oxidizing power of the former,
a kinetically controlled formation of the LDH phase
is favored during the prolonged ageing period of 24
h, since the chloride-derived LDH shows a
considerably lower amount of magnesioferrite byphase. Similar experiments using Co2+ instead of
Fe2+ cations show that the former are less sensitive
to the chemical environment. This is observed in the

Figure 1: PXRD of freshly synthe-

higher degree of phase purity of the corresponding

sized LDH precursor materials.

LDH precursors (Figure 1). Interestingly, this aspect has a strong impact on the
catalytic activity (Figure 2). Both reactions are substantially enhanced in the absence
of hematite. A further increase is observed in the NH 3 decomposition for the
MgFe 2 O 4 activated catalyst derived from a crystallographically phase pure spinel.
Changes in the slopes reveal that the nature of the promoting Co effect is
substantially different than the one achieved by the anisotropic effect of the otherwise
structurally identical MgFe 2 O 4 . These experiments reveal that the extent of by-phase
formation is highly sensitive to the chemical environment, which in turn controls the
kinetics of the solids formed in the liquid phase.

Figure 2: Temperature dependent NH 3 conversion (a) and synthesis (b) over reduced pure and Comodified magnesioferrites derived from LDH precursors with different fractions of spinel by-phases.
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Introduction
γ-Alumina supported chromia, vanadia and molybdena systems are considered to be
highly efficient catalysts for oxidative and non-oxidative dehydrogenation of
hydrocarbons [1]. In this work we tried to compare dehydrogenation activities of
these catalysts depending on concentrations of the supported transition metal oxides
in combination with characterization of these samples by potentiometry, XRD and
DRS techniques.
Experimental
MoO 3 /γ-Al 2 O 3 , Cr 2 O 3 /γ-Al 2 O 3 and V 2 O 5 /γ-Al 2 O 3 catalysts containing 0-25 wt.% of
supported transition metal oxides were prepared by sequential impregnation of
commercial γ-Al 2 O 3 (200 m2/g) with aqueous solutions of corresponding amounts of
the precursor salts [(NH 4 ) 2 Mo 2 O 7 , (NH 4 ) 2 Cr 2 O 7 and NH 4 VO 3 ], followed by drying
(120°C, 4 h) and calcining (600°C, 6 h) in air of the impregnates after each
component deposition. Apparent monolayer surface coverages in the supported
systems were estimated by pH measurements of suspensions of catalysts in
aqueous solutions of KCl (0.1 M) [2]. Specific surface areas of the catalysts were
determined by low temperature adsorption of Ar at -196°C. The supported samples
were also characterized by XRD and UV/VIS-DRS techniques. Their catalytic
activities in cyclohexane dehydrogenation were tested using a conventional pulse
chromatographic method (T=620°C; τ c = 1s; P=0.1 MPa).
Results
According to the XRD data of these materials, bulk phases of Al 2 (MoO 4 ) 3 , AlVO 4 and
α-Cr 2 O 3 appear in MoO 3 /γ-Al 2 O 3 , Cr 2 O 3 /γ-Al 2 O 3 and V 2 O 5 /γ-Al 2 O 3 catalysts,
respectively, at the supported transition metal oxide concentrations exceeding

monolayer coverages of γ-alumina support. Concentration dependences of the
catalyst activities and suspension pH values are presented in Fig. 1 (a-c).
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Fig. 1. Suspension pH values (), specific dehydrogenation activities () and selectivities to benzene
() for MoO 3 /γ-Al 2 O 3 (a), V 2 O 5 /γ-Al 2 O 3 (b) and Cr 2 O 3 /γ-Al 2 O 3 (c) catalysts as functions of the
supported transition metal oxides contents

Maximal selectivities of MoO 3 /γ-Al 2 O 3 , Cr 2 O 3 /γ-Al 2 O 3 and V 2 O 5 /γ-Al 2 O 3 systems to
benzene seem to be correlated with the amounts of monolayer structures of
molybdate, vanadate and chromate species on the surfaces of oxidized catalysts.
However, maximal specific dehydrogenation activities of these catalysts are
observed at transition metal concentration levels corresponding to “full monolayer”
coverages of γ-Al 2 O 3 by transition metal oxides, with additional formation of
multilayered metalates and, partly, bulk phases of Al 2 (MoO 4 ) 3 , AlVO 4 and α-Cr 2 O 3 ,
respectively.
Conclusions
Catalytic activities and selectivities to benzene for MoO 3 /γ-Al 2 O 3 , V2O5/γ-Al 2 O 3 and
Cr 2 O 3 /γ-Al 2 O 3 systems in cyclohexane dehydrogenation have been investigated. It is
supposed that the differences in concentration levels corresponding to maximal
specific

activities

and

selectivities

of

these

catalysts

for

cyclohexane

dehydrogenation could be related to different degrees of γ-alumina coverages by
monomeric and polymeric forms of transition metal ions.
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Ammonia synthesis activity of copper- and iron-substituted
Ni 2 Mo 3 N
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University of Glasgow, UK
Introduction
Metal nitride materials have attracted attention as catalysts for a variety of
heterogeneous catalytic processes [1] and some materials have shown a significant
activity of for ammonia synthesis [2, 3]. There is a significant literature of ternary
materials including Co 3 Mo 3 N and Ni 2 Mo 3 N but few studies exist of varying the
electronic structure of these materials by substitution. In this work we have produced
solid solutions of the form (Ni,M) 2 Mo 3 N (M = Cu or Fe) and investigated their
ammonia synthesis activity.

Results and Discussion
A citrate-gel route was used to make intimate mixtures of oxide materials that were
fired in ammonia at 900 °C to produce the quaternary metal nitrides. The lattice
parameters of Ni 2-x Cu x Mo 3 N initially increase in an almost a linear trend with
increasing contents of copper in the compositions up to x = 0.3, but with further Cu
additions impurity levels increase and the lattice parameter no longer changes
(Figure 1). This appears to be the solubility limit of Cu in Ni 2 Mo 3 N under these
synthesis conditions. Addition of iron resulted in a linear increasing lattice parameter

in the compositions up to x = 1.2 with impurities produced when doping beyond this
limit.
Figure1: XRD patterns (left) and refined lattice parameters (right) of Ni 2-x Cu x Mo 3 N.

Ammonia synthesis from 75% H 2 and 25% N 2 was carried out at ambient pressure.
All of the materials were found to be highly active at 500 °C, while only limited
amounts of ammonia was generated at 400 °C. The catalytic ammonia synthesis
results revealed that doping Ni 2 Mo 3 N with iron metal increases its catalytic activity.
In contrast, the addition of copper to the Ni 2 Mo 3 N lattice resulted in decreased
performance (Fig. 2).

Table 1: Ammonia synthesis rates for Ni 2-x Cu x Mo 3 N
and
Ni 2-x Fe x Mo 3 N systems at 500 °C for 5 hr

Ni 2x Cu x Mo 3 N

(x)
0
0.1
0.2
0.3

Ammonia rate
µ mole of NH 3
-1 -1
h g
272
252
231
197

Ni 2x Fe x Mo 3 N

(x)
0
0.2
0.5
0.8
0.9

Ammonia rate
µ mole of NH 3
-1 -1
h g
272
308
319
339
354

Figure 2: Ammonia synthesis rates for Ni 2-x Cu x Mo 3 N
and Ni 2-x Fe x Mo 3 N systems at 500 °C for 5 hr

Conclusion
•

Ni 2-x Cu x Mo 3 N systems were successfully developed up to x=0.3

•

Doping process over Ni 2 Mo 3 N using transition metals such as iron has been
demonstrated to be an effective way in improving the efficiency of ammonia
synthesis process.
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Effect of thermal vapor treatment of support material on catalytic
performance of NaWMn/SiO 2 in oxidative coupling of methane
Ponomareva E.A., Gordienko Yu.A., Sinev M.Yu., Semenov Institute of Chemical
Physics, Russian Academy of Sciences, Moscow, Russian Federation;
Ivakin Yu.D., Lomonosov Moscow State University, Moscow, Russian Federation

Mixed NaWMn-oxide supported on SiO 2 is the most efficient catalyst for the highly
attractive one-step conversion of methane into ethylene (oxidative coupling of
methane – OCM) and, at the same time, the most mysterious in terms of its operation
mechanism [1]. It is already well established that the presence and interaction of all
the components, including the SiO 2 support (α-cristobalite), are crucial for the high
activity and selectivity of this system. In this regard, the research interest is focused
on the preparation techniques and/or silica support variation [2,3]. It should be noted
that usually the starting silica is X-ray amorphous. Its phase transformation into αcristobalite occurs at the calcination step (> 650oC) in the presence of alkali metal
(sodium). Without it, crystallization of amorphous silica starts at temperatures above
1000oC; it is accompanied by annealing and collapse of the initial porous structure.
The treatment of silica with water vapor at temperatures close to the critical point of
water (374oC, 22,1 MPa) makes it possible to convert amorphous phase into
crystalline at lower temperatures and gives unique opportunity to directly control both
the crystallinity and morphology of the resulted material [4]. In this work we studied
the effect of the preliminary thermal vapor treatment (TVT) of the silica support onto
the catalytic performance of the NaWMn/SiO 2 samples of the same composition in
the OCM reaction.
Experimental
The TVT of amorphous silica (SiO 2 , particle size of 200-300 µm, Davisil, Aldrich) was
performed at 300, 340, and 370oC and equilibrium pressure of saturated water vapor.
XRD and SEM techniques served to characterize structure and morphology of the
obtained materials which further were used as supports. The catalysts containing (in
wt. %): 0.8 Na, 3.2 W, 2 Mn, were prepared by the incipient wetness impregnation.
Catalytic experiments were carried out in a flow type quarts reactor at 800oC and
atmospheric pressure.

Results
Being treated at 370oC, the granulated SiO 2 turned into powder, while the particles
remained granulated at lower temperatures. As seen at Fig. 1, a single particle of
SiO 2 -340 consists of stuck silica globules of 10-20 µm in diameter; two morphologies
of SiO 2 – thin plate-like and rounded crystallites – are well distinguished. According
to the XRD data, α-cristoballite dominated in SiO 2 -300, while α-quarts – in SiO 2 -370
sample; the intensities of α-crystoballite and koezite reflexes were nearly the same
for the sample treated at 340oC. Based on their morphology and crystalline structure,
SiO 2 -300 and SiO 2 -340 were chosen for the preparation of NaWMn/SiO 2 catalysts.

ig.1 SEM images of
o
treated SiO 2 at 340 C

TVT-

Fig.2 XRD pattern of TV-treated
silica

Fig.3 Methane conversion and
selectivity to C 2 -products versus
reverse flow rate

The activity of the catalysts based on the TV-treated silica was nearly twice higher
and their selectivity towards C 2 -products was also higher (Fig.3). Taking into account
that chemical compositions and specific surface areas of all three catalysts were
equal, the differences in their catalytic performance were attributed to the
morphological features of the support and its interaction with the deposited mixed
oxides [1]. All in all, it was shown that the catalytic performance of the NaWMn-oxide
deposited on silica can be improved by the preliminary thermal vapor treatment of the
support that allows one to vary its phase composition and morphology.

This work was financially supported by the RFBR (Project No. 18-29-06055)
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Microkinetic Modeling of Olefin Cracking and
Methanol-to-Olefins (MTO) over ZSM-5
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Introduction
Alternative concepts for producing lower olefins on demand gain in importance.
Using shape-selective acid zeolites like ZSM-5, catalytic cracking of higher olefins as
well as methanol-to-olefins (MTO) [1] can be exploited to satisfy growing propene
demands. For these processes, the reaction networks are extremely complex due to
the consideration of thousands of elementary steps, which complicates their
theoretical description. On the other hand, lumping is not an option when the model
should allow extrapolation out of the experimentally covered regime [2]. In this work,
it is shown how the flexibility of a microkinetic model for 1-pentene cracking [3] can
be enhanced [4]. Subsequently, this model can be transferred to MTO through
introducing the methanol related reactions. Finally, an industrial multi-stage recycle
reactor according to the methanol-to-propylene (MTP) concept is simulated.
Methods
Microkinetics are applied here as these are helpful not only to describe the reactor
output, but also to obtain insight into intermediates and preferred reaction pathways.
The single-event methodology is used to keep the number of estimated fitting
parameters within a reasonable range [5]. The application range of the cracking
model is increased by strictly separating between kinetic and catalyst descriptors
which includes an analysis of sorption processes. For the creation of the MTO model,
the reactions between methanol, DME and water have to be implemented as well as
the olefin methylation reactions both via methanol and DME. In addition, the
formation of side products is incorporated according to the pathway postulated in [6].

Results
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Figure 1: Parity plots for propene (left) and oxygenates (right).
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estimated parameters are necessary to achieve a reasonable description of all
species, see Figures 1 and 2. It can be shown that fast methylation rates and
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ZSM-5 on a fundamental level. Such
information about preferred reaction pathways is indispensable to optimize the
industrial recycle reactor with the aim of maximum propene production.
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Introduction
Oxidative dehydrogenation (ODH) of

CO2

ethane is a promising route towards
O

selective production of ethene. One of

[H2O]

?
OH

the most promising catalytic materials is
the M1 phase of MoVTeNb mixed metal
oxides (cf. Fig. 1) being highly active at
mild

temperatures

350 °C [1].

Hence,

around
a

high

300

CO

to

ethane

selectivity and yield can be achieved by

Fig 1: Reaction scheme for ODH of ethane
and the 2D unit cell of the M1 phase
along the 001 axis.

suppressing side reactions to carbon
oxides or oxygenates like acetic acid (cf. Fig. 1). Formation of the latter is dependent
on the water partial pressure [2]. In this study, we investigate the kinetic behavior of a
MoVTeNbO x catalyst.
Methods
The MoVTeNbO x catalyst was synthesized following the metal oxide based
procedure developed by Mestl et al. [3] with a metal molar ratio of 1:0.30:0.05:0.05.
Measurements were performed in PFR setup with SiC-diluted catalyst bed. Reactor
effluents were analyzed using a modified Shimadzu GC2014 equipped with TCD and
FID detector capable of quantifying C 2 hydrocarbons and oxygenates, CO, CO 2 , O 2
as well as N 2 (used as internal standard). Bed temperatures were recorded and used
for the kinetic model. Inter- and intraparticle transport effects could be excluded.

Temperature was varied between 290 and 370 °C. Inlet partial pressures of C 2 –
species and O 2 ranged from 0.025 to 0.65 mbar and 0.05 to 0.25 mbar, respectively.
Model discrimination is performed for five responses resulting in more than 600
degrees of freedom during optimization. A multitude of kinetic models is derived and
tested by statistical methods.
Results and Discussion
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Fig 2: Schematic illustration of possible reaction
pathways in ODH of ethane over MoVTeNb mixed.
metal oxides.

Fig 3: Parity plot of carbon
fractions comparing kinetic
model and experiments.

Reaction pathways of ODH over MoVTeNb mixed metal oxide are currently highly
under debate. The origin and nature of the active oxygen species, responsible for the
first C-H bond cleavage, is one of the crucial aspects during model development [4,
5]. In addition, the role of hydroxyl groups and the formation of oxygenates have to
be evaluated, to build a sophisticated kinetic model. The scheme in Fig. 2 displays
the interactions between the species in the gas phase, on the surface and in the
surface-near oxide lattice. First results indicate that multiple active oxygen species
are necessary to adequately account for the different surface reactions, which is in
accordance to a kinetic description developed for selective propane oxidation [6].
Experimental and numerically predicted values for the carbon fractions in the product
stream are compared to the model predictions in Fig. 3.
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M1-MoVTeNb metal oxide catalysts with high intrinsic activity in
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Introduction
The M1 crystalline phase of Mo-V-Te-Nb mixed metal oxides is an exceptionally
active and selective catalyst for selective oxidation of lower alkanes.[1, 2] However,
the activity in oxidative dehydrogenation (ODH) of ethane of M1 catalysts must be
increased in order to compete with the established production of ethene in large
steam crackers. Here, we investigate the chemistry involved in the formation and
crystalline growth of complex MoVTeNb oxides, with the objective of maximizing the
surface concentration of active sites.

Experimental
A series of MoV(Te,Nb) mixed metal oxides was prepared by hydrothermal synthesis.
Samples extracted during the synthesis were characterized by electron microscopy,
XRD, N 2 adsorption, UV/VIS spectroscopy and ICP-OES. Catalytic activity in ethane
ODH was tested in the range of 330 – 420 °C in a plug flow reactor.

Results and Discussion
We have developed a new synthesis method of MoVTeNb oxides [3] that yielded
catalysts one order of magnitude more active in ODH of ethane (Figure 1, a).
Controlling the metal stoichiometry and the concentration of ions in solution allowed
the direct formation of crystalline M1 phase at temperatures ca. 400 °C lower than
previous methods.

Analysis of HAADF-STEM images with atomic resolution (Figure 1, b) revealed that
the superior catalytic performance of M1 oxides formed at low temperatures is related
to the preferential formation of crystal terminations that expose active facets [4].
We also investigated the effect of metal composition on the catalytic performance of
these new M1-MoVTeNb oxides. Limiting the concentrations of Te and Nb to values
below 5 mol % significantly promoted the activity in ethane ODH and maintained a
high selectivity towards ethylene.

Figure 1. a) Arrhenius type plot of ODH activity for M1 materials prepared at high
(600 °C) and low (190 °C) temperatures. C 2 H 6 /O 2 /He mixtures of 9/9/82 mol, p = 1
bar(a), WHSV = 6.8-14.5 h-1. b) HAADF-STEM image of a M1-MoVTeNb oxide
crystal formed at low temperatures. The inset shows crystal lateral termination
exposing metal lattice positions where active vanadyl species are located.

Conclusions
A better understanding of the chemical processes involved in the formation of
crystals and the location of active sites on their surface has led to improvement of the
catalytic performance of M1-MoVTeNb metal oxides.
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Re- and Cs-copromoted silver catalysts for ethylene epoxidation:
A theoretical study
M.A. Salaev, Tomsk State University, Tomsk. Russia; A.A. Salaeva, Tomsk State
University, Tomsk. Russia; O.V. Vodyankina
Tomsk State University, Tomsk. Russia

Ethylene oxide is a well-known valuable chemical building block used in
various branches of industry. The promoted silver catalysts supported on α-alumina
are employed in industrial ethylene epoxidation. The catalyst performance is
significantly boosted by the application of various promoters and modifiers, including
Cs, Cl, etc. [1,2]. Among the latter, Re occupies a special place and enhances the
catalyst selectivity towards ethylene oxide. Despite the importance of rhenium and
detailed experimental investigations, there are only rare date on its surface state and
the mechanism of its involvement in the processes [3], while the role of Re is still a
debating issue. In the present work we focus on new insights on the nature and
mechanism of the synergistic effects in Re- and Cs-promoted Ag catalysts for
ethylene epoxidation obtained using the density functional theory approach.
Multiple systems containing silver slabs and/or ethylene and/or promoter (Re
or/and Cs) were calculated using the OpenMX software package [4] installed at SKIF
“Cyberia” supercomputer of Tomsk State University. The models of active sites for
Re- or/and Cs-promoted catalysts were developed, and various oxygen species were
considered. The GGA approximation and PBE functional with the periodic boundary
conditions were employed. A periodic model of silver surface was proposed, where
the silver layers were separated by a layer of vacuum sufficient to prevent the
interaction between the adjacent layers. The surface model was tested to obtain the
constant surface energy. A set of k-points of 5*5*1 and the cutoff energy of 400 eV
were used. The geometries of all obtained structures were fully optimized. The
predicted change in energy of less than -1.0D-08 was taken as a convergence
criterion.
The nature and peculiarities of the promoting action of Re oxyanion are proposed
and discussed. The roles of oxygen species bound to silver and Re are proposed. Re
and Cs are shown to exhibit a synergistic action in a cooperation with silver. Cs is
shown to stabilize Re oxyanion that enhances the catalyst performance. Re is

proposed to alter the electronic density distribution, with oxygen atoms of Re
oxyanion compensating the oxygen vacancies and covering the non-selective sites
over silver.
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1. Introduction
Over the last decades the demand for olefins is constantly raising as they are key
building blocks in the chemical industry. However, their production is limited by
economic and environmental concerns related to the use of fossil resources as
feedstock. [1] Thus the need for alternative and sustainable routes for olefin
production is imperative. Biomass derived intermediates, such glycerol, can serve as
feedstock for olefin production, following alternative reaction pathways. This study
refers to one-step bio-propylene production via complete glycerol de-oxygenation,
over Mo-based catalysts, a novel research subject that has not yet been thoroughly
explored in the open literature. Typically, glycerol de-oxygenation takes place in
liquid phase, at 300°C, for 2hr and under 8.0MPa H 2 , using water as a solvent [2].
This work focusses on the effect of dopants (Pd, Ir, Ni) and supports (black carbon,
ZrO 2 , CeO 2 -ZrO 2 , HZSM-5) on the performance of Mo-based catalysts in
hydrodeoxygenation of glycerol to propylene.

2. Results and discussion
Up to now Mo/C catalyst have showed very promising results obtaining 70%
selectivity to C 3 H 6 at 68% glycerol conversion for 2h reaction time [2]. The addition of
Fe has a negative effect on Mo/C acidity leading to lower glycerol conversion values
(48.9%). However, Fe-Mo/C performance increases after 6hr reaction time, showing
89% and 76.1% conversion and selectivity to C 3 H 6 , respectively [2]. In both cases,
C 3 H 6 is the main product formed and the only one in gas phase, while 2-propenol
and propylene-glycol are the main products in the liquid phase (though with
significantly lower selectivity, 4-8%), maintaining at the same time the 3C atoms on

the glycerol molecule. Increased temperature and especially H 2 pressure favor
glycerol conversion towards C 3 H 6 , suppressing the formation of partially deoxygenated products [2]. C 3 H 6 is mainly formed via glycerol conversion to 2-propenol
and subsequent conversion of the latter to C 3 H 6 . However, the low contribution to
propylene formation of a secondary route which involves the successive
hydrodeoxygenations of glycerol to 1,2-propanediol and 2-propanol and the
dehydration of the latter, could not be excluded [3]. The presence of H 2 is a key
parameter as it suppresses the 2-propenol to propanal isomerization, leading to
increased concentration of 2-propenol, thus enabling its subsequent conversion to
C 3 H 6 . The reduced states of MoO 3 , Mo+4 and Mo+5 are considered as the active sites
for the selective conversion of glycerol to C 3 H 6 , as indicated by XRD and XPS
measurements. Most likely, the formation of Mo+4 and Mo+5 species drives the
reaction to the desired product formation through two consecutive reverse Mars–van
Krevelen mechanistic cycles [3].
In order to improve the catalytic performance (increase catalyst acidity as well as
hydrogenation rate), bifunctional catalysts with both metal and medium to strong
acids sites are to be prepared. Apart from black carbon other materials with varying
acidity like ZrO 2 , CeO 2 -ZrO 2 , sulfated ZrO 2 and H-ZSM-5 will be used as supports
for Mo catalysts or added mechanically mixed as co-catalysts. Efforts will be also
devoted to strengthen the metallic function of Mo species by adding Pd, Ir, or Ni. The
preparation of the catalysts and their evaluation in the selective de-oxygenation of
glycerol to propylene is in progress.
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Introduction
Nitric acid is an important commodity chemical produced industrially via the Ostwald
process. Oxidation of NO is an important chemical step in the process, carried out as
a gas phase homogenous reaction in a series of heat exchangers [1]. Process
intensification can be achieved by using a catalyst for NO oxidation, which can
potentially speed up the process, enable significant heat recovery and reduce capital
expenditure (CAPEX). Typical gas composition at the outlet of the NH 3 combustor is
10% NO, 6% O 2 and 15% H 2 O [1], which defines the boundary limits for the catalytic
process. Platinum catalysts supported on alumina have shown excellent activity
towards oxidation of NO at nitric acid plant conditions [2]. High steam content is an
integral component of the feed but the effect of water on the activity of the catalyst is
not fully understood.
Here we report operando studies on the impact of water on the structural and
chemical state of platinum during oxidation of NO at simulated nitric acid plant
conditions using X-ray diffraction (XRD) and X-ray absorption spectroscopy (XAS).
Materials and Methods
A 5wt.% Pt/γ-Al 2 O 3 was prepared by incipient wetness impregnation. Operando
studies were performed at the European Synchrotron Radiation Facility (BM31,
ESRF France). An in situ cell based on a quartz capillary reactor (O.D = 1mm) was
used. Collection of XAS data was performed in transmission mode. X-ray diffraction
patterns were collected and effluent gas was analyzed using a mass spectrometer.
The effect of water was investigated by performing four sequential temperature ramp
experiments in absence and presence of 15% water in an artificial feed stream (10%
NO, 6% O 2 ) at 1 bar simulating nitric acid plant conditions.

Results and Discussion
The blank run shows the contribution from gas phase reactions, NO conversion
decreasing with increasing temperatures as shown in Fig.1(a), which is in
accordance with the negative activation energy for NO oxidation [3]. For the first
temperature ramp carried out in dry feed, catalytic activity starts at 200°C and
increases gradually until it becomes thermodynamically limited close to 400°C.
Addition of water in the feed in the subsequent temperature ramp does not affect the
onset temperature of catalytic activity. However, a slight inhibition effect is observed
in the range 270-375°C. A significant increase in conversion is observed in the
subsequent ramp in absence of water. Succeeding temperature ramps in wet feed
show a more pronounced inhibition effect compared to the second ramp.
Analysis of the acquired in situ Pt-L 3 edge EXAFS spectra shows that after reduction,
the Pt/γ-Al 2 O 3 catalysts resembles the Pt foil spectrum, indicating a complete
reduction of Pt. However, on exposure to NO & O 2 during the first ramp, partial
oxidation of platinum occurs as seen in Fig.1(b). Upon exposure to water, sintering of
platinum occurs indicated by significantly higher contribution from the Pt-Pt path
length and increase in Pt-Pt coordination number as shown in Fig.1(c). XRD patterns
confirmed sintering of platinum with an increase in crystallite size from 2.5 nm to 8
nm. NO Oxidation over Pt is structure sensitive with larger particles favoring the
reaction [4]. This explains the higher conversion in the third ramp while the inhibition
effect of water is attributed to the competitive adsorption of water on active sites.

Figure 1 (a) Conversion of NO to NO 2 as a function of temperature for feed composition: 10% NO and
2
6% O 2 (15% H 2 O if present) in Ar. k -weighted Fourier transformed Pt-L3 edge EXAFS spectra (rspace) in (b) dry feed (c) wet feed.
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1. Scope
Recent advances in the synthesis of layered (2D) zeolites have a major impact on
the continuous improvement of zeolites as tailor-made catalysts. Despite high
prospect for application of layered zeolites in catalysis, there are very few studies
describing the intrinsic reactivity of the acid sites in 2D zeolites [1].
The catalytic dehydration of alcohols has the potential for the production of valuable
chemicals. Insights in the reaction mechanism, such as the effect of acid strength
and confinement on the formation of targeted products are essential for the process
design. Recent kinetic studies of Iglesia et al. on methanol-to-DME dehydration
allowed to relate the values of both zero- and first-order rate constants to the strength
of acid sites in zeolites [2] and revealed a crucial influence of confinement on the
first-order rate constant [3].
In this work, we firstly apply operando FTIR spectroscopy to address intrinsic
reactivity of 2D and conventional 3D MFI zeolites using ethanol-to-DEE dehydration
as a model reaction. Simultaneous examination of turnover rates and Brønsted acid
sites coverage in 2D and 3D MFI allowed direct assessment of the kinetic (i.e. firstorder and zero-order rate constants) and adsorption thermodynamic (ΔHads, ΔSads)
parameters of the most abundant surface species (MASS) with further interpretation
of structure−function relationship.
2. Experimental part
3D MFI zeolite (Si/Al = 20) was purchased from the Institute for Oil and Hydrocarbon
Gases (Slovak Republic), while 2D MFI (Si/Al = 43) was synthesized according to
Ref. [4]. The catalysts were characterized using XRD, N 2 ad-desorption, SEM, FTIR
spectroscopy of adsorbed pyridine. Steady-state ethanol dehydration was carried out
under atmospheric pressure and various ethanol partial pressures using a
transmission operando IR reactor-cell as described in Ref. [5].
3. Results and discussion
The measured ethanol-to-DEE dehydration turnover rates (R DEE ) followed first-order
kinetics at P EtOH < 24mbar and zero-order kinetics at P EtOH > 24 mbar for both zeolite

catalysts. Such R DEE vs. P EtOH dependence expressed by Associative dehydration
mechanism [6] was subjected to nonlinear regression to extract the first-order and
zero-order rate constants and activation energies (E first , E zero , Fig. 1). Intensity of the
band at 3604 cm-1 in FTIR spectra of “working” catalysts was used to determine the
total Brønsted acid coverage and to evaluate the adsorption enthalpies/entropies of
ethanol monomeric and dimeric species (ΔH ads‑M or D , ΔS ads‑M or D , Fig. 1).

Figure 1. Reaction coordinate diagram for ethanol-to-DEE dehydration followed Associative
mechanism over 3D- and 2D MFI zeolites at T = 448 K.

4. Conclusions
The catalytic results showed smaller first-order activation energy for 2D MFI (E first =
16 ± 4 kJ mol−1) vs. 3D MFI (E first = 41 ± 1 kJ mol−1) and similar zero-order activation
energies (E zero = 117 – 124 kJ mol−1) for both catalysts. Correlating the kinetic and
thermodynamic parameters revealed that the difference in stabilization of adsorbed
ethanol monomers and dimers is the origin behind the differences in the intrinsic
activities of 2D and 3D MFI zeolites which is reflected in the corresponding zeroorder activation entropies (ΔS‡

zero

= – 24 and 15 J K−1 mol−1 for 2D and 3D MFI,

respectively).
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A greener preparation route of Cu/ZnO catalyst for hydrogenation of
carbon dioxide to methanol
Nat Phongprueksathat, Institute of Chemical Research of Catalonia (ICIQ),
Tarragona, Spain; Atsushi Urakawa, Institute of Chemical Research of Catalonia
(ICIQ), Tarragona, Spain, Barcelona Institute of Science and Technology (BIST),
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Utilizing fossil-fuels-derived carbon dioxide by its hydrogenation to methanol is
a promising strategy for reducing greenhouse gas emission and producing a
renewable chemical feedstock, fuel, and energy carrier [1]. This process commonly
employs conventional Cu/ZnO/Al 2 O 3 catalyst due to the high catalytic performance
originated from Cu-ZnO synergy [2,3]. However, the preparation method by coprecipitation is not an eco-friendly process due to the production of toxic wastewater
containing Na+ and NO 3 -, and many alternative precursors have been reported [4–6].
In this study, a homogeneous
precipitation method via urea hydrolysis
of acetate salts was developed to
prepare 50 wt% Cu-ZnO catalysts. This
method
eliminate

was
not

able
only

to
the

intrinsically
catalyst-

poisoning components, such as Na+
and NO 3 -, but also the washing step,
minimizing the amount of wastewater
(Fig. 1.). The catalysts were also
compared with the one derived from
Fig. 1. Simplified preparation procedure of

common nitrate salts at the same

Cu/ZnO catalyst from each method.

condition.

XRD characterization of as-precipitated copper zinc hydroxyl carbonate
showed that only aurichalcite phase was obtained from acetate salts, while mixed
aurichalcite and rosasite phases were obtained from nitrate salts due to the formation
of difference meta-stable phase during synthesis confirmed by pH evolution profiles.

Washing step essential for conventional co-precipitation method is also
important for urea hydrolysis in case the nitrate salts are used since NO 3 - promotes
Cu agglomeration during calcination, resulting in larger CuO crystallite size from 8.1
to 18.7 nm (if not washed). On the other hand, the catalyst prepared with the acetate
salts gave a comparable CuO crystallite size of 8.1 nm without the washing step.
The performance of the catalysts in high-pressure CO 2 hydrogenation at 331
bar is shown in Fig. 2. The Cu/ZnO catalyst prepared by urea hydrolysis of nitrate or
acetate salts with the washing step exhibited a comparable CO 2 conversion and
methanol selectivity to the commercial Cu/ZnO/Al 2 O 3 catalyst. Consistent with CuO
crystallite size, the unwashed-nitrate catalyst showed very low catalytic activity due to
the loss of active Cu surface area, while the unwashed-acetate catalyst showed
almost the same catalytic activity as the washed catalyst. This finding allows the
designing of a new highly active catalyst synthesis process that produces less
amount of wastewater since the washing step can be skipped completely.

Fig. 2. CO 2 conversion and methanol selectivity in stoichiometric CO 2 hydrogenation over Cu-ZnO
catalyst (CZ) prepared via urea hydrolysis of nitrate (N) and acetate (A) salts with washing (W) and
without washing (UW). The commercial Cu/ZnO/Al 2 O 3 methanol synthesis catalyst (CZA, Alfa Aesar
#45776) was used as the benchmark. Conditions: H 2 /CO 2 = 3, T = 240-280 °C, P = 331 bar, SV = 5
NL/g ·h (GHSV 8500 h ) at TOS = 3 h.
-1
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1. Scope
Conversion of methanol and dimethyl ether into hydrocarbons has gained more and
more attention since its first report in the 1970s.[1] Increasing specification over the
following decades lead to the development of processes driven by the desired
products such as methanol to olefins (MTO), methanol to gasoline (MTG) or
methanol to aromatics (MTA). Especially the conversion to aromatics has created
scientific attention over the last years.[2] Several optimized catalysts, i.e. Ga-MFI, ZnMFI, have been reported to achieve a high aromatic yield up to 69%.[3] In this work
we investigated the pathways for the formation of aromatics in different sections of
the catalytic bed and their dependence on the active sites in the catalyst.
2. Results and discussion
Three types of catalysts were prepared, an H-MFI, a Ga-impregnated H-MFI with
(GaMFI-H 2 ) and without H 2 treatment (GaMFI) before catalytic testing. The samples
were

tested

under

MTA

conditions showing an increased
aromatics formation in the cases
the zeolite contained gallium and
a further increase of aromatics
yield if the sample was reduced
beforehand (Figure 1). Under
MTA conditions aromatics can be
formed by three main pathways:
(1)

hydrogen

between

transfer

(HT)

olefins,

(2) Figure 1: Yield (in %carbon) of aromatics versus the contact time.
dehydrogenation of hydrocarbon Dashed lines indicate the contact time when full conversion is reached.
o

(Reaction conditions: DME 90 mbar in N2, 475 C)

products, (3) formaldehyde intermediated pathway. Evaluation of the different
pathways along the catalyst bed showed that the increased aromatics selectivity of
GaMFI catalysts is based on their dehydrogenation functionality and the increased
HCHO formation rate from DME and methanol. The benefit of H 2 treatment of the
GaMFI catalyst is mainly the formation of Ga+-species replacing one BAS and
forming Ga+-BAS pair with an adjacent BAS.[4] The formation of these modified sites
lead to a decrease of the methylation rate because of BAS loss while increasing the
dehydrogenation activity resulting in a larger ratio of HT+dehydrogenation rates to
methylation rate. However, these sites are not stable in the presence of water
produced as a byproduct in MTA. Consequently in later sections of the catalyst bed
after a large fraction of DME is converted the GaMFI-H 2 as the same activity as
GaMFI.

3. Conclusions
The presence of Ga in an H-MFI zeolite increases the aromatics yield significantly
due to dehydrogenation of beforehand formed olefins and an increase of HCHO
formation from methanol and DME while HT reactions remain unchanged. Prereaction treatment with hydrogen of the catalyst makes more active Ga+-BAS pairs
but the water formed during the DME conversion reverses the formation of such site
pairs. The qualitative and quantitative understanding of these reaction steps and their
respective sites will help to improve catalyst design as well as reaction conditions in
order to maximize aromatics yield at minimum amounts of unwanted byproducts.
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Introduction
Propylene is an important building block for a variety of bulk chemicals and polymers
[1]. The shift in steam cracking feedstock from naphtha to more abundant shale gas,
as well as the growth in propylene demand, have motivated a switch to “on-purpose”
propylene production processes such as catalytic propane dehydrogenation (PDH).
While many research efforts have addressed deactivation of Pt-based catalysts
during PDH [1], coke formation continues to be a challenge. Boron promotion
drastically reduces coke formation on Ni [2] during steam reforming, and on Co [3]
during Fischer-Tropsch synthesis. DFT calculations indicate that boron atoms
selectively block step and/or subsurface sites, thus preventing the nucleation and
growth of deactivating carbon [2, 3]. The nature of boron, either as alloy or an
amorphous oxide, depends on the catalytic system and reaction conditions.
Experimental
Preparation
B-Al 2 O 3 support materials were prepared via wet impregnation of aqueous H 3 BO 3
onto commercial γ-Al 2 O 3 . The mixture was stirred continuously at 50 oC until total
evaporation of the solvent, then calcined in stagnant air at 650 oC for 4 hr. Pt/XBAl 2 O 3 (X = 0.5, 1.0, 1.5, 5.6 wt.%) catalysts were prepared via wet impregnation of
aqueous H 2 PtCl 6 onto XB-Al 2 O 3 support materials, followed by solvent evaporation
and calcination. Similarly, Pt/Al 2 O 3 was prepared as a reference. In order to evaluate
the effect of the impregnation sequence, 1B/Pt-Al 2 O 3 was prepared via inverse
sequential wet impregnation of aqueous H 3 BO 3 onto Pt/Al 2 O 3 . Finally, Pt-B-Al 2 O 3
was prepared by co-impregnation of boron and Pt. The Pt loading was fixed at 3
wt.%.

Results
The effect of the boron loading and impregnation sequence was investigated using
20 min PDH experiments at 600 oC and a C 3 H 8 /H 2 ratio of 1/1 in a quartz reactor.
The sequential impregnation of Pt onto B-Al 2 O 3 support materials was found to be
the most promising. The Pt/1B-Al 2 O 3 catalyst showed only a minor reduction in
activity during the short experiment, but a 2.6-fold reduction in the amount of
deposited carbon for an optimal boron loading of 1 wt%.
12 hr experiments confirmed the improved stability and selectivity of Pt/1B-Al 2 O 3 (Fig
1a). The enhanced selectivity suggests that boron modifies the active sites. Boron
promotion removes the low temperature TPO peak (Fig 1b) and reduces the high
temperature peak. Propylene decomposition experiments on pure and boron
modified γ-Al 2 O 3 show that the low temperature peak is related to carbon deposited
on the support.
NH 3 -TPD experiments indicate that boron modifies the number and the strength of
the support acid sites. In-situ XRD patterns under H 2 at 600 oC do not show the
formation of a Pt-B alloy. TEM-EDS analysis shows a uniform distribution of boron.
Thermodynamic DFT calculations support the formation of boron oxide, rather than a
Pt-B alloy. Clearly, the promoting effect of boron is more complex than often
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Figure 1: (a) Effect of boron promotion on the activity and selectivity: Pt/Al 2 O 3 (■) and Pt/1B-Al 2 O 3 (●) (b)
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600 C, 1 bar, C 3 H 8 /H 2 /Ar ratio of 1/1/3, W/F C3H8 = 3.0 kg cat .s/mol C3H8 , and X C3H8 = 18%.
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Introduction
In the need of replacing diminishing fossil sources and integrating renewable energy
into the value chain of chemical industries and the energy sector, a growing interest
in and demand for materials working as suited catalysts at the key processes is
observed.[1] Especially in the context of recently passing the threshold of 400 ppm of
CO 2 in the atmosphere,[2] research in this area has been intensified over the last
years. Theoretical studies and first experimental confirmation show the potential of
GaNi intermetallic phases as promising CO 2 conversion catalysts.[3]
In the present work, co-precipitated gallium/nickel containing catalysts are
investigated in the conversion reaction of CO 2 synthesis gas. The catalysts are
prepared via the co-precipitation route resulting in gallium and nickel containing
layered double hydroxides (LDH) as a catalyst precursor class giving rise to a
controlled and reproducible way of synthesis. This procedure enables a systematic
study on structure-activity correlations in the targeted catalytic application. Hence, for
reasons of comparison GaOOH[4] based bimetallic catalysts are added to the
investigation.
Experimental
Co-precipitation synthesis was conducted in an automated laboratory reactor system
(OptiMax, Mettler Toledo). The characterization of the resulting precursors and their
processing products along catalyst activation involved various techniques, e.g.
(P)XRD, TEM, TGA, N 2 physisorption etc. H 2 -TPR studies gave insight into the
reduction process and the active state formation of the investigated catalysts.
Dynamic CO 2 conversion experiments were conducted in a 3:1 H 2 /CO 2 gas stream.
Both H 2 -TPR and catalyst testing were conducted in a commercial catalyst analyzer
(BELCAT-B, MicrotracBEL Corp., Japan).

Results and discussion
XRD analysis confirms the presence of the LDH precursor in a single phase for the
precursor series with different gallium to nickel ratios.
Detailed TEM analysis of the hydrogen activated phases prior to catalytic testing
indicate that Ga3+ species are partially reduced, which is indicative for the bimetallic
character of the Ga-Ni phases. H 2 -TPR experiments support these results, as a
higher H 2 consumption is observed compared to the expected amount derived from
the available cationic Ni species. Yet, by means of XRD and available TEM data the
resulting intermetallic phases after catalyst activation are rather inconclusive with
regards to the complex gallium-nickel phase diagram.
The application in the
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Fig. 1: Steady state CO2 conversions for selected catalysts within the
systematic series obtained at 1 atm.

While reaction conditions at ambient pressure settings favor CO over CH 4 both
obtained as the main products, a first qualitative assessment in a high-pressure
setup indicates only CH 4 as main product with very low amounts of ethane and
ethene as further hydrogenation products.
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In view of increasing anthropogenic carbon dioxide emissions and the corresponding
impact on the environment, the chemical utilization of CO 2 is a topic of huge societal
relevance. Among other molecules aromatic carboxylic acids are very desirable
target compounds for carboxylation reactions with CO 2 as a building block, due to
their wide application in pharmaceuticals and other high value compounds. To
achieve a high atom efficiency the direct catalytic carboxylation of arenes, which are
not preactivated is very desirable and a topic of a wide range of investigations [1, 2].
Our research has been aiming for the implementation of catalytic cycles that enable
the direct carboxylation of arenes without the need for stoichiometric additives by the
use of DFT calculations and rational design of late transition metal complexes [3]. A
crucial step of these cycles is the activation of the relatively inert CO 2 molecule to
facilitate an insertion into a previously formed metal-aryl bond.
Herein we report on the insertion behavior of carbon dioxide into different palladiumaryl bonds to form the corresponding palladium carboxylato complexes (2). In
dependency on the substitution pattern of the aromatic compound, we could either
observe insertion of CO 2 , or catalytic decarboxylation of aromatic carboxylic acids
under formation of PdII aryl complexes (1).
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Scheme 1: Insertion of Carbon Dioxide into PdII-aryl bonds.
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A major challenge for the efficient production of formic acid (FA) and its derivatives
from CO 2 is an effective integration of the hydrogenation step with the catalyst
reutilization and product isolation.[1] One option for facilitating the isolation of FA
consists in its derivatization with methanol to methyl formate (MF) in one pot or in a
subsequent step.[2] We describe here a biphasic catalytic system comprising
methanol (MeOH) as the product phase, n-decane as the catalyst phase, a
tailored-Ru catalyst and an amine as a stabilizing agent for FA (Figure 1).
catalyst phase (n-decane)
H2 + CO2+ NR3 [Ru]
H2/CO2
NR3,MeOH

H2 + CO2+ NR3

R3N/HCO2H

R3N/HCO2H

product phase (MeOH)

R3N/HCO2H
+ MeOH

MF
O

∆t
−

H 2O
− NR3

H

OMe

Figure 1: Envisioned process for integrating the hydrogenation of CO 2 and the subsequent conversion to methyl formate.

The resulting methanolic solution of the formate-amine adduct was investigated as a
feed for the synthesis of MF via a subsequent reactive distillation step. The selection
of a suitable amine was crucial for achieving a good compromise between the
hydrogenation and the esterification step. High productivities, effective catalyst
retention and recycling were obtained in the hydrogenation step using a largely
automated reactor set-up, while the isolation of pure MF was verified using a 900 mL
scale distillation apparatus.[3]
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Alkali Metal Doping of Ethylene Oxychlorination Catalysts:
Chemistry, Kinetics and Descriptors.
E. Fenes, NTNU1, Trondheim, Norway, H. Ma1, Y. Qi1, K. R. Rout, SINTEF Industry,
Trondheim, Norway, T. Fuglerud, INOVYN Norway, Porsgrunn, Norway, D. Chen1
Ethylene oxychlorination (Eq.1) over CuCl 2 /γ-Al 2 O 3 based catalysts, producing 1,2ethandichloride (EDC) is an important step in poly vinyl chloride (PVC) production. [1]
1/2 O2
2 HCl
C2 H 4 + 2CuCl2 → C2 H 4Cl2 + 2CuCl 
→ Cu2OCl2 
→ CuCl2 + 2 H 2O

(1)

Although oxychlorination is a commercial process, several key factors are still not
fully understood. With an operando approach, we are beginning to understand the
effects of Cu-dopant salt formation, cluster size and Cu-support interactions on
catalyst performance and correlate to the catalyst electronic properties.
Methods
Incipient wetness impregnation of CuCl 2 and the respective alkali metal (A) chloride
salt on γ-Al 2 O 3 yielded catalysts containing 5wt% Cu with a 1:0.4 Cu:dopant ratio.
Catalyst characterization was done with ex-situ XPS, TPR (P C2H4 =0.2, 2 K/min), in
situ XRD and operando UV-Vis spectroscopy. [2] The dynamic changes in chemistry
and active sites in catalytic cycle were studied by combined operando XRD, UV-Vis
and XANES at the Swiss-Norwegian beamline at ESRF.
Results
The catalytic process of oxychlorination is highly dynamic involving reduction,
oxidation and hydrochlorination steps [2]. The operando study for the first time [3]
identified existence of CuA x Cl 2+x (A=K, Cs, Rb) double salt as well as the dynamic
change in the phase with a function of Cl concentration on the surface of a working
oxychlorination catalyst. XRD profiles on Figure 1a indicate part of CuCsCl 3 reduced
(Eq. 2) in the reduction step where the phase separated with lower Cl concentrations
on the surface revealed by operando XANS study. However, after oxidation (Eq. 3)
and hydrochlorination (Eq. 4) the phase recombined back to the initial state. The
chemistry of the catalytic cycle can be described in Eqs. 2-4.
C2 H 4
2CuCsCl3 
→ CuCl + CsCl + C2 H 4Cl2

(2)

1/2 O2
2CuCl 
→ Cu2OCl2

(3)

2 HCl
Cu2OCl2 + CsCl 
→ CuCsCl3 + 2 H 2O

(4)

Transient kinetic study of individual steps as shown in Eqs. 2-4 and steady state

reactions were performed to systematically study the effect of alkaline metal
promoters. The initial Cu2+ reduction rates and Cu+ oxidation rates depend linearly on
the band gap energy of CuCl 2 and Cu 2 OCl 2 , as shown in Figure 1 b and c,
respectively. The catalyst band gap (E g ) reflects electronic properties and its redox
potentials, found to be linearly correlated to the first ionization energy of the alkali
metal. The catalyst band gap energy can be utilized as a descriptor for the catalyst
performance. DFT calculations were performed to get a better understanding of the
catalyst electronic properties, Cu and alumina interaction, active sites and their
dynamic nature. DFT study provided detailed structure of CuK x Cl 2+x , and the
interaction with alumina surfaces. The results clearly suggest a heterogeneous
reactivity of Cl in the catalyst. The promoters and surface Cl concentrations and
interaction with the support unambitiously alter the catalyst electronic properties and
thus the activity, where the electronic properties can be unified to the Cl charge. The
relationship between E g and the Cl charge will be discussed.

Figure 1: a) In situ XRD profiles of the active (black), reduced (blue) and oxidized (red) Cs doped
catalyst. (CuA x Cl 2+x ▪, Cu 2 (OH) 3 Cl ●) b) Reduction TOF. (P C2H4 =0.1, T=230°C) c) Oxidation TOF.
(P O2 =0.2, T=230°C)

A kinetic model has been developed to well describe the dynamic evolution of gas
phase composition and active sites. Hence, from a multidisciplinary approach, we are
now beginning to understand the chemistry of A:Cu interaction, the electronic effects
controlling catalyst activity and have developed a kinetic model to describe the
observed phenomenon.
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In the past decade lignin receives special interest, firstly because is one of the mostabundant biomass components, and secondly because its conversion is expected as
a potential route for the production of a large variety of products (e.g. aromatic
hydrocarbons and their oxygenated derivatives) [1-3]. One of the current trends to
accomplish the lignin valorization is to combine the hydrogenolysis of the C-O bonds
with the hydrogenation of the resulted fragments.
The aim of this study was to determine the role of rhenium as promoter for lignin
fragmentation reaction over Fe 3 O 4 @Nb 2 O 5 @Co catalysts having magnetite as a
magnetic core. Fe 3 O 4 @Nb 2 O 5 @Co are designed as effective catalysts for the
fragmentation of lignin following a concerted hydrolysis/hydrogenolysis mechanism.
Multifunctional Fe 3 O 4 @Nb 2 O 5 @Co@Re catalysts with metal loadings in the range
from 2 to 7 wt% were prepared in a multistep process [2]. Magnetic nanoparticles
prepared by co-precipitation were covered with a niobia shell followed by the
deposition of cobalt using a deposition/precipitation procedure. Finally, rhenium has
been

deposited

based

on

three

different

routes:

i)

impregnation,

ii)

deposition/precipitation of rhenium chloride (ImC and PP, respectively) and iii)
impregnation with ammonium perrhenate (ImA). The characterization of these
catalysts was carried out by XRD, Raman, H 2 -TPD and NH 3 -TPD, XPS, and TEM
showing the influence of the preparation procedure, reduction and cooperation Re/Co
upon the dispersion and reduction degree. ImC and ImA routes led to more reduced
catalysts, and the decrease of the cobalt content corresponded to more reduced
rhenium. An inverse relation between the acidity and the reduction degree has been
evidenced.

Figure 1. Influence of the catalyst preparation method on the mass distribution of water soluble (A)
and insoluble (B) fragments. (A) represents the mass distribution for C 20 -C 28 (blue), C 29 -C 37 (red) and
C 38 -C 40 (green). (B) represents the mass distribution of lignin fragments correlated with the catalyst
composition.

Figure 1, A & B presents an evaluation of the mass fragments composition for both
phases. The ImA catalyst showed high selectivity for the fragments C 29 -C 37 . For ImC
series, small fragments (C 20 -C 28 ) dominated the liquid phase for a metal loading of 3
wt% Re and 2 wt%Co. Further increase of the cobalt content from 2 wt% to 4 wt%
catalyst led to a decrease of the selectivity in the favor of C 29 -C 37 fragments (Figure
1, A). Very important, the PP catalysts yielded a more advanced fragmentation in
which the dominants were the C 20 -C 28 fragments. Irrespective of the preparation
route, the solid phase was composed by entities with masses in the range 400-1000
Da (Figure 1, B).
The deposition of rhenium and cobalt onto Fe 3 O 4 @Nb 2 O 5 led to multifunctional
catalysts in which Fe 3 O 4 ensured the total recoverability of the samples at the end of
the reaction. Niobium and rhenium provided the acidity required for the disruption of
the etheric groups, while cobalt and rhenium cooperated for the hydrogenolysis of the
C-O bonds and hydrocracking of the C-C bonds. A very important feature of these
catalysts, they were totally recovered by application of a magnetic field, and after a
simple washing with water they were recycled for six times without any loss in the
activity and selectivity.
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Introduction
Ammonia (NH 3 ) is one of the most important bulk chemicals and critical for fertilizer
production. Industrial world-scale Haber-Bosch plants for NH 3 production operate
under harsh reaction conditions (typically 400-500 °C, 150-250 bar). Finding a novel
approach for sustainable, low cost, and scalable ammonia production is an important
research direction [1]. Mechanocatalysis offers multiple advantages over traditional
chemical production: unique reactive domains and surface chemistry as well as
minimal

infrastructure

demands

and

investment

costs.

The

approach

of

mechanocatalysis is to utilize mechanical forces to drive reactions. The resulting high
stress environment generates thermal hot spots and transient surface sites, which
can both enable reactions that would need high temperature and pressure in
conventional reactors [2]. This contribution illustrates that mechanocatalytic ammonia
synthesis over reducible metal oxide catalysts is possible under nominally ambient
reaction conditions.

Results and Discussion
To understand energy transfer during mechanical collisions and the resulting
generation of transient reactive environments, the decomposition of CaCO 3 to CaO
and CO 2 was studied in a Retsch MM400 ball mill that was continuously purged with
an argon stream. The rate of CO 2 formation was measured by MS analysis of the
effluent and compared to thermal reactions (Figure 1). Milling frequencies between
22 and 30 Hz resulted in rates of CO 2 formation that would require the entire amount
of CaCO 3 to reach 850-885 K. The actual temperatures of reactive environments
must be even higher because mechanical collisions impart transient hot spots that
decay rapidly by thermal conduction. Estimations of the temperatures of hot spots
and their rates of decay will be discussed based on modeling studies. Regardless of
the exact nature of the transient temperature profile, it is safe to conclude that the

mechanical forces in the ball mill generate hot spots with temperatures that are equal
to or higher than the operating conditions of the Haber-Bosch process.
Mechanochemical nitrogen fixation was investigated using TiO 2 as catalyst. The
mechanochemical formation of oxygen vacancies in TiO 2 in the presence of H 2 was
shown based on isotopic labeling studies. After ball milling TiO 2 with a continuous
feed of N 2 and H 2 , ToF-SIMS analysis of the catalyst showed pronounced increases
in several mass peaks that are characteristic for the formation of surface nitride and
nitrous oxide species. This suggests the formation of nitrogen-based surface species
as key intermediates in nitrogen fixation reactions. After reaction, the samples were
washed with water and the resulting solution was analyzed for NH 3 by ion
chromatography (Figure 2). After subtracting the background signal from the fresh
catalyst, an approximately linear increase of the amount of formed NH 3 was
observed with regards to milling time. Thus, it is proposed that milling of TiO 2 in the
presence of N 2 and H 2 leads to the formation of oxygen vacancies that are cable to
forming nitrogen-based surface species and that the latter can be hydrogenated to
form NH 3 .
To identify descriptors for the observed catalytic performance, various fresh and
spent TiO 2 catalysts were characterized. TEM indicated a size reduction and the
formation of rounder interfaces, while XRD and XANES showed phase transitions
due to the mechanochemical process. The nature of active sites and paths for their
formation will be discussed based on these and other characterization experiments.

Figure 1: Apparent temperature that
would be required to form CO 2 from
CaCO 3 at the observed rate in a thermal
reaction.

Figure 2: NH 3 yield after milling TiO 2
anatase for 30, 60 and 90 min in a
reactive atmosphere (5 sccm H 2 , 25
sccm N 2 ), 2.0 g TiO 2 , one 20 mm Ø
grinding ball, 25 Hz.
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For many reactions in heterogeneous catalysis several thousand literature reports
exist. Each report provides experimental performance data for few selected catalysts.
However, extracting general knowledge from this data has been an unsolved
challenge for many decades.
Meta-analysis is a powerful tool to rigorously assess the findings of published
research. Successful meta-analysis studies were reported in research fields where
quantitative analysis of independently conducted experiments is prevalent.
Particularly in medical research, meta-analysis is used to aggregate individual
studies aiming at the same treatment effect and employing the same research
design. In this case, the main goal and benefit is to obtain a more precise and robust
effect estimate than any individual study can deliver.
Despite the existence of a vast amount of well-documented experimental research
also in heterogeneous catalysis, only few respective meta-analyses have been
reported. A major reason is the heterogeneity among the reported reaction
conditions, the rather small datasets (typically less than 400 data points), and
challenges in finding appropriate descriptor variables. Hence, neither did these
studies identify structure-activity relationships nor could they provide simple chemical
explanations for the observed statistical effects.
Zavyalova, Holena, Schloegl and Baerns collected the first data set in heterogeneous
catalysis that is sufficiently large for a comprehensive statistical evaluation [1]. The
data was extracted from 421 publications and contained 1866 distinct catalyst
compositions and respective catalytic performance data for the OCM reaction, the
oxidative coupling of methane.

We report the first meta-analysis in heterogeneous catalysis that can identify
chemically meaningful and statistically significant correlations between physicochemical catalyst properties and their performance in a particular reaction. The
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Figure 1. Illustration of the method output. A dataset
of 1802 catalysts is divided into subsets using three
simple physico-chemical criteria. The respective
graphs report for each subset the number of
catalysts, the average C2 yield in OCM as well as the
resulting C2-yield density distribution.

We demonstrate the method exemplarily for the OCM, performing a comprehensive
and novel re-analysis of the data compiled by Zavyalova et al. [1]. In the final model
four simple hypotheses suffice to sort 1802 catalysts into 10 groups of distinct OCM
performance. Numerous tests confirm the statistical robustness of the final model.
The model suggests that only well-performing catalysts provide two independent
functionalities, i.e. a thermodynamically stable carbonate and a thermally stable
oxide support, at the respective temperatures of OCM testing.
The method is applicable also to other reactions. Using the method, researchers can
easily test if their interpretation of a catalytic effect is likely to explain the data
reported in literature. The derived model can guide the design of new catalysts as
well as new experiments, spectroscopic studies and quantum chemical calculations.
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Cu-Co/ZnO/Al 2 O 3 Catalysts for CO Conversion to Higher Alcohols
synthesized from co-precipitated LDH precursors
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Introduction
Fischer-Tropsch synthesis (FTS) is an established process technology with a high
potential towards the reduction of the CO 2 footprint derived from fossil fuels. Beside
natural gas biomass and biogas are typical sources of CO synthesis gas for greener
Fischer-Tropsch synthesis.[1-2] Advantages of this process lie in the possibility to tune
the octane/cetane number of fuels and to synthesize higher alcohols.[3]
Cobalt on alumina is a typical low temperature FT catalyst.[4] Introducing copper to
this system can increase the selectivity to alcohols,[5] primarily to methanol and
isobutanol, caused by the associative adsorption and insertion of CO and the H 2
spillover at a copper site in contrast to the dissociative adsorption and CO activation
of a typical Fischer-Tropsch metal.[1, 3, 6-7]
In the present work we combined Cu/ZnO and Co/Al 2 O 3 in co-precipitated
Cu-Co/ZnO/Al 2 O 3 catalysts with different Cu:Co ratios. These catalysts are
investigated in the CO synthesis gas conversion. The catalysts are prepared via the
co-precipitation route resulting in cobalt and copper containing layered double
hydroxides (LDH) as a catalyst precursor class giving rise to a controlled and
reproducible way of synthesis. Prepared such way, they enable a systematic study
on structure- and composition-activity correlations in the targeted catalytic
application.
Experimental
Co-precipitation synthesis was conducted in an automated laboratory reactor system
(OptiMax, Mettler Toledo). The characterization of the resulting precursors and their
processed products along catalyst activation involved various techniques, e.g.
(P)XRD, TEM, TGA, N 2 physisorption. H 2 -TPR studies in a commercial catalyst
analyzer (BELCAT-B, MicrotracBEL Corp., Japan) enabled to assess the reduction
process and the active state formation of the investigated catalysts.

Results and discussion
Characterization
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the

as-

Co7

synthesized precursors via XRD

the LDH precursor in a single
phase in each sample within the
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(Fig. 1).
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Fig. 1: Diffractograms of the LDH precursors

along the activation procedure of
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the catalysts leads to an increase

3H2O (

____

) (ICSD Coll. Code 172995).

in BET surface area in the range of 25 -100 % starting at an S BET of ~80 m2/g for the
pristine samples. H 2 -TPR data indicate that the Cu species is reduced below 200 °C
while Co needs higher temperatures for reduction with its increasing content.
Table 1: Nominal compositions of the investigated catalyst series.
sample label
Co 7
Co 6.125 Cu 0.875
Co 5.25 Cu 1.75
Co 4.375 Cu 2.625
Co 3.5 Cu 3.5

targeted compositions
[Co 7 ZnAl 2 (OH) 20 ]CO 3 ∙ m H 2 O
[Co 6.125 Cu 0.875 ZnAl 2 (OH) 20 ]CO 3 ∙ m H 2 O
[Co 5.25 Cu 1.75 ZnAl 2 (OH) 20 ]CO 3 ∙ m H 2 O
[Co 4.375 Cu 2.625 ZnAl 2 (OH) 20 ]CO 3 ∙ m H 2 O
[Co 3.5 Cu 3.5 ZnAl 2 (OH) 20 ]CO 3 ∙ m H 2 O

Cu:Co ratio
100 % Co, 0 % Cu
87.5 % Co, 12.5 % Cu
75 % Co, 25 % Cu
62.5 % Co, 37.5 % Cu
50 % Co, 50 % Cu

A first qualitative assessment of the catalysts in the conversion of a CO/H 2 feed in a
high-pressure setup confirms the expected Fischer-Tropsch activity of the system.
The beneficial impact of Cu substitution becomes evident with higher selectivities
towards higher alcohols with an increasing amount of this transition metal. This study
demonstrates the potential of generating a LDH-based Cu/Co catalyst system for the
higher alcohol synthesis containing Zn and Al as promotors.
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Controlling Catalytic Hydrogenation via Organic Modification of
Oxide-Supported Metals
J. Will Medlin, University of Colorado, Boulder, CO, USA

Organic ligands are widely employed as surfactants for the controlled synthesis of
metal nanoparticles used in catalysis.

Several recent studies have shown that

leaving these ligands in place can often have beneficial effects for catalyst
performance, especially related to selectivity.[1] This observation suggests that it
might be useful to add organic ligands even to uncoated metal nanoparticles on
supported catalysts, and it has indeed been found that this strategy can lead to the
ability to control selectivity in many reactions.[2] Because the ligands are generally
bound to metal active sites, gains in catalyst selectivity are often accompanied by
significant losses in activity, though several exceptions to this general trend have
been demonstrated.

Rather than depositing ligands on the metal nanoparticles, a related strategy is to
deposit them on the support. Support modification potentially avoids excessive
blocking of precious metal sites, but can hypothetically still provide the ability to
control catalyst selectivity, especially for reactions in which rates are controlled by
sites at the metal – support interface.

By varying the structure and chemical

functionality of the organic ligands, there are possibilities to improve catalyst activity,
selectivity, and stability in reactions requiring bifunctional sites present at the
interfaces

between

metals

and

metal

oxides.

These

reactions

include

hydrodeoxygenation (HDO) of biomass-derived oxygenates and CO 2 hydrogenation
carried out in both the gas and liquid phase.

We deposited PAs on a variety of metal-support combinations, such as Pd/Al 2 O 3 ,
Pt/TiO 2 , and Ni/Al 2 O 3 .

When Pt was used as the active metal, PA deposition

appeared to be confined to the oxide support; for other metals, some deposition on
metal sites was also observed.[3-7] On the other hand, relatively well-ordered SAMs
were produced for all oxide supports investigated in this study. Infrared spectroscopy
showed that the designed functional groups could be tethered to the catalyst via the
PA chemistry.[3,4] Pyridine adsorption demonstrated that the PA ligands retained

Brønsted acidity, and in fact that the acidity could be adjusted by changing the
organic ligands (Fig. 1). Alternatively, CO 2 adsorption studies indicated that basic
sites could also be introduced in a controlled way using the ligand strategy.

PA-modified catalysts were studied for several reaction chemistries, focusing on
selective hydrogenation of biomass-derived oxygenates and CO 2 . Kinetic results
and control experiments indicated that adjusting the properties of the organic tail
functions could improve activity via introduction of acidic cooperative sites, basic
sites, or via electronic modification of metal sites and the metal-support interface.
Moreover, the sensitivity of catalytic activity and selectivity to ligand structure
suggested that organic monolayer composition could provide a new tunable
parameter for designing improved catalysts.
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A Solid Molecular Catalyst for Hydroformylation:
Phosphine Organic Frameworks as Porous Macroligand
Sara Lena Nophut, Martin Lucas, Marcus Rose
TU Darmstadt, Ernst-Berl-Institut für Technische und Makromolekulare Chemie,
Darmstadt, D-64289 (Germany)

Hydroformylation of propene is one of the most important reactions in industrial scale
giving the aldehyde butanal, a common additive and bulk chemical [1]. The process
is catalysed homogeneously although in general, heterogeneous catalysts are
preferred to facilitate product separation and catalyst recycling. Classical supported
catalysts have the drawback of slower reaction rates compared to the homogeneous
equivalents. Also, the immobilization of molecular metal complexes typically gives
unstable catalysts that are prone to metal leaching. Hence, the “holy grail” for the
immobilization of single site metal complexes to be active in catalytic cycles is to find
the ideal support material. In recent years, nanoporous organic frameworks have
evolved with great opportunities in catalyst development [2]. Among this class of
materials, polyphosphanes with permanent porosity have been reported [3,4].
In our work we investigated these polyphosphanes as macroligands to immobilize
Wilkinson’s

catalyst

( Rh(PPh 3 ) 3 Cl ),

typically

used

for

homogeneous

hydroformylation. The porous polyphosphane was synthesised by a one-step
organolithium route yielding a white solid with permanent porosity and specific
surface area of up to 670 m2g-1. The existence and durability of triphenylphosphane
units as building blocks in the frameworks was proven by

31

P MAS NMR. The

rhodium complex was immobilised on the polyphosphane by ligand exchange from
solution. Catalytic experiments for the gas phase hydroformylation of propene to
butyraldehyde were carried out successfully in a continuously operated plug flow
reactor that proves the concept of a heterogenized molecular catalyst for
hydroformylation reaction. In future work, a kinetic study of this catalyst using a
BERTY-type differential loop reactor developed for gas phase reactions is carried out.
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Enhanced catalytic stability in strongly exothermal reactions by
improving heat conductivity
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The epoxidation of alkenes over titanium silicalite-1 (TS-1) is strongly exothermal,
which leads to the rapid deactivation of the catalyst. The enhanced heat conductivity
benefits the prolonging of catalytic lifetime. From this point of view, the monolithic
catalyst and high heat-conductive substances doped extruded catalyst were
prepared for improving the stability of alkene epoxidation.

1. Introduction
TS-1 was first hydrothermally synthesized by Taramasso et al. in 1983 [1]. In
the past three decades, the synthesis and applications of TS-1 attract much
attention, because of the excenllent catalytic performances of TS-1 with H 2 O 2 for
selective oxidation reactions and the environmentally friendly routes. The epoxidation
of alkenes catalyzed by TS-1 often occurs in a fixed-bed reactor [2], the catalysts of
which should be shaped. Extrusion is one of the most commonly used shaping
methods. Having a large amount of active component is the advantage of the
method. However, the heat conductivity property of the extrudates are not
satisfactory, especially for strongly exothermal reactions such as epoxidation of
alkenes. Therefore, we tried to improve the catalytic performance of TS-1 extrudates
by promoting the removing of exotherm. Two kinds of the TS-1 catalysts with high
heat conductivity were prepared, which were the monolithic catalyst and extruded
catalyst. Furthermore, the reasons for the improvement were studied by the
characterization and simulation of temperature distribution in the reactor.
2. Results and discussion
Figure 1 shows the catalytic performances of 1-butene epoxidation over the
traditional extruded TS-1 (TS-1/EX) and monolithic TS-1 (TS-1/MSS). The time that
the H 2 O 2 conversion (X(H 2 O 2 )) decreases to 60% is much longer over TS-1/MSS

than that over TS-1/EX. The stability can also be slightly improved, when mixing
some SiC in the extruded TS-1 (TS-1/EX/SiC). Enlightened by this result, we
introduced some substances with high heat conductivity to the extruded TS-1 during
the extrusion process. The catalytic activity and stability of the samples containing
SiC are enhanced significantly (Fig. 2). The addition of metals, such as copper and
iron, can also improve the heat conductivity rate of the extruded TS-1. The
temperature distribution in the reactor was simulated. It shows that the highest
temperature in monolithic catalyst bed is obviously lower than that in traditional
extruded catalyst bed.

Figure 1. Catalytic performances of the 1-butene epoxidation over different TS-1 catalysts.

Figure 2. Catalytic performances of the 1-butene epoxidation over the TS-1 catalysts with different SiC content.

3. Conclusions
The catalytic stability of TS-1 was improved by preparing the catalysts with
high heat conductivity. These methods are probably helpful for the applications of
TS-1 on the epoxidation of alkenes with long carbon chain, and for other strongly
exothermal reactions.
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Catalytic Hydrogenation of Levulinic Acid to ɣ-Valerolactone in
Batch and Continuous-flow: Insights into the Influence of Feed
Impurities on Catalyst Performance
Homer C. Genuino,1,2 Henk H. van de Bovenkamp,1 Erwin Wilbers,1 Andrey
Goryachev,3 Jan P. Hofmann,3 Emiel J. M. Hensen,3 Pieter C. A. Bruijnincx,2 Bert M.
Weckhuysen,2 Hero J. Heeres1
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γ-Valerolactone (GVL) is readily obtained by the hydrogenation of levulinic acid (LA)
and is considered a sustainable platform chemical for the production of bio-based
chemicals [1-2]. Herein the performance and particularly the long-term stability of Rubased catalysts (1 wt.% Ru) supported on TiO 2 and ZrO 2 for LA hydrogenation to
GVL [3] was investigated in the liquid phase in batch and continuous-flow reactors,
and the influence of biogenic and process-derived impurities on LA hydrogenation
dioxane and water was determined. Benchmark continuous-flow experiments at
extended time-on-stream (i.e., 190 h; 10 wt.% LA, 50 bar H 2 , 150 oC in dioxane, 90
o

C in water, WSHV of 2.4 g feed g

cat · h-1

in dioxane, 3.6 g feed g cat · h-1 in water) showed

that the Ru/ZrO 2 catalyst is more stable than Ru/TiO 2 . Characterization studies of
spent catalysts after the long-term stability runs showed that the deactivation of
Ru/TiO 2 is strongly linked to reduction of the TiO 2 support and a reduction of the
specific surface area. Ru/ZrO 2 showed no signs of support reduction and displayed
morphological and structural stability, though some deposition of carbonaceous
material was observed. The effect of the presence of impurities in the LA feed such
as

formic

acid

(HCOOH),

hydroxymethylfurfural

(HMF),

sulfuric
industrial

acid

(H 2 SO 4 ),

humins

(higher

furfural

(FFR),

molecular

5-

weight

condensation products between sugars and intermediates), and S-containing amino
acids (i.e., thiols, thioether, disulfides) on catalyst performance and long-term stability
was also investigated in batch and continuous-flow reactors. HCOOH addition to LA

leads to rapid catalyst deactivation and that reactivation of the catalysts is possible.
The loss of activity is possibly attributed to preferential adsorption of HCOOH instead
of LA on Ru sites and CO poisoning. A more gradual drop in activity was found when
co-feeding FFR, HMF, and humins for both solvents. H 2 SO 4 , cysteine, cystine, and
methionine all result in irreversible deactivation of the Ru catalysts. The results
obtained provide additional insights into the (in)sensitivity of Ru-based hydrogenation
catalysts to potential impurities in LA feeds.
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Silver-catalyzed selective hydrogenation of CO 2 into formic acid
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CO 2 has gained increasing attention as a precursor of C-1 chemicals, which can be
obtained via reductive routes.[1] Stepwise hydrogenation of CO 2 leads to the
formation of formic acid, which may be further hydrogenated to MeOH and methane.
Hydrogenation of CO 2 into MeOH and methane are exergonic reactions with a ΔG of
-9.5 and -165.0 kJ mol-1, respectively.[2] Conversely, gas-phase hydrogenation of
CO 2 into formic acid presents a positive ΔG (+32.9 kJ mol-1).[3]
However, it has been demonstrated that liquid-phase hydrogenation of CO 2 into
formic acid is possible if bases or certain solvents are utilized. Many authors reported
the homogeneous catalyzed hydrogenation of CO 2 into formic acid and various noble
and base metal complexes are known to be active. Mori et al. have shown that
hydrogenation of CO 2 into formic acid is possible in a heterogeneous system
composed of ruthenium supported on a layered double hydroxide without utilizing
bases.[4] Selective hydrogenation of CO 2 into formic acid, although in poor yields, is
also obtained using a carbon nanotube-graphene supported PdNi alloy catalysts.[5]
Hence, there is a need for understanding and developing solid catalysts for the
mentioned reaction.
Several metals supported on metal oxides have been used for hydrogenation
reactions. Silver has been less investigated because of its low affinity towards H 2 ,
due to the filled d-band as well as the position of the d-band centered relative to the
Fermi level.[6] Notable exceptions are selective hydrogenations of aldehydes and
nitroaromatics.[7] Moreover, silver supported on different metal oxides has been
reported to be active in the hydrogenation of CO 2 into methanol.[8]
Therefore, it is interesting to evaluate the suitability of silver as a cheaper alternative
to other noble metals towards CO 2 hydrogenation. Herein, we report preliminary
results on CO 2 hydrogenation, carried out in the liquid phase and using alumina-

supported silver and other noble metals (i.e., ruthenium, cupper and palladium) as
catalysts. No bases were utilized in this work to highlight the role of the metals. The
catalysts were prepared via wet impregnation of γ-alumina, followed by drying and
calcination at 600 °C. Table 1 shows that silver is a preferred hydrogenating catalyst
for the conversion of CO 2 into formic acid. High selectivities are obtained for both Ag,
Pd and cupper under the applied reaction conditions. The effect of temperature,
support, co-solvents and other reaction parameters are investigated. Silver catalysts
were also characterized via TEM (Fig. 1), XPS, BET and H 2 -TPR to get information
regarding the catalyst structure. Compared to the above-mentioned solid catalysts,
the alumina-supported silver catalyst has practical advantage in recycling.
Table 1. Comparison of alumina-supported Ag, Pd, Cu and Ru catalysts for CO 2 hydrogenation to formic acid

Temperature (°C)

c (HCOOH)
-1
(mol L )

TON

TOF

-7

100

0

0

0

-6

100

2.93 × 10

-3

16.8

2.1 × 10 s

-7

100

1.52 × 10

-3

19.5

2.7 × 10 s

-7

100

3.70 × 10

-3

36.6

5.1 × 10 s

Entry

Catalyst

n Metal (mol)

1

1 wt.% Ru/ γ-Al 2 O 3

8.9 × 10

2

1 wt.% Cu/ γ-Al 2 O 3

1.4 × 10

3

1 wt.% Pd/ γ-Al 2 O 3

9.4 × 10

4

1 wt.% Ag/ γ-Al 2 O 3

8.3 × 10

-4

-1

-4

-1

-4

-1

Reaction conditions: 10 mg catalyst, 10 mL 1,4-dioxane, 100°C, 20 h, 110 bar (80 bar H 2 ; 30 bar CO 2 ).
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1

Introduction
The main advantage of Ru-based catalysts for ammonia synthesis is the higher

resistance to ammonia poisoning than Fe-based catalysts [1]. Also, it has been
reported the use of KL zeolite as support for many applications [2]. The aim of this
work was to evaluate ruthenium catalysts supported on KL zeolite promoted by basic
cations for ammonia synthesis reaction. The influence of barium introduction order
was examined.
2

Experimental/methodology
The KL zeolite was provided by TOYO SODA. For ionic exchange with cesium,

50 mL of CsNO 3 1M solution (MERCK) were added dropwise to the zeolitic support
at 90°C under stirring. Then it was centrifuged and heated to 120 °C (2°C/min) and
then to 300°C for 4 h. After the support was washed and centrifuged successively for
removal residual nitrate and dried at 80°C for 16 h. For ionic exchange with barium a
solution of Ba(NO 3 ) 2 0.3M (MERCK) was used in a similar procedure described
above. For ruthenium introduction by ionic exchange, a solution of Ru(NH 3 ) 6 Cl 2 0.1M
(ALDRICH) was added dropwise at 90°C under magnetic stirring. The resulting
catalysts were washed and centrifuged to remove the residual chloride and then
were dried at 80°C for 24 h. The amount of incorporated metal was analysed by
Atomic Absorption Spectrometry. Nitrogen isotherms for the support and promoted
catalysts were measured at liquid nitrogen temperature using a Micromeritics
ASAP2010 apparatus. The X-ray diffraction (XRD) measurements were performed in
a Siemens D5000 diffractometer. Hydrogen chemisorption was used to verify the
degree of metallic dispersion using a Micromeritics ASAP 2010C instrument. The
catalytic performance in NH 3 synthesis for both catalysts were evaluated at three
different temperatures: 300°C, 400°C and 500°C.
3

Results and discussion

The chemical composition and the textural properties of KL support and catalysts
are listed in Table 1. The structural properties showed higher specific area and pore
volume values for BaRuCsKL sample. The XRD patterns of both catalysts are shown
in Fig. 1. Both catalysts showed similar diffractograms, indicating that the order of
barium and ruthenium introduction did not affect the crystallinity of zeolite KL. The
BaRuCsKL sample presented a greater dispersion (69%) than RuBaCsKL (42%).
The relative conversions for NH 3 synthesis are summarized in Table 1. According to
the data obtained a higher conversion was obtained for RuBaCsKL. The subsequent
introduction of Ba to Ru probably resulted in a displacement of the Ru ions to more
internal positions of the zeolite improving its dispersion but making access to the
metallic sites more difficult.
Table 1. Chemical composition, textural properties and NH 3 relative conversion for both catalysts.
Samples

%Ru

%Ba

%Cs

KL
RuBaCsKL
BaRuCsKL

3.3
3.3

4.0
5.8

6.0
4.3

BET
area
2
(m /g)
346
276
318

TPV*
3
(cm /g)
0.14
0.11
0.13

% conversion
300°C 400°C 500°C
6.1
5.8

14.2
9.2

8.3
5.4

*TPV = Total Pore Volume

4

Conclusion

The addition of ruthenium after barium by ionic exchange to the KL support led to
more active catalysts for ammonia synthesis.
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Oxidative coupling of methane over TiO 2 /ZSM-5 composite catalyst with the
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Introduction
Oxidative coupling of methane (OCM) is one of the most attractive reactions that
directly convert methane to C2 hydrocarbons. This reaction is thermodynamically
favorable because it is an exothermic reaction. Nevertheless, most catalytic reactions
need a high temperature over 700ºC and the yield of C2 hydrocarbons is low due to the
over-oxidation of reaction intermediates into CO and CO 2 [1]. As an alternative
approach, the electric-field-assisted reaction system catalyzed by semiconductive
solids has been developed [2-4]. Recently, Ogo and co-workers have suggested that
the cerium-tungstate-modified CeO 2 catalyst efficiently work for OCM in electric field to
achive relatively high C2 selectivity [3,4]. We expected that the combination of this
catalytic reaction system and the ethylene-to-propylene reaction catalyzed by
H-ZSM-5 zeolite [5] would give propylene and higher olefins continously. Therefore,
we attempted to prepare the core-shell-type catalyst particles, which consists of
H-ZSM-5 core and TiO 2 shell, to utilize for OCM and ETP reactions in electric field.
Experimental
TiO 2 nanoparticles (7.0 g) and H-ZSM-5 (Si/Al = 16, 7.0 g) were treated using a
powder composer to prepare the core-shell-type particles, which is designated as
TiO 2 /ZSM-5. Then, TiO 2 /ZSM-5 and TiO 2 were thermally treated at 800ºC for 12 h; the
treated samples are designated as TiO 2 /ZSM-5_800 and TiO 2 _800, respectively. The
prepared samples were characterized by powder X-ray diffraction (XRD) and
field-emission scanning electron microscopy (FE-SEM). Catalytic reaction was
performed using a fixed bed continuous-flow reactor equipped with a quartz tube. The
catalyst powder (100 mg), sieved into 355–500 μm, was charged in the reactor. Two
stainless-steel electrodes were separately set in the reactor with no contact each
other; one electrode contacts with the upper end of the catalyst bed, and the other
contacts with the lower end. The electric field was controlled using a constant current
with a DC power supply. The furnece temperature was maintained at 150ºC during the
reaction in electric field. The reactants were fed into the reactor (CH 4 : O 2 : Ar = 25: 15:

60 cm3 (SATP) min–1, W/F of CH 4 = 1.6 g-cat. h mol–1). The products were analyzed
using GC-FID and GC-TCD.
Result and Discussion
Table 1 shows the typical catalytic results of TiO 2 /ZSM-5_800. In the reaction over
simple TiO 2 catalyst, extremely low conversion of CH 4 in OCM was observed both
under electric field (150ºC) and with only thermal heating at 600ºC. In contrast, the use
of TiO 2 /ZSM-5 composite catalyst resulted in high CH 4 conversion (11.3 %) under
electric field (1.1 kV, 6.0 mA), while this type of catalyst did not work under thermal
heating at 600ºC. This indicates that the interface between TiO 2 and ZSM-5 particles
might efficiently work for O 2 and CH 4 activation assisted by electric field. In terms of
the product selectivity, the single use of TiO 2 afforded only CO and CO 2 even at the
lower CH 4 conversion. With electric field, TiO 2 /ZSM-5 composite catalyst showed
relatively high selectivities to C 2 H 6 and C 2 H 4 (13.6 and 15.1%, respectively).
Moreover, TiO 2 /ZSM-5 can produce a meaningful amount of propylene in electric field,
due to the Brønsted acidity in ZSM-5 to promote the ETP reaction. The reaction with
simple thermal heating at 600-900ºC gave only CO and CO 2 .
We found that the active oxygen species was adsorbed on the TiO 2 surface of
TiO 2 /ZSM-5 in electric field and O 2 flow, which can be desorbed slowly after shut-off
the constant current. Such oxygen species on TiO 2 in electric field could activate CH 4
into CH 3 radical followed by ethane/ethylene formation.
Table 1: Influence of electric field on the catalytic properties of TiO 2 /ZSM-5_800
Temp. of CH 4
Selectivity
Yield
Input Furnace
EF
catalyst conv.
current temp.
(C-%)
(C-%)
bed (C-%)
(kV)
(mA)
(ºC)
(ºC)
CO CO 2 C 2 H 6 C 2 H 4 C 2 H 2 C 3 H 6 C2 C 3 H 6
1.1
6.0
150
417
11.3 58.4 2.7 13.6 15.1 7.8 2.5 4.1 0.3
600
612
0.2 93.0 7.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0
0.0
750
758
2.4 91.0 7.7 1.1 0.2 0.0 0.0 0.0 0.0
900
901
16.9 84.9 11.0 1.5 2.5 0.0 0.0 0.7 0.0
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Titanium Silicalite-1 (TS-1) is a well-known and deeply characterized catalyst for
partial oxidation reactions [1]. Nowadays, many studies concerning TS-1 deal with
the defective Ti sites often found in poor quality/high Ti loading materials. Still, both
their structure(s) and their effect on the catalytic performances are not univocally
assessed [2-4]. Our work aims to improve the understanding on these peculiar Ti
sites, by combining several characterization techniques with state of the art
computational methods.
On the experimental side, we compared two catalysts, TS-1A (a perfect material, i.e.
containing only tetrahedral framework Ti sites) and TS-1B (a defective material,
where some defective sites are present together with tetrahedral ones). A thoroughly
characterization of these catalysts has been recently reported and correlated to their
catalytic performances in the HPPO reaction [4]. On the basis of these data and by
including more recent results, we obtained a multifaceted view on the nature of the
sites.
All the techniques applied point out that the defective Ti are most probably
characterized by higher coordination number in the first shell, i.e. 15000 cm-1 red-shift
of the LMCT, new features in the NEXAFS spectra typical of coordination higher than
tetrahedral and peculiar resonant fingerprint in Raman.
On the basis of these experimental insights and previous reports [2,3], we
hypothesized possible defective structures and we simulated their spectroscopic
fingerprint through quantum chemistry methods. In detail, the structural models were
constructed with a periodic approach, in order to retain the framework effect on the
localized Ti site [5]. Thus, large clusters calculations were adopted to simulate the
associated spectroscopic features. All the calculations were performed at the

B3LYP/DZ computational level. Some relevant models, together with the reference
perfect tetrahedral Ti site, are shown in Figure 1.

Figure 1. Models (cluster) for perfect and defective Ti.

Preliminary results show as the TiO 4 (OH) 2 model properly reproduces some of the
experimental features, including a resonantly enhanced Raman peak at ~690 cm-1
and a red-shift of ~15000 cm-1 for the LMCT electronic transition. Further simulation
over different models are ongoing, in order to finally shed light on the complex nature
of the defective Ti sites in TS-1.
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Abstract
Isobutene is an important “member” of chemical raw materials, which is widely
utilized in the production of various industry chemicals with high-added value. With
the increasing requirement for isobutene around the world, the resources of fossil
fuels, which are applied in the traditional methods for producing isobutene, have
been obviously dwindled. However, it’s more economical that a large volume of shale
gas as well as nature gas has been gradually exploited with the development of
exploration in recent years. The above factors make isobutane catalytic
dehydrogenation become an efficient alternative technique for the production of
isobutene.
In our previous works, a series of Zn-doped mixed oxides catalysts (ZnZrO-x) for
isobutane direct dehydrgenation were prepared by the hard-template method. The
physicochemical properties, active sites, and reaction mechanism of ZnZrO-x were
also studied.[1] In this thesis, we further researched the effect of the preparation
method on the physicochemical properties of the catalysts. Specially, we respectively
prepared three Zn-doped ZrO 2 -based catalysts with Zr/Zn=5 using hard-template
(ZnZrO-5H), incipient-wetness impregnation (ZnZrO-5I), and coprecipitation method

(ZnZrO-5C). Moreover, the physical structures, acid-base properties, and the
formation of active sites for each sample were studied by a series of
characterizations (including N 2 adsorption-desorption isotherms, XRD, TEM, XPS,
and Py-IR) and activity evaluations.
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Introduction
In the last decades, nanoporous gold (NPG) structures gained more and more
interest in the field of heterogeneous catalysis.[1, 2] This kind of structures, usually
synthesized by a top-bottom approach, are showing high activities and selectivity for
different reactions, exhibiting catalytic properties that are not displayed by the
corresponding supported catalysts.[3] According to the currently employed synthesis
method, the pure miscible metals like gold, silver, copper or aluminum are alloyed
and afterwards the less noble metal is selectively etched by chemical or
electrochemical methods.[1] In many works, the enhancing effect of the metal traces
on catalytic activity was claimed.[4] Despite these fascinating catalytic functions, the
synthesis method of these materials has many drawbacks, like the limitation of the
chemical composition of the final product.[5] Yet, there is no possibility to synthesize
pure nanoporous gold without residuals of metals after the dealloying step, leaving
the role of the metal traces still under discussion. For this reason, the development of
a new method for the synthesis of nanoporous structures is desirable. In our work,
we chose a bottom up approach, based on the self-assembly of nanoscale units, i.e.
metallic nanoparticles (NPs), through the cryogelation method to build 3D disordered
porous structures (i.e. cryogels).[6, 7] The cryogelation of Au NPs enabled us to
synthesize pure, self-standing, porous gold gels, without the presence of any residual
metal trace. This allowed us to study the role of metal traces in NPG catalysis and to
overcome the compositional restrictions of gold alloys.
Methods and Results
The aqueous Au NPs were prepared by a citrate reduction approach at room
temperature and subsequently concentrated to the required volume ratio of 0.1%
prior to undergo the cryogelation step, so to obtain gold cryogels.[7] The
concentrated solution was injected in liquid N 2 and subsequently freeze-dried to
remove the ice templates and obtain a 3D self-standing nanoporous structures of

gold. The oxidative coupling of methanol was performed on fresh samples, washed
samples and on samples dropcasted with different sodium salts to further investigate
the influence of metal traces on the activity. The macroscopic images in Figure 1 are
showing the self-supported monoliths of assembled Au NPs (3.8 ± 1.1 nm
determined by transmission electron microscopy). The scanning electron microscopy
images in Figure 1 give us insights into highly porous, non-ordered and
interconnected networks of sheets and wires revealing a specific surface area of
~ 1 m2/g confirmed by krypton physisorption. The microscopic change of the gels
after high temperature catalytic tests (exposure for 1 h at 300°C in 10% O 2 v/v
atmosphere balanced with He) could be monitored by X-ray diffraction using the
SCHERRER-equation, disclosing the increase of the crystallite domains from 6 to
20 nm. By using X-ray photeletcron spectroscopy the presence and absence of
sodium impurities on the catalyst surface could be quantified and correlated with the
catalytic activity in the methanol coupling reaction. The pure gold sample resulted to
be inactive in this reaction. Even considering the different synthetic approach, we
believe that the results of the present work can be extended to nanoporous gold
structures obtained via a dealloying process.

Figure 1 Macroscopic (a, d) and microscopic (b-c, e-f) images of gels before (a-c)
and after (d-f) exposure to catalytic conditions.
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Scope
If perovskites are well-known as photoelectrocatalysts or redox catalysts [1], the
exploitation of their acid-base properties in catalysis has received very limited
attention [2,3]. Fine tuning of acid-base and redox activity of catalysts is required in
the chemical valorisation of bioethanol [4]. Sol-gel synthesis methods, providing
materials with larger surface area, can create the conditions for investigating the
potential of perovskites for processes implying a competition between reactions of
dehydration and dehydrogenation.
Experimental
Series of perovskite oxides LaAl 1-x Co x O 3 (x = 0;0.25;0.5;0.75 and 1) and LaAl 1x Ga x O 3

(x = 0.1; 0.15; 0.20 and 0.25) were prepared by citric acid method and

calcination at 700°C. Catalysts were characterized by XRD, H 2 TPR, CO 2 /NO and
NH 3 TPD, N 2 sorption and FT-IR. Ethanol conversion was carried out in glass flow
reactors in the temperature range 300-400°C with WHSV 0.23-0.92 h-1.
Results
All catalysts featured a monophasic perovskite structure with surface areas between
11 and 15 m2 g-1. At 400°C, ethanol conversion was higher than 95% for LaAlO 3 and
the Ga-substituted samples, whereas the lower redox stability of the Co-substituted
samples lowered the conversion to about 85%. The competition between dehydration
and dehydrogenation reactions was completely controlled by the composition of the
catalysts. The olefin/aldehyde ratios in the products was higher than 6 for LaAlO 3
and was between 1.3 and 1.5 for the Co- and Ga-substituted catalysts.
The relative rates of reactions consecutive to the formation of the primary products,
ethylene and acetaldehyde, was also controlled by the composition of the catalysts.
On LaAlO 3 , acetaldehyde represented more than 85% of the aldehydes formed. The

introduction of weak acid sites by
the incorporation of cobalt and much more- of gallium induced the
formation of heavier olefins by
cascade reactions of dehydrationdimerization-metathesis.
The distribution of aldehydes was
also

heavily

modified

by

the

introduction of acid sites. Easier
decarboxylation

favoured

the

cascade of Tischenko reaction and
ketonisation to acetone [5]. Further
condensation

of

acetone

and

acetaldehyde, leading to 2-pentanal
by

hydrodeoxygenation,

was

especially favoured on the more
reducible sites of the Co-substituted
perovskite.
It

can

be

observed

that

crotonaldehyde was just a minor
product, the distribution of acid and basic sites being not favourable to Guerbet
coupling of acetaldehyde.
Conclusions
Perovskite catalyst feature a significant activity in ethanol conversion despite their
relatively high temperature of preparation. The easy modification of the solid
compostion and the marked variations of reaction selectivity with moderate levels of
substitution make them an ideal testing ground for the study of the modification of
surface active sites.
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Synthesis of nano [B]-ZSM-5 for Methanol to Propylene Reaction
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The growing gap between the propene demand and production, which is currently
produced via steam cracking process, is sought to be closed by alternative
processes such as methanol to hydrocarbon routes. Methanol-to-propylene (MTP)
route is carried under the atmospheric pressure and temperatures of 723–753 K
using H-ZSM-5 with typical propylene selectivity values of 40–50 %. The propylene
selectivity is desired to be increased using different approaches. Using lower
concentrations of Brønsted acid sites or higher Si/Al ratios [1,2], substitution of Al for
Fe (to decrease the acid strength and aromatic and paraffin production) [3,4] or
higher reaction temperatures, which results in decreased catalyst lifetime. The
catalyst deactivation in methanol to olefins is a commonly observed phenomena
resulting from formation of carbonaceous deposits such as polymethylbenzenes and
polycyclic aromatics. Polymethylbenzenes are also products of the hydrocarbon pool
mechanism that is suggested to be one of the dual mechanisms playing role in olefin
formation [5]. Produced polycyclic aromatics are suggested to deposit both inside the
pores of the zeolite and at the outer surface of the crystals, both of which results in
blocking of individual acid sites responsible for activity [6]. Enhanced diffusion of the
reaction products as well as carboneaous species via mesopores [7,8] or shorter
diffusion path lengths as in the case of nanosized crystals [3,9] are considered to
increase the lifetime of the catalyst as well as increasing the propylene selectivity. In
addition to mesopores and altered acidity, B incorporated ZSM-5 catalysts are
reported to enhance the catalyst lifetime significantly due to weak acid sites
associated with B [10,11].
In this study, boron containing nano and mesoporous ZSM-5 crystals are synthesized
with mesopore volumes ranging from 0.11 to 0.14 cm3/g (with preserved
microporosity: 0.11-0.14 cm3/g) and Si/B ratios ranging from 38 to 112 using CTABr
as the crystal growth inhibitor. These zeolites are designed for post synthesis partial
deboronation and Fe subsitituiton to be tested for MTP reaction at 480 °C, aiming to
achieve longer catalyst lifetimes and higher propylene selectivity values.

Figure 1. SEM images of a) mesoporous and b) nano [B]-ZSM-5 samples
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1. Introduction
Tungsten oxide bronze-related materials present highly adaptive compositional and
structural features, what makes this structural types suitable for functional properties
modulation [1-2]. In this work, we have studied the incorporation of titanium within the
hexagonal tungsten oxide bronze (HTB) framework, and its effect on its acid and
redox properties. For this purpose, we have characterized the titled materials by a
wide variety of physicochemical techniques (XRD, XPS, HRTEM, SEM, Raman
spectroscopy, XAS, TPD-NH 3 and methanol sorption FTIR) and evaluated their
catalytic performance in methanol transformation in both aerobic and anaerobic
conditions. The results are discussed in terms of the available surface active sites
present in each case.
2. Experimental
W-Ti-O catalysts with HTB structure have been synthesized by a hydrothermal
methodology (175 ºC for 48 h) by using ammonium metatungstate and titanium (IV)
ethoxide (Ti/(W+Ti) at. ratios in the range 0-0.50). Obtained solids were filtered off,
dried at 100ºC for 16h, and subsequently heat-treated at 500 ºC in N 2 for 2h. The
aerobic and anaerobic transformation of methanol was carried out in a fixed bed
reactor at atmospheric pressure (T= 200-400 ºC, at a total flow of 100 mL min-1)
using methanol/oxygen/nitrogen ratios of 6/13/81 and 6/0/94, respectively.
3. Results and discussion
Figure 1A shows the XRD diagram of Ti-doped HTB and its corresponding BF-STEM
image with its XEDS mapping (Ti/(W+Ti) at. ratio = 0.17). A homogeneous
distribution of Ti on every single W-Ti oxide nanorod in the samples is observed.
Moreover, XPS and EXAFS analyses suggest the isomorphic substitution of Ti4+ for
W5+ in the HTB framework, what leads to a progressive increase in the acid strength

of surface acid sites. Effective Ti4+ incorporation in the framework of HTB is observed
for samples with Ti/W ratio ratio from 0.10 to 0.50, although TiO 2 is observed as
minority, for samples with Ti/W atomic ratio higher than 0.3.
The catalytic results presented in Figure 1B show the appearance of oxidation
reaction, in addition to acid catalysis, for Ti-free sample.

However, this is not

observed in the case of Ti-containing catalysts, in which the formation of
formaldehyde is no longer observed, likely due to the absence of W5+ in doped
materials. In the absence of oxygen, a decrease in the catalytic activity and a drop of
formaldehyde selectivity is observed in all the catalysts.
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Figure 1. A) XRD and BF-STEM image with the corresponding XEDS map of a Tidoped HTB (Ti/W ratio of 0.17). B) Variation of selectivity to dimethyl ether (DME)
and formaldehyde (FA) with methanol conversion (contact time =0.073 g CAT min mL1
)
4. Conclusions
The catalytic behavior in the presence and absence of O 2 , and the specific features
observed in FTIR spectra during methanol adsorption show that both methanol
activation and redox activity are favored when O 2 is present in the feed. Thereby,
considering the dynamic nature of lattice oxygen in tungsten bronze-based materials,
it can be tentatively proposed that the different catalytic behavior observed in the
transformation of methanol under anaerobic conditions can be due to: i) a decrease
in the number of surface sites for methanol activation and; ii) the depletion of O2redox surface sites for the partial oxidation of methanol and/or dimethyl ether.
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Introduction
The catalytic hydrogenation of biomass-derived oxalates to ethylene glycol is one of
the most interesting route for replacing the current production scenario, based on the
hydration of petroleum derive ethylene oxide. Cu/SiO 2 catalysts prepared by the
ammonia evaporation (AE) method show a high productivity to EG. Such a high
productivity was related to a partial oxidation of the Cu surface, presenting both
metallic sites showing a mild hydrogenation activity and Cu+ Lewis sites, that
improve the adsorption of DMO [1,2]. Moreover, the low concentration of acidic/basic
sites on the support minimize unwanted reactions leading to ethanol or to the
formation of superior alcohols. However, deactivation of these catalysts by sintering
and the delicate Cu+/Cu balance, very sensitive to the operating conditions, limits
their industrial application. To improve the productivity and durability of Cu/SiO 2
catalysts, we studied the effect of Tin as a promoter.
We show that the introduction of Tin as a promoter improves both the productivity
and stability of the catalysts by increasing the adsorption of both DMO/methyl
glycolate and by hindering the migration of Cu on the surface of the support.

Methods, Results and Discussion
A set of two catalysts were prepared according to the AE method [1,3], by using a
40% wt colloidal silica dispersion in water by Alfa Aesar (43110-A1) to achieve a final
Cu loading of 18%. At the end of the procedure, the solid was dried at 110°C for 1h
and calcined at 450°C, with a ramp 5°C/min for 4h (CAT-1). The second catalyst,
CAT-2, was prepared by impregnating a SnSO 4 solution on previous catalyst.
All the prepared catalysts were studied by temperature programmed reduction, N 2
physisorption and atomic adsorption spectroscopy.

Both catalysts were pelletized at 16-25 mesh, in situ reduced at 200°C in pure H 2
and tested in the vapor phase at 25 barg and 200°C by using a Microactivity Effi
apparatus (PID Eng & Tech.), equipped with two parallel fixed bed reactors and
liquid/vapor separators. The performance of the reaction monitored by using a GCFID (Trace GC, Thermo), equipped with a split injector and a SPB-624 column (30m,
0.25mm 1.40 µm).
To optimize the experimental conditions, CAT-1 was tested at different H 2 /DMO
ratios (10-50) and GHSV (500-4500 h-1). Finally, we compared the catalytic
performance of CAT-1 and CAT-2 and their stability in long run experiments.
The Sn promoted Cu/SiO 2 (CAT-2) catalyst has shown superior productivity and
durability with respect to CAT-1. Its improved performance were mainly attributed to
the presence of a larger concentration of Lewis sites on the catalyst surface, while,
the improved stability was attributed to the hindering of Cu nanoparticles, preventing
Cu sintering.
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Nitrosyl complexes of transition metals are expected to be effective catalysts for
oxidative processes due to high affinity of NO groups to oxygen. As a result, NO 2 /NO
redox couple is highly effective in both transfer of oxygen and reoxidation of metal
centers. Many examples can be given for activity of molybdenum, tungsten, iron and
rhenium nitrosyl complexes in dehydrogenation and hydrogen transfer processes as
well as in transfer of carbenes and [3+2]-cycloaddition [1]. However, palladium
nitrosyl complexes are of rather limited use, although palladium compounds in
general are among the most widely used catalysts for oxidation reactions. Palladium
nitrosyls are quite difficult to prepare and to study, since most of them are
polynuclear compounds formed under specific conditions.
Recently we have started our investigation of palladium nitrosyl carboxylates
Pd 3 (NO) 2 (μ-CX 3 CO 2 ) 4 (ArH) 2 (X = F, Ar = Tol; X = Cl, Ar = Ph) as potential catalysts
for C-C coupling of arenes (fig. 1). The complexes already contain coordinated
molecules of arenes, which makes them also convenient models for mechanistic
studies. Moreover, it was found that thermolysis of the complexes in the presence of
benzene or toluene leads to formation of corresponding biarenes [2].
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Figure 1. Pd 3 (NO) 2 (μ-CX 3 CO 2 ) 4 (ArH) 2 and products of their thermolysis in
benzene/toluene media.

We carried out preliminary study of catalytic activity of Pd 3 (NO) 2 (μ-CF 3 CO 2 ) 4 (TolH) 2
in C-C coupling of toluene. It was found that reaction can proceed under relatively
mild conditions (80°C, 1 bar of air), TON and TOF was found to be ca. 8 and 5 h–1
respectively. At the same time, we started DFT-study of possible mechanism of this
reaction (scalar-relativistic approximation of DFT method, Priroda program [3],
functional PBE + all electron L11 basis set). We considered the first key step, which
is a hydrogen transfer from coordinated arene and formation of Pd-C arene bond
(figure 2).
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Figure 2. Possible pathways of hydrogen transfer and formation of Pd-C arene bond.
It was found that activation barriers exceed 25 kcal/mole for all intramolecular
processes, while the corresponding barrier for transfer of hydrogen to free
carboxylate ion is just ca. 12 kcal/mole (see fig. 3). So, we can conclude, that
activation of arene in coordination sphere of 3-nuclear palladium nitrosyl
trifluoroacetate requires an outer base, which was confirmed by experiments on C-C
coupling in the presence of sodium trifluoroacetate.

Figure 3. Structure of molecular complex [Pd 3 (NO) 2 (CF 3 CO 2 ) 4 (Ph)(PhH) +
HOCCF 3 ].
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Introduction
Glucose and 5-HMF are valuable chemicals. They seem to be promising for wideapplication in chemical industry (plastics and pharmaceutics) and fuel production [1].
Utilization of inedible cellulose as an alternative raw 1material, non-corrosive solid
acid catalysts and one-pot design of the process could glucose and 5-HMF to be
produced and the drawbacks of traditional cellulose hydrolysis methods to be
overcome. The carbon materials seem to be promising catalysts for cellulose
depolymerization into valuable chemicals like glucose and 5-HMF [2, 3].
This work was focused on the kinetic studies of cellulose hydrolysis-dehydration
which is a multiple-route process including a lot of chemical paths and intermediates.
Results and discussion
The Sibunit carbon catalyst was made via the sulfonation in H 2 SO 4 at 200 °С. The
catalyst was characterized by N 2 absorption, XPS, TEM, XRF and titration with
NaOH. Tests in the one-pot hydrolysis-dehydration of a mechanically activated
cellulose and the process intermediates were made under hydrothermal conditions at
180 and 200 °С. The product yields were measured by HPLC.
The amount of acidic groups determined by titration on the surface of sulfonated
carbon was 10 times higher than for the initial non-treated Sibunit. Catalytic tests
showed high activity of sulfonated carbon catalysts in the cellulose hydrolysisdehydration process. While pure untreated carbon was inactive. HPLC analysis
revealed glucose and 5-HMF as the main products. The highest glucose and 5-HMF
yields were shown 74.0% and 21.5% in flow and batch reactors, respectively.
For elucidation of the mechanism of catalysis the experiments with such
intermediates as cellobiose, glucose, fructose and 5-HMF were carried out over the
carbon and in the presence of diluted H 2 SO 4 as a catalyst. Based on these
experiments, the process scheme which includes all the intermediates detected was

proposed. Based on the results obtained, the kinetic model was updated by adding
side reactions of sugar decomposition and glucose conversion to mannose. The
heterogeneous mechanism of the cellulose depolymerization was supposed base on
the results of these experiments. A system of ten differential equations was derived
and solved using the computer software. Inspection of the kinetic curves of the
transformations led to conclude about the first orders of the reactions, kinetic
constants of most of main process stages being of the order of 10-2–10-3 that agreed
with the literature data. The dissolution of cellulose appeared to be a limiting step of
the process while hydrolysis was the fast reaction. Rearrangement of glucose to
fructose was also slow reaction. The irreversible dehydration of fructose was the
most rapid step. Moreover there were different ways of glucose transformations
(except glucose↔fructose→5-HMF). On the basis of the kinetic curves carried out
from the kinetic experiments, the kinetic modeling was made for the cellulose
hydrolysis-dehydration process and the kinetic parameters as the reaction rate
constants and the orders of the reactions were evaluated. The model developed
adequately described the experimental kinetics. To our knowledge, such an intricate
process scheme was used for the first time for computer modeling of hydrolysisdehydration of cellulose.
Conclusions
The kinetic model of the process of hydrolysis-dehydration of cellulose in the
presence of a solid sulfonated carbon catalyst was developed. The model was based
on experimental data on hydrolysis-dehydration of cellulose and the main
intermediates obtained using static and flow reactors. A complex multiple-route
scheme was suggested, kinetic parameters of the reactions were determined.
Cellulose dissolution and glucose isomerization to fructose were found to be the
limiting stages. The model describes well the observed experimental results.
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Organosolv pulping is finding a new revival in second generation ethanol refineries.
Most interest in the conditions of pulping has been addressed to acid hydrolysis and
solvation effects. The role of hydrogen-donor effects in pulping is just starting to
receive proper attention. The increase of the H/C and decrease of O/C ratios can
open new markets for lignin products. However, many questions have to be
answered to assess the economics of implementing proper conditions, catalysts and
processes to boost oxydehydrogenation in lignocellulose pulping. Does the increased
added-value of lignin products compensate the lower energy recovery? How the
oxidation of solvent fractions affects inventory and recycling of the pulping solution?
Can heterogeneous catalysts allow to overcome the rentability threshold of
organosolv pulping?
More data about H-transfer on substituted phenolic moieties in realistic conditions are
needed to evaluate possible options. In this communication, we propose
experimental data on the action of several solvents on model lignin systems in the
presence of non-noble metals heterogeneous catalysts. Mixed oxides in the Ni-Cu-Fe
and Ni-Cu-Al systems, designed for magnetic separation of catalysts, have been
prepared from layered double oxide precursors. Relative rates of MPV reaction, O-H
and C-C bonds hydrogenation and ether bonds hydrogenolysis have been
determined and allowed to define which catalysts are more effective in deep
dehydrogenation or in control of the polymerisation degree of lignin-derived products.
Oxides obtained by thermal decomposition of LDH precursors are effective catalysts
for H-transfer reactions to lignin model molecules, also in absence of the basic
properties induced by Mg2+ cations in the most usual catalysts ex hydrotalcites. In the
case of the mixed Cu-Ni-Fe oxide catalysts, the conversion was always higher than

for the single-component oxides but the reactivity was enormously influenced by the
Cu/Ni ratio in the catalyst. If benzyloxymethoxybenzaldehyde model dimer was
converted at nearly 30% on the Ni-Fe catalyst in methanol at 200°C, the conversion
rapidly rose to nearly 100% for Cu/divalents ratio of 0.4 or higher. With the increase
of the conversion, formation of volatile products became relevant. Deeper
hydrogenation was reached at the increase of the copper content. For catalysts with
low copper content, the main product was benzyloxymethoxybenzyl alcohol, viz. the
first MPV hydrogenation product of the substrate. At increasing copper content, the
main product became benzyloxymethoxybenzene, the product of successive C-O
hydrogenolysis of the alcohol group of benzyloxymethoxybenzyl alcohol and C-C
hydrogenolysis of the intermediate product. When the Cu/divalent ratio approaches
0.5, the presence of nickel oxide accelerated the α-O-4 hydrogenolysis, as observed
also on the single-component oxides, and the main products became methoxycresol
and toluene, respectively the C-O and C-C reduction products of the vanillic and
benzylic moieties of the parent substrate. The relevance of benzyloxymethoxy
benzene among the products clearly indicates that also aliphatic C-C bonds are
hydrogenated. No products of hydrogenation of the aromatic ring were observed. The
doping of CuO and NiO by iron undoubtedly affects the activity of the catalysts.
Interestingly, the relative effectiveness of MPV hydrogenation and hydrogenolysis of
phenylether bonds can orient the choice of the catalyst in a lignin organosolv
environment towards the obtention of products with different molecular weight and
level of functionalisation.

Direct non-oxidative coupling of methane over Fe©SiO2, an
investigation into the characteristics of the reactor design
Rolf S Postma, University of Twente, Enschede, The Netherlands; L. Lefferts,
University of Twente, Enschede, The Netherlands

Methane is estimated to be the most abundant hydrocarbon on the planet and will be
a major chemical feedstock of the 21st century [1, 2]. Methane will first need to be
converted into a less stable molecule, e.g. methanol or ethylene, to become an easy
to employ base chemical. The most common way to valorise methane is through a
twostep process involving firstly syngas production followed by e.g. methanol- or
Fischer-Tropsch-synthesis, which is costly and requires many process steps.
A way to directly valorise methane is through oxidative coupling of methane to higher
hydrocarbons, such as ethane and ethylene. Since the 1980s oxidative methane
coupling has been a rigorously studied subject, so far not yielding a satisfying
process [3, 4].

In 2014 the group of Bao published an article in which they claim to have found a
catalyst that is able to couple methane to higher hydrocarbons, non-oxidatively,
without any coke formation at temperatures between 950-1100 °C [5]. Above ~650
°C methane becomes thermodynamically unstable and will readily be activated and
couple to form both higher hydrocarbons as well as a significant amount of coke. This
shows the importance of finely tuning the temperature profile as well as the fluiddynamics of the reactor.

The poster will show the effects of tuning the temperature profile as well as the pre
and post catalytic hot-volume. The results will be analysed based on homolytic
coupling of methane as well as coke-deposition before, on and after the catalyst bed.
This will be used as a framework to determine an optimal reactor-setup to be
employed in research concerning catalytic methane coupling.
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Introduction
The main advantage of Ru-based catalysts is that they are less sensitive to

poisoning by ammonia than Fe-based catalysts [1]. Also, it has been reported the
use of KL zeolite as support for many general applications [2]. The objective of this
work was to investigate the addition of promoter cations (Ba and Cs) in the activity of
ruthenium catalysts supported on KL zeolite for the ammonia synthesis reaction.
2

Experimental/methodology
The KL zeolite was provided by TOYO SODA. For ionic exchange with cesium,

50 mL of CsNO 3 1M solution (MERCK) were added dropwise to the zeolitic support
at 90°C under stirring. Then it was centrifuged and heated to 120 °C (2°C/min) and
then to 300°C for 4 h. After the support was washed and centrifuged successively for
removal residual nitrate and dried at 80°C for 16 h. For ionic exchange with barium a
solution of Ba(NO 3 ) 2 0.3M (MERCK) was used in a similar procedure described
previously. For ruthenium introduction by ionic exchange, a solution of Ru(NH 3 ) 6 Cl 2
0.1M (ALDRICH) was added dropwise at 90°C under magnetic stirring. The resulting
catalysts were washed and centrifuged to remove the residual chloride and then
were dried at 80°C for 24 h. The analysed samples were designated as: RuKL,
RuCsKL and RuBaCsKL. The amount of incorporated cations and Rul was studied
by Atomic Absorption Spectrometry. Nitrogen isotherms at 77 K for the support and
promoted catalysts were measured using a Micromeritics ASAP2010 instrument.
Hydrogen chemisorption was used to verify the degree of metallic dispersion of the
uncalcined

catalysts

using

a

Micromeritics

ASAP

2010C

apparatus.

The

morphological properties of the catalysts were examined using transmission electron
microscopy (JEOL-JEM-2010 instrument). The catalytic performance in NH 3
synthesis of the catalysts were evaluated at three different temperatures: 300°C,
400°C and 500°C.
3

Results and discussion

The chemical composition and the textural properties of KL support and catalysts
are listed in Table 1. The structural properties showed higher specific area and pore
volume values for RuKL sample. The RuCsKL catalyst presented a higher dispersion
(82%) compared to RuKL (75%) and RuBaCsKL (42%). TEM images of different Ru
based catalysts supported on KL zeolite are shown in Fig.1. The RuBaCsKL catalyst
directly reduced with the reactants gas mixture (H 2 /N 2 = 3:1) showed defined
ruthenium particles with an average size of around 8 nm. Similarly, the RuCsKL
catalyst showed a high dispersion with Ru particle size around 1.5 nm. The
conversions for NH 3 synthesis are summarized in Table 1. The promoted catalysts
presented higher conversion percentages than the pure Ru catalyst supported on the
KL zeolite. The RuBaCsKL was the most effective for all reaction temperatures. The
results showed that the barium has a greater effect on the activity of the catalyst.
When both are present, the conversion was greater than when only cesium was used
as a promoter, although its presence led to lower Ru dispersion on zeolite KL.
Table 1. Chemical composition, textural properties and NH 3 relative conversion for both catalysts.
Samples

%Ru

%Ba

%Cs

KL
RuKL
RuCsKL
RuBaCsKL

3.0
3.3
3.3

-

-

4

9.8
6

BET
area
2
(m /g)
346
326
292
276

TPV*
3
(cm /g)
0.14
0.13
0.12
0.11

% conversion
300°C 400°C 500°C
5.7
5.6
6.1

7.1
11.1
14.2

5.4
7.4
8.3

*TPV = Total Pore Volume

Fig. 1. TEM images of RuCsKL and RuBaCsKL

4

Conclusion

The barium plus cesium showed to be more effective on the synthesis of ammonia
than only cesium as promoter.
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Introduction
Various biomass-based processes lead to the production of hydroxyacetone (HA), i.e.
biomass pyrolysis [1], sugar hydrogenolysis [2], glycerol dehydration [3]. Via selective
hydrogenation of HA, a major commodity chemical as 1,2-propanediol (PD) can be
produced [4]. Cu-based catalysts showed good activity in hydro-deoxygenation of
bio-oil from biomass pyrolysis, but coke formation resulted in shortened catalyst
lifetime [5]. High activity was also observed in hydrogenolysis of glycerol to PD,
having HA as dehydration intermediate: Cu particle size, dispersion and active area
were reported to be of great importance for high activity and stability; particles
agglomeration and formation of irregularly shaped clusters were suggested as
deactivation causes [6]. Carbon nanofibers (CNF) are attractive catalyst supports
having high surface area [7] and large number of edges, exploitable as metals
anchoring sites [8]. Moreover, surface oxidation, foreign-ion doping or confinement
effect [9] can be used to adjust CNF surface properties. This project aims to develop
a stable Cu-based catalyst for selective gas-phase hydrogenation of HA to PD, by
tuning the carbon support properties.
Materials and methods
Platelet carbon nanofibers (PCNF) were prepared via CVD of CO and H2 at 600°C
according to Yu et al. [10] over Fe powdered nanoparticles, prepared according to
Kang et al. [11]. PCNF were characterized with TGA, N2 physisorption, H2-TPR and
TEM. 9 catalysts with 5wt% Cu loading were prepared via IWI of PCNF with 3 Cu
precursors (nitrate, acetate and basic carbonate) and 3 solvents (water, ethanol,
propanol). Other 9 catalysts supported on silica gel were prepared as noncarbonaceous reference. The catalysts were analyzed with TGA, N2 physisorption
and H2-TPR. A screening of the catalysts will be performed for gas-phase
hydrogenation of hydroxyacetone at 240°C and 5bar; the products will be analysed
with an online GC.

Results and discussion
The platelet structure of the prepared CNF was observed
with TEM (Figure 1). The PCNF-supported catalysts
showed a decrease of surface area up to 1/3 after IWI
with Cu nitrate (from 141.6 to 57.18, 46, 54.64 m2/g with
water, ethanol, propanol respectively) indicating probable
large Cu particles and suggesting need of improving the
impregnation
Figure 1 TEM image of prepared PCNF

technique.

The

non-carbonaceous

reference catalysts were tested in HA hydrogenation to

PD, showing good activity (conversion and selectivity up to around 80%). 21% yield
loss was observed over a test of 48 hours indicating deactivation.
Conclusions
The reference catalysts deactivated fast in the hydrogenation of HA to PD,
highlighting the need of a more stable catalyst. Activity tests and characterization of
PCNF-supported catalysts will follow and surface treatment of CNF will be explored.
Additional characterization techniques (TEM, N2O chemisorption and XRD) will be
exploited to get insights on the properties controlling the catalyst performance.
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The most prominent iron silicate mineral existing in nature is Fayalite, an orthosilicate
which has the chemical composition of Fe 2 SiO 4 . A literature known procedure for its
production starts from an equimolar mixture of SiO 2 and Fe 2 O 3 , which is heated to
1,100 °C for eight hours in an oxygen atmosphere.[1] Fe 2 SiO 3 , a spinel-type mineral,
is also known.[2] Furthermore, the single chain silicate ferrosilite (FeSiO 3 ) is existing
in pure form, which is part of the pyroxene group. The synthesis was first described
by Lindsley in 1965. Very high pressures of 2 GPa and temperatures exceeding 800
°C are needed to produce this material, which is not stable at any temperatures at
atmospheric pressure.[3] Another known iron silicate is named iscorite with a
molecular formula of Fe(II) 5 Fe(III) 2 SiO 10 . It was reported by Steyn in 1969 and found
in slags of a steel plants, which were normally kept at a temperature of about
1,300 °C.[4] Furthermore an iron silicate named Greenalite was reported by Leith in
the beginning of last century. The rare magnesium free variant is best formulated as
(Fe(II), Fe(III)) <6 [Si 4 O 10 ](OH) 8 and was found in Minnesota[5] as well as in
meteorites[6].
In contrast to the rather severe reaction conditions reported for the production of
these known iron silicates, we discovered the formation of an iron silicate material
under very mild conditions. Initial observation was made by serendipity carrying out
catalytic reactions with SBA-15 material in aqueous media in steel reactors. Based
on this initial finding, a reproducible synthetic protocol was developed comprising the
reaction of different silica sources and Fe powder in water as a solvent at 100 °C
under air (Figure 1).

This iron(III) silicate with a silicon-to-iron-ratio of two to one appears as ultrathin twodimensional (2D) nanosheets resulting in a relatively high surface area of around
273 m2 g-1. Results from electron microscopy imaging with various methods and in
combination with EDX analysis at various scales, elemental analysis, Mößbauer
spectroscopy and pair distribution function (PDF) analysis make the presence of a
sheet silicate with [Si 4 O 10 ]4- entities likely. The material is temperature stable up to
800 °C under air, up to 650 °C under nitrogen and up to 550 °C under a reducing
atmosphere (10% H 2 , 90% N 2 ) according to temperature-dependent X-ray diffraction
(XRD) measurements. Moreover, it shows decent CO 2 adsorption ability, has e
remarkable activity in ammonia synthesis and is a promising catalyst support
material.

Figure 1. STEM-EDX mapping of the synthetic iron silicate nanosheets.
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The conversion of propylene to propylene epoxide (PO) is a reaction of great
industrial importance, as PO is used to synthesize propylene glycol and polyether
polyols, which is further applied in polyurethane foams, as well as in adhesives,
paints, coatings, etc. Currently, PO is commercially produced using the chlorohydrin
process or the hydroperoxide process, which has many limitations and drawbacks.
Since Haruta’s discovery of the catalytic activity of gold nanoparticles, the direct gas
phase epoxidation of propylene to form PO using H 2 and O 2 has gained attention as
a simple, environmentally benign route, using supported gold catalysts [1]. Numerous
techniques to synthesize monodisperse gold nanoparticles have been reported so
far, using a variety of stabilizers (mainly organic ligands, ionic liquids and surface
active agents) to prevent them from agglomeration [2]. Catalytic activity of these
nanoparticles is predominantly governed by geometric and electronic factors.
Geometric effects arise due to the orientation of Au atoms in space, and electronic
effects originate from metal-ligand interactions or quantum size effects [3]. Therefore,
the catalytic properties can be tuned by varying the electronic, geometric and steric
factors.
Here, we report a simple, one-pot route to synthesize very stable, atomically precise
gold clusters (< 2nm core size) using triphenylphosphine as a stabilizing ligand. In
addition to the batch synthesis, a microfluidic continuous flow system has also been
developed to synthesize these particles. The continuous flow system exhibits several
advantages over the batch system, such as controlled mixing and a narrow residence
time distribution. Different gold (I) precursors of varying steric hindrance are
employed to tune the final size of the gold clusters and to understand the role of
bound phosphine ligands. Optical spectroscopy (UV/Vis) and electron microscopy
(HAADF-STEM) are used as tools to calculate the final particle size. Our studies

reveal a correlation between the degree of steric hindrance around the gold
nanoparticles and their final size, as shown in Figure 1. Furthermore, the presynthesized gold clusters have been successfully immobilized onto different metal
oxide supports, such as TiO 2 , SBA-15 and titanosilicalite-1 (TS-1), without any
change in the final size of the dispersed gold clusters. The catalytic activity of these
supported gold clusters in the conversion of propylene to propylene epoxide using H 2
and O 2 will be presented.

The effect of the different ligands and the support

materials on the catalytic activity of these small gold clusters will also be
demonstrated.

Figure 1. Dependence of gold nanoparticle size as a function of the steric hindrance
around the Au(I) phosphine precursor.
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In our recently work, we achieved a new procedure for the direct carbonylative
transformation of benzyl amines.1 Using dimethyl carbonate as the solvent, methyl 2arylacetates can be produced in good to excellent yields from the corresponding primary,
secondary and tertiary benzyl amines with palladium as the catalyst. Notably, no base or any
other additive is required here. Additionally, our procedure can also be applied in the
preparation of methylphenidate, which is a marketing drug and used in the treatment of
attention deficit hyperactivity disorder (ADHD) and narcolepsy. More interestingly, benzyl
amines can be produced from carbonylation procedure as well.2

NH2 +
MeOH
R

o

DMC, CO (1 bar), 140 C
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Towards chemoenzymatic one-pot reaction in tandem: coencapsulation of chemo- and biocatalysts in biopolymer hydrogels
Jan Pauly, Bielefeld University of Applied Sciences / Bielefeld University, Bielefeld,
Germany; Harald Gröger, Bielefeld University, Bielefeld, Germany; Anant Patel,
Bielefeld University of Applied Sciences, Bielefeld, Germany

Several combinations of chemo- and biocatalysts for chemo-enzymatic one-pot
syntheses have been investigated. This work is related to previous work[1] on a ring
closing metathesis reaction followed by an enzymatic ester hydrolysis in water. For
continuous processes, problems like catalyst separation, recycling and stability can
be addressed by encapsulation. In our previous studies, we investigated the
encapsulation of pig liver esterase (PLE) and Grubbs’ catalyst (2nd generation)
separately.[2] These immobilisates were successfully applied in a sequential
chemoenzymatic one-pot reaction and research on using both immobilisates in
tandem is currently ongoing. In this study, we investigated the co-encapsulation of
PLE together with the Grubbs’ catalyst in several biopolymer hydrogel beads. First,
different beads made of a single core material with both catalysts encapsulated
herein were created. After the tandem reactions were completed, we measured
quantitative conversions. However, HPLC analysis revealed that a large amount of
by-product was created because PLE can also hydrolyse diester 1 instead of diester
2, leading to the corresponding by-product. Creating immobilisates with catalysts
located in different compartments is one approach to a solution. Currently, we are
addressing this by building multilayer beads with catalysts encapsulated in these
different layers. In addition, more experiments on the bead matrix, bead size,
encapsulation efficiency, leaching, recyclability and overall reaction rate are currently
ongoing. This work will lay the scientific-technical foundation for the gentle coimmobilisation of other biological and chemical catalysts in biopolymer hydrogels and
their application in aqueous media to merge the worlds of bio- and chemocatalysis.
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Model reaction cascade with co-encapsulated bio- and chemocatalyst

Mild and controlled photocatalytic oxidation of graphite to graphite
oxide
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Graphene, graphene oxide and graphite oxide (GO) are extraordinary carbon
materials with superb physical and chemical properties like tensile strength, thermal
and electrical conductivity and biocompatibility. These carbons are often described
as the wonder materials of the 21st century. Supercapacitors, gas sensors and drug
delivery systems are examples of high-end technological applications, and the field is
expanding rapidly. Chemical oxidation of graphite is the most prominent route
towards GO. The popular Hummers method and its derivatives involve the use of
strong mineral oxidants like permanganate, and strong mineral acids. These state-ofthe-art wet chemical oxidation methods are hazardous, produce lots of waste and do
not allow handy control over the oxidation process and the physico-chemical
properties of the GO product. Graphene oxide and graphene are obtained from the
GO through exfoliation and chemical reduction, respectively. There is a manifested
need for a more sustainable partial oxidation process enabling better control over the
oxidation

reaction, with spatial and temporal control, for fine tuning of the GO

product. We propose a vapour phase photocatalytic process for oxidation of graphite
(Figure 1) presenting these advantages. Graphite is photocatalytically oxidized at
100°C using a TiO 2 photocatalyst, UV light and a gas mixture consisting of molecular
oxygen and water vapour (Figure 1).

Figure 1. Photocatalytic conversion of graphite to graphite oxide (GO), an intermediate to graphene
oxide and graphene.

In the photoreactor, the photocatalyst particles can be deposited on the graphite
surface to be oxidized (contact oxidation mode), or even better, mounted on a

separate support positioned in front of the layer of graphite to be partially oxidized
(remote oxidation mode). In this oxidation setup, the photocatalyst generates
gaseous reactive oxidizing species that react with the graphite surfaces.
The physico-chemical properties of photocatalytically oxidized graphite are similar to
those observed for GO materials obtained via liquid-phase chemical oxidation of
graphite. Scanning electron microscopy images reveal the surface modification and
the characteristic formation of surface blisters on natural graphite after contact photooxidation (Figure 2a) and synthetic graphite after remote photo-oxidation (Figure 2b).

Figure 2. Scanning electron microscopy images of photocatalytically oxidized (a) natural graphite in
contact mode and (b) highly ordered pyrolytic graphite in remote mode.

The photocatalytic oxidative modification of the graphite surface changing the carbon
orbital hybridization from planar sp2 into sp3 is confirmed by Raman spectroscopy.
The remote photocatalytic oxidation process has potential technological advantages
such as spatial control. Covering the graphite surface with a mask enables
photocatalytic patterning and the formation of spatially resolved GO areas on
graphite. Such patterning has potential applications in electronic devices.
In the paper, the contact and remote oxidation processes are presented and the GO
materials characterized using nano-SEM, Raman, NMR, and AFM. The oxidation
mechanism and the impact of reaction conditions (O 2 and H 2 O partial pressure and
temperature) are discussed.

Synthesis of Styrene by The C-H Activation of Benzene over Palladium
based Catalyst
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Abstract
Styrene is an important aromatic compound, which is applied in polystyrene plastic
materials, polyesters, various protective coatings, resins, rubbers and other common
copolymers. Currently, the majority of styrene is industrially produced by multiplestep and energy-intensive chemical processes from petroleum-derived ethylbenzene
precursor. Beside the use of a non-renewable feedstock itself, these synthesis
processes produce styrene with a low conversion selectivity. Thus, there is a need to
develop novel sustainable processes for styrene building-block production from
renewable carbon-containing resources, such as biomass-derived lignin residues.
The current bio-refinery processes draw value from carbohydrates, leaving lignin as a
waste. However, lignin represents a potentially valuable source of renewable
aromatic/phenolic compounds for diverse chemical industries. We herein reported a
cost effective catalytic route for the synthesis of styrene by oxidative coupling of
benzene with styrene over palladium based catalyst.

Effect of using MoO 3 , B 2 O 3 , ZrO 2 and WO 3 as modifier to γ-Al 2 O 3 support for dry
reforming of methane using Ni catalyst
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Introduction: The dry reforming of methane reaction to valuable synthesis gas (H 2
and CO), is a potential method for tackling the declining energy resources and global
warming challenges at the same time [1]. Synthesis gas is the building block for
petrochemical industry [2]. It is observed that reforming reactions are affected by side
reactions [3] in which best stability of the catalyst with least carbon formation is a great
challenge.
Experimental: Dry reforming of CH 4 experiments over Ni-based catalysts, calcined at
600 °C for 3 h, were performed at 700°C for 420 min and at atmospheric pressure in a
vertical stainless steel fixed-bed tubular reactor (9.1 mm i.d. and 0.3 m long). Catalysts
were activated with H 2 for 1 h at 800°C. An incipient wet impregnation method was
used to prepare Ni catalyst supported on modified γ-Al 2 O 3 . The modifiers chosen were
MoO 3 , B 2 O 3 , ZrO 2 and WO 3 . Feed gases (CH 4 , CO 2 , and N 2 ) at the ratio of 6/6/1 and
the overall gas flow rate of 65ml/min (space velocity: 39000 ml (/h.g cat .)-1) were used.
Results: Fig. 1A shows the N 2 adsorption and desorption isotherms. The isotherms of
the materials can be classified as type IV, which is characteristic of mesoporous solids.
The TPR profiles of different catalysts are shown in Fig. 1B. The catalysts display
multiple peaks, where at lower temperature, it is related to the reduction of NiO with
lower interaction with the support, while the large peaks at higher temperature exhibit
the strong interaction of Ni with the support. The basic properties of the catalysts were

estimated by CO 2 -TPD techniques, which indicate the strength of the basic sites. All the
catalysts possess basic sites of weak and medium strength. The catalyst synthesized
using WO 3 as support’s modifier gave the highest CH 4 and CO 2 conversions (66 and
75%) respectively as shown in Fig1 (D,E) and syngas ratio Fig1F of about 0.95.The
same catalyst presents the best stability and least carbon formation for 420 min. time on
stream. In Fig1G, the catalysts with support’s modifiers Mo and B oxides exhibit similar
performance profile but with lower activity and stability.

Fig 1 Activity & characterization of Ni promted supported catalysts
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Introduction
Petroleum oil continues to be major energy source up to 2040. As of 2014, the total
primary energy supply was 273.9 million barrels of oil equivalent per day (mboe/d).
On a global level, total primary energy demand is forecast to increase by 40% in the
period to 2040 to reach 382 (mboe/d) according to OPEC’s World Oil Outlook 2016
[1]. Due to the limited amount and depletion of traditional light petroleum resources,
low quality heavy oils and or residues, which are subsequently obtained by
processing heavy crudes, are considered as alternate suitable source for
transportation fuels, energy and petrochemicals to fulfill the requirements of rapid
population and civilization growth. Moreover, many statistical studies have showed
that reservoirs of heavy crude are much larger than those of conventional crude,
which made the appropriate deep upgrading of heavy crude, for both, refining and
petrochemicals, more interesting and is attracting more and more attention from
scientists and engineers [2,3].
Light olefins such as ethylene, propylene, and butylene are the key building blocks in
the petrochemical industry and are widely used to synthesize downstream products,
such as polymers, paints and solvents [4]. However, production of light olefins by
using conventional cracking is challenging due to the low olefins selectivity in this
process [5]. This is well established that pyrolysis of naphtha in the presence of
zeolite catalyst is an effective process for the olefins production [6].
Materials and Methods
All catalytic tests were performed on modified H-ZSM-5 zeolites at 500 °C and
ambient pressure in a fixed bed reactor, The recants and products were analyzed by
a gas chromatograph.Results and dissections

In this study, numbers of

modification methods have been applied for improving ZSM-5 performance in heavy
crude oil (atmospheric residue) catalytic cracking process to increase the yield of light

olefins. High yield of total light olefins (ethylene, propylene and butylene) was
achieved over hierarchical mesoporous ZSM-5 zeolite having Si/Al molar ratio=80.
More than 55 wt. % of light olefins yield was obtained (Fig.1) which is much more
than the light olefins yield obtained over the conventional ZSM-5 zeolite (about 32
wt.%). ZSM-5 with hierarchical mesoporous structure is necessary to improve the
accessibility of the catalyst, lowering hydrogen transfer that reduce olefins yields and
lowering coke formation.
Significance
Direct conversion of the cheap and universally available heavy crude oil feedstock to
petrochemicals is very attractive strategy to fulfill the increasing market demand and
producer’s needs. As far we know, our new catalyst showed very high olefins yield
comparing to the obtained yield in the similar studies [7, 8].
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Fig.1.Total olefins yield over different modified ZSM-5 on heavy crude oil
(atmospheric residue) catalytic cracking.

Reaction conditions: feed flow rate 0.2

ml/min, reaction temperature 500 °C, catalyst load 1 g, pressure 1 am
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Introduction
Within the context of sustainability and the global efforts for CO 2 emission reduction,
the investigation of routes for biomass conversion to fuels and chemicals has
received tremendous attention. BioCatPolymers is a 3-year (Jan 2018 – Dec 2020)
European project funded by the Horizon 2020 research and innovation programme,
with the main objective to demonstrate a cost-effective, sustainable and efficient
cascade technological route for the conversion of low-value, low-quality residual
biomass to bio-polymers with equal or better performance than their fossil-based
counterparts.
BioCatPolymers is specifically aiming at the efficient and economic production of
isoprene and 3-methyl-1,5-pentanediol (3MPD), two monomers with very large
markets that can be further processed in the existing infrastructure for fossil-based
polymers for the production of elastomers and polyurethanes, respectively. The
BioCatPolymers consortium consists of the Chemical Process and Energy
Resources Institute of the Centre for Research & Technology Hellas (Greece) –
coordinator, SEKAB E-Technology AB (Sweden), Visolis B.V. (Netherlands),
Bioprocess Pilot Facility B.V. (Netherlands), Process Design Center (Netherlands),
Quantis (Switzerland) and Covestro Deutschland AG (Germany).

Concept, methodology and objectives
BioCatPolymers aims at demonstrating an integrated feedstock-flexible, economic
and efficient technological route to convert low-cost, abundant and residual
lignocellulosic biomass to high added value monomers that are converted to
biopolymers via well-established manufacturing processes. In the framework of the
project, a novel approach is being studied, which surpasses the impediments of
traditional solely bio-based approaches by combining efficient hydrolysis of

lignocellulosic material to sugars which can be fermented with high yields to
mevalonolactone (MVL), with highly efficient and selective thermochemical catalytic
processes to the desired products, i.e. isoprene and 3MPD. The aim is to produce
bio-isoprene at 50% cost reduction and 3MPD at 70% cost reduction compared to
average market prices. This ambitious target will be attained by optimizing and
demonstrating the entire value chain, starting from the pre-treatment of low quality
biomass to biological fermentation to MVL, separation of MVL from the fermentation
broth, selective catalytic conversion to the targeted monomer, purification to polymer
grade quality and polymerization to the final polymer product, as shown in Figure 1.
The optimization of the platform cell factories and all downstream processes and the
efficient integration of the process modules are expected to increase the
competitiveness of biological processes in terms of economics.

Figure 1. Overall concept of the Biocatpolymers project.
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ABSTRACT

Olefins, such as ethylene and propylene are important commodity petrochemicals useful in a
variety of processes for making plastics and other chemical compounds. For many years now the
primary process used for the production of the lighter olefins (ethylene and propylene) has been
steam cracking of light hydrocarbons which is a highly energy intensive technology. Therefore, there
is strong interest in development of more efficient and improved unconventional processing
methods. The utilization of microwave irradiation for efficient chemical activation for the processing
of petroleum to useful products has demonstrated that the selective and targeted dissipation of
microwave energy has great potential to deliver shorter reaction times compared to conventional
cracking processes driven by thermal energy.
The aim of this study is to develop new petrochemical approaches based on microwave-dielectric
heating and rational designed catalsorbers based on ZSM-5 catalysts, whose duality can efficiently
transform the crude oil and heavy naphtha to high-value chemicals. These innovations will be used
for the selective cracking and dehydrogenation of crude oil into valuable light olefins for the
petrochemical industry via new “unconventional process technologies.”
Keywords: Microwave-assisted conversion, Ethylene and propylene, Heavy crude oil upgrading,
Fluid catalytic cracking, ZSM-5 zeolites

In-situ generation of Brönsted acidity in the Pd-I bifunctional
catalysts for selective reductive etherification
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Introduction
Ethers and its derivatives are widely used as solvents, surfactants, pharmaceuticals,
polymers and liquid fuels. Traditional routes for the synthesis of ethers involve
dehydration of alcohols and Williamson ether synthesis, which always need acidic
catalyst at elevated temperatures (>150 °C) or environmentally harmful halides as
intermediates

[1]

. Reductive etherification is an alternative sustainable way to valorize

biomass feedstock

[2]

. The reaction requires a bifunctional catalyst and proceeds via

intermediate acetalization of carbonyl groups over acid sites with subsequent
hydrogenolysis to ethers over metal sites. Herein, we develop an extremely efficient
bifunctional Pd-I catalyst for reductive etherification. The catalyst is prepared by “in
situ” modification of a commercially available Pd-supported catalyst with organic
iodide compounds. The Brönsted acidity for the reaction is reversibly generated in the
presence of hydrogen in gaseous phase.
Key Results and Discussion
Table 1: Etherification reaction of furfural over Pd catalysts treated and non-treated by iodine (T=60 °C, 20 bar
H 2 , 0.1 g furfural, 2 g isopropanol, 15 mg organic iodide if needed, 50 mg catalyst, 1h)

Entry
1
2
3

Catalytic system
Pd/Al 2 O 3
Pd/Al 2 O 3 + EtI
I-Pd/Al 2 O 3

Conversion,
%
87
72
35

FA
0
4
0

THFA
99
0
0

Ether
0
91
83

Selectivity, %
Acetal
Hemiacetal
0
0
1
2
12
1

Others
1
1
4

Commercial 5 wt% Pd/Al 2 O 3 has demonstrated high activity with formation of THFA
as the main product. Addition of traces of ethyl iodide (EtI) or pre-treatment with EtI
(I-Pd/Al 2 O 3 ) leads to total change of the reaction route, causing favored formation of
ether (2-(isopropoxymethyl)furan) as the main product (91 % and 83% selectivity). In
addition, analysis of the products from Pd/Al 2 O 3 promoted with EtI showed the

presence of ethane. Thus, the modification of the catalyst might be explained by the
EtI reaction with hydrogen on the surface of Pd with intermediate formation of atomic
iodine on the surface.
Acetalization of carbonyl groups is
usually considered as an acid catalyzed
reaction, which takes place in the
presence
I-Pd/Al2O3

of

Brönsted

acid

sites.

Pyridine-IR analysis was carried out on
Pd/Al 2 O 3 and I-Pd/Al 2 O 3 to verify the

Pd/Al2O3

generation of acidity (Figure 1). A peak
at 1540 cm-1 assigned to Brönsted acid

Figure 1: In-situ pyridine-FTIR analysis for I-Pd/Al2O3
and Pd/Al2O3

sites

in

I-Pd/Al 2 O 3

appeared

after

exposure to H 2 and disappeared after removal of H 2 from the cell. Interestingly, the
acidity could be recovered by dossing again hydrogen. This result indicates that the
Brönsted acidity generation on the Pd-I
catalysts is reversible and depends on
partial pressure of hydrogen. A feasible
reaction pathway was proposed. First,
Brönsted acid sites (H+) are generated on
the Pd-I sites via hydrogen dissociation.
Then,

the

acetal

intermediates

are

produced on the Brönsted acid sites
followed by hydrogenolysis to ether over
neighboured bare-Pd.

Figure 2: Scheme of the synthesis of ether by in
situ acid generation in the presence of hydrogen
over heterogeneous Pd-I catalyst

Conclusion
In-situ generated Brönsted acidity in Pd-I catalyst is responsible of its enhanced
catalytic performance in reductive etherification. This strategy can be extended to
other reactions between various carbonyl compounds and alcohols requiring
bifunctional catalysts.
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Oxidation products of betulin, which is a wood extractive, are biologically active and
exhibit several anticarcinogenic as well as antimicrobial properties [1]. Conventionally
betulin has been oxidized with chromium containing catalysts, which are poisonous
being also difficult to reuse. Heterogeneous silver supported catalysts [2] have been
used

in

betulin

oxidation (Fig. 1).
Kinetics of betulin
oxidation has been
very

scarcely

investigated. In this
work
betulin
Fig. 1. Reaction scheme.

over

kinetics

of

oxidation
gold

supported catalysts was elucidated for the first time.
The catalysts were prepared by deposition precipitation method and characterized by
nitrogen adsorption, XPS, CO 2 temperature programmed desorption and TEM. The
kinetic experiments were performed in a glass reactor in mesitylene as a solvent at
140oC under atmospheric flow of synthetic air. In a typical experiment the initial
betulin concentration was 4.5 mmol/l and the amounts of the catalyst and the liquid
phase were 0.2 g and 100 ml. Small catalyst particles (< 63 µm) and high stirring rate
of 450 rpm were used to suppress the internal and external mass transfer limitations.
The samples were periodically taken from the reactor, silylated, analyzed in GC. The
products were confirmed by GC-MS.
The initial TOF was the highest with 0.5 wt% Au/LT treated with O 2 (Au/LT=
Au/La 2 O 3 /TiO 2 ) containing the smallest gold particles. 4 wt% Au/TiO 2 with slightly

larger Au particles which deactivated very
4

Concentration (mmol/l)

conversion of betulin in 6 h. On the other
hand, 4 wt% Au/LT catalyst treated with
hydrogen and containing 19 % gold as ions
according

to

XPS,

transformed

betulin
betulone
betulonic aldehyde
betulonic acid
betulininc aldehyde
betulinic acid

5

rapidly after 30 min giving only 25 %

3

2

1

betulin

0

initially with a relatively high rate. The
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oxidation rate over this catalyst, however,
declined after 30 min (betulin transformation
rate decreases due to a competing reaction
- transformation of betulone to betulonic
aldehyde). When betulin was oxidized using
a mixture of 4 wt% Au/LT and hydrotalcite
(HT), the initial TOF was higher than in the

Fig.

2.

Concentration

profile

for

betulin oxidation. Conditions: 1.6 g
catalyst,

0.5

wt

%

of

Au,

Au/La 2 O 3 /TiO 2 + 0.2 g hydrotalcite,
c 0,bet .=4.5 mmol/l, at 140oC, with
synthetic air.

absence of HT. Addition of HT, however,
retained the catalyst mixture more active after prolonged reaction times giving
conversion of 70%.
The liquid phase mass balance closure (the sum of the masses of reactant and
products visible in GC) in betulin oxidation was high with Au/TiO 2 having the lowest
concentration of medium and strong acid sites. The incomplete mass balance closure
related to the amount of catalyst and its acidity, namely, the concentration of medium
and strong acid sites is probably due to strong adsorption of the reactant and/or
products on the catalyst surface. The main product was betulonic aldehyde with the
yield of 54% over 0.5 wt% Au/LT containing 35% gold ions according to XPS (Fig. 2).
The ratio between the initial rates for formation of betulinic aldehyde to betulone
decreased as follows: 4 wt% Au/TiO 2 > 4wt% Au/LT > 4 wt% Au/LT+HT > 0.5 wt%
Au/LT+HT i.e. being the highest with the largest Au particles. The final work will
present kinetic analysis of betulin oxidation and correlate properties of catalysts with
their performance.
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The development of eco-friendly, environmentally compatible, and
recyclable heterogeneous catalysts with improved performances in the
production of fine chemicals as well as in the conversion of renewables is a
field in continuous evolution. The catalysts design may involve different
strategies, going from the identification of new active species to the tailored
design of structural and morphological features of the catalytic support [1].
Mesoporous solids bearing a metal element inserted as single sites in
the silica matrix represent one of the most used class of heterogeneous
catalysts that can find applications for different reactions including
epoxidations, alkyl lactate production and glycerol conversion. The insertion of
a metal center in the silica structure can be achieved via co-synthesis
procedure or post-functionalization through wet or incipient wet impregnation
[2]

. The last strategy involves the use of a pre-formed solid with the desired

features which is used as support for the active species. The advantage of
this procedure is represented by the fact that all active species are located at
the external surface of the solid support and are accessible to the reactants.
Here, we report the synthesis of novel catalysts synthesized via wet
impregnation of an extra small (XS) MCM-41 material followed by calcination
of the final solids. Two different precursors (the neutral gallium lactate
Ga(C 3 H 5 O 3 ) 3 .H 2 O

and

the

anionic

gallium

citrate

complex

(NH 4 ) 5 [Ga(C 6 H 4 O 7 ) 2 ].2H 2 O) were used as Ga sources. The different nature
of the selected Ga-precursors will determine a different interaction with the
support which could influence the overall catalytic activity of the final

materials. The two solids (XS-GaLac-MCM-41) and (XS-GaCit-MCM-41) were
extensively characterized via powder X-ray diffraction, nitrogen physisorption,
transmission electron microscopy and ammonia temperature programmed
desorption (NH 3 -TPD), and then used as catalysts in the acetalization of
glycerol with acetone to produce solketal (2,2-dimethyl-1,3-dioxolane-4methanol)

[3]

with excellent results (Table 1). The outstanding catalytic

behavior of the catalysts prepared via impregnation can be attributed to the
good dispersion of gallium as well as to the higher accessibility of the active
sites (all distributed at the surface).
Table 1. Catalytic performance of the XS-GaLac-MCM-41 and XS-GaCit-MCM-41 materials.
Entry

1
2

Si/Ga

Temperature

Solketal

(°C)

yield (%)

c

TON

Reference

a

118

50

53

3838

This work

a

118

80

65

4682

This work

d

XS-GaLac-MCM-41
XS-GaLac-MCM-41

3

XS-GaLac-MCM-41

118

80

29

840

This work

4

a

130

50

42

3355

This work

a

130

80

53

4229

This work

6

d

XS-GaCit-MCM-41

130

80

23

736

This work

7

d

e

80

28

125

X.Collard et al

e

80

25

361

X.Collard et al

5

8
a

b

Catalyst

XS-GaCit-MCM-41
XS-GaCit-MCM-41

XS-Ga-MCM-41-H
XS-Ga-MCM-41-L

d

15
44

b

Reaction conditions: 10 mg of catalyst, 0.01mol glycerol, 2.32g acetone, 6h. Determined from ICPc

OES analysis. TON (Turnover number) defined as mol of glycerol converted/mol of Ga atoms.
d

Reaction conditions: 25 mg of catalyst, glycerol (10mmol), acetone (10mmol), tert-butanol (1.48g), 6h.

e

Si/Ga ratio determined by EDX.

In addition, the influence of reaction conditions such as reaction time,
catalyst amount, and acetone/glycerol molar ratio was studied. Both catalysts
achieved excellent turnover numbers higher than other Ga-based catalysts
reported in literature. In order to prove the true heterogeneous nature of the
materials recycling experiments were performed as well. The best catalyst
(XS-GaLac-MCM-41) was used in multiple catalytic cycles without decrease in
glycerol conversion. Moreover, a hot-filtration test allowed excluding the
leaching of small amount of active species in solution.
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Introduction
Amines are N-containing intermediates with a broad variety of applications in the
chemical industry as solvents, agrochemicals, pharmaceuticals, detergents and fabric
softeners. The direct amination of alcohols via the hydrogen borrowing mechanism is
a promising strategy for preparing amines, since no external hydrogen supply is
required and water is generated as main by-product. The present catalytic systems
(Ni & Cu) suffer from poor selectivity and high metal loading (>10 wt%). In this work,
we report a series of low-Ni based bimetallic catalysts synthesized by six different
methods using β-CD as pre-shaping agent (Fig. 1) and their characterization in
aqueous solution, dried, calcined and reduced states. The catalytic performance of
the as-prepared formulations was assessed in the amination of 1-octanol (OL) with
NH 3 (7 bar) and 55 mg catalyst at 160 oC for 4 h.
Results
The primary Ni-Pd-β-CD interaction was inspected by marrying ESI-MS
experiments with DFT calculations. The results revealed a higher affinity of the Ni(II)
nitrate precursor for β-CD to form a molecular complex compared to the Pd(II)
precursor. This complex conditioned to an important extent the catalyst architecture
in the further thermal treatment steps (drying, calcination, reduction), as inferred by
combining H 2 -TPR, XPS, CO-pulse chemisorption and STEM-EDX-SDD. By
optimizing the preparation protocol, 90% OL conversion and 79% selectivity to the
primary amine (i.e. 1-octylamine) (TON = 93) could be achieved on a formulation

based on 5 wt%Ni and 0.5 wt%Pd prepared by pre-adsorbing β-CD on Al 2 O 3 before
impregnating the Ni(II) and Pd(II) salts (Fig. 2). This results places this catalyst
among the most active and selective Ni catalysts reported in the literature for the
synthesis of primary amines from aliphatic alcohols.
M1

M2

M3

M4

H2O (250 mL)
Ni + Pd salts

H2O (250 mL)
+ β-CD

H2O (250 mL)
+ β-CD
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+ β-CD
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H2O (250 mL)
+ Pd salt
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+ β-CD
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Stir 2 h

Stir 2 h
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Pd salt
Stir 2 h
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NiO/Al2O3-CD0.1
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Dried (100 oC, 12h) and Calcined (400 oC)

Fig. 1 Six different methods (M1-M6) used for the preparation of Ni-Pd/Al catalysts
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Fig. 2 Catalytic performances of the catalysts in the direct amination of 1-octanol.

Relationship between structure and activity of ABO 3 perovskite
catalysts in the oxidative coupling of methane
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Introduction
The oxidative coupling of methane (OCM) to C 2 hydrocarbons is becoming one
of the hottest issues in the research area of heterogeneous catalysis. The
Na 2WO 4 /Mn/SiO 2 catalyst that is regarded as the best catalyst for OCM at present
achieves a C 2 yield as high as ca. 25%. However, because of the complex
composition and structure of the Na 2WO 4 /Mn/SiO 2 catalyst, a great deal of ambiguity
on the identity and nature of its active sites remains, leading to a difficulty in
commercial applications. To overcome these drawbacks, it is necessary to perform a
fundamental study to clarify the catalytic active sites for the OCM reaction. Therefore,
we have intensively studied ABO 3 perovskite catalysts having clear and simple
structures. In this study, we investigated the relationship between structure and
activity of ABO 3 perovskite catalysts in the OCM. Particularly, we focused on
tolerance factor (T F ) and specific free volume (V SF ) among various structure factors,
because these factors are well known to control the oxygen ion conductivity, which
has a strong influence on the catalytic activity in the OCM [1].
Experimental
Various of ABO 3 perovskite catalysts with different components (A=La, Pr, Nd,
Sm, or Gd, B=Al, Ga, or In ) were prepared by a citrate sol-gel method. The crystal
structures of the prepared catalysts were confirmed by powder X-ray diffraction
(XRD). A continuous-flow fixed-bed reactor having a continuous-flow quartz reactor
was used to perform the OCM reaction. The tolerance factor and specific free volume
were calculated from literature data.
Results and discussion
The successful formation of various ABO 3 perovskite catalysts was confirmed by
XRD measurements. The prepared catalysts show their characteristic peaks, as
identified with JCPDS cards. T F is a measure of the stability and distortion of the
crystal structure and is calculated as follows: T F = (r A + r O ) / 2 (r B + r O ), where r A , r B
and r O are the mean ionic radii for A, B and O sites. When T F = 1, the most

symmetrical cubic symmetric perovskite structure is formed. If T F is far from 1, the
structure is distorted and the anisotropy of the oxygen site is increased. High
anisotropy of oxygen site interferes with oxygen transfer leading to low oxygen ion
conductivity [1,2]. V SF is a function of the empty space in the unit cell and is
calculated as follows: V SF = (V−total volume of the constituent ions)/V, where V is the
unit cell volume. The larger the V SF , the more oxygen ions can move to provide more
space to induce high oxygen ion conductivity [3].

Fig. 1. Tolerance factor, specific free volume and catalytic activities of ABO 3
catalysts (A = La, Pr, Nd, Sm or Gd, B = Al, Ga or In ) in the OCM.
Fig. 1 shows the calculated T F , V SF and CH 4 conversion of various ABO 3
perovskite catalysts. Interestingly, methane conversion showed a similar trend as T F
when the V SF is constant. In addition, LaGaO 3 catalysts with appropriate T F and V SF
are known to have the highest oxygen ion conductivities and showed the highest
methane conversion in the OCM. From these results, we could infer that structural
factors of ABO 3 perovskite catalysts such as T F and V SF is closely related to their
catalytic activity in the OCM.
Conclusions
Oxidation coupling of methane over ABO 3 perovskite (A = La, Pr, Nd, Sm or Gd, B =
Al, Ga or In) catalysts were performed to produce C 2 hydrocarbons from methane.
The structural factors of perovskite catalysts such as T F and V SF have a strong
influence on their oxygen ion conductivity, and thus, catalytic activity in the OCM. We
concluded that structural factor can play a key role in systematically designing a highperformance perovskite catalyst for the OCM.
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Introduction
Organosilanes with different functional groups (e.g. amine, thiol) are often used for
functionalization of ordered mesoporous silica in order to obtain hybrid catalysts or
supports for noble metals. For both purposes the efficiency of organosilane
anchoring and the stability of modifiers are very important in the application of the
final materials as catalysts. Thus the knowledge of the role of the surface species on
mesoporous silica supports in organosilica anchoring is crucial. The surface species
on silica strongly depend on the hydration level. The important role of water in
anchoring of bio-organic compounds has been already mentioned in [1]. The effect of
water on silica surface on the efficiency and stability of organosilane anchoring has
not been considered in literature in details, which has prompted us to consider these
issues.
Experimental
SBA-15 was fully hydrated and next dehydrated (calcined) at different temperatures
(50°C, 100°C, 150°C, 200°C and 400°C). In this way the samples with different
number of layers of water were obtained. 3-thiolpropyltrimethoxysilane (MPTMS) was
anchored on the samples of different coverage with water. The materials were
studied with N 2 ads./des., elemental analysis, XPS, TGA, FTIR after evacuation at
different temperatures. The experimental results were supported by periodic DFT
calculations. Hydroxylated and hydrated amorphous silica slab models were used
comparable to those used in our previous study on silica ligand anchoring.[1]
Results and Discussion
After heating of hydrated SBA-15 at different temperatures the samples were
modified with MPTMS. The number of water layers at silica surface decreased from

7.6 layers in hydrated SBA-15 to 0.6 monolayer in the material calcined at 400oC.
The efficiency of MPTMS anchoring decreased with the reduced amount of water on
the silica support surface. The samples covered by ca one monolayer of water
(MP/SBA-15 heated at 100oC, 150oC, 200oC) were found to contain a similar amount
of anchored organosilane - ca. 0.46 mmol/g. If the number of layers increased up to
1.5 (heating at 50oC) the efficiency of MPTMS anchoring increased to 0.56 mmol/g,
while if SBA-15 was covered by 0.6 water monolayer (heating at 400oC) it decreased
to 0.39 mmol/g.
The stability of MPTMS anchored was estimated on the basis of TG analysis and
FTIR spectra recorded after evacuation of MP/SBA-15 samples at different
temperatures. With the decrease in the amount of water on MP/SBA-15 surface, the
temperature of MPTMS decomposition decreased indicating a decrease in the
stability of MPTMS. FTIR study allowed the evaluation of changes in MPTMS
anchored upon the temperature of evacuation (Fig. 1). The intensity of the IR bands
assigned to SiOH increased in line with the growth in the evacuation temperature. It
was correlated with the
breaking
bonds
heating
evacuation

+ H2O + H2S

of

hydrogen

between

SiOH

and water molecules, or
-OCH 3 or -SH species. In
contrast, the decrease in
the intensity of the band

Fig. 1. The species on MP/SBA-15 before and after temperature evacuation

due to -SH was caused

by desorption of H 2 S, while the increase in the intensity of the band originating from
methoxy species was caused by the breaking of hydrogen bond between -OCH 3 and
water and/or SiOH. The breaking of hydrogen bond was evidenced by a significant
decrease in the intensity of the FTIR band. The experimental results will be
discussed in detail in relation to those of DFT calculations.
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Introduction
Conversion and utilization of inedible lignocellulosic biomass, which mainly consists
of cellulose, hemicellulose and lignin, have greatly attracted attention to reduce
carbon dioxide emission and to establish the sustainable society. Cellulose and
hemicellulose are polysaccharides, which can be converted into valuable products
and fuels. Lignin is a three-dimensional polymer of aromatic compounds with crosslinking via C–O–C ether bonds and C–C bonds, which can be converted into
aromatic products by depolymerization. Heterogeneous catalysts play a major role in
the conversion of lignocellulosic biomass because the reaction rates are high and the
catalysts are relatively stable and reusable compared with enzymes and
homogeneous catalysts. Heterogeneous catalysts can convert cellulose and
hemicellulose into useful chemicals; however, contamination of the catalysts by lignin
after the reaction causes catalyst deactivation. We have reported that the cellulose
and hemicellulose in lignocellulose can be directly converted into sugar alcohols such
as sorbitol, mannitol, and xylitol without delignification by using supported metal
catalysts with hydrogen gas [1, 2]. The lignin remains as a solid after the reaction. In
that case, separation of the solid lignin from the supported metal catalysts in the solid
residue is required. We have also reported cleavage of the C–O–C ether bonds in
lignin model compounds using supported metal catalysts in supercritical water
without adding hydrogen gas and without causing hydrogenation of the aromatic
rings [3]. We therefore applied this technique to separation of the solid lignin from the
supported metal catalysts by depolymerizing the lignin into soluble aromatic
chemicals. Here, we show a cascade utilization of lignocellulose: conversion of
cellulose and hemicellulose, followed by conversion of lignin into soluble aromatics at
higher temperature. We also found that the supported metal catalyst was reusable.

Results and Discussion
The conversion of cellulose and hemicellulose in the bagasse was carried out in a
batch reactor at 463 K for 16 h using Pt/C with 5 MPa H 2 [1, 2]. The amounts of
products, sorbitol, mannitol, xylitol, and arabitol were 0.25, 0.044, 0.14, and 0.065 g
per gram of dry bagasse, respectively. The yield of total sugar alcohols was 64.0%
based on the total moles of sugar in the reactant bagasse. This result indicated that
the cellulose and hemicellulose in the bagasse could be converted into sugar
alcohols by Pt/C with H 2 in water. The solid residue remaining after the reaction and
the aqueous solution were separated by filtration.
The wet, solid residue from the first reaction, which was composed of mainly
lignin and Pt/C, was treated at 673 K for 1 h with water (0.5 g cm–3) to depolymerize
the lignin into aromatic compounds and to recover the Pt/C catalyst. The lignin was
successfully depolymerized, and the weight of the solid reside after treatment at 673
K was only 1.9% of the weight of the reactant bagasse. The yields of benzene,
toluene, ethylbenzene, and propylbenzene were 2.5%, 4.8%, 16.7%, and 11.9%,
respectively. The total yield of aromatic compounds was 40.3%.
The Pt/C catalyst recovered after lignin depolymerization at 673 K was reused
to convert the cellulose and hemicellulose in fresh bagasse in a batch reactor at 463
K for 16 h with H 2 . The amounts of sorbitol, mannitol, xylitol, and arabitol in the
products were 0.29, 0.037, 0.19, and 0.038 g per gram of dry bagasse, respectively.
The 70.5% yield of total sugar alcohols indicated that the catalyst kept its activity for
the hydrogenolysis of cellulose and hemicellulose in bagasse. The wet, solid residue
obtained after the reaction was then treated with water at 673 K for 1 h. The yields of
benzene, toluene, ethylbenzene, and propylbenzene were 2.9%, 3.9%, 15.6%, and
10.4%, respectively, and the total yield of 40.7% was almost the same as the yield of
40.3% from the first run, indicating that the catalyst could be used repeatedly to
convert all three components of lignocellulosic biomass into corresponding
chemicals.
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Compartmentalization, the physical separation of conflicting substances in one
system, is an effective method to deal with chemical complexity. Nature, for instance,
uses cell membranes to compartmentalize chemically incompatible reagents to
perform multiple reactions simultaneously. Here, we report the use of Pickering
emulsions (PEs), emulsions stabilized by solid particles, for the synthetic
compartmentalization of (antagonistic) catalysts and explore the properties of these
emulsions for catalysis. This strategy offers opportunities for process intensification
and a more efficient and greener conversion of renewables. As most of the few
reported applications of PE in catalysis typically involve very mild reaction conditions
and do not focus on stability of the PE under reaction conditions, their broader
applicability remains to be established.
We report for the first time the formation of water-in-oil PEs formulated with three
different

lignin-derived

organic

solvents,

i.e.

2-isopropylphenol

(IPP),

4-

propylguaiacol (PG) and 2-sec-butylphenol (SBP), and hydrophobic fumed silica. The
stability of these emulsions and hence the window of operation for catalytic
conversion was studied as function at temperature, salt and acid concentrations, to
mimic typical conditions of, for example, biorefinery operations. The PG based
emulsions proved most stable, tolerating salt (NaCl) concentrations up to 30 wt% and
a pH of 1.3 for over a month. This PE can also withstand temperatures of up to 100

°C, the boiling point of the dispersed phase, for more than 1 hour. An increase of
interfacial area and the ability for compartmentalization with a physical boundary
between the two phases, are two of the benefits that PEs possess over traditional
biphasic systems which can be useful in catalysis. For instance, we use these
advantages to show that PEs can serve as reaction media for tandem reactions with
antagonistic catalysts. This is highlighted for tandem acid-base catalysis using the
deacetalization-Knoevenagel probe reaction. In this case, the acid and base catalysts
are compartmentalized in the water and organic phases of the PE, respectively,
avoiding the immediate quenching of the acid and base catalysts that would
otherwise occur (figure 1a).
The benefit of the increased interfacial area can also be used in biomass upgrading
reactions. We show by kinetic studies that the lignin-derived PEs show good potential
for the extraction of HMF (figure 1b) generated in the acid catalyzed dehydration of
fructose, a reaction for which rapid extraction from the water phase is required to
obtain good yields.
Finally, we show that confining a catalyst in the dispersed phase and substrates and
products in the continuous phase of a PE offers the potential of heterogenization of
homogeneous catalyst and continuous flow, using a microfluidics approach as well
as the equivalent of a fixed bed reactor used in heterogeneous catalysis. Together
the results show that PE can be attractive media for catalysis and the more
sustainable production of chemical building blocks.

Figure 1 a) Schematic representation of the deacetalization-Knoevenagel tandem reaction in a PE
and product distribution of reaction mixtures in a traditional biphasic system and PE for this reaction.
b) Influence of interfacial area of biphasic systems on the extraction of HMF from water to the ligninderived organic solvents.
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Introduction
A large part of active pharmaceutical ingredients and agricultural components are
best applied as their enantiopure forms, especially since other forms can cause
undesired or even toxic (side) effects.[1] Obtaining enantiopure chemicals can be a
difficult task, from synthesis to purification, due to the nearly identical physical
properties of enantiomers. Separation is currently achievable by interaction with other
chiral molecules (to form diastereomers) or with enantioselective catalysis.[2] An
example of the latter is kinetic resolution, where a chiral catalyst (often an enzyme)
selectively catalyses the conversion of one enantiomer to a product which can be
easily separated by conventional methods such as precipitation, distillation or
extraction. However, the main drawback of kinetic resolution and other separation
methods is often that for every desired (isolated) enantiomer, the same amount of an
undesired enantiomer is left over.[2-3]
The addition of a racemization catalyst in kinetic resolution systems has led to the
conversion of the undesired enantiomer towards functionalized, desired product. The
enzyme selectively functionalizes one enantiomer, while at the same time
racemization assures that the ratio of unreacted enantiomers remains the same. As a
result, the concentration of the undesired enantiomer decreases, while the desired
form can be functionalized to a stable and separable product.
Many dynamic kinetic resolution systems exist for a wide array of substrates.[2-5]
However, the dynamic kinetic resolution for aliphatic amines remains an unresolved
challenge. Some systems for benzylic amines have had some moderate success on
aliphatic substrates; but suffer from long reaction times, enzyme incompatibility, high
catalyst loadings (> 5 mol%) and limited substrate scope.[6-8]
Hereby, we wish to present our initial results on a novel dynamic kinetic resolution
system for aliphatic amines; studying racemization and kinetic resolution separately
and in combination.

Results and discussion
First, a suitable racemization catalyst was identified for the consecutive
dehydrogenation/hydrogenation of an enantiopure substrate (S-2-aminooctane) –
over an (short-lived) imine intermediate – by monitoring the enantiomeric excess
(ee).[9] Starting with commercial ruthenium on carbon, a significant drop in ee was
noted at high catalyst loadings (15 mol%). Further development of self-prepared
ruthenium catalysts showed improved activity by dispersion of metallic Ru on alkaline
spinel supports, in particular, magnesium aluminate. However, the Ru/spinel
catalysts still required high catalysts loading. More success was found with zeolite
supports. A wide array of zeolite topologies, both with Ru(III) and Ru(0), were
screened. Surprisingly, the ionic ruthenium zeolites resulted in higher catalyst
activities and thus lower enantiomeric excess.
Next, the kinetic resolution of aliphatic amines with enzymes was evaluated utilizing
Candida Antarctica lipase B, a thermostable enzyme. Different resolution agents
were investigated, such as esters and carbonates. Smaller, less hindered agents
caused uncatalyzed, unselective conversion and alkylation, while larger resolution
agents resulted in a highly selective turnover with minimal side-products.
Combination of both the racemization and the kinetic resolution system resulted in a
selective dynamic kinetic resolution exceeding the kinetic resolution limit of 50%.
Reaction conditions will be optimized to achieve the best results, at which point a
wide substrate scope will be tested.
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Introduction
High surface area support materials play a crucial role in heterogeneous catalysis as
they disperse and stabilize the catalytically active nanoparticles. Thus, they can have a
significant influence on the activity and stability of the latter. Porous carbon materials are
a versatile class of supports due to their high surface area, tailorable pore structure, and
high chemical stability.[1] Precise control over their pore structure is crucial in order to
tailor the sizes and distances of the deposited nanoparticles.[2] Gold nanoparticles
(AuNPs) with size below 10 nm display exceptional catalytic activity, especially in
selective oxidation reactions. One example where carbon-supported AuNPs show
remarkable catalytic activity is the selective oxidation of ᴅ-glucose to ᴅ-gluconic acid in
aqueous solution, using molecular oxygen.[3] Despite the large number of studies on
such catalytic systems, profound understanding of the influence of the carbon porosity
on the properties of gold catalysts for such reactions is still rare. A systematic study of
the effect of the mesoporosity of chemically identical support materials on the catalysts’
ability for conversion of glucose to gluconic acid will be reported.
Results and Discussion
A series of salt-templated carbon materials (STCs) with tunable pore structure and high
surface areas was synthesized by employing the salt template ZnCl 2 as porogen and
sucrose as a renewable carbon precursor (Figure 1 a).[4] Nitrogen adsorption isotherms
display increasing amount of mesopores with increasing ratio of salt template, that is,
from STC-1 to STC-8. Since the rather hydrophobic surface atomic structure of
carbonaceous support materials has proven to stabilize smaller gold nanoparticles, all of
the STCs were treated under reducing atmosphere for 2 h on 600 °C.[5] Colloidal
AuNPs obtained by chemical reduction of tetrachloroauric acid in the presence of
sodium citrate as a stabilizing agent were subsequently deposited on the STC supports.

Transmission electron microscopy shows that the size of AuNPs is comparable for the
entire series of catalysts, with the average particle size in the range between 4.4 nm and
5.2 nm (Figure 1 b). The results of catalytic glucose oxidation suggest that the
increasing amount of mesopores promotes the catalytic activity of AuNPs, leading to
higher glucose conversion (Figure 1 c). As the average particle sizes do not seem to be
dependent on the presence and the amount of mesopores, it is assumed that the
available surface provided by mesopores leads to a better dispersion of AuNPs. This, in
turn, affects the interaction with reactants and may slow down particle growth leading to
faster conversion of glucose and enhanced stability of the catalysts.

Figure 1: N 2 physisorption isotherms (at −196 °C) of STCs (a), particle size distributions of the catalysts
together with the average particle sizes (b), and conversion vs. time diagram for glucose oxidation using
the STC-supported catalysts (c).

Conclusion
A series of AuNP catalysts supported on carbons of varying porosity and identical
surface chemistry was presented. The increasing mesopore content lead to a higher
catalytic activity, which can be ascribed to a better dispersion of the catalytically active
phase. These results underline the importance of precise tailoring of porosity of a
catalytic support.
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Synergism in bimetallic nanoparticles
Bimetallic nanoparticles (BNPs) have witnessed an explosion of interests in recent
years because of advances in synthesis and the unique chemical, mechanical,
optoelectronic and catalytic properties of these materials. The potential applications
of core-shell bimetallic nanoparticles (BNPs) are truly impressive, including
computational technology [1], spectroscopic sensing [2], alternative energy [3], and
the biological sciences [4]. The significant advantages of BNPs are a direct
consequence of their distinctive surface properties arising from the phenomenon of
synergistic effect.

N
C
N

BNPs, 1h
O
NH2

N
BNPs, 25s
NO2
2.5

NH2
-NO2

Absorbance

2.0
1.5
0 sec
5 sec
10 sec
15 sec
20 sec

1.0
-NH2

0.5
0.0
200

300

400

Wavelength (nm)

500

Fig. 1 Figurative representation of bimetallic nanoparticles (BNPs) and their anchorage onto
functionalized silica gel surface through the pore walls; catalytic applications in nitrile hydration and
nitrophenol reduction

Immobilization of these BNPs into appropriate supporting material can greatly
enhance their structural stability, surface active site count and thereby improve the
catalytic

efficiency.

In

the

present

work,

Au-Pd

BNPs

supported

on

2-

diphenylphosphinoethyl (2-DPPE) functionalized silica gel support were synthesized
via a suitable wet-impregnated galvanic replacement reaction followed by successive
reduction at room temperature in water. The as synthesized bimetallic core-shell
nanoparticles, viz. DPPE@Au@Pd were calcined at 4000C and characterized using
PXRD,

HAADF-STEM,

FESEM-EDS,

Single-atom

trace

imaging

and

XPS

analysis.The material was screened for the catalytic hydration of nitriles to amides
with i-PrOH: Water (3:1) as solvent and Cs 2 CO 3 as base at 500C for 1h. The texture
and activity of the material was compared with its monometallic counterparts i.e.,
DPPE@Pd, DPPE@Au and also the non-calcined material, DPPE@Au@PdNPs
synthesized under similar experimental protocols. The reactivity order directly
emulates from the ‘synergistic effect’ of the Pd core embedded within the Au shell:
DPPE@Au@Pd(C) > DPPE@Au@Pd > DPPE@Pd > DPPE@Au. The bimetallic
catalyst was recycled several times and was found to be active without any
significant loss of efficiency. The synergism as speculated was also evident for the
reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) in water at room
temperature and a range of nitrophenols and other nitroarenes were converted to
corresponding amines.
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Introduction
Arylsilane is widely used as raw materials for functional materials and intermediates
for various organic reactions. The traditional method for preparing arylsilanes is
nucleophilic substitution of chlorosilanes with organolithium or Grignard reagents.
However, there remain some problems such as preparation of organometallic
reagents and the limitation of substrates. In contrast, silylation of aryl halides with
hydrosilane by Pd[1] or Rh[2] complex catalysts is an excellent method for
synthesizing arylsilanes without using organometallic reagents. Although iodides and
bromides are mainly employed as a substrate, few reports for the application of aryl
chlorides have been appeared. On the other hand, it is important to apply
heterogeneous catalyst which is easy to separate from reaction solution and can be
reuse in terms of environmental chemistry. In this study, we found that selective
silylation of aryl chlorides with hydrosilane proceeded efficiently by supported Pd-Au
alloy catalysts.

Results and Discussion
A series of supported Pd-Au alloy catalysts was prepared through sol-immobilization
method[3]. The reactions of aryl halide (1) with 5 equiv. of triethylsilane (2a) in the
presence of supported Pd-Au alloy catalysts with different metal ratios were
investigated (Table 1). Au/C showed no catalytic activity for the reaction of
chlorobenzene (entry 1). The reduction of substrate mainly proceeded to give

benzene (4a) in the presence of
Pd/C

(entry

supported

4).

Pd-Au

In

contrast,

alloy

catalysts

gave the corresponding arylsilane
3aa selectively, and the selectivity
for 3aa increased with decreasing
Pd/Au atomic ratio (entries 2 and 3).
Interestingly,

arylsilanes

obtained

selectively

were
from

chlorobenzene, while the reactions
of bromo- and iodobenzene by
1Pd6Au/C

resulted

in

low

selectivities for arylsilane (entries 5
and 6). Among the supports for PdAu alloy tested, ZrO 2 supported
catalysts showed the highest activity
(entry

7).

Under

the

optimized

reaction conditions, the reactions of
a variety of aryl chlorides with
hydrosilanes

were

investigated

(Table 2). 1Pd6Au/ZrO 2 showed
high catalytic activity for silylation of
various

aryl

hydrosilanes

chlorides
to

give

with
the

corresponding arylsilanes in good to
high yields (entries 2-6). In addition, the present Pd-Au catalyst was also applicable
to the silylation of heteroaromatic chlorides (entry 7).
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Carbon dioxide has been recognised as an environmentally friendly C 1 building block
because of its low-toxicity, availability, low cost and renewability. On the other hand,
CO 2 has a high thermodynamic stability that makes its conversion quite challenging.
To overcome this issue, carbon dioxide could be reacted with high free energy
substrates such as H 2 , amines, and epoxides.[1,2] Among these options, the reaction
of CO 2 with epoxides to produce cyclic carbonate has been receiving growing
attention (Figure 1, A), because the cyclic carbonates are important compounds in
organic chemistry, and they have relevant applications as intermediates for the
preparation of fine chemicals and polymers, as green aprotic polar solvent, and as
electrolytes in Li-ion batteries. [3,4]
Herein, we present an efficient, easily recyclable and readily-available metal-free
heterogeneous catalyst for the reaction of CO 2 with epoxides to produce cyclic
carbonates under mild conditions (80 °C, 10 bar of CO 2 , 18h). This catalytic system
consists of amberlite ion-exchange resins in beads form with different functional
groups such as trimethyl ammonium halide (IRA 900) and dimethyl ethanol
ammonium halide (IRA 910) that act as active sites (Figure 1, B). Additionally, the
presence of water as a hydrogen bond donor co-catalyst (HBD) was investigated.
The beads form allow to recover the catalyst easily by simple filtration. These
commercially available ion-exchange resins in chloride form were simply converted
into iodide form by one step-ion exchange reaction with potassium iodide, since
iodide anion typically exhibits high catalytic activity in the presence of water. Then,
we tested the influence of different parameters such as the amount of water, CO 2
pressure and temperature on the catalytic system activity. The results demonstrated
that by tuning the amount of water and using a lower pressure of CO 2 , we could

enhance the catalytic system activity, leading to achieve the conversion of CO 2 into
several cyclic carbonates in high yield with an excellent selectivity under mild
conditions. The highest catalyst activity was found with Amberlite IRA 910 due to its
structure which contains an OH group and this OH group along with water play an
important role on activating the oxygen atom of epoxide through hydrogen bonding
interaction, thus promoting the nucleophilic attack by the halide leading to the ring
opening of the epoxide easily.[3] Because of its OH group, this catalyst also showed
high activity even in the absence of water, allowing to achieve high yield of styrene
and propylene carbonates (57 % and 84 % respectively) with ≥ 99 % selectivity. The
resins bead catalysts could be reused without losing their catalytic activities.

Figure 1. A) the synthesis of cyclic carbonates from CO 2 and epoxides using amberlites as
metal-free heterogeneous catalysts. B) ion exchange resins bead reaction for amberlite IRA
900 and 910. C) SEM image of polymeric resin bead,(left image) and surface
morphology,(right image) for Amberlite® IRA-900 chloride form.
References:
[1]

M. Alves, B. Grignard, R. Mereau, C. Jerome, T. Tassaing, C. Detrembleur, Catal. Sci.
Technol. 2017, 7, 2651–2684.

[2]

P. P. Pescarmona, M. Taherimehr, Catal. Sci. Technol. 2012, 2, 2169.

[3]

M. Cokoja, M. E. Wilhelm, M. H. Anthofer, W. A. Herrmann, F. E. K??hn, ChemSusChem
2015, 8, 2436–2454.

[4]

Y. Du, F. Cai, D. L. Kong, L. N. He, Green Chem. 2005, 7, 518–523.

CuZn catalysts activity dependence on calcination temperature
Violetta Pospelova1, Jaroslav Aubrecht1, Oleg Kikhtyanin2, David Kubička1,2
1

University of Chemistry and Technology, Prague, Czech Republic;
2

Technopark UCT, Kralupy nad Vltavou, Czech Republic;

Introduction
A replacement of CuCr 2 O 4 catalysts for ester hydrogenolysis is sought intensively [1]
to reduce the environmental risks of chromium-containing waste production. CuZnbased catalysts have shown a good activity in ester hydrogenolysis [1, 2]. However,
there is a lack of studies devoted to optimization of their activity in ester
hydrogenolysis. One of the optimization parameters is calcination temperature. It has
been found that the CuZn catalyst activity was dependent on the CuO and ZnO
particle sizes that were influenced by the calcination temperature [3]. Thus, we have
investigated the effect of calcination temperature of a CuZn catalyst on its activity in
ester hydrogenolysis using a batch reactor.
Experimental
A single CuZn (Cu/Zn=1.5) precursor was prepared by co-precipitation. It was
calcined in static air atmosphere at a broad range of temperatures: 220, 250, 300,
350, 400, and 450 °C and then reduced in hydrogen atmosphere at 220 °C. The
catalysts were characterized by XRD. Then, the catalysts were tested at 220 °C and
hydrogen pressure of 10 MPa in a batch reactor in dimethyl adipate hydrogenolysis
(Figure 1).
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Figure 1. Overall reaction of dimethyl adipate hydrogenolysis

Results and discussion
The as-prepared, calcined and spent catalysts were characterized by XRD. The asprepared catalyst consisted of a mixture of aurichalcite and zincian malachite
phases. After the calcination, the hydroxycarbonates phases were decomposed
gradually with the increasing temperature. As the temperature increased, the
crystallite size of ZnO and CuO increased as well. As seen in Figure 2A, the
influence of temperature on the dimethyl adipate conversion was significant. The

samples calcined at the highest temperature showed the lowest conversion that
could be explained by the large size of crystallites (Figure 2B). Non-calcined catalyst
had conversion comparable to the samples calcined at low temperature. In terms of
selectivity to the main product, there was the same trend for all samples and the
selectivity was dependent on conversion as previously described [4].

A

B

Figure 2A. Conversion of dimethyl adipate (DMA) for samples calcined at different temperatures in air
Figure 2B. DMA conversion dependence on Cu crystallite size after reaction and calcination
temperature

Conclusion
In this study, we describe the effect of calcination temperature on activity of CuZn
catalyst. It was confirmed that a complete decomposition of hydroxycarbonates
occurred over 325 °C. However, the samples calcined at temperature under 325 °C
showed the highest conversion with similar selectivity to the main product. It could be
suggested that residual hydroxycarbonates that were found by XRD have a beneficial
effect on activity.
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Introduction
Catalysts containing copper, zinc and aluminium have been extensively used in
methanol production from synthesis gas or water-gas shift reaction for several
decades [1, 2]. However, they have a much broader application potential. Here we
report their use in dimethyl adipate hydrogenolysis. Although in this industrial process
copper-chromium-based catalysts called “Adkins catalysts” are widely used [3], the
industry faces a demanding disposal of waste solution containing chromium from
catalyst production and the European ban of chromium-containing catalysts.
Experimental
For this purpose, two series of CuZnAl catalysts with different copper, zinc and
aluminium content were prepared by co-precipitation. During the preparation two
different pH values were used, namely pH = 7 (precipitation by Na 2 CO 3 ) and pH = 9
(precipitation by KOH with K 2 CO 3 ), to observe influence of the pH on the catalyst
structure. These precipitates were then calcined in air at 350 °C and reduced in
hydrogen at 220 °C. The catalysts were characterized prior and after each treatment
by different methods (e.g. XRD, H 2 -TPR, nitrogen physisorption or TGA-MS).
All reduced catalysts were tested in a fixed-bed reactor in dimethyl adipate
hydrogenolysis to yield hexane-1,6-diol. In this study, a temperature range of 160–
205 °C and a pressure range of 80-160 bar were tested.
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Results and discussion
The XRD study revealed that the hydrotalcite-like structure Zn 0.66 Al 0.34 (OH) 2 (CO 3 ) 0.17 (H 2 O) 0.7 was the main phase in all as-prepared catalysts. Moreover, the
catalysts precipitated by Na 2 CO 3 contained other copper-zinc hydroxyl-carbonates
while CuO and ZnO were found in catalysts precipitated by KOH with K 2 CO 3 . The
calcination at 350 °C converted these catalyst precursors to mixed oxides with only
CuO being a crystalline phase in the first case and into a mixture of CuO and ZnO in
the second case. The TPR results indicated that only 50-60% of copper was
reduced. At the dimethyl adipate conversion under 80 % the selectivity to the
hexane-1,6-diol reached only 30 %, then the yield of hexane-1,6-diol steeply
increased (Fig. 2). The comparison of both catalyst groups clearly shows that over
catalysts prepared at pH 9 higher DMA conversion was reached.

Figure 2. Comparison of selectivity to HDOL development for all tested catalysts. HDOL – hexane1,6-diol, DMA – dimethyl adipate

Conclusion
An increase in pH from 7 to 9 limited the formation of hydroxycarbonates and led to
CuO and ZnO formation. As a result, DMA conversion was higher over catalysts
prepared by pH 9.
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Fatty acids, as a renewable raw material, comprise long methylene sequences which
can serve as a source of (functionalized) hydrocarbons. [1] In detail, the double bond
functionality of unsaturated fatty acids can be used synthetically to obtain mid-chain
olefinic compounds via alkenolysis. [2] In this context, prior isomerization of the
internal double bond can drastically increase the number of accessible product chain
lengths. One particular class of catalysts showing high activity in this isomerization
are palladium (II) compounds bearing chelating diphosphine ligands. [3] However,
these have commonly been used as soluble homogeneous catalysts. In order to
enable continuous-flow approaches, heterogenized versions of these molecular
catalysts are necessary. [4] We report on the successful immobilization of the bis(diadamantyl phosphino)-o-xylene palladium (II) triflate catalyst on mesoporous silica
and its use in the isomerization of methyl oleate under mild conditions.
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1. Introduction
The alkylation of benzene with light hydrocarbons over acidic catalysts for production
of alkylaromatics is a process of industrial significance [1]. Zeolites have been proven
to have superior catalytic performance for the liquid phase alkylation of benzene with
ethylene without disadvantages of other acidic catalysts (e.g.; contamination of the
alkyl aromatic products with chlorinated compounds). This report describes analysis
of the effect of the zeolite structure, number of acid sites, and reaction conditions on
the activity and selectivity in complex reactions of benzene alkylation with ethylene.
2. Experimental
Al-rich beta zeolite with Si/Al ratio 4.5, denoted as BEA/4.5, was hydrothermally
synthesized by an organotemplate-free synthesis [2]. The USY/6 and MOR/5 zeolites
and high-silica beta zeolites BEA/12.5 and BEA/18 were kindly supplied by Zeolyst
International. All the materials were characterised by XRD, N 2 adsorption at -196 °C,
SEM,

27

Al and

29

Si MAS NMR, XPS and FTIR spectroscopy. The alkylation of

benzene with ethylene was performed for 3 hours at temperature of 180° C and the
constant pressure of 40 bar with continuous adding of ethylene.
3. Results and discussions
Conversion, yield and selectivity were analysed over faujasite (FAU/6), beta
(BEA/4.5) and mordenite (MOR/5) zeolites with comparable concentrations of acid
sites to understand the role of the channel structures in the alkylation of benzene with
ethylene (Fig. 1). The results indicate that the geometry and dimensionality of the
channel system of zeolites play a decisive role in the activity and selectivity. The
higher activity and selectivity of BEA relative to other zeolites is related to well
accessible acid sites in the shape-selective environment of the three‐dimensional
channel system with 12-member ring openings. The lack of the shape-selectivity in
the supercages of FAU zeolite increased the yield of by-products in expense of EB.

The accessibility of acid sites in 8-ring and mono-dimensional 12-ring channels in
MOR are diffusion restricted and the efficiency of the catalytic process is strongly
limited by mass transfer effects.
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Figure 1. A) The effect of zeolite structure and B) concentration of acid sites on the EB yield in the
alkylation of benzene with ethylene.

The strength and concentration of Brønsted acidic sites in the zeolite are assumed to
be responsible for activity in the alkylation reaction. We analysed the effect of an
increase in the density of the acidic protons in the Al-rich beta zeolites on the activity
and selectivity. A high density of OH groups in the Al-rich H-*BEA zeolite (Si/Al ∼ 4)
results in a significant increase in the EB yield due to higher activity and selectivity
compared to the hitherto most active Si-rich zeolite catalysts.
4. Conclusions
Well

accessible

acid

sites

in

the

shape-selective

environment

of

the

three‐dimensional channel system with 12-member ring openings in BEA zeolites
provide high activity and selectivity in alkylation of benzene with ethylene. The high
concentration of Brønsted acidic sites in the highly regular structure of Al-rich beta
zeolite are directly manifested in enhanced activity compared with conventional Sirich beta zeolite.
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Novel and highly efficient Ga doped zeolite catalysts for the
isomerisation of glucose to fructose: a new route to platform
chemicals from sugars
Marco Conte*, Dedi Sutarma, Philippa James, University of Sheffield, Sheffield, UK;
Naoko Sano, Nara Women’s University, Nara, Japan; Xi Liu, State Key Laboratory of
Coal Conversion, Institute of Coal Chemistry, Taiyuan, PR China.
Introduction
The conversion of glucose into fructose for the production of high-fructose corn
syrups is among the largest biocatalytic process worldwide, and it also represents a
crucial intermediate step for the conversion of biomass to fuels and platform
chemicals [1] and Scheme 1.

Scheme 1: isomerization of glucose to fructose as and further evolution to platform chemicals.

This reaction is typically catalysed by immobilized enzymes, a process which,
however has high manufacturing costs, and requires the use of buffering solutions
within a narrow operating temperature and in turn low productivity. In this context,
and to tackle these drawbacks, it would be extremely beneficial to have a
heterogeneous catalyst capable to catalyse this reaction. Current state of the art
shows that Sn doped zeolites, and especially Sn/BEA zeolites, are highly active
materials for the isomerization of glucose to fructose. Herein, we propose Ga doped
zeolites [2] and by using commercially available zeolite Y as support, as a powerful
alternative to currently employed Sn based catalysts, which currently represent the
gold standard in this area [3].
Materials and method
Metal doped zeolites were prepared by using a straightforward wetness impregnation
protocol, and by subjecting the impregnated zeolites from Ga and Sn metal salt
precursors, to an array of calcination steps from 120 oC to 550 oC. Catalytic activity

tests were performed in a customised batch reactor using CH 3 OH and CH 3 OH/H 2 O
mixtures, in a temperature range from 80 oC to 110 oC, and a M: S (Metal: Substrate)
ratio of 1:100. Characterization of the reaction mixtures was carried out by HPLC and
H NMR. The catalysts were characterised by using an array of advanced techniques
including: HR-TEM, XPS, NH 3 chemisorption as well as SS-NMR by analysing the
dynamic of the sugars inside the pores of the zeolites.
Results and discussion
Ga/Y zeolites were capable to show a similar activity to currently used Sn/Y zeolites
(figure 1), and if Ga and Sn were simultaneously present, these were presenting a
synergistic effect when bimetallic catalysts were used. Furthermore a striking feature
of our materials was that whereas in Sn/Y catalyst, Sn (present as SnO 2 ) was mainly
distributed outside the pores of the zeolites, Ga (present as Ga 2 O 3 ) was mainly
distributed inside the pores of the zeolites (figure 2)

Figure 1: glucose conversion to fructose for
CH 3 OH/H 2 O reaction mixtures, by using a M:S
o
1:100 a reaction temperature of 100 C and
endogenous pressure.

Figure 2: HR-TEM of a Ga/Y zeolite used for the
catalytic tests reported in figure 1.

Conclusions
It was possible to obtain highly active Ga/Y catalysts for the isomerization of glucose
to fructose by using a straightforward preparation method and mild reaction
conditions. This for a material capable to display catalytic performances of the same
entity of established Sn-catalysts. We believe this work has a great potential, and will
strongly contribute to the synthesis of platform chemicals from sugars.
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Evolution of active metal sites in Pt- and Pd- functionalized metalorganic frameworks
A.L. Bugaev, A.A. Skorynina, A.V. Soldatov, The Smart Materials Research Institute,
Southern Federal University, Rostov-on-Don, Russia;
A. Lazzarini, U. Olsbye, K. P. Lillerud, University of Oslo, Oslo, Norway;
C. Lamberti, Department of Physics, University of Turin, Turin, Italy

Using noble metals to functionalize metal-organic frameworks (MOFs) is a promising
way for constructing new materials for catalytic application [1, 2]. Although numerous
successful synthesis of MOFs functionalized by metal ions and metal nanoparticles
were reported, the exact mechanisms of structural evolution of the metal sites in
many cases is still unknown. Determination of these mechanisms as well as
investigation of the intermediate active sites formed during the synthesis is important
for tailoring the specific catalytic properties of materials. In this work, we investigate
structural changes in UiO-67 functionalized by Pd and Pt depending on the activation
conditions by a combination of theoretical and experimental techniques.
Functionalization of UiO-67 by Pd and Pt was achieved via substitution of 10%
standard biphenyl dicarboxylate linkers by MCl 2 -2,2-bipyridine-5,5-dicarboxylic acid
(MCl 2 bpydc, M = Pd, Pt) [3, 4]. The obtained materials were further activated by
heating to 300 °С in inert (He) and reducing (H 2 /He) atmospheres. Evolution of the
atomic and electronic structure was monitored by in situ extended X-ray absorption
fine

structure

(EXAFS),

X-ray

absorption

near

edge

structure

(XANES)

spectroscopies and X-ray powder diffraction (XRPD). All spectroscopic data for Pd Kand Pt L 3 -edges were analyzed simultaneously by MCR-ALS approach [5] to
determine the number of pure species formed during the activation and their spectra.
To interpret the experimental data, we have performed DFT-calculations and XANES
simulation by FDMNES code for different potential intermediates. The atomic models
included the initial MCl 2 bpydc linker (d) and a number of possible reaction pathways
in presence of H 2 : substitution of both chlorine atoms by hydrogen atoms with
formation of Cl 2 molecule, substitution of one chlorine by hydrogen atom with
formation of HCl molecule (a); detachment of two chlorines with formation of two HCl
molecules, detachment of MCl 2 fragment from the linker with its substitution by two
hydrogens bonded to nitrogen atoms of the linker (c); and simulating inert conditions:

simple detachment of MCl 2 fragment, detachment of chlorines with formation of Cl 2
molecule (b). All reaction pathways were ranged according to the calculated reaction
enthalpies and XANES spectra were calculated for the most probable ones (Fig. 1).
The calculated energy differences show that for UiO-67-Pd detachment of PdCl 2 is
the most probable pathway in both inert and H 2 atmospheres which correlate with
experimental results. For UiO-67-Pt, four different structures, including two
intermediates were determined (Fig. 1, e). Formation of bare Pt-sites occurs from 200
to 300 °C in the inert flow. While in presence of H 2 , substitution of Cl by H atoms
occurs first, and formation of Pt NPs starts above 200 °C. Thus, the calculated
XANES spectra allowed verifying and describing transitional experimental spectra.

Fig.1 Atomic structures (a-d) used for Pt L 3 -edge XANES calculation (e). Atoms color
code: Pt (gray), Cl (green), C (brown), H (white), O (red).
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Catalytic Synthesis of Anisotropic Conjugated
Polymer Nanoparticles
Annika Sickinger, Julian D. Ruiz Perez, Stefan Mecking,
Chair of Chemical Material Science, University of Konstanz, Konstanz, Germany.

Materials based on anisotropic particles enable shape-dependent assembly and
directional properties. As opposed to inorganic nanocrystals the introduction and
control of anisotropy remains a largely unresolved problem for polymer nanoparticles,
especially for conjugated polymers. Recently, a reliable protocol for the preparation
of ellipsoidal polyflourene particles by heterophase Suzuki-Miyaura polycondensation
has been reported.[1] Studies on the origin of particle anisotropy suggest a concerted
mechanism, including intersegmental chain packing concurrent with ongoing stepgrowth polymerization.
Further insight about the polymer chain conformation can be gained from electron
paramagnetic resonance spectroscopy (ESR).[2] For this purpose, double spin labeled
precise oligomers are prepared and incorporated into the nanoparticle structure.
Measurement of the distance distributions between the paramagnetic centers offer
the opportunity to study how individual polymer chains adopt their conformation in the
particles.
Beyond internal structure, the particles surface chemistry and colloidal behavior can
be altered by introduction of surface charge via tailored surfactants.[3] The resulting
charged, fluorescent nanoparticles provide promising starting material to selfassemble, forming superstructures with directional properties.[4]
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Controlling thermal stability of ZnO-based catalysts for improved
durability in propane dehydrogenation
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Introduction
ZnO is one of the most often-used materials in heterogeneous catalysis. Its
applicability under reducing conditions is, however, limited to lower temperatures,
since metallic Zn can be formed, which melts at about 420oC thus resulting in
material loss through evaporation. For non-oxidative propane dehydrogenation (PDH)
requiring temperature above 550°C, catalysts possessing ZnO nanoparticles (NPs)
were proved to show high activity

[1, 2]

, but irreversibly deactivate due to Zn loss.

Herein, we demonstrate that thermal stability of supported ZnO NP can be improved
through catalyst promoting with MgO. So designed cataylsts showed high activity, on
stream stability and durability in the PDH reaction.
Experimental
Typically[3],
Mg(NO 3 ) 2 ·6H 2 O,

required

amount

ethylenediamine,

of

deionized

colloidal

silica

water,
and

Zn(NO 3 ) 2 ·6H 2 O,

tetrapropylammonium

o

hydroxide were mixed and stirred for 6 h at 35 C. Hereafter, the resulting mixture was
placed in 200 ml Telfon stainless-steel autoclaves at 150oC for 3 days. The solid
product was collected after filtration, drying and calcination at 550oC for 6 h. The
samples are denoted as 6%ZnO/S-1(xMg), x means the mole ratio of Mg and Zn.
Results and Discussion
For the Mg modified ZnO-based catalysts, no apparent negative effect of Mg
loading on the rate of propene formation was established, while zinc loss could be
significantly inhibited. For example, an average rate of Zn removal estimated from
ICP data of fresh and spent materials was 0.35%ZnO/h and 1.09%ZnO/h for the
6%ZnO/S-1(1.0Mg) and 6%ZnO/S-1(0.0Mg) catalysts, respectively. As seen in Fig. 1
(A, B), propane conversion over the latter catalyst decreases dramatically after
several PDH/regeneration cycles. In contrast, the 6%ZnO/S-1(1.0Mg) catalyst fully
recovered its activity for the last 3 cycles. In order to explain such excellent
regeneration behavior, all cataylsts were characterized by XPS, IR spectroscopy and
CO-TPR. In comparison with MgO-free 6%ZnO/S-1, a shift in the binding energy of
Zn 2p 3/2 to higher energy was obtained in 6%ZnO/S-1(0.0 Mg) thus that the promoter
changes electronic properties of ZnO. The IR spectra shown in Fig. 1 (C) reveal a

blue-shift in the Mg modified ZnO sample, which is mainly caused by the dopant with
smaller ion radius of Mg2+ (0.57 Å) than that of Zn2+ (0.60 Å)[4]. Thus, both XPS and
IR data suggest that MgO strongly interacts with ZnO. Furthermore, as proven by
CO-TPR, redox properties of ZnO change in the presence of MgO. The temperature
of maximal CO consumption (T max ) shifted to higher temperatures with an increase in
Mg loading (Fig. 1(D)). The amount of consumed CO decreased with increasing Mg
content. On the basis of all characterization data, we can conclude that promoting of
ZnO with MgO results in inhibiting formation of metallic Zn under reducing conditions.
As a consequence, Zn loss is reduced and durability of MgO-promoted samples in
PDH is improved.

Fig. 1 (A), (B) The catalytic performances of 6%ZnO/S-1(0.0Mg) and 6%ZnO/S-1(1.0Mg), respectively, reaction
o
o
conditions: 550 C, V(N 2 ):V(C 3 H 8 )=5:1, C 3 H 8 flow rate is 1.5 ml/min; regeneration conditions: 500 C, V(air)=9
ml/min, 30 min for regeneration; (B) the XPS profiles; (C) the IR spectra; (D) the CO-TPR patterns.

Summary
We presented a method to prevent ZnO loss under reducing conditions above the
melting point of metallic Zn. It includes promoting ZnO with MgO. Owing to strong
interaction between ZnO and MgO, reducibility of ZnO is suppressed thus minimizing
formation of metallic Zn in the presence of propane at 550°C. Importantly, promoting
with MgO did not negatively affect the rate of propane formation. So designed
catalysts showed excellent regeneration behavior and stability in PDH.
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Influence catalyst size on UHMwPE polymerization performance
An Philippaerts1, John Severn, Gert De Cremer1, Celine Fellay1, Tigran Margossian1,
Richard Ensinck1
1 DSM Material Science Center, Urmonderbaan 22, 6167RD Geleen,
an.philippaerts@dsm.com

The goal of this investigation was to study the influence of the size of the catalysts’
support on the catalyst structure, the Ultra High Molecular Weight Polyethylene
(UHMWPE) polymerization performance and the final polymer properties. Therefore
MgCl 2 supports with varying particle sizes were prepared by varying the stirring
speed during the synthesis, enabling us to study the effect on mass transfer and
polymer morphology. Finally, the obtained supports were loaded with a Ti complex
and the catalysts thus obtained were evaluated in homo- and co-polymerization
reactions.
The catalyst platform obtained, allowed us to study:
• The link between the stirring speed during the support synthesis and the final
catalyst morphology (size, surface texture, globular structure, porosity).
• The link between catalyst size and activity (activity profile, kinetics, mass
transfer issues).
• The link between catalyst size and polymer properties (bulk density, Mw, MW
distribution, polymer morphology)
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Halogenation of Aromatic Hydrocarbons by Halide Anion Oxidation with
Poly(heptazine imide) Photocatalysis
Yevheniia Markushyna, Aleksandr Savateev and Markus Antonietti
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Research Campus Golm, 14424 Potsdam, Germany
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Chlorinated and brominated hydrocarbons are a pivot of the chemical industry
– they are important reagents and solvents. Oxidative halogenation is probably the
least harmful method to synthesize halogenated hydrocarbons.[1]
Polymeric carbon nitride, a visible light heterogeneous photocatalyst,
possesses exceptionally high chemical and thermal stability that are a mandatory
requirement if a conversion is performed in a highly oxidative medium.[2]
Recently, we also presented an improved modification of polymeric carbon
nitrides, potassium poly(heptazine imide)s (K-PHI),[3-4] which shows a remarkably
improved oxidation strength with a potential of valence band +2.54 V vs RHE (Fig.
1).[5]

Fig. 1. Chemical structure (left) and band structure (right) of K-PHI.
Because of highly positive valence band potential of K-PHI, Cl― can be
theoretically oxidized to “Cl+” via a two electron process (E0 = +1.36 V) by the
photocatalyst.
Indeed we found that using simple reaction conditions with HCl as chlorine
source and electron donor and oxygen as electron acceptor with K-PHI
photocatalyst, chlorination of electronically rich aromatic hydrocarbons could be
reached with excellent yields. An important point of our approach is that H 2 O 2 is
generated in situ in micro quantities right before consumption and is potentially
surface-bound, and therefore substrate over-chlorination or over-oxidation is
minimized.
R
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HX, MeCN/H2O

X
R
40-100 %

X = Cl, Br.
R = OCH3, N(CH3)2, NHC(O)CH3, etc.

Further this simple approach was extended for brominating of aromatic
compounds which goes smoothly as well.

Among studying the mechanism of the proposed reaction we found that this
reaction could go by two different mechanisms independently
1) Hal― two electron oxidation, then quenching of Hal+ by water;
2) O 2 reduction to H 2 O 2 and subsequent reaction with HCl.
Both ways result in formation of electrophilic “HOCl” species, reacting in electrophilic
halogenation of electron rich aromatic compounds.
Another abundant source of Cl― could be found on Earth. Seawater is usually
not considered as a reaction medium for fine chemistry. But in our work we showed
that solution of NaCl could work in such reaction. However an acidic medium and a
solvent stabilized Cl+ are essential to close the reaction.
O

Photocatalyst
461 nm
MeCN/H2O

O

O

Cl
+
Cl

For comparison purposes, different forms of carbon nitrides were studied. KPHI gave chloroanisoles in 99% yield, Na-PHI in 35% yield, H-PHI produced
chloroanisoles with 43% yield. Similarly graphitic carbon nitride (g-CN) gave
chloroanisoles with 42% yield. Among the investigated homogenous catalysts, only
Ru(bpy) 3 works in this reaction, but recovery of this photocatalyst is still challenging.
As a result of our investigation we propose a new simple way of photocatalytic
halogenation of electron rich hydrocarbons promoted by K-PHI.
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High throughput in silico reaction screening for tailored catalytic
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Introduction
Empirical reaction tuning is a laborious and expensive process. In contrast, reliable
and efficient first-principles workflows can be can be employed in a high-throughput
fashion to survey chemical design space and inform experiment. Systematic
evaluation of steric and electronic contributions provides an unprecedented
fundamental understanding of factors controlling a target reaction. With these
structure-property relationships, one can re-design a reaction or catalyst to achieve
desired activity. Paired with automated high throughput screening the rate of
discovery and understanding is accelerated. In this work, a computational design
methodology for the enhancement of reactivity and selectivity through an atomistic
fundamental understanding is demonstrated.
Methods and Tools
Fundamental understanding of the chemical system is the framework behind catalyst
design. Using chemical knowledge, a set of catalyst derivatives are generated to test
the underlying factors controlling reactivity and selectivity. This set of derivatives is
dynamically updated as new information is obtained. Fortunately, the transition state
geometries do not change drastically between catalysts of the same family. [1]
Therefore, new catalysts can be mapped onto existing ground and transition state
geometries. This drastically enhances throughput with automated tools.
To fully study the relevant chemical space for a given catalyst design project, one
must generate a library of catalyst derivatives that exhibit the underlying factors
governing reactivity and selectivity. Utilizing the Reaction Workflow a novel catalyst
scaffold can: (1) undergo R-Group enumeration, (2) mapped onto the known reaction
coordinate, (3) undergo a conformational search for each reaction step, (4) ab intio

computations of each ground state and transition state geometry, and (5) calculate
reaction energetics and structural properties. The enumeration and calculated
structural properties define the inputs of QSAR/QSPR free energy relationships.
Block Copolymer Comonomer Selectivity
Production of alkene-based polymer products has surpassed 100 million tons. Block
copolymers have unique properties that include high strength, flexibility, and melting
temperature. There physical properties are directly influenced by the polymer block
length and distribution. The block size and distribution is determined by the kinetic
comonomer selectivity and chain shuttling agent activity (Figure 1). Industrially, a
combination of an ethene selective Zr catalyst, a propene selective Hf catalyst, and
the chain shuttling agent ZnEt2 are used to produce a block copolymer with high
strength, high melting point (T m ), and low density.[2] To fundamentally understand
the comonomer selectivity, several catalyst derivatives were tested.
Figure 1. Proposed chain shuttling block copolymer mechanism.
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The way of gold location on pillars in MCM-36 zeolite
Iveta Kaskow; Anna Wojtaszek-Gurdak; Izabela Sobczak
Adam Mickiewicz University, Faculty of Chemistry, Poznan, Poland

Layered zeolites with MWW (M-tWenty-tWo) topology are an important group
of new materials that offer a lot of adsorptive and catalytic possibilities [1]. The
layered MCM-22P precursor consisting of zeolite monolayers can be transformed, by
swelling and pillaring, into MCM-36 zeolite, which is a relatively novel large pore
pillared material containing interlamellar mesopores in addition to the layer
microporosity. Nowadays, much attention has been paid to improvement of MCM-36
catalytic activity by its modification with various metals, among them with gold [e.g.
2]. One of the main challenges in the synthesis of Au-MCM-36 is the location of gold
particles on the pillars of zeolite which allows the further construction of bifunctional
catalyst containing separated oxidizing and acidic centres.
The aim of this work was to study the effect of zinc in MCM-36 on the location
and surface properties of gold. ZnO was dispersed on zeolite surface and played the
role of a support dopant. MCM-36 without zinc was used as the reference support.
MCM-36 and Zn/MCM-36 (10 wt. % of Zn introduced by impregnation) catalysts were
prepared according to [3] by the modification of functionalized support (MCM-36 and
Zn/MCM-36 grafted with MPTMS - (3-Mercaptopropyl)trimethoxysilane) with Au (2
wt.%). The materials obtained were reduced with NaBH 4 and next calcined at 773 K.
The physicochemical properties of catalysts were fully characterized by: N 2
adsorption/desorption isotherms, XRD, UV-vis, XPS and TEM. The surface acidity of
samples was measured by pyridine adsorption combined with FTIR studies.
FTIR study after pyridine adsorption and XRD data indicated that zinc was
incorporated into Zn/MCM-36 in the form of extra framework zeolite cations and in
the form of zinc oxide. In the XRD pattern of Zn/MCM-36 peaks characteristic of bulk
zinc oxide phase were identified. The FTIR spectrum of MCM-36 after pyridine
adsorption showed the presence of Brønsted and Lewis (extra framework aluminium
species and sodium cations) acid sites on the catalyst surface. Significant changes in
acidity were observed after modification of MCM-36 with zinc. The number of BAS
significantly decreased (Table 1) and LAS in the form of sodium cations disappeared
as a result of zinc loading on the support surface. It means that zinc cations

exchanged protons from zeolite acidic OH groups and sodium cations. As Zn2+
replaced protons, the functionalization of Zn/MCM-36 with MPTMS occurred mainly
on silica pillars. In contrast, functionalization in MCM-36 occurred on both, the zeolite
surface (with participation of BAS) and on silanols in silica pillars. Therefore gold was
located at both sites – zeolite surface and silica pillars in MCM-36 and mostly on
silica pillars in the case of Zn/MCM-36.
Table 1. Number of Brønsted acid sites in MCM-36 zeolites (BAS ε(B)=0.044 cm µmol )
2

-1

Number of BAS* [µmol g-1]

Number of BAS* [µmol g-1]

x1021 after evacuation at

x1021 after evacuation at

423 K

523 K

MCM-36

2.91

2.27

Au-MCM-36

1.38

1.03

Zn/MCM-36

0.40

0.00

Au-Zn/MCM-36

0.26

0.25

Catalyst

XRD, TEM, UV-vis and XPS results showed that metallic gold dominated on
the surface of Au-MCM-36 and Au-Zn/MCM-36 catalysts and that the introduction of
zinc led to the generation of (Au0)δ- species with negative charge on gold. ZnO in AuZn/MCM-36 played the role of a structural promoter reducing the size of gold
particles (from 4.1 nm to 3.6 nm for Au-MCM-36 and Au-Zn/MCM-36, respectively).
In summary, modification of MCM-36 zeolite with zinc oxide resulted in a new
support for gold in which zinc dopant played the role of structural (by reducing the
size of gold particles) and electronic (by generating negatively charged metallic gold
crystallites) promoter. Such a modification with zinc species before gold loading
allowed location of gold mainly in mesopores on pillars.
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α-Alkylation of Ketones with Alcohol Electrophiles using
Palladium on Carbon as Catalyst: Scope and Mechanism
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Abstract
Formation of new carbon-carbon bonds is crucial for the synthesis of organic
compounds for pharmaceuticals, agrochemicals, and functional materials.[1-2] The
α-alkylation reaction facilitates the formation of new C(sp3)-C(sp3) bonds on the αcarbon to a carbonyl and has received great attention over the years.[3-4]
Conventional α-alkylation methods have problems with undesired waste from the
use of alkyl halides as electrophiles. However, using alcohols as a masked
electrophile have attracted much attention as a green alternative as the only formed
byproduct is water.[5-6]
Both homogeneous and heterogeneous catalysts are active in the α-alkylation
between a ketone and an alcohol. The reaction pathway is only well-studied for
homogeneous systems with the general agreement that the pathway occurs
through a hydrogen-borrowing pathway as illustrated in Figure 1. In the case of
heterogeneous catalysis, only sparse kinetic studies has been performed on Pd/C
catalysis in the α-alkylation between ketones and alcohols.
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Figure 1: Hydrogen-borrowing pathway for the α-alkylation between ketone and alcohol.

In our work, α-alkylation between acetophenone and benzyl alcohol with
commercially available Pd/C has been studied and optimized as a model reaction.[7]
The excellent activity and selectivity of the catalysts have been showcased for a
variety of different ketones and alcohols. Stoichiometric experiments and in-situ IR
have provided crucial information about the reaction pathway for our heterogeneous
system with an example of a reaction profile obtained by our IR-setup shown in
Figure 2. With these results in hand, we have assessed the reaction pathway for our
heterogeneous system in comparison to a homogeneous system and optimized the
reaction conditions based on our kinetic results.

Figure 2: Reaction profile between acetophenone and benzyl alcohol with Pd/C as catalyst.
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Mechanistic insights into base-catalyzed isomerization of glucose
into fructose
Irina Delidovich, Matthias Fischer, Maria S. Gyngazova, Bianca Gieraths,
Institut für Technische und Makromolekulare Chemie, RWTH Aachen, Germany

Isomerization of glucose into fructose presents an important industrial process to
produce sweet syrups for food industry [1]. Moreover, this reaction has been recently
indicated as a key step for valorization of cellulosic biomass into fuels and chemicals
[2]. The isomerization of glucose into fructose is an equilibrium reaction that takes
place in the presence of a catalyst. Lobry de Bruyn and Alberda van Ekenstein
discovered that the isomerization can be catalyzed by soluble bases as long ago as
in 1885 [3]. Simple alkalis, such as KOH or NaOH, enable the isomerization.
Nevertheless, the reaction is hampered by numerous side processes leading to a low
selectivity for fructose (60% at 30% glucose conversion) [4]. We have recently
uncovered that soluble phosphates NaH 2 PO 4 +Na 2 HPO 4 at pH 7.5 enable the
isomerization with quite a high selectivity for fructose (78% at 30% glucose
conversion). The first results indicated that the reaction presents a specific-basecatalyzed isomerization proceeds via the formation of an enediol anion [5]. Later, we
found a high efficiency of the phosphates for isomerization of pentoses ribose and
lyxose into corresponding ketoses [6]. Interestingly, Yang et al. have recently
reported an increasement of the reaction rate of glucose-fructose isomerization in the
presence of salts, such as NaCl, NaBr, or NaI, using amines as base catalysts [7].
Nevertheless, the molecular mechanism of salt influence on the base-catalyzed
isomerization has not been explained yet.
This work aims at understanding the reasons for improved reaction rates and/or
selectivity for fructose in the presence of salts. Our current study focuses on
developing a kinetic model to comprehend an influence of salt nature, salt
concentration, and pH value on the kinetic parameters. At the same time, operando
NMR studies utilizing partially deuterated carbohydrates are planned to get further
insight into the reaction mechanism.
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Abstract
The limited availability and the environmental impact of fossil resources have
motivated the exploration of alternative sustainable resources. In this respect, the
production of 1.2-propanediol (1.2-PDO) from the sustainable biomass derived
building block lactic acid has been increasingly meaningful.[1,2] Herein, a series of
non-noble metal (Fe, Co, Ni, Cu and Zn) supported on SiO 2 catalysts were prepared.
These catalysts were tested in the conversion of lactic acid to 1.2-PDO in the
presence of base under aqueous conditions.[3] The results of HPLC displayed that
Cu/SiO 2 outperformed the others especially in terms of selectivity to 1.2-PDO.
Various bases were screened and Mg(OH) 2 was observed to improve the conversion
of lactic acid significantly. Indeed 98% conversion of lactic acid with 95% selectivity
to 1.2-PDO was obtained over Cu/SiO 2 in the presence of Mg(OH) 2 at 513 K, 5 MPa
H 2 in 24h. The conversion of magnesium lactate was investigated over Cu/SiO 2 in
the absence of base. Interestingly, magnesium lactate possesses a much higher rate
of conversion than lactic acid in the presence of Mg(OH) 2 . Moreover, Mg(OH) 2 was
recovered after the reaction. This model test indicates that magnesium lactate is a
key important intermediate formed in the conversion of lactic acid in the presence of
Mg(OH) 2 .
DFT calculation was employed to achieve deeper insights into the reaction
mechanism. It discloses that the energetic span (determined based on the TOFdetermining intermediate and TOF-determining transition state) of lactic acid
conversion is decreased from 46.6 kcal/mol in the presence of OH- to 44.7 kcal/mol in
the presence Mg(OH) 2 .
This is the first report on the conversion of lactic acid to 1.2-PDO with promising yield
over a Cu catalyst under aqueous condition.

Figure 1. Conversion of lactic acid over 25%Cu/SiO 2 in the presence of different
bases (the amounts of OH- charged are identical). Reaction conditions: 0.1g
25%Cu/SiO 2 , 0.5g LA, 0.0685M OH-, 20ml H 2 O, 513K, 5MPa H 2 , 4h.
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Support Engineering of Catalytic Performance of Single Pt atom in
Direct Propane Dehydrogenation
XiaoYing Sun and Zhen Zhao*
sunxiaoying78@163.com
College of Chemistry and Chemical Engineering, Shenyang Normal University,
Shenyang 110034, China
Platinum is the conventional catalyst for direct propane dehydrogenation[1]. In this
study, the catalytic properties and performance of supported single Pt on doped
graphene[2] and boron nitride sheet are investigated by DFT simulation. The nitrogen
on the graphene support withdraws electrons from Pt, but boron donates electrons to
Pt. Consequently, the d-band center of Pt atom is modified by either nitrogen or
boron doping. The nitrogen doping shifts the d-band center of Pt atom closer to the
Fermi level compared with the boron doping and the pristine ones. On the other
hand, the d-band center has a significant influence on the C-H bond dissociation
energy and reaction barrier. Therefore, better reactivity of Pt is found on the support
with more nitrogen dopants as the d-band center is closer to the Fermi level. Also the
calculated dissociation energy and the first C-H bond activation barrier obey the BEP
rule. The different ratios between nitrogen and boron on the codoped graphene can
continuously adjust the electronic structure of supported Pt and deliver the
dissociation energy and reaction barrier in between the pure nitrogen- and borondoped cases. Among various investigated supports, the graphene doped by pyridine
nitrogen is predicted to be the most effective for enhancing Pt catalytic performance.
On boron nitride sheet, single Pt supported on vacancies sites. Moreover, the relation
between EMSI and the performance of Pt in propane direct dehydrogantion is
carefully determined. The charge state and partial density of states of single Pt show
distinct features on different anchoring positions which are boron (Bvac) and nitrogen
(Nvac) vacancies respectively. Single Pt become positive and negative charged
respective on boron or nitrogen vacancies. Therefore, the electronic structure of Pt
can be adjusted by rational deposition on the support. Moreover, Pt with the different
charge state has been shown to have diverse catalytic abilities. DFT calculations
reveal that Pt-Bvac has much better reactivity towards the reactant/products
adsorption and C-H bond activation than the counterpart supported on Nvac with
larger adsorption energy and lower barrier along the reaction pathway. However, the

high reactivity of Pt-Bvac also cause the difficulty for the propene desorption which
could lead unwanted deep dehydrogenation. Therefore, it is suggested that a
balanced reactivity for C-H activation in propane and propene desorption is required
which will give optimum yields. Based on this descriptor, the single Pt on nitrogen
vacancy is considered to be an effective catalyst for PDH. Furthermore, the deep
dehydrogenation of formed propene is much suppressed due to large barrier on PtNvac.
References
[1] Sattler, Jesper J. H. B.; Ruiz-Martinez, Javier; Santillan-Jimenez, Eduardo; Weckhuysen, Bert M.,
Chemical Reviews 2014, 114, 10613-10653.
[2] Sun, X.; Han, P.; Li, B.; Zhao, Z, Journal of Physical Chemistry C 2018, 3, 1570-1576

References
List and number all bibliographical references at the end of the paper. When referenced within the text,
enclose the citation number in square brackets, i.e. [1]

Oxidative dehydrogenation of short alkanes on the nanostructured
carbon catalysts: a computational study
Bo Li
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Institute of Metal Research, Chinese Academy of Science, ShenYang 110016 China

The nanostructured carbon catalysts such as carbon nanotube and graphene have
been achieved tremendous developments in recent years[1]. In particularly, the
oxidative dehydrogenation (ODH) of hydrocarbons is one of the most successful
applications of the nanostructured carbon catalysts. For example, the surface
modified carbon nanotube catalyst applied in ODH of butane gives a two-times
selectivity of butadiene than the best contemporary metal oxide catalyst[2].
Furthermore, the ODH of ethane, propane, butane and ethylbenzene all have been
extensively investigated by using the nanostructured carbon catalysts. The further
improvements of the carbon catalysts in ODH rely on the accurate description of the
active site and reaction mechanism which can provide the optimization strategy.
The numerous experimental works indicate the significant role of the oxygen
functional group in ODH reaction on the carbon catalyst. It is very important to
quantitatively evaluate the chemical reactivity of the various functional groups before
the identification of the active site. The Fukui function calculations are carried to
understand the nucleophilicity of the oxygen functional groups at both armchair and
zigzag edges[3,4]. As shown in Figure 1a, the calculations reveal that the diketone and
quinone groups are the most nucleophilic ones among the investigated groups which
indicate their potential to be the active site as the electrophilic groups will favor the
combustion in ODH. Furthermore, the quinone and diketone groups are more
reactive than the others by examining the dissociation energy of the ethane
molecule. Therefore, the reaction path of ODH of ethane is explored at the diketone
site and the results are shown in Figure 1b[5]. The barrier of the first C-H breaking is
the largest one along the reaction path which implies it is the rate-limit step. On the
other hand, the reaction intermediate, ethoxide, is very stable and detrimental to the
selectivity. The calculations suggest that the radical pathway (RR in Figure 1b) is
likely to be the favorable reaction process of the ODH reaction. The active sites
evolve into the phenol groups after reaction and the regeneration of the active site is

required to fulfill a catalytic cycle. The calculations uncover that the phenol groups
are oxidized into H 2 O 2 by the oxygen molecule to regenerate the diketone groups. It
is noted that the mechanism of the regeneration is different from the metal oxide
catalysts in ODH which has a formation of water to recover the active sites. Not only
the quinone or diketone but also the ketone group which has only one C=O can also
activate the C-H bond in propane. In previous studies, it is a pre-requisite that two
neighboring carbonyl groups are needed for ODH reaction on the carbon catalyst as
each of them abstracts a hydrogen atom. However the DFT calculations reveal that
the single ketone group has the similar barrier and dissociation energy compared
with quinone and diketone for the propane activation as shown in Figure 1c[6-8]. The
carbon atom, which is bonded with oxygen in ketone group, participates into the C-H
bond activation together with the oxygen. The Bade charge analysis reveals that the
most charges go to the carbon rather than oxygen in ketone group during the
propane activation. The complete catalytic cycle from the calculations verifies the
possibility of ODH at the single ketone site. Furthermore, the rate and TOF of ODH of
ethane is calculated under the reaction condition by microkinetic modeling. Five
elementary steps in ODH are identified. The free energy, equilibrium constant, and
prefactor are calculated. In the end, TOF under reaction condition is obtained and
shown in Figure 1d.

Figure 1. (a) The nucleophilicity of the oxygen functional groups from Fukui function calculations. (b) The reaction
pathway and the important structures of ODH of ethane at diketone site. (c) The complete catalytic cycle of ODH
at the single ketone site. (d) TOF of ODH of ethane from the DFT calculations.
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Conversion of biomass derived 5-hydroxymethylfurfural over
supported bimetallic iridium based-catalysts
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Sustainable production of chemicals from biomass depends on the development of
new technologies in the transformation of available bioresources [1]. HMF conversion
(Fig. 1) can produce a variety of commodity chemicals [2].
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Figure 1. Overall reaction pathways for conversion of HMF.
Development of stable catalysts is a challenging task. A typical method to improve
the performance of catalysts is the addition of a secondary metal to the active metal
[3-5]. Here, the conversion of HMF to valuable chemicals such as BHMF and DMF
was studied. The effect of the addition of a second metal (Ni, Co and Ru) on Ir
catalyst in selectivity and stability was pursued. Assistance of formic acid (FA) and/or
H 2 SO 4 as a strategy to improve the HMF conversion was examined.
In this work catalysts were synthesized by sequential impregnation method with
loadings of 3 wt.% Ru and 5 wt.% of Ni or Co over 1 wt.%Ir/SiO 2 . Reactions were
performed at 60 °C, in THF, 10 bar-H 2 and 100 mg of catalyst. Additional tests
included the presence of FA and H 2 SO 4 acids together with the Ir based catalysts.
In the absence of catalyst no conversion of HMF occurred. Total selectivity to 2,5-bis(hydroxymethyl)furan (BHMF) was observed for all catalysts in reactions without acid
(FA and/or H 2 SO 4 ) assistance. At this condition, the effect of a second metal on Ir
based-catalysts was reflected on the apparent kinetic constant values of ka1 (Table1).
These kinetic constants (ka1) for Ir-Ni/SiO 2 and Ir-Co/SiO 2 were respectively 15.1 and
3.6 fold higher than that observed for Ir-Ru system. XPS surface atomic ratio Ir/Si
increased from 0.0011 for Ir/SiO 2 to 0.0038 for Ir-Co/SiO 2 . This was reflected in the
quantity of chemisorbed hydrogen (Table 1). Interaction between Ru -Ir could be
reasonably expected to differ between Ir-Co and Ir-Ni.

CH3

Apparent kinetic constant values of k FA a2 (Table1) were the lowest ones for all
samples in the reactions assisted only by FA. At this condition catalyst deactivation
and concomitant CO production from dehydration of FA are generally reported [6, 7].
Over-hydrogenolysis products such as DMTHF (2,5-dimethyltetrahydrofuran) were
observed in the reactions assisted only by H 2 SO 4 and the apparent kinetic constant
k SA a3 values were enhanced when compared with the correspondent ka1 ones. The
simultaneous assistance of FA and H 2 SO 4 promoted esterification of HMF to 5formyloxy-methylfurfural (FMF) and one-step conversion of HMF to DMF was
achieved. The apparent kinetic constant values k FA-SA a4 were the highest ones.
Table 1. Kinetic parameters in the hydrogenation of HMF and physical chemical
properties of iridium based-catalysts
Ir/SiO 2

Ir-Ni/SiO 2

Ir-Co/SiO 2

Ir-Ru/SiO 2

24

166

40

11

k FA a2

4

2

10

11

k SA a3

27

44

81

36

k FA-SA a4

55

40

98

52

78

68

91

69

Selectivityc , %

52c1, 20c2

15c1, 13c2

11c1, 10c2

30c1, 34c2

(Ir/Si) at ratiod

0.0011

0.0010

0.0038

0.0009

Chemisorbed H 2 (µmol × g cat -1)e

13.1

17.5

22.2

37.5

NH 3 -TPD (µmol × g cat -1)

94.1

134.7

249.7

202.5

Parameter

Catalyst
a1

k
ka x10-4
-1

(min )

Conversionb,

%

a

k Apparent kinetic constant determined by fitting from HMF hydrogenation experiments
acids.

a2

assisted by formic acid (FA).

a3

assisted by H 2 SO 4 .

a4

a1

without assistance of
b

assisted by FA and H 2 SO 4 . Conversion at 300

c

min of reaction assisted by FA and H 2 SO 4 . Selectivity at 45% of conversion in the HMF hydrogenation assisted
by FA and H 2 SO 4 ,

c1

to DMF and

c2

to BHMF.

d

Surface atomic ratio determined by XPS.

e

Determined by

chemisorption of H 2 .
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The influence of Zr residues in short channel SBA-15 on state
and activity of metallic modifiers (Ag, Au, Cu, Fe)
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The morphology of SBA-15 can be changed by adding either co-surfactant,
co-solvent, electrolytes, or organosilanes into the synthesis solutions. One of the
methods is based on adding proper amounts of Zr(IV) ions in the conventional
synthesis solution as these ions have the ability to accelerate the self-assembly of
P123 micelles and TEOS [1,2]. The goal of this study was to get a deep insight into
the role of residual zirconium species (involved in the preparation procedure of short
channel SBA-15) on the surface properties of ordered mesoporous silica modified
with different metals (Ag, Au, Cu, Fe). The main focus was on the interaction of
zirconium cations with metallic modifiers and on subsequent modification of acidbase properties of the catalysts.
SBA-15 supports with short channels were prepared according to the
procedure described in [1,3]. The molar composition of the reaction mixture was 1
TMOS: 0.017 P123 : 5.9 HCl : 193 H 2 O : 0.05 ZrOCl 2 . In the first approach, H 2 SO 4
(98%) was used in synthesis procedure to remove zirconium ions from supports
(SBA-S1, SBA-S2), whereas in the second approach, this step was omitted (SBAS3). Supports SBA-S1 and SBA-S2 differed by calcination conditions: 773 K for 4 h
and 623 K for 9 h, respectively. Metallic catalysts (Ag, Au, Cu, Fe) were prepared by
grafting of metal species on organosilane functionalized supports. Silver (Ag) was
supported on SBA-S1, gold and copper (Au, Cu) – on SBA-S2, whereas for
modification with iron (Fe) SBA-S3 was used as a support. Standard long channel
SBA-15 (noted as SBA-L) modified with Ag, Au, Cu and Fe were prepared as
reference materials.

Different preparation routes of the supports (with or without sulfuric acid)
resulted in different contents of zirconium remained in silica structure or on its
surface. Although 98.5 % of the initial amount of zirconium was leached thanks to the
use of sulfuric acid, still 0.3-0.4 wt.% of zirconium was present in final metallic
material. In SBA-S3, prepared without addition of sulfuric acid, the final amount of
remained Zr was much higher (4.7 wt.%) than in the other supports. The remaining
zirconium formed strong Lewis acid sites, which considerably influenced the surface
properties of metallic materials. Characterization of metal-modified samples (XRD,
UV-Vis and XP spectroscopy) allowed determination of the state of metallic modifiers:
Ag0 and Ag 2 O in Ag/SBA-S1, Au0 in Au/SBA-S2, CuO in Cu/SBA-S2 and Fe3+ in
Fe/SBA-S3. Also some interactions between the metal modifier species and
zirconium (Zr4+ in silica structure and ZrO 2 ) was evidenced. Important information
about zirconium residue in short channel SBA-15 supports has been estimated from
the XPS study of O 1s and Zr 3d regions. It was concluded that iron, copper, and
gold modifiers interact on the one hand via oxygen from zirconium oxide and with
silica species on the other hand. The interaction between zirconium and silver
species (Ag0, Ag 2 O) was of different nature than that between zirconium and copper,
gold or iron. One of the possible reasons for this difference is the bigger size of ZrO 2
crystallites which caused the exclusively interaction of silver species with zirconium
oxide. Interactions between strong acidic zirconium species and metallic modifiers
significantly affected the acidic/basic properties of metal catalysts as shown by the
results of 2-propanol decomposition and pyridine adsorption combined with FTIR
spectroscopy.
Thus, if the short channel SBA-15 is used as a support for metal species one
should remember that it displays strong acidic properties by itself, which can
significantly affect the properties of final materials.
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Physico-chemical, acid-base and catalytic properties of
vanadium based catalysts in oxidative dehydrogenation of n-buthane
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(*email: a_barama@yahoo.fr)
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Vanadium oxide based catalysts are very active and selective materials in the
oxidative dehydrogenation of short hydrocarbons to their corresponding olefins [1].
Their catalytic performances are strongly affected by the environment and the
dispersion of vanadium species on the catalyst surface [1,2]. In this work,
three series of vanadium-based oxides V 2 O 5 -MgO, V 2 O 5 -SiO 2 and V 2 O 5 -MgO-SiO 2
with the following compositions: 30%V 2 O 5 -70%MgO, 30%V 2 O 5 -70%SiO 2 and
30%V 2 O 5 -40%MgO-30%SiO 2 were prepared by the wet impregnation method and
calcined at 550 °C. Their physico-chemical properties were investigated by the aid of
different analysis techniques

(XRD, Raman, BET, NH 3 -TPD, MET-EDX). Their

catalytic performances were evaluated in two reactions: (i) the decomposition of
isopropanol to determine their surface acid-base character and (ii) the oxidative
dehydrogenation (ODH) of n-butane in order to evaluate their dehydrogenating
properties.
XRD and Raman analyses revealed for all samples the formation of a mixture
of phases: (i) (MgO, Mg 3 V 2 O 8 ) for V 2 O 5 -MgO, (ii) (MgO, Mg 3 V 2 O 8 , Mg 2 SiO 4 ) for
V 2 O 5 -MgO-SiO 2 and (iii) (V 2 O 5 , amorphous SiO 2 ) for V 2 O 5 -SiO 2 . The formation of
mixed oxides was only oberved in the case of MgO based systems because of the
strong acid-base interactions between magnesium oxide (basic- character)

and

V 2 O 5 or silica (acidic character). While, in the case of V 2 O 5 -SiO 2 system, no
formation of mixed oxide was observed due to the weak interactions between
vanadium oxide and silica because of their acidic nature.

MET analysis showed that the better surface homogeneity and particles
distribution on the catalyst surface were obtained for the V 2 O 5 -MgO catalyst. In
contrast, larger particles and portions of amorphous forms of vanadium and silica
were

detected

for

the

V 2 O 5 -SiO 2

and

V 2 O 5 -MgO-SiO 2

oxides.

Acidity

measurements, using ammonia adsorption, have shown that all the catalysts have a
low surface acidity. The acidic character is essentially associated with the presence
of vanadium which generates Lewis acid sites (V5+ cations: electron acceptors) and
Bronsted acid sites (V-O-H) obtained by hydroxylation of the surface. The lowest
amount of adsorbed ammonia was found for the V 2 O 5 -MgO sample while the highest
was obtained with the V 2 O 5 -SiO 2 formulation containing free V 2 O 5 oxyde.
Results of isopropanol decomposition under nitrogen (Tr = 200°C) revealed
that a major formation of propene (dehydration product) was observed on V 2 O 5 -SiO 2
and V 2 O 5 -MgO-SiO 2 samples confirming their very pronounced acidic character that
we could associated with V 2 O 5 and Mg 2 SiO 4 phases. Whereas, a high production of
acetone (dehydrogenation product) was obtained with V 2 O 5 -MgO catalyst indicating
a dominant basic properties.
Catalytic activity for ODH of n-butane was measured at 500°C with air/n-butane
ratio=5. For all samples, the catalytic tests showed the formation of butenes, cracking
products and COx with a low butane conversion (not exceeding 16%). The selectivity
to butenes (dehydrogenation products) varies as the following order: V 2 O 5 MgO>V 2 O 5 -MgO-SiO 2 >V 2 O 5 -SiO 2 . Both V 2 O 5 -SiO 2 and V 2 O 5 -MgO-SiO 2 catalysts
promote the total oxidation of n-butane (formation of COx) while V 2 O 5 -MgO sample
favors the ODH of n-butane (up to 45% of butenes selectivity). These results are in
good agreement with the surface acid-base properties of the catalysts. So, the higher
the basicity of the surface, the higher the selectivity to butenes. The good butenes
selectivity of V 2 O 5 -MgO catalyst, could be also correlated with its smaller crystallites
size, better surface homogeneity and the presence of the magnesium orthovanadate
phase (Mg 3 V 2 O 8 ) in which, the mobility of lattice oxygen O2- (basic species) could
be responsible of the activation of the C-H bond and the formation of butenes..
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MOF-derived metal oxide clusters in porous aluminosilicates: a new
catalyst design for the synthesis of bioactive aza-heterocycles
Nuria Martín, Michiel Dusselier, Dirk E. De Vos and Francisco G. Cirujano
Centre for Surface Chemistry and Catalysis, KU Leuven, Belgium.

Alternative strategies to selectively modify important bio-active scaffolds in a clean
and efficient manner, avoiding the waste generated during the steps of purification of
pharmaceutically

interesting

compounds,

are

required.

The

new

general

heterogeneous catalytic methodology presented here is based on the solvent-free
grounding and co-calcination of catalytic amounts of MOFs (HKUST-1 or MOF-5)
with aluminosilicates (USY or MCM-41). This solid-state synthesis allows to generate
MOF derived non-precious metal oxide nanoparticles as catalysts in C-C
(alkynylation, alkylation, aldol condensation, hetero-Diels-Alder) and C-N (amination)
bond formations to make propargylamine, (spiro)(ox)indole and quinoline derivatives
(Fig. 1, bottom), with the highest TOFs ever reported for simple H+/Zn/CuO active
sites.
On the one hand, X-ray diffraction
(XRD) patterns of the starting HY
zeolite and mixed hybrid CuO MOF @HY
and ZnO

MOF @HY,

indicate that the

zeolite structure is maintained after its
co-calcination with the MOF while new
peaks appear corresponding to the
CuO or ZnO phases. N 2 physisorption
Figure 1. Pharmaceutically interesting scaffolds obtained using
well-dispersed MOF derived metal oxides within porous H-USY.

suggests some decrease of the HUSY porosity due to MOF derived

metal oxide species since the microporous volume of the starting zeolite decreases
after calcining the MOFs in the presence of the H-USY support.
The solids were used as active and stable heterogeneous catalysts for a range of CC (compounds 1-5) and C-N (compounds 1 and 2) bond formations in N-heterocyclic
scaffolds, resulting in substituted propargylamines (1), quinolines (2), indoles (3),
oxoindoles (4) and spirooxoindoles (5), outperforming state-of-the-art Cu and Zn
supported catalysts and MOF benchmarks. The higher availability of this metal oxide

sites when they are dispersed within the porous matrix with respect to bulk metaloxide or metal-organic framework, results in a better activity (TOFs up to two orders
of magnitude higher) and reusability (by simple calcination), compared to the pure
MOF (see Figure 2).
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Figure 2. Catalytic performance of CuO (left) or ZnO (right) containing aluminosilicates and MOFs in the synthesis of of
propargylamine 1 (a) and quinoline 2 (b), substituted oxindoles 4 (a) or spirooxindoles 5 (b) at increasing metal loadings (A <

B < C) on H-USY.
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The ligand free heterogeneous Sonogashira cross-coupling
reaction over an in situ organoiodine capsulized palladium
anchored to perovskite catalyst
Saba Alapour, University of KwaZulu-Natal, Durban, South Africa; Majid D. Farahani,
University of KwaZulu-Natal, Durban, South Africa; Deresh Ramjugernath, University
of KwaZulu-Natal, Durban, South Africa; Neil A. Koorbanally, University of KwaZuluNatal, Durban, South Africa; Holger B. Friedrich, University of KwaZulu-Natal,
Durban, South Africa

The Sonogashira cross-coupling reaction is an industrially important protocol since
many electronic materials, pharmaceutical ingredients and liquid crystal materials are
prepared via this reaction [1-5].
The use of Pd-based heterogeneous catalysts for cross-coupling reactions has
gained considerable attention in recent years. Several studies on Pd based catalysts
have shown that leaching can be reduced using suitable strategies to anchor Pd
species to the surfaces of heterogeneous materials [6-8].
In this study, LaCo 0.90 Ni 0.05 Pd 0.05 O 3 perovskite based catalyst provided a high TOF
of 900 h-1 via mainly a heterogeneous mechanism in an environmentally friendly
azeotrope medium of water and acetonitrile. This material offered improved surface
basicity, high hydrophobicity and also maintained its performance for six recovery
cycles and no sign of deactivation was observed. Secondly, DMF and NMP were
replaced with water-acetonitrile as a green azeotrope medium in this study. This
change in the reaction medium was found to favour the catalytic reaction. Finally,
and for the first time, the material perspective of Pd perovskite-based catalysts was
investigated in detail and based on the key findings of this study a reaction
mechanism that explains a nominal (at most) amount of leaching (stable for six
consecutive recovery cycles) and the high reaction rate observed for this catalyst is
also discussed.
Nano-sized Pd(0) sites were anchored to the surface of perovskite using an in situ
formed colloidal agent.

This capsulizing agent was found to consist of organic

compounds containing iodine atoms that interacted strongly with basic sites of the

hydrophobic perovskite carrier using adsorption forces.

This study illustrates a

unique and strong principle for designing green heterogeneous catalysts for common
valuable organic reactions.
A mechanism was also proposed where this in situ formed colloidal layer acts as an
anchoring agent by capsulizing the migrated Pd(0) on the surface, preventing it from
leaching to the reaction medium (Fig 1).

