
A
s
a

D
D

a

A
R
R
A
A

K
T
V
D
A
K

1

i
a
t
t
f
t
a
h
o
t
p

p
p
o
s

1
d

Journal of Molecular Catalysis A: Chemical 308 (2009) 46–55

Contents lists available at ScienceDirect

Journal of Molecular Catalysis A: Chemical

journa l homepage: www.e lsev ier .com/ locate /molcata

dsorption and ODH reaction of alkane on sol–gel synthesized TiO2–WO3

upported vanadium oxide catalysts: In situ DRIFT
nd structure–reactivity study

ebaprasad Shee, Goutam Deo ∗

epartment of Chemical Engineering, Indian Institute of Technology Kanpur, Kanpur, 208 016, U.P., India

r t i c l e i n f o

rticle history:
eceived 24 April 2008
eceived in revised form 26 January 2009
ccepted 18 March 2009
vailable online 31 March 2009

eywords:
iO2–WO3 support
anadium oxide

a b s t r a c t

A titania-based mixed-oxide support containing 90 wt% TiO2, 90Ti–W, and several supported vanadium
oxide (vanadia) catalysts, xV90Ti–W (x = 1–12.5 wt% vanadia), were synthesized and characterized. The
anatase phase in the 90Ti–W support remained unaffected up to 1073 K. The presence of vanadia, how-
ever, leads to an appearance of the rutile phase and a decrease in the catalyst surface area. The xV90Ti–W
catalysts possess surface vanadium and tungsten oxide dispersed species at moderate calcination tem-
peratures. At high vanadia loadings, some interaction between the surface vanadium and tungsten oxide
species may exist though bulk supported oxides were not detected. During ethane and propane adsorp-
tion, at relatively low adsorption temperatures, acetaldehyde and acetone species were observed, which
RIFT
dsorption
inetic parameters

then oxidized to other adsorbed oxygenated species at higher temperatures. Propane oxidative dehy-
drogenation (ODH) reaction studies revealed that the propene yield measured at the same conversion
increased with increasing loading up to 10 wt% vanadia and then decreased. Analysis of the kinetic param-
eters showed that the rate constant ratio of propene formation to propene combustion, k1/k2, which
represents the propene yield at the same conversion, also increased with vanadia loading. The 10V90Ti–W
catalyst was the best amongst this series of catalysts for the propane ODH reaction in terms of activity

and propene yield.

. Introduction

Supported vanadia catalysts are commonly used in various
ndustrial applications, particularly selective catalytic oxidation
nd selective catalytic reduction processes [1–6]. The pure titania
ype in anatase form is usually suitable as a support for several of
hese applications. The anatase support, however, has limited sur-
ace area and undergoes a transformation to the rutile phase at high
emperature. Therefore, mixed-oxide support containing titania as
major component has received considerable attention [7–9]. It

as been suggested that the presence of tungsten in the mixed-
xide improves the catalytic activity and the thermal stability of
itania [9]. Furthermore, the presence of tungsten may provide a
romotional effect for some reactions [10].

The tungsten oxide may be present in the mixed-oxide sup-

ort as dispersed surface tungsten oxide species or crystalline WO3
articles [11]. The addition of vanadia to a titania-tungsten mixed-
xide support may or may not result in the formation of an isolated
pecies and/or polymeric species as commonly observed on oxide
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381-1169/$ – see front matter © 2009 Published by Elsevier B.V.
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© 2009 Published by Elsevier B.V.

supports. Furthermore, the surface vanadia species may also inter-
act with the tungsten oxide phase forming a vanadia tungsten
oxide compound of general formula WxVyOz [9,12]. The presence of
such compounds may also affect the catalytic performance. Thus,
to understand this system in greater detail it is useful to investi-
gate the effect of using a titania-tungsten mixed-oxide support for
synthesizing supported vanadia catalysts.

In the present study, a titania-tungsten oxide support was syn-
thesized by the sol–gel method and characterized. A series of
mixed-oxide supported vanadia catalysts of various loadings were
synthesized by the incipient wetness impregnation method and
were also characterized. These mixed-oxide supported vanadia
catalysts were probed by the propane ODH reaction. To gain addi-
tional insights into the structure–reactivity relationship, certain
diffuse reflectance infrared Fourier transform (DRIFT) experiments
of ethane and propane adsorption were also undertaken. Infrared
studies are particularly useful to elucidate the surface adsorbed
species involved [13,14]. Specifically, in situ IR spectroscopy has

been used for alkane and alkene oxidation processes on various
supported metal oxide catalysts to detect the surface oxygenate
species [15–19]. Based on these studies, the structure–reactivity
relationship for the vanadia catalyst supported by titania-tungsten
mixed-oxide is proposed.

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:goutam@iitk.ac.in
dx.doi.org/10.1016/j.molcata.2009.03.032
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. Experimental

.1. Material synthesis

The 90 wt% titania-tungsten support (90Ti–W) was synthesized
y the sol–gel method. The precursors used for titania and tung-
ten oxide were titanium ethoxide (Sigma–Aldrich, 97% purity)
nd ammonium meta tungstate, respectively. Cetyltrimethy-
ammonium bromide (CTAB, Sigma–Aldrich) was used as a
urfactant/template.

