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Partial Oxidation of Toluene over Ultrafine Mixed Mo-Based Oxide Particles

Wenxing Kuang, Yining Fan, Kaidong Chen, and Yi Chen
Department of Chemistry, Nanjing University, Nanjing 210093, China

Received January 5, 1999; revised May 7, 1999; accepted May 13, 1999

The structure and catalytic properties of ultrafine Mo-based ox-
ide particles prepared by the sol–gel technique are studied by using
XRD, TEM, TPR, FT-Raman, BET surface area measurement, and
microreactor tests. It is shown that for partial oxidation of toluene
to benzaldehyde, the ultrafine Fe2(MoO4)3 and Ce2(MoO4)3 parti-
cles exhibit higher benzaldehyde selectivity and toluene conversion
than the corresponding larger oxide particles prepared by the con-
ventional coprecipitation method. The unique catalytic properties
of ultrafine Fe2(MoO4)3 and Ce2(MoO4)3 particles may be correlated
to the higher mobility of lattice oxygen ions in the oxides and their
higher BET surface area. For the ultrafine Mo-based oxides pre-
pared by the sol–gel process, the selectivity to benzaldehyde follows
the order Ce2(MoO4)3>Fe2(MoO4)3>La2(MoO4)3>MoO3, which
is in good agreement with the reducibility of Mo ions and reactivity
of lattice oxygen ions in the ultrafine Mo-based oxides. These re-
sults reveal that the lattice oxygen ions in the Mo-based oxides are
the main active species for partial oxidation of toluene to benzalde-
hyde. The results of in situ LRS studies indicate that the terminal
Mo==O bonds in Ce2(MoO4)3 are the main reactive species for partial
oxidation of toluene to benzaldehyde. c© 1999 Academic Press

Key Words: ultrafine particles; Mo-based oxides; partial oxidation
of toluene.
INTRODUCTION

Partial oxidation of hydrocarbons via gas-phase process
is one of the most attractive and difficult challenges in the
fields of heterogeneous catalysis. About a quarter of the
industrial production of monomers and chemical interme-
diates is made by the partial oxidation process. Partial oxi-
dation of toluene to benzaldehyde is among the most exten-
sively investigated systems because it was chosen as a model
reaction for the study of oxidation kinetics and methods to
predict optimum reactor design and operation conditions in
which a complex reaction system is involved (1). The signifi-
cance of this process for the chemical industry has been long
perceived and many efforts have been made in improving
catalytic selectivity in the past decades (2–22). However,
the direct utilization of this reaction for the manufacture of
benzaldehyde has remained extremely difficult.

As might be expected, mixed metal oxides have been
among the most widely studied catalysts used for partial
oxidation of toluene. It has been found that of these oxide
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catalysts, higher activity and improved selectivity for the
partial oxidation of toluene are generally achieved by the
Mo-based and V-based oxides (2–19), and the preparation
conditions, oxide composition, and catalyst structure exert
great influences on the catalytic selectivity. The most com-
mon methods employed for the synthesis of the oxide cata-
lysts are the coprecipitation and solid-state reaction routes
(23), which transform into mixed oxide at high tempera-
ture. However, the size of the oxide particles prepared by
these conventional methods is very large, and the BET sur-
face area is rather small. This obviously limits the catalytic
activity of these oxide catalysts.

In the past decade, ultrafine particles have attracted con-
siderable attention in terms of heterogeneous catalysis ow-
ing to their unique physical and chemical properties (24–
27). They are expected to have unique catalytic properties
because of their nano-scale particle size. Among various
methods for the preparation of ultrafine oxide particles, the
sol–gel technique has received increasing attention lately
due to its potential in delivering samples that are better
mixed on a molecular scale, which provides an opportunity
for tailoring the chemical and structural properties of oxide
catalysts (28–31). For instance, the metal oxides prepared by
the sol–gel process have several properties that make them
promising catalyst materials, such as stabilized surface area,
strong thermal stability, large ion exchange capacity, and
dual ion exchange properties for cations and anions (32, 33).

