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Coupling the deoxygenation of benzoic acid with the oxidation of
propylene on a Co molybdate catalyst
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Abstract

An innovating coupling between the deoxygenation of benzoic acid and the oxidation of propylene was set up and gave new information
about the mechanism involved in the oxidation of propylene on a Co–Mo based oxide catalyst. The production of CO2 during the catalytic
reaction is bound to the formation of benzene and benzaldehyde. The first case corresponds to the removal of the carboxyl function of the
benzoic acid. The second case is the evidence that benzaldehyde and products coming from the oxidation of propylene are formed on the
same catalytic sites during the Mars and van Krevelen cycle. In this cycle, the oxygen atoms used for the oxidation come from the benzoic
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cid by the intermediate of the oxide lattice. In particular, it has been demonstrated that the oxidation of propylene involves latti
toms far from each other in such a way that the reaction leaves single oxygen vacancies at the surface of the catalyst. Such coup
deoxygenation reaction and an oxidation one is reported for the first time.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Cobalt molybdates are well-known catalysts used with
uccess, in their sulfidated forms, in hydro-desulphurisation
rocesses. They are very active and exhibit high resistance to
oisoning and deactivation. Some authors have studied cobalt
olybdates in other processes like selective oxidation reac-

ions, especially in the selective oxidation of propane[1–3],
sobutene[4,5], propylene or acrolein[6,7]. Like Ni–Mo,
i–Mo or Fe–Mo oxide catalysts, the good activity shown
y these phases is not well understood yet. Several ex-
lanations are based on the oxidation state of the surface
nd/or of the bulk[8,9], some crystallographic considera-

ions [10,11] or some complex mechanisms involving atom
acancies[7,12,13].

Our contribution to the understanding of the catalytic per-
ormances of Co–Mo catalysts, more specifically of oxides
n selective oxidation reactions, consists in the development

∗ Corresponding author. Tel.: +32 10 473665; fax: +32 10 473649.
E-mail address:gaigneaux@cata.ucl.ac.be (E.M. Gaigneaux).

of the deoxygenation of benzoic acid as a new probe rea
of oxide catalysts.

Deoxygenation of benzoic acid in presence of hydro
is described in the literature as a reaction with selectiv
to the different products depending on the arrangeme
oxygen vacancies (OV) at the surface of the catalysts. Po
et al. have proposed that, on oxides like ZrO2, Mn3O4 or
MgO, benzaldehyde can be produced at the surface o
alysts exhibiting isolated oxygen vacancies Eq.(1) [14,15].
Moreover, twin oxygen vacancies, namely vacancies clo
each other, catalyze the formation of toluene Eq.(2). In such
a mechanism, the oxygen vacancies (OV) are filled with the
oxygen atoms coming from the benzoic acid.

C6H5COOH + OV → C6H5COH + OL (1)

C6H5COOH + 2OV + 2H → C6H5CH3 + 2OL (2)

with OL representing lattice oxygen atoms and OV represent
ing oxygen vacancies.

A third product, benzene, can also be produced but w
out requiring oxygen vacancies[15,16]. Following the per
381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2005.04.040
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formances of the deoxygenation of benzoic acid thus clearly
allows to probe the catalysts surface state in terms of density
and arrangement of the oxygen vacancies.

Our preliminary works have shown that the deoxygena-
tion of benzoic acid in presence of molecular hydrogen on
molybdenum oxides and suboxides leads to the deep reduc-
tion of the catalysts[17]. Although such a phenomenon is
interesting to investigate, it does not directly reflect the sur-
face state of the catalysts during the reaction in steady state
conditions. Indeed, during the reaction, several crystalline
phases appear and disappear sequentially, which makes the
interpretation complex. To avoid such a modification of the
catalysts, we have replaced hydrogen by a weaker reducer,
namely propylene. Through this procedure, the redox char-
acter of the co-reactants is, a priori, better equilibrated. In
addition, we have switched from the molybdenum suboxides
to metal molybdates for three reasons: (i) metal molybdates
are closer from a “real” and “industrial” catalytic system,
(ii) metal molybdates are more stable than molybdenum sub-
oxides during the reaction and (iii) deoxygenation of ben-
zoic acid coupled with the oxidation of propylene does not
need the presence of molecular hydrogen when performed
on metal molybdates[18]. This allows to expect that the con-
cerned catalysts remain stable during the whole course of the
reaction.