In this sol–gel synthesis route, measured quantities of titanium
thoxide and ammonium meta tungstate precursors were added
o a mixture of CTAB and absolute ethanol (99.99%). The resulting

ixture was stirred for 45 min. A HNO3/H2O mixture was used as a
ydrolyzing agent and was added drop-wise to the precursor mix-
ure with continuous stirring. The gel formed was aged for 24 h. The

olar ratio of titanium ethoxide, CTAB, HNO3, H2O, and ethanol in
he mixture was 1:0.2:1.5:10:20. After completion of aging, a mix-
ure of NH4OH and double-distilled water was added to the gel.
he mixture was refluxed at 353 K for 48 h. The pH of the mixture
as maintained between 9 and 10 during the reflux period. The
hite precipitate obtained from the mixture was filtered and dried

vernight in a vacuum desiccator. A white cake was formed, which
as further dried at 333 K for 8 h and at 383 K for 6 h. The dried cake
as ground in a mortar and pestle to make a powder. The powdered
ixed-oxide support was finally calcined at 723 K.
The 90Ti–W supported vanadia catalysts of various loadings

2–12.5 wt%) were synthesized by the incipient wetness impreg-
ation method. The precursor used for vanadium oxide was a
anadium oxalate solution, which was prepared by mixing a
toichiometric amount of ammonium meta-vanadate (NH4VO3,
8% purity) and oxalic acid. The pretreated mixed-oxide support
as intimately mixed with an incipient wetness volume of the

anadium oxalate solution. The paste formed was dried at room
emperature overnight and at 383 K for 6 h. Additional details of
he catalyst synthesis are given elsewhere [20]. The catalysts were
nally calcined at 723 K. The catalysts were denoted as xV90Ti–W,
here x represents the wt% of vanadia as V2O5 present in the

atalysts. To observe the effect of calcination temperatures, the syn-
hesized xV90Ti–W (x = 0–10 wt%) catalysts were also calcined for
h at different temperatures that ranged from 723 to 1073 K.

.2. Surface area measurement

The BET surface area of all the samples was determined by nitro-
en adsorption using the single point BET equation. The adsorption
as was a 30% N2/He gas mixture. A QUANTACHROME (Model no:
S-7) BET surface area analyzer equipped with a QUANTACHROME
ass flow controller module (Model no: LMFC-7) was used for

hese studies. Sample amounts ranging from 100 to 250 mg were
egassed at 423 K in flowing nitrogen before nitrogen adsorption
t 77 K was carried out.

.3. X-ray diffraction (XRD)

The XRD patterns of all the samples were obtained in the range
f 10–70◦ with a scanning speed of 3◦ min−1 on an ISO Debye Flex-
002 X-ray diffractometer using Cu K� irradiation (�= 1.54056 Å).

.4. Raman spectroscopy
The Raman spectra of the samples were obtained using a Raman
pectrometer (Horiba-Jobin Yvon LabRam–HR) equipped with a
onfocal microscope, 2400/900 grooves/mm grating, and a notch
lter. A 532-nm (visible) Yag double-diode pumped laser source
as used for excitation. All spectra were obtained at a resolution
lysis A: Chemical 308 (2009) 46–55 47

of ∼2 cm−1. The powdered samples were placed in a high temper-
ature in situ cell (Linkam THMS-1600) to obtain the spectra under
dehydrated conditions. The samples were heated to 673 K in a flow
of 10% O2/Ar for 30 min before the Raman spectra were collected.

2.5. Fourier transform infrared spectroscopy (FTIR)

2.5.1. Dehydrated spectra
The IR spectra of the samples under dehydrated conditions

were obtained using a BRUKER TENSOR 27 FTIR spectrometer cou-
pled with a diffuse reflectance accessory (HARRICK Praying Mantis,
DRP-BR4) and a high temperature reaction chamber (HARRICK
HVC-DRP-2) equipped with KBr windows. For obtaining the dehy-
drated IR spectra, the sample cup of the reaction chamber was filled
with the powdered sample. Oxygen gas was then introduced into
the reaction chamber at a flow rate of 30 ml/min. The temperature
of the reaction chamber was gradually raised to and maintained
at 673 K for 1 h by an automatic temperature controller module
(HARRICK ATC-024-2). All the spectra were recorded against a KBr
background at a resolution of 4 cm−1 using 128 scans.

2.5.2. FTIR adsorption studies
The in situ FTIR adsorption studies with the xV90Ti–W sam-

ples were performed using ethane or propane as the adsorbate in
the same experimental setup described above. The samples were
pretreated in the reaction chamber at 673 K for 45 min in oxygen
flowing at 30 ml/min. After pretreatment, the sample was cooled
to room temperature. The gas line and reaction chamber were then
purged by flowing of helium (or nitrogen) gas. A gas mixture con-
taining alkane (ethane or propane) and helium (or nitrogen) was
then introduced into the reaction chamber. The temperature of the
reaction chamber was varied from 293 to 633 K using an alkane
(ethane or propane) partial pressure of 0.2 atm and helium as the
diluent. Adsorption studies were also performed from 573 to 633 K,
using different adsorbates (ethane or propane) with the partial
pressure varying from 0.05 to 0.6 atm. In this instance, nitrogen
gas was used as the diluent. The total flow rate of the adsorbate
gas mixture was maintained at 30 ml/min and separate mass flow
controllers (ALBORG-GFC171S) controlled individual flow rates of
each gas stream. The IR spectra were recorded at all adsorption
conditions mentioned against: (a) KBr + He (or N2) and (b) KBr + He
(or N2) + adsorbate (ethane or propane) background. The second
background was chosen to eliminate the contribution of gas-phase
adsorbate from the overall spectra. The resolution and number of
scans were the same as noted above.

