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bstract

Benzaldehyde reduction was studied over alkaline earth metal oxide catalysts and carried out in a nitrogen or a dihydrogen atmosphere at the
00–350 ◦C of the range reaction temperature. The results show that benzyl alcohol is produced by the Cannizzaro reaction under nitrogen flow on
gO oxide and by direct hydrogenation under dihydrogen on irreducible oxides such as CaO, BaO and SrO. The Cannizzaro reaction involves the

asic hydroxyl groups and is followed by the reduction of benzoate species by H2 to benzaldehyde. Toluene and benzene were produced at high
eaction temperature under N2 flow over alkaline earth oxides from a reaction involving benzylate species. Under H2 flow, toluene and benzene

ere also formed by means of consecutive reduction reactions.
The present work deals with the acid–base properties of alkaline earth metal oxide catalysts (MgO, CaO, BaO, SrO) and benzaldehyde reduction

as used as probe reaction for characterizing the surface properties.
2006 Elsevier B.V. All rights reserved.
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. Introduction

In the past few years, various reduction reactions in the gas
r the liquid phases have been studied to synthesize valuable
ntermediate products or fine chemicals [1–5]. Benzaldehyde
eduction is one of these reactions which can provide infor-
ation about nature and properties of surface centers [1–13].
large number of papers have been published concerning the

ransformation of benzaldehyde on oxide catalysts [2,4,6,11,14].
lkaline earth metal oxides, which were reported to have basic
roperties on the surface [14], were used as catalysts.

It is well known that benzaldehyde is reduced to benzyl alco-
ol or toluene on metal oxides by two main process [2,6,15]:
he first one seems to be the formation of the reduced com-
ounds, at the absence of dihydrogen flow, by the Cannizzaro

eaction accompanied by that of oxygenated products such as
enzoate species and the active sites are mobile hydroxyl groups
2]. In the second process, the presence of dihydrogen flow pro-
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E-mail addresses: adel saadi@yahoo.fr (A. Saadi),

ettahar@lcah.u-nancy.fr (M.M. Bettahar).
1 Fax: +33 3 83 912181.

a
I
s
C
b
c
z
m

381-1169/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2006.05.029
ties; Benzyl alcohol; Toluene; Benzene

okes the direct hydrogenation of benzaldehyde. In this case, the
resence of surface adsorbed hydrogen over alkali earth metal
xides has been proved [16]. The experimental evidence that
he low-coordination sites are responsible for H2 dissociation
as also been confirmed by theoretical investigations [17]. The
resence of a totally dehydration surface is therefore necessary
or both heterolytic dissociative hydrogen adsorption [16]. As
o metal oxides as catalysts, one of us have shown that their cat-
lytic properties in the hydrogenation of benzaldehyde to benzyl
lcohol depends on their reducibility and, also, on their surface
cid–base properties [2]. Toluene and benzene by-products arose
rom benzyl alcohol and benzaldehyde hydrogenolysis, respec-
ively [1,2,7,11,18,19].

Adsorption studies of benzaldehyde over several metal
xides [20] strengthen the hypothesis of the contribution of the
cid–base properties of the SiO2 or Al2O3 supports. Indeed, an
RTF study [20] showed that the adsorption of benzaldehyde on
ilica occurs through a hydrogen bond of the oxygen atom of the

O group to the surface silanol groups whereas for the rather

asic alumina it involves a nucleophilic attack at the carbonyl
enter by surface oxygen (or hydroxyl), producing surface ben-
oate species [21]. Moreover, stable surface oxygenated inter-
ediates have also been detected in the hydrogenation of CO
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dx.doi.org/10.1016/j.molcata.2006.05.029
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n nickel-based catalysts [22]. They were identified as methoxy
pecies on the alumina support but not found on the silica support
23–26].

Benzaldehyde can be used as, model reaction by the charac-
erization of metal oxide surfaces [2,6]. Therefore, comparison
f benzaldehyde conversion on metal oxide catalysts, in the
resence or absence of dihydrogen atmosphere would allow the
lassification of the metal oxides according to their hydroxyl
obility (basicity).
The present paper reports the correlation between the cat-

lytic activity and the surface property, the nature of active sites
nd the reaction mechanism.