Another important aspect in this innovative approach is
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100 ml of distilled water at room temperature (solutions A
and B). When complete dissolution was reached, the mixture
of the solutions A and B was adjusted to pH 1 with nitric acid
(Aldrich, 25%). Then, a citric acid solution (Merck, 99%),
12.5241 g in 100 ml of water, was added dropwise to the
Co–Mo precursors solution. Afterwards, water was evapo-
rated at 310 K under reduced pressure and the obtained solid
was dried overnight at 353 K under vacuum. The dried solid
was calcined in air first at 573 K during 20 h then a second
time at 723 K during 20 h.

2.2. Characterization of the Co–Mo catalyst

The catalysts were characterized before and after the cat-
alytic reactions. Specific areas were measured with a Mi-
cromeritics ASAP 2000 instrument using the adsorption of
Kr at 77 K; therefore, the samples were degassed prior to
the analysis at 10−6 bar and 423 K for 1 h. To confirm the
crystallographic form of Co–Mo compound before and af-
ter catalytic test, X-ray diffraction (XRD) was performed
on a Siemens D5000 diffractometer using the K� radiation
of Cu for two-θ angles scanned between 5◦ and 80◦ at a
rate of 1.2◦ min−1. X-ray photoelectron spectroscopy (XPS)
was performed with an Axis Ultra spectrometer from Kratos
working with a monochromatic Al K� radiation. Mo 3d, Co
2p, O 1s and C 1s bands and survey spectra were recorded.
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n conventional oxidation reactions (as described by

ars and van Krevelen mechanism[19]) by a more comple
xygen-donating molecule, benzoic acid. The catalytic

em can thus be summarized like this: oxygen atoms need
xidize propylene into acrolein or CO/CO2 comes, by the in

ermediate of the lattice oxygen, from the benzoic acid tr
ormed in benzaldehyde or toluene.

It is the very first time that a selective oxidation reac
s coupled with the deoxygenation of a carboxylic acid.
nterest of such a coupling between the deoxygenatio
enzoic acid (DBA) and the selective oxidation of propyl
SOP) is its “probe reaction character”. It indeed permi
orrelate in real time the performances of the investig
atalysts “at work” towards the formation of oxygena
olecules (acrolein, CO and CO2) with their surface state,
articular the oxygen vacancies arrangement and indir

he reduction state[17]. These characters will be deduc
rom the DBA selectivities. The objective of this pape
o provide the experimental evidence that such a cou
appens on Co–Mo oxide catalysts.

. Experimentals and methods

.1. Preparation of Co–Mo oxide

Co–Mo oxide was prepared as follows: 13.2855 g
NO3)2·6H2O (Merck,99%) and 8.0337 g of (NH4)6Mo7

24·7H2O (Aldrich, 99%) were dissolved separately
he binding energies were calibrated by fixing the C(C, H)
ontribution of the C 1s adventitious carbon at 284.8 eV.
her details on the XPS experiments and corresponding
reatments concerning the decomposition of the Mo 3d
o the different Mon+ species, are given elsewhere[20].

.3. Catalytic activity measurement

Three different catalytic experiments were realize
tmospheric pressure in a fixed bed microreactor. (
xperiment BAC3, the reaction feed contained 635
f benzoic acid (Aldrich, 99%) and 318 ppm of propyle
Indugas, 2.01% vol. in He). Helium (Indugas, 99.996
as the gas balance. (ii) In experiment BA, the reaction
ontained 635 ppm of benzoic acid (Aldrich, 99%) dilu

n helium (Indugas, 99.996%) as the gas balance. (ii
xperiment C3, the reaction feed contained only 318 pp
ropylene (Indugas, 2.01% vol. in He) in helium (Indug
9.996%) as the gas balance. All the parts of the re
ere maintained above 405 K to avoid the solidificatio
enzoic acid in the lines. The total flow was adjuste
00 ml min−1. Three hundred milligrams of catalyst with
ranulometry of 100–315�m were used. For all the cataly
onditions, the performances were measured at 723
6 h. On-line GC analyses were performed by usin
ame ionization detector (FID) for the detection of
eactants (benzoic acid and/or propylene) and the sele
roducts (benzene, toluene, benzaldehyde, acrolein)
atharometric detector (TCD) for the detection of CO
O2. Since quantities involved during the reaction are v
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low (maximum 954 ppm), the error made on the measured
raw data are not negligible and must be considered for the
calculation of the selectivities. For information purposes, er-
rors on the benzoic acid, benzaldehyde, benzene, propylene,
CO and CO2 concentrations correspond respectively, to 10,
1, 4, 4, 1 and 1 ppm. Moreover, due to the system design and
the use of benzoic acid which requires high temperature in
whole the catalytic system (temperature higher than 405 K to
avoid the solidification of the acid), we were unable to detect
acrolein in a quantitative way. Indeed, such a temperature is
high enough to induce its polymerisation or thermal degra-
dation. Moreover, the small potential amount of acrolein
formed during the reaction (maximum 318 ppm) is below
the threshold of detection of the GC apparatus (2000 ppm).

