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The best composition for achieving maximum propene yields during the propane ODH reaction over
supported V2O5–MoO3/TiO2 (VMoTi) catalysts were determined by applying statistical methodologies.
Catalyst characterizations revealed that noninteracting surface vanadia and molybdena species exist. The
kinetic parameters, apparent pre-exponential factors, and activation energies also were estimated for
the propane ODH reaction over the VMoTi catalysts. Based on statistical methodologies, the maximum
propene yields at iso-conversion were obtained for the catalysts containing high V and low Mo
concentrations (3.42V0.6MoTi) and those containing low V and high Mo concentrations (0.6V3.42MoTi).
Of the two, the 3.42V0.6MoTi catalyst is better, because it has the highest activity and provides the best
propene yield at iso-conversion.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

The oxidative dehydrogenation (ODH) of propane to propene
has received considerable attention in recent years because of its
significant advantages over the dehydrogenation process, which is
presently used for alkene production [1–5]. However, achieving
high propene yields in catalytic propane oxidation is extremely
challenging because the propene thus formed is further oxidized
to the thermodynamically stable carbon oxides (CO and CO2). Cur-
rent efforts are concentrated on designing a proper catalyst that
produces higher propene yields at higher conversions.

The catalytic performances of the supported and mixed vana-
dia-based catalysts have been widely explored for selective oxi-
dation processes [6–20]. In particular, the propane ODH reaction
has been successfully studied over TiO2 and Al2O3-supported vana-
dia catalysts [6–17]. Studies by various research groups [17,21–28]
have shown that adding secondary metal oxides (oxides of Mo, W,
Sb, Li, Na, K, Bi and Cr) to the V2O5/Al2O3 system in propane ODH
reaction increases both propene yield and selectivity. Adding alkali
metals [29–31] and phosphorous [32] to the V2O5/TiO2 system also
increases propene selectivity but decreases the activity. In these
studies the optimum composition of vanadia and molybdena was
not determined, however.

* Corresponding author. Fax: +91 512 2590104.
E-mail address: goutam@iitk.ac.in (G. Deo).
0021-9517/$ – see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2008.07.001
The present work examines the performance of the supported
V2O5–MoO3/TiO2 catalysts for propane ODH reaction with the aim
of identifying the compositions of V2O5 and MoO3 required to
achieve the optimum propene yields by statistical analysis. The
supported V2O5–MoO3/TiO2 (VMoTi) catalysts were prepared by
the incipient wetness co-impregnation method. The synthesized
catalysts were then considered for the propane ODH reaction.
The compositions of V2O5 and MoO3 that produced the optimum
propene yield were determined by applying the factorial design
of experiments and response surface methodology. The importance
of these statistical approaches has not been fully realized in het-
erogeneous catalysis despite their powerful applications. In partic-
ular, Weckhuysen et al. [33] applied statistical methods to study
the effects of various factors, including operating conditions, Cr-
speciation, chromia loading, and support composition, on isobu-
tane dehydrogenation activity over supported chromia catalysts.
In the present study, kinetic analysis also was done for the opti-
mum VMoTi catalysts to gain insight into the differences in their
catalytic performance compared with the unmodified V2O5/TiO2
catalysts.

2. Experimental

2.1. Catalyst preparation

Supported V2O5–MoO3TiO2 (VMoTi) catalysts with different V
and Mo loadings were prepared by the incipient wetness co-
impregnation method. The TiO2 support (Degussa, P-25) was ini-
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tially pretreated with incipient volumes of oxalic acid solution
and then heat-treated. Details of the heat treatment procedure
are given below. The vanadium and molybdenum oxide precursors
were ammonium metavanadate (NH4VO3, Aldrich 99.99%) and am-
monium heptamolybdate ((NH4)6Mo7O24·4H2O, Aldrich, 99.98%),
respectively. The co-impregnation of V and Mo ions for each sam-
ple was achieved by thorough mixing of the precursor solution
containing V and Mo ions with the pretreated support. The result-
ing mixture was kept in a desiccator overnight, followed by drying
at 383 K for 6 h and then at 473 K for another 6 h. Finally, the
samples were calcined at 723 K for 6 h. The prepared catalysts are
designated xVyMoTi, where x and y are the wt% loadings corre-
sponding to V2O5 and MoO3, respectively. The vanadia and molyb-
dena loadings were chosen based on the factor levels determined
by the factorial design of experiments. An unmodified V2O5/TiO2
(VTi) catalyst also was prepared as described elsewhere [34], and
its catalytic performance was compared with that of the modified
catalysts.

