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Abstract

The gas-phase hydrogenation of crotonaldehyde was carried out over Au supported on high-surface area (HSA) CeO,, previously reduced at
120 °C. The products analyzed during the initial, nonequilibrium stage showed the formation of large amounts of ethanol, which rapidly decreased
with time on stream and were replaced by a combination of condensation products (mainly 2,4,6-octatrienal) under equilibrium conditions. The
production of crotyl alcohol largely exceeded that of butanal at any time on stream. Under steady-state conditions, the crotyl alcohol-to-butanal
ratio was equal to 1.7. When the catalyst was recalcined in air at 300 °C, just before the reduction treatment, the formation of ethanol in the
initial stage and that of condensation products under steady state decreased. Besides, notable increase in the production of crotyl alcohol was
observed, whereas butanal formation was unaffected. Finally, Au/HSA-CeO; is a highly selective catalyst for C=0 bond hydrogenation when
crotyl alcohol/butanal ratio is equal to 3 under a steady-state regime. These results were compared to those obtained for Au/TiO; [R. Zanella,
C. Louis, S. Gorgio, R. Touroude, J. Catal. 223 (2004) 328]. The role of acid-base sites, as well as that of the redox centers of HSA-CeO,,
is evaluated. Even though ceria sites are engaged in the reaction, the catalytic properties of Au/HSA-CeO, are attributed mainly to the gold

nanoparticles.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

It has been demonstrated that heterogeneous gold catalysts,
when prepared in an appropriate manner, are active and selec-
tive for a number of reactions. The key point is preparation of
the supported gold catalysts, where the metal particles should
be within the nanometer size range [1]. The most remarkable
results for gold nanoparticles have been found in oxidation re-
actions, such as CO and VOC oxidation [2,3]. However, for hy-
drogenation reactions, gold has always been considered poorly
reactive because of its low ability to dissociate H, [4].

Even if gold catalysts are not as active, they are more promis-
ing than conventional metal hydrogenation catalysts because of
their higher selectivity, in, for instance, the selective hydrogena-
tion of «, f-unsaturated aldehydes and ketones, where the chal-
lenge lies in hydrogenating the C=0 bond preferentially over
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the C=C bond [5]. Conventional monometallic hydrogenation
catalysts (Ni, Pd, and Pt), deposited on silica or alumina sup-
ports, produce saturated aldehyde as the main product [6-8].
However, using reducible oxide as a support has a significant
beneficial effect on selectivity. For Pt supported on TiO, [9,10],
ZnO [11], SnO, [12], or CeO; [13,14], 50-90% crotyl alcohol
selectivity was observed (in the steady state) for crotonaldehyde
hydrogenation.

Regarding the triad of group I metals, copper should be
considered intrinsically unselective for the hydrogenation of
«, B-unsaturated compounds [15]. Treatment with thiophene is
necessary to improve the catalytic performance [16]. On the
other hand, silver [17-21] and gold [22-31] catalysts lead to
relatively high selectivity to the desired product, with no so-
phisticated catalyst preparation required, demonstrating that a
particular property of gold and silver nanoparticles is their in-
trinsic selectivity toward hydrogenation of the conjugated C=0
bond. In addition, the nature of the support has some influence
on activity and selectivity.


http://www.elsevier.com/locate/jcat
mailto:mvolpe@plapiqui.edu.ar
http://dx.doi.org/10.1016/j.jcat.2006.05.031

B. Campo et al. / Journal of Catalysis 242 (2006) 162—-171 163

Focusing our attention on selective gold catalysts for the hy-
drogenation of «,f-unsaturated compounds, we find various
explanations of how the support affects the catalytic behavior
of gold. Milone et al. [26,27] concluded that the selectivity to-
ward unsaturated alcohol is strongly influenced by the support
and increases with its reducibility; they suggested that an elec-
tron transfer creates electron-enriched gold particles on which
the C=0 bond is activated. Regarding crotonaldehyde hydro-
genation, Bailie and Hutchings [23] showed that Au/ZrO; and
Au/ZnO are quite selective. They demonstrated that selectivity
can be enhanced by pretreatment with thiophene and suggested
that sites at the Au—support interface could be responsible for
the carbonyl activation. The effect of thiophene was to modify
these interface sites or to create new sites on the support. An
increase in up to a value of 80% was found on Au/ZnO when
the catalyst was reduced at high temperature (400 °C) [24]. It
was proposed that this exceptionally high selectivity was due to
the presence of large gold particles (up to 20 nm) on ZnO. For
the same reaction, Okumura et al. [25] found selectivities to
crotyl alcohol of 25% for Au/TiO, and 10% for Au/Al,O3 and
Au/SiO,, with the gold particle sizes for these different cata-
lysts in a similar range (3—5 nm). The reaction would be slightly
sensitive to the selection of the support for the product selectiv-
ity. On a Au/SiO; catalyst with similar particle sizes as those
studied by Okumura et al., but using higher pressure and tem-
perature, Schimpf et al. investigated the selective hydrogenation
of acrolein over Au/SiO;, Au/TiO,, Au/ZrO;, Au/ZnO, and
Au-In/ZnO [29]. They found selectivities between 23 and 63%
and concluded that the edges of single crystallites are the active
sites for the preferred C=0 hydrogenation. The support inter-
venes only to determine the morphology of the particles.

