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Abstract

A series of activated alumina-supported vanadium oxide catalysts with various V2O5 loadings ranging from 5 to 25 wt% have be
prepared by wet impregnation technique. A combination of various physicochemical techniques such as BET surface area, oxygen
tion, X-ray diffraction (XRD), temperature-programmed reduction (TPR), thermal gravimetric analysis (TGA), and Fourier tra
infrared (FTIR) were used to characterize the chemical environment of vanadium on the alumina surface. Oxygen uptakes were
at 370◦C with prereduction at the same temperature, which appears to yield better numerical values of dispersion and oxygen
densities. XRD and FTIR results suggest that vanadium oxide exists in a highly dispersed state below 15 wt% V2O5 loading and in the
microcrystalline phase above this loading level. TPR profiles of V2O5/Al2O3 catalysts exhibit only a single peak at low temperature u
15 wt% V2O5. It is suggested that the low-temperature reduction peak is due to the reduction of surface vanadia, which has been a
the tetrahedral coordination geometry of the V ions. TPR of V2O5/Al2O3 at higher vanadia loadings exhibited three peaks at reduction
peratures, indicating that bulk-like vanadia species are present for these catalysts only at higher vanadia loadings, with V ions in an
coordination. The TPR profiles of V2O5/Al2O3 catalysts indicate that at loadings lower than 15% vanadia forms isolated surface v
species, while two-dimensional structure and V2O5 crystallites become prevalent in highly loaded (>15% V2O5) systems. Liquid-phas
oxidation of ethylbenzene to acetophenone has been employed as a chemical probe reaction to examine the catalytic activity. Et
oxidation results reveal that 15%V2O5/Al2O3 is more active than higher vanadia loading catalysts.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Various single oxides such as Al2O3, SiO2, TiO2 and
ZrO2 and supported vanadium oxide catalysts represen
dustrially important active catalysts. They have been stu
quite extensively [1] because of their use in several indus
heterogeneous catalytic processes, such as partial oxid
of methanol to formaldehyde [2], oxidation ofo-xylene to
phthalic anhydride [3], ammoxidation of aromatic hydroc
bons [4], oxidation of sulfur dioxide to sulfur trioxide [5,6
and selective catalytic reduction (SCR) of nitrogen oxi
[7–9]. Generally, bulk V2O5 cannot be used as a catalyst b
cause of its poor thermal stability and mechanical stren
Therefore, vanadia is normally supported on different c
riers depending on the type of the reaction to be cataly
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0021-9517/$ – see front matter 2003 Elsevier Inc. All rights reserved.
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n

Traditionally a catalyst support is viewed as an inert ma
ial that not only provides a surface for the metal/metal ox
dispersion but also enhances thermal stability, thus rende
it continuously useful even at elevated temperatures. H
ever, the physical and chemical properties of the sup
have now been recognized as major contributors to resu
catalytic activity [1,10–12]. While the physical properties
the support have been related to metal dispersion, the c
ical properties were associated with both metal disper
and electronic effects.

In general, vanadium oxide has been dispersed in
monolayer to monolayer quantities on various supports
using different preparative techniques such as impre
tion [13,14], solid–solid-wetting [15], grafting [16,17], an
chemical vapor deposition methods [18]. Further, the c
lytic properties of these monolayer oxide catalysts h
also been found to be quite different from those of uns
ported bulk and supported multilayer crystalline vanadi
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oxides. Consequently, the preparation and characteriz
of supported monolayer catalysts is justifiably the topic
numerous investigations.

Supported vanadium oxide catalysts have found app
tions in the oxidative dehydrogenation (ODH) reactions.
known that the activity and selectivity of these catalysts
pends on the nature of the support, pretreatment condit
and mode of dispersion of vanadium on the support
face [19]. Basic-oxide-supported vanadium oxide catal
were more selective towards alkenes than acidic-ox
supported catalysts [20,21],γ -alumina-supported vanadiu
oxides being the best performing system for the re
tion [22,23]. Further, the modified vanadia–alumina has
shown very good activity for the oxidative dehydrogenat
of ethylbenzene to styrene [24]. However, only limited st
ies have been performed in this area, which were restri
to the gas-phase ODH reactions of alkanes and ethyl
zene. Interestingly, there are no reports on liquid-ph
oxidative dehydrogenation of ethylbenzene to acetophe
over metal oxide catalysts. With this aim, the present st
has been undertaken to design activated alumina-supp
vanadium oxide catalysts and to thoroughly charac
ize them by BET surface area, X-ray diffraction (XRD
oxygen pulse chemisorption, temperature-programmed
duction (TPR), and Fourier transform infrared (FT-I
spectroscopy. The application of these catalysts in the liq
phase oxidative dehydrogenation (ODH) of ethylbenzen
acetophenone reaction was also investigated.

