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Abstract

Vanadium oxide catalysts with Ds loadings ranging from 2.5 to 20 wt.% supported op@¢-ZrO, (1:1 wt.%) mixed oxide have been
prepared by wet impregnation method. The calcined samples were characterized by X-ray diffraction (XRD), BET surface area, pulse oxygen
chemisorption, electron spin resonance (ESR), temperature-programmed reduction (TRRX-@&¥photoelectron spectroscopy (XPS),
and UV-vis diffuse reflectance spectroscopy (UVDRS). The catalytic properties have been evaluated for vapor phase ammoxidation of toluene
to benzonitrile. Dispersion of vanadia was determined by the pulse oxygen chemisorption method at 643 K. Vanadia is found to be present
in a highly dispersed state at lower loadings and dispersion decreases steadily with increase of vanadia loading. The ESR spectra obtainec
under ambient conditions shows the presence’dfivtetrahedral symmetry. The TPR results show a single reduction peak corresponding to
V5 - V3 XPS results reveal that vanadium is present in a fully oxidized state (+5) in all the samples. The intensity rgtiA\V2R,, and
V 2pso/Zr 3ds2 is found to increase with increase in vanadia loading up to 12.5wt.% and levels off at higher vanadia loadings. The UV-vis
diffuse reflectance spectra indicate the existence of isolated and clusterized tetrahedra §pd)iés in all catalysts. Ammoxidation activity
increases with vanadia loading up to 12.5wt.%, which corresponds to monolayer coverage and remains constant at higher vanadia loadings.
The 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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1. Introduction moters/additives present and the method of preparation of the
catalysts.

Supported vanadium oxides have been widely investigated In the recent past many studies have been focused related
as they represent an important group of catalysts for numberto structural information of the supported vanadium oxides
of selective oxidation reactions and selective catalytic reduc- with their catalytic propertief9—14]. Several sophisticated
tion of NO with NHs [1-8]. The surface structures of vanadia techniques including ESR15,16], °V solid state NMR
supported on oxides such &z, SiOy, ZrO, and TiQ, are [15,17], electron spectroscopy for chemical analy$i®11],
quite different from that of bulk vanadia. The efficiency of extended X-ray absorption fine structure (EXAH$3,19]
supported vanadium oxide catalysts mainly depends on theand laser Raman spectroscqgyll] have been employed
dispersion of the active phase, which in turn can be greatly to characterize AlO; and ZrQ supported vanadium oxide
influenced by the nature of supported oxide, the kind of pro- catalysts in order to understand the relation between catalytic

activity and structural aspects. The inherent favorable proper-
* Corresponding author. Tel.: +91 40 27193162; fax: +91 40 27160021, ties of both alumina and zirconia supports can be explored by
E-mail address: kvrchary@iict.res.in (K.V.R. Chary). the combination of both supports in a mixed oxide. Reports