. Experimental

.1. Catalysts preparation, activation and characterization

The metal oxides used are reported in Table 1. CaO, BaO
nd SrO oxides were prepared by calcinating the carbonate
recursors (MCO3: M = Ca, Ba, Sr) at 1200 ◦C for 3 h in air,
hereas MgO oxide was prepared from the hydroxide precur-

or (Mg(OH)2) by thermal decomposition (Table 1).
The specific area measurements and average pore radius were

erformed by the classical BET method on a Coultronics 2100E
pparatus. The data were interpreted using the BET equation and
n effective cross-sectional area of 16.2 Å for N2. The standard
re-treatment consisted of heating the sample under dynamic
acuum at 300 ◦C for 3 h in order to remove adsorbed water
nd other impurities. The measurement was then made at liquid
itrogen temperature with nitrogen as adsorbate.

Phase analysis and crystallite size of the samples were per-
ormed by X-ray powder diffraction employing a PW1710
hilips diffractometer. Patterns were using Ni-filtered copper
adiation (λ = 1.5406 Å) at a scanning rate of 2◦ at 2θ/min.
he average size of the metal particle was calculated from the

inewidth at half height of the MO (M = Mg, Ca, Sr, Ba) peaks
sing the Scherrer equation with Warren’s correction for instru-
ental line broadening [27].

.2. Catalyst testing

Benzaldehyde (Aldrich, 99.88%) was degassed under nitro-
en purge before use. H2 and N2 (Air liquid) were passed through

upelco molecular sieve traps oxytraps (Altech).

The catalytic performances were carried out in the same reac-
or with 0.2 g samples at atmospheric pressure and a total flow
ate of 50 cm3 min−1.

r
t
v
s

able 1
haracteristics of alkaline earth metal oxide catalysts

xide Origin SBET (m2 g−1) VP (cm3 g−1) XR

gO Fluka 15.0 0.073 Mg
aO Fluka 11.0 0.045 Ca
rO Fluka 10.0 0.039 SrO
aO Fluka 7.0 0.032 Ba

a Determined after calcination step by XR diffraction using Debby-Scherrer equati
lysis A: Chemical 258 (2006) 59–67

Before testing, the oxides were in situ pre-treated for 2 h at
50 ◦C in a current of dihydrogen (H2) or in a current of nitrogen
N2) with a flow rate of 20 cm3 min−1.

Benzaldehyde transformation was performed in dihydrogen
tmosphere or in nitrogen atmosphere at atmospheric pressure
nd in the whole range of reaction temperature 100–350 ◦C.
aseous benzaldehyde (3.2 Torr) was obtained by bubbling N2

250 Torr) in liquid benzaldehyde maintained at constant tem-
erature (50 ◦C) in a suitable saturator.

The gaseous reactant and products were heated up-stream and
utstream in order to avoid their condensation and analyzed on
ine by a FID gas chromatograph (Delsi IGC 121 ML) equipped
ith a CP-Sil8CB/Chromosorb WAW column.

. Results

.1. BET and XRD characterizations

The characteristics of alkaline earth metal oxides are reported
n Table 1. The calcined simple at 1200 ◦C showed a very small
urface areas in the range 7.0–15.0 m2 g−1 and the pore vol-
me (VP) decreased with the decrease of the specific surface
rea. These results indicate that high thermal treatment process
trongly affected the microstructure of the alkaline earth metal
xides.

On the other hand, the XRD spectra showed the characteris-
ic intense bands of the different oxides and, the characteristic
eak bands of the corresponding carbonates (CaCO3, SrCO3,
aCO3) or hydroxide (Mg(OH)2) phases. The pattern was that of
rystallized materials with well-defined bands and high degree
f crystallinity of the diffraction lines. The metal phase was of
CFC’ structure for all the oxides. Calculations showed that the
ean crystallite size of metal oxide was not the same, and vary

n the range of 60–150 nm (Table 1).

.2. Catalytic activity

.2.1. Benzaldehyde reduction under nitrogen atmosphere
N2)

Before reaction under N2 flow, all oxides were pre-treated for
h at 350 ◦C in a current of the same gas (N2). Fig. 1 reports
ctivity results with time on stream in the whole range of reac-
ion temperature. It can be noted in this figure that benzaldehyde

eactivity decreased with time on flow at all reaction tempera-
ures, generally tending to zero (TR < 250 ◦C) or to a low residual
alue (TR > 250 ◦C). In this case, benzaldehyde was reduced
toichiometrically in the range of temperature to benzyl alco-

D species identification Crystallite sizea (nm) E
◦
2→0 (Volt)

