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Particle Size Effects for Carbon-Supported Cu and CuZnOy

Catalysts in Methanol Synthesis
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for Nanomaterials Science, Utrecht University, Utrecht, The Netherlands.
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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(ZnOy)-catalyzed hydrogenation of CO and CO,. However, fundamentals such as
the nature of the active site, the effect of particle size, and the origin of the ZnOy
promoter effect are still being debated.’® 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.”? 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.®! 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 ZnOy
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 ZnOy, 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 CuzZnO.

The carbon-supported Cu particle size was tuned between 3-13 nm, both in absence
and presence of ZnOy, 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,-supported catalysts compared to carbon, for the

same Cu size (Fig. 1c). In presence of ZnOy, 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 CuZnOy
nanoparticulate catalysts with sizes between 3—-10 nm. Moreover, we revealed the
pivotal role of the support on the Cu and CuZnOy 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.
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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,/C (green triangles) and Cu/SiO, (red circle) catalysts during methanol
synthesis from CO,-enriched synthesis gas. The TOF results for Cu/SiO, (empty triangles)
and CuzZnOx/SiO, (empty hexagons)® were incorporated for direct comparison under the
same reaction conditions: H,:CO:He:CO, = 60:23:10:7 vol%, 260 °C and 40 bar(g), GHSV
1,000-7,000 h™.
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Selectivity-determining factors in non-oxidative propane
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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 CrOx-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,-
based catalysts [1]. Two coordinatively unsaturated Zr cations (Zrq,s) 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, phase composition, (ii) the size of crystallites, (iii) the kind of promoter (Y,O3 or
La,O3) for ZrO, 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,-supported metals showed negligible activity thus suggesting that
there is a synergy effect between the ZrO,-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, affect the selectivity to propene and coke with the
latter being the main undesired product. For all materials, the selectivity to propene



decreases with rising propane conversion, while the selectivity to coke increases with

exception for ZrO, with 9.1 nm crystallites, where the latter selectivity did not
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Figure 1. The selectivity to (a, c, e) propene and (b, d, f) coke as a The metals can be ordered in
function of propane conversion over (a-d) YZrOX catalysts with (a, b)

0.01 Wi% (@), 0.05 wi% (®) or 0.08 wi% (=) Rh and over (e, ) monoclinic  L€rMS Of their undesired effect
ZrO, with 9.1 and 43.4 nm crystallites. Reaction conditions: 550°C (filled
symbols) or 600 °C (open symbols), 40 vol% propane in N, 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]. 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, was also lower than over
tetragonal ZrO,. 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,-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,, the kind of promoter for ZrO, 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
CUu/NCs-T, Cu/NCs-T-wet-t Cu/NCs-T*, Cu/NCs-P-T. The oxy-carbonylation of

* This work is supported by the National Key R&D Program of China (2017YFA0206801).



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 vyield and pyrrolic/pyridinic N
ratio. When the ratio is among 1.3-2.0, the DMC vyield 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. (&) TEM image of Cu/NCs-1000; (b) Correlation of DMC yield and
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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 vyield 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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catalyst in a micro fluidized bed reactor

Yang Song, Koji Kuramoto and Zhanguo Zhang

National Institute of Advanced Industrial Science and Technology, Tsukuba, Japan

z.zhang@aist.go.jp

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 data-

based 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, 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, 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, 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, conversion obtained decreased and the maximum benzene formation rate

increased with increasing the operating pressure of the catalyst bed.

References

[1] Shu et al., J. Catal., 206, 134-142 (2002)

[2] Xu et al., Appl. Catal. A: Gen. , 168, 390-402 (2011)
[2] Song et al., Appl. Catal. A: Gen. , 530, 12-20 (2017)



The study of self-oscillations during CH4 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 (4x3x0.5 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%0,-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.
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a selectivity of CH, 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, and H,O, partial oxidation to CO and
H,, decomposition to C and H;) 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 self-
oscillations. 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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oxidation of cis-jasmone
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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 co-
catalysts, such as p-benzoquinone (BQ), are usually required for the regeneration of
palladium(ll) 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),). 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),/BQ
catalytic system. The reaction was performed under atmospheric pressure in the
presence of catalytic amounts of Cu(OAc), 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
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Figure 1. Oxidation of cis-jasmong

the substrate decomposition and

over-oxidation of the primarily formed products to give high boiling compounds.

3. Conclusion

A novel selective Pd**/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 biomass-
derived 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 y-
butyrolactone, butyric acid and 1,4-butanediol (Figure 1). This reaction has principally
been studied over noble metal supported catalysts in aqueous phase where y-
butyrolactone 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]).

