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Abstract

MoO3/ZrO2 catalysts with different MoO3 loadings (2–12 wt%) were prepared by the wet impregnation method. These catalyst
characterized by various techniques, such as X-ray diffraction (XRD), temperature-programmed reduction (TPR), laser Raman spectro
(LRS), X-ray photoelectron spectroscopy (XPS), and temperature-programmed desorption of NH3 and the catalytic properties were evalua
for vapor-phase ammoxidation of toluene to benzonitrile. XRD patterns show the presence of crystalline MoO3 peaks above 6.6 wt% MoO3,
which corresponds to the theoretical monolayer loading of MoO3 on the zirconia used in the present study. The TPR suggests that red
of the catalysts occurs in two stages and indicates that the reducibility of the catalysts increases with increase in MoO3 loading up to 6.6 wt%.
The acidity of the catalysts was also found to increase up to 6.6 wt% of molybdena loading and it does not increase much at highe
Raman results show that the surface molybdate species are present in low-loading samples, while crystalline MoO3 bands are observed from
9 wt% of MoO3 and above loadings. XPS spectra showed that molybdenum was present at Mo6− on all fresh samples. The Mo/Zr atom
ratio shows that the dispersion of molybdena is high below 6.6 wt% MoO3 and dispersion decreases at higher molybdena loadings
catalytic activity of the catalysts during ammoxidation of toluene was found to increase with loading up to 6.6 wt% and did not
appreciably beyond this loading.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Molybdenum oxide catalysts supported on SiO2, Al2O3,
and TiO2 have been extensively investigated in the rec
past. The dispersion of molybdenum oxide, its oxidat
state, and structure strongly depend on the support. In
all these factors are likely to affect the catalytic propert
In the recent past, zirconia has attracted considerable inte
est because of its potential use as a catalyst support[1–8].
ZrO2 presents special characteristics such as high therma
stability, extreme hardness, stability under reducing co
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tions, and both acid and base functions, which make
use very appealing as a carrierfor several catalytic appli
cations[1]. The application of zirconia as a catalyst supp
is promising and has been employed in many industri
important reactions such as hydroprocessing[3,5], oxida-
tion of alcohols[6], and synthesis of methanol and high
alcohols [7–9]. Several authors have shown that the
drotreating properties of Mo/ZrO2 catalysts are better tha
those of classical supported catalysts[10–13]. The specific
activity of Mo at low surface concentrations on zircon
was found to be significantly higher than that on alum
or silica. Therefore, if a sufficient amount of Mo could
dispersed at low surface coverage on zirconia, then a m
active catalyst would result[14]. Strong interactions be
tween the surfaces of zirconium oxyhydroxide precurs
and dispersed metal oxides such as VOx , MoOx , and WOx
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lead to stable dispersed oxides, even in the presence o
ter at high temperatures[15,16a]. The structure of ZrO2-
supported VOx species and their role in propane oxidat
dehydrogenation (ODH) has been discussed recently
structure–function relationships for dispersed MoOx species
remain less clear[16]. Kim et al. [17] extensively studied
the molecular structures and reactivity of supported mo
denum oxides using different oxide supports prepared by
equilibrium adsorption method. The industrial importance
supported molybdenum oxide catalysts in numerous app
tions has prompted a large number of studies concernin
surface structures of molybdenum oxide catalysts by var
techniques[18–30]. Raman spectroscopy has probably b
the greatest contributor to the rapid progress in this are
catalysis because of its ability to discriminate between
ferent metal oxide structures and its in situ capabilities.

