
This is a n  Op e n  Acces s  doc u m e n t  dow nloa d e d  fro m  ORCA, Ca r diff U nive r si ty 's

ins ti t u tion al r e posi to ry: h t t p s://o rc a .c a r diff.ac.uk/id/e p rin t/93 6 0 4/

This  is t h e  a u t ho r’s ve r sion  of a  wo rk  t h a t  w as  s u b mi t t e d  to  / a c c e p t e d  for

p u blica tion.

Cit a tion  for  final p u blish e d  ve r sion:

Wu, Gaow ei, Bre t t ,  Ge m m a  Louis e,  Cao, E n ho n g,  Cons t a n tinou,  Achillea a ,

Ellis, Pe t er, Kuhn,  Simo n,  H u t c hings ,  Gr a h a m  John  ORCID:

h t t p s://o rcid.o r g/00 0 0-0 0 0 1-8 8 8 5-1 5 6 0,  Be th ell, Don ald  a n d  Gavriilidis,

Aste rios  2 0 1 6.  Oxida tion  of cinn a myl alcohol u sing  bi m e t allic Au-

P d/TiO2c a t alys t s:  a  d e a c tiva tion  s t u dy in a  con tinuo us  flow p ack e d  b e d

mic ro r e a c tor. Ca t alysis  Scie nc e  & Technology 6  (13) , p p.  4 7 4 9-4 7 5 8.

1 0.1 0 3 9/C6CY0023 2C file  

P u blish e r s  p a g e:  h t t p://dx.doi.o rg/10.10 3 9/C6CY002 3 2C

< h t t p://dx.doi.o rg/10.10 3 9/C6CY0023 2C >

Ple a s e  no t e:  

Ch a n g e s  m a d e  a s  a  r e s ul t  of p u blishing  p roc e s s e s  s uc h  a s  copy-e di ting,

for m a t ting  a n d  p a g e  n u m b e r s  m ay no t  b e  r eflec t e d  in t his  ve r sion.  For  t h e

d efini tive  ve r sion  of t his  p u blica tion,  ple a s e  r ef e r  to  t h e  p u blish e d  sou rc e.  You

a r e  a dvise d  to  cons ul t  t h e  p u blish e r’s ve r sion  if you  wish  to  ci t e  t his  p a p er.

This ve r sion  is b ein g  m a d e  av ailable  in  a cco r d a n c e  wit h  p u blish e r  policie s.

S e e  

h t t p://o rc a .cf.ac.uk/policies.h t ml for  u s a g e  policies.  Copyrigh t  a n d  m o r al  r i gh t s

for  p u blica tions  m a d e  available  in ORCA a r e  r e t ain e d  by t h e  copyrig h t

hold e r s .



Catalysis
Science &
Technology

PAPER

Cite this: Catal. Sci. Technol., 2016,

6, 4749

Received 30th January 2016,

Accepted 17th May 2016

DOI: 10.1039/c6cy00232c

www.rsc.org/catalysis

Oxidation of cinnamyl alcohol using bimetallic
Au–Pd/TiO2 catalysts: a deactivation study in a
continuous flow packed bed microreactor

Gaowei Wu,a Gemma L. Brett,b Enhong Cao,a Achilleas Constantinou,†a Peter Ellis,c

Simon Kuhn,d Graham J. Hutchings,b Donald Bethelle and Asterios Gavriilidis*a

The stability of a bimetallic Au–Pd/TiO2 catalyst was examined in a packed bed microreactor for the oxida-

tion of cinnamyl alcohol dissolved in toluene. The catalyst was prepared by co-impregnation with a Au–Pd

weight ratio of 1 : 19. Experiments were performed at 80–120 °C, oxygen concentration 0–100% and total

pressure 4 bara. Principal products observed were cinnamaldehyde, 3-phenyl-1-propanol and trans-β-

methylstyrene. Although the same catalyst was shown to possess good stability in the oxidation of benzyl

alcohol, it deactivated during the oxidation of cinnamyl alcohol, particularly at elevated reaction tempera-

tures. Higher concentration of oxygen used for the reaction led to improved cinnamaldehyde selectivity

but lower conversion and higher deactivation rates. Treatment with hydrogen recovered only a fraction of

the activity. Deactivation was attributed to Pd leaching and a complex effect of oxygen.