In our previous studies (34, 35), ultrafine mixed Mo-
based oxide particles were prepared by the sol–gel method,
and it was found that by decreasing the particle size of the
Mo-based oxide to nano-scale, the catalytic activity for par-
tial oxidation of toluene to benzaldehyde could be remark-
ably improved. In the present work, we further study the
structure and catalytic properties of the ultrafine Mo-based
oxides prepared by the sol–gel technique. The state and
reactivity of lattice oxygen ions in the ultrafine Mo-based
oxides have been explored.

EXPERIMENTAL

Sample Preparation

Ultrafine mixed Mo-based oxide particles were prepared
by the sol–gel method as reported in our previous studies
0
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(34), in which citric acid was used as a complexing polyfunc-
tional hydroxyacid. Nitrate iron (nitrate cerium, nitrate lan-
thanum), ammonium molybdate, and citric acid (the molar
ratio of citric acid to metallic ions is 1 : 3) were dissolved in
deionized water separately and mixed together. The pH of
the mixture solutions was adjusted to lower than 1.0 for the
Fe–Mo and Ce–Mo samples, and to ca. 1.5 for the La–Mo
sample. The above solutions were kept in a water bath at
333 K for gelation. The gels thus prepared were first dried
at 393 K and then calcined to afford the oxide catalysts. The
mono-component Fe2O3, CeO2, La2O3, and MoO3 oxides
were prepared by the same procedures. For comparison,
the conventional coprecipitation method was also used to
prepare Fe–Mo and Ce–Mo samples as described in the
literature (23).

Characterization

X-ray diffraction patterns were obtained in a Shimadzu-
3A diffractometer with Fe Kα radiation (0.19373 nm) for
Fe2O3 and Fe2(MoO4)3 samples, and Cu Kα radiation
(0.15418 nm) for other samples. The particles’ shapes and
sizes were elucidated by TEM with a JEM-100S trans-
mission electron microscope. The distribution of the ox-
ide particle sizes was determined by the TEM images. The
BET surface area measurements were performed on a mi-
cromeritics ASAP-2000 instrument (N2 adsorption at 77 K).
The TPR experiments were carried out in a U-type quartz
reactor with a heating rate of 10 K min−1 and a flow rate
of H2–Ar mixture (5.0 vol% hydrogen) of ca. 30 ml min−1.
Hydrogen consumption was monitored by a thermal con-
ductivity detector. The pulse microreactor combined with
in situ Raman spectroscopy experiments were performed
using a specially designed in situ cell. The oxide was placed
in the cell, which was aligned using the cell holder in the
sample compartment of the spectrometer. FT-Raman spec-
tra were taken with a Bruker RSF 100 spectrometer fitted
with an InGaAs detector cooled by liquid nitrogen. Raman
excitation at 1064 nm was provided by an Na : YAG laser.

Catalytic Oxidation of Toluene

The toluene oxidation reaction was used as a probe to
study the catalytic properties of the ultrafine Mo-based ox-
ides. The oxides (250 mg) were introduced into a U-type
quartz fixed bed microreactor, and their catalytic proper-
ties for partial oxidation of toluene to benzaldehyde were
evaluated under the reaction conditions of 0.1 MPa, 673 K,
helium/oxygen/toluene= 50/5/1 (vol/vol/vol), helium flow-
rate 20 ml min−1, W/F = 570 (g catalyst/toluene mole flow
in mole/h). The reaction products were analyzed by on-line
gas chromatography. Under the above reaction conditions,
the main products were mainly CO, CO2, H2O, and ben-

zaldehyde.

The reactivity of lattice oxygen ions in the ultrafine Mo-
based oxides in the absence of molecular oxygen was deter-
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mined in a pulse microreactor under the conditions 623 K,
0.2 MPa, helium flow rate of 40 ml min−1, and 0.81 µmol
toluene every pulse (35–36).