2. Experimental

2.1. Catalyst preparation

Activated Al2O3 (99%) was used as the support mater
Ammonium metavanadate (99.8%) was used as the sour
V2O5. V2O5 loadings from 5 to 25 wt% were selected. T
V2O5/Al2O3 catalysts were prepared by a wet-impregna
method, where the required amount of ammonium m
vanadate was dissolved in a 2 M oxalic acid solution
mixed with the support. The excess water was then slo
evaporated on a water bath with continuous stirring.
comparison purposes, some amount of activated alum
support alone was mixed in deionized water, and then
ter was evaporated with continuous heating and stirring.
residues thus obtained were dried in vacuum oven at 12◦C
for 12 h and calcined at 500◦C for 6 h in an open-air furnace

2.2. BET surface area

The BET surface area of the alumina and vanadia-loa
alumina catalyst powders were measured by nitrogen
sorption at−197◦C using a Micromeretics Gemini surfa
area instrument. Prior to analysis, 0.3 to 0.5 g of catal
was degassed at 200◦C for 2 h under helium. The adsor
tion isotherms of nitrogen were collected at−197◦C using
,

-

d

f

approximately six values of relative pressure ranging fr
0.05 to 0.99.

2.3. Oxygen chemisorption and active particle diameter

The dispersion of vanadium on the support surf
and active particle diameter was determined by oxy
chemisorption measurements. These measurements
performed in a pulse (Micromeretics Autochemi II 2920 s
tem) mode using He as the carrier gas (30 STP cm3 min−1).
Before analysis, approximately 50 mg of catalyst sam
were reduced in flowing H2 (50 STP cm3 min−1) at 370◦C
for 2 h and then flushed at the same temperature for 30
in the He carrier flow. Then oxygen pulses (1 ml loop v
ume) were injected onto the carrier gas until saturation
the sample was attained. The oxygen uptake was qu
fied by a temperature control detector (TCD) connecte
a 2929 Autochemi II (Micromeretics instrument). Vanadi
dispersion, expressed as the ratio between oxygen u
and vanadium content (O/V = 1), was calculated assumin
an O to V chemisorption stoichiometry equal to 1:1.

2.4. X-ray diffraction (XRD)

XRD was used to identify the crystal phases of alumi
loaded vanadia catalysts. These studies were performe
a Siemens D500 diffractometer equipped with a monoc
mated Cu-Kα radiation source (wave length 1.5406 Å). T
catalysts were run from 5◦ to 60◦ with step size 0.1◦ and time
step 1.0 s to assess the crystallinity of the vanadia load
XRD phases present in the catalyst samples were iden
with the help of ASTM powder data files.

2.5. Thermal gravimetric analysis (TGA)

Thermogravimetric analyses (TGA) were conducted o
Perkin–Elmer TAS7 TGA apparatus to determine the qu
tity of hydroxyl groups liberated from the activated alum
support material at elevated temperatures. The TGA an
ses were performed using 10–12 mg of sample and a he
rate of 10◦C/min up to a maximum temperature of 500◦C
and held at 500◦C for 6 h under atmospheric pressure c
ditions. A continuous stream of air or oxygen was used
purge off-gases from the TGA electronics and sample
gion.

2.6. H2 temperature programmed reduction (TPR)

TPR experiments were carried out on a Micromere
Autochemi II 2910. Approximately 50 mg of sample wit
out any previous pretreatment were tested by increasin
temperature from 50 to 800◦C. The reducing gas, a mixtu
of 4 vol% H2 in Ar, at a flow rate of 50 ml min−1, was used
to reduce the catalyst with a continuous temperature ra
The temperature was then kept constant at 800◦C until the
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signal of hydrogen consumption returned to the initial v
ues. The amount of H2 consumed by the catalyst sample
a given temperature range (in µmol g−1) was calculated by
integration of the corresponding TCD signal intensities.

