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Abstract

A series of vanadia-alumina catalysts with different vanadia contents were prepared by a wet impregnation method. The influe
local structure of vanadia in these catalysts on the oxidative dehydrogenation of ethylbenzene with nitrous oxide was investigate
of N2O as a co-feed remarkably enhanced the styrene yield compared with the use of N2. Characterization of these vanadia catalysts
XRD, FTIR, UV–vis, TPR, XPS, and51V NMR techniques suggests that the nature of the VOx species depends on the vanadia loading;
predominant species are monomeric vanadia at lower loadings, two-dimensional polyvanadates at intermediate loadings, and bulk2O5
and AlVO4 at higher loadings. The rate of oxidative dehydrogenation (ODH) of ethylbenzene per vanadium atom increases with
loading and reaches a maximum at 10 wt%, the loading at which the surface predominantly contains polyvanadate species. Th
variation in the selectivity of products with vanadium loading indicates that the monomeric V5+ species favors dehydrogenation, wher
bulk-like V2O5 preferentially participates in the dealkylation of ethylbenzene. The vanadium species remains at a higher oxidatio
the presence of N2O, leading to a higher styrene yield, than in a N2 atmosphere. The ODH turnover rates increased with decreasing e
of the absorption edge in the UV–vis spectrum, at low VOx coverages of less than one monolayer on the Al2O3 surface.
 2005 Elsevier Inc. All rights reserved.

Keywords: Oxidative dehydrogenation; Ethylbenzene; Nitrous oxide; Styrene; Alumina; Vanadia; Polyvanadates; Absorption edge energy
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1. Introduction

Styrene, an important monomer for synthetic polym
is produced commercially by means of the dehydroge
tion of ethylbenzene (EB), with iron oxide as a cataly
The reaction is endothermic and EB conversion is lim
by thermodynamic equilibrium[1]. In commercial operation
(873–903 K), an excess amount of superheated steam is
to provide the energy needed by the reaction, to dilute
reactant and to reduce catalyst coking[2]. Since the curren
process is equilibrium limited and energy intensive, ther
a strong incentive for the development of an oxidative de
drogenation process.

The advantage of an oxidative dehydrogenation pro
is that it can be operated at a lower temperature, as

* Corresponding author. Fax: +91 20 25893761.
E-mail address: satya@cata.ncl.res.in(C.V. Satyanarayana).
0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.01.010
d

exothermic. In addition, the conversion would not be eq
librium limited. However, the use of oxygen in this proce
can lead to deep oxidation of EB to COx . Sulfur dioxide has
been proposed as an alternative mild oxidizing agent[3];
however, its use is not attractive because of the forma
of toxic and corrosive by-products like CS2, COS, and ben
zothiophene. CO2 has also been proposed as an alterna
oxidizing agent[4–9]. The fast deactivation of the catalys
as a result of the formation of carbonaceous deposits,
major drawback in this case[10].

Lopez Nieto et al.[11] used N2O as an oxidizing agen
for the oxidative dehydrogenation ofn-butane and found tha
selectivity for olefins was higher when compared with mo
cular oxygen as an oxidant. Recently, Kustrowski et al.[12]
studied the coupling of N2O decomposition with ethylben
zene dehydrogenation and obtained promising results
respect to the EB and N2O conversions. N2O is also uti-
lized for the oxidative dehydrogenation of propane, res

http://www.elsevier.com/locate/jcat
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ing in an enhanced propene selectivity (for the same de
of propane conversion) compared with O2 as the oxidizing
agent[13]. Use of N2O is of additional interest because th
gas, which causes global warming, is effectively utilized
this reaction. N2O, which is a by-product of the productio
of adipic and nitric acids, has an average lifetime of ab
150 years and exerts a net greenhouse effect that is a
300 times that of CO2 [14].

Previous studies have demonstrated that supported v
dia systems exhibit high activity and selectivity for alka
oxydehydrogenation[15–19]. The molecular structure an
reactivity of alumina-supported vanadia catalysts have b
extensively investigated in recent years for the selective
dation of hydrocarbons[20–40]. The vanadia species on th
alumina surface range from highly dispersed monovanad
to dimeric tetrahedral, polymeric vanadia, and V2O5 crys-
tallites depending on the vanadia content. The rate of
reaction and selectivity depend significantly on the supe
cial structure of the vanadia species present on the su
[39–43].

In the present study, we report the catalytic propertie
VOx /γ -Al2O3 for the ODH of ethylbenzene, with N2O as
the oxidant. The catalysts were prepared by a wet imp
nation method and characterized by X-ray diffraction, B
surface area, temperature-programmed reduction in hy
gen, XPS, FTIR, UV–vis, and51V NMR spectroscopy. We
have tried to correlate the local structure of vanadia in th
catalysts with their activity and selectivity.

