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Abstract

Liquid-phase hydrogenation of cinnamaldehyde over Pt and Ru supported (Y-zeolite, MCM-41) catalysts demonstrated deactivation ac-
companied by profound decrease of catalysts surface area and by the increase of carbon content. Three consecutive runs with the same catalyst
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. Introduction

Production of bulk and fine chemicals as well as pharma-
euticals is based on extensive application of homogeneous
nd heterogeneous catalysts. Heterogeneous catalysis, how-
ver, dominates in commercial practice, particularly in petro-
hemical large-scale productions[1]. To meet environmental
nd technology demands sustainable approach within het-
rogeneous catalysis becomes more important also for the
ynthesis of fine chemicals[2].

Unsaturated alcohols are industrially valuable intermedi-
tes for the synthesis of flavours, perfumes, and pharmaceuti-
al products[3–5]. Conventional synthesis involves selective
hemical reduction of carbonyl group in unsaturated carbonyl
ompounds. Although the efficiency of heterogeneous catal-
sis is lower compared to stoichiometric reducing agents[6],
igh yields of unsaturated products are attainable particularly
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over osmium catalysts[7]. Other metals are less feasible
certain promotional factors were found to improve consi
ably their catalytic performance[8–11].

The yields of unsaturated alcohols were successfull
creased in case of bimetallic catalysts[12]. Promotional ef
fect of metal salts[13], pH as well as the influence of partic
size and support character[14] on selectivity were also ob
served.

Despite the fact that the problem has been thorough
vestigated during the years few references are devoted
drogenation of cinnamaldehyde over metal modified zeo
and there is no information in the open literature dealing
deactivation effects in liquid-phase hydrogenation over
catalysts.

Microporous molecular sieves (zeolites) are the prim
catalysts for large-scale petroleum processes[15–17]. The
diversity of structural types with well-defined pore syste
tunable porosity, hydrophobicity and variable acid–b
properties make them attractive also for the synthesis o
chemicals[18–20].

One of the major problems related to heterogeneous c
E-mail addresses:jan.hajek@abo.fi (J. H́ajek), dmitry.murzin@abo.fi,
murzin@abo.fi (D.Yu. Murzin). ysis is the activity and selectivity loss with time on stream.
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The practical experience and evaluation of deactivation pro-
cesses is associated mainly with gas-phase processes (cat-
alytic cracking, hydrotreating, reforming, methanol synthesis
etc.)[21–23]. Limited investigations within the batch liquid-
phase reactions are accountable to apparent experimental and
theoretical difficulties[24–26].

Deactivation of catalysts is generally of utmost importance
affecting long-term performance of catalysts—their activity
as well as the selectivity. Depending on the particular reaction
and on the catalyst used the deactivation process may vary
significantly. Some fundamental issues on deactivation are
briefly described below.

Chemical and physical processes leading to deactivation
are commonly divided into three main classes[27,28]: ac-
tive phase transformation (sintering, leaching, etc.), fouling
(coking) and poisoning.

Sintering, e.g. thermal degradation of the catalyst might be
neglected as hydrogenations were carried out at moderately
low temperature (373 K). Because neither leaching nor other
type of phase transformation were observed they can be also
ignored.

In large number of catalytic processes carbonaceous de-
posits are formed from the reaction mixture. Such adsorbed
species form through polymerisation and condensation com-
plex polynuclear aromatic structures. The process is referred
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Distribution of deposits may not be uniform. Depending
on the size of molecules involved in reaction, deposition may
start within the inner or outer surface of the catalyst[30].
Direct relationship between the aromatic character and the
amount of deposited coke has been also revealed.

According to previous text the deactivation during hydro-
genation of cinnamaldehyde at 373 K might be assumably
attributed to combination of poisoning and catalyst fouling.
Predominant adsorption and deposition of starting substrate
and reaction products at the catalyst inner and outer surface,
rather than some kind of hydrocarbon transformation, could
be probably expected.

The main aim of the presented study was to report and eval-
uate the observed deactivation of alumosilicate-supported
(Y-zeolite, MCM-41) ruthenium and platinum catalysts in
liquid-phase hydrogenation of cinnamaldehyde.

