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A 90 wt% TiO; in a titania—alumina mixed oxide support (90Ti-Al) was synthesized by the sol-gel method
and characterized. Several 90Ti-Al supported vanadium oxide (vanadia) catalysts, xV90Ti-Al, were also
synthesized, characterized and probed by the propane oxidative dehydrogenation (ODH) reaction. For
the 90Ti-Al support and low vanadia loadings, no rutile peak was observed even after calcination at
1073 K. For vanadia loading greater than 7.5 wt%, rutile peaks were observed at 923 K and higher calci-
nation temperatures. Characterization and reactivity studies suggest that molecularly dispersed, reduc-
ible surface vanadia species are present and active for the propane ODH reaction. However, the
presence of alumina on the support surface decreased the catalytic activity relative to only titania. The
activity variation with calcination temperature had a pronounced effect on the activity of some catalysts
and is related to the presence/absence of the surface vanadia species and the surface Al/Ti ratio, both of
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which change with calcination temperature.
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1. Introduction

Supported vanadium oxide (vanadia) is a commonly used cata-
lyst for various selective catalytic oxidation and reduction pro-
cesses [1-6]. The reactivity of supported vanadia catalysts for a
particular reaction depends on vanadia loading and the specific
oxide support apart from other parameters [7,8]. The surface struc-
ture of vanadium oxide dispersed on various supports depends on
the vanadia loading and support and are extensively studied by
various characterization techniques ([7] and reference therein).
Furthermore, the nature of the surface vanadia species appears to
be sensitive to the calcination temperature [9,10].

It is proposed that the vanadia catalyst supported on anatase
titania is more active and selective for selective catalytic oxidation
and reduction reactions [7]. However, the major disadvantages
associated with the titania support are its relatively low surface
area and rapid sintering that occurs at high temperatures. Further-
more, the presence of vanadia in the supported catalysts accelerates
the sintering process and the anatase to rutile phase transforma-
tion. To overcome these shortcomings, several studies were tar-
geted at obtaining titania-based mixed oxide supports of high
surface area and thermal stability ([7] and reference therein). These
titania-based mixed oxide supports are obtained by combining
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titania with another thermally stable and high surface area metal
oxide [7]. Alumina and silica are commonly used thermally stable
large surface area material possessing good mechanical properties
[11]. 1t has been reported that incorporating small amounts of these
metal oxides (<10 mol%) improves the thermal stability of the
titania-based supports. The improvement in thermal stability is
achieved by retarding the anatase to rutile transformation [12].
Other support-related properties are also improved. Change in
oxygen vacancy concentration, formation of solid solution and
exo-solution process from the solid solution to rutile and dopant
oxide are a few of the many mechanisms proposed for the delayed
transformation of anatase to rutile in the presence of a dopant oxide
[13-15]. Of the various titania-based mixed oxide supports, the
titania-alumina mixed oxides are used for various petrochemical
processes. These titania—alumina mixed oxide supports can be syn-
thesized by various methods [16-18]. Furthermore, synthesis of
catalytic material by sol-gel method is of great interest since this
method provides a great degree of control over molecular-scale
mixing.

In the present study, a titania-alumina mixed oxide support
containing small amount of alumina is synthesized by the sol-gel
method. Using this synthesized support, several supported vanadia
catalysts are prepared by the incipient wetness impregnation
method and characterized. The catalytic activity of these supported
vanadia catalysts is probed by the propane ODH reaction. The pro-
pane ODH reaction was chosen as a probe reaction for this catalytic
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system since this reaction has been extensively studied at one of
our laboratories [8,19-24]. To obtain further understanding of this
catalytic system, the effect of calcination temperature on the nat-
ure of the vanadia supported on the mixed oxide support was also
undertaken.

