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Abstract

Benzaldehyde hydrogenation over copper catalysts supported on Al2O3, SiO2, TiO2, CeO2 and ZrO2 has been studied at
atmospheric pressure and 100–350◦C. The reaction competitively produced benzylalcohol, toluene and benzene with yields
depending on the nature of the support and reaction temperature. The obtained order of activity was attributed to metal and
acid–base surface properties. The important gap in activity (multiplied by 2 to 23) between 300◦C and 350◦C, observed for all
catalysts except Cu/SiO2, was attributed to an adsorption phenomenon, i.e. base sites or low reaction temperature inhibited the
reaction course, whereas acidic sites or high reaction temperature enhanced the catalyst activity. Benzylalcohol was obtained
with high selectivity (83% at 68% of conversion) from only 100◦C with the SiO2 acidic support, whereas selective formation
of toluene or benzene was observed at higher reaction temperature and depended on the nature of the support. The relative
selectivity of toluene and benzylalcohol was governed by the adsorption strength the alcohol OH function on the catalyst
surface. High selectivity to benzene was attributed to the easiness of the catalyst to break the C–H aldehydic bond and stability
of the surface organic entity formed. The parallel study of the reduction of benzaldehyde under N2 flow threw some light on
the relation between metal and acid–base surface properties of the catalysts and reaction paths in benzaldehyde hydrogenation.
© 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The selective hydrogenation of unsaturated car-
bonyl compounds has recently received a growing
interest since it is an important step in the preparation
of fine chemicals [1–6]. It was found in liquid phase
that, in general, aldehydes are more reactive than ke-
tones, which in turn were more reactive than olefins
and a phenyl substituent activated both C==O and
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C==C bond hydrogenation [7–9]. On the other hand,
copper-based catalysts, mainly copper chromite, are
known to preferentially hydrogenate the carbonyl
group [7–10]. In the hydrogenation of aromatic com-
pounds, the benzene ring and the carbonyl group
should be hydrogenated but hydrogenolysis should
also compete with hydrogenation [4–6]. The obtained
selectivities mainly depended on the nature of the
catalyst [4,5,11–13].

Until recently, the studies on the selective hydro-
genation of benzaldehyde to benzyl alcohol have
been largely devoted to the liquid phase system
[7,10,14–21], whereas relatively few studies have

1381-1169/00/$ – see front matter © 2000 Elsevier Science B.V. All rights reserved.
PII: S1381-1169(00)00199-0



206 A. Saadi et al. / Journal of Molecular Catalysis A: Chemical 164 (2000) 205–216

been reported for the gas phase system [4–6]. In the
latter case, metal [4,5] and metal oxide [6] catalysts
were used. The hydrogenation of benzaldehyde over
Pt catalysts supported on TiO2, Al2O3 and SiO2 in
the range temperature of 60–220◦C was reported [4].
No hydrogenation of the aromatic ring was found for
Pt/TiO2 but an important metal-support interaction
and a high temperature H2 pre-treatment effect, which
enhanced both conversion and selectivity to benzylal-
cohol. These performances were attributed to special
sites formed at the interface of platinum and titania
phases, which activate C==O bond hydrogenation [4].
It was shown that benzene and toluene by-products
were formed directly from benzaldehyde and benzy-
lalcohol, respectively, and a Langmuir–Hinshelwood
model, with the addition of the second hydrogen atom
as rate determining step, fits the data satisfactorily. The
hydrogenation of benzaldehyde ando-tolualdehyde to
the corresponding alcohols was studied over Ni/SiO2
in the temperature range of 110–300◦C [4]. No ring
hydrogenation was detected and the by-products arose
from the direct hydrogenolysis of the aryl–carbonyl
C–C bond [5]. As to metal oxides as catalysts, one
of us have shown that their catalytic properties in
the hydrogenation of benzaldehyde to benzyl alcohol
depends on their reducibility and, also, on their sur-
face acid–base properties [6]. Toluene and benzene
by-products arose from benzylalcohol and benzalde-
hyde hydrogenolysis, respectively [6].