2.7. Fourier transform infrared spectroscopy (FT-IR)

The FT-IR spectra were recorded on a Perkin–Elm
Spectrum 2000 FT-IR spectrometer using KBr discs, w
a nominal resolution of 4 cm−1 and averaging 100 spectra

2.8. Catalytic activity

The catalytic activity of the prepared catalysts was e
uated for the liquid-phase oxidation of ethylbenzene
acetophenone. Ethylbenzene (Aldrich 99%), 30% hyd
gen peroxide (Aldrich, 30%), and acetonitrile (Fluka, HP
grade) were used as reactant, oxidant, and solvent re
tively. The catalytic activity experiments were perform
in a 100-ml round-bottom flask equipped with a refl
condenser and magnetic stirring bar. In a typical reac
procedure, 50 mg of catalyst was mixed with 10 mmol
ethylbenzene, 50 mmol of hydrogen peroxide, and 10 m
acetonitrile. The mixture was heated at 100◦C with continu-
ous stirring. The samples were withdrawn from the reac
flask at different time intervals. The contents were c
trifuged to separate the catalyst and the liquid layer
analyzed by a Hewlett–Packard 5890 series II gas chrom
graph using a column (J & W column) containing DB
liquid phase (30 m× 0.249 m× 0.25 µm) and quadru
pole mass filter equipped with a 5972 series mass-sele
detector. A 1-µl sample was injected for GC analyses
quantification of the products was obtained by using a m
tipoint calibration curve for each product:

Conversion (%)

= 100× (No. of moles of ethylbenzene reacted)

(No. of moles of ethylbenzene introduced)

Selectivity (%)

= 100× (No. of moles of product formed)
.

(No. of moles of ethylbenzene reacted)
-

-

3. Results and discussions

The BET surface area of the commercial activated Al2O3
sample, obtained by N2 physisorption at−197◦C, was
found to be 267 m2 g−1. After calcination at 500◦C, the
surface area dropped to 239 m2 g−1. The BET surface ar
eas of various V2O5/Al2O3 catalysts calcined at 500◦C are
shown in Table 1. A consistently decreasing trend with
creasing V2O5 loading is noted in the series of samples.
general, the surface area of the support material decre
with increasing quantity of the active component until
monolayer coverage of the impregnated component is c
pleted [25]. This is primarily due to the penetration of t
active component into the pores of the support during
preparation step itself, which, in turn, results in a high d
persion of the active component on the support.

The quantity of V2O5 needed to cover the support surfa
as a monomolecular layer can be estimated from struc
calculations [26]. The monolayer surface coverage is defi
as the maximum amount of amorphous or two-dimensio
vanadia in contact with the oxide support. From the V
bond lengths of the crystalline V2O5, monolayer surface
coverage is estimated to be 0.145 wt% V2O5 per m2 of the
support [27]. In reality, the maximum amount of vanadiu
oxide that can be formed in two-dimensional vanadium
ide over layer, i.e., monolayer coverage, depends not
on the support surface area but also on the concentratio
reactive surface hydroxyl groups apart from other prep
tive variables [1]. In view of these reasons a range of V2O5
loadings from 5 to 25 wt% was selected in this investi
tion.

One of the best ways of characterizing a supported c
lyst is by the determination of the dispersion and spec
surface of the catalytically active supported compon
In fact, the efficiency of any supported catalyst depe
on the percentage exposed or the dispersion of the a
component on the surface of the support material. D
persion is normally controlled by the extent of loadin
the nature of the support and the active component,
the method of preparation. To determine the dispersio
metal catalysts, the most commonly used and widely
Table 1
BET surface area, oxygen uptake, metal dispersion, oxygen atom site density, active particle diameter, and oxidation state of vanadium on various V2O5/Al2O3
catalysts

Catalyst BETSA O2 uptake Dispersiona Site densityb Active particle Oxidation state of V