2.6. Temperature programmed reduction (TPR)

Temperature programmed reduction studies of the xV90Ti–W
catalysts using hydrogen as the reducing agent were carried out
in a Micromeritics Pulse Chemisorb 2705 apparatus. Samples of
25–35 mg were loaded in a U-tube quartz reactor. Before reduc-
tion, all the samples were pretreated in flowing Ar (30 ml/min) at
473 K for 30 min to remove adsorbed moisture and other impurities
that may be present. The reactor was then cooled to room temper-
ature. At room temperature, a mixture of 5% H2–Ar gas mixture
at 30 ml/min was introduced into the quartz reactor. The sample
was heated up to 1200 K using a temperature programmed rate of
10 K/min. The hydrogen consumption was quantitatively monitored
by using a thermal conductivity detector.
2.7. Reaction studies

The ODH reaction was carried out in a fixed bed, down-flow,
isothermal tubular quartz reactor at atmospheric pressure. Three
separate mass flow controllers (Bronkhorst Hi-Tech, E1 mass flow
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Fig. 1. Normalized BET surface area versus calcination temperature for xV90Ti–W
catalysts.
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ontrollers) were used to control the flow rates of the inlet gas
propane, nitrogen, and oxygen). Two types of reaction studies
ere conducted: contact time and kinetic parameter estimation.
n inlet-gas flow rate range of 30–120 ml/min was used for contact

ime studies and a total flow rate of 75 ml/min for kinetic param-
ter estimation studies. Contact time studies were carried out at
53 K using a propane-to-oxygen molar ratio of 2:1. For kinetic stud-

es, the reaction temperature was varied from 613 to 673 K and the
ropane-to-oxygen molar ratio was varied from 1:1 to 3:1. Nitro-
en was used as a diluent and its quantity was adjusted with oxygen
uch that the inlet-gas composition corresponded to that of air. The
ropane conversions were maintained below 10% to ensure min-

mal mass and heat transfer effects. Blank experiments were also
arried out at identical reaction conditions to ensure no homoge-
eous contribution of the reaction occurred. Additional details of
he reactor setup, calculations for conversion, selectivity, yield, and
inetic parameters estimation can be found elsewhere [20–22].

. Results and discussion

.1. Characterization of mixed-oxide support and supported
anadia catalysts

The surface area and the corresponding surface vanadia den-
ities (V atoms/nm2) of the xV90Ti–W samples are presented in
able 1. Data from TPR studies, Tmax, and reaction studies,  , are
lso included in Table 1. It is observed from Table 1 that the sur-
ace area of the mixed-oxide supported vanadia catalysts decreases
s the vanadia loading is increased. The calculated vanadia surface
ensities based on the specific surface area of the 90Ti–W support
ange from 1.0 to 6.3 V atoms/nm2.

The surface areas of the samples calcined from 723 to 1073 K
ere also determined. With an increase in calcination temperature,

he surface areas of the samples decreased. However, the specific
ecrease in surface area occurs differently for each sample. To com-
are the relative decrease, the surface areas were normalized to
he surface area of the corresponding sample measured at 723 K.
he normalized surface areas of the samples for different calcina-
ion temperatures are shown in Fig. 1. From Fig. 1 it is observed
hat for the 90Ti–W support the surface area is relatively constant
p to a calcination temperature of 873 K and gradually decreases
hereafter. The surface areas of the xV90Ti–W catalysts, however,
ontinuously decrease with an increase in calcination temperature.
urthermore, the decrease of surface areas depends on the vana-
ia loading; the higher the vanadia loading the more rapid is the
ecrease in surface area with an increase in calcination tempera-
ure. It appears that the higher mobility of the surface vanadia phase
ccelerates the surface area decreases.

The 90Ti–W support and xV90Ti–W catalysts, calcined at dif-

erent temperatures, were also characterized by XRD. The XRD
atterns for the 90Ti–W support, calcined at different tempera-
ures, are shown in Fig. 2 and reveal that only the anatase phase
s present even up to 1073 K. These results suggest that the anatase
hase of titania is stable even up to 1073 K though the support

able 1
articulars of the 90Ti–W support and xV90Ti–W catalysts.

omenclature V2O5 (wt%) Surface area (m2/g) Surfa

0Ti–W 0.0 151 0
V90Ti–W 2.0 134 1.0
V90Ti–W 4.0 140 1.8
.5V90Ti–W 7.5 132 3.5
0V50Ti–W 10.0 104 5.8
2.5V50Ti–W 12.5 60 6.3

a Surface density is calculated based on mixed-oxide support surface area.
Fig. 2. XRD patterns of 90Ti–W support calcined at different temperatures.

surface area decreases. The xV90Ti–W catalysts, however, show
the presence of the rutile phase. The 2V90Ti–W catalyst possesses
the titania anatase phase up to 1023 K, small amounts of rutile
at 1023 K, and only the rutile phase at 1073 K. For the 4V90Ti–W,
7.5V90Ti–W, and 10V90Ti–W catalysts, the rutile phase appears at
923 K and only the rutile phase is present at 973 K. These results
suggest that the surface vanadia species facilitate the anatase to

rutile phase transformation. Furthermore, on correlating the sur-
face areas and changes in XRD patterns it appears that the anatase
to rutile transformation and the decrease in surface area are not
directly correlated.

ce densitya (V atoms/nm2) Tmax (K) CO2/CO,  

795, 1067 –
732, 806, 1069 0.96
731, 820, 1065 0.77
732, 820, 988, 1068 0.56
744, 820, 988 0.47
757, 820, 987 –
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Fig. 3. Raman spectra of dehydrated xV90Ti–W (x = 0–12.5 wt%) catalysts.