1. Introduction

Selective oxidation of alcohols is important in organic chemis-

try and often performed with stoichiometric inorganic re-

agents.1,2 In recent years, there has been a growing demand

for the development of heterogeneous catalysts for oxidation

of alcohols with molecular oxygen, since it is a green and effi-

cient process.3,4 However, large-scale applications of aerobic

alcohol oxidation are still limited to few catalysts with suffi-

cient reactivity and stability.5 Among these heterogeneously

catalysed oxidation reactions, oxidation of cinnamyl alcohol is

one of the most studied, since cinnamyl alcohol is a simple

aromatic allylic alcohol.4,6–10 The target product, cinnam-

aldehyde, is also an important chemical intermediate in or-

ganic transformations and has wide applications in the food

and perfume industries.11–13 Up to now, studies of cinnamyl

alcohol oxidation have mainly focused on monometallic cata-

lysts, and platinum-group metals (particularly Pd) have been

intensively investigated.10,12,14–16 Due to the co-existence of re-

active hydroxyl and alkenyl functional groups in cinnamyl al-

cohol, complex reaction pathways are possible in this reaction

(Fig. 1).17–20 Apart from cinnamaldehyde arising from dehy-

drogenation of cinnamyl alcohol, 3-phenyl-1-propanol and

trans-β-methylstyrene can also be produced through hydroge-

nation and hydrogenolysis reactions, respectively. These three

products could potentially further lead to 1-phenylpropane,

styrene, 3-phenyl-1-propanal, ethylbenzene and benzaldehyde.

Marked catalyst deactivation has been observed by compari-

son of the reaction rates at different reaction times.12,17 How-

ever, the active phase for the reaction, as well as the reason for

the deactivation, is still a matter of debate. Baiker and co-

workers17 demonstrated that metallic Pd was much more active

than oxidic Pd in cinnamyl alcohol oxidation, which is consis-

tent with the well-known dehydrogenation mechanism of selec-

tive alcohol oxidation to aldehydes on platinum-group metals

catalysts.21 Deactivation caused either by the products from

decarbonylation reactions poisoning the catalyst or by over-

oxidation of the metal was suggested. The major role of oxygen

was thought to rapidly and continuously remove the

strongly adsorbed CO and thus ensure free Pd sites for the de-

hydrogenation reaction.17 On the other hand, Lee and co-

workers22,23 found Pd-based catalyst activity directly correlated

with the proportion of exposed surface palladium oxide. The

rapid reduction of PdO to Pd led to catalyst deactivation under

static oxygen.12 Flowing oxygen at ambient pressure contributed

to suppressing the reduction of palladium oxide to metal, which

ensured the maintenance of a selective oxidation activity.

Compared with monometallic catalysts, bimetallic cata-

lysts provide an attractive approach for catalyst development.
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Preparation of bimetallic catalysts and their use for the trans-

formation of bio-renewable substrates, including selective oxi-

dations, has been reviewed recently by Sankar et al.24 Enache

et al.25 showed that the addition of Au to Pd/TiO2 improves se-

lectivity for benzyl alcohol oxidation. Good reusability of the

catalyst was demonstrated, while no metals were detected in

the filtered reaction mixtures. Dimitratos et al.6 found that Au-

promoted Pd/C catalysts showed a significantly enhanced ac-

tivity in the selective oxidation of cinnamyl and benzyl alco-

hols, when compared to monometallic catalysts. However, no

information about catalyst reusability was provided. Generally,

heterogeneous oxidation of cinnamyl alcohol has been carried

out in batch reactors, due to their simplicity and flexibility.

However, catalyst deactivation cannot be easily identified and

monitored through a single run in batch reactors. To check

the stability, catalysts need to be filtered and re-used in an-

other run.10 Even with such experiments though, transient

leaching of supported metal may not be detected easily, since

the leached metal could redeposit onto the support.26

Over the past decade, microreactors have emerged as an

excellent alternative for chemical synthesis, due to high mass

and heat transfer coefficients and high-resolution reaction

time control.27,28 The small volumes of microreactors also

make it possible to use smaller amount of both reagents and

catalyst for the rapid assessment of catalysts. Liquid phase

catalytic oxidation chemistry in continuous-flow micro-

reactors has recently been summarized from both technologi-

cal and chemical perspective by Gemoets et al.29 In this

study, the stability of a 1% bimetallic Au–Pd (5 : 95)/TiO2 cata-

lyst is examined in a packed bed capillary microreactor for

oxidation of cinnamyl alcohol. Various reaction conditions

are investigated, in an attempt to explore the possible contri-

butions to catalyst deactivation.