Fig 1. Proposed mechanism for heterogenous Sonogashira cross-coupling reaction
over under study perovskite
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Computational Study of O-O dissociation on Palladium Surfaces
Dmitry Sharapa,† and Felix Studt*,†,‡
† Institute of Catalysis Research and Technology, Karlsruhe Institute of Technology,
Hermann-von-Helmholtz Platz 1, 76344 Eggenstein-Leopoldshafen, Germany
‡ Institute for Chemical Technology and Polymer Chemistry, Karlsruhe Institute of
Technology, Engesserstrasse 18, 76131 Karlsruhe, Germany

Dissociative chemisorption of O 2 on metal surface, as well as of OOH and HOOH
particles, plays crucial role in synthesis of hydrogen peroxide as well as in many
other heterogeneously catalysed oxidative processes. Instability of palladium and its
alloy catalysts under potential cycling is known issue[1] and growth of structural
distortion of highly ordered particles of noble metals with the number of oxygen
reduction reaction (ORR) steps is described [2], inspiring investigation of not only the
primitive initial shapes of pure metals but also more advanced (e.g. edges), as well
as hydrides (that might be easily formed in presence of H 2 in reaction mixture), alloys
without regular structure (instead of just intermetallides) and promotors. While
Pd(111) shape (that corresponds to perfectly octahedral particles) was well studied
computationally, other possible facets of palladium nanoparticles are quite often
ignored. That is unreasonable while such surfaces observed experimentally and
having much lower dissociation barriers (that might be favourable for some oxidation
reactions or to be unwanted parasitic process which has to be supressed in case of
direct H 2 O 2 synthesis). We focused this study on dissociative adsorption of O 2 , OOH
and H 2 O 2 on Pd(100) surface, comparing results with Pd(111), Pd(110) and Pd(211),
investigating effect of bromide and sulphate ions (experimentally known to promote
direct hydrogen synthesis) as well as coverage effects and effect of In and Sn atoms
in the topmost surface and the near-surface layers.

Computational details
All calculations were performed with the Vienna ab initio simulation package (VASP),
using the BEEF-vdW functional and a kinetic cut‐off energy of 450 eV. Palladium
slabs were constructed with four atomic layers from Pd-bulk preoptimised in the
same functional. Unitcell height (perpencicular to the slab surface) was taken equal
to 30Å.
Results and discussion
On each investigated surface strong correlation was found between reaction energy
and activation energy, in accordance with Bell–Evans–Polanyi principle. Reaction
barriers found on Pd(100) surface appears to be much lower than on Pd(111).
Simultaneously, high loading of the surface significantly supress the dissociation
process. Thus in case of O2 dissociation on Pd(100) presence of any substituent on
any of 8 nearest four-fold sides drastically increases reaction energies.
Pd/Sn and Pd/In in case of same conditions (O2 dissociation on 100 surface) showed
twice higher reaction barriers in comparison to pure Pd. This results correlates with
experimentally observed grows of selectivity in case of alloys being used as
catalysts.
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Porous silica coated Rh-Co bimetallic nanoparticles as selective
catalyst for nitroarenes hydrogenation
Tatiana M. Bustamante, Cristian H. Campos, Gina Pecchi; Universidad de
Concepción, Facultad de Ciencias Químicas, Departamento de Fisicoquímica,
Edmundo Larenas 129, Concepción, Chile.
Porous silica coated Rh-Co bimetallic nanoparticles with Rh loading (0, 0.5, 1.0 and
3.0% by mass with respect to Co) were prepared by a solvothermal synthesis, with a
ionic exchange for the incorporation of the noble metal, and a Stöber modified
method for the mesoporous silica coated process. The synthesized nanoparticles
characterized by TEM, H 2 -TPR, XRD, XPS, VSM and specific area were used as
catalysts for the selective hydrogenation of nitroarenes to their respective aromatic
aniline [1]. With special highlighted the selective hydrogenation of 4-4-nitrophenylmorpholine (4-NFM) to 4-morpholino-aniline (4-MAn) as reaction test is evaluated.
Even though different Pd, Pt, Rh, Ir and Au catalysts has been reported as active and
selective catalysts for this reaction [2], but the high cost of the noble metals maintains
the challenge to develop active, selective and operationally stable based on nonnoble catalytic phases as principle phase. A new heterogeneous catalytic system in a
core-shell structure [3] formed by a metallic Co core doped with lower Rh content,
covered by a porous silica shell in a single unit formed by multifunctional components
with large mechanical and catalytic stability is proposed.
a)

b)

Figure 1. a) TEM images for the reduced Rh-Co@SiO2 catalysts, b) H2-TPR profile for Rh 2 O 3 Co3O4@SiO2 precursors structures

The TEM micrographs shown in Fig 1.a) confirm the well-defined core-shell structure
formation with a uniform size of 90 nm. To a better known of the reducibility
properties of the bimetallic structures TPR profiles were carried out in hydrogen
atmosphere. The two stages of reduction from Co+2,+3 up to Co0 for the monometallic
cobalt structure that became well-defined and shifted towards lower temperature in
the Rh content structures (Fig 1.b) indicate the positive effect of the noble metal in
the cobalt reduction. The catalytic performance of the catalysts in the hydrogenation
of 4-NFM is shown in Table 1. The large 4-NFM conversion in tne Rh content
catalysts, largest for the 0.5%Rh content indicate that only for this Rh-Co content
improved the catalytic performance in compares with pristine Co and 1.0% and 3.0%
Rh-Co core-shell catalyst. The further decrease in the conversion level for larger Rh
content could be attributed to the different Rh-Co interaction. At 0.5%Rh content was
evaluated the effect of the nature of the nitroarene, 4-NFM-F (4-(2-fluoro-4nitrophenyl)–morpholine)

and

4-NFM-Ona

(4-Nitrophenyl)-3-morpholinone)

molecules. This catalyst is also active for the 4-NFM-f and 4-NFM-Ona molecules
with large selectivity towards the corresponding aromatic aniline.
Table 1. Catalytic performance of the Rh-Co@SiO 2 catalysts in nitroarene hydrogenation*
Entry

Nitroarene

Catalyst

Conversion of the

Selectivity aromatic

nitroarene (%)

aniline (%)

1

4-NFM

0.0%Rh-Co@SiO 2

71

99

2

4-NFM

0.5%Rh-Co@SiO 2

98

99

3

4-NFM

1.0%Rh-Co@SiO 2

86

99

4

4-NFM

3.0%Rh-Co@SiO 2

80

99

5

4-NFM-Ona

0.5%Rh-Co@SiO 2

99

99

6

4-NFM-F

0.5%Rh-Co@SiO 2

90

97

*Reaction conditions: Parr® Reactor; 30mg catalyst; mol nitroarene /mol cat :100; P: 20 bar; T: 100°C;
solvent:30mL ethyl acetate at 5 h of reaction.
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Rapid and direct visualization of
organic compounds/reactions/catalytic properties
by near infrared imaging spectroscopy
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Near infrared (NIR) spectroscopy has developed as an extremely useful method of
analysis in many fields. Recently, Takeuchi and co-workers applied this technique to
the investigation of adsorbed ammonia of the acidic sites of zeolite-based catalysts
[1], indicating utility of this method in catalyst research. However, analysis of twodimensional (2D) composition distribution by the conventional spectroscopic imaging
technology is generally slow and often takes several minutes or more. Ishimaru and
co-workers of Kagawa University proposed a novel two-dimensional Fouriertransformed spectroscopic apparatus that is the phase-shift interferometry between
the objective lights. This enables the 2D spectral image measurements within several
seconds [2]. Because of its simple optical
configuration, the palmtop-size portable apparatus
(Fig. 1) has the strong robustness for mechanical
vibrations. In the present study, rapid and direct
analysis of compositional distribution of organic
components in a reactor and two dimentional
characterization of solid catalysts were examined
by this technology.
Near infrared imaging spectroscopic analysis was performed under the
following conditions: Wavelength range from 1200 to 2300 nm, wavelength resolution
7.93 nm, usual acquisition time 5.625 sec/image. PLSR (Partial Least Squares
Regression) analysis was performed using the Unscrambler X 10.5 on the merged
spectrum of 11 × 11 pixels.
Fig. 2 show hyperspectral images of the Y-shaped glass mixer (YMC), which
clearly shows the distribution of benzyl alcohol and mesitylene. The results of crossvalidation of two- and

three-component mixtures

between NIR-estimated and original data (R2 > 0.99).
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Figure 2. (a) FTNIR mapping image (4 scans, peak areas at around 1700 nm) of benzyl alcohol and
mesitylene in a Y-type mixer. (b) spectra of benzyl alcohol (A), mesitylene (B), and a mixture of them
(C), (D). (c) Spectra of A and B obtained by a commercial FTNIR spectrometer.
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Figure 3. (a) NIR image and (b) mapping image of absorbance
differences (1950 to 1990 nm) of the composite catalyst. FTNIR
spectra at (c) points 1 and 2 (Cu2+/Na+/ZSM-5) and (d) at points 3 to
5 (JRC-Z-HY5.5). 16 scans.

NH 3 and NH 4 + species on the composite catalyst of Cu/ZSM-5 and HY clearly
visualized the distribution of NH 3 adsorbed on Cu2+ species (Fig.3).
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Pt nanoparticles encapsulated in hierarchical zeolite framework as
an efficient catalyst for oxidation of benzyl alcohol to benzaldehyde
Piraya Wetchasat, Wannaruedee Wannapakdee, Duangkamon Suttipat,
Marisa Ketkaew, Chularat Wattanakit*
School of Energy Science and Engineering,Vidyasirimedhi Institute of Science and
Technology (VISTEC), Rayong 21210, Thailand
Zeolites are widely used as catalysts, especially in the field of fine-chemical
and petrochemical industries. Typically, they contain well-defined porous structures
in molecular dimensions. Moreover, the acidic property makes them highly active in
various potential catalytic reactions. Unfortunately, conventional zeolites composing
of microporous structures affect directly the diffusion limitation. In order to circumvent
this problem, the hierarchical zeolites containing both micro- and mesoporous
networks are suggested [1]. In the present study, we report the direct synthesis of Pt
nanoparticles encapsulated in hierarchical zeolite framework using a simple one-pot
hydrothermal synthesis with various Pt loadings. The ethylenediaminetetraacetic
acid, EDTA solution [2] was used to control the size of Pt nanoparticles. As for the
conventional zeolite, Pt nanoparticles are preferable deposited on external surfaces.
This disadvantage also makes the disadvantage for the oxidation of alcohols. In
strong contrast to this, the designed Pt nanoparticles encapsulated in hierarchical
zeolite can greatly improve the higher conversion of reactant up to four times
compared with the conventional zeolite with the similar Pt loading due to the welldispersion of metal nanoparticles in zeolite frameworks.

Fig. 1 SEM images to illustrate the morphology of syntheiszed Pt-hierarchical zeolite
catalysts
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Introduction
Continuously increasing the emissions of greenhouse gas CO 2 is threatening our living
environment.[1] To date, C 1 chemicals such as methanol, dimethyl ether, formic acid, etc.
have been selectively synthesized.[2] However, production of C 2+ hydrocarbons from
CO 2 are not easy because of high kinetic barriers for C–C coupling. More recently, high
selective olefins or gasoline has been achieved from CO 2 hydrogenation via utilization of
oxide-zeolite bifunctional catalysts.[3] Still, it is challenging to directly synthesize
aromatics. Up to now, there are no reports on the highly selective conversion of CO 2 and
H 2 into aromatics by one-step process. Here, we report the MoP-based catalysts made
by simple H 2 reduction method, which exhibits 75.7% aromatics selectivity among the
carbon products without CO in CO 2 hydrogenation reaction. Reverse water-gas shift
(RWGS) reaction is completely inhibited by intercalating copper into bulk MoP catalysts.
Experimental
The bulk oxide precursors were prepared by co-precipitation and bulk phosphide
catalysts is obtained via in-situ reduction method. The obtained MoP-based samples,
bulk or supported, were evaluated in CO 2 hydrogenation and characterized accordingly.
Results and discussion
As described, the XRD patterns in Fig. 1a confirms the successful synthesis of MoP and
Cu@MoP catalysts, indicative of the characteristic peaks of 28.0, 32.2, 43.2, 57.3°. The
size of MoP NPs increases due to the addition of Cu (Fig. 1a). The TEM images of MoP
and Cu@MoP validate that the MoP gives relative smaller NPs than that of the Cu@MoP
NPs (Figs. 1b and c). Meanwhile, the intercalated Cu is well distributed through the
whole MoP crystalline Cu is well distributed through the whole MoP crystalline, as
evidenced by EDX-mapping in the right in Fig. 1c. Furthermore, the HRTEM image of
Cu@MoP yields d-spacing 2.15 nm for the (100) crystallographic planes of Cu@MoP.
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Fig. 1 Physico-chemical property of bulk and Cu intercalated MoP catalysts. (a) XRD
patterns of obtained bulk MoP-based catalysts; (b and c) TEM images of MoP and Cu@MoP
catalysts, associated with the EDX-mapping; (c) HRTEM image of Cu@MoP sample.

As indicated in Table 1, copperbased (30 wt%) catalysts produce
C1 products (CH 3 OH, CH 4 , and
CO)

in

CO 2

regardless

hydrogenation,
of

temperature.

Whereas,

reaction
MoP

exhibits the aromatics formation
with selectivity of 37.8%, indicating
that

the

C-C

bond

coupling

occurred over the MoP surface accompanying CO and CH 4 presence owing to the
RWGS. The Cu@MoP shows enhanced CO 2 conversion and selectivity towards to
aromatics with optimum value of 75.7%. Interestingly, no product CO was observed with
the presence of Cu in MoP phase. To address the reason of aromatics formation over
bulk phosphide, the noble metallic properties and moderate acid functions is responsible.
Nonetheless, the supported counterpart shows negligible aromatics products due to the
acid sites on the support surface.
Conclusion
In summary, MoP-based catalysts (like Cu@MoP) exhibit an excellent performance for
CO 2 hydrogenation to aromatics. The selectivity of aromatics (excluding CO) reaches as
high as 75.7% with 9.4% CO 2 conversion, coupling with the inhibition of RWGS effect.
The tailoring of the external Brønsted acid of MoP by Cu species is beneficial to
aromatization.
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A mechanistic study of the dehydrogenation of propane over
vanadia-titania catalysts
V.V. Kaichev, Yu.A. Chesalov, A.A. Saraev
Boreskov Institute of Catalysis, Novosibirsk, Russia

Propylene is an important starting product employed in the production of
polypropylene, propylene oxide, acrylic acid, cumene, etc. The main part of
propylene manufactures as a byproduct of oil refining and natural gas processing and
only a small part of propylene produces by the catalytic propane dehydrogenation
(PDH). Nowadays, CrO x - and Pt-based catalysts are mainly used in commercial
dehydrogenation of propane. However, these catalysts fast deactivate under reaction
conditions due to coke formation and sintering of the metal phase. Moreover, the
high cost of platinum and serious pollution issues caused by chromium restrict the
further development of the PDH industry. Supported V-based catalysts can be
considered as one potential alternative due to their reasonable cost and
environmental friendliness. Some vanadium oxide-based catalysts demonstrate the
catalytic performance in PDH even better than the chromium oxide-based catalysts
[1]. Certainly, the determination of the reaction mechanism and of the nature of the
active species in each step of the propane dehydrogenation over V-based catalysts
is of high interest. Herein we present first our results of the mechanistic study of the
propane dehydrogenation. The oxidative and non-oxidative dehydrogenation of
propane over a monolayer V 2 O 5 /TiO 2 catalyst were examined using in situ Fouriertransform infrared spectroscopy (FTIR) and pseudo in situ X-ray photoelectron
spectroscopy (XPS). The combination of these methods allowed us to identify the
main reaction intermediates adsorbed on the catalyst surface, the main products in
the gas phase as well as the chemical state of vanadium cations under reaction
conditions. Synthesis and characterization of the catalyst used are described in detail
elsewhere [2,3].
It was found that vanadium on the surface of calcined catalyst is in the V5+ state,
however, the reduction of V5+ to V3+ occurs under a propane flow. Simultaneously,
the formation of Ti–O–H groups, removing the vanadyl oxygen species and
accumulation of carbonaceous deposits were detected by FTIR. Besides, XPS data
indicate that the reduction of catalyst is accompanied by reversible destruction of the

vanadia monolayer and formation of 3D clusters or nanoparticles on the titania
surface that leads to catalyst deactivation because a significant part of vanadium
cations are inaccessible for interaction with propane. The accumulation of
carbonaceous deposits and the destruction of the vanadia monolayer were not
observed in the presence of O 2 in the gas phase. The V5+ cations partially reduce to
V4+ under a propane/oxygen mixture. Isopropoxide, acetone, formate, acetate, and
carbonate species were detected on the catalyst surface.
We suggest that the oxidative dehydrogenation of propane to propylene over
vanadia oxide-based catalysts proceeds via the redox mechanism, where the
oxidized catalyst surface oxidizes the propane and is reoxidized by gas-phase
oxygen. The active sites contain the V5+ cations. The C−H activation of propane
occurs on the vanadyl oxygen species mainly. The key intermediate is isopropoxide
which can dehydrogenate to propylene or acetone. Adsorbed acetone is unstable
and can oxidize further to formate and acetate species which can oxidize to CO and
CO 2 . The non-oxidative dehydrogenation of propane proceeds over the reduced
catalyst. The active sites contain the coordinatively unsaturated V3+ cations. The C−H
activation of propane occurs on a V–O pair via a heterolytic dissociation mechanism.
In this process the proton of propane and the negatively charged propyl fragment
C 3 H 7 δ- form bonds with the oxygen and metal ions, respectively. The bridging V–O–
Ti oxygen species participate in the C−H activation. The Ti–O–H groups which are
the key intermediates are detected by FTIR.
The mechanism of oxidative and non-oxidative dehydrogenation of propane over a
monolayer V 2 O 5 /TiO 2 catalyst is discussed in detail.
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Introduction
Furfural is a versatile chemical precursor used for the synthesis of furan resins, fuels,
and plastics. It is industrially produced by dehydration of xylose derived from
hemicellulose. Conversion of sugars derived from cellulose to make furfural would
produce a single product from the polysaccharide content of biomass, resulting in
higher yield and better efficiency of the process. However, cellulose derived hexoses
such as glucose and fructose are converted to 5-hydroxymethylfurfual. Furfural is
mostly obtained as minor byproduct (<5%) in hexose degradation reaction. In
addition, the underlying mechanism of its formation by removal of a carbon atom is
unknown. In this work, we have developed a single step reaction for the synthesis of
furfural in high yield from glucose and fructose using a combination of heterogeneous
and homogeneous catalysts and describe the proposed reaction mechanism.
Results and discussion
Synthesis of furfural from hexoses was solvent dependent (Fig. 1). Reaction of
fructose in the presence of sulfolane (160 °C 2h) resulted in 42 % yield of furfural and
7 % 5-HMF. Comparable results were obtained in the presence of 3-methyl sulfolane
and diethyl sulfone. However, in the presence of dimethyl sulfoxide, the selectivity
was reversed and 5-HMF was obtained the major product (38 %). Addition of small
amount of H 3 PO 4 (0.01 mmol) increased the rate of reaction and the yield of furfural
(52 % in sulfolane) and 5-HMF (47% in DMSO) without effecting their selectivity. This
suggested that the initial dehydration of fructose prior to removal of carbon atom was
the rate limiting step in both cases.

Fig.1: Solvent effect on synthesis of furfural and 5-HMF from hexoses.

For conversion of glucose to furfural, an SnOx/SBA-15 catalyst was used as a Lewis
acid catalyst. Formation of fructose as the intermediate was confirmed by using 13C-1
labelled glucose and observing the presence of fructose in

13

C NMR spectrum. The

characterization of SnOx/SBA-15 catalyst using EXAFS, XRD, TEM and UV-Vis
revealed active sites as highly dispersed clusters of tetrahedrally coordinated SnO 2
species for the isomerization reaction. Furfural yield of up to 35% (sulfolane, 160 °C,
2h) was obtained from glucose without H 3 PO 4 .
The elimination of carbon
occurred by deformylation
of the C6 carbon atom
from

glucose/fructose.

This was confirmed by
13

C-1-glucose

using
and

13

C-6-glucose

and

analyzing using GC-MS
(Fig 2).

Fig. 2: Elimination of C6 carbon atom as formaldehyde
confirmed by GC-MS and 13C NMR of products obtained from
13
C labelled glucose.

13

C was detected at C1 position of furfural when

used, and it was absent in furfural when

13

C-1 labelled glucose was

13

C-6-glucose was used. In addition, the

13

C

NMR spectrum showed a peak at 84.1 ppm indicating the formation of formaldehyde.
Based on these results we propose a mechanism where formation of the
intermediate shown in Fig 3 is crucial for determining the selectivity of product.
Deformylation proceeds with the abstraction of proton from the hydroxymethyl group
and formation of stable furan ring with elimination of formaldehyde. The low basicity
of sulfone group was crucial for furfural formation as it is unable to abstract the proton
at C5 position which leads to formation of 5-HMF in DMSO.

Fig. 3: Proposed mechanism of furfural formation in sulfolane and 5-HMF formation in DMSO
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Layered materials are promising materials as catalysts in various reaction types
leading to the production of fine chemicals [1]. In this contribution, an account is
given on the applications of Cu(II)Fe(III)-layered double hydroxide as catalyst in 1,3dipolar cycloaddition and oxidative coupling reactions as well as that of a novel
beyerite-like layered silver substance in the direct synthesis of terminal acetylenes to
nitriles.

1,3-dipolar cycloadditon and oxidative dimerization reactions
Cu(II)Fe(III)-layered double hydroxide (CuFe-LDH) is shown to efficiently catalyze
1,3-dipolar cycloadditions of organic azides to alkynes leading to valuable 1,2,3triazoles as well as oxidative dimerizations of aromatic amines and acetylenes
without the need for any auxiliary substances. In most cases, the dimerization
reactions need the use of extraneous bases and ligands bearing significant
disadvantages as far as environmental impacts and process costs are concerned. In
this work, the inherent basic character of a copper-containing layered double
hydroxide to facilitate the catalytic reaction was exploited. The reactions were studied
in a continuous-flow system to achieve extended parameter spaces for chemical
intensification, and to avoid undesired reaction pathways by means of strategic
control over the residence time. Other benefits are the safe production as well as
scalability. Valuable 1,2,3-triazoles, 1,4-disubstituted 1,3-diynes and diversely
substituted aromatic azo compounds were achieved with high chemoselectivity in
excellent yields and in short process times even on preparative scales.
The freshly prepared as well as the used CuFe-LDH samples were
characterized by a range of state-of-the art instrumental methods (X-ray powder

diffractometry, infrared, inductively coupled plasma atomic emission, energy
dispersive X-ray and X-ray photoelectron spectroscopies, scanning and transmission
electron microscopies and thermal methods). It was established that the catalytic
activity of the as-prepared material could be derived from in situ reduction of Cu(II),
generating lattice defects containing the catalytically active Cu(I) species. It was
verified that oxidative homocoupling of the alkyne component was responsible for the
conversion of Cu(II) to Cu(I), but a cooperation of certain structural items of the
hydrotalcite-like material could also contribute to the outstanding catalytic efficiency.
After successful gram-scale

syntheses under high-pressure/high-temperature

conditions, no destruction of the catalyst structure was found suggesting that the
layered double hydroxide acted as a highly robust catalytic system.

Direct synthesis of nitriles from terminal acetylenes
The synthesis and characterization of a silver-containing hybrid material is also
reported as a novel heterogeneous noble metal catalyst. In order to eliminate the
need for traditional immobilization techniques, and to create a solid material with
structurally-bound silver catalytic centres, the layered structure of a naturally
occurring mineral served as the basis of the initial catalyst design. The novel material
was prepared by means of the urea-mediated homogeneous precipitation of the
corresponding metal nitrates, and was fully characterized by means of diverse
instrumental techniques (X-ray diffractometry, Raman, IR, UV-Vis, EPR, X-ray
photoelectron spectroscopies, thermal methods as well as atomic force, scanning
and transmission electron microscopies). The as-prepared material exhibited
outstanding activity in silver-catalysed carbon-carbon triple bond activation to yield
organic nitriles directly from terminal alkynes with less environmental concerns as
compared to the classical synthesis methods. The effects of the reaction time, the
temperature, as well as the role of various solvents, nitrogen sources and additives
were carefully scrutinized in order to achieve high-yielding and selective nitrile
formation. The heterogeneous nature of the reaction was verified and the solid
catalyst was recycled and reused numerous times without loss of its activity or
degradation of its structure, thereby offering a sustainable synthetic methodology.
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Introduction
Development of visible-light-responding photocatalysts is an important topic
for chemical syntheses using solar energy in the future. We have found that reduction
of aromatic nitro compounds occurs over titanium dioxide (TiO 2 ) modified with
various organic compounds as visible light-responding photocatalyst1-3). However,
the effect of modulator on activity has been still unclear. This effect is important in
order to develop TiO 2 photocatalysts modified with various organic compounds.
Furfural (FAL) is one of the important biomass to solve an environmental
problem and resource depletion. Furfuryl alcohol (FOL) is an important compound as
the raw material of resins and adhesives, and it can be produced from FAL.
In this study, we examined effects of various organic modulators for TiO 2 on
the reduction of FAL to FOL under irradiation of visible light. We found that FAL was
almost quantitatively converted to FOL over binaphthol-modified TiO 2 and that the
rate of the FOL formation was dependent on the amount of FAL adsorbed on TiO 2
modified with various organic compounds.
Experimental
Methanol containing 1,1’-bi-2-naphthol (BINOL) (4 cm3) was added to TiO 2
powder in an evaporating dish and then methanol was evaporated by stirring with
magnetic stirrer at room temperature. The resultant yellow powder was dried for 30
min in vacuo.
TiO 2 modified with BINOL (BINOL/TiO 2 ) (50 mg) was suspended in 5 cm3 of
acetonitrile containing FAL (50 µmol) and triethanolamine (TEOA, 150 µmol) as a
hole scavenger in a test tube, which was sealed with a rubber septum and
photoirradiated with a blue LED (115, 110 mW cm-2) under Ar with magnetic stirring
at room temperature.
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Fig. 1 Time courses of reduction of
FAL to FOL in an acetonitrile
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irradiation of visible light from blue
LEDs.
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acetonitrile suspension was induced by photoabsorption of BINOL/TiO 2 .
Conclusions
We succeeded in novel metal-free and H 2 -free effective reduction of FAL to
FOL over BINOL/TiO 2 photocatalyst under visible light irradiation.
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Titanium(IV) oxide having a copper co-catalyst:
a new type of semihydrogenation photocatalyst working efficiently
at an elevated temperature under hydrogen-free condition
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Japan
Introduction
Applications of photocatalytic reduction (hydrogenation) have been less frequently
reported because the reduction potential of many organic compounds is more
negative than the reduction potential of the conduction band of TiO 2 . Recently, we
found that alkynes were successfully hydrogenated to corresponding cis-alkenes in
alcohol suspensions of Cu-TiO 2 under an H 2 -free condition [1]. The excellence of CuTiO 2 is that the photocatalyst showed complete chemoselectivity, i.e., no subsequent
hydrogenation of alkenes to alkanes occurred over Cu-TiO 2 . This photocatalytic
hydrogenation consists of two processes: 1) formation of an active hydrogen species
over Cu particles loaded on TiO 2 under light irradiation and 2) hydrogenation of
alkynes over Cu particles. In these processes, process 2) is not a photocatalytic
process but a catalytic process. If process 1) is the rate determining step, the overall
reaction rate can be increased by decreasing electron-hole recombination and
increasing carrier trapping, which could be achieved by preparation of photocatalysts
having high crystallinity and a large surface area. On the other hand, if process 2) is
the rate determining step, acceleration of process 2) would be more effective than
acceleration of process 1). In this study, we focused on the hydrogenation of alkynes
in an alcohol suspension of a Cu-TiO 2 photocatalyst because we think that the latter
hydrogenation process is the rate determining step. Here we show that the overall
reaction rate can be greatly increased by acceleration of the catalytic (thermal)
process at an elevated temperature.

Experimental
By using the photodeposition method, Cu as a co-catalyst was loaded on TiO 2 (P 25
supplied by Nippon Aerosil Co., Ltd.). In a typical run, Cu-TiO 2 (50 mg) was
suspended in 5 cm3 of methanol containing 50 µmol of 4-octyne in a test tube, which
was sealed with a rubber septum and then photoirradiated under Ar with a xenon

lamp in a water bath. The temperature of the water bath was changed to evaluate the
effects of reaction temperature on the rate, product selectivity and chemoselectivity of
the photocatalytic reaction.

Results and Discussion
Figure 1(a) shows the time course of photocatalytic conversion of 4-octyne at 298 K.
4-Octyne was consumed along with photoirradiation, while cis-4-octene was
produced instead, indicating that 4-octyne was hydrogenated by active hydrogen
species that were formed over Cu by reduction of protons by photogenerated
electrons. Figure 1(b) shows the time course of the same reaction operated at 323 K.
The reaction rate for semihydrogenation drastically increased at 323 K, and 4-octyne
was almost completely consumed at 1 h and 40 min with chemoselectivity and
diastereoselectivity being preserved as they were at 298 K, i.e., 4-octyne was almost
quantitatively hydrogenated to cis-4-octene within a short time. We noted that the
formation of H 2 was completely suppressed during the production of cis-4-octene and
that H 2 evolved only after consumption of 4-octyne. The results of photocatalytic
reaction at 323 K were in contrast to those of the reaction at 298 K shown in Figure
1(a). After consumption of 4-octyne, no cis-4-octene was consumed, indicating that
Cu-TiO 2 possessed complete chemoselectivity for semihydrogenation of 4-octyne,
i.e., no cis-4-octene was hydrogenated and isomerized to trans-4-octene over CuTiO 2 even at 323 K.
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Figure 1. Time courses of the amounts of 4-octyne, cis-4-octene and H 2 and the
material balance (MB) in a methanolic suspension of 0.5 wt% Cu-TiO 2 photocatalyst
under deaerated conditions at (a) 298 K and (b) 323 K.
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Copper Catalyst for Direct Allylic-Alkynylation via Cross Dehydrogenative
Coupling Reaction
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C-C bonds are in numerous compounds and essential components of organic
compounds’ skeleton. For that, improvement of C-C bond formation reactions via
efficient and direct approach is a highly attractive research area.1 Cross
dehydrogenative coupling reactions (CDC) are considered as the state of the art for
C-C bond formation in organic synthesis. Direct using of the reactants without
prefunctionalization, shorting the rout synthesis and minimizing the waste by
products specially the metal salts, but temperature is still required to generate the
radical, which will initiate the reaction.2 At high temperatures the radical is very
reactive increasing the possibility of byproducts formation and limiting the scope of
reactants and the types of solvents. No doubt, running the reaction at ambient
temperatures will overcome these limitations and increase the synthetic applications
of CDC reactions. Direct functionalization of Csp3-H bond is still a challenging
reaction due to similar highly reactive Csp3-H bonds in the molecule.3 One of these
important sp3 carbons is allylic, its functionalization produces a new chiral carbon and
controlling the chirality4 obviously is very important in the pharmaceutical and
medicinal chemistry.5 Since radical is required an alternative way to generate could
by using light via single electron transfer (SET), but still until now prefunctionalized
reactants are required with using photo catalysts.6 Recently, we were able to alkylate
allylic carbon under oxidative conditions, but high temperature is unavoidable.7
Combination between the advantages of CDC reactions and photo catalyst reactions
to functionalize ubiquitous Csp3-H bonds is highly demand approach with using
earth-abundant elements like Copper instead of precious elements. In our current
contribution, we report for the first time in situ prepared copper complex photocatalyst
to synthesis synthesize 1,4-enyne compounds directly from alkene and terminal
alkyne at ambient temperatures (Figure 1).
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Figure 1: Allylic Alkynylation either at elevated or ambient temperature.

Under the optimized reaction conditions, wide scope of coupling compounds are
convenient to furnish the desired products in good to excellent yield. In the
mechanistic study we found the reaction does not follow radial path way comparing
with the thermal conditions and the SET from the photo catalyst excited state to the
oxidant initiates the reaction. Furthermore we tried to control the stereo selectivity of
the products by designing convenient ligands and we got some promising results. In
our work we report new generation types of copper photocatalysts complexes, which
could be optimized for more reactions and applications. We are trying to pave the
way for more transformation from the classical reaction to modern ones using
sustainable source of energy to achieve the increasing demand of fine chemical
products.
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Nanocatalysis: A Powerful Instrument for Wastewater Valorization
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The environmental concern about water pollution by toxic compounds has
been increasing exponentially. [1] So, the design of efficient catalysts for the
transformation of harmful organic pollutants found in water and wastewater into
compounds with high added-value and lower toxicity has raised. [2] Nitroarene
compounds, such as 4-nitrophenol (4-NP) and 4-nitroaniline (4-NA), are highly toxic
and environmentally hazardous. [3] However, the respective reduction products, 4aminophenol (4-AP) and 4-aminoaniline (4-AA), are useful compounds for many
chemical industries, namely, to produce rubber, antioxidants, pharmaceuticals, dyes
and agrochemicals. [4] Thence, significant research has been focused on the
development of efficient and eco-friendly metal catalysts to be applied in the
conversion of nitroarenes into the corresponding amine derivatives. However,
metallic nanoparticles are difficult to remove from the reaction media and tend to
aggregate in solution due to their high surface energy which decreases their catalytic
activity. [5] The strategy to overcome this problem is to anchor the nanoparticles onto
solid supports, such as titanium dioxide nanoparticles (TiO 2 NPs). TiO 2 is one of the
best supports for metal NPs due to its thermal and chemical stability, non-toxicity,
relative low cost and semiconducting properties. [6] In this work were synthesized
Au/TiO 2 and Ag/TiO 2 nanocomposites through the adsorption of the metal salt
precursors onto TiO 2 surface and posterior reduction of Au3+ and Ag+ to metal Au0
and Ag0, using various reducing agents in this reduction step: citric acid, sodium
borohydride or light source to promote the reduction (λ = 340 nm). The influence of
the type of reducing agent and its concentration on the Au and Ag NPs formation,
loading, oxidation state and type of bond stablished with the TiO 2 solid support was
investigated. Moreover, the effect of the type of immobilized NPs on the catalytic
performance, Au versus Ag, was assessed. The performance of the prepared
nanocomposites was evaluated in the heterogeneous catalytic reduction of two

model substrates (4-NP and 4-NA) in aqueous solution in the presence of sodium
borohydride as the reducing agent.
Both Au- and Ag-based catalysts led to a total conversion of 4-NP within 260
and 40 s, respectively. The reaction followed a pseudo-first-order kinetic with rate
constants of 19.1x10-3 and 94.2x10-3 s-1, respectively, demonstrating the higher
catalytic performance of the Ag-based material. For the 4-NA reduction, the highest
catalytic performance was observed with the Au-based material, achieving total
conversion within 90 s with a rate constant of 29.4x10-3 s-1, while the Ag-based
material achieved total conversion within 120 s. After catalysis, the Au nanoparticles
retained their metallic state, whereas the Ag nanoparticles were partially oxidized,
which is detrimental for their subsequent catalytic activity. The Au and Ag-based TiO 2
catalysts could be reused for ten consecutive cycles without any treatment, with the
Au-based catalysts showing the highest stability and robustness.
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Nonoxidative synthesis of dimethoxymethane by the gas-phase methanol
dehydrogenation over bifunctional copper catalysts
Ruiyan Sun, RWTH Aachen, Aachen, Germany;
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The adverse effect of vehicle exhaust on human health and ecosystem has been
increasingly recognized in the past decades, in addition to its considerable
contributions to the greenhouse gas emission. As a result, many efforts have been
devoted to seek powerful technical solutions to meet the stringent emission
standards. Upgrading and sophisticating the exhaust after-treatment systems were in
the focus;[1] however, these approaches increase costs, and more importantly, they
are inherently limited in reducing the carbon footprint of the entire mobility sector. In
this regard, a transition from conventional fossil fuels towards more renewable
alternative fuels presents a highly promising strategy to address the issues resulting
from the transportation sector. Specifically, for diesel-type fuels, a desirable
substitute fuel should present a clean combustion property with reduced soot and
NOx formation and be potentially synthesized in a sustainable approach based on
CO 2 /H 2 . In addition, it would be a huge advantage if such substitute diesel can be
directly used as a drop-in fuel without major modifications to the current
transportation system. Numerous oxygen-containing compounds such as methanol,
dimethyl ether and oxymethylene ethers, have been suggested as potential diesel
fuel additives. Especially, oxymethylene ethers (OME) with medium chain length
have attracted intense interests in recent years, owing to their excellent ability in
reducing

soot

formation

and

good

compatibility

with

diesel

engines.[2]

Dimethoxymethane (DMM) is the simplest compound of the oxymethylene ether
homologues. Importantly, it can function as a platform chemical for longer chain OME
synthesis and find applications in fine chemical industries.[3]
The current DMM production primarily relies on an oxidative reaction scheme,
wherein methanol is either first oxidized to formaldehyde (FA) in the presence of
oxygen followed by an acetalization of FA with methanol to yield DMM in two steps,
or directly oxidized to DMM in one step. Hydrogen atoms in methanol are
concurrently oxidized by O 2 to form water, thereby leading to low hydrogen efficiency
and high energy inputs for water separation. To avoid these inefficient oxygeninvolved pathways, a novel synthetic strategy via non-oxidative methanol

dehydrogenation to DMM with the formation of H 2 instead of H 2 O appears to be
highly attractive. Within this new route, a closed H 2 circulation can be realized
between methanol and DMM synthesis, thus improving the overall exergy efficiency
of this process chain.
Herein, we report the first example of DMM synthesis following this novel strategy,
enabled by bifunctional Cu/zeolite catalysts in gas-phase. Cu was fixed as metallic
site for the dehydrogenation reaction. The variations in zeolite type and SiO 2 /Al 2 O 3
ratio as well as the proximity effect were investigated to optimize the synergy
between zeolites and Cu, which needed to be spatial close in order to maximize
DMM formation. Among the examined catalysts, 1% Cu/Hβ with a SiO 2 /Al 2 O 3 ratio of
650 presented the highest activity and selectivity toward DMM. 80% selectivity was
achieved at a methanol conversion of 3.6% at GHSV of 14369 ml h–1 g cat –1,
atmospheric pressure, and 200 oC in a continuous fixed-bed reactor. Interestingly, an
induction period featuring a remarkable rise in DMM selectivity from 20 to 80% with
time on stream was observed on this catalyst. The ongoing studies are expected to
reveal the underlying phenomenon.
Hydrogen circulation
CO2
3CH3OH (g)

Cu/zeolite

O

O

(g) + H2 (g) + H2O (g)

Acetalization
Dehydrogenation

CH2O

Scheme 1. New approach to synthesize DMM through gas-phase methanol
dehydrogenation
This work was funded by the German Federal Ministry of Education and Research
(BMBF) within the Kopernikus Project P2X: Flexible use of renewable resources
exploration, validation and implementation.
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The reactor design and operation for Simons electrochemical
fluorination at pilot scale for synthesis of CF 3 SO 2 F
WANG Yaqiong, WANG Dawei, DING Yuanqiong, SHAO Qing , XU Wenlin
(Coll. of Chem. & Chem. Eng., Yangzhou Uni., Yangzhou 225002, Jiangsu, China)

1. Principle of Electrochemical preparation of fluoride CF 3 SO 2 F
Electrochemical fluorination preparation of CF 3 SO 2 F is carried in HF solution and
CH 3 SO 2 F as raw material, nickel as an anode by Simons electrochemical fluorination
synthesis technology [1-4].
The reaction on anode reaction is:
F- - e → F (reaction controlling step)
CH 3 SO 2 F + 6F → CF 3 SO 2 F + 3HF
Cathodic reaction:
2H- + 2e → 2H 2
Total reaction:
CH 3 SO 2 F + 3HF → CF 3 SO 2 F + 3H 2
2. Process analysis in the Electrochemical fluorination preparation of CF 3 SO 2 F
Based on recent developments, the nickel fluorinating agent mediated mechanism
in the Simons electrochemical fluorination of CH 3 SO 2 F to CF 3 SO 2 F is proposed. It is
shown that the yield and current efficiency of the product mainly depend on the
operating current density and the mass tranport rate. Thus useful rules to optimize
the process of electrochemical fluorination in anhydrous hydrogen fluoride (HF)for
reactor design and operation for the Simons fluorination of CH 3 SO 2 F are formulated
for the solid-liquid heterogeneous reaction system.
In order to improve the yield and current efficiency as well as reduce the produce
rate of the free fluorine (F 2 ), an effective method is proposed to improve the mass
transfer and reduce operating current density. A three-dimensional electrode
electrochemical reactor is designed with a large specific surface area, which can
significantly reduce the operating intrinsic current density, and effectively improve
mass transfer with a large specific surface area, increase the concentrations of
CH 3 SO 2 F on the reaction surface of the anode. The three-dimensional electrode
electrochemical reactors fundamentally reduces the likelihood of fluoride chemical
reaction, and raises the production efficiency of electrochemical reactor.

3. The designed reactor used in the Electrochemical fluorination preparation of
CF 3 SO 2 F
Based

on

methyl

sulfonyl

fluoride

electrochemical

fluorination

process

characteristics of electrochemical fluorination process for the reaction kinetics control
process, in order to reduce the cell voltage, improve current efficiency and product
yield. Therefore, this paper adopts three-dimensional electrode electrochemical
reactor design and operation, improve the production ability of the reactor, current
efficiency and reaction yield.
The designed reactor and operation results for an electrochemical fluorination
process at 1kg/h CF 3 SO 2 F are as follows:
(1) A three-dimensional electrode anodet is designed packed 20-mesh nickel wire
mesh as anode, iron as cathode, PTFE as membrane. The tank of the
electrochemical reactor is a seamless steel tube with a volume of 120L and an
internal surface area of 1.55m2. The geometric surface area of the nickel wire mesh
is 20m2, the usable area of the anode is about 15m2, and the designed operating
current is 1200A.
(2) The experiments was carried out in the electrochemical reactor with 80 L of HF
and 12 kg CH 3 SO 2 F, operating temperature was 5 oC - 12 oC, at a operating current
1200A – 1500A. The results is that the yield of the product is more than 85%,
current efficiency is over 95% , the operating cell voltage from 6.2 V to 6.8 V. At the
generation rate of 1 kg/hCF 3 SO 2 F.
(3) The electrochemical fluorination reaction of organics Simons using a threedimensional electrode electrochemical reactor has many outstanding advantages.
The electrochemical fluorination of organics by Simons electrochemical fluorination in
three dimensional electrode electrochemical reactor is feasible and economical.
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Bimetallic Nanocrystal-Based Catalysts for the Direct Synthesis of
H2O2
S. Wang, D. E. Doronkin, A. Zimina, S. Behrens, Karlsruhe Institute of Technology
(KIT), Karlsruhe, Germany
Introduction
Hydrogen peroxide (H 2 O 2 ) is an important chemical with valuable application in
industries, such as the paper and pulp, textile, as well as for waste water treatment or
chemical oxidation reactions [1]. At an industrial scale, H 2 O 2 is produced by
sequential oxidation and hydrogenation of anthraquinone, i.e. a multistep process
that generates a large amount of waste and consumes extensive energy [2]. Due to
the high capital investment and operating costs of this indirect process, its direct
synthesis from H 2 and O 2 is highly desirable [3]. However, H 2 O 2 is a reactive
intermediate that further decomposes or hydrogenates to water and the design of
novel catalysts with improved selectivity and productivity of H 2 O 2 has remained of
great interest.
To overcome the problem of poor H 2 O 2 selectivity, Pd catalysts habe been alloyed
with various elements (e.g., Au, Ag or Sn, etc.). Conventional impregnation and
(co)precipitation methods often yield poorly defined particles with size, shape and
compositional inhomogeneities. Here, colloidal nanocrystals (NCs) may provide well
defined building units for model catalysts which allow independently and
systematically addressing the influencing catalyst parameters of the NCs (size,
shape, composition) and the metal oxide support [4, 5].
Herein, we present the synthesis of a Pd-based NC library with controlled size and a
wide variety of compositions (PdM, M = Ni, Zn, Ga, Sn, In, Pb) which were
successively immobilized on a support and used as catalysts in direct H 2 O 2
synthesis.

Materials and Methods
Colloidal Pd and PdM NCs were synthesized from the metal acetylacetonate or metal
acetate precursors in oleylamine and trioctylphosphine and successively supported
on TiO 2 (pretreated with H 2 SO 4 ). The structure, size and composition of the NCs and
catalysts were characterized by X-ray diffraction (XRD), electron microscopy together
with energy-dispersive X-ray analysis, atomic emission spectroscopy (ICP-AES) and

ex situ X-ray absorption spectroscopy (XAS). Catalytic tests were carried out in a
semi-continuous batch reactor in ethanol with H 2 SO 4 promotor (40 bar, 30 °C, H 2 /O 2
ratio 0.24, diluted with 76% N 2 ). The gas composition and H 2 O 2 concentration was
analyzed by micro GC and UV-Vis spectrometry, respectively.

Results and Discussion
Bimetallic PdM-based NCs were synthesized with uniform sizes in the range of 3.7 to
6.7 nm, controlled elemental composition (PdNi, PdZn, PdGa, PdIn, PdSn, PdPb)
and different Pd/M ratio. Most bimetallic NCs (PdNi, PdZn, PdGa, and PdIn) were of
random alloy-type structure, only PdSn and PdPb NCs revealed an ordered
intermetallic composition. Pd NCs were used as a reference. The supported NCs
revealed high productivities and selectivities towards H 2 O 2 of up to 80%. The
catalytic tests showed that the type of alloyed promotor (M) and the Pd/M ratio
influenced catalytic properties.
PdIn

50

Count

40

30

20

10

0
0

1

2

3

4

5

6

7

8

9

10 11 12 13 14 15 16

Size (nm)

Figure 1. TEM image and particle size distribution of PdIn NCs.

Conclusions
The library of PdM NCs has been successfully synthesized and characterized by
XRD, XAS, TEM. Such NC-derived catalyst libraries provide well-defined model
systems for systematically exploring ensemble and electronic effects in the direct
synthesis of hydrogen peroxide, a step towards the future goal of rational catalyst
design.
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Aqueous-Phase Hydrogenation of Algae-Derived Glycolic Acid with
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Introduction
Glycolic acid (GA) is the smallest α-hydroxycarboxylic acid and has the potential to
serve as a platform chemical, i.e., an intermediate in the synthesis of value-added
products. Recent research is focused on renewable approaches to produce GA, e.g.,
via fermentation from biomass [1]. Wilhelm and coworkers [2] developed an approach
named “New Green Chemistry” based on algae biomass as a route towards GA. The
product is excreted into the medium and conventional harvesting of the algae is not
required. This enables continuous production of diluted aqueous GA solutions. One
promising upgrading pathway of GA is the selective hydrogenation to ethylene glycol
(EG) and/or acetic acid (AA) which are versatile bulk chemicals for polymer
production. Hydrogenation of GA can be achieved by conversion with H 2 over
supported Ru metal catalysts [3] (Fig. 1). In this study, Ru-based catalysts using a
series of different supports were prepared, characterized and applied in the aqueousphase hydrogenation of GA. Special focus was placed on the influence of support
acidity, metal dispersion and metal-support interactions on the catalytic behavior.
Furthermore, the influence of reaction conditions, especially regarding their influence
on selectivity for EG and AA was investigated.
CO2 + H2O
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OH
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Fig. 1: Hydrogenation of algae-derived GA solutions over supported metal catalysts to EG and/or AA.

Experimental Part
All catalysts were prepared by incipient wetness impregnation of the respective dried
support material, i.e., activated carbon (AC), ZrO 2 , TiO 2 , SiO 2 , Al 2 O 3 and zeolite HY, using RuCl 3 with a targeted Ru loading of 5 wt.-%. For the catalytic experiments,
150 mg of pre-reduced catalyst and 80 cm3 0.07 M aqueous GA solution were heated
to 423 K in a PTFE-coated steel autoclave. H 2 pressure was applied to start the

hydrogenation. Liquid-phase samples were quantitatively analyzed by HPLC and GC.
A commercial catalyst (5Ru/C) was investigated as a reference.
Results and Discussion
Over Ru on various supports clearly different activity and selectivity was observed in
the aqueous-phase hydrogenation of GA (Fig. 2, left). For commercial 5Ru/C and Ru
supported on TiO 2 and SiO 2 , the main liquid-phase product was EG with a selectivity
of 30 - 40 %. Using 5Ru/AC up to 70 % EG selectivity at a GA conversion of 22 %
was achieved. Ru supported on ZrO 2 or Al 2 O 3 showed a tendency towards formation
of AA with a molar ratio of n AA /n EG ≈ 2. Comparing 5Ru/TiO 2 and 5Ru/ZrO 2 , the main
liquid-phase product can be tailored towards either EG or AA by choice of support
material. In addition, reaction conditions also considerably affect the product
selectivity. While the yields of EG and AA are comparable over commercial 5Ru/C at
H 2 pressure of 10 bar, the selectivity is shifted towards liquid-phase products and
especially EG at higher pressure (Fig.2, right). This can be explained by the higher
amount of H 2 required to reduce GA to EG compared to AA. Therefore, differences in
H 2 availability at the catalytically active site could be an important selectivity-directing
factor. These results indicate that a tunable heterogeneously catalyzed upgrading of
aqueous GA to different value-added products is feasible.
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Fig. 2: Product yields of EG (Y EG ) and AA (Y AA ) as well as GA conversion (X GA ) obtained for Ru
(5 wt.-%) on different supports in the aqueous-phase hydrogenation of GA (left) and over a
3
commercial 5Ru/C applying different H 2 pressure (right) (m cat. = 150 mg, V = 80 cm ,
-1
c GA = 0.07 M (H 2 O), T = 423 K, p H2 = 4.0 MPa, t = 4 h, n = 1000 min ).

References
[1] J. Becker, A. Lange, J. Fabarius, C. Wittmann, Curr. Opin. Biotechnol. 36 (2015) 168‑175.
[2] M. Fresewinkel, R. Rosello, C. Wilhelm, O. Kruse, B. Hankamer, C. Posten, Eng. Life Sci. 14
(2014) 560‑573.
[3] Y. Takeda, T. Shoji, H. Watanabe, M. Tamura, Y. Nakagawa, K. Okumura, K. Tomishige,
ChemSusChem 8 (2015) 1170‑1178.

Designing artificial lignin-based composites using enzyme catalysis
for monolignols oxi-(co)polymerization
Madalina Tudorache, University of Bucharest, Bucharest, Romania; Sabina Ion,
University of Bucharest, Bucharest, Romania; Cristina Lite, University of Bucharest,
Bucharest, Romania; Irina Zgura, National Institute of Materials Physics, Magurele,
Romania; Aurelian C. Galca, National Institute of Materials Physics, Magurele,
Romania; Adina Bodescu, "Aurel Vlaicu" University, Arad, Romania; Madalin Enache,
Institute of Biology Bucharest of the Romanian Academy, Bucharest, Romania;
Gabriel-Mihai Maria, Institute of Biology Bucharest of the Romanian Academy,
Bucharest, Romania; Vasile I. Parvulescu, University of Bucharest, Bucharest,
Romania

Lignin is one of the most abundant green polymer in the world together with the
cellulose and hemicellulose. Beside the natural sources exploited up to maximum
limit today, the pulp-paper as well as bio-refining industries are generous providers of
lignin resources. As a consequence, new perspectives of lignin valorization are
absolutely required.
We studied the construction of lignin-composites using monolignol fractions (e.g.
sinapyl alcohol, SA or coniferyl alcohol, CA) based on the fact that lignin can be
efficiently converted into a mixture of mono-/oligo-mers [1-3] with the ability to be
recombined into artificial lignin [4,5]. A novel and practical one-pot system was
developed for artificial lignin-composites production. Monolignols (SA/CA) were
linked together with caffeic acid (CafAc) in a polymeric net similar with natural lignin
based on oxi-(co)polymerization process with H 2 O 2 as oxidation reagent and
peroxidase enzyme as biocatalyst.
Oxi-copolymerization process has been developed in a heterogeneous system, i.e.
SA/CA dissolved in liquid phase, while CafAc was attached on acrylic particles
(S C2 /S C6 -CafAc). S C2 /S C6 -CafAc-L 1 bio-composite was produced from CA, while SA
oxi-copolymerization led to S C2 /S C6 -CafAc-L 2 . Different conversions were achieved
for both functionalized supports demonstrating that the solid support together with
type of monolignol affected the co-polymerization process (maximum conversion of
71.1 % and 49.8 %, for SA and CA).

Designed composites were investigated using different characterization techniques,
e.g. FTIR, TPD-NH 3 , TGA, contact angel and SEM. FTIR spectra offered clear
evidence of the artificial lignin deposition on the beads, while TPD-NH 3 analysis
allowed to evaluate the bio-composite acidity. The acidity for SA-based biocomposite was higher than for CA-based bio-composite. Also, the artificial lignin
attachment

improved the

thermo-stability of

the

composites

compared

to

original/functionalized support.
Investigation of surface hydrophobicity for the new bio-composites was performed
using contact angle measurements of distilled water drop on prepared surfaces. The
contact angel of the bio-composites reached to 63° for CA-based polymer or 18° for
SA-based polymer. Obviously, the results indicated an enhancement of the
hydrophobicity for

the

oxi-copolymer

belonged

to

CA

monolignol.

Similar

hydrophobicity was reported in the literature for natural lignin attached on silica
surfaces [5]. Moreover, it has to be mentioned that the artificial lignin prepared by oxicopolymerization is more hydrophobic than some natural lignins (e.g. soda lignin
from Triticum sp and Saccharum officiarum with 35° contact angel) [5].
Beside of an innovative system for bio-composite preparation with green chemical
aspects, this work gives a new alternative for valorization of lignin residues.
Versatility as well as green aspects of the polymeric structure on the bio-composite
surface allow easy adjustment of proposed bio-composites to different applications.
In this direction, we can mention the use of bio-composites as support or carrier for
biomolecules (e.g. enzymes and whole cell) when specific properties of
support/carrier are requested.
.
References
1. C. Opris, B. Cojocaru, N. Gheorghe, M. Tudorache, S.M. Coman, V.I. Parvulescu, B. Duraki, F.
Krumeich, J.A. Van Bokhoven, Journal of Catalysis, 339 (2016) 209-227.
2. C. Opris, B. Cojocaru, N. Gheorghe, M. Tudorache, S.M. Coman, V.I. Parvulescu, B. Duraki, F.
Krumeich, J.A. Van Bokhoven, ACS Catalysis, 7 (2017) 3257-3267.
3. M. Tudorache, C. Opris, B. Cojocaru, N.G. Apostol, A. Tirsoaga, S.M. Coman, V.I. Parvulescu, B.
Duraki, F. Krumeich, J.A. Van Bokhoven, ACS Sustainable Chemistry and Engineering, 2018, 6(8),
9606-9618.
4. C. Opris, N. Amanov, V.I. Parvulescu, M. Tudorache*, Comptes Rendus Chimie, (2017).
5. S. Ion, C. Opris, . Cojocaru, M. Tudorache*, I. Zgura, A.C. Galca, A.M. Bodescu, M. Enache, G.-M.
Maria, V.I. Parvulescu, Frontiers in Chemistry, 2018, 6, article 124, page 1-9.
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Introduction
Deteriorated properties of bio-oil derived from pyrolysis processes resulting from the
high oxygen content (between 20 and 55 wt%) limits the direct application of bio-oil
as transportation fuel or high-valued chemicals [1]. Catalytic hydrodeoxygenation
(HDO) is the state of the art technology to upgrade bio-oil by removing the oxygen in
the form of water with the participation of high pressure H 2 [2].
Recently,

novel

strategies

(including

catalytic

transfer

hydrogenation,

reforming&HDO, metal oxidation with water&HDO and non-thermal plasma) are
being developping for bio-oil upgrading in which other hydrogen sources are used,
considering the cost of H 2 production and potential risk in terms of transportation and
storage [3]. However, few studies have investigated the in-situ HDO of bio-oil or
model compounds by using water as hydrogen source.
Being more precise, hydrogen required for HDO can be produced from the
condensation of guaiacol (Path 1, Scheme 1), an undesired route or in contrast,
water can act as the hydrogen source (Path 2，Scheme 1).

Scheme 1. Hydrogen production pathway in HDO reaction.
We propose a novel HDO method to carry out the in-situ HDO reaction suppressing
the supply of external H 2 . It is speculated that water can undergo splitting on the
surface of a metal catalyst to produce hydrogen. Hydrogen can further participate in
the HDO of bio-oil, producing the oxygen removal purpose. A series of Ni-based
catalysts supported on CeO 2 -C have been prepared, characterized and studied in
the guaiacol HDO in a high-pressure batch reactor. In this process, the effect of
support materials and the addition of promoter (Mo) were investigated. This novel

method is an interesting alternative that opens new research possibilities to further
develop viable bio-oil upgrading process.
Materials and methods
CeO 2 support was prepared by a precipitation method. Five different catalysts,
namely Ni/CeO 2 , NiMo/CeO 2 , Ni/C, Ni/CeO 2 -C and NiMo/CeO 2 -C (15%Ni and 2%
Mo) were synthesised by the wet impregnation method.
Catalytic activity tests were performed in a high pressure batch reactor. 0.2 g catalyst
and 10 wt.% of guaiacol in water were used in each reaction. The reactor was hold at
250 oC for 4 h at 50 bar under inert atmosphere. After the reaction, the catalyst was
collected by filtration and organic products were extracted with ethyl acetate and
further analysed by GC/MS and GC/FID.
Results and discussions
Carbon-supported catalysts showed high activity in terms of guaiacol conversion
(Figure 1). For example, the conversion of guaiacol in HDO over Ni/CeO 2 -C was
twice compared to that of blank reaction. A reaction pathway of guaiacol HDO over
Ni-based catalysts is proposed (Scheme 2). Besides, the selectivity to partially
deoxygenated compounds (e.g. phenol and cresol) was enhanced when Mo was
added in the formulation of catalysts. Some physicochemical characterisation of the
catalysts was carried out before and after reaction to clarify this behaviour.
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Hydrogenation of cinnamaldehyde to phenylpropanal over Pd
supported catalysts under mild conditions
Matthew Conway, Mark Douthwaite, Rebecca V. Engel, Graham J. Hutchings,
Cardiff Catalysis Institute, Cardiff University, Park Place, Cardiff, CF10 3AT, UK
Introduction
The selective reduction of α,β-unsaturated aldehydes, such as cinnamaldehyde
(Scheme 1), has received significant attention for fundamental and industrial
reasons. Achieving high selectivity to a partially reduced product is challenging, C=C
reduction is thermodynamically favoured over hydrogen addition to the C=O moiety;
however, obtaining high selectivity to the saturated aldehyde remains problematic.
Selective reduction of the alkene is typically performed at high temperature and/or
high pressure.1 Examples under more mild conditions require complex catalysts.1,2
Phenylproponal has applications in the flavours/fragrances industry and is a
precursor for pharmaceuticals used to treat HIV.1 In this study, the importance of
catalyst support is studied with the principal aim of designing a catalyst that is simple
to prepare and can produce phenylpropanal in high yields under mild conitions.

Scheme 1 Relevant reaction pathways for cinnamaldehyde. CMALD: Cinnamaldehyde, CMOH:
Cinnamyl alcohol, PPALD: Phenylpropanal, PPOH: Phenylpropanol

Results and discussion
A series of palladium catalysts (1.8 wt.% Pd loading) supported on graphite (CG),
activated carbon (CA), carbon black (CCB), graphene nanoplatelets (CGNP), or boron
nitride (BN) were prepared by a modified impregnation method3 and characterized by
X-ray diffraction (XRD) (Figure 1). The XRD patterns for Pd/CA, Pd/CCB, Pd/CGNP
were largely amorphous and no crystallites of Pd or PdO were observed. Contrarily,
ordered phases of the support and Pd crystallites were visible for Pd/BN and Pd/CG
catalysts, indicating larger metal nanoparticles.

The performance of these catalysts was evaluated (Figure 2) and the most
selective catalyst was found to be Pd/BN, achieving a selectivity towards
phenylpropanal of 55% at 80% conversion. The higher selectivity of the Pd/BN
catalyst was not attributed to a particle size effect as poor selectivity was observed
for Pd/CG. For butyraldehyde production from crotonaldehyde on a Pt/BN catalyst,
the selectivity was attributed to the repulsion of the C=O group by the hydrophobic
support and the weak metal-support interaction between Pt and BN.4 The major side
product for Pd/BN was identified by GCMS as the reductive etherification product of
isopropyl alcohol and cinnamaldehyde (Scheme 1) and not the fully reduced product.
No reaction was observed when BN was used without Pd. The use of other solvents
to prevent this pathway has not yet been explored. Cinnamyl alcohol selectivity was
2% at 63% conversion for Pd/CGNP but was not observed in other experiments.
Significance
A preliminary study revealed that good yields of phenylpropanal are achievable when
using a 1.8 wt.% Pd/BN catalyst, potentially attributable to the high hydrophobicity of
the support and a weak metal-support interaction. The selectivity was hindered by
reductive etherification and not overreduction. This work is one of the only studies to
investigate this reaction under mild conditions (30 °C, 3 bar H2) with a facile catalyst
preparation method.

Figure 1 XRD patterns for tested catalysts.
* Denotes Pd crystallite

Figure 2 Selectivities and conversions for catalysts after
2 and 8 hours. Conditions: 3 bar H2, 30 °C, 10 wt%
solution of cinnamaldehyde in isopropyl alcohol
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Single-Site Metal-Organic Framework Catalysts for the Oxidative
Coupling of Arenes via C-H/C-H activation
Niels Van Velthoven, KU Leuven, Leuven, Belgium; Steve Waitschat, ChristianAlbrechts University Kiel, Kiel, Germany; Sachin M. Chavan, University of Oslo, Oslo,
Norway; Simon Smolders, KU Leuven, Leuven, Belgium; Jannick Vercammen, KU
Leuven, Leuven, Belgium; Bart Bueken, KU Leuven, Leuven, Belgium; Karl Petter
Lillerud, University of Oslo, Oslo, Norway; Norbert Stock, Christian-Albrechts
University Kiel, Kiel, Germany; and Dirk E. De Vos, KU Leuven, Leuven, Belgium

The synthesis of biaryls has attracted much attention over the past decades since
these motives are abundantly present in pharmaceuticals, natural products,
agrochemicals, specialty monomers and other fine chemicals. Typically, these
compounds are synthesized via traditional coupling reactions, such as the Suzuki
reaction, which require pre-functionalized substrates and produce stoichiometric
amounts of salt waste. In recent years, formation of biaryls via palladium catalyzed
cross-dehydrogenative coupling (CDC) reactions has been proposed as a more costefficient and environmentally benign alternative, since simple arenes can be used as
substrate and water is the only byproduct if O2 is used as the oxidant.[1] Given the
relatively low turnover numbers (TONs) generally associated with CDC reactions
compared to traditional coupling reactions, efficient recovery and recycling of the
precious homogeneous palladium catalyst is a key aspect in the eventual
implementation of this new synthetic strategy.[2] Moreover, since the valence state of
palladium changes between Pd(0) and Pd(II) in the catalytic cycle, formation of Pd(0)
aggregates is commonly recognized as an important deactivation pathway,
highlighting the need for solid catalysts with stable, well-defined single-atom active
sites.[3] Nevertheless, only very few heterogeneous catalysts for the oxidative
coupling of arenes via C-H/C-H activation have been reported so far.
In this work, palladium-loaded metal-organic frameworks (MOFs) were tested as
single-site catalysts for the oxidative coupling of arenes (e.g. o-xylene) via C-H/C-H
activation. MOFs with various anchoring sites were screened and the heterogeneity
of these solid catalysts was studied by recycling tests and metals analysis of the
reaction solution. Notably, a threefold higher TON could be achieved for palladiumloaded

MOF-808

([Zr6(µ3-O)4(µ3-OH)4(btc)2(CH3COO)6],

btc3-

=

1,3,5-

benzenetricarboxylate) and Pd leaching was minimized to 2%. The activity of the
MOF-based catalyst could be retained over consecutive runs, resulting in a
cumulative TON of 1218, which is well beyond the state-of-the-art.[4,5] In identical
homogeneous reaction conditions, the Pd catalyst is irreversibly lost after only 151
turnovers. Analysis of the reaction kinetics revealed that the superior TONs at high
reaction temperatures result from isolation of the active sites on the MOF material,
which prolongs catalyst lifetime. Furthermore, the isolated palladium single-atom
active sites on MOF-808 were successfully identified by FTIR and EXAFS
spectroscopy. In conclusion, these results show that the TON of palladium in C-H
activation

reactions

can

be

significantly

increased

by

heterogeneous single-site catalysts.

References
[1]
Y. Izawa, S. S. Stahl, Adv. Synth. Catal. 2010, 352, 3223.
[2]

Y. Álvarez-Casao, et al., ChemCatChem. 2018, 10, 1.

[3]

H. Duan, et al., ACS Catal. 2015, 5, 3752.

[4]

D. Wang and S. S. Stahl, J. Am. Chem. Soc., 2017, 139, 5704–5707.

[5]

Y. Liu, et al., Appl. Catal. B Environ., 2017, 209, 679–688..

developing

stable

Ruthenium and palladium bimetallic system achieving functional
parity with a rhodium co-catalyst for TiO 2 -photocatalyzed ring
hydrogenation of benzoic acid
Sakae Araki, Kindai University, Osaka, Japan; Kousuke Nakanishi, Kindai University,
Osaka, Japan; Atsuhiro Tanaka, Kindai University, Osaka, Japan; Hiroshi Kominami,
Kindai University, Osaka, Japan;

Background
Ring hydrogenation of benzoic acid (BA) generally requires the addition of an
excess amount of H 2 gas at high temperature. On the other hand, safe and "green"
reaction systems can be constructed by using TiO 2 photocatalyst, because
photocatalytic reactions proceed at a room temperature under an atmospheric
pressure. In the previous study, we found that Rh/TiO 2 photocatalyst shows a high
activity for ring hydrogenation of BA to cyclohexane carboxylic acid (CCA) [1]. Since
Rh is expensive, ring hydrogenation of BA without the use Rh co-catalyst has an
impact at the viewpoint of element strategy. In this study, we investigated H 2 -free ring
hydrogenation over an Rh-free photocatalyst and found that ruthenium and palladium
bimetallic system achieved functional parity with a rhodium co-catalyst for TiO 2 photocatalyzed ring hydrogenation of BA.

Experimental methods
Preparation of photocatalyst
Pd/TiO 2 was prepared by photodeposition method. TiO 2 (P 25) powder was
suspended in 10 cm3 of an aqueous solution of methanol (50 vol%) containing a
PdCl 2 in a test tube. The test tube was photoirradiated with a mercury arc (λ> 300
nm) under argon (Ar). The resulting powder was washed repeatedly with distilled
water and dried in vacuo. Similarly, Ru was post-supported to prepare Ru-Pd/TiO 2 .
Photocatalytic ring-hydrogenation of BA
Pd-Ru/TiO 2 (50 mg) was suspended in an aqueous solution (5 cm3) containing BA
and oxalic acid (OA) as a hole scavenger in a test tube. The test tube was
photoirradiated with a mercury arc (λ> 300 nm) under Ar. The gas phase and the
liquid phase after the reaction were determined with a gas chromatograph.

Results and discussion
Ring hydrogenation of BA did not proceed when Pd/TiO 2 and Ru/TiO 2 were used
under the same conditions. Fig. 1 shows the effect of hydrochloric acid (HCl)
concentration during photodeposition of Ru on Pd/TiO 2 on yields of CCA and H 2 .
Very interestingly, ring hydrogenation of BA occurred over bimetallic system, Rh-free
Pd-Ru/TiO 2 and the CCA yield increased with the increase in the concentration of
HCl during the Ru photodeposition process. In addition, formation of H 2 (2H+ + 2e- →
H 2 ) was suppressed, indicating that the efficiency of electron utilization was improved.
In order to elucidate this reason, adsorption experiment of Ru ion on TiO 2 was
carried out. We found that adsorption of Ru ion on the TiO 2 surface was suppressed
in the presence of HCl, resulting in the selective deposition of Ru on the Pd particles.
Fig. 2 shows the time course of ring hydrogenation of BA over Pd-Ru/TiO 2 under
irradiation of UV light. BA was almost completely consumed after irradiation for 60
min, and CCA was almost quantitatively produced for 80 min. This means that the
Rh-free ring hydrogenation of BA to CCA proceeded over Pd-Ru/TiO 2 photocatalyst
without a side reaction. Structure of Pd-Ru/TiO 2 photocatalyst and electronic state of
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Effect of solid additive nature on the catalytic behavior of Au
supported catalysts in betulin liquid-phase oxidation
Ekaterina Pakrieva1, Ekaterina Kolobova1, Anna Buachidze1, Alexey Pestryakov1,
Research School of Chemistry & Applied Biomedical Sciences, Tomsk Polytechnic
University, Tomsk, Russia1; Päivi Mäki-Arvela2, Jarl Hemming2, Kari Eränen2, Dmitry
Yu. Murzin2, Johan Gadolin Process Chemistry Centre, Åbo Akademi University,
Turku/Åbo, Finland2; Janne Peltonen3, Laboratory of Industrial Physics, Department
of Physics and Astronomy, University of Turku, Turku/Åbo, Finland3; Sónia
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Betulin, and especially its oxo-derivatives (betulone, betulinic and betulonic
aldehydes, betulinic and betulonic acids) have valuable biologically active properties
(antiinflammatory, antiparasitic, anti-HIV activities, etc.) and are of exceptional
interest for the pharmaceutical, cosmetic and food industries [1]. Nowadays, the main
method for obtaining oxo-derivatives of betulin is its oxidation using Cr(VI)
compounds in a strongly acidic medium, for example, the Jones's reagent. However,
production of oxo-derivatives by Cr(VI) compounds is rather complex and challenging
being characterized by a low yield of the target products, complexity of toxic Cr(III)
utilization and very toxic residual of Cr(VI), etc. The most promising way to solve this
problem is the development of new heterogeneous catalytic methods for obtaining of
betulin oxo- derivatives. Thereby, the aim of the present study is to evaluate
perspective of gold-based catalysts in liquid phase selective oxidation of betulin, to
estimate influence of solid additives nature with aimed to improve performance of Au
catalysts.
The catalysts (Au/TiO 2 – AT, Au/La 2 O 3 /TiO 2 – ALT, Au/CeO 2 /TiO 2 – ACT; the
nominal Au loading was 4 wt%.) were prepared by deposition precipitation method
with urea and characterized by BET, XRD, XPS, TEM, TPD NH 3 and CO 2 . CaO,
SrO, MgO, Hydrotalcite (Ht), ZnO, ZrO 2 and γ-Al 2 O 3 were used as solid additives and
characterized by BET, XRD, TPD NH 3 and CO 2 . Catalytic properties in betulin
oxidation were studied in a glass reactor in mesitylene (100 ml) as a solvent at 140
o

C under atmospheric flow of synthetic air. In a typical experiment the initial betulin

concentration was 4.5 mmol/l and the amounts of the catalysts and solid additives

were 0.2 g. The samples were periodically taken from the reactor, silylated, analyzed
in GC. The products were confirmed by GC-MS.
The modification of titanium oxide with transition metal oxides, in particular
lanthanum oxide allowed to the greatest surface concentration of the stable active
sites (singly charged gold ions) on support surface, and as a consequence to achieve
the best catalytic results. Conversion of betulin over ALT catalyst reached 61% after
6 hours (for AT and ACT conversion of betulin was 17 and 29% respectively for the
same time) with the selectivity towards betulone – 41%, the second largest reaction
product was betulonic aldehyde (32%).
In the present study with aimed to improve performance of ALT, along with the
catalyst, solid oxides of various in nature were added to the reaction mixture (Table
1). The best results were achieved with γ-Al 2 O 3 . The conversion of betulin in 6 hours
for the system (ALT+γ-Al 2 O 3 ) was 100% with selectivity for betulone and betulonic
aldehyde of 14 and 86%, respectively. It was found that oxide additives with medium
basicity have a positive effect on performance of ALT (MgO, Hydrotalcite and γAl 2 O 3 ). In contrast, strongly basic oxides (CaO and SrO) reduce the catalytic activity
of ALT by an average of 30%, and oxides with the lowest basicity (ZnO and ZrO 2 )
lead to a drop in activity of 60%. The final work will present kinetic analysis of betulin
oxidation and correlate properties of catalysts and solid additives with their
performance.
Table 1. Catalytic behaviour of ALT in betulin oxidation depending on solid additive
nature
Catalyst

X (%)

ALT
ALT+SrO
ALT+MgO
ALT+CaO
ALT+Ht
ALT+ZnO
ALT+ZrO 2
ALT+γ-Al 2 O 3

61
46
62
40
65
23
25
100

S1
41
48
42
56
54
58
53
14

Selectivity (%)
S2
S3
32
tr.
20
tr.
28
tr.
15
tr.
25
0
16
0
14
0
86
0

S4
27
32
30
29
21
36
33
0

S5
0
0
0
0
0
0
0
0

Y1
25
22
26
22
33
13
13
14

Yield (%)
Y2
19
10
17
6
17
3
4
86

Y3
16
14
18
11
14
7
8
0

γ-Al 2 O 3

22
87
2
tr.
11
0
19
tr.
2
X – conversion of betulin after 6 h (%); S 1 – selectivity to betulone (%); S 2 – selectivity to betulonic
aldehyde (%); S 3 – selectivity to betulonic acid (%); S 4 – selectivity to betulinic aldehyde (%); S 5 –
selectivity to betulinic acid (%); Y 1 – yield of betulone (%); Y 2 - yield of betulonic aldehyde (%); Y 3 yield of betulinic aldehyde (%); tr. - traces
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Silica-supported iron-molybdenum catalysts for selective oxidation
of propylene glycol to methylglyoxal
D.Yu. Savenko, N. Yu. Velieva, O.V. Vodyankina, Tomsk State University, Tomsk,
Russia
Introduction
Methylglyoxal (pyruvaldehyde) is a key intermediate chemical that has wide
applications in the fields of pharmacy, biochemistry, food industry, manufacturing of
pesticides, textiles and other valuable products. Methylglyoxal can be produced from
propylene glycol, which is a cheap chemical and renewable natural source, because
it can be produced via the processing of biomass, biodiesel and by-products of these
processes [1]. Noble metals have been actively studied as catalysts for selective
oxidations of propylene glycol [2]. Along with the noble metals, the catalysts based
on transition metals (Ti, Co, Ni, etc.), in particular, Fe- and Mo-based composites, are
actively studied. The Fe–Mo–O catalysts find application in many processes [3, 4].
The aim of the present work is to synthesize the supported Mo–Fe–O/SiO 2 catalysts
with different Mo/Fe ratio and to study the influence of the preparation method on the
phase composition and catalytic properties of the obtained catalysts in propylene
glycol oxidation to methylglyoxal.
Experimental
The Mo–Fe–O/SiO 2 catalysts were synthesized by sequential and joint incipient
wetness impregnation methods. Silica (KSKG, LLC "Salavat Catalyst Plant", with a
surface area of 300 m2/g) was used as a carrier. A series of Mo–Fe–O/SiO 2 catalysts
was synthesized by the co-impregnation method with a citrate solution containing
both

ammonium

paramolybdate

and

ferric

nitrate

in

the

corresponding

concentrations. The Mo/Fe molar ratio varied from 0.5 to 3. The resulting samples
were dried at 120 °C and calcined in the air flow at 550 °C. For the series of
MoO 3 /Fe 2 O 3 /SiO 2

and

Fe 2 O 3 /MoO 3 /SiO 2

catalysts

prepared

by

sequential

impregnation by varying the order of introduction of the components, the Mo/Fe
molar ratio was 3. The resulting samples were dried at 120 °C and calcined in the air
flow at 550 °C after each impregnation step.
The catalysts were characterized by XRD, UV-vis, IR and Raman spectroscopy,
pulse NH 3 adsorption, low-temperature N 2 adsorption and TPR methods. The
catalytic properties of the Mo–Fe–O/SiO 2 catalysts were studied in the gas-phase

propylene glycol oxidation to methylglyoxal at the temperature of 350°C (mixture
composition: 3% C 3 H 6 (OH) 2 , 3.7% O 2 , 62% N 2 , 30% H 2 O). The major reaction
products were methylglyoxal, formaldehyde, and hydroxyacetone.
Results
The obtained UV-vis, Raman and TPR-H 2 results show the dependence of the
catalyst surface composition from the order of component introduction, when the
sequential impregnation is used. For the samples prepared by the direct order of
component introduction (Mo-containing component is used at the first stage of
impregnation, and Fe-containing component is used at the second stage of
impregnation) the supported FeIIIO x sites are found over the Mo-free regions of the
SiO 2 surface along with Fe 2 (MoO 4 ) 3 . Moreover, the interaction of SiOH groups of the
silica surface with polymolybdate ions results in the localization of the adsorbed
Mo 7 O 24 4- anions preliminary in the outlets of pores and is accompanied by their
partial blocking and a reduction of the specific surface area of the samples and a
decreasing of the total concentration of acid sites (Scheme, left part).

For the catalysts prepared by the reverse method, the introduction of the Fecontaining component at the first stage of sequential impregnation to yield the
adsorbed FeO x species during the interaction with the SiOH groups of the support
determines the subsequent distribution of the Mo-containing species and facilitates
the formation of highly dispersed Fe 2 (MoO 4 ) 3 nanoparticles and MoO x species that
are strongly bound with the SiO 2 surface (Scheme, right part). Thus, the
3MoO 3 /Fe 2 O 3 /SiO 2 catalyst prepared by a sequential impregnation with the
introduction of the Mo-containing component on the support surface precovered by
the adsorbed FeO x species (Mo/Fe=3) allows achieving the highest selectivity toward
methylglyoxal at the alcohol conversion as high as 15 %.
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Synthesis of multi-functional materials as catalysts for carbon
dioxide conversion
Adrien Comès, Carmela Aprile, Unit of Nanomaterials Chemistry (CNANO),
Department of Chemistry, University of Namur, Belgium
Introduction
During the past years, there was a rising interest of the scientific community towards
the conversion of carbon dioxide into valuable compounds. This small molecule can
be efficiently used as renewable C1 building block to synthesize a broad range of
chemicals such as urea and urethanes derivatives, isocyanates, carboxylic acids,
(poly)carbonates.[1-3] However, its elevated thermodynamic stability makes of the
CO 2 transformation a still challenging topic, requiring high-energy starting materials
as well as an efficient catalyst.
Imidazolium salts emerged as one of the most active catalysts for the conversion of
CO 2 and epoxides into corresponding five-membered cyclic carbonates.[4-7] This
process is a sustainable alternative to the use of phosgene and implies a 100 %
atom economy.[8] However, when a catalyst such as an ammonium or imidazolium
salt is used in the absence of a co-catalyst, high temperatures (usually higher than
125 °C) are needed.[3, 5] The high-energy input required for the transformation of
carbon dioxide can be further reduced employing species able to activate the 3member ring via coordination of the oxygen with a metal centre acting as Lewis acid
or through formation of hydrogen bond.[3, 5, 9]
Scientific strategy and key results
Herein, the design of novel heterogeneous multi-functional catalysts is presented.
The synthesis procedure involves the initial preparation of a porous silica support
bearing Sn inserted as single sites within the silica architecture (Sn-MCM) [10]
followed by the grafting of imidazolium salts (Sn-MCM-Imi) [11] as depicted on
Scheme 1. Various materials in which the imidazolium moieties are functionalized
with a methyl group (Sn-MCM-Imi1), a primary (Sn-MCM-Imi2) or a secondary
alcohol (Sn-MCM-Imi3) are presented. For comparison, analogous silica solids
without Sn inserted as single site in structure were prepared as well (MCM-Imi-x,
where x is 2 or 3 depending on the imidazolium salt used)
All the catalysts were compared selecting the challenging synthesis of cyclohexene
carbonate as target reaction (Figure 1). As can be observed in Figure 1 the solids

bearing Sn inserted in the structure display higher TON than the corresponding allsilica based materials (compare entries 2 and 4 with 3 and 5 respectively). Moreover,
the role of the functionalities on the imidazolium salts was also proved (compare
entries 1, 2 and 4). The best catalyst was the one bearing imidazolium salts
functionalized with a secondary alcohol (Sn-MCM-Imi3).[11] Various counter-anions
(X- = Cl-; Br-; I-) were also tested. Furthermore, the best solid (Sn-MCM-Imi3) was
used in consecutive cycles (Figure 2) without relevant loss in the catalytic
performances.
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Scheme 1: Representation of porous silica materials embedding Sn in the network and grafted with
various imidazolium salts
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Figure 2: Recycling tests of Sn-MCM-3 for the

moles of carbonate formed/ moles of imidazolium

conversion of styrene oxide.

moieties) of various materials for the conversion of
cyclohexene oxide
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The Design of Magnetically Recoverable Biocatalysts Based on
Mono- and Bi-Enzyme
A.M. Sulman, Tver State Technical University, Tver, Russia; E.P. Golikova, Tver
State Technical University, Tver, Russia; N.V. Lakina, Tver State Technical
University, Tver, Russia; L.M. Bronstein, Indiana University, Bloomington, Indiana,
United States; E.M. Sulman, Tver State Technical University, Tver, Russia; V.G.
Matveeva, Tver State Technical University, Tver, Russia, Tver State University, Tver,
Russia

Immobilized enzymes are widely employed in syntheses of various complex drugs
and drug intermediates under mild conditions without producing toxic side products.
They are used in remediation of polluted water, air, and soil by efficient removal of
persistent organic pollutants, in disease diagnosis, and in the correction of various
genetic diseases due to the absence of metabolic enzymes [1].
To improve biologically active compounds synthesis processes the fundamental
scientific basis for kinetic regularities, oxidation mechanisms of aromatic compounds
and saccharides using new biocatalytic systems including magnetically separable
ones will be laid. In the past decade, a significant growth of researchers’ interest in
magnetic nanoparticles (MNPs) and their derived materials is observed. The main
field of magnetic materials application which has recently been of great interest is the
development of magnetically separable catalysts. In this case, MNPs are
functionalized and serve as a support for catalytic complexes formation. Such
catalytic MNPs have unique catalytic properties through the high surface area and
consequently the increase of active sites number [2].
The immobilization of enzymes on magnetic nanoparticles is an upcoming trend
because these nanoparticles have a high surface area and provide easy separation
from the reaction mixture. In magnetic nanoparticles obtained by Fe+2 and Fe+3
coprecipitation method in a basic medium were used for horseradish peroxidase
(HRP, an enzyme of oxidoreductase group EC 1.11.1.7) immobilization. But
unfortunately, magnetic nanoparticles obtained by the coprecipitation method have
low aggregative stability and high polydispersity. Glucose oxidase (GOx, an enzyme
of oxidoreductase group EC 1.1.3.4) is known to be used in D-glucose selective
oxidation. Nowadays biocatalysts are widely studied to estimate the influence of (i)

nature of support, modifier and linking agent; (ii) introduction of the second enzyme;
(iii) conditions of enzymes immobilization and oxidation reaction with them on the
catalytic process. But according to the literature data, D-glucose oxidation to gluconic
acid using glucose oxidase immobilized on magnetic nanoparticles was not
investigated.
The current investigation is focused on the design of magnetically recoverable
biocatalysts based on mono- and bi-enzyme. Scheme 1 represents of the monoenzyme biocatalyst synthesis via the GOx immobilization on the magnetite
nanoparticles [3].

Scheme 1. Schematic representation of the of the mono-enzyme biocatalyst
synthesis via the GOx immobilization on the magnetite nanoparticles.

The development of bi-enzyme catalyst consisting of two types of enzymes
can alleviate the problems of GOx caused by the H 2 O 2 . As the appropriate GOx
partner for the bi-enzyme catalyst, horseradish peroxidase (HRP) can be designated
because the enzyme catalyzes the toxic H 2 O 2 into H 2 O by H 2 O 2 reduction reaction
[4].
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Biocatalytic Synthesis of Indigoid Pigments
Mikas Sadauskas, Roberta Statkevičiūtė, Justas Vaitekūnas, Renata Gasparavičiūtė,
Rita Meškienė, Nina Urbelienė, Rolandas Meškys
Department of Molecular Microbiology and Biotechnology, Institute of Biochemistry,
Life Sciences Center, Vilnius University, Vilnius, Lithuania

Introduction
Indigo is one of the oldest pigments used in the dyeing industry. With the rise of
modern sciences, we gained the ability to modify the indigo molecule and create new
pigments with novel applications, including biological activities [1,2]. In order to
overcome the hazardous effects of chemical indigo modifications, enzymatic
synthesis was used to obtain novel variants of indigo [3,4]. Nevertheless, the
selection of indigoids with desirable chemical modifications as well as enzymes
capable of producing such pigments is still insufficient.
Methods
Metagenomic DNA was extracted from different soil samples and used for the
construction of metagenomic libraries. These libraries were screened in Escherichia
coli for the ability to convert different indole molecules to corresponding indigoid
pigments. Target genes were cloned to expression plasmids and the substrate
specificity of recombinant enzymes was analyzed by TLC and HPLC/MS.
Results
Among the selected metagenomic clones capable of converting indole derivatives to
corresponding indigoids, a single clone was able to convert indole methanols (indole4-methanol, indole-5-methanol, indole-6-methanol and indole-7-methanol) as well as
indole carboxaldehydes (indole-4-carboxaldehyde, indole-5-carboxaldehyde, indole6-carboxaldehyde and indole-7-carboxaldehyde) to corresponding indigo methanols
and indigo carboxaldehydes. A gene responsible for this activity was identified,
encoding for a 495 aa long NAD(P)/FAD-dependent monooxygenase from
Aminobacter sp. In addition, indole methanols were enzymatically esterified using
vinyl acetate and vinyl butyrate. The corresponding indole esters were also tested as
substrates of the screened monooxygenase.

Conclusions
In this work, production of novel indigoid pigments is described by enzymatic
oxidation of indole derivatives. A NAD(P)/FAD-dependent monooxygenase, selected
from metagenome, was demonstrated to oxidize indole methanols and indole
carboxaldehydes to corresponding indigoid pigments. To our knowledge, production
of such pigments was not reported neither by chemical nor enzymatic methods to
date.
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Tandem reaction catalyzed by N-doped Graphene@ Nanodiamond
Hybrid
Qingqing Gu, Yuefeng Liu, Dang Sheng Su
DNL, Dalian Institute of Chemical Physics, CAS, Dalian 116023, China
Developing efficient and reusable catalysts for multistep chemical reactions under
environmentally benign conditions is an overarching goal in catalytic sciences.
Nanocarbon have been reported to catalyze various types of reactions efficiently due
to their multiple active sites endowed by surface functional groups or doped
heteroatoms [1]. Graphene@nanodiamond, a core-shell sp2@sp3 hybrid material, in
which a diamond core is enclosed by few fullerene-like shells, have several unique
properties since they not only benefit from the remarkable surface properties of
graphene layers but also combine the intrinsic characters of a diamond core.
In this work, we selected nanodiamond as the base material and used ammonium
carbonate

to

introduce

nitrogen

sites

at

900°C

for

preparing

N-doped

graphene@nanodiamond hybrid, namely, N-G@ND-900. Figure 1 illustrates the
synthesis process of N-G@ND-900. According to the HR-TEM, the nanoparticle
consists of a shell of graphitic layers (d 002 = 3.56 Å) and a diamond core (d 111 =2.04
Å). The N-G@ND-900 showed remarkable catalytic performance over aerobic
synthesis of 2-substituted benzoxazoles, which is a tandem reaction consisted of the
condensation of aminophenol and aldehyde and the following annulation of Schiff
base. We proposed the acid oxygen functional groups and nitrogen sites are the
active sites for condensation and annulation reactions, respectively.

Figure 1. Schematic illustration for the fabrication of the N-doped graphene@nanodiamond.
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Ru-containing Magnetically Recoverable Catalysts for the
Conversion of Inulin to Mannitol
Manaenkov O., Ratkevich E., Kislitsa O., Matveeva V., Sulman M., Sulman E. Tver
State Technical University, Tver, Russia

Introduction
Polyols are important materials which are widely used in various fields. Mannitol is
employed in the pharmaceutical, chemical, and food industry as well as in
biotechnology [1]. These applications determine the high demand for mannitol. There
are several methods for mannitol syntheses. One of such methods is the hydrolytic
hydrogenation of inulin [2], which is present in significant amounts in such plants as
Helianthus tuberósus and Cichorium intybus. The inulin hydrolytic hydrogenation
can be carried out as a one-pot procedure in the presence of heterogeneous
catalysts containing various precious metals. Because inulin hydrolysis in subcritical
water is fast, the hydrolytic hydrogenation efficiency is mainly determined by the
activity of the most active in hydrolytic hydrogenation and hydrogenolysis.
Magnetically separable catalysts received considerable attention due to easy
magnetic separation from reaction mixtures, facilitating the catalyst repeated use.
Magnetically separable catalysts have shown good results in cellulose conversion [3].
It is noteworthy that when the biomass conversion is incomplete, the magnetic
separation is especially valuable for the catalyst recovery and the process
optimization. In our preceding work, we developed a Ru-containing magnetically
separable catalyst based on magnetic silica (Fe 3 O 4 -SiO 2 ), where magnetite and Ru
nanoparticles are formed in the silica pores.
Methods
The catalyst synthesis was carried out according to the procedure published
elsewhere [4]. Our tests were conducted in a 50-cm3 high-pressure steel reactor
equipped with a PARR 4843 controller and a propeller stirrer. After each test, the
catalyst was separated from the reaction mass using a neodymium magnet.
Results and discussion
We studied the behavior of the Ru-containing magnetically separable catalyst in the
conversion of inulin to mannitol, exploring different reaction conditions. In the

hydrolytic hydrogenation of inulin the maximum selectivity to mannitol of 44.3% was
obtained at 150 °С, P(H 2 ) 60 bar, 0.1167 mmol of Ru per 1 g of inulin for 45 min with
the catalytic activity of 2.53 h-1. Under these conditions, the inulin conversion reached
100%.
The results presented in Table 1show that the selectivity of mannitol and the
productivity of the catalyst remained virtually the same, testifying to the catalyst’s
stability in the hydrolytic hydrogenation of inulin.

Table 1. Mannitol selectivity (S) and catalyst productivity (A k ) in consecutive cycles.
Cycle

S, %

A k , h-1

1

44.3

2.53

2

43.7

2.50

3

43.6

2.49

0.1167 mmol of Ru per gram of inulin; 0.3 g of inulin; 0.07 g of 5 % Ru- Fe 3 O 4 -SiO 2 ; 30 mL of
H 2 O; 150 °C; H 2 60 bar; 45 min.

These factors and the excellent catalyst stability under hydrothermal conditions as
well as easy magnetic separation make 5 % Ru-Fe 3 O 4 -SiO 2 the catalyst of choice for
practical applications in biomass conversion.
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Water enhanced activity in benzyl alcohol oxidation over platinumbased catalysts
Avela Kunene,; Tracey van Heerden; Thobani Gambu; Eric van Steen
Catalysis Institute, Department of Chemical University of Cape Town, Cape Town
South Africa
Early studies of heterogeneous catalysis provided evidence that water in various
processes can be more than just as a solvent [1]. The presence of water in alcohol
oxidation in particular has been shown to enhance catalytic activity [2,3]. It has been
observed that increasing water content in the system increases benzyl alcohol
conversion, which is thought to assist in the initial H-abstraction. Moreover, it has
been suggested that one of the main functions of water in selective oxidations is to
promote oxygen adsorption and activation [1] through the formation of OOH
intermediate over the catalyst [4].
The benzyl alcohol oxidation was investigated over Pt/TiO 2 prepared by impregnation
of P25 using platinic acid in a semi-batch reactor operating at 90oC and 5 bar. The
effect of water on the rate of reaction was investigated by varying the initial benzyl
alcohol to water ratio. The presence of OOH-intermediates was probed by the
addition of oxygen centred radical scavengers (i.e. 0.25 mol-% hydroquinone) to the
reaction mixture. Various liquid systems, i.e. benzyl alcohol (B), benzyl alcoholhydroquinone (BH), benzyl alcohol-water-hydroquinone (BWH) and benzyl alcoholwater system (BW) were investigated for benzyl alcohol oxidation.
The benzyl alcohol conversion increased significantly upon addition of water reaching
a conversion of ca. 37 mol-% after 5 hours. The addition of the oxygen scavenger
hydroquinone to the benzyl alcohol water system (BWH) resulted in a strong
decrease in the benzyl alcohol conversion (from 37 mol-% to 3 mol-%).
Hydroquinone may also act as a simple inhibitor for the benzyl alcohol oxidation.
However, the comparable level of benzyl alcohol conversion between B and BH
suggests that it does not affect the oxidation reaction in the absence of water. This
may indicate that hydroquinone in BWH system reacts with the in-situ formed
hydroperoxyl species, thereby reducing benzyl alcohol conversion.

DFT analysis shows that H 2 O is beneficial to the dissociation of O 2 over Pt(111)in
two ways. The adsorption of O 2 stabilized by the presence of co-adsorbed H 2 O. At a
constant O 2 coverage of 0.11 ML, increasing the coverage of H 2 O reduces the
adsorption energy from E ads = -0.64 (at 0 ML H 2 O) to E ads = -3.52 eV (at 0.67 ML
H 2 O). This is accompanied by a stretching of the O-O bond of adsorbed O 2 from
1.36Å to 1.44Å. This contributes to a reduced barrier for the dissociation of O 2 when
H 2 O is present on the surface. The addition of 0.11 ML H 2 O reduces the barrier of
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Figure 1: (Top) Benzyl alcohol oxidation over on Pt/TiO 2 (P25) as a function of time.
Reaction conditions: V Liquid = 70 mL, 0.5 g catalyst, 90 °C, p total = 5 bar, V air
= 100 mL n /min. (bottom) PES of dissociation of O 2 on Pt(111)-p(3x3) in the
presence of 0.11 ML adsorbed H 2 O (red) and 0 ML of adsorbed H 2 O
(black)..
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D-glucose Hydrocondensation Using Ni Impregnated
Hypercrosslinked Polystyrene for N-methylglucoseamine Synthesis
S. Mikhailov, V. Matveeva, V. Doluda, E. Sulman, M. Sulman
Department of biotechnology and chemistry, Tver State Technical University; Tver
Nab. A. Nikitina 22, 170023, Russia
Introduction
D-glucose simultaneous catalytic hydro condensation with methylamine can be
considered a promising way of methylglucosamine synthesis[1,2]. The reaction for
the production of N-methylglucamine by reductive amination proceeds in one or two
steps [1-2]:
H

C O

H

H C OH
H C OH
HO

C H

C N CH3

H

H C OH
+

CH3NH2

H C OH
HO

+H2

[Cat]

C H
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C H

H C OH

H C OH

CH2OH

H C OH

CH2OH

CH2OH

D-glucose

Methylamine

n-methyl-D-glucoseimine

n-methyl-D-glucoseamine

Methods
Methanol, glucose and methylamine solution in methanol was feed to the 4540 Parr
instrument reactor and heated up to 85 0С one hour. After n-methyl-D-glucosimine
synthesis, the reactor was flushed with nitrogen for methylamine evacuation followed
by catalyst input into the reactor, reactor flashing with hydrogen. The hydrogen
pressure was maintained 70 Bar all over the reaction, the hydrogenation was
provided for two hours.

Results and discussion
During the experiments n-methyl-d-glucosimine, n-methyl-D-glucosamine were found
in reaction media and can be considered as main products, sorbitol was found as a
main side product. Investigation of temperature influence on n-methyl-d-glucosimine
and n-methyl-D-glucosamine yield showed appropriate increasing in n-methyl-dglucosimine and n-methyl-D-glucosamine yield in case of temperature increase up to
1200C. Determined specific activation energies were found to be 39±7 kJ/mol and
30±9

kJ/mol

for

n-methylamine-D-glucosimine

and

n-methyl-D-glucosamine

synthesis process. Influence The investigation of the catalysts long term stability
showed that after 10 reaction cycles of 2 hours hydrogenation the HPS-Ni catalyst
was ground by a reactor mixer, therefore, catalysts particles diameter becomes
smaller than 0.01-0.07 mm compare to initial. Besides the catalysts mechanical
losses were calculated to be 78%, the catalyst weight losses can be attributed to the
catalysts particles grinding and losses during the centrifugation and separation. The
catalysts activity after 10 cycles of D-glucose transformation showed a little slowdown
and was calculated to be for 1.1 kg(Glu)/(kg(Cat)*h) at 99.4-99.5% D-glucose
conversion. Some losses of catalysts activity can be attributed to metal leaching.
However, some increase in Ni dispersion is noticed that can be also explained by the
catalyst particles grinding and particles transformation during the reaction. The
oxidation state of an active metal according to XPS data remains +2 and Ni is mainly
presented in the oxide form. It should be noted that D-glucose hydrogenation in the
reactor equipped with impeller mixer results in high mechanical losses, therefore, the
catalysts overall time on steam was only 20 h, that is insufficient for the study of
metal leaching, posing, and nanoparticles transformation.

Conclusions
D-glucose simultaneous catalytic hydro condensation with methylamine can be
considered a promising way of methylglucosamine synthesis. Catalysts initial activity
of Ni impregnated in hypercrosslinked polystyrene was found to be 1.3
kg(Glu)/(kg(Cat)*h) at 99.3-99.6% D-glucose conversion. Process selectivity to Nmethyl-d-glucosamine was 97.6-97.8%.
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Structure-activity relationship for layered MCM-56 zeolite
in Friedel-Crafts alkylation of bulky molecules
Katarzyna Kałahurska, Aleksandra Korzeniowska, Barbara Gil, Wiesław J. Roth
Faculty of Chemistry, Jagiellonian University, Kraków, Poland

Introduction
Zeolites are large group of natural and synthetic microporous aluminosilicates. They
are widely used as sorbents and catalysts. MCM-56 zeolite is composed of single
layers with MWW topology, 2.5 nm thick, stacked disorderly and without inter-layer
linking except for incidental cross-linking, thus may be considered as a delaminated
zeolite generated by direct synthesis. It is an intermediate that transforms into the 3D
framework material MCM-49 [1] but it was recently shown that this process may be
suppressed in the presence of aniline as a structure promoting agent [2]. Potential
high catalytic activity of MCM-56 in some important industrial processes has already
been demonstrated [3]. This work focuses on understanding the effect on catalytic
activity of the most important structure-related parameters of MCM-56: concentration
and location of the acid sites and their accessibility to bulky reactant molecules.
Experimental
MCM-56/-49 zeolites were synthetized using Aerosil as a silica source (Si/Al gel =10),
hexamethyleneimine as a structure-directing agent and optionally aniline as a
structure promoting agent at 143°C for 48, 60, 83, 120, and 176 h (only the latter with
aniline). Samples were characterized using N 2 adsorption, XRD, quantitative FTIR
(pyridine and pivalonitrile sorption). Catalytic tests were carried out in batch reactor
for 6 h in a liquid phase at 80°C. Products were analyzed by gas chromatography.
Results and discussion
Increased synthesis time resulted in transformation of layered MCM-56 zeolites into
3-D MCM-49, which is detected in XRD patterns showing initially a broad band
between 8 and 10° 2θ, without a dip (MCM-56) and then with the emerging valley in
the middle (MCM-49), Fig. 1A. At the same time, the concentration of the Brønsted
acid sites (BAS) and microporous volume of the materials increased with increased
crystallinity of samples. Condensation of the layers (increasing MCM-49) caused
decrease in the values of the external areas and lowered concentration of the acid

centers located at the external surfaces of the layers/crystals. The latter was
investigated by the quantitative adsorption of pivalonitrile, which cannot pass through
10-rings opening of the MWW channels.
TABLE. Physicochemical properties of MCM-56/-49 samples under study.
sample
48h
60h
83h
120h
175h

BAS,
µmol/g
535
792
892
942
913

LAS,
µmol/g
129
99
74
156
91

BAS ext ,
µmol/g
455
447
387
404
477

S BET ,
m2/g
328
359
434
463
436

S ext ,
m2/g
158
138
112
107
146

v micro ,
cm3/g
0.030
0.061
0.105
0.112
0.030

In catalytic tests between mesitylene and benzyl alcohol two reactions were
observed, alkylation and etherification, with 1,3,5-trimethyl-2-benzylbenzene being the
favored product (over 90% selectivity), Fig. 1B.
The alkylation, due to the presence of the bulky
product, proceeds solely at the surfaces and thus
may be correlated with the concentration of the
acid sites determined by pivalonitrile adsorption.
It can be seen that conversion of mesitylene for
all

MCM-56/-49

samples

is

similar,

as

concentrations of the external BAS do not differ
significantly (380-480 µmol/g), while the total
concentration of BAS vary considerably (530950 µmol/g). Aniline as a structure promoting
agent

leads to the formation of high quality

MCM-56 improved activity, as the final, not an
intermediate product.
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Selective Hydrogenation of Aliphatic Acyclic Primary Amides to
Primary Amines with Recyclable Heterogeneous Ru-W Catalysts
R. Coeck, D. E. De Vos, Centre for Surface Chemistry and Catalysis, KU Leuven,
Leuven, Belgium
Introduction
The hydrogenation of amides is a challenging reaction, because of the high stability
of amides. Traditionally amide reduction is achieved with an excess of hydride
reagents such as LiAlH 4 or NaBH 4 , resulting in large quantities of inorganic chemical
waste.[1] Over the last years, progress has been made with the development of
heterogeneous bimetallic catalysts for amide hydrogenation. These catalysts typically
contain a platinum group metal (Pt, Pd, Rh or Ru) promoted by a group 5, 6 or 7
metal oxide (V, Mo or Re).[2] However, several issues still need to be addressed.
First, the hydrogenation of aliphatic, acyclic primary amides has been rarely
investigated with these new bimetallic catalysts; most reports use cyclic or more
activated amides as reactants. Secondly, in as far as aliphatic acyclic primary amides
are considered, they are usually converted to the alcohol instead of to the amine.
Finally, these catalysts have only been validated in a rather limited range of (toxic)
solvents e.g. 1,2-dimethoxyethane, hexane and 1,4-dioxane. Here, we report the use
of a new ruthenium-tungsten bimetallic catalyst for the hydrogenation of aliphatic
acyclic primary amides, such as hexanamide, in the green and benign cyclopentyl
methyl ether (CPME).[3] Besides the effect of the Lewis acid promotor, NH 3 partial
pressure is identified as the key parameter leading to high primary amine yields.
Materials and Methods
Ru-W catalysts were prepared by mixing RuCl 3 , (NH 4 ) 10 H 2 (W 2 O 7 ) 6 , and a high
surface area support (SiO 2 or a spinel) in water, followed by water evaporation,
drying and activation at 450°C under H 2 . Catalytic experiments, with hexanamide as
a test substrate, were performed in a 50 mL Parr autoclave, which can be loaded
with controlled pressures of H 2 and NH 3 .
Results and discussion
Preliminary experiments revealed that two side reactions are dominant when
reducing aliphatic acyclic primary amides with a bimetallic catalyst. First, beside C-O
cleavage, C-N cleavage can occur (Fig 1). We found this side reaction to be

promoted (in comparison with amine formation) at lower temperatures. Secondly, the
initial alcohol and amine products can condensate to form secondary amines (Fig 2).
To improve the primary amine selectivity, we explored the
use of a strongly basic support (e.g. a spinel), and
the use of higher NH 3 pressures; the latter option is
most effective. At high NH 3

pressures, the

additional effect of a basic support is rather negligible
(Fig 3). After a further optimization, a yield of up to 83% of
hexylamine could be obtained at 200°C, with 50 bar H 2
and 6 bar NH 3 (= 2.5 M of ammonia) in CPME.
Figure 1 – Simplified reaction scheme for
the hydrogenation of hexanamide

Recyclability tests showed that the RuWO x /SiO 2 catalyst is

very robust, with an essentially unchanged activity after 4 runs (Fig 4). Summarizing,
we found a relatively cheap and green
amide hydrogenation system, that could
potentially

also

be

used

for

other

applications, e.g. one pot synthesis of
decamethylenediamine out of sebacic acid
(in the polyamide industry).

Figure 3 – Catalytic screening of RuWOx on various supports: (left) SiO2 vs
Na- & Cs-loaded SiO2 (7h); (right) Mg- vs Ca-spinel (4h & 7h). All reactions
were performed with 7 mol% Ru at 200°C, 50 bar H2; 6 bar NH3.

Figure 2 – Time profile of hexanamide hydrogenation with
RuWOx/SiO2 (5 mol% Ru) at 200°C, 50 bar H2; 0.5 bar NH3.

Figure 4 – Recyclability test of RuWOx/SiO2 (7 mol%
Ru) at 200°C, 50 bar H2; 6 bar NH3 for 7h.
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SILICA SUPPORTED EARLY-LATE TANTALUM-RHODIUM
HETEROBIMETALLIC COMPLEX
Ravi Srivastava,a Elsje Alessandra Quadrelli,a Clement Camp a,* Université Lyon 1,
ESCPE Lyon, 43 Bd du 11 Novembre 1918, F-69616 Villeurbanne, France

Early-Late heterobimetallic transition metal complexes have unique ability to activate
substrates because of the bifunctionality of the metal atoms involved. Although these
homogeneous complexes are active and selective independently; they tend to
decompose due to intermolecular interactions. One way to increase their lifetime and
performance is to immobilize the complexes on a solid support. Recently the
synergistic effect of bimetallic complexes grafted over silica has been studied but it
involves only early transition metal complexes.[1] Herein we report a unique welldefined silica supported Tantalum-Rhodium (Early-Late) heterobimetallic complex. A
bifunctional NHC with hydroxyl group tethered in one arm was used to assemble the
oxophilic hard Tantalum center and nucleophilic soft Rhodium center.

[2] 13

C labelled

NHC was also synthesized to gain insight into the structure of the complex.
Polyhedral Oligosilsequioxane (POSS) based homogenous molecular model of silica
was developed to explore the various synthetic routes possible for grafting the
bimetallic system. Based on our findings over POSS, the Tantalum-Rhodium
bimetallic complex was successfully incorporated over silica (SBA 15-700 ). Detailed
characterization of these unique surface organometallic species via state of the art
techniques and their catalytic activity to activate dinitrogen will be presented.
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“H 2 -free” hydrodeoxygenation of guaiacol over Pt supported on Ndoped carbon catalysts
Wei Jin, University of Surrey, Guildford, UK; Laura Pastor-Pérez, Universidad de
Alicante, Alicante, Spain ; Juan J. Villora-Picó, Universidad de Alicante, Alicante,
Spain; Antonio Sepúlveda-Escribano, Universidad de Alicante, Alicante, Spain;
Tomas R. Reina, University of Surrey, Guildford, UK
Introduction
Catalytic hydrodeoxygenation (HDO) is a fundamental technology to upgrade bio-oil
or oxygenated compounds in which hydrogen is consumed to remove the oxygen in
the form of H 2 O [1]. The implementation of traditional HDO for large scale
applications is hampered by the supply of expensive H 2 from the economic efficiency
and sustainability perspective [2]. Researchers were encouraged to develop novel
approaches to realize HDO suppressing external H 2 supply. Indeed, an attractive
method for in-situ HDO is using H 2 O as hydrogen source. Cheng and co-workers [3]
proposed a process for bio-oil upgrading in which H 2 produced in-situ from metal
oxidation with water is utilised for HDO of bio-oil. However, limitations related to the
high energy input in the metal regeneration process need to be futher overcomed.
In this work, we propose a novel method for bio-oil upgrading, in which
hydrogen is be generated by H 2 O splitting over the surface of metal catalysts, and
further participate in the guaiacol HDO process. Pt supported on activated carbon
(AC) and N-doped carbons (NC) were employed in the guaiacol HDO process.
Carbon materials have a large number of applications in heterogeneous catalysis,
either as supports for the active phases or as catalysts by themselves due to the
redox-active functional groups that are located at the surface. Doping these carbons
with nitrogen could increase their stability, oxidation resistance and modify their
electronic properties, what can affect the catalytic activity of active phases supported
on them. It is reported that the Pt-N interaction provokes an exchange of electrons
from Pt into the N-doped system that increases the electron density of the material.
Also, N-groups can act as nucleation centres for Pt nanoparticles, what favours Pt
dispersion. Moreover, mesoporous carbons favour the transport of the reactants and
the products to and from the active centres [4]. This innovative strategy based on
simultaneous H 2 O splitting and HDO opens the horizons for the further development
in bio-oil upgrading technologies.

Materials and Methods
Three types of NC support (labelled, Mel, PPy and PANI) were prepared by using
melamine, aniline and pyrrole as N source precursors. 1%Pt supported on AC (RGC30) and NC materials were prepared by wet impregnation.
The catalytic activity tests were performed in a high pressure batch reactor (Parr
5500). 0.2 g catalyst and 10 wt.% of guaiacol in water were used in each reaction.
The reactor was hold at 250 oC for 4 h under inert atmosphere. After the reaction the
catalyst was collected by filtration, and organic products were extracted with ethyl
acetate and further analysed by GC/MS and GC/FID.
Results and Discussion
An estimation of the surface chemistry of the N-doped carbon supports was obtained
by XPS, where four nitrogen species including pyridinic, pyrrolic, amide and
quaternary type were identified in the spectra (Figure 1). The electronic differences of
the carbon species upon N introduction may tune the catalytic properties of prepared
materials. Catalytic performance is reported in Figure 2. Interestingly the unpromoted catalyst, Pt/AC, is the most active sample, which can achieve around 45%
conversion and around 80% selectivity towards typical aromatic products including
phenol, cresol and catechol. Besides, Pt/PANI greatly promoted the selectivity of
partial de-oxygenated compounds, such as phenol.
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Figure 1. XPS N 1s spectra for the NC
support (Mel/AC with 7%N, PPy/AC
with 3.25%N, PANI/AC with 3.75%N).
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Figure 2. Catalytic activity of all
catalysts in HDO without external H 2
supply.
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Preparation and catalytic properties of reduced Pd doped NiTiO 3
ilmenites for selective liquid-phase hydrogenation of nitroarenes
Daniela González-Vera, Paula Osorio-Vargas, Escuela de Química, Facultad de
Tecnología, Universidad Tecnológica de Pereira, Pereira, Colombia; Cecilia C. Torres,
Facultad de Ciencias Exactas, Universidad Andres Bello, Sede Concepción,
Talcahuano, Chile; Tatiana M. Bustamante, Robinson Dinamarca, Gina Pecchi, Cristian
H. Campos, Facultad de Ciencias Químicas, Universidad de Concepción, Concepción,
Chile.

Catalytic hydrogenation of nitro-compounds (-NO 2 ) is one of the most important organic
reactions for preparation of amines (-NH 2 ), which are used for synthesis of
agrochemicals, pharmaceuticals, dyes, rubbers and pigments [1]. All the efforts are
focused in the production of catalysts based on non-noble metals because noble metals
possess scarce natural abundance and ensuing high cost. Among non-noble metals,
nickel (Ni) has been reported as low cost benign alternative. The aim of this work was to
synthesize and characterize Ni 1-x Pd x TiO 3 catalysts with different amount of palladium to
be used as reduced Pd doped NiTiO 3 (Pd-NTO) as selective catalysts in the
hydrogenation of nitrobenzene (NB) to produce aniline (AN)) as test reaction.

The XRD characterization of reduced materials is shown in Figure 1.a). All samples
exhibit a similar characteristics diffraction profile matched with database in JCPDS, No
98-016-2279 and 98-005-3808 for TiO 2 rutile and metallic Ni, respectively.

(a)

(b)

(c)

Figure 1. a) X-ray diffraction patterns of reduced catalysts. b) H 2 -TPR profiles. c) TEM images of 0,05%
Pd NTO reduced ilmenite.

The TPR-H 2 profiles shown in Figure 1.b) indicates one well defined peak at ~600ºC
attributed to Ni2+ reduction to metallic Ni, the addition of palladium decreases reduction
temperature. In Figure 1.c) is shown the TEM micrograph of 0,05% Pd NTO reduced
ilmenite, where the morphology is confirmed and the metallic particles are easily seen.
The catalytic activity results in the selective hydrogenation of NB are shown in Table 1. It
can be observed at lower Pd content a slight decrease in the catalytic activity was
detected. At nominal Pd 0.10wt% the maximum in the catalytic activity was detected.
Finally the increase in the Pd loading (> 0.10 wt%) affords a decrease in the catalytic
activity.
Table 1. Catalytic activity for NB hydrogenation on reduced Pd doped NiTiO 3 catalysts. Reaction
®

conditions: Parr Reactor; 20mg catalyst; mol NB /mol Ni : 60; P: 20 bar; T: 80°C; solvent: 50mL ethyl acetate
at 3 h of reaction.
Reduced Pd-NiTiO 3 (wt% Pd)

X (%)

S AN (%)

0,00

82,0

99,0

0,05

73,5

99,3

0,10

100

100

0,30

64,5

99,3

0,50

51,0

99,2

a

nitrosobenzene and N-(phenyl)-hydroxilamine was detected as intermediaries product.

The incorporation of Pd into NiTiO 3 ilmenite structure provides changes in the electronic
environment of Ni as active phase. At nominal Pd 0.10wt% the presence of Pd promotes
both activity and selectivity in the production of AN but a higher dopant content the
catalytic activity decrease mainly attributed to an decrease in the hydrogenation capacity
by formation of intermetallic Pd-Ni compounds with less catalytic activity than
monometallic Ni and that reduced catalysts doped at < 0.10 Pd wt%.
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Selective cinnamaldehyde hydrogenation on low-loaded Pt
catalysts.
Kseniia Vikanova, IOC RAS, Moscow, Russia; Elena Redina, IOC RAS, Moscow,
Russia; Leonid Kustov. IOC RAS, Moscow, Russia.
Selective hydrogenation of α,β-unsaturated aldehydes such as cinnamaldehyde
(CAL) allows to obtain compounds that are widely used as flavors, fragrances,
intermediates for pharmaceutical manufacture and organic synthesis, but the
successful obtaining of α,β-unsaturated alcohol is complicated by the simultaneous
hydrogenation of C=C bond, which is thermodynamically more favorable [1]. In this
regard, the hydrogenation of cinnamaldehyde is interesting from fundamental and
practical points of view.
Ceria-zirconia mixed oxide was chosen as a support due ability to impart metalsupport interactions to enhance catalytic performances by generation of active
centres at the interface between metal [2] and was synthesized by precursors coprecipitation method (Table 1). Monometallic catalysts with a Pt content of 0.025-1%
mass were prepared by pH-controlled precursor precipitation method, followed by
drying and reduction of the dry sample in a stream of hydrogen.
Table 1.Textural properties of the synthesized support
Support

Ce/Zr ratio

D XRD, nm

D SEM, nm

S BET , m2/g

CZ

4:1

6

5-7

103

The supported catalysts were investigated in the cinnamaldehyde hydrogenation
reaction at different reaction conditions. At room temperature and athmospheric
pressure cynnamyl alcohol (COL) yeld > 80% was achieved (Table 2). After a slight
increase in temperature and pressure, the yield of the desired product > 70% was
obtained on a catalyst containing only 0.1% mass of platinum. The obvious
advantage of the CZ carrier has been shown in comparison with catalysts supported
on individual CeO 2
Table 2. Cinnamaldehyde hydrogenation at different reaction conditions
20 оС, 1 atm *
Catalyst

70 оС, 5 atm *

Conversion,

COL

%

selectivity, %

1%Pt/CZ

96

83

0.5%Pt/CZ

85

80

Catalyst

Conversion,

COL

%

selectivity, %

0.1% Pt/CZ

88

83

0.05%Pt/CZ

45

84

0.1%Pt/CZ

15

71

0.025%Pt/CZ

9

65

1%Pt/CeO 2

65

89

0.1%Pt/CeO 2

19

23

*Other reaction conditions: V mixture – 1,5 ml, C – 0.2 M, time – 2h, m ct – 50 mg,
solvent – EtOH; 8% mol NaOH.
Also the dependence of the products composition on time at ambiemt conditions was
obtained (fig. 1).
Fig. 1. Products accumulation diagram

The diagram shows that up to 90 minutes of the reaction, the two products of the
hydrogenation, COL and HCAL, are formed in parallel, but then the process of
sequential hydrogenation of the formed compounds into the product of complete
hydrogenation, HCOL, begins to dominate. Based on the above, we can assume the
following reaction scheme:
OH

O

OH

COL

CAL

O

HCOL

HCAL
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Metal complex catalysts for the production of alkyl lactates from the
depolymerization of polylactic acid
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Abstract
Alkyl lactates have been branded as green solvents due to their low toxicity and
biodegradability. The alkyl lactate market is estimated at USD 16,800 million per
annum and are seen as substitutes to oil-derived solvents with applications in
polymer manufacture, biochemicals, pharmaceuticals, agricultural chemicals among
many others applications.[1, 2] A recent study by our group [3] has shown that it is
possible to obtain methyl lactate from the transesterification reaction of poly(lactic)
acid (PLA) by means of a Zn(II) complex catalyst. In the present work, we report the
use of two new complexes for the formation of methyl lactate and ethyl lactate from
PLA. The ligands were prepared in one simple imine condensation step and
complexed to Zn(II) to form the homoleptic complexes Zn(A) 2 and Zn(B) 2 . The new
catalysts show stability under atmospheric condition in the solid state and were fully
characterized by X-ray crystallography, multi-nuclear NMR spectroscopy and
elemental analysis. Catalysts are compared based on PLA conversion, alkyl lactate
yield and selectivity. Reaction conditions involved samples of PLA covering a wide
range of molecular weights and industrial applications, and temperatures ranging
from 50 to 110 °C. The progress of the reactions were followed by taking samples
and different time intervals with further analysis by GC-FID, GPC and 1H NMR.

The new catalysts showed higher activity compared with Zn(1) 2 for the PLA
degradation, reducing in more than 40% the required degradation time. Higher
lactate yields were also obtained with the new catalysts (Figure 1). A kinetic model
based on the previous work was utilized to explain the differences between the
catalysts. Kinetic constants and activation energies calculated from the model are
presented.
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Figure 1. Alkyl lactate concentration profiles by two different Zn(II) catalysts.
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The high activity of aerosol-made Ga-silicate catalysts for solketal
synthesis explained by a deep structural investigation
Alvise Vivian,1 Loraine Soumoy,1 Luca Fusaro,1 Damien P. Debecker 2,* and
Carmela Aprile 1,*
[1] Unit of Nanomaterials Chemistry (CNANO), Department of Chemistry, University
of Namur, 5000 Namur, Belgium, [2] Institute of Condensed Matter and
Nanosciences - UCLouvain., 1348 Louvain-la-Neuve, Belgium
During the last decade, considerable attention has been devoted to the development
of biofuels, above all biodiesel. The transesterification reaction yields as by-product
an amount of glycerol that represents approximately 10wt% of the total biodiesel
manufacture. With the increasing biodiesel production, glycerol is now considered as
a waste and its efficient valorization have become a challenge for the scientific
community. A promising route is represented by the condensation of glycerol with
acetone to produce solketal, an added-value product with many applications.[1] A
sustainable way to perform this reaction envisages the use of heterogeneous
catalysts displaying both Brønsted and Lewis acid sites. Porous silicates presenting a
metal inserted as single site in the framework can be active and selective catalysts
for this reaction. In particular, it has been already reported that Ga-MCM-41
nanoparticles are one of the most efficient catalysts in the conversion of glycerol into
solketal.[2] As reviewed recently,[3] aerosol processes have already been applied for
the production of several metallosilicate materials exhibiting excellent catalytic
performance in various chemical reactions.[4] The advantages of this process
include: a limited number of steps, a limited waste generation and low environmental
impact. Moreover, the catalyst preparation process can be scaled up easily and can
be run in a continuous mode, making it industrially attractive. Here, the aerosol
assisted sol-gel process was used as a powerful tool to synthesize silica-based
solids with Ga inserted as single-site in the structure. The influence of different
parameters on both morphological properties and catalytic activity were studied.
Three different materials bearing a Si/Ga ratio of 34, 74 and 148 were synthesized
and extensively characterized via N 2
spectroscopy and

physisorption, XRD, TEM, ICP-OES

71

Ga solid state NMR among others. All materials displayed

promising features for catalytic applications such as high surface area, controlled
mesoporosity and narrow particles size distribution (see Figure 1). To investigate the

coordination
number/geometry

of

the

metal center inserted within
the silica matrix, a deep
investigation was performed
Figure 1. a) TEM micrograph and b) N2 adsorption/desorption
isotherm of Ga-74 material

quadrupolar

via solid state NMR of
The

challenging

71

study

Ga.
of

71

Ga allowed to observe a signal with a maximum at around 140 ppm

that can be assigned to a predominant contribution of tetrahedral gallium present as
single site in the silica framework. These aerosol-made mesoporous Ga-silicates
showed excellent catalytic performance in the conversion of glycerol into solketal
under solventless conditions and the best catalyst displayed high turnover number
and high selectivity. Moreover, the best gallium silicate prepared via the aerosol
process, Ga-74, outcompete in terms of TON other reference Ga-based catalysts
already reported in the literature (compare entries 5 and 6 in Table 1). In order to
further prove the stability of the solid under the selected reaction conditions, hot
filtration tests were performed, demonstrating the absence of leaching of active sites.
Moreover, the most active catalyst was successfully reused in multiple catalytic
cycles thus proving its stability under the selected reaction conditions.
Table 1. Catalytic activity of Ga-silicates in the conversion of glycerol to solketal
Entry

Material

Si/Ga

Yield (%)

Sel. (%)

TON

1

Ga-37

38

30

85

721

2

Ga-74

79

28

85

1353

3

Ga-148

160

10

79

974

4

Ga-74

79

25

95

596

5

XS-Ga-MCM-41 [2]

44

31

99

361

*

*

Si/Ga ratios determined by ICP-OES analysis; TON =

/

; Glycerol: Acetone = 1: 4 (mol), * Reaction

conditions: 6h, 80°C, 25 mg of catalyst, glycerol (0,01 mol), acetone (0,01 mol), tert-butanol (0,02 mol)
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Influence of synthesis method of ZrO 2 -supported Au-Pt catalysts in
aerobic base-free oxidation of glucose towards glucaric acid
Natalia Potrzebowska 1, Elie Derrien 2, Philippe Marion 2, Noémie Perret 1,
Catherine Pinel 1, Michèle Besson 1,
1 Univ Lyon, CNRS, IRCELYON, 69626 Villeurbanne Cédex, France
2 Solvay Research and Innovation Center of Lyon, 69192 Saint Fons, France

Glucaric acid is a top value-added chemical from biomass. Its potential applications
are numerous such as detergents, food ingredients, corrosion inhibitors and
medication.

[1]

In place of the conventional production route by oxidation of glucose

using nitric acid, glucaric acid could be produced using air and supported (bi)metallic
catalysts.[1-3] The aerobic oxidation of glucose to gluconic acid has been well
investigated. On the other hand, the much slower consecutive oxidation of the
primary alcohol to yield glucaric acid gives rise to a variety of overoxidation products
resulting in poor yield of glucaric acid (Figure 1).
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Figure 1 Reaction pathway associated with the base-free oxidation of glucose to glucaric acid over Au-Pt/ZrO 2 catalysts.

In this work, different methods of preparation of ZrO 2 supported Au-Pt catalysts were
studied: wet impregnation (WI) and reduction by NaBH 4 ,[3] colloidal method (Colloid)
with PVA as AuNPs stabilizer,[4] and deposition precipitation (D-P) with urea.[5] The
Colloid and D-P methods were studied in 1 and 2 steps. The actual loading of both
metals was determined by ICP-OES, the formation or not of a Au-Pt alloy was
verified by XRD and TEM-EDX analysis. The catalysts were tested in batch reactor
(glucose/metal molar ratio 80) or in trickle-bed reactor (100°C, 40 bar air, 0.25 M
glucose). Substrate and products were analyzed by ion-chromatography.
Table 1. Characterization of Au-Pt/ZrO 2 catalysts prepared by different methods and maximum yield of glucaric acid.

Entry

Catalyst

method

1
2
3
4
5
6

2.7%Au-2.7%Pt
2.3%Au-2.2%Pt
0.4%Au-2.8%Pt
0.7%Au-0.8%Pt
3.1%Au-2.8%Pt
3.8%Au-3.4%Pt

D-P 2 steps
D-P 1 step
Colloid 2 steps
Colloid 1 step
WI
WI-US

Au/Pt
mol ratio
1.02
1.04
0.14
0.81
1.10
1.11

alloy size
(XRD) [nm]
7
9
10
8
9

max yield
glucaric acid
4%
25%
15%
50%
63%
84%

reduction mode
H2
H2
1st step NaBH 4 ; 2nd step H 2
NaBH 4
NaBH 4
NaBH 4

Table 1 summarizes some characterization data and the maximum yield of glucaric
acid obtained in batch experiments. The metal deposition efficiency was dependent
on the method of preparation. XRD patterns of most of the bimetallic catalysts
exhibited a main (111) diffraction peak between 2θ = 38.2° (Au0) and 39.7° (Pt0) due
to the formation of an alloy. The absence of alloy (entry 3) gave poor yield of glucaric
acid, whereas the catalysts containing Au-Pt alloy exhibited different performances.
The catalysts prepared by WI gave the most promising results therefore different
Au/Pt ratio were investigated.
Figure 2 shows the maximum yield of glucaric acid as a function of Au/Pt ratio for
catalysts prepared by WI method. The Au/Pt molar ratio was essential. A 63% yield
of glucaric acid at optimum Au/Pt molar ratio of 1.1 was achieved.

US 0.5h

Figure 2 Effect of Au/Pt ratio and time of sonication during the catalyst synthesis on the yield of glucaric acid

Addition of a sonication step in an ultrasonic bath at 37 kHz during impregnation (WIUS) improved yield of glucaric acid up to 84%. Different times of sonication were
investigated (Figure 2) and 1 h of treatment was sufficient.
Recycling of powder catalysts and tests in continuous reactor over pelleted catalysts
demonstrated the stability of these catalysts.
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Introduction
Furfural is a high-value chemical, being the precursor of even more valuable
compounds such as furfuryl alcohol and tetrahydrofurfuryl alcohol. Pt is known as
active for furfural hydrogenation, but the high price limits its exploitation and imposes
the search for alternatives [1,2]. Many papers reported that the introduction of
transition metal into noble-metals based catalysts can have a significant influence on
the catalytic activity and selectivity [3,4]. Here, we investigated the behavior of Mo
and Pt/Mo supported on activated carbon (AC) derived from birch wood in furfural
hydrogenation.
Materials and methods
40% wt Mo-supported AC was firstly prepared by incipient-wetness impregnation
method, using (NH 4 ) 6 Mo 7 O 24 ∙ 4H 2 O as precursor. The Mo-AC sample have been
subsequently impregnated with pre-formed Pt NPs, prepared from a Na 2 PtCl 4
solution, PVA and NaBH 4 (1%wt). Surface area and porosity distribution were
obtained from N 2 adsorption/desorption isotherms; samples were fully characterized
by XPS, XRD and HR-TEM. Furfural hydrogenation reactions was carried out in a
batch autoclave at 50 °C and 3 bar of H 2 . Catalyst (substrate/metal ratio=500,
mol/mol) was suspended in 10 ml of furfural solution (0.3 M in EtOH).
Results and discussion
TEM and HR-TEM characterization on the 40% Mo-AC showed big and well
contrasted Mo-containing agglomerates embedded in the carbon matrix. At higher
magnification, such crystals display diffraction fringes with spacing typical of Mo 4 O 11
in the orthorhombic phase, in agreement with XRD. TEM analyses on Pt on bare AC
showed the formation of small agglomerates whereas 1% Pt/40% Mo-AC showed
highly dispersed Pt nanoparticles. Following the reaction profiles we can observed
the 40%Mo-AC showed a pretty good activity even presenting a lower initial rate
compared to the Pt containing analogues (1% Pt/AC and 1%Pt/40% Mo-AC).

Moreover, 40% Mo-AC appeared the most stable catalyst. A marked deactivation
was observed in the case of 1%Pt/AC, and present even in a lesser extent also for
1%Pt/40%Mo-AC system. However, we found a strong different products distribution
being the 40% Mo-AC fully selective to ethyl furfuryl ether (FEE), deriving from the
reaction between furfuryl alcohol and the solvent, i.e. EtOH [5]. The 1% Pt/AC and
1%Pt/40% Mo-AC catalysts depressed bit the ethers formation and converted furfural
also to furfuryl alcohol (21 %, 23 % respectively). A negligible amount of
tetrahydrofurfuryl alcohol was detected in both cases. A strong metal-support
interaction between the Pt and Mo 4 O 11 has been already reported in the literature [6]
and it possibly promote hydrogen spillover and improve the poisoning tolerance.
Thus, the presence of the Mo 4 O 11 orthorhombic phase could play a fundamental role
in determining the increased catalytic activity of Pt/Mo-AC due to improving both Pt
NPs dispersion and stability of the catalyst.
On the basis of these results, Mo-supported on activated carbon is a promising
material, either as precious metal free-catalyst, or as support, improving Pt
nanoparticles dispersion and the final catalytic activity in furfural hydrogenation.
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A layered Zn-Co double metal cyanide with improved catalytic
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Double metal cyanides (DMCs) are cyanide bridged transition metal coordination
polymers with the general formula M1 u [M2(CN) n ] v ·xH 2 O (hereafter abbreviated as
“M1-M2 DMC”). They have been used industrially as solid catalysts for ring opening
polymerization reactions since the 1960s. Recently, their potential as catalysts for
other organic reactions has been uncovered, with Zn-Co DMCs showing the best
performance [1]. However, one of the drawbacks of these catalysts is that, as
microporous materials, the pores are usually too small to allow diffusion of reactants
and products, resulting in reactions taking place on the external surface. In this
sense, several strategies have been suggested in order to increase the availability of
active sites in the DMCs [2]. Herein, we report the synthesis, structure and catalytic
activity of a new Zn-Co DMC phase, consisting of positively charged DMC layers
linked by acetate anions. To the best of our knowledge, such a cationic, layered DMC
(L-DMC) structure has not yet been reported in literature. Moreover, the advantages
of L-DMC over the benchmark DMC catalyst (DMC-PTMEG) are demonstrated for
two important catalytic applications of DMCs: hydroamination of phenylacetylene and
4-isopropylaniline, and epoxide polymerization of 1,2-epoxyhexane [3,4].
Single crystals of L-DMC were synthesized by slow diffusion in a silica gel and the
structure was solved by single crystal X-ray diffraction. Through further synthesis
optimization, we were able to obtain a phase pure microcrystalline powder of the
L-DMC. Synchrotron powder diffraction data were collected and successfully refined
by the Rietveld method. The structure crystallizes in the monoclinic space group
P2 1 /m and is shown in Fig. 1. The asymmetric unit consists of two symmetry
independent Zn atoms and one Co atom, four cyanide groups, acetate and three
water molecules (represented as isolated O atoms).

Fig. 1. Crystal structure of L-DMC (left) and polyhedral view showing the stacking of
the layers in L-DMC (right). Grey, dark blue, light grey, black and red spheres
represent Zn, Co, N, C and O atoms, respectively. H atoms were omitted for clarity.

increase in the 1,2-epoxyhexane conversion is
observed when L-DMC is employed as catalyst
(Fig. 2, top). Furthermore, the initial TOF (mol
epoxyhexane consumed per mol of Zn per hour)

1,2-epoxyhexane conversion (%)

For the ring opening polymerization, a significant
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L-DMC can be attributed to a combination of the
easier accessibility of the catalytic sites and the
changed coordination environment of the Zn atoms
in the structure. As observed in both catalytic activity
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tests, the differences in activity exhibited by the
DMCs highlight the advantages of L-DMC as an
excellent catalyst.
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On the Structure and Catalytic Properties of Thiolate-protected Au
Nanoclusters in CO Oxidation
Daria Pichugina, Nadezhda Nikitina, Nikolay Kuz’menko
Moscow State University, Department of chemistry, Moscow, Russian Federation

Protected gold clusters are promising to produce heterogeneous catalysts with
size-selected metal nanoparticles [1]. Gold clusters protected by thiolate or
phosphine ligands have been study extensively, but some aspects remain unclear:
(i)

modification of cluster’s structure and charge after deposition on support;

(ii)

mechanism of small molecules activation on protected clusters or their

fragments;
(iii)

ligand effect on the cluster activity and stability on support.

To reveal the questions, we performed quantum chemical study of catalytic
properties of Au 20 (SCH 3 ) 18 including calculation of the cluster’s structure in gas
phase or on CeO 2 surface, thermodynamic and kinetic data of the reactions of the
cluster and O 2 , CO molecules, as well as simulation of further CO oxidation. Spin–
polarized DFT/PBE level in the scalar–relativistic approach was used for cluster
calculation. The calculation method has been tested in details in respect to predict
structure and electronic properties of thiolate-protected gold nanoclusters [2]. The
periodic calculation was performed at the GGA-level with spin-polarized DFT/PBE
method using VASP program code. The orbital cutoff range was 5.0 Å. CeO 2 was
described with a 5 × 5 CeO2 (111) slab with 5 atomic layers and 20 Å of vacuum.
The structure and energies of five different Au 20 (SCH 3 ) 16 isomers have been
calculated. The most stable one corresponds to structure predicted by X-ray analysis.
The Au7 cluster’s core consists of two tetrahedrons united by a common vertex; it is
protected by an octameric ring, one triple and two monomeric staple SR(AuSR) x
motifs (Fig. 1). Removal of ligand from the cluster was simulated trough subsequent
elimination of one, two, and three SCH 3 groups.
The reaction of O 2 and Au 20 (SCH 3 ) 16 , Au 20 (SCH 3 ) 16-x, staple SR(AuSR) x
motifs, and octameric ring were studied. The cluster reacts with O 2 , but the process
requires pre-activation of O 2 to singlet electronic state. From different cluster
fragments the largest adsorption energy of O 2 are calculated for SRAuSR monomeric
staple fragment. The modification of the cluster under heating was simulated by

removing of one, two, and three SCH 3 groups. Special Au3 fragment is created,
which is active in O 2 and CO activation.
The O 2 and CO activation on Au 20 (SCH 3 ) 16-x /CeO 2 was simulated. According to
calculation, oxygen can dissociate on Au 20 (SCH 3 ) 14 /CeO, in which two SCH 3 were
removed. Various scenarios of CO oxidation on supported Au cluster are considered.
According to calculation cluster can be a catalyst of CO oxidation. It should be
mentioned that the calculated activation energies of the corresponding steps of CO
oxidation on the cluster’s fragments (Au 2 (SR) 3 , (AuSR) 4 , Au(AuSR) 4 ) are less than
on the clusters. So, the fragments of the ligand-protected gold clusters can be
involved in catalytic reactions.

Figure 1. The calculated structure of Au 20 (SR) 16 (left) and Au 20 (SR) 16 /CeO 2 (right).
Acknowledgments. The present work was supported by RFBR Grant N 17-03-00962. The research
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Composites of Graphene-like Carbon and 3D-metals or Their Oxides in
Catalytic Hydrogenation of (Iso)Quinolines
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Reactions of catalytic hydrogenation are widely used in modern organic chemistry
and industry for synthesis of active pharmaceutical ingredients, effective substances
for plant protection etc. These processes are usually performed with catalysts based
on platinum, palladium and other precious metals. Development of noble-metal-free
materials, possessing high catalytic activity in the process of organic compounds
hydrogenation, is actual task.
The aim of this work was to study the influence of the composition and structure of
composites of graphene-like carbon and nanosized 3d-metals or their oxides
deposited on the different carriers on their catalytic activity in quinoline
hydrogenation.
The nanocomposites of were prepared by pyrolysis Co(II), Ni(II), Zn(II) complexes
with N-containing organic ligands (phenantroline, melamine, o-phenylenediamine) on
aerosil (highly disperse SiO 2 ), ZrO 2 , Al 2 O 3 , activated carbon. It was shown by
transmission electronic microscopy that the nanocomposites contained carbon
species with size of separate particles ca. 10-50 nm. Analysis of the Raman spectral
data (Fig. 1) allowed to conclude that the graphene-like particles had more than 8
carbon monolayers. The size of carboneous particles, separated from the carrier,
was in range from 80 to 120 nm according to the results of dynamic lights scattering
in suspension.
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Figure 1. Raman spectra of the composites (left) and TEM image of the Co/C/Al 2 O 3
nanocomposite (right).
The obtained nanocomposites were catalytically active in hydrogenation of quinolines
and isoquinolines to 1,2,3,4-tetrahydroderivatives 2a,b (Fig. 2). Under 100 atm
pressure and 100ºC temperature the yield of tetrahydro(iso)quinoline varied from 40
to almost 100 % depending on the composite. The tolerance to functional groups was
also researched and discussed. Catalytic activity essentially depended on synthetic
conditions (mainly pyrolysis rate) and the nature of the carriers. The Co-containing
composites deposited on aerosil or ZrO 2 were the most active. Catalytic activity
essentially increased at decreasing pyrolysis rate, as well as at increase of Со
content.
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Figure 2. Using nanocomposites for hydrogenation.

Cu-Catalyzed Pyridine Annulation via Oxidative Reaction of Cyclic
Ketones with Propargyl Amine
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Since the discovery of gold-catalyzed one-step amination/annulation/aromatization
reaction of carbonyl compounds and propargylamine by Abbiati et. al in 2003 [1] this
reaction has been widely used for synthesis of functionalized pyridines, which are
hardly accessible by other synthetic routes. At present, the dominating majority of
reported reactions of this type were performed at presence of Au(III) compounds or
Au nanoparticles. Moreover, recently the Cu 3 (btc) 2 (where btc3- is 1,3,5benzenetricarboxylate) catalyzed version of the transformation was described [2].
The reaction proceeds in moderate yields during 21 h at 75oC.
In this study using a series of cyclic ketones 1 the influence of Cu(II) source (CuCl 2 ,
Cu(NO 3 ) 2 , Cu 3 (btc) 2 , etc), solvents, presence of additional oxidants and time of the
reaction were studied at ambient pressure of air.
The reaction mixtures were analyzed by HPCL and GC, while the products were
identified by NMR and HPLC. It was found that CuCl 2 and Cu(NO 3 ) 2 as catalysts led
to comparable results, while performance of Cu 3 (btc) 2 was lower. In all cases
aromatization of presumable dihydropyridine intermediate occurred due to reaction
with air oxygen. The reaction time in some cases using the CuCl 2 in alcohol media
was less than 30 min. The method proposed allowed to achieve 50-70 % yield of the
pyridines 3. Gram-scale synthesis of ethyl 6-carboxy-5,6,7,8-tetrahydroquinoline 3f
was performed using the proposed Cu-catalyzed reaction.
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G3 and G4 Buchwald Precatalysts: Scale up, QC and application for the
semi-automated parallel synthesis
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In spite of numerous published examples of the application of the G3 and G4
Buchwald Precatalysts in organic synthesis, their laboratory scale up (up to 50 g from
one synthetic run), routine quality control (QC), different possible solvate forms and
their influence on catalytic properties are still remanding. In many cases, the solvate
composition was not analyzed, but for some synthetic tasks, it appears to be critical.
The commonly used solvent for the dimer 1 transformation to the precatalyst 2 is
CH 2 Cl 2 (DCM), which leads to formation of the DCM solvates. It was found, that in
large batches the DCM could not be removed from the solvate by vacuum drying
without decomposition of the precatalyst. In the present report the multi gram
laboratory synthesis of G3 and G4 Buchwald precatalysts (XphosPd G3,
XantPhosPd G4,XantPhosPd G3,RuPhosPd G4, SphosPd G3,BrettPhos G3), their
QC by commonly used NMR/LC MS methods and specific features of such catalysts
preparation with innocent solvate molecules will be discussed. It was shown, that the
use of THF as solvent led to precatalysts formation with high yields without the need
of additional solvent exchange/removal from the solid samples.

NHR
Pd
O
Ms
1 a,b
=
a H, b = Me

Ligand
Solvent

?

NHR
Pd L
OMs

semi -aut omat ed
roboti c
parall el sy nthesi s
C C, C N coupli ng

in house statistics
of the diverse
libraries synthesis
> 1000 members

2 a,b
=
a H, b = Me

The advantages of the use of such catalysts for the semi-automated parallel
synthesis of large libraries of small molecules (more than 1000 members) via C-C
and C-N coupling will be presented. It was found, that in many cases “traditional”
catalysts did not provide satisfactory results compared to G3 and G4 ones.

Quick evaluation of catalytic activity of hydrogenation catalysts by UV
spectra using imidazo[1,5-a]pyridines as probes
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Hydrogenation catalysts are widely used in modern organic synthesis and pharmacy
for preparation of various compounds. The properties of such catalyst

usually

significantly depend on the details of preparation procedure and can vary even
between different batches of one supplier. Quick quality control (QC) is important
task for such catalysts application.
The aim of this work was to develop a method for hydrogenation catalysts QC in mild
conditions, which does not require complicated products isolation and analysis.
It was found that hydrogenation of readily available substituted imidazo[1,5a]pyridines by gaseous H 2 at 20–40 °C and 1 atm led to formation of two different
products (Fig. 1), which significantly differed by their UV spectra. The advantage of
this system was that the absorption bands of the products of partial or complete
hydrogenation did not overlap. Formation of various products in certain time periods
depended on the activity of the catalyst, such dependency allowed to make
conclusion regarding catalytic activity of the sample.

Figure 1: Reagent, product and their UV spectra depending on the reaction time
(one example)

Isoreticular UTL-derived zeolites as model materials for probing
pore size-activity relationship
M. Opanasenko, Y. Zhou, M. Shamzhy, S. A. Kadam, J. Čejka
Department of Physical and Macromolecular Chemistry, Faculty of Science, Charles
University in Prague, Hlavova 8, 128 43 Prague, Czech Republic

Isoreticular Al-IPC-n aluminosilicate zeolites with similar concentration of both
Brønsted and Lewis acid sites, but gradually reduced channel size from 14- to 8-ring
(9.5×7.1 Å, 8.5×5.5 Å, 6.6×6.2 Å, 5.4×5.3 Å, and 4.5×3.6 Å) have been firstly
synthesized

using

ADOR

(Assembly-Disassembly-Organization-Reassembly)

strategy [1] combined with alumination of UTL germanosilicate [2]. Distribution of acid
sites among the pores of different size was exhaustively characterized using FTIR
spectroscopy of adsorbed probe molecules of variable size (d3-acetonitrile, quinoline,
Fig. 1) and ethanol-to-diethyl ether kinetic study. Catalytic activity of Al-IPC-n zeolites
in tetrahydropyranylation of alcohols of different size (ethanol, 1-hexanol, 1-decanol,
Fig. 1) was related to the amount of acid centers sited in the pores of different size.

Fig. 1. Acid sites distribution of Al-IPC zeolites (left) and alcohol conversion for the
tetrahydropyranylation of ethanol, 1-hexanol, 1-decanol for 24 h with dihydropyran
over Al-IPC catalysts (right). Reaction conditions: catalyst, 50 mg; alcohol, 4.5 mmol;
dihydropyran, 5 ml; mesitylene, 0.25 g; temperature, 333 K.

The results of chemical analysis,

27

Al NMR and FTIR spectroscopy evidence

similarity of isoreticular Al-IPC zeolites with respect to the content and coordination
state of Al, type and total amount of acid sites, while distribution of acid sites between

the micropores and external surface of the catalysts’ crystals slightly varies reflecting
difference in their size. At the same time, isoreticular IPC zeolites possess
micropores of remarkably different size, ranging from the ones restricted with 8- to
14-ring channels, which is reflected in decreasing micropore volume in the following
sequence: Al-IPC-7 > Al-IPC-2 > Al-IPC-6 > Al-IPC-4. The catalytic activity in
tetrahydropyranylation of either 1-hexanol or 1-decanol (Fig. 1) decreases with the
micropore size/volume in the following sequence: IPC-7 > IPC-2 > IPC-6 > IPC-4.
These results suggest that due to the diffusion limitation, the internal active sites in
the IPC zeolites channels has limited accessibility for bulky reagents with IPC-4 with
the lowest porosity being affected by diffusion limitations the most.
Obtained results reveal Al-IPC-n being excellent model materials for analysing the
effect of micropore structure of zeolites on their catalytic activity. The use of Al-IPC-n
as model catalysts in important acid-catalyzed reactions can shed a light on the
fundamental structure-activity relationship and help to improve/optimize existing
catalytic processes.
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Ultrasounds assisted process intensification of biomass derived
model compounds’ photocatalytic valorization by novel
nanocomposites
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Heterogeneous photocatalysis is an important
and favorable alternative to conventional organic
synthetic chemistry. The main drawback of
photochemistry is that it is a “nonselective”
process in many cases, especially in aqueous
media [1,2]. In the last few decades, the
research effort is focused on the process intensification of the photocatalytic
transformations by various methods. In addition, ultrasonication utilization has also
revealed to be a promising candidate in synthetic chemistry due to the cavitation
phenomena. The growth and implosion of acoustic cavitation can act as localized
hotspots, since the temperature and the pressure can reach up to 5000 oC and 1000
bars, respectively [3]. Mechanical effects, such as elevated mass transfer, depassivation effect, de-aggregating of the catalyst, and chemical effects, like advance
oxidation processes by formed reactive oxygen species and radicals, are also vital
factors under ultrasounds appliance [4]. Lately, a continuous growing research field is
the generation of industrial valuable bio-chemicals from a widely available natural and
renewable resource; the lignocellulosic biomass. And the ultimate goal is to achieve
complete valorization of the biomass and its derivatives following green-chemistry
oriented approaches, by avoiding usage of precious noble and/or rare-earth metalsbased catalyst, addition of hazardous and non-reusable chemicals, as well as harsh
experimental conditions. The combination of ultrasound and light irradiation in
heterogeneous catalysis, known as sonophotocatalysis, is a very innovative approach

that gathers a continual increase of attention, since it can positively promote the
valorization reactions via a cost-effective and environmental-friendly manner [5].
The effort of our research is focused on the utilization of sonophotocatalysis for the
selective

transformation

of

lignin-based

model

molecules

by

using

novel

nanocomposites as catalyst. The synthesis of the latter is based on the unique effect of
the cavitation phenomena [6], as ultrasounds was irradiated during the formation of the
nanocatalyst. The main phase of the catalyst consists of nanostructured metal oxides
(TiO 2 , Mn x O y , Fe 2 O 3 or Co 3 O 4 ), while as fillers nano-scaled graphite or graphitic
carbon nitride, unmodified or oxidized, were used. The synergistic effect during the
composite formation led to unique structural, morphological, physical, optical, and
surface chemistry heterogeneity features, resulting to enhanced reactivities [7,8]. The
coupling of sonocatalysis with photocatalysis is found to have a beneficial effect on the
lignin-model compounds transformation, since the combination led to improvement in
the conversion and selectivity. A plethora of factors/parameters that affect the cavitation
phenomena and as a result the potential of sonochemistry were investigated, like the
acoustic frequency, power, and pulse protocol, the solvent’s nature and temperature,
the purged gas, and even the sonoreactor’s geometry. Various important aspects of the
photocatalysis such as the wavelength and intensity of the irradiated light, photocatalyst
loading, type of solvent, mixture of solvents, and solution pH were also optimized.
Special focus was given on understanding the synergistic effects upon light and
ultrasounds irradiation during the reactions from a mechanistic point of view.
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Speciation and siting of divalent transition metal ions in silicon rich
zeolites. A FTIR study
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Zeolites

represent

the

key

materials

of

the

chemical

production

(heterogeneous catalysis, gas separation and purification). They are used as
catalysts in a wide range of acid-catalyzed reactions for the transformations of
hydrocarbons in the petrochemical industry and synthesis of fine chemicals [1]. Metal
containing zeolites represents redox catalysts for NO/NOx elimination from diesel
exhausts and N 2 O abatement. Bare cations of transition metal ions in zeolites are
proposed to be the active sites in redox catalyzed reactions [2]. The aim of this study
was the siting and distribution of bare Me2+(Co2+, Ni2+ and Mn2+) ions in the ferrierites
with maximum loading of Me2+ ions as crucial for the formation of binuclear Me2+
cationic structures unique for ferrierite, and suggested as highly active sites in redox
reactions.
Commercially supplied ferrierite Si/Al 8.5 were further exchanged to obtain
Co2+, Ni2+ and Mn2+ forms with various metal loading. Co-FER were prepared by ion
exchange at RT. Low loading of the Me2+ bare cations of Mn-FER and Ni-FER were
prepared by ion exchange as well at 60°C or 80 °C. To obtain higher content of Ni2+
and Mn2+ in ferrierite, dry impregnation method was involved [3].
Number of bare cations and concentration of Me2+ cations in these extraframework sites were analyzed by FTIR spectroscopy of dehydrated Me-samples in
the region of anti-symmetric T-O-T vibrations of the zeolite. FTIR spectra in the
region 960 – 860 cm-1 exhibited three bands (see Table 1) in α, β and γ cationic
positions [4, 5].
The exclusive presence of bare cations in samples with Me/Al < 0.15 allows
estimation of extinction coefficients of cations in individual cationic sites serving for

the quantitative analysis of Me2+ siting in the zeolite. The extinction coefficients
obtained from the linear regression of the concentration dependence of the intensity
of T-O-T vibration on metal loading in the concentration region below Me/Al 0.15 are
presented in the Table 1.
Table 1. Wavenumbers of T-O-T vibrations reflecting cations in the α-, β- and γ- sites
for Co-, Ni- and Mn- ferrierites [4].

Mn
Co
Ni

α
cm-1
953
942
940

β

γ

928
918
918

902
885
879

Extinction coefficient
cm μmol-1
30.4
38.5
35.8

FTIR spectroscopy of perturbed antisymmetric T-O-T vibrations represents
powerful tool for the (semi)quantitative analysis of the bare Me2+ ions, theirs siting,
and distribution in the dehydrated metallozeolites. Co-, Ni-, and Mn-ferrierites with
maximum possible loading of bare Co2+, Ni2+ and Mn2+ ions in cationic sites were
successfully prepared by ion exchange or impregnation method. Such samples
guarantee not only high concentration of bare Me2+ ions as active sites in ferrierite
catalysts, but also formation of specific type of ferrierite active sites – pairs of bare
Me2+ ions.
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Bimetallic AuAg catalysts supported on MgO, ZnO and Nb 2 O 5 for noctanol oxidation: the effect of support and preactivation
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Selective oxidation of alcohols plays a key role in industry [1]. Many valuable
chemicals as aldehydes, esters and acids can be produced from them. Catalysts
containing gold are in the center of the research interest because they show high
catalytic activity and selectivity in aerobic oxidation of long-chain alcohols performed
in the liquid-phase and under mild conditions such as low reaction temperatures
(below 140oC) and atmospheric pressure [e.g.,1, 2].
The aim of this work was to study the effect of the support nature and the
preactivation conditions on the surface and catalytic properties of AuAg catalysts.
Three metal oxides (MgO, ZnO, Nb 2 O 5 ) representative of different types of properties
(basic, amphoteric and acidic, respectively) were used as supports for gold and
silver. The catalysts were prepared according to a two-step process [3] by the
addition of 2 wt.% Au and 1 wt.% Ag, and characterized by N 2 adsorption/desorption
isotherms, XRD, Uv-Vis, XPS, and TEM. Monometallic gold samples were also
studied for comparison. All catalyst samples were tested in n-octanol oxidation after
thermal treatment in O 2 or H 2 (10 mL/min, 1 h, 400oC) and are denoted hereinafter
by the corresponding suffix. Then, their catalytic activity was tested in the liquid
phase oxidation of n-octanol with oxygen under atmospheric pressure at 80oC for 6 h.
XRD, TEM, UV-vis and XPS results indicated the presence of both metallic
gold and silver in bimetallic catalysts. Moreover, UV-Vis analysis indicated formation
of AuAg-alloy on the surface of AuAg-MgO (the band was blue shifted from 528 nm
for Au-MgO to 506 nm for AuAg-MgO). Thermal treatment of bimetallic catalysts in
hydrogen flow led to alloy formation or silver enrichment of the alloy.
The most active catalyst was AuAg-MgO-H 2 (Table 1). This is in line with
previous results obtained for Au/Mg/TiO 2 -H 2 modified with an electron-donor additive
(MgO) [2]. The same composition but pretreated in oxygen, AuAg-MgO-O 2 , showed
lower activity. The increase in alcohol conversion with silver addition revealed the
influence of alloy on the activity. The main reaction product over AuAg-MgO was the

o

Table 1. Activity and selectivity of catalysts in n-octanol oxidation at 80 C (after 6 h)

Catalyst
Au-MgO-H 2
Au-MgO-O 2
AuAg-MgO-H 2
AuAg-MgO-O 2
Au-ZnO-H 2
Au-ZnO-O 2
AuAg-ZnO-H 2
AuAg-ZnO-O 2
Au-Nb 2 O 5 -H 2
Au-Nb 2 O 5 -O 2
AuAg-Nb 2 O 5 H2
AuAg-Nb 2 O 5 O2

Conversion,
%
26
50
62
38
38
48
21
10
6
11
3
12

Selectivity, %
aldehyde
ester
33
49
45
26
30
62
20
67
18
82
12
88
88
12
94
6
46
54
52
48
100
0
61

39

acid
18
29
8
13
0
0
0
0
0
0
0
0

ester. The effect of the thermal treatment on activity for AuAg-MgO was similar to that
for AuAg-ZnO, but activity of AuAg-ZnO-H 2 and AuAg-ZnO-O 2 was much lower.
However, very high selectivity to octanal was obtained. Catalysts supported on
Nb 2 O 5 showed the lowest activity, which can be related to the acidic character of the
support. The bare supports (MgO, ZnO, Nb 2 O 5 ) were not active in the reaction. The
relationships between surface properties of the metallic catalysts and their catalytic
activity and selectivity will be discussed in detail.
In summary, one may conclude that the changes in catalytic performance of
bimetallic AuAg catalysts in n-octanol oxidation upon different thermal treatments (in
oxygen or hydrogen) strongly depend on the surface properties of the metal oxide
supports. High selectivity to the aldehyde or the ester can be reached by combining
the proper choice of the support and the atmosphere of the pretreatment (O 2 or H 2 ).
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Alumina: discriminative analysis using 3D correlation of solid-state
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Synthetic transition alumina’s (χ, κ, θ, γ, δ, η, ρ) exhibit unique adsorptive and
catalytic properties leading to numerous practical applications. They are good Al
sources for manufacturing aluminium metal through the Bayer process. Gamma,
theta and eta alumina are popular in catalytic applications such as dehydration of
alcohols, isomerisation of olefins, production of sulphur from H 2 S, etc.[1] Other
important alumina-catalysed reactions include chlorination of methanol, dehydrofluorination of organic fluorides, alkylation of phenols, de-oxygenation of bio-oils
and decomposition of triglycerides. Large scale applications as catalyst support for
metals include hydrodesulfurization in petroleum refinery using cobalt and nickel
promoted molybdenum sulfide, NO x reduction, and CO and hydrocarbon oxidation
reactions on supported noble metals. Wash coated monolithic exhaust gas
purification catalysts are further examples.[1]
Generated by thermal transformation of aluminium (oxy)hydroxides, structural
differences between transition alumina’s arise from the variability of aluminium
coordination numbers and degree of dehydroxylation. For some time they were
considered as highly disordered or even completely amorphous.[2] Clear assignment
of structural models to the different phases severely was, and still is hampered by the
occurrence of complex phase assemblies along the calcination path in combination
with their typical micro and nanocrystalline nature. Whereas the latter is a direct
consequence of their formation by the release of structural water and consequent,
densification, it results in broadening of the X-ray diffraction lines, rendering PXRD
patterns very difficult or impossible to analyse.
Quadrupolar interactions of 27Al nuclei, highly sensitive to each site symmetry, render
advanced

27

Al solid-state NMR a unique spectroscopic tool to fingerprint and identify

the different phases.[3], [4]

27

Al NMR spectroscopic data on alumina reported in

literature represents a comprehensive library. Analyzing this dataset using a new 3D
correlative method of NMR parameters enabling fingerprinting and identification of

these phases. Providing a gold standard from crystalline samples, this approach
demonstrates that any sort of crystalline, ill crystallized or amorphous, mixed periodic
or aperiodically ordered transition alumina can now be assessed beyond the current
limitations of characterisation. Adopting the presented approach as a standard
characterisation of alumina samples will readily reveal NMR parameter–structure–
property relations suitable to develop new or improved applications of alumina.
Methodological guidance is provided to assist consistent implementation of this
characterisation throughout the fields involved.

Figure 1. Plots of

27

Al NMR parameters (d iso , C Q and h Q ) of four-, five- and the six

Al-O coordinations in transition alumina phases (α, χ, κ, θ, γ, δ, η, ρ) and their
precursors (Bayerite (Ba), Boehmite (Bo) Gibbsite (G) and Diaspore (D)).
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Synthesis of THF-derived Amines by Transformation of Bio-derived
Furfural
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Poitiers, 86073 Poitiers, France
The transformation of biomass into valuable amines is highly desirable in view of the
synthesis of biosolvents and biosurfactants. As of today, only few amination studies
have been reported on biobased substrates, targeting mainly the reductive amination
of small platform molecules issued directly from biomass. For instance, furfural,
derived from the hydrolysis of xylose, can be selectively converted into furfurylamine
over supported ruthenium catalysts [1,2]. To increase the molecular complexity and
diversity of biobased amines, it is necessary to develop catalytic processes
combining C-C and C-N coupling reactions. One option could be the combination of
the aldol condensation/crotonization reaction of furfural with ketones with variable
chain length and ramification degree (e.g., methyl isobutyl ketone or MIBK), followed
by reductive amination (Scheme 1 – route A). The aldol condensation of furanic
compounds has been reported so far, but targeting mainly the production of liquid
alkanes [3].
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Scheme 1. (A) Two-reactor process for the synthesis of furfural- and THF-derived amines by
combining aldol condensation (C-C) and reductive amination (C-N); (B) one-reactor tandem
concept.

Herein we report the preparation of a new family of furan- and THF-derived amines
with high selectivity, starting from bio-derived ketones issued from the aldol
condensation of furfural with MIBK, using NH 3 or amines as a nitrogen source and H 2
as reducing agent. By combining the basic Amberlyst-26 (catalyst 1) with 5%Ru/C or
5%Pd/Al 2 O 3 (catalyst 2), functionalized furanic and THF-amines could be directly
accessed from furfural in a single reactor (one-reactor tandem concept) without need
of isolating the aldol intermediate (Scheme 1 – route B). The reaction conditions were
optimized for both catalysts to maximize the yield of the final amine product (Scheme
2 and Figure 1). In these tests, the aldol intermediate was first generated in situ after
4 h reaction and subsequently NH 3 and H 2 were introduced. A yield up to 70% and
74% towards the furan- and THF-derived amines was achieved.
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Scheme 2. Main products obtained in the reductive amination of the aldolization product (1) over
5wt.%Ru/C and 5wt.%Pd/Al 2 O 3 and corresponding yields after 14 h and 20 h reaction time. Detailed
results and experimental conditions can be found in the caption of Figure 1.

Figure 1. Time-evolution of the yield of the observed products in the reductive amination of the
aldolization product (1) over 5wt.%Ru/C (left) and 5wt.%Pd/Al 2 O 3 (right) in a batch reactor. Reaction
o
conditions (Ru/C): 1.7 mmol (1), 5 bar NH 3 , 15 bar H 2 , 0.87 mol% Ru, 1.3 mL ethanol, 100 C;
Reaction conditions (Pd/Al 2 O 3 ): 1.1 mmol (1), 5 bar NH 3 , 20 bar H 2 , 0.42 mol% Pd, 2.5 mL ethanol,
o
120 C.
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The role of metal-support interaction in Ag-CeO 2 catalysts for roomtemperature nitrophenol reduction to aminophenol
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Introduction
Being an environmentally safe and highly effective method, the catalytic
hydrogenation of nitroarenes into amines is of great scientific and practical interest,
since the amines are the important precursors in the chemical industry. The Agbased catalysts are the most promising composites because they are cheaper as
compared to other noble-metal-based materials and possess high chemical activity.
The metal-support interaction was found to play an important role in the Ag/CeO 2
catalysts [1]. The interest to CeO 2 support is connected with both its unique redox
properties and the phenomena of strong metal-support interaction (SMSI) In the
present work we focus on the controlling of the MSI in the Ag/CeO 2 catalysts by
applying different preparation techniques, namely, impregnation, co-precipitation, and
impregnation of the prereduced ceria. The aim of the work is to study the influence of
the MSI on the catalytic activity of Ag-CeO 2 catalyst in the reduction of p-nitrophenol
into p-aminophenol in the presence of NaBH 4 under mild conditions (room
temperature, atmospheric pressure).
Experimental
Ceria and Ag-CeO 2 catalysts (Ag loading varied from 1 to 15 wt.%) were prepared by
precipitation and impregnation techniques. The new approach for Ag/CeO 2 catalyst
preparation was developed: prior to the impregnation the ceria support was prereduced at 500 oC to generate the surface Ce3+ species, and their redox reactions
with Ag+ ions led to the strong Ag-CeO 2 interfacial interaction [2]. The catalysts were
characterized by the low-temperature N 2 adsorption, XRD, HR-TEM and TPR-H 2
methods and tested in the reduction of p-nitrophenol into p-aminophenol with NaBH 4
at room temperature and atmospheric pressure.
Results and discussion
The preparation method (co-precipitation and impregnation) is shown to affect the
structures of the resulting Ag/CeO 2 catalysts. Small silver clusters (0.5-3 nm) are

observed by the HR-TEM on the CeO 2 surface in the catalysts prepared by the
impregnation technique (Fig. 1a). The spherical agglomerates with a diameter of
~300 nm are formed in the Ag-CeO 2 catalyst prepared by co-precipitation. The SMSI
is revealed for the Ag/CeO 2 catalysts prepared during the redox reaction between
Ce3+ and Ag+ during the co-precipitation or impregnation of the prereduced ceria
support.

Fig. 1. The HR-TEM image of Ag/CeO 2 (impregnation) catalyst (a), UV-Visible
spectra of aqueous solutions of p-nitrophenol in the presence of NaBH 4 and
Ag/CeO 2 catalyst (b), and kinetic curves of p-nitrophenol reduction (c).
Fig. 1b shows the UV-vis spectra of p-nitrophenol (λ=400 nm) reduction into paminophenol (λ≈300 nm) in the presence of NaBH 4 and Ag/CeO 2 catalyst at room
temperature (25 oC) and atmospheric pressure. As can be seen from the kinetic
curves (Fig. 1c), CeO 2 does not catalyze the reduction of 4-nitrophenol under these
conditions. The introduction of silver into the catalyst facilitates the reaction, and the
total conversion of p-nitrophenol is achieved in 5-10 minutes. The catalysts prepared
by impregnation are more active in this reaction due to the localization of silver
predominantly on the surface of the ceria support. The catalyst prepared by coprecipitation is characterized by the silver localization both on the surface and in the
bulk of the Ag-CeO 2 agglomerates and lower catalytic activity.
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MCM-56 zeolites synthesized using aniline as structure promoting
agent – the influence of post synthetic modifications on their
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The aim of this work was to investigate the catalytic properties of modified
MCM-56 zeolites (MWW type) in alkylation of mesitylene (1,3,5-trimethylbenzene)
with benzyl alcohol. The Friedel-Crafts alkylation represent an important group of
organic chemistry reactions, which are widely used in various industry segments.
Acidic zeolites are regarded as an eco-friendly alternative to homogenous catalysts
that are being used in the alkylation processes. As conventional zeolites show low
activity in the studied reaction due limited accessibility of the active centers, postsynthetic modifications aimed at increasing the number of accessible acid sites are
extensively studied. This work focuses on exploring the unique benefits of MWW
zeolites with layers containing acid centers to design new, active catalysts by
modifying spatial arrangement of the layers by swelling, pillaring or desilication [1].
MWW zeolites have been synthesized with hexamethyleneimine and aniline.
Aniline was introduced as the structure promoting agent (SPA) to couple with HMI as
the structure directing agent (SDA) to achieve temperature-controlled phase-transfer
hydrothermal synthesis of MCM-56 [2]. It has been reported that the MCM-56 zeolite
synthesized via this route is not transformed into further derivatives. Post synthetic
modifications comprised swelling with the use of cationic surfactant (CTAB –
cetyltrimethylammonium hydroxide/chloride) and pillaring with tetraethylortosilicate
(TEOS), followed by calcination.
Structure of the obtained materials was characterized by X-ray diffraction
(XRD). Elemental composition was examined by XRF. Infrared spectroscopy of
adsorbed probe molecules was applied for studying acidity. Porosity was assessed
by low temperature N 2 adsorption and quasi-equilibrated temperature programmed
desorption and adsorption (QE-TPDA) [3]. SEM imaging was used for morphology

characterization. Liquid phase alkylation of mesitylene with benzyl alcohol was used
as a catalytic test reaction.
XRD patterns of the parent and modified zeolites confirm presence of the
MWW structure (Fig. 1, left). The modified zeolites exhibit considerably higher activity
in alkylation of mesitylene (Fig. 1, right). However, IR data on pyridine adsorption
reveal decreased member of acid sites upon pillaring (by ca 30%). Despite this,
better catalytic performance of the modified zeolites was attributed to the increased
accessibility of the acid sites. This was corroborated by the increased selectivity of
the bulky alkylation product which may be formed only on the active sites exposed to
the surface. Molecules of the other main product (dibenzyl ether) are much smaller
and may be formed on the sites located within the framework.
The preliminary results confirm that post synthetic swelling and pillaring of
MCM-56 zeolites synthesized using aniline may results in obtaining acidic zeolites
containing large numbers of active sites accessible for large molecules. Further
research aimed at better understanding of this findings and exploring other
modification methods is underway.

Figure 1. Comparison of XRD patterns and catalytic data observed for MCM-56 zeolites.
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A growing demand in high-purity olefins requires new technologies of their production
in addition to traditional steam and catalytic cracking methods. Olefins are widely
used in chemical and pharmaceutical industry to produce a wide range of valuable
chemicals. For these purposes the catalytic non-oxidative (DH) and oxidative (ODH)
direct dehydrogenation of alkanes into olefins represent a wide scientific interest. The
DH of alkanes is a promising method due to high selectivity towards olefins. In turn,
the ODH with CO 2 as a mild oxidant is also of interest due to the opportunity of
shifting of the dehydrogenation reaction equilibrium and CO 2 utilization. Both DH and
ODH pathways strongly depend on redox properties of support and active
component. To date, different types of mixed oxides [1, 2] have been studied as
catalysts for these processes. In spite of toxicity of chromium compounds, the Crcontaining catalysts remain one of the most active among the DH catalysts. The use
of CrO x as an alumina-supported active component is caused by the ability towards
multiple and reversible oxidation-reduction (CrV/VI↔CrII/III). The supported Crcontaining catalysts also show high activity in ODH-CO 2 of propane and isobutane.
However, the use of oxide supports for Cr catalysts with the active oxygen and redox
properties is preferable for higher activity and stable operation of the catalyst.
Alumina shows poor redox ability, while ZrO 2 , CeO 2 and mixed ceria–zirconia oxides
are the best candidates as supports for ODH catalysts due to their unique redox
properties. Thereby, the purpose of the present work is to compare the activity of the
Cr-containing systems on different supports in nonoxidative and oxidative
dehydrogenation of alkanes.
γ-Al 2 O 3 , CeO 2 , ZrO 2 , Ce x Zr (1-x) O 2 were used as supports. Cr-containing catalysts
with Cr loading corresponding to a monolayer (5 at Cr /nm2) were prepared by incipient
wetness impregnation of the supports using aqueous solution of H 2 CrO 4 . The
catalysts were dried at 80 °C for 12 h and calcined at 600 °C for 4 h. The catalysts

were characterized by low-temperature N 2 sorption, XRD, TPR, DRS, RS and tested
in the DH of isobutane and ODH-CO 2 of ethane.

Fig. 1. (a) i-C 4 H 10 conversion and i-C 4 H 8 selectivity; (b) ethane conversion and C 2 H 4
selectivity
According to the results obtained, the state of Cr on the surface is different over
different supports. The formation of α-Cr 2 O 3 particles was observed only for the
CrO x /CeO 2 catalyst. Several chromium states were identified by the DRS method.
The activity of CrO x /γ-Al 2 O 3 was slightly higher than the one of CrO x /CeO 2 (Fig.
1(a)). TPR-H 2 results showed that the CrO x /ZrO 2 and CrO x /Ce x Zr (1-x) O 2 contain the
highest amount of redox Cr5+/6+ species. These catalysts are the most active in the iC 4 H 10 dehydrogenation. Thus, the chromium state mainly affects the catalyst activity
in the DH of isobutane. However, in the case of ODH-CO 2 of ethane the reaction
pathway, activity and stability of the catalyst depend on both chromium state and
support features (acid-base and redox properties) (Fig. 1(b)). The CrO x /γ-Al 2 O 3 and
CrO x /ZrO 2 catalysts exhibited the highest ethylene formation rates, but the reaction
followed different pathways. For CrO x /γ-Al 2 O 3 catalyst, ethylene is formed via the DH
of ethane accompanied by the reverse water–gas shift reaction, while for the
CrO x /ZrO 2 catalyst ethylene is formed via the selective ODH, while non-selective
and/or dry reforming reactions take place on CrO x /CeO 2 .
This work was supported by Tomsk State University competitiveness improvement
program.
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Methane oxidation over bimetallic centres in zeolites
Edyta Tabor1, Kinga Mlekodaj1, Mariia Lemishka1,2, Zdenek Sobalik1,
Alena Vondrová1, Jiri Dedecek1, Stepan Sklenak1
1

J. Heyrovský Institute of Physical Chemistry of the CAS, Dolejškova 3/2155, 182 23

Prague, Czech Republic
2

Faculty of Chemical Technology, University of Pardubice, Studentská 573, 532 10

Pardubice, Czech Republic
*e-mail: edyta.tabor@jh-inst.cas.cz

Selective oxidation of methane represents a promising way of the transformation of
natural and shale gases into more valuable key chemical feed stocks with an
enormous possible economic impact [1]. Due to, high C-H bond strength (439 kJ mol1

), low polarizability, weak acidity and low electron and proton affinity methane

molecule is relatively inert and for its oxidation active oxygen form is necessary.
Zeolites offer the matrix for stabilization of transition metal ions (Me = Fe, Ni, or Co),
which would provide selective oxidation of hydrocarbons over Me centres. It was
confirmed that Fe-*BEA effectively stabilizes oxygen originating from N 2 O and uses
this oxygen to oxidize methane to methanol [1]. Ferrierite (FER) structure offer a
special arrangement for the stabilization of Fe ions as binuclear centres across the
zeolite channel [2]. Over this binuclear structure, N 2 O was effectively dissociated and
active oxygen form was stabilized on Fe(II). The aim of this work was targeted at
synthesis preparation of binuclear Co- Ni-, and Fe- species in FER and analysis of
their redox properties in selective oxidation of methane by N 2 O to methanol using in
situ FTIR and Mössbauer spectroscopy. The products of methane oxidation over MeFER by N 2 O were monitored by mass spectrometry.
The highest concentration of binuclear metal centers in FER is observed when Me/Al
ratio reaches 0.33 (this value represents the total exchange capacity of FER).The
series of Me-FER (Me = Co, Fe, and Ni) with Me/Al ~ 0.3 were prepared. In the FTIR
spectrum of dehydrated samples all prepared Me-FER exhibited the band with
maximum intensity at 915 cm-1, which characterizes the Me(II) species in 6MRs (Fig.
1A). Interaction of dehydrated Me-FER with N 2 O at 220 °C resulted in the shift of the
band describing Me(II) from 915 to 887 cm-1 (Fig. 1B). The new band at 887 cm-1 was
assigned to active oxygen originating from N 2 O stabilized on metal cations (Co, Fe,

and Ni) in cationic positions. The introduction of CH 4 at 220 °C to Me-FER containing
active oxygen species (formed after exposure to N 2 O) resulted in a full shift of the
band from 887 cm-1 to 915 cm-1 (reduced form of cation) (Fig. 1C). This result clearly
confirms the complete reduction of the [Me(III)-O-]2+ species
by CH 4 . In the FTIR spectra after CH 4 treatment the new
bands at 2920 and 2832 cm-1 (Fe-OCH 3 ) and the bands at
2979 and 1371cm-1 (CH 3 OH vibrations) were observed.
Speciation of iron in Fe-FER analyzed by Mössbauer
spectroscopy revealed that majority (~ 80 %) of iron is
present as Fe(II) located in 6MRs in T d coordination, with
the rest of the iron being Fe-oxo species in O h coordination.
Mössbauer in situ studies of Fe-FER revealed a total
transformation of Fe(II) to Fe(III) after N 2 O treatment at 220
°C. The Mössbauer spectrum of Fe-FER recorded after
interaction with methane at 220 °C over N 2 O-oxidized
Fe-FER corresponded exclusively to Fe(II) species,

Fig. 1. FTIR spectra of Fe-FER after: A)
dehydration at 450 °C, B) interaction
with N2O at 220 °C, and C) interaction
with CH4 at 220 °C preceded by Fe-

which confirmed a reduction of Fe(III) to Fe(II) using CH 4 . Oxidation of methane by
N 2 O at 220°C over Me-FER monitored by a quadrupole mass spectrometer
confirmed the formation of methanol (m/z = 31) and formaldehyde (m/z = 29). The
methanol production related to the Me cation did not exceed 0.5 mol CH3OH /mol Me,
which confirms that the active sites for the formation of the α-oxygen and methanol
oxidation represent two cooperating Me cations.
FTIR and Mössbauer in situ studies confirmed what was previously predicted by DFT
calculations, i.e. that binuclear transition metal (Fe, Mn, Co, and Ni) species in FER
can split N 2 O. This interaction results in the stabilization of active oxygen on the
metal cation in FER cationic positions and N 2 formation. For the first time, we showed
that the active oxygen form N 2 O stabilized on metal cations (Co, Fe, and Ni) easily
oxidizes methane to methanol at 220 °C. The oxidation properties strongly depend
on the transition metal ion embedded to FER structure. Among studied Me-FER, the
Ni-FER was the most active in oxidation of methane to methanol.
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Scope
Cyclohexylphenol is a high added-value chemical, extensively used for the synthesis
of dyes, resins and biocides. [1] This molecule is currently synthetized by alkylation
reaction using phenol and cyclohexene/cyclohexanol as reactants and high-polluting
and toxic Brønsted acids such as H 2 SO 4 or H 3 PO 4 as catalysts. [2] As an
alternative, the present contribution investigates the production of cyclohexylphenol,
using a one-pot greener route, which involves the partial phenol hydrodeoxygenation
(HDO), leading to cyclohexene, followed by an alkylation step, which promotes C-C
bonding between phenol and the in-situ produced cyclohexene. This process
requires a catalyst with an adequate balance of acidic and hydrogenation sites, so
they can operate cooperatively to promote these coupled reactions. Furthermore,
phenol is one of the most abundant aromatic compounds presents in pyrolysis biooils obtained from lignocellulosic biomass. The use of this renewable feedstock could
increase the environmental value of this alternative synthesis route. As catalyst,
cobalt phosphide loaded on different amounts (1.5, 2.5, 5 and 10 % wt. Co) over a
commercial Beta zeolite were used (Clariant) ([Si/Al] MOL = 13). Catalytic reaction
tests were carried out in a stirred batch reactor at 240 ºC, using 40 bar of H 2 and 3.3
% wt. of phenol in decaline.

Results and discussion
XDR analyses (Fig. 1, A) revealed that, after metal phosphide loading, the zeolitic
structure was preserved with high crystallinity degree, although some contribution of
AlPO 4 was also observed for the samples with higher cobalt content. Likewise,
reflections corresponding to the metal rich phosphide phase (Co 2 P) were detected in
high loaded samples (10-CoP/Beta and 5-CoP/Beta). [3] However, for samples with
low loading (2.5-CoP/Beta and 1.25-CoP/Beta) only the zeolite peaks appear in the
XRD, suggesting high dispersion of this phase. In the case of 1.25-CoP/Beta the low

temperature feature of the H 2 -TPR profile indicate the formation a Co0 rather than
phosphide. Acidity of the catalysts decreased with regards to parent zeolite with
increasing active phase loading, surely due to acid sites coverage. Figure 1 (B)
shows phenol conversion, as well as the product distribution obtained using catalysts
with different CoP content. In these conditions, as expected, when CoP loading
decreases, lower conversions were obtained. In particular, it is worth highlighting the
very little activity observed in the case of 1.25-CoP/Beta, due to the fact that no CoP
is present. Same tendency was observed in HDO activity, being 10-CoP/Beta
catalyst the most active in that reaction, showing a cyclohexane selectivity of 48 %.
However, cyclohexylphenol selectivity presents a maximum on the catalysts with
cobalt loading in the 2.5 - 5 % wt. range. Those results confirm that an equilibrated
proportion of active sites for both hydrodeoxygenation (needed for cyclohexene
production) and alkylation reaction is required. Since alkylation activity shows an
opposite trend with CoP loading than HDO, due to the blocking of active acidic sites,
the most beneficial balance is achieved for that intermediate loading range.

Figure 1. XRD patterns of parent zeolite and loaded catalysts (A) and phenol conversion and
liquid product distribution (B)
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Functional reduction of the C=O unit in carbonic acid derivatives, and in carbon
dioxide is a challenging process of key importance for the synthesis of value-added
chemicals.[1-2] It can enable novel synthetic pathways such as preparation of fine
chemicals and pharmaceutical synthesis through manipulation of functional groups in
agreement

with

the

principles

of

Green

Chemistry.

In

particular,

these

transformations are important in the utilization of alternative feedstocks derived from
biomass or from carbon dioxide.[3-6] Catalysts based on earth-abundant, cheap, and
benign metals would greatly contribute to the development of sustainable synthetic
processes derived from this concept.[6]
Herein, we report the reduction of a broad range of organic carbonates, and CO 2
using a new manganese pincer complex [Mn(Ph 2 PCH 2 SiMe 2 ) 2 NH(CO) 2 Br] and
pinacolborane as reducing agent.
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Reactions occur at mild conditions (80-120°C), low catalyst loadings (0.036 – 0.1
mol%) and run under solvent-less conditions which enables catalytic reductive
functionalization for a wide range of structurally diverse substrates through
hydroboration of cyclic five- and six-membered carbonates, linear carbonates, and
even carbon dioxide.
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Mechanistic studies confirmed that the B-H activation of pinacolborane is facilitated
via metal ligand cooperation including crystallographic characterization of a borane
adduct at the pincer complex.
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A fuel cell is an electrochemical device that converts the chemical energy of a fuel
(e.g. hydrogen, methanol) directly into electrical energy following the principle is shown
in Figure 1. The main advantages of fuel cells are: (i) they produce zero or very low
emissions, especially greenhouse gases, (ii) they produce electrical energy with a very
high yield (up to 60%), (iii) they can be used for combined heat and power purposes,
further increasing the efficiency of energy production and (iv) they are entirely silent.

One of the types of fuel cell is Proton Exchange Membrane Fuel Cells (PEMFCs).
They work at low temperature (< 100°C), uses a proton-exchange membrane, i.e.
Nafion as an electrolyte. The most frequent catalysts used in PEMFCs are platinum
nanoparticles deposited on carbon (Pt/C). The major hurdle is stability: the platinum
nanoparticles can dissolve, coalesce, grow, and the carbon support may oxidise, which
leads to nanoparticle detachment, a decrease of electrochemically surface. Also, due to
the sluggish Oxygen Reduction Reaction (ORR), large amounts of Pt are used, which
makes the fuel cell manufacturing expensive. In the exploration of alternative catalysts,
researchers have looked at several other types of materials, one of the ideas is to
decrease the amount of needed precious metal by the partial substitution of Pt with
potential candidates such as cobalt [1].
Among the various possible structures, hollow particles are considered. Hollow
particles have void space in their body, are presently attracting great attention due to their
unique properties such as high surface-to-volume ratio, and excellent chemical and thermal
stabilities. They display higher activity and are more stable than usual Pt nanoparticles
[2]. The PtCo alloys are much more active than pure Pt due to the strain-ligand effect on
the Pt lattice obtained by introducing cobalt atoms. Synthesis of PtCo hollow
nanoparticles on carbon xerogels was previously performed [2]. The obtained catalysts
showed high activity and resistance to degradation. However, the synthesis method is

complex, and the next step is to optimise the procedure and simplify it while reaching
larger platinum loading (> 20 wt.%). Synthesised catalysts will be investigated by various
physicochemical and electrochemical techniques.

a)
Anode: 𝐻2
Cathode:

1
2

→ 2𝐻+ + 2𝑒 (1)

𝑂2 + 2𝐻+ + 2𝑒 → 𝐻2 𝑂 (2)

Overall: 𝐻2

R

+

1
2

𝑂2 → 𝐻2 𝑂 (3)
R

Figure 1 Summary reactions are occurring in PEMFC.
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We report the synthesis of adamantyl-BINOL-based chiral porous aromatic polymers
(Ad-BINOL-PAFs) for heterogeneous catalysis.
Introduction
Porous organic polymers (POPs) as covalent organic frameworks (COFs),
hypercross-linked polymers (HCPs), conjugated microporous polymers (CMPs),
polymers of intrinsic microporosity (PIMs), have been prepared from different building
blocks and have been applied for gas storage, catalysis, sensors and organic
optoelectronics [1]. The “bottom-up” approach is a more effective strategy to
heterogenize molecular catalysts in comparison with the classical supported catalysts
and the resulting porous polymers catalysts possess the catalytic centers more
accessible and homogeneously distributed.
Results and discussion
The synthesis of chiral polymer Ad-BINOL-OH-PAFs and their soluble counterpart
Ad-BINOL-OH is outlined in Scheme 1. The precursor (B) was easily done from
commercially available (R)-BINOL and 1-adamantanol. Robust BINOL-frameworks
(BINOL-PAFs) were prepared via palladium-catalyzed Suzuki or Sonogashira crosscoupling reaction (under microwave heating) of (R)-4,4’-dibromo-2,2’-diethoxy-6,6’adamantyl (B) with a boronic acid or an alkyne structural building block and
deprotection with BBr 3 . The solid materials were characterized by FTIR, 13C CP/MAS
NMR and the porous properties measured by nitrogen adsorption/desorption
isotherms at 77 k indicated that Ad-BINOL-OH-PAFs are porous with BET surface
area of 365.5 - 455 m2.g-1.
Ad-BINOL-OH-PAFs were used as heterogenized BINOL ligand for the formation of
chiral catalysts by treating with excess Ti(OiPr) 4 . Resulting Ti-catalysts were applied

for the addition of diethylzinc to benzaldehyde and compared with that obtained from
the corresponding soluble D-[Ti]-catalyst (Table 1).

Table 1. Asymmetric ethylation of benzaldehydecat
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Scheme 1. Preparation of BINOL-PAF.

When soluble and heterogenized Ad-BINOLs were treated with Ti(OiPr) 4 are a highly
active catalytic system in the addition of diethylzinc to benzaldehyde to afford (R)-1phenylpropan-1-ol. The reactions are quantitative and selective for the secondary
alcohol. The enantiomeric excess for the heterogenized catalyst was 88% (from at
least three batch)similar to that obtained with the corresponding soluble D-[Ti].
The recovered catalyst (after washing) was able to perform diethylzinc addition to
benzaldehyde

for

seven

cycles

without

loss

of

conversion

although

the

enantioselectivity decreases due to the rest of zinc oxides or unreactive titanium
compounds
Conclusions
We have incorporated chiral adamantyl-BINOLs into porous polymeric frameworks giving
solid recyclable catalysts for ethylation of aldehydes.
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Introduction
Catalytic hydroamination or the direct addition of N-H bond across unsaturated C-C
bond in presence of catalyst is of considerable interest in the pharmaceutical and
chemical industries, since such addition led to the formation of organo-nitrogen
compounds with 100 % atom efficiency, which are present as important building
blocks in the areas of natural products (which afford pharmaceutical and biological
activities) fine chemicals, polymers, agrochemicals, dyes and surfactants. Though
hydroamination is thermodynamically achievable, however, the presence of a
considerable kinetic barrier makes the decision for using of a catalyst. [1] Even
though numerous catalysts have been explored under both homogeneous and
heterogeneous system, with aromatic and activated C-C multiple bonds, [1-4]
however, there are few reports of hydroamination with ethylene, where D. R. Coulson
first reported the catalytic addition of secondary amines to ethylene over various
rhodium and iridium compounds, [5] and hydroamination of ethylene by aniline with
platinum salts as reported by R. Poli et al.[6] Although homogeneous systems
provide outstanding yields, however, unlike heterogeneous system it requires tedious
methods in the separation of the catalyst, low recyclability. In this context, highly
uniform rhodium oxide nanoparticles have been embedded within the mesochannels
of mesoporous silica and efficiently utilized as catalyst towards direct addition of
amines to ethylene.
Material and Methods
Rh oxide nanoparticles have been decorated on mesoporous silica by organic matrix
decomposition method. Hydroamination has been carried out within Teflon-lined
stainless-steel autoclave using Schlenk technique at 170-180 °C and the products
were analysed by Gas Chromatograph (GC, Agilent 7890) connected with an HP5

capillary column (30 m length, 0.28 mmid, 0.5 µm film thickness) and flame ionization
detector (FID) and identified from GC-MS.
Results and Discussion

Figure-1. HRTEM images with particle size distribution (inset) of Rh@SiO 2

The HRTEM images reveal uniform distribution of (1-2 nm) rhodium oxide
nanoparticles within the mesochannels of silica and exhibits 25-30 % conversion and
> 98 % selectivity towards direct addition of piperidine to ethylene with remarkable
recyclability up to five cycles.
Conclusion
Uniform Rh oxide nanoparticles have been grafted on mesoporous silica and
efficiently utilized as catayst for the diect addtion of secondary amines to ethylene
with constant activity and remarkable recyclability.
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A strategy for heterogeneously catalysed amination of simple
arenes
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N-substituted arylamines constitute indispensable intermediates in the synthesis of
various high-value chemicals, such as pharmaceutical compounds, polymer
precursors and dyes [1]. Ideally, they could be synthesized directly from the
corresponding amine and aromatic compound. However, due to the nucleophilic
character of both amine and aryl coupling partner; and the fact that a strong C-H and
N-H bond must be replaced with a substantially weaker C-N bond, industry currently
employs prefunctionalized substrates, in which the C-H bond is replaced by a more
reactive group, such as C-X (with X = Cl, Br, I) [2, 3]. The well-known palladiumcatalyzed Buchwald-Hartwig amination for example [4] enables the coupling of an
aryl halide and an amine. Owing to its reliability and broad substrate scope,
Buchwald-Hartwig amination has become widespread practice. Nevertheless, it also
suffers from some serious drawbacks [2, 5]. Firstly, the use of prefunctionalized
substrates increases the number of steps and shifts the problem of C-H
functionalization to an earlier stage in the synthesis. The associated regioselectivity
issue is relocated to previous steps as well. Furthermore, the formation of
stoichiometric amounts of (halide salt) waste negatively affects the atom economy.
Therefore, a method for direct coupling of non-prefunctionalized amines and arenes
is highly desirable [2, 3, 5].
The goal of this research is to achieve C-N coupling with simple arenes, through
cross-dehydrogenative coupling (CDC) [2] with an external, clean oxidant such as O2
or (hydrogen) peroxide to thermodynamically drive the reaction. The efficient catalytic
systems that are identified, are in a next step heterogenized on a solid support, viz. a
zeolite. This will facilitate catalyst recycling and product purification.
For CDC, palladium and ruthenium are used to activate the C-H bond and generate
the C-N bond. As reoxidation of the metal must be efficient, we will also demonstrate
the use of a second metal such as CuII or AgI that acts as a redox mediator. This
second metal may also be involved in activation of the N-H bond. Both are
immobilised in the pores of the support (zeolite Y or beta). O2, H2O2 or organic
peroxides are employed as terminal oxidant, yielding only water or alcohols as waste

products. As a model reaction, the coupling of morpholine and simple aromatics like
anisole is studied (reaction 1). The effect of the solvent (e.g., a non-polar like toluene
versus polar non-protic like DMSO), type of oxidant, temperature, catalyst loading
and additives (acids, bases…), are being investigated to determine reaction
conditions under which the coupling products are observed. Besides, variation of the
substituents on the arene (e.g., 1,3-dimethoxybenzene as a more electron-rich
coupling partner) allows us to study electronic effects. For the heterogeneous
system, the loading and dispersion of the two metals on the porous support, as well
as its acidity and the cations present, are to be taken into account too.

(1)

Finally, we will show our efforts towards regioselective coupling by exploiting the
sterically constrained environment of the zeolite pores. To this aim, zeolites with
different topologies (e.g., ZSM-5 (10 membered ring channels) or zeolite Y (cages
with 12 membered rings)) are tested in combination with substrates of variable size.
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Abstract
The

catalytic

hydrogenation

of

aromatic

compounds

containing

carbonyl

functionalities has widespread applications in the chemical industry.[1] However, a
major challenge lies in the design and the development of catalysts possessing high
activity, stability, and tunable selectivity.
In this context, the synthesis of metal nanoparticles (NPs) in Supported Ionic Liquid
Phases (SILP) produces NPs@SILP materials which are highly tunable and combine
the advantages of NPs in ionic liquid catalysts with those of conventional supported
catalysts.[2] As a result, NPs@SILP catalysts have been proven to possess superior
catalytic properties for a variety of transformations, as evidenced in

recent

studies.[3]
In particular, our group has recently shown that the dilution of Ru with Fe to produce
Fe 25 Ru 75 @SILP bimetallic catalysts results in enhanced catalytic activity and
selectivity in the hydrogenation of aromatic ketones.[4] However, while the formation
of 3d metal/noble metal NPs alloys appears as an efficient tool to tune the activity and
selectivity of catalysts, systematic studies on the influence of the ratio and the nature
of the 3d metal on the resulting properties of bimetallic catalysts are scarce.
Hence, in this study we report the synthesis of bimetallic M x Ru 1-x @SILP (M = Fe, Co,
Ni) with tunable metal ratios through an organometallic approach. Electron
microscopy evidenced the formation of small and well dispersed NPs in all cases, and
their bimetallic nature was confirmed by STEM-EDX elemental mapping. (Figure 1)
The catalytic properties of the materials obtained were systematically investigated for
the hydrogenation of benzilideneacetone as a model substrate. Interestingly, the
catalysts’ selectivity is highly dependent on the ratio between M/Ru. While
monometallic Ru NPs lead to the formation of the completely saturated product,
increasing contents of Fe, Co or Ni results in a change of selectivity, in particular an

enhanced C=O hydrogenation rate and no aromatic ring hydrogenation. (Figure 1)
The selective hydrogenation of C=O bonds in aromatic compounds is challenging to
achieve with heterogeneous catalysts, and is a critical step in the synthesis of various
fine chemicals (e.g., in flavor, fragrance, or pharmaceutical chemistry) In addition, the
M/Ru ratio for which this selectivity switch is observed (full hydrogenation Vs
conservation of the aromatic ring) depends on the 3d metal considered.
These results show that the dilution of noble metals with 3d metals can not only
reduce the amount of noble metal used, but also produce catalysts with catalytic
properties that are not accessible using the pure metals.

Figure 1. Selective hydrogenation of benzilideneacetone using bimetallic M x Ru 1-x @SILP catalysts.
Top: illustration of the catalysts and catalytic transformations considered. Bottom: characterization of
the catalyst using STEM-HAADF-EDX elemental mapping, example with Co 75 Ru 25 @SILP.
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Introduction
The synthesis of 2-[3-(hydroxy)propyl] cyclododecanone (CDDPOH) can be carried
out by alkylation of cyclododecanone (CDD) with allyl alcohol (AlOH) in the presence
of DTBP as initiator [1]. CDDPOH is the first intermediate for producing the musky
fragrance Globalide. A problem occuring with AlOH is its tendency to polymerize.
Therefore, an excess amount of CDD is used in order to achieve complete
conversion of AlOH and to minimize undesired CDD side products. In this work,
allylacetate (AlAc) was applied for the allkylation of CDD instead of allyl alcohol to
obtain CDDPA [2]. The processing was carried out by continuous dosing of AlAc over
time in such a manner, that always a relatively low local concentration of AlOH was
present in the reaction mixture. This method has two advantages: the AlAc
concentration was always low over the whole experiment which minimized the
formation of unwanted by-products. Furthermore, it was possible to work at higher
reaction temperatures with increased reaction rates. CuO was found to be active,
stable at high temperatures, cheap and also re-oxidizable by air, therefore, it was
selected for the experiments.
Experimental
CuO initiators were prepared from two different precursors, Cu(OH) 2 and CuCO 3 and
calcined at different temperatures (400 °C and 650 °C). The CuO was labelled as
CuO-400 (C), in which 400 indicates the calcination temperature and (C) or (H) the
carbonate or hydroxide precursor used. The reaction was done at atmospheric
pressure in a 3-necked round bottom flask (250 ml) .182 g of CDD was placed in the
flask and the system was heated up to 180 °. Then the CuO initiator was added. The
initial concentration for all the experiments was kept constant by feeding 2 mL of the
required amount of AlAc with a rate of 1 mL/min. The remaining amount of AlAc was
added over 6 hours with a rate of 67 μL/min (final ratio CDD/AlAc=4:1).

Results and discussion
The surface areas of the prepared CuO (C) calcined at 400 and 650 °C were found to
be 10.5 and 3.9 m2/g, respectively. The TPR profiles of CuO-400 (C), CuO-600 (C)
and CuO-650 (H) (see Fig.1) demonstrated that the calcination at higher
temperatures led to the formation of larger particles which required higher reduction
temperatures. SEM pictures showed that the surface of CuO-400 (C) is finely
structured (see Fig.2a), while larger CuO crystallites are formed on calcination at 650
°C (see Fig.2b).
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Fig.1: TPR profiles of CuO calcined at different temperatures

Fig.2: SEM images (20.000x) of CuO prepared from
copper carbonate calcined at a) 400 and b) 650 °C

The possible steps for CDDPA formation and by products are shown in Scheme
1.The best result with 76% selectivity to CDDPA and 21% CDD conversion was
obtained using CuO-400 (C) with the highest available surface of the prepared
copper oxides. Optimal amount of CuO determined by its surface area, CDD:AlAc
ratio, and feeding rate of AlAc are crucial parameters to achieve high yields of
CDDPA.
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Aminotriazole Mn (I) Complexes as Cheap and Efficient Catalyst for
Reducing Reactions
Oriol Martínez-Ferraté,1,2 Giancarlo Franciò,2 Christophe Werlé,1 Walter Leitner 1,2
1

Institute of Technical and Macromolecular Chemistry, RWTH Aachen University,
Worringerweg 1, 52074 Aachen, Germany

2

Max-Planck-Institute for Chemical Energy Conversion, Stiftstraße 34-36, 45470
Mülheim an der Ruhr, Germany

The efficient use of environmentally friendly catalysts to promote new chemical
transformations certainly follows some aspect of green chemistry and thus is highly
desirable.[1] Hence, the usage of manganese is beneficial. Recently, Mn complexes
demonstrated the aptitude to catalyze a wide range of reactions (i.e., transfer
hydrogenation, hydrogenation of carbon dioxide or N-alkylation of amines with
alcohols) in good yields.[2] Therefore, the improvement of catalytic activity constitutes
an important challenge. The development of new triazole-based ligands through
click-chemistry constitutes a promising way to enhance the catalytic activity as a
whole because of the high tunability, and flexibility of the synthetic route.[3]
Herein, we present the synthesis and catalytic performance of a series of
aminotriazole Mn-based complexes with different ligand denticity and donor atoms
(NN, NNO, NNP) toward carbonyl and CO 2 reduction.
The obtained results show the aptitude of these complexes to reduce CO 2 to formate
in the presence of DBU with turnover numbers up to 200 without further additives.
Furthermore, these complexes reduced a wide range of ketones to the corresponding
alcohols by transfer hydrogenation or hydrosilylation. For both catalytic systems,
alcohols were obtained in moderate to high yields under mild conditions (transfer
hydrogenation: 80°C, 20h, and 3% catalyst loading, hydrosilylation: 80°C, 1h, and
0.25% of catalyst loading). Interestingly, the catalytic system shows good functional
group tolerance for both reducing methods.
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Temperature switchable Rh@SILP catalyst for the selective
hydro(deoxy)genation of aromatic ketones
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Hydrodeoxygenation reactions were identified as key transformations in the
production of fine chemicals, and during the process of converting renewable
resources to value added chemicals and tailor-made biofuels.[1]
To efficiently catalyze the consecutive hydrogenation and deoxygenation steps, the
combination of a metal catalyst and an acid catalyst is typically required. Our group
has recently shown that metal nanoparticles – especially ruthenium and ironruthenium nanoparticles – immobilized on acid functionalized supported ionic liquid
phases (SILP) are efficient catalysts for this transformation.[2-4] Besides the wellknown benefits of SILP supports, the above mentioned catalytic systems possess the
advantage of bringing the metal sites and the acid sites (sulfonic acid functionalized
imidazolium ionic liquid) in close proximity on a single support, which was
demonstrated to be the key to high hydrodeoxygenation activities.[3,4]

Herein, we report the synthesis of rhodium nanoparticles on a triphenylphosphoniumbased SILP (Rh@SILP(Ph 3 -P-NTf 2 ), see Figure 1), and were initially aiming for the
deep hydrogenation of aromatic ketones. Phosphonium-based ILs and SILPs indeed
represent an interesting alternative to imidazolium-based systems, due to their
comparatively low production costs, and their high thermal and chemical stabilities
(lack of acidic proton). Interestingly, besides the expected hydrogenation activity, the
resulting Rh@SILP(Ph 3 -P-NTf 2 ) catalyst was also found to possess excellent activity
for the hydrodeoxygenation of aromatic ketones under mild reaction conditions
although no acid was added and no residues from reduction agents were present.[5]
In addition, we show that the product selectivity can be easily switched between the
hydrogenated and the hydrodeoxygenated products by modifying the reaction

conditions. Control experiments evidenced that neither RhNPs stabilized on
imidazolium-based SILPs nor Ru@SILP(Ph 3 -P-NTf 2 ) displayed a significant
hydrodeoxygenation activity even at high temperatures. These results suggest that a
specific interaction between the RhNPs and the phosphonium-based SILP is giving
rise to this unexpected reactivity. The Rh@SILP(Ph 3 -P-NTf 2 ) catalyst could be
reused at least six times without any loss of activity and was applied to the
hydrogenation/hydrodeoxygenation of a range of substituted benzylic and nonbenzylic aromatic ketones.
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Figure 1: Catalytic hydro(deoxy)genation using rhodium nanoparticles stabilized on a triphenylphosphoniumbased supported ionic liquid phase (Rh@SILP(Ph 3 -P-NTf 2 )).
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Direct conversion of bio renewable limonene into a fragrance acetal
via tandem hydroformylation/acetalization
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1. Introduction

Aldehydes are a versatile class of compounds that can be used as synthetic
precursors of numerous useful derivatives. An efficient way of obtaining aldehydes is
the rhodium catalyzed olefin hydroformylation, which can be associated in sequential
reactions (tandem catalysis) resulting in aldehyde derivatives in a single operation
[1]. If optimized, tandem catalysis can improve the yields of the desired products with
no need of purification steps between the two transformations [2-3].
In this work, we present the tandem sequence hydroformylation/cyclic
acetalization of the naturally occurring limonene with the commodity diol neopentyl
glycol, to obtain a cyclic acetal (Scheme 1). The product is useful as fragrance [4].

Scheme 1

2. Results and Discussion

The catalytic system employed was [Rh(cod)(OMe)] 2 / PPh 3 / pyridinium ptoluenosulfonate. The reaction parameters studied were: temperature, acid catalyst
concentration and diol:olefin molar ratio (Table 1). Increasing the temperature from
80 oC to 120 oC resulted in a higher conversion of the substrate into the aldehyde,
and also improved the formation of acetal. Increasing the acid:Rh molar ratio from 5
to 10 resulted in a much higher yield of acetal. Surprisingly, it also improved the
hydroformylation step, with a higher substrate conversion after 24 h. A further

increase in the molar ratio to 20 did not improve the yield. Decreasing the
limonene:diol to 1:1 resulted in a strong decrease in the acetalization. In a molar ratio
of 2:1, however, almost all the aldehyde was converted into acetal. Surprisingly, the
yield was better than for the ratio 3:1 (c.f. entry 1), probably due to the deceleration of
the hydroformylation step in higher concentrations of diol.
Table 1 - Hydroformylation/acetalization of limonene with neopentyl glycola
% Yield
acetal:
Aldehydes Acetals aldehyde.
1
80
5
3
79
31
46
1.5
2
100
5
3
94
11
83
7.5
3
120
5
3
99
2
97
48.5
4
80
10
3
91
0
91
5
80
20
3
89
0
89
6
80
5
1
87
79
8
0.10
7
80
5
2
91
2
89
44.5
a
limonene (10 mmol), [Rh(cod)(OMe)] 2 (0.005 mmol), PPh 3 (0.1 mmol),
PyH+TsO-, THF (17.5 mL), 40 bar (1 CO:1 H 2 ), 24 h.
Entry T /°C PyH+:Rh diol:limonene %Conv.

3. Conclusion

The fragrance acetal derived from neopentyl glycol and limonene can be
obtained via tandem hydroformylation/acetalization in good yields. The optimization
of the reaction parameters is not straightforward and this work enlightened some of
its aspects.

Acknowledgements
CNPq, INCT Catalysis for financial support.
References
[1] R. Franke et al. Applied Hydroformylation, 2012, 112 (11), p. 5675.
[2] S.R. Khan, B. M. Bhanage. Tetrahedron Letters, 2013, 54 (45), p. 5998.
[3] J. Mormul et al. ACS Catalysis, 2016, 6 (5), p. 169.
[4] P.D. Lappe, et al. European Patent EP1316553A1, 2005.

Conversion of ethanol over copper based catalytic systems.
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Introduction
Ethanol produced by fermentation of lignocellulosics is expected to become a
primary intermediate in the new industrial organic chemistry based on renewables.
Many efforts are in progress for obtaining new nano-structured catalysts. In
particular, many studies are dealing with the manufacture of acetic acid, ethylacetate,
acetone, 1-butanol, butadiene, isobutene, by single step processes starting from
(bio)ethanol. Among the secondary intermediates, (bio)acetaldehyde may play a
relevant role since it has been recognised as one of the main intermediate for the
production of several industrial chemicals [1]. For the dehydrogenation of alcohols
into carbonyl compounds, systems such as Cu-ZnO, Cu-SiO 2 , Cu-Al 2 O 3 , Cu-ZnOAl 2 O 3 , Cu-MgAl 2 O 4 have often been studied. For instance, zinc aluminate spinel is
an active catalyst for converting ethanol, but it lacks selectivity, achieving only an
acetaldehyde yield near 50% [2]. Calcined Mg-based hydrotalcite revealed some
selectivity to acetaldehyde but also the production of acetone and other ketones [3].
Recently, our group worked on Cu-ZnO-Al 2 O 3 and tested the performances to obtain
selectively acetaldehyde [4]. Cu- based catalysts can be applied as catalysts
converting ethanol into different categories of chemicals as certainly aldehyde. By
tailoring support-metal interaction, acido-basic properties, metal clusters size and
metal-support interaction and possibly with the addition of promoters, it would be
possible produce also C4 oxygenates molecules, aromatics and/or hydrocarbons
fractions usable into gasoline. The aim of this work is to develop new Cu-based
supported catalysts for (bio)ethanol conversion into high added value chemicals.
Experimental
Copper-based

catalysts

with

different

Cu

loadings

(10%,

30%,

50%

as

wt CuO *100/wt support ) were prepared by conventional wet impregnation method by
using Cu(NO 3 ) 2 *3H 2 O aqueous solution and different support, i.e. ZnAl 2 O 4 , Mghydrotalcite and Al 2 O 3 . The synthetized catalyst has been dried for 5 h at 363 K
under magnetic stirring and then have been calcined in static air at 773 K for 2 hours.

The fresh catalysts were characterized by XRD, ICP-OES, IR and DR-UV-Vis
spectroscopies, FE-SEM microscopy, BET and pore volume measurements. The
catalysts have been tested in a fixed bed tubular quartz flow reactor at different
ethanol partial pressures and by varying contact time and temperatures [4]. The
spent catalysts were characterized by XRD, FE-SEM and DR-UV-Vis. In some cases,
in order to evaluate an increase yield in the desired intermediate, dual catalytic bed
were used.
Results and discussion
In Figure 1, the microphotographs of the calcined catalysts, acquired with a solidstate detector for backscattered electrons, are reported. It is possible to detect that in
all cases copper is both dispersed on the support and partially agglomerated on the
surface. Cu/ZnAl 2 O 4 system results to be highly efficient in ethanol dehydrogenation
to acetaldehyde with selectivities exceeding 95% at low conversion and lowered at
90% at higher temperatures (88% on 30CuZA). Copper-based catalysts are easily
reduced in the reactive atmosphere during ethanol conversion giving rise to the most
active species that according to our data are Cu metal nanoparticles supported on
Zn-poor sub-stoichiometric spinel particles. Preliminary results on dual catalytic
reactors show that a remarkable acetone yield (27%) at intermediate temperature
(i.e. 623 K) can be obtained by coupling 30%CuZA with a Mg-based catalyst.
Selectivities to C3 and C4 molecules depend on reaction conditions, in particular
contact time and reaction temperature, as well as on catalyst composition.

Figure 1: A) Cu/ZnAl 2 O 4 , B) Cu/MgAl 2 O 4 , C) Cu/Al 2 O 3 systems
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Introduction
Palladium leaching in Heck and Suzuki-reactions with solid catalysts has been a
highly discussed topic for more than a decade by now. Initially, effort was put into
(and still is) the endeavor to create highly stable and efficient non-leaching catalysts
consisting of immobilized Pd species. Very soon, the leaching phenomenon itself
became a research issue as e.g. in the early studies by Arai et al.[1] and Köhler et
al.[2] While leaching of palladium into solution (and re-deposition) has been
definitively been proven in many experiments, the mechanisms of leaching remain
largely unclear in detail. In order to understand the relevant steps of dissolution and
re-deposition of palladium during the reaction, the present investigation focused on
the correlation of the amount of dissolved Pd species with the conversion of the
educt and the yield of the product. Very detailed conclusions became accessible by
variation of all relevant parameters. Thus, we applied very different catalysts, from
supported palladium oxide particles to isolated structurally well-defined supported
palladium complexes prepared by grafting of organometallic precursors.[3] In
particular, aryl bromides as well as demanding aryl chlorides have been converted in
Heck reactions in such a mechanistic study for the first time. The latter allowed
investigations spanning very different time scales of few minutes to several hours of
reaction time and highly interesting new mechanistic insights.

Experimental
Different dimethylpalladium(II)-complexes with various backbone ligands were
grafted on high-vacuum pretreated SiO 2 . The successful synthesis was confirmed by
inert IR spectroscopy and MAS NMR spectroscopy. The synthesized materials were
applied in the Heck coupling reaction of bromo- and chlorobenzene with styrene:

The results were compared with classical supported Pd oxide particles. The amount
of Pd dissolved into solution was determined parallel to substrate conversion as a
function of time varying a number of parameters.
Results and Discussion
The active species is generated in situ by dissolving palladium off the solid catalyst.
Kinetic investigations and simultaneous detection of palladium leaching during the
coupling reactions revealed different dissolution and reduction mechanisms
depending on the applied (pre)catalyst.
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Figure 1: Correlation between the amount of dissolved palladium and the conversion of chlorobenzene at 160 °C
catalyzed by PdMe 2 (tmeda)/SiO 2 (cut-out of measurements over 30 hours).

The course of the palladium concentration in solution for the grafted catalyst
suggests that palladium is dissolved prior to its reduction (Figure 1), whereas for
palladium oxide particles the dissolution is directly linked to the start of the reaction.
The longer time scale with chlorobenzene as substrate allowed the resolution of
different leaching mechanisms during an initial period and the following hours.
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Introduction
It is well documented that titanosilicates, which contain isolated tetrahedral Ti
species in the zeolite framework, are highly efficient catalysts for the selective
oxidation of a wide range of organic substrates using hydrogen peroxide as an
oxidant [1]. Ti-MCM-68 (MSE topology) has been developed as phenol oxidation
catalyst showing high activity and selectivity toward para-isomer, hydroquinone [2, 3].
In contrast, Ti-beta (*BEA topology) showed almost no conversion of phenol in neat
conditions [2]. In this work, we investigated various preparation techniques of *BEAtype titanosilicates as well as their catalytic properties for the phenol oxidation with
H 2 O 2 in the presence of cosolvent.
Experimental
[Ti]-beta catalysts were obtained by the post-synthetic modification of framework Al
of Al-beta into Ti via the acid treatment (dealumination) and the following vaporphase TiCl 4 treatment. The hydrothermal synthesis of Al-beta was performed with [4,
5] or without [6] the aid of tetraethylammonium (TEA) cations; the former and the
latter are designated as Al-beta_TEA and Al-beta_OSDAF, respectively. On only Albeta_OSDAF, steaming at 500°C was performed before acid treatment in order to
stabilize the framework [6]. The prepared Al-beta samples were treated with 13.4 mol
L−1 HNO 3 solution under reflux conditions to give dealuminated samples. For Tiinsertion, each sample was exposed to a flow of argon (30 mL min–1) bubbled
through a vessel containing TiCl 4 maintained at room temperature. And then, TiCl 4
flow was continued for 1 h at 600°C. The Ti-modified samples were further calcined
at 650ºC for 4 h ([Ti]-beta_TEA, and [Ti]-beta_OSDAF).
Results and Discussion
All the as-synthesized products possessed *BEA framework without any impure
phases, as con-firmed by powder X-ray diffraction. After calcination and subsequent
dealumination treatments, the framework structures remained unchanged. UV-vis
spectra of Ti-beta samples showed a sharp peak at ca. 210 nm (due to tetra-

coordinated Ti) with broad shoulder peaks at 250−290 nm (assignable to pentaand/or hexa-coordinated Ti species). This means that most of Ti atoms can be
incorporated into the *BEA framework via vapor-phase TiCl 4 treatment at 600°C.
Table 1 lists the results of phenol oxidation with H 2 O 2 over titanosilicate catalysts
prepared in this work. The total yields in the reaction over [Ti]-beta catalysts prepared
via post-synthetic TiCl 4 treatments were significantly greater than that over
conventional Ti-beta. All [Ti]-beta catalysts exhibited greater ortho-selectivity
compared with TS-1. Table 1 also lists typical results for phenol oxidation over
titanosilicate catalysts in the presence of ethanol (EtOH) as a cosolvent. For example,
the use of EtOH in the [Ti]-beta_OSDAF system resulted in 77.5 % of para-selectivity.
This improvement may be caused by lower opportunity of ortho-hydroxylation on the
external tetrahedral Ti sites of [Ti]-beta due to coverage by alcohols. As another
factor, [Ti]-beta could allow interaction between EtOH and Si-OH on the surface of
micropores within the catalysts, leading to enhancement of steric restriction within 12ring micropores. These factors can make shape-selective reactions more likely to
occur over the [Ti]-beta catalysts.

Table 1:

Phenol oxidation over titanosilicate catalysts with the addition of ethanol as a cosolvent
Yield (%)
H2O2
p-Sel.
Ti content
a
Catalyst
Cosolvent TON
Conv. Eff.
b
(mmol/g)
Total HQ CL p-BQ (%)
(%) (%)c
[Ti]-beta_OSDAF 0.272
Neat
68
8.1 1.4
5.0
1.7
38.1 22.9 34.4
[Ti]-beta_OSDAF 0.272
EtOH
36
4.5 1.1
1.0
2.4
77.5
8.3 53.2
[Ti]-beta_TEA
0.286
Neat
64
8.4 1.4
4.4
2.6
47.9 34.7 23.4
[Ti]-beta_TEA
0.286
EtOH
22
3.0 0.7
0.7
1.5
75.2 15.8 18.1
TS-1
0.373
Neat
90
15.2 8.6
6.6 <0.1 56.8
−
−
TS-1
0.373
EtOH
27
4.8 3.5
1.4 <0.1 71.9
−
−

a. Turnover number, (HQ + CL + p-BQ)-mol/Ti-mol.
b. para Selectivity = (HQ+p-BQ)-mol/(HQ+CL+p-BQ)-mol.
c. H2O2 efficiency = (HQ+CL+p-BQ)-mol/(H2O2 converted)-mol.
Reaction conditions: catalyst, 20 mg; phenol, 21.25 mmol; H2O2, 4.25 mmol; EtOH (cosolvent), 4.0 g; temperature,
70°C; time, 60 min.
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Introduction
With the declining use of oil derivatives as fuels, Petrochemistry is expected to grow
in importance. Currently, ethylene is the main feedstock in Petrochemistry but is
produced through “steam cracking”, a very energy consuming process [1]. Oxidative
dehydrogenation of ethane into ethylene is a promising alternative much more
efficient in the energetic aspect. Most promising catalysts for this reaction contain
MoVTeNbO oxides with an orthorhomobic phase, named as M1 [2] whereas
standard bimetallic MoV catalysts present poor performance [3]. In this work, it is
seen that bimetallic Mo-V-oxide catalyst can drastically improve the selectivity to
ethylene if an orthorhombic structure is synthesized. In addition, the influence of the
composition and surface characteristics of MoVO, MoVTeO and MoVTeNbO
catalysts, presenting M1 crystalline phase, on catalytic performance is discussed.
Experimental
Catalysts, i.e. MoV-nc, MoV(M1), MoVTe(M1) and MoVTeNb(M1), have been
synthesized by the hydrothermal method [2]. They have been characterized by XRD,
H 2 -TPR, Raman, FT-IR, TEM and N 2 adsorption. Ethane (5%), oxygen (5%) and
helium (90%) have been fed to a fixed bed reactor filled with different amounts of
catalysts. The flow used varied from 25 to 100 ml/min (0.300 g of catalyst). The
reaction temperature studied ranges from 325 to 400ºC.

Results and discussion
Although there are differences among the catalysts regarding both the angle and the
intensity of some diffraction peaks, the XRD patterns of MoV(M1), MoVTe(M1) and
MoVTeNb(M1) catalysts evidence in all cases the presence of an orthorhombic
structure, whereas MoV-nc sample presents low crystalinity (Fig. 1A), with changes
in Raman spectra (1B).

The no-crystalline MoV-nc sample presents lower selectivity to ethylene, whereas the
M1-based samples have shown a high selectivity to ethylene in the ODH of ethane.
The differences among the catalysts presenting M1 phase are mainly observed at
high conversion, in which MoVTeNb(M1) catalyst presents the highest values; i.e. the
selectivity to ethylene still exceeds 90% at ethane conversion of 70% (Fig. 1C).
These catalytic results confirm that multicomponent MoVTeNbO catalysts have a
very low capacity for activating ethylene (this way avoiding the overoxidation).
Interestingly, the catalytic performance of the catalysts tested is mainly due to the
better or worse control of the olefin overoxidation, which seems to be the key aspect.
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Figure 1. XRD (A) and Raman (A) results of MoV-AM, MoV-M1, MoVTe-M1 and MoVTeNbM1 catalysts. C) Selectivity to ethylene at different ethane conversions for MoV-based
catalysts. Reaction conditions: T= 350-400ºC.

We must mention that the orthorhombic MoV(M1) catalyst synthesized in this work
presents a catalytic performance much better than a standard MoV sample with the
same composition prepared by co-precipitation as the catalytic activity is ca. 10 times
higher and the selectivity to ethylene at isoconversion is ca. 30 points higher.

Conclusions
MoVO, MoVTeO and MoVTeNbO catalysts with an orthorhombic structure (the socalled M1 phase) are highly selective to ethylene in the ODH of ethane, although
MoVTeNbO is the most efficient catalyst (yields > 70%). This is mainly due to is low
capacity for activating/decomposing ethylene.
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Introduction
For at least ten years he global capacity of ethanol production is increasing, reached
27 billion gallons at 2017 (Alternative Fuel Data Center, USA). This production
capacity may be an opportunity to revalue bioethanol, as this wide commercial
availability, as an alternative chemical platform for the synthesis of industrial
commodities of greater commercial value such as ethylene, acetaldehyde, diethyl
ether, long chain olefins and some aromatic compounds. Among then, forecast for
diethyl ether demand is estimated to witness a robust growth, in parallel to
pharmaceutical, fragrance and cellulose industry in spite of the fact that a scare
number of works with zeolites as catalytic materials have been reported [1,2]. In this
sense, as a part of our research program to explore bioethanol valorisation in zeolite
catalytic process [3,4], we present our finding about the effect of calcium in zeolites
NaY, NaX and KL on the reaction of bioethanol.
Experimental
Union Carbide commercial zeolites and prepared by ion exchanged method with
calcium of K-L (SK-45), Na-Y (LZY-52) and Na-X (13X) have been used as catalysts.
Ion exchanged zeolite were prepared with calcium chloride aqueous solutions. All
these samples, parent and exchanged zeolites were dried in air at 388 K for 12h and
calcined at 673K for 3 h before their use. All the samples were characterized by
chemical analysis (XRF), specific surface area (BET), X-ray diffraction (XRD) and
thermal programmed desorption of chemisorbed probe molecule (TPD-CO 2 ). A
conventional tubular reactor and a mixed gas flux with diluted ethanol (96% SigmaAldrich) in helium (99.999% pure, Carburos Metálicos) were used in the catalytic
performance reaction. All the reaction products were characterized in-line by gas
chromatography (GC).
Results and discussion

The chemical analysis by XRF of the exchanged zeolites shows that the calcium
exchange degree reached for all the samples is high, expressed as Ca/Al atom ratio
has been around 50% in the Ca-KL and close to 90% in the FAU type zeolites. These
values evidence a great efficacy of the procedure followed in the exchange
treatment. The crystallinity of the parent and exchanged zeolites was verified by XRD
diffraction patterns and shows the main diffraction lines of the KL zeolite at 2θ = 5.5º,
19.3º, 22.6º, 28.0º and 30.7º, NaY at 2θ = 9.2º, 12'6º, 16'5º, 24'2º and 27'8° and
those of the NaX at 2θ = 9'92º, 11'6º, 15'7º, 22'4º and 30'0º. Regarding to the large
calcium amount incorporated to FAU framework by ion exchange method it should be
expected an extensive occupancy at the three crystallographic sites (SI′, SII, and
SIII), while the lower ion exchange degree achieved in Ca-KL zeolite should be
related to C and D are the only open countercations positions. These hypothesis for
calcium location was reinforce by surface area reduction close to 20% in Caexchanged from parents KL and faujasite zeolites.
The catalytic performance results in the conversion of ethanol at 600 K showed as
the initial activity of the catalysts decays along time, remained similar of the original
zeolites with that of the Ca-exchanged. The main reaction products were in all cases
ethylene, acetaldehyde and diethyl ether and the main effect observed on the
calcium exchanged samples is an increase in selectivity towards diethyl ether with
decrease of selectivity towards ethylene, while that of acetaldehyde is not affected.
Conclusions
The effect catalytic activity is studied for the chemical revalorization of bioethanol on
NaX, NaY and KL and that of calcium exchanged showed ethylene as the main
reaction product for all the zeolites, while an increase of selectivity towards diethyl
ether is obtained with calcium exchanged ones.
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INTRODUCTION
Glucose as the monomer of cellulose is the most abundant and low-cost six-carbon
monosaccharide that can be used for Biorefinery concepts [1]. With its five hydroxyl
and one aldehyde group glucose molecule appears ideal feedstock to synthesize
various chemicals and fuels such as furfural, hydroxymethylfurfural (HMF), formic
acid (FA), and levulinic acid (LA) [2]. LA synthesis process includes firstly glucose
dehydration to HMF as intermediate product, rapidly rehydrated to LA and FA in the
presence of acidic catalyst at relatively high temperature. This process also suffers
formation of by-products, such humins and other soluble/insoluble polymers, which
decrease the reaction yield and provoke catalyst deactivation [3]. So the main
challenge in this reaction is to find very selective catalysts unable to form undesired
products maintaining high selectivity to LA.
In this study a series of catalysts based on activated commercial carbon DARCO
(AC) were developed via functionalization with different agents containing sulfonic
group (Brønsted acidic sites) such as sulfuric, sulfalinic and p-toluenesulfonic acid
(PTSA) (ACS, ACS-B, AC-PTSA samples respectively). Those samples were used
as catalysts for glucose dehydration at 175°C temperature using methyl
isobutylketone (MIBK) as organic co-solvents in water/organics phase and calcium
chloride as inorganic salt. The later helps to increase the partition coefficient of the α,
D-glucopyranose anomere to β, D-glucopyranose form in aqueous media in order to
to achieve higher yield of the valuable products [4].
Catalysts textural properties
Data analysis of the N 2 adsorption/desorption isotherm (shown in table 1) presents
the effect of the sulfonation method on the solid’s textural properties. According to
IUPAC, solids with average pores size > 2nm are classified as mesoporous

materials. In general, an increase the pore size

Table 1: Surface properties of activated and

is observed after the functionalization. However

functionalized activated carbon catalysts.

the use of sulfalinic and p-toluenesulfonic acid
provokes important changes, loss of specific

Samples

Porous

BET surface

Average

Volume

area(m2/g)

pore

3

(cm /g)

size

surface and total pore volume. If we compare

(nm)

the size of the introduced functional groups, in

AC

0,368

928

4,6

ACS

0,577

959

6,4

the case of ACS-B and AC-PTSA samples two

ACS-B

0,320

532

6,7

voluminous groups are found -C 6 H 4 -SO 3 H and

AC-PTSA

0,125

79

14,7

CH 3 -C 6 H 4 -SO 3 H whereas for the ACS sample
only the SO3H group should be present. The difference of the functional groups size
can explain the difference observed in the specific area of samples referring to a
possible pores blocking by the bulky molecules.
Catalytic dehydration of glucose to levulinic acid:
Within the series of funcionalized carbons,
AC-PTSA

sample

shows

the

best

selectivity in LA when CaCl 2 is used as
Lewis acid sites additive. However the
variation of LA yield on the functionalized
materials

can

be

considered

also

a

consequence of the porosity difference and
Brönsted acid sites number and force. The
poor yield of LA for the initial AC catalyst
Fig 1. LA and HMF yield for the funcionalized
carbons in the presence of CaCl2 (175ºC, 2h)

could be explained by the small pores size
and SO 3 H groups’ absence. Actually

greater the pore size greater the LA yield.
Conclusion
The introduction of Brønsted acidity improves the glucose dehydration towards LA
over the initial materials and a forward addition of Lewis acids like CaCl 2 triples the
LA yield. Important influence of pore size is also observed.
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Abstract
Many C-C coupling reactions catalyzed by homogeneous palladium species have
been incorporated in the pharmaceutical industry during the last decades.1 Using
palladium nanoparticles (PdNPs) as catalysts in C-C cross coupling reactions is an
exciting new area in industry because of their higher activity and recyclability.2
However, the nature of the active Pd catalysts in heterogeneous catalysis is still
controversial because the reaction could be catalyzed either by solid Pd surface or
by leached Pd species whose characterization is a very difficult task.3 In this context,
DFT calculations can shed light on that problem, but all reported mechanistic studies
up to date have been performed on homogeneous species including only one or two
Pd atoms.4 Here we present the first DFT study where Pd(0) 14 clusters and Pd(0)
leached species are competing as Mizoroki-Heck catalysts.
Figure: ∆∆Go (kcal) from B2-PLYP-D including BSSE in DMF

We have calculated all TS and intermediate structures for the complete catalytic
cycles in the Mizoroki-Heck cross-coupling of iodo or chlorobenzene and methyl
acrylate (figure), catalyzed both on the surface of a Pd(0) 14 cluster (figure, on the left)

and by Pd(0) leached species (figure, on the right). Structures were optimized at
mPW1PW91/Pd(CEP-121G):6-31G(d) level in gas phase at the appropriate spin
state and their solvation energies were estimated at the same level by means of
SMD method in DMF. Additional single point calculations, at B2PLYP-D high level of
theory, were performed including basis set superposition errors. The rate determining
step (RDS) in the Mizoroki-Heck cycle was very different in the studied systems.
Thus, the RDS was the aryl migration to alkene on surface of Pd(0) 14 cluster (on the
left, typical for aryl chlorides), and oxidative addition of PhX to Pd(0) species from
leachates (on the right, typical for aryl iodides). It is worth noting that solvation
processes in high permittivity solvents favored homogeneous catalysis.
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Introduction
Partial oxidation of methane to methanol/formaldehyde in a single catalytic step is
one of the most challenging catalytic reactions [1], [2]. However, at the moment low
yields to formaldehyde has been reported, although Fe-containing catalysts seems to
be the most selective ones [1]–[3]. In this work, silica-supported V and Fe oxides
catalysts have been synthesized, characterized and studied in the partial oxidation of
methane and methanol to formaldehyde. The catalytic results are discussed in terms
of extension of parallel and consecutive reactions.

Experimental
Catalytic materials of VOx, VFeOx, VMoOx, and VFeMoOx oxides supported over
silica (with metal charges of 0.5 and 1.5 wt%) were prepared by wet impregnation of
ethanolic solutions using amorphous silica as support. The resulting materials were
dried and finally calcined at 750 °C for 6 hours. The catalysts were named xV-Si in
which x indicates the content in wt% of metal or metals. The catalysts characterized
by X-ray diffraction (XRD), Raman spectroscopy, UV-Vis spectroscopy, temperature
programmed desorption (H 2 -TPR), and SEM-EDX and tested for the partial oxidation
of methane and methanol.

Results and discussion
XRD patterns of the samples indicate a non-crystalline structure in which a broad
peak at 2ϴ = 23.0° can be seen for all samples. This broad peak at 2ϴ = 23.0°
corresponds to amorphous silica (JCPDS: 00-002-0242) [1]. However, sample 1.5
VFe-Si showed peaks at 33.2°, 35.5°, 49.6°, 54.0°, 62.6°, and 63.9° which
correspond to iron species, Fe 2 O 3 PDF Card No. 01-072-0469 (JCPDS: 01-0720469) [4]. However, no crystalline phases were observed in the rest of catalysts,

Raman spectra of catalysts (Fig. 1A) confirm also the absence of crystalline metal
oxides, except in the case of 1,5VFe-Si, suggesting the presence of isolated metal
oxides species on the surface of the support.
H 2 -TPR results are shown in Figure 1B. It can be seen that peaks at around ca. 480
ºC can be related to V-species [5], [6]. In addition, the incorporation of iron favors a
shift of the peak at ca. 450 °C assignable to the reduction of Fe 2 O 3 → Fe 3 O 4 or
Fe 3 O 4 → FeO [4]. However, the incorporation of Mo shifts the reduction peak to
higher temperature.

Figure 1. Raman spectra (A), H 2 -TPR profiles (B) of SiO 2 supported catalyts: 0.5V-Si, 1.5V-Si,
1.5VMo-Si, 1.5VFe-Si and 1.5 VFeMo-Si and catalytic results of 1.5 VFeMo-Si (C) (HCHO:
formaldehyde, DME: Dimethyl eter, FM: Methyl formate, and DMM: Dimetoxy methane)

Catalytic results for methane partial oxidation suggest the formation of formaldehyde
at low methane conversion, but the selectivity decreases when increasing the
methane conversion levels. However, in the case of methanol oxidation (Fig. 1C) all
the catalysts presented selectivity to formaldehyde higher than those observed for
methane oxidation. On the other hand, it has been observed a parallelism between
selectivity to formaldehyde from methane and from methanol, suggesting that the
reaction rate for formaldehyde formation and formaldehyde combustion during
methane oxidation strongly depend on the characteristics of catalysts.
According to these catalytic results the activity for methane oxidation strongly depend
on the presence of vanadium and iron species whereas the selectivity to
formaldehyde was favored when Fe cations rather than Fe 2 O 3 were incorporated in
the catalyst formulation due to their redox properties.
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Introduction
With the industrial revolution, the average global carbon dioxide atmospheric
concentration and related average temperature increased causing climate changes
and arising continuous environmental concerns. In 2013, 32,19 Gt of CO 2 have been
emitted in the atmosphere a value expected to increase by the year 2040 to 45Gt [1].
This prognostic urges the research for viable solution and one of the proposed
approaches is the use of captured atmospheric carbon dioxide for the production of
high added value chemical compounds. Reverse water gas shift (RWGS) reaction is
one of the possible routes for CO 2 valorization.
RWGS is an equilibrium limited reaction favored at high temperatures due to its
endothermic nature
H 2 (g)+ CO 2 (g) ↔ CO (g) + H 2 O (g)
Usually, supported metals such as Cu, Pt and Rh are used as catalysts for CO 2
hydrogenation [1, 2]. Cu and Pt usually work at low temperature for the gas phase
hydrogenation

meanwhile

Rh

is

widely

used

in

the

homogeneous

CO 2

hydrogenation. Few studies consider the use of gold for this reaction, even being one
of the metals with great potential for the direct water gas shift reaction [3, 4].
That is why, this work is devoted to the preparation of a series of gold titania
supported catalyst with different promoters and the screening of their performance in
the RWGS reaction.
Synthesis and characterization of the catalysts
The commercial TiO 2 (Degussa P25) was used as received or doped with 2 wt% K,
Na and Y. Over the support material, 2 wt% gold was deposited using direct anionic
exchange method assisted by ammonia [5].
The XRD profiles of the studied solids do not show structural changes of titania
phase with the addition of the dopants, and gold signals are absent. The later
suggests important dispersion of the gold nanoparticles within the nanometer size as
confirmed also by TEM microscopy. However slight influence over the particle size is

observed with the addition of dopants. The presence of sodium increases the mean
gold particle size being thus the size fluctuation within the series of catalyst between
2 and 5 nm.
Catalytic activity
Gold metal loading does not
influence significantly catalysts
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Tuning Metal Supported on Zirconia Catalysts for the Selective
One-pot Step Hydrogenations of Levoglucosenone
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IQUIR (UNR-CONICET), Rosario, Argentine; Alejandra Suárez, IQUIR (UNRCONICET), Rosario, Argentine; Marcelo Domine*, ITQ (UPV- CSIC), Valencia, Spain
Nowadays, lignocellulosic biomass stands out as the only renewable alternative to
produce organic chemicals[1]. In this sense, levoglucosenone (Scheme 1) is a
cellulose derived chiral synthon widely used in organic synthesis[2]. More recently,
the FuracellTM technology, a continuous process to convert cellulosic biomass into
levoglucosenone[3], opened the possibility of producing, not only fine, but also
commodity chemicals starting from this molecule. Following this idea, Huber and coworkers[4] offered and insight into how to transform this molecule into high added
value products such as α,ω-diols, monomers of polyesters and polyurethanes. They
reported the use of Pd on carbon, Al 2 O 3 and SiO 2 -Al 2 O 3 to obtain interesting
products via hydrogenation, such as dihydrolevoglucosenone (Cyrene) and
levoglucosanol. However, high hydrogen pressures and catalyst loadings, organic
solvents, as well as catalytic deactivation remain as disadvantages for these catalytic
processes. In this work the adequate combination of the specific metallic species
(Pd, Pt) with the adequate support (SiO 2 , Al 2 O 3 , TiO 2 , ZrO 2 ) is studied to carry out
the selective hydrogenation of levoglucosenone to either Cyrene or levoglucosanol
(Scheme 1), avoiding the aforementioned drawbacks, while understanding the
required
properties

physicochemical
to

produce

the

desired hydrogenated product
in

highly

selective

one-pot

Levoglucosenone

O

Cyrene

O
H2

O

O

Levoglucosanol

O
H2

O
(Green solvent)

O

O

OH
(Chiral precursor)

processes.
Scheme 1. Levoglucosenone and its simplest hydrogenated derivatives.
Results and Discussion
After screening of different metal supported on metallic oxides catalysts, the results
showed that it is possible to carry out the hydrogenation of levoglucosenone to

dihydrolevoglucosenone (Cyrene) in a more efficient and selective way with Pdbased catalysts. Particularly, the Pd/t-ZrO 2 (tetragonal zirconia) catalyst was capable
to achieve near 95% yield to Cyrene by working under mild reaction conditions (80 ºC
and P H2 = 10 bar), with low catalyst loadings (≈3wt%) and using water as solvent. In
addition, the Pd/t-ZrO 2 system could be reused after the adequate washing with
ethanol/water mixture, achieving almost the same Cyrene yields (≥90%, Fig. 1a).
On the other hand, complete hydrogenation of levoglucosenone to levoglucosanol
was attained for the first time in a one-pot process with a Pt-based heterogeneous
catalyst (Pt/ZrO 2 -mix, tetragonal/monoclinic zirconia mixture) with high yield (≈90%).
This catalytic process becomes a very interesting option to produce this
levoglucosenone derivative, due to the low temperatures (45 ⁰C) and mild pressures
(P H2 = 18 bar) here used (Fig. 1b). The comparison of the results attained with other
Pt-supported metallic oxides (TiO 2 , Al 2 O 3 , SiO 2 ) let us to conclude that, although not
observed for the hydrogenation of levoglucosenone to Cyrene, the Lewis acidity of
the catalysts played an important role during the hydrogenation process to give
selectively

levoglucosanol.

Moreover,

although

Pt/ZrO 2 -mix

catalyst

clearly

deactivated after the first catalytic cycle (due to carbon deposition on catalyst
surface), this fact is again totally solved by washing the catalyst with an ethanol/water
mixture, thus showing the possible application and scale-up of this catalytic system.

Figure 1. Levoglucosenone hydrogenations with (a) Pd/t-ZrO 2 and (b) Pt/ZrO 2 -mix.
Reaction conditions: (a) 0.13 g levoglucosenone, 0.50 g water, 3.0wt% Pd/t-ZrO 2 at 80 ºC and P H2 =
10 bar, during 60 min. (b) 0.13 g levoglucosenone, 0.50 g water, 25wt% of Pt/ZrO 2 -mix at 45 ºC and
P H2 = 18 bar, during 5 h.
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Identification of active species in graphitic oxide for the initiator
and metal free epoxidation of dec-1-ene.
Samuel Pattisson, David J. Morgan, Graham J. Hutchings
Cardiff Catalysis Institute, Cardiff University, Cardiff, United Kingdom
Introduction
The selective epoxidation of linear alkenes is of major interest both in academia and
industrial synthesis. We have previously shown that graphitic oxide is active for this
reaction in the absence of metal or commonly required radical initiators. [1] However,
this carbocatalyst demonstrated large fluctuations in activity depending on the
amount and type of oxidant used (fig 1a and b). Inactivity was previously thought to
be dictated by the presence of both inorganic and covalently bound sulfur species (fig
1c). While the former remains true, the latter appears to be a spectator in this
reaction and an artefact of the oxidation. In this study we show that careful removal
of all sulfur species allows activity to be correlated with specific oxygen functionality.
Over oxidation of this species leads to a lower activity in highly oxidised catalysts.

Figure 1. Activity of graphitic oxide catalysts (a) before and (b) after water washing for
epoxidation of dec-1-ene. (90 °C, 48 h, dec-1-ene 10 ml, GO 0.1 g) and (c) TGA-MS mz 64 (SO 2 )

Results and Discussion
As previously described, the activity of these catalysts was found to be influenced by
amount and type of oxidant. The optimum catalyst was found to be prepared via a
modified Hofmann method using 30 g of oxidant per 5 g graphite. In order to assess
whether the higher oxidised catalysts were poisoned with organosulfate, catalysts
were subjected to a series of washings. After washing in NaOH (0.1 M) the highly
oxidised Hummers catalyst remained inactive (table 1). Due to the amount of sodium
introduced via this method it was necessary to subsequently wash using a pH

switching method between NaOH and HCl. These catalysts remained inactive
despite being free of all sulfur and sodium species. To assess the potential
detrimental effect of NaOH on any active species, NH 3 OH was also used to
completely remove sulfur from both Hummers and Hofmann catalysts. In this case,
the Hummers catalyst remained completely inactive. The optimum Hofmann catalyst
showed no change in activity before and after removal of organosulfate. This
suggests that the organosulfate does not play a role in deactivation of the catalyst
and that activity is dictated by the presence of a specific oxygen functionality. In
order to investigate this theory a number of experiments were conducted. Firstly, a
range of the synthesised carbons were washed with ammonium hydroxide to
completely remove the organosulfate, which was confirmed by TGA-MS and XPS.
The catalysts were then tested, and activity was correlated with various oxygen
functionality according to XPS C1s region. The results suggest that activity is dictated
by specific oxygen functionality rather than an overall oxygen abundance as
previously suggested. Although low oxidised catalysts are poisoned by inorganic
sulfate, it appears that organosulfate on highly oxidised materials does not act as a
poison. Inactivity is rather linked to the over oxidation of the surface and changes to
the abundance of an active functionality.
Table 1 Activity of graphitic oxide catalysts before and after various base washings for
epoxidation of dec-1-ene. (90 °C, 48 h, dec-1-ene 10 ml, GO 0.1 g)
HU15
Conversion (%)
Selectivity (%)

0
0

HU15
NaOH
0
0

HU15
NaOH, HCl
0
0

HU15
NH 3 OH
0
0

HO30
10.5
27.3

HO30
NH 3 OH
10.4
27.5

Conclusion
The results presented in this study suggest that the commonly used methods for
production of graphitic and graphene oxide are not suitable for all applications. For
catalytic purposes, specific oxygen functionality should be targeted rather than
overall level of oxidation of the surface. The development of new selective oxidation
methods is desirable for the production of highly active carbocatalysts for this
important reaction.
References
1. S. Pattisson, E. Nowicka, U. N. Gupta, G. Shaw, R. L. Jenkins, D. J. Morgan, D. W. Knight & G. J.
Hutchings, Nat. Commun.(2016), 7, 1-9.