According to the above data, one can expect changes
in the metal active phase properties by interaction
with the support. Also, we have undertaken the study
of the hydrogenation properties of 10% copper cat-
alysts impregnated on Al2O3, SiO2, TiO2, ZrO2 and
CeO2 supports: Al2O3 and SiO2 are both irreducible
oxides and, also, amphoteric and weakly acidic, re-

Table 1
BET surface area and reducibility of the copper catalysts

Catalyst Cu/SiO2 Cu/g-Al2O3 Cu/TiO2 Cu/ZrO2 Cu/CeO2

% Cu (w/w) 7.4 7.9 7.4 8.1 9.2
Support origin Fluka Fluka Merck Merck Labosi
Support BET surface area (m2 g−1) 200.0 72.0 80.0 50.0 100.0
Catalyst BET surface area (m2 g−1) 162.0 52.2 53.0 38.0 35.5
T ◦C of peak of reduction 260 (40%)a

360 (60%)
350 (95%)
420 (5%)

370
(100%)

330 (40%)
380 (60%)

350 (99%)
490 (1%)

% of reduction 73.7 100 59.3 81.3 62.3

aProportion of the surface area of the temperature peak.

spectively; TiO2, ZrO2 and CeO2 are reducible oxides
and, in addition, behave as acidic or basic oxides [6].
In the present paper, we report the results obtained
in the hydrogenation of benzaldehyde over the cop-
per catalysts at atmospheric pressure in the reaction
temperature range of 100–350◦C. The catalysts ac-
tivity was related to their reducibility and acid–base
properties as determined by TPR measurements and
behaviour in the reduction of benzaldehyde under N2
flow [6].

2. Experimental

2.1. Catalysts preparation, BET surface area,
reducibility

The catalysts were prepared by impregnation of an
aqueous suspension of the support by copper nitrate,
then evaporating the solvent at 80◦C and drying at the
same temperature for 12 h. The obtained precursors
were calcined in air for 3 h. All the supports were
commercial materials (Table 1) and calcined for 2 h
at 500◦C in air before impregnation.

The specific area measurements were performed
by the classical BET method on a Coultronics 2100
E device using N2 asprobemolecule. The reducibi-
lity experiments were carried out on a pulse chro-
matographic reactor. The sample (0.3 g) was dried at
150◦C for 2 h in argon(99.95%, Air Liquide) and then
cooled to room temperature under argon flow. The
flow was then switched to hydrogen (99.995%, Air
Liquide) and the sample heated up to 500◦C at a rate
of 4◦C min−1. The degree of reduction of copper was
calculated assuming its oxidation state was+2 after
calcination.
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2.2. Catalytic testings

Benzaldehyde (Aldrich, 99.98%) was degassed un-
der nitrogen purge before use. H2 and N2 (Air Liq-
uide) were passed through Supelco molecular sieve
traps and Oxytraps (Altech).

The catalytic performances were carried out in a
fixed-bed glass tubular reactor with 0.2 g samples at
atmospheric pressure and the total flow rate was 50
cm3 min−1. The reactant gas feed consisted of 3.2
Torr of benzaldehyde and 250 Torr of H2 diluted in
N2. Gaseous benzaldehyde was obtained by bubbling
N2 in liquid benzaldehyde maintained at constant
temperature (50◦C) in a suitable saturator. Before
testing, the catalysts were in situ reduced for 2 h at
350◦C in a current of H2 with a flow rate of 20 cm3

min−1.
The gaseous reactant and products were heated up-

stream and outstream in order to avoid their condensa-
tion and analyzed on line by a FID gas chromatograph
(Delsi IGC 121 ML) equipped with a carbosieve col-
umn. Each reaction temperature was maintained con-
stant until the corresponding steady-state was reached
as indicated by the gas chromatograph analysis of
the exit gas samples. For each catalyst the reaction
temperature was changed in a crossing order: 350◦C,
150◦C, 250◦C, 100◦C, 300◦C. An ascending order
did not sensibly modify the obtained steady-state
activities. Varying the flow rate in the range from
10 to 80 cm3 min−1 showed that no mass transfer
limitations occurred when the sample weight was
≤0.2 g.

3. Results

3.1. Catalysts characterization

The BET surface area and reducibility properties of
the catalysts are reported in Table 1.

The specific area of the catalysts increased with that
of the corresponding supports and were in the range of
38–162 m2 g−1. However, this range of specific area
is lower than that of the supports (72–200 m2 g−1),
that is, the support lost from 20% to 60% of its area
after impregnation of the copper phase. During the im-
pregnation stage of the preparation, surface hydroxyl
groups (OHsurf) of the support were consumed by re-

action with the active phase precursor. Such a surface
reaction may have caused the decrease of available
surface area of the support, probably by closure of the
pores.

In other respects, the XRD spectra showed the char-
acteristic bands of the copper phase and support [22].
The pattern for the supports was that of crystallized
materials with well-defined bands except for the amor-
phous SiO2 support. The copper phase consisted of
small particles with a mean size of about 4–5 nm (for
the Cu/SiO2 and Cu/Al2O3 catalysts) and 7–10 nm
(for the Cu/TiO2, Cu/ZrO2 and Cu/CeO2 catalysts).
In addition, for the Cu/ZrO2 catalyst, STEM experi-
ments showed small metal copper particles, well dis-
persed both on the surface (mean size of about 15
nm) and in the bulk (mean size of about 8 nm) of the
solid [22].