2.2. Catalyst characterization

2.2.1. Surface area and X-ray diffraction
The prepared samples were characterized for their surface area

and analyzed by X-ray diffraction (XRD). The surface areas of the
samples were obtained by the BET multipoint method using N2
adsorption data at 77 K. Details of the surface area measurement
are provided elsewhere [34]. Powder XRD patterns of the prepared
catalysts were measured with a Seifert ISO-Debyeflex 2002 using
Ni filtered Kα radiation from a Cu target (λ = 1.44056 Å).

2.2.2. In situ Raman spectroscopy
The in situ Raman spectra were obtained with a single mono-

chromatic Renishaw Micro-Raman System 1000 equipped with a
thermoelectrically cooled charge-coupled device detector (200 K)
and a holographic super-Notch filter that removes the elastic scat-
tering. The samples were excited with the 514-nm Ar line in an
in situ cell (Linkam, TS-1500), which allows temperature treat-
ments up to 1773 K under flowing gases. The spectral resolution
was 3 cm−1, and the spectrum acquisition time was 300 s for
each sample. The spectra of the samples under dehydrated con-
ditions were acquired at 573 K in dry synthetic air for 1 h. The
Raman spectra were obtained using very low laser power (typi-
cally <1 mW) to ensure that no local heating occurred. The spec-
tra of the TiO2-supported samples were normalized based on the
∼633 cm−1 peak of bulk TiO2 to facilitate comparison of the dif-
ferent samples.

2.2.3. Fourier transform infrared spectroscopy
The dehydrated Fourier transform infrared (FT-IR) spectra were

acquired with a Bruker TENSOR 27 spectrometer equipped with an
air-cooled high-emission IR source and a low-noise DLATGS detec-
tor. The samples were placed in an in situ Harrick IR cell (HVC)
with the Praying Mantis diffuse reflectance accessory, designed to
perform the measurements at elevated temperatures. The IR mea-
surements were performed at a spectral resolution of 4 cm−1 for
128 scans. The dehydrated conditions of the samples were ob-
tained at 673 K in dry synthetic air for 1 h. Before the spectra of
the samples were obtained, the spectrum of the KBr sample was
acquired and used as a reference.

2.2.4. Temperature-programmed reduction using hydrogen (H2-TPR)
The H2-temperature-programmed reduction (TPR) studies were

performed in a Micromeritics Pulse Chemisorb 2705 apparatus.
A sample weight of ∼0.02–0.03 g was used for reduction mea-
surements. Details of the H2-TPR measurements are given else-
where [6].
2.3. Reaction studies

The prepared catalysts were evaluated for the propane oxi-
dation reaction at atmospheric pressure in a vertical down-flow
quartz reactor mounted in a tubular furnace. Details of the reactor
and the experimental procedure are given elsewhere [34]. The ef-
fect of contact time on propane oxidation over the VMoTi catalysts
was studied at 673 K and a propane-to-O2 molar ratio of 2:1 by
changing the total reactant flow rate between 45 and 120 mL/min.
For kinetic parameter determination, the experiments were con-
ducted by varying the temperature between 613 and 673 K and
the propane-to-oxygen molar ratio between 3:1 and 1:1. Nitrogen
was used as a diluent in all of the reaction studies, with its mole
fraction in the inlet stream adjusted such that the inlet nitrogen-
to-oxygen molar ratio was 0.79:0.21. A constant total flow rate of
60 mL/min was maintained. Additional details are available else-
where [34].

Reactions were conducted in the absence of catalyst, and in-
significant conversions were observed under the present experi-
mental conditions. Low propane conversions were maintained to
facilitate proper kinetic parameter estimation. For all of the cat-
alysts, several runs were taken at a particular temperature, and
the average value was considered. The standard deviation of the
data was <1.0%. Based on the inlet and outlet concentrations, the
activity, conversion, selectivity, and yield were calculated based
on formulas given elsewhere [6]. The effects of interphase, inter-
particle, and intraparticle diffusion limitations were considered by
applying published criteria [35]; none were found.

3. Process optimization

The primary objective of the present study was to determine
the composition of the VMoTi catalysts to obtain the maximum
propene yield at iso-conversion. The optimization study was car-
ried out by response surface methodology (RSM) involving factorial
design of experiments.