Molecular Catalysts based on Well-defined Metallic Cores as
Building Blocks of Catalytic Materials
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First, air stable aquo-cobalt catalysts for anti-Markovnikov alkene hydrosilylation have
been developed that can be used under aerobic conditions without dry solvents or
additives (Figure 1a). These catalysts can be generated from low-cost commercially
available precursors. In addition, these catalysts possess good catalytic ability for
both hydrosilanes and hydroalcoxysilanes. Finally, a mechanistic study demonstrates
the silane and the catalyst generates a Co-H species in the course of the reaction,
which has been observed by in-situ Raman spectroscopy.[1]
Secondly, mono-nuclear cobalt complexes have been employed to promote subnanometric clusters over activated carbon, which has shown a high efficiency and
selectivity to hydrogenation of nitroarenes.[2]
Finally, tetra-nuclear cobalt clusters have been studied as building block of Co-MOF76 (Figure 1b), which has analogous structure that Cu-HKUST-1,[3] where Co2+ ions
form dimmers with the well-known paddle-wheel structure (Figure 1c). To the best of
our knowledge there is not precedent related to this core structure in MOF based on
cobalt. Moreover, Co-MOF-76 has been evaluated in gas storage and as
electrocatalyst in the O 2 evolution reaction (OER).[2]
Figure 1a: Cobalt-Aquo Catalysts for hydrosilylation
of alkenes & in situ Raman to identify Co-H species.

Figure 1b: Illustration
of Co-MOF-76.

Figure 1b: Paddle-wheel
unit in Co-MOF-76.
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Production of 2-ethyl-1,3-dioxolane-4-methanol by hydrogenolysis of glycerol
on molybdenum and iron-molybdenum supported catalysts
Camila G. Silva, Fabio B. Passos. Departamento de Engenharia Química e de
Petróleo, Universidade Federal Fluminense, Niterói , Brazil.

1- Introduction
The growth of biodiesel production has resulted in a significant drop in the price of
glycerol, which makes it more attractive as a raw material for the chemical industry
[1]. The catalytic hydrogenolysis of glycerol to glycols is one of the most attractive
route to convert glycerol into high added value products. Some of these products are
1,2-propanediol (1,2-PDO), 1,3-propanediol (1,3-PDO) and ethylene glycol (EG). All
are often used as antifreeze, in paints, functional fluids, humectants, and polyester
resins and are currently produced from petrochemical resources [2].
In this work, a series of Fe–Mo bimetallic catalysts supported in Al 2 O 3 , SiO 2 and
HZSM-5 were prepared and evaluated for the hydroconversion of glycerol.
2. Experimental methods
Mo and Fe catalysts were prepared supported on γ-Al 2 O 3 , SiO 2 and HZSM-5 SAR
Si/Al 23. Mo catalysts were prepared by the wet impregnation method using
((NH 4 ) 6 [Mo 7 O 24 ].4H 2 O. The obtained mixtures were oven dried at 100 °C overnight.
The catalysts generated, Mo/γ-Al 2 O 3 , Mo/HZSM-5 and Mo/SiO 2 were calcined at
500 °C for 2h at a rate of 5 °C/min. FeMo/γ-Al 2 O 3 , FeMo/HZSM-5 and FeMo/SiO 2
catalysts were prepared from the Mo/γ-Al 2 O 3 , Mo/HZSM-5 and Mo/SiO 2 catalysts by
incipient

wetness

impregnation

method.

An

iron

nitrate

precursor

mass

Fe(NO 3 ) 3 .9H 2 O was used sufficient to obtain 2% by weight of Fe in the catalyst. The
solutions were impregnated into the respective Mo catalysts. After drying at 100 °C
for 12 h, the solids obtained were calcined at 450 °C for 4h at a rate of 5 °C/min.
X-ray

diffraction

(XRD),

Diffuse

Reflectance

Infra-red

Fourier

Transform

Spectroscopy (DRIFTS) and X-ray photoelectron spectroscopy (XPS) were used to
characterize the metal components of the catalysts.Catalytic tests were performed in
a 300 mL autoclave reactor (Parr Instrument Co.) The reactor was charged 30 g of
glycerol in 120 g of water and 1 g of reduced passivated catalyst at 365 psi H 2 and
250 °C.

3. Results and discussion

Figure 5 shows the conversion and yield for the major liquid products generated in
the reaction: propanal, 1,2-propanediol, 2-ethyl-1,3-dioxolane-4-methanol and
acetaldehyde after 12 hours of reaction for all catalysts. The conversion was
calculated considering both the liquid phase and the gas phase products.
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Figure 1. Comparison of conversion and yield of the main products of the liquid phase:
propanal, 1,2-PDO and 2-ethyl-1,3-dioxolane-4-methanol in the hydrogenolysis reaction
of glycerol at 250 ºC after 12 h of reaction under the catalysts (a) Mo/γ-Al 2 O 3 ,(b)
FeMo/γ-Al 2 O 3 , (c) Mo/SiO 2 , (d) FeMo/SiO 2 , (e) Mo/HZSM-5 and (f) FeMo/HZSM-5.
The conversion of glycerol based on the supports increased in the order
HZSM-5> γ-Al 2 O 3 > SiO 2 , which reinforces the fact that hydrogenolysis depends on
the presence of OH species on the surface of the catalyst, which may be related to
the acidity of the support. 2-ethyl-1,3-dioxolane-4-methanol was one of the main
products generated in the reactions, mainly for the catalysts supported in zeolite.
This product has higher added value compared to crude glycerol
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Conversion of C1 – C2 alcohols into hydrocarbons catalyzed by
zeolites
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Methanol and ethanol are converted into hydrocarbons over zeolites with
different pore structure and acid properties at 500 °C and atmospheric pressure. The
product distribution and the stability of the catalyst were significantly influenced by
the alcohol studied. It can be suggested that these results reflect the difference in the
mechanism for hydrocarbons formation.
1. Scope
Methanol (MeOH) and ethanol (EtOH) can be converted into hydrocarbons using
zeolites as acid catalysts. Zeolites have been widely studied as catalysts for these
reactions not only due to their porous structure but also due to their density and
strength of acid sites. Both are important factors for the activity, stability, and
selectivity of the catalysts. In this work, the conversion of methanol and ethanol into
hydrocarbons was studied over zeolites with different pore structure and acid
properties.
2. Results and Discussion
Table 1 compares MeOH and EtOH conversion and product distribution obtained
after 5, 137, and 273 min on stream. It can be observed that under the studied
conditions both alcohols are completely converted at the beginning of the reaction.
As the reaction proceeds, the catalytic activity of HZSM-5, HMCM-22, and HITQ-2 for
MeOH conversion decreases continuously whereas a complete conversion (100 %)
of EtOH is observed for the three zeolites during the reaction. Table 1 also shows
that the product distribution with time-on-stream is substantially different depending
on the alcohol. Comparison of the distribution of the products formed from EtOH over
HZSM-5 and HMCM-22 indicates that both C2-C4 olefins and C6+ formation were
favored by HZSM-5, while HMCM-22 was highly selective to ethylene (> 90 %). For
these two materials, consideration should be given not only to the differences in their
acidic properties but also to those related to textural and structural properties to
explain the observed differences in the product distribution.

Table 1: Influence of TOS on MeOH and EtOH conversion and product distribution
Methanol
HZSM-5
TOS (min)

5

Conv. (% molar)
C 1 -C 4

Ethanol

HMCM-22

137

273

5

100

49

41

100

HITQ-2

137

273

5

92

80

100

HZSM-5

137

273

85

61

5

137

273

100

100

100

11

8

4

14

10

9

27

24

12

8

12

12

C2

=

30

8

1

18

13

9

20

11

8

56

52

51

C3

=

27

4

0

26

17

10

21

11

6

24

23

23

C4

=

15

1

0

18

9

8

6

8

1

6

6

6

C 5 +C 5

6

1

0

12

13

9

12

13

7

2

1

1

DME/DEE

0

21

36

0

1

6

0

2

19

0

0

0

12

3

0

13

25

29

14

20

11

4

5

6

=

C6

+

As to the porous structure, HZSM-5 and HMCM-22 are both medium-pore zeolites
but have quite different pore systems. Regarding the HITQ-2 zeolite, ethylene was
virtually the unique product formed from ethanol under the studied conditions (> 95
%). These results were similar to those reported for HMCM-22. For MeOH, C2-C3
olefins and C6+ are the main products at the beginning of the reaction (TOS = 5
min). As the reaction proceeds the formation of hydrocarbons gradually decreases
(except for HMCM-2) while DME (dimethyl ether) increases along the reaction. It is
currently accepted that its transformation into light olefins (ethylene and propylene)
occurs through the hydrocarbon pool mechanism which involves the large
polymethylbenzenes species as intermediates [3]. Over HZSM-5 the high density of
strong acid sites favors the formation of coke inside the pore structure causing its
deactivation. On the other hand, to HMCM-22, it can be inferred that there is enough
space into the larger supercages to accommodate not only the polymethyl benzene
species but also the coke molecules.
3. Conclusions
The influence of TOS on catalytic activity and product distribution reflects the
different susceptibilities of the studied zeolites to the formation of coke inside its
porous structure.
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Ruthenium isomorphic substitution into a α-MnO 2 structure. Study
of its physicochemical properties and catalytic activity
Ferran Sabaté; María José Sabater; José Luis Jordà; Avelino Corma,
Instituto de Tecnología Química – Universitat Politècnica de València (CSIC – UPV),
46022, València, Spain
Introduction
Manganese oxides (MnO 2 ) are present in a wide number of geological deposits as
ocean floors (nodules) or bottoms of water lakes. This type of oxides present a high
grade of polymorphism, so different phases(α, β, γ,...) can be described [1]. They
have numerous applications [2]; i.e. in heterogeneous catalytic systems, as
supercapacitors, batteries, environmental control, medical applications, etc...
Metal doping processes have been widely used to improve their properties [3]. In our
study, ruthenium (Ru) has been incorporated into the framework of α-MnO 2 through
an easy synthetic route. Ruthenium cations can be incorporated into the octahedral
lattice of α-MnO 2 by replacing Mn3+ and Mn4+ ions. That changes its properties due
to the electronic environment modification.
Results and Discussion
The incorporation of Ru into the structure has been proved by means of IR, Raman
and XPS spectroscopies, XRD, as well as HR-TEM and SEM microscopy. In this
context, it has been proved by XRD that α-MnO 2 does not present any appreciable
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structural change after the Ru-doping process (Figure 1).
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Figure 1: a) XRD pattern for the α-MnO 2 (a) and [Ru]-α-MnO 2 (b)

In this study, the oxidation of benzyl alcohol to benzaldehyde has been used as
model reaction in order to find out a correlation between the new physicochemical

Pd catalyst decreases with the addition of quinoline and further decreases when
quinoline is used in a combination with Pb.
The strongly adsorbing alkene adsorption sites may act as over-hydrogenation
reaction centres and decrease the catalyst selectivity. In this respect, the observed
decrease in the relative alkene to alkyne capacities shows an excellent correlation
with the observed catalyst selectivity.

Fig. 1. Liquid phase adsorption isotherms of individual species: 2-methyl-3-butyn-2-ol
(alkyne) and 2-methyl-3-butene-2-ol (alkene) over the (A) original 2 wt% Pd/CaCO3
and (B) Pd catalyst poisoned with Pb and 40 μM quinoline.
Conclusions
The data indicate that the conventional thermodynamic-focused explanation of high
alkyne hydrogenation selectivity over the Pd catalysts is important, but not
determinant because the experimental adsorption constants for alkyne and alkene
are close. It seems that there are non-selective sites that strongly adsorb and
hydrogenate alkene molecules and result in over-hydrogenation. A comparison with
the literature data indicates that these sites may be low-coordination edge and nearedge Pd sites. Poisoning of these sites with Pb and quinoline results in a higher
alkene selectivity of Lindlar catalysts.
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Hydrogenation of Bio-derived Compounds Using Ru Incorporated in
Zeolites
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Introduction
High-value added chemicals such as 2,5-dimethyl furfural are mainly obtained from
bio-derived

compounds

like

5-hydroxymethylfurfural

(HMF).

However,

the

selectivities of desired products are not high enough due to the side-reactions of the
substrates, which causes the difficulties for downstream separation and purification
processes. Recently, one of the methods to overcome this challenge has been
applying mesoporous zeolite as the hydrogenation catalyst because of its relative big
pore size and surface area. However, the selectivity of desired product is strongly
limited due to the small pore diameter of microporous zeolite, which causes several
side reactions. Mesoporous zeolite is in its advantage of abundant exposed activate
sites in ZSM-5 with open mesopores. Many Pd-, Ni- and Pt-based zeolites are
reported to convert HMF to valuable chemicals.[1-3] Compared with the above noble
metal elements, Ru is found to be more efficient for hydrogenation of biomass
derived compounds such as glucose and sorbitol.[4] Therefore, in our research, a
novel catalyst is designed in which Ru is supported on the mesoporous zeolite to
combine both advantages.
Here we report a novel Ru mesoporous zeolite supported Ru as high efficient and
selectivity catalyst for the hydrogenation of bio-derived alcohols and aldehydes
including compounds like HMF. Ruthenium was employed as the hydrogenation
catalyst, which was competitive enough with the commercial carbon supported Ru
catalyst. The Ru nanoparticle mesoporous zeolite is very active for the hydrogenation
of bio-derived compounds and demonstrates excellent selectivity.
Experimental
The Ru on mesoporous zeolite catalyst was prepared through impregnation of
mesoporous ZSM-5 with a Ru metal precursor. The prepared ZSM-5 supported Ru
catalyst is employed in the hydrogenation of different bio-derived compounds
including HMF, which are performed in an autoclave and hydrogen pressure for a

certain reaction time. The conversion and selectivity were determined using GC-MS
analysis.
Results and discussions
The alcohol conversions reached to 85% and 100% after 6 and 12 hours after
reaction in the presence of mesoporous ZSM-5 supported Ru catalyst, respectively.
Mesoporous ZSM-5 supported Ru showed to be an excellent catalyst in
hydrogenation of choice alcohol.
Conclusion
In summary, our research discloses that mesoporous ZSM-5 supported Ru catalyst
exhibits high catalytic activity, excellent selectivity for converting of alcohols. The
excellent catalytic properties are mainly based on the open mesopores, which has
accessible activate sites exposed to bulky molecules.[5]
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In-situ ATR Spectroscopy CO chemisorption on bio-inspired
catalysts in liquid environments
Maria João Enes da Silva, University of Twente, Enschede, The Netherlands, Jimmy
Faria, University of Twente, Enschede, The Netherlands

There has been an increasing interest in tailoring catalysts with stimuli-responsive
polymers

to

improve

their

selectivity,

stability,

and

recyclability

in

liquid

environments[1,2]. In these systems the external surface of the catalyst is
functionalized with polymer brushes that can undergo reversible conformational
transitions from solvated to unsololuble or “collapse” state depending on the
conditions of the reaction environment (e.g. pH, temperature, solvent polarity). In the
solvated state the catalytic active sites are easily accessible to molecules in the liquid
and as a result the reaction can take place. Upon conformational transition to the
“collapse” state the polymers form a dense layer at the surface of the catalyst that
limits molecular diffusion of reactants to the active site [3]. These transitions allow us
to remotely turn “on” and “off” the catalyst during reaction. Many of the existing
reports are focused on the utilization of this strategy to control the dispersability of
nano-catalysts in liquid environments. However, very little efforts have been done in
understanding the interaction of polymer functionalities with surface reaction
intermediates. In this work, we investigate the interplay between the stimulusreposive polymeric brushes covalentry attached to the catalyst and chemisorbed
molecules in liquid environments. For that purpose, we employed poly(nisopropyllacrylamine) PNIPAm, a typical thermoresponsive polymer that exhibits a
sharp change in solubility at temperatures above 32 °C, to create a coating on PdAl 2 O 3 catalyst. The isothermal chemisorption of CO was studied as a function of
temperature using in-situ attenuated total reflectance (ATR) infrared spectroscopy in
aquous environments. These results will be instrumental in the development of new
mechanisms that could operate at higher temperatures and pressures for the remote
control of catalytic activity.
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1. Scope
Supported Au-Pd alloys exhibit high activity for a number of oxidation reactions such
as the selective oxidation of alcohols and the synthesis of H2O2 from H2 and O2.1 The
selective oxidation of 5-hydroxymethyl-2-furfural (HMF) yields a sustainable biomassderived intermediate, 2,5-furandicarboxylic acid (FDCA); a monomer for the
production of Polyethylene 2,5-furandicarboxylate (PEF).2 The activity of mono and
bimetallic catalysts for the selective oxidation of HMF is size, shape and morphology
dependent; all of which can be altered by the synthetic strategy. Previous studies
report the dependence of the activity on the preparation method, reaction pressure
and temperature, substrate-to-catalyst ratio, catalyst support, amount and nature of
base used. Catalyst composition also previously showed mechanistic differences
when segregation of Pd or Au atoms occurs.3 The current work aims to report a
detailed study of the oxidation of HMF with varying catalyst compositions prepared
via the batch and semi-continuous colloidal method. Catalysts with different Au:Pd
atomic ratios were synthesized to investigate the effect on the catalytic activity and
product selectivity (Figure 1). For a proper comparison, we prepared monometallic
Au and Pd using the same methodologies.
2. Results and Discussion
We found that Pd/TiO2 catalysts exhibited the lowest activity due to deactivation
caused by poisoning by dioxygen.4 The contrary was observed for Au/TiO2 XPS data
suggested catalytically active surface Auo species. In both cases the ratio 0.75Au:Pd
was the most selective to FDCA. Moreover, the semi-continuous catalyst showed
better activity than the batch which was due to the formation of a more uniform alloy.
An increase in Au content corresponded to an increase in FDCA selectivity. XPS and
XRD results suggested an alloyed structure with surface PdO species and TEM
suggested a size dependency to activity. Reusability studies revealed the increased
stability of the 0.75Au:Pd semi-continuous catalyst. Further heat

treatme
nt

at

200 C,
300

C

and 400
C

of
the
most
active

0.75Au
Pd
catalyst
showed
Figure 1. Catalytic data for (A) semi-continuous and (B) batch 1 wt % catalysts with different composition showing
HMF conversion (black), FFCA yield (red), HMFCA yield (violet) and FDCA yield (blue). Particle size distribution of
0.75Au:Pd semi-continuous (C) fresh and (~D) spent, after 4 runs, at 200 C

that both 200 C and 300 C treatments achieved 100% FDCA yield. However,
reusing the 200 C catalyst a decrease in FDCA yield to 86% after 4 runs due to an
increase in the particle size as shown by TEM (Figure 2). A possible rationale was
the removal of the PVA that protects against particle agglomeration.
3. Conclusions
We have shown that the semi-continuous method improved the catalytic system,
increasing selectivity and yield toward, FDCA. TEM images suggested a
monodisperse, homogeneous distribution with a narrow particle size distribution,
forming a proposed single-phase alloy as suggested by XPS and XRD. The results
suggest the semi-continuous method formed a more uniform alloy with smaller
particle size and distribution.
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Ultrafast and Continuous-Flow Synthesis of Aluminosilicate
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Synthesis of zeolites is typically conducted in a batch reactor, which has several
drawbacks such as low energy efficiency as well as time-consuming start-up and
shut-down operations. Given ever-increasing demands for zeolites arising from
several new applications over the last decade such as emission control or onpurpose olefin production, rethinking the concepts of mass production of zeolites at a
larger scale must be conducted. One of the possible production routes is continuousflow synthesis of zeolites. To realize this, zeolites must be obtained in short synthesis
time, within residence time for the practical flow reactors. Very recently, using a
tubular reactor with rapid heating Okubo–Wakihara group has demonstrated the
continuous-flow synthesis of several zeolites with diverse chemical compositions at a
laboratory scale [2–8] (Figure 1).

Figure 1. Zeolite structure obtained through ultrafast synthesis

Small-pore zeolites defined as the zeolites with the pore openings limited by 8
tetrahedral atoms (8-ring, 8r) have received increasing attention recently because
they have shown promising performance in several important applications, for
example, as catalysts for methanol-to-olefin (MTO) reactions and selective catalytic
reduction of nitrogen oxides (deNOx) [9]. Among several small-pore zeolites, CHAand AEI type zeolites having large cage cavities with 8r openings are intensively
studied, particularly for MIT and deNOx MTO applications. We will address in this
contribution the status and recent results in the ultrafast zeolite synthesis and the
main factors that influence the zeolite crystallization and enablers for the ultrafast
synthesis (Figure 2). For CHA for example 10 min crystallization [4] could be
achieved and the impact of different organo-templates on the zeolite crystallization
kinetics will be addressed as well.

Figure 2. Generalized scheme for Ultrafast Synthesis of Zeolites
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Water-Stable Metal-Organic Frameworks as Heterogeneous
Catalysts for Conversion of Biomass-Derived Sugars
Thomas W. Chamberlain, University of Warwick, Coventry, UK; Ryan Oozeerally,
University of Warwick, Coventry, UK; David L. Burnett, University of Warwick,
Coventry, UK; Richard I. Walton, University of Warwick, Coventry, UK; Volkan
Degirmenci, University of Warwick, Coventry, UK

Heterogeneous catalysts are desired for the conversion of biomass derived glucose,
but the current benchmark catalysts require extended, multi-step syntheses using
environmentally hazardous solvents.
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Figure 1: Schematic of conversion of biomass into glucose, acid catalysed dehydration
of glucose into HMF and finally oxidation of HMF into the useful monomer FDCA.

Here, we describe the efficient and benign syntheses and interconversion of a family
of novel ytterbium based metal organic frameworks (MOFs) and investigate their
feasibility as Lewis acidic heterogeneous catalysts in the conversion of glucose to 5hydroxymethyl furfural (HMF) in water. We recently reported the solvothermal
synthesis of three related ytterbium dicarboxylate frameworks formed simply by
altering solvent ratios and synthesis temperature.[1] A new dense coordination
polymer Yb 2 (BDC) 3 is formed under aqueous conditions, while the hydrothermal
treatment of Yb 2 (BDC) 3 (DMF) 2 (H 2 O) 2 at 200 °C with an excess of YbCl 3 yields the
MOF [Yb 6 BDC) 7 (OH) 4 (H 2 O) 4 ].2H 2 O. The latter is a porous coordination polymer with
hexanuclear clusters of ytterbium and loosely bound water as shown in Figure 1. The
catalytic properties of this highly water stable material are assessed for glucose
conversion in water and results are compared to homogeneous YbCl 3 catalysts. The
material is shown to have moderate activity, good selectivity, and is recyclable.

Figure 2: Two views of the hydrothermally stable MOF [Yb 6BDC)7 (OH) 4(H2O)4].2H2O.
MIL-100 (Fe) is a well-known water stable MOF, synthesised under relatively mild
hydrothermal conditions. It contains trimers of Fe(III) connected by trimesic acid
forming two distinct cage structures, a small cage (25 Å) and a large cage (29 Å).
Uncoordinated Fe(III) sites may be accessible to substrates within the pores and on
the surface of the material, allowing the Fe sites to act as redox active catalysts. We
report the water based synthesis of MIL-100, investigate its stability to oxidising
aqueous conditions and evaluate its potential use as a heterogeneous redox catalyst
in the oxidation of HMF into the useful monomer 2,5-furan dicarboxylic (FDCA) acid
in water.
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Triple hydrogen bonds (thio)urea organocatalyst for ring-opening
polymerization of cyclic esters
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kaiguo@njtech.edu.cn, Nanjing, China; Zhenjiang Li, zjli@njtech.edu.cn, Nanjing,
China

Aliphatic polyesters attract great interest for their notable advantages of
biocompatibility, biodegradability, and relatively low toxicity. Aliphatic polyesters can
be synthesized by the method of ring-opening polymerization (ROP) in cyclic esters.
H-bonding organocatalysis using (thio)urea/amine achieved massive success in field
of polymerization. The strength of H-bonding can be improved by increasing number
of H-bond donor and ionized hydrogen bonds. Here a triple hydrogen bonds
organocatalyst, the most acidic one of triple hydrogen bonds combined with organic
base as an ionic H-bond donor (IHBD), promoted fast ring-opening polymerization
(ROP). A negatively charged IHBD (thio)urea exhibits exceptional activating ability to
initiator, and other two hydrogen bonds show reasonable activating effect to
monomers. Several of triple hydrogen bonds organocatalysts were synthesized in
this work. These organocatalysts’ partnership with DBU demonstrate excellent IHBAHBA binary catalysis in ROP of L-lactide (L-LA), trimethylene carbonate (TMC), δvalerolactone (δ-VL) and ε-caprolactone (ε-CL). NMR measurements, kinetics
investigations, and chain extension experiments indicated that the catalytic system of
triple hydrogen bonds organocatalysts and DBU were controlled/living nature.
Untreated PLA, PTMC, PVL, PCL were tested by an MTT assay using the HepaRG
cell line for certificating the safety of polymers. The results demonstrated the
polymers by ROP with the triple hydrogen bonds organocatalysts have a good
prospect for potential biomedical applications.

Keyword: (Thio)urea organocatalyst; Triple hydrogen bonds; Ring-opening
polymerization; Ionic H-bonding; Potential biomedical application

Combining chemo- and biocatalysis to convert xylan into xylitol
Mick Miro Ayubi1, Susanne Steudler2, Anett Werner2, Thomas Bley2,
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In times of climate change, substituting petroleum-based processes is a high
research priority for the preservation of our future economic strength and our
environment. The concept of the biorefinery envisages the separation and refinement
of biomass for the sustainable production of intermediate products and products such
as energy, fuels, materials and chemicals using all material flows. Lignocellulose is a
promising platform for a future biorefinery that does not compete with food
production. Lignocellulose consists of the three fractions cellulose, lignin and
hemicellulose. The cellulose contained in lignocellulose is already used, for example,
in the paper or building materials industry. For the efficiency of such a lignocellulose
biorefinery it is of great importance to which refinement the lignin and hemicellulose
fractions are added. The splitting of hemicelluloses into their sugar monomers, which
is required for their refinement, is usually realized in industry by the use of strong
acids under high energy use (re-use acids).
The focus of this work is the simultaneous use of chemical and biological catalysts
and the combination of their advantages for the eco-friendly conversion of the
hemicellulose xylan (beechwood) to the sugar alcohol xylitol. The process was
carried out at low temperatures and pressures. The first step of xylan conversion
(hydrolysis) was realized with the help of different commercially available enzyme
complexes. The subsequent hydrogenation was carried out with the aid of a Ru/C
catalyst. The reaction can be optimized by a suitable process control. The process
was realized through different process management concepts which involves a
classical one-pot and a new two-step process. The experiments were performed in a
batch reactor (Parr Inst., 300…500 ml). The analysis was carried out by HPLC using
a Na and a Pb column. The highest xylitol yield of over 70 % was achieved by

applying a two-stage reaction control. In contrast, single-stage constant conditions
gave comparatively low xylitol yields.
Parts of the presented results are contributions to the European research project
“CrossCat”. Funding via EFRE (ERA-IB ID 100271549) is gratefully acknowledged.
References
[1] Hilpmann, G., Steudler, S., Ayubi, M.M., Pospiech, A., Walther, T., Bley, T. Lange, R.: Combining
Chemical and Biological Catalysis for the Conversion of Hemicelluloses: Hydrolytic Hydrogenation of
Xylan to Xylitol. Catal Lett (2019),149:69-76. https://doi.org/10.1007/s10562-018-2598-7

Hydrogenation of Bio-Derived Succinic Acid to 1,4-Butanediol
using Supported Bimetallic Catalysts
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1,4-butanediol (BDO) is an important chemical which is widely used as a starting
material for the synthesis of polymers [1]. The hydrogenation of succinic acid (SA) to
BDO is typically carried out under high pressure of hydrogen using both supported
monometallic [2,3] and bimetallic catalysts [4,5] which consist of precious metallic
centers. The construction of bimetallic active centers is much attractive approach
since the additional element could result in a significant improvement on the catalytic
performance [6]. In this research, supported Cu-based bimetallic catalysts are
studied for direct hydrogenation of SA to BDO. The use of Cu is promising because it
is not only reported as active sites for effective hydrogenations of molecules
containing C═O double bonds [7,8] but also used to minimize the heavy dependence
on noble metals.
First, various Cu-based catalysts were evaluated their activities in dioxane
solvent. In which, a hydroxyapatite-supported Cu-Pd (denoted as Cu-Pd/HAP) was
found to be a potential catalyst for the production of BDO with high selectivity, while
other Cu-M/HAP catalysts produce ɣ-butyrolactone (GBL) as the main product.
Optimization on the Cu/Pd mixing ratio was implemented while the total loading was
fixed at 10 wt.%. The results show that the monometallic Cu or Pd catalysts were
unable to produce BDO, while in the case of bimetallic catalysts, the formation of
BDO via ring-opening step of GBL is favorable rather than the hydrogenation of GBL
to butyric acid (BA). Particularly, as the increase of Cu content, the yield of BDO
increases, affording 82% over the Cu(8wt%)-Pd(2wt%)/HAP catalyst (Fig. 1A).
The powder X-ray diffraction (XRD) showed the peak shifts at Pd0(111) position
towards higher 2θ value together with the increase of Cu content in the Cu-Pd/HAP
catalysts, indicating the incorporation of Cu into the Pd system to form Cu-Pd alloy
[9]. Results from the temperature programmed reduction (H 2 -TPR) also supported
that the active surface of Pd was altered by alloying with Cu contents, leading to the

shifts in H 2 -TPR profiles from lower to higher temperature [10]. The extended X-ray
absorption fine structure (EXAFS) analyses conducted at BL07 in Saga-LS, Japan
(Proposal No. 1901136T), shows that the localized Pd structure was obviously
changed due to the introduction of Cu with different concentrations, confirming the
alloy structures in the examined bimetallic catalysts (Fig. 1B).
In conclusion, Cu-Pd/HAP catalysts are developed as efficient catalysts for
hydrogenation of bio-derived SA in which BDO can be selectively tunable by
adjusting the metal ratio. The alloy structure is supposed crucial for controlling the
formation BDO via ring-opening step of the intermediate GBL.
(B)

Fig. 1 (A) Hydrogenation of SA over Cu-Pd/HAP catalystsa, (B) the Fourier transform
(FT) of the k3-weighted at Pd K-edgeb.
a

Reaction conditions: SA (0.1 g), 1,4-dioxane (10 mL), temperature (200 °C), catalyst

(0.1 g), H 2 pressure (8 MPa), time (96h). bThe data analyses were performed in the
range of 2.5-12 Å-1 by using Athena and Artemis software (ver. 0.9.26).
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Synthesis and application of N-doped porous carbons and carbon
nitride as catalysts and supports for base catalyzed reactions
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Condensation reactions with formation of С–С bonds such as aldol, Knoevenagel
condensations, etc. as well as oxidation processes are ubiquitous reactions in
organic chemistry spanning a broad range of potential applications from the
syntheses of small molecules to preparation of intermediates for pharmaceuticals.
These condensation reactions are generally catalyzed by weak bases like primary,
secondary and tertiary amines, ammonium or ammonium salts under homogeneous
conditions, while oxidation requires presence of metal nanoparticles deposited mainly
on inert or almost inert supports. Solid catalysts are more preferable for this purpose
because they provide operational simplicity and higher selectivity with a possibility of
reusability [1]. Solid base catalysts are receiving an increased attention recently as
they facilitate a variety of organic reactions taking place via carbanionic
intermediates.
The aim of this work was to prepare solid base catalysts possessing different porosity
and basicity as well as to investigate catalytic activity of metal-free catalysts along
with supported metals nanoparticles in several catalytic processes (Knoevenagel
condensation, alcohols (betulin, sugars, ethanol) oxidation). N-doped porous carbons
and carbon nitride (C3N4) were used as catalysts and supports.
The catalytic activity of melamine-derived g-C3N4 in the Knoevenagel condensation
between

benzaldehyde

and

ethylcyanoacetate

with

formation

of

ethyl-α-

cyanocinnamate (Fig. 1), a precursor for synthesis of potentially biologically active
compounds was demonstrated, exhibiting conversion of benzaldehyde up to 100%
with the yield up to 51%. The presence of weak basic sites assigned as C-N=C
species contributes to an increase of selectivity towards the desired product [2].

Fig. 1. Scheme of the Knoevenagel condensation of benzaldehyde with
ethylcyanoacetate using graphitic carbon nitride as a catalyst [2].
Ru supported catalysts based on graphitic carbon nitride or N-doped carbon
prepared via a mild reduction of the initial Ru precursor with hydrazine were studied
in catalytic oxidation of betulin. Ru/carbon nitride demonstrated higher catalytic
activity in betulin oxidation than Ru/N-doped carbon elevating the conversion level of
betulin to ca. 70% from 30%, respectively. Selectivity to different oxidation products
was dependent on the support properties [3].
Application of carbon nitride or doped carbons, in particular, nitrogen-containing
ones, as supports of metal nanoparticles significantly affects their catalytic properties
increasing activity and selectivity due to the stabilizing effect of such functional
groups on deposited nanoparticles.
Application of carbon nitrides and N-doped carbons was explored in other oxidation
reactions. Several materials based on carbon nitride including nonstoichiometric one
and N-doped carbon varying in porosity (micro-, micro-meso- and mesoporosity) and
basicity (type and quantity of basic sites) were investigated in oxidation reactions, in
particular, sugars and ethanol. Dehydrogenation of ethanol was possible over metalfree N-doped carbons giving mainly acetaldehyde formation, while for oxidation of
sugars presence of gold nanoparticles was required.
Summarizing it can be concluded that promising results in condensation and
oxidation reactions were obtained with the catalysts on the basis of N-doped porous
carbons and carbon nitride containing high concentration of basic sites and
accessible porous structure. The catalyst properties will be correlated in the final
work with their performance.
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Zeolites with encapsulated metal nanoparticles (NPs) attract much
attention due to the catalytic activity, stability and shape-selective properties of
such materials in heterogeneous catalysis [1-2]. One of the methods for
introduction of metal NPs into the zeolite system is based on use of two
dimensional (2D) layered precursors that are loaded with metal source and
consecutively transformed to three dimensional (3D) zeolites [3-4].
Here we report a synthesis strategy for the encapsulation of Pd NPs
inside MWW zeolite. During the swelling process at ambient temperature
diethylenediamine palladium(II) acetate (Pd(en)2(Ac)2) is introduced into
interlayer space of layered zeolite. Pd@MCM-22 catalyst was formed during
the transformation from 2D to 3D zeolite by calcination. The material was
investigated by XRD, nitrogen sorption, ICP-OES, and electron microscopy
methods. Structural and textural analysis proved no significant changes after
the Pd NPs were encapsulated when compared with the parent sample. The
Pd loading was 0.79 wt% with a uniform distribution of Pd NPs of about 1.5
nm.

The Pd@MCM-22 catalyst exhibits distinct shape-selective properties in
hydrogenation of nitroarenes to anilines; showing very high hydrogenation
activity for 3-nitrotoluene and almost no activity for 1-nitronaphthalene.
Further, the general application and chemo-selectivity of nitroarenes will also
be tested.

Fig.1 STEM images of Pd@MCM-22.

Fig.2 Hydrogenation reaction kinetic profiles over Pd@MCM-22 catalyst.
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from syngas using a hybrid catalyst: Compositional optimization of
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Introduction
The need to reduce the global carbon footprint and our dependency on oil has
directed research towards the development of alternative feedstocks and processes
to produce chemicals. Synthesis gas, a mixture of CO and H 2 , is the most practical
option for utilization of carbon containing feedstocks such as methane, biomass and
waste plastics. Over the last years, the development of polyfunctional tandem
catalysts, using oxygenates as a chemical intermediate, has gained attention for the
direct conversion of syngas to light hydrocarbons.[1, 2] In such a hybrid catalyst, a
methanol synthesis component (typically a mixed metal oxide) is coupled with a
methanol conversion component (typically a molecular sieve). For the production of
light paraffins (suitable as cracker or dehydrogenation feedstock) from syngas,
typically a copper-based methanol synthesis catalyst is used. However, because of
the high temperature (> 380 °C) at which this process is operated, the catalysts are
particularly prone to deactivation. This presentation will focus on the development of
a highly active and high temperature resistant CuCrZnAl-based MeOH synthesis
component through a design of experiment approach. Within this design, the
influence of both synthesis parameters and compositional space on the catalyst
activity and stability were screened, revealing various structure-activity-stability
relationships.
Experimental
Over 50 different CuCrZnAl mixed metal oxides were prepared by co-precipitation
synthesis at 50 °C and pH=7, using either ammonium- or sodium carbonate as
precipitating

agent.

After

drying

and

calcination,

the

microstructural

and

physicochemical properties of the catalysts were characterized by XRF, XRD, TPR,
XPS, XAS and TEM. SAPO-34 was prepared according to the procedure described

by Lok et al.[3] The hybrid catalyst was prepared by mixing the desired amounts of
mixed metal oxide and SAPO-34 sieve fractions (40-80 mesh). Syngas conversion
was performed in a stainless steel fixed-bed reactor system (i.d. 7.7 mm) at 50 bar
and H 2 /CO = 3, WHSV ranging from 1.4 to 5.5 h-1 in a fixed testing protocol. The
outlet gas composition was measured using an online Maxum process GC.
Results
As can be observed from Figure 1, hybrid catalysts consisting of SAPO-34 and a
CuCrZnAl-based mixed metal oxide showed a significantly higher catalytic activity
over conventional high temperature CrZn-based catalysts and a better stability
compared to the industrially employed CuZnAl-based methanol synthesis catalysts.
Through statistical modelling, a compositional space for optimal hydrocarbon
productivity could be described by a combination Cu, Zn, Cr and Al atomic ratios:
0.25 < Cu/Zn < 1.5; 0 < Cr/Zn < 1 and (Al + Cr)/(Cu+Zn+Cr+Al) < 0.4 (Figure 1b).
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Figure 1: a) CO conversion as function of time on stream and b) Composition - C 2 -C 5
Productivity relationship for Hybrid catalysts comprising CuCrZn(Al) mixed metal oxides.

Detailed characterization revealed that within this compositional range, the asprepared catalysts consist of a nano-crystalline mixture of highly dispersed CuO on
ZnO and Zn-containing spinel phases. This in turn leads to the high activity in
combination with increased stability as compared to commercial Cu-based
methanol catalysts.
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Stabilization of homogeneous Mo catalysts by bulky β-diketonates
in deoxydehydration reactions
Maxime Stalpaert; Dirk De Vos, KU Leuven, Leuven, Belgium

The global use of fossil feedstocks as the main resource for the production of energy,
chemicals and materials results in several issues, most importantly global warming.
While for energy needs several alternatives are available, biomass is likely the only
realistic option for the sustainable production of chemicals. However, the
components of biomass generally have a high oxygen functionalization degree
compared to common industrial chemicals and, as a result, deoxygenation reactions
are required. An interesting deoxygenation reaction is deoxydehydration (DODH),
which involves the reductive removal of two vicinal hydroxy groups, resulting in
formation of a double bond.[1–4] Earth abundant Mo and V have been reported as
active catalysts; however, yields and activities are much lower than with the more
active, but expensive, Re catalysts. Furthermore, for Mo, the effect of ligands on the
metal catalyst has barely been investigated. Therefore, we have examined the effect
of several β-diketonate ligands on a Mo catalyst. We have demonstrated the positive
effect of 2,2,6,6-tetramethyl-3,5-heptanedionate (TMHD) as ligand in the DODH
reaction.[5]
In our screening of β-diketonate ligands, both an electronic and steric effect were
observed, however, the latter was dominant. The bulky electron donating βdiketonate 2,2,6,6-tetramethyl-3,5-heptanedionate (TMHD) had the most positive
effect, resulting in up to a ten-fold increase in yield and turn-over frequency (TOF) for
the desired DODH product. The positive effect of TMHD can be explained by its
coordination to Mo, which results in a steric barrier that hampers the formation of
oligonuclear Mo oxo-clusters. If this clustering is allowed to continue unimpeded, it
results in precipitation and, hence, deactivation of the catalyst. The stabilization of
the homogeneous catalyst was demonstrated by filtration experiments and
electrospray ionization mass spectroscopy (ESI-MS). Using the latter method,
oligonuclear Mo species and even mononuclear MoO(TMHD) 2 were detected after
reaction in the presence of TMHD. On the other hand, in the absence of TMHD,
barely any Mo remained in solution after reaction. The precipitation of the Mo catalyst

is a known problem in DODH literature.[6] This work represents the first time the
cause of this issue is examined. Furthermore, we demonstrate that an appropriate
ligand can be chosen to avoid precipitation. Finally, we have shown that the positive
effect of TMHD is present for several different substrates and reductants.

Figure 1: Graphical abstract
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sulfidation – Effect of organic compounds
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Introduction
The ‘‘CoMoS’’ active phase used for middle distillates hydrotreating (HDT) consists in
well-dispersed MoS 2 nanocrystallites decorated by cobalt and obtained by sulfidation
of the oxide precursors. The use of additive-impregnated catalysts led to a new
generation of industrial HDT catalysts [1,2]. Nevertheless, the origins of the activity
enhancement remain controversial : (i) the additives may act as low temperature
sulfidation inhibitors [1]; (ii) but the presence of the organic compounds also hinders
the interaction between the active phase precursors and alumina and enhances the
dispersion of metallic species [3,4]. For instance, glycol molecules have been
proposed as suitable compounds, leading to significant gains in hydrodesulfurization
activity [5]. To identify more precisely the improvement mechanisms of activity gains
due to the use of organic compounds, an Quick-XAS in-situ sulfidation of additiveimpregnated and their counterpart without additive was performed at the ROCK
beam-line in SOLEIL Synchrotron. Two kinds of additive were selected to do so :
citric acid (CA) and Tri-Ethylene-Glycol (TEG).
Experimental work
X-ray Absorption Spectroscopy (XAS) has been performed on crushed catalysts. The
sulfidation is carried out in a dedicated cell with H 2 S/H 2 (15:85 v/v) from room
temperature to 400°C at 2°C/min before a 2 hours step. Mo(Co)-K-edge spectra are
recorded during 45s leading to one average spectrum every 5.3°C. CoMoP catalyst
were prepared by incipient wetness impregnation of a γ-alumina and only drying.
Citric acid was introduced into the same impregnating solution as metal and TEG
was introduced by a consecutive impregnation of dried CoMoP. The data were
analysed by Principal Component Analysis (PCA) and Multivariate Curve Resolution
by Alternating Least Square (MCR-ALS) minimization in order to determine the
concentration profiles of the species involved during activation and the XAS spectra
of these pure species [6]. To complete the characterization, Raman spectroscopy
was performed on oxide catalysts and XPS at the end of the sulfidation step.

Results
The PCA of normalized EXAFS spectra evolution at Mo(Co)-K-edge suggest the use
of 4(3) components to describe the system evolution whatever the CoMoP catalyst.
The MCR-ALS was used to describe the components and the evolution of their
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Figure 1 : Evolution of relative concentration of Co and Mo components with
temperature for additive free CoMoP revealed by MCR-ALS
The additives modify the nature of the oxide and of the first intermediate species,
whereas the final species look similar from a local structure point of view.
We did not evidence any sulfidation delay of Mo and Co when citric acid was added,
compared to catalyst without additives. In presence of TEG, the MoS 2 phase was
formed at lower temperature, and a complete sulfidation of cobalt was achieved
around 300°C instead of ~380°C for the dried catalyst (Figure 2).
Those result can be discussed regarding catalytic activity and respective roles of
additives.
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Figure 2 : Comparison of relative concentration of the final MCR components at Moand Co K-edges in function of sulfidation temperature
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The inhibition of hydrogen and oxygen recombination over Pt-TiO2
and enhancement of photocatalytic over-all water splitting
Gongxuan Lu, Lanzhou Institute of Chemical Physics，Chinese Academy of
Sciences, Lanzhou, China

Semiconductor photocatalysts for overall water splitting into H 2 and O 2 require metal
cocatalyst, such as Pt, to catalyze H 2 evolution efficiently. However, these metal
cocatalysts can also catalyze hydrogen and oxygen recombination to form water. In
this work, we found that the pre-adsorbed halogen atom catalyst could inhibit the
reverse reaction of water formation from H 2 and O 2 due to the decrease of
adsorption energies of H 2 and O 2 on Pt. The adsorption energy decrease of H 2 and
O 2 followed the order of F/Pt < Cl/Pt < I/Pt < Br/Pt. H 2 -TPD results exhibited similar
dependence. This inhibition was achieved via the occupation of halogen atom on the
Pt surface sites, and thereby the adsorption and activation of hydrogen and oxygen
molecules were decreased. The occupation difference of halogen atoms are
determined by radius of halogen ions, which further leads the different activity for H 2
and O 2 recombination. By inhibition of water formation reverse reaction, the over-all
water splitting over Pt/TiO 2 photocatalysts has been achieved. Isotope experiments
with D 2 O and H 2 18O confirmed the over-all water splitting to H 2 and O 2 . This study
may help scientist to develop high-efficient photocatalyst for overall water splitting.

An Unified Algorithms Based eNRTL Model for Aqueous Sulfuric
Acid System
Shailesh Pathak, Department of Chemical Engineering, IIT Delhi, New Delhi-110016,
India
Sreedevi Upadhyayula, Department of Chemical Engineering, IIT Delhi, New Delhi110016, India
Damaraju Parvatalu, ONGC Energy Center, India
Bharat Bhargava, ONGC Energy Center, India
Introduction
In closed loop Iodine-Sulfur (I-S) process for hydrogen production, sulfuric acid is
formed at 70 wt.% in Bunsen reaction at about 353-393 K which needs to concentrate
up to 92 wt.% before decomposing to sulfur trioxide [1]. This concentration and reaction
involves many ionic species whose thermodynamic properties including phase
behavior, speciation, heat capacity of this complex sulfuric acid system in the
temperature ranges (up to 1173 K) need to be determined. However, this task still a
vital challenge to researcher due to chemical speciation, non-ideal azeotrope formation
above 92 wt.% concentration and thermal dissociation of sulfuric acid [2–6].
Henceforth, this work is an attempt to develop algorithm based eNRTL model to predict
the thermodynamic behavior including chemical speciation, phase equilibria and
enthalpy of the sulfuric acid system.
Model development and methodology
1) Vapor Liquid Equilibrium
At equilibrium, in the multicomponent system,
fugacity of molecular species in in liquid phase
is equal to the vapor phase fugacity.
𝑃𝑦𝑖 𝜑𝑖 = 𝑥𝑖 𝛾𝑖 𝑓𝑖𝑜

(1)

where, 𝑃 = System pressure, 𝑦𝑖 = Mole fraction
(Vapor phase) of component i, 𝜑𝑖 = Fugacity
coefficient (Vapor Phase) of component i, 𝑥𝑖 =

Figure 1 Chemical speciation in sulfuric acid
solution

Mole fraction (Liquid Phase) of component i. 𝛾𝑖 = Activity coefficient (Liquid phase) for
component i, 𝑓𝑖𝑜 = Liquid phase fugacity of pure component i.
2) Activity coefficient model
ln 𝛾𝑖 = ln 𝛾𝑖𝑆𝑅 + ln 𝛾𝑖𝐿𝑅

𝑖, 𝑗 = 𝑚, 𝑐, 𝑎

(2)

Where, 𝛾𝑖𝑆𝑅 and 𝛾𝑖𝐿𝑅 are short range and long range activity
coefficient from NRTL modeling.
The sulfuric acid in aqueous solution follow the chemical
speciation as shwon in figure 2. The equilibrium constant
of these reactions can be wriiten in terms of mole fraction
and activity coefficient. The equilibrium constant for the
second speciation reaction can be as per equation 3.
𝐾2′ =

𝑥𝐻+ 𝑥

𝑆𝑂4 2−

𝑥𝐻𝑆𝑂4 −

𝛾𝐻+ 𝛾

(

𝑆𝑂4 2−

𝛾𝐻𝑆𝑂4 −

)

(3)

Algorithm for pressure calculation is shown in figure 2,
similary algorithms for the equilbrium rate and activity
coefficient can be written. First step methodology is the
initial guess estimation of the speciation in the aqueous
solution and solve iteratively till specific conditions
Figure 2 Algorithm for pressure
calculation

(convergence criterion) of equilibrium constant estimation
as shown in equation 3 is satisfied.

In this work, we have developed a rigorous
model

to

estimate

the

thermodynamic

properties for sulfuric acid system in I-S for
hydrogen production. The model involved the
chemical speciation computational optimization
framework to estimate the thermodynamic
properties and showed good consistent with the
experimental data. eNRTL model explicitly
accounting for “extent of dissociation” and
consistent results in the whole concentration
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range even at extremely high temperature.
Model results are consistent with reference to the experimental data sets reported in
literature. This study will be extremely useful for further development and process of
sulfuric acid system in I-S process for hydrogen production.
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Plasmon and Cocatalyst-Mediated Photoanodes Enhance
Photoelectrochemical Water Oxidation Efficiency
Ruirui Wang, Lan Luo, Xu Xiang*
State Key Laboratory of Chemical Resource Engineering，Beijing University of Chemical Technology,
Beijing, 100029 China
E-mail: xiangxu@mail.buct.edu.cn

Generation of hydrogen from photoelectrochemical (PEC) water splitting is one of the
most promising pathways to boost clean energy economy.[1,2] It is highly desirable
to improve the efficiency of the photoelectrochemical (PEC) anodes because the
water oxidation at the anodes is a thermodynamic unfavorable and dynamics
sluggish reaction.[3,4] The common way to improve PEC efficiency is to modify
photoanodes with water oxidation catalysts (WOCs). We designed a sandwich
structure photoanode i.e., LDHs/Au@SiO 2 /BiVO 4 , where LDHs acted as water
oxidation cocatalyst and the localized surface plasmon resonance (LSPR) effect of
Au@SiO 2 was utilized. The Au@SiO 2 /LDHs/ BiVO 4 was prepared as a control,
where the LDHs were firstly grown on the BiVO4. The LDHs/Au@SiO 2 /BiVO 4
achieved a photocurrent density of 1.92 mA·cm-2 (1.23 V vs. RHE), a 52%
enhancement compared to the Au@SiO 2 /LDHs/BiVO 4 (1.26 mA·cm-2). The oxidation
efficiency of LDHs/Au@SiO 2 /BiVO 4 was around 69% (1.23 V vs RHE ), 1.3 times
higher than that of Au@SiO 2 /LDHs/BiVO 4 . The findings verified that the BiVO 4
mainly contributes to charge separation and the LSPR effect of Au is strongly
position-dependent. LDHs acted as a cocatalyst to accumulate photo-generated
holes and accelerate water oxidation.[5,6] The combination of catalysis and plasmon
effect enables the enhanced water oxidation performance.

Figure 1 Chopped photocurrent-time curves under AM1.5G light irradiation (A),
oxidation efficiency of surface-reaching holes (B).
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Catalysis of hydrodeoxygenation of octanoic acid parallel with
hydrodesulfurization of benzothiophene by NiMo sulfides: Support
effect
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Among variety of synthetic crudes (originated from plastic or biomass waste),
only the biomass derived crude satisfy the need of renewable hydrocarbon resource.
Specifically, vegetable oils (high fatty acid content) are the cheapest raw material in
the bio-oil market with high energy density. For this reason, they have been already
utilized as fatty acid methyl esters (FAME) in diesel fuel. Despite that, stability of
FAME remains problematic due to the presence of reactive C=C double bonds and
carboxylic group. Furthermore, the utilization of waste (high content of free fatty acids
and other contaminants) or non-edible triglycerides call for hydrotreating reaction
over sulfidic catalysts instead of transesterification reaction in order to produce high
quality bio-fuels. Advantages of the simultaneous hydrodeoxygenation (HDO)/
hydrodesulfurization (HDS) also lays in keeping catalysts in sulfidic form by sulfur
containing compound and in the use of existing refinery hydrotreating infrastructure.
Therefore, we have compared MgO (300 m2g-1), C (225 m2g-1), ZrO 2 (108 m2g-1),
Al 2 O 3 , (262 m2g-1), TiO 2 , (140 m2g-1), SiO 2 -Al 2 O 3 (480 m2g-1), supports for
deposition of NiMo sulfides in order: i) To determine the catalysts activity in HDO
reaction of octanoic acid, which was run together with HDS reaction of 1benzothiophene; ii) To determine the influence of the supports on promotion effect of
Ni on HDO/HDS activity of Mo sulfide; and iii) To analyze simple reaction progress
kinetic (RPKA) of the HDO reaction over the most active catalysts giving insight into
selectivity hydrogenolysis (HYG)/ hydrodecarboxylation (HDC) and selectivity of
formation of olefins during HDO. The catalysts were prepared by conventional
impregnation of supports to achieve the loadings of Mo with surface density of 3.5
metal atoms per nm2 (the modified surface area was used for the microporous
carbon support; SiO 2 -Al 2 O 3 was loaded with surface density 1.0 metal atoms per
nm2). Ni loadings corresponded to atomic ratio Ni/(Ni + Mo) of 0.3. C-supported

catalysts were not calcined and MgO supported catalysts were prepared by nonaqueous impregnation.
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Figure 1. Scheme of HDO of octanoic acid and HDS of 1-benzothiophene.

It was ascertained that the parallel reactions of HDO of octanoic acid and HDS
of 1-benzothiophene revealed that the support type influenced the activity and
selectivity of the studied NiMo sulfides. Unsupported NiMo sulfide, prepared for the
matter of comparison, resulted in the lowest HDO and HDS activities due to its low
surface area of 33 m2g-1. Also the basic and amphoteric oxides MgO and Al 2 O 3 ,
ZrO 2 do not lead to highly active NiMo catalysts presumably due to low hydrothermal
stability during HDO. The most active catalysts represented NiMo sulfides supported
on TiO 2 and C, which yielded exclusively linear hydrocarbons by the HDO reaction.
Decrease of point of zero charge of the support, i.e. an increase of acidity, increased
selectivity HDO/HDS of the deposited NiMo phase. Deposition of the Ni promoter,
however, shifted the selectivity towards product of hydrodecarboxylation reaction, i.e.
heptanes (C n-1 pathway), almost independently on the support type. Nevertheless,
the most active NiMo/TiO 2 in HDO was the most selective catalyst from the studied
NiMo phases to n-octane, the product of octanoic acid hydrogenolysis (C n pathway).
Pronounced isomerization and cracking activity during HDO was observed over
NiMo/SiO 2 -Al 2 O 3 catalyst.
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Introduction
Machine learning (ML) methods have gained much attention among the molecular
and materials science communities for use in the prediction of various kinds of
physical and chemical properties. ML methods could serve as a fast and highprecision alternative to the first-principles modelling. Several successful examples
are already available for predictions and discoveries of organic chemistry reactions
including ones that use homogeneous catalysts. However, targets of ML predictions
for heterogeneous catalysis have been limited. Our group has been trying to
contribute to establishing “Catalysis Informatics” by utilizing ML.1-3 Herein, we
propose a ML approach that considers elemental features as input representation
instead of considering catalyst compositions themselves. This novel ML method
could lead to catalysts discovery even for catalytic reactions having less information
and less catalyst composition diversity. Oxidative coupling of methane (OCM) was
chosen as an example to confirm effectiveness of the proposed method and were
analyzed by several the-state-of-the-art ML methods.
Methodology
We employ widely used implementations of scikit-learn (version 0.19) for all ML
models except XGB, and for XGB the original implementation of XGBoost is used.
The key hyperparameters of each model are best tuned in an exhaustive way (i.e.
grid search) within the specified ranges. The quantitative evaluations of prediction
accuracy are based on the root mean squared errors (RMSEs) calculated by 10-fold
cross validation, the most widely used method for estimating prediction error.

Results and discussion
We evaluate the prediction performance of the proposed approach with 7 different
ML methods, as shown in Figure 1. All evaluations were carried out by the 10-fold
cross validation and the root mean square error (RMSE) of the difference between
predicted value and ground truth, and their standard deviations are also calculated.
Figure 1 shows the prediction error (RMSEs) for C 2 yield prediction of OCM
catalysts. Non-linear methods perform better than linear methods, and in particular,
tree ensemble methods (RFR, XGB, ETR) result in small training and test error. The
best prediction performance (by XGB) is RMSE of 0.525 (training error) and 4.111
(test error) for predicting C 2 yield (%).

Figure 1. The prediction-error comparisons for catalyst performance (C 2 yield) for
OCM. The proposed approach is tested with 7 the-state-of-the-art machine learning
methods. The evaluations are done with respect to RMSEs estimated by 10-fold
cross validation.
Conclusions
A novel machine learning (ML) approach that deals with elemental features as input
representation instead of catalyst compositions themselves was proposed and
demonstrated by employing the previous experimental catalytic data on oxidative
coupling of methane (OCM).
References
(1) I. Takigawa, K. Shimizu, K. Tsuda, S. Takakusagi “Machine-learning prediction of the d-band
center for metals and bimetals” RSC Advances, 2016, 6, 52587-52595.
(2) T. Toyao, K. Suzuki, S. Kikuchi, S. Takakusagi, K. Shimizu, I. Takigawa “Toward effective
utilization of methane: machine learning prediction of adsorption energies on metal alloys” The
Journal of Physical Chemistry C, 2018, 122, 8315–8326.
(3) K. Suzuki, T. Toyao, Z. Maeno S. Takakusagi, K. Shimizu, I. Takigawa “Statistical analysis and
discovery of heterogeneous catalysts based on machine learning from diverse published data”
submitted.

Enhancing hydrothermal stability of framework Al in ZSM-5: a
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Catalytic cracking over acid zeolites is an important hydrocarbon upgrading process
to produce transportation fuel and petro-chemicals. For FCC process, it is effective to
burn off coke deposits on catalysts at high temperatures, however it also promotes
dealumination, gradual but permanent deactivation of the catalyst, which would also
occur in high-temperature reactions with H 2 O as a by-product[1,2]. Therefore
promoting the hydrothermal stability for zeolites have been extensively proved
important to decrease the zeolite consumption, equal to promoting the recyclability
and sustainability of zeolites[3]. Phosphorus modification has been extensively proven
effective to improve hydrothermal stability of zeolites, with modification on acidity and
shape selectivity of zeolites.
However, phosphorus species mainly as condensed polyphosphate species blocked
the micropore severely during phosphorus modification. The diffusion resistance on
phosphorus is the main reason to reduce the stabilization efficiency on framework
aluminum. H 2 O molecules diffused more easily than phosphorus into channels of
ZSM-5, resulting in the dealumination and monoclinic/orthorhombic transition during
the steam activation. Therefore, tetrahedrally coordinated framework aluminum (TFAl)
should be stabilized as much as possible before the steam activation. The interaction
between

phosphorus

and

aluminum

has

been

systemically

studied

with

dealumination, alkali treatment, phosphorus modification and the steam treatment on
ZSM-5.

29

Si/27Al/31PMAS NMR was performed to verify the changes of Si, Al and P

atoms during phosphorus modification. It turned out that the NaOH treatment was
most effective to form mesoporesto improve the P/Al ratio, the retention of
micropores, and the relative crystallinity. More importantly, it also reduced the
diffusion resistance on phosphorus to penetrate the zeolite channel to access
framework aluminum for better interaction between phosphorus and aluminum.

Meanwhile, the TFAL-P species had been formed before steam activation with
suitable mesopores. The key physicochemical index measuring efficiency of
phosphorus modification was set as the sharp signal at 39 ppm with good symmetry
in 27Al MAS NMR before steam activation (Fig. 1). Mesopores within ZSM-5 could not
only improve the retention of acidity by phosphorus, but also enhanced accessibility
of acid sites by cracking reactants especially ethylcyclohexane. A possible
mechanism of the interaction between phosphorus and aluminum is proposed (Fig.
2). In ideal cases, TFAl should be stabilized as much as possible before the steam
treatment. It would benefit the sustainable utilization of zeolites. After NaOH
treatment, the proper mesopores could promote the diffusion of phosphorus to
approach, access and stabilize TFAl, and then strengthen the interaction between
phosphorus and aluminum to form the TFAl-P (39 ppm in

27

Al MAS NMR) before

steam activation.

Fig.1

27

Al MAS NMR spectra of Z5-0.7M-P-SA

Fig. 2 Proposed mechanism of the interaction
between phosphorus and aluminum
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Introduction
Light-driven hydrogen production by photoreforming of an aqueous solution
containing either biomass or bio-derived chemicals is a promising way to generate
sustainable energy with reduced carbon footprint. The photoreforming process can
improve the photocatalytic water-splitting process by using the organic components
as the hole-scavenger [1], supressing the electron/hole recombination. Herein, in
order to develop an efficient photocatalytic process for H 2 generation, we suppose to
study the photocatalytic generation of H 2 via photoreforming of cellulose by using Pt
loaded TiO 2 with two types of titania supports (anatase and P25).
Materials and Methods
Catalysts used in the photoreforming reaction were prepared by the wet
impregnation of TiO 2 supports with the H 2 PtCl 6 solution followed by drying at 150°C
and calcination at 500°C. Prior to activity testing, the catalysts were reduced in pure
H 2 at 200°C. The synthesized catalysts were characterized by X-ray diffraction, BET
analysis, transmission electron microscope and UV-Vis spectroscopy.
Catalytic activity tests were performed in a flat-bottomed glass flask with a
jacket outside. During the reaction, the circulating bath was applied into the jacket for
controling the reaction temperature. For a typical photoreformingreaction experiment,
75 mg of catalyst and 100 ml of distilled water were placed in the reaction set-up,
together with a 0.1 g of cellulose (microcrystalline cellulose). The mixture was stirred
for 30 min at room temperature and then purged with Ar for 1.5 h to remove the
dissolved oxygen. After purging, the reactor was sealed and irradiated by a UV-A
lamp for 5 h. Gas samples were taken after reaction and analysed in a gas
chromatography (GC).

Results and Discussion
The morphology and light absorptive property of catalysts were investigated by XRD,
BET and UV-Vis spectroscopy. After the wet impregnation process, the
morphologies of both anatase and P25 titanias were not changed. The absorption
increased with Pt loading in visible region and showed an optimum absorption with
regard to Pt loading in UV region.
Figure 1 shows the comparison result of H 2 generation from photoreforming of
cellulose when using P25 and anatase as supports. H 2 and CO 2 are the main gas
products in the photoreforming reation of cellulose. Pt/P25 shows an optimum Pt
loading at 0.16% while Pt/Anatase shows an optimum Pt loading at 0.5%. This is
because Pt could act as electron sinks to trap the photo-generated electrons and
therefore improve the seperation of electrons and holes. However, when excess Pt
are generated on the surface of TiO 2 supports, the light becomes hard to reach to
titania and the seperation of electrons and holes will decrease. A higher performance
in producing H 2 can also be observed in anatase supported catalyst which could be
due to the higher anatase content in Pt/Anatase than that of Pt/P25.

Figure 1. H 2 production from photoreforming of cellulose using Pt/P25 and Pt/Anatase with different Pt
loading amounts.
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Novel hybrid ZnO material as free-noble metal catalyst support for
selective hydrogenolysis of glycerol into 1,2-PDO
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Introduction

The exponential growth in the demand for fossil fuels have motivated researchers to
explore alternative bio-resources and bio-technologies for fuels and chemicals. In this
context, biomass conversion into biofuel leads to the production of ~1 735 540 [1] tons
a year of glycerol, a nontoxic molecule that can be transformed into more valuable
products. In our case, we focused on the hydrogenolysis of glycerol into 1,2
propanediol (1,2-PDO), for large industrial applications (pharmacology, biochemistry,
cosmetics…)

[2]

The aim of our study is to develop efficient and selective copper-

based catalysts (Cu, Cu-Al, Cu-Ni) supported on novel self-assembly mesospheres
hybrid ZnO/PAA support (PAA = Poly Acrylic Acid).
Results and discussion

Synthesis of the hybrid ZnO/PAA (fig.1) was reported via a sol-gel method while
changing some synthesis parameters in order to modify the size of the aggregates
and to increase the specific surface area.

[3]

This led to mesospheric self-assembly

hybrid ZnO-PAA nanomaterials that can be used as novel ZnO catalytic supports
with rare high specific surface area (>100 m².g-1) compared to conventional or
commercial ones (around 10-20 m².g-1).
In our presentation, we will address the importance of the synthetical pathway of the
hybrid support and the copper deposition process onto the performances for the
catalytic hydrogenolysis of glycerol into 1,2-PDO. We will present results about the
influence (i) of the metal percentage deposition (5-40 % wt.), (ii) of the catalyst
weight, (iii) of the dispersion of the metallic phase, (iv) of the transformation of the
support during the reaction and (v) of the reusability of our catalysts on the

conversion (up to 65 %) and selectivity (up to 99 %). Benchmarking study with
commercial ZnO was also conducted in order to compare the effect of this innovative
hierarchical nanostructured ZnO support.

Figure 1: TEM ZnO/PAA NPs

Figure 2: Evolution of the concentrations in glycerol and
1,2-PDO over Cu-Zn-Al catalyst. (T= 200°C, PH2 = 30 bar)

Incorporation of aluminum in our Cu-ZnO system was also achieved through a onepot synthesis and has demonstrated a remarkable increase of the conversion up to
96% while maintaining an outstanding selectivity of 99% (fig.2). This was not always
the case for different studies made with Cu or with other catalytic systems. [4-6] In this
part, we will also highlight the importance of the presence of the spinel phase
ZnAl 2 O 4 on the high stability of our Cu-Zn-Al catalyst during the reaction.
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Catalytic Pyrolysis of Xylan over Alkali Metal Salts with
Synchrotron Photoionization Mass Spectrometry
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As the inherent inorganic materials found in biomass, alkali metals show profound
catalytic effect on biomass pyrolysis.[1] In this study, the catalytic pyrolysis of xylan,
the primary hemicellulose polysaccharide presented in biomass, was investigated
over different concentrations of Na 2 CO 3 and K 2 CO 3 by using a homemade tubular
furnace at 300 °C. As a result of on-line sampling and the use of tunable synchrotron
vacuum ultraviolet photoionization mass spectrometry (SVUV-PIMS)[2], the evolution
of unstable products, such as 4-hydroxy-5,6-dihydro-pyran-2-one (m/z 114), could be
monitored in real time. The obtained photoionization mass spectra were interpreted
by statistical analysis and the mechanisms of xylan pyrolysis with alkali metal salts
were further discussed. The diﬀerences in thermogravimetry curves, photoionization
mass spectra and time-evolved profiles revealed the important eﬀects of alkali metal
ions on both the decomposition temperature and reaction rates during xylan
pyrolysis. Furthermore, we showed that alkali metal ions can promote the formation
of char and lighter compounds. This work can provide guidance on the better
utilization of hemicellulose resources with the help of alkali metal salts.
References
[1] A.V. Bridgwater, Review of Fast Pyrolysis of Biomass and Product Upgrading. Biomass Bioenergy
38(2012) 68-94.
[2] Y. Wang, Q. Huang, Z. Zhou, J. Yang, F. Qi, and Y. Pan, Online Study on the Pyrolysis of
Polypropylene over the HZSM-5 Zeolite with Photoionization Time-of-Flight Mass Spectrometry.
Energy Fuels 29(2015) 1090-1098.

Microwave Catalytic Synthesis of Ammonia for Energy Storage and
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Hydrogen production from renewable energy (solar and wind) has been practiced at
fairly large scale1. However, hydrogen is not a choice of energy carrier due to
incompressibility and low volumetric energy density.

In contrast, liquid ammonia

possesses all the physicochemical properties of an energy-dense carrier to store and
transport renewable energy2-4. In addition, the production of ammonia from
renewable source can reduce dependence on fossil energy5 and it serves as an
effective hydrogen source (17.6 wt% hydrogen) for fuel cell industry6. Using air and
water as feedstock to economically produce ammonia is a challenge, especially
when renewable energy installations are not at a large scale.
This paper presents an innovative approach of producing carbon neutral
energy-dense liquid ammonia. The approach synergistically integrates microwave
reaction chemistry with novel heterogeneous catalysis that decouples N 2 activation
from high temperature and high pressure reaction, altering reaction pathways and
lowering activation energy. Results have shown that ammonia synthesis can be
carried out at 280oC and ambient pressure to achieve ~1.8% ammonia concentration
over supported Ru catalyst systems. Adding promoters of K, Ce and Ba has
significantly improved the ammonia production rate over Ru-based catalysts
attributing to enhanced electromagnetic sensitivity of the catalysts under microwave
irradiation. We have discovered that under microwave catalytic conditions, ammonia
concentration higher than corresponding thermal equilibrium can be obtained using
either Fe or Ru catalyst. This study also illustrates the advantages of an innovative
variable-frequency microwave reactor for ambient pressure ammonia synthesis. It is
the first reporting of variable frequency microwave catalytic reaction. Overall,
microwave catalytic ammonia synthesis is fundamentally different from commercial
Haber-Bosch process, having cost advantages at small scale that is comparable with
commercial ammonia process of 10-20 times larger. It can be tolerant to intermittent
renewable energy supply, therefore effectively operated at variable rates of
production.
1

Electromagnetic radiation in the form of microwaves has become a focus for
chemical synthesis in recent years due to the increased selectivity and decrease in
reaction times and temperatures. Microwaves have the unique ability to selectively
activate active sites on the surface of heterogeneous catalyst. One of the microwave
relaxation processes in the catalytic materials is the dipolar or Debye processes
which involve the coupling of the microwave irradiation with dipoles in the solid
material. These dipoles can be defect sites (i.e. atomic vacancies) in the materials or
dangling bonds on the surface. The coupling of the microwave irradiation will result in
selective heating of the dipole. From the standpoint of catalysis, dipoles on the
surface can be reactant or products that would be susceptible to selective heating
effects, which in turn can affect reaction rates. Microwaves have been shown to
decrease the activation energy needed for the reaction. Microwave can also
selectively heat metals on catalyst surface, especially in the presence of promoters,
facilitating electron transfer between catalyst and reaction intermediates. Taking
advantages of “state-of-the art” non-equilibrium microwave technology, catalytic
ammonia synthesis undergoes a new reaction pathway where the barrier for the
initial dissociation of the dinitrogen is decoupled from the bonding energy of the
intermediates.

Figure 1. Illustration of microwave catalytic synthesis
Figure 2. Effect of promoters on the performance of

of ammonia

microwave catalytic synthesis of ammonia
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Monitoring inorganic catalysts during ammonia decomposition by
in situ diffraction experiments
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Ammonia is discussed for on-site generation of hydrogen for fuel cells or is its direct
use in ammonia-fed solid oxide fuels cells.[1-4] The decomposition of ammonia
requires temperatures above 400 °C. Therefore, highly active catalysts which
guarantee high-temperature stability and long lifetime need to be developed. Several
metals, alloys, and noble metals have been tested for ammonia decomposition. High
costs and limited availability of conventional noble metal catalysts are limiting factors
for large scale applications and force development of alternative catalysts. Different
transition metal-based compounds, with or without support, have been discussed as
potential catalysts. Previous studies showed that different catalysts used for
ammonia decomposition may behave significantly different with respect to the
chemical composition and the active components formed during reaction.[5-7]
In this study, in situ synchrotron and laboratory diffraction studies on different
transition metal based catalysts under working conditions will be presented. Changes
of the crystal structures, phase transformation processes and compositional changes
under reaction conditions will be discussed. Furthermore, the structural properties
are related to the catalytic performances of the catalysts (Figure 1).

Figure 1: Structural and compositional changes of Fe-based catalyst observed in situ during ammonia
[7]
decomposition.
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Introduction
Efficient and rational utilization of industrial solid residual from chemical, petrochemical, metallurgical, iron and steel industry is significant from the green process
technology, sustainable development of society and effective utilization of limited
natural resources. Proper utilization of natural resources is important from the point of
view of mitigation of climate change, saving planet earth, human health and
development of environmental friendly technology for the present and future
generations. In this research main aim was synthesis and characterization of catalytic
materials from industrial slags obtained from iron and steel industry.
Experimental
The organic surfactants selected for the studies were: Cetyl tetramethyl ammonium
bromide (CH 3 ) 4 N(Br), Tetra ethylammonium bromide (C 2 H 5 ) 3 N(Br)CH 3 , tetramethyl
ammonium hydroxide (CH 3 ) 4 N(OH), tetra ethylammonium hydroxide (C 2 H 5 ) 4 N(OH),
Tetradecyl trimethyl ammoniumbromide (C 16 H 33 N(Br)(CH 3 ) 3 , Tetrta ethyl ammonium
bromide

(C 14 H 29 N(Br)(CH 3 ) 3 ,

hexa-decyltrimethyl

ammonium

chloride

(C 16 H 33 N(Cl)(CH 3 ) 3 and tetrabutyl ammonium bromide (C 4 H 9 )N(Br). Mikseri kuona
industrial slag was ball milled and fraction < 90 μm was pretreated with 0.6 M NaOH.
The 0.6 M NaOH pretreated mikseri kuona was added to the 0.1 M surfactant, and
synthesis was performed at ambient temperature. After the synthesis, surfactant
pretreated material was filtered and washed with distilled water, followed by drying at
100 0C and thermal treatment in a muffale oven using step calcination procedure.
Similar procedure was used for pretreatment of 0.6 M NaOH pretreated slag with all
the above surfactants. The characterization of the surfactant pretreated mikseri
1

kuona was carried out using X-ray powder diffraction for structural identifications,
scanning electron microscopy for morphological studies and energy dispersive X-ray
micro analyses for measurement elemental composition. Transmission electron
microscopy was applied for the determination of structure, porosity and periodicity of
pores and metal oxide particle size distributions. Nitrogen physisorption was
performed to measure the surface area and pore volume.
Results and discussion
The highest surface area (38 m2/g) and pore volume (0.0134 cm3/g) was measured
for the slag catalyst synthesized with pretreatment of 0.1 M tetraethyl ammonium
hydroxide. The surface area (19 m2/g) and pore volume (0.0069 cm3/g) was
measured for the untreated mikseri kuona. Hence, it was concluded that the
surfactant pretreatment resulted in the enhancement of surface area and pore
volume. It was also observed that suface area and pore volume of the pretreated slag
catalysts depended on the type of surfactants. The surfactant 0.1 M tetramethyl
ammonium bromide pretreated slag catalyst exhibited surface area (29 m2/g) and
pore volume (0.0134 cm3/g). The slag material pretreated with EDTA, followed by
subsequent pretreatment with 0.6 M NaOH-0.1M TEAH resulted in the surface area
(79 m2/g) and micropore volume 0.0282 cm3/g. Transmission electron microscopy
exhibited the presence of formation of internal porosity for the surfactant pretreated
slag catalytic materials. 0.6 M NaOH-0.1 M TEAH for 4 h at 65 0C slag catalytic
material exhibited the presence of average channel size (4.1 nm). The 0.6 M NaOH0.1 M TEAH EDTA pretreated at 25 0C for 4 h slag catalyst with highest surface area
(79 m2/g) showed the average internal channel size (1.1 nm). The hydrothermal
synthesis of 0.6 M NaOH-0.1 M TEAH at 150 0C for 4 h, exhibited presence of
spherical shape crystals with average crystal size 140.5 nm. It is noteworthy to
mention, that transmission electron microscopy also showed the presence of external
mesopores with average size (70 nm). The energy dispersive X-ray micro-analyses
exhibited presence of FeO, TiO 2 , CaO, S, SiO 2 , Al 2 O 3 , MgO, Na 2 O for the 0.6 M
NaOH-0.1M TEAH slag catalytic material. The 0.1 M TEAH-0.6 M NaOH surfactant
pretreated slag catalyst exhibited significant catalytic activity in analytical fast
pyrolysis of pine sawdust. The in-depth physico-chemical characterization of the slag
catalytic materials together with the correlation of the catalytic activity results will be
presented during the conference.
2

The photocatalytic study of TiO 2 microspheres in benzene removal
and H 2 production
Xin Liu, Hajime Hojo, Hisahiro Einaga,
Faculty of Engineering Sciences, Kyushu University, Kasuga, Fukuoka, Japan

TiO 2 is an important functional material, which has been widely studied due to its
high photoactivity and stability1. To improve the efficiency of TiO 2 -catalyzed
photocatalytic reaction, the suppression of electron-hole recombination and the
increase of TiO 2 surface area are effective methods. Recently, much attention has
been focused on shape-controlled TiO 2 because catalytic properties can be improved
by changing the morphology of materials2. In this study, we synthesized the high
surface area TiO 2 and Pt/TiO 2 microspheres. According to the experiment results,
the high surface area TiO 2 and Pt/TiO 2 manifest higher photocatalytic activity in
benzene removal and H 2 production, respectively. Especially, the samples (TiO 2 and
Pt/TiO 2 ) that were heated at 300 0C exhibited the highest benzene degradation
conversion (11.17%) and H 2 production rate (50.03 µmol h-1), while the P25 and
Pt/P25 just displayed 1.98% conversion and 39.12 µmol h-1 H 2 production rate,
respectively.
XRD
calcined

patterns
at

of

TiO 2

different

temperatures are displayed in
Fig. 1a. All of the diffraction
patterns can be indexed to
anatase

TiO 2

that

are

consistent with the precious
report3.

Meanwhile, all the

samples’ diffraction peaks do
not change significantly. SEM
images of TiO 2 -MS samples

Fig. 1 (a) XRD patterns, (b) SEM images, (c) N2

depicted in Fig. 1b show that

adsorption-desorption isotherms of microspheres
at different temperatures. (d) Photocatalytic
degradation ratio of TiO2 microspheres at

all the samples consisted of
uniform microspheres with the
diameter was ~200-300 nm.

different temperatures and P25 after 150 minutes
irradiation.

Both XRD and SEM images indicate that the TiO 2 microspheres have good thermal
stability. N 2 adsorption-desorption isotherms of TiO 2 -MS samples (Fig. 1c) shows the
surface areas are 137, 204, 159.23 and 119.72 m2 g-1, respectively. Fig.1d shows the
photocatalytic

degradation

activity

of

TiO 2

samples

and

commercial

P25

nanoparticles for comparison. Under the lighting irradiation in the period of 150
minutes, the TiO 2 -MS-300 sample is able to degrade over 11.17% of the original
benzene, while value for P25 is 1.98%.
Besides, the Pt/ TiO 2 microspheres were used to test the activity of H 2 production.
After loading Pt, it can be found that the phase of TiO 2 -MS-300-1% Pt is still anatase
(Fig. 2a), as the same as the original
TiO 2 microspheres. The morphology
of TiO 2 -MS-300-1% Pt is also not
changed (Fig. 2b). This means the
Pt

deposition

cannot

affect

the

structure and morphology of these
TiO 2 microspheres. Fig. 2c shows
that the H 2 production rate of TiO 2 MS-300-1%Pt (50.03 µmol h-1) is
higher than P25-1%Pt (39.12 µmol h1

). This also proved that change the

morphology of TiO 2 could improve

Fig. 2 (a) XRD patterns, (b) SEM image of
TiO2-MS-300-1%Pt. (c) Photocatalytic H2
evolution rate of P25-1%Pt and TiO2-MS-3001%Pt (solution: ethanol=2 ml and H2O= 8 ml).

the photocatalytic activity.
In conclusion, we studied basic properties of the TiO 2 and Pt/TiO 2 microspheres,
and found these microspheres have good photocatalytic activity in benzene
degradation and H 2 production, especially TiO 2 -MS-300 and TiO 2 -MS-300-1%Pt with
high surface area, stable structure, shown much higher activity than other samples in
both benzene removal (11.17%) and H 2 evolution rate (50.03 µmol h-1). Finally, this
work can help others to start deeper research in shape-controlled TiO 2 in the future.
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Inducing Cooperative Catalytic Interactions Using Titanium and TinChitosan Hybrids
Christine Khoury; Oz M. Gazit, Chemical Engineering, Technion-Israel Institute of
Technology, Haifa, Israel
Introduction
Obtaining acid-base cooperative interactions between metal and organic active sites
in a heterogeneous synthetic system is a challenging task. The key is to develop a
synthetic control over the proximity and orientation between mild active sites.[1] If this
can be achieved, the catalyst can be active under mild reaction conditions and also
allow tuning of the reaction selectivity.[2] An important example where such a catalyst
can be highly beneficial is the aldol condensation reaction, which is extensively used
in the synthesis of fine chemicals and also in the transformation of biomass-derived
molecules to fuels.
Previous reports on cooperative heterogeneous catalysts, focused on developing
active site cooperativity by grafting amines to a rigid support such as silica. However,
in such cases the rigidity of the support limits the catalyst tunability. Recently, the use
of a flexible polymer-based system to induce cooperative interactions was shown to
have a high potential.[3] Polymeric systems can self-assemble to adjust proximity and
orientation of the active sites, which are more challenging to obtain in a rigid solid
system. However, this high degree of flexibility is limiting in terms of keeping a
constant distance between the acid and base sites. In this work we combine between
a rigid and a flexible system by grafting titanium (Ti) or tin (Sn) sites to the backbone
of an amine contain polymer (chitosan, CS).
Material Preparation and Methods
The preparation of the grafted hybrid materials was obtained by the reacting Ti or Sn
precursors with the hydroxyl groups on CS. Tuning of the synthesis conditions
allowed us to produce three configurations (see Figure 1.) 1) Ti/Sn grafted on CS
with protonated amines (G-Ti-NH 3 + and G-Sn-NH 3 ++NPs), 2) Ti/Sn grafted on CS
with primary amines (G-Ti-NH 2 and G-Sn-NH 2 +NPs), and 3) inter-grafted Ti/Sn sites
on CS with primary amines (IntG-Ti-NH 2 and IntG-Sn-NH 2 +NPs). To study these
unique hybrids, the materials were characterized by FTIR, XRD, N 2 -physisorption,
HRTEM and XPS.

Figure 1. Schematic representation of the various configurations of the Ti and Sn-CS Hybrids.

Results
The synthetic approach produced high surface area Ti-CS-hybrid materials (up to
130 m2g-1) and Sn-CS-hybrid materials (up to 190 m2g-1) without the need for special
drying methods. It was found that while in the IntG-Ti-NH 2 the CS is able to selforganize into a sub-nanometer organized pattern, in the case of the IntG-SnNH 2 +NPs, the Sn precursor forms SnO 2 nanoparticles that prevent the self-assembly
of CS. The high surface was found to be stable up to 110 oC under vacuum.
Testing the obtained hybrid materials as catalysts for the nitro-aldol condensation
showed cooperativity between the incorporated metal site and the pendant primary
amine site on CS. This cooperativity was translated into a reduction of ~25% in the
apparent reaction activation energy and a distinct correlation to selectivity. No
difference between Ti and Sn in terms of catalytic activity was found. However,
significant differences were measured between the catalytic performance of the
grafted and inter-grafted material configurations. The sum of these results allowed us
to identify the active site and sketch a proposed mechanism.
Significance
The development of active site cooperativity provides access to more energy efficient
catalytic materials. In this work we present a new approach for the synthesis of hybrid
organic-inorganic solid catalysts that can self-assemble into a specific structure that
promotes acid-base cooperativity.
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Explaining redox activity of V-substituted heteropoly acid catalysts
in biomass oxidation through liquid core waveguide membrane
microreactor studies
Sebastian Ponce1, Jakob Albert2, Alfons Drochner1, Bastian J.M. Etzold1; 1Ernst-BerlInstitute for Technical and Macromolecular Chemistry, Technische Universität
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Catalytic partial oxidation employing molecular oxygen is one important pillar of
today’s industrial chemistry and future sustainable scenarios. Partial oxidation is e.g.
studied for conversion of biomass into valuable energy carrier molecules, platform
chemicals, and other bio-based products [1]. Among others, the use of
heteropolyacid (HPA-n) catalysts (H x [PV n Mo z O 40 ]) has emerged as a promising
method for the selectively transformation of biomass into formic acid and CO 2 , as
recently demonstrated by Albert et al., in the so-called OxFA process [2]. While
vanadium substitution is known to show an influence on the overall activity,
experimental observations show a contrasting behavior. Thus, further studies how Vsubstitution influences the redox cycle are necessary. HPA-n catalysts present
characteristic UV/Vis absorption spectra in their oxidized and reduced forms. Thus,
reduction and reoxidation rates under anaerobic and aerobic conditions could be
studied. Recently, we reported a liquid core waveguide membrane microreactor
(LCWM), based on a Teflon AF tube (Fig. 1), which allows in situ UV/Vis spectra of
liquid phases while complete gas/liquid saturation is achieved [3]. In this study, the
novel concept of a LCWM microreactor is used to carry out spectrometric studies of
the redox kinetics of different HPA-n catalysts during the OxFA process.

Figure 1: Scheme of LCWM setup., LS: light source, FC: fluidic cells, P: pressure
sensor, T: temperature control, HW: heating wire, BPR: backpressure regulator, SP:
spectrometer, V: two-way valve.

Results
While high V-substituted (HPA-5) catalysts showed the fastest reduction kinetics, no
direct linear correlation of the substitution degree to the reduction kinetics was
obtained. Combining the kinetic results with Cyclovoltammetry (Fig. 2 left) and EPR
characterization indicates, that two competing active sites influence the reduction
kinetics. On the one hand, dissolved V5+, and on the other hand the heteropolyanion
itself. While the activity of the heteropolyanions as active site itself seem to slow
down with higher V-substitution degree, the amount of highly active V5+ dissolved
increases with higher substitution. The detrimental effect of V-substitution on activity
and number of active sites explains the observed reduction activity trend as also
selectivity patterns reported in literature [1]. Moreover, for reoxidation experiments,
the degree of V-substitution played again a determinant role. HPA-0 and HPA-1
catalysts are only reoxidized above 100

o

C (Fig. 2 right) and due to the

decomposition of formic acid at high temperatures not suitable for this reaction. In
contrary, HPA-2 and HPA-5 showed suitable reoxidation below 80 oC, while HPA-5
shows a 10 times higher reoxidation compared to HPA-2. All in all, this study shows,
that the recently introduced LCWM microreactor concept suits very well for fast and
reliable in situ UV/Vis kinetic studies on gas-liquid systems.
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Figure 2: Left: Correlation between reduction rate constants and reduction potential
of the HPA-n catalysts, and right: Arrhenius plot for reoxidation of HPA-n catalysts.
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The Catalytic Upgrade of Acetone, Butanol and Ethanol (ABE) to
Added Value Products
Elham Ketabchi, University of Surrey, Guildford, UK; Laura Pastor-Perez, University
of Surrey, Guildford, UK; Tomas Ramirez Reina, University of Surrey, Guildford, UK;
Harvey Arellano-Garcia, University of Surrey, Guildford, UK

The history of many sectors of manufacturing and production has shown that they
inevitably go through significant changes that should be addressed. Hence, many
operational systems that were successful in the past may no longer be so in the
future. One of the main industries that is no exception to this change, is oil refining;
being a crucial industry in our day to day lives. Nonetheless, financial and
environmental issues have led to the search for alternatives such as biomass based
processes in order to reduce the dependency on crude oil. Bio-refinery processes,
fed by biomass, produce high value chemicals and materials with the advantage of
having reduced environmental drawbacks such as CO 2 emissions when compared to
the conventional refinery.
In this work, we have carried out a complex reaction network towards upgrading
Acetone, Butanol and Ethanol (ABE), a biomass based mixture, aiming to produce
valuable products while utilising economically viable catalysts in comparison to the
expensive catalytic materials used in the vast majority of similar research. The
reactants of this process, ABE, are the products of sugar fermentation via bacterial
species that are obtained and separated via various distillation units that are quite
costly and energy intensive[1]. Therefore, the upgrading process following that
should be economically favourable to decrease the cost burden. This has led to the
use of catalysts that are affordable and readily available as well as producing
chemicals that are of added value. The vast majority of research carried out in this
area have proceeded with expensive catalysts, i.e. noble metals, but nevertheless
have obtained promising results[2][3]. Furthermore, our research has omitted the
necessity of noble metals leading to a significant cost decrease while also producing
outstanding results.
The catalysts required for this process were synthesised successfully through the wet
incipient method and characterised by XRD, Raman, BET, TPR and N 2 Isotherm.

These materials performed favourably towards producing the intended chemicals
after being activated in an H 2 flow at 700˚C.
The reaction consists of the self-condensation and cross condensation of the
alcohols and acetone, respectively, using a variety of active metals on basic supports
as catalysts at high temperatures and pressure in a batch reactor.
The results have shown exceptional performance for the catalysts in terms of
conversion and selectivity, having conversions as high as 90%. The catalysts have
also proven to yield valuable products identified to be of need in the chemical
industry. In conclusion, this route has shown promising results in terms of providing
valuable C 3 -C 15 products, useful for both the petrochemical industry and the
transportation industry while using economically favourable catalysts in comparison
with previous studies. These products, the presence of which was confirmed with
GC-MS, are proven to have a considerably higher market value than the simple
alcohol reactants.
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CO adsorption on iron carbide thin films supported on Cu(100) as a
Fischer-Tropsch synthesis model catalyst
Daniel García, DIFFER, Eindhoven, The Netherlands; Jose Gracia, Magnetocat S.L.,
Alicante, Spain; J.W. Niemantsverdriet, SynCat@DIFFER, Eindhoven, The
Netherlands; C.J. Weststrate, SynCat@DIFFER, Eindhoven, The Netherlands

Although technologically well-developed, the Fischer-Tropsch synthesis (FTS)
reaction can be ranked among the most complex reaction mechanisms in the
chemical industry. In order to obtain meaningful molecular level insight into the
mechanism by which synthesis gas (CO + H 2 ) reacts on the surface of the iron-based
catalyst to produce the desired hydrocarbon products, the complexity of the real
catalyst needs to be reduced to a well-defined flat surface. Since single crystal
surfaces of iron carbide are not available we instead aim to produce thin iron carbide
films supported on a single crystal of copper to obtain a relevant FeC x model system.
Iron carbide is the active phase in the iron-based catalyst used for FTS. [1]

Growth of ultrathin films (via evaporation in an UHV) of Fe on Cu(100) was studied
with Low Energy Electron Diffraction (LEED). At an iron coverage of around 2 ML
new spots appear in the LEED pattern with a (4x1) periodicity, indicating that at least
one of the iron layers must be reconstructed [2]. This shows that Fe does not grow
epitaxially on the Cu(100) substrate but instead forms complex overlayer structures
with a structure that depends on the thickness of the iron layer. Using DFT
calculations we found that the structure giving rise to the (4x1) pattern in LEED is
indeed more stable than a structure where iron follows the registry of the Cu(100)
substrate. We dose ethylene onto our iron thin films to transform the Fe films into an
iron carbide. AES was used to determine how the iron to carbon ratio depends on the
preparation procedure used. The shape of the C(KLL) peak at 272 eV is
characteristic for carbidic carbon (Fig1.) [3]. The LEED picture taken afterwards
shows a p4g(2x2), called “clock” reconstruction. This pattern has been found
previously on a Ni(100) surface as a result of a carbon-induced surface
reconstruction [4].

Temperature programmed desorption (TPD) have been done to study the adsorption
and desorption of CO and H 2 on the thus prepared FeC x layers. CO was adsorbed at
100K and it desorbs again when heated, at 225K and 325K. DFT calculations done
elsewhere show CO dissociation on Fe 5 C 2 (010) [5], and in our most recent
experiments, we have indications of CO dissociation. H 2 , on the contrary, doesn’t
adsorb at UHV conditions on FeC x surfaces, which means that H 2 has a very low
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sticking coefficient and high pressures are needed to make it adsorb on the surface.
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Figure 1 The carbon KLL Auger spectra. Shows the carbide shape on the iron carbide
structure.
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Validation of In-situ Microwave-assisted Catalytic Upgrading of
Heavy Oil
Mohamed Adam, University of Nottingham, Nottingham, UK; Abarasi Hart, University
of Birmingham, Birmingham, UK; Joseph Wood, University of Birmingham,
Birmingham, UK; John P. Robinson, University of Nottingham, Nottingham, UK; Sean
P. Rigby, University of Nottingham, Nottingham, UK
Introduction
Despite the encouraging growth in sustainable energy sources, oil and gas are
projected as needing to satisfy up to 55% of the world’s energy demand in 2040 [1].
With the decline in light oil reserves, attention has been shifting towards
unconventional oil, such as heavy oils and bitumen. Toe-to-Heel Air Injection (THAI)
with its catalytic add-on (CAPRI, CAtalytic upgrading PRocess in-situ) is considered
one of the most promising technologies for simultaneous recovery and in-situ
upgrading of heavy oils. Previous studies showed that a temperature of about 425°C
is needed for successful catalytic upgrading [2]. However, further studies suggested
that the actual temperature of the oil passing through catalyst packing around the
horizontal well in the THAI process does not exceed 300°C [3]. Microwave heating
has been proposed as a possible strategy to overcome this deficiency and provide
the requisite additional heating to increase the temperature at the catalyst packing
and/or the oil in its immediate vicinity to the required 425 °C or more. Crude oils, in
general, are considered to be poor microwave absorbers, and heating them may
require adding microwave susceptors. However, we have recently [4] shown that, at
high temperatures, which is the case in THAI-CAPRI, heavy oils are, themselves,
more susceptible to being heated directly with microwaves. The aim of the current
study was to develop a lab-scale microwave-heated reactor and use it to examine if
heavy oils can be heated directly with microwaves up to 425°C to achieve catalytic
upgrading, with each API point of upgrading estimated to be worth ~$1.2 per barrel.
Results and Discussion
Figure 1 is a schematic of the microwave heating system which was built to
investigate the catalytic upgrading of the heavy oils. It involves a flanged 30 mm i.d
quartz tube inside a single-mode microwave applicator. The heavy oil used in this
study was supplied by Touchstone Exploration Inc. Canada, and was produced

through THAI technology. It has
an

API

gravity

of

14.3°,

a

viscosity of 1.36 Pa.s and a
sulphur content of 3.2%. During
the experiments, typically 15 g oil
was mixed with 1.0 g solid
catalyst in the quartz reactor. The
catalyst used was a commercially
available

CoMo/Al 2 O 3 .

The

Figure 1: Schematic of the microwave heating system

microwave power was used to control the oil temperature. It was possible to heat the
oil up to 425°C with no need for a microwave susceptor. An increase in the API
specific gravity of up to 2.8° was achieved after 15 minutes heating at 425°C. Table 1
compares the performance of the metal catalyst (CoMo/Al 2 O 3 ) to that of two control
cases; one is with Al 2 O 3 and the other is with only oil. The higher increase in the API
when CoMo/Al 2 O 3 was used reflects its catalytic contribution. The increase in the
specific gravity seen in other two cases can be attributed to thermal cracking.
Table 1: Effect of the catalyst on the specific gravity of THAI oil
Type of solid/catalyst
Increase in the specific gravity (°API)

CoMo/Al 2 O 3

Al 2 O 3

None

2.8 ± 0.1

2.2 ± 0.2

2.1 ± 0.1

Conclusions
This study demonstrated that heavy oils can be heated directly with microwaves to
425°C which is the temperature needed for a successful CAPRI process. Upgrading
with an increase in the API of up to 2.8° was achieved.
Acknowledgements: This research was supported by the Engineering and Physical Sciences
Research Council [grant number EP/N032985/1].
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The effect of rhenium in the conversion of glycerol to monoalcohols over nickel catalysts under continuous flow conditions
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Introduction
Glycerol is a major by-product of the biodiesel production process and its availability
will increase due to the remarkable growth of biodiesel production worldwide. Since
the existing supply and demand market cannot accommodate the excess amounts of
glycerol generated, the conversion of glycerol to value-added products has become
important. One of the processes that converts glycerol to value-added products is
hydrogenolysis, where glycerol is converted to lower alcohols [1]. Lower alcohols
such as ethanol and 1-propanol are important, as ethanol is used as fuel and a fuel
additive and 1-propanol is used as a multipurpose solvent and chemical feedstock for
organic compounds. Propylene glycol (1,2-propanediol) and ethylene glycol, which
are also formed during this process, have important uses as antifreeze liquids and
additives in liquid detergents [2, 3]. The use of rhenium as a catalyst promoter in the
hydrogenolysis of glycerol has received much attention over the years [4, 5]. All
catalytic testing reported in these studies was by batch process in an autoclave.
When rhenium is used as a promoter on supported platinum group metal catalysts
such as Ir/SiO 2 , Ru/Al 2 O 3 and Rh/SiO 2 , the catalysts have been found to be more
selective towards 1,3-propanediol and 1-propanol under various conditions [6]. We
now report on the use of supported nickel catalysts and the effect of rhenium on their
activity in the hydrogenolysis of glycerol in a continuous flow process for the first
time.

Materials and Methods
The supported Ni catalysts were prepared by impregnating the supports, γ-Al 2 O 3 and
SiO 2 with an aqueous solution of Ni(NO 3 ) 2 .6H 2 O to obtain a nominal loading of 30
wt% NiO. After impregnation, the catalysts were dried at 110 °C for 12 hours,
followed by calcination in air at 550 °C for 3 hours. Re-Ni catalysts were prepared by
impregnating the calcined supported Ni catalysts with an aqueous solution of
NH 4 ReO 4 to obtain a nominal loading amount of 1 wt% Re. The catalysts were
characterized using XRD, TPR, TPD, TEM, SEM and BET surface area. These
catalysts were evaluated in the hydrogenolysis of glycerol in a continuous flow fixed
bed reactor in a temperature range of 250 – 325 °C and a H 2 pressure of 60 bar.
Results and Discussion
Rhenium-promoted

nickel

catalysts

are

effective

in

the

continuous

flow

hydrogenolysis of glycerol to mono-alcohols due to the increase in Brønsted acidity
of the catalyst. An increase in temperature led to an increase in the conversion of
glycerol. The alumina catalysts were found to be more active than the silica catalysts
as they exhibited higher metallic surface areas and more Brønsted acid sites aiding
in the dehydration of glycerol to 1,2-propanediol. An increase in temperature
favoured the formation of mono-alcohols (methanol, ethanol and 1-propanol). The
silica catalysts were found to favour C−C bond cleavage with respect to the yield of
methanol and ethylene glycol. The effect of pressure and H 2 :glycerol ratio had a
positive effect in terms of the catalyst activity and yield of mono-alcohols. The
presence of Re in the catalyst influences the activity positively even at a glycerol
concentration as high as 60 wt%.
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Introduction
The production of hydrocarbon fuels from biomass is a major challenge in the effort
to develop advanced biofuels for a low carbon society. In order to produce
petroleum-like hydrocarbon fuels, the oxygen atoms in bio-oils must be removed,
which is typically achieved by catalytic hydrodeoxygenation (HDO) a standard and
promising route. Neverthelless, the “Achilles Heel” of this approach is the supply of
H 2 -an expensive resource which imposes a tremendous economic limitation to the
implementation of HDO in large scale production units

[1]

. In order to overcome this

restriction, in this work water was used as a hydrogen source thus improving the
overall economic efficiency for the bio-oil upgrading process. Hydrogen free guaiacol
hydrodeoxygenation was investigated using different noble metal (Ru, Rh, Pd, Au)based catalysts tested at 250 ºC. Both fresh and spent catalysts were
comprehensively characterized.

Experimental
A charcoal powder DARCO® used as carbon support. Catalysts were prepared by
wetness impregnation with acetone and aqueous solutions of metal precursors.
Because of a difficulty of obtaining small gold particle sizes by wetness impregnation,
the gold catalyst was prepared by colloidal synthesis. In all cases, the catalysts were
synthetized with a nominal value of 2% (wt.%) of the reduced metal.
All solids were characterized by means of S BET , XRD, SEM and HR-TEM
microscopies, ICP, Elemental analysis, TPD and DRIFTS.
The HDO catalytic activity was tested in a Parr reactor at 50 bar pressure and 250°C
during 4 h. The experiments were carried out under the following conditions: 50 mL

of a 0,01 mg/mL guaiacol solution and 200 mg of catalyst. Guaiacol and possible
products concentrations were determined by gas chromatograph-flame ionisation
detector (GC/FID) and the activity expressed in terms of products conversion were
represented.

Results and discussions
The synthetized noble metal catalyst present particle size below than 10 nm, figure 1
in all cases with a metal loading close to nominal value (2%) indicating the suitability
of the preparation method for all metals. Dispersion of the active phase was taken
from TEM data, assuming cuboctahedra particles and the experimental active phase
charge measured by ICP analysis. All the noble metal catalyst was slightly acidic and
the metal dispersion decreased in following order: Ru/C>Pd/C>Au/C>Rh/C, table 1.
Table 1. Catalyst characterization.

%
Metal
[ICP]
1.96

Calculated
Dispersion
(%)
22.2

Acidity
(pH)

Au

TEM
particle
size (nm)
5.95

Pd

3.92

2.94

33.5

6.47

Rh

6.96

1.39

20.1

6.38

Ru

2.61

2.05

48.2

6.74

Metal

6.5

Figure 1. Ru/C darco TEM micrograph.
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Figure 2. Activity of noble catalysts in insitu HDO process.

No sintering process was found in spent Ru/C catalyst, showing similar dispersion
and metal particle size after reaction.
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Hierarchical zeolites as catalysts for glycerol with acetone
ketalization in a continuous flow system
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Biofuels are produced from vegetable oils or animal fats by means of catalytic
transesterification reaction with methanol. Besides the main product, a biodiesel, also
by-product called a waste glycerol phase is formed with the amount of about 10%. In
a consequence of the increasing biodiesel production, the amount of a glycerol
phase is growing. Therefore, a lot of interest has been devoted to the glycerol
processing into valuable chemicals by various catalytic procedures. One of the
important glycerol derivative is solketal (2,2-dimethyl 1,3-dioxalane-4-methanol), a
product of glycerol with acetone reaction. This compound can be used as an
intermediate for the production of a number of commodities as well as a fuel additive
[1, 2].

Fig. 1. Ketalization reaction of glycerol with acetone

Conventionally, the ketalization reaction is catalyzed by liquid mineral acids, which
results in the formation of unaccepted liquid wastes. Considering that, different solid
materials of acidic character [3, 4] were tested in ketalization reaction. Among them
hierarchical zeolites (micro-mesoporous system) have attracted much attention,
because they could overcome the drawbacks related to hamper mass transfer and
limited accessibility of acidic sites of conventional zeolites [5]. Taking this into
account, we have applied the hierarchical zeolites of ZSM-5, mordenite and Beta
structure as catalysts for glycerol with acetone ketalization.
Micro-mesoporous zeolites were prepared by means of alkaline treatment (using
0.2 M aqueous NaOH at 353 K for 2 h) with the following washing, filtration and ionic

exchange with NH 4 NO 3 (0.5 M NH 4 NO 3 aqueous solution at 308 K for 24 h) and a
subsequent treatment with citric acid (0.5 M citric acid (CA) solution at 353 K for 3 h).
The synthesis of solketal was carried out in a continuous down-flow reactor operating
under atmospheric pressure. The feed containing acetone, glycerol and methanol as
a solvent was pumped continuously at room temperature into the reactor heated to
323 K. The product was collected every 0.5 h and analyzed by GC.
The hierarchical zeolites preserved an original crystallinity (XRD) after
desilication process and only small decrease in XRD reflection intensity has been
recorded. The applied modification of commercial zeolites resulted in an increased
surface area and in a considerable growth of total porosity due to the contribution of
formed mesopores. The Si/Al ratio of modified zeolites estimated by F-AAS analysis
was lower than that of the microporous catalyst. The acidity measured on the basis of
IR spectra of adsorbed pyridine indicated an increase in the number of Lewis acid
sites and a decrease in the number of Brønsted acid sites as a result of alkaline
treatment with following ionic exchange with aqueous solution of NH 4 NO 3 . A
subsequent treatment with citric acid resulted in some decrease in a number of Lewis
acids (as an effect of Al-rich debris removal [5]).
Hierarchical zeolites of ZSM-5, mordenite, and Beta structure showed a very high
and stable activity for glycerol acetalization (during 24 hours). The conversion of
glycerol over hierarchical zeolites showed almost 94 %, while selectivity to solketal
achieved 98 %, which results in solketal yield of about 91 %. Catalytic activity of
hierarchical ZSM-5, mordenite and Beta zeolites demonstrates its superior
performance in the reaction of glycerol with acetone ketalization carried out in a flowsystem at low temperature and under atmospheric pressure.
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Utilization of crude glycerol by means of ketalization process
performed over zeolites of different structure
J.Kowalska-Kuś, A.Held, K. Nowińska, Adam Mickiewicz University, Faculty of
Chemistry, 61-614 Poznan, Umultowska 89b, Poland

Biodiesel production performed by transesterification of biological oils with methanol
under base catalysis conditions results not only in desirable material but also in
waste glycerol phase constituting 10% of the final product. Glycerol phase, besides
glycerol (50 - 60%) comprises various impurities such as unreacted methanol, fatty
acids, soaps, and alkaline catalysts residue. The increasing demand for biodiesel
causes a glycerol oversupply. Purification of waste glycerol is expensive and it
results in the growing prices both of biodiesel and glycerol [1]. Considering that,
application of crude glycerol for direct transformation to valuable products seems to
be very actual and important task. One of these attempts is the use of waste glycerol
for production of acetals or ketals, which may be applied as potential gasoline
additives [2].
Our study presents the application of hierarchical zeolites of different structures such
as ZSM-5, Beta, mordenite, and also USY zeolite as catalysts for ketalization of
crude glycerol with acetone. Hierarchical zeolites were prepared according to the
procedure described earlier [3], while crude glycerol was delivered by ADM Malbork
Company. Prior to the catalytic experiments all the catalysts were calcined at 823 K
for 3 h. The synthesis of solketal was carried out in a continuous down-flow reactor.
The feed containing acetone and glycerol (molar ratio of 3:1) as well as methanol as
a solvent was pumped continuously at room temperature into the reactor heated to
323 K. The product was collected every 0.5h and analyzed by GC.
All hierarchical zeolites showed considerable activity in glycerol ketalization reaction
for the first 3 h. Modified ZSM-5 and Beta and also USY zeolites indicated the
highest value of glycerol conversion (about 90 % after the first hour and 50 % after
the third hour on stream). However the longer exploitation resulted in the further
deactivation of catalysts. On the other hand, the selectivity to solketal was high (more
than 90 % after the first hour on stream) and did not diminish below 70 % during
eitgh hours on stream. Considering our earlier results, when glycerol deprived of
sodium impurities has been used (catalysts showed a high and stable activity), we

can suggest that mainly sodium cations are responsible for a decrease in the activity
of zeolites with time on stream. Sodium cations can migrate from the liquid phase to
the pores of the catalyst, neutralizing their acid centers. In addition, the presence of
water might facilitate the above process [5]. Fortunately, regeneration of spent
catalysts by means of calcination with following treatment with citric acid restores the
initial activity of the applied catalysts.
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Introduction
The Haber–Bosch Process which was developed in the early 1900’s, was a landmark
achievement of the 20th Century. Currently, the process produces over 180 million
tonnes of ammonia annually, establishing an accessible route for the production of
over 450 million tonnes of synthetic fertilizer. In itself this sustains food production for
40% of the global population [1]. The Haber–Bosch Process involves combining pure
H 2 and N 2 feed streams directly over a promoted iron catalyst at temperatures of
around 400°C and reaction pressures of over 100 atmospheres. The reaction is
exothermic and is equilibrium limited, thus it is thermodynamically favoured at lower
reaction temperatures. Despite this, the temperature of operation is dictated by the
requirement to achieve acceptable process kinetics [2].
Due to the reaction conditions involved in the process at a global scale, including the
generation of feedstock, the operation of the Haber–Bosch Process currently
consumes 2% of the world’s energy demand and produces 1.6% of man-made CO 2
emissions [2]. To reduce these harmful effects and yield massive rewards both in
terms of economic and environmental benefits, there is great interest in the
development of small scale local ammonia production plants based on renewable
hydrogen generated from water via electrolysis and powered by sustainable
electricity sources such as wind energy. In such a context, which would facilitate the
production of ammonia on a localised scale close to its point of use such as on a
farm, it is necessary to develop novel ammonia synthesis catalysts which are active
under less severe operational conditions appropriate to smaller scale reactors.
It is notable that a number of active ammonia synthesis catalysts comprise of cobalt
in addition to or promoters [3] [4] other active metals [5] [6] – a combination of cobalt
and rhenium as a bimetallic catalyst shows high ammonia synthesis activity despite
its low surface area [7]. Accordingly, the development of a more highly dispersed
catalytically active phase is highly desirable. Magnesium oxide is a support of interest

which as well as potentially possessing high surface area also could act as a
chemical promoter in the reaction, due to its inherent basicity. Consequently, in this
study a series of novel magnesium oxide supported cobalt rhenium catalysts
prepared and applied to ammonia synthesis have been observed to exhibit
interesting activity.

Materials and Results
Cobalt rhenium supported on magnesium oxide was prepared by incipient wetness
impregnation of Co(NO 3 ) 2 ·6H 2 O and NH 4 ReO 4 onto magnesium oxide (MgO) to give
a CoRe 10% wt. metal loading. The material was dried at 125°C for 12 hours,
calcined in air at 700°C for 3 hours, and then pre-treated at 600°C under N 2 /H 2 (1:3)
gas mixture for 2 hours prior to ammonia synthesis. Techniques such as powder
XRD, Raman, BET Surface Area, CHN, TGA and SEM/EDX were used to
characterise the material before and after reaction. Using 0.5g of catalyst ambient
pressure ammonia synthesis rates of 98 μmolh-1g-1 and 317 μmolh-1g-1 were obtained
at reaction temperatures of 400°C and 500°C respectively and these results will be
discussed in the context of known high activity catalysts.

Conclusion
The use of cobalt rhenium supported on magnesium oxide catalysts in ammonia
synthesis represents a novel approach which is a potential route to high dispersion
and inclusion of promoter species leading to the potential development of catalysts of
high performance.
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Fischer-Tropsch Synthesis (FTS) is a catalytic process, which converts CO and H 2
obtained from natural gas (GTL process), coal (CTL process) or biomass (BTL
process) into a mixture of linear gaseous, liquid and solid hydrocarbons[1]. Previous
works claimed that Co with a hexagonal-close-packed (Co-hcp) structure possesses
a higher catalytic activity in comparison to face-centered cubic cobalt (Co-fcc)[2,3].
Recently, Harmel et al. have successfully grown cobalt nanowires (NW) exhibiting the
hcp structure on a Co/Al 2 O 3 -SiO 2 catalyst[4].The as-obtained catalysts have shown
high stability in FTS in slurry reactor compared to a reference catalyst[4].Multi-tubular
fixed bed and slurry bubble column reactors are currently used on industrial scale.
The fixed bed reactor is widely used for FTS,because it offers many advantages
especially when the catalyst used is cobalt-based[5]. However, the fixed-bed reactor
is subjected to local overheating of the catalyst surface that may lead to a fast
deactivation and to higher production of methane [6].Developments of novel FTS
catalysts with high thermal conductivity for efficient heat management is one of the
key challenges of research into FTS. In order to manage the strong exothermicity of
the FTS reaction, Harmel et al. have also used Cu metallic foam as conductive
support, on which they have grown Co-hcp NW[7].This catalyst exhibited outstanding
catalytic activity and high stability in fixed bed reactor[7].

In this work, two conductive supports, carbon nanotubes and copper powder with
different thermal conductivity (CNT, 17 W.m-1.K-1 and Cu, 485 W.m-1.K-1) have been
used. The catalysts were prepared by a colloidal approach. Co-hcp NW were grown
on copper powder by epitaxial growth (Figure 1a), directly from a solution containing

a coordination compound of cobalt and stabilizing ligands[7].Concerning Cohcp/CNT, firstly, Co-fcc nanoparticles were deposited on the surface of CNT as
seeds for cobalt NW growth. Then, Co-hcp NW were grown on the surface of Cofcc/CNT (Figure 1b). Finally, the performances of the catalysts were evaluated in FTS
using a fixed-bed reactor (Figure 1c). The impact of thermal conductivity of catalyst
supports and Co structure on their catalytic performances will be discussed.

a)

C)

b)

Fig.1.News catalysts: a) SEM image of Co-hcp/Cu and b) TEM image of Cohcp@Co-fcc/CNT; and c) Catalyst loading in the fixed bed FTS reactor
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Introduction
An increasing supply of fluctuating renewable energies results in a rising need for
highly flexible electricity-driven processes [1,2]. The gasification of organic waste
material by using electricity-based plasma as an energy supply opens up the
possibility of a demand-side utilization of renewables. In addition, plasma gasification
can contribute to the realization of a Circular Economy in connecting the ends of a
linear (take-make-use-dispose) economy by converting waste as alternative
feedstock and renewable energy into synthesis gas [3]. Through this material cycle,
variations in feed stream composition are highly probable, which makes up the
demand for tolerant processes. In this sense, plasma gasification is a promising
technology, not only capable to handle these feedstock variations but also power
fluctuations.
Results
To study the capability of waste plasma gasification in Power-to-X concepts, a nonstoichiometric equilibrium model was employed. As feedstocks, representing low to
highly

functionalized

materials,

coal (CH 0.6 O 0.02 ),

lignin (CH 1.1 O 0.4 ),

and

cellulose (CH 1.65 O 0.8 ) were chosen. Furthermore, the addition of oxygen, hydrogen
and steam as gasification agents and also pre-drying of the feedstock was studied.
The changed composition, resulting after these steps, is named operational
composition and is represented by overall O:C- and H:C-ratios. For these
compositional variations and temperatures from 800 to 1800 K the equilibrium
product gas composition is calculated. In difference to waste to energy concepts, not
the caloric value of the product stream, but the achievable total amount of syngas
(H 2 +CO), the syngas ratio (H 2 /CO) and also the amount of solid carbon formed is in
focus. Solid carbon not only represents unused feedstock, but high solid carbon

contents give also rise to difficulties in the handling of the gasification process and
product gas purification. It can be observed that for temperatures above 1400 K a
plateau is reached, where variations in temperature only slightly affect the molar
amount of syngas and the syngas ratio, which is an important prerequisite for a
tolerant process. If a certain product gas composition is needed, the present model
can be used to determine the optimal route to the target specification, while
accounting for given constrains. This could be for example the aimed syngas ratio,
minimal

amounts

of

total

syngas

produced and maximum amount of solid
carbon.

From

calculations

the

thermodynamic

borderlines

for

each

constrain can be drawn within the van
Krevelen plot. Subsequently, the region
of O:C- and H:C-ratios fulfilling all criteria
can be identified (Figure 1, white area).
Furthermore, this van Krevelen plot
allows

to

identify

which,

use

of

gasification agents or a pre-drying of the
feedstock, allows to operate within this
window, as exemplarily illustrated in
Figure 1 for moist, ash-free lignin.

Figure 1: van Krevelen plot with overlaying borderlines
for the aimed product gas gives the proper area of the
operational composition (white). Lignin (af) is the moist,
ash-free feedstock composition. The arrows represent
possible shifts by adding the labelled gasification agent.

Conclusion
The thermodynamic study reveals that the high temperatures during plasma
gasification and the use of gasification agents, gives rise to a process being highly
tolerant to various or fluctuating feedstocks – a key element for the implementation of
closed material cycles.
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Introduction
Recently Ga 2 O 3 has attracted a lot of interests as a photocatalyst for water splitting
and CO 2 reduction with water, and various efforts have been paid to improve its
photocatalytic activity [1]. However, its photocatalytic activity for CO 2 reduction
remains still low. In order to improve the photocatalytic activity of Ga 2 O 3 , in our
previous study, we succeeded in improvement of the photocatalytic activity by
loading of Ga 2 O 3 on Al 2 O 3 . For the further improvement, in the present study, we
compared CO 2 reduction activity of Ga 2 O 3 supported with various metal oxide.
Experimental
Samples were prepared by impregnation of metal oxides (La 2 O 3 , Al 2 O 3 , Yb 2 O 3 ,
Y 2 O 3 , Nd 2 O 3 , ZSM-5, ZrO, TiO 2 , ZnO, CeO 2 , MgO) with aqueous solution of gallium
nitrate followed by dry and calcination in air at 823 K for 4 h. The loading amount of
Ga 2 O 3 was decided as 40 wt% because 40 wt% Al 2 O 3 supported Ga 2 O 3
(Ga 2 O 3 /Al 2 O 3 ) showed the highest activity for CO 2 reduction with water in our
previous study. The photocatalytic CO 2 reduction with water was carried out for all
prepared samples. Each prepared sample (0.1 g) was dispersed in an aqueous
solution of NaHCO 3 (1.0 M) in the fixed-bed flow reactor cell under CO 2 gas with a
flow rate at 3.0 mL/min and irradiated by UV-light (Xe lamp). The reaction products
(CO, H 2 and O 2 ) were analyzed with gas chromatography.
Result and discussion
Fig.1 compares CO production rate and CO selectivity for all prepared samples.
Ga 2 O 3 supported with La 2 O 3 and Al 2 O 3 had much higher CO production rate than a
bare Ga 2 O 3 . However, Ga 2 O 3 supported with other metal oxides had lower activity

than a bare Ga 2 O 3 . In particular, Ga 2 O 3 supported with ZSM-5 showed low activity,
although ZSM-5 has the largest specific surface area among the metal oxide
supports used in this study. It is considered that the photocatalytic activity for CO
production is not directly connected with the specific surface area of a metal oxide
support.
We focused on Ga 2 O 3 supported with Al 2 O 3 or La 2 O 3 which showed high activity
for photocatalytic CO 2 reduction. In our previous work, it was revealed that the
supporting of Ga 2 O 3 with Al 2 O 3 has improved the photocatalytic activity for CO 2
reduction due to highly dispersion of Ga 2 O 3 with the mixed structure of α and γ
phases. As for Ga 2 O 3 supported with La 2 O 3 (Ga 2 O 3 / La 2 O 3 ), it was confirmed that
CO 2 reduction to CO does not proceed over La 2 O 3 . Fig.3 shows XRD patterns of
Ga 2 O 3 /La 2 O 3 before and after the reaction. The crystal structure of La 2 O 3 supported
Ga 2 O 3 sample had remarkably changed after the reaction, while the crystal structure
did not greatly differ when flowing CO 2 and
when flowing He. After the reaction, XRD
diffraction peaks attributed to NaLa(CO 3 ) 2
were observed, suggesting that the change in
crystal structure derived from the reaction of
La 2 O 3

with

Therefore,

NaHCO 3
the

Ga 2 O 3

aqueous

solution.

supported

with

NaLa(CO 3 ) 2 would promote CO 2 reduction.
Fig.1 CO production rate after 5h reaction for

The details will be discussed in the conference.

samples showing higher activity than Ga2O3

He flow after

CO2 flow after
before

Fig.2 CO production rate after 5h reaction for

Fig.3 XRD patterns of 40 wt%

samples showing lower activity than Ga2O3

Ga2O3/La2O3 before and after the reaction
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Solar energy as a clean renewable alternative energy has attracted great
attentions with potential applications for photocatalysis. But, its conversion efficiency
has been a severe crucial problem largely because of extremely low efficiency of
charge carriers separation i.e. rapid recombination rates of electrons and holes
[1,2,3]. Herein, we report our recent progress on improving charge carriers
separation efficiency for water splitting. We design and synthesize symmetric and
asymmetric nanoheterojunctions of one dimensional colloidal nanorods respectively,
featuring that electrons and holes are able to be guided to separate along the linear
nanorod driven by internal built-up electric field.
We prepared symmetric heterojunctions, i.e.

AuPd－CdS nanorod－AuPd and

PdS－CdS nanorod－PdS, respectively by solvent pyrolysis and cation exchange
methods. The UV-vis absorption spectra and fluorescent spectra of the abovementioned samples have demonstrated that the fluorescence of the CdS nanorods
was strongly quenched after being selective deposition of metals and semiconductors
on the ends. Moreover, it was found that as for the AuPd－CdS nanorod－AuPd
samples, excited electrons were transferred to double ends of the nanorods. But, as
for the PdS－CdS nanorod－PdS sample, holes were transferred to double ends [4,
5]. Therefore, we proved that transport directions of electrons/holes were able to be
guided by the designed heterostructures with improved charge separation efficiency.

Furthermore, we prepared asymmetric heterojunctions of one dimensional colloidal
nanorods by combining solvent pyrolysis with cation exchange methods, i.e. PdS－
CdS nanorod－Au [1]. It was found that excited electrons were transferred to Au end
while holes were transferred to the opposite end i.e. PdS. The asymmetric
nanoheterostructures demonstrated excellent photocatalytic activity for water
splitting, ca. 2 orders increase for H 2 production. In the meanwhile, the as-obtained
samples have improved photostability. The enhance water splitting performance was
mainly attributed to excellent charge separation. It is hypothesized that asymmetric
heterostructures had superposition of two internal electric fields benefiting better
charge separation.

Fig. 1

(Upper) Schematic of symmetric and asymmetric nanoheterostructures of

CdSe@CdS nanorods; (Bottom left) TEM image of PdS － CdSe@CdS － Au nanorods,
(Bottom right) water splitting as a function of visible light irradiation time. [1]
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High value chemical production is important for a sustainable development in
chemical industry. Biomass-derived glycerol has recently been considered as a novel
platform to produce C3 chemicals.[1] Among various approaches to utilize excessive
glycerol, a pathway for the production of acrylic acid has attracted attention.[2] In this
work, glycerol was selectively converted to 87 % yield of acrylic acid by two-step
pathway; glycerol was converted to allyl alcohol by formic acid-mediated
deoxydehydration (DODH), then the glycerol-derived allyl alcohol was oxidized into
92% yield of acrylic acid at room temperature in a basic aqueous solution using
Au/CeO 2 catalysts. The gold catalysts enabled the highly selective production of
acrylic acid from glycerol-derived allyl alcohol. From a hydrothermal method, rods,
octahedra, and cubes CeO 2 were prepared, and deposition-precipitation method
generated a highly active gold species on the surface of CeO 2 . Octahedral CeO 2
provided high surface area and reducibility for the oxidation of allyl alcohol.
Therefore, highly selective and stable production of acrylic acid from glycerol was
achieved up to 5 cycles of conversion using gold on octahedral CeO 2 .[3]
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A promising technology for a successful energy transition from fossil to renewable
energy carriers is hydration of CO 2 with renewable hydrogen towards e.g. methane
among other energy carrier. Even though strong progress has been made a highly
active, selective, stable as well as cheap catalyst still needs to be explored as
economically attractive business case.
Besides Ni also Co based catalysts show substantial activity for the CO 2
hydrogenation at low temperatures. Co based catalysts usually suffer from low CH 4
selectivity in CO 2 methanation and thus create large amounts of undesired CO as
by-product. An additional challenge of commonly used Co/Al 2 O 3 catalysts is the
formation of a spinel-type CoAl 2 O 4 as secondary phase causing catalyst deactivation
due to decrease of the active metal surface area under reaction conditions that
results in even lower CH 4 yield. In our approach, exactly this disadvantageous phase
was reactivated by tailoring its low temperature reducibility by a compositional
modification towards CoAl 2-x Mn x O 4 to use it as a catalyst precursor. For the
investigation CO 2 methanation is used as a model reaction to elucidate the influence
of catalyst precursor composition on the catalytic activity as well as selectivity.
It is shown, that formation of the undesired CoAl 2 O 4 phase is avoided under
reductive reaction conditions and highly dispersed as well as active Co-particles grew
on the catalyst surface upon activation. The tailored spinel based CoAl 2-x Mn x O 4
catalyst shows highly improved activity and selectivity compared to the CoAl 2 O 4 based catalyst (c.f. Figure 1). With the tailored catalyst composition high CO 2
conversion up to 80 % at 350 °C is obtained at high GHSV of 16800 h-1 and
stoichiometric CO 2 /H 2 ratio of 1/4, surprisingly without detectable site formation of
CO. Arrhenius-plots indicate a decrease of activation energy from 94 kJ/mol for the
CoAl 2 O 4 precursor down to 56 kJ/mol for the manganese tailored catalyst precursor
and thus indicate a shift of reaction mechanism.

Figure 1: Performance of activated Co based catalyst precursor in the methanation of CO 2
towards methane. A) CO 2 conversion & B) CH 4 selectivity. (Activation conditions: 50% H 2 in Ar
-1

500 °C 30 min, Methanation conditions: CO 2 /H 2 = 1/4, GHSV = 16800cm .

Due to careful characterization with XRD, TPR, CO 2 -TPD, CO 2 -DRIFTS, CO pulse
titration and N 2 -physisorption it is concluded that the pronounced change in reactivity
is caused on the one hand by the improved reducibility of the spinel type precursor
phase and continuous re-reduction of Co under reductive reaction conditions. On the
other hand, after catalyst activation the compositional changes in the spinel precursor
phase induce an altered surface basicity compared to the unmodified CoAl 2 O 4
precursor. By correlating the structural and surface characterizations with operando
DRIFTS methanation experiments it will be shown, that these altered redox and
surface properties lead to a shift in reaction mechanism, wherein the intermediate
production of CO by dissociative CO 2 adsorption is suppressed and direct hydration
of adsorbed CO 2 to formate species takes place instead. This is identified as the
main reason for the highly improved CH 4 selectivity of the Mn-modified catalysts.
In conclusion, use of Mn tailored Co based catalysts in CO 2 methanation as a model
reaction, strategies are presented on how to tailor an undesired secondary phase
with minimal modification, that it becomes a valuable catalyst precursor with
enhanced activity, selectivity and stability. In general, the presented results
recommend an uncommon and innovative strategy of catalyst optimization for
systems wherein the formation of secondary phases are the main reason for catalyst
deactivation.
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Introduction
In the current energetic transition context, it is important to replace oil derivatives like
fuels, polymers and other fine chemicals by more sustainable resources coming from
new routes such as biomass valorisation. In this context, it is possible to produce
some alcohols by biomass fermentation, which can then be transformed through a
dehydration route to molecules that can finally be used to replace oil derivatives [1].
We focus here on 1-butanol dehydration that can lead to useful butene isomers and
dibutylether (DBE). This reaction can be performed over the hetero-polyacid (HPA)
catalyst H 3 PW 12 O 40 that is known to have a very strong acidity and was
demonstrated in the dehydration of methanol to work along a bulk-type mechanism
after a specific activation procedure (dehydration in inert gas 1h/320 °C, cooling
down to 25 °C in inert, exposure to alcohol at 25 °C, and then only heating to the
reaction temperature) [2]. With methanol, the bulk-type mechanism led to increase
the activity by allowing the access to all the acid sites located in the bulk.
Unfortunately, the larger size of 1-butanol and its higher hydrophobicity hinder the
bulk-type

mechanism.

This

is

why

we

synthesized

ammonium

hetero-

polyoxometalates Keggin salts from H 3 PW 12 O 40 (hereafter H3PW), in order to modify
the structure and hydrophilic properties of the latter, and thus to facilitate the access
of 1-butanol to the bulk during the activation step.
Preparation and characterizations
(NH 4 ) x H 3-x PW 12 O 40 catalysts (hereafter (NH 4 )xPW) are prepared by adding drop by
drop a NH 4 HCO 3 aqueous solution (0.025 mol.L-1) (room temperature, under stirring)
to a H 3 PW 12 O 40 aqueous solution (0.055 mol.L-1) in adequate proportions to obtain
the desired x [3] (x = 0.5, 1, 1.5, 2, 2.5 and 3). After the precipitation and ageing for 1
night (ambient temperature, ambient air in a covered flask), the suspension is slowly
dried at 50 °C under vacuum in a rotary evaporator. A thermal treatment (150 °C for
8h under air) then allowed to homogenize the different species [4].

Characterization by XRD shows the homogeneity of the catalysts with x ≥ 2, and a
decrease in the lattice parameter when x increases, going in parallel to the loss of
structural water (observed by TGA, comparing the (NH 4 )xPW with the pristine
H3PW). Accordingly, the smaller amount of structural water present in the (NH 4 )xPW
catalysts allows hypothesizing that these catalysts are less hydrophilic than H3PW,
which might lead to a better interaction with 1-butanol and a possible bulk activation.
Besides, ammonia TPD profiles confirm the preserved strong acidity (similar to
H3PW) of the (NH 4 )xPW catalysts with x ≤ 2, whereas when x ≥ 2.5 only a weak
acidity remains.

Catalytic tests

The catalytic activities of (NH 4 )2PW and (NH 4 )2.5PW were compared to that of
H3PW by taking into account the number of acid sites in the reactor (figure 1) and
after the bulk activation procedure. In all cases DBE selectivity is high at low
temperature, while butene selectivity increases with the temperature. Furthermore,
the carbon balance decreases (coke formation) when the temperature increases
highlighting the interest to operate at a low reaction temperature. The low activity of
(NH 4 )2.5PW compared to H3PW can be explained by its weaker acidity revealed by
ammonia TPD. Otherwise, it clearly appears that (NH 4 )2PW has a higher activity per
acid site in comparison to the other catalysts. It can be related to the fact that the
bulk is accessible after activation, that is to say a higher number of acid sites are
accessible for the reaction. Indeed, a large difference in activity is observed for
(NH 4 )2PW catalyst with and without the bulk activation procedure (figure 2),
confirming that this procedure is now also effective in this case of 1-butanol.
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Aromatization of bio-derivable isobutyraldehyde over zeolite
catalysts
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Heterogeneously catalyzed upgrading to bio-aromatics
Aromatic hydrocarbons such as benzene, toluene, ethylbenzene and xylene isomers
(referred as BTX) play a very important role for the petrochemical and fine chemical
industry. Currently, BTX is mainly obtained from catalytic cracking and catalytic
reforming processes of petroleum.[1] Renewable and sustainable alternatives for
accessing Bio-BTX, however, remain challenging. In view with the world-wide search
for bio-derivable energy carriers, oxygen-containing hydrocarbons e.g. acetone or
isobutanol, which are accessible via biomass fermentation, have been considered for
the production of aromatics.[2] Besides the more common candidates such as
ketones and alcohols, also aldehydes like isobutyraldehyde (IBA) are promising
starting materials. Their production fulfills the criteria of sustainable chemistry as they
can be readily obtained either from glucose in a bio-catalytic pathway or by the direct
photosynthetic recycling of carbon dioxide.[3] Herein, we report a novel
heterogeneously catalyzed aromatization process of isobutyraldehyde over HZSM-5
zeolites in a continuous fixed bed reactor (Figure 1).[4,5]

Figure 1: Continuous gas-phase aromatization process of isobutyraldehyde to aromatic
hydrocarbons.

The effect of catalyst properties, in particular the Si/Al ratio of the zeolite material, as
well as the reaction parameters weight hourly space velocity (WHSV) and
temperature were carefully studied. The utilized zeolite catalysts were characterized
using XRD, NH 3 -TPD, N 2 -physisorption, and ICP-OES. Moreover, long term stability
and successful catalyst recycling through in situ calcination were demonstrated as
similar results over several reaction cycles could be achieved.
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Acetalization of glycerol with acetone on acidic silicalite-1
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Large-scale production of biodiesel from biological oils results in formation of copious
amounts of glycerol as a waste product. Therefore, an utilization of glycerol has
become very urgent and challenging problem. One of the attempts consists in its
acetalization with aldehydes or ketones to form the products employed as fuel
additives. They improve a viscosity, oxidation stability and fulfill requirements for flash
point.
The aim of the present study was catalytic ketalization of glycerol with acetone in
order to obtain the cyclic ketal known as solketal (2,2-dimethyl-1,3-dioxolan-4methanol). Conventionally, the condensation of glycerol with acetone is carried out in
the presence of strong mineral acids, which is environmentally unfriendly. The above
drawbacks can be overcome by the use of heterogenous, acidic catalysts. The role of
the number and strength as well as the nature of the acid sites (Lewis/Brønsted) in
acetalization of glycerol has been discussed in many papers [1].
We applied silicalite-1 (MFI) modified with aqueous solutions of ammonium
compounds (NH 4 F, NH 4 Cl, NH 4 NO 3 , NH 4 OH) without any supplement of alkaline
agents. Then the samples were thermally treated to generate the acidic sites in
silikalite-1. The obtained samples were characterized by XRD, NH 3 -TPD, N 2
adsorption/desorption measurements, FTIR with pyridine (Py) and pivalonitrile (Pn)
as a base probe, and SEM analysis. Their catalytic activity in ketalization of glycerol
with acetone was conducted in closed vials at 347 K for 1 h with magnetic stirring.
The reaction products were analyzed by GC and mass spectroscopy.
XRD analysis indicates that MFI structure with high crystallinity was maintained upon
the used modification procedure. Scanning electron micrographs (SEM) show the
similar morphologies of the pristine Sil-1 and the modified samples. The treatment of
silicalite-1 with ammonium compounds change its textural properties. Except the
sample modified with NH 4 NO 3 , the others show higher surface area, pore volume
and average pore size in comparison to unmodified silicalite-1. The total pore volume

(V t ) for modified samples increased, regardless of unchanged volume of micropores
(V micro ), which implies a generation of new mesopores during the modification
procedure. This is confirmed by the measured enhanced mesopore area (S ext ).The
most conspicuous changes shows the sample modified with NH 4 OH. They could be
caused by a partial leaching of silicon from silicalite-1 framework upon treatment with
slightly alkaline solution. A treatment with solution of ammonium agents results in the
formation of network’s defects. IR spectra indicate the formation of internal isolated
OH groups (3730 cm-1), significant number of hydrogen-bounded or vicinal hydroxyl
groups (3685 cm-1) as well as the silanol nests (3600-3300 cm-1).
The NH 3 -TPD and FTIR analysis with adsorbed pyridine indicate the generation of
acid sites of both Lewis and Brønsted type during the modification with the
predominance of the Lewis sites. The number and strength of generated acid sites
depend on the nature of modifying ammonium compound. The samples modified with
the NH 4 F and NH 4 Cl solutions show the highest total acidity and the highest
contribution of strong acid sites. The samples treated with NH 4 NO 3 and NH 4 OH
indicate the presence of almost exclusively weak acid sites.
All the modified silicalites show considerable activity for glycerol acetalization with
acetone and high selectivity towards solketal. The activity correlates with acidity of
the samples. The highest activity for glycerol acetalization shows sample modified
with NH 4 F (Sil-1_F), that exhibits the highest number of strong Lewis acids sites and
some amount of Brønsted acid sites. Although, the accessibility of internal acid sites
is higher for the sample modified with NH 4 OH, the accessible centres are much
weaker compared to these presented in Sil-1_F and Sil-1_Cl and it turns to its lower
activity. The proposed reaction mechanism considers a combined contribution of
both Lewis and very weak Brønsted acid sites.
Acknowledgements
FTIR studies were financed by Grant No. 2015/18/E/ST4/00191 from the National Science Centre,
Poland.

References
[1] A. Talebian-Kiakalaieh, N.A.S. Amin, N. Najaafi, S. Tarighi, Front. Chem. 6 (2018) 573.

Characterisation of Novel Doped Perovskite Catalysts by XRD, XPS
and SEM – Tailored Exsolution of Metal Nanoparticles
L. Lindenthal1, J. Popovic1, J. Raschhofer1, R. Rameshan1, A. Nenning2, A.K. Opitz2,
C. Rameshan1
1 Technische Universität Wien, Institute of Materials Chemistry, Vienna, Austria
2 Technische Universität Wien, Institute of Chemical Technologies and Analytics,
Vienna, Austria

Perovskite-type oxides are a large class of materials with many interesting
properties, including piezo- and pyroelectricity, mixed ionic-electronic conductivity
and high catalytic activity. Thus, there is a wide range of applications, for example
the use as sensors or as electrode materials in solid oxide fuel cells. Their general
chemical formula is ABO 3 , with two different cations A (bigger) and B (smaller). The
ideal structure is cubic, but it is often distorted as can be seen for La 0.9 Ca 0.1 FeO 3
(figure 1). The high versatility of the material class is due to the possibility of
adjusting the properties by choosing different elements for the cations. Doping either
one or both of the cation sites opens up an even larger matrix for materials design.

Figure 1: Distorted perovskite structure of La 0.9 Ca 0.1 FeO 3 , data from XRD
measurement (La/Ca-green/blue, Fe-brown, O-red).
In terms of catalysis, another recently shown outstanding property of perovskites is
the exsolution of metal nanoparticles under reducing conditions. This surface
modification (by migration of cations to the surface) can change the catalytic activity

and selectivity of the perovskite surface completely and is the core topic of our ERC
project.
Several perovskite-type oxides (e.g. La x Ca 1-x FeO 3 or Nd x Ca 1-x FeO 3 ), that are
promising

catalyst

materials,

have

been

synthesised

and

subsequently

characterised. These perovskites are promising catalyst materials for several energy
related reactions, such as the (reverse) water gas shift reaction. Using different
reducing conditions, the stability and reducibility of the synthesized perovskites were
investigated. X-ray diffraction (XRD) allowed structural determination, while X-ray
photoelectron spectroscopy (XPS) gave additional chemical information on the
surface state. These characterisations have been complement by additional
analytical methods (e.g. SEM). It was possible to show the reversible exsolution of
metal nanoparticles in an ideal metastable window (figure 2).

Figure 2: SEM picture of exsoluted nanoparticles on Nd 0.9 Ca 0.1 FeO 3 .
Following the basic characterisation, further experiments were conducted with a new
lab-based Near-Ambient-Preassure XPS system (NAP-XPS). This was designed and
set up in cooperation with SPECS, specifically for the investigation of electrode
materials (e.g. for the use in solid oxide fuel cells). With this setup, it is possible to
combine catalytic experiments, NAP-XPS and electrochemical measurements at the
same time, thereby correlating catalytic activity of the material with its surface state
and its electrochemistry. Thus, it directly gives access to information as to how
exsolution changes the catalytic properties of a perovskite material.
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Zeolite materials are well-known to accommodate various metal ions and
metal oxo species, due to negative charge of the silica-alumina framework [1]. The
properties of such metal ion centers, especially those of transition metals, differ
substantially from the corresponding ones in bulk oxides. Introducing metal centers
into the zeolite structure stands for a useful replacement for highly selective, but
economically unfavorable enzyme-mimetic structures containing Co, Ni, Zn and Cu
as active sites [2,3]. This gives rise to a vast catalytic potential of the metal-zeolite
structures, reflected in their high activity in the variety of important redox reactions.
Recently, Zn-containing zeolites has attracted much attention, due to their
activity in activation of methane [4], a highly desirable chemical route staying in
agreement with green chemistry postulates. Moreover, applications encompassing
dehydrogenation of other light alkanes, aromatization of hydrocarbons, hydration of
acetylene and deNO x reactions [5] make those Zn-doped hydrated aluminosilicates a
useful tool for hydrocarbon processing industry.
Extending the knowledge about the nature of active sites and the effect
of their distribution is of key importance for understanding, predicting and even
designing properties of catalytic materials in order to maximize their potential
performance. Some efforts have been devoted to clarifying the nature and form of Zn
species embedded in the zeolite matrix [6]. Nevertheless, it is still not fully resolved,
mainly in Si-rich zeolite matrices. To obtain a deeper insight into the siting and redox
behavior of metal Zn centers, the photoluminescence study of metal-containing
zeolitic structures should be suggested as an powerful tool, analogously as was
already reported for Cu-zeolites [7,8]. In this paper, we report the first attempt to
analyze the nature, location and arrangement of Zn ion species by the laser induced
kinetic emission spectroscopy combined with DFT calculations and FTIR
spectroscopy.

For this purpose a set of Zn-ferrierites (Si/Al 8.5) with various Zn was prepared
by ion exchange to the parent NH+-ferrierite. Kinetic emission spectra of evacuated
samples (450 C) were collected after excitation by a laser pulse at 308 nm at RT. The
Zn2+ emission spectra were compared with the FTIR spectra of evacuated samples
recorded in the region of anti-symmetric T-O-T vibrations of the zeolite framework.
The experimental data were compared with DFT prediction of Zn2+ siting and
coordination and of energy of emitted photons.
Zn2+ kinetic emission spectroscopy represents a powerful and promising tool
for the study of Zn speciation in zeolites. Analysis of the emission decay allows easy
to differentiate bare Zn2+ ions in cationic sites and other Zn species. In the case of
ferrierite, three cationic α-, β- and γ-sites of bare cations are occupied by Zn2+ cations
and emission at 545, 480, and 425 nm was attributed to these sites.
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1. Scope
Fischer–Tropsch synthesis (FTS) is one of the most important achievements of the
chemical industries in the 20th century. The dwindling resources of oil in conjunction with
the increased costs of crude oil over the last decade yielded an opportunity for the
synthesis of transportation fuels from other carbon-containing resources, such as natural
gas, biomass, coal, or oil residue [1]. Among all catalysts, Co-catalysts are widely used
because of their economically high activity and selectivity. In graphene nano sheet
(GNS)-supported cobalt catalyst, the strong metal-support interactions reduce to a large
extent. Functionalization of the supports immobilizes the metal particles preventing them
from excessive sintering upon heating and also play an important role in the dispersion
of active metal on the GNS [2]. In the present work, GNS were functionalized with O and
N,O functional groups before loading of cobalt precursors. Catalysts were prepared with
15 wt% cobalt loading and characterized by ICP, XRD, TPR. The catalysts were
assessed in FTS in a fixed bed microreactor at 220 oC and 1.8 Mpa during 240 h
continues synthesis.
2. Results and discussion
Table 1 shows XRD data and catalytic performance of calcined catalysts at steady state
condition. As shown, FTS reaction rate (g CH/g cat./h) of Co/O-GNS catalyst is Higher
than Co/N,O-GNS. According to fig.2, the whole TPR profiles of cobalt nano crystallite on
the O-GNS is slightly shifted towards lower temperatures compared with catalyst prepared
on N,O-GNS, indicating that cobalt oxide nanoparticles supported on O-GNS are reduced
faster than those supported on N,O-GNS. In addition, O-functional groups decreased the
average cobalt particle sizes more than N,O functional groups (fig.1, table1). All these

effects can be evidenced for increasing the number of surface active cobalt sites and as a
result increasing the FTS reaction rate [3]. As shown in table 1, the methane selectivity is
increased and The C5+ selectivity is decreased for functionalized O-GNS supported
catalysts. This trend can be justified by the presence of more functional groups which
increases the amount of hydrogen adsorbed on the catalyst surface and then promote the
termination reactions to paraffin instead of chain growth to heavier hydrocarbons. One of
the major reasons for catalyst deactivation is sintering which occurred during FT synthesis.
As can be seen in fig.3, after 240 hrs of FTS, Co/O-GNS catalyst was more stable than
Co/N,O-GNS against Co sintering because of the higher amounts of functional groups
and defects on support surface combined with the preserved integrity of GNS [4].
3. Conclusions
In conclusion, O-GNS showed better performance than N,O-GNS with shifting the
reduction peaks to a lower temperature, improving the catalyst activity, increasing
metal–support interaction, decreasing the sintering of cobalt nano particles and
increasing the stability of catalyst.
Table 1. XRD data and Catalytic performance of calcined catalysts (T = 220 ◦C, H2/CO ratio = 2, P = 1.8 MPa)

Catalyst

dXRD

O/P

(nm)

CO
conversion
(%)

Co/O-GNS

10.6

73.3

1.08

Co/N,O-GNS

11.1

71.1

1.12

Fig.1. XRD pattern

FTS rate
(gCH/(gcat ·h))

+

%CO2

% CH4

%C5

Selectivity

Selectivity

Selectivity

0.341

0.69

14.53

84.01

0.332

0.73

12.91

85.06

Fig.2. TPR

Fig. 3. %CO conversion variations with
time on stream
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Rapid Scan IR spectroscopy supported by 2D COS Analysis as an
efficient tool for intermediates searching
Kinga Gołąbek, Kinga Góra-Marek, Karolina Tarach, Kamila Pyra, Faculty of
Chemistry, Jagiellonian University in Kraków, Kraków, Poland;
Edyta Tabor, Veronika Pashkova, Jiri Dedecek, J. Heyrovský Institute of Physical
Chemistry, Prague, Czech Republic.

Description of the site-reagent interaction in real-time allows inferring about the
nature of the complex formed, transition states or short-living intermediate entities.
However, in this matter an indispensable factor influencing the accuracy of the
results gained on the diffusion and adsorption processes as well as on the
transformation of substrates into intermediate and final products is the time scale of
the respective phenomena.
Restricted transition state selectivity, as well as reagent diffusional limitations, are
most vital in the bulky molecules transformations in 10-ring zeolites (ZSM-5, IM-5,
TNU-9, TNU-10). Xylene isomerization in the 10-ring zeolites with different pore
topology was followed by rapid scan IR spectroscopy, received 1D spectra were
subjected to two-dimensional correlation analysis. The 2DCOS IR spectra supported
the hypothesis on the partial loss of the aromatic character of xylene molecules upon
the adsorption, and their further transformation in the methylbenzenium ions CH 3 –
C 6 H 5 +–CH 3 and diphenyl methane derivatives. It is identified as the restricted rotation
of the methyl groups on an aromatic ring around the C-CH 3 bond.
However, stabilization of the transition state by the van der Waals interactions from
the zeolite framework cannot be neglected also for the small molecules conversions.
The importance of the confinement effects arising from van der Waals interactions
and the framework geometry effect was proved for ethanol dehydration on ZSM-5
with on-purpose tuned Al distribution within the framework. The presence of Al-pairs
in ZSM-5 was responsible for the formation of the ethanol dimeric entities of high
stability preventing them from decomposition in monomeric moieties at temperatures
below 130 oC. Aluminum atoms homogenously distributed in the form of isolated
Si(OH)Al groups within the zeolitic framework bonded ethanol molecules in the form
of monomeric species. This adsorption adducts differentiation resulted in diverse

paths of ethanol to diethyl ether and ethene transformation. Single Al atoms ZSM-5
provided the protonic sites that were restored simultaneously when ethene molecule
was released. The presence of Al-pairs in zeolite structure effectively inhibited the
ethane formation yielding diethyl ether exclusively. What is more, the intermolecular
dehydration to ether and ether dehydration to ethylene was established as controlling
step in the ethanol transformation in zeolite hosting Al-pairs. Conversely, the
presence of isolated species advantaged single-molecule elimination reaction where
very reactive carbenium ions formed by reaction with the Brønsted acid sites yielded
linear olefins and aromatic intermediate species (tropylium and/or cyclopentadienyl
ions) similar to those found during xylene isomerization in 10-ring zeolites of different
pore architecture (ZSM-5, IM-5, TUN-9, TNU-10). Our studies on ethanol sorption in
TNU-10 demonstrated also the rapid transformation of alcohol substrate into
intermediate not providing the interference of the spectra by Fermi resonance. It
demonstrates that IR spectroscopy is powerful tool to discussing the difference in the
activity between zeolites resulting from the adsorption phenomena linked to the
confinement effects.
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Zeolite Features Forced Loss Of Aromaticity Of Methylated
Benzenes
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Faculty of Chemistry, Jagiellonian University, Kraków, Poland;
The unique shape-selective characteristic of 10-ring zeolites is their paraselectivity in
isomerization, alkylation and disproportionation of alkyl aromatics. Additionally, the
zeolites with the small internal cages along the channels (TNU-10, ZSM-5) are
particularly resistant to the formation of carbonaceous species. Restricted transition
state selectivity as well as reagent diffusional limitations are mostly vital in the
isomerization of xylenes. It is commonly known that the adsorption of xylene
molecules is related to the loss of the aromatic character due to the proton addition
and transformation in the methylbenzenium ions CH3–C6H5+–CH3.
The m- and o-xylene isomerisation, as well as the secondary disproportionation
reactions, over the 12-, 10-, and 8-ring zeolites with different pore topology were
studied by 2D COS IR spectroscopy and DFT modeling. The analysis of 2DCOS
maps allow for concluding that the adsorption of xylene molecules, and their further
transformation in the methylbenzenium ions CH3–C6H5+–CH3 leads to the partial loss
of the aromatic character. It is identified as the restricted rotation of the methyl
groups on an aromatic ring around the C-CH3 bond, confirmed in the experiments
carried out for deuterated zeolites especially. The steric hindrance of CH3 rotation is
more vital for o-xylene than for m-xylene, thus the out-of-phase CH3 stretch bands
are more intensively perturbed by the additional hindrance delivered zeolite
channels upon o-xylene adsorption and protonation. However, the deformation of the
xylene molecules forced by the size and geometry of the channels is an additional
factor ruling the loss of aromaticity of methylated benzenes. This effect is more
pronounced for the zeolites of the smaller pores.
Total of 14 possible structures of protonated xylenes embedded in four zeolites (ca.
60 systems) were modeled while searching for intermediate formed from
methylbenzenium ions. Overall, the studied structures are generally more stable in
small-pore zeolites indeed, namely in CHA. They are less stable in MFI and
eventually in BEA or MOR. However, according to the calculation, only one structure

(2,6-dimethylbicyclo[3.1.0]hexane, labelled C5o) is stabilized in respect gaseous oxylene. The amount of protonated intermediate is experimentally indicated based on
the IR band (at 1485 cm–1). Calculated adsorption energy agrees with the IR
measurements – the amounts decreases in the sequence of CHA, MFI, BEA. Finally,
the vibrational analysis shows that only C5o structure, independently on zeolite,
gives the band ca. 1485 cm–1 in calculated spectrum what supports the assumption
of C5o structure as an intermediate in xylene isomerization process (see Figure 1.).

Figure 1. Selected structure of protonated o-xylene intermediate in the CHA
(Si/Al = 3) cage.
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Optimized Biodiesel production through heterogeneous catalysts
Graça Rocha, University of Aveiro, Aveiro, Portugal; Mariana Almeida, University of
Aveiro, Aveiro, Portugal; André Francisco, University of Aveiro, Aveiro, Portugal

The world of today is facing tremendous danger from human activity that is severely
jeopardizing precious resources for future generations. One direct consequence of
this negligence is the global warming caused by the abundance of CO 2 in the
atmosphere. As such, the search for renewable and safer resources for unlimited
usage and less environmental impact is now mandatory if we want to secure our
health. An alternative fuel must be technically feasible, economically competitive,
environmentally acceptable and readily available1,2.
Biodiesel includes these conditions. From the environmental point of view, it is free
of aromatic compounds and sulphur, biodegradable and obtained from renewable
sources. However, the production of biodiesel is also a controversial issue because it
is based on intensive crops causing deforestation and high water consumption.
Biodiesel production can be performed in the presence of acidic, basic and
enzymatic catalysts. Homogeneous alkaline catalysts are the widely used because
they allow high conversions, in relatively short reaction times. However, the
disadvantages associated with its use, namely, in the biodiesel/catalyst separation
processes, encouraged the use of heterogeneous catalysts in the last decades3,4.
In this perspective, the structural features of the tetravalent metal phosphates
and phosphonates are fundamental to act as efficient solid catalysts5. We are not
aware of any reference in the literature concerning the use of tetravalent metal
phosphates and phosphonates in the biodiesel production.
Our experimental work started with the synthesis, characterization and catalytic
evaluation of the α- and γ-zirconium phosphates (α- and γ-ZrP) and the sodium
exchanged α- and γ-zirconium phosphates (α-NaZrP and γ-NaZrP) in the
transesterification reactions of sunflower oil. The fatty acid methyl esters (FAMEs)
formed with α-NaZrP and γ-NaZrP were identified by GC-MS and quantified by GC.
The best yields were obtained after varying sequentially the molar ratio methanol:oil,
temperature, mass ratio catalyst:oil and reaction time (green rows in the Table).
Then, the former best reaction conditions achieved with the sunflower oil were tested
in the transesterification reactions of olive oil (green rows in the Table). No FAMEs

were observed with α- and γ-ZrP or in the “blank” reaction either with the sunflower or
with the olive oils.
α-ZrP
CH

CH

OH
3

3O

H

CH3OH

Sunflower oil

γ-ZrP
α-NaZrP

FAMEs + Glycerol

Olive oil
Palmitic acid
CH

3 OH

OH
3
CH

γ-NaZrP

Methyl palmitate + Water

ZrPhP
ZrWP

In a parallel study, the α- and γ-ZrP, zirconium phenylphosphonate (ZrPhP) and
zirconium tungstate phosphate (ZrWP) were tested in the esterification reaction of
palmitic acid. The quantification of methyl palmitate was done by HPLC. After the
initial studies, the best yield was reached with γ-ZrP (45.0%). Following this result,
the reaction conditions were optimized by varying sequentially the amount of γ-ZrP,
molar ratio palmitic acid:methanol and temperature. With the best conditions a yield
of 86% was reached. A “blank” reaction was also performed (20.0%).
Sunflower oil

Olive oil

Palmitic acid


28.5 %

20.0 %

α-NaZrP


76.4 %

γ-NaZrP

86.3 %

42.8 %



γ-ZrP





45.0 %

γ-ZrP





86.0 %

Catalysts
“Blank”



As predictable, the best yields of FAMEs were obtained with α-NaZrP and γ-NaZrP
since the mechanism involved in the transesterification reactions is simpler in basic
conditions. On the other hand, since the esterification reactions are favoured in acid
conditions, the best yield of methyl palmitate was achieved with γ-ZrP.
The interlayer distance of the γ-NaZrP and γ-ZrP is another important issue since it
contributes to facilitate the approach of the triglycerides and the palmitic acid to the
active sites of the catalysts followed by the reaction with methanol and the formation
of the corresponding FAMEs and methyl palmitate.
The structure of the catalysts and the optimization of the reaction conditions will be
discussed during the presentation with detail.
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Dehydrogenation of Methylcyclohexane over Noble Metal Catalysts
for Hydrogen Delivery Applications
Ye Song, Research Institute of Petroleum Processing, Sinopec, Beijing, China; Wei
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In the present work, we employed density functional theory (DFT) calculation to
investigate methylcyclohexane (MCH) dehydrogenation reaction chemistry on Pt.
Comparing the reaction energy barrier of the rate-determining step of the MCH
dehydrogenation on different noble metals, such as Pt, Pd, Rh, and Ir. The results
indicate that the dehydrogenation activity of noble metals can be rationally
characterized by the molecular structure characteristic parameters of the lowest
unoccupied orbital energy E LUMO . In other words, the lower E LUMO of transition metal,
the stronger electron capture capability. Furthermore, it also can be acquired that the
more delocalized density of state around the Fermi level, which can accept electrons
easier, and if the d-band center of noble metals closer to the Fermi level, it may have
a better catalytic dehydrogenation activity and selectivity of MCH. On the basis of
DFT study results, selective dehydrogenation of MCH to toluene over Pt, Pd, Rh and
Ir supported on γ-Al 2 O 3 was studied in the context of the hydrogen storage using
MCH-toluene-hydrogen cycle. The catalysts were characterized by variety of
techniques such as X-ray fluorescence spectrometry, X-ray diffraction (XRD), N 2
adsorption-desorption isotherms, temperature-programmed reduction of H 2 (H 2 -TPR)
， CO-chemisorption metal analysis, transmission electron microscopy (TEM) and
Raman spectroscopic techniques. Under steady-state conditions, the initial activity of
the catalysts followed the order: Pt/γ-Al 2 O 3 >Rh/γ-Al 2 O 3 >Pd/γ-Al 2 O 3 >Ir/γ-Al 2 O 3 . The
reduced Pt/γ-Al 2 O 3 catalyst exhibited higher activity and selectivity toward toluene
(>95%) than its Rh, Pd and Ir-based counterparts. From the combined COchemisorption metal analysis and TEM analysis, the enhancement of activity and
selectivity of the Pt/γ-Al 2 O 3 sample was ascribed to moderate metal-support
interaction leading to formation of moderate Pt particles having lower amount of
hydrogenolysis sites (kink sites) and the higher dispersion of Pt.
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Mechanism of Methane Activation on Zn-modified Zeolites
Investigated by Solid-State NMR In Situ
A.G. Stepanov, Boreskov Institute of Catalysis, Novosibirsk, Russia; A.A. Gabrienko,
Boreskov Institute of Catalysis, Novosibirsk, Russia; S.S. Arzumanov, Boreskov
Institute of Catalysis, Novosibirsk, Russia; V.N. Parmon, Boreskov Institute of
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Introduction
Methane activation is one of the important steps in various industrially relevant
processes such as conversion of methane to higher hydrocarbons and methanol [1,
2]. Recent claims on methane coaromatization with C 2+ alkanes on Zn and Gacontaining zeolites [3,4] stimulated our interest to understanding

particular

mechanisms of methane C−H bond activation on Zn-modified zeolite catalysts. To
understand the mechanisms of methane C−H bond activation, we need to identify
reaction intermediates, to clarify the role of various active sites: different in nature
metal-containing species and Brønsted acid sites (BAS),

to establish the role of

possible impurities which could be present in methane flow and might be in charge
of the formation of important intermediates providing involvement methane in C 2+
alkane aromatization reaction. Motivated by this goal, we have monitored the
transformation of methane on zeolites BEA and ZSM-5 modified with zinc using in
situ magic-angle-spinning (MAS) NMR under conditions of static reactor.

Results and Discussion
We have identified different in nature intermediates [5], primarily and secondarily
formed from methane, clarified the role of different Zn-species (Zn2+ cations and
small ZnO clusters located inside the zeolite pores) in the formation of detected
intermediates [6], analyze H/D hydrogen exchange between BAS and methane
molecule for Zn-modified zeolite in comparison to pure acid form zeolite [7], elucidate
the mechanism of methane and propane co-aromatization on zeolite Zn/H-BEA [5, 8].
First, we identify Zn-methyl species [5], the primary stable intermediate formed
at interaction of methane with zeolite and the secondary intermediate, Zn-methoxy
species, which forms by oxidation of Zn-methyl with molecular oxygen presented in
methane adsorbed on zeolite as impurity [9]. Finally we investigate the mechanism of

methane and propane co-aromatization, which is established to occur by alkylation
with methane of aromatic molecules formed directly from propane, Zn-methoxy
species being the key intermediate in this reaction [5,8] (Scheme 1).
We examine the H/D exchange between methane and BAS and show the
synergy of BAS and Zn-species in activation of methane C−H bond. Synergy is
displayed

as a dramatic acceleration of the exchange when zeolite becomes

modified with zinc [7,10]. Both Zn2+ cations and ZnO species provide synergy of Znspecies and BAS in activation of methane C-H bonds [6].
Based on our experimental results, we also discuss the role of both different Znspecies and impurities of oxygen in methane flow on the performance of methane
and propane co-aromatization on Zn- modified zeolites [6, 9].
The detected ease of oxidation of Zn-methyl intermediate to Zn-methoxy with
molecular oxygen invites further investigations of
molecular

direct methane oxidation with

oxygen to methanol and other oxygenates on zinc modified zeolite

catalysts under mild conditions.
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OH
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CH3CHO
CH3COOH
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Scheme 1. Primary and secondary intermediates detected by
solid-state NMR and their successive transformation to the aromatic
and oxygenate products formed at methane activation on Zn-modified

CH3 zeolite.
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Zeolite Brønsted Acidity: Direct Quantitative Assessment by FTIR
Spectroscopy and Solid-State 1H MAS NMR
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Introduction
Zeolites are applied for numerous commercial applications. These crystalline
materials, having unique microporous nature and strong Brønsted acidity, find broad
usage in heterogeneous catalysis [1, 2]. Zeolite Brønsted acidity, caused by the
presence of bridging Si–O(H)–Al or silanol Si–OH groups [3], attracts much attention
since it determines the activity and selectivity of zeolite-based catalysts for acidgoverned reactions. For adequate prediction of zeolite catalytic properties, it is crucial
to have a reliable and feasible approach to measure the quantity of different hydroxyl
O–H groups or Brønsted acid sites (BAS).
Fourier transform infrared (FTIR) spectroscopy is broadly applied nowadays for
probing the concentration and strength of acid sites in zeolite catalysts [4, 5]. FTIR
spectroscopy is able to measure zeolite Brønsted acidity directly by the observation
of the absorption bands corresponding to different O–H groups or BAS. However, the
accuracy of direct assessment of the quantity of different O–H groups by FTIR
method suffers from uncertainty of the integrated molar absorption coefficients, ε.
The ε values reported by different authors might differ by an order of magnitude [6].
Scope of the work
This paper aims to demonstrate an elegant approach for reliable determination of the
integrated molar absorption coefficients [7]. The approach is based on joint work of
1

H MAS NMR and FTIR spectroscopy techniques. The feasibility and accuracy of the

proposed methodology have been verified on a series of zeolite samples.
The concentration of different O–H groups for H-ZSM-5 and H-ZSM-23 zeolite
samples with different Si/Al ratio has been reliably established with 1H MAS NMR,
using methane and benzene as internal standards. Further, same zeolite samples
have been analyzed with FTIR spectroscopy to obtain the integrated absorbance of
the IR bands related to the O–H groups. As the result, the information on the values
of the integrated molar absorption coefficients has been derived by comparing H

MAS NMR and FTIR data. The ε coefficients have been reliably determined to be
3.06 ± 0.04 and 1.50 ± 0.06 cm×μmol−1 for the IR bands at 3605−3615 and
3740−3747 cm−1, respectively. Interestingly, the ε values are similar for both HZSM-5
and H-ZSM-23 zeolites. It is also established that the ε values are constant with
respect to the concentration of O–H groups for H-ZSM-5 and H-ZSM-23 zeolites.
The determined ε coefficients can be further used for reliable quantitative
assessment of zeolite Brønsted acidity with the aid of the widely available and
relatively simple methodology of FTIR spectroscopy.
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Figure 1. Integrated intensity of the IR band versus the concentration of O–H groups
for H-ZSM-5 and H-ZSM-23 zeolites.
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Introduction
Ga 2 O 3 is one of the photocatalyst to show the relatively high activity for water
splitting as well as carbon dioxide reduction when by loading silver as a co-catalyst.
In our research, it was suggested that the reaction proceeds at the interface between
the silver clusters and the Ga 2 O 3 photocatalyst [1]. Therefore, if we develop a
nanomaterial having a large amount of the interface between silver clusters and
Ga 2 O 3 photocatalyst, further photocatalytic activity improvement is expected.
Recently, it was reported that metal oxide nanosheets with a thickness of several
nm was formed by the slight growth of metal oxide on two-dimensional graphene
oxide (GO) [2,3]. Thereafter, burning off the GO in the presence of oxygen, isolated
metal oxide nanosheets can be obtained. It was also reported that metal oxide
nanosheets including metal nanoparticles was obtained by fixing metal nanoparticles
on GO firstly and growing metal oxide upon them [4]. The nanomaterials would be
expected to have a large amount of the interface between metal oxide and metal
nanoparticles. To develop a photocatalyst promoting the reduction of carbon dioxide
efficiently, in the present study, we fabricated a silver loaded Ga 2 O 3 nanosheets
photocatalyst using GO as a template.
Preparation of Ga 2 O 3 nanosheets
GO was prepared by a Hummers method using graphite as a starting material. The
GO and gallium tri-n-butoxide were stirred in a cyclohexane solvent overnight,
followed by a centrifugation. The residue was dispersed in cyclohexane again and
then autoclaved at 453 K for 6 hours. After washing by centrifugation, the residue of
the suspension was dried in vacuum. Thus, the composite of Ga 2 O 3 precursor and
GO (Ga 2 O 3 precursor/GO) was synthesized by the above procedures. The
composite was calcined at a given temperature of 823 – 1123 K, and Ga 2 O 3
nanosheets were obtained (Fig. 1).

Preparation of Ag/Ga 2 O 3 nanosheets
Ag/Ga 2 O 3 nanosheets were fabricated by photodeposition of colloidal silver
nanoparticles on Ga 2 O 3 precursor/GO followed by calcination at 1123K for 5 hour.
Results and discussion
TEM images of the obtained Ga 2 O 3 nanosheets are shown in Fig. 1. As is evident
from these TEM images, the samples calcined at 823 – 1123 K formed nanosheets.
The crystal structures of the nanosheet samples were analysed by XRD
measurements (Fig.2) as follows; the samples calcined at 823 K and 1123 K were
assigned to γ-Ga 2 O 3 phase and β-Ga 2 O 3 phase, respectively, while those calcined
at 923 K and 1023 K were consisted of mixed-phases of β- and γ- Ga 2 O 3 . The TEM
image of Ag/Ga 2 O 3 nanosheets (Fig. 3) shows that Ag nanoparticles are highly
dispersed and loaded on Ga 2 O 3 nanosheets. At the conference, we will discuss the
reaction activities of Ag/Ga 2 O 3 nanosheets for photocatalytic carbon dioxide
reduction.

Figure 2. XRD patterns of Ga2O3 nanosheets calcined at Figure 3. TEM image of
823 K (a), 923 K (b), 1023 K (c) and 1123 K (d).
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Methane Interaction with Cu2+ Sites of Cu/H-ZSM-5 Zeolite: EPR, UVVis, FTIR and NMR Spectroscopic Investigation
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Introduction
Nowadays, zeolites loaded with copper attract much attention as potential catalysts
for methane processing to valuable chemicals via selective oxidation to methanol [1,
2]. Performed fundamental and applied studies admit a crucial role of Cu2+ and/or
Cu+ cationic species present in the zeolites for methane activation [3-6]. Though,
possible involvement of Brønsted acid sites (BAS) of a zeolite in methane activation
can be also supposed.
Hence, both Cu2+ sites and BAS can be responsible for methane activation and
conversion on Cu-containing zeolites. Therefore, it is an interesting problem to
investigate the interaction of methane with these sites in order to inquire into the
mechanism of methane-to-methanol transformation. Such problem could be
addressed with the help of different spectroscopic techniques. In particular, the data
to be obtained by FTIR, UV-vis, NMR, and EPR methods can provide valuable
molecular-level details on the possible interactions of methane and Cu2+ species and
BAS.
Scope of the work
A set of the spectroscopic methods, namely, DRIFTS, UV-vis. DRS, solid-state 1H
and

13

C MAS NMR, and pulse EPR, has been applied in this work aiming to obtain

valuable information on the peculiarities of methane interaction with the surface sites
of Cu-loaded acid-form zeolite of ZSM-5 type.
The initial state of Cu2+ species as well as its perturbation caused by the interaction
with adsorbed methane has been investigated with the application of UV-vis. DRS
method. Methane adsorption on Cu2+ sites has been studied with DRIFTS technique
to reveal formation of specific molecular complex characterized by polarized C–H
bond which might be responsible for efficient methane C–H bond activation by BAS

[7]. EPR method has offered the detailed description on the structure of this
molecular complex with the certain C–Cu and H–Cu distances being determined. 1H
MAS NMR approach, being applied to monitor the kinetics of the H/D exchange
between methane-d 4 and BAS in situ, has confirmed promoting effect of Cu2+ sites
on the activation of methane C–H bond by BAS. Finally, 13C MAS NMR spectroscopy
has revealed that C–H bond activation assisted by both Cu2+ sites and BAS has led
to the formation of surface methoxy species which is considered to be an
intermediate towards methanol formation.
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Introduction
It has been reported that many photocatalysts loading silver as a co-catalyst are
highly active for the carbon dioxide reduction with water to carbon monoxide. Here,
the silver co-catalyst is considered as a reaction site of the carbon dioxide reduction.
On the other hand, silver particles change to larger particles during the reaction,
resulting in the decrease of the photocatalytic activity [1]. We attempted a real time
observation of the redox state as well as the change in particle size of silver cocatalyst over gallium oxide photocatalyst by monitoring silver localized surface
plasmon resonance (LSPR) absorption during the reaction.
Experimental
Silver loaded gallium oxide (Ag/Ga 2 O 3 ) sample was prepared by impregnation of
Ga 2 O 3 with an AgNO 3 solution, followed by drying and calcination in air at 623 K for
2 h. The Ag loading amount was 0.5 wt%. In-situ measurements of UV-Vis spectra
were conducted with a self-made optical system equipped with an in-situ diffuse
reflectance cell. Light from a xenon lamp was collimated and introduced to the
sample set in this cell, and the diffuse reflected light was detected by a multi
channnel analyser. The in-situ diffuse reflectance spectra of Ag/Ga 2 O 3 were
measured under Ar or CO 2 gas with/without bubbling into water with a flow rate at
100 mL/min. The xenon lamp was also used for the reaction inducing light for
Ag/Ga 2 O 3 samples.
Results and discussion
Fig. 1 shows time courses of the UV-Vis spectra of Ag/Ga 2 O 3 under light
irradiation with different conditions. The absorption band ranging from 350 to 650 nm
is attributed to LSPR absorption of Ag metal nanoparticles. Although LSPR
absorption is not observed before light irradiation, LSPR absorption peak appeared
as light irradiation started and grew with the time. The peak top intensity of LSPR

absorption gradually increased and saturated. Not only the increase in the peak top
intensity, but also the peak shape differed by the conditions. Note that the peak top
intensity increased even after 120 min when water vapor was introduced. Here, the
spectra measured at 120 min were normalized by their peak top intensities. Fig. 2
compares the normalized spectra for different conditions. The peak at 350 nm is
assignable to Ag small clusters and the other peaks around 450 nm and 600 nm are
attributed to a localized surface plasmon resonance of Ag nanoparticles and larger
Ag nanoparticles, respectively. Under CO 2 flow, the peak intensity at 600 nm was low
compared with other conditions. This result indicates that the size increase of the
silver particles is remarkably suppressed by the adsorption of CO 2 molecules on the
surface of Ga 2 O 3 and/or the Ag particles. The peak top intensity of LSPR absorption
at 450 nm is plotted against the light irradiation time (Fig. 3). When the peak intensity
for Ag/Ga 2 O 3 under CO 2 and H 2 O flow is doubled, its time course profile is almost
the same as that under Ar and H 2 O flow. This suggests that the mechanism of the Ag
particle growth is basically the same and the growth rate only changes. At the
conference, we will also present the results of the experiments carried out by
controlling the wavelength (energy) of irradiated light.
(1)

(2)

(3)

(4)

Fig.1 Time courses of the UV-Vis spectra of silver loaded gallium oxide under light irradiation with
different conditions (1) Ar flow (2) CO 2 flow (3) Ar and H 2 O flow (4) CO 2 and H 2 O flow

Fig.2 Normalized spectra of Ag/Ga2O3 measured

Fig.3 Time courses of the intensity of

at 120 min with different conditions.

LSPR absorption at 450 nm.
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In Operando Spectroscopy of CO 2 Reduction Reactions
at Pt/Ionic Liquid Interfaces
Andre Kemna, Björn Ratschmeier, Björn Braunschweig, Institut für Physikalische
Chemie, Westfälische Wilhelms-Universität Münster,Corrensstraße 28/30, 48149
Münster, Germany

CO 2 reduction reactions (CO2RR) at Pt(poly)/electrolyte interfaces were studied with
cyclic voltammetry and in operando with IR absorption (IRAS) as well as sum
frequency generation (SFG) spectroscopy. The combination of IRAS and SFG is a
powerful tool to study mechanistic details in bulk solutions and at interfaces. Using
[BMIM][BF 4 ] and [EMIM][BF 4 ] room-temperature ionic liquids (RTIL) as electrolytes,
we have investigated the influence of H 2 O co-reactants and the chemical identity of
the RTIL as co-catalyst on the activity of Pt electrodes for CO2RR.
Cycling the potential from 0.1 V to -1.4 V vs SHE, IRAS revealed a vibrational band
centered at 1670 cm-1, which arises at an onset potential of -0.65 V. We attribute this
band to the carbonyl stretching mode of zwitterionic imidazolium carboxylates, which
is generated via a carbene intermediate as evidenced by IRAS.
During the potential sweep from -1.4 V to 2.4 V in [BMIM][BF 4 ], CO2RR products are
formed and give rise to vibrational bands at 1730 and 1750 cm-1. This is
accompanied by a decrease of the imidazolium carboxylate band at 1670 cm-1. We
assign the former vibrational modes to C=O vibrations of formic acid, which is
produced at an onset potential of 1.4 V. This indicates that electrolysis of CO 2 to
formic acid may be possible in a two-step reaction process.
In operando SFG spectra revealed the formation of surface adsorbed CO. The CO
adsorbate layer poisons the Pt catalyst, and leads to a deactivation over many
potential cycles. From our spectroscopic analysis, we provide evidence for two main
products of CO 2 reduction reactions - CO and formic acid - which may be used in
power-to-X applications.
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Motivation
Methanol-to-hydrocarbons (MTH) conversion, carried out over acidic catalysts such
as various zeotypes, represents a promising way to renewable chemicals and
fuels.[1] It allows the use of biomass or other alternative sources (such as natural gas
or coal) as a feedstock for the synthesis of hydrocarbons in the methanol-to-olefins
(MTO) and methanol-to-gasoline (MTG) processes and can thus play an important
role in post-oil society. The aromatic cycle of the hydrocarbon pool (HCP)[2] has
been found to be important for a number of catalysts, for example SAPO-34[3-5] and
H-BEA[6-9]. The aromatic cycle consists of a number of reactions among which we
will systematically investigate the methylation of polymethylbenzenes (polyMBs).
Better understanding of the reactivity of polyMBs will bring more insight into MTO
reactions involving these intermediates.

Results and Discussion
We

systematically

study

consecutive

methylation of benzene to hexamethylbenzene
while investigating all possible pathways as
well as geometries for stepwise and concerted
mechanisms. For the latter, we also investigate
methylation through use of methanol (MeOH)
as well as dimethyl ether (DME). Our aim is to
determine and understand trends for activation
barriers. Afterwards, we will study the sidechain

methylation

mechanism

in

which

polyMBs act as intermediates. We aim to
determine activation barriers of methanol-toethylene and methanol-to-propylene reactions

while we vary methylation level of used intermediates. We also focus on uncovering
any trends in activation barriers that would transpire due to these changes.
We investigate the H-SSZ-13 zeolite using periodic density functional theory (DFT)
calculations at the PBE-D3 level of theory along with MP2/def2-TZVPP- and DLPNOcalculations on cluster models of the zeolite. These cluster models capture the entire
pore of the CHA structure where the reactants are located.
Our results show that contributions coming from van der Waals (vdW) interactions
scale linearly with increasing total number of atoms of the studied polyMBs for all
three studied pathways. Obtained slopes of these trends are comparable with
previous reports for MeOH adsorption and olefin methylation in H-SSZ-13[10-11].
Observed deviations are originating mainly from steric confinement of the zeolite
framework. This is in accordance with our previous studies on CHA and MFI
zeotypes[11-12], where we showed that steric demand and mesomeric stabilization
can cause a reactant to deviate from trends otherwise valid for similar group of
reactants.
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Introduction
Ammonia is a second most widely produced chemical in the world (after sulphuric
acid), with over 100 million tons per year being transported [1-3]. It is promising
hydrogen (H 2 ) carrier because of many advantages. The main reason is the high H 2
content of 17.8 mass% in NH 3 [4]. Different supported metal catalyst systems have
been examined for ammonia decomposition including a variety of supports such as
Al 2 O 3 , SiO 2 , TiO 2 , ZrO 2 , mesoporous and microporous materials, activated carbon,
multi-walled carbon nanotubes (MWCNTs) etc [1, 2, 5]. In this study, we present a
novel synthesis route of a Cu-Ti/MWCNT catalyst. Cu-Ti based materials are highly
conductive, have a high specific surface area, and are promising in ammonia
decomposition reaction for H 2 production. MWCNT is low-cost semi-conducting
material as well and there is no published study on Cu-Ti/MWCNT mixed oxides as a
promising alternative to replace expensive catalysts and high-temperature process
for a real scale application of hydrogen generation.
Methods
Cu-Ti mixed metal oxide alloy was prepared using the sol-gel method and citrate
methods and then impregnated on the MWCNT supports. The characterisation of
catalysts was carried out by N 2 physisorption, XRD, H 2 -TPR, N 2 O chemisorption,
NH 3 -TPD, CO 2 -TPD, H 2 -TPD, XPS and TEM. The photocatalytic decomposition of
ammonia was carried out at a GHSV of 15,000 h-1 with varying flow rates and stability
of the catalysts was examined for 24 h.
Results and discussion
In the present study, the performance of copper, titanium dioxide and carbon
nanotube catalysts in the photocatalytic decomposition of NH 3 with a combination of
Cu/MWCNT, Ti /MWCNT and Cu-Ti/MWCNT were evaluated. The NH 3 conversions
over the synthesized catalysts remarkably increased with the combination of Cu and

Ti with MWCNT. Both bare supports showed a lower conversion and hydrogen
formation rate. All the catalysts containing copper showed a high conversion and
hydrogen formation rate. With ammonia decomposition being an apparent first-order
reaction, the effective activation energy (Ea) of 132 ± 1 kJ/mol was estimated for CuTi/MWCNT, which is in good agreement with the similar values, pertinent to other
catalysts, employed for the same process [1, 2, 5]. Furthermore, hydrogen formation
rate was lower over the catalysts, prepared via the sol-gel method with regard to the
citrate

method.

Additionally,

both

alumina-supported

catalysts

were

also

characterized by the slightly higher activation energy for ammonia decomposition.
This could be due to a highly basic character of the surface of these materials.

Figure 1 Photocatalytic conversion of ammonia over Cu, Ti, MWCNT based catalysts
and hydrogen formation rate during the reaction
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Vapor-Phase Dehydrogenation of Formic Acid using Nitrogendoped Ordered Mesoporous Carbon
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Introduction
Hydrogen (H 2 ) as an energy source is one of the most promising alternatives to fossil
fuels, but transporting it in pressurized or cryogenic containers present weight and
safety issues [1-2]. Storing H 2 as liquid formic acid makes transport and delivery both
easier and safer. In addition, biomass can be converted into formic acid, it has a high
hydrogen density (53 g H 2 /L [3]), can be released at low temperature (T < 80°C have
been reported [4]) and high pressure (P = 750 bar [5]). The challenge with the use of
formic acid is its ability to selectively undergo dehydrogenation into H 2 + CO 2 and
avoid dehydration into H 2 O + CO (a common poison for H 2 fuel cells). Our work
focuses on synthesis and characterization of different nitrogen-doped and nitrogenfree ordered mesoporous carbon catalysts for the dehydrogenation of formic acid to
H 2 in the vapor phase using a continuous setup.
Experimental
The catalytic supports were synthesized by growing a polymer based on either 3aminophenol/hexamethylenetetramine or resorcinol/formaldehyde in an aqueous
solution containing a surfactant. The grown polymers were carbonized to generate
the carbon support and to burn off the surfactant, leaving a mesoporous and ordered
structure. The active metals were added afterwards either by incipient-wetness
impregnation or metalation. The metals tested include Ag, Au, Pd, Pt, Ru, Ir and an
Au/Pd alloy.

Results and Discussion
The resulting structure was examined using a range of different techniques including
N 2 -physisorption, TEM, SEM, XPS, XRD, TGA and ICP. Particular focus was put on
the influence of having nitrogen-doped versus a nitrogen-free carbon support.
Parameters of interest include dispersion, stability and efficiency for the targeted

process. Dehydrogenation was carried out in the vapour phase with a nitrogen flow of
50 mL/min containing 10% formic acid.
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N
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Continuous production of H 2 could be achieved with no detectable amount of CO byproduct at temperatures of 120°C, achieving full conversion at around 180°C. TEM
images show a fine dispersion of particles <5 nm were achieved for most of the
prepared catalysts regardless of the presence of nitrogen. Sintering effects were
studied afterwards using TEM on the used catalysts, showing varying increases in
particle size.

Conclusion
Ordered Mesoporous Carbon with and without nitrogen have proven capable of
continuously producing pure H 2 under mild conditions. The influence of nitrogen on
the stability and efficiency was examined in detail.
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Introduction
With the constant development of technology and the growth of energy consumption,
the demand of liquid products with a low boiling point is constantly increasing. As a
result, the involvement of heavy oil feedstocks (heavy oil, bitumen, atmospheric and
vacuum residues, etc.) in the infrastructure of oil refining is inevitable. The depthincreasing problem of extracted heavy oil feedstock upgrading to produce a
maximum possible amount of light distillate fractions (gasoline and diesel) obtained is
to be solved. All the approaches to heavy oil upgrading can be divided into carbon
rejection, or hydrogen addition [1]. The basis of the approaches mentioned above is
the thermal treatment to obtain low-viscous upgraded oil. On the one hand, carbon
rejection based processes are the simplest in industrial implementation, have
minimal economic expenses, but on the other hand, this approach is characterized
by a low yield of light fractions, as well as a significant amount of obtained byproducts (gaseous products and coke) [2]. To reduce the coke yields and to increase
the selectivity towards light fractions, molecular hydrogen is used [3]. The main
disadvantage of hydrogen addition a high cost and the use of high hydrogen
pressures [4]. Recently, processes combining the advantages of two approaches, for
example, thermal catalytic processes using water (in gas, sub- and supercritical
phase states), have been actively developing [5].
Results and discussion
This work is aimed at the investigation of steam cracking process in a 1000 ml batch
reactor at 425 and 450 °C, weight ratio of water to feed 0.3 : 1, and stirring rate of
1000 rpm. The process was catalysed using the dispersed catalysts based on such

metals as Mo, Ni etc. High-sulphuric heavy oil from Rep. of Tatarstan (Russia) was
chosen as the substrate in the experiments.
Catalytic steam cracking, thermal cracking, steam cracking, catalytic cracking in the
absence of water, and hydrocracking were carried out to establish the effect of water,
a catalyst and other process conditions on a composition and properties of the
produced upgraded oil. Efficacy was evaluated in terms of the yields of light fractions
(b.t. < 350 °C), synthetic oil (b.t. < 500 °C), upgraded oil (total liquid product), coke
and gaseous products. In addition, the H : C atomic ratio, sulphur content, density
and viscosity of the upgraded oils were estimated. Catalysts were investigated by a
wide range of methods (XRD, TEM, etc.). It was shown that the type of the metal
used could significantly change the route of desulphurization as well as yield of the
products.
The work is supported by Ministry of Higher Education and Science of Russian
Federation: project No 14.607.21.0172, identification number RFMEFI60717X0172
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1. Introduction
Ga 2 O 3 (Gallium oxide) photocatalyst is known to promote CO 2 reduction with water
to produce CO, H 2 and O 2 under UV light irradiation. In previous works [1, 2], it has
been reported that Ag loading on Ga 2 O 3 as co-catalyst significantly improves the
photocatalytic activity for CO 2 reduction to CO. However, the role of Ag co-catalyst is
unclear. In order to clarify the role of Ag, it is necessary to control and to know
chemical and physical characters of Ag loaded Ga 2 O 3 (Ag/Ga 2 O 3 ). In preliminary
work, we have found that the aggregation and dissolution of Ag were suppressed
with using reducing agent of methanol solution. In this study, we have investigated
the effect of methanol addition in water on photocatalytic CO 2 reduction with water
over Ga 2 O 3 with Ag co-catalyst.
2. Experimental
Ag as co-catalyst was loaded on Ga 2 O 3 by an impregnation method (calcination; 2 h,
in air, at 723 K). The loading amount of Ag was 1.0 wt%. In the photocatalytic
reduction tests, the prepared sample (0.1 g) was dispersed into either “1 M NaHCO 3 ”
or “1 M NaHCO 3 + 20 vol% methanol “aqueous solution (10 mL) under CO 2 gas flow
(3.0 mL/min) and irradiated with photons given by a 300 W Xe lamp. Reaction
products dominated with CO, H 2 and O 2 were analyzed by GC-TCD. The loading
state of Ag nanoparticles were investigated by UV-vis DR measurements and SEM.
3. Results and discussion
Fig. 1 compares results of photocatalytic CO 2 reduction tests, (a) with or (b) without
methanol. One can clearly see that the addition of methanol significantly increased
the production rates of CO and H 2 with stable rates.

Without methanol, the

production rates were very small, though they were gradually increasing.

Fig.

2

compares

UV-vis DR spectra
of

Ag/Ga 2 O 3

sample before and
after

5

hours’

reaction.

Strong

absorption

below

290 nm and broad

Fig. 1 Prodcution rates of CO and H2 in photocatalytic CO2 redcution tests for
5 hours. (a)with in 20 vol% methanol and (b)without methanol

peak around 430 nm were assigned to band
gap transition of Ga 2 O 3 and localized surface
plasmon

resonance

nanoparticles,

(LSPR)

respectively.

of
Before

Ag
the

reaction test, no peak corresponding to LSPR
of Ag appeared, indicating loaded Ag by the
impregnation method on Ga 2 O 3 was not likely
metallic but probably existing as a composite
oxide with Ga [3]. After the reaction with

Fig. 2 UV-vis DR spectra of Ag/Ga₂O₃ sample ,
(a) before the reduction test, and after 5 hous
redcution tests (b)with and (c)wituout methanol.

methanol, the LSPR peak became larger. This suggests that the addition of methanol
enhanced reduction of Ag to make metallic nanoparticles and also inhibited elution of
Ag.

It should be mentioned that UV-vis spectra for Ag/Ga 2 O 3 samples in “1 M

NaHCO 3 + 20 vol% methanol” aqueous solution rapidly changed to that given in Fig.2
(b) and afterward no appreciable change appeared. Without methanol, reduction of
the composite oxide with Ga or formation of Ag nanoparticles was suppressed as
seen in Fig. 2(c). Still the reduction seems continuing to increase the photocatalytic
activity during the reduction test. Thus, we have tentatively concluded that methanol
assists the reduction of Ag deposited on Ga 2 O 3 , enhancing Ag nanoparticles
formation and suppressing their aggregation or dissolution. The intensity of LSPR
can be correlated to the photocatalytic activity, which should be studied
quantitatively.
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Reducing the Platinum loading, which is required for the oxygen reduction reaction
(ORR), constitutes a huge obstacle toward economically viable commercialization of
polymer electrolyte membrane fuel cells (PEMFCs). Tailored pure Pt nanostructured
electrocatalysts harbor great potential to enhance the ORR activity [1], while keeping
the high stability of state-of-the-art Pt/C commercial electrocatalysts [2]. Following the
Sabatier principle, it is widely accepted that the ORR activity is decisively controlled
by the adsorption energies of the reaction intermediates. Weakening the *OH
adsorption energy by ~0.1-0.15 eV with respect to Pt(111) improves the ORR activity,
which has been shown by various experimental [3] and theoretical [1] studies.
Exposing that adsorption energies of ORR intermediates can be fine-tuned in
unstrained pure Pt nanostructured electrocatalysts, Calle-Vallejo et al. have extended
the geometrical concept of coordination numbers to second nearest neighors [4]. The
generalized coordination number (GCN) reveals fundamental design principles on
how to tailor active single sites in pure Pt electrocatalysts. The large effects from
atom coordination highlight that the interplay between shapes and sizes tunes the
adsorption energies and, therefore, shapes and sizes rule the ORR activity.
In our present work, we combine site-specific design principles from theory with
experimental studies to develop a computational model [4], which rapidly predicts
ORR mass activities of nanostructured pure Pt electrocatalysts in precise agreement
with experiments. Rapid prediction of mass activity is highly essential to identify
optimal Pt nanostructures for efficient oxygen electroreduction.
Herein, we identify not only optimal nanoparticle sizes, but also shapes, for the
oxygen electroreduction on PEMFCs with respect to high mass activity, controllable
size distribution, and appropriate mechanical stability. Various kinds of symmetric

shapes are created mathematically by a continuously spanned parameter space. The
Pt nanostructures are carefully optimized in shape and size toward highest mass
activity by Particle Swarm Optimization. Theoretical single-atom-resolved size effect
studies, which are performed for the most promising nanostructures, provide
chemical routes for experimental synthesis (see Figure). Our computational
screening of thousands of shapes and sizes predicts tailored Pt electrocatalyst
shapes with high mass activities up to 3.86 A/mgPt, which corresponds to an
enhancement of 700% over Tanaka commercial Pt/C electrocatalysts.

Figure: Optimized nanostructured Pt electrocatalysts (left). Size effects on the catalytic activity for the
most active shape (right).
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Cracking of Hexane and Pentane over high density acid sites
Al-rich BEA zeolites
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Introduction & Aim
The cracking and hydrocracking of linear alkanes into various low-molecular
fragments/products represents an essential process during production of present
gasoline fuels. Such cracking reactions carried out over zeolites represent alternative
way to application of older bulk-based catalysts. The BEA zeolite is traditionally used
in this field. This contribution is oriented to demonstrate the perspective of Al-rich
BEA zeolites compared to conventional BEA zeolites and to enlarge understanding of
the relation between location/concentration of active acid sites in these zeolites with
their specific activity in cracking reactions.
Experimental & Preparation Part
The classical BEA and Al-rich BEA zeolites (with molar Si/Al ratio ranging in 4-11),
were synthetized using a hydrothermal method, using sodium aluminate as Al-source
and fumed silica as Si-source; with or without organic template [1]. The synthetized
materials were characterized by XRD, acidity analysis using FTIR, surface
measurement and

27

Al and

29

Si MAS NMR analysis. The BEA materials were then

subjected to catalytic cracking: in their mere acidic forms (i.e. without any further
modification); prior to the reaction the activation preceded: in O 2 and then in H 2 +N 2 ;
the n-hexane and/or n-pentane cracking was then carried out in concentration 1mol%
and nearly atmospheric pressure; all the products were analysed by on-line GC.

Results
Broad range of cracking products was formed, with overall yield which decreased
with time-on-stream, on scale of several hours. The cracking activity of Al-rich BEA
exceeded the conventional BEA zeolites. The (TOF) catalytic activity was evaluated
from time-of-stream measurements, by using extrapolated initial values of
conversion. The series of time-of-stream measurements at temperature range 250450°C were then used for an assessment of Activation energies. The corresponding

Arrhenius plots are depicted in the Fig. 1, where Al-rich BEA with conventional BEA
is compared.
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Figure 1. The Arrhenius plots of overall cracking rate, over Al-rich (Si/Al 4) BEA (a)
compared with conventional Si/Al 11 BEA (b); in cracking of n-hexane (A) and
cracking of n-pentane (B).
The activation energy for C 6 cracking was cca -35 kJ.mol-1 over Al-rich BEA and cca
-55 kJ.mol-1 over conventional BEA; the activation energy for C 5 cracking was cca 40 kJ.mol-1 over Al-rich BEA and cca -90 kJ.mol-1 over conventional BEA (Fig. 1).

Conclusion
The cracking activity of the Al-rich BEA was superior to the conventional BEA
zeolites. The cracking activity was related to the acid sites in Al-rich BEA zeolites and
represents the important key factor for their application as new active catalytic
materials.
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Introduction
Sour water-gas shift catalyst design and development is expected to help increasing
the versatility of the fuel production process. It has been shown in our previous
findings that Mo-, W- and Re-based catalysts promoted with Ni, Co, and K are
considered a promising catalyst for WGS reaction with S-containing feed [1-4].
In order to evaluation the stability in the catalytic performance the catalytic tests were
proceeded at the reaction temperature 400oC in the S-free feed in order to enable a
quick check of the effect of oxidizing agents as H 2 O vapour or CO 2 on the primarily
formed active sulphide species, which directly reflects on the activity of the catalysts.
Single-component Mo, W and Re samples were prepared by incipient wetness
impregnation of γ-Al 2 O 3 support. Their oxide weight content corresponds to a surface
density of 2 atoms metal/nm2 support, aiming formation of one and the same type of
surface oxide species. Nickel or cobalt was added as a second component while
potassium was introduced either as a second or third component in concentrations,
namely 3 wt.% NiO or CoO and 5 wt.% K 2 O. The samples were pre-sulphided in situ
through simultaneous sulphidation/reduction at atmospheric pressure with 6 vol.%
H 2 S in H 2 at 4000C for 2 h at a gas hour space velocity (GHSV) of 2000 h−1. The
reaction temperature of 4000C is chosen to take advantage of kinetics for greater
reaction rate. The reaction was carried out in H 2 S absence feed at 4000C and
steam/gas ratio 0.3, by varying the GHSV: 2000 h−1 for 3 h; four-fold higher space
velocity 8000 h−1 for 2 h; returning to lower 2000 h−1 for 1 h.
Results and discussion
The general observation of the figures shows that the tri-component Mo-, W- and Rebased catalysts are most active. The potassium presence affected their reducibility.
Main results for the different systems are:
‒ KNiMo shows a trend toward a higher activity than KCoMo, however, the constant
conversion value of KCoMo at the returning to 2000 h−1 indicates more stability of the

active forms on the surface (Fig. 1). The simplest explanation is related to a higher
instability of the Ni sulfide species in KNiMo;
‒ KCoRe shows higher activity than the KNiRe. The degree of conversion is
preserved almost constant during the reaction and it is high till the end of the test
(72%) (Fig. 2). It should be noted that the reason is the stability of the active forms on
H 2 O vapour or CO 2 oxidation.

Fig. 1. Catalytic activity of the Mo-based samples

Fig. 2. Catalytic activity of the Re-based samples

‒ KCoW and KNiW rapidly lose initial activity (65‒75%) and the conversion is quite
low at the end of the test, about 20% (Fig. 3). Decrease in the degree of conversion
evidences the partial oxidation of the primary formed sulfide species;
All the catalysts gained their initial activity
after repeating the activation procedure
(sulphidation/reduction

step)

thus

demonstrating that catalyst deactivation is
reversible.
Conclusion
In conclusion, the reported results disclose
Fig. 3. Catalytic activity of the W-based samples

that KCoMo and KCoRe catalysts are more

stable and they possess the reproducible activity, which is an indication that no
considerable physicochemical changes occurred in the active forms on the catalysts
surface during reaction.
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Co-based Fischer–Tropsch Catalysts with Different Heat
Conductive Additives
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Introduction
Fischer–Tropsch synthesis (FTS) is a highly exothermal process with 146–176 kJ
released per a mole of carbon monoxide [1]. Although FTS is a key stage of some
existing XTL technologies, the intra-catalyst heat transfer difficulties are still an
obstacle for further progress in practical applications. In order to facilitate heat
transfer

one

can

introduce

thermally

conductive additives into a catalyst [2].
This

work

comparison

presents
of

two

an

experimental

different

thermally

conductive additives: aluminum metal and
Fig 1. SEM of thermally conductive

exfoliated graphite (Fig. 1). Aluminum metal

additives: left — aluminum, right —

was used as a powder comprising flakes of

graphite

appr. 20×30×1 µm3 size, while exfoliated

graphite particles were bigger, i.e. appr. 150×300×160 µm3.
Experimental
A

thermally

conductive

additive

was

introduced into a catalyst during preparation
of paste for extrusion. The extrudates were
calcined and then impregnated by aqueous
solution of cobalt nitrate for getting 20%

Fig 2. SEM of catalysts surface:

weight of Co in the ready catalyst. SEM

left — aluminum, right — graphite

images of fractures of the ready catalysts show that the thermally conductive
additives reveal their flaky structure (Fig. 2). The values of thermal conductivity were
similar despite difference in the additive content as shown in Tab. 1.
Table 1. Catalysts composition as prepared and its heat conductivity
Catalysts
AHB
GHB

Co
20
20

Composition, wt.%
Zeolite Binder HT additive
24
16
40
34
23
23

Heat conductivity, W/(m·K)
Along the axis Across the axis
6.8
3.6
7.9
3.6

Results
Table 2. Fischer–Tropsch synthesis rates (236°C, 20 MPa, GHSV — 4000 hr-1)
Catalyst
AHB
GHB

Selectivity, mol.%
CO
Productivity,
Activity,
conv., % CH 4 C 2 –C 4 C 5+ CO 2 gC 5+ /(kgCat·hr) mkmolCO/(s·gCo)
64
19
13
66
2
363
55
82
22
13
61
4
505
83

Tab. 2 summarizes some catalytic properties of the synthesized catalysts. It is
obvious that graphite shows advantages in CO conversion, activity and productivity
without

significant

selectivity

loss.

Supposedly it is explained by different
macropore structure as revealed by Fig. 3,
where X-ray tomography technique helped
in identification of interesting slit pores in
graphite-based catalysts. The slit pores of
Fig 3. X-ray tomography of catalysts

GHB provide better conditions for both

surface: left — aluminum, right —
graphite

heat- and mass-transfer in the catalyst.
Another interesting observation is lower

contribution of olefins, iso-paraffins and С 5 –С 10 hydrocarbons into liquid FTS product
in case of GHB. It maybe a circumstantial evidence of better heat removal as the
mentioned hydrocarbons are the product of temperature-induced secondary
transformations. (Tab. 3).
Table 3. C 5+ composition, wt.% (236°C, 20 MPa, GHSV — 4000 hr-1)
Catalyst
AHB
GHB

C n H 2n n-C n H 2n+2 i-C n H 2n+2 C 5 –C 10 C 11 –C 18 C 19+
36
33
31
84
16
0
30
46
24
78
21
1

Conclusions
The comparative investigation of FTS catalysts with different heat conductive
additives revealed advantages in performance of exfoliated graphite-based catalysts
due to high thermal conductivity and extended slit macropore system.
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Introduction
The Fischer-Tropsch synthesis (FTS), producing long chained waxes and
transportation fuels, is competing directly with fuels derived from crude oil, and its
profitability is therefore dependent on the global crude price [1]. However, increasing
the value of synthesized products could render the profitability of the FTS
independent of the volatility of the oil market. Oxygenates have been identified as
target species as they are platform chemicals which can be converted to industrial
chemicals or polymers. While they are a typical by-product of the FTS, selectivity
limitations of the commonly employed catalysts do not support commercial FTS
based technologies producing oxygenates at a significant yield [2].
Typically, transition metals such as Fe, Co, Rh and Ni are active for the FT synthesis.
Depending on reaction conditions employed, commercial Fe and Co based catalysts
have been shown to produce between 6 and 12 C% oxygenates [3]. Rh has been
demonstrated to have a higher oxygenate selectivity, but the associated high raw
material cost becomes prohibitive for use as a commercial FTS catalyst [4]. Catalysts
other than the traditionally known active compounds have also shown promising
results. Transition metal carbides such as Mo 2 C, were investigated under CO
hydrogenation conditions. While the bare carbide produces mainly methane and
other hydrocarbons, upon promotion with potassium the selectivity is reported to shift
towards oxygenates [5].

Results and Discussions
β-Mo 2 C was obtained via carburization of MoO 3 in a mixture of methane and
hydrogen at different temperatures. It could be confirmed by TEM, Raman and
detailed XPS analysis, that the formation of carbon deposits increases with

increasing temperature. In the absence of the carbon layer, samples re-oxidized to
MoO 2 upon exposure to air at room temperature. A mild passivation treatment in 1%
O 2 in N 2 prevented the bulk re-oxidation. Selected carbides were subsequently
promoted with up to 6.2 wt.-% potassium through impregnation.
Compared to pristine β-Mo 2 C, the CO conversion of passivated & subsequently
reactivated and of the carbon coated catalysts is significantly lower. Interestingly, at
iso-conversion, the passivated sample showed an eight times higher oxygenate
content in the organic product while at the same time displaying a higher CO 2
selectivity and a lower methane selectivity. The composition of the oxygenate fraction
remained relatively constant with 74-79 C% MeOH. This change in selectivity is
possibly linked to the introduced oxidic Mo species evidenced by Raman, supporting
a different mechanistic pathway. Upon promotion with K, the CO conversion of the
catalyst decreased in parallel to an increase in CO 2 and a decrease in CH 4
selectivity. The amount of potassium added did not influence the performance within
the studied range (1.9 to 6.2 wt.-%). The oxygenate fraction in the organic product
also increased upon promotion. The composition of the oxygenate fraction changes
drastically. While still dominated by the alcohols, ethanol is now the most prominent
product with significant amounts of aldehydes detected at lower conversion levels.

Figure 1. Alcohol distribution over the unpromoted samples (left) and the promoted
samples (right) as a function of the CO conversion. From left to right per series
methanol (red, #1), ethanol (grey, #2), propanol (blue, #3), C4 alcohols (green, #4)
and C5+ alcohols (purple, #5).
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Hydrocracking of perhydrophenanthrene over Pt-modified zeolite
catalysts : products distribution and reaction pathways
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Hydrocracking is used for the conversion of heavy oil cuts into lighter fractions, for
instance, the processing of Vacuum Gas Oil into middle distillates. Vacuum Gas Oil is
in large majority composed of cyclic molecules (aromatics and naphthenes) and
paraffins. The latter have been extensively studied in literature. Regarding
naphthenes, their hydrocracking reactions, as in the case of alkanes, follow the rules
of carbenium ion chemistry. Several works have studied the hydroconversion of
bicyclic structures, in particular decalin and its isomers [1]. Polycyclic naphthenes
undergo isomerization and endocyclic cracking, i.e. opening of a cycle, but the last
naphthenic ring is mainly kept intact, due to orbital constraints. As a consequence of
this steric effect, substituted naphthenes with at least 10 carbon atoms go through
what is called Paring reactions: the alkyl chain isomerizes until a favored
configuration for exocyclic cracking is achieved, producing a smaller naphthene and
a paraffin. In contrast, scarce literature is provided for hydrocracking of tricyclic
naphthenes, and their reaction pathways are even more complex. This work aims to
study the hydrocracking of polycyclic naphthenes over Pt-modified zeolites shaped
with alumina.
Catalytic tests were performed in a continuous fixed bed reactor, under high
hydrogen pressure, by using perhydrophenanthrene (C 14 H 24 ) as a model feedstock.
The saturated molecule was obtained after the in situ hydrogenation of the parent
aromatic compound, phenanthrene (C 14 H 10 ). Two large pore acid zeolite catalysts,
USY (CBV720) and Beta (CP814e), with hydrogenating function provided by Pt, were
compared in the hydrocracking of perhydrophenanthrene. The reaction generates up
to 300 compounds and their precise identification is essential to constitute the
reaction pathways involved in this complex network. This was achieved thanks to an
analytic method specially conceived for this application, based on coupling GCxGC
to FID and MS detections.

An important step after a thorough analysis of each product consists in the lumping in
families (figure 1). The main families observed in the hydroconversion of
perhydrophenanthrene were composed of alkyladamantanes, the most stable
isomers of perhydrophenanthrene [2] and rarely reported in bifunctional catalysis;
ring-opening products (ROP, i.e. products with two rings and 14 carbon atoms); and
cracked naphthenes presenting 12 or less carbon atoms. At high conversion, a small
production of isoparaffins (nC ≤ 6) was also noticed.

Figure 1. Selectivity as a function of conversion for USY and Beta catalysts.

Primary products consisted of alkyladamantanes and ring-opening compounds on
both zeolites. A higher selectivity to the former was observed on USY-based
catalysts. This has been attributed in literature to the larger pores of USY [3], which
could better accommodate the tricyclic structure. Regarding ring-opening products,
different intermediates were observed on USY and Beta catalysts, which could
explain the different product distribution obtained for each zeolite. In fact, cracking
distribution on Beta is mainly centered on C7 while USY generates a broader carbon
number distribution. The results clearly show that the zeolite pore structure has a
huge impact on reactivity and product distribution.
These aspects as well as a comparison between Pt and sulfide-based catalysts on
hydrocracking of perhydrophenanthrene will be presented at the meeting.
References
[1] Kubička D et al., J. Catal. 2004, 227 (2), 313-327.
[2] Schneider A, Warren RW, Janoski EJ, J. Org. Chem 1966, 31, 1617–1625.
[3] Wang L, Chen Y, Jin S, Chen X, Liang C, Energy & Fuels 2016, 30, 4, 3403-3412

CO 2 hydrogenation on Cu and Pd monometallic and bimetallic
nanoparticles supported on ZnO
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Cu/ZnO and Pd/ZnO nanoparticle catalysts have been widely studied for
hydrogenations. In this work, ZnO supported Cu and Pd nanoparticle catalysts are
used for CO 2 hydrogenation and the dependence on parameters such as
temperature, pressure and reduction temperature were analyzed. Palladium is more
active than copper and forms a PdZn phase at higher reaction temperatures. Alloying
cannot be observed with copper. Sintering effects were observed by electron
microscopy. Palladium initially has smaller particles than copper, but they sinter
strongly. The long-term stability was also investigated and it was concluded that all
catalysts have relatively good
stability over the reaction time. At
atmospheric pressure mainly CO
was

formed,

whereas

at

a

pressure of 20 bar also methane
and traces of methanol were
produced.
Fig. 1 Main pathways for the hydrogenation of CO2.
These pathways are related to temperature, pressure and

1. Introduction and summary
The increased use of CO 2 to produce higher quality chemicals may be a future
approach for recycling CO 2 . Cu and Pd particles on different supports (oxides) can
serve for this purpose, with ZnO being frequently used. Cu is often commercially
applied but has the disadvantage that it oxidizes and is less catalytically active than
palladium. Palladium, on the other hand, is expensive. Therefore, a way should be
found to combine the positive aspects of both metals and to minimize their
disadvantages. For this purpose, besides monometallic catalysts (Cu/ZnO, Pd/ZnO),
bimetallic PdCu catalysts, in particular, were produced, characterized and kinetic
tests were performed for the hydrogenation of CO 2 to various products [1], [2]. The
selectivity of the reaction depended on the reaction temperature, the pressure and

the respective catalyst. Since CO 2 is a thermodynamically stable molecule, high
temperatures but also the oxide are required for activation. The formation of PdZn
alloys, which form in Pd/ZnO catalysts, also plays a role for the catalytic activity [3],
[4].

Fig. 2 HR-TEM images of Cu/ZnO (a), Pd/ZnO (b) and PdCu/ZnO (c) nanoparticle catalysts

In bimetallic (PdCu) systems a different selectivity of CO 2 hydrogenation to CO or
CH 4 can be often observed [5]. In order to better describe the dependence on
pressure and (reaction and reduction) temperature, type of support and metal,
various methods were tested in the context of this work, including HR-TEM, STEMHAADF, TPD, TPR and XRD.
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A Computational investigation of OME-synthesis through
homogeneous acid catalysis
Tiago Gonçalves, Karlsruhe Institute of Technology, Karlsruhe, Germany; Felix Studt,
Karlsruhe Institute of Technology, Germany; Philipp Pleßow, Karlsruhe Institute of
Technology, Germany

Oxymethylene Dimethyl Ethers (OMEs) are promising candidates as diesel fuel
additives since they lead to lower soot and NOx emissions.[1-3] OMEs are made
from methanol and formaldehyde, both of which intermediates that can be based on
renewable feedstocks. The most common route for the synthesis of OMEs is via
polymerization of formaldehyde derivatives in the presence of methanol[4].

Figure 1: OME(n+1) synthesis from TOX and OME1
Different catalysts, such as acidic zeolites, homogeneous acids such as sulfuric acid
as well as ion exchanged sieves have been explored. Ab initio and density functional
theory (DFT) calculations will be performed to shed light on the reaction mechanism
of the synthesis of OMEs from TOX and OME1 and the influence of the presence
and the strength of a Brønsted acid.

Computational Methods
All structures considered use MP2/def2-TZVPP//PBE0-D3/dhf-SV(P) energies, with
the RI approximation. Geometry optimization, singlepoints, transition state scan using
the TRIMM algorithm and a thermodynamic analysis at T=300K were performed
using the TURBOMOLE program package. Whereas for the Free energy correction in
solution, the GAMESS-US program package using the SMD solvation model was
employed with a reference concentration of 1 mol/L, using the M06 functional and the
cc-pVTZ basis-set. Additional calculations with PBC were performed using ASE with
the VASP program package, the PAW method and the PBE-D3 functional.

Current Results and Discussion
In our investigation, we assume that a Brønsted acid (HA) acting as precatalyst is
able to protonate the reactant OME1, thus creating OME1-H+ and that the
corresponding base (A-) is not exerting a significant influence. With this assumption,
acids differ only in their ability to protonate OME1. We can therefore discuss the
reaction mechanism starting from OME1-H+ and study the influence of acid strengths
on the reaction mechanism through variation in HA. Figure 2 shows the computed
free energy diagram for the initial reaction of OME1 with TOX to OME4. This reaction
starts from A11 (OME1) with an additional CH2-OMe cation bound to one of its
oxygens. The free energies are referenced to A11 (G=0). Additionally, various
potential pretacatalysts, such as the Brønsted acids HCl and H-BEA and methylated
DME (trimethyl oxonium cation) are shown. The free energies of these precatalysts
are related to A11 and X1 through the reaction shown.

Figure 2: Gibbs free energy diagram at T = 300 K, using MP2 with def2-TZVPP
basis-set, for the catalytic formation of OME4.
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Facile preparation of CoO x @graphene composite
as efficient electrocatalysts for hydrogen evolution reactions
Xinyue Liu, Sun Yat-sen University, Guangzhou 510275, Guangdong, P. R.
China; Guowei Yang, Sun Yat-sen University, Guangzhou 510275, Guangdong,
P. R. China.

Hydrogen evolution reaction (HER) is a appropriate candidate for
converting renewable energy to clean hydrogen fuel[1]. Exploring highly
efficient, stable and cost-effective electrocatalysts with high performances for
sustainable HER is still a big challenge[2]. Herein, a facile and novel strategy is
developed to synthesize amorphous cobalt oxides and graphene composite
(CoO x @Gr) on carbon cloth. The composite electrocatalyst was prepared
using a room-temperature chemical gel deposition and photochemical method.
UV light irradiation caused condensation and densification of cobalt oxides film
by photochemical activation at room temperature. The synergistic effect of the
CoO x and graphene provided higher electrochemical activity[3][4]. The resulting
CoO x @Gr composite electrocatalyst exhibits significantly outstanding catalytic
activity, with an overpotential of 104.4 mV to deliver a current density of 10 mA/
cm2 in 0.1 KOH electrolyte. Further, the electrocatalyst displays good stability
for 20000 cycles. These findings make amorphous transition metal oxides and
graphene composite as promising electrocatalytic materials for HER, thus
opening

the

perspective

to

design

other

efficient

amorphous transition metal oxides used as electrocatalysts.

Keywords hydrogen evolution; CoO x @Gr composite; photochemical method;
electrocatalyst

Current density (mA/cm2)

0
-10
-20

CoOx@graphene
CoOx

-30
-40
-50
-0.6 -0.5 -0.4 -0.3 -0.2 -0.1
Potential (V vs. RHE)

0.0

Figure 1 (a) TEM image of CoO x sample. (b) Linear sweep voltammetry curves of CoO x @Gr
and CoO x samples at 10 mV/s in 0.1 M KOH.
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Diffusion of symmetric molecules through H-SSZ-13 and H-ZSM5
Ashley Smith, Philipp N. Plessow, Felix Studt
Institute of Catalysis Research and Technology (IKFT), Karlsruhe, Germany

Introduction
Our society depends heavily on crude oil as chemical feedstock and for use as a
transportation fuel. With crude oil being both finite and its combustion
environmentally detrimental, renewable alternatives need to be found. The methanolto-hydrocarbons (MTH) process is a promising approach to produce fuels from
methanol, which itself can be synthesized from biogas via syngas. Acidic zeolites
such as H-SSZ-13 can be used as catalyst for the MTH process. While the reaction
kinetics at the active site [1] are one important part of the kinetics, diffusion limitations
impose another constraint leading to so-called shape selectivity. While it may be
obvious for very small or very large molecules that they can diffuse very easily or not
at all through the pores of a given zeolite, things are less clear for intermediate
cases. Here, explicit calculation of diffusion barriers can help to determine the
mobility of these species.
Methods
The diffusion [2] of straight chain branched and aromatic molecules through the rings
of both H-SSZ-13 [3] and H-ZSM5 is investigated using periodic density functional
theory calculations at the PBE-D3 level of theory. The dimer method, NEB and
constrained optimizations are employed to obtain transition states. The molecules
are chosen to have incrementally increasing Van der Waals diameters.

Results and Discussion
When large molecule pass through the pore, the zeolite needs to distort significantly
and often a high-energy intermediate is found, where the diffusing species is stuck
inside the pore with two transitions state leading towards stable mimina within the
two adjacent cavities.

Figure 1: The relationship between Van der Waals diameter and diffusion barrier in H-SSZ-13 for a selection of

symmetric molecules involved in the MTO process

An exponential correlation between the diffusion barrier and the molecular size is
found.
𝐸(𝑟) = 𝑎 ∗ 𝑒 𝑏𝑟

(1)

In the H-SSZ-13 system molecules with a Van der Waals diameter larger or equal to
6 Å are extremely unlikely to pass through the pores.
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Water-Gas Shift activity of Gold-containing Layered Double
Hydroxides
M. Gabrovska1, T. Tabakova1, I. Ivanov1, Institute of Catalysis1, Bulgarian Academy
of Sciences1, Sofia1, Bulgaria1;
D. Kovacheva2, Institute of General and Inorganic Chemistry2, Bulgarian Academy of
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Introduction
The water-gas shift reaction (WGSR, CO + H 2 O ↔ CO 2 + H 2 ) is a classical industrial
catalytic process traditionally used for hydrogen generation by conversion of CO in
H 2 -rich gas streams. The development of fuel-cell processors and the need of highpurity hydrogen stimulated a great activity in the design of novel, highly active and
stable WGS catalysts. A very recent review summarized the recent advances in the
application of Au-based catalysts for WGSR at low temperatures [1]. It was also
established that co-precipitated NiAl layered double hydroxides (LDH) with takovitelike (TKl) structure, alone or promoted by Mg were active catalysts for mediumtemperature WGSR [2].
The aim of this work was to combine the favorable features of LDH and supported
gold nanoparticles in design of novel catalytic systems of improved efficiency for
WGSR. The catalytic behavior and structure of the co-precipitated NiMgAl
((Ni2++Mg2+)/Al3+=2.5) and Mg-free NiAl (Ni2+/Al3+=2.5) were compared with those of
the same Au-promoted materials. The samples were characterized by Powder X-ray
diffraction (PXRD) technique before and after WGSR.
Results and discussion
The CO conversion over the studied catalysts as a function of the temperature during
WGSR is represented in Fig. 1. The comparison of the activity discloses that NiAl
catalyst shows 98.8% CO conversion at 260 °C, while NiMgAl demonstrates lower
CO conversion of 30.8 % at the same temperature. The deposition of Au over NiMgAl
markedly improves the WGS activity, namely 86% CO conversion is achieved over
Au-NiMgAl at 260 °C. Nevertheless, the promoting effect of Au is clearly presented
by Mg-free Au-NiAl catalyst which displays CO conversion of 97.6 % at 240 °C, a
value almost equal to the CO equilibrium conversion degree. PXRD patterns of the
fresh samples comprise reflections of the takovite structure (Fig. 2a). The presence
of Mg in NiMgAl sample provokes partial amorphization of the TKl structure

evidenced by the mean crystallite sizes of the TKl phase: 11 nm for NiAl and 8.7 nm
for NiMgAl, respectively. The deposition of Au on both samples prompts appearance
of additional reflections of Au0 phase.

Fig. 1. WGS activity.

Fig. 2. PXRD patterns of the fresh (a) and spent (b) samples.

PXRD patterns of the spent catalysts (Fig. 2b) display reflections of cubic NiO phase,
better pronounced in NiAl-s as well as Au0 phase in Au-containing catalysts. A
collapse of the layered structure occurred accompanied by the appearance of NiO
phase during the WGS tests. The large amount of water vapor in the reaction mixture
causes partial hydroxylation of the NiO surface leading to formation of Ni(OH) 2 and
NiOOH structures, containing Ni2+ and Ni3+ cations, respectively. Participation of
these structures in the redox WGSR is associated with occurrence of a reversible
redox transition between the active nickel species (Ni2+ ↔ Ni3+). The appearance of
some diffraction lines of TKl phase in Au-NiMgAl-s catalyst is due to the property of
the mixed oxides generated from LDHs to regenerate the initial layered structure in
the presence of H 2 O and CO 2 . The lesser amount of Ni2+ ions on the catalyst surface
may explained the lower activity of Au-NiMgAl catalyst. Additional textural and
surface analyses are in progress in order to clarify the parameters governing the
WGS activity.
Conclusion
The WGS activity is strongly affected by the amount of nickel in the catalysts. An
optimal surface Ni2+/Ni3+ ratio as well as the adsorption and activation of CO
molecule on the gold particles contributed to improved WGS performance.
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CO 2 hydrogenation to methanol under dynamic conditions
Holger Ruland, Kevin Kähler, Robert Schlögl
Max Planck Institute for Chemical Energy Conversion, Mülheim a.d. Ruhr, Germany

Introduction
Depleting fossil resources and a rising greenhouse effect due to CO 2 emissions
require alternative processes to provide a sustainable feedstock for future utilization.1
A promising route seems to be the optimization of common industrial processes with
respect to the altered requirements. Because of the still growing world-wide demand
for methanol as fuel as well as bulk chemical, a combination of the usage of CO 2 -rich
exhaust gases, e.g. from steel mills, with hydrogen from renewable energy sources
for the synthesis of methanol bears good prospects for an economical application.2,3
Nevertheless, the incorporation of renewable resources within this process chain will
cause dynamic changes of synthesis conditions. Their impact on the commercial
ternary Cu-based catalyst is not sufficiently investigated. Therefore, to optimize the
overall process with respect to the altered requirements coming along with the
implementation of renewable energies, their impact on the performance and stability
of the catalyst has to be worked out.

Experimental
In the present work the influence of dynamic changes of reaction parameters on an
industrial Cu/ZnO/Al 2 O 3 catalyst in CO 2 hydrogenation was investigated. Catalyst
testing was performed in a flow set-up with a fixed bed reactor. The products are
condensed at 5 °C and reaction pressure for subsequent offline analysis by GC-MS.
Time-on-stream measurements were performed up to 1000 h with frequent switches
between defined reaction parameters. Switches usually were carried out every 24 h.
The parameters considered for these variations were mainly temperature, pressure,
residence time as well as the partial pressures of CO 2 and H 2 . For comparison a
measurement at constant reaction conditions was performed. In addition to switches
from one day to another, also fast switches every 15 minutes were applied for the
variation of the H 2 partial pressure. Here, the switching experiment was monitored by
an IR detector, while at reference conditions the products were condensed and
analyzed offline.

Results
In Figure 1 the results obtained at reference conditions for several switching
experiments are shown. After a strong deactivation in the beginning of CO 2
hydrogenation, most likely because of sintering of the Cu particles, the methanol
production rate at 30 bar and 250 °C reaches a nearly steady state in the end of the
investigated period. Comparing the methanol productivity at reference conditions
derived from the switching experiments to the reference test, similar productivities for
methanol were observed. As a conclusion, dynamic switches in the investigated
regimes during CO 2 hydrogenation to methanol do not accelerate the deactivation of
an industrial Cu/ZnO/Al 2 O 3 catalyst independent of the time period modified
conditions were applied.
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Figure 1: Normalized space-time yields for methanol over Cu/ZnO/Al 2 O 3 catalyst at reference
conditions for several switching experiments.
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Reaction Intensification through Layer Management
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Nga Thi Quynh Do, Stephane Haag, Veronika Gronemann, Timm Schuhmann,
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Increasing MeOH reactor performance by loading optimized catalyst schemes
The methanol synthesis from synthesis gas over CuO/ZnO/Al 2 O 3 catalysts is a process of
prominent industrial relevance. Clariant (CL, formerly Süd-Chemie) and Air Liquide (AL) have
been collaborating in this field for many years and have successfully investigated together
the possibility of improving performance of an industrial methanol catalyst and reactor, e.g.
increasing space time yield, catalyst lifetime, conversion and selectivity. CL also offers high
performance catalyst solutions for selective oxidations, i.e. the PhthaliMax® product series for
production of phthalic anhydride and the FAMAX® product series for the production of
formaldehyde for which layer management (LM) concepts as technology are successfully
applied [1,2,3]. The know-how gathered from this technology is transferred to the methanol
production process by tailoring the catalyst layers according to the changing process
conditions over the reaction path.
The AL E&C’s reactor systems (water- and gas-cooled reactor) are already the benchmark
for per pass conversion and heat management but are typically loaded with a single catalyst
type only. The utilization of those reactors can be further intensified by applying the LM
technology while improving the reaction rates over the reaction path thus optimizing
temperature profile and selectivity. The potential of the LM approach has been confirmed in
studies [4,5] and test campaigns in dedicated pilot plants of AL.
At first glance, this concept is attractive for methanol producers who are interested in a
catalyst lifetime and/or methanol capacity extension as a simple refill solution for an existing
plant. Furthermore, it has a game-changing potential for stand-alone plants in future. This
application is another example of successful cross-market technology transfer and jointdevelopment between an engineering company and a catalyst provider working in close
collaboration.
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Effects of preparation conditions on the catalytic activity of chicken
eggshell catalysts for the transesterification of oils to biodiesel
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Eggshell based catalysts were synthesized by calcination (600 and 900 ºC, 4 h) of
raw and re-hydration (RH) modified (RH-temperature of 80 ºC, S/L ratio of 1/5, and
RH-time of 6 h) eggshell. After RH-treatment, the sample underwent calcination at
600 ºC, 4 h. Obtained catalysts were characterized by XRD, SEM, N 2 -physisorption,
and Hg-porosimetry, whereas the catalytic activity was analyzed in a batch reactor
(reaction temperature of 60 ºC, sunflower oil/methanol molar ratio of 1/12, and
catalyst concentration of 4 wt.%). The concentration of fatty acid methyl esters
(FAMEs) was determined by HPLC. The reaction has reached equilibrium (FAME >
97%) with re-hydrated catalyst for 1.5 h, whereas with catalyst calcined at 900 ºC for
4 h.
1. Scope
CaO-based catalysts are known as highly active, easily accessible and low price
catalytic materials and are widely used for the transesterification of vegetable oils to
biodiesel [1]. Catalysts, derived from biological resources as raw waste materials
such as egg, oyster or clam shells may be suitable sources of calcium, which can be
easily converted into CaO. The catalytic activity of such materials generally depends
on the catalyst preparation conditions [2, 3]. In the present study, the influence of
thermal activation by calcination and re-hydration involving calcination-hydrationdehydration-calcination steps on the activity of the catalysts derived from the raw
chicken eggshell (ESR) in the transesterification of the sunflower oil to biodiesel were
studied.
2. Results and discussion
XRD patterns showed (Fig. 1) that the ESR is converted into active form at 900 ºC,
whereas modified calcined form is converted at 600 ºC. The hysteresis loop

corresponds to type III (Fig. 2), characteristic for the non-rigid aggregate of plate-like
structure (SEM micrograph). Textural properties and catalyst activity of prepared
catalysts presented in Table 1 show that thermal and re-hydration treatment lead to
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Figure 2. BET adsorption-desorption isotherms
Figure 1. XRD patterns of synthesized catalysts

and SEM micrographs of ESHC-600

Table 1. Textural properties and activity of prepared catalysts from chicken eggshell
Sample
Textural properties
d
SBET (m2/g)
e
Dp,av,BJH (nm)
f
Vp,BJH (mm3/g)
g
P (vol.%)
Catalytic activity
h
FAME (%)

ESR

a

ES-600

b

ES-900

c

ESHC-600

<1
8.7
0.9
29.8

27.0

<1
28.0
0.7
55.2

19.3
17.0
121.2
73.6

0.0

0.0

46.5

97.4

a,b

ES-t-eggshell calcined at 600 and 900 ºC; cESHC-600-eggshell calcined at 900 ºC-re-hydrated-calcined at 600 ºC;
d
SBET-specific surface; eDp,av.BJH-average pore diameter; fVp,BJH-pore volume; gP-porosity; hFAME (%) after 1.5h.

3. Conclusions
Non-active carbonate form obtained from eggshell can be converted to the active
oxide form by means of a thermal treatment. However, thermal treatment combined
with re-hydration leads to catalysts with more favourable structural and morphological
properties and with a significant improvement in the catalytic activity. The high FAME
concentration (>97%) is achieved with ES-900 and ESHC-600 catalysts for different
reaction time, 4 and 1.5 h, respectively.
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Alloy stability and its role in the enhanced oxygen resistance of a
Ni 3 Fe/Al 2 O 3 catalyst during dynamic CO 2 methanation
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Introduction
Future energy supply concepts with stronger contributions from renewable sources
call for long-term storage systems for excess renewable energy [1]. In this context
power-to-X (P2X) concepts have recently attracted growing attention. One solution is
to store the excess energy in methane, as a chemical energy carrier (“power-to-gas”
concept). Renewable H 2 from electrochemical water splitting, and CO 2 , e.g. from industrial exhaust gases, can be used as reactants in this catalytic process, for which
Ni-based catalysts have been extensively studied [2]. Recently it was reported that
catalysts based on a bimetallic Ni-Fe alloy displayed enhanced long-term stability
and higher conversion under stationary reaction conditions compared to monometallic Ni-based catalysts [3, 4]. In the present study, we investigated the stability of a
Ni 3 Fe alloy and its influence on the oxygen resistance in comparison to a Ni/Al 2 O 3
catalyst under dynamically operated methanation conditions by using combined operando X-ray absorption spectroscopy (XAS) and X-ray diffraction (XRD).
Results and Discussion
Structural changes in the Ni 3 Fe alloy during operando XAS and XRD studies at atmospheric pressure between 250 °C and 450 °C are displayed in Figure 1. The Fe-K
edge X-Ray absorption near edge structure (XANES) spectra clearly show a correlation between increasing temperature and the relative concentration of oxidized Fe2+
species in the sample. The shift of the Ni (200) reflection in the XRD data from
2Θ = 16.02° to 2Θ = 16.05° upon an increase in temperature from 250 °C to 450 °C
proves, according to Vegard´s law, that the formation of the Fe2+ species is accompanied by dealloying (Figure 1, right). Surprisingly, no change in the catalytic activity
was observed upon depletion of Fe in the Ni-Fe alloy, although Ni 3 Fe is assumed to
be very active for CO dissociation [5]. Thus, an enhanced dissociation of CO and
CO 2 on the Ni 3 Fe surface might not be the only reason for the overall better performance.

XANES

XRD

Figure 1. Operando Fe-K edge XANES spectra (left) and XRD data (right) of the Ni 3 Fe/Al 2 O 3 catalyst during
methanation of CO 2 at 250 °C, 350 °C and 450 °C at atmospheric pressure.

To gain a deeper insight into the mechanism of dealloying and the overall catalyst
stability under dynamic conditions, we performed combined XAS- and XRDexperiments during H 2 dropouts using technical grade gases (CO 2 : O 2 < 0.5 ppm;
N 2 : O 2 < 10 ppb), as well as O 2 -purified gases (O 2 < 0.1 ppm, O 2 -trap by Restek).
Using technical grade CO 2 , the reduced Ni species in the Ni-Fe alloy were more stable and less prone to oxidation than the corresponding Ni species in the monometallic Ni catalyst during H 2 dropout. In the Ni 3 Fe/Al 2 O 3 catalyst the initial Ni oxidation
state and performance was retained during the methanation cycle following to the H 2
dropout.
We can conclude that during methanation of CO 2 , as well as under H 2 dropout conditions, Fe migration to the surface occurs along with Fe2+ formation, resulting in
dealloying of Ni 3 Fe. The fact that we did not observe any loss of activity indicates
that the Fe-rich surface protects the active Ni-species from deactivation by oxidation.
This results in an overall better performance and stability of the Ni 3 Fe/Al 2 O 3 catalyst
during dynamically operated methanation of CO 2 , which not only makes it an attractive system for P2X applications but also sheds new light on the mechanism.
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METHANE ACTIVATION AND FUNCTIONALISATION IN ZEOLITES
Meera Shah, Durham University, Durham, UK; Russell Taylor,* Durham University,
Durham, UK
The direct and efficient conversion of hydrocarbon resources to higher value
products remains a major goal, both academically and industrially. While catalysts for
the conversion of methane and light alkanes to aromatics using metal impregnated
zeolites are well known,[1,2] developing zeolite catalysts that can effectively convert
methane and light alkanes to oxygenated hydrocarbons such as alcohols remains a
major challenge.[3] Recently, the first low temperature, catalytic, direct conversion of
methane to methanol in the presence of oxygen has been reported to occur over a
Cu-H-ZSM-5 catalyst. The process demonstrated good selectivity for methanol
formation (70%), but a low turnover – 1.6 turnovers in 300 hours.[4] This highlights the
success of CuO in zeolites functionalising C-H bonds catalytically, but indicates the
need for further improvement in these processes.
To date, the development of a direct, catalytic conversion of methane to
methanol has not been achieved over Zn/ZSM-5. However, extraframework Zn(II)
cations within the micropores of ZSM-5 have been reported to activate methane at
room temperature and the resulting [Zn-CH 3 ]+ species (shown in Scheme 1).[5] This
species has been shown to undergo subsequent functionalisation, as monitored by
solid-state NMR spectroscopy.[6]
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Scheme 1: Activation of methane over extra framework Zn(II) forming [Zn-CH 3 ] and a new
Brønsted acid site.

Methane activation on zinc modified ZSM-5, prepared by both zinc vapour
deposition (VD) and ion exchange (IE), has been previously explored.[7,8] However, to
date, no studies have been reported to elucidate the role of the zeolite framework in
the activation and functionalisation of methane by Zn(II) cations. Using

13

C CP MAS

NMR spectroscopy studies, we have shown activation of the C-H bond of methane
within zinc exchanged FER and MOR zeolite frameworks alongside ZSM-5. The [ZnCH 3 ]+ species was observed through a distinctive −19 ppm signal in the NMR

spectrum (Figure 1). This [Zn-CH 3 ]+ species also shows differing reactivity,
depending on the framework, when subsequently exposed to O 2.
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(HETCOR) MAS NMR spectrum for Zn/ CH 4 MOR indicating two distinct [Zn-CH 3 ]

+

environments.

Additionally, a second signal was observed in the [Zn-CH 3 ]+ range at −15 ppm
for Zn/MOR. Evidence from further NMR studies (Figure 1) highly suggest that the
two peaks observed in the

13

C NMR spectrum of MOR correspond to [Zn-CH 3 ]+

species contained within the two different framework environments of MOR, the
12MR channel and the 8MR side pocket. These two distinctive [Zn-CH 3 ]+ species
demonstrate differing rates of reaction with small molecules due to confinement
effects of the different enviroments within the zeolite framework.
Catalysis of methane using these zinc modified zeolites for the production of
aromatics in flow was tested both with and without the addition of small molecules
such as acetone. These results from methane activation and functionalisation studies
illustrate critical properties of zinc based zeolite catalysts.
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Effect of the Crystallographic Phase of Ruthenium Nanosponges on
Arene and Substituted-Arene Hydrogenation Activity
Sourav Ghosh, IPC Department, Indian Institute of Science, Bangalore, Karnataka560012, India; Balaji R. Jagirdar, IPC Department, Indian Institute of Science,
Bangalore, Karnataka-560012, India.

Abstract
In heterogeneous catalysis, the catalytic activity is governed by many parameters,
such as, active phase composition, particle size, crystal structure, morphology, and
supports. In case of self-supported metals, namely, metal nanosponges, the effect of
the support can be eliminated. Therefore, for a particular morphology of the material,
the activity solely depends on the crystal structure of the metal. Additionally, porous
structures of metal further enhance the substrate diffusion and expose more numbers
of surface active sites for catalysis [1]. Over the decades, identifying the crystal
structure sensitivity of catalysts in chemical reactions to accomplish the maximum
productivity remains one of the most significant yet challenging issues in
heterogeneous catalysis [2]. Selective hydrogenation of substituted arenes and aryl
ethers to their respective alicyclic derivatives is one of the most important reactions
carried out in the industry for generation of various intermediates that are important
precursors to produce polymers, dyes, and fine chemicals. Principally, selective
hydrogenation of aromatic cores of oxygenated aromatics to the respective alicyclic
ethers are rather unusual transformation. This is because of low C‒O bond
dissociation energy, which causes mostly C‒O bond hydrogenolysis products [3]. In
case of metal based arene hydrogenation catalysts, ruthenium catalysts are
preferred over other precious metal catalysts, such as, rhodium, iridium, and
platinum, because of its moderate cost and high catalytic activity. Herein, we have
investigated the effects of crystal phase of ruthenium towards hydrogenation of
benzene [4].
In this work, one step template-less chemical reduction method was used for the
synthesis of self-supported mesoporous ruthenium nanosponges. It was found that,
reduction of ruthenium chloride using ammonia borane (AB) and tert-butylamine
borane (TBAB) as reducing agents result in ruthenium nanosponge in its hcp phase.
On the other hand, use of sodium borohydride (SB) led to the formation of fcc phase

ruthenium nanosponge. The as prepared hcp ruthenium nanosponge was found to
be catalytically more active as compared to the as prepared fcc ruthenium
nanosponge for hydrogenation of benzene. The hcp ruthenium nanosponge was also
found to be thermally more stable than the fcc phase and recyclable over several
cycles of benzene hydrogenation. Moreover, this self-supported hcp ruthenium
nanosponge shows excellent catalytic activity towards hydrogenation of various
substituted benzenes. The ruthenium nanosponge catalyst was also found to bring
about selective hydrogenation of aromatic cores of phenols and aryl ethers to the
respective alicyclic products without hydrogenolysis of the C‒O bond. The catalytic
activity of these nanosponge catalysts opens new opportunities for the valorization of
lignin derived aromatic compounds under mild conditions in a green and sustainable
manner. The result of these studies will be presented.
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Sulfuric acid decomposition over supported CuFe 2 O 4 catalysts
Sachin Tomar, Department of Chemical Engineering, IIT Delhi, New Delhi, India;
Satyam Gangwar, Department of Chemical Engineering, IIT Delhi, New Delhi, India;
Kishore Kondamudi, Department of Chemical Engineering, IIT Delhi, New Delhi,
India; Sreedevi Upadhyayula, Department of Chemical Engineering, IIT Delhi, New
Delhi, India; Damaraju Parvatalu, ONGC Energy Centre, Mumbai, India

Introduction
Sulfur-Iodine (S-I) cycle is considered as one of the feasible processes for hydrogen
production on large scale. This cycle consists of the following reactions [1]:
𝐻2 𝑆𝑂4 → 𝐻2 𝑂 + 𝑆𝑂2 +

1
2

𝑂2 ∆𝐻 = 186(±3) kJ/mol

2𝐻𝐼 → 𝐻2 + 𝐼2 ∆𝐻 ≈ 12 kJ/mol

2𝐻2 𝑂 + 𝐼2 + 𝑆𝑂2 → 2𝐻𝐼 + 𝐻2 𝑆𝑂4 ∆𝐻 = −75(±15) kJ/mol

(1)
(2)
(3)

In the above reactions sulfuric acid decomposition is the most endothermic step. In

this work CuFe 2 O 4 catalysts over β-SiC and SiO 2 supports were prepared and
tested for the decomposition of sulfuric acid.
Experimental
Catalyst preparation
Synthesis of 10 wt % CuFe 2 O 4 / β-SiC [2]

Synthesis of mesoporous silica (SiO 2 ) support [3]

Synthesis of 10 wt % CuFe 2 O 4 / SiO 2

Catalyst activity testing

The reactions were carried out at five different temperatures, K, 1073, 1098, 1123,
1148 and 1173 and at wide range of weight hour space velocity (WHSV, h-1), 2.22,
5.16, 8.1, 11.04, and 13.98.
Results and Discussion
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Fig. 1 SO 3 conversion with temperature.

Fig.2 SO 3 conversion with WHSV for (a) CuFe 2 O 4 /β-SiC

(b)
CuFe 2 O 4 /SiO 2 catalyst.

The SO 3 conversion increased with increase in temperature and decreased with
increase in WHSV. The maximum SO 3 conversion was achieved at 1173 K.
Conclusion
In the present work, catalytic decomposition of sulfuric acid over CuFe 2 O 4 /SiO 2 and
CuFe 2 O 4 /β-SiC catalysts was investigated experimentally. CuFe 2 O 4 /β-SiC showed
the promising activity for the reaction.
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Modified Ni/γ-Al 2 O 3 -based catalysts for partial oxidation of methane
to synthesis gas
Abbas Khaleel; Sheik Jobe, Department of Chemistry; Sulaiman Al-Zuhair,
Department of Chemical and Petroleum Engineering, United Arab Emirates
University, Al-Ain, UAE

Introduction
Abundant natural gas, if efficiently utilized, is a potential source of more cost-effective
and

environmentally

friendly

energy

and

chemicals

than

petroleum

oil.

Disadvantages of natural gas as a direct fuel include its low energy density by
volume, and high cost of transportation, which resulted in its underutilization as an
alternative energy source [1]. Therefore, the conversion of methane to more easilyhandled and value-added products is becoming a promising route for natural gas
utilization. Compared to steam reforming of methane to syngas, which is the most
commercially applied route, partial oxidation is a more cost-effective promising route.
While noble metals have been the most active catalysts, Ni-based catalysts are
widely studied due to their lower costs. One of the drawbacks of such catalysts is
their deactivation due, mainly, to carbon deposition and structural instability during
reactions.

Therefore, developing modified Ni-based catalysts to overcome these

problems is becoming an important and promising area of research. In the present
work, the effect of the alumina support pre-treatment, and the effect of selected metal
dopants on the Ni-support interaction, coke formation, and catalytic activity was
studied.
Experimental methods and results
High-surface-area powders of Ni/γ-Al 2 O 3 -based catalysts were prepared in different
Ni concentrations using wet impregnation.

The catalysts were characterized by

powder XRD, TEM, N 2 sorption, H 2 -TPR, and CO adsorption.

The catalytic activity

was studied using a continuous flow fixe-bed quartz reactor (9 mm ID) at
temperatures in the range of 600-900 °C under atmospheric pressure using a feed
gas composed of CH 4 and air in a CH 4 /O 2 ratio of 2. The gaseous products were
evaluated using a gas chromatograph equipped with a TCD detector. The catalyst
composition and coke formation after reactions were studied by XRD, TEM, and
temperature programmed oxidation.