(m2/g) (µmol g−1
cat) O/V (%) (1018 m−2) diameter (nm) oxidized to V2O5

Activated Al2O3 267.1 0.00 0 0 0 0
Al2O3 calcined 238.6 0.00 0 0 0 0
5% V2O5/Al2O3 224.1 252 22.90 1.36 5.33 4.54
10% V2O5/Al2O3 219.7 582.6 26.48 3.20 4.61 4.47
15% V2O5/Al2O3 173.2 816.2 24.74 5.68 4.93 4.51
20% V2O5/Al2O3 161.5 787.6 17.90 5.88 6.82 4.64
25% V2O5/Al2O3 158.8 844.2 15.35 6.40 7.96 4.69

a Dispersion= fraction of vanadium atoms at the surface.
b Oxygen atom site density, i.e., number of oxygen atoms chemisorbed per m2 of surface.
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cepted method is selective chemisorption of suitable g
like hydrogen and carbon monoxide. Unfortunately, no co
parable method for determining the dispersion of m
oxide on various supports was available. Of late, Parekh
Weller [28,29] have devised a simple oxygen chemiso
tion method for determining the dispersion of equival
molybdena area of MoO3/Al2O3. The choice of a tempe
ature at which oxygen chemisorption could give meanin
information about the surface structure of supported m
oxide catalysts was deemed crucial. On the basis of the
servation made by these researchers, it was proposed
−196◦C (and later−78◦C) is the most suitable temper
ture for oxygen chemisorption measurements. Subseque
Oyama et al. [30] proposed that if the temperature of o
gen chemisorption is around 370◦C with a prereduction o
the catalysts at the same temperature, results would
much more meaningful information than the results ge
ated at−78◦C with a prereduction of the sample at 500◦C
temperature. Reddy et al. [31] have also reported tha
oxygen uptake measured at 370◦C with prereduction of the
sample at the same temperature probably avoids bulk
over reduction of vanadium oxide and sintering of the s
port material. Therefore, we have selected high-tempera
oxygen chemisorption rather than low-temperature oxy
chemisorption.

Oxygen uptake values obtained at 370◦C on various
V2O5/Al2O3 samples are presented in Fig. 1 and Table
Under the experimental conditions employed in this stu
the pure support seems to chemisorb a very small amou
oxygen. Therefore, the contribution of the pure support
subtracted from the uptake results. As seen in Fig. 1, o
gen uptake increases with increase in vanadium conten
to 15 wt% V2O5 loading and then levels off with further in
crease in loading. This saturation level is an indication
the completion of the monolayer coverage of vanadium
ide on the support surface. At very low loadings the slop
the uptake-versus-V2O5-loading plot approaches unity, ind
cating a limiting stoichiometry of O2/V2O5 = 1. Using this
stoichiometry, the dispersion, defined as the ratio of mo

Fig. 1. Oxygen uptake at 370◦C as function of V2O5 content in
V2O5/Al2O3 catalysts.
-
t

,

f

ular oxygen uptake to V2O5 content, can be estimated. T
numerical values of oxygen atom site density and disper
are listed in Table 1. Oxygen atom site density as a func
of V2O5 content increases up to 15 wt% loading and t
approaches a limiting value (Table 1). The active sites
envisaged as vacancies created by the removal of labile
gen atoms that take part in the redox processes in oxid
reactions. The numerical values of oxygen atom site den
obtained from oxygen chemisorption results are less tha
average number site density of V=O groups on the low re
dox planes of V2O5 (5.0 × 1018 m−2) [30]. These results
thus indicate clearly that the oxygen chemisorption te
nique described here samples the surface but not the bu

Dispersion, defined as the percentage of V-oxide u
available for reduction and subsequent oxygen uptake, i
timated from the total number of V-oxide units present
the sample and the number of oxygen atoms chemiso
(Table 1). The dispersion is found to decrease with incre
in V2O5 loading. However, 5 wt% vanadia loading sa
ples showed less dispersion than 10 wt% vanadia load
this may be due to the presence of individual vanad
oxide on the support surface. The dispersion approa
a limiting value at high loadings. This is, of course,
general phenomenon with any supported catalyst syst
A comparison of oxygen uptake results with the previou
published data clearly show that highly dispersed V-ox
monolayer catalysts with vanadia loadings equivalent to
oretical monolayer capacity of the support material can
obtained if Al2O3 is used as the support. The average ox
tion states of V in the V2O5/Al2O3 catalysts were calculate
from the total amount of oxygen consumed for re-oxidat
of vanadia during pulse chemisorptions and are summa
in Table 1. It was found that the average oxidation stat
vanadium on V2O5/Al2O3 after pulse chemisorption range
from 4.5 to 4.7. The oxidation state of vanadium is
most constant until the 15 wt%, but it increased beyond
loading, suggesting that the V2O5 dispersed as monolay
coverage until 15 wt% and it is in paracrystalline phas
higher loadings. These results are in perfect agreement
the XRD and TPR results described in the later paragra
As a result, valuable information such as oxygen atom
density, dispersion of vanadium oxide, and oxidation st
of vanadium can be obtained from the simple oxygen-p
chemisorption technique.