3.1. Response surface methodology

RSM is a very useful technique for optimizing response func-
tions, which are RSM influenced by several variables [36–39]. In
brief, the methodology is as follows. Let Y be the response of
a chemical process (dependent variable), which is a function of
k factor levels, x1, x2, . . . , xk (independent variables) that can be
measured quantitatively. The response function for the uth combi-
nation of factor levels is

Yu = f (x1u, x2u, . . . , xku) + εu, u = 1,2, . . . , N, (1)

where N is the number of experiments and ε is the noise or error
involved.

A geometric representation of the response function in the
region of factor levels is called a “response surface.” The true
functional relationship between the response and the independent
variables is generally unknown, and polynomial models usually
provide good approximations in relatively small regions of factor
levels.

RSM involves three steps. The first step requires proper design
of experiments to estimate the model parameters effectively. The
factorial designs are very useful when the number of factors or
independent variables is small. The second step is to approximate
a suitable polynomial model to fit the experimental data and then
test for model adequacy by applying the lack-of-fit F-test [37–39].
The final step is to determine the values of the factors that would
produce the optimum response.

The most common polynomial models used for RSM analy-
sis are the first-order and the quadratic, or second-order, model.
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The first-order model for k factors, which is applicable for flat re-
sponses, is given by

Y = b0 + b1x1 + b2x2 + · · · + bkxk + ε. (2)

For responses that have curvature, a second-order model is recom-
mended

Y = b0 +
k∑

i=1

bi xi +
k∑

i=1

bii x
2
i +

∑
i

∑
j

i< j

bi j xi x j + ε. (3)

The b parameters of the polynomial models are estimated by
the least squares method.

In the present analysis, we adopted the matrix approach to
solving Eqs. (2) and (3). Here Y is defined as an (n × 1) vector
of responses; X, as an (n × p) matrix of independent variables;
b, as an (p × 1) vector of parameters to be estimated; and ε, as
an (n × 1) vector of errors. Thus, Eq. (2) or (3) can be written in
matrix form as

Y = Xb + ε. (4)

The least squares estimator of b that minimizes sum of the squares
of the errors is b̂ given by

b̂ = (XTX)−1XTY, (5)

where XT is the transpose of the matrix X and (XTX)−1 is the
inverse of the matrix (XTX). The details of the solution by this
matrix approach are given elsewhere [37,38].

3.2. Response and factors for propane ODH over VMoTi catalysts

The propene yield at iso-conversion was considered as the re-
sponse, Y , to be optimized with respect to the factors influencing
the propane oxidation process. The factors of interest chosen were
wt% loadings of vanadia and molybdena on the titania support,
represented by V and Mo, respectively. The propene yields were
obtained from the contact time studies of propane oxidation over
the VMoTi catalysts at 2.5% propane conversion. The contact time
studies were carried out at 673 K and a propane-to-oxygen ratio of
2:1.

3.3. Levels and coding of factor levels for 22 factorial design of
experiments

Initially, a 2n factorial design (where n is the number of factors
and each run is at two levels) with two factors was considered for
the analysis to study the influence of the factors (V and Mo) on
propene yield. In the 22 design, the levels of the factors are gen-
erally called “lower” and “upper” levels and coded as (−1) and
(+1), respectively. The levels of the factors (V and Mo) were cho-
sen such that the total V + Mo coverage was less than the (V + Mo)
monolayer coverage. The monolayer coverage for the supported VTi
and MoTi catalysts reportedly corresponds to 7–9 V atoms/nm2

[7,40–43] and 5–6 Mo atoms/nm2 [44,45], respectively. Based on
the surface area of titania (45 m2/g) used in the present study,
the foregoing monolayer values correspond to 6 wt% vanadia and
6 wt% molybdena, respectively. Thus, the (V + Mo) monolayer ca-
pacity was assumed to be 6 wt% of (V + Mo) oxide on the titania
support. The two factors were coded for convenience as follows:

xV = V − ( Vlower+Vupper
2

)
( Vupper−Vlower

2

) (6)

and

xMo = Mo − ( Molower+Moupper
2

)
( Moupper−Molower

) , (7)

2

Table 1
Experimental matrix for the central composite design

Run V (wt%) Mo (wt%) xV xMo Y P (%)

1 1 1 −1 −1 1.800
2 3 1 +1 −1 1.986
3 1 3 −1 +1 1.993
4 3 3 +1 +1 1.830
5 2 2 0 0 1.950
6 2 2 0 0 1.935
7 2 2 0 0 1.947
8 2 2 0 0 1.937
9 3.414 2 1.414 0 1.900

10 0.586 2 −1.414 0 1.918
11 2 3.414 0 1.414 1.890
12 2 0.586 0 −1.414 1.924

Fig. 1. Central composite design for two factors.

where V and Mo are the actual or natural variables representing
the loadings of vanadia and molybdena, respectively; “lower” and
“upper” subscripts of the V and Mo indicate the lower and upper
limits of the respective variables; and xV and xMo are the coded
variables for V and Mo, respectively.