O, Mg(OH)2 65 −1.86
O, CaCO3 77 −2.26

, SrCO3 108 −2.59
O, BaCO3 139 −1.59

on.
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The results were showed that benzyl alcohol decreased pro-
gressively as a function of the reaction temperature for to
reach at 350 ◦C a value of 92.6%. In the whole range of
the reaction temperature 100–350 ◦C, benzyl alcohol was

Table 2
Catalytic results for benzaldehyde reduction under nitrogen flow after 10 min of
stream over alkali earth metal oxides

Oxide Treaction

(◦C)
Conv
(%)a

Pre-treatment/N2/350 ◦C,
reaction/PhCHO/N2/Treaction

◦C,
selectivity %
ig. 1. Benzaldehyde conversion vs. time on stream on alkaline earth metal
re-treatment: N2/350 ◦C.

ol, toluene and benzene. At low reaction temperature (100 ◦C)
nd after 10 min on nitrogen flow, all oxides were inactive with
xception of MgO (6.2%).

Generally, the conversion of benzaldehyde after 10 min
f reaction shows that the reactivity increases as function
f reaction temperature on the following order (Fig. 2):
gO < CaO < SrO < BaO. On the other hand, and at given reac-

ion temperature, the inspection of the Fig. 2 shows that the
enzaldehyde conversion increased with the basicity character
f metal oxide and the increase being more pronounced in SrO
nd BaO oxides at 250 ◦C and 350 ◦C. A gap of activity was
bserved between 250 ◦C and 350 ◦C in the case of CaO, SrO
nd BaO oxides; a conversion of which were multiplied by 1.4

Table 2).

The reaction products were benzyl alcohol, toluene and ben-
ene. No aromatic ring hydrogenation was observed:

ig. 2. Benzaldehyde conversion vs. reaction temperature on metal oxides in a
itrogen atmosphere after 10 min under flow.

M

C

S

B

P

s under a nitrogen atmosphere. Range of reaction temperature 100–350 ◦C.

Benzyl alcohol was appeared only on the MgO oxide in the
whole range of reaction temperature 100–350 ◦C (Table 2).
Benzyl alcohol Toluene Benzene

gO

100 6.2 100 0 0
150 8.7 100 0 0
250 10.3 95.9 0 4.1
350 11.5 92.6 0 7.4

aO

100 0 0 0 0
150 9.4 0 28.1 71.9
250 12.6 0 19.5 80.5
350 17.5 0 6.2 93.8

rO

100 0 0 0 0
150 10.4 0 0 100
250 20.8 0 0 100
350 25.4 0 0 100

aO

100 0 0 0 0
150 11.4 0 0 100
250 21.3 0 0 100
350 27.9 0 0 100

re-treatment: 350 ◦C/N2.
a After 10 min of reaction.
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ig. 3. Influence of the nitrogen replacement by dihydrogen as gas carrier on
enzaldehyde conversion at 350 ◦C.

obtained as a result of the Cannizzaro reaction only for the
MgO oxide.
Toluene was obtained only on the CaO oxide and the same
feature was observed, since the toluene production decreased
from 28.1% (at 150 ◦C) to 6.2% (at 350 ◦C).
In contrast, benzene was produced with all the oxides and the
yield was higher to raised temperature.

After the benzaldehyde reaction under a current of nitro-
en, the latter was replaced by dihydrogen flow. Previous work

howed some influence of the gas reaction on benzaldehyde
eduction on the alkaline earth metal oxides. Thus, after a total
isappearance of catalytic activity under nitrogen atmosphere,
ig. 3 shows that the benzaldehyde conversion increased pro-

s
h
o
t

ig. 4. Benzaldehyde conversion vs. time on stream on alkaline earth metal oxides
re-treatment: H2/350 ◦C.
lysis A: Chemical 258 (2006) 59–67

ressively with time on stream after introduction of dihydrogen
ver CaO, SrO and BaO, whereas, MgO oxide remained com-
letely inactive.

After 8 h of the beginning of the reaction, CaO, SrO and BaO
xides exhibited various activities. In relation to the reaction
nder nitrogen atmosphere, the influence of dihydrogen atmo-
phere depended on metal oxide used (Fig. 3). Comparatively
o the reaction under nitrogen flow, the results show that the

agnesia activity was not re-established and conversely, the
enzaldehyde conversion was relatively lowest on CaO, SrO
nd BaO. No change was observed in the selectivities.

