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Abstract

Vanadium oxide catalysts with V2O5 loadings ranging from 2.5 to 20 wt.% supported on Al2O3–ZrO2 (1:1 wt.%) mixed oxide have been
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repared by wet impregnation method. The calcined samples were characterized by X-ray diffraction (XRD), BET surface area, pu
hemisorption, electron spin resonance (ESR), temperature-programmed reduction (TPR) of H2, X-ray photoelectron spectroscopy (XP
nd UV–vis diffuse reflectance spectroscopy (UVDRS). The catalytic properties have been evaluated for vapor phase ammoxidatio

o benzonitrile. Dispersion of vanadia was determined by the pulse oxygen chemisorption method at 643 K. Vanadia is found to
n a highly dispersed state at lower loadings and dispersion decreases steadily with increase of vanadia loading. The ESR spec
nder ambient conditions shows the presence of V4+ in tetrahedral symmetry. The TPR results show a single reduction peak correspon
5+→V3+. XPS results reveal that vanadium is present in a fully oxidized state (+5) in all the samples. The intensity ratio V 2p3/2/Al 2p3/2 and
2p3/2/Zr 3d5/2 is found to increase with increase in vanadia loading up to 12.5 wt.% and levels off at higher vanadia loadings. Th

iffuse reflectance spectra indicate the existence of isolated and clusterized tetrahedral (Td) V5+ species in all catalysts. Ammoxidation activ
ncreases with vanadia loading up to 12.5 wt.%, which corresponds to monolayer coverage and remains constant at higher vanad
he catalytic activity in ammoxidation of toluene to benzonitrile has been correlated to the oxygen chemisorption sites.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Supported vanadium oxides have been widely investigated
s they represent an important group of catalysts for number
f selective oxidation reactions and selective catalytic reduc-

ion of NO with NH3 [1–8]. The surface structures of vanadia
upported on oxides such Al2O3, SiO2, ZrO2 and TiO2 are
uite different from that of bulk vanadia. The efficiency of
upported vanadium oxide catalysts mainly depends on the
ispersion of the active phase, which in turn can be greatly

nfluenced by the nature of supported oxide, the kind of pro-
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moters/additives present and the method of preparation
catalysts.

In the recent past many studies have been focused re
to structural information of the supported vanadium ox
with their catalytic properties[9–14]. Several sophisticate
techniques including ESR[15,16], 51V solid state NMR
[15,17], electron spectroscopy for chemical analysis[10,11],
extended X-ray absorption fine structure (EXAFS)[18,19]
and laser Raman spectroscopy[9,11] have been employe
to characterize Al2O3 and ZrO2 supported vanadium oxid
catalysts in order to understand the relation between cat
activity and structural aspects. The inherent favorable pro
ties of both alumina and zirconia supports can be explore
the combination of both supports in a mixed oxide. Rep

381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2005.07.036
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in the literature show that the addition of La, Zr and Si modify
the alumina surface area and its thermal stability[20]. The
combination of Al2O3 and ZrO2 provides greater mechani-
cal strength, which results in improved resistance to attrition
[21,22]. In recent years Al2O3–ZrO2-based materials have
been employed as catalysts in numerous catalytic applica-
tions[13,23,24].

A basic knowledge of the structure–activity relationship
observed in heterogeneous catalytic oxidation is of great
importance for the development of new catalytic materials
and for improving the performance of existing catalysts[25].
To this end, methods such as oxygen chemisorption, XPS
studies etc., have been extensively used in recent years to
find the active phase dispersion in supported metal oxide sys-
tems[10,15,26–28]. Gil-Llambias et al.[27] have reported a
linear dependence between XPS intensity ratio of V 2p–Al
2p or Ti 2p peaks and a function of V2O5 loading. Similar
observations have also been made by Meunier et al.[29].