2. Experimental
2.1. Material synthesis

The TiO,-Al,03; mixed oxide support containing 90 wt% TiO,
was prepared by the sol-gel method based on published protocol
([25] and reference therein). The precursors used for titania and
alumina were titanium ethoxide (Sigma-Aldrich, 98% purity) and
aluminum-tri-sec-butoxide (ATSB, Sigma-Aldrich, 97% purity),
respectively. Cetyltrimethylammonium bromide (CTAB) was used
as a template/surfactant. Specifically, a measured amount of tita-
nium ethoxide precursor was added to a mixture of CTAB and
absolute ethanol (99.99%). The resulting mixture was stirred for
45 min. The required amount of ATSB was then added to this mix-
ture. The hydrolyzing agent used in this particular synthesis was a
mixture of HNO; and H,O in known amounts. The hydrolyzing
agent was added drop wise to the continuously stirred precursor
mixture until complete hydrolysis. After sometime, a gel was
formed, which was aged for 24 h. The molar ratio of titanium eth-
oxide, ATSB, CTAB, HNO3, H,0 and ethanol in the final mixture was
1:0.17:0.2:1.5:10:20. After completion of aging, a mixture of
NH4OH and double distilled water was added to the gel. The mix-
ture was refluxed at 353 K for 48 h, and the pH of the mixture was
maintained between 9 and 10 during the reflux period. The white
precipitate obtained was filtered and dried overnight in a vacuum
desiccator. The white cake was then dried at 333 K for 8 h followed
by drying at 383 K for 6 h. The dried cake was then ground to pow-
der and calcined at 723 K to make the final mixed oxide support.
The support was denoted as 90Ti-Al

The 90Ti-Al supported vanadia catalysts of various loading (2-
10 wt% V,05) were synthesized by the incipient wetness impreg-
nation method using ammonium metavanadate as the vanadia
precursor. For higher loading samples, multiple impregnation tech-
nique was used. The details of the catalyst synthesis are given else-
where [19]. The final catalyst was calcined at 723 K. The catalyst
was denoted as xV90Ti-Al, where x represents the wt% of vanadia
as V,05 present in the catalysts. The final calcination temperature
was chosen as 723 K since temperatures in excess of 773 K may
lead to the transformation of the anatase to rutile phase of titania,
especially in the presence of vanadia. Higher calcination tempera-
tures appear to deactivate the catalyst [10]. The catalysts were also
calcined at higher temperatures to study the effect of calcination
temperature and to observe whether deactivation takes place.

2.2. Surface area measurement

The surface areas of the samples were determined by nitrogen
adsorption method using the single point Brunauer-Emmett-Tell-
er (BET) equation. A 30% N,/He gas mixture was used for adsorp-
tion. In the present study, a SMART SORB 92/93 BET surface area
analyzer was used for BET surface area measurements. Degassing
was achieved by heating the sample at 473 K followed by flushing
with carrier gas before adsorption of nitrogen at 77 K.

2.3. X-ray diffraction (XRD)

The XRD patterns of all the samples were obtained in the range
of 10-70° with a scanning speed of 3° min~! on an ISO Debye flex-
2002 X-ray diffractometer using Cu Kot irradiation (4 = 1.54056 A).

2.4. Raman spectroscopy

Raman spectra of the 90Ti-Al support and xV90Ti-Al catalysts
were obtained under ambient and dehydrated conditions using
an ultraviolet (UV)-visible Raman spectrometer system (Horiba-
Jobin Yvon LabRam-HR) equipped with a confocal microscope con-
taining 2400/900 grooves/mm grating and a notch filter. A 532-nm
(Visible) Yag double-diode pumped laser source was used for the
excitation of the samples. All the spectra were taken at a resolution
of ~2 cm™!. To obtain the spectra under dehydrated conditions, the
powdered samples were placed in a high temperature in situ cell
(Linkam THMS-1600). The samples were treated at 673 K in a flow-
ing stream of 10% O, in Ar for 30 min before the Raman spectra
were taken. Additional details are given elsewhere [26].

2.5. Diffuse reflectance Fourier transformed infrared (DRIFT)
spectroscopy

The DRIFT spectra of the dehydrated 90Ti-Al support and
xVI0Ti-Al (x=2-10 wt%) catalysts were recorded on a BRUKER
TENSOR 27 FTIR spectrometer attached with a diffuse reflectance
accessory (HARRICK Praying Mantis, DRP-BR4) and a high temper-
ature reaction chamber (HARRICK HVC-DRP-2) equipped with KBr
windows. To obtain the spectra under dehydrated conditions, the
powder sample placed in the sample cup of the reaction chamber
and oxygen gas at a flow rate of 30 ml/min was introduced into
the reaction chamber. Before recording the spectra, the reaction
chamber containing the catalyst sample was heated at 673 K for
45 min by an automatic temperature controller module (HARRICK
ATC-024-2). All spectra were collected at a resolution of 4 cm™!
using 128 scan. Each spectrum was subtracted from a KBr back-
ground collected under conditions similar to that of the sample.