2. Experimental

VOx /Al2O3 catalysts were prepared by impregnation
γ -Al2O3 (113 m2 g−1; Alfa Products, UK) with NH4VO3
dissolved in an aqueous solution of oxalic acid (1:2 wei
ratio). After impregnation, the samples were dried in ai
383 K for 12 h and calcined in air at 823 K for 4 h. Differe
samples are designated in the text asnVOx /Al2O3, wheren

is an integer corresponding to the nominal loading of vana
onγ -Al2O3 as percentage by weight of V2O5. The BET sur-
face areas of the samples,SBET, were measured by nitroge
physisorption at 77 K with a surface area analyzer, Qu
tachrome NOVA 1200. The catalyst samples were evacu
at 573 K for 3 h before N2 physisorption measurement
VOx surface densities were calculated from BET surface
eas and vanadium contents determined by ICP.

Powder X-ray diffraction (XRD) patterns were obtain
on a Rigaku Miniflex diffractometer with Cu-Kα radiation
(λ = 0.15406 nm, 30 kV, 15 mA). Fourier transform-infrare
spectra of the samples were recorded (Shimadzu 8300 F
at ambient conditions. The spectra were recorded with
use of thin circular discs we made by pressing a mixture
catalyst samples and KBr.

The temperature-programmed reduction (TPR) exp
ments were carried out with a Micromeritics Autoche
2910 catalyst characterization system, equipped with a T
t

-

)

We pretreated fresh, dried samples by passing high-p
(99.9%) argon (20 ml/min) at 773 K for 3 h. After cooling
to ambient temperature, the argon flow was replaced by
H2/Ar mixture. The catalyst samples were heated in this
mosphere to 1273 K at a heating rate of 5 K/min. The flow
rate of the H2/Ar mixture was kept at 40 ml/min through-
out the experiment. The water produced during the reduc
was condensed in a cold trap immersed in a slurry of
propanol and liquid nitrogen. The amount of catalyst u
in these experiments was adjusted so that samples cont
equivalent amounts of V2O5 in all of the experiments.

Diffuse-reflectance UV–vis spectra were recorded in
range of 200–800 nm at 523 K with an Ocean Op
HR2000 CCD array spectrophotometer equipped wit
R200-7 reflection/backscattering probe. The samples w
pressed into 1-mm-thick pellets and placed on a heate
in situ heating. After allowing the sample to equilibrate
the required temperature (523 K), we made measurem
by placing the probe at a right angle to the pellet with
help of an anodized aluminum holder. The reflectance s
tra were converted into the Kubelka–Munk function,F(R),
which is proportional to the absorption coefficient for lo
values ofF(R).

X-ray photoelectron spectra were acquired on a VG
crotech Multilab ESCA 3000 spectrometer with the u
of a nonmonochromatized Mg-Kα X-ray source (hν =
1253.6 eV) on in situ scraped fresh catalyst pellets at ro
temperature. Selected spectra were also recorded with Aα

X-ray (hν = 1486.6 eV) to eliminate the overlap betwee
different Auger and core levels. Base pressure in the an
sis chamber was maintained in the range of 6× 10−10 Torr.
The energy resolution of the spectrometer was determ
from the full width at half-maximum of metallic gold, an
the value obtained was better than 0.8 eV for Mg-Kα radia-
tion and 1.1 eV for Al-Kα radiation, respectively, at a pa
energy of 20 eV.

51V MAS NMR experiments were performed
131.54 MHz on a Bruker DRX-500 NMR spectrometer w
a Bruker broad-band CP-MAS probe. The samples w
spun at 8, 10, or 12 kHz with 4-mm-diameter zirconia
tors. A pulse length of 3 µs and a recycle delay of 500
were used for acquisition of the data.

Catalytic reactions were carried out in a fixed-bed, dow
flow glass reactor at atmospheric pressure. About 2 g
catalyst was placed at the center of the reactor with qu
wool plugs. Ethylbenzene was fed into the reactor wit
high-pressure syringe pump (Isco; Model 500 D). N2O was
introduced into the reactor at desired flow rates with a m
flow controller (Hi-Tech; Bronkhorst).