The Raman spectra of the 90Ti–W support and xV90Ti–W cat-
lysts were obtained under dehydrated conditions. The spectra for
ll dehydrated samples are shown in the 700–1100 cm−1 region in
ig. 3. The spectrum of the dehydrated 90Ti–W support reveals a
aman band at 1015 cm−1 which is characteristics of W O vibra-
ions arising from polytungstates [23]. For the xV90Ti–W catalysts, a
aman band is observed at 1034 cm−1 due to the terminal V O bond
ibration of the surface vanadia species [24]. A band at ∼940 cm−1

s also observed, which was assigned to V–O–support vibrations
25]. At high vanadia loadings the W O and V O Raman bands are
ot discernible, which may be related to the loss of surface vana-
ium and tungsten oxide species. Furthermore, Raman bands due to
ulk V2O5 and WO3 are absent suggesting that the vanadium and
ungsten oxide species are present as dispersed phases. It is also
ossible that some of the tungsten oxide is present as a dispersed
hase in the titania matrix and is not readily detected by Raman
pectroscopy [26,27].
The FTIR spectra of dehydrated 90Ti–W support and xV90Ti–W
atalysts are reproduced in Fig. 4. Under dehydrated conditions,
ibrations less than 1500 cm−1 are not discernible in the present
RIFT setup. The IR spectrum of the dehydrated 90Ti–W sup-

ig. 4. FTIR spectra of dehydrated xV90Ti–W catalysts (x = 0–12.5 wt%). Spectra were
btained at 673 K.
lysis A: Chemical 308 (2009) 46–55 49

port in Fig. 4 reveals an unassigned vibration band at ∼1617 cm−1,
whose intensity diminishes with increase in vanadia loading. This
∼1617 cm−1 band is not due to adsorbed moisture since it persists
even at 673 K. This band is also observed in some of the adsorption
studies discussed later. Also observed is a 2001 cm−1 band arising
from the surface tungsten oxide species and assigned to the first
overtone band of W O bond vibration [12,24]. For the xV90Ti–W
catalysts, two distinct bands at 2040 and 2001–2005 cm−1 are
observed. These IR bands at 2040 and 2001–2005 cm−1 are assigned
to the first overtone V O and W O terminal bond vibrations,
respectively [24]. A slight shift of the W O overtone band to higher
wavenumber occurs for the supported vanadia catalysts and has
been observed by others [24]. It appears that the V O band inten-
sity increases with an increase in vanadia loading and overshadows
the W O band at higher vanadia loading. A detailed analysis of the
overtone IR bands reveals that the V O band intensity increases till
7.5 wt% loading, is relatively constant for the 10 wt% loading sample,
and then decreases for the 12.5V90Ti–W catalyst. The 7.5 wt% load-
ing sample corresponds to 3.5 V atoms/nm2. The relatively constant
intensity for the 10V90Ti–W catalyst and decrease in intensity for
the 12.5V90Ti–W catalyst may be associated with the formation
of a dispersed vanadia species that is not readily detected by the
Raman and IR spectroscopy techniques.

The H2-TPR profiles of all the samples are shown in Fig. 5 and
the corresponding temperature maxima values, Tmax, are tabulated
in Table 1. For the 90Ti–W support at 795 and 1067 K, two Tmax

values were observed. These two reduction peaks are attributed
to the stage-wise reduction of the surface tungsten oxide species
on titania [27]. Addition of vanadia on the 90Ti–W support grad-
ually shifts the Tmax peak from 795 to ∼820 K. With an increase
in vanadia loading the intensity of the Tmax peak at ∼1067 K due
to the 90Ti–W support decreases and a Tmax peak at 731–757 K
increases. The Tmax peak at 731–757 K is due to the surface vana-
dia species. For samples possessing vanadia loading of 7.5 wt% level
and higher another Tmax peak at ∼988 K was also observed. The
origin of this Tmax peak at ∼988 K is unknown. This peak cannot
be assigned to bulk V2O5 since bulk V2O5 possesses Tmax peaks at
∼840, 950, and 1075–110 K [28]. However, considering the ranges
in Tmax temperatures of various supported metal oxides it appears
that this Tmax peak originates from the reduction of the tung-

sten oxide species. Furthermore, it appears that the Tmax peak
at ∼988 K increases at the expense of the Tmax peak at ∼1067 K
and may be associated with the Tmax peak at ∼920 K observed
previously for a WO3/TiO2 system [29]. It is possible that the

Fig. 5. TPR profile of the xV90Ti–W catalysts (x = 0–12.5 wt%).
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species [30]. For 4V90Ti–W, 7.5V90Ti–W, and 10V90Ti–W the
1685–1676 cm−1 band gradually shifts to 1660–1650 cm−1 at 523 K
0 D. Shee, G. Deo / Journal of Molecula

max peak at ∼988 K is due to a tungsten oxide species interact-
ng with the vanadium oxide species. The presence of this peak

ay have the same origin as the undetected dispersed vanadia
pecies in the 10V90Ti–W and 12.5V90Ti–W sample as mentioned
bove.