2.6. Temperature-programmed reduction (TPR) studies

TPR studies of xV90Ti-Al catalysts were carried out in a
Micromeritics Pulse Chemisorb 2705 apparatus. Samples of 25-
35 mg were loaded into a U-tube quartz reactor. Prior to the reduc-
tion process, all the samples were pre-treated at 473 K for 30 min
in a stream of Ar gas flowing at a rate of 30 ml/min to remove ad-
sorbed moisture and any other adsorbed impurities that may be
present. The reactor was then cooled to room temperature, and a
mixture of 5% H,-Ar gas flowing at a rate of 30 ml/min was intro-
duced into the quartz reactor. The reactor was heated to 1200 K
using a temperature-programmed rate of 10 K/min. The hydrogen
consumption was monitored by a thermal conductivity detector.

2.7. Reaction studies and kinetic parameter estimation

The catalytic activity of the xV90Ti-Al catalysts was tested for
the propane ODH reaction. The ODH reaction was carried out in
a fixed bed, down flow, isothermal tubular quartz reactor at atmo-
spheric pressure. Three separate mass flow controllers (Bronkhost
Hi-Tech, E1 mass flow controller) controlled the inlet gas (propane,
nitrogen and oxygen) flow rates. Two types of reactivity data were
collected for the propane ODH reaction: contact time and Kinetic
parameter estimation related data. For contact time related data,
the total inlet gas flow rate was varied from 30 to 120 ml/min;
and for kinetic parameter estimation related data, a total inlet
gas flow rate of 75 ml/min was used. Contact time related data
were obtained at a reaction temperature of 653 K using propane
to oxygen molar ratio of 2:1. For kinetic parameter estimation re-
lated data, the reaction temperature was varied from 613 to 673 K,
and the propane to oxygen molar ratio was varied from 1:1 to 3:1.
Nitrogen was used as a diluent during reaction, and its quantity
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was adjusted with oxygen such that the inlet nitrogen and oxygen
composition corresponds to that of air. The propane conversion for
all reactivity studies was maintained below 10% to ensure minimal
mass and heat transfer effects. Blank experiments were also carried
out at identical reaction conditions to confirm the absence of
homogeneous reaction. Additional details of the reactor setup, cal-
culations for conversion, selectivity, yield and kinetic parameters
estimation can be found elsewhere [19-21].

2.8. X-ray photoelectron spectroscopy (XPS) studies

For XPS analysis, the samples were attached to stainless steel
holders using conductive double-sided carbon tape and then in-
stalled in the vacuum chamber of a Model DS800 XPS surface anal-
ysis system manufactured by Kratos Analytical Plc of Manchester,
UK. The chamber was evacuated to a base pressure of ~5 x
107° torr. A hemispherical energy analyzer was used for electron
detection. XPS survey spectra were collected to identify the ele-
ments present on the sample surfaces, and high-resolution spectra
were collected to indicate the chemical structures present. The ob-
tained spectra were plotted and used to generate estimates of the
atomic and weight concentrations of the elements indicated by the
peaks present in the spectral data. Data were collected using a
magnesium K-alpha X-ray source and 80 or 40 eV pass energy set-
tings in the fixed analyzer transmission mode. Elements were iden-
tified in each spectrum, and the concentrations were estimated
using typical normalization procedures. Sensitivity factors em-
ployed were selected based on the peak envelope measured for
each element of interest: Ti 2p and Al 2p (entire envelope) and
the V 2p35; (only, to avoid O peak interferences). Since the carbon
concentrations were relatively low, and the kinetic energy posi-
tions of the peaks of interest were similar for the elements of inter-
est, the effect of carbon over layer presence was ignored in this
study [27]. The mean free paths of the electrons for vanadium
and titanium are very similar so quantitative data for these ele-
ments will likely be quite accurate. The mean free path for the alu-
minum signals is longer and may result in a slight overestimate of
aluminum content relative to the V and Ti. For the purposes of this
study, only the changes in relative composition are important; not
the absolute accuracy of the calculated concentrations.

3. Results and discussion

3.1. Characterization of titania—alumina support and supported
vanadia catalysts

The surface area of the 90Ti-Al support and the xV90Ti-Al
(x =2-10 wt%) catalysts calcined at 723 K were determined and
presented in Table 1. The Tn.x value obtained from TPR studies
and the CO,/CO ratio, y, obtained from reaction studies are also
tabulated in Table 1 and are discussed later. A surface area of
113 m?/g was achieved for the 90Ti-Al support, which decreased
with an increase in vanadia loading in the xV90Ti-Al samples.
The surface density of vanadia based on the pure 90Ti-Al support

Table 1

Surface area, surface vanadia density, Tmax and i of the xV90Ti-Al catalysts.
Nomenclature V,0s5 Surface Surface density Tmax COy/

(wt%)  area (m?/g) (Vatoms/nm?) (K) CO* Y

90Ti-Al - 113 - 835 -
2V90Ti-Al 2 91 1.2 721 0.37
4V90Ti-Al 4 93 2.4 737 0.27
7.5V90Ti-Al 7.5 83 4.8 749 0.16
10V90Ti-Al 10 73 6.5 755 0.14

¢ Based on entire reaction data.

surface area is also presented in Table 1 and varied from 1.2 to
6.5 V atoms/nm?. The surface density of vanadia was lower than
reported monolayer limits of supported vanadia catalysts [28].