Condensed reaction products (styrene, benzene, tolu
styrene oxide) were analyzed with a Hewlett-Packard 6
plus gas chromatograph equipped with a flame ioniza
detector and a capillary column (BPX5, length 50 m,
0.32 mm). The gaseous products were analyzed online w
Chemito-1000 gas chromatograph equipped with TCD, w
the use of a spherocarb column (mesh size 80/100, 8′, 1/8′′
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dia). Specific activities (molEB h−1 m−2) and turnover rate
{molEB mol−1

V s−1} were calculated from conversion valu
of ethylbenzene (XEB), with the use of specific surface are
and vanadium contents of the samples, respectively.

3. Results and discussion

3.1. Catalytic activity

Fig. 1shows the yield of styrene and selectivities of ot
products observed at 623 K in nitrous oxide and nitrogen
mospheres for a 20VOx /Al2O3 sample. The reactions we
performed under identical conditions, at an ethylbenz
space velocity of 1 h−1 and a N2/N2O space velocity o
1200 h−1. It can be seen that the styrene yield in the prese
of nitrous oxide is at least two times higher than that in
trogen atmosphere at 623 K. The yield of styrene decre
with reaction time for both N2O and N2 atmospheres. How
ever, the yield remained at a much higher level in N2O
throughout the period studied. The decrease in the yie
styrene could be attributed to two factors: an increase in
oxidation of styrene to styrene oxide and a rapid deactiva
of the catalyst. A higher selectivity for styrene oxide w
observed in the N2O atmosphere, probably because of
availability of oxygen through the dissociation of N2O. The
selectivity for styrene oxide increased with time on stre
because of the increasing rate of styrene epoxidation in
presence of excess N2O.

The selectivities for benzene and toluene, which are
dealkylation products of ethylbenzene, were lower in N2O
than in N2. Although the dealkylation of EB in the pre
ence of N2O remained more or less at a constant level, it w
higher and increased with time on stream in N2. Fig. 2com-
pares styrene yields of the rest of the three catalysts, viz
5, and 10% vanadia-loaded catalysts, in the presence of2O

Fig. 1. The yield of styrene and selectivities of benzene, toluene, and st
oxide in nitrogen and nitrous oxide atmospheres as a function of tim
stream. Reaction temperature, 623 K; WHSV of EB, 1; N2/N2O flow rate,
1200 h−1; 20 VOx /Al2O3. Solid symbols, under N2O flow; open symbols
under N2 flow; (P,Q) styrene yield; (�,�) sum of benzene and toluen
selectivities; (E,F) styrene oxide selectivity.
,

and N2. Styrene yield was the highest on 10VOx /Al2O3 cata-
lyst, in the presence of N2O, whereas on 2VOx /Al2O3, it was
the lowest. Similar to the observation for 20VOx /Al2O3, ini-
tial deactivation was also observed for catalysts with o
vanadia loadings. However, 10VOx /Al2O3 catalyst exhibits
the highest styrene yield at any time on stream. Simulta
ously, styrene oxide yield increased on all of the catal
with time on stream (not reported in the figure), but it w
found to be the highest on 2VOx /Al2O3 catalyst.

Fig. 3 presents the effect of variation of reaction te
perature on the styrene yield in N2O atmosphere at a tim
on stream of 2 h. The EB conversion and styrene yield
crease monotonically with increasing temperature, for
time period they were studied. At 623 K, the conversion
ethylbenzene and the yield of styrene were low, at 15
13 mol%, respectively. However, when the temperature
increased to 673 K, their values were more than doub
With increasing temperature, the selectivity for styrene
ide decreased, whereas that for the dealkylation prod

Fig. 2. Variation of styrene yield with time on stream on vario
VOx /Al2O3 catalysts. Reaction temperature, 623 K; WHSV of EB,
N2/N2O flow rate, 1200 h−1; Solid symbols, under N2O flow; open sym-
bols, under N2 flow; (P,Q) 2VOx /Al2O3; (!,") 5VOx /Al2O3; (1,2)
10VOx /Al2O3.

Fig. 3. Effect of temperature on product yields. 5VOx /Al2O3; reaction time,
2 h; N2O flow rate, 1200 h−1; WHSV of EB, 1; (") ethylbenzene conver
sion; (Q) styrene yield; (�) sum of benzene and toluene selectivities; (F)
styrene oxide selectivity.
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Fig. 4. Effect of VOx surface density on the initial rate of ethylbenzene c
version at 673 K normalized per V atom (R) and the selectivity of styren
extrapolated to zero conversion (2).

benzene and toluene, increased. Hence, higher tempera
cause higher dealkylation of ethylbenzene and lower y
of styrene oxide despite the presence of nitrous oxide. T
trends in activity and selectivity were similar for cataly
with other vanadia loadings as well. The activity of bu
V2O5 catalysts was very low under these experimental c
ditions.