Under H2 atmosphere, the supported CuO phase
was reduced to two steps as illustrated in Fig. 1, except
for the Cu/TiO2 catalyst for which only one step was
observed. The reduction was uncomplete (60–80%),
except for the Cu/Al2O3 catalyst (Table 1). The first
peak of reduction should correspond to isolated and
easily reducible CuO particles, whereas the second
peak should correspond to larger CuO particles or/and
CuO particles more strongly interacting with the sup-
port. These assumptions are in good accordance with
the STEM experiments in the case of the Cu/ZrO2 cat-
alyst [22]. The uncomplete reduction of the catalysts
should also be explained by the existence of copper
particles strongly bounded to the support.

Fig. 1. TPR profile of the Cu/SiO2 catalyst.
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3.2. Catalytic activity

3.2.1. Hydrogenation of benzaldehyde
The bare oxides were almost all inactive in ben-

zaldehyde hydrogenation in the whole range of reac-
tion temperature: only a very little activity (conversion
of about 5%) and at high reaction temperature (350◦C)
was found in the case of the reducible TiO2, ZrO2 and
CeO2 bare oxides. Toluene and benzene were formed
in the latter case. Much higher conversions were ob-
tained in the presence of copper, notably at 350◦C,
indicating that the latter is the main component of the
active site.

The copper catalysts exhibited initial deactivation
before the steady-state was established and the degree
(10–30%) and duration (1–3 h) of deactivation de-
pended on the nature of the support and reaction tem-
perature. Fig. 2 reports activity results with time on
stream at 350◦C. It can be noted in this figure that no
initial deactivation occurred at 350◦C for the Cu/SiO2
and Cu/Al2O3 catalysts but, for the latter, a drop of
conversion from 100% to 60% is observed after about
a 4-h work. The decrease of activity is attributable to
poisoning by carbonaceous overlayer since the activ-
ity was almost totally recovered after regeneration by
calcination then re-reduction.

Fig. 2. Conversion of benzaldehyde with time on stream at 350◦C
under H2 flow for the supported copper catalysts. Pre-treatment:
H2/350◦C.

Fig. 3. Steady-state conversion of benzaldehyde under H2 flow
as a function of the reaction temperature for: (a) Cu/SiO2 and
Cu/g-Al2O3; (b) Cu/TiO2, Cu/ZrO2 and Cu/CeO2. Pre-treatment:
H2/350◦C.

3.2.1.1. Activity. The steady-state conversion in-
creased with the reaction temperature for all catalysts
(Fig. 3). The level and order of conversions depended
on both the reaction temperature and nature of the
support. The Cu/SiO2 catalyst showed high activity
from 100◦C (68.2% of conversion), whereas the other
catalysts began to be active only from 150◦C (<5%
of conversion). On the other hand, the maximum of
conversion was very high (100%) for the Cu/SiO2 and
Cu/Al2O3 catalysts, whereas it reached lower values
(11.2–61.1%) for the other catalysts. The highest ac-
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tivity was observed at 250◦C for Cu/SiO2 and 350◦C
for the other catalysts.

On the other hand, strikingly, a gap of activity was
observed between 300◦C and 350◦C in the case of the
Al2O3 supported catalyst, the conversion of which was
multiplied by 23 (Fig. 3a). Although to a lesser extent,
a similar behaviour was also observed for the reducible
supports: in the same range of temperature, the activity
was multiplied by 5.4 for TiO2 and about 2 for CeO2
and ZrO2 (Fig. 3b). For the SiO2-supported catalyst
the conversion increased gradually in the whole range
of reaction temperature (Fig. 3a).

3.2.1.2. Selectivity. The reaction products were ben-
zyl alcohol, toluene and benzene. No aromatic ring
hydrogenation was observed.

• Benzyl alcohol was produced only on the Cu/SiO2
catalyst and at the reaction temperature of 100◦C
(83.5% selectivity at 68.2% of conversion). No ben-
zyl alcohol (or only traces as for Cu/CeO2) was
observed for the other catalysts, whatever the reaction
temperature.

• High selectivity to toluene (>90%) was observed
for the Cu/SiO2, Cu/CeO2 and Cu/TiO2 catalysts,
whereas, the Cu/Al2O3 and Cu/ZrO2 catalysts exhib-
ited lower selectivity values (<70%) (Fig. 4). The
maximum of selectivity to toluene appeared at low
reaction temperature for Cu/SiO2, Cu/Al2O3 and
Cu/CeO2 (≤250◦C) but at higher reaction temperature
for Cu/TiO2 and Cu/ZrO2 (350◦C).

