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Abstract

The selectivity and activity of liquid-phase hydrogenation of cinnamaldehyde over 5%Ru/Y were strongly influenced by the solvent used.
Other process parameters (temperature, substrate concentration and reduction mode) were also evaluated. An improved selectivity (from 30
to 70%) under optimised reaction conditions as well as higher activity were achieved.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Cinnamaldehyde hydrogenation; Cinnamylalcohol; Ru/Y catalyst; Solvent effect

1. Introduction crude-oil refinery applicatiord.0] and advantageous for the
synthesis of fine chemical$1]. The FAU zeotype structure
Selective hydrogenation of,3-unsaturated aldehydes (Y zeolite) represents one of the most successfully employed
gives unsaturated alcohols—industrially valuable products alumosilicate in petrochemistf$2]. The intrinsic properties
and intermediates for the synthesis of various fine chem- of Y-zeolite supported catalysts in the hydrogenation of cin-
icals. The sensory properties of unsaturated alcohols arenamaldehyde, beneficial for the achievement of high yields

typically applied in perfumery and food industri¢,2], of cinnamylalcohol, have been reported previolsly,14]
while pharmaceutical industry processes unsaturated alco- Our previous investigatiof15] confirmed the fundamen-
hols mainly as intermediatg8,4]. tal suitability of the Ru/Y zeolite- supported catalyst for

Conventional catalysts based on metals such as nickel,selective hydrogenation of cinnamaldehyde, however, the
palladium or rhodium are almost unselective towards un- increase of catalyst activity and selectivity would be desir-
saturated alcohols in hydrogenation aff-unsaturated  able. This work involves experimental evaluation of various
aldehydeg5]. Although, ruthenium itself is just moderately reaction conditions on the hydrogenation of cinnamalde-
selective, and similar or better selectivities can be achievedhyde over the 5%Ru/Y catalyst.
with osmium, iridium or platinum catalysts, ruthenium has
particular and interesting catalytic propertigs-8]. Fur-
thermore, ruthenium itself is one of the most inexpensive )
platinum group metals. 2. Experimental

Alumosilicates represent wide spectra of materials with
specific catalytic properties. Zeolites, a subset of aluminosil- 2-1. Catalyst synthesis
icates can be defined as microporous crystalline structures
[9]. Zeolites and zeolite-supported catalysts, the variety of ~ The 5%Ru/Y catalyst was prepared by wet impregnation
their structures, shape selectivity, tunable acidity and other ©f Y-zeolite support (Zeolyst International, CBV 712) by

unique properties make them essentially indispensable in@queous solutions of RugkHO (x < 1, Sigma Aldrich).
The impregnation was carried out in a rotary evaporator

(Buchi Rotavapor R114) for a period of 24 h. The impreg-
nated catalyst was dried at 383K for 12 h in air.
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Therefore, the entire batch of 5%Ru/Y (mean particles size Table 1
23pm) underwent a 6 h run in cyclohexane (for conditions, Properties of the 5%Ru/Y catalyst

seeSection 2.3 Catalyst Surface area fig) Carbon content (%)
After the reaction, the catalyst was filtered, slowly and Fresh 900 0.0
very carefully washed with small amounts (10-20ml) of gpent 330 14.0

acetone (pro analysis quality, total amount of acetone ca
1.51). The washed catalyst was dried for 2h in an oven at
378K.

a After one run in cyclohexane (as describedSaction 2.