.2.2. Benzaldehyde reduction under dihydrogen
tmosphere (H2)

Before testing under a dihydrogen flow, the oxides were in
itu activated for 2 h at 350 ◦C in a current of H2. Fig. 4 shows that
enzaldehyde was reduced catalytically in the whole range of
eaction temperature. The alkaline earth metal oxides exhibited
nitial activation before the steady state was established and the
uration (1–3 h) of activation depended on the nature of metal
xide and reaction temperature.

For all oxides, the inspection of Fig. 4 shows the increase of
he steady state activity with the reaction temperature. The level
nd order of activities depended on both reaction temperature
nd nature of oxide. The activity results with time of stream

howed that MgO oxide was remained inactive in benzaldehyde
ydrogenation in all temperature reaction. The SrO and BaO
xide were inactive at 100 ◦C and the activity increased with
he increasing of reaction temperature. On the other hand, the

under a dihydrogen atmosphere. Range of reaction temperature 100–350 ◦C.
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ig. 5. Benzaldehyde conversion vs. reaction temperature on metal oxides in a
ihydrogen atmosphere after 10 min under flow.

aximum of conversion was obtained at 350 ◦C for CaO oxide
14.3%), whereas it reached lower values (<11%) for SrO and
aO oxides. Strikingly, a similar gap of activity was observed

or the CaO, SrO and BaO oxides between 150 ◦C and 250 ◦C:
he activity was multiplied by 2.4 for CaO, 2.5 for SrO and 2.7
or BaO (Table 3, Fig. 5).

Under dihydrogen atmosphere, the reaction products
btained are the same as those obtained for the transformation
nder nitrogen flow: benzyl alcohol, toluene, benzene and traces
f condensed products (not analyzed). Of course, the selectivi-
ies are different:

Benzyl alcohol was produced between 100 ◦C and 150 ◦C
on CaO oxide and only at 150 ◦C on SrO and BaO oxides
(Table 3). The elevation of reaction temperature is not favor-

able to benzyl alcohol formation. Indeed, after 150 ◦C this
product was totally disappeared.
In the range of reaction temperature, low selectivity values to
toluene (<11%) was observed for the CaO and BaO oxides

able 3
atalytic results for benzaldehyde hydrogenation under H2 flow after 10 min of

tream over alkali earth metal oxides

xide Treaction

(◦C)
Conv
(%)a

Pre-treatment/H2/350 ◦C,
reaction/PhCHO/H2/Treaction

◦C,
selectivity %

Benzyl alcohol Toluene Benzene

gO

100 0 0 0 0
150 0 0 0 0
250 0 0 0 0
350 0 0 0 0

aO

100 2.8 100 0 0
150 4.2 100 0 0
250 10.4 0 10.7 89.3
350 14.3 0 0.7 99.3

rO

100 0 0 0 0
150 3.1 100 0 0
250 7.8 0 9.4 90.6
350 10.7 0 1.3 98.7

aO

100 0 0 0 0
150 2.1 56.7 43.3 0
250 5.7 0 0 100
350 8.3 0 0 100

re-treatment: 350 ◦C/H2.
a After 10 min of reaction.

w
h
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ig. 6. Influence of the dihydrogen replacement by nitrogen as gas carrier on
enzaldehyde conversion at 350 ◦C.

except SrO who produced the toluene with high amount at
only 150 ◦C reaction temperature (Table 3). On the other hand,
the increase of reaction temperature leads to the decrease of
toluene selectivity.
High selectivity to benzene was observed for the SrO (100% at
350 ◦C), CaO (99.7% at 350 ◦C) and BaO (98.9% at 350 ◦C).
In contrast to benzyl alcohol and toluene, the benzene selectiv-
ity increased with the reaction temperature and the maximum
of selectivity (100%) was obtained at a high reaction temper-
ature (Table 3). On SrO oxide, only benzene formation was
observed in the range 250–350 ◦C.

After 4 h of reaction under dihydrogen flow, the same gas
as substituted by the nitrogen gas. Fig. 6 shows that benzalde-
yde conversion decreased with time on stream and after 8 h of
eaction, all oxides became totally inactive.

. Discussion

.1. Benzaldehyde reduction under nitrogen atmosphere
N2)

.1.1. Activity
In the discussion of the results of benzaldehyde reduction

nder nitrogen flow, we have to bear in mind the nature of active
ites and organic molecules. Let us then discuss in more detail
he obtained results in this study. We first consider the results
btained in the reduction of benzaldehyde under N2 flow because
hey give useful information on acid–base properties of the cat-
lysts.