• The most selective catalyst to benzene was
Cu/TiO2 (100% at 150◦C), whereas the least selec-
tive was Cu/SiO2, even at a high reaction temperature
(<10% at 350◦C) (Fig. 5). In contrast to toluene,
the selectivity to benzene increased with the reaction
temperature for the Cu/SiO2, Cu/Al2O3 and Cu/CeO2
catalysts but decreased in the case of the Cu/TiO2 and
Cu/ZrO2 catalysts (Fig. 5). The maximum of benzene
selectivity was obtained at a high reaction temperature
(350◦C) for Cu/SiO2 (8.0%), Cu/Al2O3 (64.8%) and
Cu/CeO2 (90.3%), and at lower temperature (150◦C)
for Cu/TiO2 (100%) and Cu/ZrO2 (65.9%) (Fig. 5).

• It is worth to note that, during the steady-state
setting-up of the Cu/SiO2 catalyst, toluene was formed
as primary product and benzylalcohol as secondary
product (Fig. 6). Benzene also arose as primary prod-
uct, which disappeared after the steady-state activity
was reached.

Fig. 4. Steady-state selectivity to toluene under H2 flow as a func-
tion of the reaction temperature for: (a) Cu/SiO2 and Cu/g-Al2O3;
(b) Cu/TiO2, Cu/ZrO2 and Cu/CeO2. Pre-treatment: H2/350◦C.

3.2.2. Reduction of benzaldehyde under N2 flow
Under N2 flow, benzaldehyde was reduced stoi-

chiometrically to benzylalcohol (100% of selectivity)
at 100◦C and catalytically to benzene (100% of se-
lectivity) at 350◦C (Figs. 7 and 8; Table 2). Carbon
monoxide was co-produced with benzene. The ob-
served reaction path depended on the nature of the
catalyst or pre-treatment and reaction temperature.

Benzylalcohol appeared only with the Cu/CeO2 and
Cu/ZrO2 catalysts (initial conversion of 3.4% or 1.2%,
respectively; Fig. 7) pre-treated under N2 flow or the
Cu/SiO2 catalyst (initial conversion of 38%; Fig. 8)
pre-treated under H2 flow. In contrast, benzene was
produced with all the catalysts (Table 2) and the yield
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Fig. 5. Steady-state selectivity to benzene under H2 flow as a func-
tion of the reaction temperature for: (a) Cu/SiO2 and Cu/g-Al2O3;
(b) Cu/TiO2, Cu/ZrO2 and Cu/CeO2. Pre-treatment: H2/350◦C.

was higher when the pre-treatment was H2 (up to 88%)
than N2 (up 28.8%) flow. For the catalysts supported
on the irreducible oxides, alumina gave better conver-
sion (28.8% or 88.8% as compared to 12.5% or 51.0%)
whatever the pre-treatment, whereas, the order of ac-
tivity depended on the pre-treatment for the reducible
supports:

Cu/ZrO2 > Cu/TiO2 > Cu/CeO2

N2 flow pre-treatment

Cu/ZrO2 > Cu/CeO2 > Cu/TiO2

H2 flow pre-treatment

Fig. 6. Conversion of benzaldehyde with time on stream at 100◦C
under H2 flow for the Cu/SiO2 catalyst. Pre-treatment: H2/350◦C.

The latter order is different from that observed in
benzene yield in benzaldehyde hydrogenation at the
same reaction temperature (Table 2).

Fig. 7. Conversion of benzaldehyde with time on stream at 100◦C
and 350◦C under N2 flow for the Cu/ZrO2 and Cu/CeO2 catalysts.
Pre-treatment: N2/350◦C.
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Fig. 8. Conversion of benzaldehyde with time on stream at 100◦C
or 350◦C under N2 flow for the Cu/SiO2 catalyst. Pre-treatment:
H2/350◦C.

Table 2
Steady-state benzene yield in the reduction of benzaldehyde under
N2 or H2 flow over the copper catalysts

Catalyst Reaction
PhCHO/N2/350◦C

Reaction
PhCHO/H2/350◦C

Pre-treatment Pre-treatment

N2/350◦C
(%)

H2/350◦C
(%)

H2/350◦C
(%)

Cu/SiO2 12.5 51.0 8.0
Cu/g-Al2O3 28.8 88.0 64.8
Cu/TiO2 18.4 24.0 3.4
Cu/ZrO2 28.4 40.0 3.4
Cu/CeO2 10.1 39.0 49.6

4. Discussion

In the discussion of the results of benzaldehyde hy-
drogenation, we have to bear in mind the nature of
both the copper active site and organic molecules.