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,, ZrO, and C. The effects
of the preparation conditions on the catalyst composition and its corresponding

catalytic response were investigated.
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Figure 1: Hydrogenation of succinic acid



Results

A range of supported-molybdenum carbides were synthesized by
impregnation followed by temperature programmed reduction carburization. TiO»,
ZrO, and C were used as support. For the carburization, the effect of nature of the
carbon source (CHa, C,Hg), the gas composition (5-40% v/v CyH,/H;), the gas
hourly space velocity (GHSV = 1000-7600 h™), and the final temperature (600-
800°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;
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

20 nm / i

=

Figure 2: STEM of MoC/TiO,

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
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
Wu Wen, Minggao Xu, Shengsheng Yu, 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

The gas-phase mechanism in catalytic reaction mainly involves the reaction kinetics
process of gas-phase intermediates desorbed from the surface of catalysts. Thus, in-
situ observation of active intermediates, especially free radicals is of great
significance for the establishment of reaction mechanism.™* 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 * CH3; 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 gas-
phase 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° 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 ?. 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 lonic Liquids for Catalysis
P. McNeice; A. C. Marr and P. C. Matrr.

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. lonic liquids are materials which are
composed entirely of ions, and are often hailed as “Green Solvents”.!! 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).[” 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).®! The basicity of these materials is
higher than many traditional bases such as EtsN, 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.
/N F——F
AN
O—S—=0
CH; o
N\S// F
0 CHj Y/
o F
F
CHs 1-x X
Fig. 1 Binary alkoxide ionic liquids
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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 ruthenium-
molybdenum (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 oil-
phases. The surface morphology, surface area, compositions and acidity of the
catalysts were studied by XRD, XPS, BET, TEM, NH3-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;

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, flow (150 cm® min™) was purged into the reactor at the same time. The reactor
set-up kept H, 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. ! 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 mono-
alcohol. 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 MoOy 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.? Among the
catalysts, RuUMoP/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®,

References

[1] Y. T. Kim, J. A. Dumesic, G. W. Huber, J. Catal. 2013, 304, 72-85.

[2] aJ. Wang, H. Liu, S. Yang, J. Zhang, C. Zhang, H. Wu, Appl. Surf. Sci. 2014, 316, 443-450;
bO. A. Rusu, W. F. Hoelderich, H. Wyart, M. Ibert, Applied Catalysis B: Environmental 2015,
176-177, 139-149; cN. Li, G. A. Tompsett, G. W. Huber, ChemSusChem 2010, 3, 1154-1157.

[3] Y. Weng, T. Wang, C. Wang, Q. Liu, Y. Zhang, P. Duan, L. Wang, H. Yin, S. Liu, L. Ma,
ChemCatChem 2018.



Higher activity of Ni/Al,O3; over Fe/ and Ru/Al,O; for catalytic NH3
synthesis in non-thermal atmospheric-pressure plasma of N, and
Ha

Masakazu lwamoto, 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, and H; is of interest to the
catalysis and hydrogen research communities [1]. Nickel-supported alumina (y-Al,Os3:
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,O3 was quantitatively compared with that of Fe/Al,O3 and Ru/Al,O3, which
contained active metals for the conventional Haber-Bosch process. The activity
sequence was Ni/Al,O3 > Al,O3 > Fe/Al,O3 > no additive > Ru/Al,O3, surprisingly
indicating that the loading of Fe and Ru decreased the activity of Al,O3, as shown in
Figurel. The catalytic activity of Ni/Al,O; was dependent on the calcination
temperature and the reaction time. That of Ni/Al,O3 calcined at 773 K decreased
gradually with the reaction time and became stabilized after 2 h, while that of
Ni/Al,O3 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,O4, and Ni (metal) on Al,O3. The NiO
species was readily reduced to Ni in the plasma reaction, whereas the NiAl,O4
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,/H, ratio dependence and rate constants of formation
and decomposition of ammonia were determined for Al,O3; and Ni/Al,O3, 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,/N,=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.
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Figure 1. Comparison of activities of Ni-, Fe-, and Ru-supported y-Al,O3 catalysts.
The broken red line indicates the average activity of Al,O3 (SC) and Al,O3; (KC).
Reaction conditions: applied voltage, 6 kV; frequency, 50 kHz; electrode length, 150
mm; total flow rate, 100 mL min; and Hy/N,=1.
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Figure 2. Change in the synthesis rate (closed) and yield (open) of ammonia as a
function of the N,/H; ratio using Al,O3(KC) (blue) and Ni/Al,O3(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™.



