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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 cataly
batch typically indicated selectivity increase towards cinnamylalcohol. Changes of activity and selectivity were dependent on the active metal
as well as on the support.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction over osmium catalys{g]. Other metals are less feasible but
certain promotional factors were found to improve consider-
Production of bulk and fine chemicals as well as pharma- ably their catalytic performand8-11].
ceuticals is based on extensive application of homogeneous The yields of unsaturated alcohols were successfully in-
and heterogeneous catalysts. Heterogeneous catalysis, howereased in case of bimetallic catalygt®]. Promotional ef-
ever, dominates in commercial practice, particularly in petro- fect of metal salt§13], pH as well as the influence of particle
chemical large-scale productiofi§. To meet environmental  size and support charactdd] on selectivity were also ob-
and technology demands sustainable approach within het-served.
erogeneous catalysis becomes more important also for the Despite the fact that the problem has been thoroughly in-
synthesis of fine chemicalg]. vestigated during the years few references are devoted to hy-
Unsaturated alcohols are industrially valuable intermedi- drogenation of cinnamaldehyde over metal modified zeolites,
ates for the synthesis of flavours, perfumes, and pharmaceuti-and there is no information in the open literature dealing with
cal productg3-5]. Conventional synthesis involves selective deactivation effects in liquid-phase hydrogenation over such
chemical reduction of carbonyl group in unsaturated carbonyl catalysts.
compounds. Although the efficiency of heterogeneous catal- Microporous molecular sieves (zeolites) are the primary
ysis is lower compared to stoichiometric reducing aggsits catalysts for large-scale petroleum proceddés-17] The
high yields of unsaturated products are attainable particularly diversity of structural types with well-defined pore systems,
tunable porosity, hydrophobicity and variable acid—basic
- _ properties make them attractive also for the synthesis of fine
* Corresponding author. Tel.: +358 2 215 4985; fax: +358 2 215 4479. .
** Co-corresponding author. chem|cals{18—ZO}
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The practical experience and evaluation of deactivation pro-  Distribution of deposits may not be uniform. Depending
cesses is associated mainly with gas-phase processes (cabn the size of molecules involved in reaction, deposition may
alytic cracking, hydrotreating, reforming, methanol synthesis start within the inner or outer surface of the catalja].
etc.)[21-23] Limited investigations within the batch liquid-  Direct relationship between the aromatic character and the
phase reactions are accountable to apparent experimental andmount of deposited coke has been also revealed.
theoretical difficultie§24—26] According to previous text the deactivation during hydro-

Deactivation of catalysts is generally of utmostimportance genation of cinnamaldehyde at 373K might be assumably
affecting long-term performance of catalysts—their activity attributed to combination of poisoning and catalyst fouling.
as well as the selectivity. Depending on the particular reaction Predominant adsorption and deposition of starting substrate
and on the catalyst used the deactivation process may varyand reaction products at the catalyst inner and outer surface,
significantly. Some fundamental issues on deactivation arerather than some kind of hydrocarbon transformation, could
briefly described below. be probably expected.

Chemical and physical processes leading to deactivation The main aim of the presented study was to reportand eval-
are commonly divided into three main clas$2%,28] ac- uate the observed deactivation of alumosilicate-supported
tive phase transformation (sintering, leaching, etc.), fouling (Y-zeolite, MCM-41) ruthenium and platinum catalysts in
(coking) and poisoning. liquid-phase hydrogenation of cinnamaldehyde.