The selectivity with respect to unsaturated alcohol was
calculated as the ratio of the product formed to reacted cin-
namaldehyde. The evaluation of the catalyst activity was
_ ) ~ based on turnover frequency (TOF) and on the conversion

Two procedures were applied for the chemical reduction gchieved after 6h of hydrogenation. Since the observed
of the fresh catalyst e.g. reduction with NaBHfl6] and  grong catalyst deactivation makes the one-point evaluation
reduction with hydrazing17]. of selectivity and activity problematic, the complete reaction

NaBH4 reduction: The catalyst was reduced by 10% .qrses were discussed.
solution of NaBH (97%, Fluka) in distilled water The metal loading of the catalyst was verified by the DCP
(nNaBHy) (MOD /1Ry (MOI) = 10). The solution was slowly,  4najysis: surface area and carbon content of the catalyst are

dropwise added to intensively stirred suspension of catalystjngicated inTable 1 More detailed characterisation results
in ca 50 ml of distilled water. The reduction was terminated p5ve been reported previously5]. During this study, all

one hour after the whole amount of NaBhvas added.  f the reactions were performed with the so called “spent”
The reduced catalyst was filtered and carefully washed with catalyst prepared according to the procedure described in
small amounts (10-20ml) first of distilled water and con- ggction 2

sequently with doses of acetone (ca 500 ml). The washed
catalyst was dried in an oven for 2h at 378 K.

2.2. Chemical reduction

Hydrazine reduction: Calculated amountn{y,x,-Hcr)/ 3. Results and discussion
nwry = 10) of NpHs-HCI (98%, Aldrich) was dissolved
in ca 30 ml of distilled water and the solution was drop-  In general, the reaction might give a broad spectrum
wise added to stirred suspension of catalyst in water of undesired products (aromatic ring hydrogenation, hy-
solution of NaCOs (99.5%, Merck) #fna,cos)(mol)/ drogenolytic products). However, in the particular case of
n(N,H,-Hel (mol) = 1). hydrogenation over zeolite supported catalysts the key prob-

After the whole amount of hydrazine was added, the lem is formation of condensation by-products (acetalisation)
stirred suspension was left for 1 h at 323 K. Particular at- in lower alcohols due to acidic properties of alumosilicates
tention was paid to remove the excess ob8@3 from the [15]. Aromatic ring hydrogenation and hydrogenolysis were
catalyst. Therefore, higher amounts of water and acetonecompletely restricted over the treated (“spent”) catalyst.
were used during the washing procedure, otherwise analo-Condensation by-products were detected just for reactions
gous conditions (to NaBHreduction) during the washing carried out in 2-propanol and 2-butanol. The complete re-
and drying step were applied. action network involving condensation as well as formation

The further treatment of the reduced catalysts (run of other undesired by-products has been reported earlier
in cyclohexane, sieving, activation) was analogous to [15]. In the absence of such products, the reaction network
non-reduced catalyst. is represented by the scheme showrFamn 1

2.3. Catalyst testing 3.1. Solvent effect

Firmly established, the catalytic performance of het-

Ligquid-phase hydrogenation of cinnamaldehyde (98%, . ! X
erogeneous catalysts might be considerably influenced by

Aldrich) was carried out within the kinetic region under a

total pressure of 50 bars at 373K in a 500 ml stirred batch “
reactor (Autoclave Engineers, USA). Prior to hydrogena- H ©/\/\OH

tion each catalyst sample (mean particle siz.2f was / Cinnamylalcohol %
activated under hydrogen flow (2h, 573K). A list of sol-

. ) ; ) ®) OH
vents and corresponding basic properties of the reactants W W

and main products is provided iFables 2 and 3 ) \ 3 -Phenl '
The reaction products were identified with GC-MS and Cm“a“(‘il)dehyde H, ©/\Ao /H; Y

analysed by GC (HP-6890, Hewlett & Packard, USA). The

content of individual components in the reaction mixture 3-Phenypropanal

was determined by the Internal Standardisation Method ©
(n-decane, Aldrich, USA). Fig. 1. Cinnamaldehyde hydrogenation network.
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Fig. 2. Parker’s classification of solvents according to solvent—solute interacfRits (. 82).

the applied solvent, however, it has been shown that it is
hardly possible to abridge the resu[ts3]. Typically, the
effect of solvent varies with the whole set of its properties,
from which, some may predominate in correlation to the
tested substratfl9,20] Commonly[21] the solvents can
be classified:

according to their chemical bonds;
using physical constants;

in terms of acid-base behaviour;

in terms of solute-solvent interactions;
using multivariate statistical methods.