It is now well recognized that the active site in
copper catalyzed hydrogenation reactions is the as-
sociation of copper(I) in an octahedral environment
with hydride ion [9,23–28]. The ionic character of this
site explains its strong reactivity toward the highly
polarized C==O double bond of carbonyl compounds
[7–9,23–30] but also with the C–O simple bond of
the alcohol product [4,24,30] and, as a consequence,
the competitive adsorption between the reactant and
product. In turn, this competitive adsorption should
influence the reaction yields and lead to secondary

reactions of the alcohol product [4–6,24,30]. On the
other hand, aldehydes are known as reductants through
hydride release [30], then benzaldehyde should de-
compose to benzene [4–6,31]. In addition, all these
paths should be accelerated or inhibited according
to the nature of the support and reaction conditions.
The support may both modify the electronic structure
of the copper active site and play an important role
in the adsorption and desorption of the reactant and
product molecules.

Let us then discuss in more detail the obtained re-
sults in this study. We first consider the results ob-
tained in the reduction of benzaldehyde under N2 flow
because they give useful information on the acid–base
and reducibility properties of the catalysts.

4.1. Reduction of benzaldehyde under N2 flow

4.1.1. Reaction at 100◦C. Formation of benzylalcohol
(i) After N2 pre-treatment, only benzylalcohol was

obtained as a result of the Cannizzaro reaction for the
Cu/ZrO2 and Cu/CeO2 catalysts [6]. This reaction sto-
ichiometrically consumes surface OHsurf groups then
ends up (Fig. 7). It concomitantly forms benzyl alco-
hol and benzoate surface species (PhCOOsurf) and the
overall process should be written as follows:

PhCHOg + OHsurf � PhCHOOsurf

PhCHOg→ PhCOOsurf + PhCH2OHg

In this process, the pre-equilibrium step is probably
rate limiting, then it follows that the obtained results
reflect the surface mobility (or nucleophilicity) or con-
centration order of the OHsurf groups in the case of
the oxidized catalysts, that is:

Cu/CeO2 > Cu/ZrO2 � Cu/TiO2

= Cu/Al2O3 = Cu/SiO2
∼= 0

Moreover, the Cannizzaro reaction probably mainly
proceeded through the support surface. Indeed, we
have shown elsewhere [32], that, in the same reaction
conditions, the bare CeO2 support was much more
active (25.0% of conversion) than the corresponding
copper catalyst (3.4% of conversion, Table 2). Al-
though less marked, similar behaviour was observed
for the bare ZrO2 support (2.0% of conversion in-
stead of 1.2%). As to other bare TiO2, Al2O3, SiO2
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supports, they were totally inactive [32] as were the
corresponding copper catalysts (Table 2). It may be
concluded that the oxidized supported copper catalysts
contained lesser amount of active OHsurf groups than
the bare supports. By the way, a similar decrease in ac-
tive OHsurf groups concentration should have occurred
during the impregnation step of the catalyst prepara-
tion, probably by reaction between these groups and
the copper precursor, thus leading to the decrease of
the BET specific area as reported above (Table 1).

(ii) Benzylalcohol obtained after H2 pre-treatment
for the Cu/SiO2 catalyst was probably a result of hy-
drogen spillover. This behaviour is in good agreement
with the reducibility (Table 1) and hydrogenation ac-
tivity results (Fig. 3): the reduced copper phase was
shown to be active from 100◦C only on the silica
support (see also discussion below). Further, the lack
of activity in the case of the Cu/ZrO2 and Cu/CeO2
catalysts in the reduced state should indicate that the
surface OH groups, active in the Cannizzaro reaction
(Fig. 7), have been removed by the H2 pre-treatment
[6].

4.1.2. Reaction at 350◦C. Formation of benzene
Benzaldehyde is known to dissociatively adsorb as

benzoate species on basic oxides at room temperature
[6,33] and subsequent heating leads to the decomposi-
tion of these species into benzene and CO2 [6,33–35].
The mechanism is believed to be an oxido-reduction
process where the metal oxide surface (denoted
MOMsurf) is reduced by gaseous benzaldehyde [6,34]:

PhCHOg

MOMsurf
� [PhCOOMsurf + MHsurf]

−MOMsurf→ PhHg + CO2g

to metal benzoate (denoted PhCOOMsurf) and hydride
(denoted MHsurf) surface species. This step, corre-
sponding to the C–H bond breaking, is probably rate
limiting. The formation of the benzoate species should
proceed either in one single step or through that of the
ketal-like intermediate (PhCHOOMsurf) [6,35].