2. Experimental

2.1. Catalyst synthesis

The Y-zeolite support was provided by Zeolyst Interna-
tional (CBV712), MCM-41 support has been synthesised ac-
cording to published procedures[31,32]. The structure of
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arbons. Apparently there is a great variation in the morp
gy of the coke depending on the catalyst history, an

he nature of reactants. Particularly for supported cata
weight body of literature indicates the complex rela

etween the coke content its morphology and catalyst
ormance.

Poisoning is associated to changes in catalytic pe
ance due to strong chemisorption processes (reversi
on-reversible). Compared to fouling certain vaguenes
olved in the process of coke formation allows classify
oning as much better defined event[28].

In catalytic reactions involving hydrocarbons, form
ion of carbonaceous deposits (above referred as
ight occur. Coke deposits may amount to 15 or e
0% (w/w) of the catalyst and they may deactivate
atalyst selectively or non-selectively—covering the ac
ites, respectively, causing the pore and surface bloc
29].

The coke deposition inside catalyst pores is related t
stence of intraparticle diffusion, as the coke accumulat
he catalyst pores, the effective diameter of pores decre
oke concentrated near pore mouths is an effective b
ausing eventually complete pore blockage.

In low-temperature hydrocarbon reactions (≤400 K), hy-
rocarbon transformation (formation of complex polynuc
romatic structures via polymerisation and condensa

ypically does not occur and the carbonaceous deposi
enerally the non-desorbed reaction products and rea

30].
.

esoporous MCM-41 has been verified by XRD. Meas
atterns exhibited characteristics typical for the MCM
aterial.
The 2.5% Ru/Y, 2.5% Pt/Y and 2.5% Ru/MCM-41 c

lysts were prepared by wet impregnation of support
queous solutions of RuCl3·xH2O (x ≤ 1, Sigma–Aldrich
nd H2PtCl6 (40% Pt, Degussa), respectively. The impr
ation was carried out in rotary evaporator (Buchi Rotav
114) for a period of 24 hours. Impregnated catalysts
ried in oven at 383 K for 12 hours.

Surface areas of catalysts were obtained from full n
en adsorption–desorption isotherms at 77 K (Sorptom
900, Carlo Erba Instruments). Areas of microporous
lysts (Y-zeolite support) were calculated according to
inin method, whereas areas of MCM-41 supported cat
ere evaluated by the BET method.
The content of organic residues in catalysts was

ermined by automatic CHN analyser (Perkin-Elmer 24
SA). The average carbon content was calculated from

ndependent measurements.
The chlorine content was determined by the Wickb

ethod[33]. The applied technique is suitable for the de
ination of low chlorine loading.
The deactivation is widely studied in the gas-phase r

ions, therefore, properties of spent catalysts deactivat
he liquid and gas-phase reactions were compared. O
he main problems in gas-phase isomerisation of 1-bute
sobutene over the 12-membered ring zeolites is well kn
ast catalysts deactivation. Therefore, gas-phase deacti
f fresh 2.5% Ru/Y was realised at atmospheric pres
t 623 K by passing 1-butene stream (30 ml/min) over
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catalyst for 10 minutes or 2 hours. Such deactivated catalysts
were treated as described above (washing and activation) and
tested in liquid-phase hydrogenation of cinnamaldehyde.

2.2. Catalyst testing

Prior to hydrogenation each catalyst sample (mean par-
ticle size 23�m) was activated in hydrogen flow (2 hours,
573 K). Liquid-phase hydrogenations of cinnamaldehyde
(98%, Aldrich) were carried out under total pressure of
5.0 MPa at 373 K in a 500 ml stirred batch reactor (Autoclave
Engineers, USA). Reactions were performed within the ki-
netic region in cyclohexane (p.a., Merck).

The reaction products were identified with GC–MS and
analysed by GC (HP-6890, Hewlett-Packard, USA). Content
of individual components in the reaction mixture was de-
termined by the Internal Standardisation Method (n-decane,
Aldrich, USA).

After the reaction, spent catalysts were filtered and care-
fully washed with small doses (10–20 ml) of p.a. acetone
(total amount of acetone∼ 500 ml). Washed catalysts were
dried for 1 hour in oven at 378 K.