With an increase in calcination temperature, the surface area of
the 90Ti-Al support and xV90Ti-Al catalysts (x = 2-10 wt%) was
observed to decrease for all samples. To compare the relative de-
crease in surface areas, the normalized surface area values were
determined. Normalization is achieved by dividing the surface area
of a sample calcined at a particular temperature to the surface area
of the same sample calcined at 723 K. Thus, the normalized surface
area of the 90Ti-Al support and xV90Ti-Al catalysts calcined at
723 K is unity. The normalized surface areas versus calcination
temperature for the different samples are shown in Fig. 1. Fig. 1
shows that the 90Ti-Al support retains ~40% of the initial surface
area at 1023 K. In comparison, TiO, (P25, Degussa) does not retain
much of its initial surface area at 1023 K. Pure titania synthesized
using a similar method also lost its surface area at higher
calcination temperatures more rapidly than the 90Ti-Al mixed
oxide support. The results for the pure TiO, support synthesized
by a similar method are not shown for brevity. In the presence of
vanadia, the relative decrease in surface area with calcination
temperature is larger, which progressively becomes more signifi-
cant for higher vanadia loading samples. Reddy et al. observed sim-
ilar variations in surface area with calcination temperature for a
similar system [7].

The 90Ti-Al support and xV90Ti-Al catalysts calcined at differ-
ent temperatures were also characterized by XRD. The XRD pat-
terns of 90Ti-Al support calcined at different temperatures reveal
the absence of the rutile phase even up to a calcination tempera-
ture of 1073 K as shown in Fig. 2. The rutile phase was also not ob-
served for 2V90Ti-Al and 4V90Ti-Al at 1073 K, and the XRD
patterns were not shown for brevity. For 7.5V90Ti-Al, the rutile
phase appears at 973 K, and the anatase phase does not completely
disappear even at a calcination temperature of 1073 K. For
10V90Ti-Al, the rutile phase is initially observed at 923 K, and it
is the only phase observed at 973 K. Furthermore, an additional
peak (20=21.7°) for crystalline V,05 [29] appears at 973 K for
10V90Ti-AL It appears that at high calcination temperatures bulk
V,0s is formed in the 10V90Ti-Al sample. From the earlier discus-
sion, it is also evident that the anatase to rutile phase transforma-
tion occurs in the vanadia-based samples containing more than 4%
V,0s5 at progressively lower calcination temperatures. The lower
anatase to rutile transformation temperature observed in the high
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Fig. 1. Variation of surface area with calcination temperature for xV90Ti-Al
catalysts.
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Fig. 2. XRD patterns of 90Ti-Al support calcined at different temperatures.

vanadia containing samples has been proposed to be due to: (i) the
high mobility of V in the structure, (ii) incorporation of V in the
titania anatase structure and (iii) introduction of distortion [15,30].

The Raman spectra of 90Ti-Al and xV90Ti-Al were obtained un-
der ambient and dehydrated conditions. The Raman spectra of the
dehydrated samples are shown in Fig. 3 in the 750-1100 cm™! re-
gion. The spectra obtained under ambient condition are not shown
for brevity. Fig. 3 reveals a Raman band at 1030 cm™! due to the
terminal V=0 bond vibration of surface molecularly dispersed van-
adia species, and the intensity of this band increases with an in-
crease in vanadia loading [31-35]. An additional broad feature at
935 cm~! was observed for 7.5 wt% vanadia loading and above.
Appearance of the 935 cm™! band suggests the presence of poly-
meric surface vanadia species or support associated vibrations of
the surface vanadia species [31-36]. The Raman spectra of the dif-
ferent samples reveal that only molecularly dispersed surface van-
adia species are present on this mixed oxide support and, as
expected, the monolayer coverage is not achieved until 10 wt% of
vanadia loading.

The DRIFT spectra of the xV90Ti-Al samples were obtained
under dehydrated conditions. The spectra of the dehydrated

xV90Ti-Al Dehy

10 % 935
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7.5%

4%

N

Intensity (a.u.)