RESULTS AND DISCUSSION

The Structure of the Ultrafine Mo-Based Oxides

XRD, TEM, and BET surface area measurements were
used for the Mo-based oxide characterization. The struc-
ture, particle size, and BET surface area of various samples
are presented in Table 1. It was found that forming crystal-
line Fe2O3, CeO2, La2O3, MoO3, Fe2(MoO4)3, Ce2(MoO4)3,
and La2(MoO4)3 by the sol–gel technique needed calcina-
tion at 673, 673, 773, 673, 673, 673, and 773 K, respectively;
forming crystalline Fe2(MoO4)3 and Ce2(MoO4)3 from their
precipitates needed calcination at 773 and 823 K, respec-
tively (34, 37). It can be seen that the size of Fe2O3, CeO2,
and La2O3 particles is in the range ca. 40–80, 10–20, and
40–80 nm, respectively, while the size of MoO3 particles is
larger than 100 nm. This reveals that ultrafine Fe2O3, CeO2,
and La2O3 particles can be obtained by the sol–gel method.

With addition of iron, cerium, and lanthanum oxides
to molybdenum oxide, however, the size of Fe2(MoO4)3,
Ce2(MoO4)3, and La2(MoO4)3 particles is in the range
ca. 20–60, 20–40, and 40–80 nm, respectively. The BET sur-
face areas of Fe2(MoO4)3, Ce2(MoO4)3, and La2(MoO4)3

are 20.2, 20.3, and 15.4 m2 g−1, respectively. Due to the mole-
cular homogeneous distribution of various components
in the sol–gel process (28–31), it is possible to form ultrafine
mixed Mo-based oxide particles from the gels. Fe2(MoO4)3,
Ce2(MoO4)3, and La2(MoO4)3 prepared by the sol–gel
method are actually ultrafine oxide particles (<100 nm).
In contrast, it can be found that the size of Fe2(MoO4)3

and Ce2(MoO4)3 particles prepared by the coprecipitation
method is much larger than the size of those prepared by
the sol–gel technique.

TABLE 1

The Structure, Particle Size, and BET Surface Area
of Various Samples

Calcination Particle
Preparation temperature size BET surface

Sample method (K) (nm) area (m2 g−1)

Fe2O3 sol–gel 673 40–80 10.3
CeO2 sol–gel 673 10–20 41.0
La2O3 sol–gel 773 40–80 15.0
MoO3 sol–gel 673 >100 5.1
Fe2(MoO4)3 sol–gel 673 20–60 20.2
Ce2(MoO4)3 sol–gel 673 20–40 20.3

La2(MoO4)3 sol–gel 773 40–80 15.4
Fe2(MoO4)3 coprecipitation 773 >200 2.7
Ce2(MoO4)3 coprecipitation 823 >100 4.2
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TABLE 2

The Catalytic Properties of Various Samples for Partial
Oxidation of Toluene

Specific
Conversion activity
of toluene Benzaldehyde Benzaldehyde (µmol s−1

Sample (mol%) selectivity (%) yield (mol%) m−2)

Fe2O3
a 73.3 0 0 0

CeO2
a 63.4 0 0 0

La2O3
b 64.0 0 0 0

MoO3
a 36.3 17.9 6.5 0.0061

Fe2(MoO4)3
a 65.8 39.8 26.2 0.0063

Ce2(MoO4)3
a 60.3 52.3 31.5 0.0075

La2(MoO4)3
b 55.8 30.8 17.2 0.0054

Fe2(MoO4)3
c 49.0 21.7 10.6 0.0191

Ce2(MoO4)3
d 58.2 19.1 11.1 0.0128

a Prepared by the sol–gel method and calcined at 673 K.
b Prepared by the sol–gel method and calcined at 773 K.
c Prepared by the coprecipitation method and calcined at 773 K.
d Prepared by the coprecipitation method and calcined at 823 K.

Catalytic Properties for Partial Oxidation of Toluene

The catalytic properties of ultrafine mixed Mo-based ox-
ide particles for partial oxidation of toluene to benzalde-
hyde are listed in Table 2. For Fe2O3, CeO2, and La2O3

samples, no partial oxidation product is detected under our
reaction conditions, suggesting that these oxides are cata-
lysts for complete oxidation of toluene. These results are
consistent with those reported in the literature (38, 39). This
is not the case for the MoO3 sample, which exhibits selectiv-
ity for benzaldehyde, suggesting that molybdenum oxide is
the catalytic active species for partial oxidation of toluene.