For Au/TiO,, Zannella et al. [30] studied the affects of the
preparation method, gold particle size, and reaction temperature
in the 80-160 °C range, as well as the concentration of oxygen
vacancies at the gold-titania interface, on the hydrogenation of
crotonaldehyde. They found that the reaction rate was sensitive
to particle size, whereas the selectivity was independent of re-
action temperature, preparation method, and reduction pretreat-
ment, demonstrating that oxygen vacancies are not involved in
the reaction.

The logical approach for the further investigation of this pe-
culiar behavior of gold catalysts in the selective hydrogenation
of «,B-unsaturated carbonyl compounds is to compare gold
catalysts deposited on different supports. Consequently, here
we report the results obtained for crotonaldehyde hydrogena-
tion over gold supported on high-surface area ceria (Au/HSA-
Ce0;). The reaction was performed under the same experimen-
tal conditions as for Au/TiO; [30]. To the best of our knowl-
edge, this is first time that Au/HSA-CeO;, has been used in
the hydrogenation of crotonaldehyde. Previously, Au/CeO, was
used mainly in the water—gas shift reaction [32] and the com-
bustion of volatile compounds [33], where ceria plays an active
role by supplying oxygen.

In this work, attention was focused on the influence of the
gold—support interaction on the selectivity to different products,
as well as the role of Lewis acid and basic sites and redox prop-
erties of the ceria in the reaction.

2. Experimental
2.1. Catalyst preparation

Ceria from Rhone Poulenc (Acalys HSA 5) with a surface
area of 240 m? g~! and a pore volume of 0.2 mlg~! was used
as a support, and HAuCls-xH;O (Alfa Aesar) was used as a
gold precursor. Before preparation, CeO, was dried in air at
500°C for 1 h.

The catalyst was prepared by the deposition—precipitation
method with sodium bicarbonate. The support was mixed at
70°C with aqueous solution containing the desired amount
of gold. The pH of the solution was adjusted to 8 by adding
dropwise 0.1 M Na;COs solution under vigorous stirring. The
suspension was filtered, and the catalyst precursor was washed
with ammonia solution (4 mol L~!) to eliminate CI~ and then
with hot water (80 °C) to wash off the Na™ ions. The catalyst
was then dried at 100°C for 12 h and calcined under air at
300 °C (1 °C/min) for 4 h before being stored in a sealed vessel.

2.2. Characterization

The concentrations of Au and Ce were determined by atomic
absorption spectroscopy (AAS) at CNRS, Vernaison, France.
X-ray diffraction (XRD) analysis of Au/HSA-CeO,, reduced
at 120, 300, and 500 °C, was done using a Siemens D 5000
polycrystalline diffractometer with CuK « radiation.

X-ray photoelectron spectroscopy (XPS) measurements
were carried out with a VG ESCA 1II spectrometer with an
Mg anode source (K« = 1253.6 eV) without a monochromator.
Before analysis, two different pretreatments were performed in
situ in the preparation chamber attached directly to the analysis
chamber: calcination at 300 °C and calcination at the same tem-
perature followed by reduction at 120 °C. Charging corrections
were carried out using the binding energy (BE) of Ce*t (3d; /2
4f%) at 916.6 eV according to [34], because this peak is very
well defined. In this case, the C (1s) peaks could not be used for
a BE reference, because the line shape showed a superposition
of several components.

The reducibility of the catalysts was followed by tempera-
ture-programmed reduction (TPR) in a conventional flow sys-
tem. Samples were previously calcined at 300 °C and then
purged with Ar at the same temperature. Afterward, the cata-
lyst was cooled in Ar, then switched to a Hy/Ar (5%) mixture.
The temperature was linearly increased up to 730 °C, and hy-
drogen consumption was measured with a thermal conductivity
detector.

2.3. Catalytic test

The reaction was performed in a glass flow reactor operating
at atmospheric pressure, as described elsewhere [35]. Before
running the catalytic test, samples were submitted to one of two
in situ pretreatments: (a) reduction at 120 °C for 1 h in H or (b)
calcination at 300 °C for 1 h with 25 cm?® min~! of air, cooling
to room temperature, followed by reduction for 1 h at 120 °C.
Between treatment switches, the reactor was exhaustively evac-



164

uated and purged with Ar. In some cases the reduction temper-
ature was increased to 300 and 500 °C.

The crotonaldehyde (Fluka puriss, 100-200 pl) was intro-
duced in a trap set before the reactor tube and was maintained
at 0 °C to achieve a constant crotonaldehyde partial pressure of
1.6 kPa. Two catharometers, inserted in the line at the input and
output of the reactor, measured the reactant pressure during the
experiment. When crotonaldehyde was injected, the reactor was
kept closed to avoid air contamination. Approximately 20 min
later, the reactor was opened, and immediately the output signal
dropped to zero value. If no adsorption occurred on the catalyst,
the output signal should recover to its initial level in about 30 s,
or the time it takes for gas to reach the catharometer.