The correlation of the basicity of the alkaline earth metal
xides with the activity and the increase in activity with atomic
umber seem to indicate that the active sites are mainly basic.
n the whole range of the reaction temperature, the observed
ctivities: MgO < CaO < SrO < BaO mean that this order is in
ood agreement with the bulk basicity in the periodic table.

It was reported by several workers that the basic site is a sur-
ace lattice oxygen O2− [28–30] but the only presence of basic

ites was not sufficient for activated the C O bond. Indeed,
anabe and Saito [14] were showed that the use of the solids
aOH/SiO2, SrO2 and BaO2, which exhibited only basic prop-

rty with phenolphthalein, does not show any catalytic activity
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nd the catalytic activity of MgO and CaO was lost by the addi-
ion of pyridine. These results were suggested that the Lewis
cid site (metal ions of MgO and CaO) is considered to be also
mportant as an active site. The active species formed by the
eaction of benzaldehyde with basic and acidic sites were ben-
ylate and benzoate species and their existence on MgO and
aO oxides was confirmed by infrared study [14,31–33]. The

aise of the reaction temperature increased the intensity bands
f surface benzoates and decreased the intensity bands of sur-
ace benzylates, suggesting that the benzylate species change to
enzoate species [14,33].

After total inhibition of reaction with time on flow, the
eplacement of nitrogen by dihydrogen as the carrier gas entailed
he progressively apparition of the activity on CaO, SrO and BaO
xides, whereas MgO oxide was completely inactive. However,
lthough the raise of the activity with reaction time has been
bserved, one notices that the initial activity gotten under cur-
ent of nitrogen was not recovered. This result suggests that the
egeneration of active species such as basic hydroxyl groups
OHsurface) or others intermediate species are probably more
ifficult.

.1.2. Selectivity

.1.2.1. Benzyl alcohol selectivity. After N2 pretreatment, ben-
yl alcohol was selectively obtained only on MgO oxide in
he whole range of reaction temperature (Table 2). It was also
btained like only reaction product at TR < 250 ◦C and the reac-
ivity decreased with time on flow (Fig. 1), tending to zero order.
nalogous to results obtained in homogeneous medium [21],

enzyl alcohol should be produced by the Cannizzaro reaction:

PhCHO + OH− → PhCOO− + PhCH2OH

he decrease of the benzyl alcohol formation with the time on
ow leads to the decrease in the number of the hydroxyl surface
pecies and consequently, in benzaldehyde conversion. The Can-
izzaro reaction stoichiometrically consumes surface hydroxyl
roups (OHsurf) then ends up. The mechanism on oxide surfaces

an be written as follows:

PhCHOg + OHsurf � PhCH(OH)Oads
PhCHOg−→ PhCOOsurf + PhCH2OHg

a
o
t
[

lysis A: Chemical 258 (2006) 59–67

In this process, the obtained results reflect the surface mobil-
ty (or nucleophilicity) of the hydroxyl groups on MgO oxide
2,6,19] and the formation of one benzyl alcohol molecule con-
umes one surface hydroxyl group, thus explaining the decrease
n reactivity with time. This result involves the disappearance
f surface basic hydroxyl groups and the formation of adsorbed
enzoate species. The number of active sites can be estimated
entatively for MgO oxide from extrapolation to t → 0 of the
urve conversion versus time (Fig. 1). Taking into account the
mount of benzyl alcohol formed with time, we can deduced the
umber of hydroxyl groups reacts with benzaldehyde.

However, the analysis results show that the increase in the
eaction temperature leads to the increase the number of the sur-
ace active hydroxyl species. At 100 ◦C, the number of hydroxyl
roups, which were consumed after reaction are approximately
8 OH/nm2 and this number increased to 25 OH/nm2 at 150 ◦C.
affad et al. [2] were showed that the determined OH number
ot reflects the real basicity of surface metal oxide and may
e different from the total number of hydroxyl groups present
n the surface. The observed activity to benzyl alcohol would
nly depend on the number of strong basic hydroxyls, referred
o as type I, is a terminal OH coordinated to one metal cation
M OH). It corresponds to the highest wave number in the IR
pectrum. The presence of basic OH groups was proven by the
ormation of hydrogen carbonate species with the adsorption
O2 [34] or by CS2 and COS hydrolysis [35].