2. Experimental section
2.1 Catalyst preparation

1 wt% bimetallic Au–Pd/TiO2 catalysts were prepared by co-

impregnation, similar to our previous work.25 An aqueous so-

lution of HAuCl4·3H2O (Johnson Matthey) and PdCl2 (John-

son Matthey) with Au-to-Pd weight ratio equivalent to 1 : 19

was added to TiO2 (Degussa, P25) to form a slurry. The resul-

tant slurry was spray-dried (nozzle temperature 220 °C), and

then calcined in static air at 400 °C for 3 h. The powder was

pelletized, crushed, and sieved to the desired particle size

range.

2.2 Capillary microreactor setup

The schematic of the capillary microreactor setup is shown in

Fig. 2. The gas flow was controlled with a mass flow control-

ler (MFC, Brooks GF40) and the liquid feed was pumped with

an HPLC pump (Knauer P 2.1S). Benzyl alcohol (Sigma-Al-

drich, ≥99%) and 0.5 M cinnamyl alcohol (Sigma-Aldrich,

98%) dissolved in toluene (Sigma-Aldrich, ≥99.5%) were used

as received. The gas and liquid flows were combined in a

T-mixer (Upchurch) to generate a gas–liquid slug flow and

fed into the reactor. The capillary microreactor was a 30 cm

long PTFE tube (Upchurch, 0.8 mm I.D.) packed with the Au–

Pd/TiO2 catalyst particles (particle size 53–63 μm). Unless oth-

erwise specified, each experiment was performed with fresh

catalyst. The microreactor was submerged in a stirred oil

bath for isothermal operation and the temperature of the oil

bath was controlled and measured by a hot plate fitted with a

thermocouple (Stuart). The catalyst was kept under flowing

oxygen until the oil bath reached the desired reaction tem-

perature and then the liquid was pumped into the reactor to

start the reaction. A sample of the product mixture was col-

lected in a 2 mL vial every 30 min, and a 50 mL vessel was

connected in parallel to minimize the pressure drop after tak-

ing a sample. The system pressure was sustained by a back

pressure regulator (BPR, Swagelok) at the outlet and mea-

sured with two pressure sensors (Zaiput).

The collected sample was quantitatively analysed by a gas

chromatograph (Agilent 7820A) fitted with a HP-INNOWax

capillary column and a flame ionization detector. Alcohol

conversion (Con.) and selectivity to each product were calcu-

lated according to the following equations.

Fig. 1 Reaction network proposed from Baiker and co-workers.17,20
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(1)

where Calcohol,in and Calcohol,out are the alcohol concentrations

(mol L−1) at the inlet and outlet, respectively.

(2)

where νi is the number of moles of alcohol consumed for the

production of 1 mole of product i. The cinnamaldehyde yield

was calculated by the alcohol conversion multiplied by the se-

lectivity to cinnamaldehyde.

2.3 Catalyst characterization

X-ray photoelectron spectra (XPS) was carried out using a

Thermo Scientific K-alpha photoelectron spectrometer with

monochromatic AlKα radiation. Spectra were collected in

steps of 0.15 eV and plotted with the CasaXPS software. In-

ductively coupled plasma (ICP) measurements were carried

out on an Agilent 7900 ICP-MS equipped with a micromist

nebuliser in organic phase mode. Quantification was carried

out by comparison with calibration curves of Au and Pd.

3. Results and discussion
3.1 Oxidation of benzyl alcohol as benchmarking experiment

The co-impregnation method employed in this study is one

of the easiest ways to synthesize bimetallic catalysts.24,25 It is

also considered to be ideal for the discovery of active catalyst

phase, since a wide variation in nanostructures is available in

the prepared catalyst.30 Oxidation of benzyl alcohol is often

used as a model reaction for oxidation of alcohols. In order

to verify the reactivity of the prepared Au–Pd/TiO2 catalyst

and the performance of the capillary microreactor system, ox-

idation of benzyl alcohol was initially carried out for

benchmarking.