The ammoxidation of toluene is a very important re
tion for producing benzonitrile. Benzonitrile is used as
precursor for resins and coatings. It is also used as an
ditive in fuels and fibers[31]. Stobbelaar[31] reported the
ammoxidation of toluene over supported metal oxide c
lysts and concluded that MoO3/Al2O3 catalysts are also o
comparable importance with other vanadia-supported c
lysts. MoO3/MgF2 catalysts were also investigated for t
ammoxidation of toluene to benzonitrile[32]. Nag et al.[33]
studied the partial oxidation of toluene on various s
ported molybdenum oxide catalysts and concluded tha
activity of the catalysts was found to be high compa
to molybdate salts, which in turn were more active th
crystalline MoO3. The study of molybdena-supported c
alysts has also attracted some considerable interest i
cent years, though traditionally, vanadia-supported cata
have been employed for the ammoxidation of toluene[31].
In the present investigation, we report the character
tion of MoO3/ZrO2 catalysts by XRD, TPR, LRS, XPS
and temperature-programmeddesorption (TPD) of NH3. We
also report a correlation between the dispersion of molyb
num oxide and the catalytic properties of the catalysts du
vapor-phase ammoxidation of toluene to benzonitrile.
purpose of this work is to study the structural and surf
properties of the molybdena phase on a zirconia suppor

2. Experimental methods

2.1. Catalyst preparation

A series of Mo/ZrO2 catalysts with MoO3 loadings in the
range of 2–12 wt% was prepared by wet impregnation w
ammonium heptamolybdate solution at pH 8. The ZrO2 sup-
port (100% monoclinic zirconia with a BET surface area
41 m2/g) was obtained from MEL chemicals (631/01, U
and was calcined at 500◦C for 6 h before use. After im
pregnation, the catalysts were dried at 110◦C for 24 h and
calcined in a stream of air at 500◦C for 6 h.
-

t

-

-

2.2. X-ray diffraction

X-ray diffractograms were recorded on Siemens D-5
diffractometer using graphite-filtered Cu-Kα radiation.

2.3. BET surface area

The BET specific surface area of the catalyst samples
measured on a Pulse Chemisorb 2700 (Micromeritics)
by nitrogen physisorption at−196◦C.

2.4. Temperature-programmed reduction

TPR experiments were carried out on AutoChem 2
(Micromeritics, USA) instrument. Prior to TPR, the catal
sample was pretreated by passing ultrahigh pure (99.99
helium (50 ml/min) at 400◦C for 2 h. After pretreatmen
the sample was cooled to room temperature. The carrie
consisting of 5% hydrogen and balance argon (50 ml/min)
was purified by oxy-trap and molecular sieves. The d
were recorded while the temperature was ramped from
bient to 1000◦C at a heating rate of 5◦C/min. The hydrogen
consumption values were calculated using GRAMS/32 s
ware.

2.5. X-ray photoelectron spectroscopy

The X-ray photoelectron (XPS) spectra were recorde
a VG ESCALAB 200 spectrometer equipped with a d
X-ray source, of which the Al-Kα part was used, and a hem
spherical analyzer, connectedto a five channel detector. Th
background pressure during data acquisition was kep
low 10−10 bar. Measurements were performed at 20 eV p
energy. Binding energy correction was performed by us
Zr 3d5/2 peak at 182.3 eV as a reference. Spectra were
ted with the vacuum generators scientific (VGS) program
routine. A Shirley background subtraction was applied
Gauss–Lorentz curves were used for the fits.

2.6. Laser Raman spectroscopy

The Raman spectra were recorded with a LabRam spec
trometer (Dilor) equipped with a confocal microsco
(Olympus) and a He–Ne laser. The slit width was usu
set to 200 µm resulting together with the used 1800 gra
in a spectral resolution of 2 cm−1. For conventional Rama
spectroscopy, the laser power of the He Ne laser atta
to the LabRam spectrometer was set at 0.14 mW by neutr
density filters.

2.7. Temperature-programmed desorption of ammonia

Ammonia TPD experiments were conducted on the s
AutoChem 2910 instrument, which is used for TPR. Prio
TPD, the sample was pretreated by passage of high-p
(99.999%) helium (50 ml/min) at 300◦C for 1 h. After
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pretreatment, the sample was saturated with high purity
hydrous ammonia from 10% NH3 and balance He mixtur
(75 ml/min) at 80◦C for 1 h and subsequently flushed
110◦C for 2 h to remove physisorbed ammonia. TPD ana
sis was carried out from ambient temperature to 750◦C at
a heating rate of 10◦C/min. The amount of NH3 desorbed
was calculated using GRAMS/32 software.