In the present investigation, we report a systematic study
on the characterization of vanadia catalysts supported on
Al2O3–ZrO2 by XRD, oxygen chemisorption, ESR, TPR,
UV-DRS and XPS measurements. The catalytic properties
were evaluated for ammoxidation of toluene to benzonitrile.
The purpose of this work is to estimate the dispersion of
vanadia supported on Al2O3–ZrO2 binary oxide and also
to identify the changes in the structure of vanadium oxide
s The
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Oxygen chemisorption was measured by dynamic method
on Auto Chem 2910 (Micromeritics, USA) instrument. Prior
to adsorption measurements, 0.5 g of the sample was reduced
in a flow of hydrogen (50 ml/min) at 643 K for 2 h and flushed
out subsequently in a pure He flow (purity 99.995%) for an
hour at the same temperature. Oxygen uptake was determined
by injecting pulses of oxygen from a calibrated on-line sam-
pling valve into a He stream passing over reduced samples at
643 K. Adsorption was deemed to be complete after at least
three successive peaks showed the same area. The BET sur-
face area of the catalyst samples was measured on a Pulse
Chemisorb 2700 (Micromeritics) unit by nitrogen physisorp-
tion at 77 K.

ESR measurements were recorded at room temperature on
a Bruker ESP 300 E (X-band) spectrometer (ν = 9.473 GHz)
with 100 kHz modulations. The samples in powder form were
loaded in quartz tubes (4 mm internal diameter). A microwave
power of 20 mW and modulation amplitude of 4 G was used
for each measurement.

TPR experiments were carried out on Auto Chem 2910
instrument. Prior to TPR studies the catalyst sample was pre-
treated at 673 K for 2 h in flowing hydrocarbon free dry air
in order to eliminate the moisture and to ensure complete
oxidation. After pretreatment the sample was cooled to room
temperature. Carrier gas (5% hydrogen–95% argon) purified
through oxy-trap and molecular sieves was allowed to pass
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atalytic properties in ammoxidation of toluene were co
ated with oxygen chemisorption and other characteriza
echniques.

. Experimental

Al2O3–ZrO2 (1:1) mixed oxide support was prepared
o-precipitation method. The requisite quantities of a
us solutions containing aluminium nitrate hydrate (Mer
irconyl nitrate hydrate (Merck) and diluted ammonia w
ontinuously stirred for 6 h at 343 K. The precipitation w
ompleted after 4–5 h of stirring at the pH of the solution≈9.
he precipitate thus obtained was filtered, washed se

imes with demineralized water till it is free from nitrat
he wet cake was dried for 16 h at 383 K and calcine
tatic air at 773 K for 6 h. The resulting mixed oxide h
ET surface area of 163 m2/g. A series of V2O5 catalysts
ith vanadia loadings ranging from 2.5 to 20 wt.% s
orted on Al2O3–ZrO2 were prepared by wet impregnati
f the support using oxalic acid solution containing re
ite amount of ammonium metavanadate (1:2 weight
etween ammonium metavanadate and oxalic acid). Th
lysts were subsequently dried at 383 K for 16 h and calc

n air at 773 K for 6 h.
X-ray diffractograms of V2O5/Al2O3–ZrO2 catalysts

ere recorded on Bruker D-8 diffractometer using grap
ltered Cu K� radiation (λ = 1.5418Å).
ver the sample. Temperature was increased from am
o 1273 K at a heating rate of 10 K/min and the data
ecorded simultaneously. The hydrogen consumption v
re calculated using GRAMS/32 software.

The UV–vis diffuse reflectance spectra were recorde
GBC UV–vis Cintra 10e spectrometer with an integrati

phere reflectance accessory using pellets of 50 mg ca
ample grounded with 2.5 g of KBr. The KBr was used
iluent and reference material. The accessory is a ba
ulphate-coated integrating sphere with light detection
uilt-in photomultifier tube attached to the base of the sph
he sphere is supplied with spectral on reference discs to
ide optimal performance across the wavelength range
00 to 800 nm. The sphere is fitted with 10 mm cell h
rs and solid sample holders for both reference and a sa
ositions in order to perform the measurements of reflec
bsorbance of samples placed in the rear (reflectance)
ample holder.