Conversion and selectivity of the oxidation of benzyl alco-

hol as a function of time are shown in Fig. 3. It can be ob-

served that the conversion of benzyl alcohol (88%) stabilized

after 1 h and then stayed constant over the whole 30 h. The

selectivities to benzaldehyde and toluene, the two main prod-

ucts, also showed stable trends. Hence, the Au–Pd/TiO2 cata-

lyst exhibited high stability in this particular oxidation reac-

tion. This is consistent with previous work.25,31 Furthermore,

it has been indicated that benzaldehyde can be formed by

both the oxidation and disproportionation of benzyl alcohol,

while toluene is produced only from the disproportion-

ation.32 Thus, the higher selectivity to benzaldehyde (67%)

than that to toluene (25%) shows the good activity of Au–Pd/

TiO2 catalyst in the oxidation of benzyl alcohol. These results

obtained in the packed bed capillary microreactor were simi-

lar to those in a silicon-glass packed bed microreactor.31

3.2 Effect of reaction temperature on oxidation of cinnamyl

alcohol

For oxidation of cinnamyl alcohol, a blank experiment was

first conducted at 100 °C with TiO2 support and pure oxygen.

The conversion was observed to be 9%, with a 22% selectivity

Fig. 2 Schematic of the capillary microreactor set-up used in this work.

Fig. 3 Solvent-free oxidation of benzyl alcohol as a function of

reaction time. Reaction conditions: Au–Pd/TiO2 catalyst, 20 mg;

oxygen flow, 0.8 mL min−1 at standard temperature and pressure (STP,

0 °C, 1 bara); benzyl alcohol flow, 0.008 mL min−1; reaction

temperature, 120 °C; reaction pressure, 4 bara. Con., conversion of

benzyl alcohol; SB, selectivity to benzaldehyde; ST, selectivity to

toluene.
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to cinnamaldehyde. Then, the prepared Au–Pd/TiO2 catalyst

was studied for oxidation of cinnamyl alcohol at different re-

action temperatures. Cinnamaldehyde, 3-phenyl-1-propanol,

and trans-β-methylstyrene were observed to be the main prod-

ucts. There were still 3 unidentified by-products in the GC

chromatograms, even though all the potential products

shown in Fig. 1 had been tested. The carbon loss could be up

to 20% at high conversion. Since, this study is focused on the

stability of the Au–Pd/TiO2 catalyst, the conversion of

cinnamyl alcohol and the selectivity to cinnamaldehyde were

the main criteria to evaluate catalyst performance.

From Fig. 4, the conversion of cinnamyl alcohol was ob-

served to be rather low (9%) at 80 °C, although it was stable

within the investigated duration. The selectivity to cinnam-

aldehyde fluctuated around 54%. 3-Phenyl-1-propanol was

also detected with a selectivity of 6% while no trans-β-

methylstyrene was produced. When the reaction was

performed at 100 °C, the conversion initially started from a

high value (41%) and gradually decreased to 19% after 7 h.

The selectivity to 3-phenyl-1-propanol also presented a similar

trend, dropping from 20% to 7% within 3 h and then

remaining stable. Since 3-phenyl-1-propanol is formed

through the hydrogenation of cinnamyl alcohol, this might

indicate that the hydrogenation reactivity of the catalyst was

suppressed as reaction progressed, which caused the de-

crease in the total conversion. The selectivity to cinnam-

aldehyde increased from 54% at 80 °C to 64% at 100 °C.

trans-β-Methylstyrene was detected only at low concentrations

(both <3%). When the reaction was conducted at 120 °C, the

initial conversion was further enhanced (58%), but it still de-

creased to 33% at 7 h. The selectivity to cinnamaldehyde was

about 3% lower than that at 100 °C and similar behaviour

was also observed for the selectivities to 3-phenyl-1-propanol

and trans-β-methylstyrene. The initial cinnamaldehyde yield

was 35%, which corresponded to 2.8 gCD gcat
−1 h−1 cinnam-

aldehyde produced.