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 other2. Experimental
type of phase transformation were observed they can be also
ignored. 2.1. Catalyst synthesis

In large number of catalytic processes carbonaceous de-
posits are formed from the reaction mixture. Such adsorbed The Y-zeolite support was provided by Zeolyst Interna-
species form through polymerisation and condensation com-tional (CBV712), MCM-41 support has been synthesised ac-
plex polynuclear aromatic structures. The process is referredcording to published procedur¢31,32] The structure of
in industry as fouling or coking, where coke denotes the ma- mesoporous MCM-41 has been verified by XRD. Measured
terial originated by decomposition or condensation of hydro- patterns exhibited characteristics typical for the MCM-41
carbons. Apparently there is a great variation in the morphol- material.
ogy of the coke depending on the catalyst history, and on  The 2.5% Ru/Y, 2.5% Pt/Y and 2.5% Ru/MCM-41 cat-
the nature of reactants. Particularly for supported catalystsalysts were prepared by wet impregnation of supports by
a weight body of literature indicates the complex relation aqueous solutions of RugkH,O (x < 1, Sigma—Aldrich)
between the coke content its morphology and catalyst per-and HPtCl (40% Pt, Degussa), respectively. The impreg-
formance. nation was carried out in rotary evaporator (Buchi Rotavapor

Poisoning is associated to changes in catalytic perfor- R114) for a period of 24 hours. Impregnated catalysts were
mance due to strong chemisorption processes (reversible odried in oven at 383K for 12 hours.
non-reversible). Compared to fouling certain vagueness in-  Surface areas of catalysts were obtained from full nitro-
volved in the process of coke formation allows classify poi- gen adsorption—desorption isotherms at 77 K (Sorptomatic
soning as much better defined evi2g]. 1900, Carlo Erba Instruments). Areas of microporous cat-

In catalytic reactions involving hydrocarbons, forma- alysts (Y-zeolite support) were calculated according to Du-
tion of carbonaceous deposits (above referred as coke)binin method, whereas areas of MCM-41 supported catalyst
might occur. Coke deposits may amount to 15 or even were evaluated by the BET method.

20% (w/w) of the catalyst and they may deactivate the  The content of organic residues in catalysts was de-
catalyst selectively or non-selectively—covering the active termined by automatic CHN analyser (Perkin-Elmer 2400,

sites, respectively, causing the pore and surface blockageUSA). The average carbon content was calculated from three
[29]. independent measurements.

The coke deposition inside catalyst pores is related to ex-  The chlorine content was determined by the Wickbold
istence of intraparticle diffusion, as the coke accumulates in method[33]. The applied technique is suitable for the deter-
the catalyst pores, the effective diameter of pores decreasesmination of low chlorine loading.

Coke concentrated near pore mouths is an effective barrier ~The deactivation is widely studied in the gas-phase reac-
causing eventually complete pore blockage. tions, therefore, properties of spent catalysts deactivated in

In low-temperature hydrocarbon reactiorst00 K), hy- the liquid and gas-phase reactions were compared. One of
drocarbon transformation (formation of complex polynuclear the main problems in gas-phase isomerisation of 1-butene to
aromatic structures via polymerisation and condensation) isobutene over the 12-membered ring zeolites is well known:
typically does not occur and the carbonaceous deposits ardast catalysts deactivation. Therefore, gas-phase deactivation
generally the non-desorbed reaction products and reactant®f fresh 2.5% Ru/Y was realised at atmospheric pressure
[30]. at 623K by passing 1-butene stream (30 ml/min) over the
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catalyst for 10 minutes or 2 hours. Such deactivated catalysts During the first hydrogenation run the obtained selectiv-

were treated as described above (washing and activation) andty was ca. 25% (at 50% conversion), whereas the selectivity

tested in liquid-phase hydrogenation of cinnamaldehyde.  reached ca. 50% and 60% during the second and third exper-
iment, respectively. Observed selectivity enhancement was

2.2. Catalyst testing accompanied with catalyst fouling and with surface area de-
crease.

Prior to hydrogenation each catalyst sample (mean par- The same Ru/Y catalyst but gas-phase deactivated under
ticle size 23um) was activated in hydrogen flow (2 hours, 1-butene flow (10 minutes, 2 hours) exhibited similar activity
573K). Liquid-phase hydrogenations of cinnamaldehyde compared to liquid-phase deactivated catalyst. At the same
(98%, Aldrich) were carried out under total pressure of time moderately improved selectivity compared to the fresh
5.0 MPa at 373 K in a 500 ml stirred batch reactor (Autoclave catalyst was noticedg. 3), however, lower than the selec-
Engineers, USA). Reactions were performed within the ki- tivity achieved over liquid-phase deactivated catalyst.
netic region in cyclohexane (p.a., Merck). Deactivation of RuU/MCM-41 catalyst during the three ex-