2.8. Ammoxidation of toluene

The ammoxidation of toluene to benzonitrile reaction w
carried out in a fixed-bed down-flow, cylindrical Pyrex rea
tor with 20-mm internal diameter. About 0.5 g of the catal
with a 18–25 mesh size (0.5 mm) diluted with an eq
amount of quartz grains of the same dimensions was cha
into the reactor and supported on a glass wool bed. Prio
introduction of the reactant toluene with a syringe pump
Braun perfusor, Germany) the catalyst was treated in a
400◦C for 2 h in air flow (40 ml/min) and then the reac
tor was fed with toluene, ammonia, and air at a mole rati
of 1:14:30. There is a preheated zone filled up with qu
glass particles heated up to 200◦C for adequate vaporiza
tion of liquid feed. The reaction products were analyzed
a HP 6890 gas chromatograph. The only by-products for
are carbon oxides during the reaction and were determ
by HP-5973 GC-MS using a carbosieve column.

3. Results and discussion

Powder X-ray diffractograms of the zirconia-suppor
molybdenum oxide catalysts are presented inFig. 1. Zirco-
nia exhibits three well-established polymorphs; the mo
clinic, tetragonal, and cubic phases[14]. The zirconia used
in the present study is 100% monoclinic. The sharp diffr
tion lines at 2θ = 24.5, 28.3, 31.6, 34.2, 35.3, 40.7, 49.
50.1, and 55.4◦ are due to the monoclinic form of ZrO2. No
diffraction lines correspond to new phases between M3
and ZrO2. When the Mo content is low, the highly dispers
molybdenum oxide species cannot be detected by X-ray
fraction; only when the loading amount exceeds a certain
tent can the residual crystalline phase of molybdenum oxide
be detected. However, the possibility of MoO3 crystallites at
lower loadings having sizes less than 4 nm, which is bey
the detection capacity of XRD, cannot be ruled out.

Reflections due to the molybdenum oxide appeared f
samples containing 9 wt% of MoO3 and above loadings a
2θ = 27.3 and 25.7◦ (shown with closed circles). Calafat
al. [34] reported X-ray diffraction patterns of MoO3/ZrO2
catalysts and the formation of Zr (MoO4)2 at high MoO3
contents for catalysts obtained by coprecipitation and
cined at 700◦C. It has been reported that metal oxides
duce the sintering and grain-growth rate by forming a tw
dimensional layer on the surface of the zirconia parti
which reduces the mobility of defects on the grain surfac
decreases the surface energy of the zirconia grain[35–37].
Fig. 1. X-ray diffraction patterns of various MoO3/ZrO2 catalysts. (•) Re-
flections due to MoO3.

It can be seen fromFig. 1 that the MoO3 crystallites start to
appear from 9 wt% MoO3.

Chen et al.[38] have shown that zirconia-support
molybdena samples can be grouped into two classes, b
on the structure of the MoOx species:

(1) ZrMo2O8/ZrO2 samples, which consist mainly of Z
Mo2O8 supported on ZrO2 treated in air at 600◦C with
Mo surface densities higher than 5 Mo/nm2;

(2) MoOx /ZrO2 samples which consist of MoOx species
supported on ZrO2 treated in air at 450◦C with Mo sur-
face densities below 5 Mo/nm2.
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Table 1
Results of temperature-programmed reduction of various MoO3/ZrO2 cat-
alysts

MoO3
loading
(w/w%)

BET
surface
area
(m2/g)

Tmax 1
( ◦C)

H2
uptake
(µmol/g)

Tmax 2
( ◦C)

H2
uptake
(µmol/g)

Total H2
uptake
(µmol/g)

0 41 – – – – –
2 49 425 36 940 349 385
4 50 417 100 867 714 814
6.6 50 396 211 789 990 1201
9 51 406 348 802 1188 1536

12 48 419 381 887 1487 1868

They studied the MoO3/ZrO2 catalysts under different trea
ment temperatures and also reported that the additio
small amounts of MoO3 to ZrO2 led to a significantly highe
tetragonal content at all treatment temperatures. They
showed the presence of ZrMo2O8 in the catalysts calcine
at 500◦C from XRD results. Rijnten[39] and Afanasiev e
al. [40] in their studies observed that the phase transfor
tion from monoclinic to tetragonal occurs with the impre
nation of molybdenum oxide. Maity et al.[41] also observed
phase transformation in their study of zirconia-suppo
hydrotreating catalysts. However, in the present study
monoclinic phase remained as it is even after impregna
with molybdenum oxide and no mixed oxide phase suc
ZrMo2O8 is formed even at the calcination temperature
500◦C.