The X-ray powder diffraction patterns of V2O5/Al2O3
catalysts of various V2O5 loadings calcined at 500◦C are
shown in Fig. 2. Diffractograms of pure V2O5, commercial
activated Al2O3, and calcined Al2O3 alone are also include
in this figure. The XRD pattern of commercial activat
Al2O3 support appears to contain very sharp peaks atd =
6.1, 3.2, and 2.3 Å, which corresponds to AlO(OH) (JCP
21-1307) in addition to the small amount ofγ -Al2O3. When
the sample was calcined in air at 500◦C, the sharp peak
at d = 6.1, 3.2, and 2.3 Å completely disappeared and
multaneous improvement in the crystallinity of the gam
phase (peaks atd = 1.4, 2.0, and 2.4 Å) was noted. Th
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Fig. 2. X-ray diffraction patterns of activated Al2O3 before and af-
ter calcinations and V2O5/Al2O3 catalysts calcined at 500◦C for 6 h:
Al(O)OH [O]; γ -Al2O3 [#]; AlV 3O9 [
]; V2O5 [�].

V2O5/Al2O3 samples with a V2O5 content above 15 wt%
and calcined at 500◦C show X-ray reflections atd = 3.3,
7.1, and 3.5 Å (see Fig. 2) and the intensity increased g
ually with increase of vanadia loading. The appearanc
XRD peaks atd = 3.3, 7.1, and 3.5 Å in the sample wit
greater than 15 wt% V2O5 is attributed to the formation o
a crystalline aluminum vanadium oxide phase (JCPDS
0694). The results show that XRD peaks of individual V2O5
or aluminum vanadate are absent up to the 15 wt% lo
ing level of vanadia on alumina. This is a clear indicat
that vanadia is in a highly dispersed state. However, this
sult is in agreement with the theoretical monolayer capa
of Al2O3 support whose surface area is 237 m2 g−1. This is
further supported from the above-mentioned O2 uptake data
presented, and FTIR results that are discussed below.

FTIR spectra of Al2O3 support and V2O5/Al2O3 catalysts
calcined at 500◦C are shown in Fig. 3. The IR spectra
activated alumina show peaks at 1080, 1380, 1520, 1
1975, and 2096 cm−1 and in the region between 3050
3700 cm−1. The investigations showed that these cha
teristic absorption bands were observed only for activa
alumina support before calcinations at 500◦C for 6 h under
air atmosphere. It was suggested that the band at 1080 c−1

was due to Al–O–H bending vibrations of bridged hydro
groups on the surface of activated alumina. We noted t
absorption bands in the region 1350–1700 cm−1. According
to Parkins [32], CO2 is strongly chemisorbed by alumina
25◦C. Therefore, the absorption bands at 1380, 1525,
1650 cm−1 were attributed to the carbonate or carboxyl
surface compounds formed due to adsorption of atmosph
CO2 on the activated alumina surface. Peri [33] establis
the presence of at least three different types of surface c
pounds formed during the adsorption of CO2 on an alumina
surface evacuated at 600◦C. We have also noted from FTI
spectra of activated alumina that two regimes of frequen
at 1975 and 2096 cm−1 are possibly due to the adsor
,

Fig. 3. FTIR spectra of activated Al2O3 support before and after calcina
tions and V2O5/Al2O3 catalysts calcined at 500◦C for 6 h.

tion of CO2. The peak at 1975 cm−1 is due to bridged
bonded species on the edges of the activated alumina
gregates and the peak at 2096 cm−1 is due to terminally
bonded CO2 species on the activated alumina. The la
range bands at 3050 to 3700 cm−1 were considered to be du
to the stretching vibrations of surface hydroxyl groups
activated alumina support. Most of the FTIR peaks of a
vated alumina disappeared after calcination at 500◦C for 6 h,
suggesting thereby that the weakly adsorbed atmosp
species such as carbonates, carboxyls, and hydroxyls
removed during the calcination. XRD analysis of activa
alumina before calcinations also showed that the activ
alumina is in the AlO(OH) phase and after calcination it
comes amorphousγ -Al2O3.