The temperature of the pre-treatment of γ-Al 2 O 3 showed a significant effect on the
dispersion and crystallinity of the NiO particles on the surface as shown by the XRD
patterns in Figure 1. NiO crystallites were noticeably larger on the support calcined at
500 ⁰C compared with that calcined at 750 ⁰C. At a calcination temperature of 950
⁰C, γ-Al 2 O 3 converted to θ-Al 2 O 3 and similar behavior was observed. This behavior

could be referred to the fact that γ-Al 2 O 3 is a metastable phase which sinters

considerably upon heat-treatment. The results indicate that sintering of the support
enhances the active phase sintering resulting in larger metal particles. Therefore,
calcination of the support at higher temperatures before introducing the active phase
is desired. This high-temperature pre-treatment leads to a more texturally stable
support and hence a more stable and better dispersed active phase on the surface,
despite the considerable decrease in the surface area.

Interestingly the coke

formation was also suppressed and the catalytic activity was improved when the
support was pre-calcined at elevated temperatures, which can be referred, in part, to
the active phase smaller particle size. As shown in Figure 1, the catalysts of which
the support was calcined at 750 ⁰C and 950 ⁰C, showed higher conversion of
methane and higher selectivity to CO on the account of coke formation with a
[H 2 ]/[CO] ratio in the range of 1.95-2.05.

This study is still undergoing and

preliminary results showed that doping with other selected metals, including Cr,
resulted in suppression of coke formation.

Figure 1. XPR patter, CH 4 conversion, and CO selectivity over Ni15/γ-Al 2 O 3 with support calcined at
different temperatures.
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PHOTOCATALYTIC HYDROGEN PRODUCTION ON CHEMICALLY
ETCHED STRONTIUM TITANATE SURFACES
Ramazan YILDIRIM, Burcu ORAL, Dilara SAADETNEJAD,
Department of Chemical Engineering, Boğaziçi University, İstanbul, Turkey
Introduction
Photocatalytic water splitting is a hydrogen production method which utilizes water,
catalyst and light. Metal oxide semiconductors are suitable for water splitting when
they are irradiated by photons but their efficiencies are limited [1]. For an efficient
water splitting, the semiconductor should have narrow band gap in order to be visible
light active. Anion and/or cation doping, dye sensitization and surface modifications
are some of the methods that can be applied to increase the photocatalytic activity of
a photocatalyst. Wet chemical etching is also used to remove some atoms from the
materials; by etching, it is possible to change the surface area of a catalyst. When a
semiconductor has high crystallinity, the surface area increases as well as surface
adsorption and active sites in addition the possibility of recombination of charges is
decreased [2,3].

Strontium titanate is a titanate based semiconductor which is

frequently used as photocatalyst even though it has band gap of 3.2 eV; its stability
and corrosion property makes it attractive for photocatalytic applications [4]. SrTiO 3
has SrO and TiO 2 atomic layers in its structure, where SrO is basic oxide and TiO 2 is
acidic [5]. Therefore, finding a solution that dissolves one layer but not the other is
important for changing the surface structure of SrTiO 3 .
Experimental Work
In this work, wet chemical etching is performed on strontium titanate (SrTiO 3 ) and the
photocatalytic performance of the etched catalyst is investigated. As co-catalyst, 1wt.
% Pt is impregnated on SrTiO 3 . SrTiO 3 catalyst is prepared by solid state reaction
and for Pt deposition incipient-to-wetness impregnation is used. For etching, 1 M and
4 M of citric acid and hydrochloric acid solutions are used. 5 grams of catalyst is
mixed with acid solution and they are filtrated under vacuum. In addition, post
treatment after etching is also investigated, etched catalysts are washed with distilled
water and/or annealed at elevated temperatures. Photocatalytic hydrogen production
occurred at room temperature and 1 bar under solar light simulated by 300W Xe
lamp.

Catalysts

are

Photoelectrochemical

characterized
characterization

by
of

SEM,

FTIR,

the

catalyst

XRD
are

and
done

UV-VIS.
in

a

photoelectrochemical cell. Mass spectrometer is used for analysis of product gases
and produced hydrogen and oxygen amounts are calculated.
Results
From XRD results it is seen that by solid state reaction it is possible to obtain cubic
strontium titanate. It is observed that acid etching increased hydrogen production.
Citric acid etching increased the hydrogen production amount more than hydrochloric
acid etching and washing the samples after etching decreased the photocatalytic
activity (Figure 1).

Figure 1. Comparison of hydrogen production on etched and not etched SrTiO 3
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Enhancement of Photocatalytic Activity of TiO 2 for Oxygen
Evolution by Brownmillerite-type Ca 2 FeCoO 5 Ultrafine Particles
Etsushi Tsuji; Ryosuke Nanbu; Takeyuki Watanabe; Satoshi Suganuma; Naonobu
Katada
Center for Research on Green Sustainable Chemistry, Tottori University, Tottori,
Japan

Brownmillerite-type Ca 2 FeCoO 5 ultrafine particles with nano-metric dimension were
synthesized by a reverse micelle method on TiO 2 nanoparticles. The photocatalytic
activity of TiO 2 for oxygen evolution reaction was improved by loading of the
Ca 2 FeCoO 5 ultrafine particles. The origin of improvement was the promotion of
surface oxidation reaction, but not the suppression of excited carrier recombination.
Introduction
The increasing demand of hydrogen fuel production has promoted the
development of effective oxygen evolution reaction (OER) photocatalysts used for
water splitting. Although noble metal oxides were used as cocatalysts active for OER,
the lack of resources prohibits their large-scale uses. On the other hand, recently we
found that brownmillerite-type Ca 2 FeCoO 5 (CFCO) showed higher OER activity than
the noble metal oxides [1]. On this stage of study, CFCO was synthesized by a
conventional sol-gel method, and the particle size was about several dozen
nanometers, which is too large for a cocatalyst. In this study, we synthesized CFCO
ultrafine particles with less than 10 nm diameters by a reverse micelle (RM) method
on TiO 2 nanoparticles and investigated the photocatalytic activity.
Experimental
An aqueous solution containing metal nitrates (Ca:Fe:Co=2:1:1) was mixed with
cyclohexane and hexaethyleneglycol nonylphenyl ether (NP-6) as a surfactant at 10
ºC to obtain a RM solution. Another RM solution was also prepared from cyclohexane,
NP-6 and 10% tetramethylammonium hydroxide (TMAH) aqueous solution. These
RM solutions were mixed and stirred at 10 ºC for 1 h. Anatase TiO 2 powders (A-100,
Ishihara Sangyo Kaisha, LTD.) dispersed in cyclohexane was added and excess
ethanol was added to break the RM. The formed precipitates were collected, dried at
110 ºC for overnight and calcined at 600 ºC for 5 h in air.

The morphology, particle size and crystallinity of the composites were analyzed
by a high resolution transmission electron microscope (HRTEM). The photocatalytic
activity was evaluated under UV light irradiation (7.5 mW cm-2) in an aqueous
solution containing AgF as an electron scavenger after Ar bubbling for 30 min. The
evolved oxygen gas was detected by a gas chromatograph with TCD.
Results and Discussion
Fig. 1a shows HRTEM image of 0.5 wt% CFCO/TiO 2 nanocomposite particles.
The half-spherical ultrafine particle (about 5 nm) was found on the TiO 2 surface, and
the spacing of lattice fringes in it was 0.26 nm, corresponding to the (025) face of
brownmillerite-type CFCO. The particle size of CFCO synthesized by the RM method
without TiO 2 was about 30 nm, suggesting that presence of TiO 2 support played a
role to get or keep the CFCO ultrafine particles, presumably during the calcination.
Fig. 1b,c show photocatalytic activity of the CFCO/TiO 2 for OER. The rate of
OER increased up to 0.5 wt% CFCO loading and then decreased (Fig. 1b).
Intensities of photoluminescence of CFCO/TiO 2 and bare TiO 2 were similar,
indicating that the enhancement of activity was not due to the recombination of
excited electrons and holes. Thus, the promotion of surface oxidation rate of water is
suggested to induce the enhancement. The enhanced photocatalytic activity of the
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0.5 wt% CFCO/TiO 2 for OER was close to that of 0.5 wt% RuO 2 /TiO 2 (Fig. 1c).
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Fig. 1 (a) HRTEM image of 0.5 wt% CFCO/TiO 2 , (b) rate of oxygen evolution reaction over
CFCO/TiO 2 , and (c) time courses of oxygen evolution over TiO 2 , 0.5 wt% CFCO/TiO 2 and 0.5 wt%
RuO 2 /TiO 2 .
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Effect of indium oxide as a promoter in catalysts based on Cu/CeO 2
nanocomposites for CO 2 hydrogenation to methanol.
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Carlos, Brazil; Marco Andre Fraga, National Institute of Technology, Rio de Janeiro,
Brazil; José Mansur Assaf, São Carlos Federal University, São Carlos, Brazil;
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Introduction:
The catalytic process of carbon dioxide hydrogenation with the aim to obtain products
with higher added value, such as methanol, is one of the most promising strategies
for the utilization of this atmospheric pollutant. The main catalysts used in this
process are based on composites between copper (responsible for the H 2 adsorption
and activation) and a metal oxide (responsible for CO 2 adsorption) [1]. Recent
studies presented the impressive potential of indium oxide used as catalyst for
methanol production with high selectivity, although, the conversions are lower than
those observed for catalysts based on copper and higher pressures and amounts of
hydrogen are needed [2,3]. Until the moment, the effect of indium oxide as a
promoter in copper-based catalysts was not studied, so, the objective of this work
was to investigate the effect of indium oxide as a promoter in Cu/CeO 2 catalysts for
the CO 2 hydrogenation to methanol reaction.
Experimental Section:
Cu/CeO 2 catalysts (50%/50% in molar content), without promoter and with 5% and
10% of indium oxide, in molar content, were synthesized by the co-precipitation
method at constant pH assisted by the CTAB surfactant, followed by calcination in
air. The materials were characterized by TGA-DSC, ex-situ and in-situ XRD, N 2 physisorption (using the BET model), TEM-EDX, H 2 -TPR, CO 2 -TPD, N 2 Ochemisorption, XPS and XANES. The catalytic tests were performed in a continuous
flow tubular fix-bed reactor (PID Microactivity Effi model) under pressure of 3 MPa,
temperature of 250°C, CO 2 /H 2 ratio of 1:3 and GHSV of 6 L.g-1.h-1. Prior to the
reactions, the catalysts were reduced under H 2 flow of 30mL.min-1 for 1 hour at
230°C
Results and Discussion:

The results in table 1 allowed to verify that the addition of indium oxide, even in the
lowest content, considerably increased the selectivity to methanol, from 40% to more
than 60%, and several factors contribute to this. The indium oxide optimizes the
occurrence of the reaction mechanism by the formate route, being this, the most
effective pathway to generate methanol with high selectivity, once it does not
generate CO as intermediary, which could desorb as an unwanted by product, as
occurs for copper materials [4]. Besides this, the XPS analyses revealed the
existence of non-stoichiometric oxides contributions in the ceria and indium oxide
structure due to the presence of oxygen vacancies, which are important as basic
sites for the adsorption of CO 2 acid molecules. In fact, CO 2 -TPD analyses showed
that the basicity slightly increased with indium oxide addition to the materials,
probably, due to the occurrence of oxygen vacancies as a result of the differences in
the oxidation states between cerium and indium ions [5]. A decrease in the CO 2
conversion was observed for the promoted catalysts. This can be explained by the
particles aggregation and area loss that commonly occurs in materials containing
indium oxide submitted to calcination process [2]. This is in agreement with results
obtained from the N 2 -physisorption and N 2 O-chemisorption, that showed a decrease
in the specific surface area and in the copper surface metallic area for the catalysts
with indium oxide. Despite the decrease in conversion, the obtained values are still
considerably higher than those from pure indium oxide and were obtained under
significantly milder reaction conditions of pressure and hydrogen consume.
Table1: Catalytic performance for the catalysts unpromoted and promoted with indium oxide.
Catalysts

XCO 2 (%)

SCH 3 OH (%)

SCO (%)

SCH 4 (%)

Cu/CeO 2

8

40

58.9

1.1

Cu/CeO 2 -5%In

5.5

67

31

2.0

Cu/CeO 2 -10%In

5.3

65

33

2.0
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Preparation of isolated fcc cobalt nanoparticles employing
exfoliated graphite as novel support material
Moritz Wolf, Nico Fischer, Michael Claeys, Catalysis Institute and DST-NRF Centre
of Excellence in Catalysis c*change, University of Cape Town, South Africa
For a long time, most support materials have been regarded as inert. The potential
presence of metal-support interaction anchoring metallic nanoparticles on common
metal oxide carriers such as Al 2 O 3 or SiO 2 was established in literature in the 1980s
[1,2]. More recently, such metal oxide carriers have been shown to exhibit a strong
effect on the catalytic behaviour of supported metallic nanoparticles [3]. On the one
hand, a strong interaction is desired as it increases the stability of the nanoparticles,
e.g. against sintering, but on the other hand the interaction is typically associated
with a loss in active phase. Pristine carbon does not exhibit such stabilising
properties, but may be functionalised in order to increase interaction with and hence
stabilisation of supported nanoparticles [4]. Carbon supports are seldom applied in
industry due to their lower mechanical strength when compared to widely applied
metal oxide carriers [5]. However, their inert character makes carbon supports the
carrier of choice for fundamental studies on relatively isolated nanoparticles.
Herein, pristine graphite powder has been exfoliated via ultrasonication in 1-methyl2-pyrrolidinone (NMP) followed by a size selection via centrifugation [6,7]. The BET
surface area of the obtained exfoliated graphite (EG) is 48 m2/g and double the
surface area of the pristine powder. Most of the EG flakes have a thickness of 58-100
graphene layers as estimated from size analysis of the (002) reflex in the X-ray
diffraction (XRD) pattern. An estimation of the mean in-plane crystallite size by
means of Raman spectroscopy [8] results in 107 nm before and 66 nm after
exfoliation. This inert support material was applied in a comparative in situ XRD study
on the size-dependent reduction behaviour of cobalt oxide in H 2 . Well-defined Co 3 O 4
nanoparticles were synthesised in a sol-gel approach via the benzyl alcohol route
[9,10], re-dispersed in ethanol and supported on EG utilising ultrasonication [10].
Crystallites with average crystallite sizes of 3-8 nm were reduced at temperatures in
the range of 330 to 370 °C (1 °C/min) for 5 h. Sintering of a significant fraction of
nanoparticles was identified for a Co loading of 5 wt.% in three different catalysts
during reduction to CoO and, more pronounced, in the second reduction step to fccCo. The little stabilisation provided by the rather inert EG support may allow for this

increase in size. Even though sintering induced a widening of the size distribution, a
mild size-dependent reduction behaviour was identified. The absolute onset
temperatures, as well as the temperature ranges of the reduction steps, increase with
decreasing crystallite size (Figure 1a). Both indicators for the reducibility of a catalyst
are significantly increased when compared to an unsupported sample. In particular
the second reduction step from CoO to fcc-Co is delayed in the case of supported
crystallites. Synchrotron radiation-based in situ XRD studies on the reduction
behaviour of 1 wt.% Co/EG model catalysts revealed the absence of sintering. The
significantly increased inter-particle distance may allow for the isolated reduction of
nanoparticles preventing a significant increase in crystallite size, which was
confirmed in post-run analyses via transmission electron microscopy (TEM; Figure
1b,c). Thus, the developed 1 wt.% Co/EG catalysts resemble ideal model catalysts
for studying the effect of crystallite size on the catalytic performance or
physicochemical properties of fcc-Co nanoparticles in the absence of strong
interaction with the support material.

Figure 1

(a) Temperature ranges of the reduction of supported (5 wt.% Co/EG) and
unsupported Co 3 O 4 crystallites to CoO and fcc-Co in H 2 as observed via in situ XRD
(1 °C/min) for various volume-mean crystallite sizes (Rietveld refinement), as well as
micrographs of (b) 3.5 nm and (c) 7.6 nm Co 3 O 4 crystallites (1 wt.% Co/EG) after
reduction in H 2 for 5 h at 350 and 330 °C (1 °C/min), respectively, with volume-mean
particle size distributions as obtained via post-run TEM analysis of the passivated
model catalysts.
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Effect of SiO 2 addition on heat resistance of alumina carrier
Akira Hasegawa, NIT Hachinohe College, Hachinohe, Japan; Shizuka Ogasawara,
Renaissance Energy Research Co., Ltd., Osaka, Japan; Hiromi Nakamura,
Renaissance Energy Research Co., Ltd., Osaka, Japan; Yoshihiro Kadoma, NIT
Hachinohe College, Hachinohe, Japan; Osamu Okada, Renaissance Energy
Research Co., Ltd., Osaka, Japan

Alumina was prepared by adding Si(OC 2 H 5 ) 4 , La(NO 3 ) 3 , and Ba(NO 3 ) 2 to an
aqueous aluminum nitrate solution. The crystal structure, specific surface area, and
NH 3 -TPD of the samples were determined. The addition of a small amount of SiO 2
was found to improve the heat resistance.

1. Scope
The carrier of the steam-reforming catalyst needs to maintain a high specific surface
area under the high-temperature, high-pressure steam atmosphere and suppress the
coking reaction. We have previously reported that SiO 2 -doped alumina prepared by
coprecipitation exhibits extremely high heat resistance [1]. However, the addition of
solid acidic SiO 2 may cause coking. Therefore, in this study, we prepared a heatresistant alumina carrier, which suppressed the solid acidity.
2. Results and discussion
SiO 2 -, BaO-, and La 2 O 3 -added alumina
by

a

precipitation method. Figure 1 shows
the relationship between the specific
surface area of these samples after
calcination at 1200°C for 5 h and the
amount of additive used. Samples with
5-10 mass% SiO 2 exhibited a specific
surface area as high as 60 m2/g or
more, while samples with La 2 O 3 or BaO
had a maximum specific surface area of
about 30 m2/g. SiO 2 addition was found
to be the most effective for improving
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Figure 1. Dependence of specific surface
area of calcined alumina on additive
amount. ○: SiO2, △: BaO, □: La2O3.

alumina.

However, the addition of excess SiO 2
causes coking during the steamreforming reaction. Figure 2 shows the
relationship between the amount of
SiO 2

added and NH 3

desorption

measured by NH 3 -TPD. Solid acidity
increased

with

Figure

shows

3

addition
the

of

SiO 2 .

surface area at 1200°C. For the
sample

containing

decreased sharply very early on in
the test. For samples with added
SiO 2 , the specific surface area initially
decreased, but after 30 h, no large
reductions in specific surface area
were observed over long periods.
SiO 2 -added alumina calcined for 100
h showed a higher specific surface
area than both the La 2 O 3 - and BaOadded samples.
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Figure 2. Variation in solid acidity with SiO2
addition.
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Figure 3. Relationship between specific
surface area of heat-resistant alumina and
calcination time at 1200°C.
○: 1mass%SiO2, △: 7mass%BaO,
□: 3mass%La2O3, ●: no additive.

3. Conclusion
Alumina containing a small amount of added SiO 2 showed only a slight increase in
solid acidity and an improved heat resistance. Furthermore, SiO 2 -added alumina,
calcined at 1200°C for 100 h, exhibited a specific surface area higher than both
La 2 O 3 - and BaO-added samples. Since SiO 2 -added alumina has high heat
resistance and low acidity, it is expected to find application as a catalyst carrier for
steam-reforming.
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Synthesis of a novel two-dimensional metal-organic
framework based on cyameluric nucleus derivative
Jingwen Sun, Nanjing University of Science and Technology, Nanjing, China;
Liming Dai, Nanjing University of Science and Technology, Nanjing, China;
Two-dimensional (2D) nanostructure represent a family of materials with
attractive property in various scopes like catalysis, gas separation and energy
storage and exchange. Prospectively, 2D metal-organic framework with
different metal-based nodes and multitopic organic ligands has been proved
as a promising material in various functional devices for its high specific area
and highly exposed active sites.

[1-4]

Herein, we introduce a novel

two-dimensional metal-organic framework (MOF) based on cyameluric
nucleus derivative. Specifically, this cyameluric nucleus derivative was a
tri-s-triazine rings derivative C 6 N 7 (N 3 H 3 Na 3 ) which are cross-linked by N
atoms. (Fig.1) And the probable structure of Mo-MOF was illustrated in the
Fig.2, the crystal this Mo-MOF consists of alternating C 6 N 7 (N 3 H 3 )3- group and
metal ions Mo. The metal ions Mo are octahedrally coordinated and each Mo
ions is coordinated with two N ions of C 6 N 7 (N 3 H 3 )3- and four O ions of solvent,
while the C 6 N 7 (N 3 H 3 )3- was severed as the bridge to link three Mo ions.[5] The
high potential of this type of Mo-MOF material was its ultrathin thin film and
highly exposed Mo ions which probably could be used as the active sites of
hydrogen-evolution reaction (HER). Further, the high content of N and C
element of Mo-MOF could be served as C and N source in the annealing
treatment to obtain nanostructured molybdenum carbide and molybdenum
nitride. (Fig.3)
The organic ligands C 6 N 7 (N 3 H 3 Na 3 ) here was prepared by annealing
treatment of the sodium (4,6-diamino-1,3,5-triazin-2-yl)amide for 4 h at 285°C
under argon atmosphere which was synthesized by reaction of sodium
hydrogen cyanamide and cyanoguanidine at 165°C for 24h.

[6, 7]

The Mo-MOF

was prepared by mixing 20ml of 2.5mg/ml C 6 N 7 (N 3 H 3 Na 3 ) aqueous solution

and 12ml of 10mg/ml molybdenyl acetylacetonate DMF solution at 110℃ for
2h, followed with stirring for 3h at room-temperature. After that, the resulted
white solid was collected by centrifuge and wished with deionized water for
three times.

N

NaHN

N

N

N

N

NHNa

N

N

NHNa

Fig.1 the structure of C 6 N 7 (N 3 H 3 Na 3 ).

Fig.2 a probable crystal structure of
Mo-MOF.
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Fig.3 (a) the SEM image of Mo-MOF; (b) the SEM image of molybdenum
nitride synthesized by annealing treatment of Mo-MOF; (c) the XRD analysis of
Mo-MOF and molybdenum nitride.
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Half-unit-cell ZnIn 2 S 4 monolayer with sulfur vacancies for
photocatalytic hydrogen evolution
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Photocatalytic hydrogen evolution is an important potential method to product
clean energy by utilizing solar energy directly. However, it’s still a major
challenge to minimize the recombination of photo-generated electron-hole
pairs for improving the photocatalytic efficiency.[1] Since the discovery
of two-dimensional (2D) materials, they have been widely applied in
photocatalysis due to the shorter diffusion length of charge carriers transfer to
the surface which could effectively suppress the photo-generated electrons
and holes.[2] ZnIn 2 S 4 , one of the layered ternary chalcogenide AB 2 X 4 , is
dramatically attracting tremendous interests because of its narrow band gap
for visible-light absorption, photo-stability and suitable energy band gap
structure for photocatalytic hydrogen evolution.[3] Owing to the intrinsic bilayer
structure in unit-cell with interlayer force, few-layer ZnIn 2 S 4 nanosheet has
been reported. Although it generally performs better than the bulk in
photocatalytic hydrogen production performance, the half-unit-cell ZnIn 2 S 4
monolayer has rarely been investigated.
Here, we for the first time demonstrate that half-unit-cell ZnIn 2 S 4
monolayer performs an excellent photocatalytic hydrogen evolution compared
to the one-unit-cell bilayer because of its extended carrier lifetime. Additionally,
the introduction of sulfur vacancies in the half-unit-cell ZnIn 2 S 4 monolayer can
trap the photo-generated electrons for further prolonging the carrier lifetime.
Benefiting from the dual purpose of separating the recombination, monolayer
ZnIn 2 S 4 with sulfur vacancies has a superior photocatalytic hydrogen
production rate up to 13.478 mmol/g/h under the visible light irradiation,
improving by a factor of 7.8 by the introduction of sulfur vacancies which is

much higher than the available values reported of ZnIn 2 S 4 so far.

Figure 1. (a) TEM image of monolayer ZnIn 2 S 4 with S vacancies and (b) false-colour image of
the HRTEM image of the region outlined in red in (a)

Figure 2. (a) Photocatalytic H 2 evolution and (b) H 2 evolution rates of B-ZIS (bilayer ZnIn 2 S 4 ),
M-ZIS (monolayer ZnIn 2 S 4 ), and M-ZIS-S (monolayer ZnIn 2 S 4 with S vacancies).
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Enhancing and stabilizing effect of the Au doping on PtCo/C
nanoparticles for Proton exchange membrane fuel cell
Juhyuk Choi, Hyunjoo Lee*
Department of Chemical and Biomolecular Engineering, Korea Advanced Institute of
Science and Technology, Daejeon 34141, Republic of Korea

Proton exchange membrane fuel cells (PEMFC) are considered as a renewable
energy source for a future hydrogen energy society [1]. However, highly active and
durable catalysts are required for the PEMFCs because of their high overpotential at
the cathode and exposure under the acidic condition for oxygen reduction reaction
(ORR) [2-6]. Many catalysts have been reported in efforts to enhance activity and
durability for the ORR. However, most of them have complicated synthetic
procedures which cannot be scaled-up, and have mainly been tested in a half-cell
system. High activity in a half-cell test does not guarantee better performance in a
single-cell system. In this work, we synthesized an Au-doped PtCo/C catalyst using a
simple method of gas-phase reduction and galvanic replacement, and its activity and
durability were tested in a both half-cell and single-cell. When current densities were
compared at 0.6 V after a durability test of 30,000 cycles in 0.6 – 1.0 V, the values
were 1.40, 0.81, and 0.63 A cm-2 for the Au-doped PtCo/C, acid-treated PtCo/C, and
commercial Pt/C catalysts, respectively. This facile method can provide a more
realistic strategy to design better ORR catalysts for PEMFC application. Density
functional theory (DFT) calculations confirmed that surface oxygen species bound
more weakly at the catalyst surface and migration of a Co atom (Co segregation) to
the surface was suppressed in the presence of Au. This facile method can provide a
more realistic strategy to design better ORR catalysts for PEMFC application.

Figure 1. (a) EDS mapping images (inset: elemental line-scanning images) for Au-doped PtCo/C, (b)
A photograph of the Au-doped PtCo/C catalyst synthesized in one batch, (c) The changes of mass
activity after the durability tests.

Figure 2. (a, b) I-V polarization curves of single-cells catalysts. (c, e) TEM images of the catalysts and
(d, f) cross-sectional SEM-EDS mapping images of the MEAs (blue: Co) for the acid-treated PtCo/C
and the Au-doped PtCo/C after 30,000 cycles of the durability tests.

Figure 3. DFT calculation unit cell models for the (a) pure Pt, (b) as-made PtCo, (c) PtCo@PtAu, and
the calculated oxygen binding energies (Pt: grey, Au: yellow, Co: blue, O: red).
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Direct Production of Synthetic Natural Gas from CO 2 and H 2 O by
Integrated Solid Oxide Electrolysis and Syngas Methanation
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Introduction
The conversion of CO 2 into synthetic fuels and value added chemicals is currently of
great interest in a rapidly expanding area of research tackling problems related to
CO 2 emissions and renewable energy storage [1]. Among the CO 2 conversion
methodologies, co-electrolysis with subsequent syngas methanation bears a high
potential as a future element for sustainable energy generation and storage. High
temperature co-electrolysis - i.e. the simultaneous CO 2 activation and water splitting
process by means of electrolysis - integrated with adaptive syngas methanation
enables the design of novel power-to-gas technologies. The special advantage of
high-temperature co-electrolysis is the possibility to produce tailor-made synthesis
gas compositions without further downstream process steps [2].
Approach
The present work targets optimization of the methane selectivity, design aspects, and
dynamic responds of the integrated setup. Prior to the integration into a single setup,
both reactions are optimizing individually. Thus, syngas methanation was performed
in a fixed-bed reactor using a hydrotalcite derived Ni-based (i.e. 20%Ni-2%Fe/(Mg,
Al)O x ) and a commercial Ni/Al 2 O 3 (CRG-F) methanation catalyst as selected
materials. CO, CO 2 , H 2 and H 2 O fractions were varied in the feed mixture in order to
simulate potential feeds provided by co-electrolysis.
Results: catalyst characterizations and syngas methanation
20%Ni-2%Fe/(Mg, Al)O x was characterized using different techniques (Figure 1).
From the XRD patterns, reflexes of hydrotalcites (dried) and NiO (calcined) were
observed. TEM image of the reduced sample also proved a good metallic dispersion
and a small average particle diameter (9 nm).

Figure 1: (a) XRD and (b) TEM image of the 20%Ni-2%Fe/(Mg, Al)O x catalyst.
The syngas conversion rate rises as the CO fraction increases. Substitution of H 2 by
water (10%, 30%, and 50%) decreases the activity of both catalysts potentially
caused by oxidation of the metallic Ni. As shown in Figure 2, a higher rate of CO x
conversion was reached for the 20%Ni-2%Fe/(Mg, Al)O x catalyst, which can be
assigned to the optimized amount of basic sites and superior metal dispersion.

Figure 2: The catalytic syngas methanation under different CO and H 2 O fractions:
(a) 5%CO, (b) 10%CO, and (c) 20%CO.
Conclusion
A fixed bed reactor was built and syngas methanation was performed with different
feed mixtures to optimize the catalytic performance under harsh reaction conditions
(higher H 2 O fraction for example). An acceptable rate of syngas conversion was
obtained with H 2 O contents up to 30% and was found to decrease significantly with
50%H 2 O in the feed. The next step will be coupling of the individually optimized
reactors into a single setup for the direct generation of methane from CO 2 and H 2 O.
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Characterization of Particle Size and Distribution of Noble Metal
Catalysts by Ultrathin Sectioning and TEM
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Metal nanoparticle size and size distribution of supported precious metal catalysts
have an extremely important influence on catalyst performance[1].
For Transmission Electron Microscopy(TEM), it usually has higher resolution, which
can easily distinguish metal nanoparticles and perform particle size measurement
and size distribution statistics. However, for some supported precious metal
catalysts, the metal nanoparticles can not effectively distinguish between metal
nanoparticles and catalyst carriers, because of its small size resulting in very weak
mass thickness contrast.
In this paper, ultra-thin sectioning technology was used to deal with Pd/Al2O3
catalyst, then the size and distribution of Pd particles were easily measured by TEM.
Figure 1 (a) is a TEM image of the sample with a section thickness of 100nm. It can
be seen that a relatively flat large-area thin region, approximately 0.5×1.0μm2, can
be obtained, and the original texture structure of the catalyst can be retained without
being destroyed. Figure 1(b) shows the TEM image of the ultrathin section of the
catalyst with a thickness of 10nm. It can be seen that the texture of the catalyst
remains intact and

transparent at a thin thickness. Even if the size of the

nanoparticles is very small, a significant contrast image can still be formed and the
Pd particles can be easily distinguished.
Obviously, this particle size distribution obtained from a large number of particle size
measurement data can better reflect the true state of the catalyst, and it is more
convincing to modulate the performance of the catalyst according to metal
nanoparticle size and size distribution

Figure 1 : TEM image of ultrathin section of catalyst. (a) Section thickness 100nm; (b) Slice thickness 10nm
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Ni-Ru/complex oxide nanocomposites supported on ordered
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1. Scope
Design of efficient, inexpensive and stable to coking catalysts for transformation of
methane and biofuels into syngas and hydrogen is an urgent problem of sustainable
and renewable energy field including hydrogen production, synfuels synthesis,
internal reforming in solid oxide fuel cells, etc. In this study, for the first time, the
results on synthesis, structural and redox properties of Ni-Ru/complex oxide
nanocomposite catalysts loaded on ordered mesoporous MgAl 2 O 4 support are
presented. Their activity in methane dry reforming (MDR), ethanol steam reforming
and partial oxidation, ethyl acetate and glycerol

autothermal reforming

was

estimated and discussed in relation to their physical-chemical properties.
2. Experimental
As a support the ordered mesoporous MgAl 2 O 4 prepared by the one-pot evaporation
induced self-assembly (EISA) method [1] has been used. Nanocomposite active
components

containing

10%MnCr 2 O 4 (NRM)

20%PrNi 0.9 Ru 0.1 O 3 (PNR),

2%wtNi+2%wtRu+

or 5%wtNi+1%wtRu+10%Ce 0.35 Zr 0.35 Pr 0.3 O 2 (NRC) were

loaded on the support by the incipient impregnation with corresponding solutions,
and, for NRC, with addition of acetylacetone as a complexing agent. MgAl 2 O 4
support and catalysts were calcined under air at 700°C. The textural, structural,
surface properties of samples and their reactivity have been characterized by N 2
adsorption-desorption analysis, BET, XRD, TEM with EDX, XPS, FTIRS of CO test
molecule, H 2 and EtOH TPR. The catalytic properties of samples in methane dry
reforming (MDR), ethanol partial oxidation and steam reforming, ethyl acetate and
glycerol autothermal reforming were tested using tubular plug-flow reactors at short
contact times following procedures earlier described in details [2, 3].

3. Results and discussion
According to low angles XRD, MgAl 2 O 4 has the ordered mesoporous structure
confirmed by the N 2 adsorption-desorption data showing IV type isotherm with H1
shaped hysteresis loop associated with 2D hexagonal cylindrical-like pores. TEM
images show this ordering of pores (Fig.1), and

EDX data confirm the spinel

formation. MgAl 2 O 4 has SSA 290 m2/g, pore volume 0.63 cm3/g and a narrow pore
size distribution with the mean size 12 nm. The catalysts retained mesoporous
structure though their SSA decreased to 100-210 m2/g. In XRD patterns reflections
corresponding to supported oxide phases were weak and broaden (NRC) or not
revealed (PNR, NRM) indicating their high dispersion and strong interaction with
support, which agrees with XPS data. FTIRS spectra of adsorbed CO demonstrated
suppression of support acidity and a high dispersion of Ni-Ru nanoparticles even in
reduced catalysts with broad variation of the density of accessible metal sites and the
ratio of

terminal/bridging carbonyl bands intensity reflecting population of

isolated/clustered sites [2]. H 2 and EtOH TPR data revealed a high reactivity of all
catalysts substantially exceeding that of Ni-loaded mesoporous MgAl 2 O 4 .

In all

studied reactions developed catalysts demonstrated a high and stable performance
exceeding that for those on Mg-doped γ-Al 2 O 3 [2, 3] due to a higher dispersion of the
active component, higher reactivity and hampering of C 2 H 4 generation/coking due to
suppressed acidity. Specific catalytic activity correlates with the number of metal
surface sites estimated by FTIRS of adsorbed CO. At ~ 750 oC syngas yield
approaches the equilibrium level even at ms contact times (Fig. 2).
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Fig. 1. TEM image of MgAl 2 O 4
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Fig. 2. xCH 4 vs. T for PNR/MgAl 2 O 4 catalyst in
MDR, 15% СН 4 + 15% СО 2 +N 2 , τ14 ms
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Analysis of photocatalytic water splitting over perovskites literature
using data mining tools
Ramazan Yıldırım, Elif Can,
Bogazici University, Department of Chemical Engineering, Istanbul, Turkey
Introduction
H 2 is considered as a promising energy carrier due to its high energy density,
abundance in nature and cleanness. Semiconductor based photocatalytic water
splitting (PWS) have been extensively studied in recent years because it is clean,
renewable, and free of charge. Perovskites have also gained significant attention in
recent years because they can be not only synthesized in numerous formulations
and structures, but also easily modified by various methods. Existence of numerous
options for materials and methods constitutes a large domain for PWS research. The
machine learning and data mining tools, which were developed to extract non-trivial,
previously unknown, and potentially useful knowledge from that large data domain
can be used.
In this work, a database having 540 data points from 151 published papers on
PWS over perovskites was constructed and analyzed using association rule mining
(ARM) to determine the most important factors, decision tree (DT) to develop
heuristics for the future studies and random forest (RF) regression to build predictive
models [1].
Methods
The database was constructed from 151 experimental papers on PWS over
perovskites published in 2005-2017; online sources including Elsevier, Wiley Online
Library, American Chemical Society and Royal Society of Chemistry were reviewed.
All models were developed in RStudio; apriori algorithm in arules [2] package was
used for association rule mining while rpart [3] and randomForest [4] were used for
classification trees and random forest, respectively.
Results
The analysis revealed that the most common perovskites in PWS are
tantalates followed by titanates, niobates and In-perovskites; NaTaOs are the most
frequently studied tantalates, and they are especially effective under UV light. About

half (48%) of perovskites in database are doped to A-site (31%) and/or B-site (27%).
The effect of doping on band gap is observable; however, only some portion of
doped catalysts had better PWS activity than plain perovskites. The doping also
improved stability in some cases.
Solid-state reaction, hydrothermal synthesis, polymerized-complex and sol-gel
are the most common methods for perovskite preparation; their average
performances are similar for UV tests. As can be seen from Figure 1a. effects of
preparation method on surface area, band gap and crystal structure are also
observable; the last two partially explain the hydrogen production rates as well.
Approximately 80% of cases contain co-catalyst (Pt is the most common). There are
various successful applications; however, in overall, only some fraction of co-catalyst
results in higher performance than the bare perovskites.
DT analysis provides some simple and easy to follow selection rules for both
H 2 production (Figure 1b.) and band gap. RF models for H 2 production (especially for
visible light) are quite successful in predicting the data not seen before; the same is
true for band gap prediction (Figure 1c.).
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Study on the mechanism of photocatalytic reduction of CO 2 over
the Ga 2 O 3 photocatalyst without Ag co-catalyst
Masato Akatsuka, Yu Kawaguchi, Ryota Ito, Akiyo Ozawa, Muneaki Yamamoto,
Tetsuo Tanabe, Tomoko Yoshida, Osaka City University, Osaka, Japan
Introduction
Gallium oxide (Ga 2 O 3 ) is attracting attention as a photocatalyst because Ag loaded
Ga 2 O 3 photocatalysts can reduce CO 2 with H 2 O to produce CO [1], although the
reaction rate of CO production is not high enough for practical use. In our previous
work [2], Ga 2 O 3 photocatalyst obtained by calcining Ga(NO 3 ) 3 ・8H 2 O around 823 K
in air showed very high CO production rate without Ag co-catalyst. It is noteworthy
that this Ga 2 O 3 photocatalyst did not need Ag co-catalyst which was essential to
reduce CO 2 to CO. In this study, we carried out various characterizations and
photocatalytic CO 2 reduction tests to discuss the reason why the photocatalytic CO 2
reduction with H 2 O was enhanced over Ga 2 O 3 without Ag co-catalyst.
Experimental
Ga 2 O 3 photocatalyst samples were prepared by calcination of Ga(NO 3 ) 3 ·8H 2 O
powder in air at given temperatures (673 - 1173 K) for 4 h. Prepared samples are
denoted as T-Ga 2 O 3 with T, calcination temperature. Ga 2 O 3 surface area was
evaluated by BET method. XRD and XAFS spectra were obtained to investigate the
structure of Ga 2 O 3 . We carried out in-situ FT-IR measurement to investigate the
chemical state of adsorbed molecules on the Ga 2 O 3 surface during CO 2 reduction
with water.
Result and discussion
Ga 2 O 3 samples calcined at lower temperature showed larger surface areas. We
carried out photocatalytic CO 2 reduction with H 2 O over all prepared Ga 2 O 3 samples
and Fig.1 shows CO and H 2 production rates plotted to the surface area for each
Ga 2 O 3 sample. It was found that the H 2 production rate increases with the surface
area of the sample. As for CO production, Ga 2 O 3 prepared by calcination at 823 K
(823-Ga 2 O 3 ) showed a specifically high activity, although the H 2 production rate for
this sample was comparable with those for 673, 773, 873-Ga 2 O 3 . The CO production
rate of 823-Ga 2 O 3 was about 5 times higher than a highly active Ag loaded Ga 2 O 3 . If
photo absorbance or electron and hole transfers to Ga 2 O 3 surface are improved in

823-Ga 2 O 3 , not only CO production rate but also H 2 production rate should be
specifically high. H 2 production rates in the reaction tests with and without CO 2 flow
were almost the same, suggesting that H 2 production site and CO production site are
independence in 823-Ga 2 O 3 .
XRD and XAFS measurements revealed that β-phase Ga 2 O 3 increased in γ-phase
Ga 2 O 3 as the calcination temperature rose. As is evident from the XRD pattern of
823-Ga 2 O 3 , this sample consisted of β, γ-mixed phase Ga 2 O 3 with the lowest
crystallinity (Fig. 2). In-situ FT-IR measurements suggested that 823-Ga 2 O 3 , which
showed the highest photocatalytic activity can adsorb larger amount of CO 2
molecules as monodentate bicarbonate species even under water vaper atmosphere
while the inactive Ga 2 O 3 sample cannot remain
adsorbed this species. The enhancement of
CO 2 adsorption might be caused at the β, γGa 2 O 3 interface in 823-Ga 2 O 3 , in other words,
such a hetero structure would provide high
activity for CO 2 reduction without Ag co-catalyst.

Fig. 1 (a) CO and (b) H2
production rates plotted to surface
area of Ga2O3 samples

Fig. 2 XRD patterns of the prepared Ga2O3
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Abstract
Since world’s crude oil reserves are quickly consumed, alternatives for gasoline like
alcohols, natural gas, and hydrogen are indispensable for a sustainable society.
Alcohols including methanol and ethanol have been intensively studied and used as
gasoline blend components. However, methanol and ethanol hold low energy
density, high vapor pressure, and high affinity to water leaving room for further
improvement. Compared with methanol and ethanol, C3+ alcohols generally possess
higher energy density and lower vapor pressure, and C3+ alcohols like butanol
exhibit a lower affinity to water. Thus alcohol mixtures with high C3+ alcohol content
may have better performance as a gasoline blend component than lower alcohols.
Sulfur-resistant potassium promoted molybdenum sulfide (K-MoS 2 ) catalysts enable
the synthesis of mixed alcohols through CO hydrogenation. However, the liquid
oxygenate selectivity and yield of K-MoS 2 catalysts are usually low, and the alcohols
follow the Anderson-Schulz-Flory (ASF) distribution, which means methanol and
ethanol are the main liquid oxygenates. To achieve high liquid oxygenate selectivity
and yield enhancing C3+ alcohol production, we designed multilayer K-MoS 2

catalysts possessing well-contacted MoS 2 and KMoS 2 phases. The reduced rim site
exposure and the MoS 2 -KMoS 2 dual sites induced by the multilayer structure
enhance the chain growth through CH x β-addition and CO insertion (Figure 1).
Accordingly, the observed higher alcohol composition deviates from the ASF
distribution. By tailoring the K/Mo ratio, catalysts with varying composition of MoS 2
and KMoS 2 phases were obtained to suppress the formation of hydrocarbons and
CO 2 effectively. An optimized production of liquid oxygenates with enhanced C3+
alcohol production under appropriate reaction temperature became possible. The
optimized catalysts show liquid oxygenate selectivities and yields of 29.1-32.7% and
7.9-10.6%, respectively, yet with good stability. C3+ alcohols take up more than 46%
(carbon atom fraction) in the liquid oxygenate and the C3+ alcohol yield reaches 3.65.1% [1].

Figure 1. Schematic representation of the formation of linear primary alcohols
through CO insertion and branched alcohols through CH x β-addition over K-MoS 2 .
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Abstract:
Zeolites are one of the major components of catalysts in refinery and petrochemical
industry. In spite of well established protocols for using zeolite in commercial
application, there are still several challenges that limit its performance with regards to
selectivity and life-time. Activity of zeolite is generally deteriorated by coking and
structural change during reaction. This study aimed to develop nano-structural zeolite
having better stability for hydrocarbon conversion reaction [1]. In the study, zeolite
crystal size was reduced to nanoscale to shorten the diffusion path length for improving
the accessibility of molecules and hence accelerating the reaction rate. On the other
hand, vulnerability of zeolite framework in hydrothermal condition was believed to open
new windows to effectively modify and even to synthesize new zeolites [2]. The study
investigated the effect of synthesis parameters on the catalyst activity and hydrothermal
stability of nano-structured MFI and TON zeolites (Figure 1) having nano-sized onedimensional and three-dimensional pores.
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Figure 1. Nano-structures zeolite of TON (A) and MFI (B)
The primary and secondary cracking of product yield strongly depended on the stable
framework and zeolite dimensional pores structure. Nano-structured MFI zeolite showed
much higher and stable conversion in hydrocarbon cracking over time than that of
conventional micro MFI as shown in Figure 2. This study also investigated the kinetics
and reaction pathway of hydrocarbon cracking, cyclisation and isomerization to optimize
the yield of reformate naphtha product. It was concluded that short diffusion path and
3D structural pores of nano zeolite were significant factor.

Figure 2. Conversion of hydrocarbon over conventional of micro-size MFI and nanostructured MFI zeolites.
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Support Effects in Catalytic Methanol Synthesis
Jakob M. Christensen, Niels D. Nielsen, Anker D. Jensen
Technical University of Denmark, Kgs. Lyngby, Denmark
Introduction
Methanol synthesis is a large-scale process, where H 2 and CO 2 react over a
Cu/ZnO/Al 2 O 3 (CZnA) catalyst and form methanol. Despite more than 50 years of
research, the origin of CZnA’s active sites is still intensely debated. Several studies
report a linear relation between the methanol rate (g MeOH /g cat /h) and the specific Cu
surface area (m2 Cu/g cat ) for different Cu-oxide catalysts [1,2]. The ratio between the
rate and surface area corresponds to the turnover frequency (TOF: rate per Cu
surface atom), which depends strongly on the support. Mechanistic investigations
indicate, that the methanol synthesis proceeds via formate (HCOO) on the metal
surface [3]. Consequently, it is of great interest to quantify the coverage of formate
(θ HCOO ) at working conditions. This work seeks to evaluate θ HCOO on supported Cu
catalysts and examine potential support effects on θ HCOO . The evaluation of θ HCOO
involves development of methods for quantifying θ HCOO on catalysts operating at the
high-pressure working conditions as well as spectroscopic investigations of metalsupport interactions, which can modify the coverage of adsorbate species on the
metallic surface of the working catalyst.
Materials and Methods
Oxide-supported Cu catalysts are characterized by various methods after prereduction. Cu surface areas are obtained by surface oxidation using dilute N 2 O, and
the results enable the methanol TOF at reaction conditions (H 2 /CO/CO 2 = 68/29/3 at
250°C, 50 bar) to be measured by gas chromatography (GC) with subsequent
quantification of θ HCOO by temperature programmed desorption (TPD) and mass
spectrometry (MS). Characteristic IR frequencies of HCOO during desorption from
Cu and the stretching frequency of CO bonded to Cu (ν CO ) are evaluated by Diffuse
Reflectance IR Fourier Transform Spectroscopy (DRIFTS).
Results and Discussion
Quantification of θ HCOO on the Cu surface of Cu/oxide catalysts after methanol
synthesis at high temperature and pressure conditions is based on the amount of
desorbed CO 2 in a TPD experiment after quenching at reaction conditions. First, the
methanol TOF at reaction conditions is measured and followed by rapid cooling with
liquid N 2 to preserve θ HCOO obtained at reaction conditions. Integrating the amount of

desorbed CO 2 and H 2 in a subsequent TPD experiment is a way to quantify θ HCOO .
Significant H 2 desorption from the oxide necessitates the use of desorbed CO 2 for
quantifying θ HCOO . The characteristic desorption temperature for HCOO bonded to
Cu is around 140°C [4]. Raney Cu and Cu/ZnO catalysts yield relatively sharp CO 2
desorption profiles, and Figure 1 shows, how these catalysts indicate a relation
between the apparent θ HCOO and the TOF.

Figure 1: Methanol TOF (250°C, 50 bar in Figure 2: Combined MS and DRIFTS during
syngas) as function of apparent θ HCOO

TPD on Cu/ZnO with a partially HCOO-covered

based on integration of desorbed CO 2

surface

post methanol synthesis.

HCOO desorption and decreasing ν Cu-HCOO .

demonstrate

concurrent

CO 2

and

DRIFTS provides validation for the method of relating desorbed CO 2 to θ HCOO by
performing a TPD experiment after HCOO synthesis in syngas at 100°C (1 atm.).
Figure 2 shows, for a Cu/ZnO catalyst, how the relative intensity (I/I 0 ) of
characteristic frequencies for HCOO on Cu (ν Cu-HCOO ) at 1600 and 2850 cm-1 [4,5]
(blue and red curves) and evolution of CO 2 (green curve) vary, as θ HCOO desorps
upon heating. Concurrent CO 2 and decreasing ν Cu-HCOO at around 140°C validates
the quantitative method of integrating the CO 2 desorption. However, other catalysts
(Cu/Al 2 O 3 and Cu/SiO 2 ) yield ill-defined CO 2 desorption profiles and higher than
expected θ HCOO ’s (Δθ HCOO ) as shown in Figure 1. CO 2 desorbed from oxide(s) and
other surface species may explain Δθ HCOO and ongoing work is designed to examine
this further.
Further work includes CO adsorption by IR to evaluate the electron donor ability.
References
1. C. Baltes et al., J. Catal. 258, 334 (2008)
2. M. Kurtz et al., Cat. Lett. 86, 77 (2003)
3. S. Fujita, et al., J. Catal. 157, 403 (1995)

4. S. Neophytides et al., App. Cat., 86, 45
(1992)
5. D. Clarke et al., J. Catal. 154, 314 (1995)

Biomass derivatives aldol condensation in continuous flow reactor:
activity and stability studies
Jennifer Cueto; Laura Faba; Eva Díaz; Salvador Ordóñez, Department of Chemical
and Environmental Engineering, Oviedo, Spain
Introduction
The replacement of fossil fuels involves a high effort to obtain not only alternative
liquid fuels, but also new chemical processes to produce thousands of oil-derived
chemicals. In this context, the upgrade of waste lignocellulosic biomass is a
requirement. Aldol condensation is the key step in one of the most promising
approaches, obtaining larger compounds from platform molecules such as furfural
(FFL), acetone, cyclopentanone (CPO), etc. In this context, relevant advances are
published in batch configuration. However, the scale-up requires a continuous
configuration. Up to now, only one paper deals with this point, with promising results
but conditioned by a strong deactivation after low time-on-stream (TOS) because of
the presence of permanent adsorption [1]. In this work, we propose the use of CPO
instead of acetone, obtaining faster reaction and larger compounds. Based on our
previous results in batch configuration, an ethanol-water mixture is used as solvent to
enhance the solubility, trying to prevent deactivation [2].
Materials and methods
Reactions were carried out in a stainless-steal fixed-bed reactor with ½" i.d. and 6 cm
length, at 323 K. The reactor was packed with 0.5 g of MgZr and glass balls.
1 mL·min-1 is fed, with a 5 wt.% of FFL and CPO in a mixture of ethanol/water (2:1
volume ratio). Samples after different TOS were analyzed by GC-FID.
Results
First experiments were carried out considering different ratios FFL:CPO, involving
10:1, 5:1, 1:1, 1:5, 1:10 and 1:15. Despite the conditions, a high conversion of the
limiting reactant (higher than 40 %) is obtained during the first two hours, with a clear
decreasing trend to a complete deactivation in less than 4 h, except in the case of
1:10, with a stable C10 yield of 4 % after more than 8 h. Even at the first 120 min, no
C15 was observed, at any condition tested. Spent catalysts were recovered an
analyzed with the aim of identifying the deactivation cause. Catalytic lixiviation was
discarded, whereas XPS results suggest a relevant decrease of free Mg on the
surface. Desorption analyses at programmed temperature were carried out under

inert and oxidizing conditions, comparing those results with profiles of pure C10 and
C15. Results indicate two different causes of deactivation, being always related to
the permanent deposition of heavy compounds. C15 and oligomers containing high
amount of furfural when working at 10:1 and 5:1, as it was observed in batch
conditions. However, working at stoichiometric or CPO excess, these oligomers
indicate a high reactivity to CPO self-condensation. This result was not previously
obtained in batch conditions, suggesting a different adsorption mode as function of
hydrodynamic conditions (no so preferential to furfural in continuous mode, whereas
the CPO adsorption in batch was demonstrated as negligible in comparison to the
furfural one) [2]. This hypothesis was corroborated by thermogravimetric analyses
and is congruent with the evolution of the carbon balance during the reaction.
With this premise, the role of pH was tested. Different reactions were carried out from
the natural pH of the feed (4.75) to pH
= 9. In order to analyze if the salt has
any role, these pHs were obtained by
adding NaOH or NaHCO 3 . Results
with

NaOH

do

not

show

any

improvement, whereas in the case of
NaHCO 3 , deactivation is slowed down
for all the cases conditioned by CPO

Figure 1. Evolution of C10 with the TOS working at pH 8

oligomers. Highlighting results were
obtained at pH 8 (isoelectric point of Mg-Zr) and using 1:10, obtaining a stable C10
yield of 17 % for more than 16 h, with 2 % of C15, with a carbon balance closure
higher than 95 %.
Conclusions
Two different permanent adsorptions are identified, involving CPO or FFL as function
of the conditions. Deactivation due to FFL cannot be prevented, but the one involving
CPO is strongly reduced with the synergic effect of working at the isoelectric point (8)
and with bicarbonate in the medium. This produces an optimum charge equilibrium
on MgZr surface, introducing extra anchoring points. CPO oligomers are attracted by
them, being adsorbed on them, keeping free the required ones for the reaction.
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The conversion of CO 2 to methanol has attracted widespread attention as a
possibility to mitigate the CO 2 problem while making chemicals and fuels. Industrially,
methanol is produced from synthesis gas mixtures containing both CO 2 and CO at
elevated pressures (up to 100 bar) and temperatures (200 – 300 °C) employing a
Cu/ZnO/Al 2 O 3 catalyst. The reaction mechanism and the nature of the active site are
still vividly debated and model catalysts are commonly employed in order to shed
light on mechanistic details. The influence of metal-support interaction and the metal
particle size on the catalytic activity of methanol synthesis have not been well
understood to date. At industrially relevant conditions of methanol synthesis, for
instance, it has been found that the catalytic activity of Cu nanoparticles can change
by a factor of three by varying their sizes from 2 to 8 nm.[1]
Herein, we aim at disentangling the particle size and support effects and shed light
on how the electronic structure influences the CO 2 hydrogenation activity for copper
catalysts using density functional theory calculations. Copper particles up to ~ 3 nm
in diameter have been investigated with a special focus on their interaction with the
support.
Computational Methods
All DFT calculations were performed using the VASP program[2] employing the
BEEF-vdW functional[3] that has shown promising results for transition metal
catalysis.[4,5] The particles were modeled using closed-shell cuboctahedra[6] in the
range 1-3 nm supported on a single layer of graphene.

CO2

CH3OH

Figure 1. Schematic presentation of CO 2 hydrogenation over copper particles of different sizes.

Results and Discussion
The influence of particle size and support interactions on the CO 2 hydrogenation
activity were investigated by probing the variance in energy of a few adsorbates that
are pinpointing to the overall observed activity. The electronic effect of the support
has been investigated employing graphene with and without modifications of its
electronic structure. Furthermore, correlations in adsorption strength between various
adsorbates as a function of particle size and shape have been investigated.
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Abstract
The methanol production from CO 2 hydrogenation is seen as a potential alternative
source of fuel and chemicals, while at the same time it aids in the mitigation of CO 2
concentration in atmosphere. The CO 2 hydrogenation to methanol reaction over NiGa catalyst was optimized in a plug flow fixed bed reactor at atmospheric pressure.
The reaction mechanism study and kinetic modelling was performed using reaction
rout

analysis

and

Langmuir-Hinshelwood-Hougen-Watson

(LHHW)

method

respectively.
Introduction
Methanol from CO 2 hydrogenation acts as a liquid H 2 carrier at ambient conditions
which can be readily stored, transported, and distributed using essentially existing
infrastructure [1]. The Ni-Ga is a new catalyst for the field of low-pressure methanol
synthesis from direct hydrogenation of CO 2 in small scale discrete units. The
objective of this study is to do study the reaction mechanism, derivation of kinetic
model for the methanol synthesis (CO 2 + 3H 2 ↔ CH3OH + H 2 O, CO 2 + H 2 ↔ CO +
H 2 O) and parameter estimation.
Methods
Catalyst preparation and characterization was followed by activity test in differential
plug flow reactor at atmospheric pressure. The reaction parameters were optimized
and kinetic data was obtained in kinetic regime. The reaction mechanism was
investigated by reaction route analysis [2]. Two rate equation for methanol formation
rate and reverse water gas shift reaction (RWGS) were derived based on LHHW
method. Parameter estimation and curve fitting was performed for the derived model.
Results and Discussion
The catalyst characterization revealed the formation of particular phase and desired
particle size distribution in the final form. Effect of catalyst preparation method and
influence of temperature, CO 2 /H 2 ratio, weight hourly space velocity, and time on

stream on CO 2 conversion, methanol selectivity, and formation rate was studied. The
results in the form of figures are given as under.
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Palladium-Oxo Clusters as Molecular Precursors for
Heterogeneous Hydrogenation Catalysts
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Jacobs University, Department of Life Sciences and Chemistry, Campus Ring 1,
28759 Bremen, Germany. u.kortz@jacobs-university.de
Polyoxometalates (POMs) constitute a large class of discrete metal−oxo anions of
early d-block elements in high oxidation states (e.g. VV, MoVI, WVI). POMs exhibit
tunable shapes, sizes and compositions resulting in a large range of physicochemical
properties which are of interest in catalysis, energy, medicine, and material science
[1].
In 2008, our group discovered the first POM comprising exclusively palladium(II) ions
as addenda [2]. Polyoxopalladates (POPs) represent molecular palladium(II)-oxo
clusters based on square-planar coordinated PdII ions. The family of POPs has
witnessed an impressive development in the last 10 years, resulting in >70 structures
with a fascinating variety of shape, size, composition, and properties [3].
Here we report on the use of discrete POPs of the {MPdII 12 X 8 } nanocube and
{PdII 15 X 10 } nanostar types (M = guest metal ion, X = capping group) as precursors for
the formation of metallic Pd nanoparticles which were supported on a mesoporous
silica support (apts-SBA-15). The catalytic activity of these unprecedented materials
was investigated in the hydrogenation of aromatic compounds. We discovered that
the catalytic activity strongly depends on the calcination temperature. In addition, we
systematically varied the central metal ion guests and capping groups of the POP
nancubes {MPdII 12 X 8 } (M = Mn II , FeIII, CoII, NiII, CuII, ZnII, PdII; X = Se, PhAs, P) and
observed important phenomena in the resulting catalytic activity.
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Introduction
Cu based catalysts are capable of activating small molecules such as CO, H 2 , H 2 O
and NH 3 in reactions including CO oxidation, methanol synthesis from syngas, water
gas shift (WGS) and selective catalytic reduction (SCR) of NO x gas in the engine
exhaust. To promote selective conversion of specific chemical species, different
active Cu species are required. Metallic Cu, Cu 2 O/CuO clusters, Cu2+ dimers and
single site play distinct roles in the existing industrial catalysts. Under certain
reductive atmosphere(CO, H 2 , NH 3 ), oxidative atmosphere (O 2 , H 2 O) or their
mixture, the oxidation states of Cu species are crucial in determining their catalytic
behaviours. It was reported that the rate of CO oxidation decreased with increasing
Copper oxidation state.[1] The strong electron-withdrawing effect of Cerium to Copper
can efficiently modify its redox property and change the stable oxidation state of
Copper under certain atmosphere and temperature. Based on Energy Dispersive Xray Absorption Near Edge Structure (XANES), the valence state of Cu can be studied
under reaction atmosphere with second-scale time resolution. The interaction
between Copper and Cerium can thus be resolved by comparing the redox properties
of Cu species with different content of Cerium. Pure CuO and CuO on neutral support
SiO 2 have also been investigated under the same conditions as references.
Materials and Methods
Pure CuO, CuO-CeO 2 and CuO-SiO 2 composites were synthesized by flame spray
pyrolysis (FSP) method. The precursor solutions were prepared by mixing copper 2ethylhexanoate with cerium 2-ethylhexanoate or hexamethyldisiloxane in a solution of
acetic acid, methanol, and xylene (volume ratio 1:1:2). These precursor solutions
were sprayed at 5 mL/min, dispersed with 5 L/min O 2 , and ignited by a premixed
CH 4 /O 2 (flow rates 1 and 2 L/min, respectively) ring-shaped flamelet. XANES
analysis of the Cu K edge (8.979 keV) was performed at 3.0 GeV on the Beamline
B18 and I20 in the Diamond Light Source (UK).

Results and Discussion

Figure 1 Operando XANES study at Cu K edge of 20 wt% CuO-CeO 2 . a. The gas concentration at
the outlet of the operando reactor as the function of time. b. Contour map of the first derivative XANES
spectra. c. Selection of first derivative XANES spectra at chosen time slot.

Based on our operando XANES study in B18 (Fig. 1), the 20 wt% CuO on CeO 2 is
almost fully reduced to metallic Cu at 180 oC in 5% CO. As a comparison, Cu(II)
species in pure CuO and 20 wt% CuO-SiO 2 are partly reduced to Cu(I) at 200 oC
in 10% CO (recent data from I20, will be presented in the conference). Even with
only 10% CeO 2 in 90 wt% CuO-CeO 2 , Cerium still can efficiently promote Cu(II) to
be reduced to metallic Cu at 200 oC in 10% CO. The electron transfer between Cu
and Ce is further validated by the phenomenon that metallic Cu in both 20 wt% and
90 wt% CuO-CeO 2 are quickly re-oxidized into Cu(I) by Ce4+ in ultrapure He, which
is in agreement with our previous publication.[2] An interesting chemical oscillation
reflected by the rate of CO oxidation triggered by a pulse of CO is observed when
the 90 wt% CuO-CeO 2 is tested for CO oxidation. Cu(II) species is partly reduced
to Cu(I) under the co-existence of CO and O 2 (ratio 1:1 to 4:1). The higher activity
of Cu(I) species towards CO oxidation results in lower concertation of CO and
pushes the balance of oxidation state towards Cu(II). With more Cu(II), the CO
concentration recovers and pushes the balance of oxidation state back to Cu(I).
This oscillation can last for several circles until it completely decays.
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Introduction
The fractionation of lignocellulosic biomass produces the bio-oil that can be
converted into liquid fuel by catalytic hydrodeoxygenation (HDO). This is a multi-step
process that involves: biomass residue treatment [1], lignin/bio-oil depolymerization
[2], and enzymatic hydrolysis [3]. This makes the final product costly, since there is a
need for product separations. Xia et al. [4] proposed a one-pot process involving the
direct hydrogenation of the wood using a Pt/NbOPO 4 catalyst and cyclohexane at
190 °C and 5MPa H 2 for 20 h. They obtained liquid alkanes with mass yields up to
28.1 wt% in a single reaction. Few works investigated integrated strategies for lignin
valorization via direct hydrodeoxygenation of biomass. Therefore, this work
compares the products obtained by Organosolv fractionation process with the direct
HDO of the biomass.
Materials and Methods
20 wt% Mo 2 C/AC catalyst was prepared by incipient wetness impregnation of the
support,

activated

carbon

(AC

–

Merck),

with

an

aqueous

solution

of

(NH 4 ) 6 Mo 7 O 24 .4H 2 O (Merck). After impregnation, the materials were dried at 100 °C
for 12 h. Then, the sample was heated under a 20 % CH 4 /H 2 (v/v) mixture (200 mL
min-1 g oxide -1) at 2.5 °C min-1 up to 650 °C, remaining at this temperature for 2 h. The
delignification of sugarcane bagasse was performed through the Organosolv
treatment using 140 mL of solvent (iPrOH:H 2 O = 7:3, v/v), 3.5 g of the Mo 2 C/AC, 7 g
of sugarcane bagasse. The reaction was conducted in a 300 mL autoclave at 180 °C
for 3 h and 500 rpm. For the direct HDO of bagasse and sugarcane straw reaction,
the Organosolv method was carried out in the presence of 50 bar of H 2 .
The analyses of the chemical composition of biomass were performed following
National Renewable Energy Laboratory (NREL) analytical protocols. The bio-oils

were analysed via GC×GC-TOFMS, according to methodology described by Silva et
al. (2017) [5]. For the enzymatic hydrolysis of solid residues, glucose concentration
released was measured using a biochemical analyzer. A mixture of commercial
enzymes (Celluclast 1.5L and Novozyme 188 at FPU:BGU ratio of 1:3) was used as
source of cellulases and beta-glucosidase, respectively. The vials were sealed and
packed in a rotary incubator maintained at 50 °C and 200 rpm for 72 h.
Results and Discussion
The Organosolv treatment of the sugar cane bagasse produced low
delignification (14 %) and glucose retention in the residue (31 %). The incorporation
of H 2 favored the delignification, which increased from 14 to 69 % and there was
considerable retention of cellulose in the solid residue (75 %). Similar results were
obtained on the direct HDO of straw, with 77 % delignification and 80 % glucose
retention.
For the enzymatic hydrolysis, the solid residue of bagasse Organosolv reaction
led to the highest glucose yield (~67 %) and concentration of glucose (13.7 g L-1).
However, the glucose concentration released on the hydrolysis of HDO bagasse
(13.2 g L-1) and HDO straw (13.1 g L-1) residues is very close to that one for the
Organosolv reaction, even with lower glucose yields (~37 and 43 %, respectively).
This happens because most of glucose was hydrolysed in Organosolv reaction, while
the HDO reaction retained glucose in the solid residue.
The incorporation of H 2 favored the delignification, the solid residue glucose
retention and, consequently, a high glucose concentration was obtained on the
enzymatic hydrolysis, indicating that the direct HDO of the biomass by using the
Organosolv method in the presence of a catalyst has great potential for the
production of fuels. The semi-quantification of the bio-oil is still being processed in
order to evaluate and compare the species present in each bio-oil and these results
will be presented at the congress.
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Intriduction
The carbon-based nanomaterials such as multi-walled carbon nanotubes
(CNTs) used in heterogeneous catalysis attract a growing interest due to their
nanoscale tubular morphology that can offer a unique combination of the low porosity
and a readily accessible surface.
Recently, several studies dedicated to the carbon materials catalytic activity in
the hydrogenation reactions have been reported. Particularly the catalytic activity of
graphenes has been demonstrated in the gas-phase hydrogenation of acetylene and
alkenes. According to the high stability of carbon materials to the carbonization, a
development of novel carbon materials for hydrogenation and dehydrogenation is of
great interest.
The main problem of metal-based dehydrogenation catalysts is carbonaceous
species that inevitably deposits on the surface of catalysts and cause a sharp loss of
activity. The generally accepted view is perspective of metal-free catalysts, such as
catalysts based on nanocarbon based materials, in particular CNT, which are
perspective candidates due to their high stability toward deactivation by
carbonization.

Experimental
The CNT was synthesized by the catalytic decomposition of ethylene on
Ni/CaO catalyst (20% Ni) with the following purification from the catalyst and
amorphous carbon by treatment with nitric acid. The morphology of the CNT was
characterized by SEM, TEM, XRD and Raman spectroscopy. Surface functionalities
were determined by FTIR, XPS and Boehm titration. Surface area was determined by
BET based on Nitrogen adsorption-desorption. The catalytic reactions were carried
out in a stainless steel continuous ﬂow reactor.

Results
Catalytic activity of CNT was determined in the ethylene and acetylene
hydrogenation and ethane dehydrogenation. Results shows, than the ethylene
hydrogenation rate increases from 2.5•10-9 mol•s-1•m-2 at 100 oC to 2.1•10-7 mol•s1

•m-2 at 300 oC respectively. The acetylene hydrogenation rate increases from

4,7*10-8 mol*s-1*m-2 at 80oC to 1,4*10-6 mol*s-1*m-2 at 350oC. In both cases further
temperature increase leads to the conversion decrease. At temperatures higher that
400 oC ethylene and acetylene decomposes in reactor, probably with the formation of
oligomerisated compounds on the CNT surface. In the acetylene hydrogenation the
selectivity to ethylene increase with temperature increase and reaches 90% at
400oC.
In the ethane dehydrogenation reaction during experiment the reaction
products are C 2 H 4 and CH 4 . The reaction occurs at temperatures ≥550 oC and
ethane conversion increases from 0.1% at 550 oC to 50.7% at 800 oC. Resulting
reaction products mixture at 800 oC contains 53% C 2 H 4 , 47% CH 4 .
The structure of catalytic active sites on the surface of the carbon
nanomaterials in the hydrogenation reaction is still an open problem. Particularly, it
was shown that H 2 activation can take place at the carbon atom vacancies [1]. A
possibility of H 2 activation by frustrated Lewis pairs on the carbons surface has been
also discussed [2]. Recently, it has been indicated an activation via the π-π
interaction for aromatic compounds [3].
Our experiments indicate a fairly high stability of CNT in a comparison with the
typical

hydrogenation

catalysts

in

both,

hydrogen-rich

and

ethylene-rich,

atmospheres. This offers new opportunities for the CNT-based catalysts application
in the hydrogenation reaction at high temperatures, in particular, under conditions
when the metal-containing catalysts deactivate due to the carbonaceous deposits
formation.
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Scope
Fischer-Tropsch synthesis, a process that converting syngas from coal, natural gas
and biomass into liquid fuels and other chemicals, is considered as an important way
to maintain the sustainable development of energy [1]. Among the products, higher
alcohols are attracting increasing attentions recently due to its potential applications
as gasoline additives and high value-added chemical materials. The development of
catalysts is one of the most critical parts of regulating the catalysts reactivity and
selectivity of higher alcohols. However, there are still many difficulties in it because of
the lack of a clear understanding of reaction mechanisms of higher alcohols
synthesis (HAS) in Fischer-Tropsch synthesis.
The obtained adsorption energies and the reaction rate volcano plot by
combining the DFT calculation and an improved UBI-QEP+BEP in a model-aided
catalyst prediction (micro-kinetic modeling) could effectively help us understand the
reaction mechanisms, design catalysts rationally and do preliminary catalyst
screening, avoiding aimless searching [2]. Here we designed series of Cu based
bimetallic catalysts for HAS based on the micro-kinetic modeling, aiming at improving
the selectivity of higher alcohols by regulating the metallic elements of Cu based
bimetallic catalysts and their ratios to make the catalyst locate in the region with high
ethanol reactivity and relatively low methanol reactivity in the volcano plot and
optimize the reaction performance of catalysts.
Experiment
Cu based bimetallic catalysts are prepared by liquid reduction method, with carbon
nanotube as a support and some specific elements like Mn as the promoters. NaBH 4
is used as the reducing agent. The catalyst precursors are dried in a tubular reactor
under N 2 as a protective gas and then be passivated by 1%O 2 /Ar (V) for 12 hours

before using. The reaction performance evaluation of catalysts is carried out in a
tubular fixed-bed reactor under conditions of 533 K, 30 bar, H 2 /CO=2.
Results and Discussions
The micro-kinetic modeling results imply that the 15 kinds of bimetallic catalysts with
yellow stars labeled in Fig.1 are with relatively high ratio of ethanol to methanol
reactivity. Considering the attainability and economic factors, Cu 3 Al seems like a
potential bimetallic catalyst for HAS under conditions of 533 K, 30 bar and H 2 /CO=2.

Fig.1 Simulated reactivity for CH 3 CH 2 OH and CH 3 OH production over different metallic elements
bimetallic catalysts in FTS. Reaction condition: T=533 K, P=30 bar, H 2 /CO=2.

Fig.1 also rationalizes the Cu-Fe catalysts often reported for HAS in FTS. Based on
the segregation and mixing energy [3], Cu-Fe catalysts preferably has a subsurface
of Fe under the Cu surface, alerting the C and O binding energy of Cu and making
Cu more active. A series of Cu-Fe catalysts with different molar ratios of Cu to Fe
was prepared by a liquid reduction method and the reaction performance are
summarized in table 1. The lower Cu/Fe ratio resulted in a higher CO conversion, but
lower selectivity to alcohols. The C 2+ OH/C 1 OH ratio increased with decreasing Cu/Fe
ratio. The catalytic performance of CuAl and other predicted catalysts will be
compared to Cu-Fe catalysts. The catalytic performance will be discussed and
correlated to the adsorption properties and more fundamentally to the electronic
properties of the catalysts.
Table 1 Reaction performance of catalysts with different molar ratio of Fe and Cu at conditions of
-1
533 K, 30 bar, P CO =18 bar, P H2 =9 bar, 2000 h
Catalyst

x CO (%)

Alcohols selectivity (%)

C 2+ OH/C 1 OH

1Cu7Fe/CNTs
1Cu3Fe/CNTs
1Cu1Fe/CNTs
3Cu1Fe/CNTs

44.90
43.71
43.77
26.10

20.24
20.35
21.58
22.61

3.77
3.91
3.82
2.79
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Bimetallic Complexes for Oxygen Activation
Maya Singer Hobbs, Ulrich Hintermair, Centre for Sustainable Chemical
Technologies, University of Bath, Bath, UK

Harnessing the reactivity of dioxygen for useful chemical processes, such as aerobic
oxidations or the oxygen reduction reaction for fuel cell technologies, is a challenge
that synthetic chemists have yet to fully tackle. The design of oxidatively robust, and
catalytically active complexes, is therefore of interest.

Background
A series of complexes designed by Llobet and Meyer [1] based on the bis pyridine
pyrazole ligand (Figure 1a) show high activity for water oxidation, and have been
briefly investigated for the oxygen reduction reaction using a model system.[2] The
resting state of the dicobalt system shows a molecule of O 2 bound between the two
metal centres (Figure 1b), suggesting the bimetallic nature of these molecules is key
to their reactivity.

Figure 1a) 3,5-bis(pyridine-2-yl)-pyrazole ligand (Hbpp). 1b) Bis-cobalt(III) (bpp)(trpy)μ-O-O complex
showing the dioxygen bound between the two cobalt centres.

Ligand Variation
In order to investigate the role of steric and electronic factors in the reactivity of these
systems, a series of substituted ligands, and corresponding complexes, have been
made (Figure 2).

Figure 2. Dicobalt complexes with methyl substituents on the pyrazole backbone and ortho position of
the Hbpp ligand.

Initial

investigations

into

these

systems

suggest that the inclusion of steric bulk in the
ortho position of the ligand reduces the rate of
ORR. In addition, the inclusion of a methyl
group on the backbone of the pyrazole also
results in a depression in the rate, although to
a lesser extent than that of the ortho methyl

Figure 3. Variable Time Normalisation

substituents.

Analysis showing decreased activity of
methylated cobalt analogue.

The potential electronic effect of the methyl substituent on the backbone on the rate
of reaction will be further investigated by incorporating an electron withdrawing
substituent in the same position. A series of further functionalised ligand systems
have been synthesised (Figure 4) and their corresponding cobalt complexes

Figure 4. Further substituted ligand variants on the Hbpp system, incorporating unsymmetrical
systems and electron withdrawing substituents.

Conclusion
Initial studies show that changing substituents on the ligand backbone have an effect
on the rate of oxygen reduction, using a model system. The activity of these systems
will further be investigated by changing the electron donating methyl group for a
bromo-substituent. The reactivity of these complexes towards aerobic oxidations will
also be investigated.
The possibility of incorporating other metal centres into these systems, or the
synthesis of heterobimetallic systems also opens scope for further unusual
reactivities.
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Introduction
Porous material with MFI topology has been widely used as acid catalysts in the
petrochemical and oil refining industry. Whereas the location of the acid sites
embedded in zeolite crystals with dimensions of several microns may result in mass
transport limitations during catalytic reactions. Considerable attention has been given
to the strategies which could overcome these limitations by introducing additional
mesoporosity in zeolite crystals. The approach of Ryoo and co-workers to use
diquaternary ammonium surfactants to synthesize ZSM-5 nanosheets was a
breakthrough[1]. However, such surfactants are expensive and require multiple
preparation steps. The attempt to obtain MFI nanosheets with 2.5 nm thickness by
minimizing the use of surfactant via the add of less expensive Na+ or TPA+ ended up
as a failure[2]. The thickness of MFI nanosheets increased as the amount of
surfactant decreased in the synthesis gel.
In this study, ZSM-5 zeolite nanosheets was cooperatively synthesized by combining
diquaternary ammonium surfactant and less expensive mono-quaternary ammonium
surfactant in the synthesis gel. The mono-quaternary ammonium surfactant serves as
filler in the surfactant micelles, thus helps to stablize the micelles and limit the growth
of zeolite nanosheets when only a small amount of diquaternary ammonium
surfactant was used in the synthesis.
Experimental/methodology
Diquaternary ammonium surfactant [C 16 H 33 -N+(CH 3 ) 2 -C 6 H 12 -N+(CH 3 ) 2 -C 6 H 13 ] Br 2
(denoted by C 16-6-6 ) and mono-quaternary ammonium surfactant [C 16 H 33 -N+(CH 3 ) 2 C 3 H 7 ] Br (denoted by C 16-3 ) were synthesized according to our previous work. TEOS,
Al(OH) 3 , NaOH, C 16-6-6 , C 16-3 , and distilled water were mixed to obtain a gel
composition of 100SiO 2 /1Al 2 O 3 /mC 16-6-6 /nC 16-3 /11Na 2 O/6000H 2 O, the obtained
samples were named as ZSM-5(m, n).
Results and discussion

Scheme 1 shows the zeolite crystal growth in the non-cooperative or cooperative
manner. The structure-directing action of Na+ or TPA+ are too slow or too fast for the
cooperative structure direction with the surfactant C 16-6-6 , generating zeolite crystals
with sizes larger than 2.5 nm. On the contrary, the surfactants C 16-6-6 and C 16-3 can
be used in a concerted manner, the growth of the nanosheets would be limited. The
electron microscopy images in Fig. 1 show substantial differences in the morphology
among the various samples. The thickness of the zeolite sheets increased from 2.5
nm to 50 nm as the amount of C 16-6-6 continually decreased in the synthesis gel.
Compared with the sample ZSM-5(1, 0), the
adding of small amount of C 16-3 can largely
limited the growth of zeolite nanosheets (Fig.
1e, j), indicating that the surfactant C 16-3
could work in a concerted manner with C 16-6-6 .
For comparison, bulk ZSM-5 zeolite with
micron-sized

crystals

(Fig.

obtained when only C 16-3

1d,

i)

was

presents in the

synthesis gel.
Scheme 1. Formation of ZSM-5 nanosheets
by cooperative synthesis of C 16-6-6 and C 16-3 .

Fig. 1. SEM and TEM images of ZSM-5 zeolites. (a,f) ZSM-5(7.5, 0), (b,g) ZSM-5(2.5, 0), (c,h) ZSM5(1, 0), (d,i) ZSM-5(0, 1), (e,j) ZSM-5(1, 1).

Conclusions
Cost-effective ZSM-5 nanosheets has been cooperatively synthesized by combining
a small amount of diquaternary ammonium-type surfactant and a less expensive
mono-quaternary ammonium surfactant, the latter could stablize the surfactant
micelles and limit the growth of ZSM-5 zeolite nanosheets.
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Photoelectrochemical water splitting has been regarded as a promising strategy to

obtain hydrogen and thus solves the energy concerns related to the sustainable
development of the humankind. However, the low efficiency seriously impedes its
commercialization progress. Fe 2 O 3 (hematite) and Cu 2 O are among the most widely
studied photoanode and photocathode, respectively, whereas the former suffering from
poor electrical conductivity, short lifetime of the carriers, and sluggish water oxidation
kinetics [1] whilst the latter photocorrosion in aqueous solution. We focus on developing
various

approaches

including

composition

tuning,

morphology

control,

and

heterojunction preparation, and cocatalyst incorporation, to solve these issues.
For Fe 2 O 3 photoanode, proper amount doping of Ge can improve the density of the
charge carriers [2]. Incorporating CuO as a sacrificial template agent removed by NaCl
treatment can tune the Fe 2 O 3 morphologies by increasing the surface area [3]. Besides,
rapid cooling from 800 oC during fabrication can reduce the nanosize of Fe 2 O 3 which
can promote the carrier diffusion from bulk to surface [4]. Furthermore, loading an
amorphous FeCoW oxy-hydroxide nanolayer on Fe 2 O 3 film significantly improves the
performance [5]. The FeCoW layer can store the photogenerated holes from the Fe 2 O 3
film thus inhibiting surface recombination, and the layer can also shift the surface state
to higher location which allows for a lowered onset voltage (V on ). The V on is 0.67 V vs.
RHE and the applied bias photo-to-current efficiency of the composite is 2.7 times
higher than that of the bare Fe 2 O 3 .
For Cu 2 O photocathode, we found that the photo-corrosion is strongly dependent on
the facet. The {100} and {110} crystal facets are selectively corroded by the photo-

generated holes whereas the

facet {111} is comparatively stable [6]. By preparing

core/shell structured Cu/Cu 2 O photocathode on Cu mesh with a simple thermal
converison process, the photocurrent density can be further improved by carbon coating,
which is enchanced from -1.5 to -2.75 mA/cm2 at 0 V vs. RHE. However, the depostion
of carbon films on Cu 2 O has little effect on improving the stability[7].
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1. Introduction
The oxidative coupling of methane (OCM) is a fascinating reaction, since this
reaction converts methane, a main component of natural gas, to C 2 compounds (i.e.,
ethane and ethylene), which are platform chemicals in chemical industry. In this
context, heterogeneous catalysts that synthesize C 2 compounds in both high yield
and selectivity and also suppress side reactions need to be devised. To hamper side
reactions, methyl radical, an intermediate of the OCM, should not be released into
gas phase from catalyst surface, because it readily reacts with other gaseous
species to be CO 2 . Considering the confinement of methyl radical into/onto catalysts,
microporous zeolites containing active sites are expected to be good catalysts for the
OCM reaction.
This idea motivated us to incorporate active species into zeolite framework. We
previously prepared [Ti]- and [Sn]-MFI zeolites via our novel two-step method
consisting of mechanochemical reaction of two solid materials (SiO 2 and heteroatom
source) and subsequent hydrothermal synthesis [1,2]. In this work, we applied this
method to preparation of [Mo]-MFI, and investigated its catalytic activity in the OCM.
2. Experimental
SiO 2 and MoO 3 were milled together at 600 rpm for 24 h with planetary ball-mill.
As-prepared sample was characterized by XRD, UV-vis, FT-IR, and TEM-EDS. This
prepared sample, SiO 2 , (n-C 3 H 7 ) 4 NOH aq., 2 M KCl aq., and H 2 O were charged into
an autoclave, and then the mixture was stirred at 160 °C for 120 h. The precipitate
was washed, dried, calcined at 550 °C for 12 h, and treated in 2 M NH 4 NO 3 at 80 °C
for 3 h. After calcination at 550 °C for 12 h, [Mo]-MFI was obtained.
The OCM reaction was conducted by using a fixed-bed flow reactor. 100 mg of
[Mo]-MFI was charged into a quartz tube, and mixed gas of CH 4 , O 2 , and Ar (their
flow rates were 8.0, 2.0, and 2.5 mL min-1, respectively) was flowed through the

catalyst bed at 600 °C. The reacted gas mixture was analyzed by both GC-TCD and
GC-FID.
3. Results and Discussion
After the milling, any diffraction peaks
derived from MoO 3 were not observed,
indicating no crystalline phase of either SiO 2
or MoO 3 . UV-vis and FT-IR spectroscopy
showed the presence of tetrahedral Mo
species with Si–O–Mo bonding. The TEMEDS image suggested that the sample has
a core-shell structure, where core and shell
consist of Si and Mo, respectively (Figs. 1A
and 1B). These data indicate that during the
milling, mechanochemical reaction occurs at
the interface of SiO 2 and MoO 3 , to form Si–

Fig. 1 TEM-EDS images of amorphous
precursor and [Mo]-MFI.

O–Mo bonding. In contrast to the reported mechanical alloying process [3], the
blending of two oxides forms such Si–O–Mo bonding, which leads to the
amorphization.
The hydrothermal treatment of amorphous precursor and SiO 2 successfully
prepared [Mo]-MFI, where the addition of SiO 2 is a key to the formation of crystalline
zeolite framework, since the dilution of Mo species in solids allows the material to be
crystalline. Another key is the use of amorphous precursor, from which Si–O–Mobond-containing complexes were once dissolved and then were reprecipitated as
[Mo]-MFI; as a result, Si–O–Mo bonding originally present in the precursor was
maintained and Mo species were dispersed well in the whole [Mo]-MFI particles (Figs.
1C and 1D).
Thus prepared [Mo]-MFI was tested as catalyst for the OCM reaction. It should
be noted that we observed the production of C 2 compounds over [Mo]-MFI even at
the reaction temperature of as low as 500 °C. At 600 °C, [Mo]-MFI produced
0.0093% yield of C 2 compounds with 0.22% yield of CO 2 , while 1 wt% MoO x /MFI
produced the same degree of C 2 compounds with 15-fold larger amount of CO 2 . This
comparison suggests that the Mo species in the zeolite framework work as more

active and selective sites for the OCM reaction than ones simply deposited on the
zeolite surface.
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1 Introduction
Hydrogen is a very important element for needs of chemical industry, oil and
biorefinery, and also has a perspective to be used as a clean energy carrier [1].
Aqueous-phase reforming (APR) is a promising technology which allows the
formation of H 2 directly from aqueous solutions of various organic compounds [2].
Generation of H 2 by liquid phase reforming at low temperatures is accompanied by
selectivity challenges because the reaction of H 2 , CO or CO 2 to form alkanes is
highly favorable at these low temperatures [3]. The H 2 selectivity is dependent on the
type of metals, the nature of the support, the feed reactant molecules, and the
reaction conditions. Pt, Ru, Pd, Ni and Rh metals have been reported to have a
catalytic activity for APR reaction [4]. Among these metals, Ru and Pt were
considered as high efficient catalysts. In the present study, the effects of reaction
conditions on the APR reaction of methanol and ethanol over Ru/Al 2 O 3 and Pt/Al 2 O 3
catalysts were investigated.

2 Results and discussion
The Ru/Al 2 O 3 and Pt/Al 2 O 3 catalysts were prepared using a conventional
impregnation method. The catalysts were characterized by X-ray powder diffraction,
transmission electron microscopy, N 2 sorption, and CO chemisorption techniques.
The performance of the catalysts was tested in a continuously operated tubular
stainless steel reactor. In the APR reaction of methanol over Ru/Al 2 O 3 , H 2 , CH 4 and
CO 2 were the major products in the gas phase. Minute amount of CO was detected
during the reaction that indicated the water-gas shift reaction to form CO 2 was
expected to occur very rapidly under aqueous phase reaction conditions. The
selectivity of CH 4 increased obviously while the selectivity of H 2 decreased during the
increase of reaction temperature due to the strong ability of Ru for CO and CO 2
hydrogenation. The selectivity of H 2 and CO 2 increased from 20.7% and 34.5% to
67.2% and 58.3% as the feed flow rate increased from 1h-1 to 10h-1 (as shown in

Figure 1). In the APR reaction of ethanol over Ru/Al 2 O 3 , H 2 , CH 4 and CO 2 were the
main products in the gas phase. Very low levels C 2 H 6 and CO were detected. The
selectivity of H 2 was constant during the increase of reaction temperature. The ratio
of CH 4 and CO 2 was 1:1 at 210℃ and shifted to 1.5:1 at 230℃. The selectivity and
products distribution in APR of methanol and ethanol were compared in different
reaction temperature and feed flow rate. In the APR reaction of methanol over
Pt/Al 2 O 3 , H 2 , and CO 2 were the major products in the gas phase. None CO was
detected during the reaction. The activity of methanol reforming increased sharply
during the increase of reaction temperature, while the selectivity of H 2 kept over 98%.
In the APR reaction of ethanol over Pt/Al 2 O 3 , H 2 , CH 4 and CO 2 were the main
products in the gas phase, which indicated the Pt/Al 2 O 3 have high activity of
cleavage of C-C bond. The possible reaction pathways were discussed.
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Introduction
Pt/MgAlO x are promising catalytic systems for their use in the reactions of
dehydrogenation of light and higher alkanes. Supports for these catalysts are mixed
oxides MgAlO x , made by calcination of layered double hydroxides (LDH) at
temperatures. Mixed oxides possess moderate basicity and high specific surface
areas, and their properties can be easily regulated by changing the composition of
their precursors, i.e., LDH. Platinum catalysts are more active and selective
compared with the systems based on chromium oxides. But platinum based catalysts
are rapidly deactivated. Moreover, composition of Pt/MgAlO x , as well as conditions of
reaction of propane hydrogenation when this type of catalyst is used are still not
optimized.
Therefore the aim of these work was synthesis of the Pt/MgAlO x catalysts with
different platinum active sites localization and support basicity (different Mg/Al ratio),
and investigation of the catalytic properties of the catalysts in propane
dehydrogenation at different conditions and studying their deactivation processes.

Experimental
MgAl-LDH-CO 3 (with CO 3 2- anions into interlayer space) were synthesized by
coprecipitation method by adding of magnesium and aluminum nitrates to sodium
carbonate at constant pH = 10 and temperature = 60 °С. «Activated» LDH with
preferential content of OH- anions in interlayer space (MgAl-LDH-OH) were made by
calcination of MgAl-LDH-CO 3 at 550 °C and subsequent rehydration in distilled
water. The platinum anchoring on selected supports was carried out by using of
excess of H 2 [PtCl 6 ] solution. The concentration of metals in catalysts (after
dissolution) was estimated by inductively coupled plasma atomic emission
spectroscopy on a Varian 710-ES system. The catalytic properties of the systems

were investigated in propane dehydrogenation (sample loading 0.5 g., the molar ratio
H 2 /C 3 H 8 = 0 or 0.25, atmospheric pressure, feed space velocity of 8 g h–1). The
reaction temperature was 550, 590 и 620 °С. Before each experiment the samples
were oxidized and reduced at 620 °С. Thermal analysis of deactivated samples was
carried out at STA-449C Jupiter (Netzch) instrument. Platinum dispersion in catalysts
was estimated by hydrogen chemisorption on AutoChem II 2920 («Micromeritics»)
device with thermal conductivity detector (TCD).
Results and discussion
For the Pt/MgAlO x catalysts prepared by using of OH-containing support
precursors, decrease of propane conversion during the reaction occurred. Herewith
the greatest propane conversion and propylene selectivity (more than 97 %) without
significant coke deposits on the surface (according to thermal analysis data) were at
590 °С. The Pt/MgAlOx catalysts obtained using carbonate-containing support
precursors, were characterized by lesser activity at 550 и 590 °С compared with the
catalysts prepared from OH-containing precursors. Propane conversion at 620 °С
rose with time as a result of increasing the contribution of non-target C – C bond
hydrogenolysis reactions. Higher activity of Pt/MgAl-OH catalysts, made by using of
MgAl-OH-LDH, was explained by more platinum dispersion and larger amount of
metallic platinum in the catalysts. The resulting kinetic curves were described by a
model that takes into account deactivation by the formation of coke (the main source
of coke is propylene), which is accompanied by the self-regeneration of the catalyst
under the action of hydrogen.
Characterization of the catalysts was performed using equipment of the Omsk
Regional Center of Collective Usage, Siberian Branch of the Russian Academy of
Sciences. The work was financially supported by the Ministry of Science and Higher
Education of the Russian Federation in accordance with the Program of fundamental
scientific research of the State Academy of Sciences for 2013-2020 in direction V.46,
project V.46.2.4. (project registration number AAAAA17-117021450095-1).
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Introduction
Methanation of CO 2 has drawn a considerable attention due to its potential for
the production of substitute syngas, demanding for the storage of excess electrictiy.
This reaction occurs competitively with a reverse water gas shift reaction and CO
methanation. With the exothermic nature of the reaction, the CO 2 conversion is not
favorable at a high temperature operation. To overcome this problem, hihgly active
catalyts at low temperatures are required. Ni catalysts are commonly chosen due to
their low cost and high activity. The nature of the support was also found to affect the
reaction. It was reported [1] that Ce-Zr oxides have demonstrated as a good potential
for the catalyst support for methanation due to its advantages, including good redox
properties, high thermal stability, resistance to sintering and coke formation. In this
work, we prepared high Ni loading over Ce-Zr catalysts via one-pot hydrothermal
synthesis
Experimental
Ni 1-x Ce 0.75x Zr 0.25x O δ catalysts were prepared via one-pot hydrothermal synthesis
adopted from what reported elsewhere [2]. Typically, 0.1 M of metal salt solutions
were premixed to the desired ratio of Ni/Ce/Zr. The resultant solution was then mixed
with 0.4 M of urea solution at the metal to urea ratio of 2:1. Then, the solution was
transfered to teflon lining autoclave and kept at 105oC for 50 hrs. CO 2 methanation
was carried out in a packed bed reactor (i.d. 0.6 mm) placed in a tubular furnace
equipped with temperature controllers. The products were analyzed using Shimadzu
GC14B gas chromatograph equipped with TCD and Alltech CTR I and Supelco
Carboxen columns.
Results and discussion

The XRD patterns of the catalysts showed a typical cubic fluorite structure of
CeO 2 indices at 2θ = 28o, 33o, 48o and 58o. The additional of Ni at a low loading
(below 15 wt%) was not found significantly to affect the XRD patterns indicating
a dissolution of Ni in Ce-Zr structure. However, at a higher loading, the separation
peaks at 37o, 43o, 63o and 75o attributed to NiO. The presence of Ni also influenced
the lattice parameter of pure mixed oxides. This might be due to the incorporation of
nickel ions into the Ce-Zr sturcture, as thier ionic radius is smaller than zirconium
ions radius [3]. BET surface areas the catalysts are in the range of ca. 140-190 m2/g.
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Fig. 1 Results of catalytic performances (a) CO 2 -Conversion and (b) CH 4 -yield.

As shown in Fig. 1, the Ni 1-x Ce 0.75x Zr 0.25x O δ catalysts were superior to a bare Ni
catalyst. The CO 2 conversion is quite close to the equilibrium even at 200 oC. Ni6.0
catalyst was found to be the most active with the Ni loading of up to 71.5 wt%. At
above 450oC, methane selectivity was decreased as a reverse water gas shift
reaction starts to contribute to the overall reactions.
Conclusions
It can be concluded that high Ni loading: Ni 1-x Ce 0.75x Zr 0.25x O δ catalysts can be
prepared via hydrothermal synthesis, resulted with high surface area catalysts. Ni6.0
catalyst was reported to be the most active catalyst showing a good acivity even at
low temperature.
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Natural gas is an abundant source of energy. However, it is an underutilized
feedstock for the production of liquid transportation fuels. Methane is the main
component of natural gas (80%-95% by volume). Therefore, conversion of abundant
methane to fuel range hydrocarbons has attracted significant attention, which can
offer many advantages like high energy density, safer storage and less transportation
cost.
Direct conversion of methane is very economical and environmentally friendly, but it
is challenging due to the symmetrical tetrahedral structure of methane with high C-H
bond strength of 435 kJ/mol [1]. Methane activation in presence of gaseous oxygen
has been widely investigated, but the irreversible deep oxidation of hydrocarbons
presents the low aromatic selectivity. The non-oxidative catalytic route is a potentially
attractive option, where methane is directly converted to aromatic compounds in
absence of gaseous oxygen. But, high deactivation caused by coking of catalyst at
high operating temperature is the major obstacle to industrial adoption of this
technique. The presence of soft oxidant as a co-reactant with CH 4 can manipulate
the incompatible side reactions and suppress the coke formation, due to activation of
methane molecule at low temperature [2].
Present work was undertaken to investigate the conversion of methane over
bifunctional zeolite catalyst, i.e., Mo-Ga/MCM-22. Due to difficulty in direct activation
of methane, methanol was used as an oxygenate co-reactant. MCM-22 (SAR=30)
was prepared by hydrothermal method and it was modified with Mo and Ga using
ion-exchange techniques. The prepared catalysts were characterized by XRD, FT-IR,
BET surface area and FE-SEM techniques. The catalyst activity was tested in a fixed
bed quartz tube reactor at 565°C under atmospheric pressure.

The effect of metal loading over MCM-22 zeolite was studied for its activity in
methane dehydroaromatization reaction (MDA). 2 wt% Mo and 2 wt% Ga metal
loading over the MCM-22 support exhibited the maximum methane conversion of
26%, with 88% selectivity to aromatics at a gas hourly space velocity of 1200 cm3gm1 -1

h and methane to methanol mole ratio of 6. The TGA analysis revealed low coke

weight loss from deactivated catalyst in the presence of methanol as a co-reactant.
No structural collapse was observed at high temperature, which indicated the stability
of catalyst during reaction.
The acidity and shape selectivity of MCM-22 zeolite support towards higher
hydrocarbons was a key factor for effective methane conversion [3]. The modification
of MCM-22 with Mo and Ga was appropriate for proper tuning of acidic and metallic
sites of catalyst [4].
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Alkylation of benzene with propylene is an industrially important reaction for the
production of isopropylbenzene, an intermediate for the production of acetone and
phenol. Beta and MCM-22 zeolites as solid acid catalyst, have been successfully
applicated in the processes of alkylating benzene with propylene to form
isopropylbenzene[1,2].
In this paper, a briefly study to obtain core-shell Beta/MCM-22 micro-microporous
composite zeolites is reported. We expect it will have advanced physical structure
and exhibit higher activity and selectivity in the reaction of alkylation of benzene with
propylene.
Beta/MCM-22 composites were produced by conventional hydrothermal process.
Chemical materials, silicasol, NaAlO 2 , NaOH, HMI and Beta zeolites were purchased.
Beta calcined in air at 300C for 3h, were pretreated through a Ar-H 2 plasma (50W,
H 2 /Ar=1.25, 70mTorr) at room temperature using Gatan 950 plasma system[3]. The
typical batch composition in terms of molar ratio was: SiO 2 : Al 2 O 3 : OH-: HMI: H 2 O=1:
0.033: 0.10: 0.35: 25, Beta excluded here.The As-synthesized powders calcined at
550℃ in air for 5h in a muffle furnace to remove organics, were charactered via
various methods such as XRD, SEM and TEM.
The XRD patterns of Beta, plasma-pretreated Beta, MCM-22, and Beta/MCM-22 are
shown in Fig. 1. The patterns of both Beta zeolites are in good agreement with those
reported previously, indicating plasma treating does not damage the crystalline
structure of Beta. The patterns of Beta/MCM-22 are very complex. The peaks at 7.7°,
21.7°, 22.4°, 25.4°, 26.8° and 29.6°were assigned to the diffraction of Beta- rays,
while these peaks at 7.1°, 7.2°, 8.1°, 10.0°, 14.2°, 26.1° and 28.1° can be assigned to
MCM-22.

SEM and TEM results as shown in Fig. 2. The images of the composite with uniform
morphology are obviously different from the Beta zeolites which look smooth (Fig. 2b).
The surface morphology of the composite shows flakes similar to MCM-22 in Fig. 2c
and 2d. The results of EM exhibit the Beta/MCM-22 composite core-shell structure
instead of physical mixture.
The reasons for our uniform Beta/MCM-22 composite zeolites attribute to the surface
energy, Si-OH groups and surficial positive charges of Beta zeolites, which pretreated by Ar-H 2 plasma.
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Universidad de Cordoba2, Cordoba2, Spain2; Antonio A. Romeo3, Universidad de
Cordoba3, Cordoba3, Spain3; Jagdeep Singh4, Avantium4, Amsterdam4, The
Netherlands4; Ed de Jong5, Avantium5, Amsterdam5, The Netherlands5; Jan C. van
der Waal6, TNO6, Delft6, The Netherlands6; Rafael Luque7, Universidad de
Cordoba7, Cordoba7, Spain7.

Biomass by-product valorisation through catalytic approaches
Production of chemicals (e.g. plastics) from biomass is taking hold as a valid
renewable alternative to the traditional and polluting petroleum-based chemistry [1].
In particular, the acid-catalysed hydrolysis of lignocellulosic biomass would give an
economic and easily-implemented process for a variety of platform chemicals (e.g.
furanics, levulinates) that possess a wide application potential [2]. However, when
(hemi)cellulosic sugars are in the presence of heat and an acid catalyst (being either
homogeneous or heterogeneous), a dark and insoluble product is formed known as
humin by-products [3]. Also known simply as humins, these by-products could have
high yields being the thermodynamic favoured product [4], thus close to being
inevitable. Few minimization studies can achieve low humins yields, although
employing expensive measures (e.g. ionic liquids [5]) whose industrialisation would
not be able to compete with the current petroleum-based market.
Also, new sustainability approaches call for the implementation of a circular economy
(i.e. make, use, reuse), where the concept of waste becomes obsolete and
everything finds value and application [6]. Along these lines, valorisation of humins
becomes crucial to the development of an economically viable bio-industry. Some
valorisation routes of these by-products to syngas [7], aromatics [8], adhesives [9],
and composites [10] are being explored in the scientific community.
Catalysis as a broad concept can become an ally to humins valorisation, as well as
the understanding of their nature and structure. In fact, herein we propose the use of
catalysis as a basis for structural identification of humins by means of catalytic
(transfer) hydrogenolysis and analysis of decomposition products. The information
obtained from the classes of products identified and their reactivity (e.g. Diels-Alder
rearrangement to aromatics) can then be employed to further develop humins
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applications, such as (photo)catalytic transformations to valuable products (e.g.
organic acids) or the use of humins as carbon-sources for catalytic nanocomposites
active in selective oxidations. In particular, batch [11] and continuous flow oxidation
of isoeugenol (i.e. potentially lignin-derived molecule) to high added value flavouring
agent vanillin has been explored.
Overall, catalysis has the potential to further upgrade biorefineries’ by-products, thus
improving the economical competitiveness of bio-based industries as opposed to the
traditional petroleum market.
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Integrated TiC-SiC Supported Co Catalysts with Enhanced Active
Phase Dispersion in Fischer–Tropsch Synthesis
Qian Jiang1, Yuefeng Liu1, Dangsheng Su1
1 DNL, Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian
116023, China
Silicon carbide (β-SiC) has been reported as an efficient support for
Fischer-Tropsch synthesis (FTS) reaction with good stability and high C5+ selectivity
due to the physical properties with high mechanical strength, high thermal conductivity,
high oxidative resistance and meso- and macroporous structure [1, 2]. While the
chemical inertness of this support resulting in the low metal−support interaction of
β-SiC support cobalt based catalyst thus leading to the relatively low CO
hydrogenation performance. In this work, titanium carbide-decorated silicon carbide
(TiC-SiC) supported catalyst with improved metal−support interactions were
synthesized and tested in FTS reaction. Additionally, Pt promoter was also considered
for the further improvement of the catalytic performance.
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Figure 1 CO conversion (a) and C2-C5 olefin/paraffin ratios (b) as a function of time

on stream of Co/β-SiC, CoPt/β-SiC, Co/TiC-SiC and CoPt/TiC-SiC catalysts.
HAADF-STEM images and EDS elemental mapping (c, scale bar 50 nm) after
reduction for CoPt/TiC-SiC by in-situ STEM

It can be apparently seen that the incorporation of TiC in the support as well as
the introduction of Pt promoter both benefit the FTS performance (Figure 1) with the
C5+ productivity of 123 g/kg cat/h, 260 g/kg cat/h, 302 g/kg cat/h and 390 g/kg cat/h
for Co/β-SiC, CoPt/β-SiC, Co/TiC-SiC and CoPt/TiC-SiC, respectively. Small particles
were observed when TiC-SiC was used as the support or Pt was introduced (see
STEM images) with the metallic cobalt surface area (see H 2 chemisorption resluts) of
3.30 m2/g cobalt , 5.74 m2/g cobalt , 6.04 m2/g cobalt and 7.33 m2/g cobalt , respectively, meaning
that active sites were better dispersed. Metallic cobalt also provides the active sites
for H 2 dissociation thus the catalyst with bigger metallic cobalt surface area presents
lower olefin/ paraffin ratio (C2-C5) in the products. Co/TiC-SiC shows lower CO
hydrogenation temperature than Co/β-SiC in CO-TPSR.
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Potentials of Zeolite-catalyzed Transacetalization Reactions of
Oxymethylene Dialkyl Ethers
Philipp Haltenort, Ulrich Arnold, Jörg Sauer,
Karlsruhe Institute of Technology (KIT),
Institute of Catalysis Research and Technology (IKFT),
Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany

Oligomeric oxymethylene dialkyl ethers are acetals of the type R 1 O(CH 2 O) n R 2 . Their
molecular structure exhibit high oxygen contents and in case of oxymethylene
dimethyl ethers (OMDME n , CH 3 (CH 2 O) n CH 3 ) they provide a complete absence of
carbon-carbon bonds. OMDMEs caught interest due to their high compatibility with
self-ignition engines in recent years [1,2]. Their application as fuel or fuel additive
leads to a tremendous reduction of soot and NO x emissions from internal combustion
machines [3]. Transacetalizations are a unique type of acid-catalyzed reactions of
acetal compounds (Scheme 1) and enable the exchange of CH 2 O units (1) and endcapping groups (2). Furthermore, both outlined modifications could appear
simultaneously (3). Previous work on OMDMEs showed that transacetalization
reactions according to (1) equilibrate oligomeric compounds according to a SchulzFlory distribution [4].
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Scheme 1. Transacetalization reactions of oxymethylene dialkyl ethers for the exchange of
CH 2 O units (1), exchange of end-capping groups (2) and their simultaneous appearance (3).

The presented work describes an experimental study on the potential of
heterogeneously catalyzed transacetalization reactions, employing highly acidic large
pore zeolites. Results regarding product modification and exchange of end-capping
groups are shown in Figure 1. The transacetalization of OMDME 1 and OMDME 3
(Figure 1 - A) tends to a Schulz-Flory product distribution of OMDME 1-5 . The reaction
proceeds within a few minutes, under mild conditions, at low catalyst loading and

would therefore be easily applicable on technical scale. A feasible application of this
concept would be an efficient upgrading of long-chain OMDMEs (OMDME >6 ) with
OMDME 1 to oligomers for solvent (OMDME 2 ) and fuel (OMDME 3-5 ) applications.

Figure 1: Mole fraction X i over time for the transacetalization reactions of (A) 0.05 mol OMDME 1
and 0.05 mol OMDME 3 (0.3 g BEA25 /mol reactants , 25 °C, 1 atm, 800 rpm) and (B) 0.17 mol OMDME 1
and 0.17 mol OMDEE 1 (0.6 g BEA25 /mol reactants , 30 °C, 1 atm, 800 rpm) with catalyst inhibition
(inh.) by addition of 0.18 g H2O /mol reactants .

The exchange of end-capping groups between OMDME 1 and OMDEE 1 (Figure 1 - B)
leads to the formation of ethoxy methoxy methane (EMM) and indicates the potential
for the synthesis of well-defined acetal compounds by this strategy. Due to their
manageable efforts on analytics, mild reaction conditions and the possibility of kinetic
tuning, reactions according to (2) have a promising potential as model reactions for
catalyst and reactor characterization. The kinetic modification of zeolite catalyzed
reactions by water was identified previously [4] and investigated in detail for the large
pore zeolites BEA25 (Figure 1 - B) and Y30 within this study. Our work therefore
contributes to a better understanding of transacetalization reactions, their interaction
with zeolite catalysts and outlines related applications for technical and modelling
purposes.
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Catalytic hydropyrolysis – Effect of CoMo loading and support
acidity
M.Z. Stummann, Technical University of Denmark (DTU), Kgs. Lyngby, Denmark;
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1. Intro
Recent research has shown that catalytic hydropyrolysis of biomass is an efficient
process for the production of renewable liquid fuels [1,2]. In this process fast
pyrolysis and hydrodeoxygenation (HDO) is combined, ensuring that the reactive
oxygenates formed during the pyrolysis, which may participate in polymerization
reactions [3], are hydrogenated immediately, thus leading to a stable product with a
low oxygen content compared to pyrolysis oil [4]. However, despite being a very
promising process, there is very limited information in the open literature regarding
the effect of the catalyst in the fluid bed reactor.
In this work we have investigated the effect of the CoMo loading and the support
acidity on the product distribution and composition. The catalysts were tested in their
sulfided form. The oxide catalyst precursors were characterized with BET, ICP-OES,
NH 3 -TPD, and Raman spectroscopy, and the spent catalysts were studied with SEM
and STEM. The organic phase was analyzed with GC×GC-MS/FID, GC-AED, and
the S, H, and O concentrations were measured.
2. Results and discussion
Catalytic hydropyrolysis of beech wood was conducted in a fluid bed reactor at 450
°C and 26 bar pressure. Using MgAl 2 O 4 (MgAl) as support the CoMo loading was
varied between 4 and 12 wt.% with a Co/Mo atomic ratio of 0.3. The effect of the
support acidity was tested by maintaining a CoMo loading of 4 wt.% and testing two
supports consisting of zeolite (H-ZSM-5) mixed with alumina, denoted at CoMoZA#1
and CoMoZA#2. CoMoZA#2 contained 44 % more zeolite than CoMoZA#1.
Increasing the CoMo loading from 4 to 12 wt.% decreased the condensable organic
yield from 25.2 to 22.7 wt.% dry ash free basis (daf) while increasing the C 1 -C 3 yield
from 10.3 to 14.0 wt.% daf, as shown in Figure 1. Using CoMoZA#1 and CoMoZA#2
decreased the condensable organic yield to 24.4 and 23.9 wt.% daf, respectively.

The C 1 -C 3 gas yield also increased to 13.0 wt.% daf for CoMoZA#1 and 13.9 wt.%
daf for CoMoZA#2 mainly due to an increase in the C 2 -C 3 yield.
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Figure 1 Effect of the CoMo loading and support acidity on the condensable organic yield (A),
and gas yield (B).

Analysis of the condensed organic phase showed that the concentration of
monoaromatics and napthenes increased with increasing CoMo loading, while the
concentration oxygenates decreased, see Figure 2. Using CoMoZA#1 and
CoMoZA#2 efficiently removed the oxygenated aliphatics, and increased the
concentration of aromatics.
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Figure 2 Effect of the CoMo loading and support acidity on the concentration of napthenes,
mono and diaromatics (A), and oxygenates (B).
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HYDROPROCESSING OF GASOLINE AND DIESEL FRACTIONS ON MODIFIED
Ni(Co)-Mo-Al 2 O 3 CATALYSTS
B.T.Tuktin, A.C.Tenizbaeva, Zh.A.Sailau
D.V. Sokolsky Institute of Fuel, Catalysis and Electrochemistry.050010, Kunaev st.
142, Almaty, Kazakhstan.e-mail: tuktin_balga@mail.ru

In connection with the involvement in the processing of high-sulfur fuel oil and
the deepening of its processing, the requirements for catalysts for hydropurification
gasoline and diesel fractions of oil have increased. Due to the need to deepen oil
refining, the proportion of secondary processes increases, including thermal and
catalytic cracking. In gasoline secondary processes there are large amounts of
olefins, sulfur and nitrogen which reduce their stability. These gasoline fractions are
not stable during storage, the olefin hydrocarbons contained in them, due to oxidation
and polymerization which lead to the decrease of their commercial qualities. In the
process of hydropurification of catalytic cracking and coking gasoline, hydrogenation
of olefin hydrocarbons also occurs along with the hydrogenation reaction of organic
sulfur compounds, which usually leads to a decrease of the octane number.
Modified zeolite catalysts for hydropurification and hydroizomerization of
gasoline and diesel fractions were developed and prepared: KGO-18 (CoO-MoO 3 REE-P-Al 2 O 3 -ZSM), KGO-6 (NiO-MoO 3 -REE-P-Al 2 O 3 -ZSM) andKGO-16 (CoOMoO 3 -REE-P 2 O 5 -Al 2 O 3 -ZSM-HY). The catalysts were prepared by impregnating a
mixture of aluminum hydroxide and ZSM, HY zeolites with aqueous solutions of
nickel, cobalt, molybdenum, and the introduction of modifying additives (REE (Rare
Earth Elements), P). Hydroprocessing of gasoline and diesel fractions were carried
out in a flow-through installation with a stationary catalyst bed at temperatures of
320-400°C, raw material flow rate 2 hours-1, pressure 4.0 MPa.
The results obtained by hydroprocessing of various gasoline fractions
showsthat the KGO-18 catalyst has the highest hydrodesulfurization activity. The
sulfur content of catalyzate during hydroprocessing of straight-run gasoline at a
temperature of 400°C is less than 0.001%. On the KGO-6 catalyst, the octane
number after hydroprocessing of straight-run gasoline rises to 94.9, which is
significantly higher than on other catalysts, and this is mainly due to its high
hydroizomerizing activity.

When hydroprocessing of catalytic cracking gasoline on the KGO-18 catalyst
at 320-350°C, the content of isoalkanes increases from 25.4 to 42.6-48.1%
comparing to the initial one. The content of aromatic and naphthenic hydrocarbons
varies from 30.1 to 36.1%, from 7.0 to 10.4%, respectively. The amount of olefin
hydrocarbons under these conditions decreases sharply from 31.2 to 4.3-3.3%. The
octane number of the gasoline produced practically does not change. It should be
noted that catalytic cracking gasoline hydrated on the KGO-18 catalyst at 3200С has
a sulfur content of 0.0033% (in the original 0.0134%), which indicates a rather high
hydrodesulfurization activity of this catalyst.
Tests of KGO-18, KGO-16 and KGO-6 catalysts were carried out in the
process of hydroprocessing of the diesel fraction of oil. With an increase in the
process temperature to 400°C, the sulfur content on the KGO-18 catalyst decreases
to 0.0683%, on KGO-16 to 0.0429%, respectively. The highest hydrodesulfurization
activity in the processing of diesel fraction has the catalyst KGO-6. The residual
sulfur content in the reaction products of the hydrodesulfurization of the diesel
fraction on this catalyst under optimal conditions is 0.0013% andthere is a significant
decrease in temperature and freeze point, due to the high hydroizomerizing activity of
these catalysts.
By the TPD method of ammonia it has been established that the catalysts are
characterized by the presence of mainly acid sites with an ammonia desorption
temperature of 195-2200С. The highest concentration of acid sites with an average
binding energy (desorption temperature T max = 210°C) is characteristic of the KGO-6
catalyst, which determines its high hydroizomerizing activity in the hydroprocessing
of gasoline and diesel fractions. According to the results of electron microscopy and
TPD of ammonia, on the surface of these catalysts, acid sites coexist with metal
ones: the presence of acidic, M0 - or Mn

+

- metal and mixed centers are

characteristic. The composition of acid centers can include metals in various degrees
of oxidation, fixed both inside the zeolite cavities and on their outer side. Their
simultaneous presence ensures the multifunctionality of the catalytic system.
Thus, multifunctional modified zeolite-containing catalysts for hydroprocessing
gasoline and diesel fractions have been developed, which are capable of
simultaneously performing hydropurification, hydroizomerization and hydrocracking in
one stage and allow to obtain environmentally clean high-octane gasoline and lowsulfur of low-condensation diesel fuel that conform to international standards.

Density Functional Theory-Based Microkinetic Analysis of
Oxidative Coupling of Methane Catalyzed by
Pure and Lithium-Doped Magnesium Oxide
Atsushi Ishikawa, Japan Science and Technology Agency (JST), Saitama, Japan
Yoshitaka Tateyama, National Institute for Materials Science (NIMS), Tsukuba, Japan

1. Introduction
The oxidative coupling of methane (OCM) has long been studied becuase it is an effective
approach to make higher hydrocarbons from natural gas. The reaction mechanism is
complicated because it involves both gas-phase and surface-mediated reactions. For the full
understanding on the reaction mechanism, theoretical study, especially from atomic or
molecular level is helpful. At the same time, macroscopic scale simulation is also important
from practical aspect becuase estimation of activity such as CH 4 conversion and selectivity of
target C 2 compounds is needed to discover new catalyst systems. To this aim, we carried out
density functional theory (DFT) combined with microkinetics and chemical reactor modeling,
as this approach enables the activity and selectivity prediction from atomic or molecular level
simulations.

2. Theoretical method
We investigated the OCM reaction
2CH 4 + O 2 → C 2 H 4 + 2H 2 O
catalyzed by Li-doped MgO, found by Lansford et al.[1] The reaction model includes 109
gas-phase and 54 surface reactions. Using DFT, reaction energy (ΔE) was calculated and
activation barrier (E a ) were evaluated using Polanyi rule. For the DFT calculation, VASP 5.4
program package was used. We used spin polarized DFT method using RPBE functional.
From ΔE and E a values, we evaluate the reaction rate constants and constructed reaction rate
equations. Reaction rate equations were solved numerically using MATLAB. Composition of
inlet and outlet gas was calculated using the transient continously stirred tank model (CSTR).
The conversion of reactants and product selectivity was evaluated from composition of the
inlet and outlet gas.

3. Results and Discussions

In Table 1, results of the microkinctic and reactor analysis were summarized; the CH 4
conversion, O 2 conversion, C 2 selectivity, and CO x (CO and CO 2 ) selectivity were shown.
Table 1. CH 4 and O 2 conversions and C 2 and CO x (CO and CO 2 ) selectivities calculated by
microkinetic and reactor simulations. Reaction temerature was 700 oC, and total pressure
was set to 1 bar.

CH 4 conversion (%)
O 2 conversion (%)
C 2 selectivity (%)
CO x selectivity (%)

without catalyst
Exptl.
Calc.
4.1
1.7
28.2
9.1
51.1
63.8
48.8
36.0

CH 4 : O 2 = 2 : 1
Exptl.
Calc.
12.2
11.1
N/A
11.5
48.8
41.9
N/A
57.3

CH 4 : O 2 = 10 : 1
Exptl.
Calc.
7.2
10.0
N/A
26.8
74.0
64.8
N/A
34.8

Experimental values were taken from Refs [1] and [2]. Our calculation reproduced
experimental tendency i.e. both CH 4 conversion and C 2 selectivities were improved in the
presence of catalyst, and C 2 selectivity was higher when the partial pressure of CH 4 is high.
The

temperature

dependence

of

the

conversion and selectivity was also analyzed;
we changed temeperature from 700 to
1000 oC. In Figure 3, the CH 4 conversion and
composition of carbon-containing compounds
were

shown.

With

the

increase

of

temperature, the CH 4 conversion becomes
higher but C 2 compounds decreases, which
agrees with experimental tendency. Thus, our
study has sucessfully shown that the DFT
combined with microkinetics and reactor
simulation correctly reproduces the activity

Figure 1. The CH4 conversion and the
compostion of carbon containing compounds
at 700-1000 oC.

and selectivity tendency of the OCM catalyst.
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Introduction
Hydroisomerization is catalyzed by bifunctional catalysts that provide the necessary
functionalities for the reaction to occur: metal sites for dehydrogenation
/hydrogenation and acid sites for the skeletal re-arrangement of the carbon chain.
The structure and pore size of the support can guide the process either to the
selective hydroisomerization of the paraffin or its further cracking to lighter products.
In this study, we use a 0.5 %wt Pt catalyst supported on a micro/mesoporous SAPO11 zeolite with SiO 2 /Al 2 O 3 ratio 0.3 to investigate the effect of the hydrocarbon chain
length using n-C 8 and n-C 16 as feedstock. The ultimate goal is to use this catalyst to
improve the octane number and cold flow properties of kerosene and diesel-range
fuels under mild operating conditions.

Experimental
Silicoaluminophosphate (SAPO-11) was synthesized hydrothermally using a
structure directing agent. Tetraethoxysilane (TEOS), orthophosphoric acid (85%),
pseudoboehmite (Catapal B) and di-n-propylamine (DPA) were used as starting
materials. After appropriate stirring, the gel consisting in molar ratio of 1.2
DPA:1.0Al 2 O 3 :1.0P 2 O 5 :0.3SiO 2 :120H 2 O was transferred into a Teflon-lined stainless
steel autoclave and was hydrothermally crystallized at 185°C for 48h. The mixture
was filtered, washed, dried at 110°C overnight and then calcined at 650°C for 5h in
air. Pt (0.5 wt%) was deposited on the support via wet impregnation with
chloroplatinic acid followed by calcination at 400°C for 3h in air. The catalyst was
characterized with ICP, XRD, N 2 adsorption/desorption and pyridine-FTIR. Catalytic
performance was investigated in a high-pressure fixed bed reactor unit at constant

conditions (WHSV 4 h-1, T 300°C, P 30 bar and Η 2 /n-C 8 or C 16 molar ratio 15). The
catalyst was pre-reduced in situ in H 2 at 300°C.
Results/Discussion
SAPO-11 presents the characteristic diffraction peaks of 2θ: 8.1°, 9.4°, 13.1°,15.6°,
20.3° and 21.1-23.2°, indicating the typical crystal phase with AEL structure. N 2
adsorption/desorption isotherms (Fig.1) are typical of a microporous zeolitic structure
with generated secondary mesoporosity with average pore diameter of 6.5-7 nm. The
acidity is mild, with 78 μmol/g Brönsted and 33 μmol/g Lewis acid sites, with equal
distribution in acid site strength ranging from very weak to strong.
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Figure 1. N2 adsorption/desorption

Figure 2. Conversion and product selectivity in

isotherms of SAPO-11 support

the hydroisomerization of n-C8 and n-C16

Testing of the 0.5 wt% Pt/SAPO-11 catalyst in hydroisomerization reaction confirmed
that the hydrocarbon chain length can influence both the activity and the selectivity of
the reaction. Higher activity is obtained with n-C 16 , which is converted by 40 wt%
compared to 18 wt% for the n-C 8 (Fig. 2). This is consistent with the tendency of
large chain hydrocarbons to be more reactive. The major product obtained in both
cases is the isomerized paraffin with very high selectivity. Selectivity to i-C 16 is higher
than that of i-C 8 , suggesting that the acidity and porous structure of SAPO-11 favors
the isomerization of longer chain molecules. With both feestocks, the major byproducts are cracked linear alkanes, with extremely low formation of gases (C 1 -C 4 ).
Acknowledgments: This research has been co‐financed by the European Union and Greek national
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The requirement of a more sustainable society can be claimed as the emergency of
the XXI century. Increasing the uses of renewable energy and reducing the emission
of pollutant gases, carbon dioxide (CO 2 ) in particular, are two of the main challenges
in the sustainability scenario. CO 2 photocatalytic reduction with water is an appealing
technology to fulfill both goals: a waste gas can be converted into useful compounds
by using directly sunlight [1]. One of the important issue of photocatalytic system is
the requirement of a CO 2 -rich reaction medium, due to the competitive water
adsorption on catalyst’s surface [2]. An appealing way to overcome the former
problem and allow the uses of diluted sources of CO 2 , relies on a bifunctional
material, able to adsorb CO 2 in dark and then convert it, in presence of water, upon
irradiation [3]. In this study, we focused our attention on zinc oxide (ZnO), a
semiconductor material able to drive photocatalytic reactions [4]. The photocatalyst
was prepared by an easy and cheap technique, namely precipitation from aqueous
solution. The as-prepared material was then annealed in air at 673 K, yielding ZnO.
We also prepared a nanocomposite by introducing 1% mol of titanium dioxide (TiO 2 )
on ZnO surface. These materials were tested in gas-phase photoreduction of CO 2
rig, using conditions previously optimized in our research group [5]. We observed the
selective formation of methane (CH 4 ) and oxygen (O 2 ) as the only reduction products
and the amount of O 2 , fairly exceeding the stoichiometric value for photoreduction,
was halved by using the nanocomposite. This suggests an improvement in catalysts
photostability, a known issues for ZnO [6]. X-ray diffraction (XRD) and nitrogen
physisorption analyses showed no difference in crystal structure, size and surface
areas on both samples, suggesting that improved photostability arises from other
effects (i.e. suppression of surface defects by TiO 2 ). Focusing on the TiO 2 -ZnO
nanocomposite, we run a blank test using water vapor only. We surprisingly
observed that CH 4 was still produced, along with some CO 2 : the yielded CH 4 was
likely to arise from naturally air-adsorbed CO 2 by ZnO surface. We finally assessed

the photocatalytic-adsorbent properties of this material by running the reaction with
water only, then letting the catalysts under a diluted flow of CO 2 in dark and
repeating again the photoreduction with water. We observed that methane was still
formed with neither activity nor selectivity losses, fulfilling the hypothesized
bifunctional behavior. Concluding, we was able to synthetize ZnO photocatalysts
through an easy and cheap method that was capable to selectively photoreduce CO 2
to CH 4 . Despite the very low activity, namely 0.0023% solar-to-fuel efficiency, the
material was capable to to adsorbe CO 2 from a diluted source and then converting it
upon irradiation, thus avoiding the requirement of a CO 2 -rich system.
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Introduction
Biodiesel is conventionally synthesized by the trans-esterification of animal-based or
vegetable oils in the presence of methanol or ethanol, yielding glycerol as a side product
which typically accounts ~10% by mass of the resulting mixture. This fraction, however,
causes a notable surplus of glycerol when the scale of biodiesel production is considered. By
the year 2020, cumulative global glycerol supply is forecasted to be about 6 times greater
than the global glycerol demand (i.e. 3×106 ton, vs. 5×105 ton, respectively). Unless valorized
into useful products, surplus glycerol will elevate the cost of biodiesel synthesis. Among
several options of valorization, catalytic transformation of glycerol to synthesis gas (i.e.
syngas ) receives increasing interest as it contributes to the sustainability of commercially
important processes such as Fischer-Tropsch (FT), methanol and dimethyl ether syntheses,
all of which start from syngas. Glycerol-to syngas conversion is carried out typically by
catalytic steam reforming. Steam reforming of methane favors syngas with H 2 /CO>2, which
is suitable for hydrogen production, but is not aligned with the preferred composition (H 2 /CO
~1) needed for long-chain hydrocarbon production via FT synthesis. The required
specification, however, can be obtained by reforming glycerol with CO 2 which can give a
theoretical syngas composition of 0.75. Moreover, glycerol dry reforming (GDR) has a
characteristic benefit of making syngas, a valuable product, through a carbon-negative path,
i.e. by consuming CO 2 (i.e. a greenhouse gas) and glycerol (i.e. waste of biodiesel
synthesis).
Materials and Methods
Catalyst Preparation. Rh/ZrO 2 [1], Rh/CeO 2 [1], Rh/Al 2 O 3 -ZrO 2 -TiO 2 (AZT) [2], Ni/AZT [2],
and Co/AZT [1] catalysts were prepared using incipient wetness impregnation of the active
sites on the support materials. CeO 2 support material was prepared from Ce(NO 3 ) 3 .6H 2 O
(Sigma) via calcination at 800 °C, while ZrO 2 support was commercially acquired from Alfa
Aesar. AZT support was prepared using a sol-gel procedure described in our former reports
[3-4]. For the active site loading, 1 wt.% was used for Rh catalysts, whereas 5 wt.% loading
was used for Ni and Co catalysts. Ex-situ Characterization measurements (XRD, BET,
TEM, EDX, Raman Spectroscopy, XPS) were performed in order to reveal structure and
functionality relationships for fresh and spent catalysts. In-situ Fourier Transform Infrared
(FTIR) experiments were also carried out to probe the nature of the active sites using CO as
a probe molecule. Catalytic performance experiments were carried out in a down flow,
quartz tubular packed bed reactor. Experiments were performed by varying reaction
temperature, CO 2 /Glycerol ratio and residence time within 600-750 °C, 0-4 and 0.5-5.5

mg.min/Nml, respectively. In addition to the regular 5 h activity tests, additional 72 h stability
tests were also performed.
Results and Discussion
Rh/ZrO 2 and Rh/CeO 2 catalysts revealed increased glycerol conversions with
increasing temperature, where the magnitude of response became particularly notable above
650 and 700 °C on, respectively. Syngas was obtained at H 2 /CO ~0.8, very close to the ideal
composition for FT synthesis, and C formation was minimized with increasing temperature.
Glycerol (G) conversion decreased monotonically, whereas, after an initial increase, CO 2
conversion remained constant upon increasing CO 2 /G from 1 to 4. Due to the higher specific
surface area of and smaller average Rh-particle size on ZrO 2 , Rh/ZrO 2 exhibited higher
conversions and syngas yields than that of Rh/CeO 2 . Characterization studies indicated that
Rh/CeO 2 revealed strong metal-support interaction, through which CeO 2 seemed to
encapsulate Rh nanoparticles and partially suppressed the catalytic activity. However, such
interactions also seemed to improve the stability of Rh/CeO 2 , rendering its activity loss to
stay below that of Rh/ZrO 2 after 72 h stability tests. Enhanced stability of CeO 2 was
associated with the inhibition of coking of the catalyst surface by the mobile oxygen species
and creation of oxygen vacancies on ceria domains. Deactivation of Rh/ZrO 2 was attributed
to the sintering of Rh nanoparticles and carbon formation. In order to enhance the
performance and stability of the ZrO 2 support, AZT supports were utilized in Rh/AZT, N,/AZT
and Co/AZT formulations. Catalytic activity, quantified by glycerol and CO 2 conversions,
follows the decreasing order of Rh/AZT > Ni/AZT > Co/AZT. Rh/AZT functions exceptionally
at 750 °C and CO 2 /G=2–4 where conversions of glycerol and CO 2 exceeds 90% of their
pertinent thermodynamic counterparts with a 0.5 mg cat .min.Nml-1 of residence time.
Increasing residence time above 1.25 mgcat.min.Nml-1 further boosts the activity of Ni/AZT to
~95% of the theoretical CO 2 conversion at 750 °C and CO 2 /G=4. A minor loss in CO 2
conversion was detected during the 72 h longevity tests confirming stability and activity of
Rh/AZT and Ni/AZT catalysts which significantly outperform their counterparts reported in the
literature.

Figure 1. CO 2 conversions obtained in the stability tests carried out for 72 h (T=750 °C,
CO 2 /G=4, residence time=3.75 mg cat .min.Nml-1).
References
[1] Bulutoglu, P. S.; Say, Z.; Bac, S.; Ozensoy, E.; Avci, A. K. Applied Catal. A, 564,157–171
(2018).
[2] Bac, S.; Say, Z.; Bulutoglu, P. S.; Kocak, Y.; Ozensoy, E.; Avci, A. K. submitted (2018).
[3] Say, Z.; Mihai, O.; Kurt, M.; Olsson, L.; Ozensoy, E. Catal. Today. 320, 152-164 (2019).
[4] Say, Z.; Mihai, O.; Tohumeken, M.; Ercan, K. E.; Olsson, L.; Ozensoy, E. Catal. Sci.
Tech. 7, 133-144 (2017).

Methanolysis of ammonia borane over supported Pd-Au alloy catalysts
Tetsuya Shishido,a,b,c,d Hiroki Miura,a,b,d Mitsuhiro Tominagaa
a

Department of Applied Chemistry for Environment, Graduate School of Urban
Environmental Sciences, Tokyo Metropolitan University, 1-1 Minami-Osawa, Hachioji,
Tokyo 192-0397, Japan
b
Research Center for Hydrogen Energy-Based Society, Tokyo Metropolitan
University, 1-1 Minami-Osawa, Hachioji, Tokyo 192-0397, Japan
c
Research Center for Gold Chemistry, Tokyo Metropolitan University, 1-1 MinamiOsawa, Hachioji, Tokyo 192-0397, Japan
d
Elements Strategy Initiative for Catalysts & Batteries, Kyoto University, Katsura,
Nishikyo-ku, Kyoto 615-8520, Japan
Introduction
Hydrogen is considered to be alternative energy carriers to oil because it is high
gravimetric energy density and environmental friendly. On the other hand, hydrogen
is low volumetric energy density and flammable. Therefore, the development of
efficient and safe system for hydrogen storage and transportation is highly
demanded. Ammonia borane (NH 3 -BH 3 :AB) has attracted attention as a promising
hydrogen carriers due to its high hydrogen content (19.6 %) and H 2 release at
ambient conditions.[1] In this study, the correlation between the catalytic activity
toward methanolysis of AB and the state of supported AuPd alloy NPs was
investigated in detail.
Results and Discussion
Figure 1 shows catalytic activity and H 2
production rate for methanolysis of AB over
AuPd alloy catalysts with various molar
ratio.
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Pd is active species. Among xAuyPd/AC
tested, 1Au1Pd/AC exhibited the highest
activity per unit weight of catalyst. The TOF

Fig. 1 H2 production rate and TOF value
of Pd/AC, AuPd/AC and Au/AC at 298 K.

value normalized amount of adsorbed CO was increased with decreasing Pd/Au ratio
and 10Au1Pd/AC showed the highest TOF. Au L 3 edge XANES spectra and XPS of
the catalysts indicated the charge transfer from Pd to Au atoms. Curve-fitting analysis
of EXAFS and XRD patterns elucidated the formation of random AuPd alloy NPs. As

for the catalyst with a low Pd/Au ratio, it seems that electron-deficient and isolated
single Pd atoms surrounded by Au atoms were formed on the catalysts.
On the basis of kinetics, a possible reaction mechanism of methanolysis of AB over
10Au1Pd/AC is proposed (Fig. 2). AB is adsorbed on catalyst surface and B-H bond
in AB is cleaved over Pd atom (step(ⅰ)). B-N bond in AB is cleaved and amine group
adsorbs on Au atoms which work as Lewis acid (step(ⅱ)). Then, unoccupied orbitals
of boron atom is formed and oxygen atom in methanol that has lone pairs is
coordinated to the boron atom, resulting in dissociation of methanol to proton
(step(ⅲ)).

KIE

measurement

indicated step(ⅲ) is rate-determining
step. H 2 molecule is formed by
coupling proton and hydride on Pd
atom derived from hydrogen atom in
B-H bond. Boron species and amine
group is recombined to form B-N
bond and resulting product desorbs
on catalyst surface (step(ⅳ)).
Therefore.

we

electron-deficient

proposed

that

Pd

atom

Fig. 2 Proposed reaction mechanism of
methanolysis of AB

surrounded by Au atoms in random
AuPd alloy NPs promotes cleavage of methanol to form proton, in other word,
stabilize conjugate base of methanol, resulting in acceleration of formation of H 2
molecules.
Conclusion
Supported AuPd alloy catalysts showed higher activity than supported monometallic
catalysts toward methanolysis of AB. Their catalytic activity remarkably depended on
Pd/Au ratio. Based on structural characterization and kinetic analysis of methanolysis
of amine boranes, we conclude that electron-deficient Pd atom surrounded by Au
atoms in random AuPd alloy NPs work as active sites.
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Three metallic catalysts for ethanol valorization
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Bioethanol is one of the primary bio-based chemicals. It is the aim of the European
Union that 27 % of energy consumption will be produced from bio-based resources in
the future. Bioethanol produced by fermentation is used in large quantities as a
gasoline component. Its world production has been increasing in recent years,
reaching 27 billion gallons in 2017. Bioethanol has also attracted attention as starting
material for producing chemicals, e.g. branched higher alcohols. The branched
alkohols are currently produced mainly from propylene and butane. However, they
can also be synthetized from ethanol T be Guerbet reaction. The Guerbet reaction
mechanism consists of 4 subsequent reaction steps i.e. dehydrogenation of alcohol
to carbonyl compound, aldol-condensation, dehydration of aldol and hydrogenation of
unsaturated alcohol [1]. Generaly, aldol-condensation is catalyzed by a base catalyst.
The hydrogenation and dehydrogenation steps are catalyzed by a redox catalyst.
However, the dehydrogenation steps could also be catalyzed by base catalysts at
high temperature. The reaction conditions of the mentioned reaction steps are
different. Dehydrogenation should be carried out at high temperature and
hydrogenation, as well as aldol-condensation, typically require low temperature.
Therefore, the choice of suitable reaction conditions and effective catalyst is a key
problem of this process. Many heterogeneous catalysts, e.g. MgO, hydroxyapatite,
hydrotalcite etc [2] have been described in the literature as being suitable for Guerbet
reaction.
It was the aim of our research to study three types of mixed metallic oxides with
redox and acid-base properties and verified their effectiveness in the Guerber
condensation of ethanol. The mixed oxides were prepared by calcination of synthetic
hydrotalcites in which Mg and Al, typical for natural hydrotalcites, were substituted
with another bivalent or trivalent metals respectively. The acid-based properties as
well as the redox properties were controlled by MII/MIII molar ratio and the metal type
choice. Mg-Al mixed oxides are typical acid-base catalysts with variable acid-based
properties. For this reason, they were used as catalysts for Guerbet reaction in the
first stage of our research. The Mg-Fe mixed oxide was further used with the aim to

increase the catalyst redox properties. The redox properties of the mixed oxides were
also modified by incorporation of another transition metal like Cu, Cr, Mn or Co into
the catalyst structure. The structure of the hydrotalcites and the mixed oxides derived
from them was verified by XRD. The influence of the transition metal type on the
selectivity to 2-butanol in Guerbet reaction was studied. The transition metal ion
increased the reaction rate of dehydrogenation and hydrogenation steps, which had
a positive effect on the total reaction rate of the Guerbet reaction and the selectivity
to main alkohols. Following methods were used for the catalysts characterization and
for the explanation of the testing results. The acid-base and redox properties were
measured by TPD-CO 2 , -NH 3 and TPR-H 2 . The pore distribution was measured by
N 2 -adsorption and Hg-porosity. The catalytic tests were performed in a stainless
steel flow microreactor. The catalytic tests were carried out at identical reaction
conditions for the representative comparison of the catalytic properties of individual
catalysts.
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Nowadays, maximum sulfur content permitted in marine fuels in designated emission
control areas is 0.1 wt.%S. For ships operating outside these areas, the current limit
for sulfur content in ships fuel oil is 3.5 wt.%S but will be decreased to only 0.5 wt.%S
in 2020, as imposed by the International Maritime Organization in the MARPOL
convention. Meeting these new specifications is a challenge. While light fractions are
conventionally upgraded in refineries by hydrodesulfurization, the treatment of heavy
fuels implies higher operating costs due to the severe conditions needed [1].
Alternative methods have thus been considered [2], among which oxidative
desulfurization (ODS) has attracted much attention. Indeed, it operates under mild
conditions (low temperature and under atmospheric pressure) and avoids the use of
costly hydrogen. It is a two-step process: the sulfur containing compounds are first
oxidized to the corresponding sulfones in the presence of an oxidant; then, a
purification step is carried out in which oxidized sulfur compounds are separated
mainly using extraction or adsorption methods. However most of the studies on
oxidative desulfurization are dedicated to the treatment of model molecules and
diesel fractions. The ODS technology for heavy fractions is still immature.
In this work, oxidative desulfurization of 3 intermediate fuel oils (IFO) with various
viscosities of 380, 500 and 700 cSt and sulfur contents of 0.6, 3.2 and 2.9 wt.%S has
been performed. Composition of the fuels has been determined regarding
sulfur/nitrogen (SSD, NCD) containing molecules by gas phase chromatography with
sulfur/nitrogen specific detectors, and regarding aromatic hydrocarbon compounds
using HPLC.
Oxidative desulfurization of the IFO samples was conducted using hydrogen
peroxide as oxidizing reagent and MoO 3 /Al 2 O 3 as catalyst at 80°C and under
atmospheric pressure.

Chromatograms of the reaction mixture before and after oxidation are presented in
figure 1, showing after ODS a decrease in intensity of peaks corresponding to
sulfides and the appearance of new peaks corresponding to formed sulfones.

BTs
conversion(%)

DBT
conversion
(%)

IFO380

35
57

61
75

HSFO700

25

60

Fuels
Fuel IFO500
IFO500
IFO500 after ODS

Figure 1: Chromatograms using specific
sulfur detector: marine fuel before and
after oxidation.

Table 1: conversion of sulfur compounds in
ODS of different fuels.

As usually in the literature, ODS catalytic performance has been expressed as a total
sulfur removal, after extraction by dimethylformamide. Moreover, owing to SSD
chromatography, we have been able to monitor the conversion of the alkyl
benzothiophene compounds as well as that of dibenzothiophene molecule. Results of
ODS reactions on different fuels after centrifugation are presented in table 1. ODS
appears to be less effective on the fuels with increasing viscosity and sulfur content.

The effects of MoO 3 loading (10 to 25%), reaction time and the oxidant to sulfur
molar ratio Ox/S were investigated for one particular marine fuel (IFO500). The
catalyst with 20% loading showed the best activity in ODS. The conversion of BTs
and DBT molecule after one-hour reaction using Ox/S=3 reached respectively 35%
and 61% with a total S removal of 56% after extraction. The activity of sulfur
compounds in fuel slightly increased to 55 and 65% with the increase of Ox/S from 3
to 25 due to phase transfer problems related to hydrogen peroxide. The application
of ultrasound in the oxidative desulfurization of marine fuel was also successfully
explored. With Ox/S=25, conversion of BTs and DBT was 71 and 80% when
ultrasound was used, thus highlighting the beneficial use of ultrasonic irradiation.
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Abstract
Around 3.3 Mtons of scrap tires are generated each year in EU [1]. A promising route
for their treatment is pyrolysis, where tires are heated in the absence of oxygen and
converted into a valuable carbonaceous solid material, as well as steel, gas, and oil.
Of particular interest is the oil fraction of the process, which can potentially be used
as a fuel or a feedstock for chemicals production [2]. Upgrading of the liquid product
is required due to its high sulfur content limiting its adaption to the market. In the
present study, the reactive adsorptive desulfurization at 320oC using desilicated
Mo/HZSM5

catalysts

was

investigated.

Experimental

results

showed

that

development of mesoporosity is important for removal of bulkier sulfur compounds,
while Mo introduction improves deoxygenation and denitrogenation efficiencies
significantly.
Materials and methods
The parent zeolite was provided by Süd Chemie (TZP-302) in ammonium form.
Desilication of the zeolite was carried out by treatment of the calcined zeolite
(HZSM5) in a NaOH solution. Mo incorporation was performed by means of incipient
wetness impregnation. The desilicated catalysts are designated as Ds-HZSM5, and
Mo/Ds-HZSM5.
The experimental facility consisted of a stainless-steel reactor, heated by a 3 zone
electrically heated furnace. The liquid was injected through a gas-liquid atomization
nozzle. All experimental runs were carried out at LHSV of 45-50 h-1 for ~45 min at a
temperature of 320°C.
Results and discussion
Reactive adsorption resulted in changes of the obtained liquids’ specific gravity. The
use of catalyst results in slightly lighter liquid products due to increased cracking
activity, as well as a strong sorption and conversion of heavier molecules on the acid
sites of the catalyst. Desilicated zeolites reduced the coking tendency of the liquids

as expressed by the micro-carbon residue determination. Incorporation of Mo
improves the effective hydrogen index, indicating a removal of undesired
heteroatoms(S, N, and O) and preservation of hydrogen in the liquid. The
desulfurization (DeS) is enhanced by the larger pores in the zeolite, while Mo
incorporation does not have any major impact. The desilication also enhances the
denitrogenation (DeN) performance. Introduction of Mo into the zeolite promotes the
deoxygenation (DeO) significantly (Fig. 1). The effect of pore size is also indicated by
the improved conversion of the bulky dibenzothiophene as determined by GC/MS.

Fig. 1 Desulfurization, denitrogenation and deoxygenation activity of catalysts used

Conclusions
In the present work, the reactive adsorptive desulfurization of tire pyrolysis oil, using
Mo modified desilicated HZSM5 zeolites, was investigated. The results under specific
experimental conditions (high LHSV), indicate a mild desulfurization (~10%) with
mesopores being more important than Mo modification. Moreover, addition of Mo
both to parent as well as desilicated HZSM5 zeolites, increased the DeO activity,
while the combination of mesoporosity and Mo modification, significantly increases
the DeN of the oil. The availability of larger pores in the zeolite results in an
improvement of the desulfurization efficiency. This is also shown by the higher
conversion of bulky dibenzothiophene, compared to non-desilicated counter parts.
The above results indicate that Mo-modified and pore-tailored HZSM5 catalysts have
a potential use in upgrading of tire pyrolysis oil.
References
[1]
P. T.Williams, Waste Management, 33, 1714–1728, 2013.
[2]

A. Quek, R. Balasubramanian, Journal of Analytical and Applied Pyrolysis, 101, 1–16, 2013.
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To date, the lack of efficient conversion strategies for bio-based platform chemicals,
such as succinic, itaconic and levulinic acid, hampers the necessary replacement of
fossil resources as feedstock of the chemical industries. This is mostly due to the
inapplicability of traditional catalytic routes, established in oil-chemicals processing,
to the upgrading of oxygen-rich, biomass-derived moieties.[1] In this context,
strategies for the introduction of nitrogen functionalities are especially sought-after.
Consequently, the manufacture of pyrrolidones from carboxylic acids has been
described in several articles, dealing mostly with the production of N-substituted
pyrrolidones as pharmaceutical intermediates or solvents.[2]

Figure 1: Proposed route to access methyl-N-vinyl-2-pyrrolidones from itaconic acid.

In contrast, our research focuses on the conversion of carboxylic acids towards Nvinyl-2-pyrrolidone (NVP), which may be polymerized to polyvinylpyrrolidone, a
water-soluble, non-toxic polymer with numerous applications in the pharma, cosmetic
and food industry. While reducing the need for fossil resources, the envisioned
valorization chain also has economic potential due to the steadily expanding NVP
demand, which leaves room for new producers and production strategies.[3]
In this context, we have intensively investigated the exemplary conversion of itaconic
acid and ammonia to an isomeric mixture of 3- and 4-methyl-2-pyrrolidone
(Figure 1), including analysis of the reaction network, process conditions and
catalytic materials.[4] A supported ruthenium catalyst provided high activity and

selectivity together with excellent stability upon recycling reaching yields up to 90 %.
The purification of produced pyrrolidones and their further conversion to
methyl-substituted NVP through Reppe vinylation (Figure 1) was likewise successful.
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Supported vanadia catalysts have attracted much attention owing to their unique
catalytic properties for a variety of reactions such as the oxidative dehydrogenation
(ODH) of alcohols and alkanes. Despite previous work, a detailed understanding of
the mode of operation of supported vanadia catalysts is still missing. Recently, we
have shown that UV Raman spectroscopy can provide new insights into the vanadia
structure by exploiting resonance effects.[1,2] In this contribution, we address the
structural dynamics of silica supported vanadia catalysts during the ODH of ethanol
in comparison to propane ODH by using operando UV Raman spectroscopy. Based
on these results, we highlight the added value of our approach for the detailed
understanding of the reaction mechanisms of ethanol and propane ODH.
As support material silica SBA-15 was employed (~700 m2g-1). Catalysts were
prepared via incipient wetness impregnation of vanadium isopropoxide.[1,2] Raman
experiments were performed by using laser excitation at 256.7 nm. For product
analysis the gas-phase composition at the outlet of the operando Raman cell was
measured via FTIR spectroscopy for ethanol ODH and gas chromatography for
propane ODH. In addition, the Raman cell was used in fluidized bed mode to
minimize temperature gradients at higher temperatures (>200°C) and to avoid
photodecomposition during UV irradiation.
Figure 1 depicts operando Raman spectra of a VO x /SiO 2 catalyst (0.5 Vnm-2) during
a) ethanol ODH at 128°C (conversion: 1.8%, selectivity (acetaldehyde): 98.5%), and
b) propane ODH at 500°C (conversion: 9%, selectivity (propene): 49.5%). In case of
ethanol, structural changes of the catalyst are observed at ~520 and 1031 cm-1 when
switching from oxidative (20% O 2 , 80% N 2 ) to reaction conditions (1% C 2 H 5 OH, 8%
O 2, 91% N 2 ) indicating the conversion of V-O-V bonds and the reduction of vanadium
(V).[3] The three bands at ~922, 1056, and 1095 cm-1 are adsorbate related and have

recently been assigned to C-C, C-O stretching and CH 3 rocking modes of
chemisorbed ethoxy species.[3] In contrast, only minor structural changes are visible
for propane upon switching from oxidative conditions (12.5 % O 2 , 87.5 % He) to
reaction conditions (12.5 % C 3 H 8 , 12.5 % O 2 , 75 % He). Raman features appear at
~867 and 1057 cm-1, which can be attributed to C-C vibrations of adsorbed propoxy
species. Additional C-H stretching features of gas-phase propane are detected at
2900 and 2940 cm-1.
The comparison of the two ODH reactions indicates a strong dependence of the
structure of the working vanadia catalyst on the substrate, which has not been
reported in the literature yet.

Figure 1 Operando UV Raman spectra of VOx/SiO2 (0.5 Vnm-2) for ethanol and propane ODH
taken a) during oxidative (O2/N2) and reaction conditions (C2H5OH/O2/N2) at 128°C (50 mln/min),
and b) during oxidative (O2/He) and reaction conditions (C3H8/O2/He) at 500°C (40 mln/min).

In conclusion, the potential of operando UV Raman spectroscopy to gain new
insights into the structure of vanadia catalysts during ODH reactions is demonstrated,
thereby highlighting a strong dependence on the substrate.
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1. Introduction
The production of hydrogen from dry reforming of methane (DRM) is a
promising technology to convert biogas into high value-added products [1]. Ni-based
catalysts have been extensively studied for DRM due to its low cost and high activity
but this metal is prone to coking [2]. Recently, the use of confined metals has been
reported to avoid the carbon formation [3]. The use of ceria-based materials and its
doping with Zr improves catalyst stability during DRM due to their high reducibility
and oxygen storage capacity [4]. Therefore, the aim of this work is to study the
performance of nickel embedded in ceria and ceria-zirconia for the hydrogen
production by DRM.
The embedded catalysts were prepared by sol-gel method [5], with pure CeO 2
or a Ce/Zr molar ratio equal to 4.0 and 10 wt% of Ni (Ni@CeO 2 and Ni@CeZrO 2 ). A
catalyst was also prepared by incipient-wetness impregnation for comparison
(Ni/CeO 2 ). The catalysts were characterized by in-situ X-ray diffraction (XRD) and
isotopic

oxygen

exchange

at

400 °C

and

the

post-reaction

samples

by

thermogravimetric (TG) analysis. DRM was carried out at 800 °C and atmospheric
pressure, using a CH 4 :CO 2 molar ratio equal to 1.0.
2. Results and discussion
The diffractograms before reduction of Ni@CeO 2 and Ni@CeZrO 2 exhibited
only the characteristics lines of CeO 2 cubic phase, with slightly shift to higher 2θ for
the sample Ni@CeZrO 2 , indicating the formation of Ce-Zr solid solution [6]. Ni/CeO 2
also shows a line corresponding to NiO phase. The Ni nanoparticle of Ni@CeO 2 and
Ni@CeZrO 2 reduces at higher temperature and its crystallite size is lower than that of
the Ni/CeO 2 (Figure 1). Furthermore, the Ni@CeZrO 2 catalyst showed the highest
thermal stability with the lowest Ni crystallite size after reduction at 800 °C.

Figure 1. Ni crystallite size during reduction process.

Analyzing the isotopic oxygen exchange results, the initial rate of exchange for
the Ni@CeO 2 catalyst (150 x 1017 at.g-1.s-1) is higher than that for the Ni/CeO 2
catalyst (48.5 x 1017 at.g-1.s-1), which is due to the strong interaction in the embedded
structure. The presence of Zr increased the O atoms exchanged percentage
(Table 1) because of the highest mobility of O atoms from the bulk phase [7]. The
catalysts were tested for the DRM, showing similar initial conversions and H 2 /CO
molar ratio (~70 % CO 2 , ~59 % CH 4 and ~0.8 H 2 /CO) and stable activity during 24 h.
The Ni@CeZrO 2 catalyst did not show carbon formation during the DRM reaction
(Table 1), which is likely due to the deeper O mobility and lower Ni crystallite size.
Table 1. Oxygen isotopic exchange results and rate of carbon formation during DRM.

O atoms exchanged at

Rate of carbon formation

400 °C (%)

(mgC.g cat -1.h-1)

Ni/CeO 2

46.4

9.7

Ni@CeO 2

48.7

1.6

Ni@CeZrO 2

54.7

0.0

Catalyst

3. Conclusions
Ni@CeZrO 2 is a promising catalyst for the conversion of biogas to hydrogen,
showing high activity and stability. The embedded Ni nanoparticles into the support
as well as the doping with Zr promotes higher oxygen mobility and thermal stability,
which avoid carbon formation and promotes the stability during DRM.
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Epoxides Hydration Catalyzed by the Highly Cross-Linked
Poly(ionic liquid)s
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Ethylene glycol (EG) is an important raw material for the production of polyester,
which is in high demand around the world. At present, the production of EG in the
industry mainly adopts the method of ethylene oxide (EO) hydration without catalysis
and suffers from the low EG selectivity, high water ratio and energy consumption.
Researchers from both academic and industrial fields have concentrated on the
development of EO catalytic hydration and focused on the designing of highly
effective catalysts, including metals, metal oxides, organic amine salt, CoⅢ (Salen),
ion exchange resin and so on [1-3]. However, there are still no commercial catalysts
applied in industry until now.
Ionic liquids (ILs) are composed of cations and anions that are liquid at room
temperature, which have low vapor pressure, good thermal stability and flexible
structure adjustment. For example, Su designed series of carboxyl-functionalized ILs
for the hydration of EO and obtained the yield of EG over 99%[4]. Although the ILs
showed good catalytic performance in the EO hydration reaction, it was difficult for
the ILs to be separated from the products as homogeneous catalysts. Therefore, the
development of heterogeneous catalysts based ILs have attracted more and more
attention. Poly(ionic liquid)s (PILs) comprise a polymeric backbone and an IL species
in monomer repeating units [5] and are the promising heterogeneous catalysts for the
epoxides hydration. Liu et al. synthesized IL functionalized mesoporous polymer
PDVB-[C 1 vim][SO 3 CF 3 ] and showed over 99.9% conversion of the propylene oxide
(PO) [6].
Inspired by the above results, we designed kinds of acidic and basic poly(ionic
liquid)s, such as the protic PILs, for the catalysis of epoxides hydration. The initial
results show that the PO hydration catalyzed by protic PILs could achieve over 95%
conversion of PO (at the condition of 333K and H 2 O/PO molar ratio of 5) and the
PILs behaved good recyclability.
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1. Introduction
IM-5 molecular sieve has unique crystal structure and physicochemical properties, and has good
application prospects in petrochemical industry[1,2]. As an important component in the
hydrothermal synthesis of molecular sieves, silicon source has an important influence on the
structure and physicochemical properties of molecular sieve products[2]. Although there are many
studies on the synthesis of IM-5 molecular sieves, there are relatively few studies on the effects of
silicon sources on the synthesis and properties of the molecular sieves.
2. Experimental
The typical synthesis procedure is as follows: a clear solution was prepared by 1,5-

bis(methylpyrrolidinium)pentane bromide, Silicon source, NaOH, NaAlO 2 and H 2 O under vigorous
stirring. The final molar composition of synthesized gel was 30 SiO 2 : 0.75 Al 2 O 3 : x Na 2 O: 4.5 SDA:
32H 2 O, where 0.1 ≤ x ≤ 0.5. Once homogenous gel formed, the mixture was then transferred to a
100 mL Teflon-lined autoclave, crystallized at 443 K for 7days. The solid products were recovered
by filtration, washed with distill water, dried at 393 K overnight. All as-synthesized products were
calcined at 823 K for 6 h in the air in order to remove the organic species.
3. Results and Discussion
The effects of different silicon sources (silicic acid, silica gel, silica sol, fumed silica) on the
synthesis of synthetic IM-5 molecular sieves were investigated by dynamic hydrothermal synthesis.
The above silicon source can obtain IM-5 molecular sieve in the basic substance.
The product synthesized by silica gel as silicon source contains a large amount of ZSM-12
mesoporous molecular sieve; the fumed silica as a silicon source, the obtained IM-5 molecular
sieve has a relatively high specific surface area and a large pore volume; The samples of IM-5
molecular sieve using silica sol as silicon source, have a relatively high crystallinity and relatively
high proportion of medium strong acid and B acid, and a large value of SiO 2 /Al 2 O 3 . Silica sol is a
preferred source of silicon.

silica gel

fumed silica

silica sol

silicic acid

Figure 1. XRD patterns of zeolites by different source
Table 1. FT-IR Acidity of zeolites BY different silicon source
Acid intensity distribution

%

silicic acid
C B /C

silica sol
%

C B /C L

fumed silica
%

C B /C L

L

Total acidity（mmol/g）

0.61
5

0.89

0.8
78
16

160-250℃

31%

0.42

2.18

%
28

0.03

250-450℃

%
26

26%

2.36

5.53

%
46

0.81

450℃-

%
58

43%

0.19

%

2.82

%

0.31

3.82

1.0
14
26

0.39

4. Conclusions
Silica sol is inexpensive and the size of prepared IM-5 is uniform. In general, silica sol is a
preferred source of silicon.
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Hydrotreatment of atmospheric gasoil and co-processing of
rapeseed oil on supported carbide and nitride bimetallic catalysts
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Abstract
In order to improve the security of fuels supply and reduce the greenhouse gas
emissions, the European Union (EU) Council agreed in 2014 the 2030 framework of
strategy for climate and energy, which sets out the target of 27% as the share of
renewable energy consumed in 2030 in the EU. According with this framework, the
Directives 2009/28/EC and 2009/30/EC promote the development of new and more
efficient biofuels.
The most common way to produce biofuels is the triglycerides transesterification into
fatty acid methyl esters (FAME) [1]. However, the catalytic hydrotreatment of
vegetable oils at high temperatures and pressures (300-400 °C and 50-70 bar), is a
very interesting way to produce advanced biofuels, due to its realtime application in
petroleum industry, in the form of co-hydroprocessing with atmospheric gas oils
(AGO) in hydrodesulfurization (HDS) units [2].
This catalytic co-processing involves the removal of sulfur and nitrogen content from
the petroleum feedstocks, as well as the oxygen removal by hydrodeoxygenation
(HDO) and/or decarboxylation/decarbonylation (HDC/HDCn) from the triglycerides.
During this process, the triglycerides are mainly converted in linear paraffins with 1518 carbon atoms, which is commonly called hydrogenated vegetable oil (HVO). Other
by-products of triglycerides co-processing are water or light gases such as: CO 2 , CO,
C 3 H 8 or CH 4 . [3]
The commercial catalyst for HDS are generally composed by NiMo or CoMo over
alumina supports, and can be used during the catalytic co-processing of gasoil with
vegetable oils [4]. However, in order to avoid the sulfur leaching of the catalyst during
the co-processing, a small concentration of vegetable oil is used (5-10 wt.%). In this
sense, sulfur free catalysts such as the supported carbide and nitride bimetallic
(NiMo and CoMo) catalysts, could represent an interesting alternative to conventional
catalysts to resolve these problems [5].

This work shows a study of the catalytic activity of sulfur free alumina supported
NiMo/CoMo carbide and nitride catalysts (NiMoCx, NiMoNx, CoMoCx and CoMoNx)
during AGO hydrotreatment and its co-processing with rapeseed oil (5-10-25 wt.%),
at typical industrial operating conditions (330 – 350 °C and 5.5 MPa). Preliminary
results showed high catalyst activity, up to 75 % HDS, as well as an improvement in
gasoil properties during vegetable oil co-processing, particularly significant in product
density, due to the increase of linear paraffins (mainly nC 15 – nC 18 ).
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The chemical binding of CO 2 is an urgent problem not only from the standpoint of its
use as a carbon source but also as a method to reduce its concentration in the
atmosphere. Carbon dioxide is regarded as a source for production of useful organic
compounds [1]. However, CO 2 is the thermodynamically and kinetically stable
molecule, and carbon dioxide has a limit application in the chemical industry. Thus,
conversion of CO 2 into useful organic compounds can be achieved only under
intensive physical exposure. One of the promising techniques is photocatalytic
reduction of CO 2 . Among the various photocatalysts used for photocatalytic reduction
of CO 2 , metal sulfides (e.g., CdS) have attracted considerable attention as the
photocatalysts for CO 2 reduction under visible light due to their appropriate band
gaps and catalytic functions. A solid solution of Cd and Zn, Cd 1-x Zn x S, with a
controllable bandgap and band edge positions is known to be efficient photocatalysts
for H 2 production from water solutions of electron donors under visible light. The ratio
of cadmium to zinc in a solid solution of sulfides has previously shown to strongly
affect both the rate of CO 2 reduction and the distribution of reduction products [2].
This study was aimed at the synthesis of Cd 1-x Zn x S solid solutions for the
photocatalytic reduction of carbon dioxide under visible light (λ = 450 nm). We
investigated the influence of cadmium to zinc ratio in Cd 1-x Zn x S on the photocatalyst
activity and the distribution of reduction products.
The Cd 1-x Zn x S (x = 0; 0.2; 0.4; 0.6; 0.8; 1.0) nanocomposite photocatalysts were
prepared via a simple two-stage synthesis including the stage of metal hydroxides
formation [3]. The samples are referred to as Cd0.0, Cd0.2 etc., where number
denotes the mole fraction of cadmium embedded in the synthesis.The activity of
synthesized photocatalysts was evaluated in the gas-phase photocatalytic reduction
of carbon dioxide under visible light (λ = 450 nm). All the synthesized Cd 1-x Zn x S solid
solutions are capable of providing chemical transformations under the conditions

considered (Fig. 1). Carbon monoxide was the major product (up to 88%) in the CO 2
reduction while methane was the minor product (up to 7%).

Figure 1. The rates of the hydrogen (a), carbon monoxide (b), and methane (c) formation over the
samples Cd0.0-Cd1.0; the distribution of carbon dioxide and water reduction products over Cd0.42

Cd1.0 photocatalysts (d). Conditions: 285 mW/cm , 1 atm CO 2 with saturated water vapor, T=25 °C

The formation of hydrogen resulted from the photocatalytic water splitting was also
observed during the process. It was shown that the actual cadmium to zinc ratio
affected the activity of samples and product distribution. The activity was increased
as the cadmium molar fraction was increased due to an increase in the absorption of
visible light. The Cd 0.94 Zn 0.06 S photocatalyst had the highest activity, 2.9 µmol CO +
0.22 µmol CH 4 per gram per hour, and selectivity, 95%, which exceed the
corresponding values for CdS alone. The achieved values are very high for CO 2
reduction over the sulfide-based photocatalysts under visible light.
This work was supported by RFBR grant 18-03-00775.
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Ability to control the structure and properties of nanocomposites makes these
systems are very promising for use as catalysts for petrochemical processes based
on the synthesis gas (mix of CO and H2): Fischer-Tropsch synthesis, methanol
synthesis, dimethyl ether synthesis and other [1]. The original approach to the
synthesis of composite materials with high activity in reactions based on CO and H2
was created in A.V.Topchiev Institute of Petrochemical Synthesis (Russia) [2,3].
Using as active component metal-polymeric composite particles leads to formation of
fundamentally new catalytic active particles with unique properties. The selectivity
and activity of composites in reactions based on H2 and CO can be controlled by the
polymer nature, polymer concentration and a method of introducing a polymer
composition in the composite material. Synthesized composites were characterized
by complex phys-chemical methods: magnetometry in situ, IR- spectroscopy,
dynamic light scattering, transmission electron microscopy. Nanoheterogeneous
contacts distributed in solid organic matrix were synthesized by method of
polymercontaining

composite

materials.

Initial

organic

matrixes

represent

polyconjugated systems decomposing to carbon during formation of the catalyst.
These particles of 10-20 nm in size metal formed from salts immobilized on polymers.
The polymers flexibility and its effect on coils formation was determined by molecular
modeling method. [4] Analyzing of the polymers folding into coils and comparative study
of their geometry revealed significant differences of the final structure of the polymer
molecules forming a complex metal-containing particle - polymer structure.
The work was carried out with the financial support of the Ministry of Education
and Science of the Russian Federation (Agreement No. 14.607.21.0168, unique
identifier of applied scientific research RFMEFI60717X0168)
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Polymer-assisted synthesis of catalysts for hydrotreatment
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Worldwide growth of the global mobility of people and merchandises, along
with industrial activity have resulted in a severe increase in airborne pollutants
concentration in the last decades. The production of cleaner fuels has been imposed
to refiners and has stimulated research and innovations in hydrotreatment processes
and heterogeneous catalysts. Conventional hydrotreating catalysts are based on
transition metal sulphides (MoS 2 ) usually promoted by nickel or cobalt. Actives sites
are located at the edges of the slabs. Improvements could be achieved by a better
control of the physico-chemical properties of the active phase such as the size
/shape, assembly of the MoS 2 slabs, electronic properties or surface composition...
This study aimed at addressing these challenges by combining thiomolybdate
soft chemistry reactions in presence of polymers in an original synthesis route of
NiMoS catalysts. Commercial and homemade polymers with controlled architectures
have been used to play the role of steric stabilizers of sulphides nanoparticles or to
interact specifically and at the molecular level with metallic precursors in solution.
The performances of these various materials in hydrotreament reactions have been
assessed

with

different

model

molecules

–

3methylthiophene

(3MT)

and

benzothiophene (BT) mixed with C5 olefin – representative of those present in real

feedstocks under operating conditions close to industrial processes. This kinetic
study allowed to determine activity and selectivity. Competition effects have also
been evaluated.
The catalysts have been synthesized by mixing the precursors of molybdenum
and nickel in water in presence of a polymer at ambient temperature. After washing
and drying, a thermal treatment leads to the catalytic active phase called NiMoS. The
XRD analyses on the obtained solids reveal the presence of the MoS 2 phase. The
introduction of Pluronic® P123 as polymer during the synthesis allowed to decrease
the stacking of the MoS 2 to two or three layers, as shown in figure 1. Furthermore,
the specific surface area increased from 31 to 120 m2.g-1 in the presence of
Pluronic® P123. Regarding the transformation of the 3-methylthiophene and the
benzothiophene, as well as mixtures, significant differences of activities and
selectivities were observed. A complete set of results including physico-chemical
characterization (XPS, XRD, HRTEM) and kinetic study with a modelling approach
provided comprehensive information and will be presented.

Figure 1: TEM images of the catalysts prepared without and with Pluronic® P123.

Photocatalytic selective oxidation of alcohols to corresponding
carbonyl compounds by visible light responsive bismuth vanadate
Kazuki Morishita, Kindai University, Osaka, Japan, Atsuhiro Tanaka, Kindai
University, Osaka, Japan, Hiroshi Kominami, Kindai University, Osaka, Japan
Introduction
By using titanium oxide(IV) (TiO2) as a semiconductor photocatalyst, oxygen as an
oxidizing agent, and water as a reducing agent, an environmentally harmonious
reaction system can be constructed. However, in the photocatalytic reaction using
TiO2, oxygen are reduced by the photogenerated electrons, and oxygen radical
species such as superoxide anion radicals (O2-) and hydroperoxyl radicals (˙OH) are
generated. Since they show strong oxidizing power [1], the reaction selectivity
decreases in the oxidation of organic compounds.[2] On the other hand, the potential
of the conduction band of bismuth vanadate (BiVO4, hereafter BVO) is lower than the
reduction potential of O2 to O2- and ˙OH. Therefore, selective oxidation of organic
compounds over BVO is possible because these oxygen radical species are not
generated. Recently, selective oxidation of benzyl alcohol (BAL) using BVO was
reported.[3] However, there are many parts not clarified such as photocatalytic
activity and selectivity. Selective oxidation using photocatalyst and O 2 is expected as
one of environmentally conscious processes. Since selective synthesis of aldehydes
that are used as raw materials for food additives, pharmaceuticals and dyes is an
important process in the chemical industry, investigation of photocatalytic oxidation
over BVO provides useful information. Therefore, in this study, we examined effects
of various parameters such as metal co-catalysts and solvents on oxidation of
alcohols

over

BVO

and

physicochemical

experiments

to

understand

the

photocatalytic performance of BVO.

Experimental
BVO was synthesized by liquid phase method.[4] Loading of Pt nanoparticles (1.0
wt%) on BVO was performed by photodeposition (Pt-BVO). Pt-BVO (50 mg) was
suspended in acetonitrile (5 cm3) containing BAL (ca. 15 µmol) in a test tube. The
test tube was irradiated with a blue LED (λ max = 468 nm and 470 nm) under O 2 . The
amounts of BAL and benzaldehyde (BAD) in the liquid phase were determined with a
gas chromatograph.

Results and discussions
Fig. 1 shows the oxidation of BAL over TiO2 photocatalyst under irradiation of UV
light, indicating that BAL was oxidized to BAD, benzoic acid and CO2. Fig. 1 also
shows the oxidation of BAL over Pt-BVO photocatalyst under irradiation of blue light,
which shows that BAL was selectively converted to BAD. Fig. 2 shows the time
course of the oxidation of BAL over Pt-BVO under irradiation of blue light. BAL was
almost completely consumed after irradiation for 8 h, while productions of benzoic
acid and CO 2 were negligible during the photoirradiation. We noted that BAD was
formed with a quite high selectivity (>98%) at >99% conversion of BAL and that a
high material balance (>99%) was always preserved, indicating that BAL was almost
quantitatively converted to BAD in the present photocatalytic reaction system under
irradiation of blue light. In addition, adsorption experiments revealed that Pt-BVO
possesses a high adsorption ability to BAL. To expand the applicability of Pt-BVO,
selective oxidation of various alcohols was also examined under irradiation of blue
light, revealing that Pt-BVO has a photocatalytic property suitable for the selective
oxidation of various alcohols.
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Fig. 1 Amounts of BAL, BAD,
CO2 and benzoic acid in
acetonitrile suspensions of TiO2
（P25）under irradiation of UV
light or Pt-BVO under irradiation
of visible light for 5 h.

Fig. 2 Time course of amounts of
BAL, BAD, CO2, benzoic acid and
material balance in acetonitrile
suspensions of Pt-BVO under
irradiation of visible light.
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Methanol is considered to be one of the most promising candidates as a chemical
storage medium for renewable energy due to its beneficial physicochemical
properties. It is liquid at ambient conditions, which enables it to be stocked and
distributed utilizing the currently available fuel infrastructure, and can be provided by
conversion of CO 2 with H 2 or water. Recovery of the stocked energy can be achieved
with a combination of methanol steam reforming (MSR), yielding H 2 and CO 2 , and
generating electricity with a proton exchange membrane fuel cell (PEMFC). [1,2]
The industrially most commonly employed catalyst for MSR was initially developed
for methanol synthesis and consists of Cu/ZnO/Al 2 O 3 . However, it forms too high
amounts of CO, which acts as a poison for the PEMFC electrodes, and deactivates
by copper particle sintering. [2] In order to avoid the introduction of additional
purification steps for the reformate gas, the CO 2 selectivity has to be increased. In
this respect, auspicious results have already been reported in the Cu/ZrO 2 system,
where the influence of the support polymorph is still hotly debated. Cu on tetragonal
zirconia (t-ZrO 2 ) prepared by a polymer gel templating technique by Purnama et al.

[3] exhibited enhanced CO 2 selectivity, activity and long-term stability compared to
the abovementioned industrial catalyst. Mayr et al. [4] synthesized an intermetallic
Cu/Cu 51 Zr 14 sample, which was decomposed into a selective state consisting of Cu
and predominantly t-ZrO 2 upon exposure to the MSR mixture. This activation leads to
high activity and up to 100 % CO 2 selectivity in methanol steam reforming.
Our work focuses on the influence of the ZrO 2 polymorph as a support material for
Cu on the CO 2 selectivity as the main performance indicator in MSR. Therefore,
three different synthesis routines (aqueous impregnation with Cu(II) acetate, waterfree impregnation with Cu(II) isopropoxide and co-precipitation of Zr(IV) isopropoxide
and Cu(II) isopropoxide) were employed, yielding five different systems. After
calcination and pre-reduction, two of them consist of metallic Cu on the
thermodynamically stable monoclinic zirconia (m-ZrO 2 ) and three of them of Cu(0) on
t-ZrO 2 . In situ X-ray diffraction (XRD) enables direct correlation of the catalytic
performance and the bulk crystal structure of the two constituents. The results reveal
that the Cu precursor as well as the support polymorph impact the CO 2 selectivity in
MSR, with the latter being more pronounced in catalysis. CO 2 selectivities below
55 % over the entire temperature range have been observed for the systems with tZrO 2 , whereas the m-ZrO 2 supported catalysts exhibit temperature regions without
any detectable CO formation. Additionally, the catalysts prepared by impregnation
with Cu(II) acetate display a more desirable performance in MSR on both ZrO 2
polymorphs considering the selectivity towards CO 2 . The crystal structure of ZrO 2
does not change during MSR in any of the systems, whereas the Cu oxidation state
depends on both preparation and ZrO 2 polymorph. Only the catalyst obtained by
Cu(II) acetate impregnation of m-ZrO 2 displays predominantly metallic Cu with traces
of Cu 2 O in certain temperature regions, whereas the other four systems exhibit
intermediary oxidation to CuO.
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The Electroelectrolytic Hydrogen Production with Low Energy
Comsumption Coupling with Oxidation of SO 2 by Redox Fe3+/Fe2+
XU Wenlin, DING Yuanqiong, SHAO Qing , WANG Yaqiong
(Coll. of Chem. & Chem. Eng., Yangzhou Uni., Yangzhou 225002, Jiangsu, China)

1. The importance of the hydrogen energy and oxidation of SO 2 to SO 3
Hydrogen is viewed as the most potential energy carrier because it is clean,
efficient and renewable. Hydrogen is widely used in chemistry, materials, metallurgy
industry and other fields.
Of all the heavy industrial chemicals, sulfuric acid is perhaps the most
fundamentally important, in that it has a number of large-scale uses not only within
the chemical industry but in other industries as well. Sulfuric acid is manufactured
from sulfur dioxide. The catalytic oxidation of SO 2 to SO 3 is an exothermic, reversible
reaction and is the key rection step in the process.
SO 2 is also a major pollutants of air. The gas creates problems for humans, such
as acid rain. There are many processes to reduce SO 2 from the air. Among these
methods, the process of removing SO 2 at low temperatures is important. These
methods require less energy and equipment. The removal of SO 2 gas from industrial
exhaust is important to reduce environmental pollution.
2. The existing production technology of water electrolysis and catalytic
oxidation of SO 2
Among the various hydrogen production technologies, water electrolysis powered
by renewable energy is the most mature and most promising method, and is the best
way to the coming hydrogen economy. The existing technology for hydrogen
production mainly includes alkaline water electrolysis and polymer electrolyte
membrane water electrolysis.
The oxidation and convertion of SO 2 to SO 3 is the most important and a difficitic
reaction in the production of sulfuric acid and the removing SO 2 is important for the
reaction is an exothermic, reversible one. The liberated heat must be dissipated
under controlled conditions in such a way as to maintain optimum gas temperatures
in the converter system and optimum acid temperatures in the dryer and absorber
circuits, thereby ensuring that sulfur dioxide concentrations in the tail gas are
minimized and sulfuric acid mist and sulfur trioxide at the stack outlet are avoided

insofar as possible. The systems for gas and acid cooling are therefore essential
components of a sulfuric acid plant.
3. Problems in hydrogen production technology existing of electrolytic water
Only the half electrodes is effective use, for the target product hydrogen is
generated only at cathode and the by-product oxygen is generated at anode, thus the
production cost is higher in the existing water electrolysis technique. Due to the high
potential of overpotential for oxygen evolution, the operating cell voltage of the
electrolysis process is high and the energy consumption is high also.
The value of energy has risen so much that systems for maximum energy recovery
are becoming increasingly economical despite the associated considerable increase
in capital cost. This is especially true for the extremely large-capacity doubleabsorption sulfuric acid plants now in use for the convertion of SO 2 to SO 3 .
4. Developed hydrogen production technology
A novel technique of lower electricity consumption electrolysis producting H 2 has
been developed. The schematic diagram of the system is shown in Fig. 1. The
system composed a two-reactor system of an oxidation reactor and an
electrochemical reactor for production of hydrogen. In the oxidation reactor SO 2 was
oxidized by Fe3+ in acidic medium to SO 3 , while ferric ion was reduced as Fe2+. The
SO 3 is dissolved in the liquid and to produce H 2 SO 4 . The hydrogen production
technology by water electrolysis in the
electrochemical

reactor

is

a

coupling

technology mainly composed of the reduction
H+ in an electrochemical reaction unit whin a
cathodic chamber using sulfuric acid solution
as an electrolyte, and the oxidation of Fe2+ to
Fe3+ in an anodic chamber using sulfuric acid
solution containing Fe2+ as an electrolyte. In
electrochemical reactor Fe2+ was oxidized at

Fig. 1 Schematic diagram of a two-reactor system.

anode, pure hydrogen was produced at cathode and the Faradaic efficiency for
hydrogen production was about 100%. The electrical voltage used is 1.2 V, only 1/31/2 electricity consumption of that used in conventional water electrolysis.
The results indicated that the cyclic process between the electrochemical reactor
and the oxidation reactor can be carried out steadily.

Mechanistic study of CO hydrogenation to C 2 -oxygenates over
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Abstract
C 2 -oxygenate (C 2 -O) formation from CO/H 2 was studied over supported metallic Rh
catalysts. Impregnation experiments with the target to unravel the different involved
reaction intermediates were performed. Hereby, a 1% Rh/SiO 2 catalyst was
populated with adsorbates that derived from impregnation with formic acid and
CH 2 Cl 2 . Subjecting this model system to a temperature programmed hydrogenation
(TPH) revealed the same MS signal-pattern for CH 3 CO-fragments as after a catalytic
CO-H 2 reaction treatment. The similarity between the two TPH-patterns gives strong
evidence that the formation of acetaldehyde (AcH) can occur via the reaction of
formate and alkyl species.
Introduction
Single-metal supported Rh catalysts are known for their ability to produce C 2 oxygenate compounds [1] (mainly AcH and EtOH) from CO/H 2 . However, Rh based
catalysts suffer from a low CO conversion range within which C 2 -O are formed in
considerable yield (ca. 10-15 %). Expanding the basic knowledge of the involved
reaction intermediates and their interplay with the different Rh sites and the applied
supports is hoped to feed back into the development of better catalysts.
Results and Discussion
Two different impregnation experiments were performed in order to unravel the
reaction pattern for the CO hydrogenation on supported Rh catalysts. Different
precursors were populated on the Rh surface. Subjecting those model systems to a
TPH was used to verify, whether C 2 -O production is a feasible reaction from these
intermediates. The TPH pattern from a catalyst that was treated in CO-H 2
atmosphere shows an AcH-formation peak around 220 °C and serves as reference
(Figure 1, black line).

In a first experiment, it was tested whether AcH can be produced from CO insertion
into alkyl species. A reduced 1% Rh/SiO 2 catalyst was preadsorbed with a CH 2 Cl 2
(DCM) loaded He gas flow at 50 °C. This temperature was assumed to be sufficient
to decompose DCM into CH x alkyls species that would bind on the catalyst surface.
Afterwards, 9.5% CO/Ar was adsorbed and a subsequent TPH showed a clear AcH
formation peak at 213 °C (blue line in Figure 1) whereby no AcH was formed during
the TPH when the catalyst was only preadsorbed with 9.5% CO/Ar (red line). In
another experiment, the 1% Rh/SiO 2 catalyst was populated with precursors that are
assumed to lead to CH 2 and HCOO- species on the surface by applying a flow of He
loaded with DCM and HCOOH to the reduced catalyst. During the subsequent TPH
the formed adsorbates react to C 2 -O and shows a peak in the TPH pattern of AcH
around 190 °C (green line).

Figure 1: Comparison of MS signal patterns from TPH sequences. Catalyst was prepared via wet
impregnation of Rh(NO 3 ) 3 . TPH patterns from 1% Rh/SiO 2 after adsorption of CO, formic acid and or
DCM in He.

The similarity between the MS signal-patterns from the TPH of a Rh catalyst that was
populated with C 2 -O species under CO-H 2 reaction conditions and the TPH patterns
derived from the model reactions provides strong evidence, that C 2 -O products can
be produced from the reaction of alkyl and formate surface adsorbates.
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This work is focused on the use of heterogeneous catalyst for the biomass
conversion, especially the transesterification of rapeseed oil by methanol and the
aldol condensation of furfural. The Mg-Fe mixed oxides, which were synthesized from
hydrotalcites (known also as hydrotalcites layered double hydroxides), were used as
a heterogeneous catalyst. The aim of this study was describe and explain the
influence of different precursors or their combinations on the various properties of
hydrotalcites and especially mixed oxides and also they catalytically activity.
The mixed metal oxides are often used as a heterogeneous catalyst for acid-based
reactions such as transesterification, glycerolysis or aldol condensation [1]. The
mixed oxides can be synthesized from hydrotalcites by thermal pre-treatment
(calcination). The general formula of hydrotalcites is [ M 12−+x M x3+ (OH ) 2 ]x + Axn/−n ⋅ zH 2O , where
M represents bivalent (Mg, Ca and Zn) or trivalent metallic cations (Al and Fe), An- is
usually inorganic anion (such as carbonate, nitrate, chloride, bromide, etc.) and x is
the molar ratio of M3+ [2]. The catalyst activity is influenced by the properties of mixed
oxides, which depend on the type of metals, molar ratio of metals and also by the
conditions of synthesis, such as type of precursors, temperature, time and intensity of
stirring. The mixed oxides are usually synthesis only from chloride or nitrates
precursors [3].
The formed mixed oxides were tested as an acid-base heterogeneous catalyst in two
reactions in the batch reactor (transesterification of rapeseed oil to form of esters and
aldol condensation of furfural). The influence of type of mixed oxides on reaction
conversion and selectivity of these two reactions was also study. Therefore, the MgFe hydrotalcites (called pyroaurite), with constant molar ratio (Mg/Fe 3:1), were
synthesized from various precursors: chlorides, bromide, nitrates and sulfates of

magnesium and iron metals and their combinations. The hydrotalcites were thermally
treated at constant temperature (500 °C) and so the mixed oxides were formed.
All synthesized materials were characterized by several techniques such as (i) XRD
(the confirmation of structure and calculation of crystallite size), (ii) ICP-OES and
XRF for determination of metals content, (iii) thermogravimetric analysis with a mass
spectrometer for determination of temperature changes throughout calcination, (iv)
N 2 adsorption for determination of specific surface area and pore size distribution, (v)
TPD-CO 2 and TPD-NH 3 for the determination of basic and acid sites.
The different properties of synthesized hydrotalcites and also mixed oxides were
found, such as different crystallite size, different TGA profiles and pore size
distribution of mixed oxides. The mixed oxides, which were synthesized from sulfate
precursors, had the lowest concentration of basic sites (31 µmol.g-1) and also the
lowest total pore volume (0.21 cm3.g-1), which was in accordance with the lowest
pores (maximum was in the range 6-8 nm). On the other hand, this mixed oxides had
the largest surface area (152 m2.g-1). The highest basicity (115 µmol.g-1) and also
pore size (maximum was in the approximately 30 nm) was determined for mixed
oxides synthesized from chloride precursor. The ester yield was the highest for this
type of mixed oxides.
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Introduction
The transition towards more sustainable means of energy production, distribution and
use is a key issue. Slowing down, or even reversing, the negative climatic effects
from the utilization of fossil fuels is the ultimate goal. Utilization of hydrogen (H 2 ) as
an energy carrier can be a sustainable solution that will reduce the impact of human
activities on the environment. Provided that H 2 is produced in a sustainable way from
renewable sources, such as water or biomass [1] it has the potential, through its use
in fuel cells with favorable efficiencies, to cover energy needs with a significant
reduction in greenhouse gas emissions. H 2 production through steam reforming of
hydrocarbons is a mature technology that can be extended to use ethanol as a
feedstock. Bioethanol formed by fermentation processes has significant advances
and appears to be a strong candidate as an energy vector suitable for H 2 production.
The transportation sector consumes approx. 25% of the world's energy. Here
we are targeting the reduction of the carbon footprint of the transportation sector by
developing an integrated system, on board device, for mobile H 2 production. The
produced H 2 can be fed into a fuel cell and provide the energy needed to propel a
vehicle, using ethanol/water mixtures as the feedstock. The work deals with a
thermodynamic feasibility study of the integral system comprising a steam ethanol
reforming (SER) microreactor which is heat integrated with combustion of the effluent
stream and delivers hydrogen to be used in a fuel cell. The study is assisted by
microkinetic modelling for catalyst optimization.

Materials and Methods
Catalysts are based on Co-Ni bimetallic
nanoparticles
supported
on
hydrotalcite-type
structures
and
promoted
by
various
elements
depending on the reaction application.
These materials have been tested
experimentally, using co-precipitation
as the preparation method [2]. The
activity and stability have been
examined in a tubular fixed-bed steel Figure 1. Simplified thermodynamic integration.
reactor at various conditions for obtaining intrinsic kinetic properties. The objective of
future work is to test the system in a full-scale prototype that is under construction.
Process simulation was built in the Aspen plus simulator version V10 (36.0.0).

The simulation includes a SER reactor (RGibbs) at different pressures and
temperature conditions, two Water Gas Shift reactors (REquil), a CO-methanation
reactor (RGibbs), a fuel cell (REquil) and a chemical combustor (RStoich).Theoretical
DFT calculations were used to estimate adsorption and activation energies on dense
surfaces of metals including Ni, Rh, Pt, Pd, Fe, Ru and Co. Then the CatMAP
(Catalysis Microkinetic Analysis Package) was used for building a microkinetic model
[3].
Results and Discussion
Our basic thermodynamic calculations show that a 60 Lt tank (90%v Ethanol) can
produce up to 6.9 kg of H₂ after water gas shift reaction converting CO to levels <10
ppm (700°C and 5 atm). With the current fuel cell technology this amount of H₂
produced [4] is sufficient to move a car up to 690 km at 100 km/h. The utilization of
Ni-Co bimetallic supported nanoparticles will allow better selectivities towards H 2 to
be achieved and have the potential to further enhance the system efficiency.
Combination of DFT calculations with microkinetic modeling is an important tool for
the prediction of catalyst performance. Results obtained solely on theoretical input
appear to be in agreement with our former laboratory tests on Ni-Co mixtures [2]
(Figure 2). In our approach, we use theory assisted design of catalysts in order to
enhance catalyst performance through the addition of specific promotors.

a

b

Figure 2. (a) Obtained performance versus Co–Ni composition. (b) Volcano plot of the theoretical
estimation of TOF for CO 2 formation at different Co–Ni compositions.

Our future efforts will be focusing on improving the understanding of the catalysts
functions through kinetic investigations that will be the basis for a further optimization
and the demonstration of the viability of the described process scheme.
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Lignocellulosic biomass has the potential to be converted into many chemicals and a
variety of fuels. It consists of three main components: cellulose, hemicellulose and
lignin. For the fuel production, hemicellulose represents the starting material involved
in the production of xylitol, furfural and furfural derivatives [1-2]. Furfural can be used
to produce alternative fuels. To produce long-chain hydrocarbons, aldol condensation
of furfural and ketones can be exploited. In the case of aldol condensation of furfural
with acetone, hydrocarbons of chain lengths up to 13 carbons are obtained [3].
These compounds can be used after further treatment as additives to fossil
hydrocarbon fractions.
In general, aldol condensation can be performed via homogeneous catalysis using
both acid and basic catalysts. To obtain the desired long-chain products, basic
catalysis with aqueous hydroxide solutions was applied. The major drawbacks of this
classical route are the difficulty of catalyst regeneration and corrosion of equipment.
The alternative route is represented by heterogeneous catalysis using basic
catalysts.
Mixed metal oxides prepared by the thermal decomposition of the hydrotalcite (HT)
derived compounds show well dispersed Me3+ and Me2+ cations, variable surface
acidity/basicity, and relatively high surface area. Due to large versatility, such oxides
are exploited as heterogeneous catalysts in a number of catalyzed reactions. For the
aldol condensation reaction, acid/basic feature(s) are tuned.
HT derived mixed oxides have sites with a broad distribution of their basic strength.
Three different basic site groups are present on the surface: (i) weak basic sites
attributed to OH- groups, (ii) medium strength sites related to oxygen in both Me2+…O
and Me3+…O pairs, and iii) strong basic sites corresponding to isolated O2- ions [4].
The Lewis acid sites are represented by unsaturated metal ions Me2+ and/or Me3+.

As is well known, catalytic behavior in aldol condensation is determined by the
structure of alkaline sites on the oxide surface. A wide-ranging discussion was
performed on the kind of basic sites responsible for the conversion of reactants [3, 58]. In spite of that, there is insufficient detailed knowledge concerning the influence of
site type on catalytic performance, and how to achieve significantly improved
catalytic performance via tuning the population of alkaline species still remains a
challenge.
In this contribution we show the catalytic performance of selected HT-derived mixed
oxides in aldol condensation of furfural with acetone with the aim to provide insight
on the role of individual basic sites on the conversion of furfural and the role of acid
and basic sites on the composition of reaction mixture. Materials are studied with
respect to their phase purity (XRD) and textural properties (N 2 -BET). Acidobasic
properties are studied using TPD and FTIR techniques. The series of samples
differing in the total concentration of acid and basic sites and their distribution is
exploited. Combined catalytic and statistical analysis was used for the description
and explanation of mutual relationships among the material properties such as
density of acid and basic sites, and the catalyst activity (conversion and selectivity).
Acknowledgement
This work was supported by the Czech Science Foundation, Project No. 19-00669S.
The work has been integrated into the National Sustainability Programme I of the
Ministry of Education, Youth and Sports of the Czech Republic (MEYS) through the
project Development of the UniCRE Centre (LO1606). The work was achieved using
the infrastructure included in the project Efficient Use of Energy Resources Using
Catalytic Processes (LM2015039) which has been financially supported by MEYS
within the targeted support of large infrastructures.
References
[1] Mamman AS, Lee JM, Kim YC, Hwang IT, Park NJ, Hwang YK, Chang JS, Hwang JS, Biofuel
Bioprod Bior 2:438-454 (2008).
[2] Lange JP, van der Heide E, van Buijtenen J, Price R, Chemsuschem 5:150-166 (2012).
[3] Ordonez S, Diaz E, Leon M, Faba L, Catal Today 167:71-76 (2011).
[4] Debecker DP, Gaigneaux EM, Busca G, Chem Eur J 15:3920-3935 (2009).
[5] Diez VK, Apesteguia CR, Di Cosimo JI, J Catal 240:235-244 (2006).
[6] Kikhtyanin O, Capek L, Smolakova L, Tisler Z, Kadlec D, Lhotka M, Diblikova P, Kubicka D, Ind
Eng Chem Res 56: 13411-13422 (2017).
[7] Smolakova L, Frolich K, Kocik J, Kikhtyanin O, Capek L, Ind Eng Chem Res 56:4638–4648 (2017).
[8] Kocik J, Frolich K, Perkova I, Horacek J, J Chem Technol Biotechnol 94: 435-445 (2019).

Ab initio modeling of the zeolite-catalyzed conversion of
alkylphenols into phenol and olefins
Massimo Bocus, Center for Molecular Modeling, Ghent University, Belgium; Julianna
Hajek, Center for Molecular Modeling, Ghent University, Belgium; Yuhe Liao, Center
for Surface Chemistry and Catalysis, KU Leuven, Belgium; Bert F. Sels, Center for
Surface Chemistry and Catalysis, KU Leuven, Belgium; Veronique Van Speybroeck,
Center for Molecular Modeling, Ghent University, Belgium

Importance of lignin-to-chemical processes
Olefins are among the most valuable raw materials in the modern chemical industry,
as they are used to produce a wide range of essential molecules and polymeric
materials. The depletion of crude oil reservoirs all around the planet has then
exacerbated the need of alternative routes to produce large amounts of olefins,
possibly with an environmental friendly approach. An enticing opportunity is
nowadays represented by the lignin-to-chemicals processes, that can be classified in
the more general field of chemicals from renewable biomasses. Lignin is a polymeric
molecule contained in the plant cells walls and it presents the larger concentration by
weight of aromatic groups with respect to all the other natural polymers. A plethora of
depolymerization techniques have been developed in the past few years to
decompose lignin in simpler and valuable molecules. Typical products of those
reactions

are

alkyl-substituted

phenols,

such

as

ethylphenols

(EPs)

and

propylphenols (PPs) [1]. Alkylphenols themselves, however, are not remarkably
useful in the chemical industry. Therefore, innovative processes are being devised to
convert them in added-value chemicals like olefins. Recently, Sels and co-workers
reported that the acidic zeolite H-ZSM-5 can selectively catalyze the dealkylation of
both EPs and PPs to produce phenols and ethene or phenol and propene,
respectively [2-4]. Interestingly, this new process exhibits some peculiarities in water
steam presence. Firstly, water is required to prevent a rapid deactivation of the
catalyst and, secondly, it has also been proved to have an active role in the reaction,
lowering the temperature at which the maximal conversion is reached. Both those
effects have still not been completely understood.
Mechanistic view on dealkylation

Our main purpose is to unravel the mechanistic pathway of the dealkylation reaction
within the acidic zeolite pores, to provide an explanation of the high selectivity
towards phenol and olefins as well as to understand the dual role of water steam.
The dealkylation of EPs and PPs can theoretically proceed through multiple routes
and intermediates as already highlighted for a similar reaction, i.e. the zeolitecatalyzed ethylation of benzene with ethene [5]. To investigate the reaction
mechanism, static and dynamic density functional theory calculations are performed.
The effect on the selectivity imposed by the zeolite pores constrain is taken into
account through periodic boundary conditions. Molecular dynamics simulations are
used to deduce which intermediate species are stable within the zeolite framework at
the reaction conditions. Complementary static calculations allow to energetically
characterize the transition states that connect those intermediates and to identify the
lowest energy pathways for the dealkylation reaction. The complete investigation of
the reaction mechanism with multiple approaches will allow us to unravel its main
unusual features and provide a contribution to the development of more efficient
processes for the coveted production of chemicals from renewable biomasses.
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Introduction
Renewable fuels are indispensable for achieving a complete decarbonization of our
energy systems. Fossil fuels can be substituted by hydrogen (H 2 ), a versatile fuel
which can be used not only in end applications which are difficult to electrify
(seasonal storage or heavy-duty mobility) but also in sectors which have no
renewable

alternative

(industrial

fuels).

For

producing

renewable

H2,

photoelectrochemical solar water splitting is one of the most promising approaches.
However, the instability of semiconductors in direct contact with aqueous electrolytes
remains a challenge [1]. In this work, we use atomic layer deposition (ALD) to
improve both the catalytic performance and stability of silicon (Si) photocathodes.
Results, discussion and perspectives
Platinum (Pt) nanoparticles were deposited on pn+ Si photocathodes by ALD
(topography shown in Fig. 1a) following two approaches: alternating exposures to the
MeCpPtMe 3 precursor and either N 2 plasma (Pt-N 2 ) or O 2 pulse (Pt-O 2 ) [2]. As
shown in Fig. 1b, an insulating layer (SiO 2 ) between the Pt nanoparticles and the pn+
photocathode resulted in a bad catalytic activity. The presence of SiO 2 , either by a
controlled deposition (grey curve) or during the O 2 pulse (blue curve) deposited
before the Pt nanoparticles resulted in lower onset potentials (V on ) compared to the

bare pn+ Si photocathode (red curve). On the contrary, the Pt-N 2 had a better V on
(purple curve) and when capped by a SiO 2 thin-film the V on reached 530 mV (black
curve), a value which is among the highest obtained in literature [1].

Figure 1: (a) SEM picture of ALD deposited Pt nanoparticles, (b) and (d) current
density – voltage performance of various ALD coated photocathodes in 0.5M H 2 SO 4
and (c) chronoamperometry (@0V vs RHE) results in a day/night cycle operation.
The presence of the SiO 2 on top of the Pt nanoparticles acted as a capping layer and
as a result their agglomeration was avoided [3]. Compared to the reference case
used for benchmarking (pn+ Si photocathodes with Pt nanoparticles deposited
electrolessly, red curve in Fig. 1d) where the catalytic activity rapidly degraded after a
couple of hours because of the agglomeration of the nanoparticles (red curve in Fig.
1c), capping the Pt nanoparticles by a thin SiO 2 layer resulted in a stable operation
for several 15h-day/8h-night cycles (blue curve in Fig. 1c). As for the capping oxide,
a trade-off between stability and photoelectrochemical performance is present: a too
thin oxide is not stable (black curve in Fig. 1c) while a too thick has bad
photoelectrochemical behavior (purple curve in Fig. 1d).
Overall, such a combination of controlled Pt deposition with low loadings and a
protective thin-film capping layer resulting in high V on and stable operation can
enable low cost and efficient solar water splitting devices.
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Monitoring deactivation behavior of modified ZSM-5 zeolite
catalysts in selective conversion of ethanol to small aromatics
Markus Seifert, Mathias S. Marschall, Torsten Gille, Oliver Busse, Wladimir
Reschetilowski, Jan J. Weigand, Technische Universität Dresden, Dresden, Germany

Conversion of ethanol to hydrocarbons over porous acidic zeolite H-ZSM-5 (ETH
process) is considered according to the hydrocarbon pool mechanism in methanol-toolefin catalysis (MTO process). An increase in durability and yield of small aromatics
during the ethanol conversion are main challenges to improve industrial relevance for
prospective application in refining. But this is prevented by a simultaneous increasing
formation of undesired ethylene and as the consequence the pore-blocking by nanosized coke molecules. [1]
The synthesis of ZSM-5 and its post-synthetic modification together with the adaption
of process parameter in ethanol conversion aims to overcome challenges in long
term stability of catalysts used. Moreover, it will give insights in the formation
mechanism of ethanol towards small aromatics. Inside and outside the zeolite pores
of ZSM-5 (0.52 – 0.56 nm). Special focus was directed to change typically applied
methods for zeolite modification by new treatments including acid and base washing
or steaming in combination with the variation of residence time and feed flow.
Trends of durability changes and yields of small aromatics are explained not only by
developing an understanding of bicyclic hydrocarbon pool mechanism using
mechanistic approaches. They are also described by molecular processes near
active sites particularly with the constellation of special site multiplets.

Comparative discussion of catalytic results, solid-state properties (e.g. Si/Al) and
imaginary experiments on catalytic active multiplet centers together with local
conversion pathways from ethanol to products and coke give hints to distinct
dominant multi-site formation pathways towards olefins, small aromatics and polyaromatic coke precursors. Zeolite powder characterization of fresh and modified
ZSM-5 by Clariant (structure (XRD), surface property and acidity (TPAD), elemental
composition (ICP-OES), framework and extra-framework structure species (NMR),
particle size analysis (REM, LDA)) is combined with the product analysis (GC, GCMS) of catalytic test reactions in a fixed-bed reactor setup and discussed. By means

of the models for deactivation kinetics and center-controlled reactive intermediates
(CRI) the obtained catalytic results are verified. [3]

Fig.

Scheme of different aspects of process and catalyst monitoring and control in
combination with imaginary experiments to reach an extended level of
mechanistic understanding
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Introduction
Zinc containing zeolites represent efficient catalysts for aromatization of C 2+ alkanes.
[1] The role of different zinc species as well as Brønsted acid sites (BAS) should be
understood in details to unravel the successive stages of alkane transformation and
improve technology for alkane aromatization. In this study, in situ MAS NMR
spectroscopy was applied to clarify activation and conversion of propane on zincmodified zeolite. Two zeolite catalysts, containing either Zn2+ cations or small ZnO
clusters (Zn2+/HBEA and ZnO/HBEA samples) were specially synthesized. Kinetics
of H/D exchange of propane with BAS and propane conversion, was studied to
explore peculiarities of propane interaction with zinc species of different nature.

Results and Discussion
Zn2+/HBEA zeolite containing Zn2+ cations provides regioselective H/D exchange of
BAS with methyl groups of propane. The rate is higher by one order of magnitude
and activation energy is lower compared to the
H/D exchange for propane on pure-acidic zeolite
(Fig.1). Much slower rate was observed for H/D
exchange in the CH 2 group of propane on
Zn2+/HBEA (Fig.2) with the kinetic parameters
similar

to

pure-acid

form

zeolite.

It

was

suggested that Zn2+ cations form a transient
complex [2] of BAS with C-H bond of methyl
group

of

propane

providing

a

significant

promotion of the hydrogen exchange in propane
methyl groups. The absence of accelerating
effect of Zn on H/D exchange with the CH 2

implied occurrence of the exchange of this group of propane with involvement of
pentacoordinated carbonium ion as a transition state. [3]

Different kinetic behaviour for H/D exchange was observed for ZnO/HBEA zeolite.
Both CH 2 and CH 3 groups of propane are involved in the H/D exchange with equal
rates, but higher than for pure acid form zeolite. However, the CH 2 kinetics exhibits
an induction period for ca. 100 min (Fig.3). Regioselective H/D exchange in the
methyl groups during induction period is succeeded presumably by intramolecular
process of hydrogen scrambling which can be provided by carbenium-ion species
(isopropyl cation). This hypothesis is supported by

13

C MAS NMR data showing

formation of small amounts of propylene on ZnO/HBEA zeolite at the end of induction
period. Protonation of propane by BAS can provide isopropyl cation formation.
Interestingly, Zn2+/H-BEA performs propane dehydrogenation easier, compared to
ZnO/H-BEA. However, the formed propylene does not violate the regioselectivity of
the H/D exchange in the methyl groups.The reason could be a higher stability of
propylene complex with Zn2+ cations, which does not allow protonation of propylene.
Thus, different kinetic behaviour of H/D exchange for Zn2+/H-BEA and ZnO/H-BEA
zeolites reflecting difference in activation of propane by these differently modified
with Zn zeolites may be related with different stability of propene complex with Zn2+
cations and ZnO species.
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Introduction
Fluid Catalytic Cracking (FCC) gasoline represents one third of the global
gasoline pool. In order to meet objectives regarding increased renewable share in
transportation fuels, production of a hybrid bio/fossil fuel by co-refining biomass
pyrolysis liquids with crude oil fractions in a conventional oil refinery, is an achievable
approach [1]. However, oxygenated molecules, typical for the bio-feedstock, are still
present in pyrolytic liquids. For high oxygenated molecule content, co-refining may
lead to severe changes in products quality, such as a higher aromaticity and residual
oxygenates in the hybrid fuels that are produced. In order to adjust the reactivity of
FCC catalysts, Y zeolites have been upgraded by creating an additional
mesoporosity. The aim of this mesopore network is to improve the diffusion of the
large lignocellulosic fragments throughout the catalytic cracking catalysts.
Materials and Methods
Hierarchical H-Y zeolites were prepared according to post synthetic processes
performed on commercial CBV720 from Zeolyst [2, 3]. Solid acid catalysts were
characterized by XRD, TEM, IR spectroscopy of adsorbed pyridine, N2 physisorption,
27

Al and

29

Si NMR. Co-processing of pyrolysis liquid with Vacuum Gas Oil (VGO)

were carried out in a Micro Activity Test (MAT) unit that simulates FCC units. Both
liquids were injected through the reactor using their own synchronized pump
systems. The reactants were fed at different catalyst-to-oil (Cat/Oil) ratios from 0.3 to
1.8. Gas products were analyzed by a compact GC. Liquids products, collected in a
cold trap, were characterized by simulated distillation and GC 2D. To determine the
coke yield, the regeneration gases were analyzed by IR for their CO2 content.
Results and Discussion
The characterization results show that most of the hierarchical catalysts
retained a high crystallinity. Si/Al ratio of 15 was found for all the materials prepared

from CBV720. As the pore structure was modified, the Brønsted acid sites
concentration decreased whereas the Lewis acid sites increased.
Three catalysts with well distinct multilevel pore networks were tested on a
MAT catalytic test bench. The addition of 10% of bio-oil to the VGO into the feed led
to a small decrease of naphtha yield. Production of dry gas and Liquid Paraffin Gas
(LPG) slightly increased. The analysis of liquid products by GC 2D revealed the
presence of phenols as residual oxygenated components. Peaks of sugars and acids
were not identified contrary to what had been seen for the analysis of bio-oil before
the processing in the MAT test. The main difference of selectivity between the three
materials was the coke yield (Figure 1.A). H-Y1 and H-Y2 were unexpected to achieve
higher coke yield than CBV720 since higher mesopore volumes were found (Figure
1.B). However, the post synthetic modifications of CBV720 induced structure
rearrangement [2]. The progressive disappearance of the large mesoporemacropores (Figure 1.C-E) explained the aforesaid coke production.
It is highlighted that the pore structure of the hierarchical zeolites plays a key
role for the co-processing of bio-oil with VGO. Catalytic cracking of model molecules
on the presented materials will be presented in order to identify the roles of
oxygenates on catalytic performances.
A)

B)
CBV720
H-Y1
H-Y2

Figure 1. A) Coke yield for
the

processing

of

pure

VGO (empty symbol) and
C)

90% VGO / 10% bio-oil
D)

E)

(filled symbol) in MAT unit
at

560°C,

B)

N2

adsorption-desorption
isotherms,

and

TEM

images of C) CBV720, D)
H-Y1 and E) H-Y2.
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The nature of starting compounds of zirconium and supercritical media on the
synthesis of ceria–zirconia mixed oxides by solvothermal method in a flow reactor
was investigated. Addition of a complexing agent (acetylacetone) allows to obtain a
homogeneous solid solution.
Catalysts comprised of Ni supported on Ce 1−x Zr x O 2−δ oxides demonstrate a high
yield of synthesis gas and stable performance in methane dry reforming.
1. Scope
Mixed Ce 1−x Zr x O 2−δ oxides are of permanent interest due to their intense use in
catalysis, in particular, as catalysts supports for the reaction of methane dry
reforming (MDR), which is one of the most promising reactions of green chemistry
converting two greenhouse gases into syngas. Ceria–zirconia based solid solutions
have been reported to ensure coking suppression due to their high oxygen mobility
and reactivity [1,2]. In our work Ce 1−x Zr x O 2−δ were synthesized using supercritical
fluid technology. This method is characterized by simplicity and a high performance,
being environmentally friendly and practical when employed at a large scale.
2. Results and discussions
Solutions of Ce(NO 3 ) 3 (0.25 M) and zirconium butoxide (0.117 M) in isopropanol
were used as reagents for the synthesis of Ce 1−x Zr x O 2−δ systems. A 2-fold molar
excess of acetylacetone (AA) was added to the butoxide solution. Solutions were
mixed to obtain the necessary ratio of Ce/Zr and supplied into the U-shaped reactor.
Simultaneously, into the reactor at a rate of 8 ml/min was supplied isopropanol preheated to 150°C. The reaction of synthesis occurred at 400°C and a pressure of 120130 atm. The products of synthesis were separated from the mother solution by
decantation. The precipitates were dried and calcined at 600°C for 2 hours. The Ni/
Ce 1−x Zr x O 2−δ catalysts were prepared by impregnating supports with required
amount of aqueous solution of Ni(NO 3 ) 2 ·6H 2 O to yield a 5 wt% Ni.

All obtained materials were characterized using XRD, Raman spectroscopy, XPS
and TPR techniques. The morphology and textural properties were studied by TEM
and thermal desorption of nitrogen. The activities and resistance of Ni catalysts to
coking in DRM were evaluated using 15 vol.% СН 4 +15 vol.% СО 2 + 70 vol.% N 2 feed
in the temperature range of 600–750 °C. Before testing, catalysts were reduced in
the stream of 5% H 2 in He. To determine the extents of carbon formation, TEM
analyses was performed for catalysts tested in the catalytic reaction.
Samples synthesized without AA were bi-phasic with

reflections

of cubic and

tetragonal phases being observed in their XRD patterns. The most homogeneous
phase composition was found for a sample which contained more than 90 wt.% of
zirconium-enriched solid solution of Ce 0.25 Zr 0.75 O 2 . For samples prepared with
addition of AA, according to XRD and Raman data, a homogeneous pseudocubic
fluorite-type phase of Ce 1−x Zr x O 2−δ is formed with BET surface areas varying
between 70-85 m2 g−1. The resulting Ni-loaded catalysts were found to have surface
areas ranging from 25 to 40 m2 g−1. According to analyses of XPS and TPR data,
they are characterized by

strong metal- support interaction, with pronounced

incorporation of Ni cations into the bulk of bi-phasic samples.

For all catalysts

prepared with AA addition, methane conversion is substantially higher (up to 60% at
650 oC) than for catalysts with bi-phasic supports (<20% at 650 °C). As a whole, at
650 oC for the best 5 wt% Ni/ Ce 1−x Zr x O 2−δ catalytic system CO 2 conversion of 84%
is achieved with H 2 yield of 48% and H 2 /CO ratio of 0.81-0.86, coking being
suppressed.
3. Conclusion
Ni/Ce 1−x Zr x O 2−δ

catalysts with supports prepared in supercritical alcohols with

addition of acetylacetone as complexon and characterized by the homogeneous
phase composition demonstrate a high and stable performance in the methane dry
due to a higher concentration of Ni in the near-surface layer along with a suppression
of coking and resistance to sintering.
The work was supported by the Russian Science Foundation (Project 18-73-10167).
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Plasma enhanced CaCO 3 hydrogenation for fuel production
Guido Giammaria, University of Twente, Enschede, The Netherlands;
Leon Lefferts, University of Twente, Enschede, The Netherlands
Introduction
Plasma catalysis is receiving more attention in the last few years, since the
interactions between plasma and catalyst surface may lead to synergistic effects [1].
Dielectric Barrier Discharge (DBD) plasma is a promising technique for plasmacatalytic conversion, since the non-equilibrium plasma has very high electron
temperatures (105K), and rather low rotational and translational temperatures (102K),
allowing application of a catalyst directly in the plasma generation zone without fast
deactivation, maximizing the interaction between active species and catalytic phase.
This study assesses the potential of H 2 plasma to enhance CaCO 3 decomposition.
CaCO 3 is a relevant material for CO 2 separation via Calcium Looping Cycle [2],
consisting of carbonation of CaO for capturing, followed by calcination of CaCO 3 in
order to recycle calcium oxide and to produce pure CO 2 . However, the calcination
reaction requires temperatures of at least 950°C to achieve 1 bar 100% CO 2 ,
resulting in sintering and decreasing of CO 2 capture capacity when CaO is recycled.
Using a DBD plasma during CaCO 3 decomposition might circumvent the need for
such high temperatures, and CO 2 will be converted by plasma into CO, converting
electrical energy into chemical energy. H 2 as a co-reactant leads to a decrease in the
decomposition temperature of ca. 50°C and production of CO and H 2 O [3].
The decomposition in H 2 plasma is studied, distinguishing between thermal effects
and plasma chemical effects on the reaction rate, based on the fact that plasma
cannot exist in pores smaller than a few micrometers.
Materials and Methods
CaCO 3 samples with 3 different surface areas and 3 particles sizes are synthesized,
characterized by N 2 physisorption, XRD, XRF and SEM, and decomposed in a fixed
bed reactor in 10% H 2 in Ar, temperature of 590-630°C and plasma power of 0-6 W.
Results and Discussion
We observed that plasma induces an increase in the concentration of all the
products, i.e. CO 2 , CO and H 2 O, as function of power. Figure 1 shows that the

increase in CO 2 concentration depends on the internal surface area of the CaCO 3
sample, which is not exposed to plasma, but is affected by temperature changes
induced by the plasma. On the other hand, the CO 2 concentration appears
independent of the external surface area, which is exposed to plasma. Thus, CO 2
formation is influenced only by the gas temperature, and no plasma-chemistry is
contributing. Figure 1 shows also that the increase in CO formation is influenced by
internal surface area at constant plasma power, implying that plasma chemistry is
involved. Experiments performed in absence of plasma show that the formation of
CO is hardly affected by the CO 2 concentration in the packed bed, suggesting that
the CO is formed directly on the CaCO 3 surface rather than consecutive reaction in
the gas phase. The temperature increase in the plasma, as estimated based on the
kinetics of the CO 2 production (R 1 ), is not enough to explain the significant increase
of CO in presence of plasma, confirming the conclusion that plasma chemistry is
involved. Ongoing experiment are going to discriminate whether plasma enhances
surface- (R 2 ) or gas phase- (R 3 ) CO production.

Figure 1. Concentration of CO (1a) and CO 2 (1b,c) during isothermal decomposition of CaCO 3
samples with different particle size (1a,b) and with different surface area (1c); flow rate is 30ml/min,
gas composition is 10%H 2 in Ar, temperature is 590°C.

Scheme 1
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Introduction
Production of hydrocarbons from alternative carbon sources includes as a promising
process the reaction of methanol over zeolite catalysts in fixed bed reactors [1].
These reactors are common but have disadvantages such as hot spots and highpressure drop; to avoid these problems a fluidized bed reactor is proposed. The
catalysts used in MTH process are often zeolites like ZSM-5 or SAPO-34 [2], but their
hardness and mechanical resistance must be improved to allow their use in a
fluidized bed.
Experimental Section
Two catalysts were synthesized by agglomeration of ZSM-5 (Zeolyst International),
Boehmite (Sasol Germany) and α-Al 2 O 3 (Alfa Aesar) with a mass ratio of 50/30/20
wt.%. Additionally, one of the samples was treated with a 0.2 M NaOH solution.
Catalytic tests were performed in a fluidized bed reactor loaded with 15 g of catalyst,
at temperatures between 400ºC and 500ºC. Methanol and carrier gas (N 2 ) were feed
to operate at two times the minimum fluidization velocity, maintaining 90% vol.
MeOH. To quantify C 1 -C 4 products, a Varian CP-3800 gas chromatograph was used,
while C 5+ and BTX products were analyzed by a CG-MS (Shimadzu QP-2010).
Results and Discussion
Table 1 shows the surface and porous characterization of the samples.
Table 1. Surface and porous characterization of the samples.
2

-1

BET surface area (m ·g )

3

-1

Pore volume (cm ·g )

Pore diameter (nm)

Sample

Total

Micro

Total

Micro

Total

Micro

HZSM-5

320

202

0.23

0.11

2.8

2.1

Boehmite

212

-

0.49

-

9.0

-

a-Al 2 O 3

179

-

0.38

-

8.1

-

HZ+Boehmite

288

113

0.40

0.06

5.5

2.1

HZ+Boehmite+NaOH

296

114

0.47

0.05

6.3

1.8

On the one hand, agglomeration results in a physical mix of structures with weighted
(50/30/20%) properties. The binder does not affect the microporous structure but the
mean surface area is reduced. On the other hand, NaOH treatment modifies the
structure of the zeolite by building new mesoporous channels.
Agglomeration allows operating with a fluidized bed reactor, as Al 2 O 3 improves
mechanical resistance and Boehmite gives a bigger particle size (160 - 315 µm) to
minimize the drag of the catalyst.
The effect of reaction temperature was
studied

for

both

catalysts.

As

an

example, Figure 1 shows the product
selectivity for both catalyst samples at
450ºC. Methanol conversion was higher
than 99.9% with both catalysts. The
activity of the catalyst improves with the

Figure 1. Product selectivity for the

NaOH treatment as is shown in the

agglomerated catalysts.

reduction of DME selectivity. Product distribution was also modified, enhancing C 1 C 4 (mainly ethylene and propylene) and BTX (mainly p-xylene) production at the
expense of C 5+ hydrocarbons. Octane number was calculated as a weighted mean of
the octane number of products. Table 2 shows the octane numbers of C 5+ + BTX
produced with both catalysts and a comparison with commercial gasoline.
Table 2. Octane numbers of commercial and produced gasoline.
Sample

Octane Number

Source

Exxon and Mobil Synergy™ Regular Gasoline

87

Exxon.com

Exxon and Mobil Synergy™ Extra Gasoline

89

Exxon.com

91 - 93

Exxon.com

Cepsa Optima 98

98

Cepsa.es

Cepsa Star 95

95

Cepsa.es

HZSM-5 + Boehmite

108

-

HZSM-5 + Boehmite + NaOH

110

-

Exxon and Mobil Synergy SUPREME+™ Gasoline
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Abstract
Using CO (an intermediate of CO 2 hydrogenation) to synthesize higher alcohols
stands out as a catalytic route of eminent interest. It has been generally accepted
that the synergy between active centers with different functionality is necessary for
this reaction.1 Take CoCu catalyst for an example, the role of Co is to dissociate CO
and subsequently hydrogenate and the role of Cu is to nondissociative adsorption of
CO and insert CO.2 However, the final structures of catalysts are still under debate.
The structures of CoCu catalysts will segregate after dealing with different
atmospheres.3 Besides, the Co with a positive valence state can replace the role of
Cu and the atmosphere and support may greatly change the charge state of Co.4
Thus, an explicit catalyst model is extremely important for understanding the
mechanism of this reaction.
Genetic algorithm can effectively local the global minimum, which means the finding
of the most possible structure under reaction condition.5 However, Utilizing DFTbased genetic algorithm is too time-consuming to simulate the supported CoCu
catalysts. Therefore, neural-network based genetic algorithm is applied to boost the
calculations.6

Computational Details
DFT: VASP, 4x4x3 slab, CoCu cluster with 18 atoms, gamma point, energy cutoff:
300eV
Genetic Algorithm: ASE, an initial population of 20 candidates, about 1000 offsprings.
Neural Network: Amp, Gaussian descriptor (G2 and G4), Neural network (2 hidden
layers, each with five nodes)

Fig 1. (left) The importance of machine learning based genetic algorithm;
(right) The most possible structure of CoCu/TiO 2 with CO adsorbate.
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CO Hydrogenation; Higher Alcohols; Neural Network; Genetic Algorithm
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Introduction
One of the most important processes of the chemical industry is the NH 3 -synthesis
over Fe-based catalysts (Haber-Bosch process) [1]. With its usage in fertilizer
production NH 3 is essential for feeding today’s world population. Due to the possible
usage of NH 3 as a hydrogen carrier for the storage of renewable energies, it is likely
that the importance of NH 3 will even increase in the future [2].
Although the Haber-Bosch process is already performed for more than 100 years, its
further optimization is ongoing [3]. Due to thermodynamic and kinetic limitations the
NH 3 synthesis needs to be performed at high pressures and temperatures. The Fecatalyzed NH 3 synthesis is a highly structural sensitive reaction and even for the
greatly optimized industrial catalyst some studies estimate that only less than ca. 5 %
of the Fe surface is actually covered with catalytic active centers [3]. Countless
studies were performed on the nature of the Fe-based ammonia synthesis catalyst.
Most of the experimental methods can only be performed with idealized materials
and/or at low pressures, which still leaves a “material” and a “pressure gap” to
industrial application.
This work is focusing on model catalysts for NH 3 synthesis derived from LDH
materials. Due to a broad variability of LDH materials in composition and structure it
is possible to investigate the influence of promoters and the structural sensitivity of
the reaction under industrial relevant conditions. Furthermore, the LDH-based
precursors can be synthesized under relatively mild conditions (50 °C) compared to
the very harsh fusion processes (> 1600 °C) of recent industrial catalysts [4].
Experimental
For the catalytic test a commercial flow set-up was used equipped with a guard and a
synthesis reactor as well as an online IR-detector (Emerson X-stream) for
quantitative gas analysis of NH 3 and H 2 O. 1 g catalyst precursor was activated in a

synthesis gas flow (75 % H 2 , 25 % N 2 ) by reducing it to α-Fe applying a heating rate
of 1 K/min up to 500 °C and at low pressures. The catalytic tests were performed at
325-500 °C and 90 bar.
Results
The LDH-based materials exhibit already with only Mg as a structural promoter a
clear catalytic activity, even compared

industrial

catalyst.

A

further

improvement of the activity could be
obtained by optimizing the phase
purity of the precursor and the addition
of

K

as

an

additional

promoter

(Figure 1). The optimized phase purity
is achieved by increasing the aging

NH3 effluent mole fraction [%]

to an optimized and multipromoted

12

Thermodynamic Equilibrium
10% of the Equilibrium
Industrial Catalyst (for comparison)
MgFe2O4 (1 h aging)
MgFe2O4 (24 h aging)
MgFe2O4 2% KHCO3

8

200 NmL/gcatmin
H2:N2 3:1, 90 bar

(1 h aging)
MgFe2O4 2% KHCO3
(24 h aging)

4

0
300

350

400

450
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T [°C]

time from 1 to 24 h during the
synthesis of the LDH phase.

Fig. 1: NH3 synthesis activity vs. temperature of
MgFe2O4 with and without K promotion.

Ex-situ characterization of the MgFe 2 O 4 materials shows a dissociation into
agglomerates of nanoparticles (ca.
100 nm) with separated phases of αFe and MgO (Figure 2). This specific
nanostructure leads to a high specific
iron surface area.
A further optimization of the catalysts
can be achieved by the introduction
of additional promoters like Co and
Al

as

well

preparation

as
and

a

variation

of

Fig. 2: SEM (left) and EDX mapping (right) of
MgFe2O4 after catalytic testing.

pretreatment

conditions to influence the precursor phase and structure.
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Introduction
Industrial catalysts for hydrotreating crude petroleum feedstocks are comprised of
Al 2 O 3 -supported or self-supported molybdenum and tungsten sulfides, promoted with
cobalt or nickel. Key quests in fundamental and applied research are to decipher the
structure of the active sites in such complex compositions and to maximize their
catalytic activities for a number of H 2 -involving reactions removing heteroatoms and
saturating aromatic rings.[1] Despite decades of research efforts, it has remained
challenging to correlate, in a quantitative manner, the concentration and intrinsic
properties of active sites in these complex catalysts with their activities, due mainly to
the concomitant formation of Ni(Co) sulfide crystals along with the active Ni(Co)incorporated Mo(W)S 2 phase.[2] The segregated Ni(Co) sulfide phases themselves
are generally perceived to be hardly active in the various hydrotreating reactions of
interest, thus adding inert mass and possibly also blocking active sites at the
Mo(W)S 2 perimeter. To address these problems, we will present results showing that
treatment of the sulfide materials, in their unsupported forms, in strongly acidic
solutions enhances the catalytic activities of these materials and allows drawing
structure-function relations for hydrodenitrogenation (HDN) and hydrodesulfurization
(HDS) reactions.
Materials and Methods
Typically, bimetallic (Ni-Mo, Ni-W) and trimetallic (Ni-Mo-W) oxide precursors were
synthesized by co-precipitation or hydrothermal methods for unsupported catalysts,
followed by drying in air and in-situ sulfidation in liquid-phase mixtures of H 2 and
S-containing hydrocarbons at elevated temperatures and pressures. For post-

synthetic treatments, the obtained sulfides were suspended in concentrated
hydrochloric acid (pH -1) to dissolve the inactive and site-blocking NiS x phases,
assisted with heating in some cases. The catalytic performance of acid-treated
materials was evaluated in a trickle bed down-flow reactor (where sulfidation was
carried out) at varying space times, temperatures and H 2 pressures. X-ray absorption
spectroscopy, pulsed NO experiments, H 2 /D 2 scrambling, as well as several routine
techniques (e.g., XRD, TEM, N 2 adsorption), have been employed to characterize
the nature and concentration of active sites on the sulfide surfaces.
Results
Treating unsupported sulfide materials in strongly acidic HCl solutions barely affected
the morphologies and atomic arrangements of the Mo(W)S 2 slabs while removing a
substantial fraction of Ni. The mass-specific activities for a number of hydrotreatingrelevant reactions were observed to increase after acid-treatment, with the product
distribution and measured activation energies affected only to a minor extent. This
clearly shows that the catalytic activities stem from the same type of active site that
only differed in its concentration before and after the acid treatment. However, the
effect of the acid is rather complex, beyond simply providing protons that react with
excessive NiS x phases. Earlier works with Al 2 O 3 -supported sulfide catalysts,
including ours [1], relied on IR spectroscopy of probe molecules such as NO and
dimethylpyridine to quantify the surface exposure of coordinatively unsaturated sites
(CUS) associated with Ni-substituted slab edge and sulfhydryl (SH) groups. However,
this approach was met with significant challenges for unsupported catalysts whose IR
beam transmission was poor. Therefore, pulsed NO uptakes and H 2 -D 2 exchange
experiments were used to provide proxies of active site counts. By this means, we
found on acid-treated catalysts robust linear relationships between the catalytic
activity and the concentration of Ni-substituted CUS or SH at the slab edge; due to
the excessive presence of NiS x , these linear relations were not seen on parent
sulfide counterparts.
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Subheading
The research of secondary (mesoporous) structure in zeolite materials is an
actual subject [1,2]. It was shown that double-templating synthesis of micromesoporous materials is an appropriate way to obtain composite materials [3,4].
Recently, ultrathin MFI zeolite nanosheets were synthesized using multi-ammonium
surfactant molecules as the structure-directing agent (SDA) that could function in
meso and micro length scales simultaneously. The pioneering work was done by
Ryoo and co-workers who developed a strategy for designing bi-functional SDA
(structure-directing agent) molecules acting as micropore- and mesopore-porogenic
agents [5]. A main problem with the surfactant-directed zeolites nanosheets is the
long hydrothermal reaction times required for synthesis.
In the present study we attempted to decrease the synthesis time by the
microwave irradiation. The result was more rapid generation of MFI nanosheets.
Even at high-content of Al in the gel the synthesis took much less than 11 days at
150 °C. The results from the TEM and XRD analyses conﬁrm the formation of MFI
nanosheets. Moreover,

27

Al MAS NMR measurements indicate that the framework of

aluminum species in the samples is practically the same as in the bulk zeolite. The
catalytic study shows that MFI zeolite nanosheets are excellent supports for the
catalysts in the processes such as cracking and hydrogenation. We demostrated that
the mesopores of the MFI nanosheets are not as highly ordered as in mesoporous
MCM-41 materials, but it has higher specific surface area and a very narrow
distribution of mesopores, compared to micro-mesoporous materials obtained by
classic double-templating hydrothermal synthesis.
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Catalytic autothermal reforming is considered as one of the most effective methods
of producing hydrogen from heavy hydrocarbon fuels for solid oxide fuel cells
(SOFC). Diesel is an attractive fuel because of high energy density, wide applications
and well - developed infrastructure. The catalysts supported on structured carriers
(FeCrAl blocks) provide controlled reaction conditions throughout the reactor volume
that favorably competes, for example, fixed bed reactors. The use of the structured
catalysts provides efficient heat and mass transfer, low gas dynamic resistance, and
high catalyst performance that allows reducing the catalyst quantity per unit volume
of the reactor. The opportunity to perform the process under controlled optimum
conditions allows to increase the selectivity and minimize undesirable side reactions,
such as coke formation.

a)

b)

Fig. 1. Temperatures (oC) inside the catalytic module during typical experimental
runs (a) and overview of catalytic module after tests (b).
Experimental conditions: Diesel fuel flow = 150 g / h; Water flow = 350 g / h;
Exp. 1: О 2 /С = 0.69; GHSV = 14600 h-1; Air flow = 784 l/h;
Exp. 2: О 2 /С = 0.59; GHSV = 13500 h-1; Air flow = 672 l/h;
Exp. 3: О 2 /С = 0.59; GHSV = 6750 h-1; Air flow = 672 l/h;
Exp. 4: О 2 /С = 0.69; GHSV = 7150 h-1; Air flow = 784 l/h;
In the present work, active component Rh/CZ was supported on FeCrAl metal
meshes using Al 2 O 3 as a binding structural component. The obtained catalyst

Rh/CZ-ƞ-Al 2 O 3 /FeCrAl was tested in the laboratory and pilot scale reactors in the nhexadecane and diesel autothermal reaction conditions (Fig.1). Winter grade diesel
used in the experiments contained up to 30 % of aromatics. Operating conditions
were found to provide a 100% conversion of n-hexadecane and diesel and stable
catalyst activity for a long time-on-stream exposure.

Fig. 1. Diesel conversion and reformate composition as a function of time on
stream. Experimental conditions: as described at Fig 1.
It was shown that 0.24wt.%Rh/(12wt.%Zr 0.25 Ce 0.75 O 2-δ -ƞ-Al 2 O 3 )/FeCrAl catalyst
provided complete n-hexadecane conversion with the maximum syngas (CO + H 2 )
productivity of 6.2 m3Lcat-1h-1 (STP) at GHSV of 13,300 h-1, while complete diesel
conversion was observed at GHSV of ~7,000 h-1 (Fig.2). The produced syngas can
be supplied as a fuel for power generation units based on high-temperature solid
oxide fuel cells.
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1- Scope
The emission of biogas produced by the anaerobic digestion of organic matter
to the atmosphere may contribute significantly to the greenhouse effect. Thus, the
conversion of biogas into synthesis gas by dry reforming of methane (DRM) is a
promising technology for energy generation through fuel cells since it can promote
the sustainable use of natural resources as well as the reduction of greenhouse
gases emissions [1]. However, one of the major problems of this process is the
deactivation of the catalysts due to carbon [2]. Ceria based oxides exhibit a high
oxygen exchange capacity that promotes the mechanism of carbon removal.
Moreover, the addition of dopants promotes the oxygen mobility due to the formation
of a solid solution, improving the carbon removal [1,3]. Furthermore, the deposition of
ceria-mixed oxides over a high-surface area oxide such as alumina improves the
metal dispersion that also avoids carbon deposition. Thus, the aim of this work is to
investigate the performance of Pt supported on cerium oxide doped with Gd, Nb and
Zr deposited on alumina for DRM reaction.
Ceria-doped oxides were prepared by co-impregnation of alumina with an
aqueous solution of cerium (IV) ammonium nitrate and the dopant precursor salts.
After calcination at 1073 K, the catalysts (1 wt.% Pt) were synthesized by incipient
wetness impregnation of the supports with an aqueous solution of H 2 PtCl 6 and
calcined at 673 K. The sample were characterized by N 2 adsorption, in situ X-ray
diffraction (XRD), XANES at Ce L III -edge, dehydrogenation of cyclohexane and
temperature-programmed oxidation (TPO). The DRM reaction was carried out at
1073 K, using CH 4 /CO 2 = 1.0.

2- Results and Discussion
The diffractograms of calcined samples suggest the formation of solid solution
for the samples containing Gd and Zr. In situ XRD patterns obtained during reduction
showed that increasing the temperature led to a shift of the characteristic lines of

CeO 2 to lower 2θ positions and an increase in the lattice parameter. This could be
attributed to the partial reduction of Ce4+ to Ce3+. The XANES spectra revealed that
the fraction of Ce3+ was approximately the same for all samples. Before DRM,
Pt/Al 2 O 3 exhibited the highest metal dispersion (Table 1). The lowest values of Pt
dispersion were obtained for Pt/CeGd/Al 2 O 3 and Pt/CeZr/Al 2 O 3 . After DRM, a
reduction in Pt dispersions was observed for all catalysts, mainly for Pt/Al 2 O 3 and
Pt/CeNb/Al 2 O 3 . The CH 4 and CO 2 conversions strongly decreased during the
reaction over Pt/Al 2 O 3 catalyst (Fig. 1). For the other samples, the deactivation was
less pronounced. The amount of carbon formed during DRM (obtained by TPO
analysis) showed that Pt/Al 2 O 3 exhibited the highest carbon formation. All other
samples exhibited a very low carbon deposition, Thus, the deactivation of Pt/Al 2 O 3
could be attributed to Pt sintering as well as carbon deposition. In the case of the
ceria doped samples, the lost of activity was likely due to Pt sintering.
Table 1. Pt dispersion of fresh and used catalysts and the
amount of carbon deposited during the DRM for 24 h of TOS.

Figure 1. (a) CH 4 conversion versus TOS for: (♦) Pt/Al 2 O 3 ,
(■) Pt/CeGd/Al 2 O 3 , ()Pt/CeNb/Al 2 O 3 , (▼) Pt/CeZr/Al 2 O 3
during DRM at 1073K

D (%)
Catalyst

mgC/g cat .h
Fresh

Used

Pt/Al 2 O 3

42

29

0,45

Pt/CeGd/Al 2 O 3

16

12

0,20

Pt/CeNb/Al 2 O 3

24

15

0,07

Pt/CeZr/Al 2 O 3

14

11

0,12

3- Conclusion
The results revealed that the addition of ceria-mixed oxide suppressed the
deposition of carbon on the surface of Pt particles. This is likely due to the
mechanism of carbon removal promoted by the oxygen vacancies and Ce3+ species
created during the reduction. Moreover, Pt sintering is responsible for the
deactivation of the doped ceria samples.
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Introduction
The highly exothermal character (∆H R = -165 kJ mol-1) of the CO 2 methanation
reaction limits the maximum CH 4 yield at high temperature and therefore leads to a
demand for highly active catalysts to achieve decent CH 4 yields at mild conditions.
Recently, we brought up Mn as an efficient promoter to enhance the activity of coprecipitated hydrotalcite-derived Ni-Al (molar ratio Ni/Al = 1) catalysts.[1, 2] In this
study, the deactivation behaviors of co-precipitated Ni-Mn-Al and Ni-Al catalysts,
coupled with detailed characterization of fresh and spent catalyst samples, are
compared to get further insights into the role of the Mn and its impact on kinetics.

Experimental
The Ni-Al and Ni-Mn-Al catalysts were prepared via co-precipitation at constant pH of
9 and 30 °C, calcined at 450 °C, and reduced at 485 °C. Their initial catalytic activity
was evaluated under differential conditions at 230 °C, 4 bar, and 600 NL g cat -1 h-1
(Ar/H 2 /CO 2 = 75/4/1). Then, the catalysts were subjected to aging conditions at
450 °C and 8 bar at a reactant flow of 18 NL g cat -1 h-1 (Ar/H 2 /CO 2 = 5/4/1) to simulate
hotspot conditions. To track catalyst aging under differential conditions, the catalyst
bed was periodically cooled down to 230 °C and the activity was re-evaluated under
the conditions mentioned above. After 0 h, 6 h, 36 h, and 72 h, the catalysts were
removed from the setup under inert conditions for material characterization.

Results and Discussion
Fig. 1 illustrates the decrease of the weight time yield (WTY) of CH 4 over aging time.
Ni-Al loses 28 % of its initial activity within the first 2 h of aging, and reaches a stable
level after 36 h at 49 %. In contrast, Ni-Mn-Al, which initially features a 92 % higher

WTY than Ni-Al, loses 23 % of activity within the first 2 h of aging. In contrast to Ni-Al,
the WTY decreases up to 72 h at a low deactivation rate. Table 1 shows that the
apparent activation energy is slightly higher for Ni-Mn-Al, but that they do not change
over aging time. Both the initial values as well as the decays of the Ni surface areas
and the BET surface areas, attributed to sintering effects, are very similar, which
highlights that the impact of Mn on the Ni surface area and the catalyst structure,
including sintering effects, is rather low. Therefore, the improved methanation activity
of the fresh Ni-Mn-Al catalyst is supposed to be caused by the increased CO 2 uptake
capacity (+ 65 % compared to Ni-Al). CO 2 -TPD and in situ IR spectroscopy show a
higher number of medium basic sites, which were reported to enhance CO 2
methanation activity,[3] on Ni-Mn-Al.[1] The crucial role of basic site density is in line
with the further decrease of CO 2 uptake and WTY(CH 4 ) for Ni-Mn-Al from 36 h to
72 h of aging, while all other relevant characterization data stay constant (c.f. Ni-Al).
WTY(CH4) (mol h-1 kgcat-1)

45

Table 1: Sorption data and activation energies as a function of aging time.
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Fig. 1: WTY(CH 4 ) for Ni-Al and Ni-Mn-Al as a
function of aging time.

0
29.4
3.3
294
328
6
18.8
4.1
210
181
36
12.7
4.5
135
148
72
12.7
4.5
130
131
a
crystallite size determined by XRD, Ni reflex at 2θ = 51.7°.