On the other hand, on the basis of the basic and acidic nature
f alkaline earth metal oxides and the kinetic results [14], it is
nferred that benzylate and benzoate species are formed over
aO oxide:

Benzaldehyde reacts with basic sites O2− of CaO oxide to
orm an intermediate (I), while it reacts with Lewis acid sites
a2+ to form an intermediate (II). Calcium benzoate (III) and
enzylate (IV) are formed by the hydride ion transfer form (I)
o (II). Benzyl alcohol is considered to be formed by a proton
ransfer of surface hydroxyl group to benzylate (IV).

On CaO, SrO and BaO oxides, no benzaldehyde conversion at
00 ◦C and no benzyl alcohol formation above 100 ◦C are prob-

bly due to the strong adsorption of benzylate species formed
n the surface oxide, and the increase in the reaction tempera-
ure changes the surface benzylate species to benzoate species
14]. Benzaldehyde is known to dissociatively adsorb as ben-
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oate and benzylate species on basic oxides [2,20,21,36] and
ubsequent heating leads to the disproportionation to toluene
15], or to the decomposition of these species to benzene
20,37–38].

.1.2.2. Toluene selectivity. In such conditions, only CaO oxide
roduced selectively the toluene (Table 2). It appears in the range
50–350 ◦C and decreases progressively with a reaction temper-
ture. Formally, toluene formation requires two hydrogen atoms
rom benzaldehyde and four hydrogen atoms if water appears
2]. In the absence of dihydrogen flow, hydrogen comes from
urface hydroxyl or aldehydic groups. Sreekumar and Pillai [15]
howed that toluene product is formed by disproportionation
rom benzyl alcohol:

PhCH2OH → PhCH3 + PhCHO + H2O

n CaO oxide, no trace of benzyl alcohol was detected in the
eaction mixture, suggesting that alkoxy species do not desorb
reaction 2) and probably react directly by a new surface step
o toluene [2]. By analogous to Sreekumar and Pillai reaction,
oluene may arise from successive reactions.

Benzaldehyde dismutation to surface benzylate species (Can-
izzaro reaction):

PhCHOg → PhCOOads + PhCH2Oads

nd the presence of two nearby benzylate species could trans-
ormation to toluene (Pillai reaction):

PhCH2Oads + 2Hads → PhCH3 + PhCHOg + H2Og (1)

r a benzylate species and a benzaldehyde molecule (reaction
):

hCH2Oads + PhCHOg → PhCH3 + PhCOOads (2)

o differentiate mechanisms (1) and (2), we had recourse to TCD
etector in GC analysis. The results reveal the totally absence
f the water formation and the presence in the reaction mixture
he concomitant formation of CO2. These results confirm the
igh benzene selectivity obtained on CaO oxide, and suggest
hat mechanism (2) prevails.

.1.2.3. Benzene selectivity. Some benzene appears on all alka-
ine earth metal oxides and the rate increase with the increasing
f basicity in order: MgO < CaO < SrO < BaO (Table 2). Over
rO and BaO oxides, the high selectivity to benzene (100%)
etween 150 ◦C and 350 ◦C, and the increased benzaldehyde
onversion to benzene with the increasing reaction temperature
uggests that the final product should be dependant only the
cidic or redox surface properties [2]. Benzene is usually con-
idered to be the result of the decomposition of surface benzoate
pecies with carbon dioxide formation [37]:
6H5COOads + Hads → C6H6g + CO2g

he high activity and benzene selectivity over SrO and BaO
uggest that a subsequent heating leads to the decomposition of
he benzoate species into benzene and CO2. On CaO oxide, the

s
c
h
b

lysis A: Chemical 258 (2006) 59–67 65

oluene formation is accompanied to benzoate species. The ele-
ation of reaction temperature decomposed the benzoate species
o benzene and CO2.

All results strongly suggest that benzoate surface species
lways appear during the formation of benzyl alcohol, toluene
r benzene. A possible intermediate is a hemiacetal specie Ph-
H(OH)Oads [39]. It may be regarded as a hydride producer for

eductions (via benzylate species) or a benzene precursor.

.2. Benzaldehyde reduction under dihydrogen
tmosphere (H2)

.2.1. Activity
The use dihydrogen flow, as the carrier gas can provokes not

nly the direct hydrogenation of benzaldehyde but it can also
odify the surface properties [2]. Indeed, the comparison of the

btained results with the two reaction processes revealed that, in
he range reaction temperature, the activity was the most weak
nder atmosphere hydrogen. Thus, the dihydrogen pretreatment
s expected to affect the hydroxyl groups. The dihydrogen pro-
uced some oxygen vacancies by moderate reduction of the
urface [2,24].