The reaction products were identified with GC-MS and Periments was more profound. The lowest activity was ob-
analysed by GC (HP-6890, Hewlett-Packard, USA). Content served during the third run, along with (as in case of Ru/Y)
of individual components in the reaction mixture was de- the highest selectivityqig. 4). Selectivity increased from ca.
termined by the Internal Standardisation Methodiecane, 2% (first run) to 35% in second run and to 45% in the last
Aldrich, USA). third run (at 50% conversion).

After the reaction, spent catalysts were filtered and care- ~ Althoughimpressive enhancementof cinnamylalcohol se-
fully washed with small doses (10-20ml) of p.a. acetone lectivity over the MCM-41 supported catalysts was achieved
(total amount of acetone 500 ml). Washed catalysts were (from 2 to 45%), still the Y-zeolite supported catalyst exhib-
dried for 1 hour in oven at 378 K. ited higher selectivity (60%) after the third run.

Since in some cases strong catalyst deactivation was ob-  The strongest catalyst deactivation was observed over the
served, making the one-point evaluation of selectivity and Pt/Y catalyst Eig. 5A). Similar to previous cases, the selec-
activity misleading, the complete reaction courses for each tivity towards cinnamylalcohol increased from one run to the
reaction are presented. following one ig. 5B).

3. Results 3.2. Characterisations

The results presented Table 1confirm fast coke depo-
: . . : sition in the microporous Y-zeolite catalysts, while slower
and Pt catalysts might give various undesired by-products coking has been observed over the mesoporous MCM-41

P ' P position was exceptionally fast, the indicated carbon content

present study, however, only for the fresh catalysts and thelrafter 10 minutes of gas-phase reaction was equal to carbon

argﬁ(uggr\:vzz |gzggcnrlifl;cgzn;;hrerefore,d';he Ta_ll_?] regctlp n dnet- content detected after 6 hours of liquid-phase hydrogenation.
o presented-ig. € desire In context with obtained results the maximum content of
product is cinnamylalcohol (B). carbonaceous deposits in Y-zeolite can probably reach about
o o 16-17%. These values correspond with the cited work of
3.1. Catalyst activity and selectivity Forzatti and Liett[29]. The deposition is assumed to occur
mainly within the inner surface of the catalyst since higher

Repeated experiments carried out over the Ru/Y catalyst conient of coke was revealed in microporous catalysts.
indicated an increase of selectivity towards cinnamylalcohol,

however, activity remained constafig. 2).

In principle, hydrogenation of cinnamaldehyde over Ru

Table 1
ol Carbon content (wt.%)
H/v W H, Catalyst 2.5wt.% 2.5wt.% 2.5wt.%
Cinnamylalcohol \ Ru/Y Pt/Y Ru/MCM-41
©/\Ao ® WOH Fresh o) 0.0 0.0
After first run 141 7.0 5.3
Cinnamaldehyde }s S /H' 3-Phenylpropanol After second run 18 12.8 7.5
(A) ) ©A/\O 2 D) After third run 161 16.3 8.1
3-Phenypropanal Gas-phase pre-deactivated
(©) After 10 min TOS 144
After 2h TOS 164