By adding iron, cerium, and lanthanum oxides to MoO3,
however, both the conversion of toluene and the selectivity
to benzaldehyde are improved remarkably, so that the
ultrafine Mo-based oxides show higher benzaldehyde yield
than the mono-component MoO3 catalyst. The addition of
different promoter oxides results in different catalytic prop-
erties of the ultrafine Mo-based oxides. The catalytic activ-
ity for toluene oxidation (conversion of toluene per BET
surface area) follows the order Fe2O3∼MoO3>La2O3>

La2(MoO4)3 > Fe2(MoO4)3 > Ce2(MoO4)3 > CeO2. It is
well known that for partial oxidation of hydrocarbons, the
higher the BET surface area of the oxide catalysts, the
higher the conversion of hydrocarbons. Thus it may be
concluded that the higher toluene conversion of the ultra-
fine Mo-based oxide particles may be mainly correlated
to their higher BET surface area. The selectivity to ben-
zaldehyde follows the order Ce2(MoO4)3>Fe2(MoO4)3>

La2(MoO4)3>MoO3; the specific activity follows the order
Ce2(MoO4)3 > Fe2(MoO4)3 ∼ MoO3 > La2(MoO4)3. This

indicates that cerium oxide is the most effective promoter
oxide for improving catalytic activity for partial oxidation
of toluene to benzaldehyde.
ET AL.

For comparison, the catalytic properties of the large
Fe2(MoO4)3 and Ce2(MoO4)3 particles prepared by the co-
precipitation method are also listed in Table 2. It is found
that both the benzaldehyde selectivity and the benzalde-
hyde yield of ultrafine oxide particles are much higher than
those of large oxide particles. These results reveal that ul-
trafine Mo-based oxide particles have unique catalytic ac-
tivity for partial oxidation of toluene. However, the specific
activity of the ultrafine Mo-based oxide particles is lower
than that of the corresponding large oxide particles. This
reveals that the higher toluene conversion and benzalde-
hyde yield of the ultrafine Mo-based oxide particles may be
correlated to their higher BET surface area. The influence
of calcination temperature on the catalytic properties of the
Mo-based oxide catalysts for partial oxidation of toluene to
benzaldehyde is shown in Table 3. It can be found that for
Fe2(MoO4)3 and Ce2(MoO4)3 prepared by the sol–gel and
coprecipitation methods, both the benzaldehyde yield and
specific activity decrease rapidly with the increase of the
calcination temperatures.

Reduction Behavior of the Ultrafine Mo-Based Oxides

The TPR profiles of the mono-component oxides and
the ultrafine Mo-based oxides are shown in Figs. 1 and 2,
respectively. For Fe2O3, two hydrogen consumption peaks
at ca. 660 and 857 K are seen, and can be assigned to the
reduction of Fe2O3 to Fe3O4 and of Fe3O4 to α-Fe, respec-
tively (40). For CeO2, two very weak hydrogen consump-
tion peaks at ca. 783 and 1049 K are observed; for La2O3,
a very weak hydrogen consumption peak at ca. 943 K is
observed. This indicates that the reduction of CeO2 and

TABLE 3

The Catalytic Properties of Various Samples Calcined at Different
Temperatures for Partial Oxidation of Toluene

Specific
Conversion activity
of toluene Benzaldehyde Benzaldehyde (µmol s−1

Sample (mol%) selectivity (%) yield (mol%) m−2)

Fe2(MoO4)3
a 65.8 39.8 26.2 0.0063

Fe2(MoO4)3
b 58.2 30.1 17.5 0.0045

Fe2(MoO4)3
c 40.9 10.2 4.17 0.0038

Ce2(MoO4)3
a 60.3 52.3 31.5 0.0075

Ce2(MoO4)3
b 45.6 38.4 17.5 0.0064

Ce2(MoO4)3
c 45.7 28.5 13.0 0.0053

Fe2(MoO4)3
d 49.0 21.7 10.6 0.0191

Fe2(MoO4)3
e 51.6 14.5 7.48 0.0145

Ce2(MoO4)3
e 58.2 19.1 11.1 0.0128

Ce2(MoO4)3
f 54.8 13.9 7.6 0.0095

a Prepared by the sol–gel method and calcined at 673 K.
b Prepared by the sol–gel method and calcined at 773 K.
c
 Prepared by the sol–gel method and calcined at 873 K.
d Prepared by the coprecipitation method and calcined at 773 K.
e Prepared by the coprecipitation method and calcined at 823 K.
f Prepared by the coprecipitation method and calcined at 873 K.
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FIG. 1. TPR profiles of the mono-component oxide catalysts:
(a) Fe2O3, (b) CeO2, (c) La2O3, (d) MoO3.