The effect of vanadium surface density on the initial r
of ethylbenzene conversion per vanadium atom (extra
lated to zero residence time) at 673 K is shown inFig. 4.
The apparent turnover rate increased as the surface de
increased and reached a maximum at a vanadium su
density of 6 V nm−2. The rate decreased thereafter wh
the surface density increased to 13.4 V nm−2. The varia-
tion in styrene selectivity at zero conversion of ethylbenz
is also shown inFig. 4 as a function of vanadium surfac
density. The selectivity for styrene decreased as the v
dium surface density increased. The selectivity for styr
oxide also decreased, whereas dealkylation products,
zene and toluene, increased with increasing surface de
(not shown).

3.2. Catalyst characterization

Table 1shows the vanadium content of calcined VOx /
Al2O3 catalysts determined from ICP-AES analysis, B
s

y

-

-

Fig. 5. Powder X-ray diffraction patterns of calcined VOx /Al2O3 catalysts
as a function of vanadia loading in wt%.

surface areas, and VOx surface densities calculated with t
use of these two parameters. The specific surface are
creased with increasing vanadium content.Fig. 5 shows the
XRD patterns of VOx /Al2O3 catalysts with different vanadi
loadings. For vanadia loadings up to 10 wt%, only the pe
characteristic ofγ -Al2O3 (d = 1.4, 2.0, and 2.4 Å, JCPDS
10-425) were observed. For the catalyst containing 20 w
V2O5, well-defined peaks atd = 4.4, 3.4, and 2.9 Å corre
sponding to crystalline V2O5 (JCPDS 9-387) appeared in th
XRD pattern. The 20VOx /Al2O3 sample also exhibits wea
X-ray reflections atd = 3.5, 3.1, and 3.2 Å, correspond
ing to aluminum orthovanadate, AlVO4 (JCPDS 39-276)
which is the only stable compound in the binary Al2O3–
V2O5 system. The absence of any vanadia or vanadate p
for catalysts with 2–10 wt% vanadia loadings may be
to the high dispersion of vanadia on Al2O3 surface at thes
loadings with particle sizes lower than the detectable limi
XRD.

The volume-averaged particle size of the alumina sup
in the different catalysts was calculated with the Deb
Scherrer equation. The most intense peak ofγ -Al2O3 (d =
1.40) was considered for this purpose. The particle s
were found to be around 12 nm for VOx /Al2O3 catalysts
calcined at 823 K and did not vary significantly with van
dia loading (Table 1).
Table 1
Characteristics of alumina support and supported vanadia catalysts studied

Sample V content
(ICP, wt%)

Surface area

(m2 g−1)

VOx surface
density
(VOx nm−2)

Particle
size
(nm)

UV–vis
absorption
edge energy
(eV)

H2 TPR XPS

Tmax 1
(K)

Tmax2
(K)

Total H2
consumption
(µmol H2 g−1)

V 2p3/2
binding
energy
(eV)

(V/Al)
surface

Al2O3 0 113 0 12.33 – – – – – –
2VOx /Al2O3 1.06 105 1.19 12.39 3.3 757 – 138 517.3 0.004
5VOx /Al2O3 2.58 102 2.99 12.37 2.92 743 – 467 517.7 0.015
10VOx /Al2O3 4.74 95 5.90 11.99 2.41 724 – 1494 517.5 0.063
20VOx /Al2O3 9.16 81 13.36 12.64 2.26 733 854 2412 517.2 0.075
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Fig. 6. FTIR spectra of calcined VOx /Al2O3 catalysts as a function of vana
dia loading in wt%.

Fig. 7. TPR profiles of bulk V2O5 and calcined VOx /Al2O3 catalysts. 5%
H2–Ar; heating rate, 5 K/min; flow rate, 40 ml/min.

FTIR spectra for calcined catalysts with different va
dia loadings are shown inFig. 6. Although no characteris
tic peaks were observed for catalysts with vanadia loa
up to 10 wt%, the spectrum of 20VOx /Al2O3 showed two
bands centered at 1017 and 831 cm−1. The first band cor
responds to V=O stretching vibration, and the latter corr
sponds to V–O–V bending vibration[44]. The occurrence o
these two bands, which are characteristic of V2O5 species,
confirm the presence of well-defined vanadia crystallites
20VOx /Al2O3, which is also observed by XRD.