3.3 Effect of catalyst reduction on oxidation of cinnamyl

alcohol

The active phase for cinnamyl alcohol oxidation is still under

debate, but the pre-reduction of Pd-based catalysts with alco-

hol or hydrogen before reaction has been reported to en-

hance the reaction rate.17 In an attempt to address the issue

of catalyst deactivation, Au–Pd/TiO2 was first pre-reduced in

situ at the reaction temperature (100 °C) with 0.5 M cinnamyl

alcohol in toluene for 0.5 h, followed by introducing oxygen

to start the reaction. The reaction results are shown in

Fig. 5a. The initial conversion of cinnamyl alcohol was higher

as compared to the non-reduced catalysts (Fig. 4b), but the

activity drop to a similar level after 6 h. To ensure that the

catalyst had been satisfactorily reduced, the fresh catalyst

was also pre-reduced with hydrogen at 100 °C in another ex-

periment and then purged with helium before reaction. From

Fig. 5b, the pre-reduced catalyst with hydrogen showed simi-

lar results to the pre-reduced catalyst with cinnamyl alcohol.

The hydrogen reduction process was carried out again and

subsequently the reaction was continued (shown in Fig. 5b).

Fig. 4 Oxidation of cinnamyl alcohol as a function of reaction time at

different reaction temperatures. a) 80 °C; b) 100 °C; c) 120 °C.

Reaction conditions: Au–Pd/TiO2 catalyst, 10 mg; oxygen flow, 2.0 mL

min−1 at STP; 0.5 M cinnamyl alcohol in toluene, 0.020 mL min−1;

reaction pressure, 4 bara. Con., conversion of cinnamyl alcohol; SCD,

selectivity to cinnamaldehyde; SPP, selectivity to 3-phenyl-1-propanol;

STR, selectivity to trans-β-methylstyrene; dotted line, average of the

selectivity to cinnamaldehyde.
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Some recovery of catalyst activity was observed, indicating

that a small part of the deactivation is reversible.

The palladium oxidation state of fresh and spent catalysts

was investigated using XPS. From Fig. 6a and b, it can be ob-

served that PdO was the main phase in the fresh catalyst

without any pre-reduction while more Pd existed in the used

catalyst. This shows that PdO could be reduced by cinnamyl

alcohol during the reaction (corresponding reaction data are

in Fig. 4b), due to the relatively high reaction temperature.33

After pre-reduction with hydrogen, most of the PdO was

converted into Pd (Fig. 6c). Notably, Pd was still the main

phase after the reaction. At first glance, it seems that these

results agree with Lee and co-authors' contention that Pd/C

and Pd/SBA-15 catalyst deactivation was caused by the reduc-

tion of PdO to Pd.12,22 If so, the pre-reduced catalyst should

present lower reactivity from the beginning, given that most

of the PdO had been reduced before reaction. Actually, the

opposite is observed, i.e. the pre-reduced catalyst shows

higher initial conversion than the non-reduced (correspond-

ing reaction data are in Fig. 4b and 5). So, the reduction of

PdO to Pd does not seem to be the reason for the deactiva-

tion in this case. As for adsorbed hydrocarbons, they were

difficult to be identified on the catalyst surface through C1s

scanning (shown in Fig. 6), due to adventitious carbon

contamination.

To further explore the cause of catalyst deactivation, the

effluent was collected from the experiment in Fig. 4b over 7 h

and then analysed by ICP to check for metal leaching. The

analysis revealed no Au but 2.4 ppm of Pd from catalyst

leaching, which corresponded to 24% of total Pd loaded on

the fresh catalyst. Thus, catalyst deactivation could be corre-

lated to metal leaching. Indeed, metal leaching is often

reported to be responsible for catalyst deactivation in oxida-

tion of alcohols, though the cause of metal leaching is rarely

specified.4 In palladium-catalysed coupling reactions, metal

leaching has also been detected during the oxidative addition

and accordingly a (quasi)homogeneous mechanism has been

suggested.26 Alloying of Pd with Au has been observed to

greatly limit the Pd leaching.34 A “release and catch” catalytic

system, which combines the benefits of homogeneous and

heterogeneous catalysis, has been proposed as a potential so-

lution.35 It is noteworthy that the degree of Pd loss in our

study was lower, compared with the conversion decreasing

from 41% to 19% (see Fig. 4b). This suggests additional fac-

tors contributing to catalyst deactivation, such as selective Pd

leaching (i.e. depending on particle size and/or composition)

that would also alter the local Au/Pd ratio, which is known to

influence catalytic activity.