Since in some cases strong catalyst deactivation was ob-
served, making the one-point evaluation of selectivity and
activity misleading, the complete reaction courses for each
r
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During the first hydrogenation run the obtained selectiv-
ity was ca. 25% (at 50% conversion), whereas the selectivity
reached ca. 50% and 60% during the second and third exper-
iment, respectively. Observed selectivity enhancement was
accompanied with catalyst fouling and with surface area de-
crease.

The same Ru/Y catalyst but gas-phase deactivated under
1-butene flow (10 minutes, 2 hours) exhibited similar activity
compared to liquid-phase deactivated catalyst. At the same
time moderately improved selectivity compared to the fresh
catalyst was noticed (Fig. 3), however, lower than the selec-
tivity achieved over liquid-phase deactivated catalyst.

Deactivation of Ru/MCM-41 catalyst during the three ex-
periments was more profound. The lowest activity was ob-
served during the third run, along with (as in case of Ru/Y)
the highest selectivity (Fig. 4). Selectivity increased from ca.
2% (first run) to 35% in second run and to 45% in the last
third run (at 50% conversion).

Although impressive enhancement of cinnamylalcohol se-
lectivity over the MCM-41 supported catalysts was achieved
(from 2 to 45%), still the Y-zeolite supported catalyst exhib-
ited higher selectivity (60%) after the third run.

The strongest catalyst deactivation was observed over the
Pt/Y catalyst (Fig. 5A). Similar to previous cases, the selec-
tivity towards cinnamylalcohol increased from one run to the
f
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. Results

In principle, hydrogenation of cinnamaldehyde over
nd Pt catalysts might give various undesired by-prod
uch as aromatic ring hydrogenation and hydrogeno
roducts. Formation of such compounds was observed
resent study, however, only for the fresh catalysts and
mount was insignificant. Therefore, the main reaction
ork can be described as presented inFig. 1. The desire
roduct is cinnamylalcohol (B).

.1. Catalyst activity and selectivity

Repeated experiments carried out over the Ru/Y cat
ndicated an increase of selectivity towards cinnamylalco
owever, activity remained constant (Fig. 2).

Fig. 1. Cinnamaldehyde hydrogenation network.
ollowing one (Fig. 5B).

.2. Characterisations

The results presented inTable 1confirm fast coke depo
ition in the microporous Y-zeolite catalysts, while slo
oking has been observed over the mesoporous MC
atalyst. Regarding the gas-phase pre-deactivation; th
osition was exceptionally fast, the indicated carbon con
fter 10 minutes of gas-phase reaction was equal to ca
ontent detected after 6 hours of liquid-phase hydrogena

In context with obtained results the maximum conten
arbonaceous deposits in Y-zeolite can probably reach
6–17%. These values correspond with the cited wor
orzatti and Lietti[29]. The deposition is assumed to oc
ainly within the inner surface of the catalyst since hig

ontent of coke was revealed in microporous catalysts.

able 1
arbon content (wt.%)

atalyst 2.5 wt.%
Ru/Y

2.5 wt.%
Pt/Y

2.5 wt.%
Ru/MCM-41

resh 0.0 0.0 0.0
fter first run 14.1 7.0 5.3
fter second run 15.8 12.8 7.5
fter third run 16.1 16.3 8.1

as-phase pre-deactivated
After 10 min TOSa 14.4
After 2 h TOS 16.4
a Time on stream.
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Fig. 2. Repeated runs with the 2.5% Ru/Y catalysts: (A) activity; (B) selectivity towards cinnamylalcohol.

Fig. 3. Gas-phase (1-butene) deactivated 2.5% Ru/Y catalysts: (A) activity; (B) selectivity towards cinnamylalcohol.

Fig. 4. Repeated runs with the 2.5% Ru/MCM-41 catalysts: (A) activity; (B) selectivity towards cinnamylalcohol.
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Fig. 5. Deactivation of 2.5% Pt/Y catalysts: (A) activity; (B) selectivity towards cinnamylalcohol.

Various analytical methods can be employed in the char-
acterisation of coke deposits[30]. The identity can be well
established by spectroscopic methods (IR, UV–vis) and other
common analytical techniques (GC–MS, NMR). To deter-
mine coke composition the coke must be first separated from
the catalyst. Simple separation for alumosilicate catalysts is
based on the dissolution of catalyst in 40% HF[30]. Liber-
ated deposits are extracted by CH2Cl2 and identified. Char-
acterisation of insoluble fraction (complex and often very
polyaromatic compounds) is usually reduced to elemental
composition analysis.