The TPR profiles of bulk V2O5 and calcined VOx /Al2O3
catalysts are presented inFig. 7. The reduction profile fo
bulk V2O5 exhibited four major peaks at 905, 945, 99
and 1103 K. Bosch et al.[27] and Koranne et al.[29] have
reported observing similar multiple major reduction pe
when bulk V2O5 was treated in 5% H2 in argon up to
1273 K. The presence of multiple peaks is attributed to
reduction of V2O5 to V2O3 through intermediate formatio
of compounds with various oxidation states. A broad,
nor reduction peak is also observed between 580 and 75
The reduction profiles for bulk vanadia reported in the
.

erature vary widely, probably because of the difference
method of preparation, level of impurities, partial press
of H2 used, rate of heating, and reduction conditions[29].

The TPR profiles of catalysts with vanadia loadings
2–10 wt% reveal a broad reduction peak, below 773
(Fig. 7). The temperature peak maximum (Tmax) was 757 K
for 2VOx /Al2O3, and with an increase in vanadia conte
up to 10 wt%, theTmax values shifted to lower temper
tures (Table 1). This shift actually results from the grow
of the peak in the low-temperature side with increas
vanadium content. The peaks may be attributed to the
duction of monomeric, dimeric, or low oligomeric surfa
vanadia species[25,28,29]. The shift inTmax to lower tem-
peratures (or, more correctly, the growth of a peak in the l
temperature side) with increasing vanadium content f
2 to 10 wt% may be ascribed to the progressive incre
in polymeric vanadium species. These are more easily
ducible than the monomeric species, probably as a resu
weaker vanadium–oxygen bonds. Similar behavior has
ready been described by earlier workers[20,45]. The H2
consumption (Table 1) increased with increasing vanad
loading from 2 to 10 wt%. However, this increase in H2 con-
sumption is not linear with vanadia loading. We attribute t
to the ease of reduction of the vanadia species present a
vanadia loadings. This can be clearly seen from the shi
theTmax to lower temperatures. Better reducibility results
higher H2 consumption per vanadium at higher loadings.

The catalyst 20VOx /Al2O3 displayed two major reduc
tion peaks (Fig. 7). The Tmax of the first peak (734 K) is
in the range of values that are observed for lower van
loadings and can be attributed to the reduction of polym
vanadia species. TheTmax of the second peak corresponds
a higher reduction temperature (855 K). This peak can b
signed to the reduction of bulk-like V2O5 crystallites. This
is in accordance with XRD and IR results, which show
presence of V2O5 crystallites with a size greater than 4 n
for the 20VOx /Al2O3 sample. TheTmax of this peak is lower
than the temperature of the lowest reduction peak obse
for pure bulk V2O5, as bulk vanadia is more difficult to re
duce because of increased diffusional limitations[29].

Fig. 8A shows the V 2p3/2 photoelectron spectra of ca
cined VOx /Al2O3 catalysts as a function of vanadia loadin
Secondary radiations of Mg/Al-Kα lead to a satellite pea
of O 1s at lower binding energy that overlaps with the
2p core level peaks in the 515–525-eV range. This sate
peak of O 1s is subtracted from the original spectra to o
tain the V 2p contribution alone. The V 2p3/2 peaks appea
around 517 eV, and the corresponding spin-orbit doub
2p1/2, appears at about 524.5 eV. The V 2p3/2 core level
binding energy value of bulk V2O5 (3d0) is reported to be
around 517 eV[46], and this value decreases, as expec
from the increase in the number of 3d electrons, for lower
oxidation state vanadium compounds. The binding en
values of the present series of catalysts (Table 1) indicate
that the vanadia surface species are fully oxidized (V5+).
Surface V/Al atomic ratios were calculated with the meth
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Fig. 8. (A) V 2p core-level spectra of calcined VOx /Al2O3 catalysts, after
satellite subtraction, as a function of vanadia loading. Integers in figur
dicate vanadia loading in wt%. (B) Surface atomic ratio of V/Al obtained
by XPS as a function of bulk atomic ratio. V 2p3/2 and Al 2p were used to
determine surface atomic ratio by XPS.

Fig. 9.51V MAS NMR spectrum of the calcined 20VOx /Al2O3. The alpha-
bets ‘A’ and ‘V’ denote isotropic peaks of AlVO4 and V2O5, respectively.

described by Gopinath and Raja[47], with the use of XPS
peak intensities of V 2p3/2 and Al 2p and the correspond
ing photoionization cross-section values[48] for all vanadia
loadings, and are included inTable 1.

Fig. 8B shows V/Al surface atomic ratios obtained
XPS plotted as a function of the total (bulk) V/Al atom
ratio of the catalysts determined by ICP-AES. The surf
atomic ratio increases sharply up to a bulk atomic ratio
0.05 (10 wt% vanadia loading) and thereafter increases
marginally. This indicates that multilayerd vanadia str
tures appear beyond a vanadia loading of 10 wt%.