agpwNE

and catalyst. Solvent—solute interactions split solvents in
terms of Parker’s classificatid@?] (Fig. 2) into three main
groups (, 1V, VI). Presented categorisation is not rigid,
groups of solventdl, 111, V are assigned as intermediate
ones. The choice of, = 15 (V, V) is arbitrary, reflect-
ing the practical effect that in solvents with < 15 freely
solvated ions are no longer observall{, p. 84).

The solvents screened in this study represent the most
conventional and easily available ones, covering the main
groups of Parker’s classification. To manage a comfortable
separation from reaction products (b.p. ca. 493-533K) the
selected solvents should have boiling points optimally below

kinetic region comprises mainly interactions with substrate tnejr basic properties is presentedTiable 2 Table 3sum-

2 Due to large chemical and physical differences among solvents the
complex solvent classifications including the presented one unavoidably
overlap.

marises the basic properties of the reactant and the main
products. Both tables report polar parameters. The exper-
imental results presented in further text would be related
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Table 2
Index of the used solvents
Group Solvent Supplier, purity &r b.p. (K) w (x10~%0¢m) EY
| 2-Propanol Lab-Scan, 99.7% 19.92 355 55 0.546
Cyclohexanol J.T. Baker, 99% 15.00 434 6.2 0.509
2-Butanol J.T. Baker, 99% 16.56 372 5.5 0.506
2-Pentanol Merck, 98% 13.71 393 5.5 0.488
3-Pentanol Aldrich, 98% 13.35 388 55 0.463
t-Butanol J.T. Baker, 99% 12.47 355 5.5 0.389
\Y, Acetone Merck, 99.5% 20.56 329 9.0 0.355
\% Ethylacetate Merck, 99% 6.02 350 5.9 0.228
Tetrahydrofurane Fluka, 99.8% 7.58 340 5.8 0.207
\ Toluene J.T. Baker, 99.5% 2.38 384 1.0 0.099
Xylené? Merck, 96% 2.3% 413 0.4 0.072
Triethylamine Fluka, 99.5% 2.52 362 2.2 0.043
Isooctané Merck, 99.5% 1.92 372 X 0.012
Cyclohexane J.T. Baker, 99.5% 2.02 354 0.0 0.006
a Mixture of isomers, the chief constituent of commercial xylene is usuallynttisomer.
b 293K.
¢ For p-isomer.
d 2,2,4-trimethylpentane.
€ n-octane.

to the solvent polarity in terms of Parker’s classification of ~ Permitivities inTable 3were calculated from dipole mo-

solvent—solute interactions. ments[27] using the published experimental data. The
The relative permitivitys, is given for the pure material  value of 3-phenylpropanafi) is apparently underestimated.

at 298K unless stated, b.p. is the normal boiling point of The polarities of the main reaction compounds are very sim-

solvent (Merck Online Database),dipole moment, an(ﬂ ilar. Because of the polarity, reactants are poorly soluble in

normalised empirical parameter for solvent polarity. water, well soluble in alcohols and dipolar solvents and less
The dielectric constant (also called relative permitivity soluble in saturated hydrocarbons such as cyclohexane.

er = ¢/eo Wheregg is the permitivity of vacuum) plays an The attempts to generalise results in heterogeneous catal-

important role in the characterisation of solvents, useful for ysis in terms of solvent properties did not succeed. Never-

the measurement of solvent polarity (i.e. the highethe theless, some basic consideratiof0], p. 76) concerning

higher is its polar character). The dipole momentro- the solvent effect can be indicated:

vides information on the structure of solvent by expressing . . .