1381-1169/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2005.07.036



150 K.V.R. Chary et al. / Journal of Molecular Catalysis A: Chemical 243 (2006) 149-157

in the literature show that the addition of La, Zr and Si modify Oxygen chemisorption was measured by dynamic method
the alumina surface area and its thermal stabj§]. The on Auto Chem 2910 (Micromeritics, USA) instrument. Prior
combination of AbO3 and ZrQ provides greater mechani-  to adsorption measurements, 0.5 g of the sample was reduced
cal strength, which results in improved resistance to attrition in a flow of hydrogen (50 ml/min) at 643 K for 2 h and flushed
[21,22] In recent years AlOs—ZrO,-based materials have out subsequently in a pure He flow (purity 99.995%) for an
been employed as catalysts in numerous catalytic applica-hour atthe same temperature. Oxygen uptake was determined
tions[13,23,24] by injecting pulses of oxygen from a calibrated on-line sam-
A basic knowledge of the structure—activity relationship pling valve into a He stream passing over reduced samples at
observed in heterogeneous catalytic oxidation is of great 643 K. Adsorption was deemed to be complete after at least
importance for the development of new catalytic materials three successive peaks showed the same area. The BET sur-
and for improving the performance of existing cataly2t. face area of the catalyst samples was measured on a Pulse
To this end, methods such as oxygen chemisorption, XPSChemisorb 2700 (Micromeritics) unit by nitrogen physisorp-
studies etc., have been extensively used in recent years tdion at 77 K.
find the active phase dispersion in supported metal oxide sys- ESR measurements were recorded at room temperature on
tems[10,15,26-28]Gil-Llambias et al[27] have reported a  a Bruker ESP 300 E (X-band) spectrometer 0.473 GHz)
linear dependence between XPS intensity ratio of V 2p—Al with 100 kHz modulations. The samples in powder form were
2p or Ti 2p peaks and a function of,®@s loading. Similar loaded in quartz tubes (4 mm internal diameter). A microwave
observations have also been made by Meunier §29J. power of 20 mW and modulation amplitude of 4 G was used
In the present investigation, we report a systematic study for each measurement.
on the characterization of vanadia catalysts supported on TPR experiments were carried out on Auto Chem 2910
Al,03—Zr0, by XRD, oxygen chemisorption, ESR, TPR, instrument. Prior to TPR studies the catalyst sample was pre-
UV-DRS and XPS measurements. The catalytic propertiestreated at 673K for 2 h in flowing hydrocarbon free dry air
were evaluated for ammoxidation of toluene to benzonitrile. in order to eliminate the moisture and to ensure complete
The purpose of this work is to estimate the dispersion of oxidation. After pretreatment the sample was cooled to room
vanadia supported on AD3-ZrO, binary oxide and also  temperature. Carrier gas (5% hydrogen—95% argon) purified
to identify the changes in the structure of vanadium oxide through oxy-trap and molecular sieves was allowed to pass
species as a function of an active component loading. Theover the sample. Temperature was increased from ambient
catalytic properties in ammoxidation of toluene were corre- to 1273 K at a heating rate of 10 K/min and the data was
lated with oxygen chemisorption and other characterization recorded simultaneously. The hydrogen consumption values
techniques. are calculated using GRAMS/32 software.
The UV-vis diffuse reflectance spectra were recorded on
a GBC UV-vis Cintra 19 spectrometer with an integrating
sphere reflectance accessory using pellets of 50 mg catalyst
2. Experimental sample grounded with 2.5g of KBr. The KBr was used as
diluent and reference material. The accessory is a barium
Al,03—Zr0O, (1:1) mixed oxide support was prepared by sulphate-coated integrating sphere with light detection by a
co-precipitation method. The requisite quantities of aque- built-in photomultifier tube attached to the base of the sphere.
ous solutions containing aluminium nitrate hydrate (Merck), The sphere is supplied with spectral on reference discs to pro-
zirconyl nitrate hydrate (Merck) and diluted ammonia were vide optimal performance across the wavelength range from
continuously stirred for 6 h at 343 K. The precipitation was 200 to 800 nm. The sphere is fitted with 10 mm cell hold-
completed after 4-5 h of stirring at the pH of the solutie®. ers and solid sample holders for both reference and a sample
The precipitate thus obtained was filtered, washed severalpositions in order to perform the measurements of reflectance
times with demineralized water till it is free from nitrates. absorbance of samples placed in the rear (reflectance) solid
The wet cake was dried for 16 h at 383K and calcined in sample holder.
static air at 773K for 6 h. The resulting mixed oxide had X-ray photoemission spectrawere recorded on a KRATOS
BET surface area of 1634fy. A series of 405 catalysts AXIS 165 equipped with Mg K radiation (1253.6eV) at
with vanadia loadings ranging from 2.5 to 20wt.% sup- 75W apparatus using the MgeKanode and a hemispheri-
ported on AbO3—ZrO, were prepared by wet impregnation cal analyzer, connected to a five-channel detector. The C 1s
of the support using oxalic acid solution containing requi- line at 284.6 eV was used as an internal standard for the cor-
site amount of ammonium metavanadate (1:2 weight ratio rection of binding energies. The background pressure during
between ammonium metavanadate and oxalic acid). The catthe data acquisition was kept below 28 bar. Spectra were
alysts were subsequently dried at 383 K for 16 h and calcined deconvoluted using Sun Solaris based Vision 2 curve resolver.
in air at 773K for 6 h. The location and the full width at half maximum (FWHM)
X-ray diffractograms of YOs/Al,O3—ZrO, catalysts for all species were first determined using the spectrum of
were recorded on Bruker D-8 diffractometer using graphite a pure sample. The location and FWHM of products, which
filtered Cu Ku radiation ¢ = 1.5418&). were not obtained as pure species, were adjusted until the
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best fit was obtained. Symmetric Gaussian shapes were used 1200
in all cases. Binding energies for identical samples were, in -
general, reproducible to withiit0.1 eV. Calculations of the 1000 ¢
atomic ratios V/Zr and V/Al were performed by determining
the V 22, Zr 3ds/2 and Al 232 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- 0 200 400 600 800 1000 1200
mize the adverse thermal effects, the catalyst particles were V.05 loading on ALO;-ZrO,, moles/g
diluted to its same volume with quartz grains of similar par-
ticle size. Prior to introducing the reactant toluene with a Fig.1. Oxygen uptake plotted as a function o3 loading on AbO3—ZrO,
syringe pump (B-Braun perfusor, Germany) the catalyst was supportTags= Tred= 643 K.
reduced at 643K for 2h 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 bedwith the deposition of vanadia on pore surface of the sup-
was filled-up with quartz glass particles to serve as the pre- port (Table J).
heater. Itis heated up to 423 K by way of electrical furnacefor  The oxygen uptake plotted as a function af®% loading
adequate vaporization of liquid feed. The reaction products at 643 K is shown iffFig. 1for vanadia/alumina—zirconia cata-
benzonitrile and benzene were analyzed by HP 6890 gas chrojysts. The oxygen uptake by alumina—zirconia support under
matograph equipped with a flame ionization detector (FID) similar conditions was found to be negligible. The oxygen
using HP-5 capillary column. uptakes were found to increase with vanadia loading up to