.2. In situ FTIR adsorption studies of hydrocarbons

In situ IR studies were carried out to monitor the various species
ormed during ethane and propane adsorption on various sam-
les. The DRIFT spectra revealed IR bands in two distinct regions:
100–2700 and 2000–1100 cm−1. The IR bands obtained in the
100–2700 cm−1 region are primarily due to gas-phase adsorbates
ethane or propane). The bands in this region disappear when
Br + He (or N2) + adsorbate are used as the background spectra.
urthermore, the intensity of the IR bands in this region rises with
n increase in adsorbate partial pressure, confirming that these
ands are due to the gas-phase molecules. For brevity, the IR spectra

n this region are not shown. Several studies exist in the literature
ddressing the nature of alkane-based adsorbed species. Based on
hese studies the IR bands of various adsorbed species relevant to
he present study are tabulated in Table 2. This tabulation assists
n the assignment of the various bands observed in the DRIFT spec-
ra of Figs. 6–9. In Figs. 6–9, it should be noted that an unassigned
and at ∼1615 cm−1 was observed (see also Fig. 4). Furthermore, an

R band at 1629–1620 cm−1, associated with adsorbed moisture is
lso observed and the intensity of this moisture band diminishes
ith an increase in temperature.

.2.1. Ethane adsorption studies
Adsorption of ethane on the 90Ti–W support shown in Fig. 6

eveals several IR bands in the 1100–2000 cm−1 region. The spec-
ra were recorded over a temperature range of 293–633 K using an
thane partial pressure of 0.2 atm. Based on the compilation given
n Table 2, the bands at 1680, 1411 (weak), 1370, and 1240 cm−1 are
ssigned to the adsorbed acetaldehyde species [30]. The intensity
f the 1680 cm−1 band initially rises and then diminishes with an
ncrease in temperature. At 573 K, the adsorbed acetaldehyde bands
isappear suggesting that acetaldehyde undergoes further conver-

−1
ion. The IR bands at 1522, 1440, and 1350 cm are assigned to
he adsorbed acetate species [16,31]. Of these three, the band at
350 cm−1 is weak and not clearly discernable at lower adsorption
emperatures. At 603 K, two new bands at 1850 and 1780 cm−1 are
bserved that are typical of adsorbed cyclic anhydrides species [32].

ig. 6. DRIFT spectra of adsorption of ethane on 90Ti–W support. T = 293–633 K;
C2H6 = 0.2 atm.
Fig. 7. DRIFT spectra of adsorption of ethane on 2V90Ti–W catalyst. T = 293–633 K;
PC2H6 = 0.2 atm.

Two additional weak bands are observed at 1660 and 1730 cm−1 for
90Ti–W at 603 K and above. The 1660 cm−1 band may be due to a
C O vibration conjugated with a double bond or �C C vibration of
olefins. The weak 1730 cm−1 band is assigned to a �C O bond vibra-
tion of aldehydes or ketones and is reported as the intermediate
species towards adsorbed cyclic anhydride formation [32]. Simi-
lar bands are obtained for ethane adsorption studies performed at
different ethane partial pressures.

Adsorption of ethane on supported vanadia catalysts, xV90Ti–W,
were also studied under similar conditions. The DRIFT spectra of
ethane adsorption on 2V90Ti–W using an ethane partial pres-
sure of 0.2 atm and temperatures ranging from 293 to 633 K is
shown in Fig. 7 and reveal several bands in the 1200–1700 cm−1

region. Using Table 2, the IR bands at 1685–1676, 1418 (weak),
1364, and 1240 cm−1 are assigned to the adsorbed acetaldehyde
and above (spectra not shown). Moreover, the bands at 1364 and
1240 cm−1 disappear at 523 K and above. The bands at 1520, 1444,

Fig. 8. DRIFT spectra of adsorption of propane on 90Ti–W support. T = 293–633 K;
PC3H8 = 0.2 atm.
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Table 2
IR bands of surface species relevant to the present study.

Surface species Structure Mode of vibration IR band (cm−1) Ref.

Acetone �C O 1690–1680 [13]
�aC C 1240
�aCH3 1420
�sCH3 1366

Acetaldehyde �C O 1690–1680 [29]
�aC C 1240
�aCH3 ∼1330
�sCH3 ∼1370

Formate �aCOO− 1560, 1590 [31]
�sCOO− 1350
�C H ∼1400

Acetate �aCOO− 1515, 1540–1530 [16,31]
�sCOO− 1440–1445
�CH3 1350

Cyclic anhydride �aOCOCO ∼1860 [30]
�sOCOCO ∼1785

O

a
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i
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F
o

c
s
p

F
P

lefin ( C C )

nd 1350 cm−1
, assigned to adsorbed acetate, are distinct at 523 K.

he intensities of the acetate bands initially rise and then dimin-
sh as the temperature increases. The IR bands corresponding to
dsorbed acetate species are well defined on the xV90Ti–W cat-
lysts compared to those corresponding to the 90Ti–W support.
urthermore, the IR bands due to cyclic anhydrides are not observed

n the xV90Ti–W catalysts.