T T T T T T T T T T T T T
750 800 850 900 950 1000 1050 1100

Raman shift (cm-)

Fig. 3. Raman spectra of xV90Ti-Al catalysts (x=0-10wt%) obtained under
dehydrated conditions.

xV90Ti-Al samples shown in Fig. 4 reveal a band at 2035 cm™’,

which is assigned to the V=0 bond overtone vibration [37]. The
intensity of the overtone band continuously increases with an
increase in vanadia loading. Changes in the hydroxyl region,
4000-3300 cm™!, are also observed and are shown in Fig. 5. The
90Ti-Al support reveals IR bands at 3770, 3730, 3676 and 3650-
3635 cm™!. The first three bands are assigned to basic, neutral
and acidic OH groups of alumina [38]. The IR band at 3676 cm™!
is also assigned to the isolated hydroxyl group vibration of titania,
and the band at 3650-3635 cm™! is assigned to the bridged hydro-
xyl group vibration of titania [38]. The band at 3770 cm™! is
titrated even at the lowest vanadia loading. The intensities of the
3730, 3676 and the broad band at 3650-3635 cm™! bands also
decreases with vanadia loading and are still present for the
10V90Ti-Al sample. The presence and gradual disappearance of
the titania and alumina hydroxyls with vanadia loading suggests
that titania and alumina are present on the surface of the mixed
oxide support synthesized in the present study and coordinate
with the surface vanadia species. The preferential titration of the

xV90Ti-Al Dehy 2035
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4% ’\/
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Fig. 4. IR spectra of the xV90Ti-Al catalysts (x = 0-10 wt%) in metal oxygen region
under dehydrated conditions.
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Fig. 5. IR spectra of the xV90Ti-Al catalysts ((x =0-10 wt%) in hydroxyl region
under dehydrated conditions.
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titania hydroxyl group versus the alumina hydroxyl group is not
evident.

The TPR results obtained for all samples are shown in Fig. 6, and
the T,,ax values are tabulated in Table 1. The TPR result for 90Ti-Al
is included as a reference and shows a minor reduction peak at
835 K. The TPR profile of each xV90Ti-Al catalyst reveals a distinct
reduction peak in the 721-755 K region. The reduction peak ob-
served in the 721-755 K region is due to the reduction of surface
vanadia species, and it shifts to higher temperatures as vanadia
loading is increased. In comparison, the reduction peak for V,0s/
TiO, (1-6 wt%) and V,0s5/Al,03 (7.5-17.5 wt%) catalysts is ob-
served at 685-725 and 750-760 K, respectively [22,23]. Thus, anal-
ysis of the reduction profiles of the xV90Ti-Al samples further
suggests that the surface vanadia species coordinates with titania
and alumina of the mixed oxide support. Based on the character-
ization studies, a schematic of the surface vanadia species in the
supported catalysts calcined at 723 K is shown in Scheme 1.

3.2. Propane ODH reaction of supported vanadia catalysts

The catalytic activity of xV90Ti-Al was tested for propane ODH
reaction by varying the contact time, and the results are shown in
Fig. 7. Fig. 7 reveals that the propane conversion increases with an
increase in contact time for each catalyst. At the same contact time,
the propane conversion increases with an increase in vanadia load-
ing: 2V90Ti-Al < 4V90Ti-Al < 7.5V90Ti-Al < 10V90Ti-Al. The in-
crease in conversion with loading is expected since monolayer
coverage has not been exceeded. The propene yield at iso-conver-
sion also follows a similar trend as observed for the increase in pro-
pane conversion with vanadia loading at the same contact time.

755

xV90Ti-Al

TCD signal (a.u.)

835

0 %
T T T T T T T T T

LI L
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Temperature, K

Fig. 6. TPR profiles of xV90Ti-Al catalysts (x = 0-10 wt%).
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Scheme 1. Surface vanadia species anchored to titania and alumina in the mixed
oxide support at 723 K.
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Fig. 7. Variation of propane conversion with contact time for the xV90Ti-Al (x = 2—-
10 wt%) catalysts.

Thus, the molecularly dispersed surface vanadia species behaves
similar to other supported vanadia species on pure TiO, and
Al,03 supports [19].

Comparing the propane ODH reactivity of the 2V90Ti-Al and
the comparable vanadia supported on TiO, (Degussa P-25) reveals
that the activity is lower for the 2V90Ti-Al catalyst [24]. The lower
activity of the 2V90Ti-Al catalyst for propane ODH reaction may be
rationalized from the information obtained from characterization
and previous propane ODH reaction studies. Characterization stud-
ies suggest that the vanadia phase is anchored to the titania and
alumina phase of the mixed oxide support. Previous studies reveal
that the vanadia phase is more active on titania than on alumina
[8]. Thus, the 2V90Ti-Al catalyst, which has some of the surface
vanadia species anchored to the titania and the rest to the less-ac-
tive alumina phase, will possess a lower activity relative to the
comparable vanadia supported on TiO, (Degussa, P-25).