EA
kJ mol-1
74.1±2.1
73.9±3.5
75.1±1.7
74.1±2.9
78.9±0.4
80.6±0.7
80.6±1.1
82.5±0.7

Conclusion
The data suggest that the improved methanation performance of Ni-Mn-Al is caused
by an increased CO 2 uptake capacity caused by the introduction of Mn. Besides, an
electron-donating effect of basic Mn oxides on the Ni centers cannot be excluded so
far. CO 2 -TPD on spent catalyst samples may provide further insights into the nature
and the decay of basic sites as a function of aging time. Comparison of the CO 2
methanation kinetics over Ni-Mn-Al to the kinetic model derived for Ni-Al [4] may help
to derive descriptors for the improved methanation performance of Ni-Mn-Al.
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IN SITU STUDY OF Cu–Fe–Al COMPOSITE CATALYSTS IN
REACTION OF CO OXIDATION IN THE PRESENCE OF H2O
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V.V. Kaichev1,2; A.M. Tsapina1
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In our recent work we studied the catalytic activity of Fe-Al and Cu-Fe-Al
nanocomposite catalysts obtained from the melts of aluminium, iron, and copper salts
in the oxidation of CO [1]. The Fe-Al composites has been shown to have moderate
activity in the low-temperature CO oxidation with the optimal composition of 82%wt
Fe 2 O 3 and 18%wt Al 2 O 3 . The promotion of this composition with Cu leaded to a
significant increase in activity. The composition with 5%wt CuO was found to have
the minimal activation energy of CO oxidation. The next step was the structural study
of the Fe 82 Al 18 and Cu 5 Fe 78 Al 17 catalysts in reduction (1%CO) and redox
(CO:O 2 = 2:1) conditions [2] to reveal the chemical state of copper and iron, phase
composition of the catalyst during the reduction by CO and in the oxidation of CO.
We observed the formation of highly dispersed CuO particles for Cu 5 Fe 78 Al 17
catalyst that could easy reduce to metal in CO flow even at low temperature and
provide CO activation.
The catalytic oxidation of fuel in a fluidized bed suggests the presence of substantial
amounts of water vapor, which in turn can affect the catalyst behavior [3]. In this work
we continued our study of Cu-Fe-Al nanocomposite catalysts under close-to-real
conditions.
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Introduction
Due to inevitable depletion of fossil fuels, strong need is arisen for alternative and
clean energy sources. Hydrogen is one of the most promising ones thanks to its high
energy density and CO x -free combustion. Nevertheless, it requires very high
pressures or very low temperatures for storage and transportation. To surpass this
issue, storing it chemically in ammonia (NH 3 ) has been proposed since it has low
liquification pressure (8-10 bar) at room temperature, high hydrogen weight content
(17.7 wt%), well-established infrastructure and most importantly, it does not cause
any CO x -emission. [1] High performance catalysts for ammonia decomposition
reaction are Ru-, Ni-, Co-, and Fe- based ones and among these metals, Ru is the
most active one. However, because of the scarcity and high price of Ru, Ni is widely
utilized. [2] As support materials, graphene aerogels (GAs) are very promising thanks
to their very high specific surface area and electrical conductivity, which provide
highly dispersed metal nanoparticles and improved electron transfer. [3]
Methods
In this study, graphene oxide solution was synthesized via modified Hummer’s
method. [4] Then, GAs were prepared by hydrothermal treatment of graphene oxide
solution. [3] After GA synthesis, different types of catalysts were produced via simple
impregnation by using different nickel precursors. Ni/GA, Ni-Ac/GA and Ni-EA/GA
were produced by immersing GA into Ni(NO 3 ) 2 .6H 2 O, Ni(acac) 2 , and Niethanolamine complex ethanolic solutions, respectively. Following impregnation,
supercritical CO 2 drying was performed to preserve the porous structure of the
aerogel. Before catalytic tests, all catalysts were reduced under H 2 /Ar mixture at 600
°C for 2 hours. Then, catalytic performance tests were performed in a tubular quartz

reactor in a split furnace under the flow of pure ammonia. The effluent stream was
directly sent to a mass spectrometer, which had been calibrated for N 2 , H 2 , and NH 3
prior to catalytic measurements.
Results & Discussion
Field emission scanning electron microscopy images of the catalysts revealed that
nickel nanoparticles were uniformly dispersed on graphene aerogel with an average
diameter of 10-20 nm. These results are also confirmed by X-ray diffraction analysis.
Furthermore, nickel loadings of the catalysts can be tuned with the concentration of
impregnation solutions, which were determined by thermogravimetric analysis.
Accordingly, all the samples contain approximately 10 wt% Ni. After catalytic
measurements, it has been seen that Ni-Ac/GA showed the best performance among
others with 70.2% conversion at 600 °C and 30,000 mL NH 3 h-1 g cat -1, outperforming
most of the similar catalysts in the literature. By comparison, reduced graphene oxide
supported Ni (10 wt%) exhibited 55 % conversion at same temperature and space
velocity. [5] This study illustrated that the catalytic performance can be tuned by
simple modifications.
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Figure 1: Change of ammonia conversion with space velocity on prepared nickel catalysts on graphene aerogel
supports. Data recorded at 600 °C by varying the space velocity.
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Effect of iridium presence on the properties of anode material for
high-temperature fuel cells with solid oxides electrolyte
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In view of the exhaustion of fossil fuel resources and the simultaneous
increase in demand for energy, fuel cells deserve special attention as an alternative
power generators. The aim of this study is to improve the functioning of anodic
materials dedicated for use in high-temperature fuel cells based on electrolyte from
solid oxides i.e. SOFC (solid oxide fuel cell). This modification mainly concerns the
elimination of one of the still existing problems associated with the deposition of solid
carbon during operation of a cell supplied with hydrocarbon fuel. The research
objective includes modification of the surface of the anode by coating a thin cathodic
layer on it, which prevents blocking active anode centres responsible for the correct
course of electrochemical oxidation of hydrocarbon fuel.
To study the effect of iridium as an additive, catalytic activity studies on modified
systems and electrochemical measurements were carried out, and their physicochemical characteristics were also performed. Cathode materials such as:
La 0.6 Sr 0.4 Co 0.2 Fe 0.8 O 3 (LSCF) and La 0.6 Sr 0.4 Co 0.2-x Ir x Fe 0.8 O 3 (LSCFIr) were tested
for determination of their usefulness in a system that prevents the solid carbon
deposition during the operation of the cell. A hydrocarbon conversion test was carried
out for individual materials and their surface condition was checked after completion
of the process. The comparison of the anodes with a thin cathode layers shows that
the conversion of methane on the sample with iridum is higher than on the sample
without this addition. Electrochemical impedance spectroscopy (EIS) measurements
in controlled compositions of oxidizing atmosphere at four temperatures: 700, 750,
800, 850 °C were carried out. Analysis of the obtained results indicates that iridium
doped LSCF exhibits better oxidizing properties than the LSCF without iridium.
Acknowledgements: We thank Dr Jan Wyrwa from AGH University of Science and Technology for
technical support in implementation of the above study.
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Alkyl levulinates are promising bio based molecules with several applications in
strategic sectors, substituting current chemicals produced from petro-chemical
routes. This work explores the production of isopropyl levulinate from furfural by a
two-step microwave assisted cascade process using simply synthesized magnetically
recoverable Cu-Fe 3 O 4 catalysts in the selective transfer hydrogenation of furfural to
furfuryl alcohol and commercial sulfonic resins to catalyze FA rearrangement to
isopropyl levulinate. The cascade process results quite promising allowing adequate
tune up of reaction conditions in each catalytic step.
Scope
New technologies for biofuel production involving biomass conversion are eagerly
sought. In this context, alkyl levulinates possess outstanding properties as biofuels
and fuel blends due to their ability to raise the oxygen content in fuels allowing a
more complete combustion thus reducing the release of harmful gases [1]. Producing
alkyl levulinates from abundant platforms such as furfural (F), readily obtained from
hemicelluloses [2], is highly desirable. This process involves a first hydrogenation
step to furfuryl alcohol (FA) and a subsequent acid-catalyzed ring opening of FA in
alcoholic media. In this work, catalytic transfer hydrogenation (CTH) of F was
performed with Cu-Fe 3 O 4 magnetic catalyst in presence of 2-propanol as solvent and
H-donor. Afterwards, the alcoholysis of FA-rich CTH liquors to isopropyl levulinate
(iPrL) is investigated using commercial sulfonic resins Amberlyst 70, as depicted in
Scheme 1. Throughout the process, microwave dielectric heating was employed.
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Scheme 1. Cascade process for furfural valorization to isopropyl levulinate.
Results and discussion
Cu-Fe 3 O 4 catalyst, used in the CTH of F, was prepared by a green hydrothermal
method consisting in the co-decomposition of iron(II) acetate and Cu carbamate

(Cu 2 (O 2 CNEt 2 ) 4 ·2NHEt 2 ) in 96% aqueous ethanol through MW-irradiation. Ex-situ
reduction of the obtained catalyst containing 3.9 wt% of copper was performed in 2propanol with 50 atm H 2 at 180°C for 5 h.
Transfer hydrogenation of F in 2-PrOH was tested at temperatures ranging from 140190°C with the as-obtained and reduced Cu-Fe 3 O 4 catalyst. Results in Table 1 show
that reduced copper species enhance both activity and selectivity of this catalyst
probably by activating 2-PrOH through the metal hydride route, reaching the best FA
yields at 185°C.
Table 1. Furfural CTH with Cu-Fe 3 O 4 at different conditionsa

1

Pretreatment
-

T
t
X
YFA
(°C) (h) (mol%) (mol%)
185 2
14
10

2
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2
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43 F/Cu molar ratio led to 71%
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reduced
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FA yield. Moreover, the catalyst
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185

2
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Fe3O4

185

2

25
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Run

b

5

SFA
(mol%)
75

Increasing catalyst loading to

stable

during

three

reaction cycles.

a

F/Cu molar ratio of 86 mol/mol. F/catalyst wt ratio of 5 wt/wt
b
F/catalyst weight ratio of 5 wt/wt.

The subsequent alcoholysis of FA-rich CTH liquors to yield iPrL was performed using
Amberlyst 70 sulfonic resin and
takes place through the intermediate

(iPrFE) (Fig.1). Temperatures as low
as

120°C

enhance

iPrL

yields

reducing degradation reactions such
as diisopropyl ether formation and
FA polymerization.
Conclusions
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Figure 1. Alcoholysis of FA-rich CTH liquors using A70.
Reaction conditions: FA (0.56 mmol) and F (0.2 mmol) in 2prOH (1.5 ml), mmol FA/meq H+ = 6.9, T=120°C.

The obtained results are quite promising since they demonstrate the possibility of
reaching high iPrL yields from FA rich streams adopting simple commercial sulfonic
resins, without the intermediate expensive FA isolation notwithstanding the presence
of unreacted F.
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Introduction
Novel core-shell catalysts containing non-noble metal core and a skin of just a few
atomic layers of a noble metal attract significant research interest due to their
reported high activity and selectivity and potential significant cost reduction [1].
However, properties of core-shell nanoparticles are found to be very sensitive to the
manufacturing process. In particular, the catalyst often suffer from low durability and
fast degradation through leaching or sintering. It is generally observed that skin
surface stability can be enhanced by chemical modification of particle’s core.
However, general understanding of the mechanisms of such stabilization is lacking.
In theoretical terms the surface stability is characterized by the near surface energy
of mixing of base and noble metals. This energy may significantly deviate from the
bulk value. It is also affected by the pH of the atmosphere above the surface (or
electrolyte) and applied electrostatic potential. In this paper we discuss a general
method of ab initio calculation of equilibrium surface composition and its application
to the stability analysis of the core-shell alloys for oxygen reduction reaction (ORR) in
electrocatalysis.
Computational approach
We utilize plane wave density functional theory implemented in Quantum Espresso
code [2] and combinatorial structure enumeration [3] to calculate energies for the
ensembles of low Miller index metallic surfaces with varying distribution of Pt atoms
and transition metals (M=Co, Ni, Ta) doped with nitrogen. Based on these
calculations we evaluate equilibrium surface composition diagram as a function of
composition, doping level and temperature [4]. Next, we calculate ORR activity

descriptors for the equilibrium models. O 2 adsorption and dissociation energies were
used and compared with the d-band center analysis for the ORR activity.
The entire workflow including generation, calculations and analysis of hundreds of
surface structures is implemented and executed within the Schrödinger Materials
Science Suite [5].
Discussion
Developed workflow allows simultaneous theoretical analysis of the stability and
catalytic activity of the metallic structures. It is predicted that equilibrium surface may
significantly deviate from the idealized core-shell structure. Base atoms of the core
may significantly intermix with the noble atoms of the skin. Relative concentration of
base atoms at the surface depends on the level and distribution of the N doping of
the core. This concentration also vary with applied external potential, which is a likely
source of the leaching observed experimentally. However equilibrium structure
variations may be moderated by optimal distribution of N atoms, thus increasing
surface durability.
Proposed theoretical approach helps to rationalize activity and stability of the coreshell systems towards the rational design of effective catalysts with improved
stability.
References
1.

Na Tian, Bang-An Lu, Xiao-Dong Yang, et al. “Rational Design and Synthesis of LowTemperature Fuel Cell Electrocatalysts”, Electrochemical Energy Reviews, 1, 54-83 (2018).

2.

P. Giannozzi, et al. “Advanced capabilities for materials modelling with Quantum ESPRESSO,” J.
Phys.: Condens. Matter 29 465901 (2017).

3.

Gus L. W. Hart, Lance J. Nelson, and Rodney W. Forcade, "Generating derivative structures at a
fixed concentration," Comp. Mat. Sci. 59 101-107 (2012).

4.

J. L. Gavartin, M. Sarwar, D. C. Papageorgopoulos, et al. Exploring fuel cell cathode materials: A
high throughput calculation approach. Transactions of the Electrochemical Society 25(1) 13351344 (2009).

5.

Materials Science Suite Version 3.2, Schrödinger, LLC, New York, NY, 2018.

Steady-state kinetic analysis of CO oxidation over transition metal oxides
Maik Dreyer, Stefanie Becker, Klaus Friedel Ortega, Malte Behrens,
Inorganic Chemistry, University of Duisburg-Essen, Essen

Introduction
Transition metal oxides (TMOs) are cost-effective materials with interesting
properties for oxidation catalysis due to their wide range of accessible oxidation
states. Insights into the nature of redox-active catalysts can be gained using CO
oxidation as a probe reaction.[1] Several groups have shown a substantial impact of
highly reactive surface oxygen species on the catalytic activity, especially for cobalt
and nickel oxides studied under steady-state conditions.[2,3] In the transient regime,
surface restructuration has been observed. Brittan et al.[4] developed a kinetic model
for CO oxidation over hopcalite that includes the concentration of non-uniform
surface oxygen sites to account for this particular observation. Strong indications for
similar reconstruction processes have been encountered for bulk[5] and ultrathin
manganese oxide films[6]. According to our kinetic data obtained under O 2 -rich
conditions (CO:O 2 =1:2), manganese oxides with different initial oxidation states
undergo similar surface reconstruction upon treatment in a reactive environment.

Experimental
Manganese oxides in the forms of Bixbyite (Mn 2 O 3 ), Hausmannite (Mn 3 O 4 ), and
Cryptomelane (K x Mn+IV 8-x Mn+III x O 16 ) were prepared by precipitation and subsequent
calcination. For the former two, an amorphous precursor was isothermally prepared
by precipitation of MnSO 4 and KOH at a constant pH of 11 and ageing for 1 h.
Afterwards, Bixbyite was generated by subjecting the precursor to a thermal
treatment at 800 °C in static air, while Hausmannite was prepared at 400 °C under
otherwise similar conditions. Cryptomelane was synthesized via a synproportionation
reaction of KMnO 4 and Mn(OAc) 2 under reflux conditions, followed by calcination at
330 °C. Characterization was performed using PXRD, N 2 physisorption, ATR-FTIR
spectroscopy, Raman spectroscopy and XPS. Kinetic analyses of the CO oxidation
reaction over the various manganese oxides were obtained in a catalyst analyzer
(BELCAT-B, MicrotracBEL Corp., Japan) using a U-shaped quartz reactor containing
the catalyst and silicon carbide (250-355 µm) in a 1:10 ratio.

Results
Surface area normalized CO oxidation rates obtained under steady-state conditions
in 3 % CO and 6 % O 2 decreased in the order Mn 2 O 3 > K x Mn+IV 8-x Mn+III x O 16 >
Mn 3 O 4 . Evidently, the initial oxidation state of manganese is insufficient to properly
describe the encountered reactivity trend, which is most likely due to changes in the
surface composition and structure during catalysis.[5] In addition, an initial
deactivation at moderately elevated temperatures was generally observed. A similar
deactivation was observed for CO oxidation experiments carried out over monolayer
MnO x films grown on Pt(111) with a O 2 :CO ratio lower than 10.[6] However, this
undesired phenomenon could be suppressed in the initial feed by a prolonged
thermal treatment in a reactive environment at high conversions. These severe
conditions seem to accelerate the surface reconstruction, yielding an active state that
was stable for various chemical potentials of CO and oxygen (Figures 1a,b).
Interestingly, the activation energies after catalyst preconditioning showed similar
values in the range of 41-46 kJ mol-1 for all manganese oxides (Figure 1c). However,
major differences were observed in terms of the reaction orders of O 2 , covering a
range from 0.42 to 1.12. Thus, a similar surface state is generated during reactive
preconditioning, which exhibited different interactions with the gas phase oxygen
depending on the initial oxidation state of manganese. Such dynamics of MnO x will
be compared in our contribution to other TMOs such as CoFe 2 O 4 and LaFe 1-x Co x O 3 .

Figure 1: (a) CO conversion during 48 h reactive preconditioning and (b) rates at various chemical
reactant potentials for Cryptomelane. (c) Arrhenius plots obtained for all catalysts after pretreatment.
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Introduction
The use of H 2 , in combination with fuel cells, is one of the most environmentally
sound methods for the production of electrical energy [1]. Among various processes
that have been proposed for H 2 production, steam reforming of Liquefied Petroleum
Gas (LPG) is of special interest, especially in remote areas, where the existing power
grids address serious problems [1]. LPG typically consists of propane (C 3 H 8 ) and
butane (C 4 H 10 ) with various ratios depending on its source. In addition to Η 2 and
carbon oxides (CO and CO 2 ), LPG can be converted to methane (CH 4 ), ethane
(C 2 H 6 ) and ethylene (C 2 H 4 ), via the reaction of CO or CO 2 methanation and the
decomposition of C 3 H 8 and C 4 H 10 , respectively. The major issue of the LPG steam
reforming reaction is carbon deposition due to decomposition of C 2 H 6 , C 2 H 4 and
CH 4 , resulting in progressive catalyst deactivation. Thus, it is important to develop
active and stable catalysts, able to convert LPG selectively to H 2 , suppressing the
deposition of carbon on the catalyst surface. In the present study, the catalytic
performance of supported metal catalysts for the title reaction is investigated with
respect to the nature (Ni, Ru, Rh, Ir, Re, Pt) and loading (0-5 wt.%) of the metallic
phase as well as the nature of the support (Al 2 O 3 , YSZ, CeO 2 , SiO 2 ). The effects of
crystallite size on the specific activity of the supported metal and of operational
parameters (H 2 O/C 3 H 8 ratio) on the catalytic performance have been also examined.
Experimental
Catalysts were prepared by the wet impregnation method and characterized
employing nitrogen physisorption and selective chemisorption of H 2 (or CO). Since
propane is the main component of LPG, preliminary catalytic performance tests were
carried out in the temperature range of 400-800οC using a feed stream consisting of
4.5%C 3 H 8 , 0.15% Ar and 44%H 2 O (balance He).
Results
Results showed that both catalytic activity and selectivity depends strongly on the
nature of the dispersed metallic phase. Supported Rh catalyst exhibited superior

performance, which can be further improved with increasing Rh loading or crystallite
size. Experiments conducted with the use of Rh catalysts of the same metal loading
(0.5 wt.%) showed that the nature of the support affects significantly catalytic
performance (Fig.1A). Propane conversion was found to be higher when Rh is
supported on YSZ, compared to Al 2 O 3 and SiO 2 , whereas CeO 2 -supported catalyst
presents lower activity. Typical results of product distribution obtained from
0.5%Rh/YSZ catalyst are presented in Fig. 1B. The main products detected are H 2 ,
CO, CO 2 , C 3 H 6 and smaller amounts CH 4 . Increasing temperature results in an
increse of S H2 from 89 to 96%. Selectivity toward CO 2 decreases with increasing
temperature, whereas the opposite is observed for CO selectivity. This implies
production of CO at the expense of CO 2 and is most possibly due to occurrence of
the RWGS reaction. Methane production, via CO or CO 2 hydrogenation, is low in the
entire temperature range examined, whereas propylene production at low
temperatures is most possibly related to C 3 H 8 dehydrogenation. Qualitatively similar
results were obtained for all the investigated catalysts, with propylene production
being higher for the less active samples. Catalytic performance can be significantly
imporved with increasing the molar ratio of H 2 O/C 3 H 8 in the feed.
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Figure 1. (A) Effect of the nature of support on C 3 H 8 conversion and (B) product selectivities over
0.5%Rh/YSZ catalyst as a function of reaction temperature.
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1.

Introduction
Dimethyl ether (DME) and dimethoxymethane (DMM) are environmentally benign

oxygenated compounds of C1 chemistry with a wide scope of applications. In
particular, DME and DMM have been recognized as a promising feedstock for
production of hydrogen for fuel cell feeding [1, 2]. Recently, we proposed efficient
bifunctional catalysts CuO-CeO 2 /γ-Al 2 O 3 for DME and DMM steam reforming [1]
reactions showing high promises for PEMFC applications. In the case of SOFC,
steam reforming needs too much external heating to perform the endothermic
process and the evaporation of water. Hydrogen production by partial oxidation (PO)
reaction usually shows several advantages over steam reforming, including short
response time, compactness, “water independence” and easy start-up of the SOFCbased power units.
Literature survey revealed no references devoted to PO DMM and respective
catalysts. This reaction can be expressed as:
CH 3 OCH 2 OCH 3 + 0,5О 2 = 4Н 2 + 3СО
In our PO DMМ experiments, we used noble-metal-based catalysts which are known
for their high performance in PO DME [2].
Herein, we report the first example of the PO DMM. Using supported noble metal
catalysts, the feasibility of synthesis gas production was shown. Comparative
analysis of the catalysts behaviour in PO DMM and PO DME was performed.
2.

Experimental
Pt-, Rh- and Ru-supported on Ce 0.75 Zr 0.25 O 2–δ catalysts were prepared by

sorption-hydrolytic deposition described in [3]. The catalysts were characterized by
XRD, HRTEM, EDX and TPO. The partial oxidation of DME and DMM were
performed in a fixed-bed quartz continuous flow reactor under ambient pressure,
feed gas composition, vol.%: fuel/O 2 /N 2 =28.6/14.3/57.1 and GHSV=10000 h-1.

3.

Results and discussion
Fig. 1 illustrates the effect of temperature on the DME/DMM conversions and the

outlet product concentrations in PO DME and PO DMM over the Pt/Ce 0.75 Zr 0.25 O 2–δ
catalyst. It showed the highest activity among the studied catalysts. As is seen from
Fig. 1, the DME and DMM conversions increase with temperature and reach ~100%
at 400°C. However, the effect of temperature on the outlet concentrations in the PO
DME and PO DMM reactions follows inverse trends. The most probable explanation
for this observation is differences in mechanism of the reactions.
The obtained data (Fig.1) demonstrate that the Pt/Ce 0.75 Zr 0.25 O 2–δ catalyst
provides syngas production with nearly the same composition at a temperature of
400 and ~700 °C in, respectively, PO DME and PO DMM. Obviously, PO DMM is
more effective for producing syngas than PO DME.

Fig. 1. Effect of temperature on DME and DMM conversions and H 2 , CO 2 , CO, CH 4
concentrations in DME (a) and DMM (b) partial oxidation over Pt/Ce 0.75 Zr 0.25 O 2–δ catalyst.

4.

Conclusion
Partial oxidation of DMM over noble metal catalysts at low temperature is highly

feasible for syngas production. In particular, the Pt/Ce 0.75 Zr 0.25 O 2–δ catalyst provides
complete conversion of DMM with high syngas production rate at GHSV = 10000 h-1
and T = 400 °C.
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Supported catalysts based on heteropolyacid applied to
bio-alcohol conversion
Natalia Ogrodowicz, Anna Micek-Ilnicka
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The goal of this study is to investigate catalytic properties the heteropolyacid
supported on oxides and nitrides in bio-alcohol dehydration. Heteropolyacids (HPAs)
are crystalline solids used as catalysts because of their unique physico-chemical
properties. Very high acidity and considerable thermal stability facilitates the use of
HPAs as catalysts in those homo- and heterogeneous reactions which require strong
acidic and/or redox active centres. Our recent researches focused on the
measurements of catalytic properties of supported HPA dodecatungstophosphoric
acid (H 3 PW 12 O 40 , HPW). Heteropolyacids typically possess rather low specific
surface area, therefore they need to be deposited on high surface area supports in
order to enhance the availability of active centres. As supports have been chosen
titanium dioxide (TiO 2 ), boron nitride (BN) and silicon nitride (Si 3 N 4 ). Deposition of
the active phase has been conducted using wet impregnation (i) and mechanical (m)
methods. Catalytic activity of the prepared supported materials has been studied in
the reaction of bio-butanol conversion, due to significant industrial usefulness of the
obtained products. Dehydration of two butanol molecules on Brӧnsted acidic centres
produces di-n-butyl ether (DNBE). In a parallel reaction, taking place also Brӧnsted
acidic sites, dehydration of butanol leads to 1-butene, which can be further
isomerised into trans- and cis-2-butene. In this study catalytic reaction has been
carried in the gas phase under atmospheric pressure and in temperature range 100300

o

C. The catalytic activity of supported materials was compared to the

unsupported HPW. The highest conversion of alcohol (100% in 230

o

C) was

achieved for the HPW/TiO 2 catalyst whereas for the unsupported heteropolyacid, the
maximal conversion had 58% at 110 oC. The hBN-supported catalysts reached the
same level n-butanol conversion, independent of technique of their preparation. The
sequence of n-butanol conversion was found to be:
HPW/TiO 2 > HPW > HPW/hBN(m) > HPW/hBN(i)

It was also noticed that the synthesis method of HPW/hBN catalysts turned out to
affect significantly their selectivity. The catalyst HPW/hBN(m) obtained by mechanical
method showed the highest selectivity to trans-2-butene (Fig.1).

Fig. 1. Selectivity to trans-2-butene vs, reaction temperature.

It is worth to notice that the selectivity to cis-2-butene was higher than selectivity to
trans-2-butene for others catalysts. The highest selectivity to di-n-butyl ether was
reached for HPW/hBN(i) (32% at 150 oC), whereas for others catalysts this selectivity
equals 20 %.
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Introduction
A fundamental understanding of the adsorbates on Co surfaces [1-3] and the
elementary reaction steps involved [4-5] is an essential tool for catalyst design and
optimization in the Fischer–Tropsch synthesis (FTS). One of the elementary reaction
steps in the FTS process is the dissociative adsorption of H 2 on the Co surface, to
enable the hydrogenation steps on the surface. One question is how the surface
structure of cobalt catalysts affects the H 2 dissociation and the adsorption strength of
atomic hydrogen, considering the fact that surface structure of supported Co particles
is heterogeneous and exposes a variety of sites (corners, edges, steps, kinks,
reconstructions). In this work, different single crystal terminations of Co have been
applied to address this question.
Materials and methods
Three different single crystal surfaces of cobalt were used in this study: Co(0001),
Co(10-12) and Co(11-20). A combination of density functional theory (DFT) study,
temperature programmed desorption (TPD) and low electron energy diffraction
experiments have been used to gain insight into the structure of cobalt surfaces and
study the adsorption strength of hydrogen atoms as a function of surface structure
and surface coverage.
Results and Discussion
Our results show that the influence of surface structure on the adsorption and
dissociation of hydrogen is surprisingly large. The TPD data showed lower desorption

temperatures for hydrogen atoms on the more open surfaces. This is in agreement
with the results from DFT calculations for both low and high coverages, finding that
hydrogen adsorbs weaker on the corrugated (11-20) and (10-12) surfaces compared
with the flat (0001) surface (see Figure). The insight into the lateral interactions
between adsorbed hydrogens was also investigated using DFT calculations as we
sequentially increased the surface hydrogen coverages. The results were
qualitatively in line with the trend in the desorption temperatures observed in the TPD
spectra for the three surfaces. In the context of hydrogenation of CO over supported
Co particles, our study agrees with previous work suggesting that undercoordinated
Co sites are important for efficient H 2 dissociation [2]. After dissociation, diffusion of
hydrogen atoms to sites with higher adsorption strength on the flat terrace is facile,
making it available for hydrogenation reactions.

Figure: Hydrogen adsorption on the Co(0001), Co(10–12), and Co(11–20) surfaces.
(a) Calculated differential adsorption energies of H atoms as a function of coverage.
(b) Theoretically derived site populations for the experimentally determined saturation
coverages. (c) Hydrogen coverage as a function of dose at 100 K as obtained from
the TPD experiments.
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Catalytic hydrogenation of CO2 from flue gas to valuable
compounds on MoS2-based catalysts
Gernot Pacholik, Ludwig Enzlberger, Karin Föttinger
TU Wien / Institute of Materials Chemistry, Vienna, Austria

Introduction
CO 2 is a well know greenhouse gas and the amount in the atmosphere is still rising.
The goal of this work was and utilization of carbon dioxide in flue gas by catalytic
reduction. Flue gas contains about 10 – 15 vol.% CO 2 , oxygen, water and traces of
sulfur containing substances like H 2 S. There are several ways to convert CO 2 into
valuable compounds using different catalysts. For example: Ni based catalysts for
CH 4 formation, Cu/ZnO/Al 2 O 3 for methanol production or MoS 2 based catalysts for
alcohol synthesis. However, the sulfur contamination in the flue gas leads to
deactivation of many catalysts. MoS 2 based catalysts should not be affected by sulfur
containing feed gas. Co-Mo-S materials are known as hydrodesulfurization catalysts
and are also active for CO 2 hydrogenation. [1] Therefore, in this work, we have
studied Co-Mo-S catalysts in order to learn about correlations between synthesis and
composition, structural and catalytic properties.

Summary
In this work different formulations of Co-Mo-S catalysts were synthesized
hydrothermally [2] and by precipitation [3] and compared to each other. Different
supports (activated carbon and alumina) were used. Catalytic properties were tested
in a plug flow reactor up to 20 bar. Products were mainly CO, methane and traces of
methanol. Fig. 1 shows the yield of CO and CH 4 over different Co-Mo-S catalysts.
Additionally, the effect of potassium as promoter was investigated. Catalysts with
potassium promoter produced much less CH 4 and more CO under the given
conditions. There was no dependence on the support. Reaction orders of the
reactants and apparent activation energies of the product formation were calculated.
A long-term test was done to ensure the stability of the catalyst.

Fig. 1: Yield of CO and CH 4 at 330 °C, 21 bar, 3000 mlN/(g catalyst *h)
The catalysts were characterized by TPD, TPR, TPO, XRD, UV-Vis and N 2
physisorption and the changes of the catalyst during the reaction were investigated.
Furthermore, tests MoS 2 based catalyst were synthesized hydrothermal in different
formulations with cobalt, nickel and potassium promoters. [4] These catalysts were
compared with respect to their catalytic activity to the Co-Mo-S catalyst synthesized
by precipitation.
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Hybrid system of biocatalyst and semiconductor based
photocatalyst for light-driven CO 2 reduction to formate
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Introduction
Light-driven CO 2

reduction to formate systems with the coupling the

photoreduction of various 4,4'- or 2,2'-bipyridinium salts (4,4'- or 2,2'-BPs) with
Ru(bpy) 3 2+ or water soluble zinc porphyrin and formate dehydrogenase (FDH) have
been reported [1-3]. In this system, the single-electron reduced form of BPs acts as a
co-enzyme for FDH instead of natural co-enzyme NADH. To develop the effective
light-driven CO 2 reduction to formate systems with the coupling the photoreduction of
BP with dye molecule and FDH, development and exploration of photocatalytic
materials with highly photosensitizing function and highly tolerance against irradiation
are necessary.

Among various photocatalytic materials, metal oxide based

semiconductor photocatalysts are widely used in the hydrogen production system
due to the light-driven water splitting. In this report, we devoted to the semiconductor
based photocatalyst TiO 2 nanoparticle as an effective photosensitizing material for
CO 2 reduction to formate system with the coupling the photoreduction of MV2+ and
FDH in the presence of triethanolamine (TEOA) as an electron donor as shown in
Figure 1.
In this paper, to develop the
effective

light-driven

CO 2

reduction to formic acid, the
hybrid

system

consisting

semiconductor

of

based

photocatalyst TiO 2 nanoparticle
and biocatalyst FDH mediated
MV2+

photoreduction

in

the

presence of TEOA was studied.
Results and Discussion

Figure 1. Light-driven CO2 reduction to formate
system consisting of TEOA as an electron
donating molecule, TiO2 nanoparticle, MV2+ and
and FDH.

A solution consisting of TEOA (300 mM), TiO 2 nanoparticle (6.8 mg•L-1) and MV2+
(500 μM) and FDH (7.5 μM) in 5.0 ml of 10 mM sodium pyrophosphate buffer (pH

7.4) was deaerated by freeze-pump-thaw cycles repeated 5 times and the gas phase
was replaced CO 2 gas. The sample solution was irradiated with a 400 W Xe lamp at
a distance of 5.0 cm at 30 oC. To prevent direct reduction of MV2+, wavelengths of
more than 300 nm of Xe lamp with a cut-off filter also were selected in the CO 2
reduction. The amount of formic acid was detected by an ion chromatography
(Dionex ICS-1100; electrical conductivity detector) with an ion exclusion column
(Thermo ICE AS1; column length: 9 x 150 mm; composed of a 7.5 µm cross-linked
styrene/divinylbenzene resin with functionalized sulfonate groups). The 1.0 mM
octane sulfonic acid and 5.0 mM tetrabutylammonium hydroxide were used as an
eluent and a regenerant, respectively. Figure 2 shows the time dependence of CO 2
reduction to formate production with the systems of TEOA, TiO 2 nanoparticle, MV2+
and FDH. After 120 min irradiation, 152 μM of formate was produced in the CO 2
saturated

buffer

containing

TEOA,

solution
TiO 2

nanoparticle, MV2+ and FDH. The
turnover number of FDH in the
system using TiO 2 nanoparticle
was estimated to be 10.1 h-1.
From these results, the effective
light-driven

CO 2

reduction

to

formic acid with FDH, the hybrid
system consisting of photocatalyst
TiO 2 nanoparticle, MV2+ and FDH
in the presence of TEOA was

Figure 2. Time dependence of formic acid
production in the solution consisting of TEOA, TiO2
nanoparticle, MV2+ and FDH
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Total scattering experiments for the local structure analysis of
amorphous photocatalytic materials
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Amorphous materials have gained significant interest in catalysis research.[1]
According to the studies on oxide photocatalysts carried out in our group, higher
activities were obtained with amorphous catalysts compared to crystalline
counterparts.[2,3] Besides benefiting from the high activities it is also important to
understand the reasons behind this activity on the atomic level. In case of amorphous
catalysts structural stability is a critical issue. Therefore examining the local structure
is also helpful in keeping the structure under control. As local structures of noncrystalline materials are not accessible by conventional X-ray diffraction methods,
local probes, such as total scattering techniques (Pair Distribution Function analysis,
PDF) are required.
One exemplary study involves titanium oxides tested as a photocatalytic material for
water splitting. Amorphous titanium oxide was synthesized and tested for ultraviolet
(UV) light-induced water splitting. The amorphous samples yielded higher activities
compared to commercial TiO 2 (P25) [2]. During the photocatalytic process the
material was subjected to light illumination and several changes were observed. As
hydrogen gas is generated a color change is observed. This is an indication of
change of oxidation state of Ti. In this study, possible change in the local structure
related to the change in the coordination environment of Ti was investigated using
PDF analysis. After in situ and ex situ synchrotron total scattering experiments, PDF
analysis was applied to scattering data of obtained from both samples in suspension
and in dried powder form. PDFs did not show significant changes during or right after
the photocatalytic reaction. It was concluded that observed color changes are only
limited to surface of the titania particles. Another observation was the enhanced
crystallization of the samples over time indicating that the amorphous state of the
oxides is only metastable. However, illuminated samples were observed to crystallize
faster than non-illuminated ones (see figure).

The state of the photocatalysts and the
effects of these changes were further
analysed

by

characterization
Raman

complementary
techniques

spectroscopy

and

including
X-ray

photoelectron spectroscopy.
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Environmental challenges make the development of alternative production
routes for chemicals and fuels from renewable resources one of the most pressing
priorities. The zeolite-catalysed production of green chemicals from oxygen abundant
alternatives, such as biomass, ethanol or methanol, is an attractive option, but it is
accompanied by water production, which is harmful to the active catalyst. A
systematic improvement of catalyst performance and stability requires control over
the water-induced zeolite deactivation and fundamental understanding of the
underlying reactions. Based on the results from molecular simulations a rather
comprehensive mechanism for the water-induced dealumination was proposed [1],
involving a series of hydration steps, each catalysed by a single water molecule. In
our work, we increase the complexity of this approach by modelling the initial
dealumination steps in zeolite ZSM-5 in the presence of two water molecules for
three different Al site locations.
We identify a set of four possible reaction pathways for the Al-O(H) bond
breaking consisting of two different types of reactions. The first three proposed
mechanisms follow the mechanism from the literature [1], where the first three Al-O
bonds are broken after water adsorption and dissociation of at least one water
molecule. The fourth mechanism is different and leads to a different reaction product
bonded to three framework oxygen atoms and a water molecule, suggesting an

alternative follow-up mechanism towards the formation of free extra-framework Al
species. In this the most energetically favourable situation, the Al-O(H) bond
breaking is induced by non-dissociative adsorption of two water molecules. Each of
the reaction mechanism is initiated from a different metastable adsorption mode (Fig.
1), therefore, water reorganization from the most stable and unreactive mode (Zundel
ion [2]) needs to occur prior to hydrolysis of the Al-O(H) bond.
While a single water molecule model predicts the Al atoms located in the
intersection is the most reactive towards the first Al-O(H) bond breaking, the first
three mechanisms of two water molecule model suggest that the Al located in the
sinusoidal channel is the most reactive. By including two explicit water molecules into
our model, we show that micro-solvation alters the dealumination reaction landscape
as well as its mechanism. We established a direct link between a water loading and
the susceptibility of Al site towards dealumination. We identify that one of the main
factors that determine Al site susceptibility towards the first Al-O(H) bond breaking is
the Al accessibility that can be predicted from the coordination number of water
molecules in the metastable adsorption modes. Based on these results, we suggest
that pressure-controlled dealumination can be used as a post-synthetic treatment to
synthesize hydrothermally stable and reactive zeolite catalysts.

Figure 1: Four stable adsorption modes have been determined via which the initial
interaction of two water molecules with zeolite can occur. Two water molecules
coordinate simultaneously: to the Bronsted acid site (BAS) and to the Al atom in the
anti-position to the BAS (A’); to the Al atom in the anti-position to the BAS (B’); to the
Al atom in the syn-position to the BAS and on the BAS (C’); to the BAS to form an
asymmetric Zundel ion2, which is the most stable, but unreactive configuration.
References
[1] M. C. Silaghi, C. Chizallet, E. Petracovschi, T. Kerber, J. Sauer, P. Raybaud, ACS Catal. 2015, 5,
11-15.
[2] S. Jungsuttiwong, J. Limtrakul, N. T. Truong, N.T. J. Phys. Chem. B. 2005, 109, 13342-13351.

Comprehensive analysis of Fe-based FTS as function of
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The Fischer-Tropsch (FTS) product spectrum is divided into major products (i.e.
paraffins and olefins) and minor products (i.e. branched hydrocarbon, oxygenates
and aromatics)[1]. The mechanistic pathway for the formation of major products is
relatively understood, unlike minor products. The limited detailed analysis of minor
products could be due to instrument limitations, thus pre-analysis treatment or liquid
chromatography analysis is required [2]. Comprehensive analysis of minor products
is required for better understanding of the FTS mechanism, which could result in the
development of more efficient catalysts.
Comprehensive two-dimensional gas chromatography (2D GCxGC), is utilized for the
analysis of complex product spectrums, such as petrochemicals and FTS samples
[2]. Grobler et al. [2] demonstrated the superior qualitative and quantitative aspects of
2D GCxGC over conventional 1D GC for the analysis of the oxygenate fraction.
Furthermore, 2D GCxGC requires no pre-analysis treatment, relatively short analysis
time and provides high information output [3].
This study focuses on investigating the shifts in Fe- based FTS product spectrum (i.e.
paraffins, olefins, aromatics and oxygenates) as a function of reaction temperature
(i.e. 240, 275 and 350 ˚C) by comprehensive 2D GCxGC (Figure 1). The total
selectivity to oxygenates (e.g. linear alcohols, branched alcohols, secondary
alcohols, aldehydes and ketones) decreased at elevated reaction temperature, while,
the selectivity to acids increased with increase in the reaction temperature. The
aromatics (i.e. alkylbenzenes, alkenylbenzenes and iso-alkylbenzenes) selectivity is

low at all reaction temperatures, however, alkylbenzene selectivity increased, while
alkenylbenzene selectivity decreased with increase in the reaction temperature.

Figure 1: Online 2D GCxGC -MS analysis of FTS product spectrum over Fe-based
catalyst as a function of reaction temperature (i.e. 240, 275 and 350 ˚C).
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Chelating N-donor Complexes of First Row Earth Abundant Metals
for Alkane Oxidation
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Alkanes, also known as paraffins, are regarded as relatively inert compounds
because they contain localised C−C and C−H bonds and also lack empty orbitals of
low energy or filled orbitals of high energy required for the progression of chemical
reactions [1]. These form major components of crude oil and natural gas and are
therefore present in great quantity, particularly from petroleum industries. Most often,
these hydrocarbons are exploited for energy production in combustion reactions, and
although it is possible to convert them into more reactive products, usually harsh
reaction conditions are required, including extremely elevated temperatures and
pressures, subsequently leading to uncontrollable reactions and unwanted byproducts [2]. For this reason systems have been, and are continually being,
developed to activate and functionalize the inert alkanes to more valuable or reactive
products that have wider applications at industrial level [2-4].
This work involves the development of economical and relatively ecological
homogeneous catalysts for application in paraffin oxidation. Chelating N-donor
ligands have been chosen to improve stability of the overall resulting complex,
thereby potentially enhancing catalyst lifetime. More specifically, chelating imidazolyl
based ligands have been selected because they are able to stabilize a wide range of
metals at various oxidation states (Fig. 1).

N
N

N

N

N
R

R

Figure 1: General structure of a chelating imidazolyl based ligand where the functional group
(R) can be varied.

They also form strong bonds with the metals and thus limit ligand dissociation, a
feature that is beneficial in catalysis.
By incorporating earth abundant, first row transition metals such as iron, cobalt,
nickel and copper, a more cost effective approach is encouraged. Previous studies
have shown promising results in the activation and functionalization of n-octane to
corresponding oxygenates using chelating SNS ligands coordinated to Co(II), Ni(II)
and Cu(II) metal centers (Fig. 2) [5-7].
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Figure 2: General representation of some of the SNS complexes used for paraffin oxidation,
where M is Co, Ni or Cu; R 1 = H, CH 3 or C 6 H 6 and various substituents were R 2 .

Effectively, this work aims to develop simpler, more cost efficient processes capable
of operating under mild reaction conditions, as opposed to other systems that utilize
expensive metals with high temperatures and pressures in the catalytic reactions.
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Development of quaternary metal/metal oxide catalysts as microstructured wall catalysts for “Power-to-Gas” applications through
combinatorial High-Throughput Screening
Mirko Pfeifer, Chemnitz University of Technology, Chemnitz, Germany; Thomas
Schwarz, Chemnitz University of Technology, Chemnitz, Germany; Klaus Stöwe,
Chemnitz University of Technology, Chemnitz, Germany.

The Sabatier reaction is an essential component of “Power-to-Gas” systems to reduce the greenhouse gas carbon dioxide using hydrogen to form methane. The reaction is very exothermic and liable to volume contraction. Therefore, low temperatures
and high pressures are used in accordance with thermodynamic parameters [1].
To control the heat of reaction (at T = 520 – 670 K; p = 15 – 30 bar) micro-structured
reactors were used. Typically, the specific dimensions of these reactor types are below one millimeter at least in one dimension. Thus, they have a huge surface-tovolume ratio. That leads to increased mass and heat transport processes. The heat
transfer coefficients have values in the order of 10 kW·m-2·K-1 which enables exact
control of heat supply and dissipation. Therefore, it is possible in many cases to perform the reaction isothermally [2].
Syntheses of the quaternary metal/metal oxide catalysts were implemented with industrial established methods such as sol-gel, incipient wetness impregnation and wet
impregnation. To obtain defined thickness of the layers on the micro-structured reactor high-volume low-pressure (HVLP) spray-coating was used [3]. The plates coated
with the wall catalysts were tested with a custom-built 10-fold gas flow reactor as
shown in Figure 1 with a defined gas flow channel between catalyst layer and reactor
wall for catalyst screening – in view of conversion, selectivity and space-time yield.
Objective was to find active catalysts with reduced coking behavior at low H 2 :CO 2
ratios at higher long-time stability compared to the nickel catalysts currently used.
The best catalysts will be validated with micro parallel plate reactor – in view of aging
and stability against catalyst poisoning.
Figure 2 shows the first qualitative results from the Primary Screening using the following reaction parameters: T = 573 K; p = 15 bar; H 2 :CO 2 = 4:1, GHSV: 50.000 h-1.
Influences of the active metals, support materials and syntheses methods on the activity of the catalysts will be discussed. The screening shows that catalysts with the

same chemical composition but different synthesis methods of the supported catalyst
materials show different activities. Therefore, it is interesting to find out whether the
Sabatier reaction is structure-sensitive or insensitive considering different active metals as well as support materials [4].

Figure 1: 10-fold gas flow reactor system with reactor body as well as gas inlet/outlet
(left side) and assembled reactor unit (right side).
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Figure 2: Qualitative catalyst primary screening results as percentage share of catalyst active metal components (left side) and colour coded support materials; grey:
three different alumina, blue: two different titania, yellow-greenish: two different ceria,
red: three different zirconia (right side).
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Molecular adsorption and dissociation of CO on a defect-rich Co
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Introduction
Formation of hydrocarbons and water by Fischer Tropsch (FT) synthesis over a
catalyst containing cobalt (Co) as an active component has been both academically
and industrially interesting to study. A Co catalyst nanoparticle exposes various kinds
of facets along with significant quantity of steps [1]. Literature suggests that the
presence of defects lowers the barrier for CO dissociation [2]. We use a sputterdamaged defect rich Co(0001) surface to represent a highly stepped surface with
smaller terraces. In the present work, the first elementary step of the complex FT
mechanism which is CO adsorption subsequently followed by its dissociation, is
studied in a comparative study between flat Co(0001) and sputtered Co(0001)
surface.
Results
Sincrotrone XPS was used to qualitatively determine the CO concentration on the
surface after exposing it to CO at 90 K. A comparison of the C1s and O1s spectra
measured on the annealed and sputtered surface after CO adsorption show that the
amount of CO adsorbed on the sputtered surface is 84% of that adsorbed on the flat
Co(0001) surface. Fig (1a) shows the O1s spectra of an annealed and sputtered
surface. The C1s and O1s spectra also provide an insight on the sites occupied by
CO. XPS results suggest that the first 0.33 ML of CO is adsorbed on the top site
(285.5 eV) and the next 0.23 ML adsorb on the hollow sites (285 eV). There’s no
bridge site occupation as also shown in the infrared (IR) spectra Fig (1b). The RAIRS
spectra shows hollow site (1880 cm-1) occupation at high coverages but negligible
bridge site (1901 cm-1) occupation. Work-function measurements (WF) and Mass
spectrometry (MS) techniques are also used to determine the amount of CO
adsorbed and dissociated. Heating the CO saturated sputtered surface resulted into

CO dissociation which can be identified by separate peaks of atomic carbon (282.7
eV) and atomic oxygen (529.4 eV) around 450 K as shown in Fig (1c). It is observed
that the amount of CO dissociated on heating the CO saturated sputtered surface
presence of 1×10-7 mbar CO is more than that on heating it in vacuum. As the
temperature is increased further to 670 K, the atomic oxygen and carbon peaks
diminish in intensity suggesting recombination of CO as can be seen in the XPS
results. The CO recombination peak can be observed in MS at 630 K.

(a)

( )

(b)

(b)

(c)

( )

Figure 1: (a) O1s spectra comparing CO coverage on sputtered and annealed surface (b) CO
adsorption on a defect-rich cobalt surface selected spectra for the CO doses (adapted from [2]) (c)
C1s spectra of heating CO saturated sputtered surface

Discussion and conclusions
As the experimental results show, the sputtered surface adsorbs less amount of CO
as compared to the annealed flat surface. This can be a result of inability of the small
terraces on the sputtered surface to form large ordered structures of CO at higher
coverages. This argument is supported by the similarity of high coverage CO TPD
spectra with broad peaks just like other stepped surfaces. The dissociation barrier for
CO is too high for flat surface. Therefore, very minimal dissociation is seen on flat
surface. Whereas on defect sites, CO dissociation occurs around the desorption
temperature. Therefore, both dissociation and desorption are competitive at high
temperature and pressure.
References

[1] van Helden, Pieter, Ionel M. Ciobîcă, and Roelof LJ Coetzer. Catalysis Today 261
(2016): 48-59.
[2] Weststrate, C. J., J. van de Loosdrecht, and J. W. Niemantsverdriet. Journal of
Catalysis 342 (2016): 1-16

Direct Methane Reforming
–Difference in shape of produced carbon by reaction conditions–
Naruka Tamai, Fumitaka Kondo, Noriyasu Okazaki,
Kitami institute of technology, Kitami, Hokkaido, Japan

Introduction
Direct methane reforming (DMR: CH 4 → C + 2H 2 ) is a direct decomposition of
methane to hydrogen and carbon. Then the formed carbon is nano carbon. We
succeed in producing it in quantities by a short time in use of DMR[1]. Nano carbon
can be applied as a functional carbon material because it has electrical and heat
conduction property.

And it is different in the use depending on its shapes.

However, the shape control of nano carbon is difficult in the present situation.
Therefore, in this study, we investigated how the difference in reaction conditions of
DMR affects the diameter of nano carbon and tried control of it.

Experimental
We used iron-based catalyst physically mixed with Fe 2 O 3 and Al 2 O 3 and
nickel-based catalyst physically mixed with NiO and MgO.
The reaction device used a fixed bed flow type reactor. The catalyst was put in
the center of quartz tube (an inner diameter and length 2.5 and 100 cm,
respectively). DMR was carried out using methane as a reaction gas at 30 to 180
ml/min. And the concentration of the reaction gas was set at 100%, 67% and 33%.
The temperature of the reaction gas of nickel-based catalyst is 600 °C, and that of
iron-based catalyst is 750 °C. Reaction time is 180 min, and catalyst weight is set to
0.1 g.
The composition of the outflow gas from the reactor was determined by GC
(TCD). The catalysts of before and after reaction were analyzed with XRD.

Results and discussion
We compared the result of DMR which conducted under some reaction
conditions. In the case of iron-based catalyst, order of the active of DMR was a 30
ml/min ＞ 180 ml/min when the concentration of the reaction gas was constant in

100%. And it was a 30 ml/min ＞ 90 ml/min ＞ 180 ml/min, when the concentration of
the reaction gas was constant in 33%. When the reaction gas is 30 ml/min, the
activity of DMR showed high activity when the higher the concentration of the
reaction gas (fig.1). On the other hand, in the case of nickel-based catalyst, showed
highest activity, which is about 28%, when the concentration of the reaction gas is
100% and the flow rate is 30 ml/min. However, it showed little activity under other
reaction conditions.
We observed formed carbon with SEM, and it was fibrous nano carbon. We
measured a diameter of the nano carbon in each reaction conditions. In the case of
iron-based catalyst, the concentration of reaction gas of 33% was more different in
the diameter of nano carbons by different in flow rate of reaction gas than 100%. On
the other hand, nickel-based catalyst was showed a large difference of that when the
concentration of reaction gas of 100%. Therefore, it is considered that nano carbon
produced by DMR is greatly affected by the concentration and flow rate of reaction
gas, and indicated that the control of the diameter of nano carbon is possible by
optimization of reaction conditions.

CH4(100%) 30ml/min
CH4(100%) 100ml/min
CH4(67%) 30ml/min
CH4(33%) 30ml/min
CH4(33%) 90ml/min
CH4(33%) 180ml/min

Fig.1 Activities of iron-based catalyst.
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Introduction
Controlling the coke formation, one of the primary cause of catalyst deactivation,
is an important aspect of improving catalyst performance. Understanding the general
adsorption mechanism of polycyclic aromatic hydrocarbons (PAH) on metal surfaces
is the first step to model the coking formation. Despite of such demand, a complete
investigation of the adsorption of PAH is hindered by the broad variety of PAH
structures and the adsorption configurations. Inspired by the dependency of the
formation enthalpy of the metal-organic complexes to the number of metal-ligand
bonds [1], in this work, we develop a topological model to facilitate the description of
the adsorption of PAH on late-transition metal surfaces. We first assess the analogy
between the adsorption mechanism of PAHs and the metal-organic ligand bonding in
complexes through density functional theory calculations. Then a topological model is
developed for predicting the adsorption energy of arbitrary PAH. Finally the analogy
between the bonding mechanisms reflected by the model and the principles in the
coordination chemistry is revealed.
Methods
Benzene, naphthalene, tetracene, phenanthrene and pyrene adsorbed in
different configurations on Ni(111), Rh(111), Pd(111) and Pt(111) surfaces are
calculated using PBE functionals with Grimme D2 correction for the van der Waals
interactions. All the calculations are performed using Quantum ESPRESSO.
Results and Discussion
The charge difference upon adsorption is calculated to understand the bonding
mechanism of PAH. Results, shown in Figure 1a, indicate that electron flows from the
orbitals that is delocalized on the whole PAH ring to the M-C bonds. This binding
mechanism is analogous to the back-donation interactions between metal atoms and
the C=C bonds in metal-alkene complexes [2]. Based on such analogy, here we

Figure 1. a) Charge density difference maps of pyrene on Rh(111) surface. Darker area
shows electron gain, and brighter area shows electron depletion. b) Accuracy of adsorption
energy on Ni(111) surface estimated by Eq.(1). Adapted from [3].

propose a model to relate the adsorption energy of PAHs to the topology of the PAHmetal bonding (namely the number of η1 coordinations (n 1 ) and the number of η2
coordinations (n 2 )) and PAH geometry (namely the number of rings on PAH, n ph ) as:

E bind = E ph n ph + E M −C n1 + gE M −C n 2

(1)

Figure 1b shows that this model well describes the adsorption energies of all the
PAHs on metal (111) surfaces with the correlation coefficients all higher than 0.99.
Furthermore, Figure 1b indicates that the ratio between the adsorption energy
contributions from each η2 M-C bond and that from each η1 M-C bond, g, approaches
to 2 when the lattice mismatch between the aromatic rings and the metal surface
decreases. This ideal value of g factor reveals that the adsorption energy of PAH is
only determined by the number of C bound with metal, which is analogous to the
formation enthalpy of metal-organic complexes [1]. Therefore, these findings further
approve the intrinsic connection between surface adsorption and the formation of
metal-organic complexes.
Conclusions
Our work reveals the essential analogy between the PAH adsorption and the
formation of multidentate metal-organic complexes, and provide an accurate
topological model to facilitate the description of PAH adsorption on metal surfaces.
This work therefore paves the way to model the complex kinetics of the surface
processes that involve carbonaceous species. Financial support from the European
Research Council (G.A.677423) is gratefully acknowledged.
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Unprecedented transesterification activity of CuZn and CuZnAl
catalysts during hydrogenolysis of dimethyl adipate
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Introduction
CuZn

and

CuZnAl catalysts

show a

good

activity in

hydrogenolysis

of

dimethyladipate (DMA) to 1,6-hexanediol (HDOL) that outperforms the classical
Adkins catalyst. The CuZn-based catalysts could, thus, become an environmentally
friendly replacement of the Adkins catalyst containing harmful chromium. This,
however, necessitates detailed understanding of the reaction pathway and its
implications for the selectivity to HDOL, i.e. the desired product. Recently, we have
reported the formation of various transesterification products during DMA
hydrogenolysis [1] that resulted in decreased HDOL selectivity. Here, we elucidate on
the role of these intermediates or by-products in DMA conversion.

Experimental
CuZn and CuZnAl catalysts precursors were prepared by co-precipitation of the
corresponding nitrates. The precursors were calcined in different atmospheres (air,
nitrogen, hydrogen) over a broad range of temperatures 220 – 500°C and then
reduced in hydrogen atmosphere at 220 °C. The catalysts were characterized by
BET, XRD, N 2 O chemisorption, NH 3 -TPD and CO 2 -TPD to assess their key
properties. Then, the catalysts were tested at 220 °C and hydrogen pressure of 10
MPa in a batch reactor in dimethyl adipate hydrogenolysis. Both, pure DMA and
mixtures of DMA with HDOL were used as starting reactants.

Results and Discussion
The experiments performed over catalysts obtained by calcination in different
atmospheres showed that calcination in air at 350°C is the most preferable way of
preparing an active hydrogenolysis catalyst with a good selectivity towards HDOL (at

30% DMA conversion ca. 8% yield of HDOL and ca. 12% of esters). On the other
hand, calcination in hydrogen or nitrogen at 500°C led to an inactive catalyst (DMA
conversion <2%) whereas by calcination in nitrogen at 350°C, the catalyst showed a
pronounced transesterification activity and negligible hydrogenolysis activity (at 30%
DMA conversion <1% yield of HDOL and ca. 28 % yield of esters). This clearly points
to the different nature of active sites for both reactions. Detailed characterization
work is still in progress as is a targeted preparation of new catalysts to indisputably
correlate the catalytic performance with catalyst characterization data.
The experiments starting not from pure DMA, but rather from mixtures of DMA with
HDOL showed that at a molar ratio of DMA to HDOL 9:1, esterification proceeded
fast and in less than an hour the starting HDOL was completely consumed (under
nitrogen atmosphere) yielding predominantly a product with 3 C 6 moieties (the
alcohol groups in HDOL reacted with DMA ester groups, selectivity ca. 80%). In
hydrogen, the scheme was more complex as the hydrogenolysis reaction proceeded
simultaneously to the transesterification reaction. The experiments, nevertheless,
indicated that the transesterification reaction is faster than the hydrogenolysis.

Conclusion
The experimental results clearly indicate that the CuZn and CuZnAl catalysts
possess

distinct

active

sites

responsible

for

transesterification

and

for

hydrogenolysis. The results also suggest that under the investigated experimental
conditions that rate of transesterification exceeds the rate of hydrogenolysis having
salient implications for producing selectively HDOL.
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Abstract
The kinetics of methane reforming with CO 2

has been performed over

nanocrystalline Ni/γ-Al 2 O 3 (5 wt% Ni) bimodal pore catalyst as the function of
temperature (500-700°C) and partial pressures of reactants and products. The
bimodal pore structured γ-alumina support was prepared by the sol-gel method and
the 5 wt.% Ni nanoparticles were synthesized by the urea deposition-precipitation
method, as described in [1]. A ﬁxed-bed reactor is setup to gather the kinetic data by
eliminating the diffusional effects and the reaction conditions are setup according to
the Froment and Bischoff (1990) [2]. A quartz tube reactor with OD of 3/8 in. was
charged with 20mg and reduced in situ at 800°C with 10% H 2 /Ar before introducing
the reactants in the reactor. The amount of water produced in reaction is measured
through the trap of Na 2 SO 4 . The kinetic model is derived from a mechanistic model
which is proposed on the basis of detailed study of reaction mechanism. A kinetic
model was developed based on the Langmuir–Hinshelwood formulations, assuming
the CH 4 dissociative adsorption of CHx and CO 2 as the rate-determining step. The
kinetic parameters were estimated by applying a nonlinear least-square method. The
derived parameters are thermodynamically consistent and statistically significant. The
study showed that the enhancement in CH 4 consumption is resulted with the
increase in partial pressure of CO 2 and the reverse water gas shift reaction is an
essential feature of dry reforming reaction.
A steady state comprehensive two dimensional numerical model which
contained axial dispersion term, was developed with incorporating the kinetic model
and solved using the finite difference method. The numerical model consist of mass
and energy balance equations as given below in Eqns (1) and (2) [3]. The

experimental data for the validation of simulation study was obtained on a bench
scale reactor, operating between 500-800°C and 1-10 bar. The influence of several
parameters including inlet space velocity, temperature and pressure on the syngas
productivity, hydrogen yield and H 2 /CO was investigated [4].
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The results of simulation study showed that the developed kinetic model fits

the experimental data very well, with a R2 value above 0.96 and also predicts the
fixed bed reactor performance satisfactorily.
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Combined steam and dry reforming of methane over Ni/Al 2 O 3 based
catalysts
Mihaela D. Lazar, Monica Dan, Maria Mihet
National Institute for R&D of Isotopic and Molecular Technologies – INCDTIM, 67103 Donat Street, 400293, Cluj-Napoca, Romania
Introduction
The biogas composition, after purification, consists mainly in methane, carbon
dioxide and water vapors. Nowadays its main utilization is to produce electricity
and/or heat. One possible way to add more economic value to the biogas would be
its transformation in syngas, by reacting its components in dry reforming of methane
catalytic process [1]. The main drawback of this reaction is the carbon formation,
especially on nickel-based catalysts, its accumulation on the catalysts active sites
leading to catalyst deactivation. In this paper two ways to diminish the carbon
formation will be employed: (i) the addition of water in the reaction resulting the socalled combined steam and dry reforming of methane process (CSDRM); and (ii) the
addition of MgO and La 2 O 2 oxides to the alumina support, being known the positive
effect of these oxides on both steam reforming and CO 2 reforming of methane [2,3].
Experimental
The catalysts were prepared by a modified co-precipitation method, followed by
calcination in Ar at 450°C and reduction in H 2 at 650°C. The target concentration of
both Ni and supplementary oxide was 10 wt.%. All catalysts were subjected to the
following characterization methods: X-Ray diffraction (XRD) – to establish the
crystallinity of the support and the size of Ni crystallites; N 2 adsorption-desorption
isotherms – to calculate the surface area using BET method and the porosity using
Dollimore-Heal model; temperature programmed reduction (TPR) – to estimate the
strength of the metal-support interaction; electronic microscopy (STEM) – to analyze
the size and dispersion of nickel nanoparticles; temperature programmed desorption
(H 2 -TPD and CO 2 -TPD) to estimate the type and strength of catalytic active sites.
The catalysts were tested using 0.5g catalyst at 600, 650 and 700°C, atmospheric
pressure, CH 4 :CO 2 :H 2 O = 1:0.5:0.8 and GHSV=13647 h-1. The reaction products
were analyzed on-line using a gas chromatograph.
Results and Discussion
The catalysts structural parameters are given in Table 1.

Catalyst
Ni/Al 2 O 3
Ni/MgO/Al 2 O 3
Ni/La 2 O 3 /Al 2 O 3

S tot (m2/g)
220
233
209

D m (nm)
7.5 and 16
7.5 and 18
7.5 and 16

D Ni (nm)
6
3.8
2.5

T red (°C)
527
650
420; 510

S tot – total surface area, D m – pore medium diameter, D Ni – nickel crystallite size, T red – maximum TPR peak

It can be seen that the total surface area is not significantly changed by the addition
of supplementary oxide. The bimodal porous structure is also unaffected by the
existence of the second oxide. The Ni nanoparticle size and reduction temperature,
instead, are influenced by MgO and La 2 O 3 . As previously reported the presence of
La 2 O 3 contribute to better Ni dispersion and reducibility, and MgO also improve Ni
dispersion, but decrease the reducibility of the catalyst precursor.

(a)
(b)
Figure 1. (a) methane conversion and (b) H 2 :CO ratio in CSDRM on Ni catalysts
The catalytic activity is expressed as methane conversion variation with temperature
(Figure 1a). The addition of both MgO and La 2 O 3 contribute to a better methane
conversion especially at low temperatures. At 700°C the methane conversion in the
presence of Ni/MgO-Al 2 O 3 is almost 90%. Another important parameter is the ratio of
H 2 and CO in the reaction products. By properly designing the reagents ratio, this
parameter is obtained around 2 (Figure 1 b), the ideal value for further synthetic fuels
preparation. The catalysts’ stability was tested for 24h time on stream, proving no
decrease of the catalytic performances. The characterization of used catalysts
revealed the formation of filamentous carbon on the catalyst surface, which in the
above mentioned conditions did not lead to catalyst deactivation
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Nanoscale Fe@SiO 2 Core-Shell Model Catalysts
for Methanation of CO/CO 2 Mixtures
C. Zambrzycki, A. Straß-Eifert, R. Güttel
Institute of Chemical Engineering, Ulm University, 89081 Ulm, Germany

Iron based catalysts are widely used in Fischer-Tropsch synthesis and gained more
and more attention for use in hydrogenation reactions in recent years [1,2]. One of
the most prominent deactivation mechanisms in these catalytic reactions is the
temperature driven sintering of metal nanoparticles associated with a loss of catalytic
active surface [3]. In addition, it is well known that Fe based catalysts undergo
complex structural changes during CO x hydrogenation, e.g. phase transformations,
deposition of different carbon species and morphological changes [4]. Therefore,
core-shell arrangements seem to be a promising possibility to manage both
stabilization and deactivation issues properly [5]. A well controllable synthesis of
these materials makes it possible to develop new strategies for the investigation of
catalyst deactivation, which plays an important role in heterogeneous catalysis [4,6].
In this contribution the advantages of Fe based core-shell materials as stable model
catalysts for studying catalyst deactivation during methanation of CO/CO 2 mixtures
will be outlined. The systematic bottom-up synthesis strategy of the Fe based coreshell structures was achieved using a modified water-in-oil microemulsion system [7].
The physical-chemical properties of the material were investigated by X-ray
diffraction, N 2 physisorption and transmission electron microscopy (Figure 1).
Moreover, methanation activity of the core-shell catalysts was tested after H 2
activation at 1 bar and 260 to 400°C.
With defined variation of synthesis parameters Fe 2 O 3 @SiO 2 core-shell particles with
core sizes < 10 nm, overall sizes of the composite particles < 30 nm and a broad
range of metal loadings from 6 up to over 40 wt% (Fe based) can be obtained. The
characterization of the samples after CO 2 methanation by TEM (Figure 1, left)
revealed the thermal stability against sintering and that the most prominent reason for
catalyst deactivation is not due to visible changes of the catalyst’s structure. The
catalytic test during CO 2 hydrogenation reveals an average reaction rate of 1.32·10-6
mol g Fe -1 s-1 at 320 °C, 1 bar and at a stoichiometric H 2 /CO 2 ratio (Figure 1, right).

Figure 1: left: TEM micrograph of Fe 2 O 3 @SiO 2 after 18h TOS (methanation at 400°C, 1 bar, H 2 /CO 2
= 4/1); right: temperature dependency of formation rates of CO and CH 4 (methanation at 260 - 320°C,
1 bar, H 2 /CO 2 = 4/1)

The variety of iron based core-shell catalysts regarding the size of the Fe core can
help to study the size effect on intrinsic and transient kinetics, the reaction
mechanism as well as deactivation processes (e.g. carbonization and reoxidation), as
they offer a well-defined and easily accessible catalyst structure suitable for various
characterization methods. Furthermore, Fe-based catalysts are also suitable to other
catalytic processes besides methanation, which allow to transfer the methodology of
the present contribution to other applications for exhaust treatment.
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Catalytic oxidation of 5-hydroxymethylfurfural (HMF) to valuable
dicarboxylic acids
Magdi El Fergani, Vasile I. Parvulescu, Simona M. Coman, Department of Organic
Chemistry, Biochemistry and Catalysis, Faculty of Chemistry, University of
Bucharest, Bucharest, Romania; Alina Tirsoaga, Catalysts and Catalytic Processes
Research Center, Faculty of Chemistry, University of Bucharest, Bucharest, Romania
1. Scope
The catalytic transformation of biomass to high-value chemicals is one of the most
attractive and challenging topics in heterogeneous catalysis. However, for such
transformations an efficient separation of the catalyst through filtration or
centrifugation encounters difficulties. To overcome this drawback, the use of
magnetic solid catalysts, which can be efficiently separated by an external magnetic
field without affecting the catalytic performances started to be considered as a
potential economical approach. An enlightening example in this respect is the
developed cationic Ru(III)-Fe 3 O 4 @SiO 2 magnetic catalyst able to transform different
renewable raw materials into important platform molecules such as glucose, polyols,
levulinic acid (LA) or succinic acid (SA) [1-3]. However, the high price of noble metals
demands innovating cheap alternatives, where transition metal-based heterogeneous
catalysts would be preferred. Thus, we focused our efforts for designing transition
metal oxide (Mn, Co)-based Fe 3 O 4 @SiO 2 catalysts. The main purpose of the present
study was, therefore, to compare the former Ru-Fe 3 O 4 @SiO 2 catalysts with the (Mn,
Co)-based catalysts in terms of catalytic efficiency and stability in the HMF oxidation.
2. Results and discussion
In the presence of Ru-based catalysts, a selectivity to 2,5-furandicarboxylic acid
(FDCA) of 64% was reached after 48h for total conversion of HMF (Figure 1A). In-situ
modification of the catalyst with n-butylamine led to a slight decrease in HMF
conversion but to a substantial increase of the selectivity to FDCA to 80.6% (Figure
1B). Replacing ruthenium with a transitional one and NaOH with n-butylamine
ensured further advantages, such as the increase of HMF stability and the possibility
to tune the selectivity for other valuable oxidation products. Thus, under similar
reaction conditions, the Fe 3 O 4 @SiO 2 -CoO x catalyst provided selectivity to SA of
92.7% for a HMF conversion of 78.6%, and the Fe 3 O 4 @SiO 2 -MnO x catalyst led to

72% selectivity to MAc for HMF conversion of 5%. However, the performances in this
reaction have been improved (85% selectivity to MAc for HMF conversion of 35.6%)
working with a metal-free catalyst (Fe 3 O 4 @SiO 2 -NH 2 ), in which the -NH 2
functionalization substituted the role of the homogeneous strong base. All the
investigated catalysts showed very good stability.

Figure 1. Time-evolution of the HMF oxidation in the presence of Ru (4wt%)-Fe 3 O 4 @SiO 2 (catalytic
sites: cationic ruthenium (III) docked onto –NH 2 groups) (A) and bis-amine modified Ru (4wt%)Fe 3 O 4 @SiO 2 (B) catalysts (catalytic sites: Ru(IV)-bis-amine adducts).

3. Conclusions
In summary, Ru(IV)-bis-amine adducts afford an efficient catalytic system for the
oxidation of HMF to FDCA. Under similar conditions, replacing Ru with Mn or Co
tuned the selectivity in the sense of production of other valuable oxidation products,
such as MAc or SA. The catalysts were magnetically separable, and showed no
significant loss in catalytic activity during several recycling experiments. These newly
developed catalytic systems are examples of sustainable alternatives for the
selective valorization of biomass.
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H 2 Thermo-Photo-Catalytic production over Ru co-catalyst TiO 2
materials
U. Caudillo-Flores,1 G. Agostini,2 C. Marini,2 A. Kubacka,1 M. Fernández-García,1
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Catalytic technologies to produce H 2 from bio-alcohols can use light or thermal
energy and TiO 2 based materials. In the case of photocatalysis, the low reaction
rates and consequently, low quantum efficiencies usually achieved have limited its
industrial application. In the case of thermal catalysis, even though it can be an
industrial technology, the reduction of the operation conditions (high temperature and
pressure) of the process and the search of a good and stable catalyst appear as a
key research activity for the future. Alternatively to both thermal or photon-based
catalytic technologies, the combination of heat and light energy sources using the
adequate catalytic material would drive to a convenient way to overcome most of the
problems related to thermal or light alone based decontamination technologies [1].
Here we study the behavior of a series of Ru co-catalyst supported on TiO 2 support
(this last, previously prepared by microwave and spray dryer, 70 m2 g-1) materials in
the thermo-photo-catalytic H 2 production using a methanol/water mixture, UV light
and different temperature conditions in a gas phase reaction system.
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Figure 1. XANES of xRu/TiO 2 and reference materials.
The different xRu/TiO 2 materials prepared (x being the Ru weight %) were examined
by X-ray absorption spectroscopy (XAS) in order to determine the oxidation nature of

the Ru species on the TiO 2 surface. The X-ray absorption near edge structure
(XANES, Figure 1) indicate that all materials show a mixed state, ruthenium metallic
and Ru(II) oxide, with the first increasing (from ca, 10 to 25 % of total Ru) with the
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Figure 2. H 2 thermo-photo-catalytic production (Left) and Enhancement function (E
function, described in eq. 1) vs Temperature (Right) for xRu/TiO 2 samples.
In Figure 2 (Left), it is observed that all Ru/TiO 2 materials are active under
illumination conditions, having activity under heat at 120 °C. Comparing the results of
both photo and thermal process, an enhancement in the H 2 production is appreciated
in the combined use of the light and heat for all materials. To analyze the different
process, in Fig. 2 (Right) we plot the enhancement function (E), measured as [1]:
E = Rate (Thermo-photo) – ((Rate (photo) + (Rate (thermo))

(1)

It is observed that all xRu/TiO 2 materials show a favorable and clear synergic effect
in the thermo-photo process with respect to the thermal or photo alone processes,
which is more evident above 180 °C and reaches a plateau above 240 °C. The
xRu/TiO 2 materials displays an improved performance under the combined (as well
as the independent) use of the two energy sources that helps to increase in 5 times
the H 2 production whit respect to precious metals, as Pt, Pd co-catalyst titania based
materials [2]. This observation opens the opportunity of using Ru-titania co-catalyst
systems as an interesting base material for thermo-photo catalytic processes. The
physico-chemical basis of this process is analyzed using a multitechnique approach.
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Oriented MoS 2 Nanoplatelets Supported on few Layers Graphene as very
active Catalysts for CO 2 Methanation
A. Primo,1 J. He,1 B. Jurca,2* B. Cojocaru,2 C. Bucur,2 V.I. Parvulescu,2 H. Garcia,2
1

University Bucharest, Romania, bjurca@gmail.com; 2TUV Valencia, Spain

Recycling CO 2 emissions with the scope to produce fuels is envisaged as one of the
ecologic alternatives [1]. Hydrogenation of CO 2 is a thermodynamically downhill
transformation and, as an additional very important advantage, does not require
noble metal catalysts. Adequate reaction rates can be achieved under reasonable
conditions,

also

affording

good

selectivities

[2].

Molybdenum

oxides

and

chalcogenides have been proposed as alternative catalysts to platinum for a series of
reactions, including hydrogen evolution in electrolysis, hydrodesulfuration and
synthesis gas conversions [3]. Also, the use of graphene (G) as hydrogenation
catalyst [4] and molybdenum disulfide supported on G for electrocatalytic hydrogen
evolution have been considered a breakthrough [5]. Aimed at expanding the scope of
MoS 2 /G as catalyst and considering the above-commented interest in CO 2
hydrogenation and reports on the molybdenum catalysts, the present contribution
reports the catalytic activity of MoS 2 /G for CO 2 methanation, comparing the
performance of MoS 2 /G with that of analogous MoO 3 /G, prepared by impregnation of
preformed MoO 3 nanoparticles on G [6].
Experimental section

Samples with loadings of MoS 2 in the range 0.9-12.7wt% were prepared by mixing
(NH 4 ) 2 MoS 4 , alginic acid and NH 4 OH in the right proportion. After evaporation, the
solids were pyrolysed under argon flow at 250 oC for 2 h and, then, at 900 oC for 2 h
and the powder was ground and exfoliated in water using a high intensity ultrasonic
liquid processor. Synthesis of MoO 3 /G samples was made by sonnication of different
amounts of commercial MoO 3 with G in liquid suspensions. These samples were
characterized Raman, XRD patterns, XPS, AFM, FESEM and HRTEM images.
Catalytic tests and kinetics were performed with a Microactivity tester, PID Eng&Tech
coupled on line at a chromatograf at temperatures between 300 and 500 oC. Kinetics
was determined based on measured diffusion coefficients (Blanc's law), calculation of
the Weisz-Prater criterion, rate constants and of the activation energies.
Results and discussions

The catalytic activity of MoS 2 /G sharply contrasts with that of bulk MoS 2 for which
CO is the major product and reflects the important role of graphene on the activity of

supported Mo species. However MoS 2 undergoes some desulfuration MoS 2 leading
to an optimal MoO 3 that exhibits a remarkable activity and stability. Although less
active than MoS 2 , the methanation was almost complete on MoO 3 /G. These results
illustrate the potential of graphene as support of active molybdenum species in gasphase hydrogenations. The particle size is a critical parameter controlling the
catalytic activity. In the case of MoO 3 nanoparticles, their average particle size is not
altered in the adsorption process and, consequently, higher loadings of 10 nm
particles can be achieved, this resulting in an increasing catalytic activity. These
results illustrate the potential of graphene as support of active molybdenum species
in gas-phase hydrogenations.
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Figure 1. Selectivity methane (a, b and c) plots for CO 2 hydrogenation as a function of the temperature
promoted by MoS 2 /G or MoO 3 /G catalysts and loading. Reaction conditions 20 mg catalyst amount: b)
15 bars; H 2 : 3 mL/min; CO 2 : 1 mL/min; c)10 bars; H 2 : 3 mL/min; CO 2 : 1 mL/min; d) 10 bars, H 2 : 15
mL/min; CO 2 : 5 mL/min. ■) G; ●) MoS 2 -1/G; ▲) MoS 2 -2/G ▼) MoS 2 -3/G ◇) MoS 2 -4/G; and d)
Comparison between the activation energy values for the methanation process in presence of the
investigated graphene-based catalysts.

Conclusions
MoS 2 /G is efficient in promoting the selective CO 2 methanation, but it undergoes a

gradual deactivation attributable to the conversion of MoS 2 to MoO 3 . However, the
methanation is almost complete on MoO 3 /G compared to MoS 2 /G on which part of
the CO 2 is reduced only to CO. These results illustrate the potential of graphene as
support of active molybdenum species in gas-phase hydrogenations.
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Cascade Conversion of Bio-derived Platform Chemicals with
Multifunctional Zeolitic Materials
Samuel Raynes, Durham University, Durham, UK; Russell Taylor,* Durham
University, Durham, UK

As of early 2017, more bio-derived ethanol is produced in the United States than
demand for gasoline blending and exports exists.[1] Due to the wide array of reaction
schemes that are accessible, ethanol is an extremely versatile platform molecule
(Scheme 1).[2] Hence, excess bio-derived ethanol has the potential to be a cheap,
convenient and renewable carbon source from which to produce high value
chemicals that are typically derived from fossil fuels.

Zeolites, microporous aluminosilicate materials, are considered to be promising
alternative materials to many current generation catalysts owing to their distinctive
properties. Due to the multitude of potential modification techniques and their unique
ability to confer shape-selectivity to reactions through channels and cages of
molecular dimensions, catalysts can be attained that target production of small linear
molecules such as nbutanol and 1,3–butadiene. Zeolites have been suggested to
perform these transformations in a single reaction process due to their ability to
incorporate several disparate active centres into their frameworks and channel
system.[3-5]
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Scheme 1: Trivial transformations and potential higher-value end products from the upgrading
of bio-derived ethanol.

In this work, the transformation of ethanol to acetaldehyde under flow conditions is
effected over several framework morphologies, namely ZSM–5 (MFI), beta (BEA*)
and mordenite (MOR). It is shown by solution state 1H NMR spectroscopy of the

liquid effluent that, whilst the former two frameworks produce large relative quantities
of aromatics in both their protic and zinc-exchanged forms, MOR produces little to no
aromatic products when compared to the desired acetaldehyde. Hence, we display
that careful choice of framework morpholgy can lead to a significant decrease in
liquid range side products within the liquid effluent of these transformations.
Furthermore, the effect of parent zeolite form, be it H–MOR or Na–MOR, and
modification method, either Zn exchange or impregnation, is shown to have a large
effect on relative acetaldehyde production. Several other metal species (Fe, Co, Cu,
etc.) have also been introduced into zeolites of interest and their reaction profiles
monitored in a similar fashion. Further studies with on-line GC-MS analysis aim to
better quantify these observations and from there allow calculation of total selectivity
to the desired product, taking gaseous products into account also.

In addition to this, several Lewis basic species have been incorporated into zeolites
and tested in a similar regime as above in order to probe the efficacy of aldol
condensation of acetaldehyde to crotonaldehyde. Following discovery of a successful
candidate, the two species are combined into the same zeolite sample and the new
bifunctional catalysts tested for the total transformation of ethanol to crotonaldehyde.
This process is repeated throughout the multistep synthesis in order to ascertain a
multifunctional catalyst capable of the efficient and selective direct single-step
transformation of ethanol to one of the previously specified higher value products.
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In situ UV-vis characterization and activity testing of flat model
catalysts in custom built micro reactors
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J. W. (Hans) Niemantsverdriet, SynCat@DIFFER, Syngaschem BV, Eindhoven,
Netherlands; SynCat@Beijing, Synfuels China Technology Co., Ltd, Huairou, PR
China;
1 Introduction
Catalysis research is complex and multidisciplinary in its nature. The performance of
an industrially used catalyst is influenced by a multitude of factors, from material
composition and oxidation state, support porosity, reactant and product distribution in
the reactor as well as temperature gradients and local hot spots. Therefore, under
“real” conditions, it is difficult to single out the most important properties of a catalyst.
By preparing simplified model systems, it is possible to eliminate some of the
variables. Applying in situ characterization to such model catalyst, during
performance testing, allows us to learn about the dynamics of fundamental material
properties under relevant conditions.
2 Experimental/methodology

Figure 1 Custom made micro reactor for testing of flat model catalysts with in situ UV-vis spectroscopy
and mass spectrometry. The design allows testing of catalysts with a total loading down to a few µg.

We prepare flat model catalysts, consisting of merely a few µg of catalytically active
material and test them in a custom made micro reactor, equipped with in-situ mass

spectrometry and UV-vis spectroscopy as shown in figure 1. The same reactor can
also be used to test industrial type powder catalysts. Several ex-situ techniques,
such as TEM, XPS and XRD are also used to complement the in situ results.
3 Results and discussion
The flat model catalysts have the advantage that there are no hot spots or diffusion
limitations in the gas phase that can obscure the findings and that all catalyst
material is accessible to in-situ characterization. A range of model catalysts, from sub
monolayer deposits of size selected nano clusters and thin particle films to
nanoparticles supported on porous as well as non-porous 3D structures has been
tested and various reactions such as Fischer-Tropsch synthesis, water-gas shift
reaction, preferential oxidation of CO in H 2 , NH 3 decomposition and catalytic
combustion of volatile organic compounds has been addressed[1–5]. A few
examples will be presented, where the importance of the oxidation state of the active
material and the interaction between catalyst, support and promoter is elucidated.
Finally, we demonstrate that being able to perform measurements on both idealized,
flat model catalysts and industrial grade catalysts in the same reactor, helps us
confirm the relevance of the results in real applications.
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γ-Al 2 O 3 is a porous material that is used as a support in heterogeneous
catalysis, especially in petroleum chemistry[1]. Experimental and theoretical studies
demonstrated that gamma alumina acid–base and catalytic properties are strongly
related to particle morphology, through exposed crystalline faces[2]. The change of
particles’ morphology from isotropic to anisotropic has a direct impact on the exposed
faces. They will be different, or the same but in different relative proportions and will
lead to an improvement of catalytic properties. In addition, for anisotropic material
such as nanorods, new textural properties with a strong increase of the pore
volume[3] and diameter are achievable, which will lead to new diffusional properties.
That is why anisotropic gamma alumina materials have been tested for different
reactions like ethanol dehydration, ultra deep hydrodesulfurization and benzylic
alcohol oxidation[4,5].
Gamma alumina is usually obtained through the topotactic transformation of
boehmite γ-AlOOH above 450°C. The final product therefore is strongly related to the
nature of the starting material. In this work, we have developed a simple and scalable
synthesis for boehmite nanorods with well-controlled size in water and without any
additives.
We present the rationalization of boehmite nanorods synthesis to get an
aspect ratio higher than 10 and a section below 10 nm. We report the key
experimental parameters that induce morphology change, from platelets to nanorods.
Reaction temperature higher than 160 °C is mandatory to ensure rods formation in
fair reaction time while Al(III) precursors’ concentration and hydrolysis rates truly
control the possibility to growth thin boehmite rods.

Coupled structural (XRD) and morphological (TEM) analyses to further
characterize the nanorods and their formation steps allowed us to provide new
insights on the formation mechanism. The nanorods are formed through oriented
aggregation of primary nanoplatelets with a defined preferential growth direction.
Then, the different exposed faces were identified by electron diffraction. The acid
properties of these anisotropic materials have been compared to those of isotropic
samples by means of IR spectroscopy (coupled with CO adsorption) and ethanol
TPD.
Finally, we have processed boehmite nanorods into extrudates via kneadingextrusion and compared their textural properties to those obtained from nanoplatelets
synthesis using the same protocol at lower temperature. Insights about the nanorods
organization were obtained by SAXS and TEM analyses. Furthermore, we proved the
increase of the pore volume when the anisotropic ratio increases (from 0.51 cm3.g-1
for platelets to 0.73 cm3.g-1 for nanorods) as expected by theoretical approach. The
molecular transport properties of these nanorod-based extrudates were evaluated by
pulsed filed gradient NMR.

Figure 1 : Effect of the aspect ratio on the void volume fraction (left) and TEM image of boehmite nanorods with a
diameter of 12 nm and 180 nm in length with an insert schematically representing the nanorods in 3D (right).
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The increasing interest to the biomass as a source of chemicals and energy has
recently arisen due to the limited fossil fuel resources and the demand for new clean
chemical processes [1]. The research on the development of alternative liquid
transport fuels has considerably increased in recent years influenced by the
implementation of legislation and directives on alternative energy. To achieve these
aims in an ethical, environmental and economical manner the use of lignocellulosic
biomass or agri-waste for the production of second generation biofuels is proposed
[2]. Chemicals derived from biomass have recently attracted a considerable interest.
The production of biofuels from hemicellulose requires acid hydrolysis to open the
biomass structure giving large quantities of xylose. The synthesis of furfural (FF) as a
by-product of this biofuel production process has developed an additional important
research area. Furfural is one of the key derivatives which can be obtained from
renewable biomass for the production of different important fine chemicals [3].
Selective hydrogenation of furfural has attracted much attention to the production of
furfuryl alcohol (FA), methyl furan, tetrahydrofurfuryl alcohol and others. Furfuryl
alcohol is widely used in chemical industry, mainly for the production of special
resins, polymers and coatings on their basis, which are resistant to acids, alkalies
and various solvents. In addition, furfuryl alcohol is employed as a diluent for epoxy
resins and as a solvent for phenol formaldehyde resins and poorly soluble pigments.
In the organic synthesis, furfuryl alcohol is a feedstock for the production of
tetrahydrofurfuryl alcohol and 2,3-dihydropyran and an intermediate in the synthesis
of lysine, vitamin C, various lubricants and plasticizers . There are two ways of
producing

furfuryl

alcohol:

through

hydrogenation

of

furfural,

gas

phase

hydrogenation and liquid phase hydrogenation. In industry, furfuryl alcohol is
obtained by catalytic hydrogenation of furfural in a liquid or vapor phase. The liquidphase process is carried out with copper chromite systems as the catalysts. The
main disadvantage of copper-chromite catalysts is their toxicity caused by the
presence of chromium oxides, which allows considering such catalysts as
environmental pollutants [2].
By varying the conditions of furfural hydrogenation (pressure, temperature, etc.), it is
possible to regulate the selectivity to one or another product In this paper, we want to
demonstrate the use of hypercrosslinked polystyrene (HPS) as a stabilizer. HPS is
the class of cross-linked polymers is characterized by the unique topology and
unusual properties. HPS consists of nanosized rigid micro- and meso-cavities. This
material can act as a nanostructured matrix, which governs the particles growth [4].
The nanoparticles of catalytically active metals such as Ru, Pt, Pd were successfully
stabilized in the pores of the HPS matrix and showed high catalytic activity in the
selective hydrogenation reactions [5, 6]. In addition, HPS is commercially available
and produced on an industrial scale (PUROLATE International Ltd).
This research is devoted to the development of the catalytic system (namely, the
choice of precursor) and to the determination of furfural hydrogenetion conditions for
achieving maximum selectivity to furfuryl alcohol.
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1. Introduction
Oxidative dehydrogenation of ethane (ODH-C 2 ) is a promising alternative reaction to
produce ethylene since it overcomes main limitations in current conventional processes
[1-3]. Nevertheless, its implementation at industrial scale critically depends on the rational
design of a highly selective catalyst. Because of their high selectivity towards ethylene,
nickel (Ni) and vanadium (V) based materials have been already rather widely
investigated, the focus was mainly at the macroscopic level, i.e., less relevant for the
rational optimization of this type of catalytic materials. This contribution aims at developing
a kinetic analysis at microscopic level of ODH-C 2 over a Ni-Sn-O catalyst accounting for
well-established experimental and theoretical stages.

2. Results and Discussion
Steady-state experiments were performed at total pressures from 1 to 5 bar, temperatures
from 350 to 480 °C, an O 2 inlet concentration from 3 to 9 mol%, and space velocity from
2300 to 10260 hr-1. All the experiments were carried out in intrinsic regime, in a laboratoryscale micro-reaction unit (Micromeretics PID ENG&TECH model MA12216). To relate the
reaction rates to the varying operating conditions via the corresponding reaction
mechanisms taking place at the investigated operating conditions, five kinetic models
based on Langmuir-Hinshelwood-Hougen-Watson (LHHW) and Mars-van Krevelen (MvK)
formalisms were derived. Table 1 presents the main characteristics of these models. The
MvK model (MvK-2) exhibited the best capacity to fit the observations, i.e., the F-value
obtained for the MvK-2 model amounted to 1870, a value which exceeds those obtained
for model MvK-1 (1277), LHHW-3 (1240), LHHW-2(924) and LHHW-1 (828), by a factor of
1.4, 1.5, 2.0 and 2.3, respectively. The obtained kinetic parameters indicated that: (i)
ethylene formation has the lowest activation energy(see Table. 1); (ii) for all models the
total oxidation of ethane relates to the highest activation energy (see Table. 1); (iii) the
partial pressure of O 2 is the main variable influencing the selectivity towards ethylene; (iv)
when oxygen adsorption is dissociative, the models exhibit to higher F values; (v) the
fractional coverage of the surface at the outlet is the highest for water, ranging from 25.0%
to 75.0% approximately, while the fractional coverage of ethane and oxygen oscillated

from 5.0% to 20.0% and from 0.0% to 10.0% respectively, and the fractional coverage of
carbon oxides and ethylene never exceeded 5%. The latter observation shows that water,
being one of the main reaction products in ODH-Et, is, the main component negatively
impacting reaction rates.
Figure 1. a)Parity plot comparing experimental with calculated reactor outlet molar flow rates for MVK- model.

Table 1. Characteristics of the models

Rate Limiting Step

Conclusion
The ODH-C 2 kinetic analysis allows acquiring a better understanding of the corresponding
the reaction mechanism over Ni-Sn-O catalyst. Both physicochemical and statistical
criteria are employed to compare the performance of the constructed kinetic models and
to define the most suitable one. Although the five models reported, in general, physical
meaningful parameters and consistent statistics, the MVK-2 model is found to exhibit the
best capacity to reproduce the referred experimental information.
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The range of applications of heterogeneous catalysis covers chemical manufacturing,
energy harvesting, conversion, and storage, to environmental technology. Many
commercially

important

catalysts

comprise

catalytically

active

nanoparticles

dispersed on supports various types. Such catalysts are typically highly complex
multi-component materials that are optimized to work for millions of turnovers, at high
reaction rates, and with high selectivity. The performance of metal particles in
catalytic reactions is could governed by their size. One of the most used metals in
heterogeneous catalysis is the iron. It can catalyze various processes, such as
hydrogenation, oxidation, alkylation etc.
In this work, the structure sensitivity of various catalytic reactions that are catalyzed
by supported Fe nanoparticles was shown. It was synthesized the series Fe
containing catalysts in the range of the nanoparticles 2 – 15 nm. The structure and
morphological properties of catalysts were studied in detail. We examined the
structure sensitivity of the ethylene hydrogenation and water shift gas reaction
processes catalyzed by Fe supported nanoparticles.
Fig. 1 indicates the dependence the rate reaction of the ethylene hydrogenation on
the size of supported Fe
nanoparticles

in

Fe/CNT catalysts.

the

Fig. 1. The dependence of reaction rate of ethylene hydrogenation on size of
supported Fe nanoparticles in Fe/CNT
Our experimental studies have shown that the reaction of ethylene hydrogenation in
the certain conditions on the nanophase Fe/CNT is structural sensitive.
The mostly structure sensitivity of catalytic reaction is characterized by linear
dependencies the rate of reaction on the size or volcano shape curve, whereas we
first observed nonlinear dependence the rate of ethylene hydrogenation on the size
of supported nanoparticles with the minimum.

Selective Hydrogenation of Levulinic Acid over Polymer-Based
Ruthenium Catalysts
L.Zh. Nikoshvili, M.E. Grigorev, D.A. Abusuek, I.I. Protsenko, M.G. Sulman,
E.M. Sulman, Tver Technical University, Tver, Russia

The biofuels of the first generation are produced from sugars, starches and vegetable
oils; however, the limited availability of starting materials (due to restricted amounts
of fertile soils) and competition with food from feedstocks are limiting factors for their
production [1]. The advanced biofuels of the second generation are mainly produced
from lignocellulosic biomass, one of the most inexpensive and abundant raw
materials. Levulinic acid (LA) is a substance, which can be obtained from cellulosic
biomass via acid hydrolysis [2]. Hydrogenation of LA to gamma-valerolactone (GVL)
is one of the most promising reactions in the field of biomass valorization to fine
chemicals and liquid transportation fuels [3]. Potentially, GVL obtained from
lignocellulosic biomass is a versatile intermediate for the production of fuel additives
and chemicals. Due to high demand for GVL, its efficient production is currently a
topic of intensive research. Investigations are mainly focused on hydrogenation of LA
and its esters by molecular hydrogen in the presence of metal catalysts. Application
of supported metal catalysts is especially advantageous, owing to simplicity of
product recovery and catalyst recycling [4].
5%-Ru/C [5], 10%-Pd/C and Raney Ni [6] are the most widespread heterogeneous
catalysts of the GVL synthesis from LA. Currently, the conventional catalyst of the LA
hydrogenation is 5%-Ru/C [7], the use of which allows achieving high yields of GVL.
In order to achieve high degrees of the LA conversion, the use of ruthenium
nanoparticles (NPs) with high surface areas is important. It allows competing with and
surpassing the traditional industrial catalysts such as Ru/C. However, for successful use
of Ru NPs in the LA hydrogenation the former should be stabilized. A successful solution
to this problem, i.e., providing control over the size and size distribution of catalytically
active metal NPs, is possible via the use of stabilizing agents, the most promising among
which are porous polymers. Highly-porous hyper-cross-linked polystyrene (HPS) based
catalysts were successfully used in different oxidation and hydrogenation processes.
This work is devoted to the use of ruthenium-containing catalysts based on HPS in the
hydrogenation of LA to GVL. Ru-containing NPs immobilized in HPS were synthesized

at the variation of Ru loading and type of HPS (functionalized or without functional
groups). Hydrogenation of LA was carried out in Parr Series 5000 Multiple Reactor
System in an aqueous medium at the variation of reaction temperature and hydrogen
partial pressure. Samples of the reaction mixture were analyzed via HPLC method.
Synthesized catalysts were found to be highly active and selective in the
hydrogenation of LA to GVL. For example, the use of HPS of MN100 type
(functionalized with amino groups) as a support for the development of the catalysts
allowed more than 99% yield of GVL for 120 min of reaction duration at mild reaction
conditions (90oC, 2 MPa of hydrogen partial pressure) in an aqueous medium. It is
noteworthy that NPs of hydrated RuO 2 , which were located on the surface of the
polymeric matrix and in its pores as grape-like aggregates, was found to be an active
phase of HPS-based Ru catalysts.
Moreover, for the most active HPS-based catalyst, main kinetic parameters (apparent
activation energy, reaction orders) were calculated and formal kinetic modeling was
carried out for deeper understanding of the observed kinetic behavior.
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Computational Insights into Hydrodeoxygenation of
Biomass-derived γ-Valerolactone on Ru(0001) and Rh(111)
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Introduction
Lignocellulosic biomass is a potential renewable source of hydrocarbons suitable for
transporation fuels, and in recent years a variety of valorisation processes have been
investigated[1]. Levulinic acid (LA) is one of the top value added biomass derived
chemicals. LA can be converted into C 10 -dimers via aldol condensation to increase
chain length of products[2]. Recently, γ-nonalactone (GNL) has been used as a
model compound to study the hydrodeoxygenation (HDO) of the LA dimers into C 8
and C 9 hydrocarbons over Ru/ZrO 2 and Rh/ZrO 2 , the latter being the more selective
towards the desired hydrocarbons[3]. One suggested pathway is the direct
conversion of GNL into alcohols which can be further hydrogenated to yield C 8
hydrocarbons (see Fig.1). However, undesirable ketones were also formed over both
catalysts.

Fig. 1: Simplified reaction route for alcohol and ketone formation from GNL.
In this computational study, we will address the elementary reactions involved in the
HDO reaction network using density-functional theory (DFT) in order to rationalise
the differences in selectivity and activity between the two catalysts.
Computational Methods & Models
The DFT calculations were carried out in the grid-based projector augmented wave
(PAW) formalism using the GPAW software with BEEF-vdW density functional and
PAW setups. A grid basis with a 0.19 Å maximum grid spacing was used in all
calculations. Transition states were located using a climbing image automated
nudged elastic band (CI-AutoNEB) method. The Rh and Ru catalysts were modeled
with four layers thick 3x3 supercells of (111) and (0001) surface slabs, respectively.
γ-Valerolactone (GVL) was used as a model compound for GNL.

Results & Conclusions
The thermodynamics of adsorption of GVL and hydrogen and the ring-opening,
decarbonylation, and hydrogenation steps were calculated on Rh(111) and
Ru(0001)(see Fig. 2).

Fig. 2: Adsorption geometries of important intermediates on Rh(111). Rh, O, H, and
C atoms are shown in grey, red, white, and blue, respectively. The reaction energy of
each elementary step is reported in kJ / mol-1.

GVL adsorbs on both surfaces equally exothermically with similar adsorption
geometries. Dissociative hydrogen adsorption is exothermic by 53 and 78 kJ / mol-1
on Rh and Ru, respectively. Ring opening is more thermodynamically favourable on
Ru. The decarbonylation step is slightly more favourable on Rh than Ru, but is
exothermic on both metals. Hydrogenation of the decarbonylated intermediate into
the alcohol product is more favourable on Rh than Ru by 82 kJ / mol-1.
The Rh and Ru surfaces show clear differences in adsorption and reaction energies
of the first steps of hydrodeoxygenation of γ-Valerolactone. These results together
with additional calculations of elementary steps and kinetic barriers will help
rationalise the different behavior observed experimentally for the two metal catalysts.
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1. Introduction
Methane is a powerful greenhouse gas (global warming potential 28 times higher
than carbon dioxide) with increasing atmospheric concentration in the last decades.
Therefore, its capture and harnessing is of great interest to fight againts climate
change [1]. Transforming it into a product with higher superior energy and easier to
transport seem like a better solution that just flaring into the atmosphere.
Nowadays the commercially established technology for methane upgrading is
steam reforming, which is a process that requires a lot of energy and a high capital
investment. Finding a suatiable technique capable of producing methanol by direct
oxidation at mild reaction conditions its highly desirable.
The scope of this work is to produce methanol directly from methane at mild
reaction conditions (less than 200ºC), using different Cu-zeolites as heterogeneous
catalysis [2, 3].
2. Experimental
The catalysts, Cu-MOR and Cu-ZSM5, were prepared by ion exchange using a
copper acetate solution, followed by drying and calcination. The catalysts were
characterized by ICP-MS, DRX and BET surface analysis.
The experiments were performed in a fixed bed isothermal reactor of 3/8” OD,
charged with 3 g of catalyst (particle size 355-1000 µm). Pressure was maintained
constant to 1 atm through all the tests. The catalyst was activated using a flow of
pure oxygen with a ramp of 1ºC/min up to 450ºC for 4 h.
The reactor effluent was sent to a cold trap where condensable compounds
(water, methanol, etc.) are recovered. The liquid samples were analyzed in a
Shimadzu gas chromatograph GC-2010, equipped with a CP-Sil 8CB column and an
FID detector. The reactor effluent can also be analyzed in an OmniStar GSD 301
mass spectrometer (MS).

3. Results and discussion
First, the adsorption of methane on the catalysts was tested at reaction
conditions. A flow of pure methane was fed into the reactor at 200ºC for 20 min.
Then, pure oxygen was introduced and temperature was increased with a ramp of
10ºC/min. The reactor effluent was analyzed by MS. Obtained result shows the CO 2
signal, generated by oxidation of the adsorbed methane when temperature
increases. The presence of two peaks suggests there are two active sites on the
catalyst surface of different strength. The same signal is obtained when the test is
done in the absence of oxygen, so oxygen atoms from the catalyst can also oxidize
adsorbed methane.
The methane to methanol reaction was accomplished in two steps: adsorption of
methane and desorption of methanol in a gas flow of 2% H 2 O/N 2 . Different
temperatures were tested for both steps, the optimal results being obtained
performing the adsorption step at 200ºC and the desorption steps at 150ºC. To test
the regeneration capacity of the catalysts, several reaction and activation cycles were
repeated at these optimal conditions, obtaining a similar methanol value after every
cycle. For the Cu-MOR zeolite, 12.35 µmol methanol /g cat was obtained in the fourth
cycle.
It has been demonstrated that Cu-zeolites can succesfully adsorb methane and
catalyse its oxidation to methanol in cyclic processes at low temperature (200ºC) and
pressure (1 atm). This is an important advantage with respect to commercial
processes based on wet reforming. Nevertheless, further research in needed to
simplify and optimize the cyclic process.
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Hydroisomerization of straight chain paraffinic hydrocarbons C5–C6 is one of the
cheapest ways to increase the production of high octane gasoline components with
improved environmental characteristics. Linear alkanes such as n-hexane and nheptane are characterized with low octane numbers, while the (hydro)isomerization
increases the octane numbers substantially if multi-branched/di-branched isomers
are obtained [1].
Isomerization

of

n-alkanes

over

bifunctional

metal/acid

catalysts

involves

dehydrogenation of alkanes, skeletal isomerization of olefins and hydrogenation of
the latter. Hydrogenation and dehydrogenation happen on the metallic sites, while
isomerization or cracking require acid sites, thus diffusion the olefinic intermediates
from metallic sites to acidic ones and back is important [1, 2]. From this description of
bifunctional catalytic transformations, it seems obvious that the catalyst properties:
activity, stability and selectivity, should depend on two main parameters: the
characteristics of the metal and acid sites and those of the diffusion path of these
intermediates, essentially the acidic component micropores [1]. In order to reduce the
degree of complexity, usually studies on hydroisomerization catalysts are carried out
over bifunctional zeolite-based catalysts in the powder form [3]. However, if a zeolite
based catalyst is to be used at an industrial level, it is shaped into bodies such as
granules, spheres, and extrudates.
This work aims at elaborating the synthesis parameters to be controlled during the
scale-up of bifunctional catalysts from powder to shaped bodies. The focus was held
both at the impact of shaping on the Beta zeolite properties and method of
preparation with controlled deposition of platinum. Understanding of correlations
between the physico-chemical (surface, structural, textural and morphological) and
catalytic characteristics of shaped Pt-catalysts (Figure 1), could significantly

contribute to the design of “ideal” (highly active, stable and selective) bifunctional
shaped catalysts indispensable to develop cleaner processes. As a model reaction
isomerization of n-hexane containing 1% benzene was chosen.
Results of this study revealed that various ways of Pt deposition on the extrudates
strongly effected the metal to acid sites ratio (from 0.07 to 1.12). This ratio is a key
parameter for developing active and selective bifunctional shaped catalysis.
The best result was obtained over extrudates prepared via in-situ synthesis allowing
controlled deposition of platinum on the zeolite. The extrudates prepared in this way
have the highest metal to acid sites ratio and the closest proximity between them.
Such extrudates resulted, however, in somewhat lower but still acceptable
mechanical strength.
More details on the catalyst preparation, characterization and catalytic tests will be
given in the final presentation.

Figure 1. Pt-extrudates of Beta zeolite agglomerated with bentonite as a clay binder. The extrudates differ in the
way Pt was introduced: a) after extrusion, or prior to extrusion on b) zeolite and binder, c) binder, d) zeolite
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Effects of oxygen impurities on the stability of Cu-based catalysts
Julian Schittkowski, Holger Ruland, Robert Schlögl
Max Planck Institute for Chemical Energy Conversion, 45470 Mülheim an der Ruhr,
Germany

The mitigation of CO 2 emission is an essential topic in current research on energy
conversion [1-2]. Within the cross-industry approach of Carbon2Chem®, one way to
realize the utilization of CO x compounds may be the catalytic conversion of industrial
waste or process gases from steel mills via hydrogenation into methanol [3]. While
standard methanol synthesis as well as catalyst texture was highly investigated in the
past, the utilization of exhaust gases is challenging due to fluctuating concentrations
and availability as well as a high number of possible catalyst poisons, e.g. O 2 [4-5]. In
case of a complete purification being too complex and expensive, there is only the
possibility to develop a more robust catalyst or to validate the gas purification
thresholds of known catalysts to maintain its stability.
For utilization of coke oven gas as possible hydrogen source, a removal of O 2 is
mandatory. This can be conducted by established techniques as PSA, leaving minor
residuals of O 2 in the gas. To obtain a complete removal of O 2 an additional
deoxygenation step is required. Therefore, the focus was set on the maximum
allowable concentration of O 2 in the feed gas and the impact of intermitting O 2
concentrations on the catalyst stability to verify if an additional deoxygenation step is
necessary (Figure 1).

Figure 1: Process scheme of the hydrogenation of CO x species from converter gas mixed with
purified H 2 from coke oven gas via PSA to methanol.

For this reason, the oxygen poisoning of a Cu/ZnO/Al 2 O 3 catalyst, which was
previously reduced in diluted H 2, was tested for methanol synthesis at temperatures
of 220 °C to 260 °C and pressures in the range of ambient pressure to 50 bar with
synthesis gas containing CO, CO 2 and H 2 .
For the investigation of the influence of oxygen impurities during methanol synthesis,
a selected oxygen concentration in the range from 0 to 1000 ppm can be adjusted as
long-term steady-state or transient measurements as well as the application as
defined pulses that can be introduced into the feed gas.
Additionally, the changing surface morphology during oxygen exposure was
investigated using temperature-programmed desorption of H 2 , which suits nicely for
copper based surface [6] and can directly performed in-situ with the aged catalyst in
between two activity measurements. Under this purpose, it gives insight in the
poisoning character of oxygen at different reaction condition and structure-activity
correlations can be established showing how large the impact of different oxygen
concentration on activity as well as catalyst structure is.
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DFT Study of CO 2 hydrogenation on Cd 4 /TiO 2 catalyst
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Introduction
The hydrogenation of CO 2 into valuable chemicals has received much attention in
the recent years due to the environmental and energy issues caused by CO 2
emission [1]. Among various products generated from the CO 2 hydrogenation,
CH 3 OH is highly desirable because it is an important fuel and starting feedstock for
production of fine chemicals. Industrially, the commercialized catalyst for the
production of CH 3 OH from CO 2 is Cu/ZnO/Al 2 O 3 . However, the disadvantages of low
CH 3 OH selectivity and H 2 O induced catalyst deactivation motivate researchers
developing new catalysts [2-3].
Recent experimental work has found that Cd nanoparticles supported on TiO 2 allows
reducing CO 2 with H 2 and obtaining high CO 2 conversion along with exceptional
methanol selectivity. However, the nature of the active site and the mechanism of the
reaction process are unclear. This inspired us to a carry out a computational study on
the mechanism of CO 2 hydrogenation over a model Cd 4 /TiO 2 catalyst to unravel the
key factors controlling the CO 2 reduction reactivity and methanol selectivity.
Computational details
All calculations are performed using the Vienna Ab Initio Simulation package (VASP).
The DFT calculations are carried out using PBE exchange and correlation functional.
The energy cutoff and convergence criteria used are 400 eV, 10-5 eV and 0.05 eV/Å
for the electronic and ionic loops, respectively. Cd 4 /TiO 2 models containing a Cd 4
cluster supported on the (101) surface of the 1x3 and 2x4 supercells of anatase-TiO 2
are used for study the H 2 dissociation and CO 2 hydrogenation, respectively. The CINEB method was used to locate the transition states.
Results and discussion
1. H 2 dissociation: All possible active sites of Cd 4 /TiO 2 and clean TiO 2 surface for
the dissociation of H 2 have been evaluated computationally. The results indicate that
H 2 cannot be dissociated on the clean TiO 2 surface. For the reaction on Cd 4 /TiO 2
catalyst, it is found that H 2 can be easily dissociated at the interface between Cd and

TiO 2 surface with an activation energy about 0.5 eV. However, H 2 dissociation
reaction over the Cd 4 cluster is more difficult (E a = 0.88 eV). Therefore, it is proposed
that the Cd-TiO 2 interface is the reaction center for activation of H 2 molecule.
2. CO 2 hydrogenation: Two main reaction pathways of CO 2 hydrogenation have
been investigated: (1) the reversed water-gas shift (RWGS) pathway, and (2) the
formate pathway. From the reaction profile (see Figure 1), it can be seen that the
formate pathway dominates over the RWGS pathway since the conversion of HOCO*
intermediate to CO and subsequent CO hydrogenation steps are energetically less
favorable compared to those involved in the formate reaction pathway. The formation
of H 2 CO* intermediate is the rate-determining step for the CO 2 hydrogenation to
methanol via the formate pathway (E a = 0.75 eV). More importantly, it is found that all
elementary steps take place at the interface of the catalyst, i.e., the boundary
between Cd 4 and TiO 2 surface, except the formation HOCO* and CO* intermediates
along the RWGS pathway, which can only take place at the TiO 2 site as a result of
hydrogen spillover from the Cd-TiO 2 interface to the TiO 2 surface.

Figure 1. Reaction diagram of CO 2 hydrogenation to CH 3 OH over the Cd 4 /TiO 2
catalyst (red line: RWGS pathway; blue line: formate pathway).
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Introduction
Platinum is usually added to cobalt-based Fischer-Tropsch catalysts to increase the
metallic cobalt surface area. The addition of platinum to the catalyst precursor can
also lead to a higher turnover frequency or synergistic promotion in the FischerTropsch synthesis [1]. A synergistic promotion is suggested as a result of intimate,
bimetallic interaction of cobalt and noble metal particles on the support [2].
Recently, Cook et al. [3] reported a higher turnover frequency in the Fischer-Tropsch
synthesis for an alumina supported catalyst prepared by co-deposition of platinum
and cobalt compared to sequential-deposition [3], although the H 2 -TPR profiles were
the same for both catalysts, and the extent of reduction was better for the catalyst
prepared by sequential-deposition. It may be assumed that the preparation of the
promoted catalyst influenced the electronic properties of the active surface resulting
in enhanced catalytic performance. In this work, we study the active surface through
reduction-oxidation treatments of Pt-Co 3 O 4 /SiO 2 prepared by sequential-deposition
and co-deposition.
Experimental
For a selective deposition [4] of platinum on Co 3 O 4 , aqueous H 2 PtCl 6 •6H 2 O was
added to Co 3 O 4 /SiO 2 at pH=2. Aqueous (NH 3 ) 4 PtCl 2 was added to Co 3 O 4 /SiO 2 , at
pH=9, for a preferential deposition of platinum on SiO 2 . For the precursor prepared
by co-deposition, an aqueous solution containing cobalt, and, platinum from
H 2 PtCl 6 •6H 2 O, was deposited in one-step on SiO 2 . All precursors were dried at 60
°C for 16 hours and calcined at 350 °C for 6 hours. The metal content in the catalyst
precursors was 10 wt.-% Co and 0.4-0.45 wt.-% Pt.

In-situ XAS studies were performed at the Pt L III edge. The precursors were reduced
in pure H 2 , at 5 °C/min to 350 °C and held for 1 hour. Subsequently, the powders

were oxidized in air, from room temperature at 5 °C/min to 350 °C and held for 1
hour. After each reduction and oxidation, the powders were cooled to room
temperature, respectively, and XAFS measurements were recorded.
Results and discussion
After activation in pure H 2 , platinum was observed to be in its metallic state in all
powders (Figure 1A). However, the XANES regions were significantly different to Pt
foil, possibly due to more electron density in the d-band i.e. platinum being more
electronegative than cobalt withdraws electrons when in intimate interaction. After
oxidation (Figure 1B), platinum returns to its oxidic state in the catalyst powders
prepared by sequential-deposition. On the other hand, co-deposition results in
platinum remaining in its metallic state upon reduction-oxidation. We hypothesize
that the sequential deposition of platinum leads to an active surface rich in platinum
after H 2 -activation, whilst co-deposition results in a bulk Pt-Co alloy. Analysis of the
XAFS regions should provide us with more information on the Pt-Co and Pt-Pt coordination numbers to support our hypothesis.
A

B

Figure 1. Normalized X-ray absorption spectra A) After reduction in H 2 B) After
reduction in H 2 and oxidation in air
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1. Introduction
Renewable energies are one of the energetic solutions for the future, due to the
limitation and environmental risk of fossil fuels. Nevertheless, the production of
energy from renewable sources does not match the time and location of the demand.
Therefore, it is urgent developing ways for its storage and transport. A solution is the
conversion of renewable energy in H 2 via electrolysis. When long time storage is
needed, the conversion of H 2 to synthetic natural gas (CH 4 ) by reaction with CO 2 , is
a plausible solution, additionally entailing environmental benefit. The reaction
between CO 2 con H 2 is known as Sabatier reaction and it was discovered a century
ago [1]. Different transition metal and noble metal supported on different metallic
oxides have been used as catalyst. Up to our knowledge, carbon nanomaterials have
not been used as catalyst support in this reaction. In fact, there are some reports that
CNT are inactive for this reaction, which is attributed to the inertness of the support to
chemisorb CO 2 [2]. Another important aspect for the industrial deployment of this
technology is the design of the catalytic reactor. The CO 2 hydrogenation to produce
CH 4 reaction is highly exothermic (H R o=-165 kJ/mol). Therefore, a proper heat
management to avoid temperature rise is essential for CH 4 conversion and catalyst
lifetime. To overcome this, different solutions have been used such as, fluidized bed,
multi-tubular reactors externally cooled or staged reactors with intermediate cooling
by heat exchangers [3]. Another option is washcoating the catalyst on the surface of
heat-exchangers, hence integrating both reaction and cooling. In this context, the
catalyst washcoat on monoliths has been also proposed as a model for catalyst
wash-coat on heat exchangers for CO 2 methanation [4
Herein, we have supported Ru nanoparticles on carbon nanotubes (CNTs), carbon
nanofibers (CNFs) and nitrogen-doped carbon nanofibers (N-CNF). The 5% Ru
catalysts supported on CNF and N-CNF have been benchmarked against 5% Ru on
CNT and on conventional alumina support (Ru/Al 2 O 3 ). To study the structureperformance relationship, the catalysts have been exhaustively characterized by
TEM and by transient techniques such as temperature programmed desorption

(TPD) and temperature programmed surface reaction (TPSR). In a second part,
cordierite monoliths have been washcoated with alumina. Subsequenly, Ni, Ru and
bimetallic catalyst have been impregnated and tested in reaction.
2. Results and discussion
In previous paper [5], it was found that the selectivity is highly sensitive to the Ru
loading. For the lower Ru loadings (0.5 y 2 wt% Ru), the main product is CO while for
the highest Ru loading (5 wt%), the selectivity to CH 4 is ~ 97 % in all the temperature
range. Ru on 5% Ru NCNF provided competitive CH 4 conversion a and selectivity
compared to commercial 5% Ru/Al 2 O 3 and 5% Ru/CNT, specially for higher
conversions [6] (Figure 1). Contrary to the general belief about the inert nature of
carbon supports, it is demonstrated that NCNF is a non-innocent spectator in CO 2
methanation due to its ability to store a high amount of CO ad reaction inter-mediates.
a

b

Figure 1. CO 2 conversion (a) and selectivity to CH 4 (b)
Finally, the feasibility of metal (Ni, Ru) on alumina coated monolith for CO 2 reduction
is demonstrated. The use of Ni and bimetallic Ni-Ru catalyst affords a reduction in
catalyst costs and enhanced catalytic performance than pure Ru catalyst.
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Introduction
Its known that a bioethanol is a cheap starting renewable source for the
production of more complex chemicals. Depends on reaction and catalyst type
different products can be obtained; bioethanol dehydration lets to formation ethylene
and diethyl ether while dehydrogenation or oxidation to acetaldehyde and/or acetic
acid, ethyl acetate.
Ethyl acetate is an important chemical compound used as solvent for paints,
adhesives, nitrocellulose, plastics, herbicides, oils, fats, organic synthetics, as a food
flavoring additive and in the perfumery industry. Classic methods of obtaining ethyl
acetate require the use of acetic acid or acetaldehyde known as hazardous
substrates (corrosive, toxic). A promising alternative would be the one-step ethyl
acetate synthesis from ethanol, which uses single raw material and one-step reactor,
resulting in low production and investment costs. There are two ways of direct
synthesis of ethyl acetate from ethanol: a dehydrogenation process [1] and an
oxidation process. In the process of ethanol dehydrogenation, over palladium-based
and copper catalysts, in addition to ethyl acetate and hydrogen, other by-products
(such as butanone) are produced, which increase the cost of ethyl acetate
purification. In the case of the oxidation process over PdO-based catalysts, the
purification of ethyl acetate is easier. The main by-products of ethanol oxidation are
acetaldehyde, acetic acid and CO 2 .
The possibility of obtaining ethyl acetate directly from ethanol by oxidation in
the presence of palladium supported on heteropolyacids, such as H 3 PW 12 O 40 and

H 3 PMo 12 O 40 ,

and

materials

created

by

the

thermal

decomposition

of

polyoxometalates in air (its bronzes) is discussed.
Experimental
The catalyst precursors were synthesized from palladium chloride and
heteropolyacid, H 3 PW 12 O 40 or H 3 PMo 12 O 40 , then activated in mixture of ethanol and
helium at 230 oC that led to Pd-H 3 PW 12 O 40 (PdPW*) or Pd-H 3 PMo 12 O 40 (PdPMo*)
system. Further thermal decomposition of precursors resulted in PdO supported on
phosphorus-tungsten and phosphorus-molybdenum bronzes formation. Synthesized
materials were characterized using XRD, SEM/EDX, XPS, FT-IR, TPD NH 3 and
thermal analysis. The catalytic activity of the obtained catalysts were investigated in
oxidation of ethanol with air in fixed-bed flow reactor connected online to gas
chromatograph. The catalytic tests were performed at the temperature range of 70290 ◦C under ambient pressure at WHSV of 2.1 h−1. Additional tests were performed
at 5.2 kPa and 8.6 kPa ethanol pressures with constant flow of air 35 ml/min.
Moreover, the influence of water on catalysts activity was investigated at two ethanol
concentrations of 96 wt.% and 82 wt.% at constant WHSV 2.1 h−1. Additionally, the
possibility of synthesis of ethyl acetate from ethanol via dehydrogenation route was
also studied.
Results
The investigated materials show the relatively high activity for ethyl acetate.
The catalysts exhibit the highest selectivity to ethyl acetate at 190-210 oC. The higher
yield to ethyl acetate is obtained over catalysts containing the tungsten. The yield to
ethyl acetate over PdPW* catalyst was 40% (selectivity 61%) while over PdPWbronze yield was 27% (selectivity 47%). The influence of ethanol partial pressure and
water content in feedstock were also studied. Both catalysts show lack of decrease of
catalytic activity to ethyl acetate with increasing water content in the feedstock.
Unexpectedly, the yield to the ester increases to 38% for the conversion of 82 wt.%
ethanol in the presence of bronze. The investigated materials are less efficient during
synthesis of ethyl acetate from ethanol via dehydrogenation route than the via
oxidation reaction. Synthesized materials are promising catalysts for the one-step
synthesis of ethyl acetate from ethanol via oxidative route.
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Introduction
The oxygen reduction reaction (ORR), catalyzed by platinum-based materials, is
known to be a rather slow reaction resulting in poor platinum utilization [1].
Understanding the reaction kinetics over various platinum surfaces is key to
designing better ORR catalysts. Pt{111} and Pt{001} surfaces are expected to be the
dominant terminations of Pt nanoparticles [3]. The elementary step over the Pt(111)
and Pt(001) surfaces with the highest activation barrier is hydrogenation of O* and
OH*, respectively [4]. Whilst a lot of effort has been put into understanding the ORR
kinetics over single and isolated Pt(111) and Pt(001) surfaces [5], to our knowledge,
no kinetic models have been presented on the overall ORR activity over kinetically
connected Pt{111} and Pt{001} facets. Due to the surface sensitivity of the ORR,
kinetic connectivity of the Pt{111} and Pt{001} may influence the overall ORR activity.
Methodology
Density functional theory (DFT) calculations were conducted using the Vienna Ab
Initio Simulation Package (VASP) [6] and the GGA-PBE exchange-correlation
functional [7] together with the projector augmented wave (PAW) potential method. A
comprehensive list of elementary reaction steps involved in the ORR was studied
over both Pt(111)-p(3x3) and Pt(001)-p(3x3) supercell slabs each with 3 relaxed top
layers. To account for species exchange between the Pt{111} and Pt{001} facets,
diffusion of both O* and OH* over the edge. Furthermore, exchange of -H between
terrace- and edge-bound OH* and O* species was considered. The elementary
reaction steps were incorporated in a microkinetic model using mean-field
approximations. The analysis focusses on the ORR activity at a Pt surface/gas
interface with a gas composition of 37% O 2 and 67% H 2 and a total gas pressure of 1
bar.

Results and discussion
Both O* and OH* adsorb rather strongly at edge sites resulting in a deep well in the
potential energy surface. Our calculations show a rather low energy barrier for the
exchange of -H between co-adsorbed, edge- and terrace-bound O* and OH* as an
additional kinetic connectivity between adjacent terraces. At all temperatures below
650 K, our microkinetic analysis predicts a higher ORR activity over Pt(111) than over
Pt(001) (see Fig. 1a). Connecting Pt{111} and Pt{001} terraces, we predict an
increase in the rate of H 2 O desorption over the Pt{001} facets at T < 650 K and over
the Pt{111} facets at T > 650 K, compared to that predicted over the isolated Pt(001)
and Pt(111) surfaces, respectively. Our simulations show that the Pt{001} facet has a
high coverage with O* at T < 650 K and H 2 adsorption is rate controlling. The
connectivity between adjacent {111} and {001} facets aids the ORR over the {001}
facet by via -H transfer from OH* on the Pt{111} facets towards O* on the Pt{001}
facets. At T > 650 K, O 2 dissociation is the rate determining step over an isolated
Pt(111) surface. Upon connecting the facets, over 90 % of the water produced from
the Pt{111} facet at T > 650 K, contains O* originating from the {001} facet.

Figure 1. Effect of inter-facet connectivity of Pt{111} and Pt{001} on the ORR activity,
a) comparison between H 2 O production rates from different surfaces (dashed lines:
no connectivity between facets; solid line: connectivity between facets), b) illustration
of the ORR over nanoparticle with kinetically connected surfaces at T > 650 K
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Introduction
Depletion of fossil fuel resources and rising crude oil prices lead to one of the most
important scientific challenges of the 21st century – finding a promising alternative to
petroleum-derived fuels. The direct conversion of syngas (CO and H 2 ) to ethanol (StE)
might be this promising process utilizing coal, natural gas, or preferably biomass as
carbon source for syngas generation. To make this process technically and commercially
feasible, a selective and economic catalyst for the direct conversion is highly desirable.[1]
As supported rhodium is the only monometallic catalyst that has demonstrated a
selectivity towards ethanol, a wide range of promoters were tested, e.g. Fe, Mn, Li, and
even rare earth oxides.[2] In this manner, the addition of Fe or Mn leads to an enhanced
oxygenate selectivity and a suppressed methane formation. However, the role of Mn and
Fe as a modifier and the actual active site in Rh-based catalysts are still unclear.
Results and Discussion
Herein, we present the molecular single-source precursor (SSP) approach to
RhMnO x /SiO 2 and RhFe/SiO 2 catalysts (Scheme 1) leading to a better understanding of
catalyst structure-function relationships.

Scheme 1: The molecular single-source precursor (SSP) approach: a suitable SSP with predefined Rh–Me (Me =
Fe or Mn) bonds and highly volatile CO ligands is impregnated on an oxide support. The silica-supported
[RhMe(CO) n ] cluster is transformed into the final RhMeO x /SiO 2 or RhMe/SiO 2 catalyst by a thermal treatment in
10% H 2 /Ar and elevated temperature.

Since no suitable RhMn single-source precursor is known in literature as yet, we
synthesized the first molecular carbonyl RhMn cluster Na 2 [Rh 3 Mn 3 (CO) 18 ] 1 which acts
as a molecular SSP for the low temperature preparation of nearly uniform RhMnO x /SiO 2
catalysts.[3]

Three SSP-derived RhMnO x catalysts 2–4 were tested for the direct conversion of StE
and compared with reference as well as literature-reported examples. The selectivity
towards ethanol could be substantially enhanced by a factor of 1.54 and is, to our
knowledge, the highest reported ethanol selectivity (Fig. 1a). By investigating the fresh
and spent catalyst with (HR)-TEM, STEM with EDX and EELS, and XPS, we reason that
this enhancement in selectivity is due to a higher dispersion of Rh nanoparticles in a
tightly surrounded MnO x matrix (Fig. 1b). This situation can increase the number of tilted
CO adsorption sites which, in turn, facilitate the formation of ethanol.[4]

Figure 1. a) Ethanol selectivity at iso-conversion (11–16 %) for the reference catalyst, a literature example, and
the SSP-derived RhMnO x catalysts 2–4; b) composition analysis of the as-synthesized RhMnO x /SiO 2 catalyst 4.

With the introduction of the molecular SSP approach as a useful method for solid
catalysts design, we are able to gather information about the influence of promoters on
Rh-based catalysts. Beside the study of RhMnO x catalysts, we investigated the structural
transformation of RhFe catalysts during the reaction by using NEt 4 [RhFe 2 (CO) 11 ] as
molecular SSP. These investigations indicate the formation of a RhFe phase which might
suppress the ability of Rh to facilitate C–C coupling, an important step for C 2+ oxygenate
formation. Further analyses, such as Mössbauer spectroscopy, will be conducted to face
the structural changes in RhFe/SiO 2 catalysts.
Experimental Details
Na 2 [Rh 3 Mn3(CO) 18 ] was prepared by a salt metathesis reaction of RhCl 3 and Na[Mn(CO) 5 ] in 49 % isolated yields and
structurally characterized by CHN, FTIR, NMR (13C,

55

Mn), ESI-MS and single-crystal XRD. The SSP-derived catalysts

were synthesized by a thermal treatment in 10 % H 2 /Ar at 260 °C, characterized before and after catalysis by XPS,
XRD, (S)TEM, EDX, EELS, and ICP-OES. The reference catalysts were prepared by impregnation of metal nitrates and
subsequent calcination. Catalytic tests were performed in a fixed-bed parallel test setup at common reaction conditions
(GHSV = 3500 h-1, p = 54.0 bar, H 2 :CO = 3:1, T = 243-260 °C).
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1. Introduction
Methane is a highly abundant and inexpensive source of fuel and chemicals. The
development of novel technologies that can convert methane easily into chemicals
has strongly been desired. However, its kinetic inertness and low reactivity limit the
industrial

utilization

of

methane.1

Note

that,

in

zeolite-based

catalysts,

aluminosilicates have been mostly used as zeolite, and the component of zeolite
framework has not been optimized. Recently, it has been reported that Ni-supported
zeolites are a promising catalyst for conversion of methane into methanol at low
temperature; mono(μ-oxo)dinickel species (Ni-O-Ni) are active for the direct oxidation
of methane.2
In this work, the effect of incorporation of boron into the CHA-type zeolite on the
oxidative conversion of methane was investigated in detail. We first report a dramatic
enhancement of C2 yields in oxidative conversion of methane by incorporation boron
atoms into the framework.

2. Experimental
The CHA-type aluminosilicate and borosilicate zeolites were directly synthesized in
the presence of N,N,N-trimethyl-1-adamantammonium cation (TMAda+), and Al 2 SO 4
and B(OH) 3 were used as Al and B sources, respectively. Introduction of 2 wt% Ni
species was carried out by impregnation method using Ni(NO 3 ) 2 aq. Thus prepared
catalysts were designated as Ni/Al-CHA and Ni/B-CHA, respectively.
The catalytic reaction was performed in a fixed bed reactor. The flow rates of the
reactants were CH 4 /O 2 /Ar = 16/4/5 (SCCM). The reaction temperature was varied
ranging from 400 to 600 °C, and the reaction time at each temperature was 5 min.

The products including CO and CO 2 were analyzed by GC-TCD, and other
hydrocarbon products were analyzed by GC-FID.

3. Results and Discussion
By the XRD patterns, both Ni/Al-CHA and Ni/B-CHA were identified as the CHA
structure with a high crystallinity, and no peaks attributed to NiO species were
observed. The Si/Al and Si/B ratios for Ni/Al-CHA and Ni/B-CHA were 11 and 22,
respectively. Thus prepared catalysts were tested as catalyst for oxidative conversion
of methane (Fig. 1). The conversion of methane over Ni/Al-CHA was higher than that
over Ni/B-CHA. The yields of CO and CO 2 over Ni/Al-CHA were also higher than
those over Ni/B-CHA. Focusing on the yields of C2 products, ethane and ethylene,
Ni/B-CHA gave clearly higher yields compared to Ni/Al-CHA at the reaction
temperature over 550°C. These results indicate that the use of borosilicate retarded
the complete oxidation of methane, and enhanced the formation of C2 products. Note
that the production of H 2 was only observed when Ni/Al-CHA was used as catalyst,
implying that Ni/Al-CHA would enhance methane reforming.

Fig. 1 Oxidative conversions of methane over Ni/Al-CHA and Ni/B-CHA.
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Selectivity enhancement by manganese promotion of Pt-Co/Al 2 O 3
for the once-through Fischer-Tropsch process
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Introduction
The Fischer-Tropsch (FT) synthesis can be used to convert carbon containing
feedstock, e.g. biomass, into liquid fuels in a carbon neutral manner [1]. The FischerTropsch process is, however, highly capital-intensive [2]. The economic viability of
small-scale, Fischer-Tropsch plants could be improved by removing the air
separation unit and running the system in a simple once-through mode [3]. However,
this requires a high conversion in the Fischer-Tropsch synthesis, and thus operation
at a high partial pressure of H 2 O and low partial pressures of CO and H 2 . These
conditions typically result higher methane and consequently low C 5+ selectivity. The
addition of small amounts of Mn has been widely reported to increase CO conversion
rate, C 5+ selectivity and decrease the selectivity towards methane for cobalt-based
catalysts at low conversion [4–6]. This study reports on the effect of different levels of
manganese promotion on the selectivity of a platinum-promoted cobalt catalyst
between 30% and 97% CO conversion (X CO ).

Experimental
Platinum promoted cobalt on alumina (0.05Pt-22Co/Al 2 O 3 ) was prepared via slurry
impregnation with nitrate precursors. This catalyst was further impregnated with
manganese (II) acetate in order to produce catalysts with Mn:Co mass ratios varying
between 0 and 0.5. The catalysts were characterized using XRD, BET, H 2
chemisorption, XPS and TPR to assess differences in terms of surface morphology,
crystallite size and reducibility. The catalysts were then tested in a slurry bed reactor
at T=220°C, p=20 bara, N 2 :H 2 :CO=3:2:1 to mimic air-blown gasification. During the
first 100 hours, each catalyst was monitored for online deactivation at a 30%
conversion level. At 100 hours the conversion was increased to assess selectivity
changes in CH 4 , CO 2 and C 5+. Spent catalyst samples were measured for coke
deposition using TPH.

Results and discussion
Increasing Mn:Co ratios from 0-0.5 was found to change the reducibility and Co
crystallite size of Mn-Pt-Co/Al 2 O 3 significantly.
The initial activity in the Fischer-Tropsch synthesis was improved by up to 20% upon
Mn promotion, however deactivation in the first 100 hours was also accelerated. After
60 hours on-line, the activity dropped below the level of Pt-Co/Al 2 O 3 . In the
conversion range of 15% to 97% the CH 4 and CO 2 selectivity was altered
significantly by promotion of Mn. Un-promoted Pt-Co/Al 2 O 3 exhibited a decrease in
the methane selectivity from 11% to 8.5% in the conversion regime X CO <75%, whilst
the methane selectivity obtained over Mn-Pt-Co/Al 2 O 3 with Mn:Co =0.125:1 was
stable at 5.0±0.3%. Promotion with Mn did not completely eliminate the strong
increase in CH 4 selectivity in the high conversion regime, its onset was delayed. The
CO 2 selectivity increased slightly from 0.5-1.5% 1.5-2.5% for Pt-Co/Al 2 O 3 and Mn-PtCo/Al 2 O 3 respectively. Promotion with manganese results in a much lowered
selectivity for CO 2 at high conversion. The obtained results are being discussed in
relation to the increase in strength of CO-adsorption upon promoting the catalyst with
Mn resulting in a higher surface coverage of with carbon even at low partial
pressures of CO resulting in a more favourable selectivity at these conditions.

Figure 1. CH 4 and CO 2 selectivity for PtCo/Al 2 O 3 (●) and MnPtCo/Al 2 O 3 (■) with a
Mn:Co of 0.125:1 in a slurry bed reactor at T=220°C, P=20 bara, N 2 :H 2 :CO=3:2:1.
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Study of the gas-phase catalytic transfer hydrogenation of methyl
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Levulinic acid (LA) is a polyfunctional molecule that can be obtained from biomass.
Because of its particular structure and reactivity, The United States Department of
energy has classified LA as one of the top 12 building block chemicals [1].
Nowadays, the most common strategy for its valorization is the chemical reduction in
order to obtain valuable chemicals such as fuel additives, solvents and other addedvalue chemicals such as γ-valerolactone (GVL). The most common approach is the
hydrogenation with molecular hydrogen (H 2 ) done typically in batch systems, with
high H 2 pressures and with noble metal catalysts, making it expensive and less
applicable due to the extreme conditions [2]. The need for an alternative approach
has led to the study of catalytic transfer hydrogenation (CTH) through the Meerwein–
Ponndorf–Verley (MPV). This approach uses organic molecules (e.g. alcohols) that
are capable of acting as a hydride transfer agent (H-donor), in order to reduce a
molecule containing a carbonyl group [3,4]. Studies have reported the batch liquidphase CTH of levulinate esters with secondary alcohols which show higher reactivity
given the stability of the carbocationic intermediate [5,6]. Some of the best results (in
terms of GVL yield) have
been obtained over ZrO 2 , a
catalyst

containing

both

Lewis acid and basic sites
[7–10]. However, there are
no studies in the literature
reporting the continuous gasphase
esters

CTH

of

using

levulinate
primary

alcohols. Hence, in this study

Figure 1. Conversion of ML and yield of main products,
reaction time 240 min, EtOH:ML-10:1.

we have synthesized ZrO 2 with high surface area and tested it for the first time for
the gas-phase CTH of methyl levulinate (ML) at different temperatures using ethanol

as H-donor and used ex situ and in situ techniques to performed characterization
analysis. The highest GVL yield obtained was around 67% with an almost complete
conversion of ML (~99%) at 250 °C after 240 min of reaction (figure 1). In addition,
since ethanol can be easily obtained from biomass, tests using bio-ethanol as Hdonor have been conducted. To determine reaction pathways and overall reaction
network (figure 2), mechanistic studies were performed using the intermediates as
reactants. Moreover,
long-term

stability

tests were carried out
to

evaluate

the

performance of ZrO 2
and deactivation of
the

catalysts

was

observed. To explore
the

reasons

for

deactivation we have
Figure 2. Proposed reaction mechanism for the CTH of ML with EtOH

carried out a series

over ZrO2.

of

experiments

(catalytic and spectroscopic studies) to identify the possible causes of deactivation.
This presentation aims to discuss in detail structure-activity relationships, reaction
pathways and to present for the first time an efficient continuous gas-phase process
for the CTH of ML.
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Introduction
Today, there is a great interest to development of approaches to conversion of
various lipidic feedstocks (e.g. vegetable oils, microalgae lipids etc.) into biofuels
similar to conventional diesel and jet fuel via hydrotreating and hydroisomerization
[1].

Conventionally,

hydrotreating

(hydrodeoxygenation,

hydrodecarboxylation,

hydrodecarbonylation) and hydroisomerization are carried out sequentially, and now
there exist examples of the implemented processes of isomerized alkanes production
like Neste Renewable Diesel (Neste) and EcofiningTM (Honeywell UOP).
Such consecutive conducting of hydrotreating and isomerization processes in
two separated stages is a significant disadvantage, which complicates the conversion
of vegetable oils and microalgae lipids in the components of motor fuels, giving rise
to increased cost and reduced yield of the target products. Thus, of interest is a
merging of these steps into the one. Central point of this merging is the use of
appropriate catalysts active in the both hydrotreating and isomerization [2]. They
should have a non-sulfided nature, low cost, high activity to deoxygenation and
selectivity to iso-alkanes of fuel purposes in comparison with the cracking products.
Taking into account the above requirements, the most attractive are non-sulfided Nibased catalysts, which are often modified with other 3d metals (e.g., Mo) as well as P
[3,4]. However, there is a serious lack in research in the field of application of such
catalysts for one-pot isomerized alkanes production from lipidic feedstocks.
Thence, the goal of this work is a development of modified non-sulfided Nibased catalysts having bifunctional nature to produce isomerized fuel alkanes. At the
first stage, as model compounds, a mixture of esters (methylpalmitate dissolved in
ethylcaprate) has been used.

Results
A series of nickel-based catalysts were synthesized by wet impregnation using
alumina, silica and zeolites as supports. The catalysts were further promoted by Cu
and/or Mo, W as well as by phosphorus. It was shown that the modification by
different metals could significantly change activity and selectivity on liquid products.
For example, promotion by copper decreases activity of the Ni-based catalysts in the
esters hydrodeoxygenation and as a result – methane formation suppression was
observed. Modification of Ni-based catalysts by Mo and W changes selectivity on
products and enables to save the carbon skeleton of initial fatty acid.
The main difference in activity in hydrodeoxygenation of esters of the Ni-based
catalysts supported by different supports, which have different acid-based properties
was a selectivity to isomerized alkanes and alkanes formed through hydrocracking of
longer C-C chain alkanes.
The catalysts were investigated by a wide range of techniques (XRD, XPS,
TPR and FTIR). TPR study of the modified samples showed shifting of hydrogen
uptake peaks to lower temperatures region in the case of Cu modified catalysts, and
to higher temperatures region in the case of Mo and W modified catalysts. XRD
showed that there exist changes in metallic Ni lattice after promotion by Cu and Mo.
The work is supported by The Russian Science Foundation, Project № 18-43-08002.
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Scope
Dry reforming of methane (DRM) is an attractive way of utilizing biogas, a clean and
environment friendly fuel that is produced typically from anaerobic degradation of
biomass and mainly composed of CO 2 and CH 4 . DRM also eliminates two major
greenhouse gases (CO 2 and CH 4 ) simultaneously while producing valuable
feedstock. DRM is highly endothermic (ΔH° 25°C = 247 kJ/mol) and normally requires
temperatures above 700 °C to attain good conversion levels [1]. Ni-based catalysts
supported on the materials with high specific surface show high activity. Noble metals
(Rh, Ru, Pt, Ir, Pd, etc.) are also used in the DRM process and show higher stability,
but their cost exceeds the one of Ni-based catalysts [2]. The main drawback of Ni
based catalysts is represented by the production of significant amount of carbon and
by the sintering at the high temperatures of the reaction. Carbon deposits are formed
when the rate of methane dissociation is faster than the oxidation of carbon by the
surface oxygen species arising from CO 2 dissociation on the metal component or
from carbonates formed at the metal support interface [3,4]. Until now, many studies
have demonstrated that metal oxides such as CeO 2 , MgO, ZrO 2 have positive effects
on catalytic activity, stability and carbon suppression of nickel catalysts for DRM [5].
In the present work the physical chemical properties, the related catalytic activity and
the long-run stability of Ni-La 2 O 3 catalysts have been evaluated in DRM reaction.
The aim was to investigate the effect of ammonia addition during the synthesis of
La 2 O 3 oxide carried out by sol-gel method in presence of citric acid.
Results and discussion
Ni(10%wt) was deposited by wetness impregnation over two La 2 O 3 oxides prepared
with and without adding NH 3 solution during the synthesis, the corresponding
catalysts were labelled as Ni-La CA and Ni-La CA-NH 3 , respectively. The so far
prepared catalysts were characterized by BET, XRD and TPR techniques. The XRD
patterns of the supports calcined at 800 °C showed that ammonia addition favors the

formation of La 2 O 3 phase with respect to La(OH) 3 . La 2 O 3 was the only lanthanum
phase detected in the XRD pattern of Ni-La CA-NH 3 , after calcination at 600 °C and
reduction treatment at 700 °C, moreover, weak features attributed to dispersed
metallic Ni particles were found. While in the case of Ni-La CA, both phases, La 2 O 3
and La(OH) 3 were present along with well visible peaks of metallic Ni suggesting the
presence of big clusters. DRM gradient catalytic test performed between 400 °C to
800 °C revealed higher catalytic activity of Ni-La CA, nevertheless long run test
showed a better stability of Ni-La CA-NH 3 catalyst. The spent catalysts were
characterized by XRD, TGA, Raman and TEM analyses. In both samples La 2 O 2 CO 3
phase was formed together with C graphite peak of higher intensity in the case of NiLa CA in agreement with greater weight loss revealed by TGA and stronger
deactivation during long run with respect to Ni-La CA-NH 3 . The effect of the nature of
the catalyst on the amount of carbon coke formed during DRM was also confirmed by
Raman and TEM results.

Figure 1. DRM gradient (a) and long run (650 °C during 24h) (b) tests of Ni/La 2 O 3 catalysts

Conclusions
It was shown that NH 3 generates a support of La 2 O 3 with increased specific surface
area that favors the dispersion of the metallic Ni. NH 3 produced a quite stable NiLa 2 O 3 catalyst in the conversion of CH 4 and CO 2 (long run 650 °C 24h) and able to
limit the formation of carbonaceous residues and carbonates.
References
1.
Lavoie, J.M.; Front Chem. 2014, 11, 2-81.
2.
Pakhare D. and Spivey J.; Chem. Soc. Rev., 2014, 43, 7813-7837.
3.
Jia, Z.; Kou, K.; Qin, M.; Wu, H.; Puleo, F.; Liotta, L.F.; Catalysts 2017, 7, 256-276.
4.
Horváth A. Guczi L., Kocsonya A., Sáfrán G., La Parola V., Liotta L.F., Pantaleo G., Venezia,
A.M.; Applied Catalysis A: General 2013, 468 250– 259.
5.
Mesrar, F.; Kacimi, M.; Liotta, L.F.; Puleo, F.; Ziyad, M.; Int J Hydrogen Energy 2017, 42,
19458-19466

CO 2 Methanation on Highly Loaded Ni-Al 2 O 3 Catalysts – From the
Microscopic to the Macroscopic Level
1

Dennis Beierlein, Dorothea Häussermann, Yvonne Traa, Elias Klemm, University of
Stuttgart, Institute of Chemical Technology, 70550 Stuttgart, Germany;
2

Mirko Pfeifer, Thomas Schwarz, Klaus Stöwe, Institute of Chemistry, Chemnitz
University of Technology, 09111 Chemnitz, Germany
The „Power to Gas“ (PtG) process is a promising concept for energy storage,

where surplus electricity is converted into „substitute natural gas“ (SNG) which can
be used for chemical energy storage and afterwards again for power generation [1].
For an industrial application, catalysts with high selectivity, space time yield
(STY) and stability are favored. We prepared catalysts with Ni mass fractions
between 14 and 88wt% with four different methods, i.e., dry impregnation, wet
impregnation, deposition precipitation and coprecipitation, and tried to understand the
fundamental

relationship

between

preparation

method,

Ni loading,

particle

size/dispersion and catalyst stability. By applying proven experimental conditions [2],
we could show that, for supported Ni-Al 2 O 3 catalysts, the Ni particle size is
independent of the Ni loading and similar to the pore size even at high Ni loadings, if
the Ni is deposited in the mesopores of the support. During deposition precipitation,
Ni can, via the formation of a hydrotalcite-like precursor, completely be deposited in
the mesopores. During dry and wet impregnation, Ni is partially unsupported or
located outside the mesopores on the external surface of the support. Thus, an
increase in the Ni loading leads to an increase of the Ni surface, as long as the Ni is
deposited in the mesopores of the support during the preparation of the catalyst. The
Ni particle size of the coprecipitated catalysts is independent of the Ni loading, and
thus, an increase of the Ni loading leads to a considerable increase of the Ni surface
in this case. Therefore, deposition precipitation and coprecipitation are the best
methods for the preparation of catalysts with high Ni surface areas.
Structure-activity relationships determine which catalyst properties have to be
modified in order to increase the STY. Some authors assume that the activity
depends on the nickel particle size and that the particle geometry has a significant
influence (structure-sensitive reaction) [3-5], other results indicate that the activity

only depends on the Ni surface area [6]. Therefore, the aim of this work is to
determine the structure-activity relationships of the CO 2 methanation.
Our catalytic investigation clearly shows that the CO 2 methanation on NiAl 2 O 3 catalysts is a structure-insensitive reaction and that the terrace atoms are the
active sites (Fig. 1). Other parameters, such as metal-support interactions, the metalsupport interface, AlO x particles or alkali metals do not have a significant influence on
the activity. Thus, the activity seems to be a specific property of Ni, and the Ni
surface area is the microscopic property which determines the CO 2 conversion.

Figure 1: TOF determined over a period of 6 h at 300 °C, 200 kPa, X(CO 2 ) = 30%
plotted against the Ni particle size which is determined by static H chemisorption [7].
In measurements with a constant modified residence time, a linear correlation
between the Ni surface area and the conversion can be observed. Therefore, the
catalysts with the highest Ni surface areas achieve the highest weight time yields.
Furthermore, with increasing mass fraction of the Na impurity, a linear increase of the
selectivity to CO results.
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Abstract
This study aims to investigate surface structure and its change, including the
adsorption properties of the formed sites, in Co-Ce/ZrO 2 catalyst system for Carbon
Dioxide Reforming of Methane (CDRM) in response to the change in Co/Ce loading
ratio via FTIR-DRIFTS. In this context, a comparative analysis of FTIR-DRIFTS
spectra obtained upon CO adsorption on Co-Ce/ZrO 2 catalysts having different
Co/Ce loading ratios was performed. The results underlined the significance of
Co/Ce ratio on catalyst structure; such that CO adsorption becomes weaker with the
increase in Co loading, and formation of various carbonate and formate surface
species is dependent on Ce loading.
Introduction
Syngas production via CDRM has attained attention as one of the routes to deal with
global warming and attain alternative energy sources for fossil fuels owing to its
environmental impact on mitigating the most abundant greenhouse gases, CH 4 and
CO 2 . However, the details of performance and mechanistic features of CDRM need
to be enlightened both for developing efficient catalysts having stable performance
and for assessing its industrial applicability. In that manner, the aim of this study is to
determine the surface properties of Co-Ce/ZrO 2 system for CDRM utilizing CO
adsorption via FTIR-DRIFTS, and relate the findings with the pre-evaluated CDRM
activity data [1-3].
Results and Discussion
CO adsorption was conducted on catalysts with different Co/Ce loading ratios in
order to determine surface structural properties of Co-Ce/ZrO 2 system.
The presence of bridge and linear-bonded CO adsorbed on Co metallic sites was
verified for all tested samples [4,5]. However, it was clear that the peaks at adsorbed

CO region showed a sharper decrease after He flush for the catalysts with 10% Co
loading; pointing out that CO adsorption is weaker on the surface of these catalysts.
At the region attributed to gas phase and
adsorbed CO 2 [5], a shift to higher
wavenumbers at CO 2 (g) position was
observed at the spectrum belonging to the
analysis over 10%Co-2%Ce/ZrO 2 , and the
peak intensities were lower for that over
10%Co-3%Ce/ZrO 2 .
For the catalysts having the same Co
loading, the monodentate carbonate peak
[5] was more pronounced at the spectra

Figure 1. FTIR-DRIFTS spectra for 1% CO
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spectra),
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(black

spectra).

catalyst and therefore, reduces CO 2 activation during CDRM [6].
Possible CO-catalyst surface interaction yielding OH-involving species was also
addressed for all tested samples.
Conclusions
This study underlined the impact of Co/Ce loading ratio on the surface properties of
Co-Ce/ZrO 2 system.
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Sum-Frequency Generation Spectroscopy of CO 2 Reduction
Reactions at Au and Pt/[EMIM][DCA] Electrode/Electrolyte
Interfaces
Björn Ratschmeier, Andre Kemna, Björn Braunschweig
Institute of Physical Chemistry, Westfälische Wilhelms-University, Corrensstraße
28/30, 48149 Münster, Germany

Using potentiodynamic broadband sum-frequency generation (SFG) and cyclic
voltammetry (CV), polycrystalline Pt and Au electrodes interfaces with 1-ethyl-3methylimidazolium dicyanamide ([EMIM][DCA]) electrolytes were studied in situ. As
an interface sensitive method, SFG spectroscopy can be used to follow the progress
of CO 2 reduction reactions (CO2RR) through the detection of surface-adsorbed CO.
In previous studies with different room-temperature ionic liquids (RTILs), it was
already shown that the use of imidazolium-based RTILs leads to unprecedented low
overpotentials for CO2RR [1,2]. In this contribution, we present new information on
the use of [EMIM][DCA] for CO2RR, which is an interesting water-miscible electrolyte
because of its low viscosity and excellent conductivity as well as CO 2 solubility.
CV of Au- and Pt interfaces in CO 2 -saturated [EMIM][DCA] indicates CO 2 reduction
between -1.2 and +0.6 V vs SHE. CV also indicates a reduction of the onset potential
for CO2RR, when water is present.
Furthermore, CO formation at Pt/[EMIM][DCA] interfaces is observed in situ with SFG
spectroscopy. The intensity of the apparent CO band increases with the number of
potential cycles (-1.2 to 0.6 V) and reaches a Stark shift of 24 cm-1/V after 20 cycles,
while DCA related bands show only little changes with electrode potential. The latter
Stark shift of the CO band is indicative for a closed-packed CO adlayer on the Pt
surface. In fact, the formation of surface-adsorbed CO leads to a poisoning of the Pt
surface and is accompanied by a significant reduction of CO 2 reduction currents.
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Fundamental analysis of the effective thermal conductivity of
cellular materials as catalyst supports for non-adiabatic processes
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Introduction
Conductive structured catalysts have been proposed as a suitable solution for
strongly exo- and endothermic processes, being able to intensify heat transfer and
thus solve heat management problems, a crucial feature of many industrial
processes like methane steam reforming and Fischer-Tropsch synthesis. We focus
on random (open-cell foams) and regular (periodic ordered cellular structures –
POCS) reticulated interconnected solid structures, whose repeated open-cells are
composed by solid struts and open windows. The totally interconnected solid matrix
of these structures promotes the heat transfer rates, once conduction in the solid
matrix becomes the main contribution to the heat transport. In this view, the analysis
of the heat conduction mechanism is crucial to enable the rational design of these
structures. In this work, a parametric analysis of the effect of the topological and
geometrical properties of cellular materials on their effective thermal conductivity is
carried out, providing design guidelines for these innovative substrates.
Methods
The conductive heat transport in the solid matrix is analyzed by 3D numerical
simulations on virtually reconstructed structures. Accurate reconstructions of the
geometries [1] are employed for the generation of the computational domains. The
simulations enable to compute the heat flux in the solid structure and, consequently,
the effective heat conductivity for foams and for several different POCS.
Results and discussion
The numerical method has been assessed by a comparison with literature data
available for open-cell foams. A good agreement was obtained over the entire range
of investigated porosities [2]. Then, a parametric analysis of the effect of the
geometrical properties has been performed on both foams and POCS. Our results
reveal that the cell size as well as the strut cross section shape have a negligible

effect on the effective thermal conductivity [3]. The heat transfer performances are
governed by the solid volumetric fraction (1-ε): an increment of the solid fraction at
constant cell size increments more than linearly the normalized effective conductivity,
as shown in Figure 1(a). POCS with different unit cells and foams show comparable
performances at the same solid fraction. Hence, the effect of cell shape and topology
on the effective thermal conductivity is negligible. The regular and ordered structures
of POCS provide additional room for design. In this view, we have investigated the
effect of local modifications of the structures on the heat conduction performances in
view of promoting the radial conductivity. Along these lines, the cubic cell has been
modified to present two different strut diameters along the different directions, as
shown in Figure 1(b). By changing the ratio between the two strut diameters at
constant porosity, it is possible to enhance, up to 50%, the effective thermal
conductivity in the selected direction, revealing the potential of these structures for
being tailored to the process requirements
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Figure 1. Effect of the solid volume fraction and cell size on the effective heat conductivity of cellular media (a) and effect of
local anisotropy of the performance of cubic cells (b).

Significance
We have systematically analyzed the effects of the geometrical properties on the
effective thermal conductivity of catalyst substrates based on open-cell foams and
POCS. Moreover, we demonstrate the potential of these structures to be designed
according to the process needs by maximizing the heat transport in radial direction.
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Introduction
Tungsten carbide possesses catalytic properties similar to those of Platinum[1]. This
lead to its use in several fields of catalysis, most prominently electrocatalysis[2-3] and
the upgrading of biomass[4]. Even though the material has been investigated for
several decades, the preparation of a phase pure tungsten carbide without the use of
a carbon support remains challenging. The carburization proceeds over the reduction
of a tungsten precursor, over the metastable tungsten semicarbide (W 2 C) to the
thermodynamically favored tungsten monocarbide (WC). The different properties of
the crystal phases often remain unreported even though they play a crucial role in
catalytic performance. Similarly, the influence of oxidic supports, especially on the
carbide synthesis remains mostly unexplored. Herein we present a systematic
approach to better understand tungsten carbide hydrogenation catalysts, control the
carburization process and shed light on the role of silica as a stabilizer in this catalyst
system. Additionally, we are able to show a clear relation between the tungsten
semicarbide phase and catalytic activity for hydrogenation reactions.
Experimental
Influence of several synthetic parameters on the carburization process and catalytic
hydrogenation activity are investigated using a design of experiments approach.
Tungsten carbide catalysts are prepared by an isothermal carburization reaction in a
CH 4 /H 2 -mixture at temperatures between 650 °C and 800 °C. The process is
monitored by online mass spectrometry of the exhaust gas stream. Silica modified
tungsten(VI) oxide precursors are prepared by an incipient wetness impregnation
method of ammonium metatungstate hydrate solution on silica and subsequent
calcination. Catalytic activity is tested by the hydrogenation of butyraldehyde to
1-butanol in a heated stirring tank reactor at 200 °C and 65 bar hydrogen pressure.
The catalytic reaction is monitored by intermediate sampling of the reaction mixture.

Results and Discussion
Silica modification improves the catalytic activity of the implicated tungsten carbide
sites but does not act as a classical support. According to our findings, the decisive
role of silica is to be found in the tungsten carbide synthesis, stabilizing and thus
favoring the formation of tungsten semicarbide. This stabilizing effect does not
necessarily include the accessible surface area, as might be expected. The ratio of
tungsten to silica is of major importance regarding the catalytic performance.
Phase composition for bulk, and silica modified tungsten carbide systems can be
tuned to tungsten semicarbide contents between 15 wt.-% and 91 wt.-%, as
determined by Rietveld analysis. Design of experiment evaluation results in a linear
model that enables the targeted preparation of different phase compositions even
outside of this range. Additionally, design of experiment confirms the extraordinary
stabilizing effect of silica on the tungsten semicarbide phase.

Figure 1: Tungsten semicarbide content vs. butyraldehyde hydrogenation rate for tungsten carbide catalysts
prepared under varying conditions.

Catalysis tests on the hydrogenation of butyraldehyde show a direct relation between
catalytic hydrogenation activity and the tungsten semicarbide content (Fig. 1). This
distinct correlation strongly suggests the phase composition being the most important
indicator for catalytic activity in this system. The obtained results allow the purposeful
improvement of tungsten carbide hydrogenation catalysts, especially for the
upgrading of biomass.
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The effect of fuel selection in combustion synthesised copper-ceria
catalysts for methanol synthesis from carbon dioxide
hydrogenation
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Scope
The exhaustion of fossil fuels in the future is the inevitability that cannot be ignored,
therefore, there is a growing need to find an alternative fuel that has the capacity to
be as effective as fossil fuels in electricity generation, as transportation fuel and in
bulk chemical synthesis. Methanol has the versatility to be that alternative or
replacement for fossil fuels in the foreseeable future as advocated by Olah and
company.[1]

The production of methanol from carbon dioxide hydrogenation is

perceived as a sustainable chemical loop, given that hydrogen is produced from a
self-sustaining pathway such as water electrolysis.[2] Industrially, the Cu/ZnO/Al 2 O 3
catalyst is utilized in methanol synthesis, however, studies have shown that the
Cu/CeO 2 catalyst has comparable activity to the industrial catalyst.[3] This study is
aimed at synthesising Cu-CeO 2 catalysts by the solution combustion method and
investigating the role of various fuels in the prevailing physicochemical properties of
the prepared catalysts. Three different fuels were applied in the synthesis namely
urea (U), ethylene glycol (EG) and citric acid (CA). The prepared catalysts will be
evaluated for methanol synthesis from carbon dioxide hydrogenation.
Results
The P-XRD was performed for identification of the phases that are present in the
prepared catalysts. A consistent presence of ternorite and cerianite was observed for
all the catalysts as shown in Figure 1. The diffractograms for all the catalysts were
dominated by the reflections of cerianite in comparison to the ternorite phase. This
could be due to a higher content of ceria in the sample relative to copper oxide or it
might be because of the encapsulation of copper oxide inside the lattice of ceria.
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Figure 1: XRD patterns of Cu-CeO 2 catalysts synthesised with different fuels, Symbols: ()
CuO and () CeO 2

The reducibility of the catslysts was assessed by H 2 -TPR. The H 2 -TPR profiles
showed a large peak at approximately 180 °C which was further deconvuluted to two
Gaussian peaks as shown in Figure 2. The lower temperature peak is ascribed to the
reduction of the surface copper oxide to metallic copper, while the higher temperature
peak is due to the reduction of copper oxide that has been encapsulated in the ceria
lattice to metallic copper. An observable small peak around 795 °C is attributed to the
reduction of ceria from Ce4+ to Ce3+.
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Figure 2: H 2 -TPR profiles of Cu based catalysts
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The glucose hydrogenation activity and stability of carbonsupported Fe-Ni alloy catalysts
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Introduction
Hydrogenation of D-glucose into D-sorbitol is a significant process for the industry, as
sorbitol is a building block for various chemicals and is also applied as additive.
Ipatieff was the first to reduce glucose to sorbitol by hydrogenation in the presence of
nickel catalyst [1]. Although ruthenium is the most effective active phase, most
commercial processes are still using Raney nickel given its economic price. More
recently, the hydrogenation of glucose with nanoparticles, especially supported nickel
nanoparticles, are widely studied in view of their higher number of catalytic sites [2].
The deactivation of (promoted) Raney-type or supported nickel is due to leaching of
promoter and nickel or blocking of active sites by stronger adsorption of organics
such as gluconic acid. However, the causes of Ni leaching are still unclear. Here, we
study both the catalytic performance and leaching behavior of alloyed FeNi/carbon
black (FeNi/CB) catalysts for the selective hydrogenation of glucose into sorbitol.
Results and discussion
Carbon black (CB) supported Ni, Fe, or FeNi alloy were synthesized through wetimpregnation method. Fig. 1 gives the XRD patterns of the samples obtained. The
position of the diffraction peaks for FeNi/CB agree with literature data for alloys in the
Fe-Ni system [3]. XPS spectra for FeNi/CB catalyst (Fig. 2a) displays Ni 2p peaks at
853.3 eV and 855.8 eV, that are ascribed respectively to metallic nickel (Ni0) and
oxidized nickel (Ni2+). By contrast, there is no metallic peak of Ni0 in monometallic
nickel catalyst. Low amount of metallic Ni on the surface leads to uncompetitive
catalytic properties. So even with 50 wt.% metal loading, its conversion (34.6 %
within 2 hours) is much lower than the alloy with only 10 wt.% load of Ni and 10 wt.%
of Fe (75.2 % conversion in 2h). Besides, the selectivity in sorbitol with the alloy
catalyst shows fewer signs of subsiding in comparison to monometallic Ni catalyst.
After glucose hydrogenation test, 10.8 % of Ni leached away in Ni/CB. In contrast,
there is only 7.1 % of Ni lost in FeNi/CB. Since Fe is more electropositive, it can be
positively charged and act as adsorption sites for the glucose aldehydic form via the

oxygen atom. So Fe could enhance the activity of Ni catalyst and reduce the leaching
of Ni at the same time. After hydrogenation, there is no additional phase formed in
the catalyst (FeNi/CB_Spent) compared with starting FeNi/CB. Moreover, the
average crystallite size calculated using Scherrer formula almost did not change after
hydrogenation. The decrease of relative area for metallic nickel and increase for
oxidized nickel (XPS, Fig. 2b) give the evidence that surface Ni was oxidized during
the hydrogenation of glucose. In addition, the disapearance of metallic XPS peak for
iron (707.2 eV) shown in Fig. 2d illustrates that metallic Fe was oxidized as well. After
three recycle tests, the conversion of glucose is still 49% in 2 hours, which is 5 times
higher than monometallic Ni in our conditions.

Fig. 1 XRD patterns of the 10%Fe/CB,
10%Ni/CB, FeNi/CB, FeNi/CB_Spent
catalysts.

Fig. 2 Ni 2p and Fe 2p XPS spectra of
FeNi/CB catalyst before (a, c) and after (b, d)
hydrogenation.

Conclusion
We have prepared carbon black supported FeNi alloy catalyst. The metals oxidation
and leaching are the main reasons for the deactivation of alloy catalysts. However,
the presence of Fe enhances both activity and stability compared to monometallic
counterparts. So it would be meaningful to investigate the relationship between
leaching rate, conversion and selectivity with well-defined Fe3Ni/CB and FeNi3/CB
catalysts.
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Catalytic Effect of Hydrogen Spillover in Nanorattle Catalysts
Derived from Metal-Organic Frameworks
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Kgs. Lyngby, Denmark
Introduction
Beside their high porosity, high surface area and low density, hollow nanomaterials
offer a number of key advantages with respect to loading and functionalization of
their hollow interior. Hollow nanostructured materials therefore hold great promise for
new and emerging technologies in energy conversion and catalysis [1]. The
synthesis of hollow nanomaterials are typically based on templating, using either soft
or hard templates, or template-free methods, which rely on the Kirkendall effect [2],
Ostwald ripening [3], selective dissolution [4] or recrystallization [5-6]. In general,
these methods all have advantages and disadvantages, but usually suffer from
complicated synthesis procedures, expensive additives, poor yield and non-uniform
materials.
Here, we report a simple and efficient method to synthesize Co nanoparticles
inside mesoporous nanorattle catalysts. In this method, the metal-organic framework
ZIF-67 is exploited as structural template for the preparation of a mesoporous metal
oxide shell as well as sacrificial precursor to form Co nanoparticles inside the shell. In
a subsequent step, preformed Pt nanoparticles are supported on the external surface
of the mesoporous shell by conventional impregnation. For the first time, the
separation between the Co on the inside and Pt on the outside allow us to study the
catalytic effect of spillover hydrogen migrating across a well-defined distance on the
nanometer length scale. Depending on the reducibility of the metal oxide support, we
show that small amounts of Pt have a significant effect on the reduction temperature
of Co and, consequently, on the catalytic activity in CO 2 methanation.
Experimental
In one example, small crystals of the metal-organic framework ZIF-67 were
synthesized from cobalt nitrate and 2-methylimidazole in methanol. The ZIF-67 were
then used as structural template for the synthesis of a mesoporous ZrO 2 shell using
hexadecylamine as pore generating template. The ZIF-67@ZrO2 composite material
were dried and then calcined to remove the organic templates. Half of the sample
were then impregnated with an aqueous dispersion 3 nm Pt nanoparticles. The

catalytic activity of the two samples were then compared in CO 2 methanation. Similar
catalysts were made with mesoporous shells of TiO 2 and SiO 2 , respectively.
The prepared catalysts were characterized using a variety of techniques,
including XRD, XRF, XPS, N 2 physisorption, TPR, DRIFTS, SEM, TEM, STEM and
electron tomography. The catalytic tests were performed in a fixed bed reactor
equipped with an online GC-FID/TCD or MS.
Results and discussion
Figure 1a show a TEM image of a core-shell material comprised of ZIF-67 metalorganic framework core and a mesoporous ZrO 2 metal oxide shell prepared as
described. Figure 1b show the TPR of the same material with and without Pt. The
TPR show no significant decrease of the main reduction peak at around 345°C.
Since ZrO 2 has a low reducibility, Pt and hydrogen spillover does not improve the
catalytic activity of Co in this case.
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Figure 1. a) TEM image of Co@ZrO 2 . b) TPR of Co@ZrO 2 and Co@ZrO 2 -Pt, respectively.

Conclusions
Exploiting metal-organic frameworks as both structural template and sacrificial
precursor offers extraordinary control of size, shape and structure and opens up new
exiting opportunities for designing advanced model catalysts. This may simplify
catalytic interpretations and help untangle mechanistic information.
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Introduction
The production of liquid fuels and chemicals from the syngas generated by biomass
gasification is one of the most promising alternatives for replacing definitely the fossil
fuels. The gaseous effluent produced from biomass gasification, designated as
“producer gas”, contains significant concentrations of light hydrocarbons, including
methane, and tars that must be reformed to clean-up the syngas. These tars are well
known precursors of coke and can deactivate rapidly the reforming catalysts. This
work includes a complete study of the reaction of reforming of a simulated producer
gas stream using Ni-based catalysts doped with different loadings of potassium for
enhancing the resistance to the coke formation.
Experimental procedure
A support based on MgAl 2 O 4 spinel oxide was prepared by coprecipitation and
calcined at 900 ºC for 24 h to obtain a highly homogeneous solid. Then, a 10 wt. % of
nickel was co-impregnated with different loadings of potassium (0, 1, 3 and 5 wt. %)
on the support and calcined subsequently at 550 ºC for 4 h. The prepared samples
were fully characterized by XRD, XRF, XPS, Raman and UV-Vis spectroscopy,
HRTEM, N 2 physisorption, TPR, TPSR of methane and toluene, TPO, FTIR CO 2
adsorption and FTIR CO adsorption at 77 K.
The catalytic reforming tests were performed in a lab-scale reaction system using a
fixed-bed flow reactor consisting of a quartz tube (9 mm i.d.) containing 100 mg of
non-diluted catalyst between plugs of quartz wool. Prior to testing, the catalysts were
reduced in situ at 800 ºC for 1 h passing a flow of 100 mL min-1 of 50 vol. % H 2 /N 2 .
Toluene was selected as model of tar and the gas composition simulating a typical
producer gas stream was 5 vol.% CH 4 , 18 vol.% CO 2 and 1 vol.% tar diluted in N 2
with a total gas flow of 100 mL min-1. The reaction was carried out at three
temperatures (550, 650 and 750 ºC) with a time-on-stream of 10 h at each
temperature. The reactor effluent was on-line analyzed by gas chromatography using

a system equipped with three columns coupled with two TCD and one FID detectors
enabling the quantification of the permanent gases and hydrocarbons, respectively.
Results and discussion
Characterization details reveal that all catalysts presented metallic nickel particles
with average size between 10 and 20 nm dispersed on MgAl 2 O 4 spinel oxide.
Furthermore, it was observed that potassium species are partially covering the nickel
particles and neutralizing the hydroxyls groups on the support. Figure 1 shows the
catalytic performance in terms of conversion for the four prepared catalysts as
function of the potassium loading at each temperature. As can be observed, the
conversion of methane, tar, and CO 2 are increased by increasing the reaction
temperature in all samples. On the other hand, the conversion is improved with the
potassium loading until reaching an optimal content of 3 wt. %. Additionally, postreaction studies by TPO and Raman demonstrated that this catalyst presented the
lower amount of formed coke and the lower stability of the carbonaceous species
deposited.

Figure 1. Methane, tar (toluene) and CO 2 conversion as function of the potassium loading at 550, 650
and 750 ºC

Conclusions
This study demonstrated that exist an optimum of potassium content of 3 wt.% that
minimizes the coke formation to achieve an efficient reforming process of producer
gas and produce a clean-up syngas. To further understand the effect of potassium
loading in the reaction mechanism and the role of potassium in the gasification of
carbonaceous species, operando DRIFTS studies were performed under reaction
conditions. These results will be further presented in the congress.

CO-PROX reaction over Co 3 O 4 |Al 2 O 3 catalysts
G. Grzybek1, K. Ciura1, J. Gryboś1, P. Indyka1, A. Davó-Quiñonero2,
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A series of Co 3 O 4 |Al 2 O 3 catalysts with various exposition of the spinel planes (100),
(111) and (110) was prepared. The catalysts were thoroughly characterized by
means of XRF, XRD, RS, STEM, TPR techniques. The CO-PROX catalytic activity of
the samples was studied. A strong impact of the spinal nanograins morphology on
the catalyst performance was observed, with the (100) termination found as the most
active.
1. Scope
The CO-PROX reaction is a catalytic route for selective oxidation of residual content
of CO present in the H 2 -rich flows. So far, many catalytic systems such as Pt/Al 2 O 3 ,
Pd/zeolites, Ru/Al 2 O 3 have been investigated in the CO-PROX process. The
transitions metals and metal oxides supported on oxide carriers (CeO 2 , CeO 2 –ZrO 2 ,
Al 2 O 3 ) have been studied as potential CO-PROX catalysts as well. One of the most
efficient system is the benchmarking CuO/CeO 2 catalyst, owing to the remarkable
oxygen storing/releasing capacity of ceria [1]. Likewise, Co 3 O 4 spinel is a promising
catalytic active phase for CO-PROX reaction. It has been found that α-Al 2 O 3 support
is the most suitable for Co 3 O 4 dispersion, and leads to development of well shaped
spinel nanocrystal morphology [2]. Furthermore, modification of the spinel deposition
method by glycerol addition results in a controlled exposition of the active facets [3].
The aim of the presented studies was to establish the most active termination of
cobalt spinel active phase supported on α-alumina in the CO-PROX process.
2. Results and discussion
The polyhedral shape of the nano-spinel active phase of obtained α-Al 2 O 3 supported
cobalt spinel catalysts was controlled via glycerol and/or Zn additions to the
impregnation solution. The samples were characterized with respect to Co 3 O 4
loading (XRF), active spinel phase structure (XDR, Raman Spectroscopy) and
morphology (SEM, TEM). The results of the elemental composition based on XRF
analysis of the investigated samples confirmed that the content of the spinel active

phase of 10±1 %wt. reflects well the desired loading. The phase analysis with XRD
and RS confirmed the presence of a nanocrystalline cobalt spinel. The morphological
analysis underlined the significant difference in the spinel nanograins shape and
hence in the number and nature of the exposed cobalt sites (Co2+ and Co3+).
Therefore, the observed CO-PROX performance (Figure 1) was examined with
respect to the relative abundance of the (100), (110) and (111) facets exposed by the
polyhedral spinel nanograins of the catalysts. The abundance was revealed from
analysis of calibrated STEM images using an inverse Wulff construction.
The observed strong impact
of the morphological factor
on the CO-PROX catalytic
activity of the investigated
samples

was

associated

with the exposition of the
beneficial

(100)

(Figure 1).

It
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explained by the fact that the
(100)

facets

exhibit
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the
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Figure 1. Catalytic performance of supported cobalt

of

spinel in the CO-PROX reaction together with a

cations, which are believed

predominant polyhedral shape of the nanocrystal for the

to act as PROX active sites.

most and the less active samples.

A linear correlation between

the content of the surface Co3+ cations and the CO oxidation yield confirms
experimentally their key role as the reaction active sites.
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Making a Supported Nickel Catalyst Completely Selective for Partial
Hydrogenation by Ionic Liquid Coatings
Ahsan Jalal and Alper Uzun, Koç University, Istanbul, Turkey
Introduction
Ionic liquid (IL) coatings offer a tremendous potential for controlling the performance
of supported metal catalysts. Their ligand and filter effects not only control the
electronic environment on the active sites, but also adjust the effective concentrations
of reactants, intermediates, and products. Here, we show that an ordinary supported
nickel catalyst becomes completely selective for partial hydrogenation, when coated
with an IL, providing the insights on the influence of IL on the catalytic performance.
Results and Discussion
Data in Figure 1a show a selectivity higher than 95% for total butenes irrespective of
conversion on 1-n-butyl-3-methylimidazolium tetrafluoroborate ([BMIM][BF 4 ])-coated
supported nickel catalyst (Ni65, 65 wt% Ni, Sigma-Aldrich) for 1,3-butadiene partial
hydrogenation at 40 °C and at a molar ratio of 1,3-butadiene:H 2 = 1:2. These results
illustrate that the IL coating makes the supported nickel catalyst more selective for
partial hydrogenation. For probing the ligand effect, the XPS measurements were
made on the uncoated and IL-coated Ni65. Data showed a decrease in binding
energies of nickel sites upon coating the catalyst with [BMIM][BF 4 ], indicating the
presence of electron donation from IL to metal sites. Density functional theory (DFT)
calculations complemented these results and showed that when there is an IL
molecule presents next to a nickel cluster, the electron density on the nickel sites
increases. Furthermore, DFT calculations further illustrated that such increase in
electron density on the active sites influences the binding energies of adsorbates in
the favor of high selectivity for partial hydrogenation. Accordingly, the binding energy
differences between 1,3-butadiene and different olefin intermediates on nickel
becomes much more significant in the presence of the IL molecule. Thus, when there
is an IL-coating layer present, the intermediates formed at the end of the first
hydrogenation step cannot compete with 1,3-butadiene and, desorb without finding
another chance for hydrogenation. The filter effect was investigated by COSMO-RS
calculations.

Data

indicated

that

1,3-butadiene

is

not

significantly

more

(approximately three-times) soluble than butenes in [BMIM][BF 4 ]. Thus, we inferred

that the ligand effect is the dominant factor leading to high partial hydrogenation
selectivity, while the filter effect helps to maintain the selectivity at all conversion
levels.[1] For improving the selectivity even further, we then worked on optimizing the
reaction conditions on the uncoated catalyst. Accordingly, at 145 °C and 1,3butadiene and H 2 partial pressure of 0.16 and 0.32 bar, respectively, the Ni65 can
provide approximately 95% total butene selectivity. Because, [BMIM][BF 4 ] cannot
withstand these conditions for long time periods, we considered another IL,
tributyl(methyl)phosphonium methyl sulfate, [P 4441 ][MeSO 4 ]. [P 4441 ][MeSO 4 ]-coated
Ni65 catalyst at these optimized conditions provides a complete selectivity towards
butenes (Figure 1b). We infer that the ligand and filter effects of the IL help to reach
the complete selectivity towards total butenes at these optimized conditions.[2]

Figure 1: Product selectivity for partial hydrogenation of 1,3-butadiene over (a)
[BMIM][BF 4 ]-coated Ni65; (b) [P 4441 ][MeSO 4 ]-coated Ni65.
Conclusions
The selectivity for partial hydrogenation of an ordinary supported nickel catalyst was
improved by coating the catalyst with ILs. Data indicated electron donation from IL to
metal sites. This effect works synergistically with the filter effect to offer a high partial
hydrogenation selectivity. An IL with a high thermal stability offers opportunities for
optimizing the reaction conditions to reach a complete partial hydrogenation
selectivity. Considering that there is an infinite number of ILs with tunable properties,
structure of these catalysts can be tuned for exceptional performance. Data
presented here illustrate this broad potential and provide insights for rational design.
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Reinventing the MeOH synthesis by advanced
quantum mechanical simulations
Marek P. Checinski, CreativeQuantum GmbH, Berlin, Germany; Pavel Ryabchuk,
Leibniz Institut für Katalyse, Rostock, Germany; Matthias Beller, Leibniz Institut für
Katalyse, Rostock, Germany

Methanol is one of the most important high volume chemical produced by the
chemical industry. It is produced at >100 Mt/a scale and is mostly used for production
of formaldehyde, acetic acid, MTO/MTP, DME, MTBE, Fuel Blending, and Biodiesel.

Nowadays, the largely used process is based on a heterogeneous Cu/ZnO/Al 2 O 3
catalyst working at 240-260°C and 50-100 bar. Heating and compressing 100 Mt of
substrates under these conditions makes it a very energy intense and expensive
process with a high CO 2 footprint. Decreasing the temperature and especially the
pressure significantly would have a big impact on the environment and on CAPEX
and OPEX. This could lead to smaller and decentralized production sites.

This motivation leads us to think about new approaches from scratch, which were
evaluated by intense and fast quantum mechanical simulations within a few weeks.
After identifying that the possible rate limiting steps for some new approaches would
be manageable below 200°C, a first virtual high throughput screening for promising
catalysts was performed. After identifying the first few candidates, a literature study
for these kinds of catalysts and single reaction steps was done, which resulted in the
finding that these new catalysts and this new process should be practicable.
A following investigation of >100 catalysts by virtual high throughput screenings
within two months revealed how a good catalyst should look like. These promising
candidates were tested within one and a half months in the laboratory, and it was
proven that the predicted good catalysts synthesized MeOH under very mild
conditions while the bad ones did not.

The first unoptimized catalyst system for the proof-of-concept produced MeOH at
<160°C and <50 bar pressure with a TON of >400.

Hydrogen adsorption and CO 2 conversion into fuels and chemicals
over transition metal carbides: A DFT study
Fabrizio Silveri, Matthew G. Quesne, Alberto Roldan, Nora H. De Leeuw, C. Richard A.
Catlow,
Cardiff University, Department of Chemistry, Park Place, Cardiff, CF10 AT (UK)
Abstract
Transition metal carbides (TMCs) are a class of materials that combines low cost and
high durability with interesting catalytic activity[1,2]. In this work, the bulk and surface
properties of TiC, VC, ZrC and NbC have been put in relation with their activity over the
hydrogen evolution reaction and carbon dioxide reduction, as part of a wider project
investigating the conversion of CO 2 into fuels and chemicals. For each carbide, four low
index surfaces were investigated, cut along the {001}, {011} and {111} atomic planes.
The study was performed computationally using periodic DFT, as implemented in the
VASP code[3].

Results and Discussion
A preliminary study of the bulk and surface properties of several stoichiometric
monocarbides has been performed, and 4 of these (TiC, VC, ZrC and NbC) have been
selected on such basis for further studies on H 2 and CO 2 adsorption.
The adsorption of hydrogen was shown to be favourable on all investigated surfaces
except for NbC (001), with a preference for C on top sites when available. Similarly, CO 2
adsorption was found to be favourable on all surfaces, and in both cases it was possible
to derive the same surface reactivity sequence on all carbides, which is as follows:
(111)-C > (111)-M ≈ (011) > (001)
this is in good agreement with the predictions made on the pristine surfaces based on
surface energies, work functions (Φ) and d-band centre positions for each surface.
Similarly, on each surface the effect of the metal in the carbide can be shown to follow
the series:
TiC ≈ ZrC > VC ≈ NbC

showing a clear effect of the group, again in good agreement with surface properties.
The effect of the period is less marked, however it can be seen on (111)-C surfaces,
which are unstable on TiC and VC in the presence of both H 2 and CO 2 , and in the
longer bond distances found for the activated CO 2 on ZrC and NbC.
In the case of hydrogen, different loadings have been considered up to 1 ML: as the
hydrogen loading is increased, a decrease in ΔE ads per atom is observed, matched by a
similar decrease in Φ. An analysis of the surface free energies has predicted the
coverage state of each surface at zero potential in varying conditions of temperature
and pressure, although significant variations are only found on (001) surfaces, which in
turn are considered the most promising for hydrogen evolution reaction.
Lastly, the catalytic activity of the TMCs above over CO 2 reduction has been
investigated following different paths. Direct hydrogenation of CO 2 was studied via the
formation of both HCOO and COOH, and dissociation onto CO + O was also tested: the
former are found to be significantly endothermic, but both the transition states and the
products are found to be stabilized by the presence of water, while the latter are found
to be exothermic, but with significantly high barriers, especially on TiC.

Figure 1. Adsorption energies per atom of H 2 on
each surface and carbide, in eV.

Figure 2. Activated COOH* species on the TiC
(001) surface.
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WGS Performance of Pt-Re-Na Catalysts and Oxygen Storage
Capacity (OSC) Effect on Performance
B. Merve Eropak, Boğaziçi University, Department of Chemical Engineering, İstanbul,
Turkey; B. Selen Çağlayan, Boğaziçi University, Advanced Technologies R&D
Center, İstanbul, Turkey; A. Erhan Aksoylu*, Boğaziçi University, Department of
Chemical Engineering, İstanbul, Turkey
The aim of this study was to design and develop alkali promoted Pt-based WGS
catalysts which have promising activity and selectivity characteristics to be used in a
fuel processor [1,2]. The metal loading, support type, feed composition and
temperature were the parameters used in the catalyst design and testing studies.
Highest activity was achieved over 1%Pt-1%Re-2%Na/CeO 2 at 400°C. The activity
trend obtained at 350°C was found to be similar with the trend of effective Oxygen
Storage Capacity (E-OSC) attained at the same temperature.
Experimental
WGS reaction tests were performed under two types of feed, namely ideal (CO+H 2 O)
and realistic (additionally including CO 2 and H 2 ) feeds, each having two different
H 2 O/CO ratios. Tests conducted under each feed composition were performed at
300°C, 350°C and 400°C. Each performance and OSC test was conducted over 75
mg in-situ reduced catalyst samples. OSC experiments involving the reaction test,
were carried out under diluted forms of realistic feed flow and subsequent desorption
process was performed up to 800°C.
Results and Discussion
In view of the results obtained under realistic feed conditions, activities obtained at
350°C and 400°C under realistic feed #1 were determined to be higher than obtained
under realistic feed #2. 51.5% CO conversion, which was attained over 1%Pt-1%Re2%Na/CeO 2 under realistic feed #1 (H 2 O/CO=6.7) , was found to be the highest
activity achieved. Another important indication of WGS activity and selectivity, i.e. net
H 2 production percentages are presented with related CO conversion levels in Figure
1. In accordance with CO conversion results, maximum net H 2 production was
observed as 11.3% at 400°C under realistic feed #1 over 1%Pt-1%Re-2%Na/CeO 2 .
Increase in temperature had a positive effect on net H 2 production under realistic
feed #1, however such a trend did not exist under realistic feed #2 (H 2 O/CO=16.2).
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Figure 1. CO conversion and H 2 production percentages for each catalyst at different
temperatures under realistic feed #1 and #2 conditions.
Our results strongly indicate that WGS performance is related with oxygen storage
ability of the catalysts. Although coimpregnated 1%Pt-1%Re-1%Na/CeO 2 catalyst
had a high total oxygen storage capacity (T-OSC) including structural oxygen, its
relatively lower catalyst activity compared to those of sequentially impregnated ones
was found related to its lower effective oxygen capacity (E-OSC), excluding structural
oxygen. Higher E-OSCs and WGS activity were observed under realistic feed #1.
Sequentially impregnated 1%Pt-1%Re-2%Na/CeO 2 was found to be the most
promising one among all catalysts regarding its high activity and E-OSC.

a

b

Figure 2. Oxygen storage capacities of catalysts at 350°C under
a) diluted realistic feed #1 b) diluted realistic feed #2
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The effect of synthesis parameters on SCS (solution combustion synthesis)
and in situ generated defect sites of VMgO catalysts for oxidative
dehydrogenation of n-octane
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Supported vanadia catalysts have received considerable attention due to their
enhanced activity and selectivity in various oxidation reactions [1]. The aim of this
study is to synthesize VMgO catalysts using solution combustion synthesis (SCS)
and to evaluate the effects introduced by synthesis parameters during catalyst
preparation, on their physical and chemical properties and defect sites formation for
the oxidative dehydrogenation of n-octane. Amongst the various parameters, fuel
plays an important role in determining the properties of the final SCS product.Defect
sites, like oxygen vacancies, have been documented to have a direct impact on the
electronic and geometric properties of a catalyst which in turn modifies the
performances of the active sites [3]. Therefore, characterizing these sites is
important to probe the structure activity relationship in order to improve catalytic
performance. Defects sites are also reported to form during reactions, these may
affect the activity of the catalyst, and hence, this work seeks to compare synthesis
induced and in situ induced defect sites.

Five catalysts, synthesized by solution combustion synthesis were prepared using
five different fuels. These have been characterized using XRD, FTIR, HR-TEM, TEM
and BET. XRD and FTIR were used to identify different types of VO x species formed
during the SCS of these catalysts. For four catalysts, MgO was the dominant phase
followed by the formation of the magnesium orthovanadate phase. The
orthovanadate phase has been reported to be the phase responsible for higher
activity of the VMgO catalysts. The formation of these phases were confirmed by
FTIR. EDX provided insights regarding the composition, as well as V dispersion in
these catalysts. TEM analysis was conducted and the particle sizes of the catalyst

ranged from 11 nm- 54 nm. Further characterization will done using EPR, XANES
and XPS to characterize and quantify of formed defect sites in these catalysts. The
latter analysis will give a more conclusive insight on the effect of the above
mentioned parameters on the ODH of n-octane. This characterization will also be
done on used catalysts to evaluate the formation of defect sites during a reaction.
These catalysts have been tested on a fixed bed reactor. Catalytic data indicates
that there may be differences in the synthesized catalysts introduced by the
difference in the fuels used.
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Novel TiO 2 -based supports for Fischer–Tropsch synthesis
Ralf Becker, Venator Germany GmbH, Duisburg, Germany; Carsten Knobloch,
hte GmbH – The high throughput experimentation company, Heidelberg, Germany;
Alfred Haas, hte GmbH – The high throughput experimentation company,
Heidelberg, Germany;

Introduction
Fischer–Tropsch synthesis (FTS) converts natural gas, coal or biomass derived
syngas to long chain hydrocarbons for chemicals and clean fuel production.
Especially for fuel applications supported Co-based catalysts are used with high C 5+
productivity (chain growth probability), minimum C 1-4 selectivity at high once through
CO conversion. One of the most prospective support materials is TiO 2 which is
known to have strong Co metal support interaction [1]. FTS catalyst activity and
selectivity is very much dependent on the dispersion of the reduced Co ensembles
as well as on the accessibility of the active sites which is affected by the pore volume
distribution, tortuosity and other properties of the support materials.
Four newly developed support materials were used as supports for Co-based FTS
catalysts and tested under relevant industrial process conditions for the lowtemperature FTS. The objective was to measure the relationship between the unique
TiO 2 structure and Co–FTS performance. Catalysts have been tested in 32-fold
parallel fixed bed reactor system (hte GmbH).

Materials and Methods
TiO 2 powders (Table 1) were synthesized by proprietary synthesis routes based on
the commercial large-scale sulphate production process and were modified by silica
and zirconia [2, 3]. The 125 – 160 µm particle size fractions were treated with
Co(NO 3 ) 2 via conventional impregnation techniques to obtain concentrations of 10 or
20 wt.-% Co. The calcined catalysts were loaded without diluent into the isothermal
zone of stainless steel reactors with 3.6 mm inner diameter. In the first reactor block
the catalyst bed of 16 reactors contained 80 mg Co while in the second reactor block
only 40 mg Co was used. Catalysts were activated in-situ at atmospheric pressure
under pure Ar atmosphere at 120 °C for 2 h and 25 vol.-% H 2 in Ar at 350 °C for 24
h, respectively.

Support material
Polymorph
TiO 2
SiO 2
ZrO 2
BET
Pore volume
Average pore size

TiO 2 #07
TiO 2 #08
TiO 2 #09
TiO 2 #11
%
anatase > 98 anatase > 98 anatase > 98 anatase > 98
wt.-%
91.5
94.6
81.1
79.8
wt.-%
8.5
5.4
6.9
7.7
wt.-%
10.4
10.8
m²/g
70
48
56
77
ml/g
0.56
0.24
0.17
0.32
nm
28
18
7
17

Table 1: Analytical data of TiO 2 -based supports for FTS.
Results and Discussion
The FTS process conditions and obtained CO conversions are presented in Figure 1.
The reactor temperature was increased stepwise at constant pressure, volume flow
and gas composition from 150 °C up to 207.5 °C (heating block 1) and 220 °C
(heating block 2), respectively. The data clearly show very high activity, low CH 4
selectivity and marginal decay for six catalysts (four different TiO 2 supports) which
are described in detail in Table 2. Since all catalysts have been prepared and
activated with the identical standard operating procedures, the performance
differences can directly be correlated to the properties of the TiO 2 support materials.
The highly active materials all comprise the pure anatase phase. At relevant process
conditions no mass transfer limitation was observed. Activation energies were found
to be in the range between 110 – 130 kJ/mol consistent with values reported in the
literature [4]. All newly developed supports showed very promising results with high
activities and C 5+ productivities at > 50 % CO conversion at very low time-on-stream
deactivation. The activity, selectivity and decay have been studied in a broad
parameter space of temperature, partial pressure and space velocity.

Figure 1: CO conversion for the experiments at 20 bar, 1.56 L/h feed per reactor,
H 2 /CO ratio of 2, 220 °C, 10 % Ar in feed.
Catalyst
TiO 2
TiO 2
TiO 2
TiO 2
TiO 2
TiO 2

#07 (10 wt.-% Co)
#08 (10 wt.-% Co)
#09 (10 wt.-% Co)
#11 (10 wt.-% Co)
#07 (20 wt.-% Co)
#11 (20 wt.-% Co)

54.0
53.8
52.9
55.2
64.6
62.4

7.2
7.2
7.7
7.8
7.0
7.8

3.5
3.4
3.3
3.4
4.1
3.9

0.6
0.6
0.6
0.7
0.7
0.7

Table 2: Catalyst characteristics and key parameters of experiment 9 (20 bar,
1.56 L/h feed per reactor, H 2 /CO ratio of 2, 220 °C, 10 % Ar in feed) for the best
performing catalysts.

Summary
The newly developed TiO 2 support materials have been synthesized using
proprietary synthesis routes based on the large-scale sulphate production process.
The results in Co-based FTS make these supports very attractive candidates for
commercial applications.
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High Pore Volume TiO 2 for Hydrotreating Applications
T. Thiede, VENATOR Germany GmbH, 47198 Duisburg, Germany;
R. Becker, VENATOR Germany GmbH, 47198 Duisburg, Germany;
A. Nennemann, VENATOR Germany GmbH, 47198 Duisburg, Germany

For decades predominantly Al 2 O 3 has been used as catalytic support material for
hydrotreating (HDT) applications due to its versatile and tunable properties such as
pore size, pore volume and specific surface area (SSA). Despite the well-known
benefits of TiO 2 for catalytic applications, standard TiO 2 has not been widely
employed as catalytic support, predominantly due to low pore volumes (~ 0.3 ccm/g)
and small pore sizes (~ 4 nm).
Herein, we report on a novel High Pore Volume (HPV) TiO 2 material that was
developed and scaled up to industrial scale by VENATOR Germany GmbH. The
novel HPV TiO 2 combines high pore volume (~ 0.8 ccm/g), high SSA (~ 350 m²/g)
and large mesopores (see Figure 1). These characteristics are preserved even under
harsh conditions like extrusion processing, thermal or acidic treatment. The
robustness of VENATOR’s HPV TiO 2 is achieved by implementation of different
metal oxides (e.g. SiO 2 , Al 2 O 3 , ZrO 2 ) as stabilizing agents.

Figure 1. Pore size distribution of novel HPV TiO 2 . (Small figure: SEM analysis of
HPV TiO 2 .)

To verify the applicability of novel HPV TiO 2 material for HDT applications and to
prove the competitiveness of HPV TiO 2 material to state of the art Al 2 O 3 based
catalysts, extensive hydrotreating performance tests were conducted. Therefore, a
variety of different HPV TiO 2 materials were extruded, impregnated via incipient
wetness impregnation (CoMo and NiMo), dried and finally calcined.

Figure 2. Absolute nitrogen concentration plotted against absolute sulfur
concentration of hydrotreated VGO-feed using two different HPV TiO 2 based
catalysts and one Al 2 O 3 based catalyst (green) measured under FCC-pretreatment
conditions.
HDT performance tests were conducted in a fully automated 16-fold high throughput
reactor system equipped with 16 reactors, each filled with ~ 4 ml catalyst extrudates
diluted with inert SiC. The experiments were conducted under realistic conditions
with a refinery vacuum distillation feed at temperatures ranging from 370 to 400 °C
and pressures ranging from 80 to 120 bar. The tests revealed that HPV TiO 2 based
catalysts show better HDS and HDN performance than state of the art Al 2 O 3 based
catalysts. Most interestingly, HPV TiO 2 based CoMo catalysts showed significantly
higher selectivity for HDN reaction, compared to state of the art Al 2 O 3 based CoMo
catalyst (see Figure 2).

Electrochemical Ammonia Synthesis in Molten Salt Systems
Tim Sudmeier, Ian J. McPherson, S.C. Edman Tsang, Inorganic Chemistry
Laboratory, Oxford, United Kingdom

Scope
Ammonia is one of the most important base chemicals in the world being a
quintessential ingredient in most fertilizers. It is produced on the mega ton per year
scale via the Haber-Bosch process using hydrogen and nitrogen at temperatures of
around 400-500°C and pressures of up to 200 atmospheres leading to emissions of
approximately 2% to global CO 2 exhaust.[1] A promising alternative for small scale
applications is electrochemical ammonia production.[1] Such systems work at
ambient pressure, moderate temperature and use renewable hydrogen sources like
water potentially enabling small local production of ammonia as an energy storage
vector.[2] Recently, a lot of progress has been made in the field, especially with
aqueous systems though most systems still suffer from low rates, as well as current
efficiencies due to the competing hydrogen evolution reaction.[1] An alternative
approach involves the use of molten chloride electrolytes which permit the direct
reduction of dinitrogen to the nitride ion (N3-) and potentially enable much higher
ammonia production rates.[1]
We have previously investigated the redox chemistry in the molten alkali chlorides
during nitrogen reduction over a Nickel catalysts.[2] Using insights from this analysis
we have set up a novel protocol to test catalysts for electrochemical ammonia
production in molten salts and conclusively show electrocatalytic nitrogen reduction.
[2]

Other than Nickel, few materials have been evaluated as electrocatalysts for
ammonia synthesis in molten salts.[1] Metal nitrides, in particular Co 3 Mo 3 N, have
been shown to thermally form ammonia from dihydrogen and dinitrogen via a Marsvan-Krevelen-type mechanism.[3,4] More recently binary metal nitrides such as
vanadium nitride have been shown computationally, as well as experimentally to
work as nitrogen reduction electrocatalysts in aqueous systems, albeit with low
current efficiencies. [1]

In this work we have synthesised several binary and ternary metal nitrides, including
Fe 3 Mo 3 N, Mo 2 N, Co 3 Mo 3 N and Ni 2 Mo 3 N using temperature-programmed nitridation
of oxide precursors. The formed materials were characterised using powder XRD,
XPS, TEM, SEM and TPR. The stability of the materials in the molten chloride media
was assessed using cyclic voltammetry, as well as chronoamperometry under
varying conditions. Finally, we supported our nitride materials on porous carbon foam
using a novel electrodeposition protocol and tested said materials for continuous
electrochemical ammonia synthesis followed by post-mortem analysis.

Figure 2. Electronmicrograph of FeMoOx on carbon felt with EDX mapping of the
elements carbon (red), oxygen (green), iron (blue) and molybdenum (purple).
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Mesoporous Ni-Al 2 O 3 derived from metal organic framework: A
promising catalyst for CO 2 methanation
Leila Karam1,2, Julien Reboul1, M.C. Bacariza3, J.M. Lopes3, C. Henriques3, Nissrine
El Hassan2, Pascale Massiani1
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As the global climate threat is increasing gradually, the CO 2 emissions by the
combustion of fossil fuels has reached around 82% of the anthropogenic greenhouse
gases contributing to environmental problems such as rise of sea levels and melting
in glaciers. On the bright side, CO 2 is considered as useful raw material for many
chemical processes and specifically its conversion to low-carbon fuels (CH 4 ) through
catalytic

hydrogenation.

The

CO 2

methanation

reaction

carries

additional

advantages: 1) It requires the use of H 2 as reactant to convert CO 2 to CH 4 , which is
derived from sustainable sources such as biomass and water splitting, 2) the
produced synthetic natural gas (CH 4 ) can be easily injected and transported by the
existing pipeline system and used as source of energy in manufacturing and
transport, 3) the potential of obtaining natural gas at low temperature and at
atmospheric pressure [1]. Ni has been extensively studied in this reaction and is
considered as the most favorable non-expensive active phase able to replace noble
metals. On the other hand, the Ni-based catalysts still face problems such as
sintering inhibiting the full reduction of CO 2 to CH 4 . In this context, we recently
demonstrated the benefit of intimately mixing the Ni species within an alumina matrix
in order to synthesize highly active and stable catalysts based on Al 2 O 3 -supported Ni
metal nanoparticles. To this end, we developed an innovative strategy consisting in
incorporating the Ni source within the alumina synthesis medium: Ni salts (5-15 wt%
Ni) are first impregnated within the highly porous MIL-53(Al) and subsequently
calcined. After reduction under H 2 flow, the MOF route results in Ni-Al 2 O 3 samples
made of two-dimensional γ-Al 2 O 3 sheets (figure 1a-d) with nickel particles very well

dispersed and embedded inside the walls of Al 2 O 3 . The obtained catalyst acquired a
high surface area of 225 m2.g-1.

Figure 1: (a) HR-TEM image of mesoporous 5Ni-Al2O3MIL-53 prepared by MOF route,
and (b-d) STEM/EDX chemical mapping on the same MOF-derived sample
confirming the superimposed Ni and Al distributions.

The high reduction temperature (T= 800 °C) indicated by TPR analysis, in addition to
NiAl 2 O 4 spinel-like phases detected by XPS, stress on the high nickel-support
interaction leading to remarkable catalytic activity and stability under CO 2
methanation reaction conditions (T = 350 °C, TOS=20 h), preventing nickel sintering
(Ф=8 nm) and providing more accessible Ni sites during reaction. The less
performing catalysts (lower activity, figure 2) show lower reduction temperatures and
larger Ni particle size (15Ni°-Al 2 O 3One-pot (Ф Ni =9 nm), commercial catalyst (Ф Ni =12
nm), 15Ni°@USY (Ф Ni =40 nm), 15Ni°@SBA-15 (Ф Ni =17 nm).

Figure 2: CO2 conversion and TPR profiles of
prepared catalysts
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Thermal control of the defunctionalization of supported
Au 25 (glutathione) 18 catalysts for liquid phase oxidation reactions
Zahraa SHAHIN 1, Institut de Recherches sur la Catalyse et l’Environnement de
Lyon (IRCELYON), 2, avenue Albert Einstein – 69626, Villeurbanne, France; Hyewon
JI 1; Rodica CHIRIAC 2, Laboratoire des Multimateriaux et Interfaces (LMI), 22,
avenue Gaston Berger– 69622, Villeurbanne, France; Nadine ESSAYEM 1; Franck
RATABOUL 1; Aude DEMESSENCE 1
Atomically well-defined gold nano-clusters (GNCs), due to their size related
properties, are known to be active in oxidation catalysis at relatively low temperature
[1]. Supported on metal oxides, Au 25 (SR) 18 clusters are able to catalyze benzyl
alcohol and CO oxidation reactions, styrene epoxidation in addition to nitrobenzene
reduction. During these catalytic reactions, the gold thiolate clusters have been
calcined to totally remove the thiolate molecules, in order to exhibit maximum activity
[2-5]. Nevertheless, recently, Haruta showed that mild temperature calcination, that
generates partially defunctionalized Au 38 (2-phenylethanethiolate) 24 supported over
activated carbon, can also provide a maximum catalytic activity toward glucose
oxidation [6]. In this context, we successfully synthesized new composite materials,
Au 25 (SG) 18 (SG – glutathione) clusters deposited on ZrO 2 nanoparticles, and
calcined them at different temperatures to study the ligand and particle size effects in
liquid phase oxidation reactions by using different substrates. Thermally treated at
300 °C, the partially defunctionalized Au 25 (SG) 18 @ZrO 2 catalyst loses 53 % of its
ligands, resulting in well-dispersed 1.7 nm gold particle size. As a heterogeneous
catalyst for oxidation reaction, it exhibited complete conversion of benzyl alcohol into
benzaldehyde in toluene under mild conditions, with a great TOF = 261 h-1 [7].

Figure 1 Partially defunctionalized Au 25 (SG) 18 @ZrO2 for benzyl alcohol oxidation

To valorize this composite material as a sustainable catalyst for biomass conversion,
its catalytic activity was tested for the conversion of furfural in aqueous and different
alcoholic media. Thus, furoic acid was selectively formed when the reaction was
performed in water, and the corresponding esters were observed in the different
alcoholic media. This clusters-based catalyst showed excellent activity in the
transformation of a bio-based molecule, furfural, into sustainable alternatives of
petroleum-based compounds, even without a base.

Figure 2 TEM image of Au 25 (SG) 18 @ZrO 2 calcined at 300°C, 4h, air (a). Furfural oxidation reaction
(e), conversion of Furfural (blue) and formation of Methyl-2-furoate (red) (f).
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The influence of oxide additives on the catalytic properties of
nanoscale iron-containing catalysts of Fischer-Tropsch synthesis
Kulikova M.V., Dement’eva O.S., Chudakova M.V., A.V.Topchiev Institute of
Petrochemical Synthesis, Moscow, Russian Federation

The study of the catalytic properties of suspensions with additives as modifying
agents Al 2 O 3 , ZrO 2 and SiO 2 for the Fischer-Tropsch synthesis in a slurry reactor
was carried out. The samples were prepared by thermal decomposition of solutions
of metal precursors in the mix of paraffins (С 19 Н 40 -С 32 Н 66 ) with the formation of
contacts with the concentration of active Fe-containing phase 1% mass. for all
samples. The particle size of the catalytic suspensions, determined by the method of
dynamic light scattering, was 2-4 nm. The synthesis of hydrocarbons from CO and
H 2 was carried out in a slurry reactor in the presence pre-activated samples in the
temperature range of 260–320 ° C (P = 2 MPa, CO: H 2 = 1: 1 mol., feed rate 10 l/h).
Studying the series of samples with modifying additives 0.025% mass. of Al 2 O 3 ,
ZrO 2 and SiO 2 was found that the nature of the additive caused a significant effect on
the composition of the reaction products at the same values of feedstock conversion
(fig.1, table 1). For all samples, a CO conversion of 69–71% was achieved and the
yield of C 5+ hydrocarbons increased in the range 59 (ZrO 2 ) <69 (Al 2 O 3 ) <78 (SiO 2 )
g/m3 of the passed synthesis gas. It is interesting to note that in the same series an
increase of gasoline fraction in the composition of liquid hydrocarbons was observed
from 50 to 62% mass. The highest yield of oxygen-containing reaction products (C 1 C 4 -alcohols) in temperature range 280-320°C was recorded for the sample with the
addition of Al 2 O 3 : it was 19-25 g/m3 versus 6-19 g/m3 for the sample modified with
zirconium. In the presence of silicon in the composition of the sample, the formation
of insignificant amounts of C 5 -C 6 -alcohols was observed - their content in the
aqueous phase was 0.15% by weight. with a total concentration of oxygen-containing
products of 36.5%.
To optimize the composition of the catalytic system, catalytic suspensions were
formed with different contents of the Al 2 O 3 as a modifying additive. The concentration
of the additive was varied from 0.025 to 0.500% mass.
It was shown that modifying additive variation from 0.025 to 0.1% mass. led to
decreasing in the degree of CO conversion from 69 to 62% with a simultaneous

increasing in the yield of liquid hydrocarbons from 69 to 101 g/m3 of the passed
synthesis gas. This effect was achieved by reducing the formation of C 1 -C 4
hydrocarbons and carbon dioxide: from 36 to 23 and from 221 to 67 g/m3,
respectively. A further increasing of the additive concentration to 0.500% mass. led to
reduction in CO conversion to 38-54% with a symbate increasing in the of gaseous
hydrocarbons formation to 37-61 g/m3.
Thus, in the course of this study, it was established that the nature and concentration
of the oxide modifying additive had a significant effect on the fractional and group
composition of hydrocarbon and oxygen-containing products of Fischer-Tropsch
synthesis in the gas-liquid-solid system.

Fig. 1. The effect of process temperature on CO conversion in the presence of
1%Fe-0.025%additive-suspensions
Table 1. The composition of liquid hydrocarbons obtained in the presence of 1%Fe0.025%additive-suspensions
Fractional composition
Group composition
Т,
Additive °С С 5 -С 10 С 11 -С 18 С 19+ n.paraffins iso-paraffins olefins
ZrO 2

Al 2 O 3

SiO 2

280
300

42
44

37
34

21
22

44
45

40
39

16
16

320
280
300
320
280
300
320

50
48
55
61
42
58
62

33
31
31
32
46
36
34

17
21
14
7

39
33
27
21

39
36
38
46

12
6
4

22
31

57
56
54

22
32
35
33
21

30

13
16
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Synthesis-structure-activity relations in Fe-CHA for C-H
activation: interzeolite conversion allowing Al-distribution
control[1]
Julien Devos, Max Bols, Bert Sels, Michiel Dusselier
KU Leuven, Leuven, Belgium
Abstract
The methane to methanol reaction is an important catalytic challenge in need of
efforts on multiple fronts: in the synthesis of zeolite hosts, the identification of the
active sites (e.g. Cu cations) and the engineering of the reaction. By using FAU-toCHA interzeolite conversion (IZC) and single parameter variations many synthesisstructure-activity relations were revealed. We can now steer small pore zeolites to be
more active, originating from both control over the structure of the zeolite and the
active catalytic species. These insights shed light on the potential key role of Al
during crystallization during IZC.
Keywords: CHA, methane to methanol, Al-pairing.
1. Introduction
Methane partial oxidation is one of the holy grails of catalysis. Methanol is an
important chemical building block with huge volumes produced annually. Its lowtemperature oxidative synthesis using transition-metal ions (TMI) incorporated into
zeolite hosts is a topic under intense investigation.[2-5] The zeolite host plays a crucial
role in allowing the right TMI active sites to form and operate.[4-5] Some 8MR-zeolites
have a lot of benefits as a host for this reaction, i.e. stability, high pore volumes,
internal cages, etc.[2,5] The influence of the Al-distribution in small-pore zeolites on
the reaction is crucial.[6] Since synthetic variation can affect the latter, we set out to
investigate if synthesis-structure-activity relations can be found.
2. Experimental
Small pore zeolites with the CHA-topology were made according to modified versions
of standard recipes using N,N,N-trimethyl-adamantylammonium hydroxide as
organic-structure directing agent (OSDA), graciously donated by SACHEM.[7-8] The
Al-distribution was probed with Co-ion exchange, according to ref. 9 and related
work. Fe cations were exchanged onto the materials according to ref. 3 and 6.
Methane oxidation (one-pass) was performed after oxidation/activation of the active
sites (1 turnover), and methanol was extracted from the material afterwards.

Characterization of the catalysts included elemental analysis, PXRD, DR-UV-VIS,
N 2 -physisorption, Co-probing and TGA.
3. Results and discussion
SSZ-13 zeolites have been successfully reproduced using various single parameter
variations of the synthetic recipe. By Co-probing of the calcined zeolite we noted that
the synthetic route followed impacted the Al-distribution in unexpected ways. Briefly
we could use different synthetic variations to modify the value of a numerical
structure descriptor based on the Co-probing data, and directly link this numerical
descriptor to the activity of the TMI-zeolite (methanol produced per gram, Si/Al more
or less constant). The underlying hypothesis involves steering the number and nature
of the active site TMI-species. The methanol-productivities per gram link well to the
structural descriptor, which probes the presence and number of hosting
arrangements in the framework of the desired active TMI species. The structural
descriptor results suggests that the divalent cation capacity of the zeolite, based on
Al siting, is controlled by both kinetic and thermodynamic contributions. These
unprecedented synthesis-structure relations offer pieces to a puzzle that could lead
to atomic length scale understanding of the crucial role of Al during zeolite synthesis.
4. Conclusions
A series of CHA-zeolites was made and their Al-distribution assessed with cobaltprobing. With a numerical descriptor based on these data, we were able to link
synthesis and activity of the TMI-exchanged zeolite, through the structural properties
of the zeolite host. Using this relation as a guide, one is able to create optimal
synthetic recipes and attain high methanol productivities.
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Valorising CO 2 with plasma-catalyst discharges
Sean Kelly, and James A Sullivan, UCD School of Chemistry, Belfield, Dublin 4,
Ireland
Introduction
Higher global temperatures and more frequent extreme weather events have brought
the environmental [1] and economic perils [2] of anthropogenic climate change to the
fore recently. In order to limit the most severe destruction (e.g. coral eradication,
melting of arctic summer sea ice) the Inter-governmental Panel on Climate Change
(IPCC) has recently advised limitation of warming below 1.5 °C (above pre-industrial
levels) by 2100 [3]. Realisation of such targets will require a 45 % reduction in
greenhouse gases by 2030 with achievement of net zero emissions by 2050 [3].
Such efforts are raising the necessity for increased carbon taxation, carbon
sequestration, carbon storage and ultimately carbon utilisation technologies to offset
costs. In this context, plasma technology is garnering increasing research interest
with renewed focus on plasma applications for CO 2 utilisation [4].
Thermal conversion of CO 2 requires very high temperatures. Conversion yields of
∼60 % require temperatures in the region of ∼3,500 K [4] which are practically
difficult. Non-thermal plasma-based solutions present a promising alternative to
thermal conversion [5]. Plasma generation in CO 2 results in CO and O 2 formation
where the CO produced is a valuable chemical feed-stock [4]. Optimal routes for CO 2
dissociation in atmospheric non-thermal plasma have been identified as electron
induced vibrational excitation pathways (costing ~5.5 eV for bond breaking) rather
than dissociation via direct electronic excitation (~7 eV for bond breaking) [4,5].
Reactor configuration
A spark discharge (SD) reactor (figure 1 a) consisting of cylindrical steel HV
electrodes (separation 18 mm) inside a quartz tube is investigated. A well-studied
configuration known as packed bed Dielectric barrier discharge (DBD) (figure 1 b) is
investigated as a comparator configuration. The discharge is ignited here using a kHz
High Voltage supply (up to 20 kV) in combination with power pulsing to limit streamer
to arc transition which maintains the plasma’s non-equilibrium character.
A range of heterogenous catalyst are incorporated into the plasma gas discharge
volume. SiO 2 & Al 2 O 3 substrates are fabricated with meso & macro-porous features

and impregnated with transition metals (including Nickel and Cobalt) at a range of wt.
%. The morphology of the catalyst packing materials is explored using coated
spherical beads, coated wool and pelletised catalyst forms.

Figure 1: setup of spark plasma and Dielectric Barrier Discharge (DBD) reactors

Figure 2: Left: CO/ O 2 / CO 2 levels (m/z) for three plasma ignitions over 25 minutes;
Right: Conversion (%) from Gas Chromatography (GC) analysis and Efficiency (%).
Conclusions
Packing of common catalyst materials is found to enhance CO 2 conversion although
efficiency is found to decrease. The reactor is shown to be particularly amenable to
powering via intermittent renewable electricity sources.
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Comparison of thermal- and plasma-promoted dry reforming of
methane over Ni/Al 2 O 3 catalysts: Influence of support morphology.
Kristy Stanley, Sean Kelly and James A Sullivan,
UCD School of Chemistry, Belfield, Dublin 4, Ireland

Al 2 O 3 supported Ni catalysts were synthesized via sol-gel, hydrothermal and wetimpregnation methods. They were characterized using SEM/EDX, TEM, XRD, FTIR,
Raman spectroscopy and TPR. Each catalyst was tested under thermal dry reforming
(DRM) conditions at 500 ⁰C, 700 ⁰C and 900 ⁰C then under plasma promoted DRM
conditions and conversions were compared. Characterization was carried out
(DFTIR, TGA/MS, SEM) to identify any material changes following reaction.
Scope
Anthropogenic climate change is a hugely important topic in current times, the
release of greenhouse gasses into the atmosphere due to combustion of fossil fuels
is the major contributor to this and CO 2 concentrations are currently over 400 ppm
[1]. CH 4 extracted at remote oil exploration sites is considered too expensive and
hazardous to store and transport and is oftentimes combusted at source. This is a
waste of a valuable resource and contributes to rising atmospheric CO 2 levels.
The dry reforming process produces syngas (CO/H 2 mixtures) from CH 4 and CO 2
and syngas is a versatile feed stock for Fischer Tropsch and methanol synthesis [2].
If a simple, cost effective process can be found to produce syngas then the current
attitude towards CH 4 would change.
Experimental
The objective of this work was to synthesis a range of Al 2 O 3 supports with differing
morphologies [3, 4] to analyse whether morphology affected performance. Along with
γ-Al 2 O 3 pellets supplied by Jonhson Matthey, the supports were then wetimpregnated with Ni at 7 wt% and 14 wt%. After characterization by the abovementioned techniques, thermal DRM reactions were performed at 500 ⁰C, 700 ⁰C and
900 ⁰C. Each catalyst was then tested under plasma-promotion conditions. The
reactivities were then compared to determine whether plasma promotion produces
affects conversion or stability of the catalysts.

Characterisations

Figure 1 shows XRD patterns for the synthesized mesoporous Al 2 O 3 and the γAl 2 O 3 pellets with and without 14 wt% Ni loading. These show a crystalline structure
and match the profile for standard γ-Al 2 O 3 (JCPDS 29-1486).
No new peaks appear with the addition of Ni, indicating the particles are small and
well dispersed throughout the support. Figure 2 shows SEM images of the same
materials, γ-Al 2 O 3 (a) and 14% Ni/γ-Al 2 O 3 (c) show similar 2D flake-like structures,
with no significant change after Ni impregnation. Mesoporous Al 2 O 3 (b) shows 3D
spheres constructed of 2D micro-flakes.

Conclusions
Alumina catalysts with varying morphologies and Ni loadings were synthesised and
characterised with a range of techniques. The effects of plasma promotion on the
different catalyst’s reactivity in the DRM reaction were analysed.
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Influence of experimental parameters on the electrochemical
characterization of catalysts for the oxygen evolution reaction
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Conversion, Stiftstr. 34-36, 45470 Mülheim an der Ruhr, Germany; Anna K. Mechler,
Max Planck Institute for Chemical Energy Conversion, Stiftstr. 34-36, 45470 Mülheim
an der Ruhr, Germany

The increased need in developing sustainable energy sources triggered tremendous
efforts in the research on the production of hydrogen from water via electrolysis. It
can subsequently act directly as fuel or as an intermediate for further reactions. While
the cathodic hydrogen evolution half reaction is energetically more favorable, the
sluggish oxygen evolution half reaction on the anode acts as the limiting factor in the
overall process. Therefore, the development of catalysts materials facilitating the
oxygen evolution reaction is of high importance for future applications of this
technique.

A reliable and reproducible electrochemical characterization of the catalysts is of
equal importance as the often reported determination of structure and reaction
mechanism of the catalytic materials.[1] Several parameters that are not directly
related to the catalyst material itself can drastically influence the electrochemical
properties

toward

oxygen

evolution.

This

means

that

deviations

in

the

characterization protocol can make a comparison of results among different groups
very challenging.
We will discuss a standardized protocol for OER catalysts in alkaline media[2] and
present the influence of different experimental as well as well as preparation

parameters on the catalyst characterization. This comprises the use of binder
materials (Figure 1), measurement techniques, ink compositions, electrolyte
impurities, and catalyst/electrode pretreatment. It will be shown that a reliable
characterization of catalysts is possible, but needs careful consideration of all these
effects by external parameters.

Fig. 1: Linear scan voltammetry of NiCo-oxide on glassy carbon for different binder
materials. Experiments were performed with a rotational disc electrode in 1 M KOH.
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Synthesis and Investigation of Ni Supported on Ceria-Zirconia
Doped With Nb, Ti and Nb+Ti for Dry Reforming of Methane
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1. Scope
Dry reforming of methane is a perspective way to transform two greenhouse gases
as well as a model reaction for biofuels transformations. Ni-based catalysts have
been widely investigated because of their good compromise between high activity
and low price. The main weakness of such catalysts is the formation of carbon
followed by deactivation due to the blocking of active centers. A way to solve this
problem is to use oxides with high oxygen mobility as carriers for the gasification of
coke precursors. Ceria is extensively studied in the literature, and the oxygen storage
capacity of ceria can be increased through the insertion of various cations. In cases
where the size of the dopant cations (Zr, Ti,) is smaller than that of cerium, this leads
to the formation of longer or shorter bonds with the oxygen lattice, and, hence, to a
greater oxygen mobility [1].
In our work ceria-zirconia mixed oxides doped with Nb and Ti were synthesized,
characterized by physical-chemical methods and tested in dry reforming of methane
reaction (MDR).
2. Results and discussion
Ce 0.75 Zr 0.25 O 2−δ , Ce 0.5 Zr 0.5 O 2−δ , Ce 0.75 Nb 0.1 Zr 0.15 O 2−δ oxides were prepared by
Pechini and Ce 0.75 Ti 0.1 Zr 0.15 O 2−δ , Ce 0.75 Ti 0.05 Nb 0.05 Zr 0.15 O 2−δ by citrate method.
Organic precursors obtained by Pechini/citrate route were dried for 12 h and calcined
at 700°C for 2h. The 5 wt% Ni/ Ni/Ce-Zr-(Nb/Ti)-O catalysts were prepared by
impregnation of oxides with Ni(NO 3 ) 2 ·6H 2 O. The reaction of methane dry reforming
was carried out in a tubular quartz plug flow reactor using the feed of 15%
CH 4 +15%CO 2 +N 2 balance at 550-750°C and contact time 7.5 ms. The supports and
catalysts were characterized by XRD, FTIRS and Raman spectroscopy, BET, SEM
and TEM with EDX, XPS, H 2 -TPR.
According to XRD and Raman spectroscopy all samples are single phase mixed
oxides with pseudocubic fluorite-like structure.

As can be seen from the figure, the catalysts are activated in the flow of the reaction
mixture almost immediately, but in different ways. It is noticeable that short-term
stability tests reveal that methane conversion on Ni/ceria-zirconia samples including
Nb-doped (sample C) immediately reaches the maximum value, followed by
subsequent decreasing. At the same time, samples doped with Ti (D) and Ti + Nb (E)
are activated gradually, that may be due to the slow reduction of nickel due to the
strong interaction with the carrier. The highest conversion is achieved on a catalyst
doped with Nb, while the lowest deactivation rate is observed on a sample
simultaneously doped with Ti + Nb (E). The introduction of titanium and niobium
cations alters the electronic properties of oxides, contributing to the activation of an
oxidizing agent and an increase in the stability of these catalysts even at relatively
high concentrations of reagents.
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Figure 1. Methane conversion during catalytic DRM reaction over prepared samples. T=700 °С.

3. Conclusion
Single-phase samples of doped ceria-zirconia oxides were synthesized by modified
Peccini and citrate methods. Doping of nickel-loaded ceria-zirconia with niobium and
titanium has a positive effect on both activity and stability in MDR.
The work was supported by the Russian Science Foundation, Project 18-73-10167.
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Polyphenylene Supported Metal Catalyst for Hydrogenolysis of 5hydroxymethylfurfural
Qiming Wang1, Materials and Catalysis Laboratory, Department of Chemical
Engineering, University College London1, London1, UK1; Qiming Wang

The green conversion from nonedible biomass to renewable biofuel has attracted
attention in last decades as it is provide alternative route for the production of
transportation fuels and chemicals. It is a sustainable and cost-efficient route and
because the production of vegetals from biomass consumes CO2, it is more
environmentally friendly than the exploitation of conventional fossil fuel. 5hydroxymethylfurfural (HMF) serves as a particular bridges connecting biomass raw
materials to the biofuel, and heterogeneous catalysis plays a crucial role in this
reaction route. The catalyst performances are highly depends on the nature of active
site, the support-active site interaction and local coordination environment, and
obviously on reaction conditions.

Polyphenylene (PPhen) [1] support is found to serves as an excellent platform for
metal-catalyzed reactions, which can efficiently catalyze the reaction by providing a
“solvent”-like reaction environment and easily to active metal particles. Here we
described a polypheylene supported ruthenium (Ru/PPhen), cobalt (Co/PPhen) and
nickel (Ni/PPhen) and bimetallic (RuNi/PPhen) catalysts for the conversion of 5hydroxymethylfurfural (HMF) to 2,5-dimethylfuran (DMF). This support provides the
π-π stacking effect which helps to stabilized HMF and DMF on the surface,
preventing over hydrogenation. In the Hydrogenolysis of HMF, 6mg of catalysts were
examined respectively at operating pressure 10bar of hydrogen gas with
0.000213mmol of HMF added, notably, Ru/PPhen catalyst provided remarkably 92%
DMF yield, with 98% of selectivity, which outperforms the best performing systems in
the literature and provides an effective pathway for the conversion of biomass to fuel.

PPhen support was successfully synthesised by the cross coupling of 1,2,4,5tetrabromobenzene

and

benzene-1,4-diboronic

acid,

catalysed

by

tetrakis

(triphenylphosphine) palladium. The formed mixture was then heated at 100oC to
obtain a palladium free polymer (pure PPhen).

+ Pd nanoparticles

Scheme 1. Synthesis of the polyphenylene support shows that the Pd nanoparticles
are formed from the catalyst and are weakly boned at the surface of the
polypheylene. These are subsequently removed by leaching.

10%Ru/PPhen catalyzes the reaction effectively and have the potential for further
development into catalysts capable of large-scale applications. Considering the
potential value of PPhen material, further possible research on the PPhen support
includes looking into other metals or combinations of effective metals on the same
polymer substrate and their synergy with this material.
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3D Spatial Distribution of Carbon Deposits in an Industrial Catalyst
Particle Studied by Hard X-ray Spectro-Microscopy
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Carbon deposits in a heterogeneous catalyst are an unwanted side product of any
chemical reaction where hydrocarbons act as a reactant. The deposits can play
different roles and can cover the active sites of the catalyst or limit mass-transport of
reaction species to/from the active sites by pore-narrowing and pore-clogging.
In this work, we present a complex analytical approach, which is depicted and
described in Figure 1, combining differential synchrotron-based hard X-ray
holotomography (microscopy) and synchrotron-based X-ray fluorescence
tomography (spectroscopy) of the same catalyst particle. As a showcase example we
studied an individual Fluid Catalytic Cracking (FCC) catalyst particle, for which we
determined the 3D distribution of the carbon deposits within tens of nanometers
precision, imaged the macropore architecture of the catalyst body and correlated
carbon deposits with the 3D spatial distribution of the catalyst’s active sites as well as
the distribution of metal deposits (iron and nickel).
The FCC catalyst particle contained 2.37 vol.% carbon deposits, which were located
everywhere in the catalyst structure. The carbon deposits blocked the pore-mouths
on the particle surface, plugged the pores in the particle, lengthened diffusion paths
of the reaction species and caused a significantly reduced porosity in the center of

the particle. Lanthanum, used as a marker for rare earth exchanged USY zeolite
domains, evinced the highest selectivity (spatial correlation) towards the carbon
deposits. Domains of increased concentrations of Ni, which can act as a
dehydrogenation catalyst, showed higher spatial correlation with carbon deposits
than iron and much higher selectivity than the metal-free catalyst microstructure.
Correlative hard X-ray spectro-microscopy enables to quantify the pore-narrowing
effect caused by carbon deposits in an individual catalyst particle and to pinpoint a
relation between carbon deposits and complex catalyst microstructure.

Figure 1: Experimental workflow: (1) X-ray Holotomography (GINIX, Göttingen Instrument for NanoImaging with X-Rays) installed at the P10 beamline (DESY, Hamburg, Germany) acquires a
holotomography projections of the FCC catalyst particle mounted on a carbon tip. The acquisition was
performed using 1000 projection angles covering 180° at four different distances between sample and
detector. The transmitted signal was detected using a scintillator-based fiber-coupled sCMOS detector.
(2) After the first holotomography acquisition, the particle was calcined to burn off coke deposits.
During the calcination step the particle color changed from black to white evidencing the removal of the
carbon deposits. (3) After coke removal, the catalyst particle was again mounted and measured using the
same setup (4) for differential contrast imaging. After that the catalyst was imaged by XRF tomography
(5) at the P06 beamline (DESY, Hamburg, Germany), using a 200 nm focused X-ray beam and 120
projection angles covering 360°. The emitted XRF was detected by means of a Maia detector (6) and XRF
spectra were fitted to quantify the relative concentrations of the detected elements in every single pixel
and at each projection angle. (7) In the final step 3-D representations of the sample density as well as the
3-D distribution of coke deposits have been reconstructed from X-ray holotomography, and the 3-D
distribution of specific elements of interest has been reconstructed from XRF tomography.

Highly selective dehydration of 1,2-propanediol to propanal over
boron phosphate catalyst in the presence of steam
Ryoichi Otomo,1,* Chiaki Yamaguchi,2 Daiki Iwaisako,2 Shun Oyamada,2 Yuichi
Kamiya1; 1Faculty of Environmental Earth Science, 2Graduate School of
Environmental Science, Hokkaido University, Sapporo, Japan.
Corresponding author: Dr. R. Otomo, e-mail; otomo@ees.hokudai.ac.jp

Introduction
Since polyols can be produced in high yields
through the hydrogenolysis of cellulose and
glycerol [1], the selective conversion of polyols into
value-added chemicals is desired toward the
utilization of plant biomass. Dehydration of 1,2propanediol (1,2-PDO) to propanal (PAL) has
attracted research interest (Scheme 1), because
PAL is a potential intermediate material to obtain
bio-based chemicals. In the dehydration of 1,2-

Scheme 1 Reaction pathways for
dehydration of 1,2-PDO.

PDO, formation of by-products such as acetone,
allyl alcohol and dioxolane (DXO) were inevitable but should be suppressed.
Although various types of solid acid catalysts have been developed for the
dehydration of 1,2-PDO, it is still difficult to produce PAL in a sufficiently high yield.
Herein, we disclose that boron phosphate showed outstanding durable catalytic
activity for the dehydration of 1,2-PDO and achieved a high yield of PAL >95% [2].
Experimental
Boron, aluminum, iron, nickel and lanthanum phosphates (BP, AlP, FeP, NiP and
LaP) were prepared by standard methods and calcined at 350 °C in air prior to use.
Gas-phase dehydration of 1,2-PDO was conducted under atmospheric pressure
using a vertical fixed-bed flow reactor.
Results and discussion
Among various types of metal phosphate catalysts, BP exceptionally high catalytic
activity for the dehydration of 1,2-PDO, even though BP has a small number of
Brønsted acid sites (Table 1).

Upon increasing reaction temperature, BP

Table 1 Dehydration of 1,2-PDO over metal

showed higher yield of PAL and finally gave

phosphate catalysts with/without co-fed steam.

the yield of PAL reached 95% at 300 °C. It is

Entry

Catalyst

noteworthy

1

BP

2

BP a

3

BP b

4

AlP

5

that

BP

produced

only

a

negligible amount of other C3 products,
while other metal phosphates produced 10 –
25% yield of acetone and allyl alcohol.
Unexpectedly, we found that the catalytic
activity of boron phosphate was remarkably
enhanced in the presence of the co-fed
steam (Entries 2 and 3). This is because B-

Acid

Conv.

(mmol/g)

(%)

PAL

DXO

100

86

7

39

1

37

90
30

52

38

0.90

1

18

FeP

0.60

5

5

0

6

NiP

0.65

12

4

0

7

LaP

0.55

23

2

0

8

H 3 PO 4 /

0.60

30

2

27

SiO 2

0.25

Yield (C-%)

Catalyst, 0.2 g; W/F 27 g ‧ h/mol; 513 K, 0.5 h;
a
b
Without steam. 473 K; 473 K, with 20 Vol.%
steam.

O-P bonds on BP was partially hydrolyzed
to B-OH and P-OH groups by the steam during the reaction and the number of active
Brønsted acid sites was increased. As a comparison, H 3 PO 4 /SiO 2 was prepared. In
spite of its smaller number of Brønsted acid sites, BP showed much higher activity
than H 3 PO 4 /SiO 2 for the dehydration, suggesting that B-OH and P-OH groups on BP
cooperatively promoted the dehydration of 1,2-PDO. The co-fed steam also caused
the hydrolytic decomposition of DXO to PAL, resulting in improvement in the yield of
PAL.
Catalytic performance of BP was compared with those
of ZSM-5, SiO 2 -Al 2 O 3 , and Nb 2 O 5 that have been
reported to be highly active for the dehydration of 1,2-PDO
(Figure 1). BP constantly gave 100% conversion of 1,2PDO throughout 10 h. Initially the yield of PAL was >95%,
but thereafter gradually decreased and became constant
at ~70%. ZSM-5 initially gave 81% yield of PAL, but
severely deactivated. SiO 2 -Al 2 O 3 and Nb 2 O 5 showed
poor catalytic activity. Obviously, BP showed higher and

Figure 1 Dehydrationo f 1,2PDO over BP and conventional
catalysts. Catalyst, 0.2 g; W/F
27 g ‧ h/mol; 513 K; With 20
Vol.% steam.

more durable activity with higher selectivity to PAL than these conventional catalysts.
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Operando Quick-XAS S on Cu /Cu oxide foam for CO 2 RR
Alexandra Dworzak, Mehtap Oezaslan, Carl von Ossietzky University, Oldenburg, Germany

New and improved strategies to secure our global energy economy and chemical
industry in the future are needed due to the strong dependence on limited fossil
resources and the socio-environmental problems associated with increasing
anthropogenic emissions of CO 2 . To counteract this problem and simultaneously to
reduce the concentration of the CO 2 as well-known greenhouse gas, a very
promising route is the electrochemical CO 2 reduction reaction (CO 2 RR) into
hydrocarbons and alcohols. Different reaction mechanisms and kinetics for the
CO 2 RR are postulated.[1-3] In particular, the role of Cu oxide during the C2 formation
like ethylene and ethanol is poorly understood to date. Further critical issues are
addressed: (i) high overpotentials, (ii) broad product distribution, (iii) fast degradation
by catalyst poisoning and (iv) competition reaction at high cathodic potentials,
referred to as hydrogen evolution reaction.
Our work is focusing on the fundamental understanding about the mechanism and
kinetics for the CO 2 RR on nano-porous copper (np-Cu) foams derived from the Cu
oxide probed by Quick-XAS technique. The np-Cu foams prepared by dealloying of
Cu-based alloys or by electrodeposition exhibit large surface area-to-volume ratios,
improved catalytic performance and high C2 selectivity compared to a flat Cu
surface. The catalytic properties (activity and selectivity) can be controlled by the
pore size and curvature of the ligaments of the np-Cu. By using operando QuickX-ray absorption spectroscopy (XAS), we studied the various structures and
oxidation states of the Cu species in np-Cu foams as function of the applied potential,
kind of electrolyte and pH value during the CO 2 RR. In addition, we identified the
potential range for the catalyst aging via coarsening and suggest strategies to
stabilize the ligament structure and size of the Cu foams during the CO 2 RR.
Based on our operando XAS studies, we obtained a deeper insight to the mechanism
and kinetics of the CO 2 RR on porous Cu foams and clarified the role of Cu oxides for
the C2 production.
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Nature of the electrophile in liquid-phase phenolics-alcohol alkylation over
acidic zeolites
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Introduction
Biomass-derived phenolic oils, obtained from pyrolysis or hydrolysis of lignin, can be
catalytically converted to fuels and chemicals. One important class of reaction is acidcatalyzed alkylation between bio-sourced phenols and alcohols, producing alkylated
phenolics which can be used as specialty chemicals [1]. Meanwhile, the carbon
number in these phenolics falls in the desirable range for fuels and can be further
upgraded by deoxygenation catalysis on metal catalysts. This lecture aims to
highlight our recent efforts at deciphering several previously unresolved mechanistic
details of this old class of reaction within zeolite confines in the context of liquidphase processing.
Materials and Methods
A commercial BEA (Si/Al = 75, Clariant) zeolite in its protonic form was thermally
activated before catalytic reactions or NMR measurements. All chemicals (>98%
purity, or 99%

13

C-enriched 1-13C-labeled phenol and cyclohexanol in NMR

experiments) were purchased from Sigma Aldrich and used without further
purification. Alkylation reactions of phenol and cyclohexanol/cyclohexene were
performed with decalin as solvent in a 300 ml, gradientless autoclave reactor (Parr)
at 393−433 K while stirring at 700 rpm. Aliquots of liquid samples collected during
reaction were analyzed on Shimazu2010 GC and GCMS (QP2010S). In situ NMR
experiments were carried out on a Varian 500 MHz NMR spectrometer using a 7.5
mm HX MAS probe with a spinning rate of 3.1 kHz at a resonance frequency of 125.7
MHz.
Results

Preliminary experiments showed that Lewis acid sites were much less active than
Brønsted acid sites for the alkylation of phenol in decalin. With alcohol as the starting
alkylating reagent, multiple routes can generate the electrophile: (1) alkoxonium ion
from protonation of alcohol; (2) carbenium ion from alcohol-derived intermediates; (3)
carbenium ion from olefin re-adsorption and protonation. Alkylation can also proceed
via a concerted mechanism or ether rearrangement. For both ortho- and paramonoalkylation, the concentrations of 2-13C-cyclohexyl phenols were significantly
higher than 1-13C-cyclohexyl phenols (Figure 1). These results are consistent with readsorption and protonation of 1- and 3-13C-cyclohexenes at the BAS that forms more
2-13C-cyclohexyl carbocations than 1-13C-cyclohexyl carbenium ions. If phenol
reacted with the alkoxonium ion or carbenium ion directly generated from dehydration
of 1-13C-cyclohexanol before significant hydride shift had occurred, most of the Calkylation products should have contained 1-13C-cyclohexyl. Thus, electrophiles
directly produced from cyclohexanol (cyclohexyl cation or cyclohexonium) are not
able to account for the observed excess of 2-13C-cyclohexyl phenols. We will also
discuss other valuable mechanistic information extracted from the

13

C isotope

scrambling data (such as cyclohexene isotopomers).
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Figure 1. Evolution of

13

C labeled mono-alkylation products as a function of reaction

time monitored in situ by NMR. Data have been published in Ref. [2].
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Isolated Zr Surface Sites on Silica Promote Hydrogenation of CO 2 to
CH 3 OH in Supported Cu Catalysts
Erwin Lam, ETH Zurich, Zurich, Switzerland; Kim Larmier, ETH Zurich, Zurich,
Switzerland; Patrick Wolf, ETH Zurich, Zurich, Switzerland; Shohei Tada, ETH
Zurich, Zurich, Switzerland; Olga V. Safonova, PSI, Villigen, Switzerland; Christophe
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The increasing amount of carbon dioxide (CO 2 ) in the atmosphere has a direct
impact on global warming and is a direct consequence of the use of fossil fuels as
our main energy sources. One way to mitigate its increase is to incorporate CO 2 in a
carbon-energy-cycle and to transform it into more valuable compounds such as
methanol following the concept of the “methanol economy”.[1] The hydrogenation of
CO 2 to methanol is possible with Cu-based catalysts. Promising catalytic efficacy
(methanol activity and selectivity) can be reached by choosing specific metal oxide
supports, such as zirconia, while silica as a support favors the competing reverse
water-gas-shift reaction (RWGS), forming CO and H 2 O instead.[2] We have recently
shown that the improved activity and selectivity in zirconia-supported Cu
nanoparticles is due to the favored formation of CH 3 OH at the interface between
copper and zirconia.[3] In particular, it has shown that the role of Zr Lewis acid sites
at the surface of zirconia and in close proximity to the Cu nanoparticles, is to facilitate
the formation of formate and their conversion into methoxy species.
We reasoned that it is possible to tailor the activity of CO 2 hydrogenation catalysts by
selectively incorporating Zr(IV) species at the interface with the Cu particles. We thus
used a surface organometallic chemistry (SOMC) combined with a thermolytic
precursor (TMP) approach to generate first well-defined isolated Zr(IV) surface sites
on silica and then grow small and narrowly distributed Cu nanoparticles by grafting a
Cu molecular precursor followed by a treatment under H 2 . This material
demonstrates promotional effect in CO 2 hydrogenation at 230 °C and 25 bars,
providing increased activity and selectivity towards CH 3 OH formation in comparison
to benchmark Cu/SiO 2 catalysts. In addition, thanks to the presence of isolated Zr(IV)
surface sites, it is possible to monitor the coordination environment and oxidation
state of zirconium using in-situ and ex-situ X-ray absorption, NMR and IR
spectroscopy. This study allows rationalizing and understanding on a molecular level

the role of oxide supports in catalysis and provides guidelines to improve catalyst
design. [4]
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CO oxidation and CO-PROX on oxide-supported Au catalysts: Is the
impact of the H 2 on the CO oxidation dependent on the nature of the
support?
Cruz, A.R.M.; Gomes, J.F.; Assaf, J.M., UFSCar, São Carlos, Brazil
Introduction
Metal oxide-supported Au catalysts have been widely investigated because of their
good performances in low temperature CO oxidation reactions. The particle size as
well as the morphology and thermal stability of the Au particles were shown to be
dependent on the properties of the support

[1]

that, in turn, impacts on the catalytic

activity of these materials. Despite the large number of published papers about the
preferential oxidation of CO in H 2 -rich streams (CO-PROX) on Au catalysts, the
impact of the H 2 on the oxidation of CO is still controversial

[2,3]

. In the present work,

the oxidation of CO in absence and presence of H 2 on catalysts with nominally 1wt.%
of Au supported on CeO 2 , MnO 2 , SiO 2 and TiO 2 were evaluated.
Experimental
CeO 2 support, synthesized by the precipitation method, and commercial MnO 2 , SiO 2 ,
TiO 2 supports were used. Au catalysts were prepared by a modified depositionprecipitation method based on that of Zanella et al.