The IR spectrum of pure vanadia gives sharp band
1020 and 825 cm−1, which are due to the V=O stretching
and V–O–V deformation modes of vanadium oxide, resp
tively. X-ray analysis indicated that crystalline aluminu
vanadate is present only when the amount of vanadia
ceeds the amount necessary for the monolayer capaci
the support. In agreement with this argument, IR spectr
catalysts bearing 20–25% V2O5 reveal a very weak ban
at 1020 cm−1, which is associated with amorphous van
dia species on the surface. This is the characteristic m
intense stretching mode of V=O bonds in crystalline V2O5.
As noted above, for lower loadings, crystalline V2O5 is not
found in XRD patterns. IR spectra also do not indicate
presence. Thus, vanadia content of up to monolayer ca
ity is stabilized by the interaction with the support surfa
and is present in a form that is not detectable as bulk V2O5.
However, different species of vanadium oxide can be tra
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Fig. 4. Thermogravimetric analysis of activated Al2O3 support before and
after calcinations at 500◦C for 6 h.

in the monolayer region. For example, Nakagawa et al.
reported a shift of V=O bond stretching frequency fro
1020 (bulk V2O5) to 980 cm−1 in the IR spectra of the
vanadium oxide monolayer species supported on TiO2. Ac-
cording to these authors, the vanadium oxide on the sup
surface is present as an amorphous V2O5 at low vanadium
contents and amorphous and crystalline V2O5 or crystalline
aluminum vanadate at higher loadings. Other studies u
IR technique have also confirmed with these findings [1
is known that in the absence of any adsorbed moisture
FTIR spectra of alumina give a band at 3400 cm−1 due to
Al–OH stretching vibrations. The absorption intensity in t
–OH stretching vibration region is found to decrease with
crease in vanadia content on the support, with the inten
for the 25% catalysts being 1/10 the intensity for the suppo
alone. Therefore, the possibility of interaction of some of
vanadia with Al2O3 support cannot be ruled out. The pe
observed at 1610 to 1640 cm−1 (Fig. 3) can be related t
the ammonia formed during the preparation, which rem
adsorbed on the catalyst surface even after evacuation
The FTIR spectra of V2O5/Al2O5 catalysts are in agreeme
with the results obtained from XRD study.

Thermogravimetric analyses were performed on both
activated Al2O3 and calcined Al2O3 supports to determin
the loss of hydroxyl groups from both the materials. Fig
shows the difference in percentage weight loss betwee
tivated Al2O3 and calcined Al2O3 at elevated temperature
One can observe that the large percentage weight loss
stituted 12.7 wt% for the activated Al2O3 throughout the
experiment until the equilibrium stage occurred after 20
at a temperature of 500◦C. In contrast, the calcined Al2O3
showed a very small percentage weight loss and the equ
rium stage occurred before the temperature reached 50◦C.
This clearly indicates that the small percentage weight
is due to the removal of physisorbed hydroxyl groups fr
its surface. Therefore, one can conclude that the differen
percentage weight loss for activated Al2O3 is higher than for
t

.

-

-

f

Fig. 5. TPR profiles of calcined Al2O3 support before and after calcinatio
and V2O5/Al2O3 catalysts calcined at 500◦C for 6 h.

Table 2
Summary of temperature programmed reduction results

Catalyst P1 P2 P3 P4 P5 H2 consumption
(µmol g−1

cat)

Activated Al2O3 – – – – – –
Al2O3 calcined – – – – – –
5% V2O5/Al2O3 499 – – – – 429.51
10% V2O5/Al2O3 490 – – – – 1362.99
15% V2O5/Al2O3 484 – – – – 1708.22
20% V2O5/Al2O3 481 550 604 – – 2672.62
25% V2O5/Al2O3 505 574 630 – – 2905.52
V2O5 631 643 663 755 784 16412.51

calcined Al2O3. It should be noted that most of the activat
Al2O3 is present in the AlO(OH) phase; the large percent
weight loss is due to the removal of hydroxyl groups fr
activated alumina. That is why one cannot observe much
centage weight loss on calcined Al2O3. The results obtaine
from TGA experiments are in perfect agreement with X
and FTIR data on these two support materials.