3.3. Kinetic parameter estimation

Details of the reaction model and kinetic parameter estimation
methodology are given elsewhere [19,20]. In this reaction model,
the direct combustion of propane to carbon oxides is considered
to be insignificant during the propane ODH reaction over sup-
ported vanadia catalysts [22,29,39]. The kinetic parameters associ-
ated with the propane ODH reaction were determined for the four
catalysts using a simplified sequential Mars van Krevelen (MVK)
reaction model considering propene and carbon oxides (CO + CO,)
as primary and secondary products, respectively. The MVK model
assumes that the propane molecules react with lattice oxygen of
the catalysts to produce propene molecules with a reaction rate
of ry, which then further react with lattice oxygen to produce car-
bon oxides with a reaction rate of r,. The gas phase oxygen replen-
ishes the lattice oxygen by re-oxidation of the reduced catalysts
with a reaction rate of r3. The rate equations of the three reactions
rates, rq, 1> and r3, are given below:

r = k1PC3Hg(l -B) (M
Iy = kZPC3HG(] - ) (2)
r3 = k3P02[3 (3)

where ks (i=1-3) are the rate constants in ml STP min™!

(gcat) 'atm™'; P’s are the partial pressures of the component, i,
in atm; B is the degree of reduction of the catalyst and is the fraction
of reduced sites to the total number of sites present.
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Re-parameterization is required to overcome the correlation be-
tween the parameters and is achieved by reformulating the rate
constants as

ki = ki, exp (_TElG*Tlm)) i=1-3 (4)

where k;,’s are the pre-exponential factors, ml STP min! (g
cat)"'atm™'; E/s are the activation energies for the reaction i, kj/
mol; T is the actual reaction temperature, K; R is the universal gas
constant, k] (kmol)™! K; and T, is the mean temperature, K.

The CO,/CO ratios, i, required for the estimation of the kinetic
parameters are calculated considering the entire reaction data set
for each catalyst. With an increase in vanadia loading, the value
of \ decreases suggesting that the formation of CO, decreases as
the vanadia loading is increased. The kinetic parameters, k;,'s and
E;'s, with their units and the calculated standard error associated
with each kinetic parameter are given in Table 2. Comparison of
standard errors with parameter values suggests that the kinetic
parameter values are estimated with a reasonable degree of accu-
racy. Moreover, a comparison between the actual and predicted
concentration of all compounds analyzed reveals that a close cor-
respondence exists for all the catalysts and is not shown here for
brevity.

Comparison of various kinetic parameters presented in Table 2
reveals that the pre-exponential factor associated with the forma-
tion of propene increases with an increase in vanadia loading. The
pre-exponential factor associated with the formation of carbon
oxide formation also increases with an increase in vanadia loading.
The activation energies for propene formation vary from 60 to
80 k] mol~!. The activation energies for carbon oxides formation
are relatively constant till 7.5 wt% vanadia loading, and the
10V90Ti-Al catalyst possesses the highest value of activation en-
ergy for carbon oxides formation for this series of catalysts.

The propene yield for the different catalysts can be effectively
compared by evaluating the lumped parameter k,/k, [19,20]. For
a series reaction, the propene yield determined at the same conver-
sion is a function of kq/k,. Larger the value of k;/k, higher is the
propene yield at iso-conversion [40]. The value of k;/k, ratio for
various catalysts depends on the kqo/kyo ratio and difference in
activation energies, E; — E. At T=T,, the effect of activation en-
ergy is absent, and the k;/k, and kqo/kyg ratios are equal. The values
of kio/k20 and E; — E; are also presented in Table 2 along with the
kinetic parameter. The variation of the kqo/kyo ratio values reveals
that as the vanadia loading is increased the kyo/kyo value increases
till 7.5 wt% and then decreases for the 10 wt% loading sample sug-
gesting that at a reaction temperature of 643.15 K (T = T;;,) the pro-
pene yield at iso-conversion increases with vanadia loading and
then decreases. Such a variation of propene yield with vanadia
loading is indeed observed, except for the 10 wt% loading sample.