[4]

. The materials were studied by

XRF or ICP-OES, BET and, after applying the catalysts to the reactions, HRTEM
using HAADF-STEM. The catalytic performances were evaluated using a fixed bed
tubular reactor and a gas chromatograph Varian CP-3800.
Results and Discussion
The Au/CeO 2 catalyst showed 1.0 wt.% of Au and 58 m2/g cat of surface area, as
investigated by XRF and BET, respectively. It was not possible to evaluate the Au
particle size by HAADF-STEM results due to the lack of contrast between Ce and Au
atoms. The Au/MnO 2 catalyst presented 1.4 wt.% of Au and 6 m2/g cat of surface
area. The TEM image showed highly dispersed AuNPs on the support with a mean
Au particle size of about 6.2 ±1.7 nm. The Au/SiO 2 catalyst presented Au content of
0.25 wt.%, as investigated by ICP-OES, and a surface area of 265 m2/g cat . The TEM
result showed a broad distribution of Au particle sizes, varying between 10 and 30
nm. The Au/TiO 2 catalyst exhibited 1.0 wt.% of Au and 107 m2/g cat of surface area.
According to the TEM result, AuNPs were monodispersed on the support, with mean

particle size of 2.31 ± 0.44 nm. Although the same conditions were applied in the
synthesis of these catalysts, their properties varied significantly according to the
support.
The catalytic results of the investigated materials are shown in Fig. 1. In general, the
performance of the Au/CeO 2 , Au/MnO 2 and Au/TiO 2 in the oxidation of CO and COPROX were better than those of the corresponding pure supports. On the other hand,
Au/SiO 2 as well as SiO 2 were inactive in both reactions. By comparing the catalytic
behaviors of gold supported on MnO 2 and TiO 2 in the CO oxidation with those
corresponding to the CO-PROX reaction, one observes that for these materials the
CO conversion is generally lower in presence of H 2 . This is due to the fact that CO
and H 2 compete for adsorption sites

[2]

. In contrast, for the Au/CeO 2 catalyst, the

conversion of CO was improved in the presence of H 2 . This particular behavior is
consistent with the formation of
a

hydroperoxy

(HO 2 )

intermediate. This species may
easily oxidize CO, preventing
the catalyst deactivation by
Fig. 1. CO conversion as a function of the temperature for CO
oxidation (black curve) and CO-PROX reaction (red curve) on
oxide-supported Au catalysts indicated in the figure.
Reaction Conditions: 50 mg of catalyst; 1 atm; Flow: 50
mL/min: CO/0 /N = 2/1/22 (%) for CO oxidation; H /CO/0 /N
2

2

= 50/4/2/44 (%) for CO-PROX reaction.

2

2

water from hydrogen oxidation
and

enhancing

the

CO

oxidation rate [3].

2

Conclusions

Au/CeO 2 , Au/MnO 2 and Au/TiO 2 were active in the oxidation of CO and CO-PROX in
opposition to Au/SiO 2 . By comparing both reactions on each catalyst, we have
demonstrated that the impact of the H 2 on the CO oxidation over Au-based materials
depends on the support characteristics, although contributions of surface area, gold
content and particle size to the observed performances can not be discarded. For
MnO 2 and TiO 2 -supported Au materials, the CO conversion was generally lower in
presence of H 2 . Differently, for Au/CeO 2 , the conversion of CO in the CO-PROX
reaction was higher compared to that in the total oxidation of CO. Our results indicate
a difference in the mechanism of the CO-PROX reaction on these materials.
The authors would like to thank CNPq, CAPES and RCGI (grant n. 2014/50279-4).
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Recycling of spent FCC Catalysts –
Dissolution, Recovery, Resynthesis
Mathias S. Marschall, Malte Ritschel, Oliver Busse, Jan J. Weigand, Technische
Universität Dresden, Chemistry and Food Chemistry, Dresden, Germany

Nowadays, 2300 tons per day of spent catalyst in the Fluid Catalytic Cracking (FCC)
process are generated worldwide for the production of fuels and basic chemicals.[1]
As a result of the irreversible deactivation processes that takes place during the
cracking process (such as poisoning, fouling, etc.)[2] , this material is up-to know
considered useless for the further processes. The spent catalyst is currently either
recycled as waste in cement processing or stored in landfills. Therefore, harmful
pollutants leach into the environment and causes significant problems. So far spent
FCC catalysts are mainly recycled with respect to recover rare-earth metals that are
used as stabilizers.

An international research consortia teamed up to work on a project named ReCaLl
(Recycling of Catalysts Locally). ReCaLl intends to develop recycling concepts in
cooperation with a Vietnamese refinery group and other partners in order to further
utilize the matrix of spent FCC catalyst beyond only the recovery of the rare-earth
metals.[3] Thus, it is intended to either use the matrix for the synthesis of fresh FCC
catalyst in order to close a recycling loop or to synthesize value added products.
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Low Temperature Production of Oxymethylenethers (OME)
catalyzed by Heteropoly acids
Daniel Huth, Martin Lucas, Marcus Rose
Ernst-Berl-Institut für Technische und Makromolekulare Chemie,
TU Darmstadt, Germany.
Oxymethylenethers (OME) are a promising solution to reduce soot and NO x
emissions in Diesel engines.[1] These oligomeric hydrocarbons with a high oxygen
content

and

the

molecular

formula

CH 3 -O-(CH 2 -O-) n -CH 3

show

varying

physicochemical properties that depend on the chain length n. OME 1 and OME 2 can
be used as an additive which lowers the pollutant emission significantly. To meet the
specifications of pure diesel, OME 3-5 are suitable.[2] OME can be produced by
different routes that are all catalyzed by acids. Depending on the applied substrates
water is typically formed, such as in the condensation of methanol and formaldehyde.
Alternatively, OME 1 (methylal) is used and the chain growth is based on addition of
formaldehyde units. A commercial production of OME in China is mainly based on
acidic ion exchange resins as catalysts, while many other acidic catalysts have been
proposed and investigated already.[3]
In our work, we carried out an initial catalyst screening for the OME formation in the
water-free system of trioxane and methylal using various inorganic and organic solid
acids. The best catalytic results were shown by the heteropoly acid phosphotungstic
acid (H 3 PW 12 O 40 ; HPW). We optimized reaction conditions and found high
selectivities of OME 3-5 as well as high conversions of trioxane. The catalysts
exhibited an outstanding activity with full conversion of trioxane at reaction conditions
close to ambient temperature (30 °C) with catalytic amount of the active acid in less
than 10 minutes.[4] A detailed investigation of the reaction kinetics was carried out
and modelled accordingly. The Arrhenius parameters proved the exceptionally low
activation barrier. Hence, a highly efficient OME synthesis beyond conventional
zeolite and ion exchange resin-catalysis is enabled.
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Aqueous-phase alcohol dehydration on tungstated domains: effects
of domain size and support
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Introduction
When processing biomass-derived feedstocks at elevated temperatures in water or in
biphasic mixtures containing water, catalyst stability becomes an important factor.
Compared to zeolites and silica which substantially dissolve in hot liquid water,
structurally stable WO 3 is seen to play an important role in the catalytic conversion of
various biomass-derived feedstocks.[1] Despite its known strong acidity (comparable
to zeolites) that allows it to catalyze alcohol dehydration with high turnover rates in
the gas phase, the origin of its catalytic activity in aqueous phase is not
fundamentally understood. In particular, this study addresses the effects of surface
density and dispersion of WO x domains on different supports, which are compared
against observations reported for gas-phase alcohol dehydration reactions.[2]
Materials and Methods
A series of tungstate-based catalysts was prepared by loading different amounts of
WO 3 on various supports. As another means, a commercial tungstated zirconium
hydroxide (XZO1251/02 MEL Chemicals) was annealed at 600-900 °C in a static air
muffle furnace. NO x -TPD was performed to calculate the WO x -surface densities from
accessible ZrO 2 surfaces.[3] The catalytic activity of these materials for cyclohexanol
dehydration was evaluated in a 100 ml, gradientless batch reactor (Parr) under N 2
atmosphere (40 bar, 473 K, 700 rpm). The active sites were determined by a proton
exchange method established recently (unpublished results).
Results and Discussion
We first report dehydration rates and corresponding turnover frequencies (TOFs) as
a function of surface W density for a series of supported WO x catalysts on ZrO 2 .
Increasing the surface density of WO x -domains induced the agglomeration of monotungstate to larger WO 3 -crystallites, as often reported. Maximum mass-specific

dehydration rates were found at monolayer coverage of the tungsten domain (~5 W
nm-2), as shown in Figure 1. However, after normalizing to the concentration of
exchangeable surface protons, a nearly constant TOF was observed over this series
of catalysts, independent of the WO x surface density. This site-normalized rate was
significantly higher than that exhibited by the aqueous acids, indicating that the
hydronium ion catalyzed dehydration on these solids is indeed mediated through the
surface rather than catalyzed in a homogeneous fashion. In this contribution, we will
also present results concerning the profound support effects on the ability of WO x
domains to generate surface protons that become hydronium ions in the presence of
liquid water, as well as on the intrinsic catalytic activity of hydronium ion confined at
the solid-water interface. Altogether, the protocols designed to measure active sites
densities in the aqueous phase enabled a quantitative evaluation of catalytic
activities as a function of surface agglomeration states of WO x .
Dehydration rate (µmol s-1g-1)
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Figure 1 Rate of cyclohexanol dehydration as a function of WOx surface density for
a series of tungstated zirconia catalysts in aqueous phase (0.33 M, 200 °C, 40 bar).
A depiction of evolution of surface WOx domains is also shown.
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The effect of Pt and dopant M (Pr3+, Ti4+) in the Ce 1-xM x O 2-δ –
supported NiPt catalyst on the carbon pathways in the dry
reforming of methane studied by transient and isotopic techniques
M.A. Vasiliades, C.M. Damaskinos, K.K. Kyprianou, A.M. Efstathiou*
Heterogeneous Catalysis Lab, Chemistry Department, University of Cyprus, 2109, Nicosia, Cyprus

1. Scope
Dry reforming of methane (DRM: CH 4 + CO 2 ↔ 2CO + 2H 2 ) has reattracted much
attention in the recent past mainly due to the progress made towards the design of catalysts
with significant “carbon” resistance, and its benefits for utilizing natural gas rich in CO 2 or
biogas towards the formation of liquid fuels and useful chemicals. Improving the
understanding and quantifying the relative importance of each of the inactive “carbon”
formation routes becomes therefore a very important task. Methane decomposition (CH 4 →
C-s + 2H 2 ) and the Boudouard reaction (2CO ↔ C-s + CO 2 ) are considered as the main
sources of inactive “carbon” formation. Recent studies [1,2] on Ce 1-x M x O 2-δ (M = Y3+, Zr4+,
Pr3+) reducible metal oxides - supported Ni and bimetallic NiPt catalysts demonstrated the
very small amounts of deposited carbon and its relevant deposition rates (< 0.07 mg g cat -1 h1

) for long time-on-stream (ca. 50 h). The aim of the present work was to investigate (i) the

role of Pr3+ or Ti4+ dopant in the Ce 1-x M x O 2-δ (M = Pr3+ or Ti4+) used as carrier of 5 wt% Ni,
and (ii) the role of Pt used in the NiPt/Ce 1-x M x O 2-δ on the origin of carbon accumulation (CH 4
vs CO 2 activation), and the rates of “carbon” deposition (CH 4 decomposition, reverse
Boudouard reaction and the combination of two) and “carbon” removal (via the participation
of support's active mobile oxygen species) in DRM reaction conditions (T = 750 oC). The
importance of an alternative path of CO 2 activation on support’s surface oxygen vacant sites
was also probed. These investigations concerned the use of a powerful suit of transient
isothermal reaction experiments, including the use of

18

O 2 before DRM, and

13

CO 2 in the

DRM, and temperature-programmed oxidation (TPO). HR-TEM and SEM studies were also
employed to relate the effect of Ni and Pt on the morphological characteristics of inactive
“carbon”.
2. Results and discussion
The CeO 2 -doped supports (solid solutions, PXRD) were prepared by the modified citrate
sol-gel method, whereas deposition of 0.5 wt% Pt and/or 5 wt% Ni was made by the wet
impregnation method. Four catalytic systems were prepared, named: (A) Ni/CeO 2 , (B)
Ni/Ce 0.8 Pr 0.2 O 2-δ , (C) NiPt/Ce 0.8 Pr 0.2 O 2-δ , and (D) Ni/Ce 0.8 Ti 0.2 O 2-δ . HRTEM and H 2 -TPDs
suggested the formation of NiPt alloy. Fig. 1 reports the amount of inactive “carbon”
accumulated after 12 h in DRM at 750 oC (20% CH 4 /20% CO 2 /He). It is illustrated that 5 wt%

Ni/CeO 2 shows significantly larger rates of “carbon” accumulation resulting in 80 mg C g cat -1
after 12 h on stream. The amount of deposited “carbon” drops by a factor of ~ 2 in the case
of 20 atom-% Pr3+ doped CeO 2 (41 mg C g cat -1), and after the use of 0.5 wt% Pt led to the
remarkable decrease of ~ 60 times (1.4 mg C g cat -1). On the other hand, doping of CeO 2 with
20 atom-% Ti4+ resulted in ~ 320 times less accumulated “carbon” (0.25 mg C g cat -1 or 0.021
mg C g cat -1 h-1), which is considered, to the best of our knowledge, as one of the lowest
values ever reported, where at the same time, all other DRM performance parameters were
improved towards desirable values (e.g. H 2 /CO ∼ 1, increase of CH 4 -conversion and H 2 yield). This extraordinary decrease in “carbon” accumulation was found to be due to: (i) the
presence of a large pool of active oxygen in the support which participates to the gasification
of “carbon” towards CO, and (ii) the presence of surface oxygen vacant sites in the support
which participate in an alternative CO 2 dissociation route towards CO and lattice oxygen
(O L ).
Similar trend as that shown in Fig. 1 was obtained for longer times on stream (ca. 50 h).
-1

Fig. 1. Amount (mg C g cat ) of “carbon” formed after
o

12 h in DRM at 750 C.

Fig. 2 shows the

12

CO 2 and

13

CO 2 transient

response curves recorded during TPO (10%
O 2 /He) after 30 min in DRM (5%

13

CO 2 /5%

12

CH 4 /Ar) at 750 oC. The differences in the shape/position (kinetics of “carbon” oxidation),

and the area (amount of “carbon”) of
of

13

CO 2 (oxidation of

13

C-“carbon”) and

12

CO 2 (oxidation

12

C-“carbon”) traces among the catalysts are apparent. It is illustrated that “carbon”

deposition via CH 4 decomposition is dominant on all catalytic systems but to a different
extent. The introduction of Ti4+ in the crystal lattice of CeO 2 which led to the remarkable
decrease of “carbon” deposition was found to be derived almost exclusively via the CH 4
activation route, and only to a very minor extent via the CO disproportionation route.

12

13

Fig. 2. CO 2 and CO 2 traces obtained during TPO of “carbon” formed after DRM (with labeled
13
o
CO 2 ) at 750 C over (A) Ni/CeO 2 , (B) Ni/CePrO, and (C) NiPt/CePrO catalysts.
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Introduction
During Fischer-Tropsch synthesis (FTS) syngas is catalytically converted into wide
spectrum of hydrocarbons chain [1]. Depending on the process conditions and
the used catalysts, the reaction products spectrum can be shifted to alkenes and
alcohols [2]. In recent years a considerable interest was focused on FT metal/zeolites
catalysts because the presence of acid sites in zeolites could influence the activity
and selectivity catalysts in CO hydrogenation [3]. In this work we have investigated
the influence of the kind of used zeolite catalyst (monometallic CoSiBEA, FeSiBEA
and bimetallic FeCoSiBEA systems) and the content of active phase (cobalt or iron)
on the activity and selectivity towards liquid products in FTS.
Experimental
Cobalt and iron zeolite catalysts were prepared by two-step postsynthesis method
(Co x SiBEA and Fe x SiBEA). The bimetallic system iron-cobalt zeolite was prepared in
the following way: in first step the CoSiBEA zeolite was prepared by two-step
postsynthesis method and in the second step the prepared CoSiBEA zeolite was
impregnated with aqueous solution of iron salt (Fe(NO 3 ) 3 ). The physicochemical
properties of prepared catalysts were investigated by DR UV-vis, XRD, BET, H 2 TPR, TPD – NH 3 , FTIR. The catalytic activity test of FTS was carried out in a fixed
bed reactor using a gas mixture of CO and H 2 with a molar ratio 1:2 under pressure
30 atm and mass of catalyst 500 mg. The reagents were analyzed by gas
chromatograph. Before the catalytic test the catalysts were reduced in situ in H 2 flow
for 1 h. The catalytic tests were carried out for 24 h.
Results and discussion

The

catalytic

investigation

showed

that

the

most

active

catalyst

was

Red-C-Co 20 SiBEA, with CO conversion of about 90 % and selectivity towards liquid
products (saturated and unsaturated hydrocarbons C 6 – C 18 ) of about 85 %.
The carbon deposition was 10.8 - 12.4 %. Among of Red-C-Fe y SiBEA catalysts
the highest activity showed Fe 20 SiBEA with CO conversion of 62 % and selectivity
towards liquid products near 70 %. Among of liquid products the n-alkanes,
isoalkanes, olefins and oxidative products (alcohols, aldehydes, ketones) were
identified. The amount of carbon deposition on Fe y SiBEA was above 20.4 – 35.4 %.
Among of bimetallic system the most active catalyst was Red-C-Fe 10 Co 10 SiBEA with
CO conversion of 81 % and selectivity towards liquid products near 77 %.
The amount of carbon deposition on this catalyst was above 15.3 - 15.6 %.
It suggests that combination of iron (situated outside zeolite framework) and cobalt
(placed into zeolite framework) in one bimetallic zeolite system links the advantages
of cobalt and iron catalysts, while reducing their disadvantages (the selectivity
towards CH 4 and CO 2 is 2 times lower for FeCoSiBEA systems than for
monometallic CoSiBEA and the amount of carbon deposition on FeCoSiBEA is also
much more (2.5 times) lower in comparison to monometallic FeSiBEA).

Figure 1. The comparison of activity of monometallic CoSiBEA and FeSiBEA catalysts and
bimetallic FeCoSiBEA systems in Fischer-Tropsch synthesis.
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Characterization of NiMoO 4 /Al 2 O 3 catalyst tailored for lignin
depolymerization
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The depletion of fossil fuels as well as the increasing global warming confirms the
importance of finding alternative fuels in the near future. An increased number of
possible candidates for renewable resources has already been proposed over the
last decades.
Conventional pulp and paper industries generate a large amount of lignin as a
byproduct that is mainly used as low-quality fuel. Lignin is the second most abundant
natural polymer, and because of that, it is suggested to have great potential to being
used as a value-added chemical feedstock [1]. It is also the only natural source of
aromatics.
Ni promoted MoS 2 catalysts are well-established hydrotreating catalysts in the
conventional oil puriﬁcation, but these bimetallic catalysts have also shown to be
active in the depolymerization of lignin. To activate the hydrotreating NiMo catalysts,
the NiMo oxide is reduced and replaced by an active sulfidic phase. The oxidic phase
of the NiMo is therefore crucial for the sulfidation process and by that also the activity
of the catalyst. The main difference between the two oxidic phases of the NiMoO 4 is
the octahedral Mo6+ species that are formed in the α-phase while a tetrahedral Mo4+
species is formed in the β-phase.
Herein we present the characterization of the tailored NiMo/Al 2 O 3 catalyst that
successfully been used for the deploymerization process of lignin in the production of
biofuel. The STEM HAADF image and the STEM XEDS Ni and Mo maps show an
evenly dispersed Ni and Mo over the Al 2 O 3 substrate, ideal for optimizing the number
of active sites of the catalyst (Fig.
1a-e).
Figure 1. The STEM HAADF image a)
and the STEM XEDS Mo b) and Ni c)

maps indicating a well- dispersed Ni and Mo over the Al 2 O 3 substrate d-e).

To achieve information about the Mo and Ni composition and structure, a
combination of surface- as well as bulk sensitive techniques were used. The
Temperature-Programmed Reduction performed on the NiMo/Al 2 O 3 showed a sharp
reduction peak at 450 ⁰C which is attributed to the partial reduction of the octahedral
Mo6+, indicating an α-phase formation of the NiMoO 4 [2] (Fig. 2a). The reduction of
the Mo6+ in MoO 3 /Al 2 O 3 was observed at approximately 100 ⁰C higher temperature,
suggesting that Ni is promoting the reducibility of the Mo. The formation of the αNiMoO 4 is also in good agreement with the X-ray Photoelectron Spectroscopy
measurements, where a highly shifted Mo 3d peak is observed. The Mo 3d 5/2 peak
was deconvoluted with two components where the main component at 233.5 eV is
assigned to the Mo6+ in the α-NiMoO 4 (Fig. 2 c)[3].
The identification of the oxide phase that is formed on the NiMo/Al 2 O 3 is important for
optimization of the activation process of the catalyst.

Figure 2 a) H 2 -TPR of NiO/Al 2 O 3 , MoO 3 /Al 2 O 3 and NiMoO4/Al 2 O 3 b) Ni 2p 3/2 and c) Mo 3d XPS
spectra of NiMoO 4 /Al 2 O 3 catalyst. Both the TPR and XPS results indicate of well-mixed Ni and Mo,
forming α-NiMoO 4 structure.
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Possibility of processing plastic waste in the production of diesel
fuel
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Abstract
Fuel producers are forced to use a larger and larger amount of non-fossil sources
because of bioenergy sustainability policy developed by the Council of European
Union via directive 2009/28/EC. Nowadays biofuels of the first generation are the
most used, typically fatty acids methyl esters in diesel production. However this way
is not so perspective because of a reduction of indirect land use change (ILUC) for
biofuels, possibly starting from 1. 1. 2021. In this context, one of the possibilities is to
utilize the process of pyrolysis of waste plastics to produce a pyrolysis oil as an
alternative non-fossil fuel. We tested a fraction of middle distillates, derived from
pyrolysis of (I) sorted and (II) unsorted plastic waste. Two parallel tests were
performed on a HDS pilot testing units in down-flow mode. The standard test
conditions and a commercial catalyst (CoMo/Al 2 O 3 ) were used in co-process with
standard feedstock. The influence of addition of 5 wt% (I) and (II) on hydrotreating
conditions was monitored, especially the differences in catalyst activity and changes
in exotherm. The resulting qualitative parameters of the individual products were
assessed and compared to each other. Significant differences in the co-processing of
sorted and unsorted waste material is described.
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The present report summarizes the results obtained during a systematic study of
catalysts, their performances, fundamental principles of the selective CO
methanation reaction and reactor concept design. The most attention is concentrated
on chlorinated Ni/CeO 2 catalysts and the ability to transfer the properties of efficient
powder catalysts to structured modules.
Selective CO methanation is one of the promising methods for CO removal from
hydrogen–rich gas mixtures (reformate). Recently we have shown [1-2] that
powdered Ni/CeO 2 catalyst with chlorine addition showed the good performance and
was the most selective. This phenomenon could be explained by ceria surface
blocking by chlorine species and appropriate inhibition of CO 2 hydrogenation activity.
The methanation reactions of carbon oxides are highly exothermic. Therefore, the
design of the catalytic CO clean-up unit should provide sufficient heat removal from
the reaction zone for preventing formation of hot spots and ensuring precise and
reliable temperature control.
The use of a FeCrAl wire mesh with a η-Al 2 O 3 protective coating as a support of Clcontaining Ni/CeO 2 enabled production of a catalyst with the ability of high rates of
heat removal, that is similar in performance to the most efficient powder catalysts. [3].
The catalysts were prepared by incipient wetness impregnation of the CeO 2 powder
and η-Al 2 O 3 -FeCrAl wire mesh with an aqueous solution of ammonium chloride and
aqueous solutions of Ce(NO 2 ) 3 and a mixture of nickel salts (Ni(NO 3 ) 2 :NiCl 2 = 4),
respectively. The Ni loading in all samples was set to 10 wt.% with regard to CeO 2 .
The CeO 2 loading was 10 wt.% with regards to η-Al 2 O 3 /FeCrAl weight. For simplicity,
the Ni(Cl)/CeO 2 /η-Al 2 O 3 /FeCrAl wire mesh catalyst labeled as Ni/Ce/FCA.
The catalysts were characterized by BET, XRD, XPS, HAADF-STEM, EDX-mapping,
SEM, TPR, TPD techniques, FTIR in situ and CO chemisorption techniques.

For correct comparison of the powdered and structured catalysts, all experiments
were performed under similar conditions as described in [1-3]. The experiments were
carried out in a U-shaped reactor at 1 atm in temperature interval 180 – 330 °С.
Fig. 1a illustrates the temperature dependencies of the outlet CO concentration and
the CO selectivity of the CO selective methanation over powdered Ni/CeO 2 (Cl*) and
structured Ni/Ce/FCA catalysts. It is seen that the catalytic activity and selectivity of
both nickel catalysts is similar. The Ni/Ce/FCA catalyst can reduce carbon monoxide
concentration at temperature range from 230 to 290 °C to below 10 ppm with a
selectivity as high as 70%. According to the TEM and SEM data (Fig. 1b,c) the
surface structure of the structured Ni/Ce/FCA catalyst is like that of the powdered
chlorinated nickel ceria catalysts [2,3].

Fig. 1. The temperature dependence of the CO outlet concentration and CO selectivity (a) for the
selective CO methanation over the (■) Ni/Ce/FCA and (★) Ni/CeO 2 (Cl*) catalysts. Feed gas
−1 −1
composition (vol%): 1.0 CO, 65 H 2 , 10 H 2 O, 20 CO 2 with He as balance gas; WHSV: 29 L g h .
SEM (b) and TEM image (c) of the used Ni/Ce/FCA catalyst.

The microchannel wire mesh catalytic module based on Ni/Ce/FCA catalyst could be
recommended for 1–100 W e PEM FC systems. According to our estimations, the
structured Ni/Ce/FCA catalyst with the following parameters: volume 0.6 L, weight
480 g, and weight of catalytic coating 48 g, is capable to provide CO clean-up of
reformate gas for feeding a 1 kW е PEM FC system.
In the part of preparation and catalytic properties study the work was conducted within the framework of
budget project #АААА-А17-117041710088-0 for Boreskov Institute of Catalysis. In the part of catalyst
characterization the work was supported by RFBR project 18-33-00702 (M.V. Konishcheva).
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This work is aimed at solving an actual problem related to the utilization of CO 2 and
the involvement of CO 2 in chemical conversions for the synthesis of valuable
chemical compounds, such as methane and light hydrocarbons [1]. The increase of
CO 2 concentration in the atmosphere is considered as the main cause of the
greenhouse effect on the planet leading to subsequent climate changes. At the same
time, carbon dioxide (CO 2 ) is a promising raw material for the chemical industry and
energy. Thus, the hydrogenation reaction can solve both the environmental problem
(the reduction of CO 2 emissions and its recycling) and the energy problem (the
storage of hydrogen in methane and light hydrocarbons). Considering that CO 2 is
thermodynamically stable molecule, it is necessary to develop and study catalysts for
hydrogenation of carbon dioxide.
Thermally stable commercial Ce 0.75 Zr 0.25 O 2 (Ecoalliance. Ltd, Novouralsk, Russia)
was selected as the support carrier. For simplicity, the Ce 0.75 Zr 0.25 O 2 support labeled
as CZ. Catalysts were prepared by sorption-hydrolytic deposition as described in [2].
Catalysts contained Pt, Ru and Rh deposited on CZ particles in the amount of
0.1 mmol/g (1 wt.% Ru and Rh, 1.9 wt.% Pt) are further denoted as Ru/CZ, Rh/CZ
and Pt/CZ, respectively. This preparation procedure allowed to obtain catalysts with
high dispersion of metal particles.
The catalysts were characterized by BET, XRD, XPS, TEM, EDX-mapping and CO
chemisorption techniques. According to CO chemisorption data, the average size of
metal particles in the as-prepared Rh/CZ, Ru/CZ and Pt/CZ catalysts was 1.1, 1.2
and 1.8 nm, respectively.
Since the formation of CO is possible during the CO 2 hydrogenation, we also studied
the regularities of the reaction of CO and CO 2 . The experiments were carried out in a
U-shaped reactor at 1 atm in temperature interval 150 – 390 °С, at WHSV = 30 L⋅g-

⋅h-1 and feed gas composition (vol.%): 1.0 CO, 65 H 2 and He-balance; 1.0 CO 2 , 65

1

H 2 and He-balance.
The Fig.1 shows the temperature dependence of the conversion of CO and CO 2 and
TOF during the reaction of hydrogenation of carbon oxides. It is seen that the activity
of the catalysts in the hydrogenation reaction of СО and CO 2 decreases in the series
Ru/CZ > Rh/CZ > Pt/CZ. Hydrogenation of carbon oxides on the Ru/CZ catalyst
begins at 160°C, the main product of the reaction is methane. The complete
methanation of CO and CO 2 on the Ru/CZ catalyst occurs at a temperature of 250 °C
and 240°C, respectively. The full methanation of carbon oxides on the Rh/CZ catalyst
occurs at 260°C. The complete hydrogenation of CO on the Pt/CZ catalyst occurs at
370°C, with the formation of C 2+ hydrocarbons (0.22 vol.% at 280°C). Hydrogenation
of CO 2 occurs at a higher temperature. When hydrogenating CO 2 , CO is formed (0.5
vol.% at 310°C), which is then hydrogenated to methane.

Figure 1. The temperature dependencies of the CO (a) and CO 2 (b) conversion and
Arrhenius plots of turnover frequencies of melal surface atoms (TOF) (c) for the CO
(filled symbols) and CO 2 (open symbols) methanation over Ru/CZ (★), Rh/CZ (●) and
Pt/CZ (▲) catalysts. Feed gas composition (vol. %): 1.0 CO, 65 H 2 and He-balance;
1.0 CO 2 , 65 H 2 and He-balance. WHSV: 30 L⋅g-1⋅h-1.
Thus, Ru/CZ and Rh/CZ catalysts were the most active in the methanation reaction
of CO 2 . However, further studies are needed to study the possibility of obtaining light
hydrocarbons (C 2+ ).
The work was supported by RFBR project 18-33-00702.
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Noble Synthetic Process of Alloy Nano Particles
for Catalytic Application
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More than 85% of chemical processes are catalytic processes, where more than 85%
of them use heterogeneous catalysts. In those chemical processes, the synthesis of
the highest performance catalysts with lowest cost is still a major concern for catalyst
researchers. Particularly, in a fuel cell (fuel cell) system or a hydrogen production
process (hydrogen evolution reaction, HER), noble metals such as Pt, Pd, Rh, and
Au exhibit excellent activity. In this study, we propose a process to synthesize alloy
nanocatalyst of uniform size for the purpose of improving the activity of noble metal
alloy catalyst with reduced manufacturing cost.
The wet impregnation method, which is most commonly used for catalyst production,
is advantageous for synthesizing a large amount of catalyst at a low cost, but there is
a limit in synthesizing a highly dispersed uniform nanocatalyst. In this study, the
synthesis of alloy catalysts was controlled at atomic level by using chemical vapor
deposition (CVD) method. As a result, a Pt-Co nano-alloy catalyst having a perfect
Pt3Co structure was synthesized at a temperature of about 500 ° C., which is about
200 to 300oC lower than that of the conventional catalyst. In addition, NiP
nanocatalysts, which are active in HER reaction, were synthesized by utilizing the
ingredients contained in the natural plant materials themselves. Each of the catalysts
was subjected to fuel cell electrode performance test and HER performance test, and
the structure of the catalyst was analyzed by using TEM, STEM, EELS, XPS, XRD
and the like.
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Introduction
The Sabatier reaction is a promising solution for the storage of renewable energy into
methane, a widely used energy carrier. Furthermore, the use of CO 2 coming from
atmosphere or industrial emissions can ideally close the carbon balance of the
energetic applications, allowing a more sustainable use of the energetic resources
[1]. The application of the Sabatier reaction for production of energy carriers is
affected by special requirements and constraints, related to the specifications
required for the use of the products of the reaction. In particular, the content of
hydrogen should be below a certain threshold (usually <2% mol/mol) and the heating
value of the produced gas should be high enough to avoid problems in the burners
used for combustion [2]. For this reason, the Sabatier reactor must be designed in
high detail and the equipment must guarantee a high conversion value (above 99.5
%).
Computational details
For the study the catalytic systems considered are Ru/Al 2 O 3 and Ni/MgAl 2 O 4
respectively. Kinetic models for the Sabatier reaction over these two catalysts are
available in literature [3,4]. The reactor is simulated with a 1D heterogenous PFR
model.
Results
According to our calculations, the Sabatier reactor can be divided into three zones
with different heat requirements: a first zone, where the reaction must be started by
reaching the minimal temperature, a second zone, where the reaction rate is high
and cooling is determinant to remove the reaction heat, and a third zone, where the
heat removal and reaction rate must be adapted to reach high conversion [5]. The
difference between the two catalysts changes according to the specific zone of the
reactor (figure 1). In the first area the main difference is the diverse reaction
activation temperature: the reaction over Ru activates at ca. 100 °C less than Ni. This

is in line with what experimentally observed [6]. However, the lower reaction rate on
Ni allows an easier control of the reaction and the reach of the thermodynamic
equilibrium at lower temperature and thus higher conversion value. In the second
area, the trajectories in the space state coincide, because they follow the
thermodynamic line and the reaction rate is controlled by cooling. This area
corresponds to ca. 30 % of the residence time based on the Ru line. In the third area,
the reaction rate on Ni is too low, so that the required conversion cannot be reached.
In order to overcome this limitation, a more complex reactor (e.g. with intermediate
condensation) must be employed. If a single reactor is used, only Ru can be
employed to reach high conversion. In our presentation, we will outpoint the
development of a reactor using a first Ni bed followed by a Ru section, which reaches
the required conversion by limiting the catalyst cost.

Figure 1 Comparison of the trajectory in state space for a Sabatier reactor working with a Ni or Ru catalyst
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The prevention of catalyst poisoning in such processes of oil refining as
hydrotreating, catalytic reforming etc. is a task of much interest. Catalysts are
poisoned by very small amount of contaminants that can be found in crudes and
distillates. For example, metals like Ni, V, Na, and Fe are well-known catalytic
poisons and they are removed successfully. However, there are some non-obvious
elements that also poison the catalyst. One of them is arsenic which cause serious
damage to the hydrotreating catalysts. Arsenic is a true catalyst poison as it
chemically reacts with active catalytic sites (nickel and cobalt sulfide) transforming
them into NiAs or CoAs [1]. Thus it becomes obvious that special guard catalysts or
even guard reactors are needed in order to treat poisonous arsenic. Current arsenic
removal sorbents are comprised of Ni–Mo supported on Al 2 O 3 [2]. However, arsenic
can remain in the guard reactor effluent either through incomplete sequestering of
the arsenic in the guard reactor or by leaching of arsenic from the sorbent material.
In our work we have synthesized a number of guard layer catalysts that can
remove arsenic from diesel fractions. We used mesoporous materials (SBA-15, AlTUD and MCF) as a support for the catalyst to improve its sorption capacity and to
reduce the diffusional limitations for bulky molecules. Arsenic removal process was
carried out in a flow unit with fixed bed reactor. To simulate contaminated fuel, we
added triphenylarsine into diesel fraction (5 ppmw As). It was shown that synthesized
catalysts supported on mesoporous materials decrease arsenic content to level of
0.04 ppmw and can be applied in industrial hydrotreating units as a guard layer
catalysts.
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Introduction
The design of new kinds of reactors for catalytic applications has attracted much
attention in the last decade. Due to their high surface areas, the micro-structured
reactors offer high heat/mass transfer coefficients and short contact time which
results in a better control of the reaction conditions. These characteristics are
essential for a precise control of the temperature and products distribution. Moreover,
the metallic microreactors have supplementary advantages such as high thermal
conductivity, high mechanical resistance and the possibility to adopt different
geometry and configurations. The present work is concerned with the preparation,
characterisation and activity of Pt/La/HAP films deposited onto stainless steel
microgrids in the WGS reaction (in the presence of H 2 and CO 2 ). Their
characterisation involves BET, SEM, XRD, H 2 -TPR, CO-TPD, CO 2 -TPD, H 2 -TPD,
UV-visible and XPS techniques.

Experimental
In the present work the deposition of a hydroxyapatite film over stainless steel microgrids was carried out by using a modified version of the methods mentioned in the
literature [1,2]. SEM microscopy and adhesion tests show that homogeneous and
well adhered Pt/La/HAP films were deposited onto the used stainless steel
microgrids (Fig. 1). Table 1 reports characterization and activity data corresponding
to the investigated materials. A study on the promoting effect of lanthanum on the
behaviour of the Pt/HAP system shows an eminent enhancement of its catalytic
performance in the WGS reaction with the addition of La (Table 1). This improved
performance is linked to suitable textural, structural and chemical properties,
provided by La, which make the Pt active sites highly sintering-resistant. In
accordance with a preliminary study, when deposited on the MG microreactor, the

Pt(1)/La(1)/HAP film demonstrated high stability and successfully withstand the shutdown/start-up conditions after three cycles operation (Fig. 2). Moreover, the
investigated microreactor appears to be suitable for the determination of the kinetic
parameters of the WGS reaction. The observed reaction rates fitted to an empirical
power-law rate expression. According to the latter, the WGS reaction is 0.4, 1.0, -0.3,
and -0.7 order with respect to CO, H 2 O, CO 2 , and H 2 , respectively.
Table 1. Characterization and activity data for the Pt/La(x)/HAP catalysts
Samples
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Fig. 1. SEM micrograph for Pt(1)/La(1)/HAP
film deposited onto SS316 micro-grids

Fig. 2. Cyclic shut-down/start-up study
Pt(1)/La(1)/HAP-MG.
(4%CO/23%H 2 O/8%CO 2 /38%H 2 /23%He)
−1
−1 −1
(GHSV = 3120 h , WHSV = 139000 ml g h ).
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Introduction
Currently, due to the growing environmental concern over greenhouse gases,
the dry reforming of methane (DRM) has attracted increasing attention in syngas
production (CO + H 2 ). The main problems in DRM are the large formation of carbon
deposition over the catalyst and the metal sintering [1]. In an attempt to overcome
these problems, different supports consisting of mixed oxides with stable structure
such as pyrochlore (A 2 B 2 O 7 ) and perovskite (ABO 3 ) types have been developed
[2,3]. The pyrochlore structure presents interesting properties such as the possibility
of substitution of transition metals at the B site and the oxygen mobility due to the
vacancies created during the synthesis [2] and the perovskite structure produces
catalysts with very small and highly dispersed metal particles [3]. All these properties
lead to a material with greater stability and resistance to the carbon formation [2,3].
In the present work the catalyst La 2 Ce 2-x Ni x O 7-λ was synthetized by sol-gel
method [1] with 0, 1, 3 and 5 wt% of Ni, represented here by LCNx, where x is the
amount of Ni. The samples were characterized by X-Ray diffraction (XRD),
temperature-programmed reduction (TPR) and thermogravimetric analysis. The
catalytic activity was tested at 850°C during 7 hours. The samples were reduced in
situ at 750°C for 1 hour under H 2 flow of 30 mL/min at a heating rate of 10°C/min.
The catalytic tests were performed with 100 mg of catalyst, with continuously feeding
of CH 4 and CO 2 at a flow rate of 15 mL/min for each gas.
Results and Discussion
The XRD spectra of all freshly calcined samples showed typical diffraction
peaks of the La 2 Ce 2 O 7 structure (ICSD 188491). However, besides this phase, the
addition of Ni led to the partial segregation of this metal with La in the LaNiO 3
perovskite phase (ICSD 173477). Furthermore, two main reduction peaks with the
profile characteristic of perovskite reduction were observed through the TPR analysis
in all Ni-containing catalysts. Nevertheless, if the perovskite was the only phase in
the samples with the possibility of reduction, the ratio between the intensities of the

second and the first peaks should be 2 [4]. However, this behavior is not observed,
suggesting the presence of other reducing species along with the first stage of
perovskite reduction. The extra consumption of H 2 could be related to the reduction
of Ni in the pyrochlore structure or the reduction of well dispersed NiO, not detected
by XRD, due to the resolution range of this equipment.
Figure 1 shows the conversion of the reactants as a function of time. The
support LCN0 did not show any catalytic activity. The increase in the Ni load led to an
increase in the conversion of the reactants as expected, and the LCN5 catalyst had
the higher conversion as well as stoichiometric conversion, which was not observed
in the LCN1 and LCN3. This suggests that the surface composition of these two
catalysts tend to favor parallel reaction such as reverse water-gas shift, since the
formation of water during reaction was observed only in these two catalysts.
Furthermore, all materials did not show deactivation profile in both CH 4 and CO 2
conversion over time, differently
from

using

pure

LaNiO3

perovskite that deactivates due
to deposition of carbon on the
surface of the catalyst [4]. After
the test performed for 7 hours,
the

Temperature-Programmed

Oxidation showed no significant
amounts of deposited carbon
(<2% in 7 h).

Figure 1. Conversion of the reactants as a function of time.

Conclusions
The pyrochlore-perovskite system as far as known has not been applied to
DRM. In this work, this system proved to be promising for application in this reaction,
especially the catalyst LCN5, which presented good stability during 7 hours of
analysis with high catalytic activity (~93%).
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Introduction
The selective oxidation of carbon monoxide in hydrogen-rich streams (PROX) is a
key reaction of the future hydrogen economy based on proton-exchange membrane
fuel cells. It indeed allows removing traces of CO present in the hydrocarbon-based
hydrogen fuel before it enters the cell, thereby avoiding poisoning and deactivation of
the electro-catalyst which compromises the fuel cell viability [1]. The overall efficiency
of the process is however critically dependent on the selectivity of the reaction.
Oxidation of the hydrogen fuel must be avoided. Conventional oxide-supported
catalysts are poorly selective due to their inherent ability to oxidize hydrogen via the
terminating hydroxyl functions of the support [2, 3]. We have been developing PROX
catalysts supported on OH-free, hydrophobic materials for 10 years, overcoming key
synthetic challenges regarding metal deposition efficiency and particle size control
[4]. This has allowed us to show for example that commercially available methylated
silica yields more selective and more durable gold catalysts for PROX [5, 6] and
other reactions [7, 8]. Here we will present the specific features of graphene-based
PROX catalysis using platinum nanoparticles (Pt NPs) [9].
Experimental
A series of catalysts were prepared by NaBH 4 reduction of K 2 PtCl 4 in the presence
of high purity natural graphite (Alfa Aesar, 99.9999%) in DMF, using a modified
sonication method [4] and varying the Pt content from 0.2 to 11 wt.%. The catalysts
were characterized by TEM, XRD, TPR, XPS, and tested for PROX in a fully
automated fixed-bed flow reactor (i.d. 10 mm, 26 mg Pt/graphene composite,
1%CO/1%O 2 /24%H 2 in He, 100 mL min-1, 1 atm, GHSV ~ 15,000 h-1, from 20 to
300°C, 1°min-1) on-line connected to a Compact Gas Chromatograph (Interscience).
Results and discussion
The as-dried composites exhibit a highly exfoliated graphitic structure essentially

made of bi-layer graphene (Figure 1a) and containing 2.0 ± 0.6 nm Pt NPs, whatever
the Pt loading. Pt NPs are essentially found at the edges of graphene sheets. It is
consistent with the recently observed nucleation and growth of M NPs on “defective”
terminating graphene sites [10]. It is explained by the absence of in-plane graphite
functionalization. These composites exhibit an intrinsic activity for the overall PROX
reaction, which is close to that of the silica-based EuroPt-1 benchmark. However,
they exhibit a much higher selectivity towards the oxidation of CO (Figure 1b), which
can be tuned by the O/Pt ratio of the composite, as determined by XPS.
(b)

Selectivity to CO2 (%)

(a)

100
90
80
70
60
50
40
30
20
10
0

EuroPt-1 (6.3% Pt(1.8 nm)/SiO2)

10 20 30 40 50 60 70 80 90 100
O2 conversion (%)

Figure 1: (a) TEM picture of 5.3wt.%Pt/graphene (b) Selectivity to CO 2 observed in PROX over
Pt/graphene with 0.24 wt.% (), 1.7 wt.% (), 5.3 wt.% () and 11.0 wt.% () Pt.

Conclusion
By tuning the Pt content, a state-of-the-art 80% selectivity for CO 2 at 50% O 2
conversion may be achieved by Pt/graphene in PROX, surpassing that of EuroPt-1.
References
[1] S. Ivanova, V. Pitchon, C. Petit, V. Caps, ChemCatChem 2 (2010) 556.
[2] C. Pedrero, T. Waku, E. Iglesia, J. Catal. 233 (2005) 242.
[3] K. Liu, A. Wang, T. Zhang, ACS Catal. 2 (2012) 1165.
[4] F. Vigneron, A. Piquet, W. Baaziz, P. Ronot, A. Boos, I. Janowska, C. Pham-Huu, C. Petit, V.
Caps, Catal. Today 235 (2014) 90.
[5] D. Gajan, K. Guillois, P. Delichère, J.-M. Basset, J.-P. Candy, V. Caps, C. Copéret, A. Lesage, L.
Emsley, J. Am. Chem. Soc. 131 (2009) 14667.
[6] P. Laveille, K. Guillois, A. Tuel, C. Petit, J.-M. Basset, V. Caps, Chem. Commun. 52 (2016) 3179.
[7] K. Guillois, L. Burel, A. Tuel, V. Caps, Appl. Catal. A 415-416 (2012) 1.
[8] K. Guillois, S. Mangematin, A. Tuel, V. Caps, Catal. Today 203 (2013) 111.
[9] ANR-funded PICATA project (ANR-14-OHRI-0005-01).
[10] M. Carosso, A. Lazzarini, A. Piovano, R. Pellegrini, S. Morandi, M. Manzoli, J. G. Vitillo, M.
Jimenez Ruiz, C. Lamberti, E. Groppo, Faraday Discus. 208 (2018) 227.

Low-temperature steam reforming of flare gases to methane-rich
mixtures under extremely low steam to carbon ratios
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Nowadays, there is an urgent problem of gas flaring all over the world. Billions of
cubic meters of gas are wasted in flare installations due to the lack of required
transportation or refinery infrastructure or economical inefficiency. This includes
associated petroleum gas (APG), separation gas from gas conditioning units at offshore fields, shale gas and plant gas. These multi-component gas mixtures
predominantly consist of methane and its homologues with some inert components
such as CO 2 , N 2 and can neither be pumped to pipelines due to high dew point
temperature, nor directly used as a fuel for internal combustion engines (ICE) due to
high calorific effect (NCV) and detonation risk. Thus, an alternative way of APG
utilization is necessary.
Low temperature steam reforming (LTSR) of flare gases (FG) represents a promising
method of FG utilization. The process occurs at 250-350 °C and low steam to carbon
molar ratio H 2 O/C C2+ 0.5-1 (Fig. 1a) and therefore differs from conventional prereforming. Overall process convert C 2+ -hydrocarbons into CH 4 , CO 2 and H 2 , which
results in lowering net calorific value, Wobbe index and dew point temperature of the
gas obtained.

Fig. 1. (a) Critical conditions for carbon formation during LTSR of model propane (33
vol.%) – methane (67 vol.%) mixture. (b) Temperature dependencies of outlet
concentrations (on dry basis) for steam reforming of C 2 H 6 , C 3 H 8 , C 4 H 10 and C 5 H 12 .

Inlet gas mixture (vol.%): 58.4 CH 4 , 0.6 C n H 2n+2 , 41 H 2 O. P = 1 bar, GHSV = 3000 h.
However, complete conversion of C 2+ -hydrocarbons leads to excessive dilution of

1

methane by CO 2 and H 2 according to equilibrium product distribution and to
insufficient energy content of gas for fuel applications. In this case, kinetically
controlled partial conversion of ethane and propane provides a way to obtain
methane-rich mixtures with desired calorific properties for various applications. This
idea was verified experimentally. The reactivity of hydrocarbons under lowtemperature steam conversion conditions was shown to increase in the order: C 2 H 6
< C 3 H 8 < n-C 4 H 10 < n-C 5 H 12 (Fig. 1b), making background for preferable conversion
of butanes and pentanes and production of methane-rich mixtures with low dew point
temperature and sufficient energy content.
Kinetic study of C 2 H 6 -C 5 H 12 low-temperature steam conversion was performed. A
simple macrokinetic model, which included irreversible first-order kinetics for C 2 H 6 C 5 H 12 steam conversion and quasi-equilibrium mode for CO 2 methanation, was
suggested. The model adequately described the experimental data on the conversion
of model flare gas mixtures at various temperatures and flow rates and was applied
to predict reaction conditions which would allow obtaining methane-rich mixtures with
the desired properties for various applications from APG of different fraction C 2+ hydrocarbons. Fig. 2 represents an example of such calculation for “light APG”.
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Fig. 2. Calculated area of reaction conditions that allow obtaining product gas
mixtures which meet the requirements on natural gas according to the standard of
"Gazprom" company (Russian Federation). Only dry gas is taken into account.
H 2 O/C C2+ = 0.7, P = 1 bar. Inlet gas mixture (vol.%): (vol.%): 86.5 CH 4 , 5.6 C 2 H 6 , 4.9
C 3 H 8 , 1.2 C 4 H 10 , 0.50 Σ-C 5+ , 0.6 CO 2 , 0.8 N 2 .
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Introduction
The CO 2 methanation reaction is of interest for its role in the power-to-gas concept.[1]
Besides a decent catalyst activity, the high exothermicity of the reaction (ΔH R 0 = 165
kJ mol-1) leads to a demand for highly thermostable catalysts for industrial fixed bed
application to avoid excessive catalyst deactivation,[2] and to increase catalyst
lifetime. Fe has been claimed to enhance the activity and stability of Ni-based
catalyst systems,[3] but the promoting mechanisms in particular for the increase in
catalyst life time are not yet clear.[4] When applying conventional catalyst preparation
techniques like impregnation or (co-)precipitation, the promoter is distributed on the
catalyst surface or within the catalyst structure, and the location of the promoter
relative to the active metal centers and its oxidation degree are generally unknown.
Therefore, this work addresses the investigation of the promoting effect of Fe on an
oxide supported nickel methanation catalyst, where iron is selectively doped to prereduced Ni-nanoparticles in three different ways: (i) chemical reaction of
organometallic precursors with metallic Ni surfaces (“Surface Organometallic
Chemistry” approach), (ii) adsorption of Ni-Fe colloids onto the support, and (iii) by a
surface redox reaction technique. The preparation and investigation of such model
systems is shown to lead to a better understanding of the promoter effect.
Experimental
Ni/Al 2 O 3 catalysts were prepared by impregnation, deposition precipitation or coprecipitation (pH 9, 30 °C) with varying nickel loadings (10 or 50 wt%). Bimetallic
model catalysts are prepared by (i) reaction of an iron(II) amido complex with the Hcovered surface of a nickel catalyst (Fig. 1) and by (ii) adsorption of colloidal
bimetallic Ni-Fe nanoparticles on the oxide support. (iii) For the surface redox
reaction, Fe3+ ions dissolved in EtOH react with Ni atoms on the activated Ni/Al 2 O 3

catalyst. The Fe species are deposited at the sites, where the electrons are supplied,
or maintain in solution as Fe2+, while the oxidized Ni2+ ions go into solution. The
catalysts were structurally characterized and tested for activity under differential and
integral conditions and for thermal stability (aging at 500 °C, 8 bar, 32 h) in the
methanation reaction of CO 2 (“inert” transfer to the micro-reactor).

Fig. 1: Targeted doping of a nickel
catalyst with an
organometallic iron complex.

Results and Discussion
All three synthesis methods led to selectively Fe-doped metallic Ni centers on
Ni/Al 2 O 3 catalysts. Material characterization studies comprising H 2 and CO 2
chemisorption, ICP-OES, XRD, Ferromagnetic Resonance (FMR) and BET show that
Fe can be selectively deposited in the vicinity of Ni nanoparticles. Doping with Fe
leads to an increase of the catalytic activity at low Fe loadings, attributed to electronic
effects through the formation of Ni-Fe alloy particles, and to an enhancement in
thermal stability at higher Fe loadings, which is assumed to be caused by a dynamic
variation of the Ni and Fe metal interactions depending on the reaction conditions.
This holds in particular for co-precipitated NiAlO x (n Ni /n Al = 1) catalysts modified with
Fe by means of the surface redox reaction technique. Additional effects like a strong
and unexpected influence of the solvent used for Fe doping by the surface
organometallic chemistry route and adsorption characteristics of preformed Ni-Fe
colloids make the situation more complex for the two other synthesis methods.
Nevertheless, it can be demonstrated that the application of different synthesis routes
to alloyed metal nanoparticles and careful interpretation can be a valuable tools for
deeper understanding of promoter effects and structure-activity relationships in the
hydrogenation of carbon dioxide.
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Introduction
Lately, metal-organic frameworks (MOFs) – a class of very versatile compounds due
to their exceptionally high surface area and tunable porous structure, as well as their
structural diversity [1,2] – have known a growing interest, especially in respect to
their applications in adsorption processes, storage and separation of gases,
molecular sensing, catalysis, etc. For catalytic applications, MOFs are of great
interest due to the diversity of catalytic functionalities which can be introduced in
precise locations during synthesis or post synthetically [3]. On the other hand, the
gas sorption and storage capacity of the MOF scaffolds can be advantageous for
catalytic applications, mostly for reactions involving gaseous reactants and/or
products, leading thus to the gas sorbent role of a MOF based catalyst, besides the
catalytic role. Considering the CO 2 methanation process, the sorbent role of the
catalytic support might be crucial considering that the activation of CO 2 occurs on the
support surface [4].
The aim of this work is to report the synthesis and characterization of MIL-101
based catalysts, considering two approaches for the catalytic support: (1) either use
of bulk MIL-101 scaffold, or (2) immobilized MIL-101 on γ-Al 2 O 3 by macrostructural
templating. For catalytic applications, immobilization of MOFs on porous supports
(i.e. alumina) has several important advantages, such as: (a) enhanced mechanical
stability; (b) effective use of catalytic active material; (c) enhanced diffusion and/or
minimized pressure drop along the packed bed [2].
Experimental
Both MIL-101 and MIL-101/γ-Al 2 O 3 were synthesized by a green synthetic path,
using only water as solvent, and the precursors in equimolar ratio (CrCl 3 and
terephthalic acid). In the case of immobilized MIL-101, a selected amount of γ-Al 2 O 3
was placed inside the autoclave, in order for the MOF structure to grow on the

alumina pellets. Ni nanoparticles (NiNPs) were subsequently deposited inside the
pores of the MIL-101 based supports using the “double solvent” (DS) method (target
concentration of 10 wt.%). Characterization of MIL-101 based materials (supports
and catalysts) was performed by N 2 adsorption – desorption isotherms (BET
method), X-ray powder diffraction (XRD), thermogravimetric analysis (TGA), infra-red
spectroscopy (FTIR), scanning and transmission electronic microscopy (SEM, TEM),
and temperature programmed desorption of CO 2 and H 2 (CO 2 -TPD, H 2 -TPD).
Results and Discussions
MIL-101 was successfully deposited on γ-Al 2 O 3 due to the large number of weak
basic sites on the alumina surface (FTIR, CO 2 -TPD), resulting in a composite with
large surface area (1032 m2/g) and pore structure similar to the bulk MIL-101, but
with larger pores due to the growth inside the alumina pores (Fig 1, Table 1). SEM
images reveal the growth of octaheadral MIL-101 crystallites on the alumina pellets
(Fig. 2). Functional characterization by CO 2 -TPD of the MIL-101 based supports
revealed a good CO 2 chemisorption capacity, both molecularly and disociatively,
indicating good premises for enhanced catalytic activity in the CO 2 methanation
process. Deposition of Ni by the DS method resulted in very well dispersed ultrasmall
NiNPs.

Table 1. Structural properties of the MIL-101 based
catalytic supports.

Fig. 1. XRD patterns of the MIL-101 based
catalytic supports.
(a)

(b)

Sample

S BET
2
(m /g)

Vp
3
(cm /g)

Dm
(nm)

MIL-101

3275

2.25

0.4 – 1.0; 1.8 – 3.0

γ-Al 2 O 3

247

0.26

1.5 – 5.0

MIL-101/γAl 2 O 3

1032

0.77

1.5 – 2.8; 3.2 – 5.0

(c)

Fig. 2. SEM images for (a) γ-Al 2 O 3 pellets and (b) – (c) MIL-101/Al 2 O 3 .
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Introduction
The emissions of CO 2 contributing to global warming have strongly increased since
the industrial revolution. Therefore, reducing CO 2 release into the atmosphere is of
enormous environmental interest. This can be achieved by either its capture/storage
or utilization as a reactant for producing fuels and useful chemicals in an
environmentally friendly manner. Recently, we developed Au-containing supported
catalysts for the conversion of CO 2 into propanol in the presence of C 2 H 4 and H 2 [12]. The major drawback of this sustainable and innovative route is the C 2 H 4
hydrogenation to C 2 H 6 . The present study was aimed to elucidate the potential of a
dual-reactor concept for improving the selectivity. To this end, a first reactor is used
to convert CO 2 to CO through the reverse water gas shift (RWGS) reaction, while the
hydroformylation of ethylene takes place in a second reactor at a different
temperature.
Experimental
Catalysts were synthesized by deposition–precipitation of gold hydroxide from
HAuCl 4 (41.1 wt% Au, Chempur) on TiO 2 (BASF). Briefly, the support was
impregnated with a HAuCl 4 solution to yield the catalyst precursor with 2 wt% Au.
Next step was the incipient wetness impregnation of dried Au/TiO 2 with a CsNO 3
solution (99.9%, Chempur). The Cs loading was varied between 1 and 13 wt%. All
catalysts were calcined in air at 773 K for 4 h. Catalytic tests with consecutive
ethylene hydroformylation were performed in a set-up equipped with two
independently heated furnaces. Reaction temperature was varied from 443 to 873 K.
Results and discussion
Figure 1 (a) shows the conversion of C 2 H 4 and the selectivity to oxo-products
(propanal plus propanol) on the basis of C 2 H 4 as obtained when our dual-reactor
concept or a single reactor were applied. Importantly, reaction temperature of the
hydroformylation reactor in the former approach was the same as in the single
reactor and the both reactors were filled with 4Cs-Au/TiO 2 . It is obvious that the
*Corresponding author: evgenii.kondratenko@catalysis.de

selectivity to the desired oxo-products was very low in the single reactor as a
consequence of high catalyst activity for the hydrogenation of ethylene to ethane.
This undesired reaction could be partially suppressed when using the dual-reactor
concept. This is due to the fact that significant amounts of CO were formed in the first
reactor operated at 450°C. High CO partial pressures are favorable for the
hydroformylation reaction. The oxo-products selectivity obtained at 250°C increases
with rising temperature for the RWGS reaction (Figure 1(b)) as a consequence of
increased CO 2 conversion into CO (Figure 1(c)). In addition to favoring the
hydroformylation reaction, CO hinders ethylene hydrogenation as concluded from the
fact that overall ethylene conversion decreased with a rise in CO 2 conversion in the
first reactor used for the RWGS reaction at different temperatures.

Figure 1. (a) Conversion of ethylene (X(C 2 H 4 )) and oxo-products selectivity (S(Oxo)). Solid and open
bars stand for the single and dual-reactor approaches respectively. The temperature of RWGS reactor
was kept at 450°C. (b) The selectivity to ethane and oxo-products in the dual reactor concept. (c) The
conversion of ethylene (X(C 2 H 4 )) and CO 2 (X(CO 2 )) in the dual reactor concept; the RWGS reactor
operated between 250 and 650°C, while the temperature of the hydroformylation reactor was 250°C.
4Cs-Au/TiO 2 was used as a catalyst for all tests at 2 MPa using a CO 2 /H 2 /C 2 H 4 /N 2 = 4:4:1:1.

Conclusion
We have demonstrated for the first time the feasibility of a dual-reactor concept for
conversion of CO 2 with C 2 H 4 in H 2 presence into propanal and propanol. This
method helps to hinder the undesired hydrogenation of ethane to ethylene in favor of
oxo-products

formation

through

controlling

CO

partial

pressure

for

the

hydroformylation reactor. Further progress could be envisioned when more active
and selective hydroformylation catalysts would be developed.
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Modification of (photo)anodes applied in the water oxidation half-cell reaction with
catalyst units consisting of abundant elements is of crucial importance in order to
construct advanced artificial photosynthetic systems. Our aim was to exploit secondorder attractive forces between a model semiconducting surface and a putative
molecular water oxidation catalyst (WOC) unit, governed by the intrinsic molecular
properties of the latter. We envisioned a low-cost and gentle method to fabricate
functional composites, in which the often fragile anisotropic morphology of the
nanostructured semiconductor is preserved after functionalization by the WOC.
Therefore we explored the behavior as WOC of a known, water-insoluble Cu(II)
complex made with a pincer ligand, 1,3-bis(2’-pyridyl-imino)isoindoline (indH) that
was meant to facilitate the surface attachment of the complex [Cu(indH)(NCCH 3 )
(OClO 3 )](ClO 4 )•CH 3 CN, Cu-indH (Fig.1) to an electrode by hydrophobic interactions.

Figure 1. Structure of the Cu-indH complex [1]

Cu-indH

was

investigated

both

under

homogeneous

and

heterogeneous

electrocatalytic conditions. In the homogeneous system Cu-indH was dissolved in
acetonitrile containing Bu 4 NClO 4 and investigated by cyclic voltammetry (CV) in the
presence or absence of added water. The CV of Cu-indH (Fig.2) revealed increased
irreversible anodic current after addition of water suggesting electrochemical O 2

evolution. Importantly, the irreversible Cu(II/I) reduction and Cu(III/II) oxidation peaks
separated by large potential gaps undergo changes upon addition of water. This
observation is consistent with ligand exchange reactions between acetonitrile,
perchlorate and water competing for the available sites at the copper center that
eventually, through the formation of a ternary indH-Cu-water species is thought to
lead to electrocatalytic water oxidation, most likely following a water nucleophilic
attack (WNA) mechanism.

Figure 2. CVs of Cu-indH complex (1 mM) in acetonitrile (Bu 4 NClO 4 of 0.1M) at ν = 100 mV/s, GCE
working electrode, Pt aux. electrode and Ag/AgCl ref. electrode.

Under heterogeneous conditions the complex was drop-casted onto a smooth indium
tin oxide (ITO) surface and the thus functionalized Cu-indH/ITO was used as working
electrode in borate, phosphate or carbonate buffer, at different pH values. The
electrocatalytic performance of the Cu-indH/ITO electrodes was investigated by
chronoamperometry at high anodic potentials, and revealed a stable and differently
increased catalytic current depending on the applied buffer. We plan to extend our
work to explore whether the molecular properties tuned by modifications in the ligand
might be transferred to semiconducting surfaces?
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Plasma technology uses (renewable) electrical energy for gas ionization at nonequilibrium conditions, giving access to alternative reaction pathways compared to
the current (thermal) chemical processes. This enables process intensification, new
production methodologies and Power-to-X.

However, current bottlenecks of chemical plasma conversion are its low selectivity
and energy efficiency in case of DBD (dielectric barrier discharge) reactors, requiring
the addition of packing materials and/or catalysts. The efficiency of plasma
conversion (time space yield, selectivity and energy efficiency) can be substantially
improved through the implementation of structured (formulated) (catalytic) packing’s.
Implementing these materials in the plasma discharge, unlocks an interplay of
different physical and chemical phenomena by interactions of the materials with the
plasma and vice versa.

The key parameters to optimize these mutual interactions are however still largely
unknown and not fully understood. Therefore, our research is focused on
understanding the different interacting phenomena in the plasma and at the surface
of the materials (packing and/or catalysts) to enable targeted development of
materials, to maximally improve efficiency and induce tailor-made selectivity in
plasma catalytic conversion reactions. In the presentation, the impact of different
packing materials, reactor set-ups and operating conditions on the CO 2 splitting

reaction and dry reforming of methane with CO 2 will be discussed with respect to
conversion enhancement and selectivity.
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Nowadays effective conversion of biomass into chemicals and fuels is a
problem of current interest. Lignocellulosic biomass consists of polysaccharides such
as cellulose, hemicellulose and a phenolic polymer – lignin. One of the biofuels is a
bio-oil. It is produced from biomass by fast pyrolysis [1]. In contrast to fossil fuels,
which include large amount of sulfur-containing compounds, bio-oil includes a lot of
oxygen-containing compounds. High content of oxygen makes bio-oil unstable,
corrosiveness and prone to polymerization in aerobic atmosphere. Upgrading of biooil improves its quality characteristics.
Conventional hydrotreating catalysts, which are utilized for fossil fuels, contain
transition metal sulfides. Due to high sulfur content in this type of fuels, transition
metal sulfides stay active for a long time. However, in feedstocks with low sulfur and
high oxygen content these catalysts may be deactivated easily.
An interesting class of hydrotreating catalysts is a number of transition metal
phosphides. These catalysts are explored insufficiently and interest towards them
has increased in recent years. The most active phosphide is a nickel phosphide Ni 2 P.
In most cases it is synthesized from nickel inorganic salts and phosphorouscontaining acids and its salts or from oil-soluble nickel salts and organic derivatives
of phosphorous [2, 3].
In present work, hydrogenation-hydrodeoxygenation processes of guaiacol
and furfural over nickel phosphide catalysts generated in situ and ex situ were
investigated. Guaiacol is a lignin-derived and furfural is a hemicellulose-derived
compound. Both of them are components of bio-oil [4].
Unsupported nickel phosphide, obtained in two different pathways, was used
in catalytic tests. The first was nickel phosphide, which was synthesized ex situ as in
typical experiment [5] from nickel (II) acetate and hypophosphorous acid. The second
was nickel phosphide which was generated in situ from nickel hypophosphite during
the hydrogenation-hydrodeoxygenation processes of bio-oil model compounds.

Catalytic tests were carried out at 523-623 K and at initial pressure of
hydrogen of 3-7 MPa in a stainless-steel autoclave. Different polar and non-polar
solvents were used. Hydrodeoxygenation of guaiacol has occurred better in nonpolar solvents. Cyclohexane, cyclohexanol and cyclohexanone have been obtained
as main products. The main product from furfural in polar and non-polar solvents was
tetrahydrofurfuryl alcohol. The qualitative composition was determined by GC-FID
and GC-MS analyses and the quantitative composition was determined only by GCFID. Generated in situ and ex situ nickel phosphide was analyzed by a set of
physicо-chemical methods (TEM, XPS, XRD).
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Introduction
Strategies to reduce CO 2 emissions and control the increase in the
atmospheric CO 2 levels are urgent. In this scenario, a promising strategy comprises
the development of alternative routes to the fabrication of chemical products based
on carbon in which CO 2 may be used as raw material. In particular, methanol is an
interesting product that can be obtained from the CO 2 hydrogenation. Methanol is
currently produced on Cu/Zn-based catalysts from syngas at 50 bar and 250°C [1].
One of the difficulties associated to the production of methanol from CO 2 and H 2 is
that catalysts present low CO 2 conversion, low selectivity towards the formation of a
specific product and low stability under the reaction conditions. To improve the
catalytic performance of Cu-based catalysts, their stability and to enable the
production of methanol from CO 2 and H 2 , promoters can be added. In the present
work, we investigated the catalytic performance of Cu/Zn catalyst promoted by Zr or
Nb towards the CO 2 hydrogenation to methanol.
Experimental
Cu/Zn and Cu/Zn/X (X = Zr or Nb) catalysts were prepared by co-precipitation,
as described in a previous work [2]. The nominal composition of the Cu/Zn and
Cu/Zn/X was 50/50 and 50/45/5 (wt.%), respectively, and their properties were
investigated by XRF, XRD, N 2 -physisorption, H 2 -TPR and CO 2 -TPD. The CO 2
hydrogenation reaction was carried out between 200 and 280 °C at 30 bar using a
fixed bed flow reactor fed with a gas mixture of H 2 and CO 2 with a molar ratio of
H 2 /CO 2 = 3/1. The stainless-steel reactor contained 0.2 g of catalyst diluted with 0.2
g of SiC. Before the reaction the precursor catalysts were reduced under H 2 flow (30
mL min-1) at 300 °C for 1 h. The reaction products were evaluated online by gas
chromatography.
Results

The chemical composition of the materials, as investigated by XRF, was close
to the corresponding nominal value, indicating the accuracy of the applied synthesis
method. XRD data revealed the presence of CuO and ZnO crystalline phases in the
prepared Cu/Zn precursor catalysts. The H 2 -TPR profiles of the materials presented
a peak between 270-300 °C, which is related to the reduction of Cu2+ to Cu0. Based
on these results, the reduction temperature before the reaction was set to 300 °C.
The specific surface area of the promoted catalysts increased up to 2 and 5 times in
comparison with that of the unpromoted one (S BET = 17, 48 and 9 m2 g-1 to Cu/Zn/Zr,
Cu/Zn/Nb and Cu/Zn catalysts, respectively). This may be attributed to the role of the
promoters as structural spacer, in accordance with previous studies [3]. By the CO 2 TPD it was verified that the number of basic sites of the promoted materials was
higher than that of the unpromoted one. As shown in Figure 1, the CO 2
hydrogenation on the investigated catalysts resulted in the formation of CH 3 OH
(Figure 1B) and CO (Figure 1C) as the main products. With the increase of the
temperature, the conversion of CO 2 increases (Figure 1A), but the formation of
methanol decreases while that related to CO increases. Promoted Cu/Zn catalysts
were more active and more selective to methanol than the unpromoted Cu/Zn one.
Cu/Zn/Nb was the most active catalyst in the investigated temperature range.
Furthermore, that material presented the highest selectivity to methanol. Its best
catalytic performance may be associated with its higher specific surface area and its
higher number of basic sites.

Figure 1. (A) Activity of the unpromoted and promoted Cu/Zn catalysts and the selectivity to: (B) CH 3 OH, (C)
CO.

Conclusion
Under the explored conditions, the investigated promoters of the studied
Cu/Zn catalyst enhanced the activity and selectivity to methanol from CO 2
hydrogenation. Cu/Zn/Nb presented the best catalytic performance among the
investigated materials.
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Introduction
Dry reforming of methane with carbon dioxide has attracted significant interest due to
simultaneously utilisation and reduction of two major greenhouse gases whilst
generating higher value chemicals and fuels. However, both CH4 and CO2 are highly
stable, therefore high temperatures (> 700 °C) are usually required to achieve
reasonable conversions of CH4 and CO2 and syngas yield due to the thermodynamic
barrier of this reaction, resulted in high energy consumption. Catalyst deactivation
due to carbon deposition on the catalyst surface remains another challenge for this
process. Non-thermal plasma or cold plasma offers a promising and attractive
alternative for the activation of CH4 and CO2 at low temperatures and ambient
pressure, providing a unique way to enable thermodynamically unfavourable
reactions to take place at ambient conditions [1-2].
In this study, we report a novel, room temperature (30 oC) and one-step process for
the direct conversion of CH4 and CO2 to liquid fuels and chemicals (e.g. acetic acid,
methanol, ethanol and formaldehyde) using a cold plasma coupled with catalysis at
ambient pressure, to avoid conventional multiple-step high temperature and high
pressure catalytic processes.
Experimental
In this work, a novel and unique dielectric barrier discharge (DBD) reactor using
water as a ground electrode has been developed for the conversion of CO2 and CH4
to oxygenates at room temperature (around 30 oC) and atmospheric pressure. The
discharge length was 45 mm with a discharge gap of 3 mm. Three catalysts
(Cu/Al2O3, Pt/Al2O3 and Au/Al2O3) were tested in the plasma-catalytic reaction. The
discharge power was kept at 10 W. The gaseous and liquid products were
quantitatively analyzed by gas chromatography. The dry reforming of methane (DRM)
reaction was carried out at the same temperature (~30 oC) under three different

operating modes: plasma only, catalysis only and plasma-catalysis. In the catalysisonly mode, no reaction occurred at a temperature of around 30 oC.
Results and discussion
In the plasma process without a catalyst (‘plasma-only’), a total liquid selectivity of
59.1% was achieved with 33.7%, 11.9%, 11.9% and 1.6% for acetic acid, ethanol,
methanol and acetone, respectively. Coupling the plasma process with a catalyst
shows great potential to manipulate the production of different oxygenates at ambient
conditions. Packing the Cu/γ-Al2O3 catalyst in the DBD plasma enhanced the
selectivity of acetic acid to 40.2%, compared to the plasma-only mode. HCHO was
formed only when the supported nobel catalysts were used in the plasma reaction.
The plausible reaction mechanism and pathways in the plasma-catalytic process has
been proposed and discussed through a comprehensive analysis of the gaseous and
liquid products, together with the plasma diagnostics and plasma chemical kinetic
modelling.

Significance
This work has successfully demonstrated that non-thermal plasma can be used to
convert CH4 and CO2 into higher value liquid fuels and chemicals in a single step
process at ambient conditions, bypassing the formation of syngas. The total
selectivity of liquid chemicals was ca. 50-60%, with acetic acid being the major
product.
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Catalytic reforming of highly paraffinic naphtha feedstocks
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Catalytic naphtha reforming is an important process in oil refineries for upgrading low
octane naphtha to high-octane gasoline required to meet current fuel specifications.
This process has become even more important due to the banning of high octane
fuel additives such as methyl-tert-butyl ether [1]. Catalytic naphtha reforming is
achieved with the use of a bimetallic, bifunctional Pt-Sn/Al 2 O 3 -Cl catalysts, where Pt
is the metallic function for dehydrogenation and hydrogenation processes, while Cl
provides the acidic function for isomerization reactions. Sn is added as a structural
promoter that enhances the Pt dispersion, whilst also providing stability of the
catalyst against coking and sintering [2].
Although a lot of work has been published on catalytic reforming [3-6], most of it
pertains to petroleum based naphtha. To that effect, there is limited knowledge
regarding the reforming of highly paraffinic feedstocks, due to the difficulty of
reforming of such feedstocks, and the requirement of harsh operating conditions,
compared to crude oil derived naphtha [7]. Hence, the aim of this study was to
synthesize a Pt-Sn/Al 2 O 3 -Cl reforming catalyst and to test its performance for the
reforming of highly paraffinic naptha feedstocks and C 7 -C 9 linear model feeds. The
catalyst was characterized with SEM-EDX, HRTEM, H 2 chemisorption, npropylamine TPD and BET surface area analysis. Catalytic tests were performed in a
continuous flow, fixed bed micro-reactor. Preliminary testing results showed the
catalyst to be highly active for the reforming of linear paraffins at temperatures
around 520°C, although the catalyst underwent deactivation on stream.
In addition, a model for the estimation of the reformate Research Octane Number
(RON) and Motor Octane Number (MON) was adapted from [8], and used to estimate
the octane number of reformate samples obtained from the reforming of highly
paraffinic naphtha. The RON and MON values estimated by the model were plotted
against the values determined from engine analyses. Figure 1 shows the correlation
between the estimated and actual octane numbers.

Figure 1: The correlation between the estimated RON and the engine RON (a), as
well as the estimated MON and the engine MON (b)
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CO oxidation, CO-PROX and possible methanol synthesis over Pd-CeO 2
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This study aims to investigate the activity of Pd/CeO 2 synthesised by solution combustion
synthesis (SCS) using tartaric acid as a fuel for CO-oxidation, CO-PrOX and possible
methanol synthesis.
Preparing Pd/CeO 2 catalysts by solution combustion results in Ce4+ being substituted by
Pd2+, which results in the formation of lattice oxygen vacancies and a Ce-O-Pd supercell
structure, which has high stability and activity for oxidation reactions

[1]

.

The micro-

structure, surface area and palladium dispersion of the prepared catalyst were determined
prior to catalytic activity testing for CO-oxidation and preferential oxidation of CO (COPrOX). Furthermore, this catalyst will be tested for methanol synthesis via CO 2
hydrogenation. The prepared catalyst was characterized by X-ray diffraction (XRD),
transmission electron microscopy (TEM), energy dispersive X-ray spectrometer (EDX),
laser raman spectroscopy (LRS), scanning electron microscopy (SEM), transmission
electron microscopy (TEM) and Brunauer–Emmett–Teller (BET) nitrogen adsorption prior
to all catalytic testing.

Figure 1: The a) XRD, b) Raman spectra and c) H 2 -TPR of the Pd 0.03 Ce 0.97 O 2-δ -tartaric acid

Table 1:The surface composition of the synthesized catalyst.
Catalyst

Surface area

Oxygen
vacancies
[I

660cm-1
1

Pd

0.03

Ce

0.97

O -tartaric

35

2-δ

/I

]

0.175

Hydrogen
Consumption at
250℃
500cm-

2+

Type of Pd (%)

2+

mmol

Pd in CeO

0.328

100

PdO
2

0

acid

The prepared catalyst was observed to be highly active in the CO oxidation reaction with
the T 100 achieved at a temperature below 200 ℃ at a GHSV of 24000 h-1 and this catalytic

activity was attributed to the presence of lattice oxygen (Fig.1b) and the high Pd
dispersion (Table 1). In the PrOX reaction, this catalyst was observed to be highly active
and selective for hydrogen oxidation (Fig.2b and 2c) which could be attributed to PdO
reduction during the reaction. The Pd-based catalyst tends to adsorb hydrogen rather than
CO in PrOX reactions which suggest that the CO active sites on the catalyst are blocked
by the adsorbed hydrogen

[2]

. From these observations, the catalyst will be further tested

for methanol synthesis due to the ease of Pd reduction.

Figure 2: The catalytic activity of Pd 0.03 Ce 0.97 O 2-δ -tartaric acid under a) CO oxidation, b) CO-PrOX at 48
-1

-1

000h and c) CO-PrOX at 24 000 h .
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Gadolinium-promoted Ru/Ce 0.5 Zr 0.5 O 2 nanorods for the efficient
methane reforming with CO 2
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Introduction:
Rapid growth of civilization and industrialization enhances the energy demand
sharply. According to Exxon’s 2040 Energy Outlook projects an 85% increase in
global electricity demand over the period of 2010–2040 has been detected1. To fulfill
the energy demand either we have to build the same number of thermal/nuclear
power plants or to enhance the use of other alternative energy resources. Among the
alternative energies, increasing methane reserves in terms of natural gas, bio gas,
shale gas attracts researcher’s attention to use them as future fuel option. In
addition, enhanced concentration of CO 2 in the earth atmosphere also causes global
warming. In this perspective methane reforming with CO 2 possesses a significant
potential to mitigate the greenhouse effect. In addition, the generated syngas is also
suitable for production of higher oxygenates2-4. Although this process has significant
potential, however till date this process is not commercialized owing to unavoidable
coke deposition and metal sintering under the harsh reaction conditions. In the
present study, we explore ceria, zirconia and a ceria-zirconia mixed oxide supported
Ru catalysts towards long-term coke-free methane reforming. In addition, we also
explore the effect of Gd towards long-term catalytic activity.

Experimental:
The catalysts have been prepared by a single step hydrothermal approach using
CTAB as structure-directing agent and hydrazine as capping agent. The catalytic
activity of the prepared catalysts has been examined in methane reforming with CO 2
at atmospheric pressure for 200 h at a GHSV of 10000 mL h-1 g-1 in a fixed-bed
downflow microreactor at 700 °C.

Result and Discussion:
The XRD patterns of the fresh catalysts confirm the presence of RuO 2 as an active
metal in the catalysts, which decreases marginally due to coke deposition after 200 h
activity analysis over ceria and zirconia supported catalysts. However, the RuO 2
reflections do not change in intensity during 200 h analysis over the mixed ceriazirconia supported catalysts, confirming the superiority of ceria-zirconia supported
Ru catalysts. The higher activity of the prepared catalysts has been assigned to the
high exposed Ru surface area. A homogeneous distribution of these particles was
further confirmed by elemental mapping analysis. Introduction of a small amount of
(0.5 wt.%) Gd into the supported Ru catalysts further enhances the catalytic activity
and improves the H 2 /CO ratio of the generated syngas.

Fig.1: a) XRD patterns of the prepared catalysts b) activity analysis of the prepared catalysts 1) ZrO 2 2) CeO 2 3) Zr0.5Ce0.5O 2
4) Ru/ZrO 2 5) Ru/CeO 2 6) Ru/Zr0.5Ce0.5O 2 7) 0.5%Gd Ru/Zr0.5Ce0.5O 2 8) 1%Gd-Ru/Zr0.5Ce0.5O 2

Conclusion:
Gd-modified Ru supported on ceria-zirconia has been prepared by a single step
hydrothermal approach using hydrazine as a capping agent and CTAB as a
structure-directing agent. The catalyst shows a constant activity of 90% conversion
with a H 2 /CO ratio in the generated syngas very close to one during entire 200 h
time on stream.
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1. Introduction
Small metal nanoparticles stabilized in oxide matrix are widely used as an active
component of catalysts and characterized by high surface area, developed metalsupport interface, elevated intrinsic activity and a low rate of coking [1]. Tailoring
metal-support interaction is an effective way to create appropriate supported metal
species for catalytic applications [2, 3]. The extreme case of strong metal-support
interaction is the formation of joint surface or bulk phases, for example, solid
solutions with a fluorite or perovskite structure, mixed oxides of the spinel structure.
Ex-solution of metal from the structure of mixed oxides in a reducing atmosphere at
high temperatures provides formation of nanoparticles or clusters in close contact
with the support and benefits catalytic properties. In this work, we used the exsolution concept for the development of Ni catalysts for hydrocarbon fuel reforming
processes stable against deactivation. The effect of the composition of oxide matrix
((Ce 1-x La x ) 0.8 Ni 0.2 O y and (Ce 1-x Mg x ) 0.8 Ni 0.2 O y ) and calcination temperature (300900oC) on the physicochemical properties and functional characteristics of materials
in the hydrocarbon fuel reforming processes were studied.

2. Experimental
The (Ce 1-x La x ) 0.8 Ni 0.2 O y and (Ce 1-x Mg x ) 0.8 Ni 0.2 O y (x = 0, 0.2, 0.5, 0.8, 1; y = 11.5) were used as precursors of Ni catalysts. Materials were synthesized by
polymerizable complex method with following thermal treatments at appropriate
temperatures, characterized by TA, BET, XRD, HRTEM-EDX, HAADF-STEM, SEM,
DRS UV-Vis, Raman spectroscopy and H 2 -TPR and tested in autothermal reforming
of ethanol (200-600oC, molar ratio C 2 H 5 OH:H 2 O:O 2 :He = 1/3/0.4/0.7) and
steam/CO 2 reforming of methane (600-800oC, molar ratio СH 4 :CO 2 :H 2 O:He =
1.0/0.81/0.38/2.8).

3. Results and discussion
The systematic study of (Ce 1-x La x ) 0.8 Ni 0.2 O y and (Ce 1-x Mg x ) 0.8 Ni 0.2 O y by a group
of methods indicates that the genesis, physicochemical and functional properties of
Ni ex-solution catalysts are determined by their composition. In a wide range of the
La/Ce molar ratio (0-4), the materials after calcination at 300–500°C are CeO 2 -based
solid solution (4-6 nm in size) with sparsely supported nickel oxide particles (less 3
nm in size). Nickel cations are preferentially stabilized in the structure of Ce-La-Ni-O
solid solution. The particularity of (Ce 1-x Mg x ) 0.8 Ni 0.2 O y materials is a formation twophase system containing CeO 2 -based and MgO-NiO solid solutions. The introduction
of La or Mg in the composition of Ce 0.8 Ni 0.2 O 1.8 increases structure defectiveness,
improves texture properties and stability against sintering but makes worse the
reducibility of Ni cations. Treatment in reducing conditions causes the release of the
Ni cations and formation of Nio on the surface of the oxide. The effects of the
composition and conditions of thermal treatment of Ni ex-solution catalysts on their
coking resistance and functional properties in reforming reactions were elucidated.
The catalysts of optimal composition provide hydrogen yields (55% at 600oC in
autothermal reforming of ethanol and 85% at 750oC in steam/CO 2 reforming of
methane) which are close to thermodynamic equilibrium values.

4. Conclusions
The genesis and properties of ex-solution Ni catalysts obtained from the (Ce 1x La x ) 0.8 Ni 0.2 O y

and (Ce 1-x Mg x ) 0.8 Ni 0.2 O y materials were studied. The composition-

structure-properties correlation was established and stable against deactivation Ni
catalysts for hydrocarbon fuel reforming processes were developed.
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Improvement of conductivity of carbon material using
direct methane reforming
Fumitaka Kondo, Naruka Tamai, Noriyasu Okazaki,
Kitami institute of technology, Kitami, Hokkaido, Japan

Introduction
The methane direct reforming reaction (DMR: CH 4 → C + 2H 2 ) is a reaction
that directly decomposes methane to hydrogen and nano-carbon (NC) using a
catalyst, and the NC generated can be applied as a conductive material.

We

succeed in producing it in quantities by a short time in use of DMR[1]. NC can be
applied as a functional carbon material because it has electrical and heat conduction
property.

On the other hand, carbon is used as a conductive material, but its

conductivity greatly differs depending on the manufacturing method.
charcoal has poor conductivity.

In particular,

Therefore, in this study, attempts were made to

improve conductivity by forming DMC in charcoal form to produce NC.

Experimental
Was prepared by an impregnation method using an aqueous solution of Fe
(NO3)3·9H2O adjusted to make Fe 10 wt% with respect to activated carbon. Also,
after impregnating biomass raw materials (mint, oka, sawtooth oak) so that Fe was 3,
15 wt%, carbonization treatment was carried out and pulverization was carried out to
prepare. And, the biomass material was impregnated so as to be 8, 20 wt% after
carbonizing treatment, and prepared.
The reaction device used a fixed bed flow type reactor. The catalyst was put in
the center of quartz tube (an inner diameter and length 2.5 and 100 cm, respectively).
DMR was carried out using methane as a reaction gas. The reaction temperature
was 750 °C, reaction time was 180 min, and catalyst weight was set to 0.1 g.
The composition of the outflow gas from the reactor was determined by GC
(TCD). The activity was evaluated by the conversion rate of the reaction gas to
hydrogen. The catalysts of before and after reaction were analyzed with XRD and
raman spectrometer.

Results and discussion
When each catalyst was subjected to DMR at a reaction temperature of
750 °C, Fe(3wt%)/C(mint) showed the maximum activity 20 minutes after the start of
the

reaction

and

gently

deactivated

therefrom.

On

the

other

hand,

at

Fe(3wt%)/C(sawtooth oak, oak), the maximum activity was shown immediately after
the start of the reaction, and then it was rapidly inactivated. Different activities are
considered to be due to the fact that mint of raw material is perennial, while sawtooth
oak and oak are wood. Further, when Fe(15wt%)/C(mint) was reacted at a reaction
temperature of 750 °C by increasing the impregnation amount of Fe, the maximum
activity was exhibited after 60 minutes, and the activity remained without being
inactivated therefrom. Therefore, in the case of Fe(15wt%)/C(mint), the reaction was
carried out by changing the reaction temperature to 760 °C, 800 °C and 850 °C, the
order of activity was 850 °C > 800 °C > 760 °C > 750 °C became. On the other hand,
the activity when using activated carbon as a carrier was markedly lower than when
using biomass carbon as a carrier.
Comparing each catalyst of after reaction from the crystallite diameter of Fe
calculated from Scherrer's equation of X-ray diffraction, the crystallite diameter of Fe
at Fe (8%)/C(mint) or Fe(10%)/AC was about 3 times higher than the one of Fe
(3%)/C (mint). Therefore, it is considered that the former reaction is more inactive
than the latter reaction due to sintering of the active species Fe, after the reaction.
Next, the conductivity of the carbon formed after the reaction was evaluated by
comparison before and after the reaction. When the DMR progressed and the
product carbon was confirmed, the volume resistivity decreased and the conductivity
improved (Table 1) when compared with the catalyst before and after the reaction,
regardless of which catalyst was used. Among them, in C (peppermint) 15%, the
conductivity improved as the reaction temperature increased (Table 2). Therefore, it
can be said that DMR is an effective means for imparting conductivity to a carbonbased material.
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Malachite-based catalyst precursors for methanol synthesis
from CO 2 -rich synthesis gas
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Introduction
Methanol synthesis over Cu-based catalysts is promoted by Zn [1], which in industrial
catalysts is provided by strong metal support interaction (SMSI) between Cu and
ZnO [2]. This catalyst is active in the hydrogenation of CO 2 which is a cheap and well
available resource. In conventional methanol synthesis, additional CO is needed to
increase the methanol yield and to prevent the inhibition of the catalyst by the coproduct water. We study the role of Zn and different promoters on the Cu catalyst’s
performance and selectivity in CO 2 hydrogenation. Transition metal promoters like
Co or Fe may also favour the synthesis of higher alcohols like ethanol. For this
purpose, we partially substitute copper in the malachite precursor structure
(Cu 2 CO 3 (OH) 2 ) by iron or cobalt. As non-reducible component we use magnesium,
which also can substituted for Cu in a wide range of ratios. In this sense, we use a
Cu / Mg-malachite (mcguinnessite) as precursor for a structurally promoted copper
catalyst Cu / MgO in methanol synthesis, without any electronical promotion. The
effect

of

different

synthesis

parameters

of

precursor

co-precipitation

was

systematically investigated. In a subsequent step, the different promoter species can
be added for example by impregnation [3]. In this work, we focus on the catalyst
synthesis of Cu / MgO and our first results of methanol synthesis with differently
promoted catalysts.

Experimental
Mg-containing malachite (mcguinnessite), pokrovskite, kolwezite, and chukanovite
with different Cu:Mg, Cu:Co:Mg and Cu:Fe:Mg ratios were synthesized in an
automated laboratory reactor system by co-precipitation with sodium carbonate as
precipitation agent. For selected samples, a hydrothermal post-treatment step was
carried out at 102 °C for 20 hrs. Promotors like zinc were added by impregnation or
by adding several metal salts during co-precipitation. A subsequent calcination step
was carried out at 330 – 420 °C in air depending on the precursor. Before catalysis,
all samples were reduced for one hour under 1 bar H 2 at 260 °C.

Results
N 2 physisorption analysis shows specific surface areas > 70 m2 g–1 for all precursors.
PXRD patterns confirm crystallization of the malachite-like structure after the wet-

chemical synthesis. Calcination leads to the formation of poorly crystalline mixed
oxides and reduction in hydrogen yields metallic copper nanoparticles and partially or
fully reduced iron or cobalt, depending on the sample, reduction temperature and
time. Methanol synthesis was performed over Cu / MgO with different amounts of Zn
promoter in H 2 / CO 2 = 3:1 at 4.9 MPa, with 200 mg catalyst diluted with 400 mg SiC
and temperatures between 200 and 260 °C (Fig. 1). The samples were less active
than the highly optimized industrial-like sample “FHI standard” [4]. However, at low
temperature, an increased selectivity towards methanol was observed, which seems
to increase with increasing amount of Zn.

(a)

(b)

Fig. 1: (a) CO 2 conversion of different Zn containing Cu / MgO catalysts synthesized from
mcguinnessite compared to a commercial-type Cu / ZnO:Al catalyst (FHI standard),
(b) selectivity toward methanol as a function of temperature.
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Design of active sites in Ni/CeO 2 catalysts for the methanation of
CO 2 : tailoring the Ni-CeO 2 contact
A. Cárdenas-Arenasa; E. Bailón Garcíaa; A. Davó-Quiñoneroa; D. Lozano-Castellóa;
A. Quindimilb, B. Pereda-Ayob, J. A. González-Marcos b, J. R. González-Velascob,
Agustín Bueno-Lópeza, aUniv. of Alicante, bUniv. of the Basque Country, Spain

The burning of fossil fuels has caused an increase in the atmospheric CO 2 levels,
increasing the greenhouse effect and contributing to the global warming. This has led
to an increase in interest in the search for alternative clean and sustainable energy
sources or CO 2 transformation methods. Methanation of CO 2 is a sustainable
solution since the methane produced can be directly injected into the existing
network of natural gas pipelines and be used as fuel. Nevertheless, the main problem
in the transformation of CO 2 is the great stability of the C=O bonds, making
necessary the use of a suitable catalyst to reach acceptable reaction rates.
The reduction of CO 2 requires the presence of two actives sites: a catalyst
component that can activate the molecule (i.e. Ni2+-ceria interface) and a reduced
metal sites that are capable of dissociating H 2 [1].
Herein, the proportion of each required active sites was varied by the modification of
the Ni interaction with the CeO 2 support and the influence of this proportion in the
CO 2 methanation was deeply analyzed. This interaction was modified by the Ni
incorporation method and by controlling the surface of the ceria support. In this
sense,

three

dimensionally

ordered

macroporous

(3DOM)

structures

were

synthesized in which the Ni was introduced in situ during the 3DOM synthesis by
coimpregnation (Ni-Ce catalysts) or successive impregnation (CeO 2 /Ni catalysts) of
Ni and Ce precursors or after the CeO 2 synthesis by Ni impregnation (Ni/CeO 2
catalysts). Materials with uncontrolled structures (Ref) were also prepared.

Figure 1. SEM images of a) Ni/CeO 2 and b) CeO 2 /Ni 3DOM-catalysts.

Well-defined 3DOM structures were obtained in all cases. The presence of Ni during
3DOM structure formation improves the definition of the structure (Figure 1) and
affects the crystallinity and reducibility of the CeO 2 phase.
As it was pointed out by XPS and H 2 -TPR, the proportion of surface Ni and Ni in
intimate contact with ceria depends on the Ni-incorporation method and the
reducibility of ceria surface. The addition of Ni prior to the synthesis of CeO 2
structure generates a high proportion of Ni in intimate contact with ceria, which
improves the reducibility of the ceria surface (Ce3+ sites), whereas less contact is
obtained for impregnated samples. Consequently, the former presents a high number
of active sites for the dissociation of CO 2 , but not enough for the dissociation H 2
whereas the latter have a high number of sites for the dissociation and transfer of H 2 ,
but not enough for the dissociation of CO 2 . At this sense, an optimal proportion of
both sites is obtained for maximum CO 2 conversion with 30 % surface Ni for the H 2
dissociation and 70 % of Ni in intimate contact with ceria for CO 2 dissociation (Figure
2a). Increasing the Ni in intimate contact to higher levels, the CO 2 dissociation is
improved, but the dissociation and transfer of H 2 is avoided and, as consequence,
CO is the main product (Figure 2b), i.e. 3DOM CeO 2 /Ni catalyst. The activity also
decreases, because chemisorbed CO desorption is the limiting step, and CO blocks
the active sites. If surface Ni increase, the transfer of dissociated H atoms to the
chemisorbed CO is favored, increasing the activity and selectivity to methane.

Figure 2. (Left) Relationship between activity per surface active sites and the
proportion of surface Ni species and (right) CH 4 selectivity.
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Production of syngas from biogas on Ni-rich smectite based
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The valorization of biogas requires innovation & development to look for efficient
processes. Dry reforming of methane (DRM) reaction CH 4 + CO 2  2CO + 2H 2 is
particularly appropriate for the valorization of biogas inasmuch as the two reactants
are the two main compounds of the biogas (after purification to remove impurities like
H 2 S). In addition, DRM has attracted much attention during the last two decades,
since it is considered as a greenhouse gas consuming reaction [1]
The catalytic dry reforming over noble metal-based catalysts exhibit high catalytic
activity and selectivity toward syngas production. However, the cost and the
sensitivity to sulfur poisoning are the major drawbacks for noble metal (Pt, Rh...)
Catalysts. Therefore, the development a new low-cost catalyst with promising activity
is still a challenge. The aim of this work is to compare two catalysts consisting in an
Rh/NiO-Al 2 O 3 sample developed in our laboratory and Ni-rich clay material
(originated from Niquelândia in Brazil). In the latter sample, Ni is associated to
smectite-type clay minerals which may contain up to 25 wt% Ni located inside the

Figure 1 : Structure of smectite-type clay minerals

structure (octahedral layer) or as exchangeable cation in the interlayer space (Figure
1) [2]. The materials were fully characterized by several characterization techniques
(textural; structural and elemental analysis). Both catalysts were tested in catalytic
dry reforming under different experimental conditions in order to study their
performances in terms of catalytic activity, selectivity, and durability.
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Figure 2. Evolution of the H2 yield as a function of time during DRM reaction at 800°C

In the Figure 2 are presented the hydrogen yield obtained for Rh supported on NiOAl 2 O 3 containing 0.36 wt-% Rh and 18.07 wt-% Ni and Ni-rich clay samples. For a
ratio CH 4 :CO 2 =1, Rh/NiO-Al 2 O 3 gives 86% of CH 4 converted, 91 % of CO 2
converted for 1.74 mol H 2 and 1.77 mol CO produced per mol of CH 4 introduced
which is close to the values expected at the thermodynamic equilibrium. In
comparison the conversions and yields obtained for the clay material are lower but
remain significant despite the absence of any purification of the bare material. Deep
characterization of the different phases that constitute the clay mineral enabled the
establishment of relationships between the material composition, the location of Ni
and the catalytic performances.
The results reveals that a catalyst based on bare clay mineral without any
modification is a promising and low-cost catalyst which still deserve some
optimizations to limit the deactivation phenomenon. It could then be an alternative of
noble metal-containing catalyst.
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Thermodynamic insights into the hydrotreatment of used
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Introduction
The dwindling fossil fuel reserves and environmental issues associated with its
extraction and processing have forced the society to look for alternatives to meet its
ever-increasing energy demand[1]. One such alternative is hydroprocessing of ‘used
cooking oil’ to produce renewable diesel. This work is aimed at recovering diesel
range hydrocarbons from the used oils which have been used in households and
outside eateries. This helps in disposal of these oils and also to cater to the
industries using diesel as a fuel thereby reducing the load on diesel obtained from
fossil sources. Cooking oil is rich in triglycerides and fatty acids and has long
aliphatic chains. These long aliphatic chains can be converted to straight chain
hydrocarbons (paraffins) using hydrogen; giving a product that is commonly known
as Hydrotreated Vegetable Oil (HVO)[2]. There are two main pathways for this
process - hydrodeoxygenation (HDO) and decarboxylation (DCO). The HDO pathway
gives us paraffins having the same number of carbons as in the fatty acid. In the
DCO pathway, CO 2 is released and hence the resultant hydrocarbon has one carbon
lesser than the fatty acid. For industrial application, the HDO pathway is favored over
the DCO pathway. This is because the CO 2 produced in DCO pathway reacts with
the excess H 2 present in the system to form water and CO (Reverse Water Gas Shift
reaction), which in turn undergoes methanation reaction to produce CH 4 . CH 4 is an
undesired product as it reduces hydrogen partial pressure in the reactor system and
hence needs to be purged out – a process that also results in loss of hydrogen. Our
work aims at performing a thermodynamic equilibrium analysis between these two
reaction pathways to understand their dependence on the different operating
parameters from a thermodynamic perspective. The equilibrium reactor module
RGIBBS (minimizes Gibbs free energy change) of ASPEN PLUS (v9) was used for
the study. Sensitivity analysis of the effect of the following process parameters:
temperature, pressure and amount of H 2 in the feed on the product distribution was

analysed by simulations. This analysis will help in optimizing the process parameters
for maximising the selective yields of diesel range
hydrocarbons from these used oils.
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Figure 2: Mole fraction of n-heptadecane with change in temperature

Conclusion
Using the RGIBBS reactor in ASPEN Plus, the sensitivity analysis was done in which
the DCO pathway was favorable at lower pressures whereas the HDO pathway was
favorable at higher pressures. Similar to this pressure sensitivity, hydrogen to oil ratio
was also varied to check its sensitivity.
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Hydrothermal conversion of dihydroxyacetone (DHA) using Al, Pb
or Nb doped TiO2 catalysts obtained by sol-gel synthesis
Antonio de Brito Santiago Neto, IRCELyon, France, Universidade Federal do Ceara,
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Scope
In the frame of catalysts design for biorefineries, TiO2 based materials are
addressing increasing interest due to its hydrothermal stability which makes it a
support of chose for catalytic transformation in hot water. TiO 2 was largely applied as
support for noble metals for reduction or oxidation reactions, but also as well as
water tolerant acid-base [1,2]. The available commercial TiO 2 contain additives such
as Si, Fe or S, together with usual low specific surface areas. Pure TiO 2 , with
enhanced textural features, can be obtained via sol-gel methods to design water
tolerant Lewis solids solid acids catalysts [2]. Besides, catalysts with Lewis acid
properties have found increasing applications for carbohydrates transformations such
as zeolites with variable Si/Al ratio, Sn-Beta zeolite… However, these materials,
which present well defined active sites in terms of dispersion and coordination,
present as main drawback, their poor stability in hot water. It might be a real
breakthrough to design materials with a controlled dispersion of active metallic
centers in controlled coordination, strongly anchored in a water tolerant support such
as TiO 2 . This is the objective of this study.
Results and discussion
New modified alkoxides of aluminium (III), titanium (IV), niobium (V) and lead (II)
namely

[Al 4 (mdea) 6 ],

[Ti 2 (OEt) 4 (mdea) 2 (EtOH) 2 ],

[Nb(OEt) 3 (mdea)],

[Pb 2 (mdea) 2 ].mdeaH 2 , (where mdeaH 2 = N-methyldiethanolamine) were prepared
and used as sol-gel precursors to obtain Al, Nb and Pb doped TiO 2 nanoparticles.
The purity of the as-synthesized precursors was demonstrated by XRD and NMR.
The calcined samples were characterized XRD, N 2 isotherms, HRTEM-HAADF,
calorimetry and FTIR of CO 2 or pyridine adsorption. Their catalytic performances
were evaluated in a model reaction, DHA conversion in hot water. The doped TiO 2 ,

after calcination at 500°C, present exclusively the anatase TiO 2 phase with high S BET
for TiO 2 doped with 10% Nb or Pb, respectively 253 and 355 m2.g-1. TiO2 doped with
10% Al presents a lower S BET , of 60 m2.g-1.
The evaluation of their catalytic performances in the model reaction were compared
to the benchmark P25 catalyst and to an un-doped sol-gel TiO 2 (S BET = 155 m2.g-1).
Our data revealed that the presence of the Nb, Pb or Al dopant accelerates
significantly the reaction rate, irrespective of the S BET . Moreover, in agreement with
our expectations, the materials exhibit excellent hydrothermal stability: the chemical
analysis of the reaction media at the end of the reaction show the absence of
significant leaching of the catalyst elements (Table1).

Conclusion
Kinetic investigations revealed unexpected yield for new products which cannot be
simply explained by the well accepted acid catalyzed chain mechanism, where Lewis
and BrØnsted acid sites promote the DHA dehydration into the pyruvaldehyde
intermediate formation, which can be further converted into lactic acid over Lewis
acid sites.

Table 1: DHA transformation, Ti, Pb, Al, Nb analysis in the liquid reaction media.
Initial rate of DHA

Leaching of elements in the reaction

transformation (mol.h-1.g-1)

media after 4h

P25

0.13

Ti ~ 0 %

Sol-gel TiO 2

0.01

Ti ~ 0%

Nb/TiO 2

0.34

Nb < 0.1 %, Ti ~ 0.6%

Pb/TiO 2

0.33

Pb < 0.1%, Ti ~ 0.6%

Al/TiO 2

0.27

Al ~ 0.5%, Ti ~ 0%

Samples

Conditions: m DHA = 0.18 g, m cata = 0.05 g, m H2O = 20 g, T = 90 °C.
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Mesoporous materials for efficient utilization of CO 2 in Fischer
Tropsch process
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Introduction
The objective of our work is to convert CO 2 containing syngas into diesel range
hydrocarbons to alleviate CO 2 levels in the atmosphere and also to meet the everincreasing demands for diesel fuel. Fischer Tropsch (FT) [1] is a well-known
commercial process for producing liquid fuel from syngas since 1936 and it is
followed in conversion of CO 2 containing syngas to synthetic diesel. Water Gas Shift
(WGS) reaction over Fe-based catalyst [2] helps us to overcome the H 2 deficient
nature of syngas obtained with 0.37 Ribblet Ratio but it also increases the CO 2
content which may lead to lower catalytic efficiency and fast catalyst deactivation.
The support (zeolite) was pre-treated so as to get some mesopores. Fe-Co
bimetallic[3] metals supported on commercial zeolites is used for production of
synthetic diesel from CO 2 containing syngas. The reported FT catalyst with
bifunctional sites are capable of selective production of diesel range hydrocarbons in
one catalytic step with stable time on stream for 120 h.

Figure 1 Quantification of liquid products obtained after the 120 h time-on-stream run (a) Simulated Distillation
analysis and (b) Weight % v/s carbon number.

As shown in Figure 1(a), simulated distillation so as to quantitatively acquire the
amount of hydrocarbons present in the product. Design of Experiment (DOE) a
statistical tool, was used to optimize process parameters.
The collegial effect of the uneven distribution of weaker acidic sites in conjugation
with hierarchical porous structure showed 50.6% selectivity towards linear chain C 13 C 23 range hydrocarbons which had high cetane number and CO 2 utilization as a
carbon feedstock makes conventional FT a sustainable and economical process.
The hydrocarbons persent in the product was determined qualitatively using Gas
Chromatography with Mass Spectroscopy (GC-MS) as shown in Figure 1 (b).

Conclusion
The remarkable impact of combining developed post synthesis mesoporosity on the
catalyst with preserved micropore structure and medium acidic strength along with
Fe-Co bimetallic active metal resulted in positive conversion of CO 2 despite WGS
reaction and also it resulted in production of cleaner diesel range fuels in H 2 deficient
conditions. Thus, it has an impact on the commercial biomass-to-liquid fuel
technology for economical and greener conversion of CO 2 containing syngas.
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Introduction
The ABO 3 perovskites exhibit a wide range of combinations of A and B metal atoms
as well as partial substitution of A with A’ or B with B’. Therefore, perovskites are
employed in many applications, for instance as total combustion catalysts.[1] With
respect to formation of propene a set of four ternary (La,Sm)(Mn,Co)O 3 perovskites
was tested in oxidative dehydrogenation of propane to reveal the effect of A and B [2]
on the performance of these catalysts employing different feeds for oxidative
dehydrogenation of propane.

Experimental
The perovskites were synthesized via Pechini route.[3] Sieve fractions of catalysts
ranging from 100 to 200 µm were deposited in parallel tubular fixed bed reactors. The
ODH of propane was tested in different feeds under steady state conditions varying
O 2 content and adding H 2 O. The propane/O 2 /N 2 /H 2 O feeds were 5/10/85/0, and
5/10/45/40. Catalytic performance was tested in the temperature range between
250 °C and 310 °C.
XPS spectra were conducted at the ISISS beamline at the BESSY II synchrotron
facility. Catalysts were pressed to pellets and measured in a stream of reaction feed
at 270 °C, and a pressure of 0.25 mbar was adjusted.

Results
XRD analysis showed phase purity of synthesized catalysts. The catalysts showed
already at low temperatures of 250 °C activity in ODH of propane. Only propene and
CO 2 were observed as products at every condition employed. In general, increasing

temperature resulted in increasing activity while only minor decrease in selectivity
was observed. The conversion of propane was also enhanced by increasing the O 2
content in the feed indicating distinctly O 2 activation. After adding H 2 O to the O 2 rich
feed, the selectivity to propene was increased from 18% to 39% and from 20% to
even 50% using LaMnO 3 and SmMnO 3 catalyst, respectively (Figure 1, left).
Contrarily, the corresponding ACoO 3 catalysts exhibited decreased selectivity to
propene if H 2 O was added to the feed. In general, an increased ratio between
B/A ≥ 1 in the bulk was beneficial pointing at excess of B atoms. Indeed, the
abundance of the B atom, i. e. Mn or Co, in the near surface region was observed
using STEM, EELS and in situ XPS. The abundance of the B atom was constant
when applying various reaction feeds (Figure 1, right). Furthermore, the abundance
of B correlated with the selectivity to propene if wet feed was applied. In situ XPS
spectra of the O1s core level showed less contribution of lattice oxygen compared to
those of fresh catalysts indicating creation of defective sites at the surface which is
also accompanied by small amounts of hydroxyl and carbonate species. Hence, sites
for total oxidation of hydrocarbons might be blocked by H 2 O, hydroxyl and
carbonates leading to increased selectivity to the valuable product propene.
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Figure 1 Relationship of propane conversion and selectivity to propene of (La,Sm)(Mn,Co)O 3
catalysts in ODH employing wet feed (left). Calculated B element fraction referring to A and B
in the surface region on basis of XPS measurements employing different conditions given
below. LaMnO 3 _HT sample was obtained via hydrothermal intermediate step.
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Cu- and/or Zn-modified CrO x /Al 2 O 3 catalysts for a fixed-bed
isobutane dehydrogenation
Salaeva A.A.; Salaev M.A.; Mamontov G.V., Tomsk State University, Tomsk, Russia

Introduction
The dehydrogenation of light paraffins is of high importance for petrochemical
industry, and CrO x /Al 2 O 3 catalysts are widely used in both fixed-bed (Catofin,
Catadiene) and fluidized bed processes [1]. Commercial operation of aluminachromia catalysts proceeds under harsh conditions: high process temperature (500650 °C), repeated rotational cycles of oxidative regeneration and reduction, local
overheating, etc. Therefore, the catalyst must have high thermal stability, high activity
and selectivity towards corresponding olefins and high stability up to a year. To
improve the efficiency and increase the producibility, the catalysts with improved
performance characteristics are required. Various modifiers based on Ca [2], K [3],
group VIII metals (Fe, Co, Ni) [4] and other compounds are actively used to enhance
the performance of CrO x /Al 2 O 3 catalysts. The interest to Cu and Zn is connected
with their wide use in a number of catalytic processes of dehydrogenation of organic
compounds [5]. The present work is focused on the study of the effect of copper and
zinc addition on the textural and redox properties as well as catalytic activity in
isobutane dehydrogenation of chromia-alumina catalysts.
Experimental
The pseudoboehmite was used as a precursor of the support (γ-Al 2 O 3 ). The series of
modified alumina supports (loading of Cu and/or Zn was 0-3.2 %wt.) were
synthesized by the incipient wetness impregnation of boehmite by an aqueous
solution of copper and zinc nitrate followed by drying at 170 °C for 12 h and
calcination at 500 °C for 6 h. After the calcination, the modified supports were
impregnated by the aqueous solution of chromium oxide (VI) followed by drying at
120 °C for 12 h and calcination at 700 °С for 5 h. The nominal loading of Cr 2 O 3 in the
catalysts was 4.5 %wt. The prepared supports and catalysts were characterized by
the low-temperature N 2 adsorption, TPR-H 2 , XRD, UV-vis and Raman spectroscopy.
The activity of the catalysts in isobutane dehydrogenation was studied using the
quartz tubular reactor with a fixed bed of catalyst at 540 °С.

Results
The introduction of Cu and Zn modifiers results in a shift of pore size distribution in
the range of smaller pore sizes and increases the specific surface in comparison with
the unmodified Al 2 O 3 . The XRD and UV-vis data show that Zn and Cu are distributed
on the surface of Al 2 O 3 support to yield the surface aluminates. The Raman data
show that chromium on the surface of catalysts is distributed predominantly as monoand/or dimeric Cr (VI) species. The introduction of Cu and Zn modifiers led to higher
amount of monochromia species. TPR-H 2 data show that the introduction of Cu
modifier facilitated the enhanced reducibility and stability of the redox chromia
species. As opposed, Zn decreased the reducibility of chromia species.

Fig. 1 Dependence of conversion (X, %) and selectivity (S, %) on the time on stream
(A), Activity of the catalysts for isobutane dehydrogenation into isobutylene (B).
The introduction of Zn into the CrO x /Al 2 O 3 catalyst decreases the activity and
selectivity in isobutane dehydrogenation (Fig. 1a). The introduction of Cu modifier
leads to growth of activity, selectivity and stability of the catalyst. The highest activity
was achieved over CrO x /Al 2 O 3 catalyst modified with both Cu and Zn. Thus, the
synergetic effect of Cu and Zn modifier may be used to improve the properties of the
CrO x /Al 2 O 3 catalysts for dehydrogenation of light paraffins.
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Effect of Swelling and Selective Adsorption on the Catalytic
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R. Tesser, M. Di Serio, Department of Chemical Science, University of Naples, Italy

Introduction
Polymeric ion-exchange resins can be used for promoting many different reactions
such as, for example, fatty acid esterification with methanol to produce biodiesel. Due
to their particular cross-linked structure, these materials are subjected to a
remarkable swelling phenomena when are contacted with polar solvents such as
methanol or water. This aspect is often neglected when the kinetic behavior of the
reactions promoted by acid exchange resins are studied. Moreover, the high liquid
volume retained and the selectivity towards the adsorption of one particular reagent
can result in a significant alteration of the liquid reactive mixture composition inside
the catalyst particles. In this situation, the bulk liquid phase and the adsorbed phase
are different in composition and the kinetics could be strongly affected as the
chemical reaction occurs mainly on the internal surface of the resin particles.
Therefore, the correct description of the kinetics for such systems requires additional
information regarding the phase partitioning of the various components between the
liquid and the absorbed phase. Experimental absorption data, concerning the binary
system methanol-water partitioned in the presence of Amberlyst 15 and Relite CFS,
two sulphonic ion-exchange resins, typically used as esterification catalysts, will be
presented. The data collected on binary systems water-methanol, at different
temperatures, have been successfully correlated by a multicomponent competitive
absorption model that could be useful in a wider kinetic study.
Starting from experimental data, related to the fatty acid esterification with methanol,
the phase partitioning of the various components between the liquid phase and the
adsorbed phase, a kinetic approach based on a new partition model was developed
and related parameters were determined. Using this new kinetic model the
esterification of fatty acid with methanol in batch reactors has been described more
accurately. The same model has also been used to describe the behavior of loop and
continuous packed bed reactors, obtaining in any case a good agreement between
experimental and calculated values.

Swelling tests and development of a predictive model
Some independent swelling tests have been performed with the scope to evaluate
the swelling factors of both Amberlyst 15 and Relite CFS resins, at temperature of
25°C, and in contact with methanol and water, pure or in mixtures with different
composition. Some swelling tests have also been made with pure water, at 95°C, in
order to appreciate the effect of temperature on swelling. A model predicting the
swelling behavior has been developed and verified.
Partition test runs and development of the corresponding interpretation model
Solutions at different concentration of water in methanol were prepared and put into
contact with a weighed amount of dry resin in vials that was then rapidly capped.
Residual water concentration in the solution was analyzed by gas-chromatography
evaluating the weight fraction of water not absorbed and by difference with respect to
the loaded amount, the absorbed quantity. Runs have been made at two different
temperatures and a partition model, based on the competition between water and
methanol in filling the void volume of the resin has been developed. An example of
fitting the partition experimental data can be appreciated in the following figures
reporting the phase diagram for the adsorption of the binary system water-methanol
at 25 and 100°c with respectively Relite CFR and Amberlyst 15 resins.

At last, the developed partition model, with the related determined parameters has
been inserted with very satisfactory results in a kinetic model interpreting the data of
esterification of fatty acids with methanol.

An Experimental Study Aiming to Enhance the Performance of OSR
of a Fuel Processor
Cihat Öztepe, Boğaziçi University, Department of Chemical Engineering, İstanbul,
Turkey; B. Selen Çağlayan, Boğaziçi University, Advanced Technologies R&D
Center, İstanbul, Turkey; A. Erhan Aksoylu*, Boğaziçi University, Department of
Chemical Engineering, İstanbul, Turkey
The aim of this study was to analyze the performance of methane OSR unit of the
Fuel Processor Prototype-FPP and to determine the optimum operating parameters.
A Box-Behnken experimental design was used with the experimental paramaters
temperature, S/C (steam-to-carbon) and O/C (oxygen-to-carbon) ratios of the feed,
and the catalyst weight (or residence time, W/F). Methane conversion was found to
be increased with increasing temperature, S/C and O/C ratios whereas it was mostly
decreased with increasing W/F. A thermodynamic analysis was also performed to
form a reference basis for comparing with the trends observed in experimental
results.
Experimental
A Box-Behnken experimental design consisting of operating parameters temperature, S/C and O/C ratios of the feed, and W/F- was constructed to perform
experiments and to make a further statistical modelling possible. 350-450 °C, 3-5,
0.74-1.33 and 1.50-2.00 mg.min/ml were the ranges that were used in the design for
temperature, S/C ratio, O/C ratio and W/F, respectively [1,2,3].
Results and Discussion
Due to the nature of a Box-Behnken experimental design, effects of all parameters
were observed and compared at their maximum and minimum values only. The
effects of operating parameters on methane conversion, H 2 product concentration
and H 2 /CO ratio in the product were examined. Temperature, S/C and O/C ratios in
the feed were found to increase methane conversion, with certain exceptions,
whereas they had various effects on H 2 product concentration and H 2 /CO ratio in the
product at different conditions. When temperature was increased from 350 °C to 450
°C, methane conversion increased significanlty with increasing H 2 product
concentration while H 2 /CO ratio in the product decreased tremendously. These
variations are presented in Figure 1 as an example of parametric effect comparison.

A thermodynamic study was also performed to compare the trends, and results
obtained by thermodynamic calculations were presented as if an infinity value of W/F
ratio was used, as presented in Figure 2. Decreasing methane conversion with
increasing W/F and higher methane conversions than thermodynamic calculations
were remarkable conclusions. These situations were caused by the existence of
simultanoues multiple, serial and/or competitive, reactions running at different speeds
in the reactor .

Figure 1. Steady state performance results comparison at different conditions

Figure 2. Experimental and thermodynamic CH 4 conversion and H 2 concentration
percentages, and H 2 /CO ratio comparison with respect to W/F
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Introduction
Hydrocracking catalysts are bifunctional systems, where sulfided Ni-Mo(W)-S
component performs hydrogenating and hydrodesulfurisation reactions while acidic
supports, usially based on ultrastable zeolite Y, performs cracking and isomerization
reactions. It is generally accepted that strong Brønsted acid sites, the framework
bridging SiOHAl groups of zeolites, are the active sites for these reactions. The role
of the extraframework aluminium species in the catalytic transformation of
hydrocarbons has been vividly debated [1-2]. The aim of this study was to find
relationships between the acidity of zeolites (including variety of extralattice species)
and performance of the Ni-Mo catalysts in vacuum gas oil (VGO) hydrocracking.
Scope of the work
A series of ultrastable zeolite Y (SiO 2 /Al 2 O 3 ∼25) in the H-form (CBV-720, Zeolyst)
and cation-decationated form denoted as REY-(%Ln) (Na 2 O = 0.5 wt%, Ln 2 O 3
=0.35-3.3 wt%, where Ln is a lanthanide) were used to catalysts preparation. Zeolite
powders were characterized by XRD, SEM and nitrogen adsorption. The
concentration of different O–H groups of zeolites has been reliably established with
1

H MAS NMR, using methane and benzene as internal standards and compared with

IR spectroscopy data. The acidity of zeolites were studied in detail by TPD-NH 3 and
IR spectrocsopy of adsorbed CO, quinoline and in situ desorption of pyridine.
Several types of LAS and BAS were found on the zeolite surface, the concentration
and strength of which depended on the Ln content. The concentration of strongest
BAS (the value of the low frequency shift of OH vibrations with adsorbed CO
(∆ν OH/CO ) was 340-380 cm-1), the framework SiOHAl groups, declined with increasing
Ln content. Three types of medium strength BAS (∆ν OH/CO = 190-280 cm-1), the
bridging AlOHAl groups with ν OH 3670 and 3690-3695 cm-1 (2.7-3.1 and 3.7-3.5 ppm)
and defect silanol groups with ν OH 3735 cm-1 (2.1 ppm), were found on the REY

surface. The concentration of the AlOHAl groups on the REY surface was unusually
high and close to the concentration of lattice BAS (Tabl.) in contrast to CBV-720
zeolite [3]. It was found that washing the zeolites from extraframework ions by tartaric
acid (TA), accompanied by a sharp decrease in the content of 6- and 5-coordinated
Al atoms according to

27

Al NMR, led to a predominant removal from the surface of

two types of OH groups - with ν OH 3690 and 3735 cm-1 (Fig., Table).
NiMo catalysts (3 wt% Ni and 10 wt% Mo) were prepared by co-impregnation of
30%HY+70%Al 2 O 3 supports with solutions containing precursors of active metal and
citric acid. The Brønsted acidity of the catalysts was formed by properties of the initial
zeolites. Testing of stacked beds in the one-through hydrocracking of VGO was
carried out in a fixed–bed flow reactor under 16.0 MPa at 390-410oC [3-4]. The VGO
conversion and diesel fraction (130-360oC) yield did not correlated with the
concentration of strongest BAS. The effect of the different extraframework Al species
have been discussed. It was found that washing the zeolites from extraframework
species drastically reduced the diesel fraction selectivity and yield (Table).
Zeolites

REY0.5

REY0.5 ТА

Si-O(H)-Al

610

630

Al-O(H)-Al

480

350

Al
NMR

AlO 4 /
AlO 6 +AlO 5

0.92

1.5

IR CO,
µmol/g

LAS

60

16

76.3

70.6

46.9

44.3

Properties
1

H NMR
µmol/g
27

Diesel
fraction
yield
Fig. IR spectra of REY-0.5 zeolites after
activation in vacuum at 500oC.

S
(at X=50%)
Y (410oC)

Table. The effect of REY-0.5 zeolite
(0.5 wt % Ln) washing by tartaric acid.
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3D Reconstruction of Porous Materials with Small-Angle Scattering
and Stochastic Models
Cedric J. Gommes, Department of Chemical Engineering, University of Liège,
Belgium, and Funds for Scientific Research, F.R.S.-FNRS, Belgium

Small-angle scattering of either x-rays (SAXS) or neutrons (SANS) is one of the few
experimental techniques that can be used to study the structure of porous materials
on the entire range from 1 to 100 nm, which makes it particularly suited to
characterize microporous and mesoporous materials. Because the information in
scattering patterns is a correlation function, however, models are generally needed to
convert scattering data into structurally meaningful information. This is particularly
challenging for many porous materials of practical interest in catalysis, which have
disordered structure. We discuss five stochastic models that capture qualitatively
different disordered structures, notably in what concerns the connectivity and the
tortuosity of the solid and the pore spaces [1].

The procedure is illustrated in Figure 1, with the SAXS pattern of mesoporous
alumina, the structure of which is reconstructed with a clipped Gaussian random field
model. The reconstruction can then be used to derive non-trivial structural
such

information,
b

c

a

as the connectivity and tortuosity of the phases
Figure 1. Example of a SAXS pattern of mesoporous alumina (a), the reconstructed
as well as their size distributions using, say the concept of largest inscribed sphere
3D structure using a Gaussian random field model (b), and the measurement of the
(Figure 1c).
largest spheres inscribed in the pores (c).

We illustrate the methodology with the SAXS analysis of a carbon xerogel, of a
fumed silica and of mesoporous alumina. The reconstructions obtained from the
SAXS are compared with pore size distributions derived from nitrogen physisorption.
In the case of the xerogel and silica it is possible to pinpoint a single model that
describes the structure best. In the case of the alumina, however, the scattering
cannot discriminate the models. Even so, the models are useful because they enable
one to quantitate the structural ambiguity of the SAXS data. Having a realistic
structural model of the porous material is also necessary for in situ SAXS studies [2],
as well as to analyze the influence of geometrical disorder on the physicochemical
phenomena happening inside the pores [3].
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Abstract
Hydrogenation reactions play a key role in a variety of applications in the chemical
industry. In terms of process engineering, some of the most crucial challenges are
the long-term storage of hydrogen gas and the requirement of severe safety
measures and extremely high pressures when using gaseous reactants. Thus,
finding a replacement for gaseous hydrogen as a reactant for industrial
hydrogenation is a fundamental step towards a safer working environment and
saving resources. Potential methods for the implementation of other hydrogen
sources are physisorption by porous materials,[1a] metal hydrides,[1b] complex
hydrides,[1c] chemical hydrides,[1d] and Liquid Organic Hydrogen Carriers
(LOHCs).[1e] Considering reversibility, gravimetric and volumetric hydrogen capacity,
thermodynamics and the challenge of implementing the new technology into the
existing infrastructure, LOHCs are widely discussed as the most competitive and
promising solution.[2] Finding LOHCs with suitable properties for efficient the longterm use is as much a challenge as designing the respective catalysts to perform the
hydrogenation and dehydrogenation in the energy cycle. Prof. Wasserscheid and his
group succeeded at designing the LOHC system DBT (dibenzyltoluene), that meets
all requirements and has already been commercialized as a hydrogen storage
system in the energy and fuel sector.[3] Beside the grand advantages of being nonhazardous, non-flammable, relatively cheap (< 5 €/kg) and widely commercially
available as a heat transfer medium, it offers a very high boiling point and similar flow
properties to gasoline and can thus easily be implemented into the existing
infrastructure. Both the energy and the chemical industry are highly interested in
hydrogen carriers such as DBT. In the chemical industry, hydrogen is used in large

quantities in hydrogenation reactions. With hydrogen as a gaseous compound, these
reactions can be technically demanding due to the requirements to the high pressure
equipment. An appealing solution is the direct transfer of hydrogen from a carrier
molecule such as DBT to the respective acceptor molecules.
Hydrogen storage + transport

+ 9 H2

18H-DBT

- 9 H2

Transfer
hydrogenation

0H-DBT

In this work, we present the optimization of transfer hydrogenation reactions using
this LOHC, hydrogenated dibenzyltoluene (18H-DBT) as hydrogen donor. In a prescreening of late metal-pincer complexes, ruthenium-acriphos[4] proved to be the
most efficient system. Substrate and catalyst screening are presented as well as the
influence of the electronic and steric properties of the catalyst.
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Introduction
Nickel-based catalysts are widely used for the methane dry reforming reaction (DRM)
owing to their activity and competitive cost compared to noble metals [1-2]. Despite
their high activity they suffer from a rapid deactivation, due to carbon deposition,
which is considered a major drawback. The catalysts for DRM should exhibit
adequate properties to endure the severe conditions of the reaction which is
generally carried out at high operating temperatures (> 600 ºC). The nature of the
used support seems to play a crucial role in controlling the distribution and then the
stability of the Ni active phases. In this sense, it would be essential to design Ni
catalysts that exhibit suitable metal-support interaction in order to provide highly
dispersed and resistant active phases.
The present study is dealing with the investigation on the influence of the Ca/P molar
ratio on the textural, structural, surface chemistry (acid/base) and catalytic behaviour
in DRM of a series of hydroxyapatite supported nickel samples (Ni/HAP). For this
purpose, hydroxyapatite supports with different Ca/P molar ratios have been
synthesised.

Experimental
Table 1 reports characterization and catalytic data for the pre-reduced Ni/HAP
catalysts. The analysis of these data sheds light on the crucial role that plays the
composition of the hydroxyapatite materials when used as support for Ni catalysts in
their catalytic properties in the DRM reaction. It seems that a preparation starting

from a sub-stoichiometric composition (Ca/P < 1.67) results in suitable properties
which give the highest catalytic performance compared with stoichiometric (Ca/P =
1.67) and over-stoichiometric (Ca/P = 1.73) compositions, respectively (Table 1 and
Fig. 1). Interesting conclusions will be presented by correlating the very rich
information provided by a wide battery of techniques (including BET, XRD, TEM,
FTIR, NH 3 -TPD, CO 2 -TPD and TPO) and the catalytic performance of the
investigated samples.
Table 1. Characterisation and catalytic activity data for the Ni/HAP catalysts
ICP

BET

Sample
Ni/HAP-D1
Ni/HAP-D2
Ni/HAP-S
Ni/HAP-E

Ca/P

Ni, wt.%

1.57
1.62
1.67
1.73

3.41
3.41
3.41
3.41

S BET,
2 -1
m g
24
26
17
9

TEM

(a)

Vp,
3 -1
cm g
0.28
0.25
0.16
0.08

dp,
nm
44
36
32
32

DRM at 750 ºC
(CH 4 /CO 2 : 1/1)

Niº,
nm

X CH4

X CO2

H 2 /CO

18
17
22
34

75
78
70
67

83
86
80
78

0.78
0.79
0.75
0.72

(a)
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60

Ni/HAP-D1
Ni/HAP-D2
Ni/HAP-S
Ni/HAP-E

50
40
30
20

0

2

4

6

8

10

12

14

16

18

20

22

24

Time on stream, h
3

-1

-1

Fig. 1. DRM activity over Ni/HAP catalysts at 750 ºC (GHSV = 60,000 cm h g )
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Introduction
Catalyst nanoparticles in reaction conditions expose different crystal facets, making
available different active sites for adsorption and reaction of chemical species.
Depending on the geometrical arrangements of the atoms at the surface, the active
sites interact differently with reaction intermediates and transitions states, yielding
specific observed catalytic activity. Besides, due to the dynamic nature of catalyst
materials, the amount of the active sites changes according to the variation of the
local operative conditions in the reactor. As a result, the actual contribution of each
type of active site to the overall reaction rate results determined by both its catalytic
activity and its abundance, and by how they are influenced by the variations in
chemical environment inside the reactor [1].
In this contribution, following our previously proposed methodology for the modelling
of the catalyst morphology in reaction conditions [2], we proceed by performing a
detailed analysis of the reaction mechanisms on the different crystal facets that the
catalyst shows in reacting conditions. We adopt a hierarchical structure-dependent
microkinetic model for the calculation of the reaction rates, which accounts for the
activity and abundance of the different active sites.

Methods
A semi-empirical structureless microkinetic model [3] is adopted to simulate the
macroscopic behavior of the catalytic system. The morphology of heterogeneous
catalyst nanoparticles in dependence of the gas chemical potential is determined by
ab initio thermodynamics and Wulff-Kaishew construction methods [4]. Density
Functional Theory (DFT) calculations are performed with GGA-PBE ultrasoft
pseudopotentials and the Quantum Espresso code. Nudged-elastic band and finitedifferences vibrational analysis are employed to calculate the Gibbs free energies of
reaction intermediates and transition states on the facets exposed by the catalyst.

Partial pressures axial profiles at the catalyst interface in an annular reactor for the CPO reaction. T = 500°C;
P = 1 atm. On top: 3D shape of Rh2O3 and Rh catalyst particles, obtained by ab initio thermodynamics and
Wulff-Kaishew construction. (b): Percentage net reaction rates of H2 production on different facets of Rh.

Results and Discussion
The methodology is applied in the context of catalytic partial oxidation (CPO) of CH 4 ,
water-gas shift (WGS) and reverse WGS reacting systems on a Rh/Al 2 O 3 catalyst.
Twenty reversible elementary steps on five crystal facets of Rh are investigated to
calculate the activity of the catalyst active sites at different operative conditions. At a
certain reaction coordinate, we determine which are the facets of the catalyst that
give predominant contribution to the overall reaction rate and unravel the reaction
mechanism on each of them, by accounting for both their activity and their
abundance. During CPO, after a bulk phase transition from Rh 2 O 3 to Rh [4], syngas
starts producing. Rh(111) is the most abundant crystal facet, but due to its higher
activity, Rh(311) is found to be the crystal facet which gives the predominant
contribution to the overall reaction rate (Fig.1).
As whole, the proposed procedure has a great potential since it allows us to locally
analyze a reacting system at the molecular level, explicitly accounting for the catalyst
structure. Hence, this contribution introduces an important innovation in microkinetic
modelling, making it possible to gaining fundamental insight in the structure-activity
relations of heterogeneous catalysis.
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Introduction:
An increasing energy demand, growing population and depleting crude oil resources
have led to the need for development of alternative renewable energy and chemical
processes. Functionalised furans are an attractive biomass derived feedstock that
can be sustainably produced at large scale from abundant waste biomass. 5Hydroxymethyl furan (HMF) is a key platform chemical, which can be converted into
several value-added products including; 2,5-dimethylfuran (DMF)(biofuel-additive)
and 2,5-Bis(hydroxymethyl)furan (BHMF)(Polymers)[1]. In this study, we have
developed a catalytic process for the selective hydrogenation of HMF to BHMF,
under mild reaction conditions using water as the reaction medium. Although there
are reports in literature for selective hydrogenation of HMF, the reported processes
are mainly performed using dilute feedstocks in organic solvents, expensive designer
catalysts and stringent reaction conditions, which limit the scope for scale up and
potential commercialization. We have developed a facile and scalable hydrogenation
process for selective hydrogenation of HMF under mild reaction conditions, using
water as reaction medium and manganese oxide octahedral molecular sieves (OMS2) and Pt/OMS-2 catalysts, which makes our process industrially attractive and
economically viable for scale up studies. We have reported the first complete study of
selective hydrogenation of HMF to BHMF using manganese oxide materials including
kinetic analysis and insights on the role of lattice oxygen vacancies and alkali metal
ions on the plausible reaction mechanism.

Materials and methods:
All catalysts were synthesized at QUB and thoroughly characterized using XRD,
XPS, BET, TPR, Raman, SEM and HRTEM analyses. Hydrogenations were carried

out in a 100 cm3 Autoclave Engineers autoclave. In a typical experiment, the reactor
was charged with HMF (0.004 mol) and catalyst (0.15 g) suspended in water (30
cm3). The reactor was heated to 110 °C, pressurized to 20 bar H 2 and agitated at
1500 rpm. The reaction was sampled at regular intervals, with analysis by GC-FID
using a capillary column.

Results and Discussion:
The hydrogenation of HMF to BHMF using 4%Pt/OMS-2 catalyst, at 110 oC, and
hydrogen pressure of 20 bar, was completed in less than 1 hour, with 92% selectivity
to BHMF. A typical HRTEM image of the 4%Pt/OMS-2 catalyst is shown in Figure 1a
and the reaction composition-time profile is shown in Figure 1b. The activity of
different metals such as Pt and Pd supported on TiO 2 and OMS-2 were compared
and 4%Pt/OMS-2 showed the highest selectivity to BHMF (Figure 1c). To further
optimize the process, reactions were carried out between 5 to 20 bar H2, 60 to 110
°C temperature and 0.05 to 0.3 mol dm-3 HMF feed concentration, 0.5 to 4% Pt
loading and 0.001 to 0.005 gm/cm3 catalyst loading.

Figure 1 (a) HR-TEM image of 4 wt% Pt/OMS-2, (b) Reaction composition-time profile for
hydrogenation of HMF using 4%Pt/OMS-2, and (c) Efficacy of various catalysts.

In this study, we have developed a selective hydrogenation process for conversion of
HMF to BHMF under mild reaction conditions using water as the reaction medium.
The catalyst is stable, active, and selective and shows good reusability. Effects of
different process parameters were studied, and reaction mechanism and kinetic
model developed. The process is green and novel for synthesis of BHMF from HMF.
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Microemulsion vs. Precipitation: Selecting the support synthesis of
nickel-ceria based catalysts for ethanol steam reforming
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Hydrogen is considered the energy carrier of the future thanks to its high potentiality
in fuel cell application, and the possibility to obtain it from renewable resources.
Ethanol steam reforming (ESR) is one of the most practical ways to produce it from
biomass, and to investigate robust, selective and active catalysts for this reaction is
the goal of this research. Nickel, one of the most economic and active non-noble
metal, has been chosen as active phase for its high activity to break carbon-carbon
bond. However, due to its low thermal stability toward sintering and low coke
resistance, the role of support is essential. Therefore, the focus of this work is the
stabilization of the active phase by careful study of the support preparation, looking
for suppressing side reactions and reducing formation of by-products such as
acetone and ethylene, which are coke precursors. Ceria is an attractive support
because of its redox ability, which can positively influence the reaction. In fact, it
favors the oxidative removal of carbonaceous species on the surface, limiting coke
deposition. Moreover, ceria redox ability can be modulated by a careful control of
structural defects: the highest is the number of defective sites, the most effective is
the redox pump. For this reason, lanthanum oxide has been introduced as promoter,
due to its possible substitution as La3+ in the Ce4+ support lattice [1].
In this work, two synthetic approaches have been evaluated to modulate the intrinsic
features of support: precipitation (with urea) and microemulsion. Precipitation is the
conventional method while microemulsion approach is an innovative technique
involving the use of thermodynamic stable colloidal solution. In fact, microemulsion
can guarantee a good atom distribution of support particles, through the formation of
micelles that work as small precipitating reactors [2]. Support materials based on
ceria and lanthana were prepared using both methods (samples are denoted P for
Precipitated or M for Microemulsion). After the calcination process, the nickel active

phase was deposited by
impregnation. All catalysts
were

characterised

N 2 -physisorption,

using
TPR,

XPS, OSC, XRD and TEM,
to understand the influence
of the synthesis method on
the
Fig. 1. Catalysts characterization: a) TPR, b) XRD and c) SEM

morphological

and

structural features and how

these relate to catalytic properties. The two methods gave strong differences in
features (Fig.1): P catalysts showed higher reducibility (which involves higher oxygen
mobility) with more homogeneous Ni particle size distribution.
Catalytic tests (at 500 °C for 5 h using strong
GHSV conditions) revealed also different
behaviour for each catalyst type (Fig. 2).
Though initial conversion (near total) and H 2
yield (60%, i.e., 3.6 mol H 2 /mol ethanol)
were equal for both, deactivation of catalyst
M was much faster and its H 2 production
was fully deactivated after just 2 h. Similar
Fig. 2. Evolution of ethanol conversion
and H2 yield with run time on NiCe P (red)
and NiCe M (green) catalysts

trends were found for La-promoted supports.
Catalysts deactivation was related to coke
deposition as shown by TPO and TEM of the

used samples. One may conclude that precipitation method allows preparing more
stable catalysts regardless the support composition. This is due to the higher oxygen
mobility (and higher reducibility) of P catalysts that reduces the coke deposition rate
by removing the coke precursors more easily. In addition, M method did not provide a
good dispersion of the active phase, leading to bigger active phase particles.
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Effect of a promoter (Ce or Mg) on the catalytic performance of
nickel aluminate catalysts in the Aqueous Phase Reforming (APR)
of glycerol.
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The present work is focused on the development of an active catalyst for hydrogen
production from the aqueous phase reforming (APR) of glycerol. Global biodiesel
production has increased by 700% from 2005 to 2015, producing a large surplus of
low value-added glycerol [1]. During the last years, hydrogen has gained a relevant
place as an environmental friendly energy carrier, and has promoted the
development of new fuel-cell technologies [2]. Among the catalysts developed for
glycerol APR, nickel aluminate spinels (NiAl 2 O 4 ) have demonstrated promising
results for hydrogen production [3]; however, selectivity to hydrogen is still
compromised because of the undesired reactions related to the surface acidity. In
this work we prepared stoichiometric NiAl 2 O 4 (NiAl) catalysts impregnated (with
nominal metal loading 5 wt.%) by either Ce and Mg promoters (5CeNiAl and
5MgNiAl) and studied the effect of doping metal on the catalytic performance. The
physico-chemical properties of the freshly reduced and spent catalysts were
evaluated by a sort of techniques. The catalytic performance of the synthesized
materials, in situ pre-reduced at 700 ºC, were tested at 235 ºC/35 bar in a benchscale ﬁxed-bed reactor using as feedstock 10 wt.% glycerol aqueous solution.
Results
The characterization of the prepared solids was carried out after reduction at the
reaction temperature (700 ºC), and some of the obtained results are shown in Table
1. All the samples presented high specific surface area (around 80 m2/g), in spite of
the high reduction temperature. On the other hand, the addition of promoters (and
especially cerium) increased reducibility and density of surface basic sites (Ce: 71%
and 70%; Mg: 48 and 26%, respectively). Consequently, the amount of metallic
nickel increased in the doped assays. It is noteworthy to note that cerium doping
notably decreased the Ni0 crystallite size and thus, boosted the accessible nickel

species (H 2,chem ); however, magnesium showed a detrimental effect on Ni dispersion
causing a three-fold decrease in the accessible nickel amount.

Table 1. Properties of the reduced catalysts and selectivity to hydrogen.
S H2
(%)

51

Basic sites
density
(µmol CO2 /m2)
1.10

8

75

1.39

29

174

87

1.88

40

S BET
(m2/g)

H 2,chem
(µmol·g-1)

Ni0
(%)

NiAl

83

21

5MgNiAl

79

5CeNiAl

85

Catalyst

30

Before the activity test, all
the samples were reduced at
700 ºC. For all the catalysts,
the main gaseous product
was

hydrogen

followed
(<26%).

by
As

(>50%),
methane

illustrated

in

Figure 1, base catalyst (NiAl)
showed 74% X Gly , 60% Y H2
and 32% X gas . Ce doping
improved

catalytic

performance, with 43% and
Figure 1. Activity in APR at 1 h.

33% increase in Y H2 and

selectivity to H 2 (S H2 , Table 1), respectively. Contrarily, Mg addition reduced APR
activity. According to characterization data, the promotion by Ce could be assigned to
the increment of both, surface basicity and accessible metallic Ni atoms; the
remarkable decrease of the later upon Mg addition restricted the activity of 5MgNiAl.
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Critical Impact of Transition Metal Promoters in the MOF-Mediated
Synthesis of Co@C Solid Catalysts
Miguel Rivera-Torrente, Carlos Hernández Mejía, Thomas Hartman, Krijn P. de Jong,
Bert M. Weckhuysen, Inorganic Chemistry and Catalysis, Debye Institute for
Nanomaterials Science, Utrecht University

Metal-Organic Frameworks (MOFs) have been extensively studied as template
materials for preparing metal@C composites with different properties in what has
been named as MOF-mediated synthesis (MOF-MS).[1] However, a common issue
has been structuring the carbon matrix, which may limit accessibility to the embedded
metal atoms or metal particles. Some routes to enhance porosity or modify the
particle size distribution have been described, but they are often complex and include
numerous steps.

In our work, we describe a simple method to increase the available Co surface,
consisting of dry impregnation of two transition metal (Nb, Pt) molecular precursor
into the pores of an archetypal Co-MOF topology prior to its pyrolysis. Formation of
large ~25 nm mesopores and an increase of the accessible metallic surface area
were demonstrated by N 2 physisorption and H 2 chemisorption. Moreover, in-situ Xray diffraction (XRD) and transmission electron microscopy (TEM) revealed a critical
effect on particle size growth of Co when the promotor is present.

Figure 1. (a) Impregnation of transition metal precursors leads to different pore structures of the metal@C
materials, as revealed in the (b) N 2 adsorption isotherms at 77 K and the (c) pore size distributions.

Testing of the prepared materials in the conversion of syngas into hydrocarbons
(fixed-bed, 220 ⁰C, H 2 :CO = 2, 1 bar, 100 h TOS) showed that, for instance, while
Co@C was practically inactive, Nb-Co@C showed nearly two orders of magnitude
higher activities, comparable to other Co-supported catalysts, as well as improved
selectivity (8.9∙10-6 mol CO∙gCo-1∙s-1 and S C5+ = 56%). These results show that
metal@C materials obtained by MOF-MS can be upgraded in terms of porosity, thus,
its performance improved by a simple incipient wetness impregnation strategy,
paving the way for the design of new metal@C materials.
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Liquid-phase synthesis of butyl levulinate with simultaneous water
removal catalyzed by acid ion-exchange resins
Montserrat Iborra, Javier Tejero, Carles Fité, Eliana Ramírez, Fidel Cunill
Department of Chemical Engineering and Analytical Chemistry,
University of Barcelona, Martí i Franquès, 1, 08028 Barcelona, Spain
Introduction
Levulinic acid (LA), a useful platform chemical, can be obtained from lignocellulosic
biomass, the most abundant and bio-renewable carbon source on earth. Alkyl
levulinates are probably the most remarkable LA-derived compounds to be used as
biofuels, because of their favourable properties and relatively inexpensive feedstock.
Most of studies in the literature are focused on ethyl levulinates (EL) from ethanol.
Butyl levulinate (BL) from butanol is a promising alternative as additive for diesel.
Biobutanol can be produced from biomass through the acetone-butanol-ethanol
fermentation technology (ABE process). Heterogenous catalysis with Brønsted acid
centers, including acidic resins, is preferred to homogeneous catalysis with mineral
acids to avoid environmental effects (toxicity) and operational drawbacks (separation
and corrosion). The esterification of levulinic acid with 1-butanol is a reversible
reaction limited by a low equilibrium constant. LA conversion is favoured by an
stoichiometric excess of 1-butanol and removal of formed water. Additionally,
removing water minimizes its inhibitor effect on the catalytic activity of the resin.
The aim of present work is to identify the best acidic resin that maximizes butyl
levulinate production by reaction of 1-butanol with levulinic acid with water removal.
Experimental section
The experimental set-up was a Pyrex round-bottom distilling flask submerged in a
thermostatic bath at 498 K, a Dean-Stark device and a Dimroth reflux condenser,
which allows to separate continously the formed water. Operating conditions were
atmospheric pressure and the boiling point of the reaction mixture. Initially, the flask
was loaded with 400 mL of BuOH/LA mixture (molar ration 3:1) and about 2.8 g of
dry catalyst. Experimental runs differed in the used catalyst (Table 1). Removed
water volume and boiling temperature of the reaction medium were monitored from
the instant when the first drop of the condensed water was collected. An
experimental run finished when the stoichiometric amount of water was obtained
(18 cm3). Low amounts (max. 5%-wt) of dibutyl ether and dibutenes were detected.

Results and discussion
A typical evolution of an experimental run is shown in Figure 1 (Amberlyst-15). At the
beginning, temperature increases until a maximum, due to the BL formation, the
formed water being uptaken by the resin. Then, further formed water is released to
the medium and the trend of the boiling point changes, also due to the BL formation
and reactants consumption: temperature decreases until a minimum and, afterwards,
it increases progressively until the reaction end (total LA consumption). Experimental
results are summarized in Table 1. For all resins, LA conversion was practically
complete. Butanol conversion and selectivity to BL was similar in all cases, within the
experimental error. Completion reaction time was found to be correlated with the
volume of gel phase of the

Table 1: Used catalysts and results summary

resin, V sp (Figure 2), which

Resin

type

resins

crosslinking,

larger

(lower
V sp )

required the shortest time.
A larger volume of the gel
phase, due to the resin

Gel-type

for resin screening. Gel-

Macroreticular

can be used as a criterium

Amberlyst-15
Amberlyst-16
Amberlyst-35
Amberlyst-36
Amberlyst-39
Amberlyst-46
Amberlyst-121
Dowex50Wx2
Dowex50Wx4
Dowex50Wx8

Contact
time (min)

X LA
(%)

X BuOH
(%)

618
643
643
554
586
780
406
356
446
656

99.8
99.8
99.8
99.5
100
100
100
100
100
99.5

32.3
33.0
34.5
34.6
33.7
31.0
33.7
32.1
31.7
29.0

BL

SBuOH
(%)
93.6
90.1
91.2
91.2
93.7
95.6
94.9
93.6
94.3
91.1

V sp
3
/g)

( cm

0.62
1.14
0.50
1.26
1.64
0.19
3.15
2.68
1.92
1.40

swelling induced by the uptake of formed water during the initial period, would
explain a better accessibility to acid sites and higher catalytic activity. Finally,
homogeneous catalysis by LA also takes place, as evidenced by a run carried out in
the absence of resin: after 4h of reaction time, LA conversion was 51%.

Figure 1: Typical evolution of a experimental run

Figure 2: Effect of the volume of gel phase, V sp ,
of each resin on the time to reaction completion

Selective Electrochemical Reduction of CO 2 to C2 products
Zongdeng Wu1; Qingli Hao*1; Bin Zhang1; Jiawei Fan1; Wu Lei1
School of Chemical Engineering, Nanjing University of Science and Technology,
Nanjing, China
With the rapid development of economy, the increasing consumption of energy brings
plenty of environmental problems, such as global warming, greenhouse effect and
soil erosion, which are mainly attributed to the large amount of CO 2 emission. So
recent studies have focused on how to improve the utilization of renewable energy
and transform the existing energy storage mode, where reducing CO 2 to prepare
clean and available energy is becoming one of the most promising research
directions. Electrochemical reduction of CO 2 has been one of the most important
approaches to cyclically utilize carbon resources. Especially, selective conversion of
CO 2 to C2 compounds still remains a greater challenge compared to C1 products
due to the more electrons needed during the reduction process[1,2]. Here, a novel
electrocatalyst of CuO-based hollow composite was successfully prepared via
hydrothermal synthesis followed by annealling. It was used for catalyzing the
reduction of CO2 in aqueous 0.1 M NaHCO 3 electrolyte. This catalyst exhibited the
best selectivity for the only liquid product of ethanol, with faradic efficiencies (FE)
over 70%. And it showed strong reduction ability and stability in the controlled
potential electrolysis experiment. The possible reaction mechanism was proposed in
this report. Such high performance will be useful in the future practical application.
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Cobalt Ferrite on porous Algae-derived Nitrogen-doped Carbon for
Electrocatalytic ORR
Bin Zhang1; Huaping Bai1; Lei Lu1; Wu Lei1; Qingli Hao*1
School of Chemical Engineering, Nanjing University of Science and Technology,
Nanjing, China
Wide applications of nitrogen-doped porous carbon (NPC) materials have been
intensively investigated in various energy conversion and storage devices, such as
the cathodic oxygen reduction reaction (ORR) in fuel cells [1], benefiting from their
stable skeleton, doping effects, large surface area and porous structure. The
introduction of nitrogen atoms can influence the spin density and charge distribution
of the adjacent C atoms to induce more active sites for ORR. Moreover, porous
nanostructure of NPCs can afford more pores and higher specific surface area,
where these pores can act as additional reaction sites. Here, we report a porous
nitrogen-doped carbon derived from enteromorpha algae (N-EA), using a one-step
pyrolysis process at only 600℃ to simultaneously achieve doping, carbonization and
activation. After anchoring CoFe 2 O 4 on N-EA, CoFe 2 O 4 /N-EA, not only inherits the
high surface area, porous structure, active nitrogen species from N-EA, but also
benefits from the active sites from CoFe 2 O 4 . The synergistic effect makes
CoFe 2 O 4 /N-EA an alternative catalyst to commercial Pt/C for ORR with superior
activity and stability. Green preparation, waste utilization and good ORR performance
of CoFe 2 O 4 /N-EA could make it a promising candidate for fuel cells.
Acknowledgements
The work was supported by the National Natural Science Foundation of China
(Nos.

21576138,

51572127,

51872140),

China-Israel

Cooperative

Program

(2016YFE0129900), and the program for Science and Technology Innovative
Research Team in Universities of Jiangsu Province, China.
References

1. Zhou, M.; Wang, H.; Guo, S., Towards high-efficiency nanoelectrocatalysts for oxygen
reduction through engineering advanced carbon nanomaterials, Chem. Soc. Rev. 2016, 45, 12731307.

The structurally distinct model Au/α-Fe 2 O 3 interfaces: How to
determine catalytic behaviors in low temperature water-gas shift
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Introduction
Transition metal oxide supported Au catalysts have been widely studied due to their high
potentials in a few reactions

[1]

including the water gas shift (WGS). Although lots of

factors were investigated, establishing a clear structure-activity correlation is ambiguous
due to the complexity of catalyst surfaces, which asks for mechanistic study on the
structurally clear model catalysts. Herein, we present the findings about the evolution of
various surface intermediates in the 100−260 °C range via in situ FTIR, CO-TPSR, and
XPS studies. The significance of surface OH/H 2 O reactivity and interfacial structure in
tailoring intermediate species and controlling H 2 production has been demonstrated.
Experimental
The truncated hexagonal bipyramid (THB), hexagonal plate (HS), and quasi cubic (QC)
α-Fe 2 O 3 were prepared following the procedures previously reported by us

28

, and

denoted as α-Fe 2 O 3 -THB, α-Fe 2 O 3 -HS, and α-Fe 2 O 3 -QC, respectively. The fresh Auloaded samples were prepared by the controlled deposition-precipitation approach

28

,

further subjected to air-calcination at 200 °C for 2 h; and denoted as Au/α-Fe 2 O 3 -THBAir, Au/α-Fe 2 O 3 -HS-Air, and Au/α-Fe 2 O 3 -QC-Air, respectively. The catalysts were
characterized by means of XRD, SEM, N 2 sorption, (HR)TEM, CO-TPSR, XPS, and in
situ FTIR, and evaluated for the WGS reaction at 120-260 °C.
Results and Discussion
Three structurally distinct interfaces, i.e. Au/α-Fe 2 O 3 -THB-Air, Au/α-Fe 2 O 3 -HS-Air, and
Au/α-Fe 2 O 3 -QC-Air, with the major substrate facet being {113}, {012}, and {001}
respectively, were prepared in a controllable manner. The low temperature WGS
reaction (100-260 °C) was applied to these unique interfacial structures to reveal how
these structurally distinct interfaces can impact on the reaction behaviour. With the
detailed performance evaluation together with the characterizations of CO-TPSR, XPS,
and in situ FTIR, the correlations between the evolution of intermediates and the distinct
catalytic behaviours have been established. The substrate facet structure plus the Au
entity largely determine the form and reactivity of surface OH/H 2 O species which in turn
determine the formation of different intermediates and eventually the product selectivity.
The Au/α-Fe 2 O 3 -THB-Air interface is enriched with the oxygen vacant sites, favourable
for dissociative adsorption of H 2 O, carboxyl intermediate (COOH) formation and H 2

production. The Au/α-Fe 2 O 3 -HS-Air is enriched with surface lattice oxygen, favourable
for molecular adsorption of H 2 O, formate intermediate (HCOO) formation, and CO 2
production only. The Au/α-Fe 2 O 3 -QC-Air interface is enriched with surface Fe sites,
favourable for dissociative adsorption of H 2 O and evolution of stable carboxyl
intermediate as well as isolated OH species at low reaction temperatures. The findings
are informative to control the interfacial structure for the desired product formation in the
WGS and other reactions.

(I)

(II)

(III)

Fig. 1 SEM image and schematic diagram of α-Fe 2 O 3 -HS (a and b); HRTEM images (c and d) of (I)
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Fig. 2 The WGS reaction performances over the three model catalysts.
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Fig. 4 The possible evolution of intermediate species on

developed over Au/α-Fe 2 O 3 -THB-Air.

the three model catalysts in the 140-260 °C range.
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A cascade reaction to produce sustainable bio-diesel from a
cellulose-derived platform molecule
Lisa Mullins and James A Sullivan,
UCD School of Chemistry, Belfield, Dublin 4, Ireland

Two equivalents of valeric acid are converted into pentyl valerate in a one pot
cascade reaction containing valeric acid and H 2 over a reduction catalyst (to catalyse
the selective reduction to pentanol) and an acidic catalyst (to catalyse the
esterification of the pentanol with valeric acid). The effects of catalyst loading within
the reactor and reaction temperature are considered the contribution concludes with
a discussion of the problems associated with cascade reactions.
Introduction
While carbon-neutral combustion of biomass-derived diesel seems an attractive
solution to the CO 2 and resource depletion problems associated with the use of fossil
fuels, currently available Fatty Acid Methyl Ester biodiesel suffers from a range of
social (food vs fuel), environmental (N 2 O generation, alkaline waste, significant
biomass waste) and sustainability. Life cycle analyses suggest that in certain cases
their combustion is very gar from carbon-neutral [1].
Generating diesel from easily grown cellulose offers the possibility of ameliorating the
majority of these problems and there has been significant interest in the hydrolysis of
cellulose to platform molecules and the potential use of these to generate sustainable
fuels and chemicals.
One of these platform molecules that can be
sustainably generated from cellulose is valeric
(or pentanoic) acid. This can be esterified with
pentanol to form pentyl valerate which has the
same flow and combustion properties as
petroleum derived diesel [2]. In this work we
present a 1-pot cascade reaction which
converts valeric acid to pentyl valerate (PV)
through a sequential selective reduction and
esterification reaction (see figure).

Experimental
Selective reduction catalysts were 4% Pt/TiO 2 prepared by wet impregnation, while
the esterification catalysts were sulfonic acid-modified SBA-15 catalysts prepared by
condensation of the relevant tri-ethoxysilane to the surface of previously-prepared
SBA-15.
The reactions are carried out in a stirred stainless-steel autoclave at 130 °C and at
20 bar H 2 for 48 h.
Results and Discussion
Prior to the cascade reaction the activities and selectivities of several selective
hydrogenation and esterification catalysts were measured at 130 °C. In the single
step reactions it was found that sulfonic acid
tethered to SBA-15 were the most active
catalysts while in the selective hydrogenation
4% Pt/TiO 2 were the most active and selective.
The figure shows the formation of PV as a
function

of

time

over

various

different

admixtures of the two catalysts. It is clear hat
changing the loadings of the different catalysts
affects reaction outcomes (with PV formation being related to both the levels of the
hydrogenation catalyst and the esterification catalyst). Higher levels of the
hydrogenation catalyst have led to a greater decrease with time in the levels of PV
and this is ascribed to hydrogenation to pentane rather than hydrolysis to pentanol
(as levels of pentanol also drop with time after peaking at 20h).
Conclusions
A reactor containing valeric acid and hydrogen in combination with a selective
hydrogenation catalyst and an esterification catalyst held at produced pentyl valerate
biodiesel. Over time the formed ester hydrolyzed in the reactor and evidence of a
side reaction generating pentane was also observed.
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Study of new methodologies for the monitoring of the conversion of
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In recent years, an increasing effort has been devoted to replace fossil fuels and
fossil-fuel derived chemicals. Wheat straw, poplar and pine chips are abundant
biomass sources in Navarre and can be used as raw materials in the production of
2G bioethanol in a hypothetical biorefinery.
Thermochemical pretreatment of the raw materials under acid conditions provides,
besides the cellulose fraction, residual hemicellulosic and lignin fractions whose
valorisation is essential in order to achieve sustainability of the process.

Scheme. Diagram of the biomass valorisation process

The hemicellulosic fractions is rich in xylose and the xylose contents were
determined using a new methodology based on 13C NMR. Xylose was qualitatively
transformed in excellent yields to furfural by heating under biphasic conditions in
acidic media allowing valorization of these typically underused fraction. Furfural
yields were also determined using 1H NMR.
The lignocellulosic solid fraction was hydrolyzed using an enzymatic cocktail taht
afforded a liquid fraction rich in fermentable carbohydrates and a solid fraction rich in

lignin. Lignin was converted in good yields (8-9 %) in bioaromatics under base
catalysed depolymerisation (BCD).The molecular weight of the polyhydroyethers
could be approximated using DOSY-NMR spectroscopy.1
In this work, we show the optimization of the cyclodehydration reaction of xylose to
furfural using microwave irradiation depending on the reaction time and temperature
as well as the biphasic medium composition and the biomass source. Similarly,
enzymatic hydrolysis optimization was optimized depending each biomass source.
Finally, base catalyzed depolymerization optimization of the lignin fraction depending
on temperature, base concentration and reaction time will be shown.
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Introduction
The water gas shift reaction (WGSR) is a well-known reaction commercially used to
purify hydrogen-rich streams, produced during the industrial production of hydrogen.
The reaction is performed in two steps at high (High Temperature Shift, HTS) and low
temperatures (Low Temperature Shift, LTS). Spite of several advantages, there a
demand to find new catalysts for carrying out the process in one step, decreasing the
production costs. An attractive approach is to modify hematite (commercial catalyst),
by adding new promotors. In a previous work [1], we have found that lanthanum was
an efficient promoter for hematite. In the present work, we have studied the effect of
lanthanum and copper on the properties of hematite-based catalysts by using an
industrial stream, aiming to find efficient and no toxic catalysts for WGSR in one step.

Experimental
Catalysts were prepared by simultaneous hydrolysis of iron nitrate and lanthanum
nitrate using ammonium hydroxide. Copper was impregnated in the iron and
lanthanum mix gel with an aqueous or an alcoholic solution of copper nitrate. Pure
hematite and hematite with lanthanum, copper and with both promoters were also
prepared. Samples were characterized by thermogravimetry, Fourier transform
infrared spectroscopy, X-ray diffraction, specific surface area measurements,
temperature programmed reduction and X-ray photoelectronic spectroscopy. The
catalysts were evaluated at 370 oC, under a gas mixture close to the industrial one.
Samples were characterized before and after reaction.

Results and Discussion
It was noted that lanthanum made hematite production easier and copper did the
same, this effect being stronger for the sample obtained with the aqueous copper

solution. By combining lanthanum and copper, hematite can be obtained at
temperatures as low as 127 oC, instead at 179 oC for pure hematite (α-FeO 3 ).
Therefore, lanthanum and copper-promoted hematite prepared using alcoholic
copper solution demands less energy consumption. X-ray diffractograms confirmed
hematite formation pure sample. Lanthanum largely decreased the crystals size,
regardless copper. For copper-containing solids, copper oxide (CuO) was also
observed, except for the sample prepared with the aqueous solution. In accordance
with these results, both lanthanum and copper increased the specific surface areas,
this effect being stronger for the sample containing only lanthanum; however, the
influence was decreased when both promoters were used. For spent catalysts,
magnetite (Fe 3 O 4 ) was detected for all samples, indicating the phase transition from
hematite to magnetite (active phase). During the transition, the specific surface areas
sharply decreased, mainly for lanthanum-free samples, which reached values of 7.0
m2 g-1. However, lanthanum-containing catalysts kept the values higher than 27 m2 g1

, which is much higher than pure hematite (13 m2 g-1). Lanthanum and copper

favored hematite reduction but made magnetite reduction more difficult, indicating
that both promoters improved the catalysts by making the active phase formation
easier and delaying its destruction. At the end of reaction, both promoters increased
the activity, their combination increasing even more. The promoters also increased
the activity per specific surface area, indicating an electronic action on magnetite.
Lanthanum acted as textural promoter. The most active catalyst was that containing
lanthanum and impregnated with an alcoholic copper solution.

Conclusion
Both lanthanum and copper are efficient promoters for hematite-based catalysts.
During reaction, hematite goes on phase transition to produce magnetite (active
phase). Both metals act as electronic promoters increasing the activity per specific
surface area, while lanthanum acts also as textural promoter. The lanthanumcontaining catalyst and impregnated with an alcoholic copper solution was the most
promising for performing the reaction in one step.
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Production of ultra-low sulfur content gasoline and diesel is a major trend of
refinery nowadays. Up to 40 % sulfur of total gasoline pool volume can be traced
from FCC (Fluid Catalytic Cracking) unit. To decrease sulfur content in gasoline
fraction, sulfur removal additives to FCC catalysts can be used [1]. Commercial
additives consist of alumina based support with Zn-Mg and form spinels. The main
disadvantages of these additives are decrease of FCC gasoline fraction yields and
high coke formation [1, 2].
Earlier we reported highly efficient sulfur removal additives based on ordered
mesoporous silica oxides [2, 3]. But commercial application of these materials is
limited due to their low steaming and mechanical stabilities. To improve these
properties we suggested reinforcing mesoporous structure by halloysite nanotubes –
natural aluminosilicate clay with silica outside and alumina inside surfaces which can
be selectively modified for different core-shell structures formation [4].
Material MCM-41/halloysite (50/50 wt %) was synthesized using sol-gel
method resulted in self-assembly of ordered mesoporous silica MCM-41 type on
halloysite nanotubes. Dried and calcined carrier was impregnated by aqueous
solutions of La(NO 3 ) 3 , Mg(NO 3 ) 3 and Zn(NO 3 ) 3 to deposit 5 % wt of metals on MCM41/halloysite. According to low-temperature nitrogen adsorption/desorption data
resulted samples are mesoporous materials with pore diameter of 2.5 nm and BET
surface area about 616 m2/g. It is also confirmed by TEM (pore diameter around 2.4
nm). TEM microphotographs confirm mesoporous structure of the samples with pore
diameter around 2.4 nm. XRD reveals peaks at small angles (2-6 °) indicating
mesoporous silica oxide phase MCM-41 type formation. Additives were blended with
commercial equilibrium zeolite-containing FCC catalyst (e-cat) with mass ratio of 1/10
and tested on MAT-unit with a fixed bed reactor at 500 °C and VHSV of 15.6 h-1.
Vacuum gas oil with sulfur content of 1.93 wt % was used as a feed. Liquid products
were analyzed on a gas chromatograph “Chromos GC-1000”. The concentration of
sulfur in liquid products was determined by XRF analysis.

Synthesized MCM-41/halloysite composite is thermally stable up to 1100 °C
and has a good steaming resistance. All additives with e-cat are active in sulfur
removal from liquid products of vacuum gas oil cracking (sulfur decreasing – 15-25
%) compared to e-cat without additives. It should be noted that highly active
La/MCM-41/halloysite provides the best sulfur removal (25 %) with only 1 wt %
gasoline loss with light cycle oil increasing. In the case of magnesium and zinc based
additives sulfur removal was lower with gasoline yield increasing by 1-2 wt %
compared to e-cat.
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Introduction
Catalytic hydroprocessing (HPR) of microalgal bio-resources to renewable fuels has
attracted great attention in recent years [1-2]. In particular selective catalytic
hydrodeoxygenation (HDO) of microalgal oil to alkane-type biodiesel is considered a
key process to overcome the main drawbacks (high freezing point, low stability and
caloric value) of the biodiesel produced currently by transesterification, due to the
presence of oxygen atoms and unsatured C-C bond. Aside the HDO, also the parallel
pathway of the acid catalyzed decarbonylation and decarboxylation increase the
production of biodiesel fraction. The development of bifunctional catalysts with
hydrogenation and acid functions, not containing noble metals or sulphur (as
promoter) is a general current requirement to increase the yields of HDO process.
However, an aspect that deservs a more depth analysis is related to the localization
and accessibility of the acid and hydrogenation sites, and the relationship with the
catalytic behaviour. In this contribution, we investigate how the introduction of
mesoporosity by controlled desilication and deallumination in zeolites catalysts,
associated to the targeted localization of Ni NPs, affects the “proximity” effect
between the acid and hydrogenation functions, leading to a highly active and
selective catalytic system for the conversion of methyl palmitate (MP), an algal model
compound, to alkane-type biodiesel.
Results and discussion
Ni-based catalysts (around 8 wt%) were prepared by addressing the localization of Ni
NPs inside the pores or on the external surface of silica based supports (Beta zeolite
CP811E-75 and SBA15) using two different deposition methods (i.e. solimmobilization and impregnation). In order to assess the role of structure, porosity
and acidity of the catalysts in HDO, the commercial CP811E-75 was modified by
desilication and desilication/deallumination treatments, while Al was introduced into
SBA15 structure. The properties of the catalysts (textural, acidity, dimension and

dispersion of Ni NPs) were characterized by different analytic techniques and
correlated to the results of catalytic testing in the HDO of MP (240°C, 40 barg H 2 and
heptane as solvent), evidencing the role of the active sites in the above reaction. All
catalytic systems showed activity in MP conversion, leading to the formation of
pentadecane (C15), hexadecane (C16) and palmitic acid (PA), as main products.
The best catalytic performances both in terms of conversion and selectivity to
biodiesel fraction have been obtained with the zeolite based catalysts prepared by
sol- immobilization, which presents the highest metal surface area value (MSA), due
to the higher accessibility of Ni NPs located on the external surface. Furthermore,
also acidity plays an essential role in governing the products distribution. In fact, in
purely mesoporous Ni/SBA15 and Ni/Al-SBA15, despite the external location of Ni
NPs, the decarboxylation/decarbonilation
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the presence of Al extraframework. In fact the deallumination tretament of desilicated
zeolite results beneficial to the catalytic perfomances (100% MP conversion) leading
to a selective production of alkane-type biodiesel (98% selectivity) (Figure 1).
Conclusions
Catalytic hydroprocessing of MP occurs with high selectivity (98%) to alkane-type
biodiesel over Ni/D S D A Beta, obtained by addressing Ni NPs on the external surface
of desilicated/dealluminated Beta zeolite, as result of a synergic role of the high MSA
value and the improved acid sites accessibility, due to the removal of Al
extraframework.
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Nanostructured Pt-containing catalysts based on clay nanotubes
for isomerization of aromatic compounds
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The reforming naphtha fraction is rich in С 8 H 10 aromatics, widely used in
petrochemical industry for producing synthetic resins, fibers, and plasticizers.
P-xylene is the most valuable isomer which usually used for terephthalic acid
production [1]. The purpose of investigation was synthesis of new functional
materials based on natural aluminosilicate halloysite nanotubes and testing them as
components of catalysts for aromatics isomerization [2].
In this work new micro-mesoporous materials consist of natural halloysite
nanotubes, zeolite ZSM-5 and aluminosilicate MCM-41 were obtained by using
modified

template

synthesis.

Tetrapropylammonium

bromide

and

cetyltrimethylammonium bromide were applied as templates for micro- and
mesopores materials formation respectively. Pt-containing catalysts based on
resulting composites were obtained by wetness impregnation method. All resulting
materials and catalysts were investigated by transmission electron microscopy
(TEM), X-ray diffraction (XRD), nitrogen adsorption/desorption and ammonia
temperature programmed desorption (NH 3 -TPD). Catalytic experiments were
performed on a flow-type unit with a fixed bed under the following conditions: Н 2 :feed
molar ratio of 5, VHSV = 0,5-2 h–1, catalyst volume = 5 mL, hydrogen pressure = 1.0
MPa, and at the temperature range of 360–440°C. Liquid and gas products were
analyzed by gas chromatography. The analysis of operating characteristics of the
new catalysts was carried out in comparison with an industrial catalyst.
The formation of an ordered mesoporous structure of MCM-41 type and its
retention after modification, and deposition of platinum was proved. The samples
have high specific surface area (up to 800 m2/g) and a narrow pore size distribution
(2-4 nm). The fully crystallized zeolite phase of ZSM-5 type with the average pore
diameters of 0.5-0.6 nm was observed. Pt-containing catalysts based on micromesoporous materials ZSM-5/MCM-41 and ZSM-5/Halloysite demonstrated the
highest selectivity with respect to p-xylene at 380°C. Compared with industrial
catalyst, p-xylene yield increased more than 10% on Pt/ZSM-5/MCM-41 catalyst at
300°C and was 96 % of its theoretical value.

New functional micro-mesoporous materials were synthesized, characterized
and tested as components of catalysts for isomerization of aromatic compounds. The
operating characteristics of the developed catalysts exceeded the same of industrial
analog. Obtained catalysts based on cheap and environmental friendly materials can
be easily scaled up for industrial applications.
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Covalent Triazine Frameworks (or CTFs) are porous materials with interesting
proprieties such as high surface area, high thermal and chemical stability. There are
at least three different methods to synthesize CTFs, in which the most commonly
used is the trimerization of nitriles in molten zinc chloride. This method leads to
materials with a certain degree of crystallinity but as a drawback, partial
carbonization caused by the harsh conditions of the synthesis. A recent strategy to
synthesize CTFs, using very mild reaction conditions, is the condensation between
an amidine and an aldehyde in presence of a strong base [1]. The material
synthesized by this approach has some interesting features like layered structure,
high surface area and more important, optical band gap. Taking advantage of the
condensation method and thinking in a material that could be used as platform for
many different reactions, bipyridine-based CTF was synthesized.
Bipyridine is one of the most used chelating ligands in chemistry of
organometallic complexes, and a material based on binding units, such as bipyridine,
can be used to support more active species. Bridging homogeneous and
heterogeneous catalysis, the bipyridine-based CTF, when supporting a metal
complex, has a well-defined structure (molecular catalyst) from the homogeneous
catalyst, combined with porosity, visible light absorption (yellow to orange solids) and
the advantages of working in heterogeneous conditions.
In this way, the material was used to heterogenize the photocatalytic reduction
of carbon dioxide. So far, most of the photocatalytic systems use a photosensitizer.
The photosensitizer is a homogeneous complex, usually Ru complexes based on
bipyridine or phenanthroline ligands, which function is to absorb light and generate
the electron-hole pair. The transfer of an electron to the active specie starts the
reduction. The use of a photosensitizer is actually the main drawback of such
systems, because once the complex degrades, the electrons stops been generated

and the reduction stops. Looking for a long-term stability for this photocatalytic
system, the bipyridine-based CTF was used as support for the active redox specie, a
rhodium (III) complex (see Figure 1). Here, the well-defined active site of the
organometallic complex provides selectivity and can drive the reaction to the desired
pathway, while the porous material is responsible for the efficiency and activity,
absorbing light, producing the electron-hole pairs, which is transferred to the metal
complex to initiate the carbon dioxide reduction [3]. The fully conjugated structure of
the CTF is very beneficial for electron transportation, additionally, the layered
structure of this material represents a very interesting aspect for photocatalytic
application since layered materials restrict the electron transportation to two
dimensions, decreasing the recombination rate. The Bipyridine based CTF showed
better performance than the state-of-art in the photocatalytic reduction of CO 2 to
formate.

Figure 1. – Bipyridine based CTF as support for pentamethylcyclopentadienylrhodium(III)
chloride as catalyst for photocatalytic CO2 reduction.
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Introduction
The use of clean energy is a felt need to tackle climate change. Hydrogen (H 2 ) is
considered a promising energy source due to its high energy density and low
emissions. Ethanol can react with water to produce synthesis-gas (syn-gas) through
steam reforming (SR). RhPt/CeO 2 -SiO 2 is considered as a potential catalyst to
produce H 2 from ethanol, as its yield is about 5.12 mol H 2 /mol ethanol [1]. Bioethanol
impurities represent a challenge to produce H 2 through SR, as they ease carbon
deposits formation over the catalytic surface [2]. To overcome this issue, a higher
steam-to-ethanol (S/E) ratio might be used. The highest the water content, the lowest
the carbon deposits ascribed to the coke gasification by water [3]. Hence, in this
contribution we explore the effect of bioethanol impurities at different S/E ratio on the
H 2 yield.
Methodology
Raw bioethanol (RB) was obtained from the fermentation of 400 mL of synthetic
glucose culture (160 gL-1 glucose, 8.0 gL-1 peptone, 11.5 gL-1 yeast extract, 0.8 gL-1
MgSO 4 .7H 2 O, 0.27 gL-1 Ca 3 (PO 4 ) 2 , and 0.64 gL-1 NH 4 (SO 4 ) 2 ) at 30 ºC, 200 rpm, 48
h. The resulting RB was distilled at 70 ºC in a rotary evaporator (Heidolph®,
Germany) to achieve three bioethanol samples with different S/E ratio (i.e., 3:1; 4:1;
and 5:1). RhPt/CeO 2 -SiO 2 were prepared by incipient wetness impregnation method.
Before reaction, 100 mg of catalyst diluted with 250 mg quartz was reduced in 8%
H 2 /Argon (300 mL/min) at 700 ºC and 1 h. Catalytic test was conducted at a gas
hourly space velocity (GHSV) of 57,500 h-1, from 700 to 400 ºC. Synthetic ethanolwater mixtures were also reformed to assess the effect of the impurities.

Results

Figure 1 shows product yield at different reaction temperature, S/E ratio, and
bioethanol purity for both, synthetic ethanol:water mixtures (dashed lines) and raw
bioethanol (continued lines). Regardless the S/E ratio, bioethanol impurities had a
detrimental effect over H 2 yield at temperatures higher than 650 ºC that could be
ascribed to the adsorption competition between impurities and ethanol for the
catalytic active sites, resulting in the thermal decomposition of ethanol into CO and
CH 4 [2]. An increment of both CO (Figure 1b) and CH 4 (Figure 1d) were observed
during SR of bioethanol at 700 ºC.

Figure 1. Yield of a) H 2 , b) CO, c) CO 2 , d) CH 4 . Continuous line: Bioethanol samples.
non-continuous line: Synthetic samples. ∆ S/E=5:1; ο S/E=4:1; ◊ S/E= 3:1.
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Characterization and CDRM performance of monolithic Ni 0.5 Co 2.5 O 4
nanoarray catalysts
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Yıldırım, Boğaziçi University, İstanbul, Turkey
Monolithic Ni 0.5 Co 2.5 O 4 nanoarray catalysts were investigated for CDRM activity at
600-900 °C with CH 4 /CO 2 ratio of 1. The catalyst showed high catalytic activity at all
temperatures while the stability at 750°C was low. SEM and XRD tests showed some
deterioration and high coke formation on nanoarray structures after reaction. To
inhibit this coke, low amount of O 2 (%3) was added to the feed. Although CH 4
conversion and syngas ratio were increased in the presence of oxygen, the catalysts
activity continued to decrease in 8 hours.

1. Introduction
Dry reforming of methane (CDRM) is a significant catalytic reaction since it is not only
providing the utilization of main greenhouses at the same time in one process but
also leading a hydrogen/carbon monoxide ratio close to one for the synthesis of
valuable chemicals. Ni-Co based catalysts have been widely studied for this process
due to their low cost and high catalytic activity; however, coke formation can be a
major problem [1]. In this study, the catalytic performance of monolithic Ni 0.5 Co 2.5 O 4
nanoarray catalysts in CDRM has been investigated and the catalysts were
characterized since this type of nano-structured catalyst can offer some advantages
such as high surface area, easily scalable structure and low pressure drops.

2. Experimental study
Ni 0.5 Co 2.5 O 4 nanoarray synthesis over monoliths were prepared following the similar
procedure of hierarchical nickel-cobalt nanoarray catalyst preparation method of Ren
et al. [2]. Activity tests at a temperature range from 600°C to 900°C, TOS tests at
750°C for 8h were performed in a 10mm ID quartz reactor at 1 atm. Total flow rate
was about 70 ml min-1 (10 ml min-1 of total flow was N 2 as internal standard while 60
ml

min-1

was

reactant

gases).

Product

stream

was

measured

by

gas

chromatography. SEM and XRD analyses were performed over fresh and spent
samples to understand the catalytic surface better.

3. Results and discussion
SEM test of the fresh Ni 0.5 Co 2.5 O 4 showed that the catalysts were successfully
synthesized as in the form of nanowires and well dispersed on the monolith surfaces
(Figure 1a). In performance test, catalytic activity was considerably high; 84.5 % CH 4
conversion and 91.3% CO 2 conversion were obtained with a 0.93 H 2 /CO ratio 750°C
(Figure 1.b). However, the catalyst lost its activity quite fast. Low amount of oxygen
(3%) was added to the feed to see whether the coke formation can be prevented
without altering product distribution. The conversions indeed increased, and a better
product distribution was observed; however, the stability was not improved
significantly.

Figure 1. SEM image(a) and activity results(b) of Ni 0.5 Co 2.5 O 4 nanoarray catalyst
4. Conclusion
Ni 0.5 Co 2.5 O 4 nanoarray catalyst is quite active in CDRM processes; however; its
stability should be improved significantly for the consideration for practical
applications.
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The progressive substitution of fossil energies by renewable energies is presented
as one of the best options in order to reduce CO 2 emissions. However, renewable
energies still are not enough competitive and hence, various technological options
are being developed in order to complement and promote renewables, among which,
Power-to-CH 4 (P2G) is gaining interest. This consists of two-steps process:
renewable H 2 generation by water-electrolysis and CO 2 hydrogenation into methane.
P2G offers the possibility of storing renewable energy in form of CH 4 and
simultaneously reducing CO 2 emissions through its recycling. With the aim of
catalyzing CO 2 hydrogenation, recently, several formulations have been tested.
Among them, Ni/Al 2 O 3 catalyst has been extensively studied and is also widely used
in industry. However, it seems that it requires high metal loading (sometimes higher
than 50%) and is easily deactivated [1]. Therefore, adding a promoter such as Ru
could be the solution to those problems. Then, the main objective of this work is to
study the effect of addition of low amounts of Ru (0.5, 1 and 1.5%) on the catalytic
properties and performance of Ni/Al 2 O 3 formulation.
According to XRD results, the Ni crystallite size of bimetallic catalysts is lower than
10 nm and decreases with addition of Ru, as revealed by the wide XRD peak at 76.1
º 2θ corresponding to elemental Ni. The presence of crystalline Ru was not detected
in any case, suggesting that probably it is well dispersed. In line with XRD results,
H 2 -TPD results revealed that addition of 1.5% of Ru increases the amount of
adsorbed H 2 (from 73 to 148 μmol/g) and that leads to the formation of new H 2
adsorption sites associated with Ru0. Besides, the observed shift from 375 to 275 ºC
and the increase in intensity of the H 2 -TPD peak attributable to Ni0 sites, also
suggests that Ni dispersion is enhanced by Ru addition [2].
Figures 1a and 1b show TEM micrograph of Ni/Al 2 O 3 reference catalyst and STEM
image combined with EDX mapping of Ni-1.5%Ru/Al 2 O 3 , respectively. Figure 1a
shows the distribution of Ni oval/spherical particles for monometallic catalyst.

Figure 1. Micrographs of (a) Ni/Al 2 O 3 and (b) Ni-1.5%Ru/Al 2 O 3 catalysts.

This presents a particle size distribution ranging from 4 to 18 nm, with mode at 10 nm
and an average particle size of 13 nm, corresponding to about 10% of metal
dispersion.
On the other hand, Figure 1b shows the distribution of Ni (red colored) and Ru (green
colored) particles. It can be noticed that both Ni and Ru are homogeneously
dispersed in spherical nano-particles with sizes around 5 and 3 nm, respectively.
According to these results, Ru addition leads to a considerable Ni dispersion
increase (from 10 to 23%), due to ruthenium acting as a structural promoter.
Reference Ni/Al 2 O 3 and bimetallic catalysts were evaluated in a fixed bed reactor at
W/F A0 = 4.7 g h mol-1. As a general trend, it was observed that Ru addition (from 0.5
to 1.5%) promotes CO 2 conversions (X CO2 ) in the range of studied temperatures. In
fact, Ni-1.5%Ru/Al 2 O 3 presents a T 50 value (temperature at wich X CO2 is 50%) 40 ºC
lower than Ni/Al 2 O 3 catalyst (300 vs. 340 ºC). The greatest differences in activity with
the increase of Ru content occur at 300 ºC: CO 2 conversion increases from 20 to
51%, whereas selectivity to CO decreases from 2.6 to 0.6%. The observed
enhancement in catalytic performance is related to a major dispersion of Ni and to a
higher ability of Ru to dissociate H 2 (rate determining step in reaction mechanism)
[3].
In conclusion, the coimpregnated Ru not only increases Ni dispersion, but also
participates in the reaction, improving notably the activity of Ni/Al 2 O 3 catalyst.
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Introduction
Clean biogas produced by anaerobic digestion can be valorized in delocalized small
plants through reforming converting CH 4 and CO 2 into syngas. Different
configurations have been proposed to deal with heat issues, carbon formation and
exit composition of the syngas [1]. The addition of steam reduces carbon formation,
but two highly endothermic reactions, steam (SR) and dry reforming (DR), are
coupled, and large steam/CH 4 (S/C) ratios suppress CO 2 conversion. Structured
catalysts made of metallic open-cell foams enhance mass and heat transfer rates
and decrease pressure drop, thus being an optimal choice to decrease temperature
gradients working at high GHSV under transient conditions [2]. Herein, we propose
the intensification of the steam reforming of clean biogas process, at low S/C ratios,
over Rh and Ru activated NiCrAl open-cell foams, also investigating the mechanism
of carbon formation.
Experimental
Disks of NiCrAl open-cell foam (10 x1.6 mm, 450 µm cell size) were pre-treated in
HCl 1M for 15 min, and washed with distilled water. Then, Rh/Mg/Al hydrotalcite-like
(HT) materials were electrodeposited in a 0.06M electrolyte containing Rh(Ru)/Mg/Al
= 5/70/25, 2/70/28 (at. ratio) at -1.2 V vs SCE for 2000 s [3]. Coated foams were
dried (40 oC, 24 h) and calcined (900 oC, 12 h). Structured catalysts (4 disks) were
reduced at 900°C for 2 h. SR of biogas (60% CH 4 , 40% CO 2 ) was carried out at 5
bar, 30,000 and 40,000 h-1 (ca. 8x105 and 1x106 mLg-1h-1), 700-900 700 °C and S/C
ratios= 0.5 or 1. Catalysts were characterized by XRD, N 2 adsorption/desorption,
SEM/EDS, HRTEM, micro-Raman, H 2 -TPR, and XPS.
Results and discussion
A thin (ca. 15μm) and homogeneous film of HT-derived catalysts coat the bumpy
NiCrAl foam surface (Fig 1a). The coating layer of MgO and MgAl 2 O 4 contains well-

dispersed Rh and Ru species [3]. Metallic loadings are 0.46wt.% for Rh5, and
0.22wt.% for Rh2 and Ru2 (referred to the total structured catalyst weight). After
reduction, it is observed the formation of metallic nanoparticles spread in the catalytic
coating, even at high loadings, which are stable against sintering during tests.

Figure 1. a) SEM image of a Rh5 catalyst b) CH 4 and CO 2 conversions at 900°C
CH 4 and CO 2 conversions are ca. 0.90 and 0.5, respectively, at S/C=1; 40,000 h-1,
900°C, using the Rh5 sample (Fig 1b). Over the Rh2 catalyst, with a lower Rh
content, it was obtained a 0.7 of CH 4 conversion. The syngas composition obtained,
H 2 /CO=1.9 and 1.8, made it suitable for CH 3 OH synthesis or Fischer Tropsch
reaction. In order to promote the DR route a lower S/C=0.5 was used attaining 75%
of CO 2 conversion, stable operation and producing a 1.5 H 2 /CO syngas. Rh catalysts
are stable for more than 30 h of time-on-stream in the 900-700°C range. Ru catalyst
is also active but deactivates. After reaction, characterization of the foams pieces
placed at different bed positions allows knowing the amount and type of carbon
deposits (amorphous and graphitic), gaining a valuable information of the reaction
mechanism involved.
Conclusions
Biogas reforming under flexible conditions, modulating CO 2 conversion and H 2 /CO
ratio, is feasible over Rh structured catalysts. The open-cell NiCrAl foams reactors
allow operations at high space velocities, attaining high mass and heat transfer rates,
and therefore high effectiveness factors; and also low carbon formation.
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Deoxygenation of fatty acids and their derivatives is a basis of industrial
technologies for producing biodiesel from renewable feedstocks [1]. Theoretical
modeling of the main deoxygenation pathways – decarboxylation (DCC) and
decarbonylation (DCN) – for propanoic acid on small palladium clusters [1, 2] showed
that the COOH* particle is formed at the C-C bond cleavage stage. The
transformations of the COOH* particle determine the deoxygenation by the reactions:
DCC (COOH*→CO 2 +H*) or DCN (COOH*→CO+OH*).
In this work the comparative calculations of the DCC and DCN reaction
mechanisms of propanoic acid on the flat (111) and rough (edges and tops)
palladium surfaces were carried out. The all-electron scalar-relativistic DFT-PBE
approximation was used. According to the calculations, the mechanisms of the DCC
reaction on rough and flat surfaces are identical and include elimination of two H
atoms from carboxyl group and β-carbon atom before the C─C bond cleavage. The
DCN reaction on a rough palladium surface is initiated by the C 2 H 5 CO–OH bond
cleavage,

but

on

the

Pd

(111)

surface

first

C 2 H 5 COOH*→C 2 H 4 COOH*

dehydrogenation occurs and then the CO–OH bond breaks.
The better coordination accessibility of palladium atoms on a rough surface
leads to decrease of activation barriers by 8–13 kcal/mol comparing to Pd(111).
Close values of activation barriers for DCC and DCN reactions explain the formation
of observed products of both deoxygenation reactions of carboxylic acids.
Acknowledgments: this work was supported by the Russian Foundation for Basic
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Introduction
Significant reductions in CO 2 emissions and the development of no fossil fuel energy
sources are critical to minimize the effects of CO 2 as a greenhouse gas in the
atmosphere and reduce our dependence on nonrenewable energy sources. The use
of synthetic fuels obtained from CO 2 and excess renewable electricity offer a solution
to manage fluctuating output of renewable energy and mitigating CO 2 emissions at
the same time. P2G “Power-to-gas” is an interesting route for using surplus and lowpriced electricity to produce hydrogen via water/steam electrolysis, afterwards
converted into methane by reacting with CO 2 through a catalytic methanation
reaction.
Whilst, studies in literature focus on investigating reaction conditions above 400°C
and with highly diluted feeds, the development of active catalyst under more
industrially-relevant reaction conditions is auspicial to attain higher conversion.
However, reaction conditions such as 300-320°C and stoichiometric mixture (H 2 /CO 2
= 4) impose challenges not only on finding suitable active materials but generates
also materials stability issues. Typically, deactivation of Ni-based CO 2 methanation
catalysts is attributed to the formation of carbon [1]. In this contribution, we will show
that other deactivation mechanisms are present under our reaction conditions. We
apply in situ ambient pressure X-ray photoelectron spectroscopy to provide insights
into the structural dynamics responsible of catalyst deactivation.

Results and discussion
In previous studies, we were able to prepare hydrotalcite (HT) derived Ni-based
catalysts which showed higher activity with respect to commercial Ni/Al 2 O 3 catalysts.
Fe content as second metal and its promotional effect on the hydrotalcite type
catalysts was also optimized [2]. Herein, we synthesized a novel Ni-Fe bimetallic
catalysts, with high amount of Ni (70% wt) derived from layered hydrotalcite (HT). A
comparison between Ni-HT and Ni-Fe-HT (Fe 7.5 %wt) was performed for CO 2
methanation reaction under industrial relevant conditions (T=300 °C; GHSV=500020000 h-1; H 2 /CO 2 =4; P=5 bar). The as prepared catalysts and the spent one, were
characterized by XRD, XPS, BET, H 2 -TPR and CO-chemisorption. Particularly the
role of Fe on the stability of HT catalysts was investigated. Preliminary results on the
Ni-Fe-HT catalyst showed both higher activity and stability. On the contrary, the NiHT catalyst suffered from deactivation related to the water which forms in-situ during
CO 2 methanation. The deactivation was due to the formation of Ni-hydroxide, which
at low temperatures, does not completely reduce to metallic Ni with a subsequent
decrease of the active phase (Ni0), easier sintering, and formation of inactive species.
But, the incorporation of Fe to the Ni/HT catalyst found to limit the presence of the Nihydroxide species (figure 1). These results were confirmed performing some tests
feeding H 2 O but maintaining the same H 2 /CO 2 =4.

Figure 1 - Surface ratio of Ni oxidized to Ni0 measured by XPS for the samples after the longterm reaction at different GHSVs.
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Introduction
The metal-support interface (MSI) plays an important role in supported metal
catalysis since it defines the shape of the nanoparticles and also affects the catalyst’s
reactivity and stability.1,2 Cobalt nanoparticles (CoNPs) immobilized on the oxide
supports are catalysts of choice for the Fischer-Tropsch Synthesis (FTS), and the
CoNPs’ species, their structure, FTS reactivity and deactivation are affected through
the interface.3,4 The MSI is commonly formed during preparation and reduction of a
catalyst.4 Previous efforts to understand the evolution of the MSI were performed
using the bulk samples (powders and pellets) where the signal was averaged over a
large number of NPs of different size. Thus we performed a micro-spectroscopy
study on a single Co nanoparticles during reduction-oxidation-reduction (ROR)
process that is often used in FTS catalyst preparation. A series of model 2D catalysts
with a monolayer of the CoNPs supported on the SiO 2 /Si(100) and TiO 2 (110) single
crystal substrates were prepared using a combination of the reverse micelle
synthesis and a dip coating deposition methods. This advanced fabrication approach
allows to conveniently control particle size, size distribution and interparticle distance
in the catalysts. Stability of the Co/SiO 2 /Si and Co/TiO 2 catalysts were compared by
using quasi in situ X-ray Photoemission Electron Microscopy.

Figure 1 AFM images of the Co/SiO 2 /Si(100) (a,c) and Co/TiO 2 (110) (b,d) catalysts
before (a,b) and after (c,d) redox treatment. The inserts are the 1D profiles on linelabelled directions, showing the NPs height in the corresponding samples. The
CoNPs sizes on SiO 2 /Si are much bigger than that on TiO 2 , meaning agglomeration
of the NPs on SiO 2 /Si.
Results and discussion

Atomic Force Microscope (AFM) data (Figure 1) after redox reaction show that
CoNPs’ size and shape are strongly dependent on the support type. The
nanoparticles on SiO 2 /Si support were not stable and agglomerated into bigger NPs
(particle size increased > x 2) while those on TiO 2 were partially embedded and/or
spread into the substrate.
Figure 2 XAS spectra of Co L 3 edge of CoNPs supported on
SiO 2 /Si(100)
and
TiO 2 (110)
substrate during redox process.
Where I is equal to initial state, R
reduction (623 K/773 K) and O
oxidation (573 K). Dosage of oxygen
in was controlled at a pressure of
5×10-7 mbar, while that of hydrogen
was 1×10-6 mbar. CoNPs on SiO 2 /Si
can be fully reduced at 623 K (L 3 I
features lost) and re-oxidised at 573
K (L 3 I feature regenerated), while
that on TiO 2 only can be partly
reduced under 773 K.
The soft X-ray Absorption Spectroscopy (XAS) spectra (Figure 2) during redox
process show that CoNPs on SiO 2 /Si can be relatively easy reduced and oxidized,
whereas in comparison, Co/TiO 2 catalysts form a strong metal-support interaction
rendering the CoO resistive to reduction even at temperatures as high as 773 K.
Summary and Conclusion
CoNPs on SiO 2 /Si are easily reduced but also become agglomerated due to weak
metal-support interaction while the NPs are strongly interacted with TiO 2 creating
poor reducibility. Therefore, we hope to design a catalyst with good reducibility and
stability by using mixed support to modify such metal-support interaction.
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Nanostructured Fe 2 O 3 /γ-Al 2 O 3 materials with a Fe 2 O 3 loading of 50 wt% (shortly
termed 50wt%Fe 2 O 3 /γ-Al 2 O 3 ) were prepared by wet impregnation method and
utilized as solid catalysts for catalytic methane decomposition at 750-850 oC and
ambient pressure, in comparison to a commercial production of Fe(II) oxide
nanoparticles (shortly termed nano-FeO x ). The 50wt%Fe 2 O 3 /γ-Al 2 O 3 catalyst was
superior to nano-FeO x in catalyzing methane decomposition into CO 2 -free hydrogen
and nanostructured carbon materials with high surface area and porosity. Besides,
the formation rate of CO 2 -free hydrogen and structure of those carbon materials
could be finely tuned by the reaction conditions, such as temperature and space
velocity.

1. Scope
Hydrogen has been considered as next-generation clean energy source because it
only generates water by reacting with oxygen in the presence of heat and catalysts.
However, hydrogen is most synthesized by the steam reforming process, which
produces massive amounts of carbon dioxide. Hydrogen is also difficult to store,
transport, and utilize due to its very low boiling point (–252.8 °C), high flammability,
and price (particularly when hydrogen is produced by renewable energy). These
technical problems have hindered the extensive use of hydrogen, especially
renewable hydrogen, as a primary energy source. Catalytic decomposition of
methane is a potential process to produce CO 2 -free hydrogen and valuable carbon
materials with tunable nanostructures. Transition metals, such as Fe, Co and Ni,
have been studied in catalytic methane decomposition at high temperature (6001000 oC) and ambient pressure. Among them, the Fe-based catalysts can give better
thermodynamic conversion of methane decomposition at high temperature and they

are inexpensive and environmental-friendly. In this study, the Fe 2 O 3 species
supported on the mesoporous alumina materials (namely 50wt%Fe 2 O 3 /γ-Al 2 O 3 )
were prepared by wet impregnation method, followed by calcining at 500 oC in air.
Characterizations of 50wt%Fe 2 O 3 /γ-Al 2 O 3 were carried out by several techniques,
such as X-ray diffraction pattern (XRD), N 2 physisorption, thermogravimetry analysis
(TGA) and temperature-programmed reduction (TPR) and electron microscopy (EM),
and the results were correlated to its activity in catalytic decomposition of methane
into CO 2 -free hydrogen and nanostructured carbon materials, in comparison to that
of commercial nano-FeO x sample (20-40 nm, FujiFilm Wako).
2. Results and discussion
The 50wt%Fe 2 O 3 /γ-Al 2 O 3 catalyst with amorphous FeO x species showed high
surface area (189 m2 g-1), moderate pore volume (0.42 cm3 g-1) and large mesopores
(14.5 nm), indicating that the FeO x species were uniformly incorporated in the
mesoporous alumina framework. In contrast, the nano-FeO x sample was a mixture of
Fe 2 O 3 and Fe 3 O 4 and its showed low surface area (39 m2 g-1) and pore volume
(0.33 cm3 g-1) without mesopores. The activity of 50wt%Fe 2 O 3 /γ-Al 2 O 3 catalyst in
methane decomposition was carried out in a tubular quartz reactor at 750-850 oC for
6 h using a flow of methane (50 mL min-1), in
comparison to that of nano-FeO x samples. Fig.
1 shows that the formations of CO 2 -free
hydrogen and nanostructured carbon species
over the 50wt%Fe 2 O 3 /γ-Al 2 O 3 catalyst were
increased

by

increasing

the

reaction

temperature, and its activity was higher than
the nano-FeO x samples. The resulting carbon
species also gave higher surface area and
porosity. It indicated that the FeO x species
homogeneously

impregnated

on

the

mesoporous alumina materials were highly

Fig. 1. Formation of CO2-free hydrogen and carbon
species as a function of reaction temperature over
prepared 50wt%Fe2O3/γ-Al2O3 catalyst, in comparison
to commercial c-Fe2O3 catalyst.

active in catalytic methane decomposition.
3. Conclusions
The 50wt%Fe 2 O 3 /γ-Al 2 O 3 catalyst with uniformly-impregnated FeO x species and
mesoporosity gave high activity in catalytic decomposition of methane into CO 2 -free
hydrogen and nanostructured carbon species under moderate conditions.
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Introduction
The range of practical application of copper-substituted zeolites is not limited only to
the processes of gas emissions control [1,2] and ecotoxicants removal from
wastewater [3]. More and more, they are being studied as catalysts for the synthesis
of valuable organic compounds [4, 5]. The catalytic characteristics of Cu-containing
zeolites in the deep and selective oxidation of organic compounds are controlled by
the oxidizing properties of Cu-structures, which are determined by the copper
electronic state, the presence of reactive oxygen within Cu-structures, their
interaction with the zeolite lattice, and the process conditions. The present study was
aimed at revealing the influence of Cu-ZSM-5 catalysts mentioned properties on the
catalytic performance in H 2 O 2 decomposition and partial peroxide oxidation of the
methane.
Experimental
Two preparation modes were applied for postsynthetic modification of the zeolite with
Cu(II) ions: 1) ion exchange with aqueous and ammonia solutions of copper acetate
[1], and 2) polycondensation of hydrated copper ions with ammonia solution in zeolite
pores [2]. The isolated Cu(II) ions, bi/polynuclear oxo/hydroxo clusters of Cu(II) ions
in zeolite channels, and copper oxide/hydroxide nanoparticles on the external surface
of zeolite crystallites were stabilized by targeted variation the preparation conditions
(solution concentration, pH, temperature, etc.)
The catalysts were characterized by ESR, UV-Vis DR, FTIR, TPR-H 2 methods and
tested in the peroxide oxidation of methane under the following conditions: 50 °C,
pressure 30 bar, mixing speed 1500 rpm, catalyst weight 104 mg, volume 40 ml, 1M
solution of H 2 O 2 .
Results and discussion
Cu-ZSM-5 zeolites catalyze the oxidation of methane with hydrogen peroxide to
methanol,

formic

acid,

and

other

oxygenates

(formaldehyde

hydrate,

methylhydroperoxide), CO 2 is formed as a by-product. The activity and selectivity of
the methane oxidation are controlled by the catalyst composition, the structure of Cusites as well as pH of the reaction solution.
In an acidic medium, H 2 O 2 decomposes by a radical mechanism (with the formation
of ОН. и HO 2 .) catalyzed by Cu2+ ions; whereas in an alkaline medium, the
decomposition rate of H 2 O 2 decreases 3-4 times and the activation energy increases
from 60-62 to 71-75 kJ/mol due to the formation of Cu(II) peroxocomplexes.
According to the UV-Vis DR spectroscopy, the isolated Cu2+ ions form the terminal
peroxocomplexes Cu-OOH when H 2 O 2 is added (CTB L-M at 36000 cm-1), and the
structures of Cu2+ ions with extraframework oxygen and complexes [Cu(NH 3 ) 4 ]2+
form in the alkaline environment binuclear Cu(II) peroxocomplexes connected via a
terminal OOH-group (CTB L-M at 20700 cm-1) or a bridging OO-group (CTB L-M at
26700 cm-1).
The route of decomposition of H 2 O 2 in the presence of Cu-ZSM-5 affects the
pathway of the methane functionalization. On the other hand, in the presence of
methane, the H 2 O 2 conversion increases. The CH 4 conversion over Cu-ZSM-5 and
the selectivity to the formation of formic acid are higher in acidic media than in
alkaline. Alkalization of the medium during the methane peroxidation promotes the
formation of methylhydroperoxide, further oxidized to formaldehyde. For isolated Cu2+
ions, there is a weak tendency for an increase in the selectivity of methanol
formation.
Conclusion
It is assumed that similar the reactions of deep oxidation of organic compounds,
methane peroxidation in acidic media proceeds via a radical mechanism, and in
alkaline one — through the formation of copper peroxocomplexes.
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Introduction
The replacement of fossil resources by more sustainable (and ultimately circular)
ones as the main source for carbon-based molecules is a major societal challenge
which will imply the development of a significant number of new (catalytic) processes.
Accordingly, a whole generation of catalysts suitable for novel chemistries has to be
developed. Therefore, a breakthrough in catalyst design is of critical importance.
Fundamental kinetic modelling has frequently been postulated as the ideal tool for
catalyst design. Indeed, the use of fundamental relationships, particularly when
based on micro-kinetic (e.g. SEMK) models, enables the identification of the optimal
catalyst structures, set of operating conditions, and reactor configuration; ensuring as
well extrapolative properties [1]. However, the burdens associated with the fastidious
data collection and extraction of kinetic information for model development, have
precluded a widespread utilization of kinetic modelling for catalyst design up to now.
This work aims at developing a methodology which will evaluate the kinetic
information that can be retrieved in a set of experimental (open) data.
Open Data survey
Prior to any mathematical model development, a set of catalysts featuring a high
diversity is firstly screened experimentally. A long period of experimental data
acquisition is thus required. Concomitantly, current and forthcoming policies, mainly
promoted by funding bodies (e.g. EU Commission), but also supported by scientific
publishers, are spreading the storage of data in open access repositories. In this
study, the current storage of data on catalysis was evaluated. To do so, well-known
repositories and databases were surveyed using the keyword “hydrodeoxygenation”,
as an example of catalysed reaction (Table 1).
Table 1: Number of Open Access datasets on hydrodeoxygenation (October 2018).

REPOSITORY
Mendeley Data
Zenodo
Figshare

DATASETS
3
0
349

ResearchGate

13

DATABASE
OpenAIRE
DataCite
Google
Dataset
Search
SHARE

DATASETS
3
5
11
3

The overall number of available datasets is modest as compared to the number of
publications in the same field (ca. 2600). Particularly, if one excludes Figshare
(mainly a repository of article’s preprints). In the other cases, not all search results
are relevant (e.g. data generated by molecular modelling calculations), and data is
often unstructured and flawed. More data sharing, better curation and standardized
formats, following the FAIR Data Principles [2], can improve Open Access data.
Kinetic information extraction
The first step into the establishment of a kinetic model is the evaluation of the
experimental data. As of today, this step relies solely on the researcher’s prior
knowledge and experience. The methodology under development aims at filling in
this gap. In practice, this means that all kinetic features (e.g. variations in conversion)
must be identified and, preferably, classified in terms of relevance. Likewise for the
experimental variables (e.g. partial pressure) that might explain the variability in the
outcome variable (e.g. conversion). This can be achieved via the recognition of
patterns and fingerprints [3], e.g. abrupt variations in the performance indicators of
interest (e.g. conversion, selectivity, reaction rate). The method herein applied splits
the evolution of a variable (e.g. conversion) into intervals with high variability
identifying then the location (with respect to the experimental variables), shape, and
variability. Such method will be implemented in Python and applied to an in-house
hydrodeoxygenation dataset, due to the lack of adequate open access ones.
Summary
The lack of curated and standardized Open Access data on catalysis precludes its
use at present, but the ongoing policies will overcome this obstacle. To efficiently
make use of such data, a methodology for automated kinetic information extraction is
under development. It relies on analytical pattern and fingerprint recognition. The
corresponding tool will be constructed and evaluated.
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Advanced Bio-Fuel Additive from the Continuous Flow
Hydrodeoxygenation of Furfuralacetone
Marc Strohmann, Andreas Vorholt and Walter Leitner, Max Planck Institute for
Chemical Energy Conversion, Mülheim a. d. Ruhr, Germany

The utilization of renewable biomass for the production of fuels and chemicals has
been an ongoing field of research in the last decades. Lignocellulose is the most
abundant source of biomass and considered the best alternative to oil as raw
material for fuels. One potential route is the conversion of Hemicellulose into the
intermediate product Furfuralacetone (FFA), which is deoxygenated into fuels or fuel
additives afterwards. A lot of work focused on the complete deoxygenation of FFA to
form hydrocarbons. However, fewer investigations dealt with the selective
transformation of FFA towards oxygen containing products such as 1-Octanol or 2Butyltetrahydrofuran (BTHF), which show to some extent even better combustion
properties. Additionally, only discontinuous procedures towards 1-Octanol or BTHF
have been reported so far.[1,2] In this study, the first example of a continuous flow
production of BTHF from FFA is presented.

The transformation consist of two consecutive catalytic reactions for which
commercial catalysts are applied. First, FFA is hydrogenated to 4-(tetrahydrofuran-2yl)butan-2-ol (THFA) over Ru/C. The resulting THFA is hydrodeoxygenated to BTHF,
in the second step, catalyzed by a combination of Ru/C and an acidic ion exchange
resin (Scheme 1). The separation of the two reactions is necessary, in order to avoid
polymerization of FFA under acidic conditions. A continuous flow process is finally
realized in a custom-built miniplant, which is equipped with two consecutive tubular
reactors.
O
O

FFA

Ru/C, H2

OH

+

Ru/C, H , H2

O

THFA

Scheme 1: Conversion of Furfuralacetone into 2-Butyltetrahydrofuran

O

BTHF

The first reaction step gives the fully hydrogenated product THFA with selectivity up
to 97% and an open chain diol as main side product. In comparison to batch
hydrogenations, the use of a continuous flow reactor leads to a higher productivity
and provides an easy catalyst separation. The further conversion of THFA to BTHF in
continuous flow is possible with a selectivity of up to 85%. However, batch
experiments showed a selectivity towards BTHF of even up to 94%. Main side
products are the BTHF isomer 2-Propyltetrahydrofuran and the linear 1-Octanol.

Long-term experiments of the FFA hydrogenation revealed that the Ru/C catalyst
deactivates rapidly under certain conditions. Therefore, the catalyst was analyzed
before and after the reaction with different microscopic and spectroscopic methods,
in order to understand the nature of the deactivation.
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Acid site effects on Ni-Cu catalyzed hydrodeoxygenation
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Introduction
As of today, the search for sustainable fuels is more urgent than ever. A promising
route entails hemicellulose dehydration into furfural which is, subsequently, reacted in
an aldol condensation to produce species with the desired carbon number [1].
Afterwards, the condensation products are hydrodeoxygenated at mild conditions in
order to improve their thermal stability and energy density by selective oxygen
removal. Up to now, the hydrodeoxygenation (HDO) of such compounds has been
scarcely studied. Hence, this work aims at investigating the HDO of such products
over Ni-Cu supported catalysts. As the presence of the furan ring will influence the
product properties and acid sites are known to catalyse ring opening reactions [2],
the focus is on catalyst featuring different acidic properties. As a benchmark, the
catalysts were first evaluated in anisole hydrodeoxygenation and tests on furancontaining molecules are in progress at this moment.
Catalyst synthesis and characterization
To study the effect of acid sites, a low acidity (γ-Al 2 O 3 ) and a mainly amphoteric
(SiO 2 ) supports were selected. Those were loaded with 18 wt% of Ni and 2 wt% of
Cu via wet impregnation [3]. The synthesized catalysts were characterized via N 2 adsorption, XRD, and H 2 -TPR. In XRD, crystalline phases corresponding to NiO
were clearly present, but no CuO phases nor mixed phases were visible. In H 2 -TPR
(Table 1), a peak around 200 °C was attributed to the reduction of Cu2+ species in
both supports. Concerning Ni, two peaks were observed for both supports
corresponding to weakly and strongly bounded species. In the γ-Al 2 O 3 -based
material, the reduction temperatures were significantly higher than in the SiO 2 -based
one. A stronger metal-support interaction is thus expected in the former case.
Table 1: H 2 -temperature programmed reduction results for Ni-Cu samples.

Reduction
temperature (°C)
NiCu/Al 2 O 3
NiCu/SiO 2

Cu2+

Ni2+ (weak)

Ni2+ (strong)

178
217

234
366

302
518

Anisole hydrodeoxygenation
After in-situ reduction at 400 °C under H 2 flow, the catalysts were evaluated in
steady-state experiments under intrinsic kinetic conditions. The γ-Al 2 O 3 -based
catalyst was observed to be four times more active than the SiO 2 one. The
selectivity results are shown in Figure 1. Over NiCu/Al 2 O 3 , benzene was by far the
main product, whereas this was only valid for very high conversions over
NiCu/SiO 2 . Over the latter catalyst, significant amounts of phenol, o-cresol, and
2,6-dimethylphenol were also observed. Both the higher activity and selectivity in
deoxygenated products over NiCu/Al 2 O 3 can be tentatively attributed to the
1
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additional reaction routes catalysed by the acid sites [4].
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Figure 1: Molar selectivity as a function of conversion for anisole hydrodeoxygenation for NiCu/Al 2 O 3
(left) and NiCu/SiO 2 (right) at 225 °C (open symbols) and 275 °C (closed symbols): benzene
(squares), toluene (triangles), phenol (diamonds), o-cresol (circles), and 2,6-dimethylphenol (crosses).
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Toluene and methyl-anisole not shown. Space-time: 100 kg s mol . H 2 /anisole: 50. Pressure: 6 bar.

Conclusions
NiCu-based catalysts featuring different acidities were prepared, characterized, and
evaluated. Higher activity and selectivity towards deoxygenation were observed over
the γ-Al 2 O 3 catalyst as compared to the SiO 2 one.
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New applications of quadrupole mass spectrometry for catalytic research
Adolf Goetz, Inprocess instruments Bremen

Mass spectrometry is used since many decades in catalytic research. In the last years, many new and
advanced techniques were developed to follow the different steps in catalysis research. In this
presentation a review and a wide range of applications will be presented with examples from
different research work.

Inlet systems will be presented for working with the mass spectrometer under vacuum and ultra high
vacuum conditions. Examples will be given also for high pressure application with inlet systems
working from normal pressure (ambient pressure) up to 40 bar.
Beside standard analysis there are also new techniques available to analyse corrosive gas mixtures
with different compositions and also gas mixtures with very high level of humidity or other
condensing components.
For very high precision a sample reference technique can be used. The different concepts of
calibrations will be shown and explained for gas mixture, solid samples, generation of gas mixtures
and very high accuracy methods by mixing of gases with mechanical pumps.
Beside laboratory application also industrial processes will be presented to follow the kinetic of the
process by analysing many components on line with update of the data in the range of few seconds
to less than 1 second / data set.
Beside mass spectrometric measurements other analytical techniques can be included. Also different
parameters like pressure, flow, temperature, humidity can be measured with the PLC system in the
mass spectrometer and included in the data file.
A new robotic system will be shown for full automatic analysis of up to 100 samples including wet
chemistry processes with corrosive components. The processes run under different conditions
including inert gas and heating up to 120°C.

Unsupported versus supported metal nanoparticles: ethanol steam
reforming and CO 2 methanation over nickel or cobalt.
E. Finocchio, G. Garbarino, T. Cavattoni, P. Riani, G.Busca, DICCA, DCCI, and
DIFAR, University of Genova, Genova, Italy
Introduction.
Metals represent a main family of heterogeneous catalysts, largely applied for
hydrogenation, oxidation and steam reforming processes. Most of industrial metallic
catalysts are constituted by nanoparticles (NPs) supported on carriers such as
alumina, silica, zirconia, titania, alkali earth aluminates, zeolites, carbon materials.
However, the real effect of the support on catalytic activity and stability is still under
debate. Bio-ethanol Steam Reforming (ESR) is a potentially useful process for
producing renewable hydrogen and syngas. Ni and Co catalysts are active for this
process and we have recently investigated a number of these catalytic systems. In
the case of ESR over Cobalt catalysts we found that unsupported NPs [1,2] and NPs
mechanically supported on low area support (α-alumina) [3] display high activity and
stability, comparable or even higher than that of alumina supported samples. As for
Nickel catalysts, unsupported and alumina-supported catalysts have comparable
activity [4]. Addition of lanthana and silica to Ni/γ-Al 2 O 3 increases remarkably the
activity [5,6]. We present here data on the role of silica and lanthana over Ni/Al 2 O 3
catalysts for both ESR and CO 2 methanation. Results on the behavior of unsupported
vs. silica-supported Co catalysts in the same reactions are also reported.
Experimental
The experimental conditions and methods are detailed in references [1-8].
Results and discussion.
The nature of the catalytic support and its modifications have already shown a
relevant effect in SR of ethanol and phenol, where the addition of La enhances
Ni/Al 2 O 3 activity, likely due to Ni-La interactions and to the tuning of surface acidity of
the catalysts [6]. Also in the case of CO 2 methanation catalysts, La 2 O 3 doping
increases the activity of Ni/γ-Al 2 O 3 [7]. IR spectra show that alumina support is able
to adsorb CO 2 in the form of hydrogencarbonates. The adsorption strength increases
by addition of lanthana, producing carbonates (fig.1,A). On the other side, the
addition of silica decreases the amount of hydrogencarbonates, which are not formed
over pure silica. Clearly, the increased support basicity has a positive effect because

it acts as a reservoir for CO 2 . Both silica and lanthana modify also the nature and
dispersion of the metal species in alumina supported catalysts. Conversely, silicasupported samples are active, but their stability significantly depends on precursor
salt [8]. Two 20 wt.%Co/SiO 2 catalysts have been tested in CO 2 methanation at
atmospheric pressure. They show good activity but deactivate fast at 623-673 K, due
to formation of encapsulating carbon. However, they retain more stable activity in the
reverse Water Gas Shift reaction, producing CO. Also unsupported Cobalt
nanoparticles can be active in the methanation of CO 2 but their activity is influenced
by the preparation procedure. The Co/SiO 2 catalyst produced from cobalt acetate
precursor, shows also stable activity in ESR at 873-973 K, producing Carbon
nanotubes that, however, do not cause catalyst deactivation at the laboratory
conditions and timescale. The catalyst produced starting with cobalt nitrate is even
more active in ESR but it deactivates fast. At lower temperature or when deactivated
with respect to ESR, both catalysts shift to high activity in ethanol dehydrogenation to
acetaldehyde, showing that ability to activate water is mostly lost. During reaction,
cobalt species react with the silica support producing cobalt silicates (fig.1,B) and
metallic Cobalt nanoparticles embedded in silica.
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Fig. 1. FTIR spectra of 13.6%Ni/La 2 O 3 /Al 2 O 3 (A) and FTIR subtraction spectra of Co/SiO 2 samples
(B)

In sum, the support plays an important role, affecting nature, stability and dispersion
of active metal species but also acting as reservoir of reactants thus contributing to
the increased activity of metal particles.
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Kinetic modelling of the aqueous-phase reforming of
Fischer-Tropsch water over nickel-copper on ceria-zirconia catalyst
Aitor Arandia, Aalto University, Finland; Irene Coronado, VTT Technical Research
Centre of Finland Ltd, Finland; Reetta Karinen, Aalto University, Finland; Riikka
Puurunen, Aalto University, Finland; Matti, Reinikainen, VTT, Finland; Juha
Lehtonen, VTT, Finland
Introduction and scope
The production of biofuels in the Fischer-Tropsch (FT) synthesis is accompanied by
the production of a significant amount of water with 1 % to 10 % mass fraction of
oxygenated hydrocarbons including alcohols [1]. The organic hydrocarbons in the FT
water fraction can be converted into hydrogen through aqueous-phase reforming
(APR). Kinetic studies have been conducted to identify the rate-limiting steps in the
APR of methanol and ethylene glycol [2] and to evaluate the reaction selectivity of
ethylene glycol over different catalysts [3]. Later kinetic studies involved the
development of models for the APR of ethylene glycol [4] and sorbitol [5]. A great
challenge in the development of kinetic models is to define a reaction scheme that
represents the actual APR process where several parallel and in series reactionpathways along with the formation of intermediates. For this work, APR of FT water,
which included organic compounds such as C 1 -C 7 alcohols, aldehydes or acids was
conducted over a copper-doped nickel supported on ceria-zirconia catalyst (Ni(10%)Cu(5%)/25% CeO 2 -ZrO 2

(NiCu/25CeZr) [6]) at different operating conditions

(pressure, temperature and space velocity). The results of the APR experiments were
utilized to develop a kinetic model in Matlab for describing the APR of FT water. The
results of this work are meaningful for the development of APR and its potential to be
integrated in the biofuel production process through FT synthesis.
Experimental
The experiments were conducted for 6 h in a down-flow, continuous, fixed-bed
reactor at two different pressures (3.2 MPa and 4.5 MPa), at three different
temperatures at each pressure (210, 220 and 230 °C; and 220, 230 and 240 °C
respectively), and with three weight hour space velocities (WHSV) (40, 80 and
200 h-1), calculated as mass flow rate of FT water fed into the reactor per mass of
catalyst, at each temperature-pressure combination. The reaction model was built
considering the most relevant reactions in APR according to the composition of the

feedstock and the product distribution. Empirical power law model was selected to
describe the rates of those reactions. Furthermore, the concentrations of noncondensable compounds dissolved in the liquid phase was evaluated using Henry´s
law constants, whereas the mass transfer limitations at gas-liquid-solid interphases
was assessed applying the Weisz-Prater criterion. The system of differential
equations was solved by ‘ode15s’ function, whereas ‘fminsearch’ and ‘lsqnonlin’
functions were applied to minimize the experimental and calculated concentrations.
Results and conclusions
Individual conversions between 5-40 % were common for C 1 -C 5 alcohols (major
compounds), whereas the conversion of C 6 -C 7 alcohols was above 50 %. The
gaseous products obtained experimentally were H 2 , CO, CO 2 , CH 4 , C 2 H 6 and C 3 H 6 ,
with H 2 as the main compound and yields between 3-22 %, the highest achieved at
4.5 MPa, 240 °C and a WHSV of 40 h-1. The only liquid product considered in the
model was acetic acid (formed through ethanol hydration). Accordingly, the reaction
model proposed for the APR of FT water comprises full reforming of the major
alcohols, i.e. MeOH, EtOH, PrOH and BuOH, to form CO and H 2 ; CO conversion via
WGS reaction to form CO 2 and H 2 ; decarbonylation of alcohols to form alkanes and
additional CO and H 2 . According to the calculations, there are no internal diffusion
limitations due to a Weisz-Prater parameter much lower than 1 (experimental values
in the 10-7-10-6 range). Therefore, a pseudo-homogeneous model that considers the
catalyst as a part of the liquid phase was applied. The kinetic model suitably fitted the
experimental results of C-containing gases (CO, CO 2 , CH 4 and hydrocarbons) as
well as the liquid phase composition in a wide variety of operating conditions. In
contrast, the model was not able to describe the H 2 composition, which was notably
lower than the experimental values. Based on the analysis of the products and the
proposed kinetic parameters, a more complete understanding about the reaction
network for the APR of real and complex aqueous fractions was achieved.
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Microwave assisted synthesis of zirconia: catalyst for biomass
valorisation
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One of the challenges of this century is the transition toward a sustainable
development. Employment of renewable resource for energy and chemicals
production is a key factor to be chased. Lignocellulosic biomass, agriculture and
forestry residues, non-edible crops are employed as feedstock in second generation
bio-fuels and platform chemicals [1].
Zirconia (ZrO 2 ) has found application in various technological fields, because of its
interesting physical and chemical properties. In heterogeneous catalysis in particular,
ZrO 2 has been used in many reactions as both metal catalysts’ support and pure
catalyst. For example, it has shown good activity and selectivity in alkene
isomerization, esterification of fatty acids in biodiesel production and ethanol
conversion, but its employment in lignocellulosic valorization is still limited [2].
We report a quick procedure to obtain zirconia based on a microwave-assisted solgel synthesis, followed by microwave-assisted calcination. Microwave-assisted
processing can help to overcome disadvantages of common synthetic techniques by
reducing reaction time, improving yield and leading the preparation of a nanoparticles
with homogenous distribution of both shape and dimensions [3]. The product
obtained is almost tetragonal ZrO 2 , as confirmed by different techniques (PXRD, HRTEM, Raman and FT-IR spectroscopies). Using the same synthetic procedure,
sulfated zirconia (SZ) and Nickel supported on SZ materials have been obtained.
SZ was tested as catalyst in hydrolysis of glucose for 5-(hydroxymethyl)furfural
(HMF) production. Comparing our catalyst with SZ prepared by precipitation route, a
better selectivity towards HMF is observed. Further tests are currently performed in
order to (i) optimize reaction parameters and (ii) tune the balance of basic and
Lewis/Brønsted acid sites required respectively to isomerize glucose to fructose and
to dehydrate fructose to HMF.
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Defect-engineered CoFe 2 O 4 -particles by pulsed laser post
processing for catalysis research
S. Zerebecki, F. Waag, S. Barcikowski, S. Reichenberger
Technical Chemistry I and Center for Nanointegration Duisburg-Essen (CENIDE),
University of Duisburg-Essen, 47057 Duisburg, Germany
Identifying and understanding real structure-activity/selectivity correlations is a
keystone in catalysis research for the development and improvement of tailored
catalysts [1]. Pulsed Laser Post Processing (PLPP) has recently been applied as
promising tool to tune nanomaterials regarding e.g. optical and electrochemical
properties, phase composition (see Fig 1 B-C), particle size or defect density [2–5].
Therefore, applying PLPP allows to implement a correlational research agenda to
individually study materials properties and catalytic performance and stability of welldefined catalyst materials before and after PLPP.

Fig. 1: A : Schematic representation of PLPP in a liquid jet [3]. B : PXRD patterns of CoFe 2 O 4 at
different numbers of passage-cycles through a PLPP setup [4]. C : Plot of the phase
composition versus the number of PLPP passages representing different specific energy
doses, respectively [4].

The poster presents recent methodical advances of PLPP to systematically analyze
how the local laser-beam profile and inhomogeneous energy distributions within the
liquid jet (see Fig. 1 A) affects the final properties of laser-treated nanomaterials.
Understanding the latter is a mandatory prerequisite to subsequently study and
systematically understand the underlying mechanisms for laser-based defectformation/annihilation [2] on applying different laser parameters (pulse duration,
photon energy) and mass-specific energy doses (see Fig. 1 A). It will be shown, that
the optical properties and surface chemistry as well as catalytic activity can be tuned
during PLPP using a modified liquid-jet setup operating under constant flow

conditions. In this context, first results on the impact of inhomogeneous irradiation
conditions during PLPP will be presented. Furthermore, the catalytic results will be
discussed in terms of laser-based modifications of the morphology and the materials
defect density.
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Disposable Nappies to Fine Chemicals
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Background
When given the choice between re-useable and single use disposable nappies, over
90% of parents opt to use the latter.[1] They are engineered to be effective,
convenient and hygienic. Disposable nappies and sanitary products commonly end
up in landfill where their component parts decompose over a timescale of hundreds
of years, all the while releasing greenhouse gases into the atmosphere and
leachates into the ground.
The purpose of this study is to investigate alternative
uses for the materials present in recycled single-use
nappies and sanitary products by their conversion into
value-added products. The material used in this study
undergoes a recycling process by NappiCycle, a nappy
and absorbent hygiene product recycling service based
in Ammanford, West Wales. The waste is converted

Figure 1: The material

into the dry and workable material pictured in figure 1

obtained from NappiCycle's

by a series of washing, pressing, bleaching and

recycling process.

shredding steps.
The material is a homogenised mixture of a typical nappy’s component parts, namely
cotton, superabsorbent polymers and hydrocarbon polymers such as polyethylene
and polypropylene. The most abundant component is cotton, making up
approximately 40% by mass, as determined by thermogravimetry. Cotton is a highly
pure form of cellulose.[2] The abundance of cellulose within the material and the
extensive research that’s already been conducted on its conversion made cellulose a
natural focus for investigation as a conversion candidate.
Current Research Direction
The hydrolysis of cellulose to glucose is a necessary first step in a typical conversion
process.[3] The challenges of this reaction become apparent when the properties of
cellulose are considered. The intra and intermolecular bonds that give it a highly
ordered crystalline structure make it highly resistant to chemical attack.[4] The

development of solid acid catalysts for the reaction aims to overcome the serious
drawbacks associated with the use of concentrated mineral acids.[5]
Hydrolysis reactions with a commercially available solid acid catalyst (Amberlyst-15)
were carried out in deionised water at autogenic pressure. Both this and sulphuric
acid were used as benchmarks and to confirm the efficacy of analysis methods. Ballmilling was used as a pre-treatment step as a means to increase product yield. The
products identified and quantified with HPLC were glucose and mannose. In all
instances, the yield of glucose and mannose increased if the material was pretreated with ball-milling. This is expected, as the pre-treatment results in a reduced
degree of crystallinity within the cellulose, as calculated using X-Ray diffraction.
Though the degree of crystallinity of the cellulose within the recycled nappy fibre
material is lower than that of Avicel (69%
vesus

86%),

the

extent

of

Avicel’s

reduction was greater (54% vesus 66%),
which provides an explanation for the
higher initial yield of products achieved
without

ball-milling,

yet

the

marginal

increase observed post ball-milling. The
recalcitrance of the recycled nappy fibres
towards this pre-treatment method has
yet to be determined. Future work

Figure 2: The yield of glucose and mannose
over Amberlyst-15 and sulphuric acid.

includes the synthesis, characterisation Reaction conditions: 1.2g Amberlyst-15/300µL
and testing of novel solid acid catalysts
that are optimised for use with the

H2SO4, 300mg cellulose/RNF 12mL water,
120°C, 24h

recycled nappy fibre material, with significant progress expected in the next several
months. An investigation into other cellulose pre-treatment methods will also be
conducted, along with the feasibility of separating and re-generating the
superabsorbent polymers that are deactivated during the recycling process.
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Introduction
Currently, biofuels production from lignocellulosic feedstocks through biomass
liquefaction requires at least three stages: 1) fast pyrolysis of raw material to obtain
fast pyrolysis oil; 2) hydrogen production; 3) catalytic hydrodeoxygenation /
hydrocracking of the fast pyrolysis oil to reduce the oxygen content.

The

multistageness and the need for addition of hydrogen produced separately, give rise
to the higher cost as well as the low quality of the upgraded fast pyrolysis oil.
Hydrothermal liquefaction (HTL) of biomass allows to obtain liquid products
(bio-oil). The main difference between fast pyrolysis and HTL is the need to carry out
the pre-drying stage of feedstocks in the first case. One of the most used type of
plant raw materials processing by HTL is a wood raw material (lignocellulosic
biomass) [1]. As the obtained bio-oil cannot be directly used as a fuel, a further
processing of the bio-oil is required to increase its stability and quality, due to the
high content of oxygen-containing and high-molecular compounds in its composition.
Glycerol aqueous-phase reforming for hydrogen production is a relatively new
approach to obtain energy from plant biomass [2]. Currently, there is a steady
increase in the production of biodiesel and, as a consequence, glycerol as the main
by-product [3]. The aqueous-phase reforming is carried out at lower temperatures
than steam reforming (470 – 535 K) and at elevated pressure (of 1.5 – 5.0 MPa) [4].
This work is aimed at the development of upgraded bio-oil production from
plant biomass by its liquefaction in hydrothermal conditions in one stage. Glycerol
being a multi-tonnage byproduct, formed in the production of biodiesel acts as a

hydrogen source. Thus, this process combines in one stage three catalytic processes
in the same reactor, which are usually carried out sequentially in three stages: bio-oil
production

through

biomass

liquefaction,

hydrogen

production

and

bio-oil

hydrotreatment. Such a merger would lead to improved process energy efficiency
and lower capital and operating costs.
Results
A series of nickel-based catalysts modified by various metals (Mo, Cu and P)
was synthesized. The catalysts were investigated by a wide range of techniques
(XRD, XPS, TEM etc.). The influence of the calcination temperature, an order of
modification of the active component on properties of the catalysts as well as CO
absorption were studied.
In this part of the project the attention was mainly given to studying of catalysts
active component reduction. This reduction could take place as a preliminary catalyst
activation stage (usually in a hydrogen flow) before, as well as directly during the
process. Thus, the study of the kinetics of the reduction of bimetallic catalytic
systems based on nickel is of interest both from a practical and fundamental point of
view.
The effect of Cu and Mo modification of the nickel-based catalysts and the
heating rate on the hydrogen uptake were studied by the H 2 -TPR method. The shift
of hydrogen uptake peaks towards higher temperatures when heating rate increasing
in the case of both monometallic - Ni, Cu and bimetallic Ni-Cu catalysts was shown.
Phase composition of Ni and Ni-Cu samples during the reduction in hydrogen flow at
different heating rates was studied by XRD in situ. Based on the data obtained, a
model of Ni and Ni-Cu component reduction was proposed and the kinetic
parameters of the reduction of the active component of Ni and Ni-Cu catalysts were
calculated.
This work was supported by RFBR Grant № 17-53-10005 "Multifunctional catalysts for one-stage
hydrothermal upgrading of biomass with in-situ hydrogen production"
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Introduction
The selective methanation of CO has attracted much attention due to its potential
application for the removal of CO from H2-rich feed gases for low temperature fuel
cells.[1] Oxide supported Ru catalysts are by far the most active and stable catalysts
for this reaction.[2] Recently, it was demonstrated that metal-support interactions (MSIs)
can play an important role for improving the activity of Ru catalysts based on reducible
oxides such as Ru/TiO2 [3] Interestingly, very recent theoretical work by Yang et al.
indicated a possible role of MSIs for CO2 dissociation on Ru/Al2O3, with a non-reducible
support.[4] Also, from oxygen-exchange with CO2 measurements it was suggested that
interfacial O species at the Ru-O-Al interface of Ru/Al2O3 catalysts play a critical role
in CO2 methanation.[5] Among various parameters, the variation of the reaction
temperature was found to strongly affect the MSIs.[6]
In order to better understand the role of MSIs in the reaction on Ru/-Al2O3 we
examined the impact of high reaction temperatures and strongly reducing reaction
conditions on the interaction of Ru and -Al2O3 during the selective CO methanation,
and correlated this with their activity and CO adsorption properties.
Experimental
The 2.2 wt% Ru/-Al2O3 catalyst (SA: 120 m2 g-1) was prepared by incipient wetness
impregnation of commercial -Al2O3 by RuCl3 hydrate salt (Sigma Aldrich). Reaction
kinetics and CO adsorption were evaluated after calcination (10% O2/N2 at 150C for
30 min) under a continuous flow of a semi-realistic gas mixture (0.6% CO, 15.5% CO2,
80.9% H2 and N2) at 190°C for 1000 min, followed by temperature programmed
reaction (TPR: from 190°C to 350°C, then back to 190°C).

Results
Comparison of the Ru mass-normalized reaction rate and turn over frequency (TOF)
for CO methanation at 190C (Fig.1a), both after calcination (190°C-1) and after
subsequent TPR (190C-2), shows a distinctly higher activity after the TPR (5-fold
increase). This results in a rate of 35 molCH4 g-1Ru s-1, comparable to that on the most
active supported Ru catalysts (Ru/zeolite and Ru/TiO2).[3,7] CO adsorption
measurements further indicate that the COad coverage on the Ru NPs on Ru/-Al2O3
at 30°C is 2-fold higher after the TPR (Fig.1b). Here, a characteristic band at ~2073
cm-1, assigned to multicarbonyl and on-top COad species on Ru monolayer particles,
was found to increase significantly after TPR.[5] This holds true also for the band at
2130 cm-1, which is assigned to Ru-multicarbonyls on undercoordinated sites at the
perimeter. Hence, the fraction of flat monolayer Ru particles and interface Ru sites at
the periphery increases significantly after TPR, while the relative intensity of the bands
characteristic for hemispherical Ru particles (1974 - 2003 cm-1) decreased. Apparently,
reaction at high temperature (350°C) leads to the formation of planar monolayer Ru
particles on the Al2O3 surface. Such behavior is most likely at high temperatures, where
water byproducts can be activated to form OH groups (detected by IR), which then
lead to the oxidative disruption of Ru-Ru bonds.[7] Surprisingly, HAADF-STEM and
EDS mapping micrographs indicate a partial overgrowth of the Ru NPs by Al2O3 after
TPR. Furthermore, XP spectra indicate that the Al 2p and O 1s are shifted to higher
binding energies after TPR. These results will be discussed, together with findings from
detailed structural characterization by operando EXAFS, pyrrole titration, and H2/D2
adsorption / desorption measurements.
Fig. 1. a) Steady-state reaction
rates and TOFs of Ru/Al2O3 at
190C before (190°C-1) and after
TPR (190°C-2), b) DRIFT spectra
after CO adsorption at 30C on
Ru/Al2O3 before and after TPR.
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Hydrodeoxygenation of oleic acid catalyzed by Mo 2 C and NbMo 1,75 C
supported on γ-alumina
Thiago M. C. Pereira, PEQ/COPPE/UFRJ,Rio de Janeiro, Brazil; Cristiane A.
Henriques, PPGEQ/IQ/UERJ, Rio de Janeiro, Brazil; Pedro A. Arroyo, DEQ/UEM,
Maringá, Brazil; Victor Teixeira da Silva, PEQ/COPPE/UFRJ,Rio de Janeiro, Brazil.
Introduction
Biofuels appear as renewable energy source able to provide a significant part of
world fuel demand, reducing environmental depletion and the concern about the
medium and long-term supply of fossil fuels [1]. An example of renewable fuel is the
green diesel derived from oleaginous plantings, microalgae oil, waste cooking oils,
and animal fats. In this work, the catalytic hydrodeoxygenation of a model fatty acid
(oleic acid) was evaluated using β-Mo 2 C/γ-Al 2 O 3 and NbMo 1,75 C/γ-Al 2 O 3 as catalysts
aiming at to put insights on the reaction route for the production of the green diesel.
Experimental
The transition metal carbides were synthesized by temperature programmed
carburation (TPC) of their precursors prepared by incipient wetness methodology for
the Mo 2 C/γ-Al 2 O 3 and wet impregnation for the NbMo 1,75 C/γ-Al 2 O 3 . Determination of
crystalline phases, specific area, and amount of the active sites was determined by
XRD, N 2 physisorption, and CO chemisorption, respectively. The catalytic tests were
carried out in a Micro ActivityReference – PID Eng&Tech unit in a trickle-bed
operation, under H 2 (30 atm), varying the temperature (280 ºC – 360 ºC) and the
weight hourly space velocity (WHSV) from 7 to 40 h-1.
Results and discussion
X-ray diffractograms of the catalysts reveal that only the characteristic peaks of γAl 2 O 3 were observed, indicating that the carbide particles were well dispersed on the
support. As to the textural characteristics, the support and both catalysts have similar
BET specific areas (close to 175 m2/g) indicating that no clogs or blockages of the
pores of the support were observed upon the incorporation of the active phase. High
CO chemisorption values, along with water and carbon monoxide release during
synthesis, confirmed the formation of the carbide forms for each catalyst.
NbMo 1.75 C/γ-Al 2 O 3 (227 µmol CO/g) presented a higher chemisorption capacity than

Mo 2 C/γ-Al 2 O 3 (150 µmol CO/g), although both had the same metal loading, implying
that the incorporation of niobium to the catalyst increased the number of active sites.
However, TOF results show that Mo 2 C/γ-Al 2 O 3 was more active than NbMo 1,75 C/γAl 2 O 3 . Both transition metal carbide catalysts deactivated during the reaction due to
the strong adsorption of unsaturated compounds, this effect being more significant
for the bimetallic carbide. As to the reaction route, it was observed that the transition
metal carbides favored the removal of the oxygen of the carboxylic group forming
octadecenal as a primary product. Double bond hydrogenation of oleic acid
competed with its hydrodeoxygenation since the formation of stearic acid as a
primary product also occurred. Temperature and WHSV variations indicated that
Mo 2 C/γ-Al 2 O 3 is a more promising catalyst since the selectivity to the formation of noctadecane (desired product for the first stage of green diesel production) through
the hydrogenation of the carboxyl group followed by dihydroxylation was higher over
this catalyst.