The reaction products, as well as the unreacted crotonalde-
hyde, were analyzed at 10-min intervals on-line using a gas—
liquid chromatograph equipped with a flame ionization detector
and a 30-m-long, 0.5461-mm-diameter DB-Wax column (J&W
Scientific). The sensitivity factors were taken from Dietz tables
[36] as 1 for crotonaldehyde (CAL), crotyl alcohol (UOL), bu-
tanal (BAL), and butanol (BOL); 1.4 for hydrocarbons (HC);
0.5 for ethanol (EOL); and 2.13 for condensation products (CP).
The condensation products were analyzed by a Chrompack CP-
Wax-58CB column connected to a FISONS mass spectrometer,
and the hydrocarbons were analyzed by a gas chromatograph
equipped with a flame ionization detector and a CP-SIL5CB
column.

The activity and selectivity toward the different products
were measured. The activity is reported in micromoles con-
verted per gram of catalyst and per second (umols~! g~1). The
selectivity was calculated as a ratio between the desired product
and the sum of all products formed.

3. Results
3.1. Characterization

The gold content in Au/HSA-CeO; catalyst was 1.85 wt%.
Less than 200 ppm of Cl was found in the catalyst, demon-
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strating that the ammonia treatment during catalyst preparation
efficiently eliminated chloride from the gold precursor, as has
been observed for Au/Al,O3 catalysts [37].

XRD of Au/HSA-CeO; revealed the characteristic lines of a
ceria structure. But when the catalyst was calcined at 300 °C
and reduced at 120°C, no line corresponding to gold com-
pound was visible, indicating that the noble metal particles are
smaller than 4 nm, the particle size limit for the XRD analysis.
When XRD analysis was carried out over Au/HSA-CeO, sam-
ples prereduced at 300 and 500 °C, a line corresponding to Au
crystalline species began to come up, although for both cases
the peak was extremely broad, indicating that only negligible
particle sintering could occur at high reduction temperatures.
Unfortunately, no transmission electron microscopy analysis
could be carried out over these samples; the recorded images
showed an extremely low contrast between CeO, and the gold
particles to give a correct analysis of those images.

An XPS spectrum of Au/HSA-CeO; sample calcined at
300 °C and then reduced at 120 °C is shown in Fig. 1. The Au
(4172, 415,2) lines are well defined with single species for each
doublet component, characteristic of gold in metallic state with
BE values of 83.0 and 86.7 eV. The XPS transition correspond-
ing to O (1s) is reported in Fig. 2. It presents two components
at 528.9 and 531.3 eV. The integral areas corresponding to both
lines are quasi-identical. The first component was assigned to
the lattice oxygen of ceria [38]. The second one, at higher BE,
which was much broader than the first, could be the result of the
superposition of several components attributed to OH groups in
different environments [39,40] and/or vacancy-influenced ox-
ide ions [41].

XPS analysis was also performed over Au/HSA-CeO, after
a calcination pretreatment at 300 °C. The Au peaks were much
less intense than in the case of prereduced samples shown in
Fig. 1. The calcined sample showed significant charging (7 eV),
making the peaks extremely wide, with bad definitions for all of
the elements (Au, Ce, and O). The peak maxima corresponded
to the values of reduced gold species. Scire et al. [33] reported

4f5l2

80 81 82 83 84

85 86 87 88 89 90
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Fig. 1. XPS analysis: Au (4f) in Au/HSA-CeO, reduced at 120 °C.
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Fig. 2. XPS analysis: O (1s) in Au/HSA-CeO; reduced at 120 °C.
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Fig. 3. TPR on HSA-CeO; and Au/HSA-CeO,.

XPS spectra of Au/Ceria taken over previously calcined sam-
ples. The Au transitions were centered at values corresponding
to gold in the metallic state. The quality of the Au XPS spectra
is higher than in our case, probably due to the relatively high
content of gold (approximately 5%) and to the lower surface
area of ceria (45-105 m? g~!) compared with the ceria used in
our work (240 m? g_l).

The TPR profile (Fig. 3) of the bare ceria after calcination
pretreatment showed two peaks of hydrogen consumption at
430 and 850 °C. The lower reduction peak was attributed to the
surface oxygen reduction (O~ and O~ anions), and its con-
tribution strongly depended on the specific surface area [42].
The higher-temperature peak was associated with the reduction
of bulk oxygen and formation of lower-oxidation state cerium
cations (Ce3T). The presence of gold in the catalyst caused a
shift of the first reduction peak to lower temperatures.