(i) A similar mechanism should proceed in the case
of our unreduced (pre-treated under N2 flow) copper
catalysts at the reaction temperature of 350◦C. Copper
is probably involved in such a mechanism since, in the
absence of copper, the bare support oxides were almost
inactive in the same reaction conditions [32]. Besides,

copper is known for a long time ago as an efficient
catalyst for the decarboxylation of benzoate salts in
liquid medium [36]. Moreover, it has been shown that
the actual catalyst is cuprous ion and the intermediate
the cuprous salt of the aromatic acid [PhCOOCu(I)]
[36]. Also, as far as reaction mechanisms in liquid
medium hold for gas phase reactions and if one sup-
poses that reduced copper is formed during the thermal
pre-treatment or the setting of the steady-state, cop-
per benzoate species (PhCOOCusurf) may have been
the reaction intermediate in the reduction of benzalde-
hyde to benzene on the present supported copper cata-
lysts. In such a case, the oxygenate species, formed on
the support, migrated on copper where it was subse-
quently reduced to benzene. Similar surface processes
are often invoked in the case of oxygenate species
evidenced on supported copper catalysts during the
reduction of the carbon oxides [37,38].

(ii) The above mechanism should also hold for
the reduced (pre-treatment under H2 flow) catalysts.
The increase in benzene yield after the reductive
pre-treatment should be attributed to the increase of
the amount of reduced active phase (Table 2). How-
ever, change in the reaction path on the reduced as
compared to the unreduced copper phase have to be
considered. Thus, the decomposition of benzaldehyde
into benzene, over reduced copper particles instead of
acid–base sites, is not excluded. The reaction interme-
diate should be the copper benzoyl surface species:

PhCHOg

2Cusurf
� [PhCOCusurf + CuHsurf]

−2Cusurf→ PhHg + COg

A similar entity, the carbonyl surface species, has
also been invoked in the case of supported copper
catalysts during the reduction of the carbon monoxide
[37]. In any case, such a mechanism should be suitable
in the case of copper supported on the acidic SiO2
support on which the benzoate surface entity is less
likely to form.

4.2. Hydrogenation of benzaldehyde

4.2.1. Activity

4.2.1.1. Copper supported on SiO2 and Al2O3
irreducible supports. According to the TPR results
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(Table 1), the high activity of Cu/SiO2 as compared to
that of Cu/Al2O3 may be related to its better reducibi-
lity. Indeed, the first peak of reduction of Cu/SiO2
arose at 260◦C, whereas, it appeared at 350◦C only
for Cu/Al2O3. However, the sudden increase of the
conversion (from 5% to 100%) observed for the lat-
ter between 300◦C and 350◦C (Fig. 3) suggests that,
besides reducibility properties, support acid–base
properties of the catalysts should also be involved.
In such a case, the activity of Cu/Al2O3 should be
governed by the adsorption strength of the reactant or
product molecules, as surface benzoate or alcoholate
species [6,33–35], on acid–base sites of the support.

The inhibiting effect of stable surface oxygenated
products has indeed been invoked for the hydro-
genation of conjugated carbonyl compounds on
copper-based catalysts [7–9,24,29,30,35,36]. Ben-
zoate or alcoholate species formation was also in-
voked during the hydrogenation of benzaldehyde
over copper catalysts supported on chromium ox-
ide [8,9,23,24]. In addition, the IRTF study of the
adsorption of benzaldehyde over metal oxides [35]
strengthens the hypothesis of the intervention of the
acid–base properties of the SiO2 or Al2O3 supports
in the case of copper catalysts. Indeed, the study
[35] showed that the adsorption of benzaldehyde on
silica occurs through a hydrogen bond of the oxygen
atom of the C==O group to the surface silanol groups,
whereas, for the rather basic alumina, it involves a
nucleophilic attack at the carbonyl center by surface
oxygen (or hydroxyl), producing surface benzoate
species [36]. These species were stable up to 300◦C
even under hydrogen atmosphere [35]. Also, for the
present alumina supported copper catalyst, interme-
diate oxygenated surface species formed should have
acted as inhibiting entities, maintaining low activity
up to 300◦C. At higher reaction temperatures, these
species readily decomposed, whereas, the metallic
copper sites became more active, thus explaining why
an important gap in conversion of benzaldehyde was
observed (Fig. 3). For the Cu/SiO2 catalyst, no or lit-
tle base sites were available for strong adsorption of
the reactant or product molecules; then no inhibition
of the reaction course was detected.