Figure 1 – Hydrodeoxygenation of
oleic acid over β-Mo 2 C/γ-Al 2 O 3
and NbMo 1,75 C/γ-Al 2 O 3
Conclusion
Over the studied catalysts, the hydrodeoxygenation reaction occurred through two
parallel reaction pathways having stearic acid and octadecenal as primary products.
Both catalysts favored the hydrodeoxygenation pathway over decarboxylation and
decarbonylation pathways, having low yields of heptadecane and heptadecene.
Temperature and WHVS variation results showed that Mo 2 C/γ-Al 2 O 3 catalyst led to a
higher diesel range product yield, 82 %, using less severe operating conditions than
over NbMo 1,75 C/γ-Al 2 O 3 .
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Palladium catalysts are widely used in selective hydrogenation reactions. Their
application areas range from traditional industrial processes such as acetylene to
ethylene conversion to newer research fields such as biomass hydrodeoxygenation
[1-2]. The downside of palladium is its high price, asking for cost-efficient use. Here
nanoparticle catalysis is advantageous due to the high surface-to-volume ratio
achieved, and further cost improvements can be reached with the design of bimetallic
nanoparticles. Substituting palladium partially with the cheaper but chemically related
nickel is a common choice, but the synthesis of bimetallic systems is not
straightforward, leading to a wide range of characteristics and catalytic behavior [35]. Factors such as particle size, composition and support effects influence electronic
structure and particle geometry, which in turn affect substrate adsorption and
catalytic conversion. In this work, we study palladium-nickel nanoparticles of different
metal ratios, synthesized in solution from metal precursor reduction onto a silica
supported ionic liquid phase (PdNi@SILP). SILPs are interesting as the ionic liquid

phase offers a tunable matrix for nanoparticle deposition and tends to enhance mass
transfer, while at the same time limiting catalyst recovery problems due to linkage
onto silica [6]. For the synthesis of bimetallic palladium-nickel nanoparticles, it is
further of interest that the SILP structure appears to prevent the commonly occurring
formation of a nickel oxide-silica layer decorated with palladium [7]. The synthesized
PdNi@SILP catalysts are tested for example in the selective hydrogenation of
benzylic ketones, in the conversion of biomass model substrates, and in
phenylacetylene hydrogenation.
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Highly active OER catalysts with decreased noble metal oxide
content achieved by solution combustion synthesis method
Sorin Bunea and Atsushi Urakawa, Institute of Chemical Research of Catalonia
(ICIQ), Barcelona Institute of Science and Technology (BIST), Tarragona, Spain

In the electrochemical water splitting, the main challenges lie at the anode side,
where the oxygen evolution reaction (OER) takes place. The most efficient
electrocatalysts reported to date for oxygen evolution are noble metal oxides such as
IrO 2 and RuO 2 [1]. The scarcity of these elements in the Earth crust and their
consequent high price have driven electrochemists and material scientists to
investigate the possibility of decreasing the loading of noble metal oxides in PEM
electrolysers, improve the performance of the noble metal oxide catalysts by
increasing their dispersion and surface area, or even replacing them by Earthabundant metals or metal oxides.
The

state-of-the-art

method

to

synthesize

IrO 2 -based

catalysts

for

the

electrochemical water oxidation is the so-called Adams fusion method, where an
iridium salt, most often IrCl 3 , is oxidized in molten NaNO 3 to yield IrO 2 [2-4]. A
washing step is employed after the synthesis, in order to remove Cl- ions. In a recent
publication, our group has proposed an alternative synthesis method for IrO 2 -based
electrocatalysts, namely the solution combustion method, which gives catalysts with
superior features in terms of noble metal dispersion and loading [5]. Furthermore, the
catalysts synthesized by the solution combustion method do not require the tedious
washing step. This is a clear advantage of the method, allowing to synthesize pure
noble metal oxide catalysts or supported noble metal electrocatalysts in one single
step (Fig. 1).
Herein we report next-generation IrO 2 -based anode catalysts prepared by the
solution combustion method but mixed with another promoting metal oxide in the
structure. By employing a mixture of the IrCl 3 precursor and Sn- and Ti-containing
precursors, we prepared IrO 2 /SnO 2 and IrO 2 /TiO 2 catalysts at 25 wt% IrO 2 loading.
We tested these electrocatalysts in a PEM water electrolyser and we obtained 1
A/cm2 current density by applying only a 3% higher potential than to a membrane
electrode assembly (MEA) containing pure IrO 2 as anode electrocatalyst (1.83 V vs
1.78 V) (Fig. 2). We proved that TiO 2 can also be used as a support in the solution

combustion synthesis of IrO 2 -based catalysts, and although the performance is
slightly lower than of the SnO 2 supported IrO 2 catalyst, it proves the versatility of the
method and the ability to use the desired support material for IrO 2 . The highly
dispersed nature of IrO 2 within the matrix of SnO 2 and TiO 2 was verified by
microscopic studies. The amount of IrO 2 in the MEA was decreased from 2 mg/cm2
to 0.5 mg/cm2, which represents a significant step forward in decreasing the amount
of noble metal oxide loading in PEM electrolyzers and increasing the attractiveness
of these electrochemical cells for commercial hydrogen production in the future.

Fig. 1: Schematic representation of solution combustion synthesis of highly dispersed
IrO 2 OER catalyst.

Fig. 2: Polarization curve for IrO 2 -based OER catalyst in a PEM water electrolyzer at
80°C, Nafion 115 membrane.
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SYNTHESIS, CHARACTERIZATION & CATALYTIC PROPERTIES OF
NANOSTRUCTURED NiW CATALYSTS
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Michoacán, México; Rafael Huirache2, Posgrado de la Facultad de Ingeniería
Química, UMSNH, Morelia, Michoacán, México; Ramesh Kumar Chowdari3, Gabriel
Alonso Núñez3, Sergio Fuentes Moyado3, Jorge Noé Díaz de León3, UNAM, Centro
de Nanociencias y Nanotecnología, Ensenada, Baja California, México.
1. Introduction
Ultra low sulfur fuels can be produced by deep removal of sulfur compounds from
fossil fuels that requires a hydrodesulfurization (HDS) process which is generally
carried out over Ni promoted Mo(W)S catalytic systems [1]. Due to the stringent
environmental legislations the unsupported catalysts attracts much attention due to
high activity (2-3 fold) than supported catalysts [2]. In this work we report synthesis of
self-supported NiW catalysts, characterization and activity evaluation for the HDS of
3-methyl thiophene (3MT).
2. Experimental
A series of NiW catalysts was prepared in two steps. Initially, WO 3 precipitated by
hydrothermal method from ammonium metatungstate. In the next step aq. NiCl 2
solution impreganted on WO 3 obtained in the previous step followed by calcination.
Catalysts denoted as NiW-3, NiW-4, NiW-5, NiW-6 synthesized using HCl,
HCl+NaNO 3 , HNO 3 -24 h, HNO 3 -48 h, respectively. The materials were widely
characterized. Catalytic activity tests were performed in continuous flow micro reactor
at 1 atm, 280-320 ˚C with ultra pure 3-methyl-Thiophene.
3. Results and discussion
Figure 1 shows the SEM images of the WO 3 obtained for different precursors. The
WO 3 synthesized using HCl exhibited a sphere-like shape morphology with rough
surface (A,B) and was made by self assembly of nano flakes. Where as in the case of
HNO 3 , the catalyst particles are random in shape and larger in size (C,D).
The XRD analysis of the WO 3 samples indicated presence of monoclinic
phase in all the samples. UV-Vis spectroscopic results showed that presence of WO 3
octaheral species for the samples prepared using HCl and tetra hedral species
observed for the samples sythesized using HNO 3 . Low BET surface areas observed

for all the WO 3 samples (11-16 m2/g). The nano flakes are clearly seen in the TEM
images of WO 3 sample syntheized using HCl.

Figure 1 SEM images of WO 3 prepared using (A) HCl-24 h, (B) HCl+NaNO 3 -24 h,
(C) HNO 3 -24 h and (D) HNO 3 -48 h
Figure 2 shows the HDS of 3-methylthiophene over various synthesized
catalysts. Irrespective of the reaction temperature, activity of the catalysts resulted as
follows: NiW-4 ≈ NiW-6 < NiW-3 < NiW-5. Highest reaction rate (341x108mol 3MT. g Cat 1-.s1-) achieved for the NiW-5 catalyst compared to other syntheized
catalysts. High selectivity towards isoprene for all the catalysts indicating the HDS
mechanism proceeds mainly through direct desulfurization (DDS) route.

Figure 2 HDS of 3-MT reaction rate over various synthesized NiW catalysts.
4. Conclusion
High active and selective (DDS route) catalyst developed for the HDS of 3methylthiophene. Compared to all synthesized catalysts the NiW-5 presented a
greater catalytic activity which can be used for refractive compounds like
dibenzothiophene and its derivatives.
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The Effect of Ligand Electronics on the Catalytic Hydrogenation of
CO 2 using Ru Triphosphine Complexes
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Abstract
Ruthenium triphosphine complexes catalyze the hydrogenation of CO 2 to not
only formate derivatives, but also to the formaldehyde and methanol levels.1
However, it is not clear as to why these catalysts work better than many others of the
same basic structure type. In order to understand these catalysts better, we need to
understand the effects that changing ligand structure (sterically and electronically)
have on the reactivity of these complexes with CO 2 , i.e. develop a structure activity
relationship. Of particular interest is how the ligand structure affects the catalyst
performance and stability.
To this end, we have synthesized and fully characterized (IR, NMR, EA) a
series of compounds of the type H 4 Ru(P(C 6 H 4 R) 3 ) 3 , where R = H, Me, OMe, and
CF 3 . We then reacted these complexes with CO 2 to synthesize the corresponding
HRu(OOCH)(P(C 6 H 4 R) 3 ) 3 complexes having a κ2-formate ligand. In addition, since
the steric repulsion of the groups in the para position is very small, changing the
substituent in the para position allows us to change the electronics of the complex as
a whole. This gives us the opportunity to learn about the electronic effect of the
ligand on reactivity.
PR3
R 3P

RuH4

+ CO
2(g)

PR3

K1
R 3P

Ru

H

PR3

PR3 O

1

2

O

+ H
2(g)

CH

(1)

Thus, we measured the basic reactivity of these complexes. Measuring the
equilibrium in eq 1 by NMR under an H 2 :CO 2 mixture showed that more electron rich
complexes react more exergonically with CO 2 . In fact, the data is modeled very well
by using the appropriate Hammett parameters (σ para ). In addition the rates of reaction
with CO 2 also showed a trend with Hammett parameters. Indeed, changing the

electronics of the group in the para position seems to have significant effects on both
kinetics and thermodynamics. We also compared the catalytic performance of such
catalysts in the hydrogenation of CO 2 in MeOH as solvent. Our results show that
making the complexes more electron rich is not always beneficial to catalysis and
that a balance must be struck between electron donating and withdrawing
substituents. This helps us understand how the basic reactivity of these complexes is
connected to catalysis and how to make better CO 2 hydrogenation catalysts in the
future.
CO2

+ H2

O

Ru (cat, 0.03 mol%)
MeOH, 80oC

MeO

H

Figure 1. Conversion of CO2 to methyl formate using Ruthenium complexes as catalyst
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Pd Nanoparticles Supported on TiO2-Al2O3 Catalysts for the Mild
Hydrotreatment of Tars Type Compounds
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Tars, which are liquid dense mixtures of refractory aromatic hydrocarbons produced during
petroleum refining (and/or even during gasification of municipal solid wastes), are
interesting alternative source for the production of chemicals and fuels. Catalytic
hydrocracking (simultaneous cracking and hydrogenation) of these tars could be
performed over bi-functional metal-zeolites (i.e. Pt-USY) and also other metal supported
materials possessing both acid and redox functionalities capable to generate the
corresponding aliphatic and/or cyclic saturated hydrocarbons[1]. Nevertheless, this
hydrotreating process requires high temperatures (>350 ºC) and H2 pressures (>70 bar)
with increasing energy and H2 consumptions, while catalyst deactivation becomes
problematic. New types of catalysts[2] have been studied for the transformation of tars but
only working with unique model compounds (PAHs or even non-specific molecules) at high
temperature and pressure, thus limiting their scope and use. In this study, Pd
nanoparticles supported on TiO2-Al2O3 catalysts are prepared and used to valorize a
mixture of model compounds found in real tars operating at mild hydrotreatment conditions,
thus making our study more valuable and closer to realistic conditions for further
applications. The catalytic activity for tars hydrogenation of Pd/TiO2-Al2O3 material is
compared to other Pd supported on mono-metallic oxides (i.e TiO2 and -Al2O3, among
others). In addition, the application scope of this Pd-based catalyst is extended to the
hydrogenation of other interesting molecules (i.e. fatty acids).
Experimental
Pd supported on mono- and bi-metallic oxides catalysts were prepared by incipient
wetness impregnation method by using Pd(NH3)4Cl2.H2O as precursor and analyzed by
different techniques. Tars hydrogenations were carried out in an autoclave-type reactor by
introducing a model mixture comprising naphthalene (0.125g), acenaphthylene (0.125g),
phenanthrene (0.125g) and 1-methylnaphthalene (0.125g) diluted in 4g of n-hexadecane
together with the catalyst (0.2g) at 200-300 °C and PH2 = 30 bar during 7 h. Liquid samples
were withdrawn and analyzed by GC-FID and GC-MS.

Results and discussion
Initially, different ≈2wt%Pd/catalysts (i.e. Pd/MgO, Pd/SiO2, Pd/-Al2O3 and Pd/TiO2) were
prepared and evaluated in the mild hydrotreatment of tars at 250 °C and PH2 = 30 bar.
Best results were found with Pd/TiO2 and Pd/-Al2O3 catalysts (PAHs Conv. of 89% and
74%, respectively). After that, a Pd/TiO2-Al2O3 material was prepared in which the Ti/Al
molar ratio (1.2) and the Pd loading (1.3wt% of Pd), as well as its textural (SBET = 313
m2/g) and structural (Anatase TiO2 in an amorphous alumina environment) were fully
optimized. The effect of pH and aging during the synthesis procedure was also studied.
This optimized material was evaluated in the hydrotreatment of tars and its catalytic
activity compared to Pd/TiO2 and Pd/-Al2O3, as well as other Pd/bi-metallic oxides (i.e.
TiZr, SiAl, ZrAl, SiTi, etc.). Pd/TiO2-Al2O3 showed higher catalytic activity than Pd/-Al2O3
and Pd/TiO2 (Figure 1). The proper interaction between the homogeneously dispersed Pd
nanoparticles

combined

with

the

moderate acidity and the high resistance
deactivation

of

TiO2-Al2O3

are

responsible of this excellent catalytic
behavior. Finally, and trying to extend the
scope of the Pd/TiO2/-Al2O3 material, its
catalytic

activity

in

the

selective

hydrogenation of fatty acids was also
proven with promising and better results
when

comparing

to

the
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hydrotreatment for selected Pd-supported catalysts.

Summarizing, Pd/TiO2-Al2O3 has demonstrated to be an efficient catalyst for the mild
hydrotreatment of tars, better than other Pd-based analogous systems. Its application
scope was extended to other hydrogenations like selective hydrogenation of fatty acids
with enhanced results compared to other Pd-catalysts. Further studies are now carrying
out to establish the corresponding structure-reactivity correlations in this promising catalyst,
and results will be shown and discussed during presentation.
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Introduction
Direct methanol fuel cells (DMFC) is a promising energy source in a portable devices
[1]. However, for an economical methanol use as DMFC fuel, catalysts that are
sufficiently efficient, stable, durable and inexpensive are required. In this aspect, the
challenging is the enhancement of the kinetics of methanol oxidation reaction (MOR)
at the anode of DMFC to increase the overall efficiency of DMFC [1, 2]. The most
commonly applied Pt-based anode catalyst is usually associated with several
inherent drawbacks such as high cost, limited reserve and poor poison tolerance to
the species such as CO or HCO [2,3]. Thus the performance of this catalyst does not
meet the requirement for practical application due to slow kinetic of MOR and the
oxygen reduction reaction (ORR) on the current noble-metal catalyst.

In this work, we are reporting the novel approach towards development of economic,
stable and active anode material using Cu, Ni and Ni–Cu nanostructures on ultrathin
support g-C 3 N 4 nanosheets (CN).

Materials and Methods
One- and two-dimensional Ni, Cu nanostructures have been obtained by
thermochemical method and unvaryingly distributed in ultrathin two dimensional (2D)
abundant CN polymer. The surface morphology and composition of the hybrid
nanostructures catalyst have been studied by various conventional physico-chemical
techniques.

Results and Discussion
The hierarchical hetero-structures of the nanometer-scale hybrid material showed
stable catalytic performance during methanol catalytic electrooxidation. The use of
ultrathin CN as a conductive nanoparticles support prevented Ni aggregation during
material synthesis. The obtained Ni-2D nanocomposite facilitated reactants access
and the quick release of product(s) from the catalyst surface.
It has been demonstrated, that nanosized Ni particles finely dispersed over carbon
support are very active as an electrocatalyst with high MOR efficiency and
outstanding stability, and its performance is among the best noble-metal-free MOR
electrocatalysts that could be applied under basic conditions. Moreover, the results
represent an important step towards light enhanced electro reactivity and sensors,
where the formation of hetero-junctions can promote faster electron-hole separation
and favor more efficient energy transfer (Fig.1).

Figure 1. Photoactivities of different modified CN electrodes in darkness and under visible light illumination.

Significance
The obtained results suggest that the hierarchical nanostructures can be of
importance for DMFC, clean energy conversion and sensors. It has been shown that
visible light irradiation can increase the performance of modified and bare CN
electrodes in the MOR via synergistic electro- and photo-catalytic oxidation for Ni/CN
(127 A g-1) > Cu-Ni/CN (7.14 A g-1) > Cu/CN (1.71 A g-1) catalysts.
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Introduction
The bio-oil produced from fast pyrolysis of biomass is a complex mixture of
several organic compounds. Due to the large amount of oxygen, the bio-oil cannot be
used as a transportation fuel unless it is upgraded. Hydrodeoxygenation (HDO) is a
strategy of great potential for the reduction of oxygen content to improve the quality
of bio-oil [1]. However, the development of a catalyst that can selectively remove the
oxygenated functional group remains a challenge, and the design of an appropriate
catalyst for HDO requires detailed knowledge of the reaction mechanism. Different
model molecules, such as phenol, have been used to investigate the mechanism of
HDO reactions. Recently, our group studied the role of the support on the
mechanism of the HDO of phenol [2]. We reported that the selectivity to
deoxygenated products depends on the oxophilicity of the support and the
deoxygenation pathway occurring at the metal-oxophilic site interface. Among all the
supports, vanadium oxide is a promising candidate that could exhibit the oxophilicity
required for deoxygenation of phenol [3]. The goal of this work is to investigate the
effect of vanadium oxide content on the HDO of phenol over Pd/V/SiO 2 .
Experimental
V/SiO 2 samples were prepared by SiO 2 impregnation with an aqueous
solution of ammonium methavanadate in order to obtain different vanadium contents
(0.5; 1.0; 2.5; 5.0; 10.0; 20.0). The samples were calcined under airflow at 773 K (2
K/min) for 4 h. Pd/SiO 2 and Pd/V/SiO 2 samples were obtained by incipient wetness
impregnation of the supports with a solution of palladium nitrate in nitric acid. Then,
the samples were calcined under air flow at 673 K for 4 h. The samples were
characterized by in situ X-ray absorption (XAS), in situ X-ray diffraction (XRD),

DRIFTS of adsorbed cyclohexanone, Raman spectroscopy, and the cyclohexanol
dehydration probe reaction. Vapor-phase catalytic conversion of phenol was
performed using a fixed- reactor at 573 K and 1 atm.
Results and discussion
The Raman spectroscopy analysis revealed that the main vanadium oxide
species were VO 4 and V 2 O 5 NPs, which depended on vanadium content [4]. The
diffractograms of the calcined samples revealed the presence of vanadium oxide
(V 2 O 5 ) only for the samples containing 10 and 20% of vanadium. During reduction, it
was observed that V5+ converted to V4+. For the samples with lower vanadium
content, the lines characteristic of vanadium oxide were not detected, which agrees
with the Raman spectra that showed the presence of 2-dimensional surface VO 4
species. The acidity of the catalysts increased as the vanadium oxide loading
increased.
The product distribution over all catalysts at similar levels of conversion
(around 10%) are listed in Table 1. For Pd/SiO 2 catalyst, cyclohexanone was the
main product formed, but the addition of vanadium significantly changed the product
distribution. For Pd/V/SiO 2 catalysts, benzene was mainly produced, whereas the
formation of cyclohexanone was reduced. The highest selectivity to benzene for
Pd/V/SiO 2 catalysts is due to the presence of oxophilic sites (i.e., V5+/V4+ cations)
located in close proximity to the periphery of metal particles. Decreasing the V
content increased the selectivity to benzene, indicating that the isolated V species
favor deoxygenation.
Table 1 - Product distribution at low conversion for HDO of phenol
Catalyst

X (%)

Pd/SiO 2
Pd/0.5V/SiO 2
Pd/1.0V/SiO 2
Pd/2.5V/SiO 2
Pd/5.0V/SiO 2
Pd/10.0V/SiO 2
Pd/20.0V/SiO 2

11.5
9.9
15.2
9.8
11.2
10.3
10.7

BZ
12.3
85.9
84.3
77.1
79.8
78.9
76.2

ANE
0.1
0.6
0.6
1.4
1.4
1.3
0.9

Selectivity(%)
ENE
0
1.3
1.4
0.8
0.9
0.6
0.3

ONE
86.6
11.3
12.7
18.6
16.6
17.5
19.9

OL
1.0
1.0
0.9
1.9
1.2
1.7
2.7

BZ: Benzene; ANE: Cyclohexane; ENE: cyclohexene; ONE: Cyclohexanone; OL: Cyclohexanol.
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Influence of chlorine on the activity of Ni/γ-Al 2 O 3 catalyst in
γ-valerolactone production by hydrogenation of levulinic acid using
internal hydrogen source
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Lignocellulosic feedstock has recently undergone extensive research in the field of
sustainable production of high-value chemicals and liquid fuels. γ-Valerolactone
(GVL) is considered as one of the most important molecules which can be obtained
from biomass feedstock, due to its various applications like biofuel additive or
precursor for the production of valuable chemicals. GVL production with the formic
acid (FA) used as hydrogen source catalyzed by the non-noble based catalysts still
remains a challenge. Our recent study showed that Ni can constitute promising
catalyst for C=O reduction reactions performed in protic solvent due to the decrease
of effective energetic barrier of Ni in this process. In order to increase its catalytic
performance, stability and resistance
Table 1. Influence of the catalyst composition and chlorine addition
in the hydrogenation of levulinic acid (LA) to γ-valerolactone (GVL)
with formic acid (FA) used as hydrogen source.
Conversion [%]
Catalyst

Yield [%]

to poisoning several approaches
were considered like addition of
dopants to Ni catalysts, use of

FA

LA

GVL

4%Ni

26

0

0

different

4%Ni-1%Rh(Cl)

88

0

0

optimization

4%Ni-1%Ag(Cl)

95

0

0

composition [1].

4%Ni-1%Ru(Cl)

42

0

0

4%Ni-1%PdCl)

100

56

51

4%Ni-1%Pd(N)

99

10

2

addition to Ni/γ-Al 2 O 3 allowed to

1%Ni-4%Pd(Cl)

100

43

37

obtained the highest activity among

2%Ni-3%Pd(Cl)

100

38

33

all noble metals used as dopants

2.5%Ni-2.5%Pd(Cl)

100

31

26

3%Ni-2%Pd(Cl)

100

28

23

Reaction conditions: 190°C; 2h; 0.6 g catalyst; 1g LA,
0.4 ml FA and 30 ml water; (Cl)- catalysts prepared
from chlorine containing precursor, (N)- catalysts
prepared from nitrate containing precursor; all
catalysts are supported on γ-Al2O3

synthesis
of

routs
the

and

catalyst

Our studies showed that palladium

(Pd, Pt, Ru, Rh) (table 1). The
highest catalytic performance was
reached when the 4:1 wt.% ratio of
Ni:Pd was used. It was found that it
is possible to tune the catalytic

activity to higher extend by the optimization of the preparation method. The use of
chloride precursor during the catalyst preparation and high temperature were
considered as a key factors stimulating the catalyst activity. It was found out that the
presence of chlorine ions facilitates the Ni-Pd reduction (TPR) and improves the
dispersion of metals on
the

catalyst

surface

(evidenced by the high
intensity of Pd and Ni ions
(ToF-SIMS
presence

study)
of

and

small

Ni

particles (TEM-EDX)).
Figure 1. TEM images Ni-Pd(Cl)/γ-Al2O3 and Ni-Pd(N)/γ-Al2O3

The

chlorine

presence

during catalysts synthesis
could also limit the formation of Pd-Ni alloy (as shown by ToF-SIMS study the
presence of Ni 2 Pd species was only identified for catalysts prepared with nonchlorine containing precursors). This stays in contrast to catalysts prepared from
nitrate precursor where the formation of Ni-spinels after high temperature treatment
was identified (XRD), as well as the presence of large Pd aggregates was observed
(TEM-EDX) [2]. The performed studies showed that the high activity of bimetallic
catalysts prepared in the presence of chlorine can be attributed to the synergistic NiPd interaction and weakening the metal interaction with support, as well as high
metal dispersion, which was observed in the case of chlorine-containing catalysts.
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XAS and XRD in situ study on the microstructure of Cu particles of
Cu/SBA-15 catalysts in methanol steam reforming
Gregor Koch, Thorsten Ressler, Department of Analytical and Inorganic Chemistry of
TU Berlin, Berlin, Germany
Introduction
Cu based catalyst play a significant role in methanol chemistry.[1] Crucial for catalyst
performance is the interplay between the used support and Cu nanoparticles having
significant disorder. In particular, the important contribution of ZnO has been shown.
Not only the covering of Cu nanoparticles with defect rich nano-structured ZnO x
layers [2] but also the microstrain in the Cu nanoparticles was observed. For
example, the Cu/ZnO interface was discussed as reason for the microstrain [3,4].
Aiming at exclusion of beneficial effects of ZnO we chose thus the Cu/SBA-15 model
catalysts [5] to understand structure activity correlation and to elucidate changes in
catalytic activity using methanol steam reforming as model reaction.
Experimental
Oxidic precursors, CuO/SBA-15, were synthesized as described in [5]. CuO/SBA-15
catalysts were reduced in diluted H 2 to Cu/SBA-15 catalysts prior to subsequently
tested activity in methanol steam reforming. The catalyst powders were diluted with
BN and placed in a fixed bed reactor. MSR activity was measured in 2% H 2 O and 2%
methanol atmosphere at 250 °C. Cu surface areas were determined using
chemisorption of N 2 O. Furthermore, in situ measurements at the Cu K edge of
activated Cu particles were performed at beamline X at HASYLAB at DESY,
Hamburg. Catalysts were measured in laboratory in sitiu XRD. Quantification of
reactants and products was achieved using a gas chromatograph.
Results
The CuO/SBA-15 oxidic precursors consisted of well distributed CuO x structures and
nanocrystalline CuO according to calcination conditions [5]. In situ XRD and XAS
experiments revealed presence of only metallic Cu nanoparticles after reduction in
diluted H 2 . XRD analysis showed significant differences in Cu particle size and strain
due to synthesis. Accordingly, the TOF of H 2 increased rapidly when particle sizes
fell below round about 3 nm (Fig. 1, left) which is accompanied by increased
microstrain. Moreover, EXAFS refinement showed also various Cu particles sizes

agreeing well with XRD analysis. Furthermore, EXAFS refinement showed different
degrees of disorder given by Debye-Waller-Factor. This can be attributed to
microstrain in the Cu nanoparticles and correlated with H 2 TOF (Fig. 1, right). The
microstructure of Cu nanoparticles is not only determined by ZnO support but also by
synthesis [5] and correspondingly by Cu particle size and interaction with the silica
support. Following the principle of chemical memory effect, differently structured
oxidic precursors can be transformed into differently structured Cu nanoparticles
having different activity in methanol steam reforming.
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Fig. 1 Activity in methanol steam reforming given as H 2 TOF at 250 °C for Cu/SBA15 catalysts with different loadings as a function of particle size (left) and as a
function of the Debye-Waller-Factors extracted form EXAFS fits of in situ conducted
spectra (right). Number before Cu represents weight % of Cu in oxidic precursors.
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Introduction
The continuous depletion of conventional fossil fuel reserves and the concern about
climate changes, enhanced by CO 2 emission resulting from fossil fuel consumption,
is driving nowadays a renewed interest in Fischer–Tropsch synthesis (FTS). Such
gas-to liquid process is becoming particularly attractive when using bio syngas. This
gas mixture, rich in CO and H 2 , derives indeed from biomass gasification and is
characterized by a H 2 /CO ratio lower than the value of 2, appropriate for hydrocarbon
syntheses [1]. In the present study, TiO 2 supported cobalt catalysts are combined
with iron, active in the water gas shift reaction (WGS), aiming to increase H 2 in the
synthesis reactor. To investigate the role of iron in different Fe/Co weight ratios,
monometallic Co, Fe and bimetallic CoFe catalysts are prepared and tested in FTS.
Structural and electronic properties of the obtained materials are investigated by
XRD, TPR , XPS and TEM techniques.

Results and Discussion
Mono metallic Co/TiO 2 and Fe/TiO 2 and two bimetallic catalysts (Co/Fe =1 and
Co/Fe = 5) with a total metal loading of 12 wt% are synthetized by a microwave
assisted co-precipitation procedure. The FTS tests are performed at 1atm in a fixedbed flow reactor with reagent gas mixture of CO, H 2 and He (CO:H 2 :He volume ratio
of 1:1.7:2.3) using GHSV = 1.9 L syngas g cat -1 h-1 and a temperature range of 275-350
°C. Before test, the catalysts are reduced under H 2 flow for 16 h at 350 °C.
All the catalysts exhibit good CO conversion, due to the presence of highly dispersed
Fe and Co nanoparticles favoured by the microwave assisted catalyst synthesis. In
the bimetallic catalysts, as expected, the presence of iron enhances CO 2 production
and, as compared to the monometallic cobalt catalyst, it increases the selectivity to
higher hydrocarbons. According to the structural characterization and to XPS results
shown in Fig. 1, the better activity of the mixed 10Co2Fe/TiO 2 catalyst can be related
to the formation of metal carbides during reaction.

Moreover, a direct correlation between
catalyst reducibility and activity is clearly
indicated by the TPR profiles shown in

Fig. 2.
Fig. 2 TPR profiles of different catalysts.
Fig.1 Co 2p XP spectra of fresh and
spent catalysts.

High resolution TEM images evidence a
mixture of amorphous and graphitic
carbon

over

the

spent

catalysts,

explaining some deactivation occurring
during reaction.

Overall, the results suggest that in order to have the desired FTS outcome, in terms
of CO conversion and C 5+ selectivity, it is important to play with the Fe/Co weight
ratio. Indeed, a limited amount of Fe is beneficial because it provides an additional
supply of H 2 by the WGS reaction and at the same time it does not overwhelms the
FTS reaction activated by cobalt. In virtue of this compromise the 10Co2Fe/TiO 2
catalyst exhibits the best catalytic behavior.
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Me-N-C catalysts (specifically Me = Fe) are the most promising substituent to Pt/C
catalysts for the oxygen reduction reaction (ORR) in Proton Exchange Fuel cells
(PEFCs). There are several ex-situ results that indicate a participation of FeN 4 sites
embedded in graphene layers as ORR active sites (see . There are also different
reports on hydrogen evolution reaction (HER) and oxygen evolution reaction (OER)
on these catalysts, whereas then Co gave highest activity in comparison to other 3d
transition metals [ref].
The composition of these catalysts is often rather heterogeneous. This hinders
structure-activity relations. Furthermore, for some reaction conditions the composition
might change during operation. Based on this, in-situ, operando and post-mortem
characterization play a crucial role towards a better understanding of the contribution
of different structure units in the catalyst.
The talk will discuss two types of catalysts: Fe-N-C catalysts were characterized by
in-situ Mössbauer spectroscopy to get new insights into the active site structure and
reduction mechanism on Fe-N-C catalysts. Our results show that indeed specific
FeN 4 sites correlate in-situ with the ORR activity.
Beside this, sulfur-doped Co-N-C catalysts – as of interest for HER and OER were
investigated by a step-by step approach combining X-ray induced photoelectron
spectroscopy and identic location transmission electron microscopy.
In case of HER, strong evidence is given for the contribution of CoN 4 -sites to the
HER. The best performing catalyst reached 10 mA cm-2 with only 200 mV
overpotential and gave promising results in terms of stability. In case of OER, also
the performance was good (370 mV overvoltage for 10 mA cm-2). Nevertheless, the
results clearly demonstrate that CoN 4 sites did not remain stable under these
reaction conditions. In contrast, a structural transformation towards cobalt hydroxide
species is found.

Thus our results indicate that caution need to be taken to transfer directly
conclusions made for the one operation condition to another one. More important, the
structural composition should in best case be checked in-situ or by a stepwise
approach.
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Catalytic Hydrogenation of CO 2 to MeOH
Anisa Tariq,, Cardiff University, Cardiff, Wales.

Introduction
The annual global CO 2 emission in 2014 was recorded to be 39, 250 Mt, of which
fossil fuel emissions accounted for about 91% of the emissions from human sources.
Consequently, the atmospheric CO 2 concentration increased from ∼270 ppm in the

pre-industrialization era to ∼410 ppm in 2017 and this has prompted a number of

international actions from governments and industries established over the past
decades, including: The Intergovernmental Panel on Climate Change (IPCC) and the
United Nations Framework Commission on Climate Change. [1] It is therefore not
surprising that current research is focused on the valorization of CO 2 , specifically as
an alternative carbon feedstock, for the production of useful chemicals and energy
carriers as opposed to CO 2 capture and storage alone. One example is the direct
catalytic transformation of CO 2 into methanol. Olah et al. introduced the
anthropogenic carbon cycle concept for utilising carbon dioxide for synthetic
hydrocarbon products. In this concept methanol is used as a green starting chemical
for the synthesis of fuels and various other synthetic hydrocarbon products, and
therefore CO 2 conversion to methanol is a crucial initial step. [2] However, the
thermodynamic stability of CO 2 means that significant amounts of energy are
required for activation and conversion into value-added products. The choice of
catalysts is important to provide active sites for C-O bond dissociation and Hinsertion in order to ensure high yields of methanol. [3]

Project Summary

The current project explores the key issues mentioned above and looks at
developing active and selective Cu-based catalysts for the hydrogenation of CO 2 to
MeOH, primarily for low temperature operation (150-250°C), in addition to optimising
catalyst composition and nanoparticle morphology thus improving on the existing
conditions utilised in industry. Data so far has shown Cu/ZrO 2 prepared via oxalate
gel to be a promising catalyst, with activity directly comparable to that of an industrial

standard (Alfa Aesar 45776) despite having lower Cu loadings and lower Cu surface
area. Catalysts are tested in a custom fixed-bed (6-bed) reactor using a reaction
mixture of CO 2 :H 2 :N 2 (1:3:1), with a flow of 30 ml min-1 (STP) at P(total) of 20 bar.
An investigation into the phase composition and development of an accelerated
aging protocol is currently under investigation and will provide a greater insight into
the structure and stability of the catalysts supported by advanced characterisation
techniques.
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Plasma-catalytic ammonia synthesis for decentralized power-toammonia applications: a kinetic analysis for Ru-based catalysts
Kevin Rouwenhorst, University of Twente, Enschede, The Netherlands; Leon
Lefferts, University of Twente, Enschede, The Netherlands

Ammonia may also be one of the energy carriers of the future, functioning as a
hydrogen carrier [1, 2]. Ammonia can be produced from surplus electricity from
intermittent renewables, thereby facilitating energy storage over seasons [3]. In
decentralized systems, this requires on-demand technologies rather than high
temperature, high pressure technologies such as the Haber-Bosch process. While
the H 2 production and N 2 production can be scaled-down easily, the ammonia
synthesis loop cannot be scaled-down easily to the sub-MW scale due to the severe
operating conditions (400-500°C and 100-300 bar). Plasma-catalysis is a potential
on-demand technology [4], which may replace the Haber-Bosch process for
decentralized applications.

However, plasma-catalytic ammonia synthesis is not fully understood. The highest
energy efficiencies reported so far for plasma-catalysis (20-35 g kWh-1 [5, 6]) are two
orders of magnitude lower than the required energy efficiencies of 100-200 g kWh-1
for small-scale applications [7]. A major challenge is maintaining the energy
efficiency of at least 100-200 g kWh-1 at high ammonia yields (>1 mol.%), such that
ammonia can be separated by absorbents or adsorbents.

The status quo of plasma-catalytic ammonia synthesis is discussed, after which a
kinetic analysis is presented for plasma-catalysis over Ru catalysts. Through a kinetic
analysis it is determined that the apparent activation barrier decreases from about
60-115 kJ mol-1 for thermal catalysis to about 20-40 kJ mol-1 for plasma-catalysis [8].
Mehta et al. [9] postulated that the dissociation of N 2 can be enhanced through
plasma-induced vibrational excitation of N 2 , while the subsequent hydrogenation
steps on the catalyst surface and ammonia desorption are not influenced by the
plasma (see Figure 1). Furthermore, it is found that activity trends for Ru catalysts in
thermal catalysis and plasma-catalysis are similar, and the electronegativity of the
support and promoter determine the activity [8].

Figure 1: Proposed mechanism for plasma-enhanced catalytic ammonia synthesis.
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Iron Nanoparticles Dispersed on Self-Standing Graphene Papers as
Oxygen Reduction Reaction Electrocatalysts
M. Oguzhan Bicer, Department of Chemistry, Koç University, Istanbul, Turkey; Tugce
Beyazay, Material Science and Engineering, Koç University, Istanbul, Turkey; Tolga
Kocer, Department of Chemical and Biological Engineering, Koç University, Istanbul,
Turkey; F. Eylul Sarac Oztuna, Department of Chemistry, Koç University, Istanbul,
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Oxygen electrochemistry is at the center of clean and renewable energy storage and
conversion technology. While oxygen evolution reaction provides molecular oxygen
to a simple hydrogen-oxygen fuel cell, oxygen reduction reaction (ORR) transforms
the produced O 2 into water. [1] Due to the sluggish kinetics of the afore-mentioned
reactions, an electrocatalyst is required to drive the reactions at low overpotentials.
The choice of catalyst for ORR is generally Pt, albeit rare and expensive. [2] As an
alternative to Pt, transition metal electrocatalysts are generally utilized to reduce the
cost without compromising catalytic activity. [3] Typically, a nano-sized electrocatalyst
is dispersed on a high surface area support material to exploit the catalytic activity of
the metal and enhance reaction rates. In this regard, graphene, a honeycomb
network composed of sp2-hybridized carbon atoms, is a promising support material
with its excellent electrical conductivity, high theoretical surface area, and enhanced
mechanical strength. [4] Herein, we report facile production of free-standing iron
nanoparticle/reduced graphene oxide (rGO) composite papers as possible ORR
electrocatalysts. The composite papers were fabricated via vacuum-assisted filtration
system and thermally reduced in flowing NH 3 gas to enable N-doping in the graphitic
support. Incorporation of Fe nanoparticles into the rGO support not only provided
mechanical integrity to the system, but also shifted the half-wave potential for ORR to
0.77 V vs RHE.
In order to enhance the electrocatalytic activity of rGO paper in the absence of
metallic nanoparticles, a graphene oxide (GO) paper was thermally reduced at 700
°C in flowing Ar:NH 3 (50:50). Thus, it was anticipated that rGO structure was doped
with N atoms with NH 3 treatment [5], which is utilized as a general route to promote
electrocatalytic activity towards ORR. Figure 1a shows the corresponding cyclic
voltammogram of bare rGO paper. While the voltammogram measured in N 2 -

Figure 1. Cyclic voltammograms of (a) bare rGO paper, (b) Fe/rGO composite paper, and (c) rGO and
Fe/rGO overlapped. Vertical dashed lines in (c) correspond to the half-wave potentials of ORR for rGO
-1
and Fe/rGO. Electrolyte solution: 0.1 M KOH. Scan rate: 20 mV s . Bare rGO paper was obtained by
chemical reduction of GO paper with hydrazine vapor at 90 °C for 10 h followed by thermal reduction
3+
at 700 °C for 1 h in flowing Ar:NH3 (50:50). Fe/rGO was produced by filtrating a Fe and GO mixture
followed by thermal reduction at 700 °C for 1 h in flowing Ar:NH3 (50:50).

saturated solution exhibited solely a capacitive current, switching the purging gas to
O 2 resulted in formation of a new cathodic peak around 0.5 V, which is the reduction
peak of O 2 . Note that, this GO paper was reduced chemically with hydrazine vapor
prior to NH 3 treatment to obtain a flexible paper. [6] Without hydrazine reduction step,
rGO paper had no mechanical integrity. On the other hand, a flexible paper was
obtained after NH 3 treatment in the presence of Fe nanoparticles without the need for
a chemical reduction. Moreover, incorporation of Fe into the structure shifted the
potential of the cathodic peak to more positive values, indicating higher activity
towards ORR (around 0.7 V, Figure 1b). From the difference curves between the
voltammograms measured in O 2 and N 2 -saturated solutions, the half-wave potentials
for ORR were calculated for bare rGO and Fe/rGO and they were respectively 0.58
and 0.77 V vs RHE (Figure 1c).
In conclusion, bare self-standing rGO paper without any metal nanoparticles had a
considerable activity for ORR thanks to the N-doping provided by NH 3 treatment.
Addition of Fe nanoparticles in the structure enhanced the mechanical properties of
rGO paper, promoted the activity towards ORR, and the half-wave potential for the
reaction was improved by 190 mV.
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Coking-free MgO Supported Ni-Mo Catalyst for Dry Reforming of
Methane
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Dry reforming of methane (DRM) has gained tremendous attention since the two of
the major greenhouse gases, carbon dioxide and methane, are used to produce
industrially valuable syn-gas [1]. Catalysts play the most crucial role in DRM, so
research has been focused on developing noble metal catalysts such as palladium,
platinum, and rhodium due to their excellent activity and stability [2]. However, the
use of noble metal catalysts in industry is unattractive because of the cost and the
scale required for DRM. Nickel has been considered as a sustainable alternative,
since it shows great activity but vulnerable to coke formation. Here, we synthesized
Ni-Mo bimetallic nanoparticle catalysts on MgO as a support and studied for dry
reforming of methane. The catalyst showed quantitative conversion in DRM for 850
hours (35 days) at 800oC without any evidence of coking.
Bimetallic Ni-Mo nanoparticle is synthesized through a polyol reduction
method and loaded on the MgO support. The synchrotron powder X-ray diffraction
patterns show 2.8 nm of Ni-Mo particles in as-prepared catalysts, and they further
agglomerate up to 17 nm during activation process and does not change throughout
the reaction. Spent catalyst was analysed by TEM, TPO, and Raman spectroscopy in
order to investigate possible coke formation. No graphitic carbon was detected after
850 hours of continuous reaction. XANES and EXAFS revealed that molybdenum
alloys with nickel, and this is in accordance with synchrotron PXRD result since

neither Mo oxide nor metallic Mo were observed. The activity of the catalyst was
investigated extensively by changing the reaction parameters such as temperature,
pressure, and gas hourly space velocity. Hollow cylindrical pellets were formed for
the high-pressure tests and exhibited high activity up to 15 bar without deactivation.
In comparison, we prepared control catalysts that are made through conventional wet
impregnation and tested under the same conditions. The results show that the
catalysts prepared through wet impregnation suffer from severe coke formation. We
believe our findings will contribute to the heterogeneous catalysis field and ultimately
to the petrochemical industries.
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Alumina/boron nitride as a filler of thermally conductive materials
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INTRODUCTION
Thermally conductive polymer composites have attracted tremendous attention
recently due to their heat dissipation performance in highly integrated electronic
devices such as high power laser, high brightness light-emitting diode, and solar cells
[1]. The increasing miniaturization of electronic device components poses higher
requirements for heat dissipation, fire safety and electrical insulating, it is thus
imperative to develop polymer composites with high thermal conductivity [2]. The
high loading of more than 50 wt% of thermal filler into polymer matrix is usually
required to endow polymers with satisfactory thermal conductivities, which makes
resultant polymer composites difficult to be processed. Incorporating thermally
conductive fillers [3] into the polymer matrix has been proved to be one of the most
efficient methods to enhance the thermal conductivity of the polymer [4,5]. Such high
filler loading favors the formation of completely thermally conductive pathways in the
polymer matrix. Boron nitride, with a very high thermal conductivity, has great
advantage in thermally conductive composites compared with other fillers. Because
the price of boron nitride is expensive,the expensive boron nitride in thermal filler was
partly replaced to cheap alumina. Therefore, the highly effective thermal filler was
needed to show high thermal conductivity at low loading into polymer matrix. In this
study, hybrid filler composed of alumina and boron nitride was developed and the
characteristics of hybrid filler were measured.
EXPERIMENTAL
Spherical alumina particles with mean sizes of 50 µ were provided by CIS Co. Ltd
(South Korea) and boron nitride were purchased from 3M Co. Ltd. (South Korea).
Characteristic properties of hybrid thermal filler were measured by surface area, pore
size distribution, XRD, XRF, SEM and particle size analysis. Hybrid thermal filler was
observed with a JEM-7401F field emission scanning electron microscope (JEOL,

Japan). The thermal conductivities of the hybrid filler with a diameter of 13 mm and a
thickness of 2 mm were measured with LFA 467 thermal meter (Netzsch Co.
Germany).

SUMMARY
The surface area, particle size, XRD, XRF, SEM, density, thermal diffusivity, and a
thermal conductivity of hybrid filler were studied. The synergistic effect of
alumina/boron nitride hybrid thermal filler on the thermal conductivity was shown.
This synergistic effect is so remarkable that it is really necessary to understand why
the thermal conductivity of hybrid filler is enhanced simply by replacing boron nitride
with alumina.
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Nowadays, the energy and environmental situation is a big problem especially for
developing countries, which are faced with limited fossil resources. Additionally, the
CO 2 emission from fuel consumption for heating and transportation is a main source
of air pollution and climate change due to global warming. Therefore, the green
synthesis of materials and the use of sustainable feedstock are very important
issues. Catalysis plays a key role for the environmental protection and development
of green processes. Heterogeneous catalysts allow improving the process efficiency
and the environmental protection. This study deals with the preparation,
characterization and testing of a hierarchical porous clinoptilolite-based natural
zeolite as a potential acid catalyst for the conversion of renewable glycerol feedstock
to valuable fuel additives [1]. So far the use of resin and Zeolite-based catalzsts like
amberlyst A-15 and zeolite mordenite, beta, and ZSM5 was reported [2, 3], the
modified zeolite [4] could be a promissing catlyst for this reaction, But there are no
report for this type of catalysts.The natural zeolite clinoptilolite was ion exchanged
with ammonium and activated at different temperatures in order to obtain the acid
form of the zeolite. The catalysts were characterized by XRD, FTIR, TG-DSC, TPD of
ammonia, and nitrogen adsorption and desorption (BET). The catalytic performance
of prepared materials was investigated in the acid catalyzed etherification of glycerol
with tert-butanol. The acid catalysts were highly acidic and showed high activity in the
etherification of glycerol with tert-butanol to the corresponding mono and diethers.
The catalysts showed high stability in the liquid phase reaction under reflux
conditions and elevated temperature. The conversion and the selectivity were
strongly influenced by the reaction temperature.
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A Fully Reversible Water Electrolyzer Cell made up from FeCoNi
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Photovoltaic (PV) cells powered water electrolysis systems provide a facile and viable
way to convert the abundant but intermittent solar energy into hydrogen (H 2 ) fuel1.
The large-scale deployment of such systems requires the development of efficient and
cost-effective catalysts for overcoming the sluggish reaction kinetics associated with
the anodic oxygen evolution reaction (OER) and cathodic hydrogen evolution reaction
(HER) in water splitting2. Further, the integration of water electrolyzer cells with PV
cells also calls for the exceptional robustness of the catalyst materials that can
effectively withstand the frequent power interruptions caused by cell shutdowns
and/or weather changes3. To date, these requirements have posed a grand challenge in
material development. In this work, atomically thin FeCoNi (oxy)hydroxide
nanosheets (FeCoNi-ATNs) were prepared via a facile and scalable one-step bottomup method. The obtained FeCoNi-ATNs exhibited extremely high mass activities for
both OER and HER (1931 A g-1 at 330 mV for OER; 1819 A g-1 at 200 mV for HER)
in alkaline solutions, which were among the highest of all catalyst materials reported
so far. More excitingly, by employing FeCoNi-ATNs as the catalyst material for both
anode and cathode, a fully reversible water electrolyzer cell (WEC) was assembled,
which exhibited a robust reversibility between two half reactions in water electrolysis
under a high current density (100 mA cm-2). The as-fabricated WEC can effectively
overcome the stability issues caused by electrode depolarization during frequent
power interruptions, an inevitable phenomenon which is commonly brought about by
the usage of intermittent renewable energy supplies.
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Introduction
First-principles-based microkinetic modeling of catalytic processes stands at the
basis of the mechanistic understanding of the catalysis phenomenon at different
operating conditions. The construction of a predictive microkinetic model, however,
requires accounting for all the possible reaction pathways of the process, which is not
feasible through a full-first-principles calculation. One way to circulate such
complexity is to calculate the kinetic parameters using an empirical or a semiempirical method. One of the most widely used empirical correlations for estimating
the reaction barriers is the Brønsted-Evans-Polanyi (BEP) relation, which linearly
correlates the activation barrier, E a and the reaction energy, ΔE. However, the BEP
is not applicable to some reactions such as trans-COOH dissociation reactions[1].
Therefore, a first-principles assessment of the accuracy of BEP is therefore required
for clarifying the extent of the applicability of the BEP relationships for different
reactions, metals, and surface structures. In this work, we propose and assess a
criterion based on the thermochemistry of the reactions for qualitatively assessing the
applicability of BEP relations. Such finding paves the way towards its quantitative use
for the exploration of complex reaction networks for different metals and surfaces.
Methods
Periodic DFT calculations with PBE functional are performed with Quantum
ESPRESSO code. the activation barriers of CH, CO and trans-COOH dissociation
reactions on (100), (110), (111) and (211) surfaces of Ni, Cu, Rh, Pd, Ag, Pt are
considered. Grimme-D2 van der Waals corrections are considered for all the transCOOH dissociation reactions.
Results and Discussion
We decompose both E a and ΔE to the components that describe the different
processes involved in the dissociation reactions in the range of conditions to be

Figure 1. Correlation between ΔE and both of its contributions for (a) CH dissociation and (c) for
trans-COOH dissociation reactions. The BEP correlations of both reactions are shown in (b) and
(d), respectively. Figures are adapted from [2].

described by the BEP relation. For example, for CH dissociation reactions, they can
be decomposed to the variation of the interaction within the [M--H--C]‡ complex (ΔE MH-C )

and the variation of carbon-hydrogen interactions (ΔE C-H ). For both CH and

trans-COOH dissociation reactions, we find that both contributions of the activation
energy are linearly correlated to the corresponding contributions of the reaction
energies[2]. Therefore the TS nature can be represented by the nature of the
reaction path. Figure 1(a) shows that for CH dissociation reaction, both contributions
are linearly correlated to ΔE. It thus indicates a consistent TS nature on all the
surfaces involved, therefore suggests that the E a and ΔE are linearly correlated,
which agrees to the accurate BEP shown in Figure 1(b). In contrast, Figure 1(c)
shows that for trans-COOH dissociation reactions on (100) surfaces, both
contributions are anti-correlated, which suggests that the TS nature varies from one
metal to the other. It matches the absence of the BEP as shown I Figure 1(d).
Conclusions
Our work reveals that BEP is applicable for the reactions at different conditions when
they satisfy two conditions: (i) ΔE correlates to both of its components that describe
different processes involved in the dissociation reactions, and (ii) the variation of
these components is consistent. Such criterion allows for an estimation of the
applicability of BEP only on the basis of thermodynamics of the reaction, thus
facilitates

the

development

of

structure-dependent

microkinetic

models

heterogeneous catalysis.
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In order to optimize the performance of heterogeneous catalysts, the structureactivity relationship must be fully understood. A common approach to unravel this
relationship is through the use of operando methods, where spectroscopic
techniques are paired with a simultaneous analysis of the effluent gases [1].
However, as there could be a
concentration

and

a

temperature gradient along the
axial length of a plug-flow
reactor, simple analysis of endpipe gases might not be able
to provide a clear picture of the
behavior of the catalyst [2]–[4].
Figure 1. Schematic of the SPACI-FB [5]

Operando

techniques

must

therefore have a similar spatial resolution, in order to obtain both spectroscopic and
catalytic information at different point along the bed. In order to solve this problem,
our group has developed the SPACI-FB [5], [6], a technique, shown in figure 1, which
provides profiles of gas concentration and temperature within the catalyst while
allowing simultaneous collection of spectroscopic data. This technique has been
successfully used to understand the role of H 2 in the oxidation of CO over Pd
catalysts [5]. The active catalyst is consistent of Pd nanoparticles with absorbed

surface O, of which a specific concentration is required before light-off is observed,
as shown in figure 2a. The presence of hydrogen causes an activation of the catalyst
much closer to the
front end of the bed
(figure

2b),

most

likely

via

the

reaction of H 2 O 2 to
form adsorbed OHs,
therefore promoting
the catalytic activity.
Another successful
approach developed

Figure 2. Relative contributions of a Pd metal standard and PdO as a function of
position in the catalyst bed during (a) CO oxidation and (b) CO oxidation with H 2 .
[5]

in our group is a
reaction cell which allows for synchronous, spatially resolved XAFS/DRIFTS
measurements, shown in figure 3 [2]. This would allow to obtain information about
the gas composition at different point using IR and collect relevant structural
information. This set-up was used to obtain insights into the kinetic oscillations,
between periods of high and low activity,
which happens during CO oxidation on
Pd/γ-Al 2 O 3 . Initially, the CO ignition
occurs at the end of the catalyst bed,
and

the

reaction

front

propagates

upstream with increasing temperature.
This oscillating behaviour only appears
at the front of the catalyst bed, after lightFigure

3.

Schematic

photograph

XAFS/DRIFTS reaction cell [2].

of

the

new

off temperature and is caused by the
competition between CO storage and

surface oxide formation at the nanoparticle surface[2]. These results show how
spatially resolved measurement are essential to obtain a full understand of the
structure-activity relationship and obtain further insights in the reaction process.
[1] A. Gurlo et al., Angew. Chemie Int. Ed., vol. 46, no. 21, pp. 3826–3848, May 2007. [2]E. K. Dann et
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Eur. J., vol. 12, no. 7, pp. 1975–1985, Feb. 2006.[5]C. Stewart et al., ACS Catal., vol. 8, no. 9, pp.
8255–8262, Sep. 2018.[6] J. Touitou et al., Catal. Sci. Technol., vol. 2, no. 9, pp. 1811–1813, 2012.
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The catalytic hydrodeoxygenation (HDO) of lignin-derived phenolic monomers is a
promising route for producing sustainable bio-fuels and value-added chemicals.
Among the phenolic reactants, guaiacol is a representative model compound,
because it contains all characteristic chemical functional groups of C-O bonds [1].
Rates and selectivities of HDO on transition metal clusters depend strongly on the
interfacial properties of the catalyst surfaces, where the identity of solvent matters [2].
At protic solvent-metal interfaces, a portion of the H adatoms (H*) may undergo
ionization assisted by solvent molecules and acquire proton (H+) characters. Both H*
and H+ may participate in H addition events during HDO and their relative abundance
could lead to different catalytic performances, but the respective roles of these H
species and reaction mechanisms have not been rigorously identified at the
molecular level. Here, we describe the mechanistic differences during guaiacol HDO
on different interfaces, each with their unique interfacial properties, of: (1) water
(protic solvent)-Ru, (2) cyclohexane (aprotic solvent)-Ru, and (3) vapor-Ru.
At water-Ru interfaces, guaiacol-H 2 reactions (30 bar H 2 , 423 K) proceed
through the desired C-OCH 3 cleavage route (r C-O ), which produces predominantly
cyclohexanol (23% selectivity), and undesired H addition route (r H-A ), which forms 2methoxycyclohexanol (72% selectivity) [1]. The r C-O is near zero-order dependence to
guaiacol, suggesting that guaiacol derived species saturate Ru cluster surfaces. DFT
calculations indicate a preferential dehydrogenation of guaiacol that forms guaioxy
[C 6 H 4 (OCH 3 )(O)*] as the most abundant surface intermediate (MASI). The r C-O
acquires a first reaction order to H 2 , indicating the requirement of two H addition
events to the guaioxy before the kinetically relevant step. The selective H-D isotopic
exchange during guaiacol-D 2 reactions detected by GC-MS and H1-NMR reveals
successive H* additions to the oxygen atom and then to the meta carbon (relevant to
the hydroxyl group) of guaioxy. The resulted C 6 H 5 (OCH 3 )(OH)* undergoes C-OCH 3

cleavage via an intramolecular proton transfer, during which the H in its hydroxyl
group is ionized, transport to the methoxy group via an adjacent water molecule, and
form a C 6 H 5 (O)* and a methanol molecule. DFT calculations show that this process
is stabilized in protic environment and its activation free energy is more than 40 kJ
mol-1 smaller than the direct C-OCH 3 cleavage via metal insertion. At aprotic
cyclohexane-Ru interfaces (30 bar H 2 , 473 K), guaiacol-H 2 reactions exhibit
comparable selectivities but the rate of r C-O is still 40% lower than that in water
solvent at a lower temperature of 423 K. Guaiacol-D 2 reactions in cyclohexane do not
lead to H-D exchange, in agreement with DFT results that the exchange requires
water-assisted H ionization on the meta carbon to decrease the barrier for H
abstraction after D addition. The lack of protic solvent makes the intramolecular
proton transfer infeasible, thereby leading to the observed decrease of C-OCH 3
cleavage rate.
In the contrasting case of vapor-Ru interface, guaiacol-H 2 reactions show > 97%
selectivity towards r C-O , forming predominantly phenol (0.1-0.9 kPa guaiacol, 10-90
kPa H 2 ). The r C-O rate is seven times larger than that in cyclohexane under similar
conditions, despite the lack of surface reactive proton species (H+) at both vapor-Ru
and cyclohexane-Ru interfaces. At vapor-Ru interfaces, 91% guaiacol molecules
undergo unselective H-D exchange in guaiacol-D 2 reactions. This result, at first
glance, contradicts to the required water assistance in H abstractions on phenolic
rings. The difference between exchange results in liquid and vapor reveals that direct
H abstraction occurs preferentially at vapor-Ru interfaces, when the solvent effect is
eliminated. The r C-O is zero-order to guaiacol, consistent with DFT results that
guaioxy is the MASI in vapor, and first-order to H 2 . These orders are identical to
those in water, but in vapor a H abstraction instead of H additions occurs on the
MASI and the formed C 6 H 3 (OCH 3 )(O)* then undergoes direct C-OCH 3 cleavage via
metal insertion.
In summary, Ru clusters catalyze guaiacol HDO via different reaction
mechanisms, depending on the interfacial property and the charge of the reactive H
species. Protic water solvent enables the catalytically favorable intramolecular proton
transfer that ruptures the C-OCH 3 bond after H* additions, which does not occur in
aprotic cyclohexane solvent deprived of H+. The vapor phase C-OCH 3 cleavage
proceeds via H abstraction from the phenolic ring followed by direct metal insertion.
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Introduction:
The coadsorption studies of molecular O 2 and H 2 O on Pt surfaces are basic but
important for understanding CO oxidation at low temperatures or in H 2 stream.
However, for a long time, they are omitted and not well explored. By using high
resolution electron energy loss spectroscopy (HREELS), we took coadsorption
experiments of O 2 and a trace amount of H 2 O molecules at cryogenic temperatures
(105 K) and observed that the selective adsorption of trace water over O 2 on
Pt/Fe/Pt(111) surface of Pt-Fe model catalysts. The results could provide a hint that
the well-tuned electronic structure of bimetallic catalysts could reverse the relative
amount of surface species, and might influence the CO reaction route significantly.
Experiment and Results:
The work was taken in one vacuum system at the base pressure of 1.0-3.0×10-10
mbar. The HREELS spectra were taken at 60 degree angle of emission with respect
to the surface normal in the specular direction. The electron beam energy of
HREELS was 7.287 eV.The Pt/Fe/Pt(111) surface has a sandwich structure of the
topmost Pt atomic layer, subsurface Fe layer and underlying Pt(111) bulk, and
presents the lower density of states (DOS) at 0-2.0 eV below the Fermi level with
reference to Pt(111), as is shown in Fig.1. On the Pt/Fe/Pt(111) surface the

chemisorption of both O 2 and H 2 O would be weakened with different extents, which
would change the relative order of their adsorption strength. At 105 K and exposure
to O 2 with 0.1% v/v water, chemisorbed water species are dominated on the
Pt/Fe/Pt(111) surface, while chemisorbed O 2 species are dominated on Pt(111)
surface, as is shown in Fig.2. The O 2 adsorption has become weaker than H 2 O on
Pt/Fe/Pt(111), which is consitent with the features of electronic structure on
Pt/Fe/Pt(111) surface because Pt 5d states for O 2 adsorption reside mainly within 0-2
eV, while them for H 2 O adsorption reside locally around 4 to 5 eV .

Fig. 1 The He II UPS spectra (hv=40.8

Fig. 2. HREELS spectra of Pt/Fe/Pt(111)

eV) of Pt/Fe/Pt(111) and Pt(111) surfaces and Pt(111) exposed to O 2 with 0.1 %
water at 105 K
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Abstract:
In this study, a facile and environment-friendly approach was developed to
immobilize water-soluble imidazolium- and pyridinium-based ionic liquids (ILs), i.e.
[SmIm]X (X=Cl and I) and [SPy]I, on graphene oxide (GO) sheets in aqueous
medium by controlling the grafting temperature. Several characterizations including
OEA, FT-IR and XPS techniques have been applied to investigate the effects of the
grafting temperature on the preparation for GO-ILs in aqueous medium. As-prepared
composites were employed as heterogeneous catalysts for CO 2 cycloaddition.
Results showed that the amount of [SmIm]I on GO sheets reached a high level
(about 1.7 mmol/g GO) under the mild temperature (i.e. 40-60 oC), owing to the
inhibition of the self-condensations among ILs molecules in water under the mild
temperature. The resulting composites exhibited excellent catalytic activity to CO 2
cycloaddition, affording the maximum conversion of propylene oxide (PO) as about
93% in 4 h, much higher than that on [SmIm]I. It could be explained that the
abundant hydrogen bonding donor (hydroxyl groups) on GO sheets assisted in the
ring opening of PO, which promoted the reaction. These heterogeneous catalysts
could be reused for at least five runs without significant loss in activity, implying the
stable and reusable capability of as-prepared catalysts. The aqueous grafting
mechanism was proposed here, which went through a two-step reaction. ILs with
silane coupling agent are firstly hydrolyzed to silanol in water, and grafting reaction
then happens by removing H 2 O molecules under the mild temperature due to the low
activation energy for dehydration. It differs greatly from the traditional grafting
mechanism in organic solvents, which involves the direct dealcoholization under the
high temperature because of the high activation energy for the reaction.
Keywords: graphene oxide; ionic liquid; aqueous grafting; CO 2 cycloaddition

Figure: The grafting mechanism of water-soluble [SmIm]I on GO in water under the mild
temperature (30-60 oC) and the high temperature (beyond 60 oC).
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Supported Precious Group Metal Catalysts for Various
Hydrogenation Reactions and as Sustainable Resource
Hendrik Spod*, Gisa Meißner,
Heraeus Deutschland GmbH & Co. KG, Heraeusstraße 12-14, 63450 Hanau,
Germany

Catalysis has an enormous importance and economical relevance for the global
chemical industry. More than 80 % of present industrial processes use different types
of catalysts for the synthesis of a variety chemical, petrochemical and biochemical
products as well as for the production of polymers. [1] Based on the twelve principles
of green chemistry, selectivity, efficiency and sustainability are playing an important
key role. [2]
Here, we present the lifecycle of industrially scalable palladium-based catalysts and
discuss strategies for tailoring these catalysts for specific applications.

Experimental
All experiments were performed in a 100 mL batch reactor (Mettler-Toledo) equipped
with a sampling tool. Typical reaction conditions were 25 – 50 °C, 1 – 3 bar H 2,
500 mg substrate and 25 mg of catalyst.

Results
The lifecycle of a heterogeneous catalyst can be structured into five main steps:
Precious metal winning, production of a precious metal solution, catalyst synthesis,
performance as active catalyst and finally serving again as precious metal source
through recycling.
Generally, different parameters such as precious metal precursors, loadings,
supporting materials, synthesis method significantly impact the activity, selectivity
and yield of a target product. Furthermore, these parameters can be used to
customize catalysts for a specific application. We investigated a standardized
synthesis method for a Pd-catalyst with a 5 wt.-% load and various supporting
materials (Fig. 1, left). We studied the influence on activity with respect to two

hydrogenation reactions using these catalysts. The observed activity differences are
base on different precious metal surfaces and intrinsic characteristics of the support.
Further, we have tested the influence of different Pd-loadings between 1 and
10 wt.-% and obtained a linear increase of the activity in the hydrogenation of a
double bond or nitro group (Fig. 1, right). This shows a successful catalyst
preparation with the same particle size for Pd-loadings up to 10 wt.-% onto inert
supports. In fact, we are able modifying the Pd-content onto the catalyst and finally
this allows an increase of the Pd-content inside a reaction system, resulting in a
higher activity without increasing mass of catalyst.

Fig. 1: Influence on the activity in the hydrogenation of a double bond or nitro group:
Using different supports with 5%Pd/support (left) and using different Pd-loadings (right).

Finally, if the catalyst is deactivated and separated from the reaction mixture, we
close the loop and recover the precious metal.
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Synthesis of perovskites-like PbBiO 2 I/GO composites enhanced
visible-light-driven photocatalytic activity
Fu-Yu Liu, Yong-Ming Dai, Chiing-Chang Chen*, Department of Science Education
and Application, National Taichung University of Education, Taichung 403, Taiwan,
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A

novel

PbBiO 2 I/Graphene

oxide

(GO)

heterostructure

photocatalyst

was

synthesized successfully by hydrothermal technique using PbBiO 2 I as the starting
material for the first time. The composition and morphologies of the composites were
controlled by adjusting the experimental conditions: the reaction pH value,
temperature, and molar ratio. The samples were characterized using XRD, FE-SEMEDS, HR-TEM, XPS, DR-UV-vis, BET, PL, EPR, and UPS. These as-prepared
samples were subjected to the photocatalytic degradation of Crystal Violet (CV)
under visible light irradiation. Under the optimal synthesized conditions, PbBiO 2 I/GO
composites showed greatly enhanced photocatalytic performance in PbBiO 2 I
composites. Additionally, the rate constant values of PbBiO 2 I/GO composites are
obtained as the maximum degradation rates of 0.1807 h-1 by using the first-order
linear fit of the data, which are much higher than the PbBiO 2 I. The enhanced
photocatalytic activity can be attributed to the effective separation of photo-generated
carriers driven by the photoinduced potential difference generated at these
heterostructures interface, transferof photo-generated electrons through the GO
skeleton and favorable well-aligned straddling band-structure from the PbBiO 2 I/GO.
The possible photodegradation mechanisms was proposed and discussed in this
study. Overall, this work may provide a facile way to synthesize the highly efficient
PbBiO 2 I/GO composites photocatalysts with promising applications in environmental
pollution and control.
Figure 1 shows the XRD patterns of the as-prepared samples; the patterns clearly
show the existence of the composites, PbBiO 2 IGO. All the samples as-prepared
contain PbBiO 2 I phase (JCPDS 38-1007) and GO. Figure 2 displays that
PbBiO 2 I/GO are composed of different-size layers, consistent with the TEM
observations. In addition, the EDS spectrum shows that the sample contains the
elements of Bi, Pb, I, O, and C. In Figure 2(d), the HRTEM image demonstrates that
two sets of lattice images are obtained with d-spacings of 0.3013 nm, corresponding

to the (103) plane of PbBiO 2 I, which is in strong agreement with the XRD results. The
results suggest that the PbBiO 2 I/GO phases have been formed in the composites,
which are favorable for the separation of photoinduced carriers, yielding high
photocatalytic activities.

Figure 1. XRD patterns of as-prepared Figure 2. (a) FE-TEM images, (b) SAD,
samples under PbBiO 2 I with different (c) HR-TEM, (d) EDS of PbBiO 2 I/GO
GO grams, pH = 13 values at reaction (P5BI15-200-13-12-0.05g GO), and (e)
temperature 200 oC and reaction times mapping sample by the hydrothermal
12 h.

autoclave method.

The durability of PbBiO 2 l/GO is evaluated by recycling the used catalyst. After each
cycle, the catalyst is collected by centrifugation. No apparent loss is observed in the
photocatalytic activity when CV is removed in the 3rd cycle; even during the sixth run,
the decline in the photocatalytic activity is 7.0%. The used PbBiO 2 l/GO is also
examined by XRD, and no detectable difference is observed between the asprepared and the used samples; hence, PbBiO 2 l/GO has good photostability.
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Preparation of g-C 3 N 4 /Bi 2 MoO 6 and Their Photocatalytic Degradation for RhB
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Introduction In recent years, bismuth-based semiconductors have caused a wave in
the field of photocatalysis due to their special electronic structure. Among them,
Bi 2 MoO 6 has potential values in photocatalysis due to its special electronic layer
structure and appropriate band gap. However, there are still some problems such as
low utilization of visible light and high recombination rate of photogenerated electronhole pairs. G-C 3 N 4 polymer semiconductors have excellent catalytic properties due
to their good stability, appropriate bandgap energy and very negative conductive
bands. And they are widely used in building heterojunction structures [1]. In this paper,
flexible cotton flocculent g-C 3 N 4 /Bi 2 MoO 6 (GBM) composites were prepared for the
first time. The results show that the composites have strong visible light absorption
and high light-induced carrier migration rate.
Materials and Methods GBM materials were obtained by solvothermal method.
Nanosheet of g-C 3 N 4 colloidal solution was prepared by ultrasonic based on bulk gC 3 N 4 , which was synthesized with urea as precursor. G-C 3 N 4 colloidal solution was
reacted with Bi 2 MoO 6 precursor solution via solvothermal method.
Results and Discussion

Figure 1. The FT-IR patterns of the g-C 3 N 4 , Bi 2 MoO 6 , 10%-GBM composites (a) and
the effect of photocatalytic degradation for RhB under visible light radiation (b)
Figure 1(a) shows the Fourier transform infrared (FT-IR) patterns of the g-C 3 N 4 ,
Bi 2 MoO 6 , 10%-GBM composites. The pure Bi 2 MoO 6 shows Bi-O bond vibration at

564 cm-1, Mo-O-Mo bond vibration at 701 cm-1 and Mo-O bond stretching vibration at
795 and 843 cm-1. The absorption peaks at 1320, 1390, 1460, 1530 and 1580 cm-1
can be attributed to the stretching vibration mode of aromatic C-N, 1640 cm-1 is C=N
stretching vibration and 3070 and 3250 cm-1 are coincide with the stretching vibration
of NH or NH 2 at the end of the aromatic defect [2]. Through hydrothermal
recombination, we found that the compound of 10%-GBM has not only Bi-O, Mo-OMo and Mo-O bond stretching vibration in Bi 2 MoO 6 , but also absorption peaks in the
range of 800-3500 cm-1 in g-C 3 N 4 . The effect of photocatalytic degradation for RhB
under visible light radiation (λ≥420 nm) is shown in Figure 1(b). It shows that RhB is
almost completely degraded by 10%-GBM composite after 180 min. It proves that the
as-prepared 10%-GBM composite is more efficiently than pure catalysts.

Figure 2. The SEM images of the as-prepared Bi 2 MoO 6 (a) and 10%-GBM
composites (b)
The SEM images of catalysts are shown in Figure 3. It is obvious that Bi 2 MoO 6
has irregular lamellar aggregation morphology with hard texture and large particle
size (Fig.2a). When 10% g-C 3 N 4 was doped, the morphology of the material changed
dramatically, and a flexible cotton-like heterojunction semiconductor material was
presented (Fig.2b). Compared with pure Bi 2 MoO 6 , the particle size of the composites
is smaller, and the flexible cotton flocculent heterojunction provides more active sites
and larger specific surface area for photocatalytic RhB dye wastewater, which helps
to improve the photocatalytic activity.
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Enhanced Lifetime of Supported Pt Catalysts in SO 3 Decomposition
for Solar Thermochemical Water Splitting Cycles
Alam S.M. Nur, Satoshi Hinokuma, Hiroshi Yoshida, Masato Machida
Kumamoto University, Kumamoto, Japan
Introduction
Thermochemical water-splitting cycles using concentrated solar radiation as a heat
source are promising large-scale and cost-effective solar hydrogen production from
water. A representative candidate is the sulfur–iodine process, which is a cycle
system consisting of the following three reactions:
H 2 SO 4 → H 2 O + SO 2 + 1/2O 2

(1)

2HI → H 2 + I 2

SO 2 + I 2 + 2H 2 O → H 2 SO 4 + 2HI

(2)
(3)

The final step of (1) involves the decomposition of SO 3 into SO 2 + 1/2O 2 , which
requires very high temperatures (≥800 °C). In order to drive this reaction using a heat
fluid (~600 °C) supplied from solar collectors, the development of active and stable
SO 3 decomposition catalysts that work at moderate temperatures is urgently
required. Conventionally, Pt-based catalysts are known as promising candidates,
although their catalytic property and stability in such a moderate temperature range
have not been studied in detail. Herein, we report that a Pt catalyst supported on
Ta 2 O 5 is much more stable than conventional Pt catalysts for the SO 3 decomposition
reaction at 600 °C. Among possible SO 3 -resistant metal oxides (TiO 2 , Nb 2 O 5 ,
Ta 2 O 5 , and WO 3 ), which were studied comparatively as support materials for Pt
catalysts, the long-term stability of Pt/Ta 2 O 5 for the SO 3 decomposition reaction at
600 °C was demonstrated over a total of 1,800 h.
Results and Discussion
The long-term stability of Pt catalysts under harsh reaction environments is very
important for practical applications. The catalyst-stability tests were performed at T =
600 °C and WHSV = 11 g-H 2 SO 4 g-cat−1 h−1. Fig. 1 plots the relative activity as a
function of time-on-stream. Because the initial SO 3 conversions of these catalysts
are similar, the relative activities of the different catalysts can be compared directly.
Clearly, the extent of deactivation is strongly dependent on the support material and
decreases in the sequence WO 3 > Nb 2 O 5 > TiO 2 > Ta 2 O 5 [1]. Among the materials
tested, Pt/Ta 2 O 5 shows no noticeable deactivation over 1,800 h of continuous use,

and the overall deactivation after 1,000 h is only 1.5% of the initial SO 3 conversion.
This is lower than the activity loss of Pt/TiO 2 (approximately 4% per 1,000 h). The
deactivation observed for Pt/Ta 2 O 5 is less than 3% after 1,800 h of the reaction.
The deactivation kinetics of SO 3

where r d and k d are the rate of deactivation
and

rate

respectively,

constant
and

d

for
is

deactivation,
the

order

of

deactivation. The relative catalyst activity (a)
is expressed as the rate of reaction over the
deactivated catalyst with time (r t ) divided by

TiO2

Relative activity / %

using a simple power-law equation,
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Fig.1 Catalyst stability tests at 600 °C for
supported Pt catalysts [1]. WHSV = 11 g−1 −1
H2SO4 g-cat h .

that over the fresh catalyst (r 0 ). Assuming d
= 2 with initial limits of t = 0 and a = 1,
simulated deactivation curves with different
kd

values

were

obtained

(Fig.2).

Comparison with the observed activity data
suggests that k d would be approximately 1.5
× 10−5 h−1 and the estimated deactivation
after 1 year (~8,000 h) is nearly 10%. This is
superior to the estimated deactivation for
Pt/TiO 2 (> ~25%) in our previous study [2].
The higher stability of is due to the
abundance of metallic Pt, which favors the
dissociative adsorption of SO 3 and the

Fig.2 Deactivation rate analysis for
Pt/Ta2O5 at 600 °C [1]. The dotted lines are
drawn using the kinetic expression with the
deactivation rate constants, kd = (a) 1.5 ×
−5
−5
−5
10 , (b) 3.0 × 10 , (c) 4.1 × 10 , and (d)
−5 −1
6.2 × 10 h .

smooth desorption of the products (SO 2 and
O 2 ). This feature is in accordance with a lower activation energy and a less negative
partial order with respect to O 2 . Pt sintering under the harsh reaction environment
was suppressed compared to that observed with the use of other support materials.
References
[1]
A. S. M. Nur, T. Matsukawa, E. Funada, S. Hinokuma, M. Machida, ACS Appl. Energy Mater.
1 (2018) 744.
[2]
A. S.M. Nur, T. Matsukawa, S. Hinokuma, M. Machida, ACS Omega 2 (2017) 7057.

Can Iron Oxides Keep Up with Noble Metals
in Carbon Monoxide Oxidation?
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As a consequence of ongoing industrial growth air pollution and the search for new
ways of counteraction have never been a more relevant and yet challenging topic in
scientific research. By the use of petrol and diesel engines in vehicles as well as raw
materials

processing

industry, especially in the
combustion of fossil and
biological materials, every
year large amounts of nitric
oxides (NO x ), incompletely
burnt hydrocarbons, carbon
monoxide

and

carbon

dioxide are emitted into the
air. Because of its toxic
effect, binding irreversibly
onto
hence
amount

haemoglobin

and

decreasing

the

of

oxygen

Fig. 1: standard carbon monoxide oxidation experiment (black line) compared to
static measurements during operando X-ray absorption spectroscopy (dots) and
the behaviour of the isolated iron species on the support surface concluded from
EXAFS analysis.

transported through blood[1], carbon monoxide and its conversion to carbon dioxide
play

a

primary

role

in

this

project.

By using catalysts based on palladium, platinum or rhodium it is possible to remove
CO in exhaust gases by oxidation to carbon dioxide using residuary oxygen and thus
to reduce its emission into the atmosphere. Unfortunately use of noble metals is
limited to low resources leading to extraordinary high and continuously increasing
prices. Additionally, the harmful effect of these noble metal catalysts on the
environment is still unknown and discussed controversially.

Because of this we want to strike new paths searching for cheap and biocompatible
alternatives as catalysts for carbon monoxide oxidation. In previous work it could be
shown, that with the use of iron as catalytic centre it is possible to oxidise a certain
amount of CO in a defined gas stream completely at moderate temperatures[2]. To
compensate lower activity in comparison to noble metal catalysts, the systems based
on iron have to be optimised. Such an optimisation is based on the elucidation of
structure-activity correlations for a broad range of catalysts, which are tested under
model conditions, as well as the determination of the reaction mechanism of carbon
monoxide oxidation on iron catalysts.
The diversity of the tested catalysts presented in this contribution derives mainly from
choice of support material and the metal precursor as well as the parameters applied
within impregnation and calcination step. Typically γ-alumina is used as support and

loaded with pure or pre-reduced iron(III) acetylacetonate by incipient wetness
impregnation

and

afterwards

calcinated[3] to yield in iron oxide
more or less incorporated into the
support lattice. Differences in
activity of the catalysts can be
related to parameters like particle
size of the iron species, the
amount and distribution of active
sites at the support surface and
their accessibility as well as
coordination
Fig. 2: experimental setup of the self-designed XAS reactor for in-situ
measurements at beamline P65, DESY, Hamburg.

geometry

of

the

present iron species. To correlate

these parameters with catalytic activity in carbon monoxide oxidation and to gain
more insights into the mechanism of this reaction, analytics like Brunauer-EmmettTeller adsorption isotherme (BET), X-ray diffraction (XRD), transmission electron
microscopy (TEM), diffuse reflectance UV-Vis and in-situ diffuse reflectance infrared
Fourier transformed spectroscopy (DRUVS & DRIFTS) are carried out as well as exsitu and especially in-situ X-ray absorption spectroscopy (XAS, fig. 1), latter
performed in a self-designed XAS reactor (fig. 2).
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Application of ATR-FTIR Measurements in Ceria-Based Catalytic
Systems
E. Iwanek (nee Wilczkowska)1), Sheridan College, Brampton, Canada; L.F. Liotta2),
ISMN-CNR, Palermo, Italy; G. Pantaleo2); P. Kaur1); W. Raróg-Pilecka3), Warsaw
University of Technology, Warsaw, Poland; D.W.Kirk4), University of Toronto,
Toronto, Canada; J. Petryk3); M. Gliński3)

Introduction
The adsorption of CO 2 and water vapour upon exposure of metal oxide catalysts to
air can be used to probe the basic and acidic sites on their surfaces. The method of
aging of magnesium oxide catalysts prior to ATR-FTIR measurements has been
described by us [1]. The aim of this research is to demonstrate that the spectra
obtained during ATR-FTIR measurements can be a valuable tool in the investigation
of the properties of ceria-based catalytic systems.
Experimental
The ATR-FTIR spectra were performed on a Perkin Elmer Spectrum Two instrument.
For each sample four scans were collected with a resolution of 4 cm-1 within the
range 450 to 4000 cm-1. All measurements were repeated at least twice.
Four series of samples were studied. The first series are pure ceria supports:
commercial (AnalaR, 99.9%) and those obtained from ammonium ceric nitrate (BDH,
ACS reagent) via an aqueous route and thermal decomposition. The second series
are catalysts comprising cobalt oxide and ceria with a different Ce:Co ratio. The third
series is a set of cobalt oxide and ceria catalysts which differs in the barium content:
CeCo+yBa (where y is 0 to 0.2445g per gram of catalyst). The fourth series were
catalysts with gold deposited onto ceria obtained from via the aqueous route.
Results and Discussion
The surfaces of over 20 samples of ceria-based supports and catalysts were
studied using ATR-FTIR spectroscopy. The influence of the method of ceria
preparation on the obtained spectra showed that the two different commercial ceria
samples have spectra which are practically the same (e.g. Fig. 1a) though
substantially different than the ceria obtained using other methods. The impact of
ceria content in cobalt-oxide catalysts on the spectra is shown in Figure 1. Our

previous studies on Co-Ce oxide systems have shown that there is an optimal Co-Ce
ratio in the catalysts for its activity in N 2 O decomposition [2] and C 3 H 8 oxidation [3].
In the case of the former reaction, two distinct groups of catalysts were distinguished:
those which did not benefit from the addition of oxygen to the inlet stream (x up to 64)
and those whose activity increased upon the addition of O 2 . The results of ATR-FTIR
measurements also divided this set of catalysts into two groups: one type of spectra
was obtained for catalysts for CexCo where x<=64 and another for higher Co
loadings (Fig. 1 top and bottom panels, respectively). Similarly, the spectra of AuCeO 2 catalysts whose activity was different in CO oxidation exhibited differences in
some bands, whereas those with similar activity had similar spectra. The division of
the fourth set of catalysts into two groups on the basis of the spectrum corresponds
to the subsets in which barium cerate forms under NH 3 synthesis conditions and the
other in which it doesn’t form.

Figure 1. ATR-FTIR spectra of CoO x -CeO 2 catalysts
Conclusions
ATR-FTIR spectra of various ceria-based systems were measured and the analysis
of the data has shown that it is a technique which, in the case of ceria supports, can
be useful for predicting and explaining trends in activity of the catalytic systems.
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Introduction
Up to now, the removal of NO x in the exhaust of diesel engine under lean-burn
conditions is still a significant challenge. Selective catalytic reduction of NO x by
hydrocarbons (HC-SCR) is a promising technology for reducing NO x [1, 2]. Fe-based
zeolites are more attractive for HC-SCR because of their moderate activity at high
temperature and better hydrothermal stability [3]. In this work, Fe/Beta catalysts were
prepared by different methods used for SCR of NO by C 3 H 6 . Furthermore, a
combination of characterization techniques was applied to identify active Fe species.
Experimental
Fe/Beta catalysts were prepared by liquid ion-exchange (LIE), solid-state ionexchange (SIE) and incipient wet-impregnation (IWI) methods. H-Beta (Si/Al 2 =25)
and Fe(NO 3 ) 3 ·9H 2 O were used as the parent zeolite and Fe precursor, respectively.
The resulting catalysts with the Fe loading of about 1.5 wt.% were denoted as
Fe/Beta(LIE), Fe/Beta(SIE), Fe/Beta(IWI), respectively.
Results and Discussion
C 3 H 6 -SCR activity tests (Fig.1) showed that the catalytic activity decreased in the
following order as Fe/Beta(LIE) > Fe/Beta(IWI) > Fe/Beta(SIE). Fe/Beta(LIE) sample
exhibited NO conversion >90% and N 2 selectivity >95% at temperature 300-450 °C.
Hydrothermal durability tests showed hydrothermal aged had a slight inhibition effect
at high temperatures on C 3 H 6 -SCR. At nearly the same iron content, Fe/Beta(LIE)
catalyst exhibited superior catalytic activity than other catalysts, indicating that the
preparation method might lead to the different distribution of iron species, which was
an important factor affecting C 3 H 6 -SCR activity.
According to the percentage of Fe species and NO conversion over Fe/Beta
catalysts, we correlated the content of isolated Fe3+ and Fe 2 O 3 nanoparticles with the
NO conversion rate at 200 °C respectively (Fig.2). It can see that NO conversion rate
increased monotonically with increasing the content of isolated Fe3+ species, while

the NO conversion rate decreased linearly with an increase in Fe 2 O 3 nanoparticles
on Fe/Beta. In situ DRIFTS showed that more isolated Fe3+ sites on Fe/Beta(LIE)
would enhance the formation of the key intermediates, i.e., NO 2 adspecies and
formate species, then led to the superior C 3 H 6 -SCR activity.
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Fig. 1. NO conversion and N 2 selectivity over Fe/Beta catalysts (a) and NO conversion over the fresh and aged Fe/Beta(LIE) catalysts (b).
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Conclusion
The selective catalytic reduction of NO with C 3 H 6 over Fe/Beta catalysts prepared by
LIE, SIE and IWI methods. C 3 H 6 -SCR activity showed Fe/Beta(LIE) sample exhibited
the highest catalytic activity with NO conversion >90% and N 2 selectivity >95% at
temperature 300-450 °C. Reaction kinetics studies suggested that isolated Fe3+
species were more active for NO reduction, whereas Fe 2 O 3 nanoparticles enhanced
the hydrocarbon combustion in excess of oxygen. According the results of in situ
DRIFTS, more isolated Fe3+ sites on Fe/Beta(LIE) would enhance the formation of
NO 2 adspecies and formate species, then led to the superior C 3 H 6 -SCR activity.
References
[1] H. Zhou, M. Ge, S. Wu, B. Ye, Y. Su, Fuel, 220 (2018) 330.
[2] H. Zhou, K. Li, B. Zhao, W. Deng, Y. Su, F. Zhong, Chem. Eng. J. , 326 (2017) 737.
[3] P.S. Metkar, N. Salazar, R. Muncrief, V. Balakotaiah, M.P. Harold, Appl. Catal. B, 104 (2011) 110.

Analysis of charge handling in g-C 3 N 4 /TiO 2 photocatalytic
composites
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The study of charge handling in composite systems is rather complex and, more
importantly, does not usually offer a link of charge events with specific reaction steps
taking place under illumination [1]. Here we study the contact between (previously
prepared) Mn-promoted g-C 3 N 4 (2 wt.% Mn; ca. 15 m2g-1 [2]) and TiO 2 (pure
anatase; ca. 12 nm and 47 m2g-1 [2]) prepared by impregnation followed by
calcination (350 ○C). Composites with 1, 2 and 4 wt. % of g-C 3 N 4 were synthesized
and used in the gas-phase photo-oxidation of toluene.
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Figure 1. Parity plot between experimental and model Toluene concentrations. .3D
(projection) plots of experimental (circles) and model prediction (net) of Toluene.
The overall handling of charge has been previously studied with photoluminescence
(PL) and EPR [2]. To measure the effect of the charge handling in critical steps of the
reaction we developed a kinetic model under a Box-Behnken experimental design
using 3 factors (toluene concentration, light intensity and water content) [1]. The
model considers i) that the reaction is hydroxyl-radical mediated as previously

demonstrated for titania [2]; and ii) solve toluene and products (Benzaldehyde and
CO 2 ) mass balance (set of 2 independent) differential equations at the reactor, using
a kinetic model with intrinsic treatment of light (though the calculation of the
superficial rate of photon absorption) [1,2]. It uses only 5 independent parameters.
The fitting renders outstanding results as illustrated in Figure 1 for the toluene case.
The combined fitting of the reactant and the products allows to obtaining information
of the kinetic constants of hydroxyl generation and recombination. This thus
measured the availability of the hydroxyl species at the surface of the materials to
generate chemistry. The ratio between the kinetic rates of these two processes is
included in Table 1 for a 2 wt. % material (the material presenting optimum
photocatalytic performance) and reference systems. The model also yields the ratio
between the kinetic constant of the hydroxyl attack to the toluene (Tol) and the initial
product, benzaldehyde (Bz). This parameter can dictate the selectivity of the reaction
and allows to differentiate between adsorption and kinetic effects between the main
molecules (toluene and benzaldehyde) present at the catalyst surface.
Table 1. Reaction rate and Kinetic-derived information for toluene photo-oxidation.
Sample

Rate / mol m-2 s-1

Ratio (OH

Ratio (OH attack

generation /

Tol/Bz)

recombination)
Mn-2g/TiO 2

3.40x10-9

5.02x10-7

2.01x10-2

2g/TiO 2

1.85x10-9

2.77x10-7

1.67 x10-2

TiO 2

0.75x10-9

1.04x10-7

0.87 x10-2

A linear relationship (correlation coefficient > 0.99) is presented between the reaction
rate and the first ratio of Table 1 demonstrating that OH radicals are involved in the
limiting steps of the reaction and, at the same time, validating the model. They show
that the Mn-g / TiO 2 interface boosts activity by 4.5 times with respect to the
components by direct effect in OH formation. The second ratio of Table 1 interprets
the selectivity (Bz vs. CO 2 ) and quantify the importance of competitive adsorption
and kinetic hole attack under reaction conditions. Comparison with adsorption
measurements, PL and EPR results indicated the OH radical attack to Bz is two order
of magnitude less prone and controls selectivity in the titania-based composites.
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Building-up of a UV-Vis-NIR Broadband g-C 3 N 4 /W-TiO 2 Material
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Titania materials have been used for purification and disinfection of water but one
main limitation is the electromagnetic range that can be used to excite such (titaniabased) materials. Here we dope titania with tungsten and introduce carbon nitride at
the surface of the materials to overcome such limitation [1]. Using this approach,
here we provide evidence that the joint use of both tungsten and carbon nitride
renders a strong synergistic effect in the disinfection capability of the titania-based
materials, covering a UV-Visible-nearIR range of useful photons of the sun. The
titania (sample TiO 2 ) precursor was prepared by microemulsion, doped with a 15 at.
% W (cationic basis; sample WTiO 2 ), and calcined at 450 0C for 2h [1]. The g-C 3 N 4
material was obtained by calcination (550 0C, 2h) of melamine followed by physical
separation of the more exfoliated part by ultrasonication for 4 h [1]. The g-C 3 N 4 was
deposited (2 wt. %) onto TiO 2 and WTiO 2 by wetness impregnation and dried (100
0

C, 12 h). Titania displays a surface area of 77 m2 g-1, with an anatase particle size of

ca. 13 nm and a band gap energy of 3.04 eV. Tungsten increases area (115 m2 g-1)
and decrease anatase particle size (8.8 nm) with no effect on band gap, although
extend light absorption up to the nearIR range due to presence of W-surface species.
g-C 3 N 4 incorporation does not affect all these physico-chemical parameters.
The activity of the catalysts (0.6 g L-1) was essayed using a Gram-positive (S.
Aureus) and a Gram-negative (E. coli) bacterium. Figure 1 shows data for E. coli
inactivation. Blank experiments without catalysts demonstrate the little effect
produced by light itself irrespective of the excitation wavelength. Dark experiments
(not shown) render a maximum decrease of ca. 0.2 log units in the time frame of
Figure 1. The three panels of Figure1 correspond to illumination with pure UV, visible
and nearIR illumination. The latter is representative for results obtained with
excitation above ca. 500 nm. Catalysts show a strong dependence of the
wavelength. Under UV radiation we observe that TiO 2 , g-C 3 N 4 , and WTiO 2 do not
display marked differences among them. However, the presence of carbon nitride
boots activity significantly in composites. The two composite samples display ca. 4
log units reduction in ca. 50 min. For visible excitation (up to ca. 500 nm) we observe

differences among the three reference samples, being titania the most active. Our
titania is active in the visible (nearUV) region due to its nanostructure and
corresponding defects states [2]. Importantly, both composite materials are more
active (as under UV) than the references but in this case they do show differences.
The g-WTiO 2 is significantly more active than g-TiO 2 , by 3 log units (in ca. 50 min).
Finally, above 500 nm only the g-WTiO 2 sample shows disinfection capability.
The doping of the anatase reference renders a system displaying photoluminescence
(PL) intensity below the reference anatase, irrespective of the illumination
wavelength. This clearly shows that W presence decrease charge carrier
recombination for all excitation wavelengths. The combination of g-C 3 N 4 and bare or
W-doped anatase drives to a more complex behavior in terms of charge deexcitation. Under UV the PL intensity of composite systems is in between the two
reference materials, a fact interpreted as if the holes of the carbon nitride and the
electrons of anatase annihilates. This drives to an efficient Z-scheme charge
separation under UV. Under visible light it appears that electrons are transferred from
the g-C 3 N 4 component to anatase, again facilitating the separation of charge. Both
processes favor photo-killing activity in the g-TiO 2 and g-WTiO 2 materials for
excitation wavelengths below 500 nm. Above ca. 500 nm however the g-TiO 2 (and
corresponding reference systems) does/do not show significant photo-killing activity.
Nevertheless, the g-WTiO 2 does show important activity (Figure 1). The broad
plasmon resonance associated with W allows electrons (produced directly in a
surface WO 3-x phase –detected and characterized with Raman) to have increasing
energy with respect to the excitation energy, facilitating the photo-killing process.
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Figure 1. Time of course of the E. coli inactivation in presence of the samples.
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Reaction mechanism of nitrite hydrogenation on Pd catalyst:
Extreme variation in reaction orders
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Abstract:
Nitrate and nitrite in drinking water are potential human health hazards that decrease
the oxygen-carrying capacity of blood. Catalytic denitrification, converting nitrite
selectively to nitrogen (eq 1), is a promising solution if the yield of ammonia (eq 2)
can be minimized. Thorough knowledge on the kinetics is therefore clearly required.
Previous work in our lab suggested competitive adsorption of NO 2 - and H 2 [1,2]
whereas no kinetic data are available in literature supporting this.
2NO 2 - + 3H 2 + 2H+  N 2 + 4H 2 O

eq 1

NO 2 - + 3H 2 + 2H+  NH 4 + + 2H 2 O eq 2
Palladium on γ-Al 2 O 3 catalyst was synthesized via wet impregnation method. The
kinetic experiments were performed in a very wide window of nitrite (0.3 – 10 mM)
and hydrogen (0.01 – 0.8 bar) concentrations in an isothermal semi-batch slurry
reactor operating at atmospheric pressure. Reduction of nitrite proceeds rapidly with
high selectivity to N 2 using continuous hydrogen gas flow in the presence of CO 2 (10
% v/v) acting as a pH buffer to prevent pH variation. Despite the very high intrinsic
activity, mass transfer limitation was prevented by using extremely small catalyst
support particles (below 20 µm).
Based on the kinetic study, hydrogen and nitrite orders are obtained in a wide
hydrogen and nitrite concentration range. Figure 1 shows an overview of the orders
in hydrogen and nitrite in different concentration regimes. Clearly, the orders in
hydrogen and nitrite are strongly influenced when varying hydrogen concentrations
whereas nitrite concentration has a much weaker effect. Surprisingly, at low
hydrogen pressure (0.01 – 0.2 bar), we observe significantly high order of 2 in
hydrogen and a negative order (around -0.5) in nitrite, independent of the nitrite
concentration. This confirms that nitrite and hydrogen adsorb competitively on Pd.

Figure 1. Orders in hydrogen and nitrite in different hydrogen (0.01 – 0.8 bar; 0.01 –
0.6 mM) and nitrite (0.3 – 10 mM) concentration regimes

Based on the results and literature reports, we propose the reaction mechanism for
nitrite hydrogenation in Figure 2. Furthermore, this mechanism is used to obtain a
Langmuir-Hinshelwood rate equation resulting in reaction orders in good agreement
with our experimental findings. The high order in H 2 suggests that adsorbed H is not
only involved in the rate determining step (R.D.S.), but is also involved in three preequilibria elementary steps that determine the concentration of N ads in the R.D.S.

Figure 2. Reaction mechanism of nitrite hydrogenation over Pd/γ-Al 2 O 3 catalyst
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Introduction
CO oxidation is one of the most studied reactions due to its importance to both
automotive catalysis and removal of trace CO in hydrogen streams. The well known
oscillations during CO oxidation over Pt, Pd, Rh, Ir and Ru catalysts were observed
in the oxygen excess. No oscillations during CO oxidation over Ni has been observed
yet. In this work we discovered the oscillations during CO oxidation on Ni in the CO
excess, while all other catalysts produced kinetic oscillations in the oxygen excess.
The goal of the present work is to reveal the origin of CO oscillating behavior over Ni
and to create a first mathematical model, generating oscillations under reducing
conditions.
Experimental
Catalytic experiments were carried out in a tubular quartz flow-through reactor (i.d. 6
mm), operated at atmospheric pressure. The reactor was inserted into a furnace
which allowed observation and recording of the state of the Ni foil surface by a
photo–video camera Canon EOS 70D. Simultaneously the reactants and products
concentrations were measured by mass spectrometer Pfeiffer, OmniStar GSD 301.
Results
Regular periodic oscillations during CO oxidation over the Ni foil were observed in
the temperature range 570-630 °C for the reactant mixture containing 40% CO and
10% O 2 in He. The region of oscillations was not large and was bounded with the
lower and upper explosions limits of CO in oxygen. Fig.1 demonstrates the
oscillations of the gas phase concentrations and temperature variation at furnace
temperature of 590 °C. The reaction rate oscillations were accompanied by
synchronous variations of color changes of the Ni foil. The video films will be
presented, showing that the CO oxidation rate and the oscillation waveform were
strongly affected by the spatiotemporal dynamics and the movement of the waves
corresponding to the surface reduction (light color) and the surface oxidation (dark
color).

a) experiment

b) modelling

Fig.1. Experimental and simulated variations of gas concentrations at 863 K.
Discussion and modelling
The periodic variation of oxygen imbalance and synchronous variation of the colour
changes during the oscillations indicated that the origin of the observed oscillations
was closely connected with the reversible oxidation of Ni to NiO. The well-known
Sales-Turner- Maple (STM) model, describing oscillations during CO oxidation over
Pt group metals can simulate oscillations only in O 2 excess [1]. Therefore, the new
model was developed for the oscillatory behaviour of CO oxidation in CO excess.
The main feature of the model is the CO adsorption into the precursor state over
filled surface sites with a small value of Kisliuk parameter. Similar to STM model
oscillations originate due to the Ni oxidation in the high activity state and the Ni
reduction in the low activity state. In contrast with the STM-model the oscillations
under reducing conditions in the new model proceed on a surface with a very low
adsorbed oxygen coverage. The model successfully simulates the dependence of the
oscillations waveform and period upon the temperature.
Conclusions
For the first time the oscillatory behaviour during CO oxidation over Ni has been
discovered. The waveform and period of oscillations were determined by the fronts of
propagation of the reduced and oxidised states of Ni. The first mathematical model,
producing the oscillatory behaviour due to the periodic oxidation-reduction processes
in the CO excess has been developed.
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Support effects in K₂CO₃ on carbon– towards efficient materials for
CO₂ capture from air
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Wageningen University, Biobased Chemistry and Technology, Wageningen,
Netherlands
It is well-known that in heterogeneous catalysis the support of a catalyst can affect
the catalysts’ performance via different mechanisms.[1] The support can direct the
adsorption of reactants, products or intermediates; it can indirectly tune the structural
properties of the catalyst like dispersion of the active site over the support upon
catalyst preparation or it can modify the electronic properties of the active phase.
However, little is known about the influence of the support on performance of a
similar category of materials, solid sorbents, where an active sorbent material is also
dispersed over a support.
Here we studied the use of supported potassium carbonate as solid sorbent for the
capture of CO₂ from air. Development of CO₂ capture technologies that directly
capture from air is of prime importance to mitigate negative effects of global warming.
A first step is to develop suitable sorbents that are able to capture CO₂ efficiently, to
release it with little energy input, and to sustain its performance for a long time.
Supported K₂CO₃ is a promising candidate for this. This type of sorbent can match
the energy efficiency of the commercially applied liquid phase amines for CO₂
capture from flue gas.[2] The use of a solid sorbent (instead of e.g., the liquid
amines) is beneficial for practical reasons. Notably, amines are expensive, corrosive,
and have toxicity issues. K₂CO₃ reversibly reacts with CO₂ in the presence of water,
in an endothermic reaction at room temperature to produce potassium bicarbonate.
The enthalpy of the reverse reaction is only 38 kJ/mol, and full decomposition of the
bicarbonate product could be achieved below 150 °C.
To make efficient use of K₂CO₃ it must be dispersed on a support. Carbon based
supports were chosen because of their high hydrothermal stability. However the
carbons have different structural and chemical properties like different surface area,
porosity and surface functionalities. These properties can be tuned, upon production
of carbon as support for any specific application.[3] However the relation between the
support properties and their performance, after K₂CO₃ deposition, is still unknown.

Here we focused on three different commercial carbon supports: CA1, SX ultra, and
Ketjen Black. These carbons are different in their porosity and surface functionalities.
CA1 and SX ultra are mainly microporous while Ketjen black is mesoporous. CA1
has polar surface functions with point of zero charge of 2 while SX ultra and
Ketjen Black show more apolar surface properties with point of zero charge of 7.
Figure (left) shows evolution of H₂O, CO and CO₂ from CA1 support upon heat
treatment up to 800°C indicating presence of acidic groups while such groups are not
present on SX ultra and Ketjen Black supports. The figure (right) shows a
breakthrough curve of CO₂ using K₂CO₃ supported on these supports. Only
Ketjen Black induced fast sorption kinetics and displayed a high CO₂ uptake capacity
of the sorbent. Hence, the support affected the performance of K₂CO₃ via different
mechanisms. These will be discussed in more detail in conference contribution.

Figure. Left) Functional groups evolved from different supports (50 mg) upon high
temperature treatment (10°C/min) under flow of He (20 mL/min). Evolved gases were
detected by online mass spectrometer, Right) CO₂ breakthrough curves during CO₂
capture from air. The air passed down-flow through different sorbents (16 wt% K₂CO₃
on CA1 and 10 wt% K₂CO₃ on SX ultra and Ketjen Black, 50 mg), at 60°C, air flow
50 mL/min, water content: 3 wt% (vapor generated at 25°C).
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Introduction
In this work we study titanium pyrophosphate catalysts characterization, and
"methylene orange" (MO) elimination in water. MO is an organic mono azoic textile
dye, his adsorption max Wavelength is 465 nm. Phosphates have a good capacity for
photocatalytic

degradation

of

organic

molecules.

In

this

study,

titanium

pyrophosphate catalysts (TiPO), synthesized by dry route (solid phase method “S”)
are tested in water depollution by two techniques, adsorption and photocatalysis, in
order to determine the effectiveness of the catalysts in comparison with titanium
dioxide and charcoal as references [1-4].
Before catalytic tests, the samples are characterized by TGA analysis (before
calcinations); Powder X-ray diffraction (XRD); Fourier transform infrared (FTIR);
Sample contents are quantitatively determined by atomic adsorption (ICP). The
specific surface areas are measured by Brunauer-Emmett-Teller (BET) method.
Finely acidity and acidic strength distribution of catalysts are studied by thermo
programmed desorption of ammonia (TPD-NH 3 ) analysis. The microstructure images
of nano and microstructures of TiPO catalysts are acquired by using a field emission
scanning electron microscopy (FESEM) and scanning electron microscopy (SEM).
Results and discussion
Characterizations results explain the physico-chemical properties of TiPO-S solids.
The elemental analysis results are very closely with the theoretical P/Ti ratio of
catalysts. The superficial analysis of the TiPO-S catalysts gives expected results, all
catalysts have low specific surfaces, from 1.7 to 6.05 m2/g. The BET isotherm is type
-IV, forming a hysteresis loop [1].

Tableau.1. Elemental chemical
analysis (ICP-AES)
TiPO-S

Experimental

catalysts

atomic ratio
P/Ti

Fig. 2. FE-SEM images of TiPO-2-S
P/P°

TiPO-0,5-S

0,43

TiPO-0,75-S

0,69

TiPO-1-S

0,98

TiPO-1,5-S

1,47

TiPO-2-S

1,97

Fig. 1. Nitrogen adsorption isotherms

These catalysts are mesoporous despite their low specific surfaces and porous
volumes. The average pore diameter is from 132 to 238 Å. DRX analysis identifies
the presence of two phases of mixed oxides: titanium oxide and titanium
pyrophosphate for the TiPO-S catalysts with a P/Ti ratio of 0.5; 0.75; 1 1.5; 2. Only
the TiPO-2-S and TiPO-0 catalysts are made of a single pure phase. These results
are predictable. The FTIR analysis confirms the results of the DRX by identifying the
vibrations of elongation and deformation bond of the PO3 Terminal Group and O-TiO combination. The FTIR spectra confirm the presence of the Pyrophosphates group
and titanium oxide. The DSC/ATG analysis gives the phosphate and pyrophosphate
phases temperatures of formation.
The heterogeneous photocatalytic degradation of OM on titanium pyrophosphate
catalysts prepared by solid phase: TiPO-0.5, TiPO-0.75, TiPO-1, TiPO-1.5, TiPO-2,
gives results reaching 70% degradation. The average photocatalytic degradation
varies according to the P/Ti ratio of TiPO-S catalysts.
The results of adsorption and photocatalytic degradation of OM dyes are an
interesting application of these titanium pyrophosphates materials on the depollution
towards new perspectives.
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Introduction
Recently, there is a permanently increasing interest to the nanoscale transition metal
oxide composites as alternative of the expensive and highly sensitive to various
pollutants precious metal based catalysts. In our previous study we demonstrated the
potential of mesoporous zirconia-titania binary systems as catalysts for sustainable
environmental protection [1]. This investigation is focussed on the catalytic behaviour
of these materials after their modification with copper oxide nanoparticles. The effect
of the preparation procedure and the variation in the Zr/Ti ratio on the state of the
catalytic active sites was studied in methanol decomposition as a source of hydrogen
and total oxidation of ethyl acetate (EA) as representative VOCs.
Experimental
Mesoporous ZrO 2 -TiO 2 (xZryTi) oxides with different x/y mol ratio were prepared by
hydrothermal procedure using CTAB as a template [1]. Their copper modifications
(Cu=8 wt.%) were obtained by incipient wetness impregnation (WI) with aqueous
solution of Cu(NO 3 ) 2 .2H 2 O. Alternatively, step-wise “chemisorption” and “hydrolysis”
of copper ammonia complex (CH) was performed, as described in [2].
Results and discussion
The Nitrogen physisorption and XRD study demonstrated preservation of the porous
structure of ZrO 2 -TiO 2 supports after the modification with copper. The ternary
systems exhibited improved dispersion and higher BET surface area as compared to
dual Cu/ZrO 2 and Cu/TiO 2 composites. For the latter, segregation of relatively large
tenorite particles was observed and it was in higher extent for the WI modifications.
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Figure 1. Ethyl acetate (575 K) and

that the xZryTi binary oxides and CH modification

methanol (500 K) conversion. For

procedure

comparison:

homogeneous and finely dispersed copper oxide

Pt/Al 2 O 3 (C1)

and

Cu/Al 2 O 3 (C2) commercial catalysts.

provoked

the

formation

of

more

phase. The ternary composites exhibited improved
catalytic activity in EA oxidation and methanol

decomposition as compared to their dual analogues (Fig. 1). Generally, the CH
procedure facilitated the catalytic activity but this effect depended in a complex way
on the Zr/Ti ratio of the support and the peculiarities of the catalytic process. The
physicochemical study suggested superposition of effects related to the improved
dispersion, changes in the BET surface area and formation of structure defects.
Conclusion
Due to the different mechanism of interaction of the precursors with the ZrO 2 -TiO 2
binary supports, the CH modification procedure facilitates deposition of more
homogeneous and finely dispersed CuO nanoparticles, while the WI method
provokes the formation of Cu1+ and Ti3+ defects and segregation of larger CuO
crystallites. This influences in a complex way the catalytic behavior of the composites
in EA oxidation and methanol decomposition. The variations in the Ti/Zr ratio and the
modification procedure used ensure synthesis of catalysts with improved catalytic
activity as compared to the reference commercial catalysts.
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Ti-doped SBA-15 catalysts for aqueous phenol oxidation: Influence
of catalyst preparation methods and light, heat or plasma
promotion
Ghadeer Almohammadi, Sean Kelly, Colin O’Modhrain and James A Sullivan, UCD
School of Chemistry, Belfield, Dublin 4, Ireland
Introduction
The oxidation of phenol in aqueous solutions using atmospheric O 2 over a catalyst is
a useful probe reaction for depollution technologies [1]. Such technologies will
become more important with time as access to potable water becomes problematic.
Wet air oxidation, photo oxidation and the use of plasma technologies in the
presence of catalysts have all been suggested as realizable methods of phenol
oxidation. In this work we look at families of Ti-doped mesoporous silicas as catalysts
to promote phenol oxidation using the methods mentioned.
Ti-containing SBA-15 catalysts have been synthesized using (a) co-condensation of
Ti during condensation of the SBA-15 material [2] and (b) grafting of Ti-containing
species on the surface of pure SBA-15 [3] using a condensation reaction with the
surface silanols of SBA-15. The former material should have Ti dispersed throughout
the SBA-15 solid phase (both at its surface and in its bulk) while the latter can only
have Ti atoms at the surface.
The materials have been characterized using a range of techniques including
elemental analysis, UV Visible, FTIR and Raman spectroscopies, BET surface area
measurements and TEM and SEM (including EDX).
Following preparation, their activities in promoting the total oxidation of a model
aqueous pollutant (phenol) under wet air oxidation (in an autoclave held at 150 °C),
solar irradiation (in an Atlas Suntest TM CPS+ instrument using a 300 W Xe lamp)
and within a plasma (in a gas phase discharge setup where the liquid surface acted
as a ground electrode for a corona type plasma discharge powered by a resonant HV
power supply (PVM500 Information Unlimited)) were analyzed.
Characterisations
Figure 1 shows typical TEM images and BET profiles collected from both families of
catalyst (co condensed and grafted). These show that the porous SBA-15 structure is
maintained following incorporation of Ti prepared using both techniques.

Figure 1. TEM images and BET profiles of SBA-15 (black) and Ti-SBA-15 prepared
using (a) co-condensation (red) and (b) grafting (blue).
Reactivity measurements
Thermally promoted

Photo-promoted

Plasma-promoted

Figure 2 Reactivity under (a) wet air oxidation, (b) photo-promotion and (c) plasmapromotion in the presence of no catalyst, SBA-15, and Ti SBA-15 prepared by (a) cocondensation and (b) grafting.
For the first two modes of promotion both the type of catalyst as well as the type of
reaction influence phenol conversion. For plasma-promotion phenol conversion is
significantly higher but the presence of Ti-containing catalysts is not beneficial.
Conclusions
Two families of Ti-doped SBA-15 catalysts have been prepared, characterized and
applied in the oxidation of phenol using three different modes of oxidation. The
location of Ti within the SBA-15 sample affects the reactivity of the catalysts when
heat or light are used to promote oxidation. Furthermore, the routes of oxidation (and
the generation of by-products) differ under each type of reaction condition. The effect
of a catalyst is less clearcut in the cases where plasmas are used (where in some
instances the catalysts presence decreases reactivity).
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Addressing stability issues in gold/silver plasmonic photocatalysis
Sammy W. Verbruggen,
Sustainable Energy, Air & Water Technology, University of Antwerp, Belgium

Background
Semiconductor photocatalysis has become an established technology to mitigate
indoor and outdoor air pollution.[1] The last decade the combination with plasmonic
noble metal nanoparticles has been investigated extensively with the aim of
increasing the photocatalytic efficiency and/or to shift the activity toward the visible
light region of the solar spectrum.[2,3] One of the main drawbacks of these metallic
nanostructures, especially when based on silver, is their tendency for oxidation
and/or clustering, which will again lower performance over time due to loss of the
plasmonic effect.

Scientific solution
To circumvent the limitations mentioned above, silver-polymer and gold-polymer
core-shell nanoparticles with ultra-thin polymer shells are prepared using the layerby-layer (LbL) technique (Figure 1a).[4,5] Encapsulation of the metal nanoparticle
with this thin protective shell is shown to prevent oxidation and clustering, without
compromising the plasmonic properties. Using finite element numerical simulations, it
is demonstrated that application of this well-controlled shell does not disrupt the
plasmonic near field enhancement effect, as long as the shell is kept sufficiently thin
(< 3 nm).

Next, plasmonic Ag-TiO 2 and Au-TiO 2 photocatalysts are prepared by depositing the
developed core-shell nanoparticles on the TiO 2 surface. The long-term stability of this
photocatalytic system is evaluated by means of the gas phase photocatalytic
degradation of acetaldehyde in air, monitored over a prolonged period of four months
(Figure 1b). The results show that our protected plasmonic photocatalyst outperforms
pristine TiO 2 and retains its plasmonic enhancement in contrast to TiO 2 modified with
bare (i.e. unprotected) metal nanoparticles. With this an important step is made
toward the development of long-term stable plasmonic applications for efficient
(solar) light energy conversion. In addition, it is also shown that the particles can

serve as substrates for Surface Enhanced Raman Spectroscopy. By controlling the
thickness of the polymer shell, the plasmonic near-field enhancement in the hot spot
region between adjacent nanoparticles can be tuned.

Figure 1. a) TEM image of a silver-polymer core-shell nanoparticle in which the
homogeneous shell can be well observed. b) photocatalytic activity test of
acetaldehyde degradation in air directly after catalyst synthesis (black), 4 weeks of
ageing (red) and 4 months of ageing (blue). For unmodified TiO 2 P25 the activity
does not change, while for P25 modified with bare Ag nanoparticles, the activity
drops significantly. For P25 modified with core-shell nanoparticles, the 15%
increased activity is retained overt the entire ageing period.
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Introduction
Global warming, caused by the increasing CO2 level in the atmosphere, is a major
contemporary concern. Catalytic approaches to transform CO2 into useful chemicals
is one of the topical research strategy to tackle this issue. For example, the so-called
methanation allows for the conversion of CO2 into methane which can then be used
as a fuel or further transformed [1]. The conventional catalysts used for methanation
processes are generally based on Fe, Co, Ru, Rh, Pd or Ni [2]. Particularly Ru is
known as the most active metal, showing good activity even at low temperature
(~200ºC) [3]. In terms of catalyst support, it has been shown that using TiO2 instead
of SiO2 or Al2O3 produces a greater catalytic activity for the methanation of CO2 by
one order of magnitude. The latter being attributed to the creation of new actives
sites in the metal-support interface [4]. Consistently, we showed that the crystalline
TiO2 structure plays a major role in the formation of active sites [5]. Thus, one current
challenge is to optimize this interaction between the Ru nanoparticles and the TiO 2
support.
In this work we present the preparation, characterization and catalytic testing of a
new type of Ru/TiO2 methanation catalysts obtained by an aerosol process.
Experimental
Ru/TiO2 catalysts were prepared by spray-drying [6] an aqueous suspension
containing a Ru precursor (preformed RuO2 nanoparticles or RuCl3) together with
TiO2 (P25, rutile or anatase) in a “Mini Spray Dryer B-290” (Büchi). The dried
catalysts were annealed at 350°C or 450°C and the Ru loading was screened in the
1.1-3.3 wt.% range (verified by ICP-AES). Benchmark catalysts were prepared by
simple impregnation on the P25 support. Catalysts were characterized by N2physisorption, H2-chemisorption, XRD and H2-TPR. Before reaction the catalysts
were reduced in situ in H2 at 200 °C. CO2 methanation tests were conducted in the

50 – 225 ºC range in a fixed bed reactor, using a feed of CO2:H2:He=1:4:5, and
adapting the contact time to remain in the initial activity regime.
Results and discussion
Under these reaction conditions, all catalysts were 100% selective to CH4. All
samples also had similar activation energy. Consistent with previous results [7], the
catalyst prepared with TiO2 rutile as the support were more active than the P25
equivalent

(Fig.

1).
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Figure 1: CH4 activity in CO2 methanation at 200ºC over
Ru/TiO2 catalysts.

2.2%Ru/TiO2-rutile catalyst calcined at 350 ºC: 8.7 µmolCH4/gcat·s. This outcompetes
the equivalent catalyst prepared by wet impregnation instead of aerosol (4.6
µmolCH4/gcat·s). This result is rationalized by the fact that the spray drying technique
allows for a better dispersion of the Ru nanoparticles (H2-chemisorption), resulting in
a higher reducibility of the catalyst (TPR), indicative of the formation of more
abundant active sites.
Conclusions
The aerosol method is an attractive method for the preparation of Ru/TiO2
methanation catalysts with higher catalytic performance in CO2 hydrogenation to CH4
as compared to the classical impregnation routes. We confirm that TiO2-rutile is the
best support to maintain a high Ru dispersion and obtain high activity.
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Introduction
Nitric acid is one of the most produced commodity worldwide. It is mainly used as a
strategical chemical for the fertilizer synthesis and in 2013 the production reached 78
million tons[1] [2]. In recent years, the higher awareness in the greenhouse effect and
in the environmental pollution, have highlighted the importance of a new
development in the nitric acid tail gas treatment, especially concerning the N 2 O and
NO x species [1]. Many metal oxide and zeolite catalysts have been developed for the
selective reduction of N 2 O and NO x , each one with benefits and drawbacks. The
state of art materials are based on Fe-zeolites which could achieve both NO x and
N 2 O abatement with the same catalyst. Many Fe zeolites have been explored, such
as Ferrierite (Fer), ZSM5 and BEA [3].
In this paper, the comparison of fresh and aged Fe-Fer and Fe-ZSM5 industrial
catalysts, both supplied by ALSYS, has been carried out. Fe-Fer catalyst is a
proprietary catalyst of CASALE and ALSYS and to be used in nitric acid plants [4].
The results from field and laboratory showed that Fe-Fer (Casale – Alsys proprietary
catalyst [4]) will allow customer to benefit from a higher catalytic activity and greater
stability compare to the current commercial solution with Fe-ZSM5.
Results and discussion
Fe-Fer and Fe-ZSM5 extruded catalysts have been subjected to a simulated aging
procedure to investigate the catalytic behaviour under stressed condition. The
catalysts tested were a blend of zeolite exchanged with Fe and alumina binder,
extruded in a cylindrical shape (in the typical composition and shape of industrial
catalyst). The catalytic tests were performed under relevant industrial deN 2 O and

deNO x reaction conditions. The aging treatment was kept for 150h at two
temperatures (600 and 700°C) with 12% of O 2 and 6% of H 2 O.

Figure 1: deN2O condition: NO 70 ppm, NO 2 30 ppm, N 2 O 900 ppm, O 2 3.0%, H 2 O 0.3% and N 2 balance;
deNOx condition: NO 325 ppm, NO 2 325 ppm N 2 O 40 ppm NH 3 650 ppm, O 2 3.0%, H 2 O 0.3% and N 2 balance.

The results (figure 1) display the higher catalytic activity of Fe-Fer compared to FeZSM5. The superior Fe-Fer catalytic activity becomes particularly significant after the
aging procedure where a different catalytic behaviour is observed. Fe-Fer, slightly
decreased its activity, after the aging treatment, while the Fe-ZSM5 dramatically
dropped its performances. In addition, N 2 O formation is detected under deNOx
condition for Fe-ZSM5, while the Fe-Fer does not exhibit any N 2 O formation.
The characterizations performed revealed that the reduced activity of Fe-ZSM5
compared to the Fe-Fer is due to the Fe species present in the catalyst.
Conclusions
In this work, we have investigated two industrial catalysts under plant conditions
before and after severe aging treatments. Results showed that Fe-Fer is the most
stable catalyst and high performance that can be used for tail gas treatment in nitric
acid plants. Moreover Fe-Fer did not show N 2 O formation even after severe aging
while the Fe-ZSM5 exhibited a larger undesired N 2 O formation. The Fe-Fer catalyst
for DeN 2 O and DeNO x applications with superior performances compared to the FeZSM5.
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Introduction
Graphene is two-dimensional carbon material with interesting properties such as
tunable surface area, high electrical and thermal conductivity, light weight, strong
mechanical strength and chemical stability. Graphene and graphene-based materials
find applications in electronics, energy generation and storage devices, as well as for
environmental protection. The use of highly ordered graphene is essential in some
applications (electronic devices), but for other the defects and imperfections of
graphene are important or desirable. The most common way for the synthesis of bulk
graphene is based on exfoliation of graphite. This method involves oxidation of
graphite using highly oxidizing agents and subsequently reducing graphene oxide
(GO) to graphene. Reduced graphene oxide (RGO) is prepared from reduction of GO
by thermal, chemical or electrical treatments. Different reducing agents are widely
used for the chemical reduction. However, many of the reducing agents are very
hazardous, therefore to decrease the level of toxicity, “green” materials recently were
applied. In the present study a new approach for preparation of RGO is implemented,
which involves the use of mild and nontoxic reducing agents, namely ascorbic acid
and glycine combined with hydrogen peroxide as an additional reducing component.
Experimental
GO was synthesized through a modified Hummers method. For this purpose graphite
powder was mixed with H 2 SO 4 in an ice bath and KMnO 4 and NaNO 3 were added.
After 3 h a mixture of H 2 O 2 and water was added. Exfoliation of graphite oxide to GO
sheets was performed by sonication of the graphite oxide suspension for 1h using
ultrasonic processor (20KHz, 750W). The obtained product was filtered, washed with
distilled water and dried at 80oC. RGO was obtained from the GO suspension mixed
with L-ascorbic acid or glycine without or with addition of H 2 O 2 . The produced RGO
was washed with distilled water and dried under vacuum at 80oC. The obtained GO

and RGO were characterized by XRD, N 2 adsorption, Raman and FTIR, as well as
by SEM and TEM.
Results and discussion
Powder XRD shows complete reduction with the both applied reducing agents. FTIR
spectra of GO and RGO obtained with different reducers show that the peaks
characteristic for C-O vibrations at GO disappear in the reduced samples and the
peaks responsible for the C-C aromatic groups increase (especially with the addition
of H 2 O 2 ). When combining H 2 O 2 and reducing agents, a displacement of the G-band
in the Raman spectra is observed (Fig. 1), indicating the presence of deformations
and three new bands pointing the presence of C-H bonds and defect carbon rings
appear. Such deformations are not observed in the spectra of the samples obtained
with pure acids.

Fig.1. Raman spectra of GO and RGO samples and TEM images of RGO obtained
by glycine without (a) and with (b) H 2 O 2 .
TEM images revealed that the samples reduced with pure acids show bare and
smooth graphene sheets, while the materials obtained with H 2 O 2 addition show large
graphene sheets along with much smaller pieces of sheets obviously produced by
tearing of the sheets.
Conclusion
In summary, RGO is successfully synthesized using ascorbic acid and glycine as
green reducing agents. The use of the H 2 O 2 addition resulted in change of the
morphology of the RGO obtained.
Acknowledgements: The work was financed by the National Science Fund of Bulgaria, Project KP06-H27/9.

Facile synthesis of Ag-modified manganese oxide for effective
catalytic ozone decomposition
Jinzhu Ma, State Key Joint Laboratory of Environment Simulation and Pollution
Control, Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences, Beijing, China; Hong He, State Key Joint Laboratory of Environment
Simulation and Pollution Control, Research Center for Eco-Environmental Sciences,
Chinese Academy of Sciences, Beijing, China

Ozone is a double-edged sword: ozone in the stratosphere can protect the creatures
of the earth from ultraviolet radiation; however, ozone near the ground is a threat to
human health and ecosystem. Outdoor ozone pollution is mainly derived from
photochemical reactions involving nitrogen oxides (NO x ) and volatile organic
compounds (VOCs) [1]. Electrostatic equipment, ultraviolet disinfection devices and
related ozone air purifiers make a great contribution to indoor ozone pollution [2].
Therefore, the study of ozone removal is of great significance to human health and
environmental protection. In this study, Ag-modified manganese oxides (AgMnO x )
were synthesized by a simple co-precipitation method. The effect of calcination
temperature on the activity of MnO x and AgMnO x catalysts was investigated. The
effect of the amount of Ag addition on the activity and structure of the catalysts was
further studied by activity testing and characterization by a variety of techniques. The
calcination temperature of 600℃ was demonstrated to be the most appropriate for
AgMnO x . The activity of the 8%AgMnO x catalyst was the best among all the
catalysts. The activity of 8%AgMnO x for ozone decomposition was significantly
enhanced due to the formation of the Ag 1.8 Mn 8 O 16 structure, indicating that this
phase has excellent performance for ozone decomposition. The weight content of
Ag 1.8 Mn 8 O 16 in the 8%AgMnO x catalyst was only about 33.76%, which further
indicates the excellent performance of the Ag 1.8 Mn 8 O 16 phase for ozone
decomposition. The H 2 temperature programmed reduction (H 2 -TPR) results
indicated that the reducibility of the catalysts increased due to the formation of the
Ag 1.8 Mn 8 O 16 structure. This study provides guidance for a follow-up study on Agmodified manganese oxide catalysts for ozone decomposition.

Figure 1 Conversion of ozone on the MnO x and 8%AgMnO x catalysts. Conditions:
ozone inlet concentration 40 ppmV, temperature 30℃, relative humidity 65%, space
velocity 840,000 hr-1
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Introduction
Transition metal ferrites with spinel type structure (M2+Fe 2 O 4 , M2+= Mn, Fe, Co, Ni,
Cu, Zn) are nanosized materials with interesting for practical applications catalytic
properties and offer possibilities for increasing the productivity of solid catalysts due
to their high specific surface area and small particle sizes. Catalytic properties of the
spinel ferrites depend on the redox properties of cations and on their distribution
among the octahedral and tetrahedral sublattices. Manganese ferrite is one of the
most attractive due to the relatively low redox potential of manganese and the partial
inverse cation distribution. Various methods have been developed to obtain materials
with desirable physical and chemical properties and among them the combustion
method [1] is found to be suitable for preparation of materials with tunable properties.
The aim of the study is to investigate the influence of the glycerol-glycine fuel mixing
ratio on the structure, morphology and catalytic properties in hydrocarbon oxidation
of nanosized MnFe 2 O 4 prepared by solution-combustion method.
Experimental
Mn(NO 3 ) 2 and Fe(NO 3 ) 3 were taken in a molar ratio 1:2 and as fuel in the solutioncombustion reaction, mixtures of glycerol (Gl) and glycine (Gn) in reducing power
ratios [1]: 1:0, 0.75:0.25; 0.5:0.5; 0.25:0.75 were used. The final products were
treated at 400°C for 2 h in Ar. The materials were characterized by XRD, N 2
adsorption, DTA-TG, SEM, XPS, TPR. The catalytic tests in C1-C4 n-alkanes
oxidation were carried out with GHSV 60 000 h–1 and inlet hydrocarbon concentration
0.10 vol. %, 20.0 vol.% O 2 , the balance is N 2 (4.0).
Results and discussion
The materials are nanosized single phase with cubic spinel-type structure (SG Fd3m) and depending on the fuel mixture ratio different particle sizes and unit cell
parameter are observed. The results are in correlation with the adsorption data

where a change of the specific surface area and pore volume by varying the fuel
mixing ratio is registered. XPS analyses reveal enrichment on the surface of the
spinels with manganese, as well as the concomitant presence of manganese and
iron in 2+ and 3+ oxidation states.
The complete oxidation of C1-C4 n-alkanes proceeds at relatively low temperatures
depending on the type of the catalyst and the n-alkane used. For example, the
ethane oxidation degree at 400oC is 99.7% for MnFe-0, 99.6 % for MnFe-25, 99.7 %
for MnFe-50 and 91.5 for MnFe-75.
The results from the catalytic experiments as pre-exponential factors (k o ) and the
apparent activation energies (E app ) are presented in Table 1. For the calculations the
data from the conversion– temperature dependencies for conversions below 45%
were utilized and the first order kinetics has been applied.
Table 1. Reaction parameters for the complete oxidation of hydrocarbons on
manganese ferrites.
Sample
Methane

MnFe-0
(Gl:Gn=1:0)
k o. 10-7 , s- E app. ,
1
kJ/mol
6,5
88,2

MnFe-25
(Gl:Gn=0.75:0.25)
k o. 10-7 , s- E app. ,
1
kJ/mol
2,2
87,7

MnFe-50
(Gl:Gn=0.5:0.5)
k o. 10-7 , s- E app. ,
1
kJ/mol
2,5
88,2

MnFe-75
(Gl:Gn=0.25:0.75)
k o. 10-7 , s- E app. ,
1
kJ/mol
1,3
89,9

Ethane

28,6

82,6

67,1

86,9

34,5

84,1

14,4

85,9

Propane

76,5

77,5

365,0

84,3

186,0

81,5

57,4

83,0

n-Butane

24,7

78,3

276,0

79,2

280,0

79,3

80,9

80,8

As expected, the highest temperature for conversion is measured for methane
combustion and the observed decrease of the reaction temperature from methane to
n-butane can be correlated with the strength of the weakest H-C bond of the
corresponding n–alkane.
Conclusion
The results from characterization of MnFe 2 O 4 materials prepared in this study reveal
that structural and morphological characteristics of the prepared spinels could be
finely tuned by varying the ratios in the fuel mixtures. The nanoparticles obtained with
glycerol and with a mixture fuel with glycine up to 50 % show better oxidation
properties than the sample obtained with a fuel containing 75 % glycine.
Acknowledgements: The work was financed by the National Science Fund of Bulgaria, Project KP06-H29/2.
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Nitrous oxide (N 2 O) is recognized as a dangerous greenhouse gas. In spite of the
negative impact of N 2 O on the ozone layer, this gas is still widely used for anesthesia
in several countries (e.g. Sweden, Finland, Norway, England, Australia, Canada, and
New Zealand) because of its high effectiveness, low prize and easy application for
the patient themselves. Currently, the process of N 2 O abatement from hospital
ventilation systems is catalyzed by noble metal-based systems. There are no welldocumented investigations reported for such catalyst based on transition metal
oxides for this application. Cobalt spinel (Co 3 O 4 ) was found as one of the most active
and stable active phases in deN 2 O reaction. However, the spinel activity substantially
depends on its morphology and promotion (bulk and surface) [1].
With regard to the mentioned facts, the aim of presented studies was to develop a
structured, Co 3 O 4 -based catalyst for N 2 O decomposition emitted from hospital
ventilation systems. The particular emphasis was placed on optimal composition,
morphology, preparation method of catalyst and practical aspects such as simplicity
and low cost of the catalyst fabrication, possibility of its regeneration, and scaling-up.
The requirements for the catalyst is to exhibit high activity (N 2 O conversion > 95% at
a temperature of 450°C in the flow of air containing 0-2% N 2 O, 40-60% humidity),
and stability in the working temperature window 400-600°C. Designed catalyst
dedicated for conditions present in hospital ventilation systems consists of the
structured monolithic honeycomb body (cordierite) covered by an interfacial
micrometric washcoat (Al 2 O 3 ) with dispersed nanoparticles of promoted spinel active
phase. Whereas the monolithic body provides the stable 3D structure of the catalyst,
the role of inert α-alumina washcoat is to ensure high dispersion of the active phase
and block the undesired cordierite ions (Mg2+, Al3+) migration to spinel crystals.
Two strategies of active phase deposition were applied and evaluated: wetness
impregnation from aqueous solution as well as Solution Combustion Synthesis (SCS)

with the glycine as a fuel. It was found out that the optimal spinel content in the
structured catalyst is in the range 7-8 wt.%. The particular attention was paid to the
concentration and localization of bulk (selective substitution of Co2+ in T d position)
and surface (ensure the contact of K+ with spinel active phase) promoters. The
overview of the morphology of the catalyst is schematically presented in the figure
below. It is worth to underline that for high efficacy of the catalyst, the morphology
control has to be provided for the washcoat (0.1-0.3 μm) and active phase (20-50 nm
with the preferentially exposed 100 spinel plane).

The performed catalytic tests in the flow of model (5% N 2 O/He) and hospital gas
mixture (containing H 2 O, O 2 contaminants) revealed that the developed catalyst
meets the requirements of the deN 2 O removal. The effectiveness factor evaluated,
based on catalyst morphological features and deN 2 O catalytic results, was found to
be ≈1 [2]. The determined mass transfer coefficients and type of the catalyst working
regime (purely kinetic in the whole temperature range) provide the useful platform for
the rational design of a real deN 2 O catalyst.
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The catalytic activity in hydrogenation reactions depends on both metallic active
phase and catalyst support, particularly its porosity, surface chemical properties and
crystalline structure. Silicalite-1, the alumina free MFI structure, known of its rather
negligible acidity, arouses interest in a possibility of the catalytic use. It is possible to
modify the acidity of its surface by its synthesis in different conditions as well as postsynthesis treatment.
In this paper the inert silicalite-1 was modified by means of post-synthesis treatment
with solutions of different ammonium agents - (NH 4 Cl, NH 4 F , NH 4 OH) followed by
further thermal treatment in order to generate the acidic sites in starting material. The
obtained silica samples were used as supports for iridium catalysts. The influence of
the support acidity on the activity of iridium catalyst for toluene hydrogenation was
examined.
o

Table 1. Characterization of supports calcined at 550 C
(air, 8h).
a)

Sample
code
Sil-1

Physical characterization of supports
Total pore
Average pore
Surface area,
volume,
diameter,
2 -1
m ⋅g
3 -1
nm
cm ⋅g
311.1
0.18
2.3

The modification of silicalite-1
leads to increase of the BET
surface area for all supports
regardless

of

the

type

of

ammonium agents – Table 1.

Sil-1_OH

357.9

0.29

3.2

Sil-1_Cl

352.0

0.19

2.2

The increase of the total pore

Sil-1_F

349.6

0.24

2.7

volume

a)

The Brunauer-Emmet-Teller surface areas determined by N2
adsorption. Total pore volume and average pore size determined by the
Barrett-Joyner-Halenda (BJH) method.

and

average

pore

diameter was observed after the
use of NH 4 OH as ammonium

agent. The acidity of modified MFI was estimated by means of temperatureprogrammed desorption of ammonia (NH 3 -TPD) and FT-IR spectra of adsorbed
pyridine. The acidity of the support depends on the type of ammonium agents and
increases in order Sil-1_OH < Sil-1_Cl < Sil-1_F.
The catalysts with Ir loading of 1 wt.% supported on modified silicalite-1 materials
were prepared by conventional impregnation of supports with the aqueous solution of

H 2 IrCl 6 . The prepared catalysts were characterized by N 2 adsorption/desorption
measurements, H 2 -TPR. The mean size of metal particles was determined by
hydrogen chemisorption measurements – Table 2.
o

Table 2. Characterization of iridium catalysts reduced at 400 C (H 2 , 2h).
Physical characterization of iridium catalysts
Sample
code

Ir/Sil-1

Hydrogen chemisorption data
b)
for Ir/support catalysts

a)

Surface
area,
2 -1
m ⋅g

Total pore
volume,
3 -1
cm ⋅g

Average
pore diameter,
nm

Total H 2 volume
adsorbed,
3 -1
cm ·g

319.3

0.17

2.2

0.128

21.7

5.1

Dispersion
of Ir,
%

Mean size of
Ir,
nm

Ir/Sil-1_OH

359.0

0.26

2.9

0.195

33.5

3.3

Ir/Sil-1_Cl

344.4

0.18

2.1

0.187

32.0

3.5

Ir/Sil-1_F

354.9

0.23

2.6

0.171

29.4

3.8

a)

The Brunauer-Emmet-Teller surface areas determined by N 2 adsorption. Total pore volume and average pore size determined
by the Barrett-Joyner-Halenda (BJH) method.
b)
Dispersion and mean size of Ir particles (in nm) determined by H 2 chemisorption. Prior to hydrogen chemisorption, fresh
samples were reduced with H 2 at 400oC for 2 h. Chemisorption of hydrogen was carried out at 35oC, and the isotherms were
determined using five different pressures in the range of 12-40 kPa (H t - total adsorbed hydrogen). Dispersion calculated from
total adsorbed hydrogen. Mean size of metal particles calculated from the amount of total chemisorbed hydrogen.

The acidity of the support has affected the
dispersion and particle size of metallic
phase

–

decrease

Table
of

2.

iridium

It

was

observed

dispersion

and

increase of Ir particle size with the raise of
supports acidity (strength of acid sites).
The combination of iridium active phase
and chemically modified silicalite-1 material
as a support allowed to obtain new
catalysts with high activities for toluene
hydrogenation, greater than that of iridium
supported on unmodified silicalite-1 –
Figure 1. The activity of the catalysts is
Figure 1. The effect of support on apparent
o
rate of hydrogenation of toluene at 125 C.

higher for Ir dispersed on supports with
moderate acid sites.

Acknowledgements
Monika Kot acknowledges the financial support from the National Science Center (Poland), grant
PRELUDIUM UMO-2017/27/N/ST5/02042.

Improving mayenite (C12A7) textural properties via an assisted
solution combustion toward an enhancement of its catalytic
performance in soot combustion
Isaac Meza-Trujilloᵃ, François Devredᵃ, Eric M. Gaigneauxᵃ*
a

Institute of Condensed Matter and Nanosciences, Université catholique de Louvain,
Louvain-la-Neuve, Belgium

Mayenite (12CaO·7Al 2 O 3 : C12A7) is an attractive material that is studied in diverse
fields because of its interesting features such as ionic conduction, anion
exchangeability, and oxidative catalytic properties, which are mostly attributed to the
presence

of

clathrated

extra-framework

oxygen

species

[1,2].

C12A7

is

conventionally prepared via a solid-state reaction at temperatures over 1300 °C for
extended calcination periods. Because of such synthesis procedure, C12A7 obtained
so far shows a negligible porosity and a very low specific surface area (~1 m2 g-1),
which could lead to poor catalytic performances (e.g. low conversion), and limit its
use as potential support for other catalytic species [2,3]. Even when a recent
alternative via a hydrothermal method made possible the synthesis of mayenite at
lower temperatures (~400 °C) [3], it still requires a planetary ball-milling step to
achieve an acceptable specific surface area (20 m2 g-1), which is a costly, energyconsuming process that involves specialized equipment. Thus, it is desirable to
search other strategies to produce porous mayenite at mild conditions and in an
efficient way.
Here, we report a new, efficient, and simple way to produce mesoporous mayenite at
temperatures lower than the ones reported in the literature so far. Our preparation
method stands on the solution combustion synthesis (SCS) technique via a reaction
between calcium and aluminum nitrates with urea and β-alanine as fuels. In a first
stage, the influence of several variables was evaluated and exploited, such as
furnace temperature and fuel-to-oxidizer ratio (Φ). Furthermore, a modification in our
former protocol, by adding oxalic acid (OA) as pore generator was attempted to
improve the textural properties of C12A7. The as-synthesized powder, obtained from
the modified protocol, was then hydrated with hot distilled water (80 °C), filtered and
dried. Finally, the solid was crushed and calcined in the range of 300-800 °C for
4 hours. The samples were characterized by XRD, in situ thermo-XRD, TGA-MS,

N 2 physisorption, SEM and Raman spectroscopy. The catalytic activity was tested in
the soot oxidation using a commercial carbon black (printex-U) as diesel soot model.
Table 1. Textural properties of non-porous and porous mayenite samples
Sample
SCS-C12A7-50
@SCS-C12A7-30
@SCS-C12A7-40
@SCS-C12A7-60
@SCS-C12A7-80

Calcination
temperature (°C)
500*
300
400
600
800

S BET
(m² gˉ¹)
1
55
74
52
30

BJH cumulative pore
volume (cm³ gˉ¹)
0.22
0.29
0.31
0.26

Average pore
diameter (nm)
29.3
24.3
21.8
33.1

*Directly obtained after the combustion reaction at 500°C without the addition of
oxalic acid

XRD results confirm the presence of a highlycrystalline C12A7 phase in the samples obtained
directly after the combustion reaction at temperatures
as low as 250 °C, while an increase in the furnace
temperature to 500 °C promotes the disappearance of
side phases. However, a non-porous C12A7 was
always obtained, regardless of the temperature or Φratio tested. In contrast, our method involving the
addition of OA produced porous mayenite from 275 °C
Fig. 1. In situ XRD of preformed
precursor from room temperature
(RT) to 800 °C

after calcination of a preformed precursor, displaying a
remarkable S BET of 74 m2 g-1 at 400 °C, as confirmed
by in situ XRD and N 2 physisorption (Fig. 1 and Table

1). Thus, at 800 °C, a highly pure crystalline mesoporous C12A7 is obtained
revealing a S BET 30-fold higher than those obtained through the conventional ceramic
route.
Thanks to such enhancement of the textural
properties

of

our

SCS-derived

porous

mayenite, a remarkable increase in its
catalytic activity for the soot combustion
was recorded, shifting the complete soot
oxidation to lower temperatures (Fig. 2).
Furthermore,

the

improvement

in

the

textural properties also seems to have a
Fig. 2. CO2 and CO (inset) produced during
the catalytic oxidation of soot (Printex U)

beneficial influence in the selectivity towards CO 2 , drastically reducing the CO
formation.
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Introduction
Most common lean NOx trap catalysts (LNT) contain mixtures of BaO, CeO 2 and γAl 2 O 3 in order to store NOx over a wide-temperature range [1]. Significant
improvements in NOx-storage, SOx tolerance and thermostability can be achieved by
the replacement of alumina with spinel (MgAl 2 O 4 ) [2]. Nonetheless, deactivation of
LNTs at elevated temperatures and decreasing NOx storage performance due to
incomplete regeneration during rich-cycles are perpetual challenges.
The present work focuses on improved thermal stability and NOx-storage/release
behavior of MnOx-modified MgAl 2 O 4 /CeO 2 compositions with and without BaO [3].
Materials and Methods
Compositions of MgAl 2 O 4 and 20% CeO 2 (Sasol, PURALOX MG20 Ce20) were
modified subsequently with 9 wt% MnOx and 15 wt% BaO via impregnation with the
acetate salts. The resulting materials were then thermally aged at 850°C in order to
study the stabilizing effect of MnOx-addition. The phase compositions of the asprepared samples were analyzed with powder X-ray diffraction. NOx adsorption
experiments were conducted in a quartz tubular reactor connected to specific NDIRUV gas analyzers for NO, NO 2 , CO, CO 2 , and O 2 , and the measurement data were
recorded every 10 seconds. The NOx adsorption (500ppm NO/5%O 2 /balance N 2 )
was performed at 300°C in a dual bed with a 1%Pt/Al 2 O 3 catalyst placed upstream of
the samples. The TPD experiments were carried out under N 2 up to 700°C (5°C/min).
Results and Discussion
The

addition

of

MnOx

significantly

improves

the

thermal

stability

of

MgAl 2 O 4 /CeO 2 /BaO resulting in improved NOx storage capacities (Table 1). High
temperatures lead to the deactivation of barium by the formation of BaAl 2 O 4 which

can be suppressed to by a surface modification with MnOx resulting in the formation
of BaMnO 3 which is known to be active for NOx storage [4,5].
The presence of MnOx also shows a remarkable effect on the strength of adsorbed
species and the resulting NOx desorption behaviour (figure 1).
Table 1. NOx storage performance (300°C) and maximum desorption Temperatures.
Composite
MgAl/Ce
MgAl/Ce/Mn MgAl/Ce/Ba MgAl/Ce/Ba/Mn
mmol NOx/g

0.31

0.27

0.30

0.37

T des.max.

530°C

430°C

635°C

550°C

Ba-phase (XRD)

/

/

BaAl 2 O 4

BaMnO 3 (main)
BaAl 2 O 4 (minor)

The Mn-modified materials and with and without barium fully desorb NOx at
approximately 80 − 100°C lower temperatures than the unmodified samples. The
high-temperature peak present in these materials completely disappears upon Mnaddition leading to a very narrow temperature window for the NOx desorption
process, especially in the Ba-free material. Both, the improved thermostability and
the exceptional low temperatures required for NOx desorption make the MnOxmodified versions appealing candidates for LNT-catalysts. The Ba-free composition
desorbs the majority of stored NOx species already below 350°C, which points to a
good suitability of this version for passive NOx adsorbers (PNA).

Figure 1. NOx TPD profiles of samples with (solid lines) and without (dottet lines)
MnOx addition. a) MgAl 2 O 4 /CeO 2 b) MgAl 2 O4/CeO 2 with 15% BaO.
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1. Scope
Synthesis of nanomaterials with a control of their size, shape, crystallinity, and
porosity has become a major challenge, in order to ensure their performance in
various applications such as magnetism, electronic, and catalysis [1]. So,
nanostructured MnO 2 has received a great attention due firstly to its low cost and
environmental friendliness, secondly to its large applicability as catalyst, biosensor
and energy storage [2]. We report here the synthesis of different polymorphs of
MnO 2 nanomaterials, by the plasmachemical reduction or oxidation of Mn(VII) and
Mn(III) salts through respectively NO· and HO· radicals generated by a gliding arc
plasma discharge at ambient temperature and under humid air. The influence of
plasma parameters such as voltage and air flow has been studied. Plasmacatalytic
activities of the synthesized materials were measured during bleaching and
degradation of the organic pollutant Acid Yellow 23 (Tartrazin Yellow, TY).
2. Results and discussion
Mesoporous α-MnO 2 nanorods named cryptomelane and δ-MnO 2 nanosheets
with specific area of 98 and 186 m2/g respectively were obtained after
plasmachemical reduction of KMnO 4 at high (600V) and low (480V) voltages
respectively. While mesoporous γ-MnO 2 nanospheres named nsutite and δ-MnO 2
nanoflakes named birnessite with specific area of 48 and 289 m2/g respectively were
obtained after plasmachemical oxidation of Mn(CH 3 COO) 3 .2H 2 O at high and low
voltages respectively. The change of crystalline structure (polymorph), morphology
and the increase of specific area with the decrease of the voltage are ascribed to the
decrease of the energy transferred from the electrical source to the molecules of the
plasma gas, thus to a decrease in the amount of reactive species (NO·, HO·)

produced therein. Otherwise, a decrease of the airflow under which the plasma
plume is formed from 800 to 600 L/h at high voltage during the plasmachemical
reduction of KMnO 4 also led to changes of crystalline structure and morphology, and
to an increase of specific area. These changes are ascribed to the decrease of the
volume of plasma produced, thus provoking a smaller formation of reducing species
(NO·) within the plume.
Plasmacatalytic

activity

measurement

consisted

in

associating

MnO 2

plasmasynthesized to plasma as light source. So, α-MnO 2 and γ-MnO 2 obtained
respectively after plasmachemical reduction and oxidation at high voltage (600V)
have been used as catalysts. Bleaching degrees of 11, 26 and 48% were obtained
after 60 min of plasma alone, α-MnO 2 alone, and plasma/α-MnO 2 respectively.
Correspondingly, bleaching degrees of 11 and 42% were recorded with γ-MnO 2
alone and plasma/γ-MnO 2 . So, bleaching degree of plasmacatalytic system is
superior to the sum of those obtained after plasma alone, and catalyst alone
treatments, revealing a synergy between both.

Reduction

Mn(VII) + NO· → Mn(IV)

Oxidation

Mn(III) + HO· → Mn(IV)

3. Conclusion
Gliding arc discharge allowed preparing mesoporous MnO 2 nanomaterials
through plasmachemical reduction and oxidation routes. The MnO 2 polymorph can
change with the precursor, and with plasma parameters such as voltage and airflow
applied during synthesis. This work presents plasma glidarc on the one hand, as a
promising simple and versatile synthesis process of nanomaterials based on MnO 2
allowing controlling their structure, texture and morphology, on the other hand, as
plasmacatalytic device for oxidative bleaching of organic pollutants in wastewaters.
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1 Scope
For decades, manganese oxides (MnO, MnO 2 , Mn 2 O 3 , and Mn 3 O 4 ) have

attracted considerable attention from researchers, because of their distinctive
physicochemical properties, and their potential applications [1]. Among them, MnO 2
received a great attention because of its low cost, environmental friendliness, various
polymorphs (α-, β-, γ-, δ-, ɛ-, and λ-MnO 2 ), and has large application as catalyst,
biosensor, and energy storage material [2]. The controlled synthesis of MnO 2
nanoparticles is of major importance in these contexts. Therefore, Gliding Arc Plasma
(GAP) appears as an innovative process, based on the production of highly reactive
primary species such as HO·, and NO· radicals on the one hand, and on the other
hand of secondary species such as H 2 O 2 , HOONO, and HNO 2 likely to participate in
temporal post-discharge reactions [3].

2 Results and discussion
We report here the influence of ageing time and temperature under temporal
post-discharge conditions on the physicochemical properties of α-MnO 2 nanorods
(reference material) obtained after reduction of KMnO 4 solution via gliding arc
plasma process. This consisted to recover the precipitate obtained after extinction of
the gliding arc discharge, age it at ambient temperature (~25°C) for 24, 48 and 72
hours, or at 100°C using a boiling water bath for 1, 2 and 3 hours. Physicochemical
characterization of materials obtained at 25°C revealed obtaining a mix of phases,
precisely of α-MnO 2 and γ-MnO 2 polymorphs named cryptomelane and nsutite
respectively. A partial transformation of α-MnO 2 (cryptomelane) to γ-MnO 2 (nsutite),
which could be ascribed to a maturation process of the reference material, occurred

during the ageing at plasma temporal post-discharge at 25°C. We also recorded (i)
an increase of the specific surface area from 98 to 141 m2/g, and (ii) the conversion
of nanorods to nanoneedles after 24 and 48 hours of ageing, then to nanosheets
after 72 hours of ageing. Moreover, ageing at 100°C revealed after characterization,
that a mixture of the phases α-MnO 2 and γ-MnO 2 was obtained, but a more marked
transformation of α-MnO 2 to γ-MnO 2 than along the ageing at 25°C. Nevertheless,
we obtained a decrease of specific surface area from 98 to 35 m2/g due to the
shrinkage of the pores, and conversion of nanorods to bulkier agglomerates after 3
hours of ageing. Catalytic, photocatalytic, and plasmacatalytic activities of the
different materials obtained were performed on Tartrazin Yellow as organic pollutant.
We recorded an increase of the bleaching activities when the material is aged at
25°C, which is ascribed to the increase of the specific area observed. Contrarily,
ageing at 100°C led to a decrease of the activity, due to the decrease of the specific
area.

25°C

100°C

Hotplate

Figure 1. Temporal post-discharge reaction/Ageing process.
3 Conclusion
Ageing at 25°C affects positively the physicochemical properties of plasmasynthesized α-MnO 2 , and is more beneficial in the sense that it requires no energy
input compared to the ageing at 100°C. This work shows the plasma glidarc as an
innovative synthesis process, which is capable to generate useful in situ reactive
species useful for temporal post-discharge reactions.
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Introduction
In systems for the after-treatment of exhaust from heavy-duty diesel vehicles,
both diesel oxidation catalysts (DOC) for the removal of unburned hydrocarbons and
carbon monoxide, and ammonia driven selective catalytic reduction (NH3-SCR)
catalysts to remove nitrogen oxides are used. We report here an in-situ study of the
Cu-zeolite Cu-SSZ-13 SCR catalyst using synchrotron based X-ray absorption
spectroscopy for characterization of the catalyst under oxidizing and reducing
conditions. Both the freshly prepared Cu-SSZ-13 catalyst, and the sample
contaminated by exposure to SO2 are examined. Near edge spectra (XANES) are
considered.
Experimental
Cu-SSZ-13 samples, with 2.5% Cu loading by weight, were provided by
collaborators at Scania. The fresh sample was used as supplied, the sulfur
contaminated sample was exposed to a flow of SO2 for 8 hours while being held at
250oC. Samples were examined while heating under oxidizing (flow of pure air) or
reducing (flow of 5% H2 in N2) atmospheres in the catalysis end-station XAFCA at
the Singapore Synchrotron Light Source [1]. X-ray absorption spectra of the Cu K
edge in the energy range of 8800 to 9100 eV were collected. Near edge (XANES)
spectra and extended fine structure (EXAFS) spectra were analyzed.
Results and discussion
Figure 1 (upper) shows the XANES spectra of the fresh sample for the Cu K edge as
it is heated from room temperature to 400oC in an oxidizing atmosphere. Figure 1
(lower) shows the spectra for the sulfur contaminated sample during this oxidation
process. The spectra for the fresh sample show two peaks in the edge region, one
at around 8985 eV (Cu+) and the other just below 9000 eV (Cu+2), The relative
intensities of these peaks change as the sample is heated in air, indicating a change
in oxidation state of the active Cu in the zeolite. For the sulfur exposed sample, only

the peak just below 9000 eV is clearly visible, and the relative intensities of the two
regions do not change significantly during heating in air. This suggests that the Cu +2
state is locked in for the sulfur exposed sample, perhaps by formation of sulfate
during the poisoning. Figure 2(upper) and (lower) shows the fresh and S
contaminated sample following exposure
to a reducing flow of H2 in N2. The spectra
indicate reduction of the Cu site in both
cases, suggesting that the sulfur poisoned
sample can be regenerated by heating in
hydrogen.
Conclusions
XANES spectra of the K edge of
Cu for Cu-SSZ13 ammonia selective
catalytic reduction catalysts have been
obtained for freshly prepared and sulfur
poisoned samples under oxidizing and
reducing
conditions.
The relative concentrations of

Cu+ and

Cu+2 present in the catalysts under oxidizing

Figure 1. Oxidizing conditions

and reducing conditions are determined for both
samples, with clear differences observed for the
processes. The S poisoned sample appears to have a
preponderance of Cu+2 under oxidation, perhaps due
to the formation of stable copper sulfate during the
poisoning process. Reduction in hydrogen results in a
return to the initial pre-oxidation state for both samples
under reducing conditions indicating that hydrogen
treatment may be used to regenerate the S poisoned

Figure 2. Reducing conditions

catalyst.
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Introduction
Selective conversion of biomass compounds to value-added chemicals has attracted
a great deal of attention. The hydrogenolysis is one of the useful reactions to produce
diols which are used as a monomer for resin. Recently we have reported that the
perimeter interface between 2D-monolayer WO 3 domains and γ-Al 2 O 3 has an
important role in selective hydrogenolysis of glycerol to 1,3-propanediol (PDO)

[1]

.

1,3-PDO was formed with high selectivity, however, 1,2-PDO and 1-PrOH were also
produced as by-products. The mechanism of hydrogenolysis is still unclear. In this
study, to get the fundamental knowledge about controlling the dissociation position of
C-O bond in polyols, the mechanisms of diols (with/without vicinal OHs)
hydrogenolysis were investigated.

Experimental
WO 3 /Al 2 O 3

catalysts

were

prepared

by

impregnation

γ-Al 2 O 3

of

(NH 4 ) 10W 12 O 42 ・5H 2 O and calcined at 1123 K for 3h in dry air

with

[2]

. Pt/WO 3 /Al 2 O 3

catalysts were prepared by impregnating WO 3 /Al 2 O 3 with an aqueous solution of
H 2 PtCl 6 and calcined in a flow of dry air at 573K for 3 h. The hydrogenolysis was
carried out in a Teflon vessel placed in a stainless steel autoclave. The products
were analyzed by FID- and TCD-GC.
Results and discussion

The hydrogenolysis of PDOs over
Pt/WO 3 /Al 2 O 3

catalyst

was

investigated. The reaction rate of 1,2PDO was faster than that of 1,3-PDO.
The reaction orders with respect to
substrate

concentration

and

H2

pressure were also estimated (Table

Table 1. Reaction order in the hydrogenolysis
of various substrate over Pt/WO3/Al2O3.
Substrate

Order
[Substrate]

PH2

1,2-PDO

1.0

1.0

1,3-PDO

0.97

-0.20

Conditions: Catalyst (100 mg), Substrate (1–4
mmol), H2O (9 mL), PH2= 2–5 MPa, T= 453 K.

1). The reaction orders with respect to the both 1,2- and 1,3-PDO concentration were
estimated to be almost one. This result indicates that the strength of substrate
adsorption on catalyst is same. However, the reaction orders of H 2 pressure were
different each other. The orders of 1,2- and 1,3-PDO hydrogenolysis were positive
and almost zero, respectively. These results imply that the hydrogenolysis of 1,2- and
1,3-PDO proceeds through different mechanism.
From these results, we propose the plausible hydrogenolysis mechanisms of diols
hydrogenolysis (Figure 1). In the case of secondary OH dissociation (hydrogenolysis
of 1,2-PDO) the substrate initially adsorbs onto the Al 2 O 3 surface, following by the
protonation of secondary OH by the Al-(OH)-W site. Then, dehydration proceeds to
form secondary carbocation. Third, the intermediate is attacked by hydride. Finally,
alkoxide species desorbed to form 1-PrOH. On the other hand, in the case of primary
OH dissociation (hydrogenolysis of 1,3-PDO) the substrate adsorbed and
dehydration is proceeded by Lewis acid site on Al 2 O 3 . And then, hydrogenation and
desorption proceed. Finally product is formed. In this mechanism, rate-determining
step may be dehydration step.
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Introduction
Today, CH 4 , N 2 O, and CO 2 emissions represent 98% of the total greenhouse gas
(GHG) inventory worldwide, while their share is expected to increase in the near
future. Methane, the main compound of natural gas (NG) in oil fields, is used in
various industrial processes and also as energy source in gas turbines or NG fueled
vehicles, which are predicted to soon represent a much larger percentage of the total
fleet. As methane is in addition a substantially more potent greenhouse gas (GHG)
than CO 2 , catalytic oxidation converters are needed for its abatement [1, 2].
The current study aims to novel Co-Ce catalytic materials for CH 4 oxidation. The
effect of both the synthesis method of the CeO 2 support (either hydrothermal or
precipitation technique) and the metal loading (0, 2, 5 and 15 wt.% Co) are
investigated on the catalytic performance and durability for complete CH 4 oxidation.
Synthesis, characterization and evaluation of catalysts
The CeO 2 carrier and bare Co 3 O 4 (synthesized for comparison reasons) were
prepared following either the precipitation (labeled as CeO 2 -P, Co 3 O 4 -P) or the
hydrothermal (labeled as CeO 2 -H, Co 3 O 4 -H) technique. Ce(NO 3 ) 3 ·6H 2 O and
Co(NO 3 ) 2 ∙6H 2 O were used as precursor salts for both synthesis methods. The asobtained materials were dried overnight at 110°C and then calcined at 500°C for 5h
under air flow. The incorporation of cobalt over the CeO 2 supports was conducted by
incipient wetness impregnation method, using aqueous solutions of Co(NO 3 ) 2 ∙6H 2 O.
The physicochemical characteristics of all materials were investigated by various
complementary techniques (N 2 Physisorption, XRD, H 2 -TPR, O 2 -TPD and TEM).
The catalytic combustion of CH 4 was performed in a fixed-bed reactor (feed: 0.5%
vol. CH 4 , 10% vol. O 2 , balanced with He, flow rate: 900cm3/min, corresponding to a
Gas Hourly Space Velocity (GHSV): ~40,000 h-1). Catalysts’ efficiency on CH 4
conversion was explored in the 300-600oC temperature range.

Results
Use of hydrothermal synthesis for the preparation of ceria support results in the most
efficient Co-Ce catalysts, as compared with the materials prepared over precipitated
ceria. In particular, a CeO 2 support of smaller crystallite size (11.8nm), larger surface
area (110.9m2/g) and enhanced reducibility leads to more efficient Co - Ce catalysts. A
shift of all corresponding reduction peaks to lower temperatures, observed in H 2 -TPR
profiles of Co-Ce materials, also implies synergetic effects between the deposited
Co 3 O 4 and the CeO 2 carrier. Enhanced oxygen mobility of both oxides (CeO 2 and
Co 3 O 4 ) is also evidenced by O 2 -TPD studies (not shown here), when using the
hydrothermal synthesis method and when incorporating Co on the ceria support.
Catalytic performances of all materials are presented in Figure 1. The limited CH 4
oxidation activity over pure CeO 2 samples is significantly enhanced by Co
incorporation and further improved by higher Co loadings, especially in the case of
Co

incorporation

on

the

CeO 2 -Η (ceria nanorods). The
optimum catalyst 15wt. %
Co/CeO 2 -H

achieved

90%

CH 4 conversion at 600°C.
Moreover,
improved

a

significantly
performance

(Τ 50% =440°C) was observed
at lower GHSV~10,000h-1 (as
compared to Τ 50% =520°C with
standard GHSV~40,000h-1.)

Figure 1. Catalytic performance in complete CH4 oxidation.

Conclusions
The superior performance of 15wt. % Co/CeO 2 -H is probably related with the
optimized physicochemical properties of CeO 2 -Η support: smaller CeO 2 crystallites,
higher surface area and enhanced reducibility, additionally combined with induced
synergetic effects between the deposited Co 3 O 4 and the CeO 2 carrier.
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Introduction
Selective catalytic reduction (SCR) with ammonia as reducing agent is one of the key
technology that catalytically converse NOx gases into harmless nitrogen. Some
metals in Groups V or VI such as V, W are known to be good catalysts for NOx
conversion, mostly in the form of oxides or supported particles prepared by classical
methods [1,2]. In order to access well-defined active sites, we recently developed
selective catalytic reduction (SCR) catalysts using surface organometallic chemistry
(SOMC) methodology.[3] These catalysts comprising of a metal selected from Group
V or Group VI elements grafted on metal oxides possess high NOx conversion
compared to those catalysts prepared by conventional methods such as
impregnation. Characterization (EXAFS, FTIR, UV-Vis) of the catalysts suggest that a
high portion of the grafted metal stays at atomic dispersion, which may be related
with the excellent performance of the reported catalysts. We report here the
mechanistic study by FTIR in combination with isotopic labelling.
Materials and Methods
The

catalysts

are

synthesized by grafting of
suitable

commercially

Niobium

available

organometallic

precursors

on CeO 2. catalysts support.

NMR, EPR, FTIR, and Raman spectroscopies are used to monitor changes during
grafting processes. The products are characterised by TEM, XPS, ToF-SIMS after
calcination at 500 oC in air.
An isotopic labelling methodology was applied during the operando experiments.
15

NO isotope was used to interact with

14

NH 3 in presence or not of 10% O 2 balanced

with Ar at 300°C while surface species and gas phase were simultaneously
monitored through FTIR and complementary FTIR, MS and chemiluminiscence
respectively. These experiments allowed distinguishing various nitrogen containing
species on the surface and in the gas phase, and the dynamics of interaction
between them.
Results and Discussion
The applied methodology showed that reaction of NH 3 with pre-adsorbed NO x species (in a rather high amount) leads to a long SCR period but with poor
instantaneous efficiency. On the contrary, the reaction of NO with pre-adsorbed NH 3
(in a rather low amount) leads to a short SCR period but with high instantaneous
efficiency suggesting the presence of highly favoured specific adsorption sites for NO
in close vicinity of adsorption sites for ammonia, the subsequent interaction between
neighbouring adsorbed reactants being very fast.
Conclusions
Based

on

analysis,

the
the

above
scheme

below proposes that most
of the SCR reactions take
place

on

perimeter

the

active

around

each

metal site, where NH 3
adsorbed on metal are in contact and react with NO adsorbed on the support oxide
or at the interface between the support and the metal according to a LangmuirInshelwood mechanism.
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LaCoO 3 perovskite as selective PROX catalyst:
operando XAS, XRD and DRIFTS
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The potential of the LaCoO 3 (LCO) perovskite for preferential CO oxidation (PROX)
was explored. LCO was synthesized via the modified Pechini method and
characterized by X-ray diffraction (XRD), high resolution transmission electron
microscopy (HRTEM), CO- and H 2 - temperature programmed reduction (TPR),
temperature programmed desorption (TPD) and tested as a catalyst for PROX,
focusing on the effect of different pretreatment conditions on the catalytic
performance. Different pretreatements of LCO led to formation of La 2 Co 2 O 5 ,
Co/La 2 O 3 and Co 3 O 4 /La 2 O 3 structures. In contrary to La 2 Co 2 O 5 , Co/La 2 O 3 and
Co 3 O 4 /La 2 O 3 , Co3+ incorporated into the LaCoO 3 perovskite structure was more
resilient towards overreduction, as long as CO oxidation was dominant.

Hydrogen production and purification are industrially important processes. Hydrogen
is used for ammonia synthesis 1, in fuel cell technology, and for the manufacturing of
numerous chemicals 2. Particularly for ammonia synthesis, CO-free hydrogen is of
importance, because even ppm concentrations of CO deactivate the iron-based
ammonia synthesis catalyst by strong CO adsorption to metallic iron. The same
applies to fuel cells, when even ppm concentrations of CO poison the Pt electrodes 3.
Catalytic preferential CO oxidation (PROX) is a key reaction for removing traces of
CO from the H 2 -rich stream for fuel cells. Transition metal oxides, especially cobaltbased materials, are perspective catalysts for PROX.

Among the most attractive materials in the modern chemical industry (e.g., catalysis,
chemical sensors, electrode materials, and fuel cells), the perovskite oxides have
been recently emerged as very promising and alternative catalytic material to
transition metal oxides. The interest in perovskite materials of ABO 3 structure type,
where A is a rare earth/alkaline earth and B a transition metal cation, is explained by
the perovskite unique properties such as high thermal and structure stability of the B
cations, making these materials resistance towards sintering and reduction, especial
for high-temperature applications. It is also reported that the cobalt based perovskite
catalysts more active for the oxidation reaction than manganese, nickel or iron based
perovskites 4.
The main objective of this work was to investigate the correlation between the
structure and oxidation state and the active sites/phases of Co-based perovskites. To
obtain a better understanding of the catalytic system, operando DRIFTs, XAS and
XRD were performed during PROX, revealing the adsorption properties, structural
changes and oxidation state of the catalyst. The LaCoO 3 bulk structure remained
intact during PROX and cobalt was preserved in a high oxidation state. When
compared to simple oxide like Co 3 O 4 or CoO, Co3+ was more stable, resulting in a
wider PROX temperature window, highlighting the usefulness of cobalt-based
perovskites for preferential CO oxidation 5-6-7.
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Surface science studies of modified Co 3 O 4 (111) thin films
Thomas Haunold, Christoph Rameshan, Günther Rupprechter
Institute of Materials Chemistry, TU Wien, Getreidemarkt 9, 1060 Vienna, Austria

Over the past decades, cobalt oxides have served as inexpensive key materials for
many applications. These range from heterogeneous catalysis of important oxidizing
reactions (e.g. low-temperature CO-oxidation [1, 2], preferential oxidation of CO
(PROX) [3-5], Ostwald synthesis of nitric acid by oxidation of ammonia [6], and
oxidation of hydrocarbons [1, 7]), to the Fischer-Tropsch synthesis of hydrocarbons
and liquid fuels [8], and the conversion of volatile organic compounds (VCOs) [9].
Recently, Co 3 O 4 has also been investigated as potential anode material for Li ion
batteries (LIBs) [10, 11], featuring high theoretical discharge capacities. However, the
formation of a solid electrolyte interface (SEI) competes with reversible Li+ ion
intercalation and thus reduces the capacity of LIBs [12]. A similar behavior is
observed in solid-state batteries where metallic Li anodes are used.
The most effective approach to explain and improve the functionality of cobalt oxides
is to conduct experiments at a microscopic or even atomic level. This can be
achieved by preparation and study of model-systems. Therefore, Co 3 O 4 and Li thin
films were prepared by physical vapor deposition (PVD) under ultrahigh vacuum
(UHV) conditions. Film growth was monitored visually in real-time using low energy
electron microscopy (LEEM). Afterwards, thin film characterization was carried out by
X-ray photoelectron spectroscopy (XPS), low energy electron diffraction (LEED) and
temperature-programmed desorption (TPD).
Reactivity testing of Co 3 O 4 demonstrated that CO oxidation in the mbar range occurs
already at room temperature in case of powders. For Co 3 O 4 (111) thin films an onset
temperature of 200 °C was observed which agrees well with previous results
reported in the literature [13]. However, the presence of moisture led to a decrease of
CO conversion due to water dissociation (formation of hydroxyl groups) and blocking
of active sites.

Figure 1: LEED pattern of Co 3 O 4 (111) (left) and surface structure
2-

2+

(right; red: O , blue: Co

3+

and green: Co )
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Transition Metal Bismuthanes:
Radical Catalysts in Cyclo-Isomerizations
Jacqueline Ramler, Ivo Krummenacher, Crispin Lichtenberg*
Department of Inorganic Chemistry, Julius-Maximilians Universität Würzburg, Am Hubland, 97074 Würzburg,
Germany
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Scheme 1. Bismuth-mediated radical catalysis.

Bismuth salts, BiX 3 , are used as Lewis acid catalysts in organic transformations
such as Friedel-Crafts- or Mannich-reactions (X = Cl, Br, I, O 3 SCF 3 ), but other
catalytic applications of bismuth species in organic synthesis are rare.[1] We
became interested in transition metal bismuthanes, i. e. complexes featuring a
Bi–TM bond (TM = transition metal). Here we demonstrate for the first time that
these species can undergo controlled radical reactions with a high functional
group tolerance, leading to the first catalytic application for this class of
compounds.[2]

The atom transfer cyclo-isomerization of simple hexenyl iodides was chosen as
model reaction (see Scheme 1). For the parent compound, 6-iodo-1-hexene,
catalyzed radical cyclo-isomerizations have so far only been realized under
photochemical conditions.[3] With the new bismuth species as catalysts, cycloisomerizations of iodoalkenes such as 6-iodo-1-hexene are now possible under
thermal conditions. Radical reaction pathways were identified based on EPR
spectroscopic experiments. An important role of the bismuth component was
confirmed by test reactions.[2]

In the context of these studies, the bismuth transition metal complexes 1–3 with
Bi–Mn, Bi–Fe and Bi–Co bond have been synthesized, isolated and fully
characterized (see Figure 1).
These complexes show a non- / weakly-polar covalent Bi–TM bond, as
determined by structural and spectroscopic analysis as well as reactivity studies.[2]
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Figure 1. Molecular structure of transition metal bismuthanes 1–3.
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Open cellular structures for NOx abatement intensification
Tommaso Selleri1, Matteo Ambrosetti1, Mauro Bracconi1, Riccardo Balzarotti1,
Gianpiero Groppi1, Isabella Nova1 and Enrico Tronconi1; 1 Laboratory of Catalysis
and Catalytic Processes, Energy Department, Politecnico di Milano, via La Masa 34,
20156, Milano (Italy)
NH 3 -SCR is the leading technology for NOx abatement from lean burn and Diesel
engines and is traditionally operated in catalytic converters made of washcoated
honeycomb monoliths. A paradigm shift is now required to tackle the stringent limits
imposed by new emission regulations worldwide. In this work, we provide a
preliminary analysis of the potential of open random or regular cellular
microstructures [1], like open-cell foams or periodic open cellular structures (POCS),
as

innovative

catalyst

substrates

to

improve

the

exhaust

aftertreatment

performances. A new modeling tool, based on state-of-the-art correlations, is
developed and used to: i) gain insight in the general behavior of these supports; ii)
select interesting structures for experimental testing; iii) develop new ideas for
system configurations.
Materials and Methods
A transient 1D+1D heterogeneous model of SCR converters, embedded with a
complete SCR kinetic scheme and with recently developed and already extensively
validated correlations for heat and mass transfer as well as pressure drops [2], is
herein developed. Open cellular structures geometry and morphological properties
are described by a state-of-the-art analytical model [3]. The resulting tool is used to
simulate both steady state and fast transient SCR operation of foam and POCS
catalysts, as shown with some examples in the next section.
Results and Discussion
Simulations in Figure 1A compare a reference monolith substrate with 400 CPSI and
a 5 mils wall thickness to foams with 60 PPI and different void fractions (0.83-0.96) in
steady-state Standard SCR runs. All samples are loaded with the same amount of
catalyst and are tested at the same GHSV. Overall, increasing the void fraction and
adopting a sufficiently high PPI, foams can grant a relevant increase in the NO
overall conversion at medium-high temperatures, due to a significant reduction in
external mass transfer resistances. Unfortunately, this improvement in DeNOx

performances corresponds to a notable increase in pressure drops, which is related
to the flow pattern inside these structures.
Figure 2 shows the beneficial effect on the heat-up dynamics of the SCR converter
when an open-cell foam is used as catalyst support. In this example, the catalyst is
firstly exposed to 500 ppm of NO and NH 3 at 100 °C (not shown) and then the
temperature is rapidly increased from 100°C to 300°C (100°C/min) in NO and NH 3
flow. Due to its lower thermal mass and enhanced volumetric heat transfer
coefficient, the foam substrate can better follow the imposed heating ramp (dashed
lines), leading to a faster onset of the SCR reactions, so important in cold-start
transients but also during rapid changes of operating conditions, eventually achieving
better performances in terms of overall deNOx efficiency.
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Fig. 1. Std. SCR simulation. NO=NH 3 =500 ppm, O 2 =H 2 O=10%v/v, GHSV=175000
h-1. A) Steady-state conversion and pressure drop; B) Transient heat-up (100 °C/min)
Based on these simulations, cordierite foams with different ranges of ε (0.8-0.9) and
PPI (20-60), are currently under testing in a dedicated synthetic gas rig.
Using the same approach, we are investigating also regular cellular structures
(POCS). Preliminary results show that the adoption of POCS, combined with different
flow configurations impossible in conventional monoliths, can provide additional
degrees of freedom, to be exploited for EAT system design and optimization, and
might result in more flexible, compact and lightweight converters.
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Probing the mobility of Cu-active sites in zeolite NH 3 -SCR catalysts
by in situ impedance spectroscopy
V. Rizzotto, RWTH Aachen University, Aachen, Germany;
P. Chen, South China University of Technology, Guangzhou, China;
U. Simon, RWTH Aachen University, Aachen, Germany

Copper-exchanged SSZ-13 (Cu-SSZ-13) is one of the technically most relevant
catalysts for the selective catalytic reduction of NO x with NH 3 (NH 3 -SCR) in exhaust
after-treatment systems. Together with other small-pore chabazite (CHA) zeolites
(e.g. Cu-SAPO-34), Cu-SSZ-13 demonstrates not only higher stability under SCR
conditions, but also higher efficiency in the reduction of NO x , as compared to other
large- or medium-pore Cu-exchanged zeolite catalysts (e.g. Cu-ZSM-5) [1]. In order
to explain such superior performances, the catalytic mechanism taking place in CHA
zeolite has been the object of extensive studies. Recently, it was documented that
the mobility of NH 3 -solvated Cu species in the CHA framework plays a determinant
role in the SCR cycles by forming [CuI(NH 3 ) 2 ]+-O 2 -[CuI(NH 3 ) 2 ]+ intermediates [2,3].
Subsequently, our research group has shown how impedance spectroscopy (IS)
combined with density-functional theory calculations allows to directly monitor the
[CuI(NH 3 ) 2 ]+ local movement under SCR-related conditions [4,5].
Here we present a comparative study between Cu-SSZ-13 and Cu-ZSM-5 with
defined Si/Al ratio and variable Cu-loading (Cu/Al). We applied in situ IS to analyse
the frequency-dependent ion conduction processes in these zeolites, to which mobile
solvated Cu2+ species may contribute, in order to probe the mobility of [CuII(NH 3 ) n ]2+
species and their interaction with the zeolite framework [6]. Fig. 1a illustrates the socalled modulus plot (M’’ vs. ν) obtained by in situ IS over SSZ-13 in NH 3 atmosphere
(100 ppm in N 2 ) [7]. At high frequencies (i.e. 104-106 Hz), each modulus spectrum
presents a resonance peak that is attributed to the local ion movement and is
supposed to result from a combination of the short-range movement of H+ and Cu2+
ions after NH 3 solvation [7]. Under similar conditions, the Cu-SSZ-13 catalysts show
different behaviours from those of Cu-ZSM-5 (Fig. 1b): an increasing Cu-loading
results in a significant shift of the resonance maximum to higher frequencies, which
indicates an increased ion mobility, while Cu-ZSM-5 presents an opposite trend. Our
assumption is that this difference results from the different crystal structures (i.e. CHA

and MFI for SSZ-13 and ZSM-5, respectively): the electrostatic interactions with the
small-pore CHA framework seem to enable the motion of the NH 3 -solvated Cu2+
species, so that they can significantly contribute to the overall ion conductivity. This
hypothesis is corroborated by temperature-dependent IS measurements, from which
the activation energy (E a ) for local ion conduction in presence of NH 3 was derived
(Fig. 1c). Again, exactly opposite trends are shown for the two zeolites: while CuZSM-5 shows an increase of E a with increasing Cu/Al (similarly to the observed trend
for pristine zeolites in NH 3 -free state), the E a of Cu-SSZ-13 progressively decreases
with the increase of Cu loading, suggesting a favored short-range motion of
CuII(NH 3 ) n at a higher Cu loading.
These and further experiments have proven how in situ IS can be a relevant
technique to understand the molecular mechanisms of NH 3 -SCR cycle in Cu-zeolites
and to guide the development of new zeolite catalysts.

Figure 1. a) Modulus plots of in situ IS results on H- and Cu-SSZ-13 in NH 3 (100 ppm in N 2 )
at 200 °C; b) resonance frequencies (ν res ) for the local ion motion within Cu-SSZ-13 (red) and
Cu-ZSM-5 (blue) catalysts with varying Cu/Al ratios; ν res was determined by the
corresponding modulus plot as exampled in a); c) activation energy (E a ) for the local ion
motion in NH 3 -loaded Cu-SSZ-13 (red) and Cu-ZSM-5 (blue) catalysts with varying Cu/Al
ratios; E a was calculated based on in situ IS measurements between 180 and 240 °C.
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Toluene hydrogenation over iridium supported
on MCM-41 materials
Monika Kot1; Michał Zieliński1; Ewa Janiszewska1
Adam Mickiewicz University in Poznań, Faculty of Chemistry,

1

Umultowska 89b, 61-614 Poznań, Poland
Recently catalytic hydrogenation of aromatic compounds has attracted great
attention. This class of reactions is very important due to environmental issues as
well as industrial applications [1]. The hydrogenation reactions are often catalyzed by
supported noble metals, particularly platinum. However, due to the fact that platinum
is sensitive to poisoning with impurities, especially sulphur compounds, other metallic
active phases are investigated. An interesting alternative could be iridium, other
platinum group metal, which is distinguished by high corrosion resistance.
The catalytic activity in hydrogenation reaction depends on active phase as well as
support of the catalyst. Ordered mesoporous silicas, especially MCM-41 materials
seem to be promising supports because of their unique properties like high surface
area and uniform pore system. It was shown that activity for hydrogenation of
monoaromatics enhanced over noble metal catalysts supported on acidic supports.
Pure siliceous MCM-41 materials show no acidity. Incorporation of aluminum atoms
into the amorphous walls of ordered mesoporous silicas generates acidic properties
of these materials and is crucial for their catalytic activity [2].
The presented study investigates the catalytic behaviour of iridium catalysts
supported on silica and aluminosilicate MCM-41 in toluene hydrogenation. The
influence of acidity of the support and iridium precursor on the activity was studied.
The MCM-41 and AlMCM-41 supports were prepared by hydrothermal synthesis. The
catalysts containing 1 wt.% of iridium supported on mesoporous materials were
prepared by conventional impregnation (two different iridium precursors: H 2 IrCl 6 , and
Ir(acac) 3 were investigated). The prepared catalysts and supports were characterized
by XRD, N 2 adsorption/desorption measurements, and H 2 -TPR. The mean size of
metal particles was estimated by hydrogen chemisorption measurements. The
supports show ordered mesopore systems and the structure is maintained after the
impregnation and reduction procedures. The obtained supports and catalysts have
high surface areas (from 328 to 960 m2/g). After H 2 reduction the iridium catalysts

contain small iridium nanoparticles (below 5 nm, dispersion from 27% to 49%). The
catalysts were tested in toluene hydrogenation and their activity was compared with
catalysts supported on commercially used silica and alumina.
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Figure 1. The effect of support and iridium precursor (iridium acetylacetonate – A, hydrogen
hexachloroiridate – B) on apparent rate of hydrogenation of toluene as a function of temperature.

The catalysts supported on AlMCM-41 are more active in toluene hydrogenation
than the catalysts supported on silica MCM-41. The catalytic activity depends also on
the type of iridium precursor. The catalysts obtained from iridium acetylacetonate
indicate higher activity than those prepared using hydrogen hexachloroiridate.

Acknowledgements
The work was supported by grant no. POWR.03.02.00-00-I023/17 co-financed by the
European Union through the European Social Fund under the Operational Program
Knowledge Education Development.

References
[1] A. Stanislaus, B. Cooper, Aromatic Hydrogenation Catalysis: A Review, Catal. Rev. 36 (1994) 75–
123.
[2] R.M. Martín-Aranda, J. Čejka, Recent advances in catalysis over mesoporous molecular sieves,
Top. Catal. 53 (2010) 141–153.

Structure and Chemistry of Cu–Fe–Al Nanocomposite Catalysts for
CO Oxidation
V.V. Kaichev, A.V. Fedorov, O.A. Bulavchenko, A.M. Tsapina, A.A. Saraev, V.A.
Yakovlev, Boreskov Institute of Catalysis, Novosibirsk, Russia

High-active Fe–Al and Cu–Fe–Al nanocomposite catalysts were synthesized by
fusion of aluminium, iron, and copper salts and then tested in the oxidation of CO. It
was found that the activity of Fe–Al catalysts depends on the Fe concentration and
the maximum is achieved when the Fe 2 O 3 content is approximately 82 wt%. The
XRD and FTIR data indicate that the catalysts contain the α-Fe 2 O 3 and γ-Al 2 O 3
phases and Al3+ cations dissolve in the Fe 2 O 3 lattice. The iron oxide is protohematite
(metastable modification of iron (III) oxide) characterized by a high concentration of
structure defects. The catalyst calcinated at 400 °C is more active than the catalyst
calcinated at 700 °C in the low-temperature CO oxidation. According to the FTIR
study, the enhanced activity is due to a high concentration of crystal water that
provides a high concentration of different defects inside Fe 2 O 3 -Al 2 O 3 nanoparticles.
The addition of Cu leads to a significant increase in activity at high temperatures.
XANES spectroscopy indicated that the Cu–Fe–Al catalysts in addition contain CuO
and CuFe 2 O 4 oxides in an amorphous state [1]. The Raman spectroscopy study
indicates that the addition of Cu hinders the dissolution of Al3+ cations in the Fe 2 O 3
lattice. These Cu-containing phases and the structure defects may be responsible for
the enhanced catalytic activity of the Cu–Fe–Al nanocomposite catalysts. According
to the kinetic measurements, the activation energy is 104 and 88 kJ/mol for Fe-Al
and Cu-Fe-Al nanocomposite catalysts, respectively. It should be noted that the
values are comparable with the activation energy for the oxidation of CO over hightech Cu-based catalysts. As shown by Feng and Zheng As shown by Feng and
Zheng [2], the activation energy for the oxidation of CO over CuO nanowires is in the
range 79–115 kJ/mol.
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Introduction
The control of harmful nitrogen oxides (NO x ) from diesel combustion represents a
crucial challenge in automotive emission [1]. One important process to convert such
NO x into unharmful N 2 is the selective catalytic reduction (SCR) with NH 3 as
reducing agent. Cu-exchanged chabazite (Cu-CHA) zeolite as an efficient catalyst for
the NH 3 -SCR reaction has been extensively studied [1-3]. However, the reaction
mechanism for the oxidative activation of Cu(I) into Cu(II) species is still not well
understood [4,5] . In this study, the elementary steps of Cu(I) activation were
thoroughly investigated by periodic DFT calculations, and the importance of NH 3 and
H 2 O assisted conversions during the activation cycle was highlighted.
Methodology
Spin-polarized DFT calculations were performed using VASP. The PBE functional
and dispersion-corrected DFT-D3 was used. The electron-ion interactions were
described with projected augmented waves method. The Brillouin zone sampling was
restricted to the Γ point. The energy cut-oﬀ was set to 500 eV. The CHA zeolite
model was represented by periodic 36 T unit cell (Figure 1a). The convergence was
assumed to be reached when the forces on each atom were below 0.05 eV Å-1.
Results and discussion
The activation of Cu(I) ion by O 2 as exclusive oxidant was firstly studied. Figure 1b
shows a stoichiometric representation for the proposed mechanism, in which four
Cu(I) ions react with one O 2 molecule to yield four Cu (II) species. Under typical SCR
conditions, the Cu(I) ions in CHA zeolite mainly exist as mobilized [Cu(NH 3 ) 2 ]+ [3,5].
Here we considered such a species as the starting point for oxidative activation. The
O 2 adsorption and dissociation with a pair of [Cu(NH 3 ) 2 ]+ generate a dimeric species
of [(NH 3 ) 2 Cu(µ-O) 2 Cu(NH 3 ) 2 ]2+, and this process is strongly exothermic by -76
kJ/mol with an activation barrier of only 20 kJ/mol. The further activation was
proposed to occur via a tetranuclear intermediate, which can be formed from the

Figure 1. (a) Computational model of CHA unit cell; (b) Proposed mechanism for the oxidative
activation of Cu(I) into Cu(II) species; Energy profiles for (c) O2 dissociation and oxidation of two
+
mononuclear [Cu(NH3)2] and (d) water-assisted decomposition of Cu tetramer.

adsorption of another pair of [Cu(NH 3 ) 2 ]+ coordinating to the bridging oxygens in the
Cu dimer (Figure 1d). The decomposition of the tetramer occurs via the consecutive
hydrolysis of Cu-O bonds with the assistance of water molecules, and the activation
barriers are ca. 80 kJ/mol to form two hydroxylated Cu dimers. Such dimeric Cu
clusters can further decompose into Cu monomers such as [Cu(OH)(NH 3 ) 3 ]+] and
[Cu(NH 3 ) 4 ]2+ with calculated barriers of ca. 50 kJ/mol. The presence of NH 3 and H 2O
as ligands can sufficiently decrease the reaction barriers of the activation process.
The activation of Cu(I) species with both O 2 and NO as oxidants was also considered.
The presence of NO can promote the oxidation activation with moderate barriers, but
the regeneration of NO x -ligand-free Cu(II) species is strongly unfavored. Those Cu(II)
species with ligands like NO 2 or NO 3 - may act as resting states and play minor effect
on the catalyst performance.
Conclusions
The oxidative activation mechanism of Cu(I) species in CHA zeolite during NH 3 -SCR
reaction was investigated by periodic DFT calculations. The results show that the
activation of Cu(I) with assistance of H 2 O can efficiently occur with only O 2 as
oxidant, and the presence of NO is less important during the oxidation part of the
activation cycle. It is proposed that the oxidative activation of Cu(I) species by
exclusive O 2 plays a key role during the NH 3 -SCR reaction.
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The nanostructured carbon material is one of the most important supports for the
metal catalysts due to their unique properties such as chemical stability, easiness to
recover metal etc[1]. The boron and nitrogen atoms have the similar radius with the
carbon atom which can enter carbon matrix and they are the most often observed
dopants on the nanostructured carbon materials. As boron or nitrogen has one less
or more valence electron compared with carbon, it is expected that the different
effects induced by the boron or nitrogen doping. In this work, the tunable effects from
boron and nitrogen dopants on the carbon nanotube and graphene on the catalytic
property of supported single Au in CO oxidation and acetylene hydroclorination are
revealed from the first principle calculations[2,3]
For CO oxidation on the single Au, the results reveal that boron and nitrogen doped
SWCNTs can enhance the binding strength and catalytic activity of Au catalysts
compared with the pristine SWCNTs. Moreover, the boron and nitrogen doping
donate or withdraw charges to and from the Au atom. The excess positive or
negative charges on Au can significantly modify its interactions with CO and O 2
molecules. We have found that O 2 binds stronger than CO on Au/B-SWCNTs, but
weaker than CO on Au/SWCNTs and Au/N-SWCNTs. The adsorption preference of
CO and O2 molecules on the doped SWCNTs gives a distinct coadsorption pattern of
the reactants which is closely related to the dopant configurations. Furthermore, the
calculations reveal that the reactions proceed via either the bi-molecular Langmuir–
Hinshelwood (BLH) mechanism or the bi-molecular Eley–Rideal (BER) mechanism
with a relatively low energy barrier of 0.22 and 0.28 eV. The peroxide-like (OOCO)
complex is a key intermediate in the reaction pathway in both BER and BLH
mechanisms. Besides the traditional BLH and BER mechanisms, a tri-molecular
Eley–Rideal (TER) mechanism is also observed, which is almost a barrierless
process on Au/B-SWCNTs.

The similar tunable effects is also found for supported single Au in acetylene
hydroclorination reaction by nitrogen and boron doping. The nitrogen and boron
dopants on the carbon nanotube not only behave as stable anchoring positions for
the single Au but also render the distinct charge state and reactivity in the reaction. It
is found that the supported single Au on nitrogen doped SWCNT become positively
charged while it becomes negatively charged on boron doped case. The different
charge state of Au directly influences the interactions with reactant, C 2 H 2 . The
calculations indicate that the adsorption energy of C 2 H 2 is bigger on single Au
supported on boron doped SWCNT than the counterpart of nitrogen doped case.
From the reaction pathway analysis, it is interesting to observe that both positive and
negative charged single Au can be an effective catalyst with the comparable reaction
barrier. It is first time observed that negative Au is able to catalyze the acetylene
hydroclorination. Furthermore, the single Au undertook a redox cycle during reaction
which charges are decreased firstly and then restored to the original state. It is
suggested the too strong adsorption of C 2 H 2 is detrimental to activity as it hinders the
HCl addition to form product. Therefore, a balanced activity between C 2 H 2 adsorption
and HCl activation is required for the optimal catalytic performance.
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Abstract
Atmospheric pollution has been recognized as one of the major threats for
modern society. Among the various manmade air pollutants, nitrogen oxides (NOx)
induce the ozone production in troposphere and cause acid rains. In addition, NOx,
especially nitric oxide (NO) and nitrogen dioxide (NO 2 ) severely affect respiratory and
immune systems[1]. Despite its favourable properties like chemical inertness, longterm stability and low cost, TiO 2 photocatalyst has a band gap of 3.2 eV. This large
band gap enables the harvesting of UV light only, which accounts for 4-5% of
incoming solar energy[2]. Among alternative photocatalytic systems, two-dimensional
graphitic carbon nitride is one of the strong candidates owing to its metal-free nature,
thermal stability, non-toxicity, cost efficiency with a low electronic band gap (2.7 eV,
454 nm) falling in the visible range of the solar spectrum[3].
In this study, highly organized mesoporous graphitic carbon nitride (mpgC 3 N 4 ) photocatalysts were synthesized by the thermal polycondensation of guanidine
hydrochloride

using

hard

template-assisted

synthesis

approach.

The

polycondensation process was performed at different temperatures, accompanied by
comprehensive structural analysis of the mpg-C 3 N 4 materials using different
characterization techniques. These porous structures were then tested in NO photooxidation under visible light, showing a remarkable activity in NOx abatement and a
high selectivity for nitrate species. The activity of best mpg-C 3 N 4 photocatalyst (mpgC 3 N 4 500) was further improved by the addition of magnetite nanoparticles which
were synthesized by the surfactant assisted high-temperature decomposition of
iron(III) acetylacetonate. Fe 3 O 4 /mpg-CN500 photocatalyst revealed significantly

superior photocatalytic NOx abatement performance under visible light as compared
to the commercial P25 titania benchmark photocatalyst. Fe species in the
Fe 3 O 4 /mpg-CN500 photocatalyst structure were determined to be in Fe2+ and Fe3+
oxidation states. These iron species both existed as FeOx nanoparticles with an
average diameter of ca. 10 nm on mpg-C 3 N 4 surface and were also directly
incorporated into the 2D mpg-C 3 N 4 layers as cations.
Incorporation of the Fe species to the photocatalyst formulation enhanced the
total light absorption in the visible region, decreased the electronic band gap of mpgC 3 N 4 and also generated structural defects resulting in crystallographic disorder.
Introduction of Fe2+/Fe3+ species significantly increased the oxygen reduction
capacity of mpg-CN500 resulting in lower NO 2 production which ultimately resulted in
enhanced

selectivity

in

photocatalytic

NOx

abatement.

Fe 3 O 4 /mpg-CN500

photocatalyst showed high activity, selectivity and stability even after five successive
experimental runs without any regeneration step. Enhanced photocatalytic efficiency
could be mainly attributed to the unique mesoporous structure, high surface area,
high charge separation efficiency and prolonged life time of charge carriers.

Fig. 1. NO(g) conversion % (purple bars) and NO 2 storage selectivity % (green bars) values for mpgCN450, mpg-CN500, mpg-CN550 and Fe 3 O 4 /mpg-CN500 photocatalysts obtained via Vis-light
irradiation; (b) corresponding DeNO x index values for mpg-CN500 and Fe 3 O 4 /mpg-CN500
[4]
photocatalysts calculated for each run of the reusability tests.
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Spongy graphitic carbon nitride (sg-C 3 N 4 ) as a new
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1

Graphitic carbon nitride (g-C 3 N 4 ) is a layered polymer the structure of which
is analogous to graphite. Its layers are formed of heptazine units connected together.
As a typical semiconductor with a smaller energy gap than popular photocatalysts,
it can be used in photodegradation of organic pollutants or photoreduction of water
to hydrogen under the visible light irradiation [1]. In order to improve the catalytic
and photocatalytic properties of carbon nitride, its surface is subjected to doping with
metals due to which its catalytic activity increases several times. Carbon nitride,
in addition to its many advantages, has several shortcomings. One of them is a small
specific surface area of 10-30 m2/g. However, it can be increased either by using
hard template methods during the preparation or by exfoliation of carbon nitride into
nanosheets.

Unfortunately,

all

these

established

that

methods are not very effective.
We

have

the exposition of highly dispersed metals
supported on carbon nitride to hydrogen at
elevated

temperatures

results

in

a tremendous development of carbon
nitride porous structure and a release
of large amounts of gases (NH 3 , CH 4 ,
HCN). The carbon nitride structure was
“nibbled” due to hydrogenation of C-N
bonds catalyzed by active metals which
resulted in a significant increase in the
surface area and formation of a spongelike structure (Fig. 1). This is why we have
Figure 1. SEM image of
1%Ni/sg-C3N4.

called it “spongy graphitic carbon nitride”
(sg-C 3 N 4 ).

By subjecting a metal/carbon nitride system to reduction with hydrogen in the
appropriate temperature range (500-550°C), we have obtained the surface of about
380 m2/g, whereas the surface area of the pristine carbon nitride was only 24 m2/g.
An interesting feature of the mechanism of the reduction process
of metal/carbon nitride system is a different course for various metals. We observed
this process using temperature programmed reduction (TPR) coupled with on-line
mass spectrometry (TPR-MS).
Depending on the catalytic properties of a metal, the process of “nibbling”
the carbon nitride occurs differently and proceeds at different temperature ranges
(Fig.2). Ruthenium, known for its high hydrogenation activity (eg. in the methanation
reaction), catalyzes the rupture of carbon-nitrogen bonds already at 350°C and this
is accompanied by a release of methane and ammonia. On the other hand, nickel
is active at 500°C.

Figure 2. TPR-MS profiles of 1%Ru/sg-C 3 N 4 and 1%Ni/sg-C 3 N 4 .
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Introduction
The reduction of NO x emissions has become a great challenge in environmental
protection, and selective catalytic reduction (SCR) is considered as the most efficient
technology to reduce it [1]. It is of high interest to develop a highly active catalyst for
NH 3 -SCR in low-temperature range (100-300 °C) for NO x removal from both flue
gases of stationary plants and mobile sources such as diesel vehicles [1].
Ceria-based catalysts are promising candidates due to their remarkable oxygen
storage capacity, redox cycle (Ce4+ -> Ce3+) and low price [2]. Addition of titania to
ceria increases ceria dispersion, fraction of active surface oxygen and acidity which
enhance the SCR performance. Doping with oxides of other metals such as Nb, Mo,
Ta, Sn, Mn, Cu and Fe further improves the catalyst performance due to their
excellent redox behaviour. Therefore, in the present work different metal oxides were
supported on Ce-Ti oxide by wet impregnation in order to improve SCR activity at low
temperature.
Experimental
Ce40/Ti100 mixed oxide (molar ratio 0.4:1) was prepared by sol-gel method. 5 wt%
M (Nb, Mo, Ta, Sn, Mn, Cu and Fe) was impregnated, and samples are named as
M5/Ce40/Ti100. All precursors were calcined at 500 °C for 3 h. The fresh catalysts
were characterized by ICP-OES, N 2 -physisorption, XRD, Raman spectroscopy, NH 3 TPD, DRIFTS, XPS, and H 2 -TPR. Activity tests were run from 150 to 500 °C (1000
ppm NO x , 1000 ppm NH 3 , 5% O 2 , 8% H 2 O (if used), 100 ppm SO 2 (if used), rest
He).
Results and discussion
Among all the catalysts tested, Nb5/Ce40/Ti100 and Mo5/Ce40/Ti100 exhibited
highest activity with 95% conversion at 200 °C (Fig. 1). Furthermore, both catalysts
showed 99% N 2 selectivity in the temperature range of 150-500 °C (Fig. 2).
Otherwise, with Cu5/Ce40/Ti100 and Mn5/Ce40/Ti100 the N 2 selectivity decreased
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Fig.1: NO x conversion for different catalysts

Fig.2: N 2 selectivity for different catalysts

Nb and Mo modified Ce40/Ti100 showed the highest surface areas of 112.5 and
101.1 m2·g−1, respectively. There is a clear correlation between catalytic activity and
surface area. XRD showed no reflexes for Nb 2 O 5 or MoO 3 , suggesting high
dispersion or amorphous state in the catalysts (Fig. 3). On the other hand, Mn, Fe,
Sn and Cu catalysts showed reflexes of corresponding oxide domains, indicating
lower dispersion which might explain their poor catalytic activity and selectivity.
Additionally, the activity was measured in the presence of H 2 O and SO 2 for the most
efficient Nb and Mo catalysts (Fig. 4).
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Fig.3: XRD patterns of the fresh catalysts.

Fig.4: Long-term activity and influence of H 2 O and SO 2
on the SCR activity at 200 °C.

The effect of H 2 O was reversible, although both catalysts deactivated, but less
pronounced for Nb sample. In presence of SO 2 both catalysts deactivated which
could be ascribed to the formation of sulphate and blocking of the active sites.
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Introduction
Due to their high costs and dynamic raw material prices, platinum group metals
(PGM: Pt, Pd, Ir, Rh etc.) containing catalytic systems are typically unfavorably expensive
[1]. Cost of these globally important and mass-produced catalytic systems can be lowered by
decreasing the PGM loadings, which may result in a decrease in catalytic performance. Co
and Mn containing perovskite systems offer promising catalytic opportunities in a variety of
catalytic oxidation, reduction [2-5] and coupling [6,7] processes thanks to their dynamic redox
properties and fine-tunable chemical/surface/electronic structures offering a wide playground
for catalyst optimization.
In this study, we demonstrate that bulk-oxygen vacancies can have a strong influence on the
redox activity of the hybrid perovskites allowing them to efficiently switch between high and
low B-site oxidation states in a reversible fashion under relatively moderate redox conditions
without requiring elevated temperatures for regeneration, unlike LaCoO 3 and LaMnO 3
benchmark systems. In hybrid perovskite systems such as La 1.01 Co 0.75 Mn 0.24 O 2.97 and
La 1.04 Co 0.65 Mn 0.31 O 2.97 , we illustrate that perovskites with a particular bulk-oxygen vacancy
population and electronically-modified hybrid B-site cations with specific oxidation states can
reveal superior reactivity in transforming NO 2 (g) into surface nitrates/nitrites that can
surpass single B-site benchmark perovskites such as LaCoO 3 and LaMnO 3 . This may be
accomplished by the diffusion of bulk oxygen vacancies to the surface which eventually
governs the surface catalytic reactivity.
Materials and Methods
Catalyst Preparation. Citrate method developed by General Motors Company was used to
synthesize LaCoO 3 and LaMnO 3 benchmark perovskites , while a slightly modified version of
this protocol was utilized for the synthesis of LaCo x Mn 1-x O 3 hybrid perovskites. Ex-situ
Characterization measurements (XRD, BET, TEM, ICP-MS, XPS) were performed to
reveal structure and functionality relationships of hybrid perovskites. In-situ and Ex-situ XRay Absorption Near Edge Spectroscopy (XANES) measurements were conducted to
obtain full catalyst stoichiometry and demonstrate redox reversibility of corresponding
perovskites. In-situ Fourier Transform Infrared (FTIR) and Temperature Programmed
Desorption experiments were also carried out to establish link between oxygen vacancy
population and NO x oxidation capability of hybrid perovskite systems.
Results and Discussion
In the current work, bulk-oxygen vacancies were found to have a strong effect on the
redox activity of the hybrid perovskites allowing them to efficiently switch between high and
low B-site oxidation states in a reversible fashion under relatively moderate redox conditions

without requiring elevated temperatures for regeneration, unlike LaCoO 3 and LaMnO 3
benchmark systems (see Figure 1). Hybrid perovskites with a particular bulk-oxygen vacancy
population and electronically-modified hybrid B-site ions with specific oxidation states can
yield greater NO 2 conversion into surface nitrates/nitrites which may outperform single B-site
benchmark perovskites such as LaCoO 3 and LaMnO 3 . Presumably, this is realized by the
diffusion of bulk oxygen vacancies to the surface which dictate the surface redox reactivity.
To estimate entire bulk stoichiometry and the bulk oxygen deficiency of the hybrid
perovskites, we combined average bulk-oxidation state information provided by XANES and
bulk A-site and B-site atomic ratios obtained via ICP-MS. (see Table 1).
Table 1. Estimation of the oxygen stoichiometry of the investigated perovskites by combining
the current ex-situ XANES and ICP-MS results.
Relative #
of La
atoms
per
formula
unit

Relative #
of Co (or
Mn)
atoms per
formula
unit

Total #
of A & B
Cations
per
formula
unit

Average
Oxidation
State of
A-site cation:
La

Average
Oxidation States
of B-site cations:
Co (Mn)

Total positive
charge per
formula unit

Relative #
of O2- anions per
formula unit
required for
electrical
neutrality

Oxygen
deficiency/surplus
coefficient «α»

ABO3+α

1.00

1.00

2.00

+3

+3.00

+6

3.00

0.00

Sample Name

LaCoO3+α

0.97

1.03 (N/A)

2.00

+3

+2.83 (N/A)

+5.82

2.91

-0.09

LaCo0.8Mn0.2O3+α

1.01

0.75 (0.24)

2.00

+3

+2.71 (+3.65)

+5.94

2.97

-0.03

LaCo0.7Mn0.3O3+α

1.04

0.65 (0.31)

2.00

+3

+2.59 (+3.63)

+5.93

2.97

-0.03

LaMnO3+α

0.97

N/A (1.03)

2.00

+3

N/A (+3.33)

+6.34

3.17

+0.17

a)

b)

Figure 1. Numerical representation of Co (a) and Mn (b) K-edges (in-situ-XANES) for the
variable temperature reduction and successive oxidation/regeneration of LaCoO 3 ,
LaCo 0.8 Mn 0.2 O 3 and LaCo 0.7 Mn 0.3 O 3
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Three-Way Catalysts (TWCs) are efficient exhaust after-treatment, but also the main
consumers of Platinum Group Metals (PGMs) and subject to increasingly strict
emission standards. Perovskite-based catalysts are interesting candidates in the
development of alternative, PGM-free converters for automotive, thanks to their
stability and tailorable proprieties. Their catalytic activity takes advantage of the
oxygen storage capacity and mobility in the lattice, with the formation of structural
vacancies [1]. The rational exploitation of perovskite catalysis requires a quantitative
description of the lattice and bulk oxygen formation, involvement in the reaction and
migration, through vacancies, by means of a chemically-based, quantitative reaction
mechanism that accounts for these features.
The intrinsic redox potential of Fe-cation makes LaFeO 3 (LFO) a promising model
perovskite to study simultaneous NO x reduction and CO oxidation. The LFO
contribution in supplying oxygen is essential for TWC oxidation function. We
specifically addressed the integration of the oxygen diffusion in the lattice into a
Mars-Van Krevelen reaction mechanism of CO oxidation over LFO:
I)

CO + S* → CO*S

CO adsorption on Fe-active site

II)

CO*S + O (s) → CO 2

CO 2 formation

III)

O (l) → O (s)

O diffusion (bulk to surface)

In our investigation, LFO is exposed to an oscillating oxygen and CO concentrations;
CO conversion is expected also in O-lean conditions. The low-temperature CO
oxidation is a surface reaction requiring O vacancies next to metal atoms that
activate CO by adsorption and cause O (l) transport to the surface [1]. Oxygen
diffusion, driven by vacancies formation, becomes an activated process [2] ruled by
an Arrenhius-type diffusion coefficient. Temperature plays a key role in all the
reaction steps. Accordingly, we studied the process through isothermal experiments
(250, 300, 400, 500°C), where the total O available from the LFO was determined by
feeding CO without any O 2 . First, experiments in a packed-bed flow reactor were
carried out. LFO was first oxidized at fixed conditions (20%O 2 , 10°C/min, 400°C for
1h) and then a diluted (0.7%) CO/inert mixtures were fed to the reactor, once the set

temperature was stabilized, to prevent any activation at lower temperatures. The
outlet gas mixture was continuously monitored (by FTIR). The loss of oxygen from
LFO was calculated from the total CO 2 produced. The CO 2 by other reactions (e.g.
carbonates decomposition) was quantified and subtracted through experiments at
high temperature under inert flow.
The amount of CO 2 produced, reflecting the O made available by LFO for CO
oxidation, increases with temperature (Fig.1). It suggests either a progressive
involvement of different layers in LFO (grouped into surface or α-O, and bulk or β-O)
[1], at increasing temperature, or the increase of O diffusion from the bulk to the
surface of LFO, where O is actually consumed. The O consumption at 250°C is
correlated to the surface area, evidencing an artificial boundary between the two
macro-layers. However, we rather emphasize the relevance of O migration to the
surface, by diffusion at a fixed temperature. Lattice diffusion is expected to increase
exponentially with temperature, still being a function of time because of the
corresponding, gradual smoothing of the O gradients in the lattice. In these
conditions, small extents of O lattice diffusion make the CO 2 concentration greater
than zero for long time, since the O concentration gradient along the layers becomes
crucial.

Fig.1: CO 2 initial concentration profiles at different temperatures.

A second set of tests, to validate the results above, is under completion. They are
based on the double check of lattice O consumption by means of weight reduction,
together with CO 2 production, in a precision microbalance.
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Upscaling Perovskite Production:
Effect of Synthesis on Catalytic Activity
E. Brusamarello, University of Padua, Padua, Italy; C. Salazar Castro, Centro
Tecnológico Lurederra, Los Arcos, Spain; A. Glisenti, University of Padua, Padua, Italy

Introduction
The development of innovative catalysts for exhaust control has been oriented
towards perovskite as versatile materials, which allow the incorporation of different
cations in their structure. Thus, adding inexpensive and largely available, catalytically
active transition metal cations can represent a novel approach for TWC [1] that
allows minimizing noble metals. The aliovalent doping in the perovskite A and B sites
induces the formation of structural defects and of different oxidation states, together
with the presence of cations redox couples. [1] A very relevant problem, however is
in the synthesis of the catalysts both in terms of reproducibility, and upscale. In this
contribution a comparison between different synthetic industrial approaches in terms
of properties and reactivity is carried out. Catalysts obtained by Flame Spray
Pyrolysis (FSP) and by Co-precipitation (COP) have been compared. Doped
manganates and ferrites have been considered because of their high activity in TWC,
low cost and absence of noble metals. Moreover, catalysts obtained at different
phases of the FSP process have been considered.
Experimental section
FSP-obtained perovskites were produced with a prototype reactor owned by
Lurederra. The methodology consists of a one-step process where a mixture of metal
precursors in an appropriate solvent is sprayed with an oxidizing gas (O 2 ) into a
flame. Thus, the droplets are individually combusted, obtaining nano-sized perovskite
particles. Operational parameters such as precursor feed flow, amount of dispersant
gas, nozzle pressure, etc allow to control properties such as high purity, low
aggregation and small particle size, which are typically resulting from this process.
Several processes occur simultaneously in the flame in microseconds, such as fine
atomization, aerosol droplet evaporation, combustion, agglomeration, sintering and
surface growth and the resulting powder is immediately collected. The corresponding
catalysts prepared by traditional co-precipitation from nitrates solution are also
reported for comparison.

Results
A first set of samples, consisting in 4 batches of
La 0.6 Ca 0.2 Fe 0.8 Cu 0.2 O 3

(LCFC

A,

B,

C

and

D

respectively) collected at successive stages of the FSP,
showed significant changes in morphology, composition
and structural features. SEM images underline the
formation of highly dispersed particles on a porous
structure and, with the process advancement, of

Figure 2. XP Fe2p spectrum of
LCFC A, D and LCFC COP.

globular particles (diameter of about 100 nm), most likely combustion remains. LCFC
A diffraction pattern, unlike B to D, suggests incomplete formation of perovskite
phase, in favor of a mixture of oxides (La 2 O 3 , Fe 2 O 3 ), as confirmed by XP spectra.
EDX/XPS compositional analysis point out the surface segregation of La and Cu on
the surface, whereas Fe segregates only in LCFC
D. Significant differences are evident focusing on
La 0.7 Fe 0.8 Cu 0.2 O 3 obtained by FSP (LFCFSP) and
La 0.6 Ca 0.2 Fe 0.8 Cu 0.2 O 3

obtained

by

FSP

(LCFCFSP) and coprecipitation (LCFCCOP), As
instance, coprecipitation method does not prove to
efficiently form perovskite phase, as confirmed by
XPS [2] (see Figures 1 and 2).
Figure 3. XRD pattern for LCF FSP,

A

LCFC A, D and LCFC COP.

last

group

of

samples,

La 0.9 K 0.1 Mn 0.9 Co 0.1 O 3 ,

were

obtained by FSP (LKMCFSP) and coprecipitation (LKMCCOP):
once again coprecipitation seems less effective in originating pure
perovskite

phase

(Figure

3).

Interestingly

the

preparation

procedure also affects the presence of active oxygen species, of
Figure 1. XRD

the reducibility and of the reactivity in pollutants’ abatement

pattern inset for

reactions.

LKMC FSP, COP.
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Innovative approach in synthesis of the MOR zeolite
Kinga Mlekodaj, Veronika Pashkova, Agnieszka Kornas, Milan Bernauer, Petr Klein,
Jirii Dedecek, J. Heyrovský Institute of Physical Chemistry, Academy of Sciences of
the Czech Republic, Prague, Czech Republic

Introduction
Synthetic mordenite is used as a catalyst in the petrochemical industry for the acidcatalyzed isomerisation of alkanes and aromatics. This structure features small
micropores and Si/Al ratio in a wide range (5-25).
The environmental and economical restrictions put high demand on the zeolite
synthesis and its sustainability in terms of materials, energy and generation of liquid
waste. Present work explores possibilities of mechanochemical pre-treatment [1] and
ultrasonic pre-treatment [2] for the facilitation of zeolite MOR synthesis.
Experimental
1) Milling by planetary mill was applied for the preliminary treatment of the
synthesis mixture, consisting of precipitated silica, sodium aluminate and
sodium hydroxide (cheap, available reagents). Small amount of water was
added to keep mixture visually dry. Synthesis was performed without organic
SDA (green approach). Such obtained dry gels underwent heating for
crystallization.
2) Ultrasonic pre-treatment was applied as a modification of the existing
synthesis procedure [3].
All

obtained

samples

were

calcined

and

ion-exchanged

for

further

characterization. Samples and milled “dry gels” were characterized by the XRD,
XRF (chemical analysis), SEM,

27

Al and

29

Si MAS NMR, nitrogen sorption.

Authors aimed in the estimation of Influence of treatments and possibilities to use
them as a way to MOR synthesis facilitation (improvement of product/gel ratio,
shortening synthesis time, better textural characteristics).
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NaAlO 2 -based mesoporous materials obtained by sol-gel
chemistry and used as basic catalysts for the room temperature
Knoevenagel condensation reaction
Sreerangappa Ramesh, Francois Devred and Damien P. Debecker*
Institute of Condensed Matter and Nano sciences (IMCN), UCLouvain, Place Louis Pasteur,
1, box L4.01.09, 1348 Louvain la-Neuve, Belgium. Email: damien.debecker@uclouvain.be
For

the

demand

of

sustainable

development

and

green

chemistry

implementation, increasing attention has been given to the substitution of
conventional homogeneous base catalysts (KOH, NaOH and alkali carbonates) with
heterogeneous ones. Among heterogeneous catalysts, mesoporous solids having
strong basic sites are extremely intriguing for applications in environmentally friendly
catalytic processes.[1,2] In this work, novel mesoporous solid base catalysts were
synthesized

by

promoting

sodium

aluminate

(NaAlO 2 )

within

mesoporous

supports. These latter were fully characterized using a wide variety of molecular and
solid-state techniques to determine their structural and textural properties. Silica in
its pure form showed high surface area of 471 m2/ g, whereas after incorporation of
sodium aluminate gradually decreases with increase in NaAlO 2 amount. The catalyst
promoted with 20% NaAlO 2 showed 80-90 m2/g, (Similar results are observed with
titania and alumina.) which is much higher when compared to pure sodium aluminate
(2 m2/g). The basicity of the prepared catalysts was evaluated by using CO 2 -TPD
and CO 2 DRIFTS measurements. The basicity of the catalysts are in the following
order 20SASiO 2 , 20SATiO 2 , 20SA Al 2 O 3 . Sodium aluminate belongs to a class of
super base, possessing strong basic sites in much higher quantity compared to the
SA promoted mesoporous materials.
The activities of the prepared catalysts tested in the Knoevenagel
condensation of benzaldehyde (BA) with ethyl cyanoacetate (ECA) under solvent free
green reaction conditions. The reaction is usually considered as a probe reaction for
evaluating basic strength of the catalysts. The target product, ethyl-2-cyano-3-phenyl
acrylate, detected exclusively with all the catalysts studied for the screenings verified
by GC and 1HNMR analysis. Initially, prepared catalysts along with benchmark
catalysts - screened for the condensation reaction at room temperature and the
results are represented in the table 1. The pure NaAlO 2 showed much higher activity

in short reaction time, almost reaching equilibrium (~95% BA conversion in 2 h) actually, 58% BA conversion reached within 30 min of reaction.
Catalyst
Blank
NaAlO 2
SiO 2
5SA SiO 2
10SA SiO 2
20SA SiO 2
20SA
Al 2 O 3
20SA TiO 2
Hydrotalcite
MgO
Figure 1 CO 2 -TPD of the SA promoted mesoporous catalysts

Conversion
04.0
95.0
08.0
38.0
51.0
60.0
93.0
71.0
15.0
54.0

Table 1 Catalytic activity of solid base catalysts

Yet, NaAlO 2 in its pure solid form is highly hygroscopic and corrosive, and
thereby difficult to handle. Hence supporting NaAlO 2 on a suitable support was
inspected.[3,4] The basicity measurement from CO 2 -TPD also showed that,
20SASiO 2 total basicity is very low as a result; it showed low activity in the
condensation reaction studied. Whereas, SA supported on alumina possess high
surface basic strength and showed higher BA conversion. From the results, it is clear
that, alumina is the best support to generate basicity in mesoporous materials;
hence, further optimization and reusability studies conducted with 20 SAAl 2 O 3 only.
In order to investigate the heterogeneous nature of the catalysts, a hot filtration test
and reusability was conducted, from the results it was confirmed that the catalysts
are truly heterogeneous.
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Composite materials based on bismuth silicates for photocatalytic
application
Yulia Belik, Andrei Vodyankin, Tamara Kharlamova, Olga Vodyankina, National
Research Tomsk State University, Russia
Introduction
Bismuth silicates exist in three modifications: bismuth metasilicate Bi 2 SiO 5 with
perovskite-type structure, sillenite Bi 12 SiO 20 , the framework structure of which is
similar to γ-Bi 2 O 3 , and bismuth orthosilicate Bi 4 Si 3 O 12 with a structure close to the
framework type. While being applied as scintillators [1] etc., bismuth silicates are also
used as photocatalysts [2].
In this work, two opposite approaches were employed. Environmentally friendly
mechanochemical activation was applied as the “top-down” approach. Conventional
hydrothermal treatment was also used to prepare materials, but as the “bottom-up”
approach. With these methods of synthesis, the influence of preparation methods as
well as molar ratio of initial reagents on phase composition and properties of
prepared samples were investigated.
Experiment
For the first time, bismuth silicates were obtained via mechanochemical activation
followed by calcination (BSM samples). Bismuth oxide Bi 2 O 3 and hydrous silica
SiO 2 ∙nH 2 O were used as precursors. The stoichiometric mixtures with different
composition (ratios of Bi 2 O 3 :SiO 2 were 1:1, 2:3, 6:1) were activated in a high-power
planetary ball mill AGO-2 for 10 min [3]. For hydrothermal treatment, Bi(NO 3 ) 3 ∙5H 2 O
and Si(C 2 H 5 O) 4 were used as starting materials (ratios of Bi:Si were 2:1, 4:3, 12:1),
ethylene glycol as solvent and HNO 3 as catalyst (BSO samples). Synthesis was
carried out in steel autoclave at 180 °C for 12 h, and then samples were dried at 60°
for 24 h. Ratios of initial substances were chosen in order to prepare model phases
Bi 2 SiO 5 , Bi 12 SiO 20 , Bi 4 Si 3 O 12 in both approaches.
Physical and chemical processes occurring in the mixtures during following
temperature treatment were studied by TG-DSC. In both cases, materials were
calcined at different temperatures for 2 h, with calcination temperatures being chosen
according to the data of TG-DSC. The phase composition of the samples was
investigated by X-Ray diffraction and FTIR spectroscopy. On the basis of
aforementioned methods a scheme of solid-state reactions was proposed for “top-

down”

approach.

spectroscopy,

and

To

study

optical

properties,

photoluminescence

UV-VIS

measurement

diffuse

were

reflectance

employed.

A

photocatalytic study of all prepared materials in the reaction of Rhodamine B
decolorization was carried out.
Discussion
According to XRD data, both preparation methods led to the multiphase composition,
despite the stoichiometric ratios at start. Only Bi 12 SiO 20 sillenite phase was available
to be synthesized. FTIR data was in a good agreement with XRD analysis. It was
also established that the small amount of amorphous SiO 2 was present in the
materials with calcination temperatures below 600 °C.
Results of photocatalytic tests showed that the BSM samples did not demonstrate
activity; rate constant values were even below than those for a blank experiment. The
highest photocatalytic activity was detected for the BSO sample calcined at 700 °C
with ratio of Bi:Si=1:1, which contained three phases and possessed the highest
surface area.
For both series, photoluminescence (PL) effect was detected for all samples
containing Bi 4 Si 3 O 12 phase, with the excitation peak at 250 nm and the broad
emission peak at visible area. UV-VIS DRS data showed that prepared bismuth
silicates absorbed visible light and according to XRD data possessed different phase
composition. Moreover, the step-like curve shapes for the BSM samples may be
explained by the fact that phases did not contact with each other.
Conclusions
The “top-down” and “bottom-up” methods led to notably different results in terms of
phase composition, optical properties, and photocatalytic properties. The “top-down”
approach did not lead to the creation of photocatalytically active samples, with them
possessing strong luminescent properties. The differences in the results obtained by
two preparation methods will be discussed.
This research was supported by “The Tomsk State University competitiveness
improvement programme”.
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3D-printing of Hydrotalcite for Increased Productivity in
Productivity in Sorption-Enhanced Water-Gas Shift Reaction
S. N. Sluijter, P. D. Cobden, R. de Boer ECN part of TNO, Petten, the Netherlands;
A. M. Cormos, A. Imre-Lucaci; Babes-Bolyai University, Cluj-Napoca, Romania

Developing energy efficient carbon capture technologies is of great importance to
combat climate change. Sorption-enhanced water-gas shift (SEWGS) is a
combination of the water-gas shift (WGS) reaction and on-site adsorption of CO 2
catalyzed by potassium-promoted hydrotalcite (K-HTC) [1]. The process is very
attractive for an energy efficient pre-combustion CO 2 capture, as it enables direct
conversion of syngas into separate streams of H 2 and CO 2 at high temperatures and
pressures. Currently, the commercialization of this technology is hampered by both
the size of equipment and the energy associated with the carbon abatement. This
project will solve these challenges by significantly increasing the productivity (kg
CO 2 /m3hr) by structuring K-HTC through 3D-printing.
Structured adsorbents and catalysts have recently gained significant interest owing to
the advantages of lower pressure drop and faster mass transfer over conventional
shaped materials [2,3]. The required porous ceramic materials for these technologies
are prepared using the latest innovations in additive manufacturing (3D-printing). This
technology allows to prepare bespoke materials, with tailored channel sizes and wall
thickness, having improved heat and mass-transfer characteristics, that are not
available through traditional material preparation routes.

Development of 3D-printed microporous ceramic materials
The 3D-technology used to develop the structured K-HTC is Digital Light Processing
(DLP; Figure 1). This technology consists of an indirect slurry-based process that
uses a photo-active material to initiate binding. After printing the structure layer by
layer by illuminating cross-sections of the design, a delamination and sintering step is
required to obtain the final structured adsorbents.

Figure 1. Left: Schematic representation of DLP technology. The printer (3) illuminates the paste (1)
layer-by-layer as a projected cross-section (2). After each layer, the structure is moved up, and the
layer of paste is restored. After printing, delamination (4) and sintering (5) lead to the final structured
catalyst. Right: Design and 3D-printed monoliths with zig-zag channels.

The slurries for 3D-printing have been developed and used to prepare various
advanced monolithic structures, that have been determined and investigated by
mathematical modelling. The adsorption characteristics (equilibrium isotherms and
kinetic parameters) of the resulting 3D printed adsorbents are measured for the
relevant gaseous components (CO 2 , N 2 , H 2 O). The properties of the 3D structured
materials have been studied and evaluated against traditional pellets and the results
will be presented in this contribution.
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Hydrocarbon tolerant Copper Zeolites for Combination of NH3/ and
HC/SCR
Iljeong Heo, Korea Research Institute of Chemical Technology
(KRICT), Daejeon, Korea
In-Sik Nam, Pohang University of Science and Technology
(POSTECH), Pohang, Korea

Introduction
Urea/SCR has emerged as the best deNOx technology for lean-burn engine
exhaust due to its outstanding performance. However, it has inherent drawbacks, i.e.
periodical refill of urea solution to a reservoir tank, and supplying systems such as a
urea solution injector and pump [1,2]. Thus, another SCR technology using fuel
hydrocarbons (HCs), HC/SCR, has extensively studied as a potential deNOx system,
although NOx reduction performance by HC/SCR is insufficient for real application to
date. One way to improve the deNOx performance in HC/SCR system is to employ
NH3 as additional reductant which is produced during the course of HC/SCR.
However, NH3/SCR catalysts, particularly zeolite based catalysts, are prone to be
inactivated by HCs present in the exhaust. Therefore, the effect of HCs on NH3/SCR
over five type of Cu zeolites has been systematically examined in this study, to apply
the zeolite based catalysts to combined SCR system by HC and NH3.

Results and Discussion
CuSSZ-13 and CuFER revealed a strong tolerance to the catalyst poisoning by
heavy HCs, due to their smaller pore size than the kinetic diameters of the HCs
including C8H10 and C12H26. C3H6, as a short-chain HC, was a dominant
poisoning precursor for the deactivation of the CuSSZ-13. CuFER exhibited a much
narrower temperature window and much severe HC poisoning by C3H6, which is
most likely due to the lower dimensionality (2D) of its pore network compared with the
3D of CuSSZ-13. On the other hand, CuZSM-5 and CuBEA having the 3D mediumand large-pore channels revealed significant decreases in their NH3/SCR
performances by all HCs. Among HCs, the long chain linear C12H26 was the primary
precursor for HC poisoning over both catalysts, although the CuBEA was further

poisoned by C8H10 due to its larger pore size than the kinetic diameter of C8H10.
The CuMOR having 1D large pore channels showed a milder HC poisoning behavior,
regardless of the types of HCs.
The pore size and interconnectivity of channel networks of zeolite catalysts are the
key factors for their HC adsorption and diffusion, resulting in the unique HC poisoning
behavior depending on HCs included in the feed. The more interconnected channel
system, the severer HC poisoning of the Cu zeolite catalysts. Although the states of
Cu on the catalyst surface were hardly changed by the adsorption of HC onto the
catalyst surface, the decrease of their surface areas depends on the amounts of HCs
adsorbed.
Both NH3 adsorption and surface NO oxidation were inhibited by the strong
adsorption of HCs: the effect of HC on of the NO oxidation reaction rate was closely
related to its effect on the rate of the NO reduction by the NH3/SCR in the low
temperature region. In the medium temperature region, the consumption of NH3 via
the ammoxidation reaction further decreased the deNOx activities of NH3/SCR over
the Cu zeolite catalysts except CuMOR. The complete conversion of NO at 330 ℃
over the CuMOR is ascribable to the negligible ammoxidation reaction during the
NH3/SCR in the presence HCs at this temperature. On the other hand, the HC/SCR
reaction induced by HCs increased the high-temperature deNOx performance of the
catalysts poisoned by HCs in the high reaction temperature region.
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V 2 O 5 nanosheets for selective catalytic reduction of NO with NH 3
Yang Yang, Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences, Beijing, China; Hong He, Research Center for Eco-Environmental
Sciences, Chinese Academy of Sciences, Beijing, China
Introduction
V 2 O 5 – WO 3 /TiO 2 has been used as a commercial catalyst for NH 3 -selective catalytic
reduction(SCR) of NOx. Despite of numerous investigations, questions about the
mechanism of this reaction still remain. V 2 O 5 is recognized as the active component
and three forms of V 2 O 5 exist on TiO 2 , including monomeric vanadyls, polymeric
vanadates, and crystallites of V 2 O 5 [1]. Among them polymeric vanadates are the
most active species[2]. Inspired by this understanding, a catalyst with exclusive
polymeric vanadates species should be advantageous to the clarification of the
reaction mechanism. Coincidentally, V 2 O 5 is a natural layered material and all V 2 O 5
are in the form of polymeric vanadates in every single layer[3].
Experiments and Discussions
Here V 2 O 5 nanosheets were prepared via a hydrothermal process and tested for
NH 3 -SCR of NOx[4]. As shown in Figure 1, V 2 O 5 nanosheets are indeed active and
its activity is clearly much higher than its bulk counterpart. Thus these nanosheets
can be used as model catalyst to investigate the reaction mechanism.

Figure 1 NH 3 -SCR of NO reactions over V 2 O 5 bulk and nanosheets. conditions:
space velocity(SV)=300,000 mL (g cat h)− 1 ; [NH 3 ]=[NO]=500 ppm, 5%O 2 , balance N2.

A series of in situ diffuse reflectance Fourier transform infrared spectroscopy
(DFRIST) under different conditions at 150 °C were collected. In Figure 2a , NO+O 2
was exposed after NH3 was pre-adsorbed and purged. Peaks at 1233, 1252, 1604
and 3253 were attributed to NH 3 adsorbed on Lewis acidic sites, while peaks at 1418,
2700-3500 to NH 3 adsorbed on Bronsted acidic sites. All NH 3 except those
adsorbed at 1604 and 3253 were cleared off with the exposure of NO+O 2 . Bronsted
acidic sites are the main active sites considering the peak area of NH 3 adsorbed on
these two kinds of sites. Spectra in Figure 2b can be interpreted in a similar way,
where NO showed almost no adsorption on V 2 O 5 nanosheets.

Figure 2 In situ DFRIST spectra over V 2 O 5 nanosheets.
Conclusions
Based on a V 2 O 5 nanosheets model catalyst research, an Eley– Rideal (E-R)
mechanism is more reasonable, where NH 3 is adsorbed on several kinds of acidic
sites and then reacted with NO from gas. Our data highlight the significance of
Bronsted acidic sites on V 2 O 5 surface in V 2 O 5 based NH 3 -SCR reactions.
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Structure-activity relationships of Pt/TiO 2 catalysts for ammonia
low-temperature oxidation
Andrey Stadnichenko, Elena Slavinskaya, Dmitry Svintsitskiy, Anatoly Romanenko,
Elizaveta Derevyannykova, Olga Stonkus, Andrei Boronin, Boreskov Institute of
Catalysis, SB RAS, Novosibirsk, Russia; Valery Svetlichnyi, Tomsk State University,
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Scope
Ammonia and its derivatives are considered excellent energy storage materials,
as alternative to elementary hydrogen and thus as energy carriers for mobile
applications. To provide fuel cell grade hydrogen ammonia is catalytically cracked.
Since NH 3 decomposition is an equilibrium process, NH 3 slip inevitably occurs during
H 2 generation. Further sources of ammonia are exhaust gas aftertreatment systems
of power plants and automobiles. In these cases the exhaust contains NO x which is
removed by reacting with ammonia. For higher NO x removal efficiency excess of
NH 3 is dosed, resulting in its slip in the exhaust. Because of its toxicity, NH 3 needs to
be removed before it reaches the environment. Selective oxidation of NH 3 to N 2 over
so-called ammonia slip catalysts (ASC) is currently the only way to prevent unreacted
ammonia reaching the environment.
Due to their high activity and stability under realistic working conditions (e.g.
with H 2 O vapour), Pt-based catalysts are predominantly used as ASCs. Current
efforts on improving the ASCs are on a trial and error basis. In order to efficiently
improve low-temperature activity of Pt catalysts and to increase their selectivity to N 2
it is essential to understand structure activity relationships of Pt based catalysts in
selective NH 3 oxidation.
Experimental
In order to highlight the role of platinum interaction with support two different
types of 2%Pt/TiO 2 catalysts were used. The first series of catalysts was synthesized
by coprecipitation/incipient wetness impregnation technique based on commercial
TiO 2 P-25 aeroxide (Evonik). The second one was synthesized by annealing mixture
of TiO x and Pt NPs produced by pulsed laser ablation (PLA). Catalytic properties
were studied in an automated installation with a flow quartz reactor using the

temperature-programmed reaction method (TPR-NH 3 +O 2 ). Used reaction mixture
was 0.1 vol% NH 3 and 4 vol% O 2 in helium, a flow rate of 500 cm3/min (GHSV
120 000 h-1). The samples were tested twice up to 400°C at the rate of 10°C/min.
Concentrations of NH 3 , N 2 O, NO, NO 2 were recorded using IR spectroscopy.
Concentrations of O 2 and N 2 were recorded using gas chromatography. Catalysts
were characterised using XRD, XPS, HR TEM, XANES analysis. To understand the
possible changes of platinum oxidation state and interaction with TiO 2 under reaction
conditions operando XAS measurements were performed at PETRA III P65.
Results
Pt/TiO 2 catalyst based on P-25 is characterized by rutile and anatase phases
mixture, the platinum is presented by NP size ≤ 1nm. According to the XPS results,
platinum is present in oxidised states Pt2+ and Pt4+. Pt0 appears after calcination at
600-8000C. In case of PLA produced samples consists of amorphous TiO x particles,
anatase phase appears after annealing at 4000C. Platinum is presented by 1-3 nm
metallic particles. Both catalysts series are active in NH 3 oxidation starting from
approx. 1400C. Calcination leads to a slight increase of activity of PLA samples and
activity loss of impregnated samples. In situ XAS investigations allow correlating
changes in catalytic activity with transformations of Pt oxidation states.
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Scope
Lately, the reduction/oxidation treatments have been discussed in the literature as an
efficient way to improve the catalytic characteristics of CeO 2 -based systems [1,2].
We recently showed that pretreatment of Rh-doped CeO 2 systems with CO or H 2
resulted in a significant improvement of their activity in CO oxidation reaction at low
temperature [3]. Rhodium-based systems are known to be active in the reactions of
nitrogen oxides neutralization. Therefore, it is of interest to study the influence of the
redox treatment on the activity of Rh-CeO 2 catalysts in the reaction of NO reduction
by CO.
Results and discussion
The Rh-doped CeO 2 systems were prepared by coprecipitation of rhodium and
cerium (III) nitrates with further calcination at 450, 800 and 10000C. The obtained
catalysts were analyzed by a complex of methods: XRD, TEM, Raman, XPS, TPR
CO, TPR CO+NO. For samples calcined at T<8000C rhodium was present in a highly
dispersed Rh3+ state without the formation of metallic or oxide phases of rhodium
[3,4]. An increase of the calcination temperature resulted in the formation of Rh 2 O 3
oxides [4].
The TPR CO+NO experiments showed that the conversion curves of CO and NO
were close regardless of the calcination temperature of the samples (Fig. 1a). With
an increase of the calcination temperature the activity of the samples at low
temperature decreased. Analysis of the selectivity revealed that initially N 2 O oxide
was formed with the appearance of molecular nitrogen after a 100% conversion of
NO was reached.
Pretreatment with CO led to a slight decrease of the CO conversion at low
temperature for Rh-CeO 2 samples calcined at 450 and 8000C (Fig.1b). At the same
time, for the sample calcined at 10000C, a significant decrease of the temperatures of

a 50% conversion of CO and NO was observed. The samples pretreatment with CO
also increased the selectivity in the NO reduction reaction towards N 2 formation.

Fig.1. TPR-CO+NO data for (a) the initial Rh-CeO 2 catalysts, (b) the Rh-CeO 2
catalysts pretreated with CO at 3000C (solid lines - CO conversion, symbol lines- NO
conversion).

The data of structural and spectroscopic methods showed that the preliminary
treatment of the samples with CO led to the formation of the rhodium clusters on the
surface of the samples while CeO 2 structure was characterized by a large number of
defects.
Conclusions
The reduction treatment of Rh-CeO 2 catalysts can be used to increase their activity
in the reaction of the NO reduction by CO as well as selectivity towards N 2 formation.
Rh-CeO 2 samples calcined at 10000C showed the most pronounced improvement of
the catalytic characteristics with reduction pretreatment that can be used as a tool for
preparation of the thermally stable and active catalysts.
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Introduction
Heavy duty engine exhaust from the marine sector constitutes approximately 15% of
the total global nitric oxide (NOx) emissions [1]. State-of-the-art NOx removal from
heavy engine exhaust includes selective catalytic reduction (SCR) where NOx is
reduced by ammonia (NH 3 ), usually generated in situ from urea. Modern engines
operate with high fuel efficiencies, and high catalytic activity at low temperatures is
therefore necessary. SCR catalysts usually contain an active component (transition
metal or noble metal) dispersed on a porous support. For low-temperature NH 3 -SCR,
Cu-ion exchanged zeolites are highly promising catalysts [2], but lack stability in
hydrothermal conditions and resistance to impurities present in the exhaust of marine
applications leading to rapid deactivation [3].
As a support material for catalysts, γ–Al 2 O 3 offers high thermal stability (< 850 ºC),
slight acidity and the capacity to store NOx at low temperatures. An approach to
prepare mesoporous alumina is using triblock copolymers as pore forming agents [4].
This evaporation-induced self-assembly (EISA) synthesis opens up new possibilities
to tailor the interaction between the metal and the support [5]. Previous experiments
with Cu/mesoporous alumina prepared by impregnation have shown low SCR
activity, possibly due to low dispersion of the active metal. The catalyst synthesis has
therefore been modified to drastically increase the metal dispersion by using a onepot synthesis [6]. This synthesis method has now been adapted for Cu and applied to
the NH 3 -SCR reaction.
Materials and Methods
Cu supported mesoporous alumina has been prepared by impregnation and one-pot
synthesis. The samples have been characterized by BET, TEM and operando
powder X-ray diffraction (PXRD), UV-Vis spectroscopy and X-ray Absorption
Spectroscopy (XAS) as well as operando Fourier-Transform Infrared (FTIR)
Spectroscopy combined with UV-Vis spectroscopy during NH 3 -SCR reaction. The
synchrotron experiments were carried out in a quartz capillary reactor at atmospheric

pressure in the range of 200 – 400 °C and a mass spectrometer was used to analyze
gaseous products. The feed was between 200 - 500 ppm NO and 200 - 500 ppm
NH 3 in 6% O2 and He as inert gas.
Results and Discussion
The high dispersion of the Cu in the one-pot synthesis is confirmed by ex situ TEM
as well as extended X-ray absorption fine structure (EXAFS) and PXRD. NH 3 -SCR
activity was measured for different temperatures and the speciation of Cu was
followed with XANES and UV-Vis and the adsorbed reactants by FTIR.