Adsorption of ethane on the 90Ti–W support and xV90Ti–W
atalysts revealed the presence of various adsorbed oxygenated
pecies in the 293–633 K temperature range and 0.2 atm ethane
artial pressure. The main adsorbed oxygenate species formed were

ig. 9. DRIFT spectra of adsorption of propane on 2V90Ti–W catalyst. T = 293–633 K;
C3H8 = 0.2 atm.
�C C 1660–1640 [31]

acetaldehyde, acetate, and cyclic anhydride. It has been suggested
that the adsorption of ethane on oxide surfaces occurs by the
abstraction of the hydrogen atom to form an adsorbed ethoxide
species, which is the precursor of ethylene [18]. Further oxida-
tion of the ethoxide species produces the acetaldehyde species.
The adsorbed acetaldehyde species further oxidizes to the acetate
species. The adsorbed acetate species can coordinate to the cat-
alyst surface as a monodentate or bidentate species, which can
be inferred from the splitting of the acetate stretching vibration
[33]. Based on the splitting of the acetate stretching vibration,
75–100 cm−1, it appears that bidentate linkages exist though mon-
odentate linkages cannot be disregarded. Cyclic anhydride species
are formed only on the 90Ti–W support at 603 K and above. The
cyclic anhydride species are the precursors for CO2 formation [19].
The complete absence of or the presence of only a low IR band inten-
sity of cyclic anhydride species for the xV90Ti–W catalysts suggests
that one of the routes for CO2 formation from the support during
ethane oxidation is suppressed by the surface vanadia species. Con-
sequently, a decrease in the CO2 formation from the support is to
be expected.

3.2.2. Propane adsorption studies
Similar to ethane adsorption, the adsorption of propane on the

90Ti–W support and xV90Ti–W catalysts shown in Figs. 8 and 9
reveals several IR bands in the 1100–2000 cm−1 region. The IR
bands at 1688–1680, 1418, 1370, and 1240 cm−1 are bands typical
of adsorbed acetone species (see Table 2). These bands disappear
at 573 K and above. The IR bands at 1520, 1444, and 1350 cm−1

suggest the formation of acetate species and the intensities of the

first two bands rise as the adsorption temperature increases. The
IR band at 1350 cm−1 is not observed below 523 K. An IR band at
1540 cm−1 is also observed at 573 K and higher temperatures due
to the acetate species. At 633 K a weak band at 1560 cm−1 appears,
which together with the bands at 1350 and 1395 cm−1 are assigned
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2V90Ti–W is relatively constant until a calcination temperature of
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o the formate species. Two new bands at ∼1860 and ∼1780 cm−1

ppear at an adsorption temperature of 603 K and are typical of
yclic anhydride species. As in ethane adsorption, two bands at
650 and 1740–1730 cm−1 (see Fig. 9) are observed at 633 K. Accord-
ngly, the 1650 cm−1 band arises from a �C C vibration of olefin
r �C O vibration of a carbonyl group conjugated with a dou-
le bond [32]. The presence of the 1650 cm−1 band suggests that
dsorbed aldehyde/ketone-like species may be present. The IR band
t 1730–1740 cm−1 band is assigned to the �C O vibration of an
ntermediate species towards the formation of cyclic anhydride. The
resence of acrylate species, which is expected at 1640 (�C C), 1500
�asCOO−), 1440 (�sCOO−), 1370, and 1270 (�CH) cm−1, is unsub-
tantiated since other IR bands typical of the acrylate species are
bsent [31].

Comparing the 90Ti–W with the xV90Ti–W spectra reveals
imilarities and differences. Though the same oxygenated species
acetone, acetate, formate, and cyclic anhydride) are observed,
heir intensities are different. For the xV90Ti–W catalysts, the IR
and intensities of the acetone, acetate, and formate species are
igher and the IR band intensity of the adsorbed cyclic anhydride
pecies is lower compared to that of the 90Ti–W support. Resini
t al. reported that the adsorbed isopropoxide species is formed
n adsorption of isopropyl alcohol [13]. At 473 K and above the
sopropoxide species is converted to acetone. The formation of
cetone species in the present study suggests that it is formed
ue to the further oxidation of isopropoxide species. Furthermore,
he present results suggest that the formation of isopropoxide
s the first step of propane adsorption. Adsorption of propane
n 90Ti–W support and xV90Ti–W catalysts was also studied at
artial pressures of propane ranging from 0.05 to 0.6 atm and tem-
eratures from 573 to 633 K. These results reveal that the band

ntensities typical for acetate, formate, and cyclic anhydride species
ise with increase in partial pressure of propane suggesting that
rowth of the oxygenated species is a function of propane partial
ressure.

.3. Propane ODH reaction studies

The propane ODH reaction was conducted at different contact

imes over the xV90Ti–W catalysts and the results are shown in
ig. 10. The propane conversion increases with increase in con-
act time and at the same contact time, the propane conversion
ncreases with increase in vanadia loading until it reaches the

ig. 10. Variation of propane conversion with contact time for xV90Ti–W
x = 2–12.5 wt%) catalysts.
lysis A: Chemical 308 (2009) 46–55

7.5 wt% level, is constant for the 10 wt% loading and decreases
thereafter. The trend in propane conversion measured at the same
contact time is as follows:

2V90Ti–W< 4V90Ti − W< 12.5V90Ti − W ≤ 7.5V90Ti

− W ≈ 10V90Ti − W.

A similar trend of propene yield with contact time is also
observed and is not shown here for the sake of brevity. The variation
in propane conversion and propene yield with loading is consis-
tent with the amounts of the surface vanadia species observed by
characterization studies. The relatively similar conversion values
for 7.5V90Ti–W and 10V90Ti–W and the decrease in conversion
for the 12.5V90Ti–W are consistent with the dehydrated IR band
intensities of the surface vanadia species observed in Fig. 4. Con-
tact time studies also reveal that the yield of CO2 measured at
the same conversion decreases with increase in vanadia loading.
This observation correlates well with the findings in the DRIFT
studies using propane since the cyclic anhydride species, one of
the possible precursors for the CO2 formation, decreases with
increase in vanadia loading. Consequently, one of the routes for
the formation of CO2 is suppressed when the vanadia loading is
increased.