Temperature-programmed reduction (TPR) was use
the present study to investigate the oxidation states of di
ent loadings of vanadium oxide deposited on the activ
alumina support and relate these oxidation states with a
ity studies of the catalysts. TPR profiles of various amou
of vanadia-loaded activated alumina along with bulk V2O5
and pure support are depicted in Fig. 5. The temperatu
peak maximum (P-I) and the integral H2 consumption in
the temperature range 50 to 800◦C are summarized in Ta
ble 2. The reduction of supported vanadia catalysts ma
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depends upon the inherent reducibility of the pure oxide s
ports, because the support oxide determines the reac
of the bridging V–O–support functionalities [13,30,35,3
Therefore, the reduction of vanadia deposited on the sup
surface is commonly not aligned to the thermodynamic
duction data of the bulk vanadia [37]. As shown in Fig.
the flat TPR profile of the activated alumina support in
cates that this support material is not reducible even at
temperatures. The pure V2O5 treated in 4% H2-in-Ar up to
800◦C exhibited five reduction peaks, with the first thr
sharp reduction peaks centered at 631, 643, and 663◦C and
two broader peaks at higher temperatures, 755 and 78◦C
which monitors the stepwise reduction of V+5 to V+3 [38].
In contrast to the three reduction peaks observed by Kora
et al. [39], we have observed five reduction tempera
peaks. It should be noted that the morphological pro
ties of support materials (e.g., surface area, porosity)
the level of impurities (foreign compounds), as well as
method of preparation of vanadia, may play an impor
role in determining the reducibility of vanadia. In additio
the reduction temperature is also dependent on the re
tion conditions, such as H2 partial pressure and heating ra
It is therefore, difficult to discuss the reduction temperat
difference from the data obtained under different reduc
conditions reported in the literature. The reported reduc
temperatures are quite different, even for the same syste
the literature. For example, Roozeboom et al. [26] have
served only a single reduction peak in their TPR of V2O5
studies, in contrast to the three reduction peaks see
Bosch et al. [40]. In accordance with this trend, the red
tion of bulk V2O5 occurred at much higher temperatur
than alumina supported vanadia due to increased diffusi
limitation in bulk V2O5 (see Fig. 5 and Table 2).

As shown in Fig. 5, there was only a single reduction te
perature peak (P-1) observed in the range 480 to 505◦C for
V2O5/Al2O3 catalysts up to 15 wt%, which demonstrates
formation of an oxide in which vanadium has an oxidat
state between V+5 and V+4. This suggests that the low
temperature reduction peak (P-1) in the TPR profile sho
be assigned to surface species, which is due to subsisten
monomeric surface vanadia on alumina support. In addi
to the first reduction peak, P-1, two new reduction pea
P-2 and P-3, were found at higher temperatures as the v
dia loading was increased from 15 to 25 wt% (see Table
The existence of monomeric and dimeric surface van
on alumina is well known [41,42]. The second reduct
peak (P-2) emerged at 550 to 575◦C and the third reduction
peak (P-3) emerged at 600 to 630◦C due to the reduction
of vanadium oxide to+4 (V2O4) and+3 (V2O3) oxidation
states, respectively. It is expected that at a lower tempera
a surface-type (probably tetrahedral) species would be
duced, whereas at a higher temperature a more polym
or bulk-like vanadia would be undergoing reduction. G
and Wachs et al. [43] have characterized the V2O5/SiO2 and
V2O5/Al2O3 catalysts by various techniques such as Ram
UV–vis, EPR, and TPR. Based on these characterizatio
t

-

l

f

-

Fig. 6. Oxidation of ethylbenzene to acetophenone as a function of V2O5
content in V2O5/Al2O3 catalysts.

sults, they have reported that the alumina support was
to stabilize V+4 oxidation state [44], while no literature re
sults were found to support the stabilization of V+3 after the
reduced catalysts were reoxidized. The intensity of tota
duction peaks and total hydrogen consumption are incre
with the increase of vanadia loading suggesting that the
ticle size of microcrystalline vanadia increased with loadi
This is consistent with the XRD pattern and active part
diameters (see Table 1) calculated from oxygen chemis
tion for catalysts with greater than 15 wt% V2O5/Al2O3,
where active particle diameters> 6 nm were detected. Thi
may mean that vanadia preferentially spreads on the
mina, up to monolayer coverage, before the formation
bulk-like vanadia as suggested by Wachs [45] occurs.
TPR results conclude that the vanadium might have st
lized as the V+4 oxidation state on the Al2O3 support up to
monolayer coverage, probably due to removal of a bri
oxygen from a V–O–V linkage in a dimeric surface vana
species, as has been previously reported by Nag and
soth [46] and Haber et al. [35].