However, the activity of the irreducible alkaline earth metal
xides was modified by the dihydrogen atmosphere process and
ecrease in the order: CaO > SrO > BaO > MgO = 0 (Table 3).
n the whole temperature reaction, no conversion was observed
ver the irreducible magnesia and the H2 pretreatment dras-
ically inhibited the Cannizzaro reaction. One infers that this
ctivation mode provokes the modification of hydroxyl groups
nd, as a result, the total inhibition of the dismutation reaction
nd mechanism of dehydroxylation is probably complex. On the
ther hand, the observed activities were not related directly to
he reducibility of the metal oxides. The order of the standard
otentials redox E0 (ox/red) [40]:

BaO/Ba(−1.59 V) > MgO/Mg(−1.86 V)

> CaO/Ca(−2.26 V) > SrO/Sr(−2.59 V)

s different from the order of activity of the alkaline earth metal
xides. Under the experimental conditions, probably the hydro-
en molecules could be not activated by the irreducible MgO
xide because of its small crystallite size, whereas CaO, SrO,
aO oxides that exhibits thick crystallite size can probably
ncourage the activation of hydrogen molecules (Table 1). This
esult was confirmed when the dihydrogen was replaced by the
itrogen as carrier gas. The benzaldehyde conversion decreased
ith time on stream until the total reaction inhibition on all
xides, what shows that the reaction is become stoichiometric
nd the presence of a nondissociative or dissociative hydrogen
dsorption on the surface oxides has been completely consumed.

.2.2. Selectivity
The fact that the aromatic nucleus is unreactive while the

arbonyl group undergoes hydrogenation and hydrogenolysis

uggest that the aromatic aldehyde reacts principally with the
atalyst via carbonyl function [19]. In such case, the adsorbed
ydrogen preferably attack the carbonyl group due to the energy
arriers [18,41,42].



6 Cata

4
(
l
o
t
o
a

i
e
o
s
p
1
s
c

a
h
w
t
T
a
s
t

b
b
g
t

4
t
s
a
s
r
s
H
e
o
e
s
b

•

•

4
f
(
b
b
s
r
a
[
s
h
d

t
t
z
o
b

C

T
h
r
t
a
o
t

6 A. Saadi et al. / Journal of Molecular

.2.2.1. Benzyl alcohol selectivity. At low reaction temperature
<250 ◦C), benzyl alcohol was produced with high selectivity at
ow conversion on CaO (100%), SrO (100%) and BaO (56.7%)
xides. The elevation of reaction temperature seems to indicate
hat benzyl alcohol disappeared progressively with the increase
f benzaldehyde conversion. This result reveals that the benzyl
lcohol is favored only at low benzaldehyde conversion.

In such conditions, benzyl alcohol is the primary product dur-
ng the gas-phase hydrogenation of benzaldehyde over alkaline
arth metal oxides. In the presence of dihydrogen flow, these
xides favored the carbonyl reduction compound to the corre-
ponding alcohol, even at low conversion. As to the chemical
rocess of benzyl alcohol formation, it can be supposed to be
–2 nucleophilic addition, with a high polarization of the tran-
ition state, as in the case of the hydrogenation of conjugated
arbonyl compounds [41–44]:

Therefore, hydrogen surface species may be considered as
ctive intermediates for the direct hydrogenation of benzalde-
yde to benzyl alcohol [2,5,19,45]. It was reported by several
orkers that the infrared studies have shown on different oxides,

he heterolytic and homolytic dissociation of dihydrogen [45].
he surface oxide has been totally dehydrated prior by H2
dsorption and the OH group is likely to originate from the dis-
ociative adsorption of the hydrogen molecule occurring on the
horoughly dehydrated oxide [16].

It is worth noting that MgO bare oxide, which is considered to
e basic, no benzyl alcohol was observed in the exit gas probably
ecause, more strongly held on the oxide surface or the hydroxyl
roups, active in the Cannizzaro reaction, has been removed by
he dihydrogen pretreatment.

.2.2.2. Toluene selectivity. It is generally considered that
oluene is the product of a consecutive reaction of hydrogenoly-
is of benzyl alcohol [1,2,19,46]. Indeed, flowing the CaO, SrO,
nd BaO oxides with the benzyl alcohol instead of benzaldehyde,
electively led to toluene production. In a parallel experiment,
eplacing benzaldehyde by benzylalcohol in the reactant flow
howed the formation of toluene with a selectivity of 100%.
owever, benzyl alcohol is a complex molecule possessing sev-

ral active centers such as the acidic proton and basic oxygen
f the O H function and the reductive hydrogen of the C H
xocyclic function. All these centers may interact with the oxide
urface or dihydrogen molecule [19]. Also several pathways can
e envisaged for toluene formation.