Raw data were analysed by statistical methods using Pear-
son product-moment correlation coefficient Eq.(3) and a
commercial software (STATISTICA).

r =
∑

(X − X̄)(Y − Ȳ )

NσXσY

− 1 ≤ r ≤ 1 (3)

whereX, Yare the mean,σX, σY are the standard deviations
andN the number of considered samples.

According to this mathematical definition Eq.(3), r will
be equal to zero if no relation can be found between two
variablesX andY. A negative value means that whenX or Y
increases,YorXdecreases at the same time. On the contrary,
a positive value means that whenXorY increases,YorXalso
increases.

3. Results

3.1. Catalytic activity measurement

Fig. 1A describes the performances measured for the de-
oxygenation of benzoic acid and the oxidation of propylene
in the experiment BAC3. Concerning the benzoic acid side,
initial conversion is 100% and decreases with time on stream
to stabilize at 40% after 15 h of reaction. Two products of re-
action are identified: benzaldehyde and benzene, correspond-
ing respectively to 3 and 97% of selectivity in the first hour
of reaction. The selectivity to benzaldehyde increases with
time on stream to the detriment of the benzene production
and reaches 18% in the last hour of reaction. Toluene was

F
a
b
a

ig. 1. (A) Conversion of benzoic acid and selectivities in benzaldehyde and
nd selectivities in CO and CO2 with time on stream at 723 K (bottom graph
enzaldehyde and benzene with time on stream at 723 K (experiment BA), (
t 723 K (experiment C3).
benzene with time on stream at 723 K (upper graphic), conversion of propylene
ic) (experiment BAC3), (B) conversion of benzoic acid and selectivities in
C) conversion of propylene and selectivities in CO and CO2 with time on stream
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Fig. 2. X-ray diffractograms of (A) fresh Co–Mo oxide, (B) Co–Mo oxide used in experiment BAC3, (C) Co–Mo oxide used in experiment BA, (D) Co–Mo
oxide used in experiment C3. (∗) Indicates X-ray peaks attributed to CoMoO4 (JCPDS n◦25-1434), (�) indicates X-ray peaks attributed to CoMoO3 (JCPDS
n◦21-0869).

not detected during the whole duration of the catalytic test.
The total selectivity in aromatic compounds is thus complete
considering the error due to the GC apparatus.

The evolution of the activity measured at the same time for
the oxidation of propylene is totally different: a conversion
of 10% is observed and remains constant during the whole
reaction. Concerning the selectivities, some important mod-
ifications between the different products are observed. After
the first hour of reaction, selectivity to CO2 decreases from
23 to 10% in 16 h. CO is only detected in traces. For the
propylene side, the carbon balance could not be reached but
no additional products are detected.

The catalytic results of experiment BA are described in
Fig. 1B. This catalytic test is performed only with benzoic
acid in the gaseous feed. Until the sixth hour of reaction, con-
version is maximum. After that, some oscillations between
100 and 95% of conversion are observed. Three products of
reaction are formed: benzaldehyde and benzene, respectively

F corre-
s

with 8 and 92% of selectivity (on average) and CO2 with a
rather constant concentration of 35 ppm. No other products
are detected.

Fig. 1C shows the results obtained in the conditions of ex-
periment C3, i.e. with propylene in the feed but without ben-
zoic acid. The conversion of propylene is low (less than 10%)
and increases slightly with time on stream. No acrolein, CO,
CO2 nor any unknown product are detected with the direct
consequence that carbon balance is not reached. But, remem-
bering that the detection threshold of acrolein is 2000 ppm
and as our GC apparatus is able to detect concentrations of
COx as low as 35 ppm, one could assume that the selective
product is formed with a selectivity near 100%.

3.2. Characterization of Co–Mo catalysts

The specific area of the fresh catalyst is 11.3 m2 g−1. After
experiments BAC3, BA and C3, these values, respectively
increase to 13.8, 13.1 and 12.1 m2 g−1.