3.4 Effect of oxygen concentration on oxidation of cinnamyl

alcohol

For selective oxidation reactions such as that of cinnamyl al-

cohol, the reaction conditions have been suggested to main-

tain the Pd constituent in a metallic state with an optimal

availability of oxygen to avoid catalyst poisoning by alcohol

degradation or over-oxidation of the metal.33,36 In batch reac-

tors, Baiker and co-workers15,17 reduced the stirring speed

and the gas flow rate to make oxygen transport from the gas

phase to the Pd surface the rate-limiting step. In the packed

bed capillary microreactor, different oxygen concentrations

were used to investigate the role of oxygen in the cinnamyl al-

cohol oxidation. This was achieved using air or nitrogen,

while keeping the same gas-to-liquid ratio.

From Fig. 7a, it can be observed that the Au–Pd/TiO2 cata-

lyst still showed deactivation in terms of conversion, when

using air as the oxidant gas (21 vol% oxygen). The average se-

lectivity to cinnamaldehyde (59%) was lower than that with

pure oxygen. Furthermore, relatively high and stable selectiv-

ity to 3-phenyl-1-propanol (12%) was maintained during the

reaction. This indicates the hydrogenation of cinnamyl alco-

hol was favoured when less oxygen was present.

Fig. 5 Oxidation of cinnamyl alcohol as a function of reaction time

under different pre-reduction conditions. Catalyst pre-reduced with a)

0.5 M cinnamyl alcohol; b) 100% hydrogen (re-reduced with hydrogen

during the reaction). Reaction conditions: Au–Pd/TiO2 catalyst, 10 mg;

oxygen flow, 2.0 mL min−1 at STP; 0.5 M cinnamyl alcohol in toluene,

0.020 mL min−1; reaction temperature, 100 °C; reaction pressure, 4

bara. Con., conversion of cinnamyl alcohol; SCD, selectivity to cinnam-

aldehyde; SPP, selectivity to 3-phenyl-1-propanol; STR, selectivity to

trans-β-methylstyrene; dotted line, average of the selectivity to

cinnamaldehyde.
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Since the catalyst still deactivated even at low oxygen con-

centration, the reaction was carried out under pure nitrogen

conditions (oxygen-free conditions). Surprisingly, a relatively

high steady-state conversion of cinnamyl alcohol was

obtained with average selectivity to cinnamaldehyde of 44%

(Fig. 7b). An upward trend was observed for the selectivity to

trans-β-methylstyrene (from 16% to 25%), while the selectivity

to 3-phenyl-1-propanol dropped from 22% to 15%.

These results are consistent with the dehydrogenation

mechanism of alcohol oxidation. The reaction on the metal

surface should involve a first dehydrogenation of alcohol to

produce adsorbed metal alkoxide and metal hydride.4,21 The

metal alkoxide is subsequently dehydrogenated into the cor-

responding aldehyde through β-hydride elimination. Last,

the metal hydride reacts with dissociatively adsorbed oxygen

to regenerate the metal surface. In this case, hydrogen is also

required during the formation of 3-phenyl-1-propanol and

trans-β-methylstyrene (shown in Fig. 1). Interestingly, the av-

erage selectivity to cinnamaldehyde (44%) is almost equal to

the sum of 3-phenyl-1-propanol and trans-β-methylstyrene

Fig. 6 XPS of Pd 3d (left) and C 1s (right). Catalysts without any pre-reduction a) fresh and b) used catalysts after 7 h reaction at 100 °C with 100%

oxygen. Catalysts after pre-reduction with hydrogen c) fresh and d) used catalysts after 7 h reaction at 100 °C with 100% oxygen.
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(40%). This indicates the reactant itself acts as hydrogen accep-

tor in the absence of oxygen. This phenomenon was also ob-

served in the oxygen-free oxidation of benzyl alcohol, where

equal amounts of toluene and benzaldehyde were produced.32,37

The effluent collected from the reaction under oxygen-free

conditions over 7 h (Fig. 7b) was analysed with ICP to check

for catalyst leaching. 1.6 ppm of Pd was found, which

corresponded to 16% Pd loss. This explains the slight drop in

the cinnamyl alcohol conversion under nitrogen conditions

from 70% to 60% (as shown in Fig. 7b). Pd leaching might

be caused by the formation of complexes through the interac-

tion of the products with the catalyst. The Pd loss is lower

than that under oxygen-rich conditions (24%); this may be

due to accelerated leaching when the metal is oxidised.38

To better illustrate the effect of oxygen concentration at

the reactor inlet, these results are summarized in Fig. 8.