X-ray photoemission spectra were recorded on a KRA
XIS 165 equipped with Mg K� radiation (1253.6 eV) a
5 W apparatus using the Mg K� anode and a hemisphe
al analyzer, connected to a five-channel detector. The
ine at 284.6 eV was used as an internal standard for the
ection of binding energies. The background pressure d
he data acquisition was kept below 10−10 bar. Spectra wer
econvoluted using Sun Solaris based Vision 2 curve res
he location and the full width at half maximum (FWHM

or all species were first determined using the spectru
pure sample. The location and FWHM of products, w
ere not obtained as pure species, were adjusted un
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best fit was obtained. Symmetric Gaussian shapes were used
in all cases. Binding energies for identical samples were, in
general, reproducible to within±0.1 eV. Calculations of the
atomic ratios V/Zr and V/Al were performed by determining
the V 2p3/2, Zr 3d5/2 and Al 2p3/2 peak areas, after subtracting
the inelastic background and correction of intensities by the
respective sensitive factors.

The ammoxidation of toluene to benzonitrile reaction was
carried out in a fixed-bed down-flow reactor with 20 mm
internal diameter made of Pyrex glass. 0.5 g of the cata-
lyst with a 18–25-mesh size diluted with an equal amount
of quartz grains of the same dimensions was charged into
the reactor supported on a glass wool bed. In order to mini-
mize the adverse thermal effects, the catalyst particles were
diluted to its same volume with quartz grains of similar par-
ticle size. Prior to introducing the reactant toluene with a
syringe pump (B-Braun perfusor, Germany) the catalyst was
reduced at 643 K for 2 h in hydrogen flow (40 ml/min) and
then the reactor was fed with toluene, ammonia and air in
the molar ratio of 1:13:26. The zone above the catalyst bed
was filled-up with quartz glass particles to serve as the pre-
heater. It is heated up to 423 K by way of electrical furnace for
adequate vaporization of liquid feed. The reaction products
benzonitrile and benzene were analyzed by HP 6890 gas chro-
matograph equipped with a flame ionization detector (FID)
using HP-5 capillary column.
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Fig. 1. Oxygen uptake plotted as a function of V2O5 loading on Al2O3–ZrO2

supportTads= Tred= 643 K.

with the deposition of vanadia on pore surface of the sup-
port (Table 1).

The oxygen uptake plotted as a function of V2O5 loading
at 643 K is shown inFig. 1for vanadia/alumina–zirconia cata-
lysts. The oxygen uptake by alumina–zirconia support under
similar conditions was found to be negligible. The oxygen
uptakes were found to increase with vanadia loading up to
12.5 wt.% of V2O5 and levels off at higher vanadia loadings.
This can be attributed to the formation of a vanadium oxide
monolayer on alumina–zirconia. The saturation level off of
oxygen uptake (Fig. 1) at 12.5 wt.% vanadia loading might
be due to the formation of a crystalline vanadia phase. This
phase upon pre-reduction with hydrogen does not apprecia-
bly chemisorb oxygen. The dashed line inFig. 1corresponds
to an oxygen atom per a vanadium atom. The dispersion of
vanadia can be defined as a fraction of total O atoms titrated
(determined from oxygen uptake) to total V atoms present in
the sample[15]. A substantial decrease in the dispersion of
vanadia is observed with increasing V2O5 content in the cat-
alysts. For the same composition of V2O5, the dispersion of
vanadia supported on mixed alumina–zirconia support was
found to be more than that of vanadia supported on simple
zirconia[31] and alumina[15] supports.