La2O3 particles is very difficult. As reported by Guerrero-
Ruiz et al. (41), the hydrogen consumption at lower tem-
perature can be due to the reduction of surface ions, while

the reduction peak at higher temperature can be due to the
elimination of bulk oxygen anions. For MoO3, three hydro-
gen consumption peaks at ca. 953, 1026, and 1143 K are
NE OVER ULTRAFINE OXIDES 313

observed, and can be distributed to the reduction of MoO3

to MoO2.8, of MoO2.8 to Mo4O11, and of Mo4O11 to MoO2,
respectively (42).

As shown in Fig. 2, compared with that of mono-
component oxides, due to the formation of crystalline
Fe2(MoO4)3, Ce2(MoO4)3, and La2(MoO4)3, the reduction
FIG. 2. TPR profiles of the ultrafine mixed Mo-based oxides:
(a) Fe2(MoO4)3, (b) Ce2(MoO4)3, (c) La2(MoO4)3.
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behavior of the ultrafine Mo-based oxides is quite differ-
ent. For Fe2(MoO4)3, three hydrogen consumption peaks at
ca. 928, 975, and 1139 K are observed, and might be mainly
distributed to the reduction of Fe2(MoO4)3 to β-FeMoO4

and Mo4O11, of β-FeMoO4 and Mo4O11 to Fe2Mo3O8 and
MoO2, and of Fe2Mo3O8 and MoO2 to Fe0, Mo0, and
Fe3Mo, respectively (43, 44). For Ce2(MoO4)3, a hydrogen
consumption peak at ca. 927 K is seen and can be assigned
to the reduction of Ce2(MoO4)3 to Ce2Mo3O9 (45). For
La2(MoO4)3, two hydrogen consumption peaks at ca. 963
and 1058 K are observed and can be assigned to the reduc-
tion of the surface and bulk of La2(MoO4)3 to La2Mo3O9,
respectively (45).

Comparing the reduction behavior of MoO3 and the ul-
trafine Mo-based oxides, it can be found that for the reduc-
tion of Mo6+ to Mo4+ in the oxides, the peak maximums
of MoO3, Fe2(MoO4)3, Ce2(MoO4)3, and La2(MoO4)3 are
at 1143, 975, 927, and 1058 K, respectively. Compared
with that of MoO3, the peak maximums of La2(MoO4)3,
Fe2(MoO4)3, and Ce2(MoO4)3 shift in order to lower tem-
peratures, respectively. This suggests that due to the forma-
tion of bicomponent oxides of Fe2(MoO4)3, Ce2(MoO4)3,
and La2(MoO4)3, the reduction of Mo ions in the ultrafine
oxides is easier. For the reduction of Mo6+ to Mo4+ in the ox-
ides, the reducibility of the above four samples follows the
order Ce2(MoO4)3>Fe2(MoO4)3>La2(MoO4)3>MoO3,
which is in good agreement with their selectivity to ben-
zaldehyde. This implies that the selectivity to benzaldehyde
of the ultrafine Mo-based oxides is closely correlated to the
reducibility of Mo ions in the ultrafine Mo-based oxides.
The easier the reduction of Mo ions in the oxides, the higher
the selectivity to benzaldehyde.