Although it was verified that this procedure does not cause
any transformation of the coke[34], some reaction products
of cinnamaldehyde hydrogenation (including cinnamalde-
hyde itself) are relatively unstable. Furthermore, all com-
pounds are poorly soluble in highly apolar solvents. There-
fore an alternative way—soxhlet treatment—to extract the
coke was employed. Spent and washed catalyst samples were
boiled for 12 h under total reflux in methanol (p.a., Merck),
and extracted material was analysed by GC–MS. Analysis
proved the only presence of the main reactants (A, B, C, D).

Surface measurements of fresh and spent catalysts con-
firmed results presented inTable 1. The surface decrease of
the microporous catalysts (Y-zeolite) was profound. After the
first reaction the surface decreased by about 70% while three
c
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The identified deposits were well soluble in polar solvents,
i.e. in acetone (washing). According to results reported in
Tables 1 and 2washing procedure applied between runs (see
Section 2.2) did not remove them. Most probably molecules
adsorbed on the outer surface of the catalyst particles were
removed, whereas capillary forces in micropores restricted
the removal from the inner surface of Y-zeolite catalyst sup-
port. The mesoporous catalyst (Ru/MCM-41) did not exhibit
such high carbon content and deep area decrease, the plau-
sible explanation for it should be related to support structure
with larger mesopores.

Chlorine content in fresh catalysts (prior activation) indi-
cated the exact content of active metals, since both Ru and
Pt precursors (RuCl3, H2PtCl6) contain chlorine. The mea-
sured values (Table 3) correspond well with anticipated ones.
The level of residual chlorine content in spent catalysts af-
ter activation shows that complete metal reduction has been
achieved. Temperature 573 K is reported, however, dependent
also on support, as sufficient one to achieve total reduction of
chlorine precursors of both metals[35–37]. Complete RuCl3
reduction at 473 K on the Y-zeolite support was previously
confirmed by ESCA[38].

The mean metal particle sizes were measured by X-ray
diffractometer (Philips PW 1800) using the Scherrer equa-
tion. The measured XRD patterns of metal modified sup-
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onsecutive reactions caused 90% surface area loss (Table 2).

able 2
urface area of catalysts

atalyst (m2/g) 2.5 wt.%
Ru/Y

2.5 wt.%
Pt/Y

2.5 wt.%
Ru/MCM-41

resh 903 1088 1105
fter first run 333 290 869
fter second run 140 171 1069
fter third run 85 80 837

as-phase deactivated
After 10 min TOS 185
After 2 h TOS 128
orts were compared to pattern of the pure support in o

able 3
hlorine content (wt.%)

atalyst 2.5 wt.%
Ru/Y

2.5 wt.%
Pt/Y

2.5 wt.%
Ru/MCM-41

resh 2.5 3.1 2.3
fter first run 0.2 0.4 0.4
fter second run 0.2 0.2 0.4
fter third run 0.3 0.2 0.4

as-phase deactivated
After 10 min TOSa 0.9
After 2 h TOS 0.9
a Time on stream.
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Table 4
Mean particle sizes according to XRD

Catalyst Mean particle size (nm)

Ru/Y 3.1–3.3
Ru/MCM-41 20.9–21.9
Pt/Y 3.5–3.7

to eliminate the possibility the metal peaks coincide with the
support patterns. According to our previous experience the
obtained results could give overestimated values[39]. The
XRD results are presented inTable 4.

From the results it is not apparent where the majority of
particles is located. However, since the catalysts were pre-
pared by wet impregnation and the mean particle size is higher
than support openings it is probable that majority of metal
particles is located outside pores.

Since the openings of Y-zeolite are smaller compared to
mean metal particle sizes it is apparent that the particles on the
outer surface are mostly the larger one. For the mesoporous
MCM-41 catalyst the situation is analogous.

4. Discussion

Since catalytic performance during the repeated runs turns
up to be related to the character and the amount of carbon
deposits it can be presumably affected also by the location of
deposits.