T
O as of V2O5/Al

S Ox

1 12
2 23
3 34
4 41
5 49
6 51
7 56

urf = 1.
. Results and discussion

The Al2O3–ZrO2 binary oxide support prepared by c
recipitation method is found to be X-ray amorphous.

erent loadings of vanadia supported on Al2O3–ZrO2 cat-
lysts are also found to be amorphous. This observ
uggests that deposited vanadia is in well dispersed
n alumina–zirconia support probably in the form of hig
ctive monomeric VO4 units and two dimensional (V–O–V
tructures[30] which seems to be responsible for the amm
dation of toluene to benzonitrile. XRD also indicates tha
ompound is formed due to the interaction between V2O5 and
l2O3 or ZrO2. The surface area of the catalysts decre
ith increasing vanadia content due to blocking of po

able 1
xygen uptake, dispersion, oxygen atom site density and surface are

. No. V2O5 on Al2O3–ZrO2 (wt.%) BET surface area (m2 g−1)

2.50 140
5.00 128
7.50 121

10.0 117
12.5 114
15.0 102
20.0 94

a T (reduction) =T (adsorption) = 643 K.
b Dispersion: fraction of vanadium atoms at the surface assuming Oads/Vs
2O3–ZrO2 catalysts

ygen uptakea (�mol g−1) Oxygen atom site
density (1018 m−2)

Dispersionb (O/V)

7 1.1 92
9 2.3 87
1 3.4 83
1 4.2 75
1 5.2 71
8 6.1 63
7 7.3 52
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Table 2
Spin Hamiltonian parameters of V4+ in V2O5/Al2O3–ZrO2 catalysts

S. No. V2O5 on Al2O3–ZrO2

(wt.%)
g‖ A‖ (Gauss) g⊥ A⊥ (Gauss)

1 2.50 1.972 196 1.989 71.0
2 5.00 1.980 177 1.989 64.5
4 10.0 1.988 191 1.992 67.5
5 12.5 1.984 182 1.991 65.3
6 15.0 1.987 176 1.989 64.3
7 20.0 1.986 177 1.989 61.3

Electron spin resonance spectroscopy has been widely
used for characterizing supported vanadia catalysts to deter-
mine the possible coordination environment i.e., symmetry
of vanadium and the effect of support on vanadyl bond
strength. The V4+ species in the catalysts exhibit clear eight
line hyperfine splitting due to interaction between electron
spin (S = +1/2) and nuclear spin (I = +7/2). It can be noticed
that the spectra contains a pattern of eight parallel and
eight perpendicular hyperfine components, which is a sign of
vanadyl ions in axial symmetry. The ESR spectra of calcined
V2O5/Al2O3–ZrO2 catalysts recorded at ambient tempera-
ture are shown inFig. 2. The spin Hamiltonian parameters
such asg‖, A‖, g⊥ andA⊥ values are given inTable 2. The
observed components of g factor show that theg tensor of V4+

has axial symmetry. The broadening of ESR spectra at higher
loadings of vanadia might be due to the presence of different
surface crystalline vanadia. These results further support the
vanadia dispersion determined by the oxygen chemisorption
method. The high dispersion of vanadia is consistent with the
appearance of a well-resolved ESR spectrum in lower vana-
dia loading samples. The decrease in the intensity of the ESR
spectra with increasing of vanadia loading in the catalyst is
attributed to spin-spin coupling. The changes in ESR spectral
features with vanadia loading might be due to the presence of
different vanadia species on Al2O3–ZrO2. The present ESR
results are in agreement with our earlier reports[15].

V
w -
t .
K r
o on to
t

V

T
t iated
w k
a f
V

duc-
t t
p and
t sion
l gher

Fig. 2. Electron spin resonance spectra of V2O5/Al2O3–ZrO2 catalysts.

temperatures. Thus, the reduction temperature (Tred) shifted
to higher temperatures (778–814 K) when vanadia loading
was increased from 2.5 to 20 wt.% (Table 3). This is an indi-
cation of increased particle size of microcrystalline vanadia
with higher loadings. It is clear that dispersion decreases
when the crystallite size increases, which is in good agree-
ment with the fact that smaller crystallites are reduced faster
The TPR profiles of bulk V2O5 and various
2O5/Al2O3–ZrO2 catalysts are shown inFig. 3. It
as found that bulk V2O5 exhibited multiple major reduc

ion peaks when reduced in 5% H2 + 95% Ar up to 1273 K
oranne et al.[32] and Bosch et al.[33] have reported simila
bservations, and they have attributed this phenomen

he following reduction sequence:

2O5
(1)−→V6O13

(2)−→V2O4
(3)−→V2O3

he sharp peak at 965 K corresponds to the reduction of V2O5
o V6O13(first peak). The second peak at 1003 K is assoc
ith the reduction of V6O13 to V2O4, and the third pea
t 1067 K corresponds to V2O3 formed by the reduction o
2O4.
The TPR profiles of the samples show only a single re

ion peak corresponding to V5+→V3+. It is expected tha
article size increases with increase in vanadia loading

he vanadia becomes difficult to reduce due to bulk diffu
imitations. This causes a shift in the TPR peaks to hi
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Fig. 3. Temperature-programmed reduction profiles of pure V2O5 and
V2O5/Al2O3–ZrO2 catalysts.

Table 3
Temperature-programmed reduction of V2O5/Al2O3–ZrO2 catalysts

S. No. V2O5 on Al2O3–ZrO2

(wt.%)
TRed (K) H2 consumption

(�mol g−1)

1 2.50 778 263
2 5.00 793 544
3 7.50 803 825
4 10.0 788 1071
5 12.5 809 1383
6 15.0 814 1660

than the bigger ones. The shift in reduction temperature indi-
cates that the reducibility of vanadia decreases with loading
on Al2O3–ZrO2. The reduction of bulk V2O5 occurred at
much higher temperatures than Al2O3–ZrO2 supported vana-
dia due to increased diffusional limitations in bulk V2O5 in
accordance with the above trend. This is consistent with the
work of Koranne et al.[32] and Roozeboom et al.[34]. They
have also shown that the supported vanadium oxide catalysts
reduce at much lower temperature than bulk vanadia and the
reducibility of vanadia is strongly influenced by the kind of
support used. Bond et al.[35,36]also reported that the VOx
monolayer species is reduced in a single step from V5+ to
V3+.

X-ray photoelectron spectroscopy (XPS) is highly sur-
face sensitive technique and considered as one of the best
technique for studying the dispersion of V2O5 on various sup-
ports. The nature of surface species of the V2O5/Al2O3–ZrO2
catalysts was investigated by the XPS technique (Figs. 4–7).
The photoelectron peaks of O 1s, Zr 3d, Al 2p and V 2p are
shown inFigs. 4–7, respectively. The binding energy of O 1s
is observed at∼532 eV inFig. 4. The 1s O profile is due to the
overlapping contribution of oxygen from ZrO2 and Al2O3 in
the case of mixed Al2O3–ZrO2 support and to ZrO2, Al2O3
and V2O5 in the case of the V2O5/Al2O3–ZrO2 catalyst sam-
ples, respectively. With the increase in vanadia loading there

F
V

ig. 4. XPS O 1s binding energy for Al2O3–ZrO2 support and

2O5/Al2O3–ZrO2 catalysts.
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Fig. 5. Zr 3d XPS of the Al2O3–ZrO2 support and V2O5/Al2O3–ZrO2 Cat-
alysts.

is a slight shift in the O 1s B.E values towards lower side. This
is due to a contribution from the second O 1s component due
to lattice oxygen in the added vanadium phase[37].

Fig. 5 shows the binding energies of Zr photoelectron
peaks at∼182.9 and∼185.3 eV for Zr 3d5/2 and Zr 3d3/2
lines, respectively. The binding energies of Zr 3d5/2 and
its full width half maximum (FWHF) values are shown in
Table 4. These values did not change much with different
vanadia loadings. The constant FWHM values are around
1.7, implying that only one type of doublet is present. This
provides evidence for the presence of a single type of zir-
conium oxide with an oxidation state of 4+. The intensity
of Zr 3d core level spectra does not change much with the
increase in vanadia loading.Fig. 6shows the binding energy
of Al 2p photoelectron peak at∼75.5 eV for Al 2p3/2, which