The 51V MAS NMR spectrum of 20VOx /Al2O3 con-
firms the presence of both AlVO4 and bulk-like V2O5. The
isotropic chemical shift values, which we determined
spinning the sample at different rates, are−614, −663,
−744, and−774 ppm (Fig. 9). The isotropic peak observe
at −614 ppm can be attributed to bulk-like V2O5, since
Fig. 10. UV–vis spectra of calcined and dehydrated VOx /Al2O3 samples as
a function of vanadia loading in wt%.

the position and side-band pattern of this peak are in g
agreement with those reported for V2O5 in the literature.
Eckert and Wachs[25] reported aδiso value of−609 ppm
for V2O5. XRD studies have indicated that only one type
vanadium site and three different oxygen sites exist in c
talline V2O5 [49]. The isotropic peaks at−663,−744, and
−774 ppm can be attributed to the presence of AlVO4. The
V species in AlVO4 is in a tetrahedralQ(0) coordination, and
theδiso values reported by Eckert and Wachs[25] are−661,
−745, and−775 ppm. The values determined in our expe
ment are in good agreement with these values. The stru
of AlVO4, which was determined by a combination of si
ulated annealing and Rietveld refinement[50,51], contains
three distinct VO43− tetrahedra, two AlO6 octahedra, and
a pentacoordinated AlO5 unit. The presence of three di
ferent vanadium (V) tetrahedra explains the origin of th
isotropic peaks for vanadia species[50].

The low-energy charge-transfer (LCT) bands in the U
vis spectrum, originating from charge transfer between va
dium and oxygen, are strongly influenced by coordinat
and/or the oxidation state of the vanadium ions and are
ally observed in the 250–500-nm region for vanadium (V5+)
ions [13,45,52–56]. Thed–d transition of V4+ (d1) gives a
broad band in the 550–850-nm region.

UV–vis spectra for calcined VOx /Al2O3 catalysts, re-
corded at 523 K, are presented inFig. 10. All of the cat-
alysts exhibit broad band below∼ 550 nm, characteristi
of charge transfer transition from oxygen to vanadium (
as described above. The spectrum of 2VOx /Al2O3 showed
a wide band at about 255 nm. The spectrum observed
5VOx /Al2O3 exhibited a shoulder around 350 nm. Th
shoulder is found to grow with increasing vanadium c
tent. The observed red-shift and the relative increase in
band at 350 nm indicate an increase in the degree of v
dium condensation and hence an increase in the amou
oligomeric vanadia species with vanadia loading.

Absorption band edge energies can be used to qua
the electronic properties of solids and to correlate them w
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catalytic activities. Edge energy values, which can be
termined with the use of Tauc’s law[57], have been use
previously to characterize the domain sizes of VOx , WOx ,
and MoOx in catalytic solids and to correlate catalytic a
tivities [40,41,58–61]. The edge energies for the present
ries of catalysts were determined with Tauc’s law from
intercept of a straight line fitted through the rise of the fu
tion [F(Rα)hν]2 plotted versushν [59], whereF(Rα) is
a Kubelka–Munk function[59] andhν is the energy of the
incident photon. The values obtained for the dehydrated
alysts are listed inTable 1. The edge energy is 3.3 eV for th
2VOx /Al2O3 sample, which decreases to 2.26 eV with
creasing vanadia to 20 wt%. Higher edge energy value
about 3.3 eV are attributable to V5+ in monomeric tetrahe
dral coordination. Polymerization of VO4 or VO6 units tends
to lower the edge energy values. The value of 2 eV is
ical of bulk V2O5, which has V5+ in distorted tetragona
pyramidal coordination. The decrease in edge energy
increasing vanadia content indicates increased polyme
tion. The values for the present series of catalysts sug
that monomeric vanadium (V) species are the predomi
species on the surface of 2VOx /Al2O3, and with increas
ing vanadium loading there is an increase in the degre
polymerization of vanadium (V) species. As is also ob
ous from the shift in the position of the bands toward hig
wavelengths, the oligomerization ultimately leads to the
pearance of octahedral polymeric species similar to tha
bulk V2O5 for the 20VOx /Al2O3 catalyst.