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

K.U. Kiinnemann; 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).

A [Rh] O O\\C’
R —>» R +

CO/H2 JkH R AL
Alkene [-Aldehyde b-Aldehyde

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-Rhéne 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. 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 cobalt-
based catalysts at higher temperature and pressure while giving lower selectivity to the
linear aldehydes.?

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.



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.!!

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

Platinum Catalyst
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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 y-Al,O3. The catalytic performance of 1.0%Pt/y-Al,O3; was
investigated in selective hydrogenation of sunflower oil.

2 Experimental/methodology

1.0% Pt/y-Al,O3 catalyst was prepared by the colloid adsorption method. The
catalyst was characterized by BET, XRD, TEM, H,-TPR and NH3-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 uym film) equipped with a flame
ionization detector according to the 1ISO 52677 standard method.

3 Results and discussion

Hydrogenation of sunflower oil tests were carried out in the presence of the
1.0% Pt/y-Al,O3 catalyst, at three different temperatures: 90,110 and 130°C. 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

1.0% Pt/y-Al,O3

Fatty acids (wt%) Initial

sunflower oil 90°C 110°C 130°C
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 1.04 452 6.71 7.81
lodine value 133.68 80.7 80.5 80.1
Refractive index 1.4645 1.4582 | 1.4582 1.4582
Melting point (°C) -16.3 36.4 37.0 38.09

Table 1 showed 1.0% Pt/y-Al,O3 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 90°C. And trans isomer

content of hydrogenated products is found to be 7.81%, at temperature 130°C.

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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On the influence of promoters on the reduction behavior and

activity of wuestite-based iron catalysts for ammonia synthesis
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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
NH3 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 (Fe3O4) precursor with incorporation of small amounts of wuestite
(Fe1x0), a-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 wuestite-
based 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 NHj3; 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., 25 % N3) by reducing it to a-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 NH3 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;O, and a-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

clarify the correlation between reduction behavior and activity.
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Figure 1: Relative NH3 synthesis activity of the Figure 2: Temperature-programmed reduction
FeO-based samples at 400 and 500 °C. of the FeO samples.
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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, was employed at ambient pressure. Textural
changes of the -catalysts were analysed by Nj-physisorption and Raman-
spectroscopy prior and after reactions.



Results

Spherical carbon particles with an average size of 100 um 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 m? g™ 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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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, and CuCl, 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, 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.
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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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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.
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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] [cm® g™
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

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 well-
controlled by controlling the amount of catalyst.
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Progress in homogeneously catalyzed oxidation reactions —

sustainability through catalyst recycling
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Abstract

Due to the change of mindset in terms of sustainability in the 21 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.! 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.™

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.”® 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).
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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 ruthenium-
catalyzed 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.”! 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).
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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
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Krystyna Nowinska, Stanistaw Kowalak, Adam Mickiewicz University, Faculty of
Chemistry, 61-674 Poznan, Poland

Vanadium species supported on mesoporous silica materials such as MCM-41, SBA-
15, 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,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;VO3; or VOSO,) 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,-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,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, or NH4VO; 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,
allowed to introduce only small amount of vanadium (< 1 wt. %) regardless of the pH
of the synthesis mixture, whereas in the presence of NH,VO3 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,



species including both monomeric VO, vanadyl and oligomeric VO species,
regardless of vanadium content.

Table 1 Chemical and structural properties of samples

Sample V source pH Siv? Sger’ [M°g]
Vs.-SBA-3 VOSO, <1 165 1411
Vs,-SBA-3 VOSO, 2.2 140 1275
Vs3-SBA-3 VOSO, 3.1 162 1327
Vm,-SBA-3 NH,VO5 <1 354 1370
Vm,-SBA-3 NH,VO, 2.2 14 1020
Vm,-SBA-3 NH,VO, 31 12 965

?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,O as
an oxidant in the temperature of 380 and 400°C. 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.

A W 380°C W™ 400°C B W 380°C W 400°C

STY [gPO/(keg kat * h)]
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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
temperatures: at 380 °C and 400 °C (V.-SBA-3 series obtained with VOSO,, V.,-SBA-3 series

obtained with NH,VO3) .

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
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Krystyna Nowinska, Adam Mickiewicz University, Faculty of Chemistry,
61-614 Poznan, 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,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,O is much slower when compared to
molecular oxygen [4]. Therefore, in the presented studies the effect of oxidant (N,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,-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 cm*/min and the feed composition was 1 vol.% of propene/propane and 15
vol.% of N,O or 1 vol.% of O, + 13 vol.% of N,O in helium.