At reaction temperatures different from T = T,,,, the E; — E, dif-
ference needs to be considered since this difference affects the
kq/ko variation with temperature. Since the E; — E is positive, the
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kq/ky values for all catalysts increase with temperature. The
E, — E, values, however, decrease with an increase in vanadia load-
ing suggesting that the k;/k, value increases more significantly
with temperature for lower loading sample compared to high load-
ing catalysts. Despite the specific variations, the k,/k;, follows sim-
ilar trends as ko/k,o in the temperature range of the present study,
except at high temperatures where the 7.5 wt% loading sample
possesses the highest kq/k, value. Comparison of the kinetic
parameters and the propene yield versus conversion data reveals
that there is a similarity in variation of the k;/k; ratio and the pro-
pene yield at iso-conversion with vanadia loading. Furthermore,
comparing the kq/k;, ratio at 653 K for the 2V90Ti-Al catalyst and
the same vanadia loading on TiO, (Degussa P-25), 2VTi, reveals
that the kq/k; ratio is higher for the 2V90Ti-Al catalyst suggesting
that at the same conversion the 2V90Ti-Al produces more propene
[19]. At the same contact time, however, the propane conversion is
higher for the 2VTi catalyst compared to the 2V90Ti-Al catalyst.

3.4. Effect of catalyst calcination temperature

To observe the effect of calcination temperature on the activity,
the xV90Ti-Al samples calcined at different temperatures were
tested for the propane ODH reaction at a common reaction temper-
ature of 673 K. The propane to oxygen ratio of 2:1 and a flow rate of
75 ml/min were also kept constant. It was observed that the varia-
tion in catalytic activity with calcination temperature depends on
the specific xV90Ti-Al sample. To understand the relative variation
in activity with calcination temperature, the propene yields are
normalized and shown in Fig. 8. The normalized propene yield at
areaction temperature of 673 K is achieved by dividing the propene
yield achieved at a particular calcination temperature by the pro-
pene yield of the same catalyst calcined at 723 K. As shown in
Fig. 8, the normalized propene yield for 2V90Ti-Al catalyst is rela-
tively constant till a calcination temperature of 923 K and gradually
increases for higher calcination temperatures. For the 4V90Ti-Al
catalyst, the normalized propene yield increases with an increase
in calcination temperature, reaches a maximum value at 923 K
and decreases thereafter. The maximum propene yield at a calcina-
tion temperature of 923 K is about 3.5 times the propene yield of
4V90Ti-Al calcined at 723 K. For the 7.5V90Ti-Al catalyst, the pro-
pene yield slightly increases and then decreases, whereas for
10V90Ti-Al, the propene yield is initially constant and then de-
creases as the calcination temperature is increased. Similar varia-
tions are observed in the propane conversions.

To understand the unusual behavior of the 4V90Ti-Al catalyst,
this sample was studied by DRIFT and XPS. The IR spectra of this
dehydrated catalyst at different calcination temperatures are shown
in Fig. 9 and reveal the presence of the V=0 bond overtone vibration
up to a calcination temperature of 923 K; the calcination tempera-
ture corresponding to the highest propene yield. The presence of
the V=0 bond overtone vibration indicates the presence of the sur-
face vanadia molecularly dispersed species. Above a calcination

Table 2

Kinetic parameter values of the xV90Ti-Al catalysts. Standard errors are given in parentheses. Ty, = 643.15 K.
Parameter Units Catalysts

2V90Ti-Al 4V90Ti-Al 7.5V70Ti-Al 10V90Ti-Al

k1o ml STP min~! (g cat) ' atm™! 8(0.2) 26 (2) 112 (5) 147 (2)
k2o 110 (4) 176 (18) 375 (38) 602 (7)
k3o 87 (4) 420 (42) 736 (90) 1555 (51)
k1o/ka20 - 0.07 0.15 0.30 0.25
E; kJ mol~! 82 (2) 73 (5) 60 (6) 77 (2)
E, 27 (3) 32 (6) 28 (4) 64 (1)
E3 119 (11) 183 (16) 129 (21) 282 (10)
E, —E 55 41 32 13
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Fig. 8. Normalized propene yield versus calcination temperature for the xV90Ti-Al
catalysts.

temperature of 923 K, the V=0 bond intensity decreases indicating
a loss of surface vanadia molecularly dispersed species [24]. Conse-
quently, the propene yield is expected to decrease for the 4V90Ti-Al
catalyst calcined at temperatures higher than 923 K, and this is
indeed observed in Fig. 8. Thus, the decrease in catalytic activity at
higher calcination temperatures is due to the loss of the surface van-
adia active sites.