Fig. 11 presents UV–vis spectra for the 20VOx /Al2O3
catalyst after reduction in H2 and dehydrogenation reactio
in the presence of N2O and N2. After reaction in a N2 at-
mosphere at 673 K for 4 h, a weak, broad band between
and 800 nm (Fig. 11, spectrum b) is observed. This ba
can be assigned to forbiddend–d transitions of V4+ and/or
V3+, since it is clearly seen for 20VOx /Al2O3, after reduc-
tion in H2 at 673 K for 4 h (Fig. 11, spectrum c). The ban
disappeared when the reduced sample was treated with2O

Fig. 11. UV–vis spectra of 20 VOx /Al2O3 after (a) dehydrogenation rea
tion under N2O flow at 673 K for 4 h (b) dehydrogenation reaction un
N2 flow at 673 K for 4 h (c) after reduction with H2 at 673 K for 4 h.
-
t

at 673 K for 4 h, and the spectrum was similar to that o
fresh, calcined catalyst. The band is much more intens
the 20VOx /Al2O3 catalyst after dehydrogenation in a N2 at-
mosphere, compared with that used in a N2O atmosphere
(Fig. 11, spectrum a); this shows the ability of N2O to keep
the active species at a higher oxidation state during the r
tion.

4. Discussion

Various complementary characterization techniques s
that the structure of dispersed VOx species on an Al2O3
support depends on the VOx surface density, as previous
reported[25,39,40]. At low coverages (VOx surface den
sities up to 6 V nm−2), XRD does not detect any van
dium phase, whereas the catalyst with a surface de
of 13.4 V nm−2 (20VOx /Al2O3) shows peaks characteri
tic of bulk-like V2O5 and AlVO4. UV–vis spectroscopy dat
suggest that vanadia exists as monomeric vanadium
species with tetrahedral coordination at a surface densi
1.2 V nm−2 (2VOx /Al2O3). A decrease in absorption ed
energy with increasing surface density indicates the prog
sive condensation of vanadia species, leading to polym
V5+ species at higher loadings and finally to bulk-like va
dia crystallites at a surface density of 13.4 V nm−2. TPR
data show a shift inTmax to lower temperatures as the su
face density increases from 1.2 to 6 V nm−2, which may
be attributed to the increased polymerization of vanad
species. These are more easily reducible than monom
species. The additional peak observed at 855 K at a
face density of 13.4 V nm−2 can be ascribed to the reducti
of bulk-like V2O5 crystallites. Consistent with this interpr
tation, a weak band at 1017 cm−1 characteristic of V=O
stretching vibration is observed in the FTIR spectrum of
catalyst at a surface density of 13.4 V nm−2. This band is
not observed for catalysts with lower vanadia loadings.
values of surface atomic ratios obtained from XPS also
dicate the formation of a multilayered vanadia phase o
after 6 V nm−2. Based on various characterization results
can be concluded that monomeric tetrahedral V5+ species
are predominant on the VOx /Al2O3 catalyst at a surfac
density of 1.2 V nm−2, polymerization of V5+ species in-
creases as the surface density increases, and formati
bulk-like V2O5 crystallites takes place at a surface den
of 13.4 V nm−2.

The relationship observed between the turnover rate
vanadium surface density (Fig. 4) can be explained based o
the degree of polymerization of vanadium species. The
tivity for the catalyst with a surface density of 1.2 V nm−2 is
the lowest since the monomeric vanadia species, pred
inant on this catalyst, are less active than the polym
V5+ species. In general, in oxidation reactions, the cours
the reaction involves the oxidation–reduction cycles of V5+
species. The V–O–Al species appear to be more difficu
reduce than V–O–V or V=O sites in polymeric species. Th
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conclusion is also supported by the fact that the reducib
of the samples increases with an increase in vanadia l
ing from 2 to 10 wt%, as indicated by the shift inTmax to
lower temperatures in TPR experiments (Fig. 7). The activ-
ity decreases again when a multilayer of polymerized V5+
species is formed on the surface, at higher surface den
(13.4 V nm−2), which prevents the accessibility of the r
actants to all of the vanadium ions. Hence, the maxim
turnover rate is observed at intermediate surface dens
corresponding to the formation of a vanadia monolayer
the surface of the support. The observation of a maxim
in activity at an intermediate surface density was repo
previously for the ODH of ethane and propane over va
dia catalysts supported on MgO[61–63], Al2O3, and ZrO2
[40–42]and was attributed to the structure of the VOx over-
layer [41,42]. The observed dependence of the selectivi
of the products on the surface density (Fig. 4) reveals that
monomeric V5+ species are better suited for the dehyd
genation of ethylbenzene since the maximum selectivity
styrene is observed at the lowest surface density stu
(1.2 V nm−2). The bulk-like vanadia crystallites present
a surface density of 13.4 V nm−2 cause dealkylation of eth
ylbenzene, resulting in the increased formation of benz
and toluene.