Figure 1. Experimental setup at the Swiss-Norwegian beamline BM31 at the
European Synchrotron Radiation Facility allowing for simultaneous UV-Vis
spectroscopy and X-ray absorption spectroscopy, powder X-ray diffraction and online mass spectrometry of the reaction products during operando NH 3 -SCR reaction.
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Introduction
In Pt–CeO 2 systems strong metal-support interaction enhances catalytic activity and
termostability substantially [1, 2]. Many reserchers point out that the effect of strong
metal-support interaction is due to the formation of an ionic forms of Pt [3]. However,
how the ionic forms of Pt interact with ceria has not been known yet. The aim of this
work was to determine the structural features of the Pt–CeO 2 interactions.
Experimental/ methods
Pt–CeO 2 catalysts with different Pt loading (1-30 wt.%) were prepared by
coprecipitation method, followed by calcination in air at 600°C. All the catalysts were
studied using set of structural (XRD, EXAFS, PDF and HRTEM) and spectroscopic
(XPS and Raman spectroscopy) methods. The Pair Distribution function (PDF)
method were obtained at ID22 station of the ESRF. XANES and EXAFS spectra at Pt
LIII-edge were collected at XAFS beamline of the ELETTRA Synchrotron. The
temperature-programmed reduction by H 2 (TPR-H 2 ) was performed in the reaction
mixture containing 10 vol.% H 2 and He in balance. Before TPR-H 2 experiments, the
samples were heated in 20 vol.% O 2 in He at 450°C to remove surface admixtures.
Results and discussion
According to the XRD and HRTEM data, all samples are single fluorite nanosized
phase. The XPS data indicate Pt2+ and Pt4+ states in the catalysts, but no Pt oxide
phases were formed. In the samples with high Pt loading Pt-Pt interactions are
presented in distorted phase.
PDF analysis shows the generation of new distances in the local structure of Pt–
CeO 2 catalyst. Using these distances, the models of Pt local structure were proposed
(Fig. 1a). The EXAFS modeling of the samples with different Pt loading was made
(Fig. 1b). It was shown the formation of Pt single-atom forms on CeO 2 surface in the

1wt.% Pt–CeO 2 catalyst. The increase of Pt loading leads to the formation of
additional PtO x clusters in CeO 2 distorted interphase.
All Pt–CeO 2 catalysts showed hydrogen consumption at temperatures lower than
150°C. The 1 wt.% Pt–CeO 2 samples showed a broad reduction peak at 125°C,
which is attributed to Pt single-atom ionic forms reduction. The increase of Pt loading
is accompanied by a shift of the reduction peak to lower temperatures [4].

Fig. 1. The atomic model of Pt–CeO 2 local structure (a) and EXAFS modeling (b).
Conclusions
In this work it is shown that coprecipitation method allowed obtaining Pt singleatom state or/and PtO x clusters on ceria surface depending on Pt loading. It is
assumed that the close arrangement of platinum ions is responsible for the effective
redox properties of the catalysts.
Acknowledgement
The reported study was funded by RFBR according to the research project № 17-0300754.
References
[1] Gatla S., Aubert D., Agostini G., Mathon O., Pascarelli S., et al. Catal. 2016, 6, 6151−6155.
[2] Nagai Y., Hirabayashi T., Dohmae K., Takagi N., Minami T., et al. S. J. Catal. 2006, 242, 103−109.
[3] Bruix A., Lykhach Y., Matolínova I., Neitzel A., Skala, T., et al. Angew. Chem. 2014, 53,
10525−10530.
[4] Derevyannikova E.A., Kardash T.Y., Stadnichenko A.I., Stonkus O.A., Slavinskaya E.M.,
Svetlichnyi V.A., Boronin A.I. J. Phys. Chem. C. 2019. doi: 10.1021/acs.jpcc.8b11009.

Highly efficient Ni/CeO 2 -Al 2 O 3 catalysts for CO 2 upgrading via
Reverse Water-Gas Shift: Effect of selected transition metal
promoters
L.Yang, University of Surrey, Guildford, UK; L. Pastor-Pérez, University of Surrey,
Guildford, UK; S. Gu, University of Surrey, Guildford, UK;T.R. Reina, University of
Surrey, Guildford, UK.
Introduction
Excess atmospheric Carbon dioxide (CO 2 ) concentration leads to strong impact on
the equilibrium condition of weather and global climate. The reverse water-gas shift
(RWGS) reaction (Eq. 1) has been regarded as a key intermediate step for CO 2
utilization to produce value-added chemicals and fuels through processes like
Fischer-Tropsch (FT) synthesis [1].
CO 2 + H 2 ↔ CO + H 2 O ∆H = +41 kJ·mol-1

(Eq.

1)
Due to its endothermic nature, RWGS is thermodynamically favourable at high
temperatures to obtain satisfactory level of CO 2 conversion and reaction rate.
Traditionally, Ni based catalysts are efficient systems for this reaction. However, this
catalytic system suffers from carbonaceous deposition and thermal sintering under
high reaction temperature. To overcome this draw back, we adopted Fe- and Cr- as
metal promoters [2], and prepared a new family of multicomponent catalysts
(NiFe/CeAl and NiCr/CeAl) through wet-impregnation method for the RWGS reaction
in this study.
Results and Discussion

NiFe/CeAl and Ni/CeAl presented higher
CO 2

conversion

catalysts

(Fig.

1).

over

the

studied

Furthermore,

the

presence of FeO x as dopant promoted
RWGS in terms of CO 2 conversion and
CO selectivity. While CrO 2 helped Ni for
CO 2 methanation instead. From catalyst
characterisation,
Fig.1 CO2 conversion and CO & CH4
activity/selectivity
reached
by of
selectivity for all balance
samples as
a function
temperature.

the

outstanding

NiFe/CeAl is attributed to the higher

electronic density due to the FeO x -Ni interaction, facilitating CO 2 adsorption.
Besides, FeO x greatly enhances Ni dispersion on the surface which also helps to
deliver higher activity in RWGS.
To compare the two best materials,
NiFe/CeAl and Ni/CeAl were tested at
high demanding conditions. From Fig.2,
the deactivation phenomenon is more
prominent for Ni/CeAl sample during the
first 24 h at 800,000 ml·g-1·h-1. Besides,
when the space velocity is released to
400,000 ml·g-1·h-1, the CO 2 conversion
was restored immediately and improved
Fig.2 CO2 conversion for NiFe/CeAl & NiCe/Al
samples at hard conditions.

for Fe-doped sample, but not recovered
at all for Ni/CeAl.

Conclusion
Ni/Al 2 O 3 can be highly promoted by adding different dopants such as CeO 2 and
FeO x . Al 2 O 3 -CeO 2 with high thermal stability provides a large surface for active
phase dispersion and allows for oxygen vacancies generation to improve catalytic
performance. But CrO x as dopant favours the CO 2 methantion. NiFe/CeAl reveals an
outstanding catalytic performance with respect to activity, selectivity and stability.
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Introduction
Natural gas can be an alternative fuel for ships in coastal zones to minimize the
emissions of CO 2 , NO X , and particulates from diesel engines. However, unburnt
methane can slip from the engine, causing another emission problem. CH 4 is a
green-house gas with an atmospheric potential of 26-28 times that of CO 2 [1] and it
need to be mitigated from the exhaust gas. Converting CH 4 to CO 2 and H 2 O
catalytically in the after treatment system can be promising. However, an efficient
catalyst that remains sufficiently active under real exhaust gas conditions (350-550
°C, 5-10 vol.% H 2 O and 1-2 ppm SO 2 ) is still being sought. Pd based catalysts are
the most active in the absence of H 2 O and SO 2 [2], but they deactivate severely by
SO 2 even at low ppm levels. In this contribution, it is investigated if Rh catalysts on a
suitable carrier material can be developed to tolerate the exhaust gas conditions
above. Here Rh/ZSM-5 was prepared and tested under simulated engine exhaust
gas conditions with both H 2 O and SO 2 present.

The influence of operating

temperature and SO 2 concentration were studied.
Materials and Methods
The 2 wt.% Rh/ZSM-5 (Zeolyst, Si:Al = 280) catalyst was prepared by the Incipient
Wetness Impregnation (IWI) method followed by calcination in air at 600 °C for 6 h. A
fixed-bed quartz reactor was used to test the performance of the catalyst under
different conditions. In each experiment, 0.12 g catalyst was diluted with 1.08 g sand.
The gas hourly space velocity (GHSV) was kept at 150,000 ml/(g cat h). The reaction
gas consisted of 2500 ppm CH 4 , 10 vol. % O 2 , 5 vol. % H 2 O and 1-20 ppm SO 2
when present, balancing with N 2 . The exit gas was analyzed with an online IR gas
analyzer to monitor CO 2 , CO, O 2 , and SO 2 concentrations, and a Micro GC for CH 4
concentration. The measured CH 4 concentration was used to calculate CH 4
conversion. The fresh and spent catalysts were characterized by TEM and CODRIFTS.

The fresh catalyst was tested at 450, 475 and 500 °C. Initially, a 15 h test was done
in the absence of SO 2 , and then 1 ppm SO 2 was introduced to the reaction stream
until the conversion of CH 4 became stable. Then the SO 2 concentration was raised in
steps to 2, 5, 10, and 20 ppm SO 2 awaiting steady state at each SO 2 concentration
level. Based on these data, a Temkin isotherm was used to find the adsorption heat
of SO 2 on the 2 wt.% Rh/ZSM-5 catalyst with the assumption that the fraction of
remaining activity correspond to the fraction of sites not covered by SO 2 .
Results and Discussions
The conversion of CH 4 was stable at 450, 475, and 500 °C in the absence of SO 2
(Figure 1). By addition of 1 ppm SO 2 , the conversion of CH 4 decreased significantly
at the three operating temperatures. The stabilized conversion after around 50 h in
the presence of 1 ppm SO 2 could be improved significantly (from 27 % to 79%) by
elevating the operating temperature from 450 to 500 °C. As the SO 2 concentration
was increased to 2, 5, 10, and 20 ppm SO 2 , the conversion of CH 4 further
decreased. It indicates that it is possible to get stable conversion in the presence of
H 2 O and SO 2 on the 2 wt.% Rh/ZSM-5 catalyst. The CH 4 removal efficiency can be
significantly improved by elevating the operating temperature and lowering the SO 2
concentration to a low level. The SO 2 concentration in the real natural gas engine
condition is 1-2 ppm, thus a high CH 4 removal efficiency can be achieved around 500
°C, which is achievable in a real engine system.

Figure 1. Conversion of CH 4 on 2 wt.% Rh/ZSM-5 catalyst in long-term stability test
in the absence of SO 2 (a) and presence (b) of 1-20 ppm SO 2 at 450, 475, and 500
°C. 2500 ppm CH 4 , 10 vol.% O 2 , 5 vol.% H 2 O, 1-20 ppm SO 2 when present,
balanced with N 2 , GHSV= 150,000 ml/(g cat h)
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More than 90% of chemical industry processes are carried out with catalysts. The
metal oxides are commonly used supports or catalysts in heterogeneous catalysis
due to their good thermal and mechanical stability and low price. Thanks to the
oxygen which is the second strongest electronegative element, the metal oxides are
characterized by wide ranging acidic and basic properties. The metal fluorides are
also chemically and thermally as stable as oxides. Taking into account that the
fluorine is more electronegative element than oxygen, metal fluorides should expect
higher acidity in comparison with their oxides counterparts. Recently, a growing
interest of researchers in fluoride support, including magnesium and aluminum
fluoride is observed. The most important was the application of metal fluorides in
organofluorine chemistry as catalysts for chlorine elimination from harmful
chlorofluorocarbons (CFCs) [1]. Fluoride-containing systems are also promising
catalysts for ethylbenzene oxidation [2] or Friedel-Crafts reactions (alkylation and
acetylation) [3]. Moreover, the application of metal fluorides in the synthesis of
vitamins E and K1 is very important [4].
It seems to be very interesting to combine two metal fluorides which are
characterized by different acid-base properties as a binary support MgF 2 -AlF 3 . It is
known from literature that the surface of AlF 3 is dominated by strong Lewis and
Brønsted acidic centers, and magnesium fluoride - by weak acidic-basic centers.
Differences in the surface properties affect the catalytic activity in the hydrogenation
reactions. The hydrogenation of aromatic compounds is important for industry. It
finds applications in such fields of technology as e.g. quality improvements of motor
fuels, production of nylon fibers, solvents and hardening of fats.
The aim of the presented work was the preparation of nickel catalysts (5wt.% Ni)
supported on binary MgF 2 -AlF 3 systems and investigation their catalytic activity in the
hydrogenation of toluene. The catalytic activity was compared with catalysts
supported on AlF 3 and MgF 2 supports. The binary support were obtained by

suspension method in the reaction of ammonium aluminum carbonate hydroxide
(AACH) and magnesium carbonate (cMg) with aqueous solution of HF or NH 4 F (NF).
The influence of the fluorine precursor on the physicochemical properties of supports
was studied. The prepared supports and catalysts were characterized by XRD, N 2
adsorption/desorption measurements, TPR-H 2 . The mean size of metal particles was
determined by H 2 chemisorption measurements. The obtained 50wt.%MgF 2 50wt.%AlF 3 -NF (73 m2·g-1) system shows higher surface area than MgF 2 -NF (24
m2·g-1) and AlF 3 -NF (20 m2·g-1) alone. The nickel catalysts supported on MgF 2 -AlF 3
were evaluated in toluene hydrogenation and their catalytic activity was compared
with single-component systems MgF 2 and AlF 3 . Generally, the catalytic activity
depends on the type of supports and the type of fluorine precursor using during
synthesis. The catalyst supported on MgF 2 -AlF 3 (prepared from HF) shows greater
activity in hydrogenation of toluene than the catalysts supported on MgF 2 and AlF 3
(Figure 1).
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Figure 1. The effect of the fluorine precursor on toluene hydrogenation
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for nickel catalysts reduced at 500°C for 2h,H 2 =100 cm ·min .
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Reaction: H 2 =50 cm ·min , C Tl =0,75 µmol·cm , 175°C.
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Non-Platinum Group Metal Catalysts for Benzene Oxidation
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South Korea.

The removal of aromatic hydrocarbon is of great interests due to their harmful effects
on environment and human body. Thermal/catalytic oxidation, adsorption, absorption
and bio-filtration have been developed to reduce air pollutants. The state-of-the-art
catalysts on hydrocarbon oxidation are based on the platinum group transition metals.
The developments of low price catalyst that can substitute platinum group catalysts
are highly desirable for cost reduction and practical applications.
We developed the non-platinum group catalyst for benzene oxidation, which
composed of copper and silver as the active species. The catalyst exhibited high
benzene oxidation activity comparable to platinum group catalysts. The studies of the
catalyst surface by infrared spectroscopy provided the insights into the active sites
and the roles of the each metals on benzene oxidation. The detailed experimental
design and the results will be presented.

Effect of calcination temperature on activity of K-modified Co-Mn-Al
mixed oxide catalyst for N 2 O decomposition
K. Karásková, K. Pacultová, L. Obalová, VŠB – Technical University of Ostrava,
Institute of Environmental Technology, Ostrava, Czech Republic; K. Jirátová, Institute
of Chemical Process Fundamentals CAS v.v.i., Prague, Czech Republic

Introduction
Potassium promoted Co-Mn-Al mixed oxide catalysts belong to active catalysts for
catalytic N 2 O decomposition [1]. Many factors can influence catalytic activity of
prepared catalyst. Therefore, in this study the effect of calcination temperature on
physico-chemical properties and catalytic activity of K/Co 4 MnAlO x mixed oxide was
investigated.
Experimental
The Co-Mn-Al layered double hydroxide with Co:Mn:Al molar ratio of 4:1:1 was
prepared by coprecipitation of corresponding nitrates and resulting product was resuspended in a solution of KNO 3 , which concentration was adjusted to obtain a
desired concentration of 3 wt% K in the mixed oxide. Product was dried and calcined
for 4 hours at 500 °C in air. Then the prepared sample was calcined again for 4 hours
at 600 and 700 °C in air. Prepared catalysts were denoted as “K/Co 4 MnAlO x calcination temperature”. Samples were characterized by different methods (BET,
AAS, TPR-H 2 , XRD) and tested for N 2 O decomposition in helium or simulated waste
gas from nitric acid plan in temperature range of 300 – 450 °C, space velocity 20 - 60
l g-1h-1 was applied.
Results/Discussion
As expected, Co and Mn contents were the same for all catalysts. The decrease of
specific surface area was observed with increasing calcination temperature from 500
to 700 °C. From XRD patterns, the presence of spinel phase was confirmed for all
samples and increase of crystallite size with increasing calcination temperature was
observed. TPR-H 2 showed that all catalysts were reduced in two main temperature
regions. The low-temperature reduction peak represents the reduction of CoIII → CoII
→ Co0 in Co 3 O 4 and the reduction of MnIV to MnIII oxides [2]. The high temperature

peak was attributed to the reduction of Co and Mn ions surrounded by Al ions in
spinel-like phase. MnIII → MnII can takes place in both temperature regions [2].
N 2 O conversions in inert atmosphere over catalysts calcined at 500 and 600 °C were
nearly the same, while for sample calcined at 700 °C, a slight decrease of N 2 O
conversion was observed (Fig. 1). The influence of inhibiting components (O 2 , H 2 O,
NO x ) led to shift of conversion curves to higher temperatures (Fig. 2), nevertheless
observed inhibition was reversible. The effect of calcination temperature on
conversion was more significant, especially when NO was present in the feed gas.
This can be connected with catalyst basicity, which depends on the K residual
content.
It can be concluded that calcination temperature of 500 °C is optimal temperature for
preparation of K-modified Co-Mn-Al mixed oxide catalysts in terms of catalytic activity
for N 2 O decomposition.

Fig. 1: Temperature dependence of N 2 O
conversion over potassium promoted CoMn-Al mixed oxide calcined at different
temperatures. Points: experimental data,
lines: 1st order kinetic equation model.
Conditions: 0.1 mol. % N 2 O in He, WHSV = 60 l
-1 -1
g h

Fig. 2: Temperature dependence of N 2 O
conversion in simulated waste gas over
potassium promoted Co-Mn-Al mixed oxide
calcined at different temperatures. Points:
experimental data, lines: 1st order kinetic
equation model. Conditions: square: 0.1 mol.
% N 2 O, 5 mol. % O 2 , 0.9 mol. % H 2 O, circle:
0.1 mol. % N 2 O, 5 mol. % O 2 , 3 mol. % H 2 O,
0.01 mol. % NO, 0.01 mol. % NO 2 in He,
-1 -1
WHSV=20 l g h
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Potassium promoted Co-Mn-Al mixed oxides for direct NO
decomposition - effect of chemical composition
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Environmental Technology, VŠB-Technical University of Ostrava, Ostrava, Czech
Republic;
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Introduction
Many catalysts have been tested for direct NO catalytic decomposition up to now;
however, none has been sufficiently stable, active and selective at economically
feasible temperatures [1]. It was found out that (i) the catalytically less active oxides
can be activated by the alkali promoters, (ii) further increase in the catalyst activity
would be difficult to achieve with metals or alloys alone or simple metal oxides, (iii) a
more active system might require a bifunctional surface presented e.g. on mixed
oxides. Co-Mn-Al mixed oxide catalysts are active in N 2 O decomposition [2] and
VOC oxidation [3]. In both cases, the existence of a cooperative effect between Co
and Mn was published. Since potassium promoted Co-Mn-Al mixed oxides are also
active for NO decomposition [4], the effect of Co and Mn substitution in K/Co-Mn-Al
mixed oxide catalysts for direct NO decomposition was tested in this paper.
Experimental/methodology
K/Co z Mn 5-z AlO x mixed oxides (z was from 0 to 5) with different amount of Co and Mn
were prepared by co-precipitation of corresponding nitrates while maintaining
constant molar ratio of (Co+Mn)/Al = 5/1, calcination at 700 °C for 4 h and
impregnated by KNO 3 to obtain K content of 2 wt. % with subsequent calcination at
700 °C for 4 h. Samples were characterized by different methods (BET, AAS, TPRH 2 , TPD-CO 2 , XRD) and tested for NO decomposition in temperature range of 560 –
700 °C.

Results and discussion
Spinel phase was confirmed in K/Co 5 AlO x sample, while in K/Mn 5 AlO x sample only
Mn 2 O 3 was found out by XRD. Both phases were found out in samples where Co

and Mn were present simultaneously. Although all samples were impregnated with
the same K amount, the K containing phase was visible by XRD only in the samples
containing Mn in the form of potassium manganese oxide.
Dependence of NO conversion on Co molar amount in mixed oxide, while
maintaining constant molar ratio of (Co+Mn)/Al = 5/1, is shown on Fig. 1. The
increase of NO conversion is visible up to molar ratio Co/Mn = 3/2. Since potassium
non-modified samples were totally inactive, the active phase is probably formed by
cobalt species located in specific sites interacting with potassium species in
amorphous form.

Fig. 1: Dependence of NO conversion (650 °C)
on Co molar amount in mixed oxide. Conditions:
-1

-1

1000 ppm NO in N 2 , GHSV = 6 l g h .
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Potassium modified Co-Mn-Al mixed oxides for NO direct
decomposition – effect of potassium precursor
K. Pacultová, K. Karásková, A. Klegová, D. Fridrichová, J. Oprštěný, T. Bílková,
L. Obalová, Institute of Environmental Technology, VŠB-Technical University of
Ostrava, Ostrava, Czech Republic

Introduction
The effect of potassium promoter precursor of mixed oxide based catalysts was
published for N 2 O direct decomposition [1], soot oxidation [2] or selective catalytic
oxidation of NO to NO 2 [3] . In this work, the effect of potassium precursor (type,
amount) in Co-Mn-Al mixed oxide catalysts on their physicochemical properties as
well as catalytic activity for direct NO decomposition was investigated.

Experimental/methodology
Co 4 MnAlO x mixed oxide was prepared by co-precipitation of corresponding nitrates
and calcination at 700 °C for 4 h. Potassium promoter (0.5 – 5.5 wt. %) was added by
impregnation with different potassium salts (KNO 3 , K 2 CO 3 , CH 3 COOK, C 2 K 2 O 4 ) by
pore filling method with subsequent calcination at 700 °C for 4 h. Samples were
characterized by different methods (BET, AAS, TPR-H 2 , TPD-CO 2 , XRD) and tested
for NO decomposition in temperature range of 560 – 700 °C.

Results and discussion
Temperature dependence of NO conversion over K-promoted samples prepared
from KNO 3 promoter precursor containing different amount of promoter is shown on
Fig. 1 and shows that for the best catalytic performance, the wide and flat maximum
of K content exists. The effect of K precursor type is shown on Fig. 2. While KNO 3 ,
K 2 CO 3 , and CH 3 COOK had the same effect, the C 2 K 2 O 4 precursor caused increase
in NO conversion, when the same amount of potassium was used for impregnation.
Since the sample modified by 4 wt. % of K contained optimal amount of K, the visible
precursor effect is not connected with residual K amount in the sample but with type
of active sites, which were generated during catalyst calcination after C 2 K 2 O 4
impregnation.

Fig. 1: Dependence of NO conversion on Fig. 2: Temperature dependence of NO
K amount in K/Co 4 MnAlO x impregnated by conversion on K/Co 4 MnAlO x modified by 4
KNO 3 . Conditions: 1000 ppm NO in N 2 , GHSV = 6 l wt. % K from different K precursor. Conditions:
-1

-1

g h .

-1

-1

1000 ppm NO in N 2 , GHSV = 6 l g h .
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Chlorophenols Oxidation by Oxidoreductases Immobilized on
Biopolymeric Microspheres
Tikhonov B.B., Tver State Technical University, Tver, Russia; Stadolnikova
P.Yu., Tver State Technical University, Tver, Russia; Sidorov A.I., Tver State
Technical University, Tver, Russia; Sulman E.M., Tver State Technical University,
Tver, Russia; Matveeva V.G., Tver State Technical University, Tver, Russia, Tver
State University, Tver, Russia

One of the most acute environmental problems of our time is the pollution of water
resources with organochlorine compounds which are formed from untreated
wastewater of chemical technology, paint, cellulose, paper, and pharmaceutical
industries, as well as during water chlorination. These types of pollutants can have
harmful effects on humans and animals due to the high toxicity and carcinogenicity.
Chemical oxidation of organochlorine compounds to CO 2 and H 2 O or insoluble
polymers is traditionally used to purify water from organochlorine pollutants, but none
of the existing methods lead to their complete removal from water.
To increase the efficiency of removal of organochlorine contaminants a method of
oxidation by hydrogen peroxide in the presence of horseradish peroxidase, obtained
from vegetable raw materials (horseradish root ordinary Armoracia rusticana), and
glucose oxidase from Aspergillus niger, immobilized on microspheres of natural
polymer – sodium alginate was developed resulting in insoluble polymer compounds,
separated by centrifugation. Alginate microspheres were obtained by successive
emulsification with ultrasonic action of microcrystalline calcium carbonate in 1.5 %
aqueous solution of sodium alginate and soybean oil, adding a small amount of
glacial acetic acid to reduce the pH of the emulsion and release of calcium ions and
washing the formed microspheres with distilled water to remove soybean oil residues.
Immobilization of peroxidase and glucose oxidase on alginate microspheres was
carried

out

by

hydroxysuccinimide

activation
and

of

sodium

alginate

carboxyl

groups

with

N-

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide

hydrochloride and formation of an amide bond between activated carboxyl groups
and amino groups of enzyme molecules. For determining the activity of the
immobilized enzyme, 4-chlorophenol was used as a substrate, forming colored
products in the presence of 4-amino antipyrine and horseradish peroxidase, recorded

at a wavelength of 506 nm. The reaction of glucose oxidation by glucose oxidase
was used as a source of hydrogen peroxide.
Experiments have shown that peroxidase and glucose oxidase covalently
immobilized on alginate microspheres retain about 75% of the activity of the native
enzyme, while the heterogenization of enzymes makes it possible to reuse the
biocatalyst. Kinetic parameters of enzymes were determined as the following:
limiting reaction rate (V m , mmol/L·s) – 2,3·10-3 (native), 1,8·10-3 (immobilized);
Michaelis constant (K M , mmol/L) – 0,07 (native), 0,08 (immobilized). Immobilized
biocatalyst retains more than 65% of the initial activity in 5 successive oxidation
cycles of 4-chlorophenol. The obtained results indicate the high efficiency of the
developed biocatalyst in the oxidation of organic contaminants in water resources.
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Photocatalytic hydrogen production over La/TiO 2 photocatalysts
from methanol solution
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Great attention is focusing on the formation of hydrogen by photocatalytic water
splitting processes. Higher amounts of hydrogen were then published after the
addition of alcohol, i.e. in a water-alcohol solution (mainly methanol). Methanol has
lower splitting energy than water and it is added to the reaction as a sacrificial agent.
The La/TiO 2 based photocatalysts with various La loading were prepared by (i) solgel method and (ii) impregnation. Firstly, we focused on the structural and textural
properties affecting their optical and electron properties. Secondly, the key factors
playing the role in the photocatalytic decomposition of methanol-water solution were
described.
There were studied structural (XRD, XPS, Raman spectroscopy), textural (N 2
adsorption), optical (DRS) and electron (fluorescence and photoelectrochemical
measurements) properties. The prepared photocatalysts were studied in the
photocatalytic decomposition of methanol-water solution in batch reactor and in
presence 8 W Hg lamp (with a peak light intensity at 365 nm wavelength).
Hydrogen production was positively affected by the low crystallite size, the high
specific surface area of the materials, and the low-size of surface La-particles.
Hydrogen production correlated with the photoelectrochemical response.
The optimal amount of La depended on the preparation method. The highest amount
of hydrogen was produced on La-TiO 2 with 0.2 wt. % La (sol-gel method) and LaTiO 2 with 2.0 wt. % (impregnation of commercial TiO 2 ) (Fig. 1).

Fig. 1: Time dependence of yields of hydrogen over La doped TiO 2 photocatalysts prepared
by impergnation.
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New copper-based materials as PGM-free three-way catalysts for
automotive exhaust control
Tim Van Everbroeck, Pegie Cool,
Laboratory of Adsorption and Catalysis, University of Antwerp,
Universiteitsplein 1, 2610 Wilrijk, Belgium
Ever since the 1970s catalytic converters in cars are using Platinum Group Metals
(PGMs, Pt, Pd and Rh) in order to reduce the emission of hydrocarbons, carbon
monoxide and NOx.[1] However despite their great catalytic performance, PGMs are
very costly and their rising scarcity drives research towards more common and
economically more beneficial alternatives. CuO is a promising candidate for selective
catalytic reduction of NOx with hydrocarbons, as well as for the oxidation of CO.[2]
However its activity is much lower compared to PGMs, so new methods have to be
developed to improve the activity. Research has shown that small nanoparticles of
CuO on the surface of materials provide an increased catalytic activity, while other
literature reports highlight the role of copper in the bulk of a material working
synergistically with other metals.[3]
In our research we used two approaches to achieve dispersed CuO nanoparticles. In
a first approach we applied the ammonia driven deposition method (ADP) in order to
deposit nanoparticles of CuO on the surface of mesoporous alumina, titania, ceriazirconia and zirconia. The ammonia functions as a spacer and increases the pH,
leading to a strong interaction between the Cu-ammonia complexes and the
negatively charged support.[2] Copper loadings up to 15 wt% were used on different
mesoporous support materials. The objective is to investigate how the support
material influences the catalytic activity and the dispersion degree of the deposited
copper oxide nanoparticles.
In a second research approach we concentrated on developing copper containing
mixed metal oxides by calcination of Layered Double Hydroxides (LDHs). A special
property of LDHs is that after calcination to mixed metal oxides the material is able to
structurally reconstruct back to the LDH structure when exposed to aqueous
solutions containing anions. Carja et al.[4] used this property to fabricate
nanoparticles of metal oxides on the surface of the LDHs by reconstruction in a metal
acetate solution. We have used this method to obtain different mixed metal oxides
and to study their synergies in the catalytic performance tests. Different calcined
LDHs were synthesized containing a mixture of metals such as Cu, Zn, Al, Ti, Fe and
Mn. By this study we investigated the possible synergies between the different
metals and Cu as mixed oxides.
The materials were catalytically tested in a temperature programmed reactor where a
mixture of gases (CO, hydrocarbons, NO, H 2 O, O 2 , CO 2 , H 2 and N 2 ) was used to
simulate automobile exhaust gas at different temperatures. Different conditions were
tested (ratio air/fuel : lean, rich, stoichiometric, CO/NO/O 2 , hydrocarbons/NO/O 2 ).
It was found that the copper oxide based materials were indeed very effective in
oxidation reactions (of CO and hydrocarbons). Moreover, some NO reduction
capacity was also achieved depending on the different parameters such as particle
size and type of support material. The results prove that the mixed oxide composition
of Cu and Mn is very interesting for automobile exhaust gas conversion.

Figure 1 shows the conversion of CO and NO in function of temperature in an
experiment with CO, NO and O 2 in a 3:1:1 ratio. It is notable how CuO and MnO 2 are
separately unable to convert NO in this experiment but combined in a spinel structure
(Spinel MnCu) and as LDH-derived material (Cu/MnAl LDO) they can.
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Figure 1: Conversion of CO and NO in function of temperature in a CO/NO/O 2 experiment on
different catalysts: TWC: commercial three-way catalyst sample, CuO: copper oxide powder,
MnO 2 : manganese oxide powder, Spinel MnCu: a spinel material of Mn and Cu, Cu/MnAl LDO:
a calcined LDH material containing Cu, Mn and Al.
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Nanozymes for ROS generation – decomposition of H 2 O 2 over
transition-metal oxides
Piotr Pietrzyk, Kamila Sobańska, Bartosz Mozgawa, Weronika Śliwa, Zbigniew Sojka,
Jagiellonian University, Faculty of Chemistry, Gronostajowa 2, 30-387 Krakow,
Poland

Introduction
Nanozymes are the functional inorganic nanomaterials that mimic chemical reactivity
of selected enzymes [1]. They are emerging as novel artificial enzymes due to their
unique properties compared with natural enzymes and classic artificial enzymes, e.g.
thermal stability and wide temperature windows, various structures and compositions,
tailored properties. Although nanozymes are more cost-effective and robust than
protein enzymes, they can suffer from lack of specificity. Until now, lots of
nanomaterials have been studied to mimic various natural enzymes such as
peroxidase or catalase activity for wide applications [2,3].
Experimental
In this contribution we show unexpected activity of non-redox, amorphous oxides of
the late transition metals (TM) of IV and V groups, in generation of reactive oxygen
species (ROS) via H 2 O 2 decomposition. The activity was modified by introduction of
the redox-active centres (isolated TM and nanocrystals of iron and cobalt oxides).
Reactivity of amorphous ZrO 2 , HfO 2 , Nb 2 O 5 , Ta 2 O 5 oxides and their composites with
redox TM oxides was investigated by means of EPR/HYSCORE and auxiliary
spectroscopic (Raman, UV-Vis, XPS) techniques combined with zeta-potential and
dissolved O 2 measurements. The catalysts were investigated with TG-MS, XPS,
TEM/STEM and EDX/EELS techniques. As test reactions, activity in decolouration of
water-soluble dyes was examined.
Results
The redox active materials exhibit typical Fenton-like reactivity, while for the nonredox, amorphous oxides, formation of ROS is not trivial and involves interfacial
electroprotic reactions [3]. We show that •OH and O 2 –• radicals can be formed
simultaneously during reaction of H 2 O 2 with surface of amorphous oxides (ZrO 2 ,
Nb 2 O 5 ) and their relative concentration could effectively be controlled by varying pH

of the reaction medium. The reaction follows the electroprotic mechanism HO 2 – +
H 2 O 2 = O 2 –• + •OH + H 2 O. It is found that O 2 –• species are stabilized on the surface
of the amorphous supports, as indicated by a characteristic EPR and HYSCORE
spectra. Generation of •OH radicals has been confirmed by means of EPR using
DMPO spin trap and additionally by a test reaction with OPD substrate by means of
UV-Vis spectroscopy proving peroxidase-like activity. By increasing the pH of the
system its reactivity changed into catalase-like activity featured by production of O 2
which exceeded ROS formation. This pH-switchable reactivity is illustrated below for
HfO 2 and Nb 2 O 5 amorphous oxides as two examples.

Fig. 1 Concentration of •OH radicals vs. formation rate of O 2 during decomposition of
H 2 O 2 on amorphous oxides at various pH.
Further discussion is connected with enhancing peroxidase activity thanks to the
formation of amorphous-crystalline composites based on the amorphous active
supports and redox nanocrystals wit Fenton-like reactivity (Fe 3 O 4 , Co 3 O 4 ).
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Understanding the Mechanochemical Synthesis of Perovskite
LaMnO 3 and its Catalytic Behavior
Rachel Blackmore, University of Southampton, Southampton, UK; Maria Elena Rivas,
Johnson Matthey, Sonning, UK; Paul Collier, Johnson Matthey, Sonning, UK; Peter
Wells, University of Southampton, Southampton, UK
Background
The tightening of emission regulations and increasing prices of precious metals for
existing commercial catalysts drives the need to develop cheaper, more sustainable
catalysts. With the properties of catalysts highly dependent on the method of
preparation changing the synthetic route results in different phase composition,
surface area and particle size, all of which affects crystallinity, texture and
morphology. [1] Mechanochemistry has gained attention as a viable way of producing
catalysts for industrial processes; it offers a solvent free, low waste method of
preparation, whilst also introducing additional active sites for catalysis, e.g. defects
and oxygen vacancies. Perovskites are known to readily form via mechanochemical
grinding from their single metal oxide precursors, however, the use of grinding media
and the formation of amorphous materials presents significant challenges when
analysing the reaction and its resulting materials. [2-4] Here we describe how XAFS
offers significant advantages over conventional characterisation techniques (e.g.
XRD) for understanding the underlying chemistry of the mechanochemical process
and its influence on preparing LaMnO 3 for the decomposition of the environmental
pollutant N 2 O.
Results and Discussion
In this work we assessed ‘time slices’ of mechanochemically prepared LaMnO 3 after
different durations of milling. All samples were prepared using a planetary ball mill,
where Mn 2 O 3(s) and La 2 O 3(s) were added to ZrO 2 grinding jars and milling media,
before subsequently milling at 400 rpm. Assessing these ‘time-slices’ with XRD
indicated that the onset of crystalline perovskite formation occurred from 1 h of
milling, with 100% crystalline LaMnO 3 at 3 h. However, characterisation by XAFS,
which does not rely on periodic ordering, provided a different perspective. At the La
L 3 -edge, XAFS shows structural alterations after 1 h of milling indicative of La-Mn
scattering, with no further changes observed from 1 to 4 h (Figure 1A). However, at
the Mn K-edge (Figure 1B) the model after 1 h of milling is consistent with Mn 2 O 3 .

The combined data supports a model of La

A
La-Mn

initially being dispersed over the Mn 2 O 3 surface.
As milling time increases there is disruption to
Mn 2 O 3 resulting in an increased association
between Mn and La. At the Mn K-edge after 2 h

La-La

of milling a shift is observed within the second

La-O

coordination shell corresponding to a Mn-La
scattering path, indicating the formation of

B

Mn-O

Mn-La

LaMnO 3 . Performing EXAFS fitting of the final
milled material shows the LaMnO 3 catalyst to
have a degree of oxygen deficiency, as well as
two Mn-La scattering paths; associated with both
the

amorphous

and

crystalline

Mn-Mn

content.

Ultimately, the identification of ‘phase pure’ Figure 1: Non phase-corrected Fourier
at the (A) Mn K-edge and (B)
LaMnO 3 through XRD does not adequately transform
La L -edge for LaMnO synthesised by
3

describe the final milled samples. During the
decomposition of

3

sol-gel and by ball milling from 1 h to 4 h
compared to the precursor

N 2 O (deN 2 O) the milled

LaMnO 3 catalysts exhibit comparable behaviour
to that of the sol-gel prepared sample, (Figure 2).
The 3 h ball milled sample has a much earlier onset production of N 2 , suggesting a high level of
oxygen vacancies on the catalyst surface,
consistent with our XAFS analysis.
Conclusions
LaMnO 3 has been successful synthesised via

Figure 2: Light-off curve showing the
deN2O over ball milled and sol-gel
synthesised LaMnO3

mechanical grinding in the absence of high temperature thermal annealing. Though
XRD shows 100% crystalline perovskite formation, it is clear from XAFS analysis this
is not a complete description of the materials prepared. Further analysis of the final
ball milled LaMnO 3 shows a degree of oxygen deficiency and a distorted Mn-La
scattering path, which could contribute to the higher onset production of N 2 during
deN 2 O compared to a sol-gel synthesis analogue.
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Introduction
Considering the decrease of the exhaust gas temperature due to a more efficient
engine management, positioning of the exhaust gas aftertreatment system closer to
the engine represents an attractive solution [1]. Particularly, the location upstream of
the turbocharger is interesting. Apart from higher temperatures of up to 180 °C also
an increased pressure and, thus, a higher residence time of the reactants is achieved
[2-3]. Recent studies report strong benefits of implementing a diesel oxidation
catalyst (DOC) or a catalyst for selective catalytic reduction (SCR) of NO X with NH 3
at the pre-turbine position [3-5]. Nevertheless, several challenges of a pre-turbine
application remain, such as higher concentration of hydrocarbons, especially if a
DOC is not positioned in front of the turbocharger. In this study, we investigate
different state-of-the-art SCR catalysts, with the focus on the impact of varying
pressures and the presence of hydrocarbons (such as C 3 H 6 and C 12 H 26 ) on catalyst
performance.

Materials and methods
A vanadium based catalyst was prepared by incipient wetness impregnation with a
composition of 2 wt% V 2 O 5 and 9 wt% WO 3 . The differently tested zeolites were
prepared by ion exchange of commercially available zeolites and resulted in 1,7 wt%
Cu-SSZ-13 (Si/Al=14) and 1,5 wt% Fe-ZSM-5 (Si/Al=13). Catalytic tests were
performed with coated cordierite honeycombs in a stainless-steel reactor from 150 550 °C using typical gas mixtures for standard and fast SCR with a GHSV of
100,000 h-1. While the pressure was varied from 1-5 bar, the total mass flow was kept
constant. The gas composition was monitored by a MKS FTIR instrument.

Results and Discussion
With increasing pressure, a significant improvement of the catalytic activity was
observed over the whole temperature range for all tested catalytic systems. This
increase is most probably due to the longer residence time at higher pressures. The
addition of C 3 H 6 to the SCR gas mixture decreased the activity of the ion exchanged
zeolites while the vanadium catalyst maintained its original activity Fig. 1. In the
presence of longer chain hydrocarbons like dodecane a pronounced negative
influence on all catalysts was visible especially at high temperatures. Besides
poisoning the catalyst, hydrocarbons caused side reactions in the gas phase under
increased pressure (e.g. NH 3 oxidation), which resulted in a drop of the catalytic
activity. All catalysts converted hydrocarbons mainly to CO and CO 2 , with small
amounts of side products like HCHO at temperatures above 250 °C. Like for the NO X
conversion, the increased pressure resulted in an improved hydrocarbon conversion.

Fig. 1 NO X conversion (continuously line) and N 2 O emissions (dashed line) during Standard-SCR of
a) Cu-SSZ-13 and b) V 2 O 5 -WO 3 /TiO 2 at 1 - 5 bar with and without C 3 H 6 .

Conclusions
The results of this study show the improvement of NO X removal with increasing
pressure. At the same time, limitations due to interaction with further exhaust gas
components or the formation of high CO emissions were identified. Hence, further
investigations are necessary to evaluate the true potential of the overall catalyst
system under pre-turbine conditions, also including the presence of a DOC catalyst.
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Introduction
There is a significant regulatory driving force to push for isomerization and
alkylation technologies to be implemented on the less efficient refineries around the
world due to constant push for gasoline with high RON. Higher octane fuels lead to
less knocking in automotive vehicles, which inspire automakers to increasingly adopt
turbocharging and other engine technologies in order to improve power and fuel
efficiency (e.g. to meet CO 2 regulations).
Doped metal oxides combine the advantages of zeolites and chlorinated
alumina. They are resistant to poisoning, offer the relatively low operation
temperature, high isomerisation yields and high octane number of isomerizate. Also
mentioned materials have been shown to be “super” acid catalysts [1]. By varying the
synthesis route, it is possible to modify mentioned materials properties that affect the
performance in the number of various organic reactions [2].
Experimental
The sulphated (SZ) zirconia catalysts were prepared by calcining the
corresponding hydroxides (Luxfer MEL Technologies, Manchester, UK) at 600◦C for
2h. Porous structure of the sample was measured using low temperature N 2
adsorption on the Micromeritics TriStar 3020 analyser. Crystallinity was characterised
by X-ray diffraction via Bruker D8 Advance instrument. Butane isomerisation testing
was carried out on iron impregnated samples (2.5 wt.% Fe 2 O 3 ) after activation at 550
⁰C/2hr in 20%O 2 /He; [25%n-C 4 H 10 /75%He, 110 ⁰C, ambient pressure], using a mass
spec detector (specifically m/z=28).
Results and discussion
The fast deactivation of SZ has limited its use in commercial processes.
Incorporation of transition metal oxides, particluarly iron, has been reported to
enhance the thermal stability and the stability of the surface sulphate species [1-3].
The detailed investigation of the physico-chemical characterisation of iron promoted
SZ prepared via a novel precipitation method (sample 3) was attempted. Suggested

synthetic approach allows to prepare materials, beneficial in porosity, acidity,
thermostability compare to well-known commercial analogues.
The surface area values for pure and SZ samples are presented in Table 1.
Fe-SZ

Oxide 600/2
APD,
SO 3 ,
%

SA,
2
m /g

TPV,
3
cm /g

2.5

-

59

0.23

15.5

2.4

8.5

124

0.14

4.5

2.5

6.5

168

0.47

11.2

Fe 2 O 3 , %
1

nm

% Butane conversion after
20 min on stream

Undoped,
reference

2

SZ commercial

3

SZ development

5.1

6.4
10.9

Table 1. Characterisation of 2.5% Fe 2 O 3 loaded samples

The enhancement in the surface area of the sulphated samples can be
explained on the basis of the higher resistance to sintering acquired via sulphation
[4]. The dispersion of Fe 2 O 3 particles causes a further rise in the surface area
values.
XRD data supports the stabilisation of the catalytically active tetragonal phase
after incorporation of sulphate and iron species. In comparison with pure zirconia, the
XRD patterns of sulphated and iron-incorporated zirconia samples showed an
enrichment of the tetragonal phase.
Also usage of suggested method allowed to obtain samples with Lewis Acidity,
which look promising in n-butane conversion (conversion 10.9% (sample 3) vs 6.4 %
(sample 2). Accodring to [5], isomerization process is occuring based on typical
inducation/deactivation mechanism, where n-butane gives a significant m/z=28 peak
in the mass spec, whereas i-butane has low intesity (Fig.1).
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1. Scope
The dramatic increase observed in the level of atmospheric CO 2 since the industrial
revolution has been accused of being the primary cause of global warming and postcombustion capture followed by the sequestration of the emitted CO 2 is regarded as
a potential near-term solution for the mitigation of the adverse effects of this warming.
Among the capture technologies considered, CO 2 adsorption by amine-functionalized
mesoporous silica substances has come out as one the most promising approaches
benefitting from both the high affinity of amines towards CO 2 and the lower
regeneration heats of dry methods. Despite of the extensive research executed in the
field, adsorption capacities are still far below the numbers required to fulfill the 2100
emission targets established by the fifth assessment report of the IPCC [1] indicating
that there is still a lot to achieve in the field.

For the development of a successful adsorbent that would possess high capacity,
stability and selectivity, it is critical to clarify the interaction mechanism of CO 2 with
the adsorbents. Based on the IR findings, early studies assumed that CO 2 was
captured either in the form of carbamates or bicarbonates as it was in the case of wet
(amine stripping) methods [2-3]. However, strong overlaps observed in the infrared
bands resulted in disagreements in the assignment of these bands leading to
speculation about the reaction mechanism of CO 2 capture over amine-modified silica
sorbents [4]. Although the formation of other products like carbamic acid has been
verified through experimental and theoretical studies [5], the details of the reaction
pathways are still unknown.

This study aims to provide an atomic-level understanding of the interaction
mechanism

of

CO 2

with

APTMS ((3-aminopropyl)-trimethoxy-silane)-modified

mesoporous silica using DFT method.

2. Results
For the construction of the APTMS-functionalized mesoporous silica adsorbents, two
APTMS molecules were grafted onto two different locations of a cluster of 8 SiO 2
units. Our geometry optimizations demonstrated that the amine groups should not be
in direct interactions with the surface silanol groups in order to be available for the
adsorption of CO 2 .

Chemisorption of CO 2 was shown to take place in the form of either carbamic acid or
carbamate and a strong interaction between the surface silanol groups and products
(and intermediates) is required for the stabilization of these end products. Although
these silanol groups played a critical role on the stabilization of the products, there
was no evidence that they actively participated in the capture process.

Finally, in addition to the end products, all the intermediates and transition states
involved in the carbamate and carbamic acid pathways were identified and the
energetics of both pathways was obtained.

3. Conclusion
Our reaction pathway analysis of CO 2 adsorption over APTMS-modified mesoporous
silica sorbent demonstrated that the capture mechanism was quite different than the
one reported for aqueous systems and the surface silanol groups played a critical
role on the mechanism.
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Heterogeneously catalyzed reactions are essential attribute of the most important
processes in modern chemical industry. To reduce the amount of expensive
catalytically active metals needed supported catalysts with high catalyst utilization
ratio are of special interest. Therefore, the search for supported catalysts of higher
efficiency is constantly pushed on, which can be significantly accelerated by HighThroughput Technologies (HTT). Here, we present a newly designed reactor system
suitable for HT screening of catalyst activity.

Catalyst preparation
Even the application of High-Throughput methods to supported catalysts is often
associated with their sequential and tedious preparation via sol-gel methods, wet or
incipient wetness impregnation. We use inkjet printing as an alternative and
comparatively simple method to prepare supported catalyst libraries.[1] We employed
it to create discrete quasi-binary libraries consisting of metal oxides supported on
alumina or titania, but with the setup used even ternary and quaternary systems are
accessible. The principle is demonstrated by the example of the well-understood
copper manganese mixed metal oxide system. Two suitable metal salt solutions of
the desired metals are dispensed onto a porous substrate via a drop-on-demand
technique as micro-droplets with volumes in the pico-liter range. Dispensing both
solutions onto the same spot of the substrate surface leads to mixing of the metal salt
solution. After thermal treatment, the mixed drop forms the catalyst. With known
micro-droplet volumes, the composition ratio of both metals on a given spot can be
adjusted. Thus, only the volume of the dispensed micro-droplets limits the
compositional step size of the discrete composition spread samples. As the
sequential droplet deposition is associated with problems regarding capillary and
chromatographic effects (see Runge images), special techniques to ensure sufficient
mixing are crucial.

Catalytic testing
To determine catalyst activity, we employ a newly designed parallel gas phase
reactor where the reaction gas simultaneously flows over 16 inkjet printed catalyst
spots of a library. Each catalyst spot is confined to an individual reaction space.
Educt or product concentrations and adsorbates are accessible via in situ IR microspectroscopy. The library is mapped with regard to signals corresponding to desired
components. We use conventional preparation and activity testing for comparative
validation of results. In the same parallel setup in situ Raman micro-spectroscopy is
used to gather complimenting information like identification of active catalyst species.
Thus, structure-activity relationships can potentially be explored.
Testing of complex catalytic gas phase reactions is feasible in the presented reactor
system as long as relevant components are accessible via spectroscopy. In the initial
stages of our investigations, CO oxidation was chosen as a well-known model
reaction.

References
[1]
K. Stöwe, W. F. Maier, B. Weidenhof, Inkjet-Printing of Composition Spread Libraries, MRS
Symposium Proceedings 1425 (2012) DOI:10.1557/opl.2012.203.

Electrochemically assisted catalytic methane oxidation on SOFC
system
NAU Alexandre, COMMINGES Clément, BION Nicolas
Institut de Chimie des Milieux et Matériaux de Poitiers (IC2MP), University of Poitiers,
CNRS, UMR 7285, 4 Rue Michel Brunet, TSA 51106, F-86073 Poitiers 9, France

Alternatives to fossil resources are highly needed to drive the energetic transition.
Among the different possibilities currently investigated, the methane molecule is
expected to be a potential candidate as a pure energy source as well as a building
block for the synthesis of various chemicals, taking the benefit of its eco-friendly
production from wastes and biomass degradation.
Several studies have been carried out on Pd/Al 2 O 3 to convert methane in CO 2 [1]. Pd
is known as one of the most efficient metal to activate the C-H bond of methane [2].
Catalytic methane oxidation may also occur implying a Mars Van Krevelen (MvK)
mechanism in which lattice oxygen atoms are involved [3]. In the present work, Pd
was supported over 8 mol% yttria stabilized zirconia (YSZ) which is well known in the
electrocatalysis field for its use as an electrolyte in solid oxide fuel cell (SOFC)
system because of its high ionic conductivity for oxygen ions above 600°C. YSZ was
also recently reported to be able to activate CH 4 [4] and to have highly labile oxygen
network even below 600°C [5].

b)

a)

Figure 1: a) light-off curves for the combustion of methane (1 % CH4, 2 % O2, He balance); b)
Evolution of the atomic fraction of

O in the gas phase (α) during the isotopic exchange on

18

Pt/YSZ/Pt cell at 600°C under different potential bias values.

In a first set of experiments, the catalytic performances of YSZ-supported Pd was
compared to Rh (known for its use in the dry reforming of methane [6]), and Ni
catalyst (known for its use in combination with YSZ as anode in SOFC system [7]).
The catalysts 0.5 wt % Rh/YSZ, 0.5 wt Pd/YSZ and 5 wt% Ni/YSZ were prepared by

wet impregnation of Rh(NO 3 ) 2 , Pd(NH 3 ) 2 (NO 3 ) 2 and Ni(NO 3 ) 2 respectively over
commercial YSZ (Tosoh, TZ-8Y, 8 mol%Y 2 O 3 ).
Figure 1a shows that Pd/YSZ and Rh/YSZ are very active below 500°C contrarily to
Ni/YSZ. At high temperature (>500°C), a deactivation effect can be noticed on the
Pd/YSZ while CH 4 conversion remains complete for Rh/YSZ. This behaviour was
already reported for Pd supported over several oxides like Al 2 O 3 or ZrO 2 by Farrauto
et coll. [8] who demonstrated that at high temperature the catalytically active PdO
sites are decomposed in not active Pd. Interestingly when supported on Al 2 O 3 , Rh
loses completely its high performance at low temperature indicating a significant
synergetic effect between Rh and YSZ for the methane combustion that will be
discussed in the presentation.
The electrochemical promotion of the catalytic reaction was then investigated in
these systems with particular attention to the influence of the electrical bias applied
on the oxygen mobility. To study such a phenomenon the oxygen isotopic exchange
technique (using

18

O 2 ) was combined to a SOFC test bench and the isotopic

distribution was continuously monitored by mass spectrometry. By using a model
Pt/YSZ/Pt symmetrical system, we very recently demonstrated that a polarization of
the cell clearly improves the exchange of the oxygen atoms of the YSZ electrolyte as
it can be seen in the Figure 1b. This methodology was applied to the different
catalytic systems and a comparison is proposed in terms of surface exchange rate
and oxygen diffusion coefficients.
Conclusions
Finally, the catalyst Rh/YSZ is a promising catalyst due to its high and stable catalytic
performances in methane combustion. The utilization of oxygen isotopic exchange in
a SOFC cell is a powerful tool to investigate the effect of a polarization on the MvK
mechanism by observing the influence of the bias on the lattice oxygen mobility.
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Fossil fuels are one of the major sources of energy. Combustion of fossil fuels
leads to emission of large amounts of CO 2 into the atmosphere, thereby causing
global

climate

change

and

many

environmental

problems.

Heterogeneous

photocatalysis is one of potential modern approaches for the mitigation of carbon
dioxide emission resulting from human activities [1]. TiO 2 is the most frequently
applied

semiconductor photocatalyst

due

to its availability,

low cost,

high

photocatalytic activity and resistance to corrosion [2]. Especially, photocatalytic
reduction of CO 2 with H 2 O is important in the development of solar energy based
on the carbon neutral cycle. There are several aspects, which influence
the photocatalytic performance of nanoparticles such as the absorption edge energy,
specific surface area and other structural properties and the most importantly
electrons and holes energies.
All these aspects can be significantly positively affected by modifying the TiO 2
by Pt and/or Cu. Appropriate modification of the optical and electronic properties of
TiO 2 can reduce the absorption edge energy it can also increase the lifetime of the
photogenerated electrons and holes by effective charge carrier separation and
decrease the electron–hole recombination rate. The correlation between the textural,
optical and photo-electrochemical properties and the photocatalysts activity was
a subject of this research. The parent TiO 2 , platinum and copper doped TiO 2
photocatalysts with 0.5–2 wt. % Pt, 0.5–2 wt. % Cu and 1 wt. % Pt combined with
1 wt. % Cu were prepared by using the sol-gel method followed by calcination

at 500 °C for 5 hours in an atmosphere of technical air. All the prepared
photocatalysts were tested for the CO 2 photocatalytic reduction in a stirred batch
reactor irradiated by 8W Hg lamp with maximum peak intensity at 254 nm. The main
reaction product was methane; however, hydrogen and carbon monoxide were also
detected. Products were analyzed in a highly sensitive gas chromatograph with
a barrier discharge detector (BID). The textural, (micro)-structural, optical and
electronic properties of photocatalysts were characterized in detail by lowtemperature nitrogen physisorption, X-ray powder diffraction, EDX, HRTEM, X-ray
fluorescence,

X-ray

photon

spectroscopy,

scanning

electron

microscope,

transmission electron microscope and diffuse reflectance UV–vis spectroscopy.
The photoelectrochemical characteristics of the photocatalysts were determined
using a photoelectric spectrometer. The experimental results indicated that three
of the prepared photocatalysts (2 wt. % Cu/TiO 2 , 0.5 wt. % Cu/TiO 2 and pure TiO 2 )
showed

significantly

higher

photoactivity

than

Evonik

P25.

These

three

photocatalysts were characterized by entirely amorphous character. It was suggested
based on the conducted experiments that both the amount of chemisorbed oxygen
or/and hydroxyl species on the TiO 2

surface and specific surface area

of photocatalyst highly influence the photocatalytic activity.

Fig. 1: Time dependence of yields of methane (a), hydrogen (b) and carbon monoxide (c)
over TiO 2 and Cu, Pt doped TiO 2 photocatalysts.
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Reducing emissions of nitrogen oxides (NOx) is an important task in both industry
and transportation. The transportation sector has recently struggled to meet
increasingly stricter regulations for NOx-emissions, displaying a need for more
efficient NOx-reduction catalysts. Efficiency at low temperature and dynamic
conditions, stability, and low cost are important characteristics for NOx-reduction
catalysts, such as catalysts for selective catalytic reduction by ammonia (NH3-SCR).
Inspired by Cu/zeolite catalysts, Cu/mesoporous Al2O3 could be a potential
catalyst for NH3-SCR. Mesoporous alumina may be synthesized by a sol-gel process,
using micellular polymers as a template for pore structure [1, 2]. The resulting
amorphous alumina has narrow pore size distribution and high surface area
compared to γ-Al2O3, and is well suited for use as a catalytic support material [3].
A common way to introduce the active metal is to impregnate the mesoporous
Al2O3 support. An alternative method (illustrated in Figure 1) is to introduce the metal
precursor during the sol-gel process where the support structure is formed, thus
synthesizing the catalyst in one step [4, 5]. One advantage with this method is that it
surpasses transportation limitations related to other two-steps synthesis methods.
Furthermore the synthesis sol is well mixed and homogeneous, which facilitates a
high dispersion of the metal on the support, even for high metal loading.
Here, samples of Cu/mesoporous Al2O3 with varying degree of Cu-loading
were synthesized by impregnation and one-step synthesis and characterized by N2
physisorption, transmission electron microscopy (TEM), powder X-ray diffraction
(PXRD) and temperature programmed reduction (TPR). Preliminary NH3-SCR
performance tests have been performed. In situ X-ray absorption spectroscopy
studies have also been conducted to investigate the state of copper under SCRconditions.
Surface area measurements (BET) indicate no significant loss of surface area
due to Cu loading in the one-step synthesized samples, indicating that there is no

formation of Cu particles blocking the pores of the mesoporous alumina. BJH pore
size distribution, together with TEM-imaging (Figure 2), showed that the material is
mesoporous with a narrow pore size distribution. PXRD shows a largely amorphous
alumina structure, and extended X-ray absorption fine structure indicates near atomic
dispersion of Cu.
The synthesized materials have some of the characteristics of ion-exchanged
zeolites, such as a specific pore structure, high surface area and highly dispersed
active centers. Further investigation and optimization of reaction kinetics and stability
is required, but preliminary results indicate that this system may be a viable option for
selective catalytic reduction of nitrogen oxides.

Fig. 1: Illustration of the sol-gel synthesis of
one-pot Cu/MA. The hydrophobic Cuprecursor orients itself towards the inner,
non-polar part of the micelles.

Fig. 2: TEM image of mesoporous Al2O3
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Introduction
NO x reduction from diesel engines is a challenging process and many advanced
techniques are proposed and being investigated. For high NO x reduction efficiency,
urea-SCR (Selective catalytic reduction) has been implemented commercially.
However, this method has limitations for low temperature conditions like low engine
loads because urea cannot be effectively decomposed to ammonia at temperatures
less than about 200°C. As a solution, PNA (passive NOx adsorber) has been
introduced. In this method NOx should be stored at low temperature and later
released at higher temperature when it can be effectively reduced by a downstream
urea-SCR catalyst [1, 2].
Objective
The objective of this work is to find an appropriate promoter for Pd/zeolite based
catalysts to enhance their performance in a PNA process. The investigated
promoters included Zirconium, Lanthanum and Ceria (10wt%) in which Lanthanum
showed the most interesting behavior with a wide temperature range of NO x release,
largely above 200°C. Moreover, the influence of Lanthanum loading was
investigated.
Method
In this study, samples are saturated with NO x at 80°C and it is released during a
temperature ramp to 650°C under constant flow with the same gas conditions used
for saturation. Furthermore, different characterizations were performed such as, XPS,
BET, ICP-SFMS, STEM, TPO and in-situ DRIFT in order to understand the influence
of the promoters on the properties and adsorption behaviors of the catalysts. Pdbased BEA zeolite with a SAR (Si-to-Al ratio) of 38 was used as a PNA catalyst base
on which different promoters for improving NO x trap performance were evaluated.

Results
The results for different promoters are shown in Figure 1 during TPD with 200 ppm
NO, 8% oxygen and 5% water in argon carrier. All promoters were able to reduce the
NO x release below minimum urea dosing temperature, however only La could
effectively shift most of the NO x release to temperatures above 200°C.
Moreover, influence of the loading of La ranging from 2.7 to 10 wt% is summarized in
Figure 2. The results showed that with 5.4 wt% La, there was largely no release of
NO x at low temperatures followed by a high release of NO x at higher temperatures
peaking at about 350°C.

Urea dosing

Urea dosing

Temperature

Temperature

Inlet NO
Inlet NO

Figure 1 TPD results for constant flow with 200ppm NO, 8% O 2 , 5%H 2 O

Figure 1 TPD results for constant flow with 200ppm NO, 8% O2,

in Ar, for different promoters on 1%Pd/BEA base (bare 1%Pd/BEA

5%H2O in Ar, for different loading of La on 1%Pd/BEA base.

Included for reference).

Conclusion
To sum up, La loading is remarkably effective for tuning the NO x desorption
temperature window of a PNA based on Pd/BEA. In addition, the optimal La lading
appeared to be 5.4 wt% for this purpose.
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Activity of large gold agglomerates in total oxidation of VOCs
Pavel Topka, Luděk Kaluža, Jana Gaálová, Institute of Chemical Process
Fundamentals of the CAS, v. v. i., Prague, Czech Republic

Catalytic oxidation is efficient, cost-effective and environmentally friendly way to treat
the emissions of volatile organic compounds (VOCs). We recently reported the
positive effect of gold on catalytic performance and/or selectivity of ceria-zirconia in
total oxidation of chlorobenzene [1] and dichloromethane [2]. The aim of this work
was to study the effect of gold loading on ceria-zirconia support, and to investigate
the influence of VOC type on the catalytic performance. A key part of the work
reveals a less known role of the large gold agglomerates in the oxidation process.
Ce 0.5 Zr 0.5 O 2 was impregnated with a constant volume of aqueous solution of gold(III)
acetate. The concentration of the solution varied in order to obtain different gold
loadings. The samples were calcined 5 h at 500 °C to obtain highly stabile and robust
catalysts. H 2 -TPR and OSC measurements confirmed the positive effect of gold
loading on reducibility and oxygen mobility.
The contribution of low and high gold loading to the catalytic performance of
Au/Ce 0.5 Zr 0.5 O 2 catalysts (Fig. 1) is depicted as ΔT 50 , i.e. as the difference between
T 50 of pristine Ce 0.5 Zr 0.5 O 2 and T 50 of a gold catalyst. Thus, the positive value of
ΔT 50 indicates the improvement of catalytic performance that can be attributed to
gold particles. The data for low gold loading (~ 0.3 wt.%) illustrate the effect of gold
nanoparticles (mean particle size 20 nm) and small agglomerates (mean particle size
39 nm) on the catalytic performance of the Ce 0.5 Zr 0.5 O 2 support. On the other hand,
the data for high gold loading (~ 3 wt.%) reveal the effect of both gold nanoparticles
(mean particle size 29 nm) and large agglomerates (mean particle size 114 nm).
Therefore, the difference between the catalytic performances of the catalysts with
high and low gold loading (Fig. 1) can be assigned to the effect of large agglomerates
of gold particles.
In dichloromethane oxidation, neither gold nanoparticles nor the agglomerates
contributed to the catalytic performance in terms of T 50 (Fig. 1). The same slight
improvement in T 50 that was observed for both low and high gold loading in toluene
oxidation can be ascribed to gold nanoparticles and small agglomerates. This result
also shows that the activity of gold nanoparticles is similar for both Au loadings.

Fig. 1. Contribution of low (0.3 wt.%) and high (3 wt.%) gold loading to the catalytic
performance of the Ce 0.5 Zr 0.5 O 2 support in the oxidation of different types of VOCs.
In ethanol oxidation, the improvement in catalytic performance at high gold loading
indicates the positive effect of large gold agglomerates. Finally in chlorobenzene
oxidation, highly positive contribution of low gold loading and even more pronounced
improvement at increased gold loading can be seen, showing that large gold
agglomerates significantly contributed to the catalytic performance in this reaction.
We have shown earlier by XPS analysis that some part of gold atoms in the
Au/Ce 0.5 Zr 0.5 O 2 catalysts is positively charged [3]. The beneficial effect of large gold
agglomerates can be thus tentatively ascribed to the positive role of partially
positively charged gold particles, which may serve as adsorption sites for nucleophilic
chlorobenzene molecules.
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Copper ammonia species studied by EPR in Cu-CHA for Selective
Catalytic Reduction of NO x
David Nielsen, Susanne Mossin, Centre for Catalysis and Sustainable Chemistry,
Technical University of Denmark, 2800 Kgs. Lyngby, Denmark

Copper zeolite as catalyst for NO removal
Nitrogen oxides are formed in combustion processes where nitrogen from the
atmosphere or from the fuel is oxidized, primarily into NO and NO 2 (NO x ). NO x is
harmful to the environment and for human health and NO x emission is limited by
legislation. One technique for removal of NO x is Selective Catalytic Reduction (SCR)
by ammonia [1]. Copper exchanged zeolites can be applied as a catalyst for the SCR
process and is used in diesel exhaust gas treatment, due to the stability and lowtemperature activity [2]. Cu2+-ions can be exchanged into the structure of the zeolite
when Al atoms substitute Si atoms. The particular distribution of the aluminium in the
zeolite will influence the distribution of copper in the structure, determining the active
sites of the catalyst.
Cu atoms as probe for Electron Paramagnetic Resonance
Electron paramagnetic resonance spectroscopy (EPR) is very sensitive towards
paramagnetic Cu2+ and offers the possibility for both quantification and speciation of
Cu2+ sites with unrivalled sensitivity [3]. Recent results obtained on Cu-CHA show
that the elucidation of the different copper species is possible using EPR by exposing
the Cu-CHA to different gas mixtures [4,5]. In this way, the Cu sites are probes to
investigate the local microenvironment of the zeolite framework.
CHA zeolites prepared by different methods were investigated in-situ by exposing the
samples to varying concentrations of gaseous NH 3 , NO, O 2 and H 2 O or mixtures
thereof in balance He. The parallel region of the blue EPR spectrum in Figure 1
reveal at least two different Cu2+ sites (site A and site B) with different local
aluminium configuration, i.e 2Z Al-sites located in para- and meta-positions in a 6membered ring. Exposure to ammonia at low temperature gives the red spectrum in
Figure 1 identified as [Cu(NH 3 ) 4 ]2+, which is loosely contained within the CHA cage.
The development in the EPR spectrum during changes in temperature and gas
composition reveal the reduction of Cu(II) to Cu(I), the gradual loss of coordinated
ammonia and the formation of Cu nitrate species.

Determining the area under EPR absorption curves allow quantification of different
Cu2+ sites and show the transformation of EPR inactive Z-CuOH species to EPR
active [Cu(NH 3 ) 4 ]2+ and [Cu(NH 3 ) 3 (OH)]+ species in NH 3 containing gas streams.
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Figure 1: EPR spectra of a Cu-CHA catalyst recorded at 50°C after exposure to
ammonia (red) and at 200°C after exposure to NO and oxygen (blue).

Conclusions
The use of in-situ and operando EPR to probe the Cu-sites in small pore zeolites
open the possibility for a deeper understanding of the species present in the SCR
reaction in the temperature interval 100-250°C. This may allow the design of catalyst
with specific metal sites that are highly active for catalytic processes. Electron
Paramagnetic Resonance (EPR) spectroscopy provides a sensitive method to
distinguish different Cu-sites in the framework of the zeolite.
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Estimating the Effect of Reaction Conditions in Catalytic
Homogeneous Hydrogenations with QM and ML Approaches
Anton A. Bondarenko, Anton V. Domnin, Pavel O. Kulyaev, Mikhail V. Polynski,
TheoMAT group, ITMO University, Saint Petersburg, Russia;
Evgeny A. Pidko, ISE group, TU Delft, Delft, the Netherlands
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Catalytic homogeneous hydrogenation is an efficient tool for the sustainable
reduction of multiple C-heteroatom bonds and a promising tool for CO 2 fixation
and/or H 2 storage. The efficiency of these reactions depends not only on the choice
of a metal-complex catalyst (including ligand choice) but on the reaction conditions
(concentrations of reactants, H 2 and CO 2 pressure, temperature, solvent) as well [1].
Predicting the effect of reaction conditions on reaction rates and yields with
conventional computational chemistry methods is a challenge [2]. Machine learning
(ML) approaches gain popularity in this regard by straightforward inclusion of reaction
conditions in ML models [3]. In this report, we describe two computational
approaches for the prediction of the effect of reaction conditions in homogeneous
hydrogenations.
First, we used a dataset of 1117 distinct catalytic hydrogenation reactions obtained
from in-house laboratory journals and published articles to train an ML model. The
model was trained using a decision tree algorithm implemented in the LightGBM
framework [4]. Descriptors of catalytic systems in the dataset included reaction
conditions, as well as transition metal (e.g., number of d-electrons) and ligand
parameters (by using Mordred program [5]). To interpret the results, we used the
Shapley value explanation (SHAP) approach (Figure 1). The trained ML model
showed that TOF and TON numbers can be considered adequate metrics for
catalytic hydrogenation efficiency. The statistical importance of reaction conditions
was on par with catalyst properties. This stresses the importance of the design of
hydrogenation catalytic systems as an essential catalyst-optimal reaction conditions
duo instead of optimization of the metal and ligand alone.
At the second stage we aimed at developing a framework to account for these
parameters in computational catalysts. We developed an interface allowing to
combine gas-phase/ideal solution DFT computations and computations of liquid
phase thermodynamics in real solvents. The program allows to compute in an

automated fashion concentration-dependent free energy surfaces covering large
fractions of condition space and to analyze the obtained results to extract the optimal
conditions for a target catalytic reaction. The approach was validated by considering
the concentration-dependencies of the kinetics and thermodynamics of the catalytic
and deactivation paths for homogeneous CO 2 reduction to formates with
homogenous Ru PNP- and CNC-catalysts [6]. The results obtained reveal
substantially non-linear concentration dependencies of the energetics of the
reactions on the process conditions such as concentration of base promotor,
composition

of

the

reaction

mixtures,

reactant

pressures.

The

presented

methodology provides a practical tool enabling operando computational studies of
liquid phase catalytic transformations.

Figure 1. Left: logarithmic importance (decision tree weights) of the descriptors in the
model using TOF as a reaction efficiency metric; right: mean SHAP value impact.
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Promotional effect of ceria on the activity of Co 3 O 4 ׀γ-Al 2 O 3 catalyst
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in deN 2 O reaction
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N 2 O is one of the most harmful greenhouse gases with a temperature of thermal
decomposition above 650°C and global warming potential 310 times higher than for
CO 2 .[1] Hence, the important challenge in environmental catalysis is to design
a catalytic system for N 2 O removal from the nitric acid plants, where low
temperature, low N 2 O concentration and presence of inhibitors limit the catalyst
efficiency. So far, various materials (noble metals, metal oxides, zeolites) have been
investigated as active phases in deN 2 O reaction, whereas cobalt spinel was found to
be the most active. However, due to the high cost of cobalt as well as difficulty in
spinel formation into the form of extrudes practical application of bare Co 3 O 4 is highly
limited. In order to reduce the catalyst cost, the active phase can be spread over
supports [2]. In our previous papers [2] we have presented that the cobalt spinel
nanocrystallites can be successfully supported over Al 2 O 3 , assuring catalyst
durability in terms of thermal and mechanical properties. On the other hand, a
positive impact of ceria (as a support or additive) on catalytic activity of Co 3 O 4 in
deN 2 O reaction has been shown [1]. The aim of this study was to check the
possibility of improving the catalytic performance by promotion the alumina support
with ceria.
The active phase (10% wt.Co 3 O 4 ) was dispersed on ceria, γ-alumina (Puralox SCFa230, Sasol Germany GmbH) and the ceria-alumina mixed phase (CeAlO 3 ) using an
incipient wetness impregnation with a Co(NO 3 ) 2 ∙H 2 O aqueous solution, next the
samples were dried and calcined. The new support CeAlO 3 was prepared by
impregnation of γ- alumina (Puralox) with an aqueous cerium nitrate solution. Then
dried and heated at temperature 1100°C in a hydrogen flow [3]. The synthesized
samples were characterized with respect to chemical composition (XRF), structure
(XRD, Raman Spectroscopy). The impact of the applied support on the catalytic
performance was examined in deN 2 O reaction (model gas mixture - 5% N 2 O/He) in
TPSR mode. The results are shown in Figure 1, where the experimental data are

expressed as N 2 O conversion versus temperature. The catalyst supported on ceria
carrier exhibits higher activity in comparison to that supported over alumina.
However, the positive effect of Ce-promotion can be also easily noticed: the Co 3 O 4
over CeAlO 3 support exhibits higher activity than the one over bare Al 2 O 3 .

Figure 1. The effect of support on the deN 2 O catalytic activity of cobalt spinel (bare
supports (- -) and Co 3 O 4 |support catalysts (-)).
As explained in our previous work [1], the N 2 O decomposition over Co 3 O 4 |CeO 2
goes with a two-step mechanism, where the redox properties of the Co 3 O 4 is
responsible for the dissociation of N 2 O molecules and formation of surface oxygen
intermediates, whereas the ceria periphery is responsible for the enhanced diffusion
and recombination of oxygen adspecies, closing the catalytic cycle. The modification
of alumina by ceria improves the catalytic activity of Co 3 O 4 |Al 2 O 3 catalyst probably
by promoting the second mechanistic step (oxygen recombination).
Further optimization of the proposed catalytic system is in progress (e.g. catalytic test
with a presence of NO and H 2 O inhibitors). However, the obtained results clearly
show that the introduction of Ce into alumina can stimulate its redox character while
preserving the mechanical stability, which can enhance the application of the
developed catalyst in N 2 O removal.
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Silver-Zirconia Catalyst for Diesel Soot Oxidation: from the Lab
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L. Nossova1, G. Caravaggio1, B. Rubeli2, D. Young2
1

Natural Resources Canada, CanmetENERGY-Ottawa, Ottawa, Canada

2

Natural Resources Canada, CanmetMINING-Ottawa, Ottawa, Canada

A major concern with diesel vehicles is the emission of particulate matter (PM)
into the atmosphere, which affects human health and contributes to climate change
[1]. Diesel particulate filters (DPF) are currently the most effective aftertreatment
devices for controlling PM/soot emissions from diesel engines.

Catalyzed DPFs

combine filtering with continuous catalytic oxidation of soot particles. In commercial
systems, Pt is the most widely applied catalyst. Due to its high cost and high
sensitivity to sulfur, its replacement by a cheaper active phase is very desirable.
In this study, the catalyst formulation comprising silver supported on tetragonal
zirconia was developed, thoroughly characterized and optimized. The catalyst
performance for soot oxidation was initially evaluated by temperature-programmed
oxidation in a flow reactor using simulated diesel exhaust conditions and carbon
black as a model soot. These reactor studies revealed a high activity of the
developed catalyst for elimination of soot particles in the temperature range typical of
diesel exhaust (200-500°C) and in the presence of oxygen, water and nitrogen oxide
[2]. However, due to reactor testing limitations, engine evaluation was required to
further assess the catalyst activity under real engine exhaust conditions.
The next step of this work involved scaling up of the silver-zirconia catalyst
and coating of a commercial 12.5 L wall-flow ceramic filter with the catalytic phase to
produce a prototype catalyzed diesel particulate filter (CanmetENERGY p-CDPF).
The performance of the manufactured p-CDPF was evaluated using a Detroit Diesel
heavy-duty mining engine (6063-WK32, 11.1 L, Series 60) with ultra-low S mining
diesel fuel. The Balance Point Temperature (BPT) was determined in order to assess
the catalyst ability to regenerate the filter passively. The BPT represents the
temperature at which the soot accumulation rate is approximately equal to the
oxidation rate. Thus, a lower BPT exhibits better regeneration function of the catalyst
during engine operation.

A test procedure to determine the BPT was developed based on a progressive
load test in accordance with the program [3]. The procedure involved pre-loading the
filter with soot to a predetermined level. Then a stepwise increase of the filter’s inlet
temperature was undertaken by increasing the engine load that was accompanied by
recording the filter pressure drop. The temperature at which the pressure drop
decreased was determined as the filter BPT. For comparison, an engine test of a
commercial reference CDPF (Cattrap, CDTi Advanced Materials Inc.) was carried out
under the same testing conditions.

Figure 1. Engine test results: A - CanmetENERGY p-CDPF, B - “Cattrap” CDPF

Both CDPFs showed a capacity to regenerate diesel particulate matter under
the chosen engine operation conditions. The BPT of the CanmetENERGY p-CDPF
was in the range from 310 to 348°C (Figure 1A). In comparison, the BPT of the
commercial CDPF “Cattrap” was in the range from 378 to 454°C (Figure 1B). The
significantly lower BPT of the CanmetENERGY p-CDPF shows its higher passive
soot oxidation ability than that of the commercial one.
Overall, the engine test results agreed with the reactor test results confirming
that the CanmetENERGY p-CDPF coated with a new less expensive silver-based
catalyst offers low temperature oxidation of collected particulate matter. Thus
providing continuous passive regeneration of the filter at normal engine operating
conditions. A lowering of the BPT allows avoiding active regeneration or decreasing
the number of such cycles that reduce the use of fuel as well as CO 2 emissions.
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Introduction
The aqueous phase reforming (APR) constitutes a promising technology for obtaining
hydrogen from oxygenated hydrocarbons present in wastewaters derived from
biorefineries. Nobel metals, mainly Pt, have been used as efficient catalysts for this
reaction. Also nickel catalysts have been proposed as a less expensive alternative,
although some improvements are still necessary to make them competitive with Ptbased systems. The addition of promoters and/or the correct choice of the support
are interesting strategies to achieve this goal [1,2]. In this work we investigate a NiCeO 2 /Ca-ZrO 2 catalyst for the aqueous-phase reforming of methanol. The effect of
the well-known redox properties of ceria in combination with the basicity of calcium
and the occurrence of metal-support interactions on the catalyst performance have
been specially addressed.
Experimental
A series of Ca nZrO 2-n (n=0, 4, 14%-mol, named as Zr, 4CSZ and 14CSZ) oxides
were prepared by hydrothermal method (200˚C, 24 hours) starting from the
corresponding Zr and Ca nitrate precursors. After calcination at 600ºC, Ce (12% wt)
and (6% wt) Ni were incorporated sequentially by impregnation with nitrate solutions.
Finally, the samples were dried, crushed, sieved and calcined in a muffle oven at
500˚C . Prior to catalytic activity measurements, they were reduced in inert diluted H 2
at 750˚C. A set of techniques such as N 2 and H 2 volumetric adsorption, ICP-AES,
DRX, TPR-H 2 , TPD-CO 2 , XPS, HR-TEM, HAADF, EDX were used for the
characterization of the catalysts. Aqueous-phase reforming tests were performed in
continuous-flow fixed reactor using 5%-wt. methanol in water as a feed. Reactions

Kommentar [jfa1]: Is this TPD?

were carried out at 230˚C and 32 bar with a total flow of 0.338 ml/min (without inert
gas dilution) and using 250 mg of catalyst (WSHV=4h-1). Gaseous and liquids
products were separated and analysed by means of a micro-gas chromatograph
(GC, Varian CP4900, equipped with MS5 and PPQ columns) and by performing
HPLC (RID-10A detector, Aminex HPX-87H column 300x7.8mm), respectively.
Results and discussion
X-Ray Diffraction results revealed the stabilization of the cubic/tetragonal structure of
ZrO 2 in the case of Ca-containing supports. Small peaks corresponding to cubic NiO
and CeO 2 fluorite were also observed. Table 1 gathers the properties and catalytic
behavior of the catalysts. Only unreacted methanol was detected in the analysis of
the liquid at the rector outlet. H 2 , CO 2 and traces of CO and CH 4 were the only
products detected in the gas phase. As it can be seen, the incorporation of Ce does
not improve the Ni/Zr (or Ni/xCSZ) activity in terms of methanol conversion. However,
a slight increase in H 2 selectivity is observed in Ce-promoted catalysts. The addition
of Ca (4%) has a significant effect on the conversion values. Increasing the Ca
content from 4% to 14% does not have a beneficial consequence regarding
conversion or H 2 selectivity results. A correlation between the characteristics and
properties of the samples (metal dispersion, support structure, basicity and redox

Kommentar [jfa2]: This is in terms
of conversion, but in terms of
selectivity this catalyst makes more
CH4.

properties) and the catalysts behavior will be discussed.
Selectivity (%)
BET
Metal surface
Methanol conv.
Sample
2 -1
2 -1
(m g )
(m g )
(%)*
H2
CO 2
CO
CH 4
Ni/Zr
30
1.75
48
72.9
20.2
4.6
2.2
NiCe/Zr
30
1.63
40
76.8
20.5
1.8
0.9
Ni/4CSZ
48
2.10
75
73.9
23.9
0.2
2.1
NiCe/4CSZ
47
2.06
67
73.8
23.4
0.6
2.2
Ni/14CSZ
54
1.23
63
73.8
23.7
0.5
2.1
NiCe/14CSZ
67
1.41
44
75.7
21.6
1.9
0.9
Table 1: Characteristics of the samples and catalytic behavior in APR of methanol (methanol
conversion was measured after 5-hours reforming*).
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Also, this catalyst has a higher
surface area of metallic Nickel, so it
might be actually equally or less
active, and less selective. (For
example, Ni/4CSZ 0.75/2.1=0.35
and for Ni/14CSZ 0.63/1.23=0.51).
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BaMn 0.7 Cu 0.3 O 3 catalysts for NOx-assisted diesel soot oxidation:
effect of using a hard template during the sol-gel synthesis method
Verónica Torregrosa-Rivero, Vicente Albaladejo-Fuentes, María-Salvadora SánchezAdsuar, María-José Illán-Gómez, Carbon Materials and Environment Research
Group, University of Alicante, Alicante, Spain
In a previous study the BaMnO 3 mixed oxide and the corresponding materials doped
with copper (BaMn 0.7 Cu 0.3 O 3 ) were tested for the NO 2 -assisted diesel soot oxidation.
The results showed that the best catalytic performance was featured by the copper
content catalyst due to the high amount of oxygen vacancies generated by the
presence of Mn (III) and Cu (II) in the perovskite structure [1]. Other option to improve
the catalytic performance is using hard or soft templates during the sol-gel synthesis
method [2]. Thus, in a previous work [3], the BaMnO 3 was synthetized by adding a
mesoporous silica (SBA-15) or a carbon black (VULCAN XC72-R) as hard templates
to the sol obtained during the sol-gel synthesis [1]. The strong interaction between
barium and silica hinders the formation of the perovskite as major phase, but the
carbon black allows reducing the calcination temperature to get the perovskite
structure and, consequently, increases the oxygen mobility, enhances the reducibility
and improves the catalytic activity [3].
Results and discussion
A series of BaMn 0.7 Cu 0.3 O 3 (BMC3) catalysts have been synthetized through a
modified sol-gel method in which carbon black (C) has been added as hard template
and different calcination temperatures have been employed. The catalysts have been
designated as BMC3-CX, where X indicates the calcination temperature. The
reference catalysts (BMC3 for BaMn 0.7 Cu 0.3 O 3 and BMC0 for BaMnO 3 ) were
synthetized using the sol-gel method but without the addition of the hard template.
The catalysts characterization was performed by ICP-OES, N 2 adsorption, XRD,
XPS, O 2 -TPD and H 2 -TPR. The activity for NO oxidation to NO 2 and for NO 2 assisted diesel soot oxidation has been tested by Temperature Programmed
Reaction (TPR).
Figure 1 shows the XRD profiles for the synthetized BMC3-CX catalysts and for the
corresponding reference catalysts (BMC0 and BMC3). The presence of carbon black
hinders the formation of the new perovskite-like structure (politype) showed for BMC3

[1]. At 700ºC the new structure
begins to form, so, the catalysts
obtained using a higher calcination
temperature show both phases
(BaMnO 3 2H-hexagonal and the
polytype). The Mn(IV)/Mn(III) XPS
ratio decreases with the calcination
temperature,

therefore

the

electroneutrality after the copper

Figure 1. XRD patterns of the BMC3-CX catalysts
and the references BMC3 and BMC0

incorporation seems to be achieved by the generation of oxygen vacancies.
The O lattice /(Ba+Mn+Cu) XPS ratio, which is lower than the nominal one, and lower
that the observed for BMC3, confirms this hypothesis.
The TPR soot coversion profiles reveal that all the catalysts are active since the
temperature required to reach
the 50% of soot conversion
(T50%)

is

lower

corresponding

to

than
a

the
blank

experiment (without catalyst).
Figure 2 shows the T50%
values
Figure 2. T50% values for cyclic TPR experiments

for

sucessive

TPR

cycles for: BMC3-CX catalysts,

BMC3, BMC0-C700 (which is the best catalyst from the series BMC0-CX [3]) and for
standard 1%Pt/Al 2 O 3 catalyst. Based on the 2nd and 3rd TPR cycles (where stability
seems to be achieved) BMC3-C600 shows the lowest T50% among the BMC3-CX
catalysts, which is similar to that of BMC0-C700. Note that the former catalysts
presents BaMnO 3 2H-hexagonal structure as unique perovskite phase (Figure 1), so,
it seems that the mixture of perovskite phases decreases the catalysts activity.
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Reaction mechanism of direct NO decomposition over K-promoted
Co-Mn-Al mixed oxides
Bílková, T., Pacultová, K., Fridrichová, D., Obalová, L., Institute of Environmental
Technology, VŠB-Technical University of Ostrava, 17. listopadu 15, 708 33 Ostrava,
Czech Republic; Haneda, M., Advanced Ceramics Research Center, Nagoya
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Introduction
Nitric oxide (NO) belongs to a group of oxides known as NO x (NO, NO 2 ). Direct NO
decomposition was tested using many types of catalysts (noble metals, oxides,
zeolites) and different reaction mechanisms have been described by several authors
[1].
During our previous studies was found out that K-promoted Co-Mn-Al mixed oxides
are suitable for direct NO decomposition unlike non-promoted mixed oxides are
inactive [2]. In the present article, the aim was to evaluate a possible reaction
mechanism through transient state experiments of NO catalytic decomposition in
inert gas over K-promoted Co-Mn-Al mixed oxide.
Experimental/ methodology
K/Co 4 MnAlO x mixed oxides were prepared by co-precipitation of corresponding
nitrates. Bulk promotion method was used for 0.5-3.1 wt. % potassium incorporation.
Samples were calcined in two steps (i) at 500 °C for 12 h and (ii) at 650 °C in-situ at
the beginning of the reaction.
Isotopic transient kinetic analysis was performed by switching the flowing gas from
1000 ppm

14

NO to 1000 ppm

15

NO diluted in He at 650 °C. The effluent gas was

continuously monitored by a quadrupole mass spectrometer for all the isotopic
molecules of NO, N 2 and N 2 O.
The diffuse reflectance FT-IR spectra were recorded during catalytic reaction. The
reaction gas contained 1000 ppm NO in He; the flow of 30 ml/min for 20 min followed
by purging in He (30 min) and cooling to lower temperature was applied to the 80 mg
of catalyst.
The TPD-NO and step response experiments were performed on Autochem II 2920
and the effluent gas was continuously monitored by a quadrupole mass spectrometer
for NO, N 2 , O 2 and Ar.

Results and discussion
The adsorbed surface ionic nitrogen
species (NO 2 -, NO 3 -, 1288-1482 cm-1)
formed during NO decomposition over
K- promoted

Co 4 MnAlO x

especially

at lower temperatures indicating low
thermal

stability

of

NO x

adspecies

at > 600°C (Fig. 1).

Fig. 1: Diffuse reflectance FT-IR spectra
recorded for 2 wt.%K/Co4MnAlOx at 500-650 °C.

TPD-NO measurements showed that the
amount of NO adsorbed on the catalyst
surface differs according to the potassium
amount

(Fig.

2)

and

confirmed

the

presence of several NO x and/or oxygen
species on the surface after reaction.

The results from transient kinetic analysis
(Fig. 3.) suggested that the surface

Fig. 2: TPD profiles of NO and O2 followed NO
adsorption on 0.5 wt.% K/Co4MnAlOx and
3.1 wt.% K/Co4MnAlOx.

adsorbed species can act as intermediates
in

NO

decomposition

Hinshelwood
formation

mechanism).
of

mixed

(LangmuirHowever,
labeled

N 2 (14N15N) proceeded in only very small
amount and for that reason the possibility
of

Eley-Rideal

mechanism

should

be also taken into account.

Fig. 3: Product responses
14
replacement of NO/He with
reaction stream at 650 °C.

following the
NO/He in the

15

References
[1] Haneda, M., Hamada, H.: C. R. Chim. 19 (10), 2016, 1254-1265.
[2] Pacultová, K. and col.: Mol. Catal. 428, 2017, 33-40.

Acknowledgement
The work was supported from ERDF "Institute of Environmental Technology – Excellent Research"
(No. CZ.02.1.01/0.0/0.0/15_019/0000853), Czech Science Foundation (project No. 18-19519S) and by
VŠB-TU student project No. SP2019-91.

Pd and Pd-Ce metallozeolites for environmental reactions of
removal of CH 4 /NO
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Introduction
Palladium-containing zeolites or bimetallic palladium zeolites are known to activate
methane molecules and other diatomic gas-phase molecules of environmental
importance (CO, NO). In this study we examined redox properties of Pd and Ce sites
inside ZSM-5 and Y matrices and their interaction with NO/CH 4 in the context of
selective catalytic reduction of NO.
Experimental
Metal-exchanged zeolites (Y, SiO 2 /Al 2 O 3 = 5.1; ZSM-5, SiO 2 /Al 2 O 3 = 20) were
obtained via subsequent ionic exchange in aqueous solutions. Initially obtained Pdzeolites were reduced in H 2 in order to recover sorption capacity of the zeolite
matrices, and then ionic exchange with Ce(NO 3 ) 3 was carried out. XRF analysis was
used for determination of chemical composition of the materials. Formation and
identification of Pd nanocrystals in the activated/reduced materials was followed with
TEM measurements. In situ adsorption experiment were carried out by means of
EPR and FTIR measurements. Temperature-programmed reactions (TPSR) with of
NO, O 2 , CH 4 mixtures in He as a gas carrier were monitored with QMS spectrometer.
Results
Owing to its electronic properties, NO molecule (π*1) can be studied by means of
EPR spectroscopy. In fact, EPR is sensitive both to the gas-phase reactant as well
as to the palladium active sites (Pd(III), 4d7 and Pd(I), 4d9), whose valence state is
decisive for the spectral parameters or lack of X-band EPR signal (4d8 electron
configuration, Pd(II). It was found that palladium in Y and ZSM-5 zeolites exhibited
versatile redox chemistry depending on the treatment of the samples. All possible
valence states were identified (Pd(III), Pd(II), Pd(I), Pd(0)). When activated in O 2 ,
isotropic EPR signal showed formation of Pd(III) cations (g iso = 2.23), while reduction
in H 2 led to a more complicated, multicomponent signal (g || ≈ 2.90 – 2.74 and g ⊥ ≈

2.13 – 2.11), characteristic of Pd(I) [1]. Apart from Pd(I), reduction in H 2 led to the
formation of metallic Pd species of nanometer size (average size of 5 nm) detected
and identified with TEM and EELS analysis.
The presence of all implicated valence states of Pd were confirmed with FTIR of
adsorbed CO. The characteristic bands for CO interacting with Pd3+ in Y zeolite
(2210 cm–1) and Pd2+ in Y and ZSM-5 (2192 cm–1), Pd+ in Y and ZSM-5 (2160, 2140,
2134, 2120 cm–1), metallic Pd (below 2000 cm–1) were observed.
Formation of surface adducts with NO was investigated with EPR and IR techniques.
For oxidized and reduced samples characteristic EPR signal with hyperfine structure
was observed. It originated from the coupling with magnetic moment of nucleus 105Pd
(22.3%, I = 5/2). In addition, in the case of interaction with Pd(I), the superhyperfine
structure could be observed, which was assigned to two nuclei of nitrogen (14N, I = 1)
coming from dinitrosyl species Pd+(NO) 2 . While in the case of Pd(I) they were formed
by simple addition reaction 2Pd + 2NO = 2{Pd+(NO) 2 }, for the oxidized centers
reactive adsorption was observed, which led first to a reduction of Pd3+ to Pd2+ and
Pd+, and subsequent formation of the paramagnetic mono- Pd2+NO and dinitrosyls
Pd+(NO) 2 . The conclusions obtained from magnetic resonance was supported by
corresponding FTIR measurements. Both diamagnetic and paramagnetic forms were
detected, including mononitrosyls Pd2+NO at 1874 (Y) and 1800 cm–1 (ZSM-5) as
well as dinitrosyls at 1830 and 1815 cm–1 (asymmetric and symmetric bands,
respectively) in both, Y and ZSM-5, matrices [2].
TPSR profiles recorded for H 2 -reduced catalysts PdY (Pd nanoparticles as major
active phase) showed that onset of CH 4 oxidation in O 2 was already located below
300ºC, while decomposition of NO alone produced N 2 and N 2 O only above 300ºC.
Reactions with NO+CH 4 and NO+CH 4 +O 2 showed that NO reduction competed with
CH 4 oxidation and the temperature windows for both these processes diverge. This
apparent misfit of the temperature windows could be diminished by introducing
cerium components which helped in binding nitrogen oxide forming surface nitrates.
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How to study the influence of support oxygen for oxidation
reactions?
Helena Kaper, Pierre-Alexis Répécaud, Daniel Aubert, Ceramic Synthesis and
Functionalization Laboratory, Cavaillon, France;
Werner Paulus, Bartosz Penkala, Monica Ceretti, Institut Charles Gerhardt,
University of Montpellier, Place Eugène Bataillon, 34095 Montpellier, France

Introduction
Perovskites and related materials represent a promising class of catalysts and
catalyst supports for oxidation reactions.[1] In the case of a Mars-van Krevelen (MvK)
mechanism, lattice oxygen from the support participates to the reaction. Detailed
studies on the role of the support usually include the work with

18

O or C18O, as in a

Steady-State Isotopic Transient Kinetic Analysis (SSITKA) experiment. Here, we
present an alternative way to known isotopic studies, combining an

18

O exchange in

the materials followed by a catalytic reaction using pulses of O 2 onto a continuous
flow of CO (see figure 1a), recently named isotope labeling pulse temperature
programmed oxidation reaction (ILPOR).[2]

Experimental
All experiments were carried out in an automated catalyst characterization system
(AutoChem II 2920) coupled with a quadrupole mass spectrometer (QMS)
(ThermoStar TM GSD301T, Pfeiffer Vacuum). 100 mg of an

18

O-enriched sample

was loaded into a U-shaped Quartz reactor. The sample was heated (2K/min) under
1% C16O to 500°C. Onto this, pulses of 16O 2 were injected every 60 s.
Results and Discussion
We study three catalysts supports, ceria as well-known catalyst support (results not
shown here) and two Brownmillerites (CaFeO 2.5 and SrFeO x ), recently studied for
their oxygen mobility[3] and CO oxidation capability.[2] Indeed, CaFeO 2.5 is known as
stable line phase, showing oxygen mobility at higher temperature than SrFeOx,
known as support with facilitated oxygen mobility. Looking at the ILPOR results, in
the case of CaFeO 2.5 , only C16O16O is produced at low temperature (figure 1b).

Therefore, lattice oxygen does not participate in the reaction at low temperature. At
elevated temperature, also C18O16O and C18O18O are found as products,
demonstrating the participation of lattice oxygen. In contrast, using SrFeOx as
support (figure 1C), C16O18O and to a minor extent also C18O18O are produced next
to C16O16O as soon as the reaction takes place. In this case, lattice oxygen
participates in the reaction from the beginning.
In order to exclude side reactions such as surface exchange of CO or the produced
CO 2 with 18O, additional studies on the surface exchange of CO and CO 2 were done.
The results confirm that ILPOR can be used as powerful technique to study the role
of lattice oxygen in oxidation reactions.
Fig.

1.

Figure

experimental

setup

1:

a)

of

the

ILPOR experiment. b) ILPOR
results for CaFeO2.5 and b)
SrFeO2.5.

Conclusion
We present a novel
analytical

method

to

determine lattice oxygen
participation in oxidation reactions, based on

18

O-enriched samples that are used for

CO oxidation under dynamic conditions. The results correlate to the oxygen mobility
of the pure support material. This approach allows distinguishing between bulk lattice
participation and surface implication.
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Introduction
Pt on CeO 2 has been used as catalyst for oxidation reactions like low-temperature
CO oxidation, the water-gas shift reaction, steam reforming and so on. However,
identification of an active site remains an issue, in particular under dynamic oxidizing
to reducing conditions. In their experimental work many groups have shown [1-5] that
at small Pt loading, full dispersion over CeO 2 can be achieved. Oxidizing conditions
enhance Pt dispersion while in the reducing conditions Pt sintering takes place. The
size of the Pt particles is correlated to the Pt oxidation state and this, in return,
dictates the rate of oxidation process. This has furthermore led to redispersion
protocols that allow to reactivate Pt/CeO 2 catalysts [3]. A more fundamental
understanding is required which is the scope of this work.

Methods
In this work, we have systematically performed set of periodic DFT calculations
(VASP code [6] with GGA+U correction [7], a plane-wave basis set with a cutoff
energy of 450 eV, the projector augmented wave method (PAW)[8, 9] and the
Bayesian Error Estimation Functional with van der Waals correlations (BEEF-vdW)
[10] exchange correlation functional) in order to investigated process of Pt adsorption
on different CeO 2 facets under different oxidation-reduction conditions as well as its
effect on the process of CO oxidation.

Results
Presence of a specific, open adsorption site at (002) and (211) facets of CeO 2 will
make a huge impact on Pt dispersion process, allowing spontaneous, single Pt atom
adsorption. This process is enhanced at slightly to fully oxidizing conditions. In CO
rich regime PtOx species will be reduced and at some point, sintering of Pt will take

place. Fully dispersed and oxidized PtOx species are not very active toward CO
oxidation. In addition, during reduction, the Pt particles may sinter too strongly
leading to a loss of the active surface Pt and interfacial Pt-O-Ce entities.
At the same time, process of Pt adsorption over more compact facets of CeO 2 , like
(111) and (221), is much more dependent on the oxidation state of Pt. Possible PtOx
– CeO 2 substitution at these facets was taken in to account.

Figure 1: Schematic representation of the Pt over CeO 2 (002) & CeO 2 (111) under
oxidizing – reducing conditions
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Development of heterojonctions Cu-TiO 2 for clean H 2 production by
the visible light photo-electrochemical dissociation of water.
Wissame Chettah1; Siham Barama2; Anne Davidson3; Samira Sleymi2; Akila
Barama2; Amel Boudjemaa4 and Mohamed-Salah Medjram1. LGCES-université-20aout-19551, Skikda1, Algeria1; LMCCCO-USTHB2, Algiers2, Algeria2 ; LRS-UPMC3,
Paris3, France3 ; CRAPC4, Tipaza4, Algeria4
Abstract.
Given that a great hope is placed on hydrogen fuel cells for the environmental
impact, in this present study, a particular interest is focused on the production of
hydrogen. Currently, gaseous hydrogen is synthesized up to 90% from industrial
processes of transformation of organic compounds such as natural gas, coal or
biomass, but these not-clean processes needed a CO 2 capture [1]. A transition is
therefore to be made to more "clean" modes of H 2 production. It’s known that there
are several technological sectors produce H 2 from different sources such as naturalgas reforming, charcoal gasification, bio-resources fermentation, electrolysis of water,
photo-synthesis by micro-organisms or algae. The electrolysis of water is one of
promising way for clean production of hydrogen (with zero emissions); however, it’s
known that this process (at 25°C, 1 atm) is characterized by voltage −1.23V, which
means this reaction needs high energy in large-scale [2]. To remedy this
inconvenient, the photo-electrolysis of water under the visible light or sunlight, where
electrodes is replaced by an efficient photocatalyst, could be a promising alternative
to classical decomposition of water by electrolysis [3].
For catalysts preparation, commercial material Millennium-PC500 (Degussa,
TiO 2 anatase) has chosen as starting reagent. Support, noted “a-TiO 2 ” (a: anatase),
is elaborated from a mixture of 80% of non-calcined Millennium-PC500 and 20% of
calcined Millennium-PC500 followed by thermal activation at 400°C under air. The
fabrication of the heterojunction photocatalysts has been realized by three methods:
(1) wet-impregnation, (2) copolymer emulsion (using Triblock Pluronic-P123) and (3)
surfactant emulsion (using Triton-X100). After calcination step or treatment under
argon (at 500°C), the obtained solids, noted XCu/a-TiO 2 (X=3.5 %weight), 3CuP123/a-TiO 2 , 3Cu-TX100/a-TiO 2 , are characterized by X-rays diffraction, X-rays
fluorescence, UV-visible spectroscopy (band gap (BG) calculation) and HR-

SEM/EDX. As shown in Fig.1, all diffraction peaks can be indexed to TiO 2 anatase
phase (ICDD#021-1272) with body-centered tetragonal lattice and I41/amd spacegroup. For all samples, crystallographic study by Rietveld refinement showed some
lines attributed to the presence of CuO oxide in nanoparticles form (ICDD#0031018). Similar results were observed by fluorescence-X and EDX compositions.
Photo-catalytic performances of our samples were evaluated through the reduction of
water to hydrogen under visible light. The reaction was conducted at room
temperature (50 ± 1°C) with 200mL of NaOH electrolyte in water (concentration=0.5
M), using 50 mg of sample. Visible-lamp (200 W) was used as light source. Whole
was stirred for 35 min in dark room (to establish equilibrium). Amounts of hydrogen
were determined volumetrically by TCD detector and water manometer. After 60 min
of photo-electrochemical dissociation of water, the largest gaseous amount of
hydrogen is obtained with 5Cu/a-TiO 2 (20.9mL) followed by 3Cu/a-TiO 2 (18.3mL),
both prepared with impregnation method. In contrast, copolymer-emulsion and
surfactant-emulsion methods (treated under air and Ar) have revealed smaller
hydrogen quantities (not exceeding 6mL) related to the lowest values of their BG. In
conclusion, method of preparation strongly influences catalysts optical properties and
consequently plays a very important role in hydrogen production via the photoelectrochemical dissociation of water under visible light.

Figure1. (Right) Photo-electrochemical dissociation of water for hydrogen production (in mL) with: (A)
5Cu/a-TiO 2 (B) 3Cu/a-TiO 2 (C) 3Cu-P123/a-TiO 2 /air (D) 3Cu-P123/a-TiO 2 /Ar (E) 3Cu-TX100/aTiO 2 /Ar (F) 3Cu-TX100/a-TiO 2 /air (G) a-TiO 2 support (Left) XRD patterns of catalysts calcined under
air.
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Influence of different intra-layer alkali cations on the catalytic
activity of birnessite in soot oxidation
Tomasz Jakubek, Camillo Hudy, Andrzej Kotarba,
Department of Chemistry, Jagiellonian University, ul. Gronostajowa 2, Krakow,
30-387, Poland
The main purpose of the presented work was a punctilious study of the
catalytic properties of birnessite (AMn 4 O 8 ) and the tuning of its properties by the
insertion of different alkali cations (A = H+, Li+, Na+, K+, Rb+, Cs+) into the interlayer
space (see the structure in Fig. 1a). Mainly, the studies were directed at the
modification of structure and the resulting increase of catalytic activity in a model soot
combustion reaction. This research will help to produce a catalyst that allows the
lowering of the temperature of soot combustion while following the 3E rule (effective,
ecological, economic). In order to achieve the objective, the series of the catalyst
based on the birnessite-type (AMn 4 O 8 , hereafter ABir) phases with various alkali
cations intercalated into the interlayer space between the MnO 6 octahedral layers
were obtained during Mn2+ oxidation in an alkali environment. The chemical
composition, purity, structure, morphology, electrodonor properties and thermal
stability of the obtained products were thoroughly studied by means of several
physicochemical methods (ED-XRF, XRD, RS, TEM, work function, TGA-QMS
ex-situ). The catalysts were tested in a temperature-programmed surface reaction of
soot oxidation as well as NO oxidation.
The diffractograms present a series of peaks which are common for birnessite.
Of note is a slight altering of the position of the first reflex (001) – its position
determines

the

distance

between

layers.

The

introduction

of

ions

with

a larger ionic radius causes an increase in the separation between layers. With the
decreasing ionic radius, the thermal stability decreases–samples with smaller
intercalated cations have greater weight loss in the temperature range of 260-840°C.
The QMS measurements conducted ex-situ revealed this weight loss is connected
with the release of oxygen. The measurements of the work function show an
expected

tendency:

birnessite

phases

containing

cations

with

greater

electronegativity are characterized by a lower WF. The catalytic activity was
determined during temperature-programmed soot combustion experiments in
different modes of contact between soot and catalyst particles: loose (LC) and tight

(TC) contact and with several mixtures of gases flown through the reactor: O 2 /He,
O 2 +NO/He and NO/He. The most active phase in each reaction is HBir, lowering the
temperature of 50% soot conversion by 200°C (TC in O 2 /He and LC in O 2 +NO/He)
when compare to an uncatalyzed reaction. The order of the remaining active phases
in each reaction is as follow: TC in O 2 /He (LiBir~NaBir<<CsBir~KBir<RbBir), LC in
O 2 /He

(RbBir<KBir<CsBir<LiBir<NaBir)

and

LC

in

O 2 +NO/He

(NaBir<LiBir<KBir<CsBir<RbBir). The sequence of the NO conversion curves in the
reaction of its oxidation confirms the higher efficiency of the catalyst for
transformation of NO into more reactive NO 2 indicating the release of oxygen in
lower temperatures.
The obtained results show the two main consequences of different alkali
cation insertion. Firstly, the catalytic activity in soot oxidation can be tuned. All of the
examined phases present high catalytic activity. Moreover, on the contrary to the
hypothesis, the insertion of cations with the lower ionization potential results in higher
catalytic activity in soot oxidation (in both loose and tight contact modes). Thus the
activity is no longer related to the formation of ROS via electron transfer, which
mainly occurred in similar studies [1,2]. Secondly, with the different inserted cation,
the ease of oxygen release changes. In general, based on the obtained results, the
catalytic activity in the reaction of soot oxidation is highly linked with the capability of
the material to release oxygen from the birnessite surface (see Figure 1b). It is
concluded, that soot combustion over the synthesized catalysts operates mainly via
the Mars-van Krevelen mechanism.

Figure 1. a) Structure of birnessite-type phases, b) Correlation between catalytic activity and release O 2 from the
surface of catalyst
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Cogent Tuning of Intrinsic and Extrinsic Redox Processes Involved
in N 2 O Decomposition over Cobalt Spinel Nanocubes
Camillo Hudy, Janusz Janas, Filip Zasada, Andrzej Kotarba, Zbigniew Sojka
Department of Chemistry, Jagiellonian University, ul. Gronostajowa 2,
Krakow, 30-387, Poland

Fundamental understanding and mastering of various interfacial redox
processes involved in N 2 O and O 3 decomposition, oxidation of CO, CH 4 , VOC and
soot combustion or NOx reduction, belong to the key challenges in environmental
catalysis. However, despite a large progress that has been made recently, this
problem still remains not fully resolved.
The aim of this work is to provide an insight into the role of redox events
associated with interfacial electron transfer and back electron transfer that trigger
decomposition of nitrous oxide on the surface of model cobalt spinel catalysts of the
nano-cube morphology. They are associated with the reductive N 2 O dissociation
(N 2 O + e- → N 2(g) + O- surf ) and the oxidative oxygen evolution (O- surf + h• → ½O 2(g) )
steps, induced by an electron or hole transfer, respectively. The iono-sorbed O–
intermediates lead to development of a charge layer on the (100) surface exposed by
the Co 3 O 4 nanocubes, which hinders the interfacial electron transfer via surface
potential enhancement. Furthermore, since the electron holes h• take part in the
second step of the reaction, regulation of their concentration by hypovalent doping of
the Co 3 O 4 nanocrystals with Li+ ions allows for facile promotion of the oxygen
evolution via oxidative O- recombination.
In order to verify these conjectures experimentally, a series of bare and lithium
doped cobalt spinel model catalysts of the nanocube shape were obtained by
hydrothermal method without use of any template molecules. Lithium doping was
achieved by impregnation of the bare Co 3 O 4 nanocrystals with an aqueous solution
of LiNO 3 , followed by calcination at 700oC. The samples were thoroughly
characterized by XRD, ED-XRF, FTIR, RS, SEM methods, along with the work
function and the electric conductivity measurements (panel a). The catalytic active
performance of Co 3 O 4 and Li-Co 3 O 4 nano-cubes in the N 2 O decomposition was
studied in the TPSR and isothermal modes, as a function of contact time and N 2 O

pressure (panel b), also with addition of

16

O 2 or

18

O 2 to examine the role of the

surface charge layer formation on the reaction progress.
Results obtained from the catalytic N 2 O decomposition were interpreted by
means of a kinetic equation,


1
k obs m 
X
 , with an auto-genic
= 0 
0
.
5
1− X
FV ρ  1 + K O (0.5 ⋅ XpN 2O ) 

retardation term due to the presence of the surface O– intermediates. The latter
produce a Helmholtz charge layer, which leads to enhancement of the activation
energy from ∆E intr = 70 to ∆E app = ∆E intr + χ = 100 kJ/mol, where χ indicates the
build-up surface potential (χ = neµ/εε ο ), gauged independently by the work function
measurements, and µ is the surface dipole produced by an O– adatom (panel c).
The influence of tuning the redox properties of Co 3 O 4 nano-cubes by incorporation
of Li+ cations on the N 2 O decomposition is shown in panel d. A systematic shift of the
TPSR

profiles toward tower temperatures, documents the beneficial role of the

generated electron holes in the recombination of the O– intermediates, which
apparently is slower than the first N 2 O dissociation step. The concentration of holes
was

assessed

by

a

noncontact

electron

conductivity

and

work

function

measurements. The result can be explained in terms of an adjustment of the active
redox couple Co3+/Co4+ to the investigated reaction.

Figure. a) Characterization of the Co 3 O 4 nanocubes by RS, XRD and SEM methods, b) kinetic results of the N 2 O
decomposition at various p N2O pressure at T = 425°C, c) model of the surface Helmholtz layer produced by the
O intermediates, d) influence of Li-doping of Co 3 O 4 nanocubes on N 2 O decomposition TPSR profiles.
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Different activation of CuO nanoparticles on La 0.8 K 0.2MO 3 (M=Cr,Mn)
perovskites: oxygen exchange interaction between metal and
support material
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Chemical Sciences, University of Padua, Italy; A. Glisenti, Dept. of Chemical
Sciences, University of Padua, Italy
Introduction
Our group has long studied CuO@perovskites nanocomposite materials as a
possible alternative to noble metals in automotive exhaust abatement device [1,2].
The different surface and bulk properties of oxygen in citrate route-prepared LaCrO 3
and LaMnO 3 perovskites lead to very different results in soot oxidation and CO
reduction by NO, after doping with potassium [3]. The higher mobility of oxygen in the
bulk and the relative weakness of Mn-O bond give to Mn-based perovskites a high
oxidation activity. The lower mobility of oxygen in LaCrO 3 however, seems to
stabilize superficial oxygen vacancies, avoiding the replenishment via migration from
the bulk. The higher concentration of O2- defects greatly enhances NO reduction
activity with respect to the LaMnO 3 perovskite.
The present study aims to further investigate the oxygen exchange capabilities of
these two perovskites in CuO nanocomposites material. Good redox activity of
dispersed copper nanoparticles can modify and enhance the reactivity of the
perovskite. The preparation of the catalyst follows a combustion method of deposition
that allows to improve the dispersion of copper with respect to the traditional wet
impregnation method [4]. Due to the good dispersion obtained, it was possible to
establish an oxygen exchange interaction between copper and the support
perovskite, ruled by oxygen mobility and M-O bonding strength. Mixed Cr-Mn
perovskites have been synthesized to investigate the possibility of a synergetic
effect.
Synthesis and Characterization
The doped perovskites have been prepared by wet chemistry procedure and
characterized by means of X-Ray Diffraction (XRD), X-Ray Photoelectron
Spectroscopy (XPS), Scanning Electron Microscopy (SEM), Energy Dispersive XRay Analysis (EDX), Temperature Programmed Reduction (TPR), and BET. Catalytic
activity was evaluated with model reaction such as soot oxidation by O 2 and NO and

NO reduction by CO, as well as in more complex mixtures, containing also soot,
oxygen and hydrocarbons.
Results and discussion
XRD analysis confirms that copper did not enter in the perovskite cell, but is
dispersed on the surface as Cu(II) oxide. The Temperature Programmed Reduction
shows that in Mn-containing samples the reducibility of the support is increased by
the combustion deposition of copper.
The catalytic properties of the perovskitic support influence the catalytic activity of
copper, as it is clearly shown by the results of NO reduction by CO. Cr-perovskite
supported nanocomposites perform better than manganite-supported (figure 1 left).
This was interpreted on the base of more effective oxygen activation. Obtained
results suggest more oxygen can be supplied to copper from the bulk, deactivating it
towards NO reduction. This is confirmed by soot oxidation tests (figure 1 right) in tight
contact mode, where copper on Mn-perovskite is much more effective than the
chromite supported. This interaction is observed to strongly depend on the deposition
procedure and so on the intimate contact between the supported specie and the
perovskite.
Interesting synergetic effects have been observed in Cr+Mn-containing supports.

Fig.1 Left: N2 yield for some nanocomposite materials in NO reduction by stoichiometric CO. Right: soot oxidation by O2
and NO results, in comparison with results without copper deposition.
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Improved asymmetrical honeycomb monolith catalyst prepared by
3D printing
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Lozano-Castelló and Agustín Bueno-López.
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Introduction
Three dimensions (3D) printing is doing successful advances in topics like chemistry
or medicine, among others, since it opens new options for fabrication of substrates
with total freedom in the design [1,2].
In this study, a honeycomb-like monolith has been prepared using 3D printing
machines with enhanced catalytic activity. This improved support consists of a
honeycomb-like structure with asymmetrical channels (see Figure 1). Conventional
and improved monoliths were prepared by 3D printing and were coated with the
same active phase (5 wt. % Cu/Ceria). The catalysts were characterized and tested
in two chemical reactions with practical relevance: CO oxidation in excess oxygen,
which is relevant for gas pollution control, and preferential oxidation of CO in the
presence of H 2 (CO-PROX), which is a topic of ongoing research for H 2 purification
in fuel cells.

Figure 1. Scheme of channels for the (a) symmetrical and (b) asymmetrical monoliths designed and
fabricated in this study.

Results and discussion
Physical-chemical characterization by means of XRD, SEM and Raman studies show
that for both conventional and asymmetrical monoliths there are not crystalline
differences in the Cu/Ceria active phase, nor the washcoated thicknesses or catalyst

distribution along the channel length either. Therefore, variation in catalytic activity
must be attributed to the particularities in the shape of the channels, considering
constant the surface area per unit bed volume.
Figures 2 and 3 present catalytic behaviour of the prepared active monoliths,
demonstrating a better performance in both CO oxidation and CO-PROX conditions a
beneficial effect in the unconventional design. For the asymmetrical monolith,
channel section is larger at the reactants entrance side than in the exit side,
improving with regard to conventional monoliths both the reaction rate, when reaction
behaves under kinetic rate control, and the radial diffusion of reactants, when
reaction behaves under external gas diffusion rate control

Figure 2. Reaction rate as a function of
temperature for CO oxidation experiments
performed with excess oxygen (1% CO + 17%
O2 in He) under different total gas flows
(ml/min): ■ 400, ● 500, ▲ 600, ♦ 700.

Figure 3. CO conversion as a function of
temperature in CO-PROX experiments. (1%
CO + 1% O2 + 30% H2; total gas flow: 700
ml/min).

Conclusions
The improved supported catalyst with asymmetrical channels has two benefits with
regard to a counterpart catalyst with conventional symmetrical channels. The novel
supported catalyst improves the reaction rate with regard to the conventional one
because it fits better to the equation rate, and the asymmetrical channels favor the
turbulent regime of gases with regard to the laminar flow that prevails in symmetrical
channels.
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Introduction
Gold nanoparticles on TiO 2 supports are good CO oxidation catalysts and the
reaction mechanism has been discussed[1]. Gold is oftent hindered by rapid sintering
effects that ruins the size effect of gold-based catalysts in heterogenoues catalysis.
Ti has previously been shown to reduce these sintering effects and stabilise the gold
nanoparticles[2]. Mass-selected Au/Ti clusters deposited on TiO 2 support appear to
be a promising candidate for sustainable gold-based nanocatalysts.
In this study small bi-metallic mass-selected Au/Ti nanoparticles are deposited on
TiO 2 and SiO 2 support and experimentally testet using CO oxidation as a model
reaction for the catalytic efficiency and stabillity.

Setup and Sample Preparation
The microreactor setup developed at DTU to specifically test and investigate catalytic
phenomenon on nanoparticles is exceptionally good in combining high pressure
reactions and still enable Quadropole Mass Spectrometry (QMS) in Ultra High
Vacuum (UHV) through a capillary to analyse the entire gas composition and all
products formed by the reaction[3]. See figure 1.

Figure 1. Schematics of the microreactor. Photo by Thomas Andersen, DTU.

The samples are produced by sputtering a TiO 2 thinfilm on the microreactor. The
microreactor is then inserted into the cluster source at SurfCat to prepare the massselected bi-metallic Au/Ti by magnetron sputtering and mass seperated by a time-offlight before impregnated onto the microreactor. See figure 2. The samples are then
analysed and characterised using ISS, XPS and SEM.

Figure 2. Schematics of the cluster source and AuTi target. Schematics by Ifan Stephens

Catalytic testing is done at various pressures and temperatures of up to 1 bar and
140 degrees. The gas composition has been varied from 0.25:1:1.75 to 1:1:1
(O 2 :CO:Ar).
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Platinum states and structural features of Pt/Al 2 O 3 catalysts in the
NH 3 oxidation reaction
Andrei Boronin, Andrey Stadnichenko, Elena Slavinskaya, Dmitry Svintsitskiy,
Anatoly Romanenko, Olga Stonkus, Elizaveta Derevyannykova, Boreskov Institute of
Catalysis, SB RAS, Novosibirsk, Russia; Valery Svetlichnyi, Tomsk State University,
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We report a fundamental study of catalytic oxidative neutralization of ammonia
in excess oxygen on Pt/Al2O3 catalysts. A series of Pt/Al 2 O 3 catalysts with high Pt
dispersion were synthesized and systematically studied. The catalysts were
supported on γ-Al 2 O 3 prepared by calcining pseudoboehmite Pural SCF-55 in air at
550 or 750°C (catalysts 1 and 2, respectively). Platinum was deposited from a
solution of commercial platinum nitrate. Structural (XRD, TEM), spectroscopic (XPS,
XAS), and kinetic (TPR-NH 3 +O 2 ) methods were used to characterize the
morphology, dispersion, structure and electronic state of the active component in the
as-prepared, reduced in hydrogen and tested catalysts. The catalysts are
characterized by a high dispersion of the active component with particles of
supported platinum in the range from 0.5 to 2 nm and with a varying ratio of Pt0,
Ptδ+/Pt2+ and Pt4+ species, as uncovered by XPS and XAS investigations. Despite the
identical content of platinum in the catalysts, the activity and selectivity for different
products (N 2 , N 2 O, NO and NO 2 ) differ. From the initial activity data, the rate of
catalytic reaction, TOFs value and activation energy for all catalysts were
determined.
It was found that the activity of catalysts and selectivity to N 2 and N 2 O products,
depending on the reaction temperature (Figure 1), are determined by a combination
of factors: dispersion and oxidation state of platinum species, and also, probably, by
their interaction with the support. The effective oxidation of ammonia was observed
at temperatures above 150°C. In the range from 150 to 250°С, the main oxidation
products were N 2 and N 2 O (Fig.1b and 1c). Note that the appearance of N 2 O in the
reaction mixture coincided in temperature with the start of ammonia conversion for all
tested samples. At temperatures above 250°C, NO and NO 2 appear as reaction
products. With increasing temperature, the concentration of nitrogen oxides in the

mixture increased, while the content of N 2 and N 2 O decreased. Note that the tested
catalysts differed significantly among themselves in their activity, which was
manifested in the shift of the NH 3 conversion curve on a temperature scale. Thus, the
reduction in hydrogen contributed to an increase in the activity of catalysts
2%Pt/Al 2 O 3 in the reaction of ammonia oxidation in an excess of oxygen.
One can conclude that at temperatures up to 250° C, a high activity in the
oxidation of ammonia with the formation of both, N 2 and N 2 O, is observed over
metallic platinum. At the same time, higher selectivity to N 2 was recorded for the
catalysts containing predominantly oxidic Pt. Above 250°C, these factors cease to be
decisive due to the oxidation of platinum, which is accompanied by the appearance
of NO and NO 2 as main ammonia oxidation products.

Figure 1. Temperature dependences of NH 3 conversion and concentration of
reaction products during the second heating in the reaction mixture for 2%Pt/Al 2 O 3
catalysts before and after their reduction in hydrogen at 250°C (marked as H): (a)
NH 3 conversion, concentration (b) N 2 O, (c) N 2 and (d) NO + NO 2 .
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Introduction
The removal of NOx in exhaust gases as a bi-product of chemical reactions is
important because of the harmful effect of NOx on the environment and the human
health. The level of NOx emission limits e.g. for diesel engines and other sectors
have become more stringent over the past years. The selective catalytic reduction
(SCR) of NOx by ammonia is an effective and well-developed method for the NOxremoval. However, this leads to unconverted ammonia emission from tail pipes,
which for industrial applications is limited to below 10 ppm. To decrease the
ammonia slip, most processes are carried out under the condition of NH 3 /NO<1,
which, however, is sub-stoichiometric resulting in a tradeoff in NOx reduction
efficiencies.
In view of the present discussions in exhaust gas after treatment, the focus is
stronger on more efficient NOx removal. For increasing the NOx reduction efficiency
an increase in the inlet NH 3 feed to the SCR catalyst to stoichiometric or even higher
and in a subsequent stage selectively oxidizing the unreacted ammonia over a
downstream catalyst called the Ammonia Slip Catalyst (ASC) is more plausible.
We recently reported in Angewandte Chemie a novel nanoparticulate catalyst of
copper and ruthenium designed for low temperature ammonia oxidation at near
stoichiometric mixtures using a bottom up approach1. A synergistic effect of the two
metals is found: an optimum CuRu catalyst shows reaction rate three-fold higher than
Ru and forty-fold higher than Cu. X-ray Absorption Spectroscopy (XAS) suggests that
in the most active catalyst Cu forms one or two monolayer thick patches on Ru and
the catalysts are less active once 3D Cu-islands form. In this paper, we extend the
idea of ammonia oxidation on Cu/Ru catalyst to ammonia slip catalyst (ASC)
application. We will show the result of ammonia oxidation in simulated exhaust gas

composition

with

huge

excess

of

oxygen (10%) present in the stream.
We are also going to investigate the
effect of water in the reaction stream.
Methods
The high surface powder catalyst was
prepared
Ru/Al 2 O 3
electroless
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first

catalyst
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Figure 1. Activity and selectivity of selective ammonia
oxidation on Al 2 O 3 supported Cu/Ru catalyst. Reaction

nanoparticles were then tested for

gas mixture: 1000 ppm ammonia in 10% O 2 and rest Ar.

ammonia

Catalyst : CuRu/Al 2 O3 ( 2wt% Ru).

oxidation.

The

characterization was performed by in-situ X-ray diffraction, Transmission Electron
Microscopy and in-situ X-ray absorption spectroscopy.
Results and discussion
The catalytic conversion of NH 3 and O 2 to N 2 and H 2 O at 170°C for a series of CuRu
catalyst of varying nominal copper overlayer thickness. The CuRu nanoparticulate
catalyst, similar to the thin film, has a better performance than both copper and
ruthenium separately. The highest conversion is observed for a nominal Cu overlayer
thickness of 0.8ML exhibiting over a factor 3 higher conversion than pure ruthenium
and performing 40 times better than pure copper1. When the catalyst has been tested
for a huge excess of oxygen (10%) to simulate the ammonia slip catalyst
atmosphere, a very high low temperature activity and selectivity of towards N 2 are
observed (Figure 1). The complete conversion has been reached at 200°C with N 2
selectivity of over 90%. The other very interesting feature of the catalyst is the very
low N 2 O selectivity for the temperature range tested (180-350°C).
Conclusions
The Cu-Ru/ Al 2 O 3 catalysts showed very promising activity and selectivity as ASC.
With it’s potential to lower cost and higher performance, the catalyst can be an
effective replacement for Pt based catalysts for the ammonia oxidation reaction.
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Co-Mn mixed oxides prepared by magnetron sputtering on meshes
as catalysts for oxidation of organic compounds
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Chemistry and Technology, Prague, Czech Republic

Catalysts in the form of meshes possess a lot of advantages in their using in catalytic
reactors: a low pressure drop and good heat transfer [1]. Oxides of Co and Mn show
high catalytic activity in various oxidation reactions. Catalysts in the present study
were prepared as follows: Stainless steel meshes used as supports were coated with
thin Co 3 O 4 film by RF magnetron sputtering and further Co 3 O 4 layer by subsequent
electrochemical deposition followed by heating. The meshes with deposited Co 3 O 4
were then coated with additional MnO (samples A-C) or Co-Mn mixed oxide (Co:Mn
molar ratio of 1:3, samples D-F) thin films of various thickness (approximately 100,
200, and 300 nm) by RF magnetron sputtering and heated at 500 °C in air. The
structured Co-Mn oxide catalysts with various Mn content were examined by XRD,
SEM, FTIR, XPS, and H 2 -TPR, tested in the gas-phase oxidation of model organic
compound (ethanol) and compared with pelletized commercial Co-Mn-Al mixed oxide
catalyst (Astin 2-100, Czech Republic, Co:Mn:Al molar ratio of 4:1:1).
Results and discussion
Besides the stainless steel support, XRD measurements revealed only Co 3 O 4 and no
discrete Mn-containing phase was detected in the deposited Co-Mn oxide layers.
XPS analysis showed that Mn occurs mainly as MnO on the catalysts surface.
Catalytic properties of the prepared catalysts are summarized in Table 1. According
to T 50 , ethanol oxidation proceeded slightly faster over the catalysts with thicker
additional MnO coating. Additional coating of the deposited Co 3 O 4 layer with Co-Mn
mixed oxide was not so effective in improvement of the catalysts activity. More
precise evaluation of catalyst activity according to r 200 values (mmol of EtOH reacted
over gram of active oxides per hour) slightly changed the order of reactivity: The

catalyst with 100 nm MnO coating over the Co 3 O 4 was more active than the others,
very likely, because of intimate contact of Co 3 O 4 and MnO. The Co/(Co+Mn) molar
ratio around 0.25 provided the most active Co-Mn mixed oxide catalysts for ethanol
oxidation. Simple MnO x catalyst showed lower temperature of T 50 , however,
concentration of undesirable reaction byproduct, CO, was nearly two times higher
than those observed at the structured catalysts (Table 1). It follows from the finding
that MnO catalyzes oxidation of alcohols with high reaction rate but the rate of CO to
CO 2 oxidation is substantially lower than those observed at structured catalysts. As
compared with the pelletized Astin 2-100 catalyst, the temperatures required for 95 %
conversion of ethanol to CO 2 over the catalysts on stainless steel meshes were by
100 °C lower. The Astin 2-100 catalyst did not exhibit the formation of CO, very likely,
due to longer contact of reaction component with active sites in the catalyst pellets.
The activity of all supported catalysts in the total oxidation of ethanol to CO 2
was higher than that of the commercial Astin 2-100 catalyst, though the content of
active components in the bed of structured catalysts was more than 50 times lower.
-1

-1

Table 1 Characteristics of the catalysts and their activity (GHSV=21±1 l g cat h , 760 ppm EtOH in
air).
(Co)-Mn
layer
Co/(Co+Mn)
1
thickness

Catalyst

T 50 EtOH

CO max

T 95 CO 2

R 200

2

nm

mol/mol

wt.%

°C

°C/ppm

°C

A

100

0.88

mmol EtOH
-1 -1
g oxides h

0.57

236

285/119

300

34.8

B

200

0.82

0.55

224

279/119

289

26.3

C

300

0.74

0.64

224

280/113

287

23.4

F

100

0.86

0.44

241

265/115

313

24.1

D

200

0.85

0.72

234

283/125

274

21.1

E

300

0.67

0.41

235

185/89

298

24.2

2000

0.00

0.47

221

324/211

289

43.0

MnO x

3

Pellets
1

Oxides

4

-

0.80

55.0

additional coating by magnetron sputtering,

2

195

4

0/0

per g of active phase,

3

371

1.0

coating of the meshes with

4

MnO x only, Astin 2-100 at 90 % conversion
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Comparative Study of Photo-induced Formation of Peroxide Ions
over Cubic and Monoclinic lanthanide Sesquioxides*
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Photo-induced activation of molecular oxygen (O 2 ) to generate reactive oxygen
species (ROS) such as singlet oxygen (1O 2 ), superoxide radical (•O 2 –), hydrogen
peroxide (H 2 O 2 ) et al. is an important process in the photocatalytic reaction. During a
study on the lanthanide sesquioxides (Ln 2 O 3 ) under O 2 by microprobe laser Raman
spectroscopy, we found that laser excitation of the Raman spectrometer can induce
the formation of lanthanide peroxide ions (Ln3+–O 2 2–) on the Ln 2 O 3 surface

[1]

results of mechanistic study of the process have confirmed that the O 2

. The

2–

are

generated through a photo-induced reaction between O 2 and the lattice oxygen (O2–)
species in lanthanide sesquioxides, in which photoexcitation provides the energy for
the transformation of triplet O 2 to the singlet state to satisfy the requirement of the
spin conservation rule [2]. It therefore provides us with a new pathway of activating O 2
under mild conditions and may potentially be applied in photocatalytic reactions. As a
continuation of the previous research, here we examine the photo-induced formation
of O 2 2– over cubic (c-) and monoclinic (m-) Sm 2 O 3 and Gd 2 O 3 , with attention focused
on the effect of crystal structure of Ln 2 O 3 on the photo-induced oxygenation reaction.
Fig. 1 shows the Raman spectra of the cubic and monoclinic Sm 2 O 3 and Gd 2 O 3 after
the samples under O 2 were continuously irradiated with a focused 325 nm laser
beam of the Raman spectrometer at indicated powers and temperatures for 30 min.
For the samples irradiated with laser beam of a fixed power (e.g. 5 mW) at a
temperature between 30 and 400 °C, intensities of the O 2 2– bands (840~852 cm-1)
over c-Ln 2 O 3 were found to peak at temperature below 200 °C. Comparatively,
maximum intensity of the O 2 2– band over m-Ln 2 O 3 can only be observed at
temperature above 300 °C. For the experiments carried out at a fixed temperature
(e.g. 100 °C), higher photo irradiation power is also beneficial to the O 2 2– formation
on m-Ln 2 O 3 samples. These results indicate that, compared with c-Ln 2 O 3 , higher
energy input is required to generate O 2 2– over m-Ln 2 O 3 .

Fig. 1 Effect of temperature and photo irradiation power on the intensity of the Raman band
2–
for the O 2 species formed by photo-induced reaction of molecular oxygen with the lattice
oxygen of cubic and monoclinic Ln 2 O 3 .

Based on the results of O 2 -TPD, CO 2 -TPD and

18

O isotope exchange experiments

shown in Fig. 2, it can be concluded that the significant difference in the behavior of
O 2 2– formation over the Ln 2 O 3 of two structures can be related to the difference in
the capacity of the samples to adsorb molecular oxygen as well as to the difference
in basicity and mobility of the lattice oxygen species of cubic and monoclinic Ln 2 O 3 .

Fig. 2 O 2 -TPD (left), CO 2 -TPD (middle) and 18O isotope exchange (right) profiles of the cubic
and monoclinic Ln 2 O 3 (Ln = Sm, Gd) samples.
* This work is supported by the National Natural Science Fundation of China (No. 21872111)
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Co-Mn mixed oxide catalysts prepared by hydrothermal deposition
on stainless steel wire meshes
F. Kovanda, M. Dvořáková, Department of Solid State Chemistry, University of
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K. Jirátová, J. Balabánová, P. Topka, Institute of Chemical Process Fundamentals of
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The present work was focused on preparation of supported Co-Mn mixed oxide
catalysts as both Co and Mn oxides show high catalytic activity in various oxidation
reactions and catalysts supported on metal meshes can be applied in any kind
of reactor especially that designated for fast reactions [1]. Thin layer of active oxides
enables their high utilization due to low internal diffusion effects. The stainless steel
meshes used as support were treated under hydrothermal conditions in Co and Mn
nitrates aqueous solutions containing urea and then heated at 500 °C in air to obtain
supported Co-Mn mixed oxides with various Co:Mn molar ratios. The other set of
non-supported catalysts was prepared by coprecipitation of Co and Mn nitrates and
subsequent heating at 500 °C in air. The XRD, SEM, TPR, and XPS were used for
the catalysts characterization and their activity was examined in deep oxidation of
ethanol.
Results and discussion
Large crystals of Co and Mn carbonates were formed on supports during
hydrothermal reaction and morphology of the precursors remained preserved after
heating. Powder XRD showed CoMnO 3 as a main crystalline phase in the resulting
Co-Mn mixed oxides whereas Co 3 O 4 and Mn 2 O 3 were identified in the samples
containing only single active component (Co and Mn, respectively). The supported
catalysts contained from 1.1 to 5 wt. % of active oxides deposited on the meshes.
The grained catalysts (particle size of 0.160-0,315 mm) obtained by heating of
coprecipitated hydroxide precursors contained analogous Co and Mn oxides like the
supported catalysts. The T 50 EtOH and T 90 CO 2 temperatures, at which 50% ethanol
conversion and 90% conversion of all organic compounds to CO 2 were achieved,
were used for comparison of the catalysts activity in ethanol total oxidation (Table 1).
As expected, the oxide catalysts deposited on stainless steel meshes were less
active than the grained ones due to much lower content of active Co and Mn

components: T 50 EtOH and T 90 CO 2 temperatures of about 50 – 80 °C higher were
found for the supported Co-Mn mixed oxide catalysts. The Co/(Co+Mn) molar ratio of
0.2 was found as the best to obtain Co-Mn mixed oxide catalysts with high efficiency
in the ethanol oxidation. Acetaldehyde was produced in low concentrations as
byproduct during ethanol oxidation over the examined catalysts. Carbon monoxide
was also detected in the reaction off-gas; its concentration decreased with increased
Mn content in the catalysts.

Table 1: Activity of the examined catalysts in total oxidation of ethanol (GHSW of
21±1 l g cat -1 h-1, 760 ppm of ethanol in air)

Supported catalysts

Grained catalysts

Co/(Co+Mn)

Oxides

T 50 EtOH

T 90 CO 2

Oxides

T 50 EtOH

T 90 CO 2

molar ratio

content

/ °C

/ °C

content

/ °C

/ °C

/ wt.%

/ wt.%

0

4.97

200

248

100

159

200

0.2

1.14

195

253

100

113

190

0.4

2.55

195

251

100

113

181

0.5

3.28

185

244

100

116

188

0.6

2.95

194

264

100

113

186

0.8

1.91

189

254

100

112

179

1

1.95

224

269

100

103

188

References
[1] M.V. Twigg, D.E. Webster, Structured Catalysts and Reactors, 2nd Edition, A. Cybulski and J.A.
Moulijn editors, Taylor and Francis, Chemical Industries Series, 110 (2006) 7.

Acknowledgements
Authors thank the Czech Science Foundation for the financial support (project 17-08389S).

Synthesis and catalytic properties of Cu-Fe-Al oxide
nanocomposites - a catalyst for CO oxidation
A.V. Fedorov, O.A. Bulavchenko, A.A. Saraev, A.M. Tsapina, Z.S. Vinokurov, V.A.
Yakovlev, V.V. Kaichev, Boreskov Institute of Catalysis SB RAS, Novosibirsk
Catalytic combustion of fuels in fluidized bed has many advantages in comparison
with the traditional ways of burning. One of the most important are the low
combustion temperature (650-750°C), high fuel utilization factor (~93%), low
emission of harmful substances into the atmosphere, a small size of installations and
etc. [1]. Also, the process allows us to combust of municipal wastewater sediments
from sludge fields [2]. Currently, Cr-containing catalyst (CuCr 2 O 4 /Al 2 O 3 ) is using for
processes of fuel combustion in the fluidized catalyst bed. The main disadvantages
of this catalyst are a presence of chromium and the high cost of this catalyst. The CuFe-Al oxide nanocomposites are perspective alternative to existing catalyst due to its
high catalytic activities [3]. The aim of this work is to investigate Fe-Al and Cu-Fe-Al
oxide composites in deep CO oxidation using recirculating plug flow reactor. The FeAl and Cu-Fe-Al oxide nanocomposite catalysts were synthesized by fusion of
aluminum, iron, and copper salts, followed by calcination at 700°С. A weight ratio of
Fe 2 O 3 to Al 2 O 3 was 82 to 18 in all catalysts. The CuO loading was ranged from 0-10
wt.%. The obtained catalysts were investigated by various methods: XRD, XPS,
TEM. The kinetic measurements were performed in a differential reactor with a flowcirculating configuration. The reactor was equipped with an external circulation pump.
The constant space velocity of the reactants through the catalyst bed was more than
15 recirculations per minute. This provided the total mixing mode and the absence of
a gradient. The feed consisted of 2 vol.% CO, 1-4 vol.% O 2 , and N 2 in balance. The
sample was heated from 100 to 300 °C with 5°/min rate. In the work, an alternative
method was used to calculate CO oxidation rates based on light-off curves data. It
was shown nonlinear dependence of catalytic activity on copper oxide loading in the
samples. The increase in copper oxide content up to 5% leads to the increase in
catalytic activity in CO oxidation. With further increase of CuO content up to 10%, the
decrease in catalytic activity was observed. The activation energy for the samples
with 0, 5 and 10% CuO content was 104, 88 and 74 kJ/mole, respectively. However,
the value of the deep oxidation rate has a maximum with 5% copper oxide loading in
the sample. This results could be explained by the different phase of the CuO active

component. According to XPS, XRD, and TEM, the samples with 5% CuO loading
represent a high-dispersive CuO nanoparticles, meanwhile the samples with higher
CuO loading are bulk Fe-containing CuAl 2 O 4 phase. In this work it is shown that
obtained catalysts have high catalytic activities in CO oxidation. Sample containing
5% CuO has the highest steady-state oxidation rate due to the fact that the active
component is represented as a high-dispersive CuO nanoparticles.
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Directed functionalization of oxide nanomaterials for the creation of
Ni catalysts for combined steam/CO 2 reforming of methane
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1. Introduction
The use of CO 2 as an initial raw material for chemical processes is a rather
urgent task directed to solve the problems of environmental safety and rational
management of natural resources. The combined steam/CO 2 reforming of methane
allows utilization of greenhouse gases and generation of the synthesis gas that
serves as an initial raw material for the production of synthetic liquid fuels and basic
chemical products [1]. To create efficient nanosized catalysts with specified
physicochemical and catalytic properties, the Ni/MO y catalysts were synthesized and
systematically studied at the variation of the composition of oxide matrix (M = Ce, La,
Mg, Сe-La, Ce-Mg). For the development of methods for control of catalysts activity
and their resistance to coking, the strength of metal-support interaction was regulated
by means of variation of oxides functionalization method (decomposition of metal
salts precursors, polymerizable complex method, sol-gel method).

2. Experimental
The Ni/MO y samples with different M/Ce molar ratio (M = Ce, La, Mg, Сe-La, CeMg; La/Ce = Mg/Ce = 0-4; y = 1-1.5) were prepared by the incipient wetness
impregnation (I-series), polymerizable complex (P-series) and sol-gel (S-series)
methods. The catalysts were calcined at 500oC and activated in a reductive
atmosphere at 800oC. To determine the “synthesis parameters – structure –
properties”

relationships, the materials were characterized by TA, BET, XRD,

HRTEM-EDX, HAADF-STEM, SEM, DRS UV-Vis, Raman spectroscopy and H 2 -TPR
methods and tested in steam/CO 2 reforming of methane at 600-800oC and molar
ratio СH 4 :CO 2 :H 2 O:He = 1.0/0.81/0.38/2.8.

3. Results and discussion
It was shown that the preparation method and M/Ce molar ratio affected the
textural and structural properties of catalysts, as well as their reducibility. Ni catalysts
of P-series in comparison of those of I-series were different by thermal genesis,
specific surface area (100 vs. 60 m2/g), defectiveness and dispersion of CeO 2 (3 vs.
11 nm), type of Ni species (solid solution Ce-M-Ni-O vs. NiO), and their reducibility.
The activation of catalysts in reductive atmosphere leads to the formation of Nio
active species whose dispersion grows with an increase of the M/Ce molar ratio. The
characteristics of catalysts correlate with their functional properties in steam/CO 2
reforming of methane. It was demonstrated that the realization of strong nickelsupport interaction promoted the stability against carbonaceous deposits under
reaction conditions similar to Ni catalysts in autothermal reforming of methane or
ethanol [2, 3]. The developed catalysts provide H 2 yield up to 85% and the
conversion of reagents ~ 80% at 750oC in steam/CO 2 reforming of methane
4. Conclusions
With the aim to create Ni catalysts with superior anti-sintering and anti-coking
behaviour for combined steam/CO 2 reforming of methane directed functionalization
of oxide nanomaterials MO y (M = Ce, La, Mg, Сe-La, Ce-Mg; La/Ce = Mg/Ce = 0-4; y
= 1-1.5) were performed by means of the decomposition of metal salts precursors,
polymerizable complex method or sol-gel method. The relationships between the
preparation mode and catalyst properties were established. Highly active and stable
catalysts for combined steam/CO 2 reforming of methane to synthesis gas were
developed.
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Study on Red-Ox properties and CO oxidation activity of
nanocrystalline Ce 0.9 Pd 0.1 O 1.9 and Ce 0.7 Yb 0.2 Pd 0.1 O 1.8 mixed oxides
Piotr Kraszkiewicz, Michalina Kurnatowska
Institute of Low Temperature and Structure Research, Polish Academy of Sciences,
Wrocław, Poland

Introduction
Cerium oxide continues to arouse much interest due to its unique structural
properties [1–2]. One of the most important features is the formation of solid solutions
with many metals resulting in mixed oxides with unique properties [3]. New
technology is looking for materials that will act as efficient catalysts, that reduce the
environment pollution. It seems the nanocrystalline cerium mixed oxides catalyst are
promising materials for this purpose [4].

Methods
Cerium mixed oxides were obtained with hydrothermal and reverse
microemulsion methods [5]. Chemical composition of the samples was analyzed by
EDS. Samples were characterized using methods: TEM, XRD, EDS. The reducing
and oxidizing treatments were carried out by heating of the mixed oxides in gas flow
(H 2 or O 2 ) at 500–800 °C for 2h. Samples after different thermal treatments were
characterized by XRD and TEM. Oxygen storage capacity of samples was measured
by H 2 -TPR (5% H 2 /Ar, 10 °C/min up to 900 °C) and catalytic activity was tested in
low-temperature CO oxidation.

Results
The obtained nanocrystalline Ce 0.9 Pd 0.1 O 1.9 and Ce 0.7 Yb 0.2 Pd 0.1 O 1.8 oxides
were homogeneous fluorite-type nanocrystallites with very small size (4–5 nm). The
structure studies of the samples annealed in pure H 2 showed no structure and
morphology

changes

up

to

400

and

500

°C

for

Ce 0.9 Pd 0.1 O 1.9

and

Ce 0.7 Yb 0.2 Pd 0.1 O 1.8 , respectively. Reduction at a temperature higher by 100 °C
caused the phase separation and small (2 nm) palladium particles were observed on
the oxides surface. The H 2 -TPR studies revealed strong reduction peak below 50 °C
for both samples. The amount of consumed hydrogen indicated that at this

temperature along with Pd2+, a certain amount of Ce4+ was reduced. The reduced
palladium was stabilized in the ceria matrix and the addition of ytterbium further
stabilized the entire system. The obtained materials were active in low-temperature
CO oxidation. The higher activity of the pre-reduced catalysts was attributed to the
partially reduced Pd species or metallic Pd clusters at the catalyst surface,
undetectable for TEM and XRD.
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Sintering-resistant sub-2 nm gold clusters on SBA-15 support,
highly active in room temperature CO oxidation
Piotr Kraszkiewicz, Małgorzata Małecka, Włodzimierz Miśta
Institute of Low Temperature and Structure Research, Polish Academy of Sciences,
Wrocław, Poland
Gold, in the bulk form is chemically inert, but few-nanometer-sized gold
particles are very active catalysts in many reactions, like total and selective oxidation
or hydrogenation reactions. It is generally accepted that the size of gold
nanoparticles should not exceed 5 nm [1]. Many works devoted to gold catalysts are
focused on the preparation of small gold nanoparticles, however the preparation of
stable gold catalysts is still challenging. Gold has a relatively low melting temperature
(1064 °C for Au vs. 1768 °C for Pt). Moreover, it is has been shown that few-nm gold
particles can melt in the 300–500 °C temperature range [2]. A low thermal stability of
gold catalysts is one of the obstacles to commercial applications, and the
achievement of long-term durability is more important than improving their activity [3].

[Au(en)2]3+
SiO2

H-150

Au

Weak interaction

(low thermal stability)

SiO2

H-400

Protecting layer
Au

SiO2

O-400

Strong interaction
Au

a)

(high thermal stability)

SiO2

b)

Fig. 1 Proposed mechanism of gold nanoparticles stabilization on the support
surface a), results of CO oxidation tests (catalyst: 4.8%Au/SBA-15, 30 mg; 1% CO,
5% O 2 and He, 50 cm3/min) b)

In this work, we present the results of our research on the stabilization of gold
nanoparticles on the SBA-15 mesoporous silica support. The catalyst was prepared
by electrostatic adsorption of [Au(en) 2 ]Cl 3 (en = ethylenediamine) complex on the
SBA-15 mesoporous silica surface in aqueous solution. We demonstrated that pretreatment in hydrogen at 400–600 °C allows stabilizing sub 2-nm gold clusters on
the SBA-15 support [4]. Moreover, the obtained gold catalysts are highly active in
room-temperature CO oxidation and show unusual resistance to sintering, even at
800 °C (Fig. 1b).
The obtained results suggest that during decomposition of catalyst precursor
in hydrogen at high temperature (400 °C) some carbonaceous layer is formed on the
surface of gold [4]. This layer may serve as a temporary structure, protecting gold
against sintering until strong interaction between gold and silica support is created
(Fig. 1a). The existence of strong interaction between gold and silica support
explains the high stability of gold nanoparticles after removal of the carbonaceous
material during calcination in oxygen.
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Cu/V Stoichiometry-Variable Copper Vanadate Catalytic Phases for
Selective NO X Reduction
Jongsik Km, Korea Institute of Science and Technology, Seoul, South Korea;
Dong Wook Kwon, Korea Institute of Science and Technology, Seoul, South Korea;
Heon Phil Ha, Korea Institute of Science and Technology, Seoul, Republic of Korea

Abating NO X emitted from stationery/mobile sources via NH 3 -assisted selective
catalytic NO X reduction (NH 3 -SCR) is vital to release global environmental concerns
associated with atmospheric fine particulate matters (PM 2.5 ) [1,2]. One of feasible
ways to promote NH 3 -SCR consequence is to structurally amend V oxides (V 2 O 5
and VO 2 ), which are conventionally employed as active sites for NH 3 -SCR. In this
presentation, we detail our efforts for creating a series of novel vanadate phases with
the use of cheap, ubiquitous Cu as a structural modifier of V oxides (i.e., Cu 1 V 2 O 6
(Cu 1 ), Cu 2 V 4 O 7 (Cu 2 ), Cu 3 V 2 O 8 (Cu 3 ), and Cu 5 V 2 O 10 (Cu 5 )) [1]. The resulting
copper vanadate phases are demonstrated to be active in and selective to NH 3 -SCR,
while providing surface properties distinct one another [1]. This allows for locating the
optimum vanadate phase for NH 3 -SCR (Cu 3 ), which exhibits the greatest
Brönsted/Lewis acidity coupled with the best redox trait among all vanadate phases
[1]. We also engineer Cu 3 phase via its functionalization with SO Y 2- species (Y= 3 or
4) to further tune the catalytic property of Cu 3 adequate to proceed NH 3 -SCR at low
temperatures (i.e., ≤300 °C) [2]. The SO Y 2--functionalized Cu 3 phase is verified to 1)
better catalyze NH 3 -SCR than a control simulating a commercial catalyst and 2) to be
of significant tolerance against H 2 O, SO 2 , and poisons including alkali-metals and
ammonium (bi) sulfates during NH 3 -SCR at low temperatures [1,2]. Our study
remarks the SO Y 2--modified, optimum Cu 3 can be greatly preferred as an active site
and be of appreciable efficiency to accelerate NH 3 -SCR at low temperatures.
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Practical Applications of CeO 2 -Added Sb-V 2 O 5 /TiO 2 Catalyst to
Stationery and Mobile NO X Reduction Units
Heon Phil Ha, Korea Institute of Science and Technology, Seoul, South Korea;
Dong Wook Kwon, Korea Institute of Science and Technology, Seoul, South Korea;
Jongsik Kim, Korea Institute of Science and Technology, Seoul, Republic of Korea

Inventing a catalytic solid with high activity and selectivity to reduce NO X by NH 3 to
form N 2 and H 2 O (NH 3 -SCR) is recently sought after to attenuate the atmospheric
concentration of NO X , leading to mitigate severe air pollution [1-3]. We discover a
catalytic nano-composite (denoted as ‘SVCT’) for low-temperature NH 3 -SCR, where
V oxides (acting as active sites) and Ce/Sb oxides (acting as promoters) are highly
dispersed throughout anatase (TiO 2 ) support [1-3]. Unique combination of V, Ce, and
Sb ingredients inherent to the SVCT provides such acidity and redox feature as to
significantly accelerate NH 3 -SCR at low temperatures (≤ 250 °C), readily recover its
NH 3 -SCR performance post the regeneration under mild conditions, and substantially
tolerate alkali-metal poison [1-3]. In this presentation, we highlight our recent pilot
studies on the SVCT to diagnose its practical applicability as a catalyst for NH 3 -SCR
unit built in private or public sector located in South Korea. The SVCT is massproduced, engineered to be the part of a monolith or a corrugate-typed catalyst bed,
and installed in the NH 3 -SCR unit used for the mobile (marine diesel engine of HSD
ENGINE) or the stationery NO X -emitting sources (sintering furnace of POSCO). Our
pilot studies corroborate that in comparison with a commercial catalyst (V 2 O 5 -WO 3
on TiO 2 ), the SVCT reveals greater NO X conversions and superior resistance to
poisons including SO 2 and ammonium (bi) sulfate. The SVCT, therefore, can provide
outstanding long-term stability to catalyze NH 3 -SCR at low temperatures. This is
evidenced by time-on stream studies of the SVCT in the presence of H 2 O/SO 2 included flue gas stream at 240 °C and 250 °C, where NO X conversions are ≥ ~80 %
up to ~700 hours and ≥ ~95 % up to ~1,300 hours, respectively.
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Three-dimensionally ordered macroporous PrO x :
an improved alternative to soot combustion ceria catalysts
Virginia Alcalde-Santiago; Esther Bailón García; Arantxa Davó-Quiñonero; Dolores
Lozano-Castelló; Agustín Bueno-López, University of Alicante, Alicante, Spain

In recent years, significant efforts have been made in order to develop new systems
to eliminate the carbon particles (soot) emitted by diesel engines, since these
particles are responsible for severe environmental and health problems. These
systems usually consist of a filter placed in the exhaust pipe, where the particles are
retained and burned. Nevertheless, the temperature of the exhaust gases of modern
diesel engines is relatively low (150–500 °C) and consequently, is not enough for the
spontaneous combustion of soot (550-700 ºC) [1]. Thus, a catalyst is required to
decrease the combustion temperature of retained particles. Cerium oxide is one of
the most promising catalysts, since ceria can generate highly reactive oxygen
species, named “active oxygen”, which are highly oxidizing and very efficient for soot
combustion. Praseodymium oxide could be presented as an improved alternative to
ceria catalysts because of, akin ceria, can adopt oxygen-deficient stoichiometries,
and even, the Pr4+/Pr3+ pair has a greater reduction potential than the Ce4+/Ce3+ pair,
and moreover, presents higher ability for the NO 2 production.
Nevertheless, one of the main problems of this solid-solid reaction is the poor contact
between the solid particles of carbon and the solid particles of catalyst. It has been
demonstrated by several authors that the use of ceria with a three-dimensional
ordered macroporous structure (3DOM) greatly improves the soot combustion due to
the improvement the active oxygen transfer from the catalysts to the soot [2].
Herein we describe the synthesis of PrO x -3DOM and its use, for the first time, in the
soot combustion. Its behavior has been compared with that of CeO 2 -3DOM, and nonstructured CeO 2 and PrO x catalysts (which are referred to as “Ref”) have been also
prepared and tested for comparison.
This novel PrOx-3DOM catalyst is presented as an improved noble-metal-free
alternative to CeO 2 as soot combustion catalyst. The PrO x -3DOM catalyst presents a
well-defined 3DOM structure with high macropores volume (Figure 1a), which
significantly enhances the solid-solid soot-catalyst contact. This enhanced contact,
together with the improved reducibility of PrO x regarding CeO 2 (Figure 1c),

ameliorate the active oxygen production and its transfer to soot particles, improving
the soot combustion with O 2 .

b

Figure 1. SEM images of a) PrOx-3DOM and b) CeO-3DOM and c) H 2 -TPR
characterization of catalysts.
In addition, PrO x presents higher ability to oxidize NO to NO 2 than CeO 2 (Figure 2a),
which participates in the generation of active oxygen favoring the soot combustion in
higher extend in presence of NO x (Figure 2b). The catalytic activity of PrO x -3DOM
after several soot combustion cycles is also confirmed.

Figure 2. a) NO oxidation to NO 2 in catalytic experiments performed without soot
and b) Comparison of soot combustion in the absence and presence of NO x . (T50%
is the
temperature where 50% of soot is oxidized).
Consequently, three-dimensionally ordered macroporous PrO x presents an improved
behaviour to generate active oxygen and to transfer it to soot, which provide an
improved performance for the soot combustion with regard to ceria.
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Development, synthesis and investigation of titania-zirconia
nanomaterials for selective hydrogenation of 2-methyl-3-butyn-2-ol in
microcapillary reactor
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Introduction
The use of microreactor technology for fine organic synthesis is an urgent task
directed to solve the problems of environmental safety and control of selectivity in
sequential reactions. Multicrystalline oxide coatings nanoparticles have increased
mechanical strength and thermal stability as compared to titanium dioxide coatings
[1]. In this paper, by changing the Ti/Zr molar ratio, TiO 2 –ZrO 2 composites and
coatings were fabricated through EISA process. The effect of the composition of
oxide matrix on porous and crystalline structures and catalytic properties of materials
in selective hydrogenation of 2-methyl-3-butyn-2-ol (MBY) in microcapillary reactor
was studied.
Experimental
Ordered mesoporous titania-zirconia Ti x Zr 1-x O 2 composites were synthesized by
varying Ti/Zr molar ratio (Ti/Zr = 0.18, 0.25, 0.43, 1, 2.3) via self-assembly using
titanium isopropoxide and zirconium oxychloride as titania and zirconia sources and
triblock copolymer F127 as a template [2]. The structure of pore walls and their
thermal stability are systematically studied by XRD, TEM and low-temperature
adsorption of nitrogen. Mesoporous coatings doped with nanoparticles were obtained
by one-step synthesis using a PdZn colloid. The catalytic coatings of 1 wt.%
PdZn/Ti x Zr 1-x O 2 (x = 1, 0.8, 0.5) were synthesized on the inner surface of a 0.53mm-long capillary reactor with a length of 10 m. Coatings were tested in the selective
hydrogenation of MBY at 333 K and 1 atm. H 2 .
Results and discussion
In most cases, the process of EISA in the synthesis of mesoporous oxide materials
requires the addition of acid to slow the hydrolysis-condensation reaction of metal
precursors. In this case, no acid is added to regulate the rate of hydrolysis, which is

important in the synthesis of catalytic coatings for microreactors. A series of titaniumzirconium nanocomposites with controlled properties was prepared by varying the
Ti/Zr ratio. Composites have an ordered mesostructure of pores, a high specific
surface area (up to 157 m2/g), a large volume of pores (0.13–0.21 cm3/g) and a
uniform pore size distribution (3.6–3.7 nm).
The productivity of the microcapillary reactor after 32 hours of continuous stream
increases in the series PdZn/TiO 2 <PdZn/Ti 0.8 Zr 0.2 O 2 <PdZn/Ti 0.5 Zr 0.5 O 2 at constant
selectivity (more than 96%) and productivity of the catalysts (1.2, 1.5 and 1.3
gMBE/s/gPd) due to thickening of the coating. The high selectivity for PdZn
nanoparticles embedded to titania-zirconia matrix is due to the decrease in the
constant of direct hydrogenation and the ratio of the alkene and alkyne adsorption
constants derived by kinetic modelling.
Conclusions
With the aim to create of PdZn coatings with high stability, activity and selectivity for
hydrogenation of 2-methyl-3-butyn-2-ol ordered mesoporous titanium-zirconium
composites were synthesized via an EISA process. A catalytic coating based on
TiO 2 -ZrO 2 composites with PdZn-embedded nanoparticles showed high activity and
selectivity in the hydrogenation of 2-methyl-3-butyn-2-ol.
Acknowledgements
This work was conducted within the framework of the budget project No. АААА-А17117041710090-3 for Boreskov Institute of Catalysis. The authors are thankful to Dr.
V.A. Ushakov, Dr. E.Y. Gerasimov, Ms. T.Ya. Efimenko and Ms. G.S. Litvak for their
help with catalyst characterization.
References
1. L. B.Okhlopkova, M. A.Kerzhentsev, Z. R. Ismagilov, Surf. Eng. 31 (2015) 78 -83.
2. Yuan, Q., Liu, Y., Li, L., Li, Z.-X., Fang, C.-J., Duan, W.-T., Li, X.-G., Yan, C.-H., Micropor. Mesopor.
Mater. 124 (2009) 169–178.

Dual function materials for the storage and methanation of CO 2 .
Selection of nickel loading, adsorbent and impregnation sequence.
A. Bermejo-López, A. Quindimil, B. Pereda-Ayo, J. A. González-Marcos, J. R.
González-Velasco* Department of Chemical Engineering, Faculty of Science and
Technology, University of the Basque Country UPV/EHU, 48940-Leioa, Bizkaia,
España. *juanra.gonzalezvelasco@ehu.eus
Introduction
It has been very recently published for the first time in the scientific literature the use
of dual function materials (DFM) for the methanation of CO 2 from diluted streams
through the Sabatier equation, without the need for the previous stage of
sequestration and concentration [1-3]. The DFMs contain an alkaline or alkaline earth
product that acts as an adsorbent allowing the storage of CO 2 and a noble metal that
assists the direct conversion to methane without the need for intensive energy
consumption intermediate thermal processes. In this way, the energy requirement of
the process is limited to obtaining H 2 and, therefore, the CO 2 capture process,
conversion to CH 4 and subsequent use of the fuel approximates to a CO 2 neutral
cycle, with no net emissions of this gas to the atmosphere. This requires obtaining
hydrogen from a renewable energy source. In this context, the objective of this study
is to analyse different contents of nickel (5, 10 and 15%) over 15% CaO/γ-Al 2 O 3 or
10% Na 2 CO 3 /γ-Al 2 O 3 and the impregnation sequence.
Results and discussion
The addition of nickel causes a progressive decrease of the specific surface area and
pore volume. The dispersion of Ni markedly decreased with increasing the loading in
the CaO contain catalysts, whereas Ni dispersion was hardly affected in the Na 2 CO 3
contain catalyst. The dispersion values were corroborated by the Ni particle size
observed by TEM.
The presence of 15% CaO provides the catalyst with weak, medium and strong
basicity sites, while the presence of 10% Na 2 CO 3 , only provides weak and medium
basicity. The addition of Ni, irrespective of the impregnation sequence, barely varies
the CO 2 desorption profiles during basicity measurements. Regarding the reducibility,
three H 2 consumption peaks belonging to three nickel species (α, β and γ) were
detected during H 2 -TPR experiments. Besides, an additional H 2 consumption peak
was observed due to methane production with preadsorbed CO 2 . Samples

containing Na 2 CO 3 as adsorbent present a
larger amount of γ-NiO species due to the
higher interaction of nickel with the support.
The

coimpregnation

of

nickel

and

the

adsorbent also results in a greater interaction
of Ni with the support. This results have been
also corroborated by XPS.
The process of storage or capture of CO 2
(1200 ml/min (45000 h-1), 11% CO 2 /Ar during
1 min) followed by its hydrogenation or
methanation to CH 4 (1200 ml/min, 10% H 2 /Ar,
during 2 min), with an intermediate Ar purge,
has been monitored. The temporal evolution
of the concentration of reactants and products
Figure 1. Evolution of the storage capacity
of CO2, production per cycle of CH4 and
CO with temperature.

has

been

described

in

both

cycles,

determining the basic chemical reactions that

govern the process.
Figure 1 shows the evolution of the storage capacity of CO 2 and the production per
cycle of CH 4 and CO with temperature. It is observed that the amount of CO 2 stored
and the CH 4 production per cycle follow a similar trend. CH 4 production increases
with temperature irrespective the nickel loading for CaO containing catalysts,
whereas maximum CH 4 production is observed around 400 ºC for Na 2 CO 3
containing catalysts. On the other hand, the higher the nickel loading the higher the
CH 4 production is. The CO production increases as the temperature and nickel
loading increase, being significantly higher for coimpregnated samples.
In summary, the catalyst with 10% nickel and 10% Na 2 CO 3 sequentially impregnated
presents the highest production of methane with a selectivity of 89% at a lower
temperature than CaO based catalysts, requiring less energetic operating conditions
to carry out the capture and methanation of CO 2 .
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Introduction
At present, the increasingly stringent requirements, which are limiting NOx and soot
emissions from light and heavy duty diesel engines in EU countries [1], motivate the
search for new ways to improve the behavior and stability of Cu-zeolites in ammoniabased selective catalytic reduction of NOx (SCR NO-NH 3 ). The relationships
between the copper loading, types of Cu active species, and activity for SCR NONH 3 , that were revealed through a comparative study of Cu-ZSM-5 by
physicochemical (ESR, DR UV-Vis, DRIFT, H 2 -TPR, NH 3 -TPD, etc.) and kinetic
(TPD and steady-state modes, sorption/desorption dynamics) methods, will be
discussed.
Experimental
Cu-ZSM-5(Si/Al 17) samples were prepared according to the ion exchange
procedure described elsewhere [2]. The preferential stabilization of Cu2+ ions in CuZSM-5 as isolated ions, Cu-structures with extra-lattice oxygen or CuO-like clusters
were controlled by NH 4 OH/Cu2+ (α) ratio in the ion-exchanged copper-acetate
solution, and their number (n, %) was controlled by the concentration of copper in
solution. Copper concentration and NH 4 OH/Cu2+ molar ratio (in ammonia solutions of
copper acetate) were varied in the range 0.007 – 0.15 M and 0 – 30, respectively.
The SCR NO-NH 3 and NH 3 sorption-desorption dynamics over Cu-ZSM-5 were
measured at 200-550 oC with the gas flow rate 42000 h–1 and the feed composed of
300-600 ppm NO, 300-600 ppm NH 3 , 3.1-3.2 vol% O 2 and Ar balance; the latter was
analyzed on-line using analyzer TEST-1 equipped with electrochemical sensors.
Results and discussion
The ammonia sorption-desorption dynamics over n%Cu(α)-ZSM-5 as well as the
genesis of the copper(II) structures were studied by varying the temperature (25-300
°C) and the feed composition (NH 3 ; NH 3 +O 2 ; NH 3 +NO+O 2 ). The ammonia sorption
capacity and the amount of strongly adsorbed ammonia rapidly decreased with
increasing temperature and at oxygen addition to feed. Parameters of ESR

(g || = 2.24, g ⊥ = 2.06, A || =180 G) and DR UV-Vis (14700 cm-1) spectra of the
n%Cu(α)-ZSM-5 with adsorbed ammonia illustrated a transformation of Cu(II)complexes with oxygen-containing ligands to ammonia complexes. NH 3 -TPD of
n%Cu(α)-ZSM-5 showed 3-4 peaks corresponding to: the weakly-bound NH 3
adsorbed on the CuO-like species (175-200 oC), the physisorbed NH 3 and NH 3
adsorbed on weak Bronsted acid sites of the surface silanol groups (220-240 oC), the
coordinated NH 3 in the [Cu(NH 3 ) n ]2+ complex (280-375oC), the strongly bound NH 3
on Bronsted acid sites (425-450 oC). The first type of the adsorbed ammonia is
characteristic only of 3.5%Cu(3)-ZSM-5 with CuO-like nanoparticles, its adsorption
heat was near 50-60 kJ/mol. The [Cu(NH 3 ) n ]2+ complex (∆H=95±5 kJ/mol) and the
strongly bound NH 3 (∆H=110±10 kJ/mol) dominated in 0.5-2%Cu(0)-ZSM-5 with the
isolated Cu2+ ions. The samples 0.5-2.5%Cu(6,10,15)-ZSM-5 with isolated Cu2+ ions
and Cu(II)-structures with extra-lattice oxygen showed the coordinated (∆H=75-80
kJ/mol) and the strongly bound (∆H= 95±5 kJ/mol) ammonia, but the heat of NH 3
adsorption over them were lower compared to catalysts with the isolated ions. At 300
o

C, NH 3 was adsorbed only over strong sites of 2.5%Cu(6,10,15)-ZSM-5, apparently

as NH 4 +, but its adsorption by 0.5-2%Cu(0)-ZSM-5 and 0.5-2%Cu(30)-ZSM-5 was
insignificant.
When NH 3 was adsorbed on the catalyst 2.5%Cu(15)-ZSM-5 from the mixture
NH 3 +NO+O 2 , the NH 3 and NO conversion at 200oC were equal to 42% and 100%,
respectively. After NH 3 removal from the catalyst by NO+O 2 +Ar, NO 2 and NO were
registered in the gas mixture. These facts indicate the "fast route” of SCR NO-NH 3 [4].
Conclusion
The nature of the copper species and their loading affect the SCR NO-NH 3 behavior
of the Cu-ZSM-5. Ammonia storage as well as NO-to-NO 2 oxidation on the Cu active
sites are crucial for the low-temperature SCR NO-NH 3 . NO oxidation is catalyzed by
Cu-structures with extra-lattice oxygen, which are formed using the ion-exchange
mode at NH 4 OH/Cu2+ = 6-15 and thermal treatment of the high-copper-loaded CuZSM-5. The isolated Cu2+ ions of the ion-exchanged Cu-ZSM-5 ensure high NO
conversion at high temperatures due to their low NH 3 oxidation activity.
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Introduction
Atmospheric pollutants such as nitrogen oxides and ammonia are one of the major
environmental problems, especially in the industrial sector. Increasing amount of
these compounds resulted in stricter regulations on their emission and intensification
of studies focused on optimization of existing technologies and development of new
solutions for emission abatement from different sources. Presented work is focused
on the selective oxidation of ammonia by the oxygen to dinitrogen and water vapour
(NH 3 -SCO) which is one of most promising methods for the removal of NH 3 from
oxygen containing waste gases. According to the equations, given below, main
products of NH 3 -SCO are dinitrogen and water vapour (equation 1), and main side
products are NO and N 2 O (equations 2 and 3).
4 NH 3 + 3 O 2 → 2 N 2 + 6 H 2 O

(1)

4 NH 3 + 5 O 2 → 4 NO + 6 H 2 O

(2)

4 NO + 4 NH 4 + 3 O 2 → 4 N 2 O + 6 H 2 O

(3)

Effective catalysts of NH 3 -SCO should be active at a relatively low temperature range
and should be selective directly to the main products: N 2 and H 2 O. Mixed metal
oxides obtained by calcination of hydrotalcite like precursors have been found as an
effective catalysts of NH 3 -SCO reaction [1,2]. In presented studies series of Cu-MgAl and Ce/Cu-Mg-Al metal oxides with a various Mg/Al ratios and different
temperatures of calcination have been examined as catalysts for the NH 3 -SCO
process.
Experimental
The hydrotalcite-like precursors with intended Cu/Mg/Al molar ratios of 5/77/18,
5/72/23, 5/67/28 and 5/62/33 were synthesized by co-precipitation method from
aqueous solutions of metal nitrates and Na 2 CO 3 as precipitating agent. The pH was

controlled by NaOH dropwise addition. After synthesis, dried samples were
calcinated in an air atmosphere at 600, 700 and 800 °C for 9 h.
Additionally, samples obtained by calcination of 5/62/33 precursor at 600 °C were
impregnated by various content of Ce (0.5 mol.% or 3 mol.%). After modification
samples were dried and calcinated again at 600 °C.
The mechanism of thermal decomposition of precursors to mixed metal oxides was
studied by thermogravimetric method combined with residual gas analysis and in situ
high temperature XRD measurements.
Physicochemical analyses of calcinated samples included: determination of textural
parameters (BET), structure (XRD) and form of aggregation of transition metal
species (UV-vis-DRS, H 2 -TPR).
Calcinated samples were tested as catalysts of NH 3 -SCO process in a plug flow
microreactor system combined with quadrupole mass spectrometer.
Results
Metal oxides obtained by calcination of hydrotalcite-like precursor have been found
as effective catalysts of NH 3 -SCO process. Both the Mg/Al ratio and temperature of
calcination strongly influence the activity and selectivity. In general, an increase of
calcination temperature and decrease of Mg/Al ratio increased selectivity to
dinitrogen, what is related to formation of spinel phases (e.g. CuAl 2 O 4 ) in the Al-rich
samples calcined at 800 °C. Addition of Ce also improves the activity of mixed metal
oxides, which is related to formation of easily reducible cerium oxide species.
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1. Scope
dDiNO x is a process that implies the simultaneous abatement of NO x and dioxins in
the exhaust gases of Municipal Solid waste Incineration plants (MSWI) in order to
operate in a more environmentally-efficient way. Previous work [1] demonstrated that
the traditional, commercial catalyst (VO x /TiO 2 ) used for SCR of NO X with NH 3 is
suitable for o-dichlorobenzene (o-DCB, dioxins model) oxidation and, consequently,
for dDiNO x . However, the temperature range in which high conversion of both
pollutants is achieved with this catalyst is narrow and located at relatively high
temperature (260-360ºC). MnO x -CeO 2 -based catalysts have shown high efficiency in
low temperature SCR because of the multivalence states of Mn and the high mobility
of oxygen species provided by Ce [2]. Thus, the main goal of the present work is to
study the MnO x -CeO 2 formulation as an alternative catalyst for dDiNO x , capable of
working at lower temperatures than VO x /TiO 2 catalysts. For this purpose, MnO x CeO 2 catalysts, prepared with different Mn/(Ce+Mn) ratios by co-precipitation, were
characterized and tested in simulated conditions close to those employed in MSWI.

2. Results and discussion
Fig 1 shows the light-off curves of MnO x -CeO 2 catalysts for NO and o-DCB.
Regarding SCR, Mn content favour NO conversion at low temperature. Hence, below
300ºC, total removal of NO is achieved with Mn/(Mn+Ce) ratio above 0.5. However,
higher temperatures produce a drastical decrease of NO conversion due to side
reactions such as NH 3 oxidation. In the same way, Mn content has a positive effect in
oxidation, shifting the o-DCB oxidation light-off curves to lower temperatures. As a
result, o-DCB conversions above 80% are obtained at 180ºC with Mn/(Mn+Ce) ratio
above 0.8, which reduces the working temperature by 80ºC with respect to
commercial VO x /TiO 2 catalysts.
Regarding selectivity, N 2 O and CO were detected as reaction by-products, with two
peaks at low and high temperature. In the case of N 2 O, the peak at low temperature

A

is proposed to be associated to non-selective catalytic
reduction, whereas the high temperature peak is due to
NH 3 oxidation.
Additionally, catalysts were characterized in order to
associate their catalytic behaviour with their physical
and chemical properties. The main diffraction peaks of
MnO x -CeO 2 in XRD are associated to cubic fluorite

B

structure. Mn content produces a decrease in lattice
parameter, which suggests Mn incorporation to CeO 2
lattice to form the solid solution. The solid solution was
also confirmed by Raman, due to a slight shift of the F 2g
band to lower wavenumber. Moreover, the increase of
Raman band at 597 cm-1 with Mn content denotes an
increase in oxygen vacancies, which is in accordance

Fig 1. Catalytic activity of MnOx-CeO2. A:
NO reduction; B: o-DCB oxidation.

with the decrease of fluorite crystal size and the

increase of BET surface area and pore volume, caused by the structural defect
created by the incorporation of Mn to CeO 2 lattice. H 2 -TPR was used to corroborate
the improvement of redox properties due to the higher oxygen mobility. In addition,
the average oxidation state of Mn in the bulk was estimated to be between +4 and
+3, which is in accordance with the different MnO x crystal aggregates observed at
higher Mn contents in XRD. Acidity also increases with Mn content, which indicates
that MnO x aggregates may be the species more contributing to this property.
3. Conclusions
Conversion of NO and o-DCB above 80% has been achieved with catalysts whose
Mn/(Mn+Ce) ratio is above 0.8, at lower temperatures than commercial catalyst.
Characterization corroborates that Mn incorporates into CeO 2 lattice, and the excess
is segregated in MnO x crystals, which provides for different Mn oxidation states and
high oxygen mobility, thus improving redox and acidic properties.
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This study addresses an investigation on Hg°-oxychlorination over commercial
V 2 O 5 /MoO 3 /TiO 2 SCR catalysts and complete previous studies over the same
catalyst [1,2]. Hg° oxidation is recognized to be a red-ox reaction catalyzed by V-sites
as NH 3 -SCR reaction is. The study focused on the identification and comprehension
of the common kinetic features of the two processes. In a previous work, Beretta et
al. [1] developed a global DeNO x redox rate equation (1) which accounts for: (i) the
importance of both reduction and re-oxidation steps, (ii) the promoting effect of NO
on re-oxidation and (iii) the NH 3 inhibition due to spillover from acidic to redox sites.
(1)

Interestingly, SO 2 -oxidation over the commercial SCR catalysts has been also
reported to be weakly promoted by NO and strongly inhibited by NH 3 [3]. Besides,
similar effects were found for Hg°-oxidation over V-based catalysts [4].
We herein report the results of an extensive experimental campaign on Hg°oxidation in a pilot scale reactor which were performed over a commercial V/Mo/Ti
catalyst in the form of slabs, aimed at a quantitative analysis of the effects of O 2 , NO
and NH 3 and a comparison with same effects on NH 3 -SCR. The feed composition
was: 22 µg/Nm3 Hg, 10 ppm HCl, 0.025-6% O 2 , 10.5% H 2 O, 0-300 ppm NO cofeed,
0-300 ppm NH 3 cofeed, N 2 as carrier. Data were quantitatively analyzed by a
heterogeneous 1D model of the reactor cell accounting for interphase and
intraporous mass transfer [2]. Furthermore, an insight of the NO+O 2 -surface and
NH 3 -surface interaction was pursued by operando FT-IR experiments.
To investigate the redox nature of Hg0-oxychlorination reaction, activity tests
were performed at largely varying O 2 concentration (fig.1a). Hg° conversion was
progressive almost unaffected by a decrease of O 2 content for the range of very low
concentrations (<0.5%). This suggests a more important kinetic role of the reduction

step over the oxidation step than in NH 3 -SCR. A dual step reaction rate (eq. 2) was
proposed, incorporating the reduction rate expression developed in [2] and the
formalism of re-oxidation as in Eq. 1. Data in fig. 1a).
(2)

Hg-oxidation experiments with NO-cofeed and with NH 3 -cofeed were also performed.
As in the case of NH 3 -SCR, it was found that Hg conversion increased upon cofeed
of NO (fig. 1b) up to medium temperatures, while at temperatures above 350°C a
negative trend of conversion was measured. The low-temperature promoting effect
could be entirely explained by the same kinetic effect of NO in the re-oxidation step,
while the high-temperature data can be well explained by assuming that the NOcofeed produces a surface effects affecting the heat of adsorption of the HCl on
V-sites. Experiments with NH 3 co-feed showed significant inhibiting effect on Hg°oxidation (not reported for brevity).
The operando FT-IR tests allowed to deepen the comprehension of the redox
chemistry of the V-based catalyst surface. In fig. 1c) is shown as an example the
adsorption of NO+O 2 on dried and wetted samples, both surfaces were pre-reduced:
the storage of NO x was larger than on wetted sample, thus suggesting the strong
H 2 O inhibiting effect.
In conclusion common features are clearly evident on the DeNO x and Hg°-ox, which
suggest that NO promoting and NH 3 inhibiting effects are intrinsic features of Vredox.

Fig.1 a) O 2 effect on Hg° conversion; b) NO effect on Hg° conversion; c) IR spectra in NO+O 2 ,
comparison of stored nitrates at 50°C after 30 minutes in a pre-reduced sample.
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The stabilization of small nanoparticles of active component on the support surface is
of high importance in designing of heterogeneous catalysts. Mesoporous ordered
silicas SBA-15 and MCM-41 are promising supports for the catalysts due to high
specific surface area and ordered structure of the cylindrical mesopores. The small
diameter of these pores (3-10 nm) may be used to synthesize the small nanoparticles
(NPs), since the wall of the pores prevents the agglomeration of the NPs during the
calcination. The interest toward silver catalysts is connected with a relatively low cost
in comparison with other noble metals and high activity in the oxidative processes.
The main disadvantage of silver catalysts consists in the difficulties of synthesis and
stabilization of small silver NPs. Two types of silver NPs were shown to form on the
surface of MCM-41 and SBA-15. The particles with the sizes of 3-8 nm were formed
on the external surface, while small NPs with the sizes below 2 nm were formed
inside the pores of MCM-41 [1] and SBA-15 [2] (Fig. 1). Thus, the pores of MCM-41
and SBA-15 may be used as nanoreactors for the synthesis of small silver NPs.
The interest to CeO 2 -based catalysts is attributed to their redox and semiconducting
properties as well as the phenomena of strong metal-support interaction (SMSI) and
electronic metal-support interaction (EMSI). All these properties are favorable for the
oxidative catalysis, electro- and photocatalysis. It was shown that a combination of
citric method and a unique porous structure allows synthesizing the CeO 2 /SBA-15
composites with the uniformly distributed small ceria particles (~3 nm) on the SBA-15
surface with a ceria loading up to 20 wt.% [3]. The prepared CeO 2 /SBA-15
composites were characterized by the increased reducibility due to the small size and
high value of the surface oxygen and a red shift of light adsorption (band gap of 3.0
eV) that is favorable for their application in photocatalysis under visible light.
The present work is focused on the preparation of Ag-CeO 2 /SBA-15 composites. The
combination of silver and ceria in the SBA-15 structure is of interest due to a
synergetic effect in the oxidative catalysis and photocatalysis. The special attention is

given to the interaction of small silver and ceria NPs, because the cooperation of
their active sites is attributed to the formation of the Ag-CeO 2 interface.

Fig. 1. The HAADF-STEM image of Ag/SBA-15 catalyst (a), corresponding particles
size distribution (b) and TEM image (c) of Ag/SBA-15 catalyst.
The series of Ag-CeO 2 /SBA-15 catalysts were synthesized using the impregnation
techniques and characterized by N 2 adsorption-desorption, XRD, SAXS, HR TEM
and HAADF-STEM, UV-vis spectroscopy, TG-DSC-MS, TPR H 2 , TPO, TPD, etc. The
synthesis was carried out varying the sequence of the introduction of silver and ceria
precursors, the presence and absence of citric acid, etc. The impregnation of the
Pluronic P123@SBA-15 hybrid material by ceria and/or silver precursors was also
carried out. It was established that the Pluronic P123 copolymer positively influenced
on the distribution of the precursor and provided the formation of ultrasmall ceria
particles (~1.8 nm according to SAXS) inside the SBA-15 pores.
It was shown that the formation of both small silver and ceria NPs and their
interaction led to enhanced activity in CO oxidation, total oxidation of methanol and
toluene. The interaction of Ag and CeO 2 particles led to the cooperation of oxidative
species that provide the growth of oxidation activity. It was shown that the EMSI took
place for these catalysts, and a shift from 400 nm to 550 nm of plasmonic adsorption
of silver NPs interacting with ceria was detected that has high importance for
photocatalysis.
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LaMnO 3 perovskite is currently being investigated as a potential and inexpensive
alternative to noble metals (eg., Pd or Pt) for catalytic reactions [1]. A specific focus is
on decontamination and purification reactions such as the preferential oxidation
(PROX) of CO in excess hydrogen. In order to synthesize suitable, high-surface-area
LaMnO 3 nanomaterials, spray-flame synthesis (SFS) was used as it provides a
continuous, single-step and cost-efficient production pathway [2]. Concerning the
formation of a functional and active catalyst, the main challenges of SFS includes
avoiding multimodal and broad particle-size distributions and the formation of
secondary non-active phases.
Metal nitrates (La(NO 3 ) 3 ·xH 2 O and Mn(NO 3 ) 2 ·4H 2 O) as cost-effective precursors
were dissolved in ethanol or mixtures of ethanol and 2-ethylhexanoic acid (2-EHA),
whereas the latter combination is known to support the formation of extremely finegrained materials [3]. A specific interest was in the thermal and chemical stability of
the as-prepared solutions. Therefore, liquid phase temperature-dependent ATR-FTIR
and UV-VIS studies of the solutions were performed. While the ethanol solutions did
not show any changes in chemical composition, esterification between ethanol and 2EHA was observed and most likely catalyzed by manganese ions. Moreover, an
oxidation of Mn2+ to Mn3+ and Mn4+ was found above 40°C. However, these solutions
showed excellent stability and enabled the formation of small particles with a
unimodal and narrow size distribution in the SFS process (d p = 7.3 nm) while
synthesis from pure ethanol-based solutions resulted in a multimodal particle-size

distribution with sizes ranging from 6 to 140 nm. Traces of an oxygen-rich
LaMnO 3+δ phase were identified on the particles’ surface containing a Mn4+/Mn3+ ratio
of 0.5 (as determined by XPS).
In order to understand the surface reducibility, the samples synthesized from 2-EHAcontaining solutions, presented an important surface reduction step at 164°C as
identified in H 2 -Temperature Programmed Reduction (TPR) (Figure 1a) in contrast
with the sample from the ethanol-based solution, which reduction step started only
after 196°C. Other analytical techniques were used to further characterize the
materials: BET, SEM, EDX-TEM and O 2 -Temperature Programmed Desorption
(TPD).
The samples were evaluated for CO-PROX with the best performing sample being
the one made from a solution containing 50/50 volume proportion of ethanol and
2-EHA (Figure 1b), obtaining at 220°C a conversion of CO of 85% (and a 50% CO
conversion at 198°C) while keeping the conversion of hydrogen below 10%.
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Figure 1. (a) H 2 -TPR of the LaMnO 3 perovskites made metal nitrates solutions in ethanol (EtOH),
50%V/50%V EtOH/2-EHA and 35%V/65%V EtOH/2-EHA. (b) CO-PROX of the perovskite sample
made from the 50%V/50%V EtOH/2-EHA solution.
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Recyclable Amination Catalysts in Reactive Ionic Liquids
Thiemo A. Faßbach, Andreas J. Vorholt, Max-Planck-Institute for Chemical Energy
Conversion, Mülheim a.d.R., Germany / TU Dortmund University.
Highly substituted amines are of great interest for the chemical industry since they
are used as building blocks, e.g. for surfactants. Homogeneously catalyzed
aminations can be conducted under milder conditions and with high selectivity
towards the often-desired linear amines. The most important disadvantage of
homogenously catalyzed reactions is the often-challenging catalyst recycling, making
it too expensive for industrial means. An elegant solution to this problem in the
synthesis of dimethyl amine derivatives is the use of dimethyl ammonium dimethyl
carbamate (dimcarb, Figure 1), which is obtained by the reaction of dimethylamine
and CO 2 .[1]
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+
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Figure 1: Structure and reactivity of dimcarb.

It has very promising properties, because it is predominantly present in the ionic
form, yet serves as an amine source. Consequently, it can be considered a reactive
ionic liquid.
Hydroamination of 1,3-Dienes
The catalytic conversion of 1,3-dienes with amines to linear allylic amines is wellknown.[2] A palladium-based catalyst and the DPPB ligand is used for converting the
renewable terpene β-farnesene to dimethyl amine derivatives (Figure 2). These
farnesyl amines are interesting building blocks for nitrogen-based surfactants.[3]
C11H19

[Pd/dppbts]
dimcarb

C11H19
+
N

C11H19
N

Figure 2: Hydroamination of β-farnesene with dimcarb.

The solvent-free hydroamination leads to a yield of 89% of the desired products.
Furthermore, spontaneous phase separation takes place, which allows removing the
non-polar product phase and reusing the polar catalyst phase. The sulfonated DPPB
analogue can efficiently be immobilized in the dimcarb phase and be reused several
times (Figure 3), increasing the total turnover number by the factor of ten. This
concept also works for other 1,3-dienes, like β-myrcene and isoprene.

Figure 3: Catalyst recycling in the hydroamination of β-farnesene with dimcarb.

Telomerization of 1,3-Butadiene
The telomerization is dimerization of 1,3-dienes with an addition of a nucleophile.[4]
Applying dimcarb and 1,3-butadiene without any solvent leads to dimethyl octadienyl
amines (Figure 4).
[Pd/P]
2

N

dimcarb

Figure 4: Telomerization of 1,3-butadiene with dimcarb

Since the product is soluble in dimcarb, it must be extracted with cyclohexane. The
catalyst is immobilized in dimcarb by using a tri-sulfonated PPh 3 ligand (TPPTS). In
this way, the catalyst can be recycled more than 30 times in a row (Figure 5) without
any loss in activity or selectivity at all.[5]

Figure 5: Catalyst recycling in the telomerization of 1,3-butadiene with dimcarb.
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Introduction
Ion beam sputtering [1] is an advanced technique for the controlled modification of the
surface of nanomaterials to enhance their catalytic performance and resistance to
aging, and eventually asses the noble metal substitution [2]. This technique has been
investigated using a conventional Pt/Ce0.5Zr0.5O2 catalyst used on emission control
mobile application [3][4]. Different ion beam parameters (energy, type of ion, doses)
have been investigated to understand the effect on the resulting catalytic activity.
Modeling of the treatment has also been introduced to describe erosion of the surface
through ion sputtering, and explain the significant enhancement in catalytic activity.
Materials and Methods
A sample of Pt (1% w/w) Ce0.5Zr0.5O2 was commercially sourced. Three samples were
then bombarded with N+ ion beams with an energy of 1.5KeV, a current of 20mA and an
incident angle of 28˚ to the catalyst surface. The samples are denoted as Pt1.5(X),
where X represents the number of times the sample was treated for 15 min each
(doses). The treated samples were compared with an untreated sample, denoted as
‘Fresh’. Catalytic testing was carried by using a reaction mixture composed of 10% O 2,
4.5% H2O, 2000ppm of each CO, CH4, C3H6, and 200ppm NO with a total flow of
100ml/min. Light-off tests were performed from 303K to 773K at a rate of 5K/min. The
outlet from the reactor was analysed using an online Pfeiffer Vacuum quadrupole mass
spectrometer. Extended X-ray Absorption Fine Structure (EXAFS) tests were carried out
and spectra were collect at the Pt L3-edge on each of the samples to investigate the
size and distribution of the Pt nanoparticles on the catalyst surface.

Results and Discussion
The catalytic activity was assessed and the
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Fig 1. CO conversion (A) and C3H6 conversion
(B) as a function of temperature for the Pt (1%
w/w) Ce0.5Zr0.5O2 fresh and traeted with different
ion doses (8-16-32).

characterized by a distribution of Pt nanoparticles which is decreasing with the intensity
of the bombardment, as well as by the formation of atom vacancies and incomplete
terraces (HRTEM and H2 reduction FTIR studies).
Conclusions
The results show that Ion beam irradiation can be used as a method for the
manipulation of the surface properties of the material, and thus the enhancement of its
catalytic properties, lowering the temperature at which they are active in oxidation. This
opens up the idea of using ion bombardment as a useful tool for the controlled
processing of nanodispersed heterogeneous catalytic materials.
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Introduction
Sustainable fuel sources such as pure-electric and fuel cell powered systems
have the potential to produce transport that emits near-zero tailpipe gases and
particles. However, these technologies are still an infancy-stage thus can be
considered only a long-term solution. Emission standards and emission limits to
specific air pollutants were established as a measure to control pollution levels in the
short-term, leading to novel solutions to meet the ever-tightening standards. [1], [2]
Particulate matter (PM) are a known pollutant and carcinogen, which are
comprised of carbon-based soot and incombustible material deposited as ash
residues. The particle mass and the number of particles emitted from vehicle exhaust
has been regulated by standards. Though PM constraints have been the main
concern for Diesel engines, they have been managed using an after-treatment
solution such as Particulate Filter (PF) [3], [4]. Recent emission standards by the
European Union (EU6c), have focused on reducing the gasoline particulate
emissions to levels comparable to diesel engines (6 x1011 km-1). Gasoline Particle
Filter (GPF) technologies which involve incorporating the Three-way catalyst (TWC)
washcoat onto the particulate filter in one unit, are expected to be implemented to
comply with regulatory limits.
The challenge with the system involves understanding the role of the PM
deposition on the catalyst washcoat and how it affects the catalyst performance and
filtration efficiency. [5] Thus by observing how the PM interacts within particulate
filters, the distribution of metal catalyst and how the regeneration of the catalyst
affects performance are keys towards improving after-treatment technology. With this

in mind, this project is focused on the analysis of GPF containing a relevant PdRh
catalyst with varying amounts of PM deposition, understanding the effect of ageing
and PM deposition on the system using synchrotron-based techniques and imaging.
Ultimately, correlating in-situ TEM imaging with tomographic studies to analyse the
catalytic activity over a broad range scale.

a

b

Results and Discussion
The initial sample analysed had varying
amounts of ash deposition and aged under ‘richlean’ conditions to simulate >100 000 km of use.
c

XANES analysis of Pd K-edge (fig. 1a) suggests a
reduction of the Pd species upon ageing. EDSSTEM analysis (fig. 1b) of the coatings on the walls
of the monolith suggests the active species is well
distributed on the oxide support on the fresh
samples. However, ageing of the samples seems to

Fig. 1: (a). Normalised XANES of a fresh
catalyst, ash loaded and aged sample ; (b).

cause movement of the PM species onto the binding

EDS-STEM image of washcoat showing

material and cordierite (fig. 1c). This may support the

Pd(red), Al(green), Ce/Zr(blue); (c). 25 µm2

proposed sintering seen from the XANES analysis.

XRF map of washcoat surface.

Nanoprobe XRF mapping also showed the spatial distribution of PM and the
washcoat, observing ash components interacting with different regions of the
washcoat with complementary results seen from EDS-STEM analysis.
Significance and Outlook
Initial work of this system suggests that the ageing process may have a key
role in the catalytic activity of the GPF. With supporting information from XANES
studies, XRF and EDS mapping support the sintering of Pd upon ageing. Further
characterisation is in progress including atomic resolution microscopy and in situ
studies to understand the role PM deposition plays on catalytic activity.
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Introduction
Biogas is in many aspects very similar to natural gas since the main constituent is
CH 4. The source of the raw material used for the production of biogas will impact the
presence of catalyst poisons in the fuel. Many studies have investigated the impact
from various catalyst poisons like S and P though many of these studies are
investigating single poisons or single component of the emission control system in
the vehicle [1]. The presence of an oxidation catalyst in front of the SCR catalyst is
known to oxidize the catalyst poison SO 2 to SO 3 which could affect the SCR catalyst
differently and this shows the importance to take all the parts of the system in
consideration when studying the deactivation of the catalytic converters in heavy duty
vehicles. In this study we have used an engine bench to simulate conditions as
similar to the vehicle conditions as possible. The emission control system that we
have used is a Euro VI compliant system with oxidation catalyst, particulate filter,
SCR catalyst (three consecutive) and ammonia slip catalyst in the specified order.
Pure biogas has been used to be able to see as much effect as possible from the
fuel.

Materials and Methods
Fresh samples of full size DOC (Pt-Pd/Al 2 O 3 ) and SCR catalyst V 2 O 5 -WO 3 /TiO 2 :
260 cpsi, 2.3 wt% V, 8 wt% W) were aged using an engine bench operated on
biogas. The engine was run for 900 h by repeating a predefined engine cycle. After
these 900 hours samples were taken from the inlet and outlet of the oxidation
catalyst as well as the intel and outlet of the first and last of the three SCR catalysts.
These samples were then evaluated using a synthetic gas bench reactor. The activity
of the oxidation catalyst samples was evaluated in terms of CH 4 , NO, CO and SO 2
oxidation activity when compared to a fresh sample. The impact on CH 4 oxidation in
the presence of NO and CO, compared to only O 2 was also investigated (8 % O 2 and
5 % water was present in all experiments apart from the SO 2 oxidation where only O 2

was present, argon was used for balance). A regeneration in two steps were also
performed for these samples at 600°C. The SCR catalyst samples were evaluated in
terms of standard, fast and NO 2 -rich SCR activity with a gas composition of
1000:500:250 ppm NO respectively and 0:500:750 ppm NO 2 respectively, all
experiments contained 1100 ppm NH 3 , 8 % O 2 and 5 % H 2 O with argon as balance.
NH 3 -oxidation and TPD were also preformed to evaluate the catalysts. The GHSV
used in all gas bench reactor experiments was 48,000 h-1. To characterize all catalyst
samples XRF was used as well as SEM-EDX. TEM was also used to measure the
particle size of the Pd and Pt on the oxidation catalyst samples.

Results and Discussion
From the oxidation experiments we could see a very significant decrease in activity
for all types of oxidation and especially for CH 4 oxidation as seen in Figure 1. What
we could also see was that the presence of NO and CO increased the CH 4 oxidation
activity. It was also a clear difference between the inlet sample compared to the
outlet sample from the oxidation catalyst where the inlet was more deactivated then
the outlet.

Figure 1. Methane conversion of the inlet and outlet sample from the oxidation catalyst as well as a
reference sample. Test conditions: 1000 ppm CH 4 , 8 % O 2 , 5 % H 2 O and argon as balance,
temperature ramp 5°C/min

For the SCR catalyst the deactivation was not as significant as for the oxidation
catalyst. When evaluating the standard SCR activity of the first and third SCR
catalyst no significant deactivation was detected, only a slightly higher degree of
deactivation was seen for the sample taken from the outlet of the third SCR catalyst.
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Recently, small pore zeolites have been received great attention due to their
excellent performances in catalysis and separation. One of the practical applications
for these small pore zeolites is selective catalytic reduction of NOx with NH 3 (NH 3 SCR). As a crucial small pore zeolite, aluminosilicate SSZ-13 zeolite with CHA
structure shows outstanding performance in the NH 3 -SCR, and nowadays has been
industrialized.
More recently, it is reported that aluminosilicate SSZ-39 zeolite with AEI structure
is also a promising candidate for the above application because of its unique 3D
micropores with the size of 3.8×3.8 Å. Generally, the synthesis of aluminosilicate
SSZ-39 zeolite is prepared from interzeolite transformation using high silica Y zeolite
as a starting source in the presence of alkyl-substituted cyclic quaternary ammonium
or tetraethylphosphonium cations as organic templates.
It is worth noting that the previous literature suggests that the interzeolite
transformations mainly occur for the zeolites from low framework density to high
framework density. Of course, the interzeolite transformation from high silica Y to
SSZ-39 follows this assumption. However, the preparation of high silica Y normally
requires complex post-treatments, which is environmentally unfriendly and costly.
Therefore, it is strongly desirable to use low-cost and widely used ZSM-5 and Beta

zeolites for the replace of high silica Y zeolite in the synthesis of SSZ-39 zeolite, but
the interzeolite transformations from ZSM-5 and Beta zeolites into SSZ-39 strongly
challenge the rule from low framework density to high framework density. Notably,
there are very successful examples for the interzeolite transformation from high
framework density to low framework density, but it is not successful for the synthesis
of SSZ-39 yet.
It is observed that the organic templates are necessary in the interzeolite
transformation. Therefore, the interzeolite transformation should consider the
contribution of organic templates. According to this idea, the stability energy between
DMP and zeolite frameworks (MFI, *BEA, FAU, AEI) is theoretically calculated. Very
interestingly, the stability energy between DMP and zeolite frameworks associated
with MFI, *BEA, and FAU is obviously higher than that between DMP and AEI zeolite
framework, suggesting a possibility for the interzeolite transformations from ZSM-5
and Beta zeolite to SSZ-39 zeolite. As expected, it is successful for these
transformations, as reported in this work. Very importantly, the copper-exchanged
newly prepared SSZ-39 zeolites exhibited comparable catalytic performances in
NH 3 -SCR with those of SSZ-39 zeolite synthesized with conventional Y zeolite
synthesis (Fig. 1).
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Fig.1 NO x conversion as a function of temperature in NH 3 -SCR over the Cu-SSZ-39
catalysts synthesized from (a) ZSM-5, (b) Beta, and (c) high silica Y zeolite as a
starting silicon souce, respectively.
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One of the most suitable processes for removal and recovery of tritium from tritiated
water produced in nuclear reactors, it is water- hydrogen isotopic exchange (LPCE
process). The LPCE processes take place in two consecutive steps.
The first step (1), it is an isotopic exchange reaction, consisting of tritium transfer from
water vapors in hydrogen gas and becomes effective only in presence of hydrophobic
catalysts. The second one (2), it’s a conventional water distillation process which needs
a hydrophilic packing as an efficient contact element. The mixture consisting of
hydrophobic catalyst and hydrophilic packing it’s called “catalytic mixed packing” and
this play the key role in increasing of LPCE process’ efficiency.
HTO (V) + H 2(G) ↔ HT (G) + H 2 O (V)

(1)

HTO (L) + H 2 O (V) ↔ HTO (V) + H 2 O (L)

(2)

HTO (L) + H 2(G) ↔ HT (G) + H 2 O (L)

(3)

After long research years, several countries, have developed many types of contact
elements which differ by composition, structure, shape, physic-textural parameters and
operating conditions. Based on the authors’ experiments and results and on the
literature’ review, the present paper it is focused on the recent progresses concerning
the LPCE technology and especially on the mixed catalytic packing.

Each component (catalyst and hydrophilic packing) it is analyzed and evaluated as well
their ensemble as catalytic mixed packing. Two main categories of

hydrophobic

catalysts which proved high catalytic activity and stability are evaluated:
1) Platinum on Carbon and Teflon (Pt/C/ PTFE), developed and applied in various
types in Romania, Belgium, Canada and Germany;
2) Platinum on styrenedivinil-benzene (Pt/SDC) copolymer, developed and applied in
Korea, Japan and Russia
The comparison between the two categories of catalysts it’s focused on preparation
ways, physico-structural parameters, catalytic activity and lifetime.
The hydrophilic packing it’s similarly discussed relating to its nature, composition
wettability and pressure drop. The ensemble “mixed catalytic packing” are also analyzed
and evaluated relating to: inner geometry and structure; mixing ratio; hydrodynamic
characteristics and separation performances.
An

improved

mixed

catalytic

packing

based

on

Platinum

on

Carbon

and

polytetrafluorethylene (Pt/C/PTFE) and stainless steel hydrophilic packing developed by
the authors is presented and discussed in comparison with previous mixed catalytic
packing. The main

improvements are

discussed related to the

increasing of the

wettability of hydrophilic packing , increasing of hydrophobicity and activity of the
catalyst as well as the new ratio between them and a new internal structure.
This improved mixed catalytic packing has been proposed to equip the LPCE columns
within the future Pilot Plant for Tritium Removal Facility at Cernavoda NPP (Romania).

CO 2 hydrogenation to methanol over CuO/ZnO/M x O y/Al 2 O 3
catalysts.
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Introduction
The catalytic conversion of CO 2 to methanol with the use of renewable hydrogen is
an environmentally friendly process for the elimination of CO 2 emissions into the
atmosphere [1]. Methanol is an important product of the modern chemical industry as
it can be used directly as a fuel, as an energy carrier in fuel cells, or as primary raw
material for the production of value added products such as formaldehyde, acetic
acid and olefins. Methanol is industrially produced by synthesis gas (mixture of CO
and H 2 ), containing small amounts of CO 2 . The catalysts used for the CO 2
hydrogenation, usually contain Cu and Zn oxides as major components and various
modifiers

[2,

3].

In

the

present

study,

the

catalytic

performance

of

CuO/ZnO/M x O y /Al 2 O 3 catalysts has been investigated for the title reaction, where
M x O y is one of the oxides La 2 O 3 , Ga 2 O 3 or CeO 2 (denoted below as CuZnLaAl,
CuZnGaAl and CuZnCeAl respectively).
Results and Discussion
The catalysts were synthesized by a coprecipitation method, using nitrate salts of the
metals as precursors, followed by calcination at 300 oC for 3h. In all cases, the
composition (% mol) of the materials was 61.7% CuO, 30.1% ZnO 4.1% Al 2 O 3 and
4.1% M x O y . The samples were characterized both after preparation and after the
catalytic tests using several techniques including BET, XRD and TPD-CO 2 , in order
to study their physicochemical properties. The catalytic performance was examined
in the temperature range of

(A)

20

pressure

15

feed

0.8

CuO/ZnO/MxOy/Al2O3

composition consisting of

10

90% H 2 and 10% CO 2 .

5

Results obtained are shown

0

in Fig. 1 where methanol

MxOy:

0.6

3

2

a

XCO %

160-260 C, at atmospheric

(B)

YCH OH%

o

using

1.0

25

Ga2O3
CeO2
La2O3

0.4

0.2
160

180

200

220

240

Temperature (oC)

260

160

180

200

220

240

260

Temperature (oC)

Figure 1. (A) CO2 conversion and (B) methanol yield, as a function
of temperature over CuO/ZnO/MxOy/Al2O3 catalysts.

conversion ( X CO2 ) (Fig.1A) and yield of methanol (Fig.1B) are plotted as a function of
reaction temperature. CuZnCeAl catalyst presented the highest values of CO 2
conversion for the entire temperature range studied, with X CO2 reaching 24% at 260
o

C, followed by CuZnGaAl and CuZnLaAl catalysts. For all catalysts studied, the

main reaction products were methanol and CO. Methanol yield was found to increase
with increasing temperature, reaching a maximum at 210 oC, and then decreased at
higher reaction temperatures. The highest yield of methanol (0.9% at 210 oC) was
obtained over the CuZnLaAl catalyst (Fig. 1B).
Since the most promising results concerning methanol production were acquired for
the CuO/ZnO/La 2 O 3 /Al 2 O 3 catalyst, the effect of La 2 O 3 :Al 2 O 3 molar ratio on the
performance of CuZnLaAl catalysts was investigated. Two more samples were
prepared as previously described, with compositions (%mol): 1.9% La 2 O 3 + 6.3%
Al 2 O 3 (denoted as CuZnLaAl_b) and 6.3% La 2 O 3 + 1.9% Al 2 O 3 (denoted as
CuZnLaAl_c). Results obtained (not shown for brevity) showed that the CuZnLaAl_b
and CuZnLaAl_c catalysts gave similar values of CO 2 conversion, which were higher
than that of CuZnLaAl for the entire temperature range examined. Concerning
product variation, while CO yield was found to increase monotonically with increasing
temperature, methanol yield acquired a maximum value at 210 oC. Best results
concerning methanol production were obtained for the CuZnLaAl catalyst with
La 2 O 3 :Al 2 O 3 ratio of 1:1.
Conclusions
The catalytic performance of CuO/ZnO/M x O y /Al 2 O 3 mixed oxides was investigated
for the production of methanol via CO 2 hydrogenation. Addition of La 2 O 3 resulted in
higher methanol yields compared to Ga 2 O 3 or CeO 2 . The optimum composition of
CuZnLaAl

catalyst

was

found

to

be

CuO:ZnO:La 2 O 3 :Al 2 O 3

=

1.000:0.490:0.065:0.065 (molar ratio).
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A water based colloidal synthesis for the preparation of chlorine-free Pt/Pd alloyed
nanoparticles was successfully optimized under hydrothermal conditions.
Metal alloys are deeply investigated nowadays since the synergic effect that two
metals has been demonstrated beneficial toward harsh temperature conditioning,
where the Ostwald Ripening (OR) mechanism is the dominant process leading to
particle growth.[1]
In particular, recent ageing studies demonstrated that, under high temperature
conditions, the presence of Pd could prevent the oxidation of Pt, thus reducing the
degree of deactivation of bimetallic supported nanoparticles such as the sintering
caused by OR.[2]
Halides-free syntheses are of particular interest for catalytic applications, as these
elements tend to preferentially adsorb on precious group metal (PGM) based
particles, thus hindering catalytic activity and enhancing surface mobility thus leading
to fast sintering at elevated temperatures.[3]
In this study, different platinum and palladium ratios were explored for the
preparation of the targeted alloys, as well as different synthetic conditions to optimize
average particle size and dispersion. The successful formation of alloyed
nanoparticles was revealed by means of Energy Dispersive X-ray (EDX)
spectroscopy coupled with High Resolution Transmission Electron Microscopy
(HRTEM), X-Ray Diffraction (XRD) and X-ray Photoelectron Spectroscopy (XPS).
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Introduction
The global plastic waste issue has promoted the usage of the biodegradable
polymers, which are taking the place of conventional plastic materials. In this regard,
polylactic acid (PLA) is a commonly known renewable biodegradable polymer, which
serves a wide range of aims in terms of environmental impact, bioavailability and
material performance. The favorable properties has led to a dramatic increase in the
production rate of PLA during the last decade. However, with the high demand for the
polymer, a waste problem is expected to arise in a short period of time. The
biodegradability of the material would not offer a key solution to the rising waste
issue since PLA is mainly decomposed very slowly under certain conditions via
specific types of bacteria in a limited number of industrial compost plants. Recycling
of PLA waste will become a significant environmental concern in the near future
unless new techniques emerge. Yet, a limited number of work concentrated on
recycling of PLA has been presented in the literature. Focusing on this waste
problem, in this work; catalytic degradation of PLA was studied to reduce the waste
accumulation and convert the waste into value-added chemicals. For this aim, metal
loaded silica aerogel catalysts were synthesized for the pyrolysis of PLA. The
performances of the silica aerogel catalysts were evaluated in thermal degradation of
PLA using thermogravimetric analyzer.

Experimental
The sol-gel method was followed using tetraethyl orthosilicate as the silica precursor
to synthesize the silica aerogels. Metal loading of SA was carried out using the wet
impregnation method. Silica aerogels catalysts were calcined at 500 °C with a
heating rate of 1 °C/min for at least 12 hours under helium atmosphere with a flow
rate of 50 mL/min. The same procedure was applied for the different metal loadings
(2.5, 5 and 15 wt. %) [1]. The synthesized silica aerogel based catalysts were
characterized using BET, SEM-EDX, and NH 3 -TPD techniques. Degradation

experiments were performed under nitrogen atmosphere with a flow rate of 50
mL/min from ambient temperature to 500 °C with a heating ramp of 5 °C/min. The
weight ratio (PLA/Catalyst) was 2.

Results and Discussion
Type IV isotherm and H1 hysteresis, an indication of mesoporosity, were detected for
aluminum loaded silica aerogel based catalysts. With aluminum loading, a reduction
in the surface area, pore volume and pore diameter of the catalysts was observed,
which is attributed to the blockage of the pores with the loaded metal. The presence
Si-O stretching vibration, Si-C stretching and Si-O-Si stretching in the FTIR spectrum
pointed out that the synthesized material was silica aerogel. Pore size distribution
and SEM analysis of the SA demonstrated the presence of microporous,
mesoporous and macroporous sites. Pore sizes of the aluminum loaded silica
aerogel catalysts decreased with an increase in metal loading amount, which was
also verified with SEM analyses. TPD analyses revealed that an increase in metal
loading induced an increase in their total acidic capacity of the catalysts.
Thermogravimetric analyses demonstrated that aluminum loaded silica aerogel
catalyst had a positive impact on the degradation profile of PLA due to the presence
of acidic sides in the structure of the catalyst. The decrease in the activation energy
of degradation was provided with an increase in the metal content of the catalysts
based on acidity. 15 wt. % aluminum loading resulted in approximately 28 %
reduction in the activation energy of the PLA degradation.

Conclusion
The findings of the work revealed that aluminum loaded silica aerogel catalysts can
be used for the thermal recycling process of PLA with their favorable pore
characteristics and their acidity affecting the degradation performance.
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In recent years, environmental responsibility has become a major and global
concern. With the limited amount of fossil fuels as well as the impact of global
warming becoming more and more evident, a reconsideration in the sector of energy
production is inevitable and has already commenced on a political but also scientific
level. There is a general consensus about the necessity of a transition from fossil
fuels in energy production towards sustainable resources, amongst which wind and
solar energy are already being utilized on a large scale. Anyhow, due to their
dependence on the local weather more reliable alternatives are of great interest.
Biogas combined heat and power (CHP) plants represent a good combination of both
the usage of renewables and reliability. In a typical biogas power plant methane is
combusted generating both heat and electricity. The incomplete conversion of
methane, however, leads to toxic side products like carbon monoxide and
formaldehyde. This circumstance makes a catalytic post–treatment of the exhaust
gas indispensable.
It has been shown that platinum based catalysts possess superior catalytic activity in
the combustion of carbon monoxide (CO) and formaldehyde [1,2]. The high costs of
platinum group metals represents the drawback of these catalysts. Thus, it is
necessary to find ways for reducing the amount of noble metals used for these
catalysts while maintaining their catalytic activity. It is known that the choice of
support material can have a major impact on the catalytic performance [3]. Hence,
the preparation and investigation of innovative catalyst supports is of high relevance.
This work focuses on the synthesis of biogenic silica produced by the combustion of
rice husk (RH), an agricultural waste product, for use as a catalyst support. By
introducing iron salts into the rice husk via a liquid phase grafting method we were
able to lower the required combustion temperature (Fig. 1) from about 600 °C to 450
°C reducing the overall energy consumption for the production of rice husk silica
(RHS).

Fig. 1: Thermogravimetric analysis (a) and differential scanning calorimetry (b) of pristine and iron
doped rice husk.

In addition, the resulting iron doped (1 wt) RHS has a higher BET surface area
(SSA) as well as a higher pore volume (352 m2g–1, 0.53 cm3g–1) compared to silica
from pristine RH (302 m2g–1, 0.41 cm3g–1) and could thus contribute to a greater
dispersion of active compounds during the following impregnation. Despite no noble
metal is being involved the as prepared material shows slight activity towards CO
oxidation that is even comparable to a reference system with a loading of 10 wt% iron

(Imp-10) prepared via a classical impregnation route of RHS (Fig. 2).
–1

Fig. 2: CO oxidation performance of Fe@RHS and Imp-10. (GHSV = 20000 h , 1000 ppm CO in air.)

This base activity alongside with the high SSA makes the prepared Fe@RHS a
promising material for supported noble metal catalysts in exhaust gas treatment.
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Introduction
Utilization of industrial wastes as catalysts is a highly promising and environmentallyfriendly approach mainly because they are cost-effective and high in metal and metal
oxide content [1]. Recently, we showed that RM, the by-product of the aluminum
industry and one of the mostly produced industrial wastes globally rich in Fe 2 O 3 , can
be converted into a highly efficient Fe-based catalyst to produce H 2 from NH 3 [2].
Results showed that upon modifying RM by simple acid treatments, a record high
hydrogen production rate among all non-noble metal catalysts at 700 °C can be
obtained [2]. Here, we showed that this exceptional performance can be even
enhanced by using modified red mud (MRM) as a support for Ru which is known to
be the most active metal for NH 3 decomposition. Findings show that MRM supported
Ru provides high and stable performance for more than 7 days.
Materials and Methods
RM was kindly provided by ETI Seydişehir Aluminum, Konya (Turkey). To enhance
the properties of RM, simple acid treatments were performed to obtain MRM as
described previously [2,3]. Ru was loaded at 1, 2, and 5 wt.% on freshly calcined
MRM (at 900 °C for 3h in air) by incipient wetness impregnation using RuCl 3 ∙H 2 O.
For the performance measurements, 25 mg of catalyst was mixed with fumed silica at
a ratio of 1:20 (g:g) and loaded into a quartz ½” tube reactor placed into a Carbolite
split furnace. Catalysts were reduced under pure H 2 at 700 °C (at a ramp rate of 5
°C/min) for 2 h. After reduction, catalysts were left under pure NH 3 flow over-night
resulting in the formation of nitrided iron species from the iron content of reduced
MRM was [4]. Conversion was measured by a Hidden QGA mass spectrometer
calibrated for H 2 , N 2 , and NH 3 .

Results and Discussion
Modification of RM resulted in an increase in surface area (from 17.9 m2/g to 50.0
m2/g) and an increase in Fe 2 O 3 content (from 46.5 to 54.7 wt.%). Temperature
programmed reduction patterns of all catalysts showed that both Ru and Fe species
can be completely reduced at the selected reduction procedure. X-ray diffraction
patterns of reduced catalysts represented intense Fe peaks in all samples emerging
due to the reduction of Fe 2 O 3 content of MRM to Fe. No Ru contribution could be
detected in XRD proving high dispersion of Ru species. SEM images of reduced
catalysts provided bulk Fe species together with smaller Ru particles dispersed on
MRM. Results illustrated that the 5 wt.% Ru loaded sample (MRM-5Ru-R) provided
superior performance. MRM-5Ru-R provides an almost complete NH 3 conversion at
a very high space velocity of 240 000 cm3 NH 3 h-1 g cat -1 and 700 °C (Figure 1 a).
Used catalyst characterization by XRD showed the nitrided iron formation upon NH 3
activation and reaction. The performance of MRM-5Ru-R can be maintained for more
than 7 days which indicates the absence of structural deformation (Figure 1 b).

)

b)

Figure 1. a) Catalytic performance of MRM-5Ru-R at different space velocities and
temperatures, b) Catalytic stability test of MRM-5Ru-R at several conditions.
Conclusions
Results show that the performance of MRM can be enhanced significantly upon Ru
addition providing on-par, if not superior, activity with several Ru-based catalysts. We
showed an effective approach for the remediation of RM in an environmentallyfriendly and cost-effective way to produce CO x -free hydrogen.
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Introduction
The oxidation of CO over bimetallic catalysts has been studied widely in the past
decades. Among those studies, catalysts with alloyed gold and palladium
nanoparticles supported on metal oxide materials are of great interest thanks to their
high catalytic activity [1, 2]. Still, however, the understanding of the active phase is
not complete, especially the structure and chemical state of the Au-Pd particles
under operating conditions.

In this work, a catalyst with alloyed Au-Pd particles supported on alumina was
synthesized by wet chemical impregnation and characterized with standard ex situ
methods (BET, CO chemisorption and XRD). The main part of the study was then to
study the catalyst with various operando techniques during transient CO oxidation,
i.e., oxygen pulse response experiments, as to correlate physicochemical properties
of the catalyst with the CO oxidation activity.

Operando Characterization
Time-resolved energy-dispersive XAFS measurements were carried out at the ID24
beamline at the European Synchrotron Radiation Facility in Grenoble, France. About
40 mg of Au-Pd powder catalyst was loaded in a 5 mm diameter stainless steel
sample cup placed in placed in a flow-through reaction cell. The direction of the gas
flow was downwards and the powder was held in place by a stainless-steel gauze.
Air-actuated high-speed four-way valves (Valco, VICI) were used to switch the feed
gas compositions as make modulation excitation spectroscopy. The X-ray absorption
spectra were obtained by monitoring the Pd K-edge at 23.45 keV. The energy
calibration was performed by using Pd foil (Goodfellow, 99.99% purity).
Simultaneously

with

the

XAFS

measurements,

infrared

spectroscopic

characterization in diffuse reflectance mode was used to monitor adsorbate changes
during the pulsed-oxygen experiment. Moreover, complementary high-energy X-ray
diffraction measurements have been carried out at beamline ID15, ESRF.

Concluding remarks
With the employed methods we will present how the CO oxidation activity of AuPd/alumina catalysts depend on both, oxidation state/local structure and long-range
order of the Pd phase, as well as the adsorbate composition. Thereby, we will
establish a so-called structure-function relationship.
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Introduction
The removal of NOx under lean conditions can lead to by-product N 2 O or NH 3
formation [1-2]. NH 3 formation during the regeneration phase is the basis for the in
series NSR-SCR aftertreatment technology [3], while N 2 O formation is a more
complex problem with its global warming potential being nearly 300 times higher than
CO 2 .
In the current work possible N 2 O formation pathways over a model Pt-Ba/γ-Al 2 O 3
(1/20/100, w/w) NOx storage/reduction (NSR) catalyst were studied using NH 3 as a
reducing agent. NH 3 reactivity with catalyst surface nitrite and nitrate species was
investigated using temperature programmed surface reaction. The study aims also to
quantify ammonia consumption under different stoichiometric conditions and gasphase NO presence, and show reacted ammonia selectivity toward N 2 as well as
toward undesired N 2 O.

Materials and Methods
The powder Pt-Ba/γ-Al 2 O 3 catalyst was prepared by a two-step impregnation of γAl 2 O 3 (Puralox, Sasol, surface area 200 m3/g, pore volume 0.7 m3/g) using
Pt(NH 3 ) 2 (NO 2 ) 2 (Aldrich Chemical) and Ba(CH 3 COO) 2 (Merck, 99%).
The reaction studies were performed in a quartz fixed-bed reactor connected to a
QMS 200 mass spectrometer (Pfeiffer Vacuum PrismaTM) for outlet gas analysis.
Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) studies were
performed in a continuous flow Harrick Praying Mantis reaction chamber. A FTIR
Nicolet Nexus 470 spectrometer was used to characterize the interactions between
the gas species and the catalyst surface during the TPSR experiments in a

temperature range RT-723 K. Spectra were recorded in diffuse reflectance mode,
and 45 scans were collected at a resolution of 1 cm-1.

Results and Discussion
The results show that the highest amount of N 2 O was formed when using lower NH 3
concentrations and for higher ammonia concentration N 2 O was formed below 438 K
(Fig.1). Above 423 K, for NH 3 concentrations higher than stoichiometric, only N 2 was
detected. Moreover, comparing the results with and without nitrites/nitrates preformed it can be concluded that ammonia first reacts with gas-phase NO and then
with pre-formed nitrites/nitrates. The slopes of the N 2 O and N 2 production rates and
the amounts of N 2 O and N 2 produced up to 423 K indicate that the reaction rates are
similar and most likely are not controlled by NH 3 concentration (Fig 1 a vs b).

Figure 1. N 2 O production over the Pt Ba/AlPox catalyst without (A) and with (B) preformed nitrites/nitrates upon admission of
500 ppm of NO and (a) 166 ppm, (b) 333 ppm and (c) 1000 ppm of NH 3 . Flow 100 ml min-1, He as a carrier. T ramp 10 K min-1.

Significance
N 2 O was mainly formed at low temperatures, and correlates with low NO and NH 3
conversions. Increasing temperature and thus NO and NH 3 conversions, N 2
selectivity increases. The experiments with nitrites/nitrates pre-formed showed that
the reduction of surface N-species is complete only for high NH 3 /NO ratios and when
NH 3 is the limiting reactant, they remain on the catalyst surface unreacted until
temperatures higher than 623 K, where they decompose giving NO 2 and O 2 .
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Introduction
Keggin type heteropoly acids (HPA) based on the combination of P,V and Mo atoms
(H (3+x) PV x Mo (12-x) O 40 ) are inexpensive, easy to synthesize and have been
successfully

used

for

catalytic

reactions

such

as:

extractive

oxidative

desulphurization [1], biomass conversion to formic acid in the so-called OxFA
process [2] and selective oxidation of humins to low-chain carboxylic acids [3]. NH 3 SCR of NO is another reaction which might be catalyzed by this kind of HPA because
some of the commercially used catalysts contain both MoO 3 and V 2 O 5 supported on
TiO 2. Several studies have shown that using H 3 PMo 12 O 40 instead of MoO 3 can lead
to both higher activity and resistance towards potassium [4-6], one of the major
catalyst poisons, especially in biomass fueled power plants.

Experimental
H (3+x) PV x Mo (12-x) O 40 compounds with x of 1 to 5 were synthesized as described in [7].
The HPAs were supported on TiO 2 (anatase), SiO 2 , ZrO 2 and activated carbon using
the incipient wetness impregnation method and thoroughly characterized by NH 3 TPD, N 2 -physisorption, XRD, XPS and FTIR. Activity measurements were conducted
in a fixed bed quartz reactor using a simulated flue gas at temperatures between 200
and 350 °C. NO, NO 2 and NH 3 concentrations were monitored with a
chemiluminecent

analyzer.

N2O

was

in

some

cases

monitor

using

gas

chromatography. The most promising catalyst underwent a long term (12 h) test at
350 °C.

Results
Anatase was by far the most promising support for vanadium containing HPAs. Both
the loading of HPA and the degree of substitution of Mo by V were optimized. The
best performing catalyst showed stable activity at 350 °C during the long term
exposure (12h) and neither generated N 2 O nor oxidized NH 3 to a significant extent. A
(V 2 O 5 -MoO 3 )/TiO 2 catalyst having the same V/Ti and Mo/Ti molar ratios as the
optimum HPA/TiO 2 one was prepared and showed lower activity, suggesting that the
Keggin structure has a promotional effect. The extensive characterization will help to
understand this effect and potassium tolerance studies might be conducted in the
near future to test the catalysts’ applicability to biomass fueled power plants.
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Introduction
One of the most important classes of water pollutants are organic compounds.
Promising alternative for solving the problem associated with total degradation of
organic pollutants is given from advanced oxidation processes (AOPs). The interest
towards AOPs is associated with their capability to generate highly reactive free
hydroxyl radicals, which decompose organic compounds (dyes, antibiotics,
pesticides, etc.) to non-harmful H 2 O, CO 2 and inorganic species. Iron based Fenton
AOP is one of the most effective and inexpensive AOPs in wastewater treatment.
However, Fenton AOP application as a homogeneous catalytic process is limited
because of its disadvantages such as i) optimum efficiency typically achieved under
acidic pH (pH=3), ii) formation of large amounts of ferrous iron sludge and iii) the
presence of iron ions after the reaction in the effluents.
In the present study we upgraded previously obtained Mn porous silica supported
catalyst for Fenton AOP working at neutral pH [1] to magnetic Cu-Mn composite
catalyst. The magnetic properties of the catalyst are premise to its easy separation
and recovery from the treated water after the reaction. The combination of Mn and
Cu also enabled to obtain Fenton AOP catalyst working under UV and/or visible light
(photo-Fenton AOP).
Experimental
Magnetic nanoparticles were synthesized via coprecipitation of iron salts in inert
atmosphere. The magnetic mesoporous silica support was synthesized by
incorporation of ironoxide nanoparticles into the silica framework. For this purpose,
freshly prepared magnetic nanocrystals were added directly into the solution

containing silica source and structure-directing agents (templates). The tamplate free
materilals were obtained by extraction in ethanol. For the incorporation of the active
catalytic components (Mn and Cu) different techniques were used (incipient wetness
impregnation, template ion exchange and direct synthesis) in order to investigate the
influence of the incorporation procedure to catalytic activity and structural properties
of the catalysts.
Materials are characterized by XRD, elemental analysis, SEM, atomic resolution
transmission electron microscopy (AR TEM), surface techniques (N 2 physisorption,
Zeta potential etc.) and spectroscopies (UV-VIS, XPS).
Photocatalytic tests are performed with different dyes (e.g. methylene blue) as model
organic pollutants at neutral pH under UV and/or visible light.
Results and Discussion
Cu-Mn

composites

with

magnetic

properties

have

been

successfully

synthesised. The magnetic support was obtained by coating of iron magnetic
nanoparticles with mesoporous silica in template assisted procedure. The
bimetal catalyst was prepared by incorporation of Mn and Cu into the silica
framework. Cu was determined as CuO on the silica surface and Mn as
incorporated Mn into the silica surface. No synergistic effects between Cu and
Mn were recorded, meaning Cu and Mn sites were acting as separate active
sites, which was confirmed with AR TEM imaging as well as UV spectroscopy
studies. The combination of Cu-Mn active sites on the surface of amorphous
porous silica has proven successful for dye decomposition for two reasons: 1)
Cu addition significantly reduces Mn leaching and 2) Cu functions also as a
photocatalyst.
Conclusions
Evaluation of prepared magnetic Cu-Mn composite materials showed that they are
promising catalysts for photo-Fenton AOP heterogeneous catalytic process for
wastewater purification: 1) they can be easily removed from the effluent after the
reaction, 2) lower Mn leaching from the catalyst was obtained if compared with
previously obtained Mn porous silica supported catalyst, 3) they work under neutral
pH, 4) they work also as photocatalyst.
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Introduction
Volatile organic compounds (VOCs) are a growing environmental issue and are one
of the most complex air pollutants that have to be treated in industry. Most common
abatement of industrially produced VOCs is done with thermal (inceneration) or
catalytic oxidation. Both are expensive methods from the point of view of energy
input or catalysts cost, where the noble metals like palladium and platinum show the
best efficiencies. Catalytic oxidation offers many opportunities in cost reduction when
non-noble metals are used. Our group studied non-noble metal porous silica
supported catalysts. [1-3] Bimetal Cu-Fe porous silica supported catalyst showed
high efficiency. [3]
Due to the high costs of porous silica support for production on industrial scale, we
have studied bimetal Cu-Fe alumina supported catalyst with low-cost alumina
support. In this work we evaluate different alumina supports and structureperformance relationship of the catalysts.

Experimental
Different alumina supports were prepared, with varying characteristics and
properties. Cu-Fe functionalized alumina samples (Cu-Fe/Al 2 O 3 ) with different Fe/Al
molar ratios and constant Cu loading (6 wt. %) were prepared using a two-step
synthesis approach. In the first step Fe/Al 2 O 3 samples were prepared with coprecipitation and in the second step, copper species was added via impregnation
following solid-state thermal conversion (Cu-Fe/Al 2 O 3 ).

Characterization was performed using elemental analysis, XRD, SEM, atomic
resolution transmission electron microscopy (AR TEM) as well as surface
characterization techniques (N 2 physisorption, TPR, TPD, etc.).
Catalytic tests were performed using toluene as a model VOC.

Results and discussion
Characterization results showed that 1) Cu impregnation and calcination leads to the
formation of CuO and Cu-Fe-oxo surface species covering the alumina supports and
2) the characteristics of alumina supports and the presence of iron within the alumina
matrixes have a significant impact on the formation of copper oxide phases.
Catalytic tests showed that 1) the catalytic performance of the catalysts depends on
the metal loading in the alumina matrixes and 2) the molar ratio of CuO and Cu-Feoxo species leads to the different catalytic performance of the catalysts.
Conclusion
Structure-performance relationship of the evaluated catalysts was determined.
Prepared catalysts are promising low-cost catalysts for catalytic oxidation of VOCs.
References
[1] M. Popova, A. Ristić, K. Lazar, D. Maučec, M. Vassileva, in N. Novak Tušar, ChemCatChem, 2013,
5, 986–993.
[2] M. Rangus, M. Mazaj, G. Dražič, M. Popova, N. Novak Tušar, Materials 2014, 7, 4243-4257.
[3] Popova, M.; Ristić, A.; Mazaj, M.; Maučec, D.; Dimitrov, M.; Novak Tušar, N. ChemCatChem 2014,
6, 271-277.

Titania-Silica Photocatalytic Films for Air Treatment:
New Findings on Stability of the Films
Andraž Šuligoj, National institute of Chemistry, Ljubljana and Faculty of Chemistry
and Chemical Technology, University of Ljubljana, Slovenia; Mohamed El-Roz,
Laboratoire Catalyse et Spectrochimie, Université de Caen Basse-Normandie,
ENSICAEN CNRS, Caen, France; Goran Dražic, National institute of Chemistry,
Ljubljana Slovenia; Urška Lavrenčič Štangar, Faculty of Chemistry and Chemical
Technology, University of Ljubljana, Slovenia; Nataša Zabukovec Logar, National
institute of Chemistry, Ljubljana and University of Nova Gorica, Slovenia; Nataša
Novak Tušar, National institute of Chemistry, Ljubljana and University of Nova
Gorica, Slovenia

Introduction
Volatile organic compounds (VOC) are the main class of pollutants. Photocatalysis is
one of the most efficient advanced oxidation processes (AOP) for removal of VOCs
from indor-air. Titanium dioxide (TiO 2 ) is the most used semiconductor for
photocatalytic removal of VOCs from indoor air. A common approach to enhance the
photocatalytic activity of TiO 2 is also to increase its surface area (100–200 m2 g-1 to
400–1000 m2 g-1) and to introduce the mixed oxide synergetic effect. This can be
achieved by immobilization of TiO 2 on the porous supports such are for example
porous silica and the preparation of such a catalyst in the form of film using
appropriate carrier. However, such as composites possess often low stability.
We have shown before, that the use of colloidal titania acts beneficial as a step in the
sol-gel synthesis, facilitating the mixing of reactants, resulting in high homogeneity of
the nanoparticles in the final sol. [1] However, stability of the films is another factor
which hinders the implementation of such materials. Hence, the use of binders in
form of colloidal silica were studied for this research.

Results and discussion
Colloidal SiO 2 was chosen because: (1) of its mesoporosity, which would increase
the surface area of the catalysts, (2) disordered SiO 2 materials have higher degree of
hydroxylation, (3) they are more stable towards dehydroxylation/rehydroxylation
procedures and (4) they are more stable towards water and acid treatment than their

ordered analogues. Usually, high temperature or high pressures are used for the
binding process, which is burdensome in the view of energy use and environmental
impact. Moreover, at high temperatures, colloidal silica particles sinter and bind
components together or form a hard glassy surface coating, while at lower
temperatures, colloidal SiO 2 can form an inorganic matrix based on covalent bonds.
The latter principle was exploited in this research.
We faund out that to achieve excellent stability of TiO 2 /SiO 2 photocatalytic films,
special care must be put to the sizes of nanoparticles involved in the system, the
particle sizes of active (TiO 2 ) and inactive phase (SiO 2 ) should match each other.
Also the exact match of the surface –OH density between these two phases was
found to have profound influence on the stability of the films.
The efficiency of TiO 2 /SiO 2 photocatalytic films on the glass surface was tested by
oxidation of toluene and formaldehyde, which are being considered as surrogates for
two of the six major classes (aromatics, aldehydes, alkanes, ketones, alcohols, and
chlorocarbons) of indoor air contaminants. We faund out that TiO 2 /SiO 2
photocatalytic films with the highest stability showed also the highest photocatalytic
eficiency.

Conclusion
Here, we present new insights on the stability of TiO 2 /SiO 2 films applied on glass
surface. We faund out that to achieve excellent stability of TiO 2 /SiO 2 photocatalytic
films, special care must be put to the sizes of TiO 2 and SiO 2 nanoparticles involved
in the system and –OH density between both phases.
Colloidal TiO 2 was used as active phase while different mesoporous SiO 2 were
added to increase the surface area and/or to improve stability of films.
The highest photocatalytic efficiency was observed for TiO 2 /SiO 2 films with the
highest stability for decomposition of formaldehyde and toluene as two of the most
common indoor air pollutants.
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Introduction
Photocatalytic antimicrobial coatings involving metal oxide nanoparticles have shown
promising potential for inactivating a wide range of microorganisms preventing
transmission and infection problems [1]. ZnO attracts considerable technological
interest due to its large variety of nanometric architectures with peculiar optical and
electronic properties [2]. On the other hand, the unique two-dimensional structure of
graphene related materials have distinctive electronic, thermal and mechanical
properties [3]. The aim of this work was to combine the remarkable electrical
properties offered by reduced graphene oxide (rGO) with the high antibacterial
performance of ZnO nanoparticles [4] to prepare improved photoactive bactericidal
surfaces. The bioactivity of ZnO and ZnO-rGO coatings was assayed by means of
cultures of the gram-positive bacterium Staphylococcus aureus and the reusability
was evaluated by repeating cell viability tests under identical conditions for several
consecutive cycles. The structural, electronic and morphological properties were
characterized by XRD, Raman, UV-Visible, Photoluminescence, TEM and SEM. The
wettability and hydrophobicity were also determined and adhesion tests were
performed.
Results and discussion
Figure A shows the antimicrobial behaviour of ZnO and ZnO-rGO-functionalized
surfaces against S. aureus incubated for 20 hours at 37 ⁰C in aerosol exposure
mode. The application of bacteria-containing aerosol either using ZnO and ZnO-rGO,

or winter and summer irradiation, led to > 99.5% (> 2-log) reduction in CFU
compared to non-irradiated controls.
Non-functionalized surfaces showed extensive colonization by viable bacteria and a
clear biofilm formation revealed by the Live/Dead (Figure B) and SYPRO Ruby stains
(Figure C), respectively. However, the presence of a photocatalytic material on the
surface reduces the amount of attached bacteria to the surface and, upon UV

irradiation, drastically decreased the number of viable bacteria (becoming redmarked and therefore membrane-damaged, and inhibited biofilm formation Figure B).
rGO presence enhanced the antimicrobial activity and also confers improved surface
mechanical resistance as the coatings were reusable several times without losing
efficiency significantly.

Conclusions
ZnO-based photocatalytic coatings greatly inhibited bacterial colonization keeping the
surface essentially free of viable cells and biofilm matrix. The presence of rGO
allowed to obtain more efficient photoactive systems as the new interactions between
the surfaces and the high electrical conductivity of graphene hinders recombination
of photogenerated hole-electron pairs The incorporation of rGO enhanced both
antimicrobial activity and mechanical properties of the surface.
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Background

The study of ring-opening polymerization (ROP) reactions has made significant
achievements over the past two decades. Olefin polymerization for the production of
commodities and specialty polymers has once attracted extensive research and
attention from industry and academia, but the non-renewability of fossil resources,
price instability and growing environmental problems have made people realize The
development of renewable and biodegradable polymer materials is of great
significance. At present, polymer materials mainly include fibers, plastics, rubber,
etc., which have been widely used in packaging, textile, construction, transportation,
biomedicine and microelectronics[1-3].
Among many synthetic polymer materials, aliphatic polyesters occupy an
important position due to their excellent biodegradability, bioabsorbability and
biocompatibility, and have become a research hotspot in recent years [4-5]. The main
chain of the aliphatic polyester is formed by linking aliphatic structural units through
easily hydrolyzable ester bonds, and is easily degraded into non-toxic water-soluble
oligomers or monomers by a large number of microorganisms in the natural world or
enzymes in animals and plants. It is then oxidized to carbon dioxide, water and
energy. Aliphatic polyesters are mainly used in medical surgical sutures, drug
carriers, and biological tissue engineering. The most widely studied and commercially
valuable polyesters are poly-ε-caprolactone, polylactide, polyglycolide, poly-βbutyrolactone and polytrimethylene carbonate. Among them, polylactide and
polytrimethylene carbonate have received extensive attention due to their good
biocompatibility, biodegradability and unique physical and mechanical properties.
This study

In the past two decades, the use of acid-base cocatalysts to catalyze the ringopening polymerization of cyclic esters has achieved considerable success. The
preparation of biodegradable polymers by Lewis acid/base to the catalytic system
has attracted great interest in the academic community. Different types of Lewis
acid/base pairs have been shown to be effective in catalyzing ring-opening

polymerization. From the traditional organometallic Lewis acid/base to the new nonmetallic boron Lewis acid/base catalyst system, there are related reports in the
literature, and organic carbocations as a strong Lewis acid have not been applied in
the field of ring-opening polymerization. Organic carbocations are widely used in the
field of small molecule catalysis, including Diels–Alder reaction, conjugate addition
reaction, halogenation reaction and epoxy rearrangement reaction. In particular, trityl
carbocation has certain stability and strong Lewis acidity due to its unique structure.
Among the many carbocations, trityl carbocations are valued by more and more
chemists. The stability and Lewis acidity of the trityl carbocation can be adjusted by
changing the electron cloud density of the aromatic ring.
In this study, a well-structured organic carbocation is used as the Lewis acid,
and a Lewis acid-base cocatalyst system with an appropriate structure and properties
is selected to catalyze the ring-opening polymerization of the cyclic monomer, and is
expected to be It is carried out in an living-controlled manner and has a wide range of
monomer suitability. The development of the frustrated carbocation Lewis acid/base
catalyst system can provide a new path for the preparation of new aliphatic
polyesters, and has played an active role in the synthesis of aliphatic polyesters.
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