The TPR profile of Au/HSA-CeO; (previously calcined)
shown in Fig. 3 reveals one well-defined peak with a max-
imum at 123 °C. This peak was associated with an H» con-
sumption of 22.7 mlg~! of catalyst. Because the catalyst did
not present oxidized gold species after calcination, the H, con-
sumption was assigned only to the reduction of surface ceria.
The quantification of the peak indicated that 30-35% of the
total ceria was engaged in the redox process during the TPR ex-

periment. Furthermore, the temperature of reduction was much
lower than that corresponding to bare ceria, due to the presence
of gold particles. This result was similar to that obtained by
Scire et al. [33], who reported that in 5% Au/CeO; prepared by
a deposition—precipitation (DP) method, the reduction peak was
shifted from 520 °C (pure CeO;) to 140 °C (final catalyst). An-
dreeva et al. [32] found reduction peak temperatures of 110 °C
for 5 wt% Au/CeO,, 120°C for 3 wt% Au/CeO,, and 135°C
for 1 wt% Au/CeO,, providing clear evidence that gold facili-
tates the reduction of ceria.

3.2. Catalytic results

3.2.1. Crotonaldehyde hydrogenation on Au/HSA-CeO;:
general features

Fig. 4 shows the variation of the signal of the output
catharometer as a function of time on stream (TOS) for a typ-
ical catalytic run (100 mg Au/HSA-CeOy). This variation is
shown from the moment of the aldehyde injection (with a closed
reactor) up to approximately 1 h TOS. After injection, the sig-
nal initially increased rapidly until it reached a constant level
of Hy and crotonaldehyde partial pressure (total pressure of
1 atm). Then the reactor was opened, and the signal, as ex-
pected, dropped to zero. It was surprising to observe that the
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Fig. 4. Catharometer signal and chromatogram total area during a typical experiment.

Table 1
Hydrogenation of crotonaldehyde at 120 °C on Au/HSA CeO; reduced at
120°C

Nonequilibrium  Equilibrium phase

phase Deactivation Quasi-steady state
Time (min) 10 20 60 90 120
Total area 83,724 116,733 123,896 112,961 113,441
Crotonaldehyde 22,004 87,770 116,839 107,202 108,588
Hydrocarbons 142 65 0 0 0
Butanal 1079 2951 1695 1611 1395
Ethanol 26,616 728 0 0 0
Butanol 14,903 5667 151 74 92
Crotyl alcohol 18,980 18,586 3748 2841 2458
Condensation 0 966 1463 1233 908
products

Note. Product chromatograph area as a function of time on stream.

signal did not recover its equilibrium value after the predicted
short time, but did so only after approximately 20 min under a
high total flow rate (30 cm® min~"), indicating that the croton-
aldehyde was strongly adsorbed on the catalyst. Afterward, the
signal slowly increased until it reached the input level, at which
point the mass balance between the input and output products
was reached. This behavior was also observed when bare CeO,
was used. Earlier, this adsorption phenomenon was also noted
over Au/TiO; [30] or Pt/CeO; [43] using the same experimen-
tal setup, but to a lesser extent, because of the lower surface
area of the supports (45 and 54 m? g~ !, respectively) compared
with 240 m? g~! for the ceria used here.

3.2.2. Crotonaldehyde hydrogenation on Au/HSA-CeO,
reduced at 120 °C (a pretreatment: reduction at 120°C for 1 h
in Hy)

The reaction (total flow rate of 30 cm’® min~!) was per-
formed at 120 °C for 2 h on an Au/HSA-CeO; sample, initially
reduced for 1 h in H, at 120 °C. Large variations in the prod-
uct distributions were detected with TOS. A nonequilibrium
reactant—solid adsorption period was observed during the first
20 min of TOS; therefore, no activity could be detected. Subse-
quently, equilibrium conditions were attained. Table 1 reports
the chromatography area counts corrected by the molar sensi-
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Fig. 5. Crotonaldehyde hydrogenation on Au/HSA-CeO; (reduced 1 h at
120 °C). Reaction temperature 120 °C.

tivity factors for all the products at different TOS. At 10 min
TOS, mainly ethanol, butanol, and crotyl alcohol were formed,
with butanal in small amounts. C4 hydrocarbons were detected
initially in trace amounts. Note that at 10 min TOS, the amount
of all detected products represents 70—75% of the products de-
tected in the equilibrium phase. The experiment was repeated
to obtain the product distributions at different moments during
this transient period. It should be pointed out that at initial reac-
tion time (<10 min), ethanol was produced in relatively higher
amounts.

After 20 min of TOS, the input and output mass balance was
closed, and the total chromatogram area reached its maximum
value. This value was maintained until the end of the experi-
ment (Table 1). For TOS of 20-60 min, a deactivation period
occurred, followed by a steady-state regime. This deactivation
significantly affected the product distributions (Fig. 5). Ethanol
and the hydrocarbons, detected in small amounts after 20 min
TOS, disappeared quickly (Table 1). Butanol, whose formation
requires two hydrogenation steps (reduction of C=0 and C=C
bonds), decreased rapidly to <2% at the steady state. The for-
mation of crotyl alcohol (produced by C=O hydrogenation)
was very high at 20 min TOS and then decreased to a constant
level under a steady-state regime, but remained the main reac-
tion product. Butanal (produced by C=C hydrogenation) was
formed in lower amounts than crotyl alcohol at all TOSs. How-
ever, its production had a small maximum during the switch
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from a nonequilibrium to a steady-state regime (Table 1). This
maximum was attributed to the poisoning of the second hydro-
genation step (butanal — butanol). A quite remarkable feature
of this reaction was the presence of significant amounts of con-
densation products, which initially appeared during the equilib-
rium phase and reached 20% of the formed products at steady
state. The main condensation product, identified by mass spec-
trometry, was 2,4,6-octatrienal; the other minor condensation
products corresponded to different hydrogenated cis- and trans-
forms of 2,4,6-octatrienal.