Fig. 1. Cinnamaldehyde hydrogenation network. 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.
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Fig. 3. Gas-phase (1-butene) deactivated 2.5% Ru/Y catalysts: (A) activity; (B) selectivity towards cinnamylalcohol.
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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-  The identified deposits were well soluble in polar solvents,
acterisation of coke deposif80]. The identity can be well  i.e. in acetone (washing). According to results reported in
established by spectroscopic methods (IR, UV-vis) and other Tables 1 and #vashing procedure applied between runs (see
common analytical techniques (GC-MS, NMR). To deter- Section 2.2did not remove them. Most probably molecules
mine coke composition the coke must be first separated fromadsorbed on the outer surface of the catalyst particles were
the catalyst. Simple separation for alumosilicate catalysts isremoved, whereas capillary forces in micropores restricted
based on the dissolution of catalyst in 40% [38]. Liber- the removal from the inner surface of Y-zeolite catalyst sup-
ated deposits are extracted by £Hp and identified. Char-  port. The mesoporous catalyst (Ru/MCM-41) did not exhibit
acterisation of insoluble fraction (complex and often very such high carbon content and deep area decrease, the plau-
polyaromatic compounds) is usually reduced to elemental sible explanation for it should be related to support structure
composition analysis. with larger mesopores.

Although it was verified that this procedure does notcause  Chlorine content in fresh catalysts (prior activation) indi-
any transformation of the co84], some reaction products cated the exact content of active metals, since both Ru and
of cinnamaldehyde hydrogenation (including cinnamalde- Pt precursors (Rug) H2PtCk) contain chlorine. The mea-
hyde itself) are relatively unstable. Furthermore, all com- sured valuesTable 3 correspond well with anticipated ones.
pounds are poorly soluble in highly apolar solvents. There- The level of residual chlorine content in spent catalysts af-
fore an alternative way—soxhlet treatment—to extract the ter activation shows that complete metal reduction has been
coke was employed. Spent and washed catalyst samples werachieved. Temperature 573 Kis reported, however, dependent
boiled for 12 h under total reflux in methanol (p.a., Merck), also on support, as sufficient one to achieve total reduction of
and extracted material was analysed by GC-MS. Analysis chlorine precursors of both metg&65-37] Complete RuG
proved the only presence of the main reactants (A, B, C, D). reduction at 473K on the Y-zeolite support was previously

Surface measurements of fresh and spent catalysts coneonfirmed by ESCA38].
firmed results presented able 1 The surface decrease of The mean metal particle sizes were measured by X-ray
the microporous catalysts (Y-zeolite) was profound. After the diffractometer (Philips PW 1800) using the Scherrer equa-
first reaction the surface decreased by about 70% while threetion. The measured XRD patterns of metal modified sup-

consecutive reactions caused 90% surface areallab(2). ports were compared to pattern of the pure support in order
Table 3
Table 2 Chlorine content (wt.%)
Surface area of catalysts
Catalyst 2.5wt.% 2.5wt.% 2.5wt.%
Catalyst (m3/g) 2.5wt.% 2.5wt.% 2.5wt.% RU/Y PUY RU/MCM-41
Ru/Y PUY Ru/MCM-41
Fresh 25 3.1 2.3
Fresh 903 1088 1105 After first run 0.2 0.4 0.4
After first run 333 290 869 After second run 0.2 0.2 0.4
After second run 140 171 1069 After third run 03 02 04
After third run 85 80 837

Gas-phase deactivated
After 10 min TOS 0.9
After 2h TOS 0.9

2 Time on stream.

Gas-phase deactivated
After 10 min TOS 185
After 2h TOS 128
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Table 4 ters of the molecules are given Table 5 The sizes of the
Mean particle sizes according to XRD molecules compared to the pore sizes of FAU (Y-zeolite) and
Catalyst Mean particle size (nm)  MFI-structures (HZSM-5) are illustrated Irig. 6. Visuali-

Ru/Y 3.1-3.3 sations and estimations were done by Cerius2 (version 4.6,
RS/MCM-M 20.9-21.9 Accelrys inc.) and Molekel (version 4.0, Swiss Center for
PtY 35-3.7