the electrical asymmetry of the molecule. The empirical pa- any solver]t havmg.excluswe electron pairs can k_)e ex-

rameter of solvent polarityHr) obtained from spectroscopic pectg d to interact with the catalyst to some extent,

measurements provides complex and very accurate charac=" protic solvents such as alcohols are the most commonly
used solvents but they are hydrogen-bond donors and

terisation of solvent polarity. The collection Bf values for h b red to int Cwith catalvst ‘ i
organic solvents represents so far the most comprehensive av? | eﬁn rer;_or eth Ot Interac \tl:” d ca atysts sutr aces, h
solvent polarity scale[21], p. 417). NormalisecE-’# values ’ uselu ah (Trna_;\r/]etsh a ft:lplpatrgn lydOEOt n eractr?s mucd
range from 0.000 for tetramethylsilane to 1.000 for water, :ztgrcs:c') ols wi € catalyst include ketones, ethers an
the most polar solvent. ' .

P 4. saturated hydrocarbons should be considered as the most

inert solvents since they do not adsorb on the catalysts and
they do not bond to substrate extensively under moderate

Table 3
Physical properties of the main reaction components conditions.
: d —30 . . .
Material e ér bp. (K)  u (x107cm) An overview of the hydrogenation results is presented
Cinnamaldehyd&? 13.3 x 524 12.3 in Tables 4—8nrhere the solvents are grouped according to
Cinnamylalcohdl 145 192 531 6.0 Parker’s classification. The conversion valueg ére related
g-ﬁﬂeny:propang: 1‘;-? ‘;-i ‘é‘ﬁ ;3 to the reaction time of 6 h. Th&s indicates the selectivity
“rhenylpropan : : : towards cinnamylalcohol at the conversion of 25%.
a Gramstad?23].
b .
293K, 3.2. Protic solvents

¢ Zero approximation method.

d Hedestrand methof?4].
e Goebel and Wenzk{25]. Reactions carried out in alcohols exhibited relatively high

f Goebel and Wenzk{26]. rates and the selectivity varied significantly upon the solvent



J. Hajek et al./Journal of Molecular Catalysis A: Chemical 217 (2004) 145-154 149

Table 4 Table 6

Hydrogenation of cinnamaldehyde in protic solvents (373K, 50 bars) Hydrogenation of cinnamaldehyde in aprotic solvents (373 K, 50 bars)
Solvent X6 (%)  TOF (s1) x 10° S5 (%)  EY Solvent % (%) TOF (s x 10% S5 (%)  EY
2-Pentanol 100 100 7 0.488 Triethylamine 48 13 54 0.043
2-Propanol 100 31 4 0.546 Isooctane 40 12 46 0.012
2-Butanol 97 28 34 0.506 Cyclohexane 40 8 49 0.006
3-Pentanol 79 25 46 0.463 Xylene 30 42 26 0.074
t-Butanol 71 22 50 0.389 Toluene 24 6 72 0.099
Cyclohexanol 38 6 2 0.509

& Conversion after 6 h.

Table 5

Hydrogenation of cinnamaldehyde in aprotic dipolar solvents (373K,
50 bars)

Solvent X6 (%) TOF (s%) x 168  S5(%)  EY
Acetone 50 7 21 0.355
Ethylacetate 43 7 32 0.228
Tetrahydrofuran 40 5 43 0.207

Generally, the hydrogenation activity increased with the
solvent polarity, whereas the selectivity decreaddd.(4).

The two exceptions for 2-pentanol and cyclohexanol are
discussed below.