The specific BET surface areas determined by nitro
physisorption of all the catalysts are presented inTable 1.
The surface area of the pure ZrO2 sample is 41 m2 g−1 and
increases initially with the addition of 2 wt% molybden
loading and did not change much with further increase
molybdena loadings. The surface area of the MoO3/ZrO2
catalysts is more than the pure ZrO2 in agreement with othe
reported results[35,42]. The theoretical monolayer capa
ity of MoO3 supported on ZrO2 has been calculated bas
on the method described by van Hengstum et al.[43] tak-
ing 0.16 wt% of MoO3/m2 of support surface. Accordingly
the theoretical monolayer capacity of MoO3 supported on
ZrO2 employed in the present study having a surface are
41 m2 g−1 corresponds to 6.6 wt% MoO3. The XRD results
of the present work show the presence of MoO3 crystal-
lites from 9 wt% MoO3. These results are further suppor
by X-ray photoelectron spectroscopy and laser Raman s
troscopy described in a later section.

Temperature-programmed reduction profiles of pure M
O3 and molybdenum oxide supported on zirconia catal
are shown inFig. 2. The pure MoO3 profile shows two
major peaks at 767 and 997◦C and one minor reductio
peak at 797◦C. The TPR analysis of pure ZrO2 did not
show any reduction peaks. For TPR analysis of unsuppo
MoO3, the reduction conditions applied were similar
those applied for supported MoO3/ZrO2 catalysts. Accord
ing to Thomas[44] and Arnoldy et al.[45] the reduction of
molybdena essentially can take place in two steps. The
-

Fig. 2. Temperature-programmed reduction profiles of various pure MoO3
and MoO3/ZrO2 catalysts.

ducibility of MoO3 is represented by the following steps:

MoO3 → MoO2,

MoO2 → Mo.

The sharp peak at 767◦C corresponds to reduction
MoO3 (first step) and the peak at 997◦C is associated with
the reduction of the second step. A minor peak at the e
of the first major peak is observed at 767◦C, which cor-
responds to Mo4O11 formed by the reduction of MoO3.
Thomas[44] noted this peak during the TPR of MoO3 and
confirmed by in situ X-ray diffraction:

MoO3 → Mo4O11.

TheTmax values and the hydrogen uptake values of M
ZrO2 catalysts are given inTable 1. The hydrogen uptake
were found to increase with increase in molybdena load
TPR profiles of the Mo/ZrO2 catalysts suggest that the r
duction of molybdena occurs in two stages. It is well kno
that, at lower loading, molybdenum oxide is present ma
as tetrahedral species, which are difficult to reduce du
strong interaction with support. At moderate loading, b
tetrahedral and octahedral species are present which ar
ily reducible[41]. Thus, the two peaks observed in TPR c
be assigned based on the temperature at which they ap
The low-temperature peak (400–420◦C) could be assigne
to the reduction of octahedral species, whereas the hig
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Fig. 3. Mo 3d X-ray photoelectron spectra of various MoO3/ZrO2 catalysts.

temperature peak (800–940◦C) may be due to reduction o
tetrahedral species. Both octahedral species and crysta
MoO3 are expected to be present at higher Mo loading.
Tmax value of the first reduction peak was found to shift
the lower temperature side with the increase in MoO3 load-
ing up to 6.6 wt% of MoO3 and found to shift to highe
temperatures where MoO3 crystallites start to appear. Th
clearly indicates that the dispersion of molybdena is incre
ing with the increase of Mo loading up to 6.6 wt% of MoO3.
The Tmax value of the second reduction peak also shifts
lower temperatures up to 6.6 wt% and shifted to higher t
peratures at higher loadings. The reduction profile of the
sample with 12 wt% of MoO3 resembles that of pure MoO3.
In a similar way the activity of the catalysts was also fou
to increase up to 6.6 wt% and did not change much at hig
MoO3 loadings.

