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Preface

This book from the series “Topics in Chemistry and Materigie8ce” contains
selected contributions presented at the Fifth internatisymposium “Advanced
micro- and mesoporous materials” held in Golden Sands RéBaigaria),
September 6-9, 2013. More than 130 scientists from 29 cesrftom Europe,
Asia, Africa and America participated in the symposium.eBtists working in
different fields, including synthesis, characterizatiapplication and modeling
of various types of porous materials shared ideas, opiremaslearned more
about the latest developments and challenges in the area.

The scientific program of the meeting included 3 plenary, ¥nkée and one
topic lectures, 24 oral and 10 short oral presentationsg8dngbsters. The ple-
nary and keynote lectures were delivered by K. B. Yoon, Cre5dR. Catlow,

M. Jaber, Y. Roman-Leshkov, P. Nachtigall, J. Szanyi, S. &nminger, and M.
Thommes. The high level of the meeting reflected on the exwiflublications
included in this book.

The symposium was held in very friendly atmosphere and theudsions often
continued outside the conference hall. The splendid weatleautiful environ-
ment and rich social program contributed to the full sucoéske symposium.

We would like to express our gratitude to the Total, Quantaicte, and Bulgar-
ian Ministry of Education and Science for the financial suppasuring the suc-
cess of the symposium. We also thank our colleagues R. Niaphd Georgieva,
P. Petkov, and E. lvanova for their help in organizing thetingeand preparation
of the proceedings.
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Sofia, Bulgaria)
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Conversion of Acetic Acid to Ethanol over
Novel InNi/faujasite and InNi/SBA-15
Catalysts: Comparison of Micro- and
Mesoporous Supports

Gy. Onyestyak, Sz. Harnos, C.A. Badari, Sz. Klébert,

E. Drotar, J. Valyon

Institute of Materials and Environmental Chemistry, ReseaCentre for
Natural Sciences, Hungarian Academy of Sciences, Pusziasz 59-67,
H-1025 Budapest, Hungary

Abstract

Conversion of acetic acid (AA) in hydrogen was studied ovareh supported
bimetallic catalysts of In and Ni. A fixed bed flow-through ¢uteactor was
used at 21 bar total pressure in the temperature range d3@#@. Supported-
NiO was mixed with InO3 and reduced in bito obtain active catalyst. It was
shown that In and Ni forms alloy, having the stoichiometryNoIn. Alloying
with In inhibited the hydrogenolysis activity of the supfeat Ni catalyst. The
catalyst steered the AA conversion in the direction of diggstep reduction to
ethanol by high selectivity. Regarding both activity ankaetol selectivity the
mesoporous silica SBA-15 material was found to be more adgaous catalyst
support than the microporous zeolite faujasite.

1 Introduction

On some biomass degradation pathways carboxylic acidsesrergted, which
acids are considered as platform molecules of the chenmdaisiry [1]. The
alcohols obtained by selective reduction of these acid®earsed, for instance,
as biofuel. The process of acid hydroconversion requiresinefficient catalyst.
Bimetallic catalysts often show enhanced activity, higbadectivity and better
stability relative to the single metal catalysts, contagnany of the component
metals. These properties made bimetallic catalysts usefubnvert materials
of biomass origin to fuels and chemicals [2]. From the 19683 result of the
extensive investigations, bimetallic catalysts becamaelyi utilized in many
catalytic applications. The effect of Sn additive, for exden on the catalytic
properties of Pt/alumina has been reported in numerougest{®], whereas the
promoting effect of the Sn neighbor indium received muchb ktention [4-6].
The hydrogenolysis of C-C and C-O bonds is the dominant pooécar-
boxylic acid hydroconversion over some monometallic gatal such as no-
ble metals and nickel. Over these catalysts hydrodecatatoy proceeds and
hardly any alcohol formed. The indium additive changes talgtic mech-
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anism [7,8]. The carboxylic acid is converted in conseautiydrogen addi-
tion/dehydration/hydrogen addition steps resulting final the selective for-
mation of alcohol.