The observed trends can be possibly, in accordance with
literature (20], p. 70), explained through hydrogen bond-
ing of the carbonyl oxygen with hydroxy group of the al-
cohols. The smaller and more reactive was the alcohol the
stronger and more effective was the bonding and the lower
was selectivity towards €0 group hydrogenation product

used {able 4. The hydrogenation patterns are presented by (cinnamylalcohol).
Fig. 3 The formation of undesired condensation products
(acetalisation) was observed in 2-propanol and to minor ex- hol bond to the carbonyl group restricted hydrogenation

tent also in 2-butanol.
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Fig. 3. Hydrogenation of cinnamaldehyde over 5%Ru/Y in protic solvents. A, activity; B, selectivity towards cinnamylalcohol.
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Fig. 4. Hydrogenation in alcohols. A, selectivity; B, activity trends; exceptio®s: 2-pentanol; l) cyclohexanol.

predominant and thus the yield of cinnamylalcohol was lyst activity increased with solvent polarity whereas selectiv-
low (lowered also by condensation). Thermodynamically ity decreased, however, the shape of selectivity-conversion
preferred hydrogenation of¥C group can explain the high  dependence was differenFif. 5. Explanations for the
activity in 2-propanol. A less efficient hydrogen bonding in reaction behaviour should be different from those for the
t-butanol yielded cinnamylalcohol, while the increased pos- polar solvents, since dipolar solvents are not hydrogen bond
sibility for hydrogenation of the carbonyl group decreased donors.
the overall reaction rate (note that hydrogenation in inert  Dipolar aprotic solvents possess relatively high permi-
hydrocarbons where hydrogen bonding does not exists wagtivities and dipole moments. These solvents do not act
much slower than hydrogenation tirfbutanol and more se- as hydrogen donors, however, they are good electron-pair
lective (Table §. Evaluating the results, additional effects donor (EPD) solvents. Characteristic for these solvents is
that possibly influence catalytic performance and difficult the formation of EPD/electron-pair acceptor (EPA) com-
to quantify such as catalyst acidity and hydrogen donor plexes associated with an electron transfer from a donor to
abilities of solvents should by considered too. an acceptor moleculd21], p. 19). Reported adsorption of
There were two major exceptions: hydrogenations car- tetrahydrofuran (THF) on metal surfacg®®,31] as well as
ried out in 2-pentanol and in cyclohexanol. Exceptionally possible adsorption of acetone and ethylacetate is therefore
fast reaction rate in 2-pentanol corresponds well with expected.
similar results obtained in hydrogenation of 1-phenyl-1,2-  According to the obtained experimental data, the solvent—
propanedione and citra]28,29] Although, this obser-  solute and solvent—catalyst interactions played a role in the
vation does not correspond directly with the presented catalytic performance since both, activity and selectivity
solvent-polarity trends, it is, however, consistent with the were associated with solvent polarityaple 5 i.e. with
general assumption of hydrogen bonding. In this particular EPD/EPA complexation ability.
case, probably other effects such as hydrogen solubility,
adsorption strength etc. are also involved. 3.4. Apolar solvents
Hydrogenation in cyclohexanol exhibited performance
different from other alcohols. The used solvent was de- Catalyst activity in apolar solvents was low, at the same
noted as per analysis purity+09%), however, a broad time selectivity towardsg) was higher compared to polar
range of impurities has been revealed during the GC anal-and dipolar solvents. Tested apolar solvents can be generally
ysis. MS—-GC proved the presence of cyclohexyl acetate, divided into two subsets e.g. so-called “saturated” solvents
cyclohexyl hexanoate, cyclohexyl ester of hexanoic acid (triethylamine, isooctane, cyclohexane) and aromatics (xy-
etc. Since the amount of solvent in the reactor was in large lene, toluene). The experimental results are showiabie 6
excess with respect to the amount of catalyst and substrateandFig. 6.
minor impurities in the solvent can have a remarkable  Apolar solvents typically do not interact with the solute

influence on the catalytic propertig@], p. 78). since only non-specific forces can operate, however, some
of these solvents, for instance aromatics, could be relatively
3.3. Dipolar aprotic solvents strongly adsorbed on the catalyst surfaces. The competition

between benzene (solvent) and 1-methylcyclohexene (sub-

Reaction rates in dipolar aprotic solvents were low com- strate) adsorption was observed, during hydrogenation and

pared to the rates in alcoholEable 5. Selectivity-conversion  the results were related to the aromatic character of benzene,
trends were similar to those of higher alcohols, i.e. the cata-i.e. to the presence of unshared electron g&ie3.
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Fig. 5. Hydrogenation of cinnamaldehyde over Ru/Y in aprotic dipolar solvents. A, activity; B, selectivity towards cinnamylalcohol.