Fig. 3 shows the Mo 3d XPS spectra of calcined moly
dena catalysts supported on zirconia with different loadin
The major peaks around 233.0 and 235.9 eV correspon
Mo 3d5/2 and Mo 3d3/2, respectively. The reported bind
ing energy values are those of Mo with an oxidation stat
6+ [46]. No indication for the presence of the reduced M
ions is observed in the calcined samples. The binding en
values for all catalysts are approximately the same, whic
due to the presence of one type of molybdenum oxide w
the highest oxidation state (6+) in all the catalysts. This is
also evidenced by the full-width at half-maximum (FWHM)
values, which are in between 2.2–2.4 eV pointing to a
Fig. 4. Zr 3d X-ray photoelectron spectra of various MoO3/ZrO2 catalysts.

Table 2
X-ray photoelectron spectroscopy results of various MoO3/ZrO2 catalysts

MoO3
loading (wt%)

Position and FWHM
of Mo 3d5/2

Position and FWHM
of Zr 3d5/2

2.0 232.6 (2.3)a 182.3 (2.0)a

4.0 232.7 (2.2) 182.3 (1.9)

6.6 232.7 (2.3) 182.3 (2.1)

9.0 232.7 (2.4) 182.3 (2.2)

12.0 232.6 (2.3) 182.3 (2.2)

a The numbers in parentheses are FWHM values.

gle state (Table 2). The spectrum essentially contains o
doublet at 232.7 (0.1) eV binding energy and correspond
supported molybdenum oxo species in the highest oxida
state[28–30,47–51]. With the increase in the molybdenu
loading, the intensity for the molybdenum peaks also
creases.

In Fig. 4, pure zirconium oxide (ZrO2) and molybdena
supported on zirconium oxide catalysts show similar
3d5/2 binding energy values around 182.3 eV.Table 2reports
the binding energies of Zr 3d5/2 and its FWHM values (be
tween 1.9 and 2.2), which do not change much with differ
molybdena loadings. The constant FWHM values, imply
that only one type of doublet is present, which provides
idence for the presence of one type of zirconium oxide w
an oxidation state of 4+.
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Fig. 5. Relation between Mo 3d/Zr 3d XPS intensity ratio and MoO3 load-
ing.

Fig. 5shows the relation between the XPS intensity ra
Mo3d/Zr3d with the Mo loading in the samples. The Mo3d/
Zr3d ratio indirectly gives the information about the disp
sion of molybdenum oxide on zirconia support. The Mo
atom ratio increases regularly with the molybdena load
higher than 6.6 wt%, which indicates a very high disp
sion of molybdena. At higher loadings the further increas
Mo/Zr ratio is less, which indicates the formation of agglo
erates and crystallites as evidence. Thus, the results ind
that at low Mo loadings dispersion is high and at higher
loadings the dispersion decreases[52].

The laser Raman spectra of molybdenum oxide cata
supported on zirconia are shown inFig. 6. Bands due to crys
talline MoO3 are seen from 9 wt% MoO3 and the intensity
of MoO3 peaks increases with further increase of mol
dena loadings. These findings are in agreement with X
results. In the 4 wt% MoO3 sample a peak at 920 cm−1 is
observed which is attributed to surface molybdena spe
and is found to shift to∼ 950 cm−1. The intensity of this
peak is found to increase with MoO3 loading. The bands in
the region 900–1000 cm−1 are attributable to the stretchin
vibration of the terminal Mo=O bond of polymolybdate o
ZrO2. In the present study the Raman band of the Mo=O-
stretching vibration was shifted from 920 to 950 cm−1. Miy-
ata et al.[3] reported similar results for low loaded sa
ples. Hu et al.[53] also reported a shift to 952 cm−1 for
5 wt% MoO3, which was interpreted in line with literatur
as due to hepta- and octamolybdates. In a recent rev
Mestl and Srinivasan[54] discussed the laser Raman sp
troscopy of various supported molybdenum oxide catal
under different conditions. Ono et al.[55] investigated the
structure of Mo/ZrO2 catalysts by FT-IR and laser Ram
spectroscopy. Catalysts containing 1–20 mol% MoO3 were
impregnated, dried, and calcined at 447◦C. A finely ground
equimolar mixture of MoO3 and ZrO2 calcined at 647◦C
was also investigated. At low Mo content, the surface ox
e