In the nickel-indium bimetallic catalysts Nih phase was found to be present
substantiating that this phase was responsible for théfisigmnt improvement
of alcohol selectivity and yield relative to the correspimgdproperties of the
monometallic forms [7,9]. Regarding the catalytic activithe structure and
composition of the metal particles are the decisive praggnivhich are affected
to some extent by the structure and composition of the suppreover, the
catalyst can show activity that cannot be assigned to thpatgd metal phase
but comes from the support [10]. The present work shows tip@itance of the
support properties by comparing a highly ordered mesomosdica SBA-15
and a microporous zeolite faujasite as supports of nigkdilim catalysts.

2 Experimental

2.1 Materials

Supported Ni and Niln catalyst precursors were prepareithwdrecursors were
converted to catalyst by +teduction prior to the experiment in situ in the high-
temperature X-ray diffraction cell (XRD) or in the high-geaire catalytic reactor
(vide infra).

Nickel faujasite catalyst precursors were prepared frond (feoduct of the
late VEB CKB, Bitterfeld-Wolfen, Germany) and NaY (Gracer9 powders
by conventional agueous ion-exchange using nickel(ltgeesolution. The ob-
tained zeolite NiX and NiY have Ni contents of 10 and 6 wt%pesdively.

Silica supported Ni catalyst precursors, containing 9 wt¥% Were pre-
pared by impregnating silica support with BGH solution (Reanal, Hungary)
of Ni(acetate) (Aldrich), dried at 120C and calcined at 40C in air stream.
Two different silica materials were applied as catalystguts. Amorphous sil-
ica SBA-15 material, containing hexagonally ordered, amif, parallel meso-
pores of about 6 nm diameter was synthesized by a sol-gebaeting an am-
phiphilic triblock copolymer Pluronic P123 as organic sture-directing agent
[11]. The specific surface area (SSA) of the material, detezthby the BET
method, was 893 Alg. Commercial CAB-O-SIL M-5 (Cabot Corp.) fumed
silica, consisting of agglomerated amorphous, colloidaksparticles, was also
applied. In contrast to the SBA-15 material it has as a wide distribution of
mesopores and an SSA of 206/m

Bimetallic catalyst precursors were prepared by addingumd(1l) oxide
(Aldrich) to precursors of Ni catalysts in amounts to attdlinln stoichiomet-
ric composition of the metallic phase, and the mixture wasdgd in an agate
mortar.

The same designation was used for the catalyst precurstin@cdrrespond-
ing catalyst, containing the symbol of the metal(s) and @& of the support,
such as, NiX, InNiX, InNi/SBA-15, InNi/Cab-O-Sil, etc.
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3 Methods

The catalyst precursor was loaded into a high-pressura fird, flow-through
reactor and reduced in a flow of 100 &min pure hydrogein situin the reac-
tor at 450C and 21 bar for 1 h to obtain active supported metal catalyise
hydrogenation of AA (96%, Reanal, Hungary) was studied av&1ltotal pres-
sure and at in the 220380 temperature range. The reactor effluent was cooled
to room temperature, the liquid and gaseous products weaaed. The lig-
uid was analyzed using gas chromatograph (Shimadzu 201@)ped with a
Restek Rt-U-BOND capillary column, and a flame ionizatiotedeor. The gas
was analyzed by on-line gas chromatograph (HP 5890) eqdiyjile Carboxen
1006 PLOT capillary column and thermal conductivity celhelproduct distri-
butions are represented as stacked area graphs wheretdrecdibetween two
neighboring curves represents the yield of a given productale percent.

XRD patterns of the catalysts were recorded at elevateddeatyres in hy-
drogen flow using a high-temperature XRD cell a Philips PWQl@iffractome-
ter. The mean crystallite size of the metal particles wasutated by the Scher-
rer equation The morphological analysis of the samples was carried otht wi
a FEI Morgagni 268D type TEM. Adsorption isotherms of niteogvere deter-
mined at -196C using Quantochrome Autosorb 1C sorptometer.

4 Results and Discussion

The type I N physisorptionisotherm of the reduced zeolite NiX sampéhi@vn
in Figure 1. The isotherms of NaX, and reduced InNiX zeohese quite the
same as that of the NiX, suggesting that no any structuréidgon takes place
during catalyst preparation. The zeolite structure of tiX pteparation is more
resistant to hydrogen reduction that of zeolite CuX, CuA @né [12].