Clearly, there is a strong correlation between the oxygen con-

centration and the reactivity in terms of conversion and

Fig. 7 Oxidation of cinnamyl alcohol as a function of reaction time

under different oxygen concentrations. a) 21 vol%; b) 0 vol%. Reaction

conditions: Au–Pd/TiO2 catalyst, 10 mg; gas flow, 2.0 mL min−1 at STP;

0.5 M cinnamyl alcohol in toluene, 0.020 mL min−1; reaction

temperature, 100 °C; reaction pressure, 4 bara. Con., conversion of

cinnamyl alcohol; SCD, selectivity to cinnamaldehyde; SPP, selectivity to

3-phenyl-1-propanol; STR, selectivity to trans-β-methylstyrene; dotted

line, average of the selectivity to cinnamaldehyde.

Fig. 8 Comparison of catalyst performance and deactivation under

different oxygen concentrations during reaction. a) Conversion of

cinnamyl alcohol; b) selectivity to cinnamaldehyde; c) yield to

cinnamaldehyde. Reaction conditions: Au–Pd/TiO2 catalyst, 10 mg; gas

flow, 2.0 mL min−1 at STP; 0.5 M cinnamyl alcohol in toluene, 0.020

mL min−1; reaction temperature, 100 °C; reaction pressure, 4 bara;

dotted line, average of the selectivity to cinnamaldehyde.
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selectivity. With decreasing oxygen concentration the conver-

sion was enhanced and the deactivation rate decreased. On

the other hand, comparatively low selectivity to cinnam-

aldehyde was obtained under low oxygen concentration.

These contribute to the comparable yield to cinnamaldehyde

at some points (shown in Fig. 8c). On the basis of initial de-

hydrogenation of cinnamyl alcohol followed by secondary hy-

drogenation to form 3-phenyl-1-propanol and trans-β-

methylstyrene, the cinnamaldehyde yield should be indepen-

dent of oxygen concentration in the feed. Using the data of

the initial conversion (to minimise the effects of catalyst de-

activation) and the average selectivity, the aldehyde yields are

26% (100% O2), 33% (21% O2) and 31% (0% O2), i.e. roughly

independent of oxygen and confirming the correctness of the

assumptions. Hardacre et al.36 reported a higher alcohol con-

version and lower selectivity to cinnamaldehyde in the ab-

sence of oxygen compared with experiments in the presence

of oxygen when Pd/Al2O3 catalyst was used in a rotating disc

reactor at 80 °C. Baiker and co-workers observed low conver-

sion on Pd/Al2O3 catalyst under argon atmosphere at 40 °C,

while in air, higher conversion was obtained due to oxidative

removal of CO and other degradation products. However,

they argue that an optimal level of oxygen is required to keep

the catalyst surface clean but not overoxidise the catalyst.17

With our catalyst, we believe that the presence of Au can alter

the electronic and geometrical properties of the synthesized

particles.24,25

Since the rate of catalytic dehydrogenation appears to be

independent of oxygen concentration but different percent-

age decrease in cinnamyl alcohol conversion was observed

under different oxygen concentrations, yet with similar per-

centage loss of Pd, poisoning of the surface by adsorbed oxy-

gen might be also responsible for the catalyst deactiva-

tion.1,21,39 In the absence of oxygen, the metal hydride is

consumed in rapidly reducing cinnamyl alcohol to either

3-phenyl-1-propanol or trans-β-methylstyrene. When oxygen is

present, adsorbed oxygen on the metal surface competes with

adsorbed cinnamyl alcohol for metal hydride. Therefore, the

selectivities to 3-phenyl-1-propanol and trans-β-methylstyrene

go down and so does the cinnamyl alcohol conversion. Activ-

ity was only partially recovered when re-reducing the catalyst

with hydrogen (Fig. 5b). Hence, the irreversible deactivation

might be caused by Pd leaching (possibly accelerated in the

presence of oxygen) and strong adsorption of poisoning spe-

cies formed under oxygen conditions.15,17

To further explore the effect of oxygen on catalyst reactiv-

ity and deactivation, an oxygen/nitrogen switching experi-

ment was performed with the same catalyst packing. From

Fig. 9, deactivation as expected was observed within 3 h un-

der pure oxygen conditions. Then, a distinct rise of conver-

sion was obtained when changing the gas from oxygen to ni-

trogen. The selectivity to cinnamaldehyde also decreased

simultaneously, together with the increase of selectivities to

3-phenyl-1-propanol and trans-β-methylstyrene. The trend of

conversion and selectivities under pure nitrogen conditions

seems to be slightly different from that in Fig. 7b, which

might be caused by changes of surface properties or the pres-

ence of poisoning species from the previous reaction stage

with oxygen. Nevertheless, these results clearly indicate an

inhibiting effect of adsorbed oxygen on the cinnamyl alcohol

conversion.