,

,
Fig. 6. Laser Raman spectra of various MoO3/ZrO2 catalysts recorded un
der ambient conditions.

was highly dispersed on ZrO2 and present as polymolyb
dates. Bands due to crystalline MoO3 are seen above 5 wt%
of MoO3 in agreement with XRD. In the physical mixtu
of MoO3 and ZrO2 the formation of ZrMo2O8 is seen in the
samples calcined between 547 and 647◦C at 800, 920, and
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980 cm−1. Hu et al. [53] carried out a comparative stud
on Mo supported on different oxides, including ZrO2. Under
ambient conditions, bands at 924–951 cm−1 and shoulders a
880 cm−1 were observed to increase in frequency and in
sity with Mo loading. The support band exhibited the opp
site behavior, its intensity decreased with Mo loading sim
to the present work. The band at 924 cm−1 for 1 wt% MoO3
was attributed to MoO42−. Alternatively, its high position
may be considered as an indication of dimer formation[56].
The shift to 952 cm−1 for 5 wt% MoO3 was interpreted in
line with literature as due to hepta- and octamolybdates.
oxygen anion of the terminal Mo=O bond is exposed to th
ambient atmosphere and easily interacts with moisture
sulting in the formation of hydrated surface species. W
the MoO3 loading is low, only isolated molybdenum oxid
species, or say monomolybdate species, exist on the
face of zirconia with their Raman band around 920 cm−1.
With the increase of MoO3 loading, more vacant sites a
occupied, and polymerized molybdenum oxide species g
ually show up due to the linkage or the combination of
neighboring monomolybdate species. In fact, the mono
polymolybdate species often irregularly distort due to th
interaction with the surface of support. The distortion a
different extent of interaction among surface molybdenu
oxygen species should be responsible for the large width
big shift of the terminal Mo=O Raman-stretching bands
compared with the spectra of species in solution[57]. On
the other hand, Chan et al.[58] have reported that such
shift is suitable to the coordination of water molecules
the surface oxide species; i.e., at lower coverages the
face oxide species are coordinated to more water molecule
than at higher coverages. In the present study as the s
tra were recorded on the hydrated samples, the shift in
wavenumber to higher values seems to arise from the c
of polymolybdates on ZrO2. From the LRS results it is clea
that the MoO3 bands are seen above 6.6 wt% loading o
which is in good agreement with the theoretical monola
capacity and also with the XRD results. As monolayer co
pletes at 6.6 wt% MoO3, the ZrO2 bands cannot be see
above this loading, above monolayer loadings only Mo3
bands are seen (Fig. 6).

Temperature-programmed desorption of probe molec
like ammonia and pyridine is a popular method for
determination of acidity of solid catalysts as well as a
strength. In the present investigation the acidity meas
ments have been carried out by the ammonia TPD met
The temperature-programmed desorption profiles of the
alysts are presented inFig. 7. The acidity values and tempe
ature positions are given inTable 3. From the peak position
it is clear that the acidity corresponds to desorption of N3
in two regions associated with moderate (255–312◦C) and
strong (400–430◦C) acidic sites. Strong acidic sites predo
inate at lower loadings and the ammonia desorption tem
perature shifted to a lower temperature range from 6.6 w
MoO3 and above loadings. The pure ZrO2 is found to have
medium acidic sites. The acidity increases with increase i
-

-

-

.

Fig. 7. Temperature-programmed desorption profiles of MoO3/ZrO2 cata-
lysts.

Table 3
Results of temperature-programmed desorption (TPD) of ammonia of vari
ous MoO3/ZrO2 catalysts

MoO3 loading on ZrO2
(wt%)

Tmax
( ◦C)

NH3 uptake
(µmol/g)

0.0 312 120
2.0 409 273
4.0 427 345
6.6 255 368
9.0 285 369

12.0 390 370

molybdena loading on ZrO2 support up to 6.6 wt% and doe
not increase much at higher loadings. The increase in a
ity at lower loadings of the catalysts is due to the mol
dena phase since ammonia uptake increases with increa
molybdena loading. The conversion values during amm
idation of toluene to benzonitrile are also found to incre
up to 6.6% MoO3 and leveled off at higher loadings in sim
ilar lines to acidity measurements (Fig. 8). Thus the strong
acidic sites might be responsible for activity during amm
idation of toluene reaction.