700

Ad De

600 —®%— —0— SBA-15
—e— —0— Ni/SBA-15
5004—¥— —v—NiX

400

Adsorbed volume [cm’[STP]/g]

00 02 04 06 0.8 1.0
Relative pressure [p/p,]

Figure 1. Isotherms of nitrogen adsorption (full symbole} alesorption (open sym-
bols) at -196C of NiX (v, V), SBA-15 material M, (J0) and Ni-loaded SBA-15 material
(e, O) after treatment in Kflow at 21 bar and 45 for 1 h.
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Figure 2. HT-XRD patterns of the (A) SBA-15 and zeolite X (Batarial supported cat-
alysts recorded in Hflow. The materials were kept at the indicated temperatur&@o
min, then a diffractogram was recorded and the temperataeimcreased to the next
higher temperature. Patterns a, b, and c refer to the indiaeNi-containing prepara-
tions, whereas pattern$ &', and ¢ to the mixture of the corresponding Ni-containing
preparation and 10 wt% $0s.

The adsorption isotherms of the SBA-15 samples are also rslmowrig-
ure 1. The isotherms of the two reduced Ni-containing SBAsaBples were
found identical, therefore only the isotherm of the Ni/SBB-sample is shown.
The isotherms of the SBA-15 samples are type IV with H2 hestisrloop. The
mean diameter of the mesopore is approximately 6 nm. Theectional in-
cipient wetness capillary impregnation technique geeeraickel oxide parti-
cles in the channels. Upomphleduction at temperature above the melting point
of the indium metal mobile indium atoms are formed from thegOfn These
atoms can easily reach the Ni particles, formed in the cHammel generate
alloy. Generation of metal particles resulted in catalystihg a smaller SSA
(SSA=468 nt/g) than the parent SBA-15 material.

Evolution of active metallic phases during reduction by Was followed
by HT-XRD measurements (Figure 2). The NiO, formed uponination of
the Ni-acetate-impregnated SBA-15 material, could bg fidtuced to nickel at
450°C (Figure 2A). The average size ofNparticles in the Ni/SBA-15 catalyst,
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Figure 3. TEM images of the SBA-15 supported mono- and baitietcatalyst after
treatment in H flow for 30 min at 450C.

estimated by the Scherrer equation was 21 nm. That inferetthashort metal
nanowires could have been formed instead of spheres beafthsespatial con-
straints posed by the channels of 6 nm diameter. The mettitiparinside the
channels diameter can be seen on the TEM images of Figure & pdtticles
of the intermetallic compound Bin detected by XRD (Figure 2B) are also ob-
servable on the TEM image of the catalyst. ThesgliiNparticles are longer
cylinders. The Ni metal and the Ni-In alloy fully blocks shgections of the
channels, providing explanation for the lower SSA of the SBAcatalysts that
of the pure support.

In the diffractogram of NiX strong reflections of crystatimNi® appeared
only at reduction temperature 63D (Figure 2B). Unlike to the mesoporous sil-
ica support, carrying Ni-oxide particles, the nickel cai@re distributed on the
cationic sites of the faujasite framework balancing negafiamework charge.
Only a small fraction of nickel could be reduced at 456Q(Figure 2B). The
residual Nf* lattice cations stabilized the structure of the aluminuch-zeolite
X. It was shown in an earlier study that zeolite CuX, contajnéasy-to-reduce
copper ions, suffers complete structural collapse uponatieh under similar
conditions [12]. The reduction of the nickel cations becernemplete at tem-
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Figure 4. Stacked area graphs of product distribution of Allrbconversion as a func-
tion of reaction temperature at 21 bar anda} #/(gcat. h) WHSV over (a, A) In-free and
(b, B, c, C) In-modified nickel catalysts. Supports are (zdwlite X, (c) zeolite Y, (A,B)
SBA-15, and (C) Cab-O-Sil.