Guisnet [30] for the transformation ofn-hexane over
microporous HZSM-5 zeolite reported that the deposition
started within the inner surface, whereas during the final pe-
riod of the reaction the deposition took place at the outer
s lene
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ters of the molecules are given inTable 5. The sizes of the
molecules compared to the pore sizes of FAU (Y-zeolite) and
MFI-structures (HZSM-5) are illustrated inFig. 6. Visuali-
sations and estimations were done by Cerius2 (version 4.6,
Accelrys inc.) and Molekel (version 4.0, Swiss Center for
Scientific Computing, 2000) software.

The pore size of FAU structure is 0.74 nm× 0.74 nm,
for MFI 0.55 nm× 0.51 nm and 0.53 nm× 0.56 nm, respec-
tively [46]. While comparing these values with calculated
distances inTable 5and illustrations inFig. 6, it can be in-
ferred that hexane diffuses inside the pores of MFI as well as
cinnamaldehyde in FAU, but mesitylene is too bulky having
serious difficulties to penetrate pores of MFI.

Aforesaid calculations confirm results of Guisnet[30]
proving that the deposition inn-hexane transformation might
start within inner surface which is accessible for the reactant
molecule. At the same time deposits formed from mesitylene
can be placed only on the outer catalyst surface since the
molecule cannot easily enter the micropores of HZSM-5.

Following Guisnet[30] in conclusions we can infer that
in our case coke deposition in liquid-phase hydrogenation of
cinnamaldehyde most probably started within inner structure
of the Y-zeolite support and after the pores were more or less
filled the deposition took place at the outer surface. This cor-
relates well with characterisation data, e.g. amount of coke
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1,3,5-trimethylbenzene) was deposited only at the oute
ace[30].

The results might be probably associated to molec
izes of reacting molecules. To confirm this assumption a
sses the possible diffusion of cinnamaldehyde, hexan
esitylene in zeolites—molecular modelling was app
eometries were optimised by the Hartree–Fock (HF)
roximation with the 6–31+G∗ basis set[40–43] using the
aussian 98 program[44].
The size of the molecules of HF optimised conformat

long x-, y- and z-axis are given inTable 5. The diame
ers along the three axes are estimated calculating Con
urface[45] with a probe radius of 1.4 over an optimis
olecule geometries. Estimations of the minimum dia

able 5
stimated distances of HF optimized geometries alongx-, y- andz-axes

olecule x y z Minimum diametera

exane 1.03 0.47 0.41 <0.5
esitylene 0.82 0.88 0.41 >0.8
innamaldehyde 1.10 0.34 0.67 <0.5

istances are given in nm.
a Minimum pore diameter accesible for molecule.
nd surface area decrease. Similar mechanism will be
bly applicable also for the mesoporous MCM-41 suppo

Based on characterisation data and aforesaid resul
resent two concepts that might partially explain the obse
eaction behaviour.

. Particle size effect concept.

. Concentration dependent mode of the adsorption con

.1. Particle size effect

Due to adsorption on the inner surface of the cata
hat proceeds from the early beginning of hydrogenation
mall metal particles inside pores would become inacces
nd the only free active sites (relatively large particles) rem
t the outer catalyst surface.

The fact that formation of cinnamylalcohol is favou
n larger particles was previously noticed in several stu

39,47–49]. The observed selectivity increase during the r
ion thus might be associated to reaction progress as the
etal particles, found inside pores that lower selectivity

tepwise blocked (since it can be assumed metal particl
he outer surface are bigger than these in pores). The m
eactivation in repeated runs will then correspond with

act that majority of active sites is located on the outer c
yst surface that is accessible to washing procedure ap
mong runs thus removing deposits from it. Relatively h

nitial reaction rates, presented reaction pathways as w
he high content of coke support the assumption of fast p
locking. Presented concept cannot explain, however, m
ore pronounced deactivation over Pt/Y catalyst as we
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Fig. 6. Comparison of molecular and pore sizes: (A) hexane; (B) mesitylene and the MFI pore; (C) cinnamaldehyde and the FAU pore.

lower selectivity of gas-phase deactivated catalysts. In this
case probably also other phenomena such as the metal effect
or nature of coke should be taken into account.

4.2. Concentration dependent adsorption mode

As the analysed deposits were only the reaction products
the observed activity and selectivity-conversion dependence
is discussed below in terms of reactants adsorption.