It can be concluded from the experiments, that the polarity lyst surface. Hydrogenation carried out in more inert xylene
shows higher TOF and conversion compared to the reaction
Application of solvents containing aromatic ring (toluene, carried out in toluene. The difference in the yields B (
xylene) decreased the hydrogenation rates compared to othefor xylene and toluene cannot be attributed to polarity, but

apolar solvents. The effect is plausibly associated with com- it could be probably explained by the presence of impurities
petitive adsorption of the solvent and substrate on the cata-in xylene (purity 96%).

factor plays a role also in the instance of apolar solvents.
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Evaluation of the solvent effect showed that the highest se- Table 7
lectivities (50—70%) towards cinnamylalcohol were obtained Activity and selectivity at different substrate/catalyst ratios (373 K, 50 bars)
in apolar solvents (toluene, triethylamine, cyclohexane). At Ratio X6 (%) TOF (s1) x 1073 S5 (%) Sio (%)
the same time reaction rates in these solvents were low, typ- 3

X : 100 26 1 1
ically conversions of only 30—40% after 6 h (50 bars, 373K) ¢ 40 8.0 49 53
were achieved. Similar results, high activities in 2-propanol 24 11 4.6 44 53

and low activity in hexane were observed in hydrogenation
of cinnamaldehyde over a commercial Ru/C catalyst as re-
ported by Cerveny et aJ33]. Table 8

Solvent effects in heterogeneous catalysis comprise phyS_Activity and selectivity as a function of temperature (cyclohexane as a
ical and chemical effects that control intrinsic catalysts solvent)
performance. The main factors affecting the selectivity Temperature (K) x (%) TOF S0 (%) S0 (%) Pressure

.. - . —1 3
and activity of catalysts are reactant solubility, polarity or (s7) x 107 (ban)
acido-basicity of solvents and competitive chemisorption of 293 25; 2.11 gg s Sgo

rgactant; and'solvents. In the pgrtlcular case of mole'CL.JIar373 0 8 0 47 50
sieves (including zeolites) diffusion and shape selectivity
should be also considerg¢84].

Although the presented above results were discussed
mainly in terms of polarity, adsorption and solvent—solute— highest substrate/catalyst ratio of 24 with 40% conversion
catalyst interactions, the solvent effect is more complex and achieved in about 23 h.
some other factors should be considered, too. One of the According to results presented Trable 7the selectivity
most important and apparent effect is reactant and hydrogentowards B) was not clearly affected by the substrate/catalyst
solubility. The effect of reactant solubility under the high ratio higher than 3, at the same time, at higher ratios the
solvent excess can be neglected. The reactants were clearlyeaction time was considerably prolonged. A reasonable
observed to be less soluble in apolar solvents but at thesubstrate/catalyst ratio that gives a compromise between
reaction temperature in the high excess of solvent certainly high yield of B) and acceptable activity can be reached at
reactant solubility cannot play any significant role. The the ratio of about 6 (40% conversion in 6 h). The decreased
possible effect of hydrogen solubility is a well-known fac- selectivity at the lowest substrate/catalysts ratio might be
tor in the three-phase processes. The analysis of hydrogerassociated with the high reaction rate leading to the ther-
solubility is not straightforward. There is no comprehensive modynamically preferred product (unsaturated aldehyde).
data available on hydrogen solubility under the used reac- High selectivity &97%) to unsaturated alcohdB) was
tion conditions (373 K, 50 bars) and involving the whole set earlier achieved over Pt/Y catalyst in a ternary solvent at
of applied solvents. Some limited information is presented 313K (40°C) by Gallezot et al[39]. Temperature depen-
in the work of C.L. Young[35]. Furthermore, accurate es- dent selectivity was noticed during the hydrogenation of
timation of solubilities is difficult since currently available cinnamaldehyde over the sol-gel Ru-Sn/giatalyst[38],
methods give only very approximate resyBs,37] when decrease of reaction temperature (43373K) in-