Fig. 6. Al 2p XPS of the Al2O3–ZrO2 support and V2O5/Al2O3–ZrO2 cat-
alysts.

is in agreement with the values reported in the literature[38].
There is a slight increase in the binding energies of Zr 3d and
Al 2p in supported vanadia catalysts. This can be attributed to
the strong interactions between the vanadium oxide and sup-
port oxides. The binding energies of Al 2p3/2 and its FWHM
values are reported inTable 4. The constant binding ener-
gies of Al 2p3/2 and FWHM values indicate the presence of
one type of aluminium oxide with an oxidation state of 3+.
The V 2p photoelectron peaks of vanadia catalysts at∼517.9
and∼524.2 eV correspond to the V 2p3/2 and V 2p1/2 states
are shown inFig. 7. Increasing the vanadia loading does not
change in the peak parameters (Table 4), suggesting that only
one type of vanadium oxide with +5 oxidation state is present
in all the samples. There has been some discussion over the
years about the oxidation state of the surface vanadia species

Table 4
Binding energies (eV), FWHM, XPS atomic ratios of O 1s, Zr 3d5/2 Al 2p3/2 and V 2p3/2 for V2O5/Al2O3–ZrO2 catalysts

V2O5 on Al2O3–ZrO2

(wt.%)
O 1s
position

Position and FWHMa

of Zr 3d5/2

Position and FWHM
of Al 2p3/2

Position and FWHM
of V 2p3/2

XPS Intensity
V 2p/Zr 3d

XPS Intensity
V 2p/Al 2p

0 532.1 182.9(1.7) 75.4(2.1) – – –
2.5 532.0 183.2(1.8) 75.6(2.1) 518.1(2.1) 0.234 0.084
7.5 531.7 183.3(1.7) 75.7(1.9) 518.0(1.8) 0.502 0.212

10.0 531.2 182.9(1.7) 75.5(1.9) 517.9(1.7) 0.620 0.244
12.5 530.9 182.9(1.6) 75.5(1.8) 517.8(1.7) 0.765 0.254
15.0 531.3 183.0(1.6) 75.4(1.9) 518.1(1.7) 0.730 0.206
20.0 531.8 183.8(1.5) 75.7(1.9) 518.2(1.8) 0.755 0.232
a Parentheses are FWHM values.
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Fig. 7. V 2p XPS of V2O5/Al2O3–ZrO2 catalysts.

Fig. 8. XPS intensity ratio versus V2O5 loading for the V2O5/Al2O3–ZrO2.

in calcined supported vanadia catalysts[39]. Only V (5+)
is observed in calcined supported vanadia catalysts by XPS,
when the sample is not artificially reduced by the measur-
ing conditions. Traces of V (4+) are also present and not
detected by XPS. It is well known that V (5+) does not have
any unpaired electrons and no EPR signals where as V (4+) is
EPR active. Thus, calcined supported vanadia catalysts pos-
sess V (5+) species and with trace amounts of V (4+) species
[39,40].

The surface atomic ratios were calculated from the XPS
peak intensity ratios, normalized by atomic sensitivity fac-
tors [41]. Fig. 8 indicates that there is a surface enrichment

of V with respect to Zr or Al. At higher vanadia contents,
the surface V/Zr and V/Al ratio remains practically con-
stant or increases very little. This reveals that at 12.5 wt.%
vanadia and above loadings there is a segregation of vana-
dium oxide. The relative dispersion of vanadium on the
support surface also determined from XPS measurements of
the V2O5/Al2O3–ZrO2 catalysts presented inTable 4and
Fig. 8. The XPS data were quantified for V/Zr and V/Al
atomic ratios. It is evident formFig. 8 that V/Zr and V/Al
atomic ratio is not proportional to the vanadia loading. Up to
12.5 wt.% monolayer loading, the increase in the atomic ratio
is almost linear, which indicates a high dispersion of vana-
dia below monolayer loading. At higher loadings, the V/Al
ratio is constant and no appreciable surface enrichment of
V/Zr atomic ratios is observed. This confirms the formation
of agglomerates and crystallites at higher vanadia loadings.
These results are in agreement with the studies of Huuhtanen
and Andersson[37] and confirm that at low vanadia load-
ings dispersion is high and at higher loadings the dispersion
decreases. The activity of the catalysts in the ammoxidation
of toluene to benzonitrile was also found to increase up to
12.5 wt.% loading and leveled off at higher loadings.