Concentration dependent mode of cinnamaldehyde ad-
sorption was recently demonstrated by Berger et al.[50]. It
was supposed that the adsorption mode of cinnamaldehyde
at high concentrations differs from that at lower concentra-
tions. In particular, cinnamaldehyde was thought to adsorb
perpendicular to the catalyst surface with the aromatic rings
in parallel arrangements. At the same time the absolute con-
version rate was about the same.

Another worthy example is catalytic enantioselective hy-
drogenation of ketones, namely reaction network in 1-phenyl-
1,2-propanedione hydrogenation. Over a non-modified, con-
ventional catalyst, the diketone readily adsorbs in a planar
position, where carbonyl group in� position and the phenyl
ring are in the same catalyst plane, and the reaction is regios-
elective in this C=O group. The regioselectivity changes, if
small amounts of catalyst modifier are added. The aromatic
r y the
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third run (Table 1) further major selectivity increase would
not be expected. Indeed, the observed minor selectivity in-
crease confirms this prediction.

Following characterisation results, properties of the 1-
butene gas-phase deactivated catalysts are comparable to the
catalyst after second or third liquid-phase run. It can be con-
cluded (Tables 1 and 2) that fast gas-phase deactivation of Y-
zeolite (12-membered ring) in flow of 1-butene led to deposi-
tion of maximum coke content (16–17%) in about 10 minutes
or less. Hydrogenation experiments confirmed this conclu-
sion, since selectivity as well as activity were similar no mat-
ter if the catalyst was deactivated for 10 minutes or 2 hours.

Comparing the selectivity and activity of corresponding
catalysts (Figs. 2 and 3) the apparent conclusion is that gas-
phase deactivated catalysts exhibited about the same activity
and lower selectivity than the liquid-phase deactivated cata-
lyst.

In the gas-phase deactivation skeletal isomerisation of 1-
butene the Y-zeolite with 12-membered ring system do not
suppress the formation of carbonaceous deposits and the
pores get quickly blocked[52]. On a fresh HFER zeolite
at 623 K coke formed during the skeletal isomerization of
1-butene was found to be composed of slightly condensed
(2–4-membered ring) aromatics[53]. Coke molecules re-
sulted from the transformation of secondary benzenic prod-
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n the modifier coverage of the catalyst surface[51].

In hydrogenation of cinnamaldehyde removal of adso
eactants was not achieved (as it follows from characte
ion data) and accumulated adsorbate would cause obs
ehaviour, i.e. considerably increased selectivity (25%

ween the first and the second run. More specifically, on
urface adsorbed species can cause the self-assembling
s described above, thus improving the selectivity tow
innamylalcohol. Correspondingly, since adsorbate (c
ontent does not increase extensively between the secon
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cts. Less then 5% of the coke was recovered by soxhle
raction indicating the deactivation during the reaction
ue to the growth of the coke molecules in the zeolite p

54].
In context of characterisation data the main difference

ween the differently pretreated catalysts in this study se
o be the character of coke, i.e. aromatic coke in cas
as-phase deactivation and non-desorbed reaction pro

n case of liquid-phase reaction.
Although the presented concepts are reasonably supp

y the observed reaction behaviour, characterisation m
ds, and by literature data it was not possible to di
uish which of these two concepts prevails. Moreover
bserved catalytic behaviour can be probably more com
nd combination of the presented concepts as well as
ther effects should be taken into account and applied
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instance, the steric aspects are reported to play an important
role in hydrogenation of cinnamaldehyde over microporous
zeolites[8,55]. The influence of such effects might contribute
to higher yields of cinnamylalcohol over Ru/Y compared to
Ru/MCM-41.

5. Conclusions

The properties of 2.5% Ru/Y, 2.5% Pt/Y and 2.5%
Ru/MCM-41 were tested in the liquid-phase hydrogenation
of cinnamaldehyde. Three consecutive runs with the same
catalyst batches were performed in order to evaluate the de-
activation.

Catalyst activity in repeated experiments was influenced
by the support and by the active metal used. No activity
changes were observed over the Ru/Y catalyst, while moder-
ate and strong activity decrease was obtained over Ru/MCM-
41 and Pt/Y catalyst.

Typically an increase of selectivity towards cinnamylal-
cohol during the experiments was visible. Considerable se-
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