3.2.3. Additional reaction studies: hydrogenation of crotyl
alcohol and butanal over Au/HSA-CeO); catalysts reduced at
120°C

To investigate the origin of the formation and the evolu-
tion of the secondary products (hydrocarbons, condensation
products, and ethanol), the hydrogenation of partially hydro-
genated products (crotyl alcohol and butanal) was carried out
over Au/HSA-CeO; reduced at 120°C for 1 h.

With crotyl alcohol used as the reactant, the nonequilibrium
period was characterized by changes in product distributions
with TOS; at 10 min TOS, the main products were ethanol
and hydrocarbons with selectivities of 72% and 22%, respec-
tively. With TOS, these selectivities decreased to values below
3% and 1%, respectively, due to the increased selectivity of bu-
tanol, which reached 96% at the steady state. No condensation
products were identified in this experiment, demonstrating that
these products observed in crotonaldehyde hydrogenation were
not formed from crotyl alcohol. In contrast, hydrocarbons and
ethanol in crotonaldehyde hydrogenation also could be formed
from the hydrogenation of crotyl alcohol.

However, in the hydrogenation of butanal, neither ethanol
nor hydrocarbons were produced during the stabilization pe-
riod. The main product was butanol (with selectivity always
>95%) with minor amounts of crotyl alcohol and traces of
unidentified condensation products as side products.

3.2.4. Hydrogenation of crotonaldehyde over HSA-CeO>
prereduced at 120°C

When crotonaldehyde was hydrogenated over CeO,, a sim-
ilar profile of the catharometer output signal was observed,
revealing strong initial adsorption. At the beginning of the
equilibrium phase, the conversion was approximately 8% (for
Au/HSA-CeO, after pretreatment a, the conversion was 25%).
The selectivity values measured for CeO;, were 82% to crotyl
alcohol, 5% to butanal, 3% to butanol, and 11% to condensation
products. However, the formation of crotyl alcohol, butanal,
and butanol rapidly decreased with TOS, and only condensa-
tion products were formed under the steady-state regime at a
rate of 0.5 x 1078 mols~!'g (CeO,)~". To make a compari-
son with Au/HSA-CeO,, it is important to note that when the
hydrogenation was carried out over Au/HSA-CeO, after pre-
treatment a, the conversion level reached at the beginning of the
equilibrium phase were higher (25%) than that for bare CeO;.
For gold catalyst, a quasi-steady-state value of approximately
8% was reached, whereas the support became inactive in 20 min
of TOS.

Table 2

Hydrogenation of crotonaldehyde at 120 °C on Au/HSA-CeO,
Red. 120°C Calc. 300°C + red. 120°C
a pretreatment b pretreatment

Total area 83,724 65,433

Crotonaldehyde 22,004 1601

Hydrocarbons 142 804

Butanal 1079 0

Ethanol 26,616 2452

Butanol 14,903 50,321

Crotyl alcohol 18,980 10,255

Condensation products 0 0

Note. Product chromatograph area at 10 min on stream in nonequilibrium phase.
Influence of pretreatment.

WY TOT

8.0

@Y uoL
aY BAL

6.0

oy CcpP

1.2

[ ]

red. 120°C

|02
—

calc. 300°C + red. 120°C

Fig. 6. Crotonaldehyde hydrogenation on Au/HSA-CeO, (calcined 1 h at
300°C and reduced 1 h at 120°C). Yields of products (10~8 mols~! g;ab
under steady-state regime.

3.2.5. Crotonaldehyde hydrogenation over Au/HSA-CeO>
pretreated with air before the reduction (pretreatment b)

In an additional experiment, the catalyst sample was cal-
cined in situ under a flow of air at 300 °C for 1 h before reduc-
tion under a flow of H» for another 1 h at 120 °C. The catalytic
results were compared with those obtained on the a-pretreated
catalyst. The flow rate and the reaction temperature (120 °C)
were identical for both samples.

Table 2 compares the product distributions in the nonequi-
librium phase (after 10 min TOS). For pretreatment b, ethanol
was still formed, but less so than butanol. In both cases, these
two products decreased drastically with TOS to an insignificant
level under steady-state conditions.

Fig. 6 compares the total activity and the yields of crotyl
alcohol, butanal, and condensation products under a steady-
state regime. A significant increase in crotyl alcohol and clear
decrease in condensation products yield were observed on pre-
treatment b compared with pretreatment a case, whereas the
formation of butanal was unchanged. It is worth to underline
that the b-pretreated sample was three times more active for
the hydrogenation of the C=0 bond than for the hydrogena-
tion of the C=C bond, whereas this ratio was only 1.7 for the
a-pretreated catalyst.