Scientific Computing, 2000) software.
The pore size of FAU structure is 0.74 ng 0.74 nm,

to eliminate the possibility the metal peaks coincide with the for MF10.55nmx 0.51nm and 0.53 nnx 0.56 nm, respec-
support patterns. According to our previous experience thetively [46]. While comparing these values with calculated
obtained results could give overestimated Va|m_ The distances irTable 5and illustrations |rF|g 6, it can be in-
XRD results are presented Table 4 ferred that hexane diffuses inside the pores of MFI as well as
From the results it is not apparent where the majority of cinnamaldehyde in FAU, but mesitylene is too bulky having
particles is located. However, since the catalysts were pre-serious difficulties to penetrate pores of MFI.
pared by wetimpregnation and the mean particle size is higher  Aforesaid calculations confirm results of Guisrj80]
than support openings it is probable that majority of metal Proving thatthe deposition im-hexane transformation might
particles is located outside pores. start within inner surface which is accessible for the reactant
Since the openings of Y-zeolite are smaller compared to molecule. Atthe same time deposits formed from mesitylene
mean metal particle sizes itis apparent that the particles onthecan be placed only on the outer catalyst surface since the
outer surface are mostly the larger one. For the mesoporougnolecule cannot easily enter the micropores of HZSM-5.
MCM-41 Cata|yst the situation is ana|ogous_ 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
4. Discussion of the Y-zeolite support and after the pores were more or less
filled the deposition took place at the outer surface. This cor-
Since Cata|ytic performance during the repeated runs turnsrelates well with characterisation data, e.g. amount of coke
up to be related to the character and the amount of Carbonand surface area decrease. Similar mechanism will be prOb-
deposits it can be presumably affected also by the location ofably applicable also for the mesoporous MCM-41 support.
deposits. Based on characterisation data and aforesaid results we
Guisnet[30] for the transformation ofi-hexane over  Presenttwoconcepts that might partially explain the observed
microporous HZSM-5 zeolite reported that the deposition reaction behaviour.
started within the inner surface, whereas during the final pe-
riod of the reaction the deposition took place at the outer
surface. At the same time the coke formed from mesitylene
(1,3,5-trimethylbenzene) was deposited only at the outer sur-
face[30]. 4.1. Particle size effect
The results might be probably associated to molecular
sizes of reacting molecules. To confirm this assumptionandto  Due to adsorption on the inner surface of the catalysts
asses the possible diffusion of cinnamaldehyde, hexane andhat proceeds from the early beginning of hydrogenation, the
mesity'ene in Zeo|ites_m0|ecu|ar mode"ing was app“ed small metal particles inside poreS would become inaccessible
Geometries were optimised by the Hartree—Fock (HF) ap- andthe only free active sites (relatively large particles) remain
proximation with the 6-31+Gbasis sef40-43]using the  atthe outer catalyst surface.

1. Particle size effect concept.
2. Concentration dependent mode of the adsorption concept.

Gaussian 98 prografd4]. The fact that formation of cinnamylalcohol is favoured
The size of the molecules of HF optimised conformations On larger particles was previously noticed in several studies
along x-, y- and z-axis are given inTable 5 The diame- [39,47-49] The observed selectivity increase during the reac-

ters along the three axes are estimated calculating Connolly-tion thus might be associated to reaction progress as the smalll
surface[45] with a probe radius of 1.4 over an optimised Metal particles, found inside pores that lower selectivity, are

molecule geometries. Estimations of the minimum diame- Stepwise blocked (since it can be assumed metal particles on
the outer surface are bigger than these in pores). The minor

Table 5 deactivation in repeated runs will then correspond with the
Estimated distances of HF optimized geometries along andz-axes fact that majority of active sites is located on the outer cata-
Molecule X y z Minimum diamete? lyst surface that is accessible to washing procedure applied
Hexane 103 047 041 <05 among runs thus removing deposits from it. Relatively high
Mesitylene 0.82 0.88 0.41 >0.8 initial reaction rates, presented reaction pathways as well as
Cinnamaldehyde 1.10 0.34 0.67 <0.5 the high content of coke support the assumption of fast pores
Distances are given in nm. blocking. Presented concept cannot explain, however, much

& Minimum pore diameter accesible for molecule. more pronounced deactivation over Pt/Y catalyst as well as
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(A) (B) <