The effect of N2O in the dehydrogenation reaction is s
nificant, as indicated by the higher styrene yield observe
623 K compared with that in a N2 atmosphere (Fig. 1). The
vanadium species is continuously reduced during the r
tion in N2, whereas it is kept at a higher oxidation state wh
the reaction is carried out in a N2O atmosphere, as seen fro
UV–vis spectral results (Fig. 11). The enhancement of th
specific activity in the presence of N2O is similar to the ef-
fect of CO2 on the dehydrogenation reaction of ethylbenz
reported by Sakurai et al.[6]. This was termed the promo
ing effect of CO2 by these authors and is ascribed to
ability of CO2 to oxidize the reduced species during the
action, which helps to keep it in a higher oxidation sta
They observed an increase in styrene yield with an incre
in the loading level of vanadium from 0 to 1.0 mmol/g of
MgO, but a further increase in vanadium loading did
increase the styrene yield. According to Sakurai et al.[6],
at low loadings, only isolated VO4 species were disperse
over the MgO support, whereas at a loading of 3 mmol/g of
MgO, polymeric V5+ species with bridging V–O–V oxid
ions forming MgV2O6 and Mg2V2O7 structures also coex
ist. To sum up, the degree of polymerization of vanad
species increases with loading level, leading to a concur
increase in styrene yield.

The vanadium surface density required for a theoret
polyvanadate monolayer can be calculated as approxim
7 V nm−2 for the present system of catalysts. Below t
surface density (vanadia loading 2–10 wt%), it is obser
that turnover rates increase with increasing surface de
(Fig. 4) and UV–vis absorption edge energies decreaseTa-
ble 1). Hence there is an inverse relationship between
turnover rates and the edge energies. This correlation
-

s

served between the turnover rates and absorption edge
gies, within monolayer coverage, is similar to that repor
previously for small alkanes over two-dimensional tran
tion metal oxides like VOx , MoOx , and WOx dispersed
over Al2O3, ZrO2, and MgO[60]. For the ODH of propane
the turnover rates were found to increase in parallel wi
decrease in the UV–vis absorption edge energies, and
was explained based on the activation energy for the
sociation of the first methylene C–H bond, which is t
rate-determining step. The similarity in the relationship
tween turnover rate and absorption edge energy suggest
C–H bond dissociation of ethylbenzene proceeds via tra
tion states requiring electron transfer from oxygen atom
vanadium centers. The energy needed for this decides
the energy for C–H bond activation of ethylbenzene (wh
determines the turnover rate) and the energy at which
sorption occurs in the UV–vis spectrum. The increase in
turnover rates with increasing surface density is accou
for by the fact that these electronic transitions require lo
energies because of an increase in oxide domain size a
surface density increases. The accommodation of the
sition state and the products in the rate-determining
requires two vanadium atoms bonded by a V–O–V brid
This explains the lower turnover rates observed for catal
that have low vanadia loadings, among which monom
vanadium (V) is the predominant species (Fig. 4). Further
work is in progress to investigate the applicability of the
correlations to other supported oxide systems.

5. Conclusions

The catalytic properties of VOx /Al2O3 catalysts with dif-
ferent vanadia loadings were evaluated in the oxidative
hydrogenation of EB in the presence of N2O. Structural
and surface characterization of these catalysts shows
the monomeric vanadium (V) species is predominant w
vanadia loading is 2 wt%. With increasing vanadia loadi
formation of polyvanadate species occurs, and at a van
loading of 20 wt%, V2O5 domains are observed along wi
AlVO4 crystallites. The rate of ethylbenzene conversion
vanadium atom was found to increase with vanadia load
reaching a maximum at 10 wt%, and decreases when
loading is increased further to 20 wt%. Structural and surf
characterization data indicate that the most active form o
catalyst results when the surface of the support (Al2O3) is
covered by two-dimensional polyvanadate species. The
mation of bulk-like, vanadium-containing phases on the
face at higher loadings leads to a decrease in the activi
a result of the inaccessibility of a large fraction of vanadi
atoms lying below the surface. The styrene yield was m
higher in the presence of N2O than that in a N2 atmosphere
since the surface vanadium species are constantly kep
higher oxidation state during the dehydrogenation with N2O.
Within the monolayer coverage of VOx , the turnover rates
for ethylbenzene increase in parallel with a decrease in
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UV–vis absorption edge energies. This suggests that the
bility of the activated complex in the C–H bond dissociat
step depends sensitively on the ability of the active ox
domains to transfer electrons from lattice oxygen to m
centers, as proposed in the case of ODH of propane.
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