Fig. 7 shows the evolution of the selectivities of various
products and the conversion as a function of TOS under equi-
librium conditions. As in the case with the a-pretreated sam-
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Yield of products (1078 mols~! g;l{) under steady-state regime.

ple (Fig. 5), crotyl alcohol was the main reaction product at
any TOS. Moreover, the selectivity to the desired product re-
mained higher than for the a-pretreated samples. Therefore, the
air treatment carried out before the reduction improved the cat-
alytic behavior of Au/HSA-CeO,. At steady state, the activity
of the b-pretreated sample was slightly higher (33%) and the
selectivity to crotyl alcohol reached 71%, compared with only
51% on the a-pretreated catalyst.

3.2.6. Influence of the reduction temperature of Au/HSA-CeO>
on the crotonaldehyde hydrogenation

The following data were obtained by varying the reduction
temperature to study the possibility of increasing the number of
reduced sites of the ceria or to induce an interaction between the
gold and the support. The treatments were performed over cat-
alysts pretreated in air because these catalysts exhibited lower
levels of condensation products and higher selectivity to crotyl
alcohol.

The activities in the steady-state regime are reported in
Fig. 8 as a function of the reduction temperature: 120, 300, and
500 °C. The activity decreased dramatically with increasing re-
duction temperature. The formation of crotyl alcohol was still
predominantly affected over that of butanal. However, conden-
sation product selectivity increased, and condensation products
became the main product when the catalyst was reduced at
500°C.

B. Campo et al. / Journal of Catalysis 242 (2006) 162-171

4. Discussion

The XPS and XRD characterizations of Au/HSA-CeO, are
in agreement and indicate that after reduction at 120 °C, the
catalyst constitutes small metallic gold particles (<4 nm) de-
posited on the ceria matrix. Moreover, TPR characterization of
calcined Au/HSA-CeO; indicated that ceria was in a partially
reduced state, suggesting that certain support sites could be en-
gaged in the reactions of interest. The trace amount of residual
chlorine in the catalysts excludes any possible effects of chlo-
ride species on catalytic performance.

The following main features became apparent from this
study regarding the catalytic behavior of the Au/HSA-CeO,
catalyst with TOS:

(1) The initial high production of ethanol, which was rapidly
reduced in the process of the reaction and replaced by con-
densation Cg products when gas—solid equilibrium is estab-
lished.

(ii) Preferential hydrogenation of the C=0 bond compared to
C=C hydrogenation observed at any TOS, as well as a
positive influence of in situ calcination treatment on crotyl
alcohol production.

During the first 20 min of TOS, the reactions consuming large
amounts of hydrogen, such as butanol and ethanol formation,
were initially favored. In addition, a large amount of crotyl al-
cohol (product of C=0 hydrogenation) was observed, whereas
butanal (product of C=C hydrogenation) was formed in only
minor amounts. These results prove unequivocally that the cat-
alyst preferentially hydrogenates the C=0 bond over the C=C
bond.

The ethanol was a transient product, appearing in the first
stage of the experiment. It was also detected when crotyl alco-
hol was used as substrate and not with butanal. The presence
of C4 products in the initial stage proves that ethanol (CoHgO)
formation could result only from C=C bond scission of croton-
aldehyde (C4HgO) or of crotyl alcohol (C4HgO), together with
the addition of 1 oxygen and 4 or 6 hydrogen atoms, according
to the stoichiometry

C4HgO (or C4HgO) + 6H (or 4H) + O — 2C,HgO.

It is clear that the oxygen was provided by the ceria support.
There are other examples in the literature in which ceria acts
as an oxygen reservoir, particularly in automotive exhaust cat-
alysts. In these cases, the catalyst works on oxidizing—reducing
catalytic cycles [44]. In our experiments, pretreatment of the
catalyst and the reaction occurred under hydrogen atmosphere.
Therefore, the oxygen species likely came from the remaining
hydroxyl groups retained on the ceria surface after the reduc-
ing pretreatment. The mechanism of formation of ethanol from
crotonaldehyde could be described by

CH;-CH=CH-cHO "% CH;-CHOH-CH,-CHO
2 2CH3—CH,OH. )
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The first step in the ethanol formation is expected to be the
hydration of the C=C bond on the ceria. In a second step, hy-
drogenolysis of the C(2)-C(3) bond will occur using hydrogen
atoms coming from dissociated Hy on the metallic gold parti-
cles localized in the proximity of reactive ceria sites. A similar
mechanism for ethanol formation should also apply for crotyl
alcohol but not for butanal, because the latter does not contain
a C=C bond.