4.2.1.2. Copper catalysts supported on TiO2, ZrO2
and CeO2 reducible oxides. The Cu/ZrO2 catalyst
exhibited the lowest activity in the whole range of

reaction temperature (Fig. 3). This behaviour may
be explained by a strong metal–support interaction,
which led to the insertion of part of the copper phase
in the bulk [22] and, consequently, lowered the cat-
alytic activity. Similar interaction may also exist for
the Cu/TiO2 and Cu/CeO2 catalysts. In other respects,
as suggested above for Cu/Al2O3, the gap of activity
observed between 300◦C and 350◦C (Fig. 3) should
also involve acid–base and not only metal properties
of the copper catalysts supported on the reducible ox-
ides. Further studies are needed to describe in more
detail the involved chemical processes.

4.2.2. Selectivity
The fact that the aromatic nucleus is unreactive

while the carbonyl substituent undergoes hydrogena-
tion and hydrogenolysis suggests that the aromatic
aldehyde reacts principally with the catalyst via the
carbonyl function. It should be assumed that in the ad-
sorbed benzaldehyde both the aromatic ring and the
carbonyl group lie parallel to the active surface [5]. In
such a case, the adsorbed hydrogen preferably attack
the carbonyl group due to energy barriers [2,5,8].

4.2.2.1. Benzylalcohol selectivity.Benzylalcohol
was produced with high selectivity at high conver-
sion on copper supported on the acidic SiO2 support
only (Fig. 6). This support favoured the reduction of
the carbonyl compound to the corresponding alcohol,
even at high conversion, probably mainly through
the inhibition of the adsorption of the benzylalcohol
reaction product [4]. As to the chemical process of
benzylalcohol formation, it can be supposed to be a
1–2 nucleophilic addition, with a high polarization of
the transition state, as in the case of the hydrogenation
of conjugated carbonyl compounds [2,7–9,23,24]:

PhCHOg + CuHsurf → [PhCH2OCusurf]
H2g→PhCH2OHg + CuHsurf

For the other more basic catalysts, no benzylalcohol
was detected in the exit gas (Fig. 4) probably because,
more strongly held on the catalyst surface, it was sub-
sequently chemically converted before desorption.

4.2.2.2. Toluene selectivity.It is generally believed
that toluene is the product of the consecutive re-
action of hydrogenolysis of benzylalcohol [2–8].
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Indeed, flowing the Cu/SiO2 catalyst with benzy-
lalcohol instead of benzaldehyde, selectively led to
toluene production. However, benzylalcohol is a com-
plex molecule possessing several active centers such
as the acidic proton and basic oxygen of the O–H
function and the reductive hydrogen of the C–H ex-
ocyclic function. All these centers may interact with
the copper or support phase or dihydrogen molecule.
Also several pathways can be envisaged for toluene
formation from benzylalcohol.

(i) It has been reported that mixed copper ox-
ides such as Cu–Cr–O [9,23], Cu–Zr–O [39],
Cu–Zn–O [39–42] are hydrogen reservoirs and the
occluded hydrogen postulated to be of hydridic nature
[9,23,26,39]. On the other hand, the hydrogenoly-
sis of allylalcohol to the corresponding hydrocarbon
was studied on copper supported on chromium oxide
and it was shown that the Cr–H but not the Cu–H
species was the active site [8,9]. The chromium ion
was suggested to play the role of strong Lewis acid
site interacting with the oxygen atom of the alcohol
molecule and the mechanism postulated to be con-
certed [8,9]. Then, we think that the present oxide
supports, except perhaps SiO2 (see below), formed
metal hydride as active species for the reduction of
benzylalcohol to toluene:

In other words, the active site should be bifunc-
tional in nature on which the metal cation and hydride
entities interacted with the oxygen and carbon atoms
of the alcohol molecule, respectively. In such a case,
the activity in toluene should reflect the aptitude of
the support oxide to both adsorb the alcohol (Lewis
acid property) and dissociate H2 (metal property). This
conclusion may hold for the TiO2, ZrO2 and CeO2 re-
ducible oxides, which are more prone to form metal
hydride species.

(ii) The copper mixed oxide Cu–Al–O has also been
shown to be reservoir of occluded hydrogen of hy-
dridic nature [26]. Also, the above mechanism can be
postulated for the formation of toluene from benzy-

lalcohol in the case of copper supported on the Al2O3
irreducible oxide.