The DR-UV–vis spectra of V2O5/Al2O3–ZrO2 cata-
lysts are shown inFig. 9. The charge transfer (CT) spec-
tra of V5+ ions (d0) were recorded between 200 and
800 nm for Al O –ZrO supported VO catalysts contain-
i is
d
2
c with
t by
t ion.
T the
c cies

F
l

2 3 2 x

ng 2.5–20 wt.% of V2O5. In all the catalysts the spectrum
ominated by two charge transfer (CT) bands of V5+ (d0) at
88 and 367 nm (Fig. 9). The energy of oxygen→ vanadium
harge transfer absorption band, which is correlated
he minimum diffuse reflectance, is strongly influenced
he number of ligands surrounding the central vanadium
hus, it can be used to obtain very useful information on
oordination of vanadium ions in different surface spe

ig. 9. UV–vis diffuse reflectance spectra of the V2O5/Al2O3–ZrO2 cata-
ysts.
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Fig. 10. Ammoxidation of toluene over various V2O5/Al2O3–ZrO2 catalysts
(reaction temperature 643 K).

[42,43]. The spectral features of the catalysts, consisting of
an absorption band at 288 nm arise from the charge transfer in
di- or oligo-meric structures formed by the condensation of
monomeric species and V5+ ion in tetrahedral coordination
[43]. The blue shift of this band has been observed from 288
to 311 nm with increase in vanadia loadings. In all the sys-
tems the charge transfer band at∼375 nm is due to V5+ ions
coordinated by five oxygen ligands in the form of a square
pyramidal[43].

The results of ammoxidation of toluene at 643 K over vari-
ous V2O5/Al2O3–ZrO2 catalysts are presented inFig. 10. The
conversion of toluene was found to increase with increase
of vanadia loading up to 12.5 wt.% vanadia, and decreases
at higher vanadia loadings. The decrease in activity of the
catalysts beyond 12.5 wt.% is due to agglomeration of V2O5
micro crystallites or completion of monolayer. Thus, the find-
ings of oxygen chemisorption and XPS results further support
the catalytic properties. The selectivity of benzonitrile for-
mation is found to be independent of vanadia content in the
catalyst. In the present study the catalysts have been pre-
reduced in hydrogen and thus the reduced surface contains
V4+ stabilized on alumina–zirconia surface. Experiments
were conducted to establish the effect of mass transfer limi-
tations during the ammoxidation reaction. The mass transfer
limitations were evaluated using the Madon and Boudart test
[44,45]. The rate of ammoxidation increased proportionally
w ass
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Fig. 11. Dependence of turn over frequency (TOF) on surface vanadia con-
tent.

decreases at higher vanadia loadings. Up to 10 wt.% V2O5
loading, per site activity (constant TOF) is constant with
increase in surface vanadia sites. The decrease in TOF beyond
10 wt.% V2O5 loading indicates the formation of crystalline
V2O5 particles.

4. Conclusions

The Al2O3–ZrO2 binary oxide is an interesting support
to investigate the dispersion of vanadium oxide and catalytic
properties. The oxygen chemisorption results suggested that
vanadium oxide is highly dispersed on Al2O3–ZrO2 support
at lower vanadia loadings and the dispersion decreases with
increase in vanadia loadings. XPS results further support the
above findings. XPS results indicated the presence of V5+ in
all the catalysts and did not show any reducible species. TPR
results indicated that the reducibility of vanadia decreases
with increase of vanadia loading. Al2O3–ZrO2 was found
to be a competent support and it plays an important role in
the enhancement of V2O5 activity in the ammoxidation of
toluene.
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