X-ray diffraction analysis (Fig. 2) performed on fresh
Co–Mo oxide catalyst reveals the presence of two crystal-
lographic phases corresponding to CoMoO4 (JCPDS n◦25-
1434) and CoMoO4 (JCPDS n◦21-0868). These two phases
only differ by the cell sizes. In addition to those phases, two
peaks attributed to CoMoO3 (JCPDS n◦21-0869) are detected
in the three samples recovered after experiments BAC3, BA
a

d in
F the
c hich
m rel-
a ight
d test:
0 esh
ig. 3. Atomic concentration measured by XPS in fresh and samples
ponding to BAC3, BA and C3 experiments.
nd C3.
Atomic concentrations measured by XPS are reporte

ig. 3. The histogram shows an important increase in
arbon content at the surface of the used catalysts w
akes inconsistent the calculation of any elemental ratio
tive to carbon or oxygen. Co/Mo atomic ratios are in sl
iminution in all the samples recovered after catalytic
.85 (BAC3), 0.80 (BA), 0.85 (C3) against 1.07 in the fr
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Fig. 4. Molybdenum species detected by XPS in fresh material and samples
corresponding to BAC3, BA and C3 experiments.

catalyst.Fig. 4 gives the importance of the different Mon+

detected for the fresh catalyst and after the different tests.
Compared to the fresh material, the catalyst recovered after
the test with propylene only (experiment C3) is the most re-
duced one. The sample recovered after the test with benzoic
acid only (experiment BA) is the most oxidized one after the
fresh catalyst. The sample recovered after the test in pres-
ence of both benzoic acid and propylene (experiment BAC3)
presents an intermediate reduction degree between the BA
and C3 samples.

4. Discussion

Let us discuss the primary available results. Thanks to
the probe reaction mechanism, the detection of benzalde-
hyde formed during the deoxygenation of benzoic acid on
Co molybdate catalyst and the absence of toluene (both ob-
served in both tests BA and BAC3) reveal that only single
oxygen vacancies are present at the surface of the catalyst
However, the large amount of benzene also indicates that
these single oxygen vacancies are scarce at the surface of the
Co molybdate.

Besides, the BA experiment highlights a small and con-
stant production of CO2, namely 35 ppm. In a first approach,
o in of
t cid.
T light
r t BA
i fact
t eeds
w t
o rve:
( m-
p atic
c
t n of
s d,

(iii) the probable presence of other products from (almost) to-
tal oxidation, namely CO. None of these three expectations
were validated by our experiments. Therefore, although one
cannot discard it absolutely, one must admit that the total ox-
idation of benzoic acid, if it occurs, is marginal compared
to the formation of benzaldehyde and benzene. This view
matches well with the observations concerning the forma-
tion of benzaldehyde. Namely, starting from a fully oxidized
surface of Co molybdate (see XPS), the catalyst is not able to
produce benzaldehyde as it misses OV. The total oxidation of
benzoic acid would be responsible for the creation of some
scarce single oxygen vacancies, which are detected by the
probe reaction accordingly with the observed selectivity to
benzaldehyde in experiment BA.

Focussing on the second side of the coupling reaction,
namely the propylene oxidation, the available literature re-
ports Co molybdate as an active and very selective catalyst
in the selective oxidation of propylene[6,7,21]. In the ex-
periment BAC3 and C3, whereas a significant conversion of
propylene is measured, no selective products are detected
and an important lack of selectivity is observed. There are
two possible reasons to explain such a major lack in the car-
bon balance: (i) the technical limitation exposed above makes
impossible the detection of the formed acrolein and (ii) a part
of the propylene and/or acrolein contributes to form a coke
deposit at the surface of the catalyst. The first cause is unfor-
t GC
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ne could discuss the relevance of assigning the orig
his carbon dioxide to the total oxidation of benzoic a
his hypothesis would be supported by the fact that a s
eduction of the catalyst corresponding to the experimen
s detected by XPS. This reduction would be due to the
hat the envisaged total oxidation of benzoic acid proc
ithout oxygen in the feed, i.e. by using the OL of the catalys
nly. If a total oxidation reaction occurs, one should obse
i) a diminution of the total concentration in aromatic co
ounds in the outlet flow, i.e. a total selectivity in arom
ompounds of less than 100%, (ii) a concentration of CO2 at
he outlet of the reactor corresponding to the generatio
even molecules of CO2 per molecule of benzoic acid burne
.