In the case of the CaO and SrO oxides, the totally disap-
pearance of benzyl alcohol product and the appearance of
toluene product with low selectivity in the mixture reaction
supposed that the hydrogenation of benzaldehyde to benzyl

alcohol can continue to toluene. In such a case, the activity
in toluene should reflect the aptitude of the surface oxide
to both adsorb the alcohol and dissociate H2. The toluene
formation probably resulted in the protonation of the alcohol

5

t

lysis A: Chemical 258 (2006) 59–67

function on a Brönsted acid site (H–O–Msurf) followed by
hydrogenolysis of the protonated specie on a adjacent metal
site (M H):

In the case of BaO oxide, during the steady-state setting-up at
low reaction temperature (150 ◦C), toluene appeared as a sec-
ondary product. The presence of benzyl alcohol and toluene
products in the reaction mixture suggests the existence of
another reaction path than that described above. This path
probably involves very active sites on which toluene is fastly
formed in the early stages of the reaction where the partial
pressure of both reactants and products were low. These sites
were then poisoned at higher conversion by the one or the
other reactant molecule, even water. The possible route would
be the benzylalcohol dismutation to toluene, benzaldehyde
and water on the support [47–49]:

.2.2.3. Benzene selectivity. In the present case, Benzene is
ormed only at high reaction temperature (>250 ◦C) on CaO
>89%), SrO (>90%) and BaO (100%) oxides. It is believed to
e the product of the hydrogenolysis of the external C(aryl)–C
ond of benzaldehyde [18,19]. Vannice and Poondi [1] were
howed that benzene formation was produced directly from the
eactant molecule and not from the alcohol or toluene intermedi-
tes. Carbon monoxide was identified as co-product of benzene
1]. However, Herskowitz [46] was showed that benzene is the
equential product of the consecutive hydrogenation of the alco-
ol to toluene; it appears only when essentially all aldehyde has
isappeared.

In our study, using of TCD detector in GC analysis has shown
hat no CH4 was detected. The results were revealed in the reac-
ion mixture the presence of carbon monoxide as co-product ben-
ene. These results confirm the high benzene selectivity obtained
n CaO, SrO and BaO oxides. In the following sequence, we can
e simplified the benzaldehyde hydrogenolysis to benzene:

6H5CHOg → C6H6 + COads

he exact nature of the reaction paths of benzaldehyde
ydrogenolysis to benzene and carbon monoxide is not yet
eported to our best knowledge. It probably implies a bifunc-
ional site: the adsorption of the reactant molecule on an
cidic/cationic site then dissociation of the aldehydic C H bond
n a metal site. Further work is needed to obtain more informa-
ion’s on the real involved reaction paths.
. Conclusion

Reduction of benzaldehyde has been chosen as a model reac-
ion for determining the surface properties of alkaline earth
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etal oxides. Under nitrogen atmosphere, the results show that
he active sites are basic hydroxyl groups. Only MgO oxide
roduced selectively the benzyl alcohol, whereas toluene and
enzene are usually formed at high reaction temperature on CaO,
rO and BaO oxides. On MgO, the mechanism suggests that
enzaldehyde reduction to benzyl alcohol is the result of the
annizzaro dismutation. The reaction requires basic hydroxyl
roups. The observed conversions depend only on the initial
umber and strength of these entities.

Under dihydrogen flow, a stationary state is reached on CaO,
aO and SrO, whereas MgO is inactive. The presence of H2 flow
ot affects the benzyl alcohol formation on CaO oxide. This
esult suggests that the presence of totally dehydrated surface
s probably necessary for both dissociative and nondissocia-
ive adsorption of dihydrogen, as consequence, benzaldehyde is
irectly reduced to benzyl alcohol. Toluene product arose from
he hydrogenolysis of benzyl alcohol on probably bifunctional
ites involving metal hydride species. As to benzene, it resulted
rom benzaldehyde hydrogenolysis probably through a surface
ydrogenate specie. Useful information on the surface proper-
ies of the alkaline earth metal oxides and the reaction course
ere given by comparing the transformations of bnezaldehyde
nder N2 or H2 atmosphere.
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