Based on the tabulated daf&5] for two solvents creased the selectivity from 60 to 80%.
2-propanol (fast reaction) and cyclohexane (slow reaction) Results in the present studyable § do not indicate any
and on calculations previously performed[88] it can be substantial increase of selectivity at temperatures lower than
reasonably estimated that hydrogenation in 2-propanol was373 K, while as expected, the catalyst activity increased with
not limited by hydrogen solubility. temperature.

In order to further improve the catalyst selectivity the = The amount of substrate as well as the reaction temper-
substrate concentration and the effect of temperature wereature did not affect apparently the selectivity. The main
tested. problem in hydrogenation of cinnamaldehyde in cyclo-

hexane was the substantial decrease of catalyst activity at

a 530 min.

3.5. SQubstrate concentration and temperature effect

. . . . Table 9
The experiments were carried out in cyclohexane with the Eftect of chemical reduction on the catalyst activity and selectivity (cy-

substrate to catalyst ratio ranging from 3 to 24. The influence clohexane, 373K, 50 bar)

of temperature was evaluated covering a broad interval of -, TOF (s!) x 103 xg (%)  Highest
temperatures (293-373 K). selectivity (%)
At the lowest substrate/catalyst ratio the reaction was non-reduced 8 40 55
unselective towardsB) and complete conversion was NaBH,; reduction 19 97 59
achieved in ca. 3hTable 7. At higher substrate/catalyst N2Ha reduction 31 92 40

ratios enhanced selectivity was _()btained, but the reaction a wijthout chemical reduction (all catalyst activated prior hydrogena-
rate decreased. The lowest activity was observed at thetion).
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Fig. 7. Effect of chemical reduction on catalyst activity and selectivity. A, activity; B, selectivity towards cinnamylalcohol.

lower temperatures, especially with higher amounts of cin- Table 10
namaldehyde. On the contrary low amounts of substrate Solvent effect in hydrogenation over NaBHeduced 5%Ru/Y catalysts
lead to a complete loss of selectivity toward).(In this (373K, S0bar)

particular case of cyclohexane as a solvent, temperatureSolvent TOF X6 (%) S5 (%)  Highest
373K, pressure of 50bars and the substrate/catalyst ratio (s x 107 selectivity (%)
of 6 were acceptable from both, selectivity and selectivity Cyclohexane 19 97 49 59
viewpoints. quuene _ 23 81 35 48
Triethylamine 20 72 52 68

3.6. Effect of chemical reduction

Chemical reduction was effective in improving the cat- duced catalysts exhibited similar activities, whereas the cat-
alyst activity during the hydrogenation of cinnamaldehyde alyst reduced with NaBlHwas more selective.
over Ru-Sn/SiQ catalysts [40]. The best results were ob- Combination of the chemical reduction mode (NaBH
tained over the NaBidreduced catalyst. Another possible and the most promising solvents resulted in the data given
chemical reducing agent is hydrazifis]. In the following in Table 10andFig. 8
text activity and selectivity of a non-reduced catalyst were ~ Compared to the previous experiments with the same cat-
compared to catalysts reduced with NaBé&hd hydrazine  alyst but without chemical reduction, the increase of activity
(N2H4) reduced onesTable 9 Fig. 7). was confirmed, while selectivity remained at the same level,
Chemical reduction improved the catalysts activity by 2—4 with an exception of toluene, where the selectivity decrease
times compared to the non-reduced catalyst. Chemically re-was observed.
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Fig. 8. Solvent effect in hydrogenation over NaBkeduced 5%Ru/Y catalysts. A, activity; B, selectivity towards cinnamylalcohol.
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