unately a certainty verified by the measurement of the
etection threshold of the acrolein. The second reason
ot be neither discarded: acrolein and/or propylene ca
recursors of coke. Indeed, XPS results show that the ca
ontent increases in both BAC3 and C3 tests, to 63 and
espectively whereas the carbon content at the surface
resh catalyst is only 24%. However, one cannot conc
hat no acrolein is formed in our catalytic conditions si
he carbon increase observed in the case of the C3 e
ent is acceptable for a catalyst used in a selective oxid

eaction. Moreover, the noticeable difference of the ca
ontribution between C3 and BAC3 indicates that the ben
cid, when it is present, is involved in the coke formation.
rguments to discuss this point will be provided later in

ext.
The raw data discussed until now do not show any d

nd concluding information to reach our objectives. But
efining these results, major new evidences for the feasi
f the coupling are highlighted.

Refined data are summarized inFigs. 5 and 6. Yield to CO2
s plotted as a function of the benzoic acid conversion. By
lying a linear regression to the available points (R2 = 0.99), it
ppears that a correlation binds the benzoic acid conve
ith the formation of CO2. A previous part of this discu
ion established that benzoic acid is only marginally bur
hereasFig. 1A shows that benzoic acid is mainly conver

o benzene and benzaldehyde. Taking this into accoun
orrelation between benzoic acid and carbon dioxide
uggests that at least one relation must exist between
ene and CO2 and/or between benzaldehyde and CO2. Four
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Fig. 5. CO2 yield as a function of benzoic acid conversion.

Table 1
Pearson product-moment correlation coefficients atp-level < 0.05 (N= 21)

Pearson product-moment
correlation coefficients (r)

CO2 concentration

Benzoic acid conc. −0.99
Propylene conc. −0.57
Benzladehyde conc. 0.59
Benzene conc. 0.99

relations are evaluated by the Pearson product-moment corre-
lation coefficient method (Table 1). According to the p-level,
all are significant. Among these, we notice that two posi-
tive correlations exist between the CO2 concentration and
the benzaldehyde or benzene concentrations. A more sur-
prising negative but however significant correlation is found
between CO2 and propylene. To visualize the relations, data
are plotted inFig. 6 which presents the benzene and ben-

zaldehyde concentrations in the outlet feed as a function of
the CO2 concentration. The linear correlations obtained be-
tween CO2 and benzene/benzaldehyde are both very strong
(R2 = 0.98 and 0.90, respectively) and can then be considered.
TheR2 of the respective correlation function indicates that
the dependence between CO2 and benzene or benzaldehyde is
clearly the reflect of a specific mechanism of reaction. How-
ever, the fact that the corresponding angular coefficient for
the two correlations is different indicates that the mechanism
of reaction describing the formation of the two products are
different. In order to elucidate the nature of these different
mechanisms, it is crucial to discuss the origin of the CO2.

After that a previous part of this discussion has established
that CO2 is only marginally coming from the total oxidation
of benzoic acid, two hypotheses must be examined: (i) CO2
could be the product formed by the removal of the carboxyl
function from the benzoic acid when benzene is generated,
(ii) CO2 could be the total oxidation product from propylene.
Further correlations shown inFig. 6A and B permit us to
elaborate an answer.

Concerning the relation between the benzene and the CO2,
a dependence is clearly significant regarding the angular coef-
ficient of the linear regression (10.28). It can be assumed that
carbon dioxide is formed co-linearly with the benzene. CO2
would be the result of the carboxyl group removed from the
benzoic acid. Such a hypothesis is not in contradiction with
t ed by
a ycle
a
N o one
c may
b rma-
t n but
o into
o but
t by
F r

tion of
Fig. 6. (A) Concentration of benzene and benzaldehyde as a func
he literature. Indeed, it is proposed that benzene is form
radical-like rupture of the bond between the aromatic c
nd the acidic function of the benzoic acid molecule[22].
evertheless, this proposed mechanism is subjected t
ondition: benzoic acid may loose its acidic proton and
e adsorbed on the catalyst in its benzoate form. No info

ion are available on what happened to the acidic functio
ur results suggest that the acidic function is transformed
ne CO2 molecule. That transformation is stoechiometric

he desorption of CO2 would not be quantitative as shown
ig. 6A: there is only about one CO2 molecule released fo

the CO2 concentration, (B) CO2 yield as a function of propylene conversion.
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Fig. 7. Proposed mechanism for the coupling between the probe reaction and the total oxidation of propylene. (∗) Represents the possible intermediate molecules
formed during the total oxidation of propylene.

ten molecules of benzene whereas it could be expected that
one CO2 molecule would be released for each molecule of
benzoic acid transformed to benzene. Experiment BA demon-
strates that fact. Whereas a constant benzene concentration
of about 570 ppm is measured, we only detect 35 ppm of CO2
at the same time. It means that more than 90% of the CO2
coming from the benzene formation remains at the surface
of the catalyst and contributes mainly to the carbonaceous
deposit detected by XPS.