As reported in our previous study (37), compared with
that for ultrafine Fe2(MoO4)3 particles, the correspond-
ing hydrogen consumption peaks (shown in Fig. 3) for
large Fe2(MoO4)3 particles prepared by the coprecipita-
tion method shift to higher temperatures, 958, 1018, and
1191 K, respectively. This result indicates that with the de-
crease of the oxide particle size to nano-scale, the Fe–Mo
oxide catalyst is easier to reduce to lower valance and the
lattice oxygen ions in the oxide have a higher mobility. This
may lead to the higher reactivity of lattice oxygen ions in the
ultrafine oxide particles and, further, the higher selectivity
to benzaldehyde.

The State and Reactivity of Lattice Oxygen Ions
in the Ultrafine Mo-Based Oxides

The toluene oxidation reaction in the absence of molec-
ular oxygen was used as a probe to evaluate the reactivity
of lattice oxygen ions in the ultrafine Mo-based oxides. For
partial oxidation of toluene to benzaldehyde in the absence

of molecular oxygen, the reactivity of lattice oxygen ions in
the ultrafine Ce2(MoO4)3 is shown in Fig. 4. It can be seen
that benzaldehyde is the main product and the selectivity is
ET AL.

FIG. 3. TPR profiles of Fe2(MoO4)3 catalysts prepared by the copre-
cipitation method (37).

as high as ca. 95% every pulse. In contrast to the case in the
presence of molecular oxygen (shown in Table 2), the selec-
tivity to benzaldehyde is remarkably improved. This reveals
that the lattice oxygen ions in the ultrafine Ce2(MoO4)3 are
the main active species for partial oxidation of toluene to

benzaldehyde. In the absence of molecular oxygen, only lat-
tice oxygen ions exist on the surface of the oxides, resulting
in the higher selectivity to benzaldehyde.
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FIG. 4. The reactivity of lattice oxy

The reactivity of lattice oxygen ions in the ultrafine Mo-
based oxides is collected in Table 4. For mono-component
Fe2O3, CeO2, La2O3, and MoO3 samples, no product is de-
tected under our reaction conditions, indicating that in the
absence of molecular oxygen the reactivity of lattice oxy-
gen ions in these oxides is very low. As shown in Table 2,
in the presence of molecular oxygen, Fe2O3, CeO2, and
La2O3 have highly catalytic activity for complete oxidation
of toluene, which might be correlated to the strongly elec-
trophilic oxidation ability of the oxygen species absorbed
in the surface of these oxides.

Compared with that in mono-component oxides, the
lattice oxygen ions in the ultrafine Mo-based oxides exhibit

TABLE 4

The Reactivity of Lattice Oxygen Ions in the Various Samples

Conversion of Benzaldehyde Benzaldehyde yield
Sample toluene (µmol g−1)e selectivity (%) (µmol g−1 m−2)e

Fe2O3
a 0 0 0

CeO2
a 0 0 0

La2O3
b 0 0 0

MoO3
a 0 0 0

Fe2(MoO4)3
a 1.1 92.0 0.05

Ce2(MoO4)3
a 12.1 98.5 0.59

La2(MoO4)3
b — —

Fe2(MoO4)3
c 0.01 91.2 0.004

Ce2(MoO4)3
d 0.19 88.9 0.04

Note. Dash indicates trace amount.
a Prepared by the sol–gel method and calcined at 673 K.
b
 l–gel method and calcined at 773 K.

precipitation method and calcined at 773 K.
precipitation method and calcined at 823 K.
ery pulse.
en ions in the ultrafine Ce2(MoO4)3.

high reactivity for partial oxidation of toluene to benzalde-
hyde. This reveals that the addition of promoter oxides
results in the high reactivity of lattice oxygen ions in the ul-
trafine mixed oxides. It is pertinent to note that the reactiv-
ity of lattice oxygen ions (the total amount of benzaldehyde
yield) in the ultrafine Mo-based oxides follows the order
Ce2(MoO4)3 > Fe2(MoO4)3 > La2(MoO4)3 ∼ MoO3. This
result is consistent with their selectivity to benzaldehyde in
the presence of molecular oxygen, further suggesting that
the lattice oxygen ions in the ultrafine Mo-based oxides
are the main active species for partial oxidation of toluene.