12.5wt.% of \bOs and levels off at higher vanadia loadings.

This can be attributed to the formation of a vanadium oxide
3. Results and discussion monolayer on alumina—zirconia. The saturation level off of

oxygen uptakeKig. 1) at 12.5wt.% vanadia loading might

The Al,O3—ZrO; binary oxide support prepared by co- be due to the formation of a crystalline vanadia phase. This
precipitation method is found to be X-ray amorphous. Dif- phase upon pre-reduction with hydrogen does not apprecia-
ferent loadings of vanadia supported onp®@$—ZrO, cat- bly chemisorb oxygen. The dashed lindHig. 1 corresponds
alysts are also found to be amorphous. This observationto an oxygen atom per a vanadium atom. The dispersion of
suggests that deposited vanadia is in well dispersed statevanadia can be defined as a fraction of total O atoms titrated
on alumina—zirconia support probably in the form of highly (determined from oxygen uptake) to total V atoms present in
active monomeric V@units and two dimensional (V—O-V) the sampld15]. A substantial decrease in the dispersion of
structure$30] which seems to be responsible for the ammox- vanadia is observed with increasing®5 content in the cat-
idation of toluene to benzonitrile. XRD also indicates that no alysts. For the same composition 0f®5, the dispersion of
compound is formed due to the interaction betweg®yand vanadia supported on mixed alumina—zirconia support was
Al,O3 or ZrO,. The surface area of the catalysts decreasesfound to be more than that of vanadia supported on simple
with increasing vanadia content due to blocking of pores zirconia[31] and aluming15] supports.

800 +
600 +

400 1

Oxygen uptake, pumoles/g

200 +

Table 1
Oxygen uptake, dispersion, oxygen atom site density and surface areg®gif\b03—ZrO, catalysts

S. No. V105 on Al,03—ZrO, (Wt.%) BET surface area (fy 1) Oxygen uptak&(umol g1) Oxygen atom site  Dispersioft (O/V)
density (188m=2)

1 2.50 140 127 11 92
2 5.00 128 239 2.3 87
3 7.50 121 341 3.4 83
4 10.0 117 411 4.2 75
5 12.5 114 491 5.2 71
6 15.0 102 518 6.1 63
7 20.0 94 567 7.3 52

a T (reduction) =T (adsorption) = 643 K.
b Dispersion: fraction of vanadium atoms at the surface assumigghQ@uri=1.
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Table 2
Spin Hamiltonian parameters of'¥in V,0s/Al ,03—-ZrO; catalysts