In order to determine the relative reactivities of V2O5/
Al2O3 catalysts, the ethylbenzene oxidation reaction w
carried out. These studies were conducted in the liquid p
in order to minimize the formation of side products, and
activity and selectivity for various samples are summari
in Fig. 6. As in the case of oxygen uptake, the conversio
ethylbenzene increased with vanadia loading up to 15 w
V2O5, after which a limiting value was obtained. In fact
direct relationship was found to exist between oxygen
take and conversion of ethylbenzene at all vanadia loadi

Yang and Lunsford [47] have proposed a mechan
for oxidation of methanol over the catalytic surface. T
main step involved in the catalytic cycle is the abstr
tion of methyl hydrogen by catalytic surface oxygen, f
lowed by rapid intramolecular rearrangement and desorp
of formaldehyde and other products. This step is wid
accepted in the literature. Therefore, oxygen uptake
ethylbenzene oxidation activity trends observed on v
ous samples clearly indicate that coordinatively unsatur
V-oxide sites are the locations for the initial dissociat



100 E.P. Reddy, R.S. Varma / Journal of Catalysis 221 (2004) 93–101

ned
co-
for
lso
may
) ar
and
m-
to b

n ter
n

rder
the
ged
site

ncy
ere
the

ta-

%
er-
ting
fter
lysts
a-

ox-
gen
re-

age
-
eric

ty)
V-
t the

acity
xes
a-

xide
lline

n of
.

ace
cat

quite

Na-
ered
tion
ment
.

ited

464.
. 77

aday

19

cited

Se-

.
ium

.
v,

03.
15

3.
Del-

dez,

2)

96)

. 3

a,

J.G.

ys.

sis,

ara-
adsorption of ethylbenzene following the above mentio
mechanism [47]. Reddy et al. [48] have also proved that
ordinatively unsaturated V-oxide sites are the location
initial dissociative absorption of methanol. This study a
indicates that oxygen vacancies are the active sites. It
be mentioned here that active sites (oxygen vacancies
greatly influenced by geometric and electronic factors
are responsible for the formation of different resultant co
pounds. Acetophenone and benzaldehyde are believed
produced mainly from ethylbenzene species adsorbed o
minal oxygen vacancy (M=O) sites, and the bridged oxyge
vacancy sites are responsible for the formation of high-o
products. It is also further stated that, during reaction,
terminal oxygen vacancy is more abundant than the brid
oxygen vacancy, because the bridged oxygen vacancy
is reoxidized more easily than the terminal oxygen vaca
site. Another important observation worth mentioning h
is that the monolayer catalysts are more active than
multilayer, microcrystalline or bulk vanadium oxide ca
lysts.

It is clear from Fig. 6 that the catalyst containing 15
V2O5 loading on Al2O3 shows good ethylbenzene conv
sion and acetophenone selectivity. It is, however, interes
to note that the catalytic activity remains constant even a
several recycles experiments indicating that these cata
can be utilized effectively for several cycles for the oxid
tion of ethylbenzene to acetophenone reaction.

4. Conclusions

In this study the monolayer coverage of vanadium
ide on activated alumina support was determined by oxy
chemisorption, XRD, FTIR, and TPR techniques. These
sults indicate that the completion of monolayer cover
takes place at about 15 wt% V2O5 loading and that vana
dium oxide exists in a highly dispersed state as monom
species at very low loading of V2O5 and is in the form of
microcrystalline V2O5 at higher (above monolayer capaci
loadings. At intermediate loadings a dimeric or polymeric
oxide species is envisaged. TPR results further reveal tha
dispersed vanadium oxide phase below monolayer cap
exists in the form of surface tetrahedral vanadium comple
with different oxygen environments. At the higher van
dia loadings, in excess of monolayer coverage, the V-o
species exists preferably as three-dimensional crysta
V2O5 in octahedral coordination.

A direct relationship between reduction and dispersio
alumina-supported vanadia catalysts has been indicated

Also, TPR is a suitable tool to characterize the surf
structures and dispersion of alumina-supported vanadia
alysts.

The use of 15% V2O5/Al2O3 catalysts for the liquid
phase oxidation of ethylbenzene to acetophenone is
promising.
e

e
-

-
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