perature about 65C. The H-form of the zeolite X was generated that carried
Ni? particles. In the virtual absence of steam the crystajlioitthe zeolite was
preserved to a significant extent. The average size of thpaticles, estimated
by the Scherrer equation, was 19 nm. This infers that thdytatlly active
particles can be only on the outer surface of the micron-asemdite crystals.
The In,O3 mixed with NiX could be completely reduced up to 480 never-
theless, neither In nor Kiin phases could be detected at any temperature of the
XRD measurement. These results suggest that the indium eugtesent in
highly dispersed form in the zeolite cavities and probaldynall fraction of the
introduced indium modified the active surface of the largéeli crystallites.
Monometallic, nickel containing catalysts are very achivAA hydrogenol-
ysis giving CH, and HO as products. Carbon dioxide and carbon monox-
ide might have been formed only as intermediate that waslisapéduced to
methane (Figure 4a, A). The Ni/SBA-15 catalyst was founddgignificantly
more active than the NiX catalyst in line with the finding tteter catalyst con-

21



Gy. Onyestyak, Sz. Harnos, C.A. Badari, Sz. Klébert, E. &rat Valyon

tained lower amount of active metal because the nickel eatwere reduced
in the zeolite to a low extent only at the pretreatment terafpee (Figure 2).

Surprisingly, acetaldehyde and no ethanol was formed ovV&BX-15 catalyst,

whereas ethanol and no acetaldehyde was obtained as pvduereiNiX catalyst

was used.

Indium admission to both supported nickel catalysts canptetaly elim-
inate the methane formation. The absence of CO as produetsstiat the
In-modified catalysts do not have hydrodecarbonylatioiviggt Similar affects
of In-modification was reported in earlier studies [9,12heTselectivity change
of the SBA-15 supported catalysts is more pronounced thainofhthe zeolite
catalysts. The modification reduced somewhat the activitynbt affected the
specific surface area of the catalysts. The TEM images shatattessible sur-
face area of the metal in the channels of the SBA-15 mateaiali changes
with the metal loading. Only the length of the nanowires, itle inaccessible
superficies grow.

The yield of intermediate product acetaldehyde and thd attetate product
of esterification are suppressed if more severe reactiodittoms are applied.
Main product ethanol and reactant acid can form ethyl agetata product of
Fischer esterification, proceeding on a non-catalyticeost higher reaction
temperatures, the ester yield decreases indicating thatdtivation energy of
ester hydrogenolysis is higher than that of ester formation

The indium-modified NiX catalyst is somewhat more activenththe
monometallic NiX. The effect of In modification is similartirastic on the selec-
tivity, as it was in the case of the SBA-15 supported catalyEhe ethanol yield
and the acetaldehyde formation increases. The NiY catdigsing the same
structure but lower Ni-content than the NiX catalyst, showsch lower activity
(Figure 4b, c). Surprisingly the activity of the Ni/SBA-1B&NiX catalysts and
is commensurable despite of the low content ot Mithe latter one. Most of
the metal atoms are not accessible for the reactants in thitezehannels as is
the case with the SBA-15 support. As a consequence similauats of active
centers can be accessible in the two very different catahgstulting in similar
catalytic behavior.

The catalyst made using commercial fumed silica supporitash lower
specific surface area than the catalyst made using SBA-JosuNevertheless,
the two catalysts show similar activity and selectivitylie AA hydroconversion
reaction (Figure 4B, C). More efficient contacts for carbdaxgcid hydroconver-
sion are expected to be obtained if particles, much sma#lertsan the channel
diameter, can be bound to the inner walls of the SBA-15 chanfde highly
ordered mesopore system of the SBA-15 support may favarsidfh and allow
higher rate of transformation.

Over the indium modified NiX and Ni/SBA-15 catalysts the rafé\A hy-
droconversion increases linearly with the partial pressafrhydrogen at low
conversions, whereas it is decreasing as the partial peee$hA is increased.
This is in line with Langmuir-Hinshelwood type kinetics amgchanism.
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5 Conclusion

Indium co-catalyst applied with nickel makes an efficieniorted catalyst for
the hydroconversion of AA with to ethanol. The reaction medbm, found
when supported Ni catalyst was used, changed on the effaudioin addition.
The active catalyst was developed by co-reduction of therhetals, being in
contact with a support, by #H This process and the catalytic efficiency of the
obtained bimetallic particles were found to be stronglgetféd by the structure
of the support. The active metal particles can block the ehksof the supports
limiting the accessibility of the active metal surfacesclsbimetallic prepara-
tions have broad perspectives to be used by the chemicatiydor producing
fine chemicals.
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