Explaining the increase in propene yield from DRIFT studies was
not possible since the concentration of the surface vanadia molec-
ularly dispersed species appears to be similar, which would sug-
gest a similar catalytic activity. To investigate the reason for an
increase in propene yield for the 4V90Ti-Al sample, XPS studies
were undertaken on representative 90Ti-Al and 4V90Ti-Al sam-
ples calcined at different temperatures. These XPS results are
shown in Table 3 in terms of the Al/Ti, V/Ti and V/Al atomic ratios.
For the 90Ti-Al support, the Al/Ti atomic ratio increases with an in-
crease in calcination temperature indicating that the surface is pro-
gressively enriched with alumina as the calcination temperature is
increased. This change in surface concentration of mixed oxides

1023 K 4V90Ti-Al

2035

973 K

923 K

873 K

Absorbance (a.u.)

823 K
773K
723 K

T T T T T T T T T T T
2150 2100 2050 2000 1950 1900 1850
Wavenumber (cm-)

Fig. 9. DRIFT spectra of the 4V90Ti-Al sample calcined at different temperatures
obtained under dehydrated conditions. Each spectrum was subtracted with the
spectrum of 90Ti-Al support calcined at the corresponding temperature.

Table 3
Atomic ratio of Al/Ti, V/Ti and V/Al for the 90Ti-Al and 4V90Ti-Al catalysts calcined at
different temperatures.

Sample Calcination temperature (K) Atomic ratio
Al/Ti V/[Ti V/Al
90Ti-Al 723 0.010 0 0
823 0.129 0 0
923 0.148 0 0
1023 0.211 0 0
4V90Ti-Al 723 0.848 0.079 1.80
823 0.151 0.073 0.481
923 0.090 0.103 1.151
1023 0.279 0.219 0.785

has been attributed to the difference in surface free energy of the
individual metal oxides that make up the mixed oxide support
[41]. For the 4V90Ti-Al catalyst, however, a different Al/Ti atomic
ratio variation with an increase in calcination temperature is ob-
served. Except for the 4V90Ti-Al sample calcined at 1023 K, the
Al/Ti atomic ratio decreases suggesting that the catalyst surface
is progressively enriched with Ti. For these samples, which are cal-
cined below 1023 K, the surface vanadia species is progressively
more likely to be bonded to the titania phase and, hence, are pro-
gressively more active; explaining the higher propene yield for the
4V90Ti-Al catalysts at calcination temperatures below 1023 K. For
the 4V90Ti-Al catalyst calcined at 1023 K, it appears that the sur-
face vanadia species is lost most probably due to the formation of
vanadium-based mixed oxide compounds, whose exact nature is
unknown. In fact, the DRIFT spectra suggest that the loss of surface
vanadia species in the 4V90Ti-Al sample starts at 973 K. Unfortu-
nately, such a sample was not analyzed by XPS. Thus, for mixed
oxide supported vanadium oxide catalysts, the calcination temper-
ature is very important in obtaining the most active catalyst since
the presence/absence of the surface-active phase, and the surface
composition of the support strongly depends on the calcination
temperature.

4. Conclusions

A 90Ti-Al support was synthesized by the sol-gel method and
characterized. Using this 90Ti-Al support, several supported
vanadia catalysts were prepared by the incipient wetness impreg-
nation method and also characterized. The surface area of the
90Ti-Al support decreases with an increase in calcination temper-
ature. The decrease in surface area of the specific supported van-
adia catalysts depends on the vanadia loading and calcination
temperature. The higher vanadia loading samples lose their surface
area more readily compared to low vanadia loading samples.

Characterization studies reveal that the 90Ti-Al support cal-
cined at 723 K possesses surface titania and alumina phase. Fur-
thermore, the supported vanadia catalysts possess molecularly
dispersed reducible surface vanadia species, and monolayer cover-
age is not exceeded. Analysis of the hydroxyl groups and reduction
profiles suggests that the surface vanadia species is anchored to
the alumina and titania phase of the support.

Propane ODH reaction studies reveal that the molecularly dis-
persed vanadia species on the mixed oxide support behave similar
to other supported vanadia catalysts since the propane conversion
increases with an increase in vanadia loading for these catalysts.
The kinetic parameters associated with the propane ODH reaction
also reveal similar trends in accordance with the increase in active
surface vanadia sites. Another interesting feature of these catalysts
is the effect of calcination temperature. With an increase in calci-
nation temperature, the catalytic activity at 673 K varies depend-
ing on the specific catalyst. This variation in catalytic activity is
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related to the surface composition, which depends on the calcina-
tion temperature. The calcination temperature determines the
presence/absence of the surface vanadia species and the surface
Al/Ti atomic ratio.
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