Both oxidation activity and product distribution recorded as an effect of propene or
propane oxidation in the presence of N,O or with the mixture of N,O and O, 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, (both alone oxygen and in the mixture with N,O) the selectivity to
COyx markedly increases. When exclusively N,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, 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,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, and N,O mixture has been proposed.

References

[1] T. A. Nijhuis, M. Makkee, J. A. Moulijn, B. M. Weckhuysen, Ind. Eng. Chem. Res. 45 (2006) 3447-
3459.

[2] A. Held, J. Kowalska-Ku$, K. Nowinska, Catal. Commun. 17 (2012) 108-113.

[3] A. Held, J. Kowalska-Ku$, K. Nowinska, J. Catal. 336 (2016) 23-32.

[4] E. V. Kondratenko, M. Cherian, M. Baerns, D. Su, R. Schlégl, X. Wang, I. E. Wachs, J. Catal. 234
(2005) 131-142.

[5] R. Bulanek, B. Wichterlova, K. Novoveska, V. Kreibich, App. Catal. A: Gen. 264 (2004) 13-22.

Acknowledgements
This work was supported by National Science Centre (grant no. 2016/23/B/ST5/00615).



Encapsulation of Metal Nanoparticle Catalysts in Porous Silica-
based Shells

Simone Louise Zacho, Technical University of Denmark, Kgs. Lyngby, Denmark;

Jerrik Mielby, Technical University of Denmark, Kgs. Lyngby, Denmark;
Sgren Kegnees, 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 nanopatrticles 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,
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 nanopatrticles in
a mesoporous SiO, shell. Figure 1. presents the synthesis route to obtain the
encapsulated nanopatrticle catalysts (nanorattles) with different characteristics. Other
work has been conducted on encapsulation of polyoxometalates and FeMo-based
catalysts in zeolites and SiO shells.
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Figure 1. a) lllustration of catalyst synthesis pathway. b) TEM image of Co nanorattle catalyst and c)
tomographic reconstruction of Co nanoparticles inside a mesoporous SiO, nanorattle catalyst, entitled

Co,@SiO; (Zny) 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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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 a,B-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=0O and the C=C bond of this a,B-unsaturated aldehyde can be
hydrogenated. We found that the silver wires were more selective towards C=0 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 a,3-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=0 bond hydrogenation for
the silver wires can be ascribed to the greater exposure of Ag(111l) facets, while
spherical particles have more edge and corner sites.
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Heterogeneous Transition Metal-Catalysed Amination of Alcohols:

A Computational Study
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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.! 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. NHR
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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.! However, many of these systems require the use of additives like
Bragnsted 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 ¢ & 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 patrticle 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 patrticle 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

(a) PUAC (b) Calcined PUAC (¢) PUAC-0x. (d) Caleined PYAC-0x
Samples Particle Size (nm) TOF? (s1)
TEM XRD Chemisorption
(a) PYAC 4.9 1.5 2.5 1.2
(b) Calcined PYAC 4.6 0.9 1.9 1.9
(¢) PUYAC-ox. 49 22 32 0.6
(d) Calcined PYAC-ox. 4.0 1.3 1.7 2.8

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.

_ @
<\ /! *_g —
CrCly(THF); + o/ :,

. ..._'_: /( \> ! )

<\ ﬁ;\ p— | p p'c(?c ) \,c g -::‘ N
PR o )@
® g o

{MAO)#I\I ;Iu{MAm




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), 613-
648.

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 Brunnengraber, Alfons Drochner,
Bastian J. M. Etzold,

Ernst-Berl-Institut fir Technische und Makromolekulare Chemie, Technische
Universitat Darmstadt, Alarich-Weiss-Stral3e 8, D-64287, Darmstadt, Germany

Introduction

Recently, the availability of shale gas and natural gas resources, which contain
considerable amounts of light alkanes (C,-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;, 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).!Y! 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

23] Since the postulated mechanism

catalyst systems, like Cr,O3 or VO, on Al,O3.
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.).

Nitrogen (N)- Boron (B)- Solid mixture of N- BN +B,0; +C BN +C BN
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1.) Controlled 2.) Pyrolysis 3.) Reaction of boron 4.) Carbon removal
precipitation (600 - 1000 °C) oxides with guanidine via oxidation at
in N, hydrochloride 600 °C in air

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* 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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lonic 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 lonic Liquid Phase (SILP)
for immobilizing homogeneous catalysts and Solid Catalyst with lonic 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
wi