Switching experiments between oxidation of cinnamyl al-

cohol and benzyl alcohol were also carried out with the same

catalyst packing, since different catalyst stabilities were ob-

served in these two reactions. As shown in Fig. 10, catalyst

Fig. 9 Oxidation of cinnamyl alcohol as a function of reaction time

under different gas conditions. Reaction conditions: Au–Pd/TiO2

catalyst, 10 mg; gas flow, 2.0 mL min−1 at STP; 0.5 M cinnamyl alcohol

in toluene, 0.020 mL min−1; reaction temperature, 100 °C; reaction

pressure, 4 bara. Con., conversion of cinnamyl alcohol; SCD, selectivity

to cinnamaldehyde; SPP, selectivity to 3-phenyl-1-propanol; STR,

selectivity to trans-β-methylstyrene.

Fig. 10 Oxidation of cinnamyl alcohol and benzyl alcohol as a

function of reaction time. Reaction conditions: Au–Pd/TiO2 catalyst, 10

mg; oxygen flow, 2.0 mL min−1 at STP; 0.5 M cinnamyl alcohol in

toluene, 0.020 mL min−1; neat benzyl alcohol, 0.010 mL min−1;

reaction temperature, 100 °C; reaction pressure, 4 bara. CA, cinnamyl

alcohol; BnOH, benzyl alcohol; Con., conversion of cinnamyl alcohol

or benzyl alcohol; SCD, selectivity to cinnamaldehyde; SPP, selectivity to

3-phenyl-1-propanol; STR, selectivity to trans-β-methylstyrene; SB,

selectivity to benzaldehyde; ST, selectivity to toluene.
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deactivation was first observed in cinnamyl alcohol oxidation.

When the reaction was changed to benzyl alcohol oxidation,

the catalyst still presented good stability in benzyl alcohol ox-

idation over the following 20 h. When it was changed back to

cinnamyl alcohol oxidation, the trend of catalyst deactivation

continued. This suggests that the catalyst deactivation in

cinnamyl alcohol oxidation due to metal leaching and pres-

ence of oxygen does not apply to benzyl alcohol oxidation,

and this may be due to the different catalytic sites for the two

reactants, different reaction mechanism as well as the differ-

ent products.

4. Conclusions

A bimetallic Au–Pd/TiO2 catalyst was studied for oxidation of

cinnamyl alcohol in a packed bed microreactor. The catalyst

showed stable conversion and selectivity for the oxidation of

benzyl alcohol to benzaldehyde. For cinnamyl alcohol oxida-

tion, catalyst deactivation was observed which was more se-

vere at high reaction temperature and high oxygen concentra-

tion. Catalyst pre-reduction with cinnamyl alcohol or

hydrogen before reaction, improved initial activity but did

not affect catalyst deactivation. Higher oxygen concentration

did not affect the rate of cinnamaldehyde formation but led

to lower initial alcohol conversion by suppressing the forma-

tion of the by-products, 3-phenylpropanol and trans-β-

methylstyrene, leading to higher cinnamaldehyde selectivity.

Pd was detected in the reactor effluent during cinnamyl alco-

hol oxidation. Thus, Pd leaching and the presence of oxygen

seem to be causes for catalyst deactivation. The higher deacti-

vation rates and amount of Pd leached at higher oxygen con-

centration, along with partial recovery of activity after hydro-

gen treatment, indicate that the role of oxygen is complex,

affecting deactivation in several ways (possibly including

competing with alcohol on the catalyst, removing by-products

from surface, accelerating Pd leaching). Switching substrates

between benzyl alcohol and cinnamyl alcohol showed deacti-

vation during cinnamyl alcohol oxidation but steady perfor-

mance during benzyl alcohol oxidation, demonstrating differ-

ent deactivation characteristics for the two reactions.
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