For comparison, the reactivity of lattice oxygen ions in
the large Fe2(MoO4)3 and Ce2(MoO4)3 particles prepared
by the coprecipitation method is also collected in Table 4.
It is interesting to note that the reactivity of lattice oxygen
ions in the large oxides is rather smaller than that in the
ultrafine Mo-based oxides, which is consistent with their
selectivity to benzaldehyde in the presence of molecular
oxygen. This indicates that the lattice oxygen ions in the
Mo-based oxides are the main active species for partial ox-
idation of toluene.

The state of lattice oxygen ions in the ultrafine
Ce2(MoO4)3 was further studied by employing a pulse mi-
croreactor combined with in situ Raman spectroscopy tech-
nique. In the absence of molecular oxygen, the influence
of the pulse reaction of toluene upon the Raman spectra
of Ce2(MoO4)3 is presented in Fig. 5. The bands at 750–
900 cm−1 may be assigned to Mo–O–Ce stretching vibra-
tions, and the bands at 900–1000 cm−1 to Mo==O stretching
vibrations (46–49). After reaction, while the actual band

positions do not change among the samples, the relative in-
tensities associated with the above bands do change. It can
be found that in comparison with those of fresh sample,
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after the twelfth pulse of toluene the bands assigned to
Mo==O stretching vibrations almost disappear, while the
intensities of bands attributed to Mo–O–Ce stretching vi-
brations almost do not change. If we combine this with the
results of the reactivity of lattice oxygen ions in the ultrafine
Ce2(MoO4)3 (presented in Fig. 4), it may be concluded that
the terminal Mo==O bonds are mainly responsible for the
FIG. 5. In situ LRS spectra of ultrafine Ce2(MoO4)3 for the reactivity
of lattice oxygen ions: (a) fresh, (b) after the fourth pulse, (c) after the
eighth pulse, (d) after the twelfth pulse.
ET AL.

FIG. 6. In situ LRS spectra of Ce2(MoO4)3 prepared by the coprecip-
itation method for the reactivity of lattice oxygen ions: (a) fresh, (b) after
the fourth pulse, (c) after the eighth pulse.

reactive species for partial oxidation of toluene to benzalde-
hyde. Similar results can also be found from Fig. 6, which
presents the influence of the pulse reaction of toluene upon
the Raman spectra of Ce2(MoO4)3 prepared by the copre-
cipitation method.

CONCLUSIONS
For partial oxidation of toluene to benzaldehyde, the
ultrafine Fe2(MoO4)3 and Ce2(MoO4)3 particles exhibit



E
PARTIAL OXIDATION OF TOLU

higher benzaldehyde selectivity and toluene conversion
than the larger oxide particles prepared by the coprecipita-
tion method. The unique catalytic properties of the ultrafine
Fe2(MoO4)3 and Ce2(MoO4)3 particles may be correlated
to the higher mobility of lattice oxygen ions in the oxides
and their higher BET surface area. The addition of differ-
ent promoter oxides results in different catalytic properties
of the ultrafine Mo-based oxides. Cerium oxide is among
the most effective promoter oxide for improving cata-
lytic activity for partial oxidation of toluene to benzalde-
hyde. The selectivity to benzaldehyde follows the order
Ce2(MoO4)3>Fe2(MoO4)3>La2(MoO4)3>MoO3, which
is in good agreement with the reducibility of Mo ions in
the ultrafine Mo-based oxides. This result is also consistent
with the reactivity of lattice oxygen ions in the ultrafine Mo-
based oxides in the absence of molecular oxygen. These
results indicate that the lattice oxygen ions in the ultrafine
Mo-based oxides are the main active species for partial ox-
idation of toluene to benzaldehyde. Due to the formation
of bicomponent oxides of Fe2(MoO4)3, Ce2(MoO4)3, and
La2(MoO4)3, the Mo ions in the ultrafine Mo-based oxides
are easier to reduce to lower valance and the lattice oxy-
gen ions in the oxides have a higher mobility. This leads to
the higher reactivity of lattice oxygen ions in the ultrafine
oxide particles and, further, the higher selectivity to ben-
zaldehyde. The results of in situ LRS studies suggest that the
terminal Mo==O bonds in Ce2(MoO4)3 are the main reactive
species for partial oxidation of toluene to benzaldehyde.
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