S.No. V,0s0nAl03z-Zr0, g Aj (Gauss) g1 A, (Gauss)

V205/A1203-Zl‘02

(wt.%)
1 2.50 1.972 196 1.989 71.0
2 5.00 1.980 177 1.989 64.5 20.0%
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

15.0%

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 ¥* species in the catalysts exhibit clear eight
line hyperfine splitting due to interaction between electron
spin (§=+1/2) and nuclear spirf € +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
V20s5/Al,03—-ZrO, catalysts recorded at ambient tempera-
ture are shown ifFig. 2 The spin Hamiltonian parameters
such asg|, A, g1 andA, values are given iffable 2 The
observed components of g factor show thagttensor of Vi
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-
dialoading 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 5.0%
features with vanadia loading might be due to the presence of
different vanadia species on Ab3—ZrO,. The present ESR
results are in agreement with our earlier rep{itt.

The TPR profiles of bulk YOs and various
V20s5/Al203—ZrO, catalysts are shown irFig. 3 It
was found that bulk YOs5 exhibited multiple major reduc-
tion peaks when reduced in 5% H95% Ar up to 1273 K. 25%
Koranne et al[32] and Bosch et a[33] have reported similar
observations, and they have attributed this phenomenon to
the following reduction sequence: : I A

2500 3000 3500 4000

V505-v6015-2v,0,-2v,05 H (Gauss)

12.5%

eca

10.0%

Intensity (a.u)

T T

The sharp peak at 965 K corresponds to the reduction GV

to VeOs13(first peak). The second peak at 1003 K is associated

with the reduction of ¥O13 to V204, and the third peak

at 1067 K corresponds to2D3 formed by the reduction of  temperatures. Thus, the reduction temperatiirg) shifted

V20;,. to higher temperatures (778-814 K) when vanadia loading
The TPR profiles of the samples show only a single reduc- was increased from 2.5 to 20 wt.%able 3. This is an indi-

tion peak corresponding to%—V3*. It is expected that  cation of increased particle size of microcrystalline vanadia

particle size increases with increase in vanadia loading andwith higher loadings. It is clear that dispersion decreases

the vanadia becomes difficult to reduce due to bulk diffusion when the crystallite size increases, which is in good agree-

limitations. This causes a shift in the TPR peaks to higher ment with the fact that smaller crystallites are reduced faster

Fig. 2. Electron spin resonance spectra gOg/Al,03-ZrO;, catalysts.
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Pure V,0s _/'.

'/-.... '.\.__-

VzOs/Ale3-Zl‘02

H, Uptake (a.u)

10.0%

7.5%

5.0%

2.5%

1 1 1 1 1 1 1 1 1
273373 473 573 673773 873973 1073 1173 1273
Temperature (K)

Fig. 3. Temperature-programmed reduction profiles of pup®svand
V205/Al,03-ZrO; catalysts.

Table 3

Temperature-programmed reduction af®/Al ,03—ZrO;, catalysts

S. No. \LOs on Al,O3—ZrO, Tred (K) H2 consumption
(wt.%) (uwmolg™)

1 2.50 778 263

2 5.00 793 544

3 7.50 803 825

4 10.0 788 1071

5 125 809 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 AlbO3—Zr0O,. The reduction of bulk YOs occurred at
much higher temperatures tharnn®s—ZrO, supported vana-

dia due to increased diffusional limitations in bulk®s in
accordance with the above trend. This is consistent with the
work of Koranne et al[32] and Roozeboom et dB4]. 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 §B5,36]also reported that the VO
mgnolayer species is reduced in a single step froth i@

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®5 on various sup-
ports. The nature of surface species of th©WAl ,03—Zr0y
catalysts was investigated by the XPS technidtigd. 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 at532 eV inFig. 4 The 1s O profile is due to the
overlapping contribution of oxygen from Zgnd ALOs in

the case of mixed AlO3—ZrO, support and to Zrg, Al>,0O3

and V,Os in the case of the ¥Os/Al ,03—ZrO, catalyst sam-
ples, respectively. With the increase in vanadia loading there

V,05/ALO+Zr0,

Intensity (a.u)

5|36 532 558
Binding energy (eV)

T

Fig. 4. XPS O 1s binding energy for #D3—ZrO, support and
V205/Al,03-Zr0O;, catalysts.
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Zr3d,, Al 2y,

Zr 3d3/2 VzOs/Aleg-Zl‘Oz

V,05/ALO;-Zr0O,

Intensity (a.u)
Intensity (a.u)

0.0%

0.0%; T

SIS N N B RO N B B N B B B !