Fig. 8 shows the relation between conversion/selecti
and rate of toluene with MoO3 loading on ZrO2 at 400◦C.
The conversion and selectivity values were found to incre
with MoO3 loading up to 6.6 wt% of MoO3 and leveled off
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Fig. 8. Results of ammoxidation of toluene over various MoO3/ZrO2 cat-
alysts. Catalyst wt, 0.5 g; reaction temperature, 400◦C; feed rate, 1 ml/h.
Toluene, ammonia, and air at a mole ratio of 1:14:30.

Table 4
Activity of various supported molybdenum oxide catalysts in the ammox
dation of toluene to benzonitrile

Catalyst Conversion (%) Selectivity (%

9% Mo/ZrO2 65 71
9% Mo/TiO2
(Degussa, P-25)

53 72

9% Mo/Nb2O5 62 67

at higher MoO3 loadings. At higher loadings the select
ity increased but the increase is mild. The leveling off
activity of the catalysts beyond 6.6 wt% is due to the form
tion of bulk MoO3 crystallites. XRD, LRS, and NH3 TPD
also supported the activity results. The rate was found to
crease with the increase of MoO3 loading up to 6.6 wt%
and remained constant with further increase of molybd
loadings.Table 4shows the activity of various supporte
molybdenum oxide catalysts in comparison to the pre
study. The activity results reported inTable 4are the re-
sults from our laboratory under similar experimental con
tions as those employed for Mo/ZrO2 catalysts. The activity
results of Mo/ZrO2 catalysts are better than Mo/TiO2 cata-
lysts[59] and compared with Mo/Nb2O5 [60] catalysts. The
probable mechanism involves oxidized toluene being st
lized on the catalyst surface as benzoate ion, the adso
benzoate ion then reacting with ammonia to form benz
trile. The reduced centers present on MoO3 would easily
be reoxidized with molecular oxygen[31]. The ammoxida
tion activity of pure ZrO2 support is found to be negligibl
(< 3%) under similar experimental conditions as those use
for the Mo/ZrO2 catalysts. The ammoxidation activity
molybdena-supported catalysts is mainly due to the p
ence of surface redox and acidic sites. Pure ZrO2 contains
only surface acidic sites and the redox sites present on Z2

are inactive under the present ammoxidation reactions con
ditions (400◦C). Thus, for supported molybdena catalys
the active surface sites are essentially redox sites as w
the acidic site.
d

s

4. Conclusions

Molybdenum oxide catalysts supported on zirconia
found to be highly active in ammoxidation of toluene to b
zonitrile. MoO3/ZrO2 catalysts were found to exhibit high
activity compared to MoO3/Nb2O5 and MoO3/TiO2 cata-
lysts in the ammoxidation of toluene. The activity of the c
alysts was found to increase with loading up to 6.6 wt%
the reducibility of the catalysts also increased up to this lo
ing and decreased with a further increase in loading. The
activity and selectivity in the ammoxidation are achieved
the catalyst when the MoO3 loading is 6.6 wt% and this load
ing corresponds to monolayer loading. XRD results sug
that below monolayer level MoO3 exists in a highly dis-
persed amorphous state and abovethis loading crystalline
MoO3 can be seen. The acidity of the catalysts also incre
up to 6.6 wt% and remained constant at higher loadi
XPS results suggested that only Mo6+ and Zr4+ are presen
in the catalysts and did not show any reducible species in
catalysts. It is clear from the XPS results that the disper
of MoO3 is high at lower MoO3 loadings and was found t
be low at higher loadings. Laser Raman spectroscopy re
suggested that the tetrahedral molybdenum-oxo speci
present at lower loadings and the octahedral and crysta
MoO3 particles are present at higher MoO3 loading in ac-
cordance with XRD data.
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