The abstraction of the ceria OH™ group by the substrate and
subsequent formation of Lewis acid site on the cerium cation, as
given in the following equation, could be induced by the pres-
ence of gold:

]-Ce-OH — ]-Ce-- + OH™

(+ is 2 electron vacancy). 2)

Lewis acid site

The noble metal weakens the Ce—O bond, as evidenced by TPR
results, which showed enhanced ceria reduction (i.e., a shift
of the reduction peak to lower temperature) in the presence of
gold. Moreover, the hydration process of crotonaldehyde (i.e.,
addition of HT and OH™) should be further facilitated con-
sidering gold’s tendency to heterolytically dissociate H,. This
specific property of gold was proposed by Amir-Ebrahimi and
Rooney [45] to explain the different catalytic behaviors of gold
and platinum in the norbornadiene hydrogenation reaction. Ad-
ditional experiments are needed to confirm this hypothesis in
the case of crotonaldehyde hydrogenation, but because ethanol
was not observed on Pt/CeO, [43], adopting the same expla-
nation here is reasonable. Regardless, H, dissociation on gold
nanoparticles or on thin gold films has been reported with no
specification of the mode of dissociation (homolytic or het-
erolytic) [46—48].

In the second stage of crotonaldehyde hydrogenation, when
equilibrium conditions were reached, ethanol disappeared, and
the formation of condensation products increased. Undoubt-
edly, the main condensation product (2,4,6-octatrienal) was
formed by aldol-condensation of two molecules of crotonalde-
hyde, followed by a dehydration step (Eq. (3)). In the case of
an unsaturated aldehyde, which contains series of conjugated
single and double bonds, the polarity of the C=0 bond is delo-
calized along the chain due to the resonance effect. Therefore,
aldol condensation occurs on the C atom in the y-position in
o, B-unsaturated aldehyde instead of on the «-C as for the satu-
rated one. This effect is the well-known “principle of vinylogy”
[49]. The aldol condensation is an acid—base catalyzed process,

RCHO + H3C**—-CH=CH-CH=0°"
base, RCHOH-CH,-CH=CH-CHO
add, R CH=CH-CH=CH-CHO + H,0
(R is CH3~CH=CH-). 3)

In the case of Au/HSA-CeO, catalyst, the base sites would be
oxygen vacancies created during Hj pretreatment as given by

Lewis base site O~ (from CeO,) + Hy — V% +H,0

(VOO is a neutral oxygen vacancy, with 2 electrons). @)

The acid site would be a Lewis center on the cerium cation cre-
ated as a result of the ethanol formation as described in Eq. (2).
As a consequence of catalyst pretreatment and the side reac-
tions in the initial stages, the support is significantly modified
and begins to catalyze the formation of condensation product
from crotonaldehyde.

The fact that pretreatment b significantly diminishes the for-
mation of ethanol in the first stage strongly suggests that air cal-
cination pretreatment, before reduction, decreases the number
of OH groups on the ceria surface and consequently decreases
the number of Lewis acid sites. This was further confirmed by
the decrease in condensation product formation. According to
Guzman et al. [50], different dioxygen species are formed on
the surface of Au/CeQ3, including adsorbed molecular O3, su-
peroxide and peroxide species, ng (0 < 8§ < 1). These species
react with Hy during the reduction treatment to form water and
OH-free ceria surface, as shown in the following equation for
the particular case of superoxo species:

Ce**(0; )2 + 2H, — CeO; + 2H0. Q)

It is important to note that if ceria was calcined for a long
time before the reduction treatment, then the dioxygen species
could decompose, and the reduction could lead to a fully hy-
droxylated surface as in the case of pretreatment a. Therefore,
dehydroxylated ceria prepared by consecutive oxidation and re-
duction cycles (pretreatment b) is a more appropriate support
for the gold particles in the selective hydrogenation of cro-
tonaldehyde, because the formation of secondary products is
minimized.

Although the sites responsible for formation of ethanol were
localized on the ceria in the vicinity of the gold particles,
because the latter provide the hydrogen for the hydrogenol-
ysis of the C—C bond, the formation of condensation prod-
uct could occur on bare ceria surface via its acid-base sites.
The rates of condensation product formation for a- and b-
pretreated catalysts and the bare ceria were 1.2, 0.2, and 0.5
(x1078 mols™! g;ll) for standard reaction conditions. The dif-
ference in rates indicates that the number of acid—base sites of
ceria (active for the vinylogy process) depends on the presence
of gold, as well as on the type (air or/and H,) and the tem-
perature of the pretreatment. This is another example of the
versatility of the catalytic properties of ceria.

As emphasized previously, the main hydrogenated products
formed under steady-state conditions are crotyl alcohol and bu-
tanal. It is worth pointing out once again the high selectivity
of C=0 bond hydrogenation with Au/HSA-CeO, and recall-
ing that this was also the case for Au/TiO, [30] and Au/SiO>
[M. Abid, J.P. Abid, R. Touroude, unpublished results] for
the same reaction and conditions. Therefore, this clear prefer-
ence appears to be an intrinsic property of the gold nanopar-
ticles. Several works on the selective hydrogenation of «, -
unsaturated aldehydes also confirm this finding [31].