T
188 186 184 182 180 80 B 76 V72
Binding energy (eV) inding energy (eV)
Fig. 5. Zr 3d XPS of the AlO3—ZrO; support and YOs/Al,03-ZrO, Cat- le)gl]StGS Al 2p XPS of the AJO3—ZrO; support and YOs/Al,03—ZrO; cat-
alysts. .

is a slight shiftin the O 1s B.E values towards lower side. This is in agreement with the values reported in the literafd&.

is due to a contribution from the second O 1s component dueThere is a slight increase in the binding energies of Zr 3d and

to lattice oxygen in the added vanadium phggg. Al 2p in supported vanadia catalysts. This can be attributed to
Fig. 5 shows the binding energies of Zr photoelectron the strong interactions between the vanadium oxide and sup-

peaks at~182.9 and~185.3eV for Zr 3d;; and Zr 3d; port oxides. The binding energies of Al@pand its FWHM

lines, respectively. The binding energies of Zrs3dand values are reported ifiable 4 The constant binding ener-

its full width half maximum (FWHF) values are shown in gies of Al 22 and FWHM values indicate the presence of

Table 4 These values did not change much with different one type of aluminium oxide with an oxidation state of 3+.

vanadia loadings. The constant FWHM values are around The V 2p photoelectron peaks of vanadia catalysts&it7.9

1.7, implying that only one type of doublet is present. This and~524.2 eV correspond to the V 2pand V 2, states

provides evidence for the presence of a single type of zir- are shown irFig. 7. Increasing the vanadia loading does not

conium oxide with an oxidation state of 4+. The intensity change inthe peak parameteFalfle 4, suggesting that only

of Zr 3d core level spectra does not change much with the one type of vanadium oxide with +5 oxidation state is present

increase in vanadia loadingig. 6 shows the binding energy in all the samples. There has been some discussion over the

of Al 2p photoelectron peak at75.5 eV for Al 22, which years about the oxidation state of the surface vanadia species
Table 4
Binding energies (eV), FWHM, XPS atomic ratios of O 1s, Zg3@\I 2p3» and V 2y, for V,0s/Al,03—ZrO, catalysts
V205 on Al,O3-ZrO, O1s Position and FWHM Position and FWHM  Position and FWHM  XPS Intensity ~ XPS Intensity
(wt.%) position of Zr 3ds)2 of Al 2p3p2 of V 2pzp V 2p/Zr 3d V 2p/Al 2p

0 532.1 182.9(1.7) 75.4(2.1) - - -

25 532.0 183.2(1.8) 75.6(2.1) 518.1(2.1) 0.234 0.084

75 531.7 183.3(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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V205/A1203-Zl‘02

20%
15.0%

12.5%

V 2p;3;

Intensity (a.u)

10.0%

i

7.5%
2.5%
528 524 50 sle SI2
Binding energy (eV)

A

Fig. 7. V 2p XPS of WOs/Al,03-Zr0O; catalysts.

0.9

A V2p/Zi3d
B V2p/Al2p

Intensity ratio (a.u)

0 5 10 15 20
Wt% of V05 in V,05/A1;03-ZrOxcatalysts

25

Fig. 8. XPS intensity ratio versus,®s loading for the \4Os/Al ,03-ZrO;.

in calcined supported vanadia catalyf29]. 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. 8indicates that there is a surface enrichment

155

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 12.5wt.%
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 VoOs/Alo03—ZrO, catalysts presented ifable 4and

Fig. 8 The XPS data were quantified for V/Zr and V/Al
atomic ratios. It is evident forrfrig. 8 that V/Zr and V/AI
atomic ratio is not proportional to the vanadia loading. Up to
12.5wt.% 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/AI
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 Anderssorf37] 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
12.5wt.% loading and leveled off at higher loadings.