(iii) In the case of the Cu/SiO2 catalyst, no Cu–Si–O
mixed metal oxides were reported, to our best knowl-
edge. On the other hand, we have above reported that
benzaldehyde adsorption resulted in the interaction be-
tween its oxygen atom and the hydrogen atom of the
silanol groups [35]. Also, one is allowed to think that
toluene formation probably resulted in the protonation
of the alcohol function on a silanol Brönsted acid site
(H–O–Sisurf) followed by the hydrogenolysis of the
protonated specie on an adjacent copper site:

(iv) We have shown that, strikingly, toluene ap-
peared as a primary product over the Cu/SiO2 catalyst
at 100◦C (Fig. 5). The formation of toluene as primary
product and at a so low reaction temperature, sug-
gests the existence of another reaction path than that
described above. This path probably involves very ac-
tive sites on which toluene quickly formed in the early
stages of the reaction where the partial pressure of
both reactants and products were low (time∼=0; Fig. 5).
These sites were then poisoned at higher conversion
(time>100 min; Fig. 5) by the one or the other reac-
tant molecule, even water. The possible route should
be the benzylalcohol dismutation to toluene, benzalde-
hyde and water on the silica support [43–45]:

The reaction probably proceeds through hy-
dride transfer between two adsorbed benzylalcohol
molecules over specific acid–base sites of the sup-
port [43,44]. These sites should be poisoned with
time on stream. Such a mechanism was reported for
benzylalcohol dismutation to toluene over alumina
catalyst [44]. The catalyst was shown to deactivate by
prolonged usage or by water addition [44].

4.2.2.3. Benzene selectivity.In the catalytic hydro-
genation of benzaldehyde, benzene is believed to be
the product of the hydrogenolysis of the external C–C
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bond of benzaldehyde [4,5]. Gas phase kinetic stud-
ies of benzaldehyde over platinum [4] or nickel [5]
catalysts showed that benzene was produced directly
from the reactant molecule and not from the alcohol or
toluene intermediates. Carbon monoxide was identi-
fied as co-product of benzene [4]. However, no mech-
anistic route has been proposed for the reaction. As
to copper catalysts, no studies have been reported on
the hydrogenolysis of benzaldehyde to benzene. More-
over, it has been reported that this reaction not occurs
on copper catalysts [20].

In the present case, benzene is formed in benzalde-
hyde hydrogenation on copper catalysts (Fig. 5). The
above discussion suggests that the reaction path to ben-
zene involves the intervention of an oxygenate surface
precursor, the stability of which depends on the nature
of the support and reaction temperature [6,32–34]. It
is worth to note that, at the reaction temperature of
350◦C, the benzene yield was higher in the absence
(24.0–88.0%) than in the presence (3.4–49.6%) of H2
(Table 2). These results may be attributed to the com-
petitive formation of toluene under H2 flow (Fig. 4).
However, other factors such as the presence of water
molecules formed in the reactive atmosphere or the
nature of the H2 reductant should also play a role in
the observed yields. In the same way, for the Cu/ZrO2
catalyst, the conversion of benzaldehyde was more im-
portant in the absence (40%; Table 2) than in the pres-
ence (11.2%; Fig. 3) of H2. In this case, the presence
H2 in the reactive atmosphere seemed to inhibit the
active sites of benzene formation. These facts show
that other investigations are necessary to get more in-
sight on the mechanism of reduction of benzaldehyde
to benzene on supported copper catalysts.

5. Conclusions

The hydrogenation of benzaldehyde over copper
catalysts supported on Al2O3, SiO2, TiO2, ZrO2
and CeO2 at atmospheric pressure and 100–350◦C
produced competitively benzylalcohol, toluene and
benzene with yields depending on the nature of the
support and the reaction temperature. The order of ac-
tivity was attributed to both metal and acid–base prop-
erties of the catalysts. The latter properties induced
adsorption phenomena which, for example, explained
the important gap in activity (multiplied by 2 to 23)

between 300◦C and 350◦C observed for all catalysts
except Cu/SiO2: the lower the reaction temperature
the strongly held were the benzaldehyde or benzylal-
cohol molecules the stronger was the inhibiting effect
of the support on the reaction course; conversely, the
higher the reaction temperature the lower the adsorp-
tion effect the higher the conversion of benzaldehyde.
In connection, benzylalcohol was selectively obtained
(83% at 68% of conversion) at 100◦C with the copper
catalyst supported on the acidic SiO2 oxide. Toluene
product arose from the hydrogenolysis of benzylal-
cohol on probably bifunctional sites involving metal
hydride species. As to benzene, it resulted from ben-
zaldehyde hydrogenolysis, probably through a copper
surface oxygenate specie. Useful information on the
surface properties of the catalysts and the reaction
course were given by comparing the transformations
of benzaldehyde under H2 or N2 atmosphere.
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