The effect of catalyst calcination temperature on the propane
ODH reaction over xV90Ti–W was also studied. Four catalysts,
2V90Ti–W, 4V90Ti–W, 7.5V90Ti–W, and 10V90Ti–W calcined at
temperatures ranging from 723 to 1073 K were considered for
this purpose. To study the effect of calcination temperatures, the
propane ODH reaction was carried out at 673 K using a propane-to-
oxygen molar ratio of 2:1 and a total gas flow rate of 75 ml/min.
It was observed that at high calcination temperatures the cata-
lysts deactivate. However, the specific deactivation differs for each
catalyst. To observe the relative deactivation for the different cata-
lysts the propene yield is normalized with respect to the propene
yield obtained for the same catalyst calcined at 723 K. The nor-
malized propene yield as a function of calcination temperature
for the four catalysts is shown in Fig. 11. The propene yield for
823 K, and at higher calcination temperatures the propene yield
gradually decreases. For 4V90Ti–W, 7.5V90Ti–W, and 10V90Ti–W
the propene yield starts to decrease at progressively lower tem-
peratures. Besides, the decrease of propene yield with calcination

Fig. 11. Normalized propene yield versus calcination temperature for xV90Ti–W
catalysts.
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Table 3
Kinetic parameter values of the titania-tungsten mixed-oxide supported vanadia catalysts. Standard errors are given in parenthesis. Tm = 643.15 K.

Parameter Units Catalysts

2V90Ti–W 4V90Ti–W 7.5V90Ti–W 10V90Ti–W

k10

ml STP min−1 (g cat)−1 atm−1
27 (3) 72 (4) 98 (6) 117 (5)

k20 1089 (57) 1792 (75) 2411 (100) 2302 (105)
k30 1101 (50) 313 (60) 721 (73) 822 (76)

k10/k20 – 0.025 0.04 0.041 0.051

E1

−1

84 (7) 67 (6) 72 (6) 59 (3)
E2 30 (8) 45 (8) 61 (11) 51 (10)
E
E
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kJ mol
3 80 (7)
1 − E2 54

emperature is related to vanadia loading. These results suggest that
he loss of catalytic activity with calcination temperature depends
n the vanadia loading, and deactivation increases with increase in
oading.

Correlating the information obtained from deactivation with
haracterization studies reveals that the specific variations of the
ecrease in surface area, anatase-to-rutile transformation, and
atalyst deactivation are different. The deactivation of catalysts,
owever, is directly related to the loss of surface vanadia species
ith calcination temperature [28]. The anatase-to-rutile transfor-
ation or loss of surface area is not always related to the loss of

anadia sites.

.4. Parameter estimation for propane ODH

The propane ODH kinetic parameters were estimated in order
o acquire additional information about the catalysts. A sequen-
ial Mars van Krevelan (MVK) reaction model was considered for
inetic parameter estimation. The MVK reaction model considered
ssumes that the gas-phase propane reacts with the lattice oxy-
en of the catalysts to produce propene, which is further oxidized
y lattice oxygen to produce carbon oxides (CO + CO2). The gas-
hase oxygen replenishes the lattice oxygen by re-oxidation of the
atalyst. The three reactions, r1, r2, and r3 considered are given
elow:

1. Formation of propene (r1):

C3H8 (g) + O (s) → C3H6 (g) + H2O + ∗red (1)

where ∗red is a reduced site.
. Formation of carbon oxides, COx (r2):

C3H6 (g) + 3(x + 1)O (s) → 3COx (g) + 3H2O + 3(x + 1)∗red (2)

where x is 1 for CO and 2 for CO2.
. Catalyst re-oxidation (r3):

O2 (g) + 2∗red → 2O (s) (3)

The rate constants associated with the above three reactions
re k1, k2, and k3. These ki’s are made up of the respective pre-
xponential factors, ki0’s, and activation energies, Ei’s.

The CO2/CO ratios, , used in kinetic parameter estimations are
alculated based on the entire reaction data for each catalyst and
re shown in Table 1. The value of  decreases as vanadia loading
ncreases suggesting that lower amounts of CO2 are formed at high
oadings, which is again consistent with the findings in the DRIFT

tudies.

The estimated kinetic parameters for the four catalysts are pre-
ented in Table 3. The kinetic parameters, ki0’s and Ei’s, their units
nd the associated standard errors are also furnished. Comparisons
f standard errors with parameter values in Table 3 suggest that
121 (20) 144 (19) 108 (13)
22 11 8

the kinetic parameter values have been estimated with a reason-
able degree of accuracy. Moreover, a comparison between the actual
and predicted concentrations of all compounds analyzed reveal that
a close correspondence exists for all the catalysts. However, this
comparison is not shown for the sake of brevity.

Analysis of the kinetic parameters in Table 3 reveals that they
vary with the vanadia loading. The value of the pre-exponential
factor for propene formation, k10, increases as the vanadia loading
increases. The pre-exponential factor of carbon oxides formation,
k20, is also a function of and increases with vanadia loading until it
reaches the 7.5 wt% level and then decreases. The activation energy
for propene formation, E1, is the highest for 2V90Ti–W and is rel-
atively constant for 4V90Ti–W and 7.5V90Ti–W. The 10V90Ti–W
catalyst has the lowest E1 value amongst the xV90Ti–W catalysts.
The activation energy for carbon oxides formation, E2, increases
with increase in vanadia loading until the latter reaches the 7.5 wt%
level and decreases for the 10V90Ti–W catalyst.