The second hypothesis for the CO2 formation is the total
oxidation of propylene.Fig. 6B presents the yield to CO2 as a
function of propylene conversion. Although no strong corre-
lation could be found, it is sure that a relation exists between
the two compounds as demonstrated inTable 1. The poor
correlation can be explained by the small range of propylene
conversion which induces an important inaccuracy on
the chromatogram integration. The surprising negative
coefficient of that linear relation (−6.34) is a mathematical
artefact which suggests that CO2 is mainly coming from
the benzene formation and only to a lower extent from
the propylene reaction. The part of CO2 coming from the
decarboxylation of benzoic acid cannot be differentiated of
the CO2 coming from the total oxidation of propylene. Since
the negative correlation calculated between the propylene
and the benzene concentrations (r =−0.45) is significant,
it fully explains why the coefficient in the linear relation
b

to
s e
t
t of the

produced CO2 comes from the transformation of benzoic acid
to benzene, (iv) 90% of the CO2 co-linearly produced with
the benzene contribute to the carbonaceous species at the sur-
face of the catalysts, (v) a small part of carbon dioxide comes
from the total oxidation of propylene. One fact remains un-
explained: why is the benzaldehyde formation strongly cor-
related with the CO2?

Our hypothesis is totally innovative and based on the
mechanism of the deoxygenation of benzoic acid. Remem-
bering that deoxygenation occurs on oxygen vacancies at
the surface of the catalyst, it can be suggested that the ox-
idation of propylene and the formation of benzaldehyde oc-
curs consecutively on the same catalytic site (Fig. 7). In that
scheme, benzoic acid gives one oxygen atom to one oxygen
vacancy, forming benzaldehyde and a filled oxygen vacancy
at the surface of the catalyst. In a second step, one propylene
molecule is oxidized to acrolein or an intermediate molecule1

on that filled oxygen vacancy (or another equivalent one).
Afterward, the intermediate molecules could react on other
oxygen lattice to give CO2. Taking into account a stoichio-
metric reaction2, 9 benzoic acid molecules are thus necessary
to oxidize one propylene molecule and to produce three CO2
molecules.

The comparison of the molybdenum oxidation state at
the surface of CoMoO4 used in different reaction conditions
supports our hypothesis. While fresh catalyst has only Mo6+

s .

ygen
a

etween propylene and CO2 is negative.
At this point of the discussion, it could be interesting

ummarize the data: (i) a marginal part of CO2 comes from th
otal oxidation of benzoic acid, (ii) CO2 formation is bound
o the benzaldehyde and benzene synthesis, (iii) a part
pecies at its surface, used catalysts also exhibit Mo5+ species

1 By intermediate molecule, we consider a molecule in which an ox
tom has been added.
2 C3H6 + 9C6H5COOH→ 3CO2+9C6H5COH + 3H2O.
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Mo4+ or Mo0 were never detected in any sample. Moreover, it
appears that the catalyst used in presence of both benzoic acid
and propylene is less reduced than the one used in presence of
only propylene. Indeed, the Mo5+ content at the surface of the
catalyst is lower when benzoic acid is used. This observation
is in agreement with the mechanism of reaction described be-
fore. The lower reduction level of the catalyst when benzoic
acid is present means that oxidation of the surface occurs
during the coupling reaction. If an oxidation of the molybde-
num atoms is possible, we must admit that an oxygen source
is available for the oxidation. In our case, there is only one
possibility: the oxygen atoms coming from the benzoic
acid.

By admitting that the benzoic acid provides oxygen atoms
to the catalyst, we can conclude that the coupling reaction
between propylene and benzoic acid is a reality. So, propy-
lene oxidation and benzaldehyde formation can be linked
only if they occur on the same catalytic site. In other words,
benzaldehyde is formed on a specific catalytic site present-
ing isolated oxygen vacancies whereas the products of the
propylene oxidation, acrolein and CO2, are generated on any
equivalent catalytic sites in their oxidized form i.e. with filled
oxygen vacancies.
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product by the way of a cleaner and environment friendly
process.
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