To further extend the discussion on the selective proper-
ties of Au/HSA-CeO; catalyst in crotonaldehyde hydrogena-
tion, we compare the results described here with those obtained
under the same reaction conditions on Au/TiO;. In the latter
catalyst, Zanella et al. [30] found that the activity increased
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from 0.7 to 23 umols™! g;; when gold particle size decreased
from 9 to 1.5 nm following a typical curve of evolution of the
number of low-coordinated sites in the cubo-octahedral metal
particles. It is interesting that the activity of our Au/CeO> cata-
lysts is within this range as Au/TiO; catalysts, 2.7 umol s~ g;&

for a-pretreated catalyst and 4.1 pmols™! gXL]l for b-pretreated
catalyst. In terms of selectivity to crotyl alcohol, in the steady
state (if condensation products are not considered) it was 63%
for the a-pretreated catalyst, which is similar to that found on
Au/TiO; (60-70% regardless of pretreatment), and 75% for the
b-pretreated catalyst. Continuing with the comparison between
Au/TiO, and Au/HSA-CeQO;, the decreased activity due to an
increase in reduction temperature from 120 to 500 °C was much
more important in ceria than in titania-supported catalysts. The
hydrogenation activity for Au/CeO, was divided by 10, com-
pared with only by 2-3 on Au/TiO,. On Au/TiO, the particle
sizes increased from 1.7 to 2.6 nm when the reduction tempera-
ture increased from 120 to 500 °C. On Au/CeO;, XRD analysis
reveals that the sintering is quite negligible. It could hardly in-
duce a large decrease in hydrogenation rates. An embedding
of the metal particles by the reduced ceria could be suspected.
Similar phenomenon like decoration of the metal particles by
reduced ceria species has been often suggested in the studies on
M/CeO; systems [51-53]. Generally this process was found to
occur at reduction temperatures above 873 K. In our case, the
temperature could be lower (773 K) because the surface area of
the support was very large.

Examining the effect of the in situ calcination for Au/HSA-
CeO, catalyst reveals that pretreatment b led to a significant
increase in the production of crotyl alcohol while maintaining
the same level of butanal production on a-pretreated catalysts.
Thus, the number of sites for C=C bond hydrogenation were
not affected by the oxidation—reduction cycle, but additional
sites were created for the C=0 bond hydrogenation. Taking
into account that the acid sites involved in the formation of con-
densation products were largely reduced with the b-pretreated
samples (Fig. 6), it can be proposed that the Lewis base sites
(oxygen vacancies) situated at the periphery of the gold parti-
cles can be involved in the C=0 hydrogenation process. The
amounts of Lewis acid sites were negligible in this case, be-
cause only minor amounts of ethanol were initially produced. It
has been shown [54] that oxygen vacancies (VOO) created in the
ceria during the reduction process can exhibit redox properties
according to the following equation:

VO + Ce*t & Ce3t + e (6)

When V% sites are engaged in condensation products forma-
tion, as in the case of a-pretreated sample, the formation of
Ce3* centers would not be favored. Crotyl alcohol formation
is greater when the equilibrium (6) is displaced to the right.
Thus, the selectivity is increased by the redox properties of the
support.

5. Conclusion

Our findings indicate that Au/HSA-CeO; catalyst is active in
the hydrogenation of crotonaldehyde at 120 °C and atmospheric

pressure, with high selectivity toward the C=0 carbonyl bond
when pretreated in Hp at 120 °C. This high selectivity is an in-
trinsic characteristic of gold nanoparticles. In addition, when
calcination in air at 300 °C was carried out immediately before
the reduction pretreatment, both the activity and the selectivity
increased.

A detailed study of the evolution of all products formed in
the reaction with TOS showed predominant initial formation
of ethanol, which disappeared with TOS to be replaced by con-
densation products. This formation was more pronounced when
the catalyst was not calcined just before the reduction. The for-
mation of ethanol (hydration of the crotonaldehyde C=C bond
followed by hydrogenolysis of the C,—C3 bond) requires the
contribution of both the support (which provides hydroxyls) and
gold to dissociate hydrogen molecules. Dehydroxylation of ce-
ria due to ethanol formation created Lewis acid sites that were
subsequently involved in the formation of condensation prod-
ucts together with the Lewis base sites (oxygen vacancies).

The variations in the selectivities to crotyl alcohol and bu-
tanal due to calcination pretreatment just before reduction were
interpreted in terms of the intrinsic properties of gold to hydro-
genate C=0 and C=C bonds (C=0:C=C hydrogenation ratio
= ~2) and the additional C=0 bond hydrogenation activity
provided by the ceria (increasing the C=0:C=C hydrogena-
tion ratio to 3). The redox properties of ceria gained during
the oxidation—reduction pretreatment are proposed to increase
the intrinsic selectivity of gold. Therefore, crotonaldehyde hy-
drogenation on Au/HSA-CeO; catalysts is governed by the in-
trinsic activity of gold, the nature of the ceria support, and the
noble metal-support interaction. Ceria plays an important role
as a result of its redox and acid-base properties. The former
contributes to the enhanced selectivity to the desired product,
and the latter catalyzes formation of the secondary products
(ethanol in the initial stage and condensation product in the
steady state).
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