Previous studies revealed that the rate constants ratio, k1/k2,
is an important parameter for understanding the effect of vanadia
loading on the propene yield at the same conversion [20,22]. For a
series reaction, the propene yield at the same conversion depends
on the ratio of rate constants, k1/k2 [34]. The rate constants, k1 and
k2, correspond to the rate constants for reactions (1) and (2) above.
The k1/k2 ratio for various catalysts in turn depends on the value
of k10/k20 and difference in activation energies, E1 − E2, which is
temperature-dependent. Due to the reparameterization of Ei’s, the
k1/k2 ratio is equal to the k10/k20 ratio at T = Tm [21]. The values of
k10/k20 and E1 − E2 are also given in Table 3. At T = Tm, the k10/k20
ratio is the lowest for the 2V90Ti–W catalyst and is similar for the
4V90Ti–W and 7.5V90Ti–W catalysts. The 10V90Ti–W catalyst has
the highest k10/k20 value suggesting that at 643 K this catalyst pro-
vides the best propene yield at the same conversion. Moreover, from
Fig. 10 it is observed that the 10V90Ti–W catalyst also provides the
highest conversion measured at the same contact time and appears
to be the best amongst this series of catalysts.

At reaction temperatures different from Tm, the variation of the
k1/k2 ratio depends on the specific E1 − E2 value. Since all E1 − E2
values are positive the k1/k2 ratio always increases with temper-
ature. However, for each catalyst the specific increase of k1/k2
with temperature depends on the specific E1 − E2 value. A higher
E1 − E2 value suggests that k1/k2 is more sensitive to temperature.
Thus, for 2V90Ti–W the k1/k2 value increases more rapidly than
for 10V90Ti–W. Despite this, the k1/k2 for the 2V90Ti–W catalyst
is always lower than the 10V90Ti–W catalyst in the temperature
region considered here. Thus, the 10V90Ti–W is the best amongst
this series of catalysts in terms of propane conversion and propene

yield in the operating conditions considered, though this cata-
lyst may possess some dispersed undetected vanadia species as
observed by the characterization techniques. The amount of the
dispersed undetected vanadia species, however, is not known and
is expected to be small.
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Fig. 12. Possible pathways for the alkane ODH reaction based on DRIFT stu

. Conclusions

A series of vanadium oxide catalysts supported on a titania-
ungsten mixed-oxide support containing 90 wt% TiO2 were
ynthesized by the incipient wetness impregnation method and
haracterized. The BET surface area of the mixed-oxide supported
atalysts decreases with increase in vanadia loading. The Raman
nd FTIR spectra obtained under dehydrated conditions and TPR
tudies suggest that the tungsten and vanadia species are present
s dispersed phases. It appears that the behavior of the 90Ti–W
upport is similar to the more commonly used supports in the for-
ation of surface vanadia species. The support possesses surface

ungsten oxide species and is able to retain its surface area until
73 K is reached; however, the presence of surface vanadia species
ccelerates the loss of surface area and formation of rutile phase at
emperatures lower than those observed for the pure oxide support.

decrease in catalytic activity with rising calcination temperature
as also observed; however, such decrease was not directly related

o rutile formation or changes in surface area. The decrease in cat-
lytic activity is attributed to the loss of surface vanadia species
ith increase in calcination temperature, which is not necessarily

elated to rutile formation or decrease in surface area. Surface vana-
ia species are formed and the quantities of these species increase
ith the loading until a level of 7.5 wt% is attained, which cor-

esponds to 3.5 V-atoms/nm2 based on the support surface area.
bove this level of loading, the amount of surface vanadia species

s constant and then decreases.
DRIFT studies of ethane and propane adsorption on the 90Ti–W

upport and xV90Ti–W catalysts reveal the presence of several
xygenated adsorbed species. The possible pathways for their
ormation are shown in Fig. 12. The acetaldehyde- and acetone-
dsorbed species were formed below 573 K. The acetaldehyde- and
cetone-adsorbed species appear to be formed from the alkox-
de species (ethoxide and isopropoxide), which in turn are formed
y the abstraction of the hydrogen atom from the corresponding
lkanes. At temperatures higher than 573 K, the acetaldehyde and
cetone species are converted to acetate, formate, and cyclic anhy-
ride adsorbed species, which are the precursors of the formation

f carbon oxides. It also appears that the formation of the cyclic
nhydride-adsorbed species is from the exposed support surface,
hich is suppressed by the presence of the surface vanadia species.

n addition, adsorbed olefins/aldehydes or ketones associated with
he conjugated C O and C C double bond are also detected.
thane, and propane adsorption. R = H for ethane and R = –CH3 for propane.

The xV90Ti–W catalysts were tested for the propane ODH reac-
tion. Contact time studies reveal that the propane conversion and
propene yield depend on the vanadia loading. At the same con-
tact time the conversion increases until the 7.5 wt% level of vanadia
loading is attained, is constant for the 10 wt% loading and decreases
thereafter. Analysis of various kinetic parameters determined for
propane ODH reaction reveals that the kinetic parameters also
depend on the vanadia loading. The pre-exponential factor for
propene formation increases with vanadia loading. The lumped
parameter, k1/k2 associated with propene yield at the same con-
version also increases with increase in vanadia loading. The best in
this series of catalysts is 10V90Ti–W since it provides the highest
propane conversion measured at the same contact time and highest
propene yield at the same conversion.
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