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 third run (Table 1 further major selectivity increase would
case probably also other phenomena such as the metal effeatot be expected. Indeed, the observed minor selectivity in-

or nature of coke should be taken into account. crease confirms this prediction.
Following characterisation results, properties of the 1-
4.2. Concentration dependent adsorption mode butene gas-phase deactivated catalysts are comparable to the

catalyst after second or third liquid-phase run. It can be con-
As the analysed deposits were only the reaction productscluded {Tables 1 and Pthat fast gas-phase deactivation of Y-
the observed activity and selectivity-conversion dependencezeolite (12-membered ring) in flow of 1-butene led to deposi-

is discussed below in terms of reactants adsorption. tion of maximum coke content (16—17%) in about 10 minutes
Concentration dependent mode of cinnamaldehyde ad-or less. Hydrogenation experiments confirmed this conclu-
sorption was recently demonstrated by Berger ef5dl]. It sion, since selectivity as well as activity were similar no mat-

was supposed that the adsorption mode of cinnamaldehydéer if the catalyst was deactivated for 10 minutes or 2 hours.
at high concentrations differs from that at lower concentra-  Comparing the selectivity and activity of corresponding
tions. In particular, cinnamaldehyde was thought to adsorb catalysts Figs. 2 and Bthe apparent conclusion is that gas-
perpendicular to the catalyst surface with the aromatic rings phase deactivated catalysts exhibited about the same activity
in parallel arrangements. At the same time the absolute con-and lower selectivity than the liquid-phase deactivated cata-
version rate was about the same. lyst.

Another worthy example is catalytic enantioselective hy- In the gas-phase deactivation skeletal isomerisation of 1-
drogenation of ketones, namely reaction network in 1-phenyl- butene the Y-zeolite with 12-membered ring system do not
1,2-propanedione hydrogenation. Over a non-modified, con-suppress the formation of carbonaceous deposits and the
ventional catalyst, the diketone readily adsorbs in a planar pores get quickly blockefb2]. On a fresh HFER zeolite
position, where carbonyl group imposition and the phenyl  at 623K coke formed during the skeletal isomerization of
ring are in the same catalyst plane, and the reaction is regios-1-butene was found to be composed of slightly condensed
elective in this C=0 group. The regioselectivity changes, if (2—4-membered ring) aromati¢s3]. Coke molecules re-
small amounts of catalyst modifier are added. The aromatic sulted from the transformation of secondary benzenic prod-
ring hydrogenation is no longer possible (as indicated by the ucts. Less then 5% of the coke was recovered by soxhlet ex-
disappearance of the cyclohexyl products) since the adsorbedraction indicating the deactivation during the reaction was
modifier occupies the surface in such a way that the planardue to the growth of the coke molecules in the zeolite pores
adsorption of the reactant is not favoured. This implies that [54].
the carbonyl groups are adsorbed on somewhat tilted orien-  In context of characterisation data the main difference be-
tation and that the adsorption mode of the reactant dependg¢ween the differently pretreated catalysts in this study seems
on the modifier coverage of the catalyst surfggl. to be the character of coke, i.e. aromatic coke in case of

In hydrogenation of cinnamaldehyde removal of adsorbed gas-phase deactivation and non-desorbed reaction products
reactants was not achieved (as it follows from characterisa-in case of liquid-phase reaction.
tion data) and accumulated adsorbate would cause observed Although the presented concepts are reasonably supported
behaviour, i.e. considerably increased selectivity (25%) be- by the observed reaction behaviour, characterisation meth-
tween the first and the second run. More specifically, on the ods, and by literature data it was not possible to distin-
surface adsorbed species can cause the self-assembling effeguish which of these two concepts prevails. Moreover the
as described above, thus improving the selectivity towards observed catalytic behaviour can be probably more complex
cinnamylalcohol. Correspondingly, since adsorbate (coke) and combination of the presented concepts as well as some
content does not increase extensively between the second andther effects should be taken into account and applied. For
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Ru/MCM-41. VCH, Weinheim, 2003.
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