The DR-UV-vis spectra of ¥Os5/Al203-ZrO, cata-
lysts are shown irFig. 9. The charge transfer (CT) spec-
tra of V®* ions @°) were recorded between 200 and
800 nm for AbOs—ZrO, supported VQ catalysts contain-
ing 2.5—-20 wt.% of \4Os. In all the catalysts the spectrum is
dominated by two charge transfer (CT) bands 8t \°) at
288 and 367 nmKig. 9). The energy of oxyger> vanadium
charge transfer absorption band, which is correlated with
the minimum diffuse reflectance, is strongly influenced by
the number of ligands surrounding the central vanadium ion.
Thus, it can be used to obtain very useful information on the
coordination of vanadium ions in different surface species

V,0/ALO -ZrO,

Absorption (a.u)

200 300 400 600 700 800

Wavelength (nm)——p

500

Fig. 9. UV-vis diffuse reflectance spectra of theO4/Al,03—ZrO, cata-
lysts.
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) o ) Fig. 11. Dependence of turn over frequency (TOF) on surface vanadia con-
Fig. 10. Ammoxidation of toluene over variougs®s/Al ,03—ZrO; catalysts tent.

(reaction temperature 643 K).
decreases at higher vanadia loadings. Up to 10 wtf@sV

[42,43] The spectral features of the catalysts, consisting of loading, per site activity (constant TOF) is constant with

an absorption band at 288 nm arise from the charge transfer inincrease in surface vanadiasites. The decrease in TOF beyond

di- or oligo-meric structures formed by the condensation of 10wt.% V?O5 loading indicates the formation of crystalline
monomeric species and®Vion in tetrahedral coordination V205 particles.

[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~&75 nm is due to V" ions
coordinated by five oxygen ligands in the form of a square
pyramidal[43].

4. Conclusions

The AlbOs—ZrO, binary oxide is an interesting support

The results of ammoxidation of toluene at 643 K over vari- t© investigate the dispersion of vanadium oxide and catalytic

ous VbOs/Al ,03-ZrO, catalysts are presentedfify. 10 The properties. The oxygen chemisorption results suggested that
vanadium oxide is highly dispersed ony@3—ZrO, support

conversion of toluene was found to increase with increase ; . ; . .
of vanadia loading up to 12.5wt.% vanadia, and decreasest lower vanadia loadings and the dispersion decreases with

at higher vanadia loadings. The decrease in activity of the INcréase in vanadia loadings. XPS results further support the
catalysts beyond 12.5wt.% is due to agglomeration®y above findings. XPS r.esults indicated the p'resencéf'jir\/
micro crystallites or completion of monolayer. Thus, the find- &!l the catalysts and did not show any reducible species. TPR

ings of oxygen chemisorption and XPS results further support re_sul_ts indicated that the redu_cibility of vanadia decreases
the catalytic properties. The selectivity of benzonitrile for- with increase of vanadia Ioadlng. NS_ZrO? was found )
mation is found to be independent of vanadia content in the to be a competent support a_n_d 't_ plays an 'mpF’”a,”t role in
catalyst. In the present study the catalysts have been preiN® €nhancement of3Ds activity in the ammoxidation of
reduced in hydrogen and thus the reduced surface containd®!uéne-:
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
with the weight of catalysts indicating absence of any mass
transfer limitations during the reaction. The rate of conversion
of toluene (at a reaction temperature of 643 K and molar ratio
of toluene:NH:air =1:13:26) has been expressed interms of (SR
rate of toluene molecules converted per second per surface of
V205 molecule, which termed as turn over frequency (TOF).
This has been calculated by considering the dispersion of References
V205 obtained from oxygen chemisorption at 643 K.

A plot of turn over frequency versus the surface vana- E% i' ;j:;nRé' ﬁ?crtki’ JC"\;It'a\I/O?;’jQpEI?' ((:;églc'))AélGen' 200 (2000) 55.
dia content is shown iffig. 11 The TOF was found to be  [3] K.VR. Chary, G. Kishan, T. Bhaskar, Ch. Sivaraj, J. Phys. Chem.
almost constant¢5.35x 103 S~1) up to 10 wt.% \bOs and 102 (1998) 6792.
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