3.4. Experimental design and model fitting

The experimental design matrix is described in Table 1. Col-
umns 2–5 give the natural and coded levels of the two factors. The
last column gives the values of the propene yield (Y P ) obtained at
2.5% propane conversion for each run. The first four rows corre-
spond to 22 factorial design; the next four rows are the additional
runs conducted at the center point (coded as 0). These additional
runs are needed to estimate the pure error and the overall curva-
ture effect. The order in which the experiments were performed
was randomized to avoid systematic errors.

To determine the interactions between the factors, initially a
polynomial model given by Eq. (2) involving the main factors and
interaction term was fitted to the 22 design data with four repli-
cated runs at the center point (meaning the first 8 rows in Table 1).
Analysis of variance (ANOVA) was used to analyze the response
function for adequacy. If a significant curvature was observed, then
a full second-order model given by Eq. (3) was recommended. The
second-order model would require four additional axial points (the
last 4 rows in Table 1) to the initial 22 design with a center point
as shown in Fig. 1. The axial points are usually called “star” points,
and the resulting design is called a central composite design (CCD).
The fitted response equation was then used to determine the V and
Mo loadings that would produce optimum propene yield.

4. Kinetic parameter estimation

The methodology for estimating the kinetic parameters has
been described previously [6,32]. Previous studies have shown that
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direct propane combustion to carbon oxides makes only a minor
contribution to the propane ODH over supported vanadium oxide
catalysts [46–48]. Consequently, the kinetics of the propane ODH
reaction for the present study can be represented by a Mars–van
Krevelen (MvK) model built on a consecutive reaction scheme. The
MvK mechanism chosen for this study assumes that the propane
molecules react with lattice oxygen of the catalyst to produce
propene molecules (r1), which then react with lattice oxygen to
produce CO (r2) and CO2 (r3). The gas-phase oxygen replenishes
the lattice oxygen by reoxidation of the reduced catalyst (r4).

The rate equations for the four reactions r1 to r4 are expressed
as

r1 = k1 PC3H8 (1 − β), (8)

r2 = k2 PC3H6 (1 − β), (9)

r3 = k3 PC3H6 (1 − β), (10)

and

r4 = k4 PO2β, (11)

where β is the degree of reduction and is the fraction of reduced
sites to the total number of sites present. According to the MvK
reaction model, the rate of lattice oxygen consumed in the reac-
tions r1 to r3 equals the rate of lattice oxygen replacement by the
reaction r4. Based on the stoichiometry, β is expressed as

β = 0.5k1 PC3H8 + 3.0k2 PC3H6 + 4.5k3 PC3H6

0.5k1 PC3H8 + 3.0k2 PC3H6 + 4.5k3 PC3H6 + k4 PO2

. (12)

Reparameterization is needed to facilitate proper determination
of kinetic parameters [6,32,34]. Consequently, the rate constant is
given by

ki = ki0 exp

(−Ei

R

(
1

T
− 1

Tm

))
, i = 1–4. (13)

Furthermore, standard error calculations of the kinetic parameters
(ki0’s and Ei ’s), the apparent pre-exponential factors, and activa-
tion energies were achieved by applying previously defined equa-
tions [32].

5. Results and discussion

5.1. Surface area and XRD

The surface areas of pure titania and the supported VMoTi cat-
alysts varied between 43 and 49 m2/g of catalyst. The similar
surface areas of the samples suggest that the support was not sig-
nificantly affected during catalyst preparation. The powder X-ray
diffractograms for all of the VMoTi catalysts (not shown for the
sake of brevity) revealed the patterns of TiO2 support, with no
peaks due to crystalline compounds of V2O5 or MoO3 or mixed
V–Mo–O phases.

5.2. In situ Raman spectroscopy

The Raman spectra of the dehydrated titania-supported cata-
lysts presented in Fig. 2 show the effect of molybdenum oxide on
the structures of surface vanadium oxide species. The figure also
shows Raman spectra of the unmodified 2VTi and 2MoTi catalysts
for comparison. The 2VTi sample exhibited a sharp Raman band
at ∼1028 cm−1 due to the terminal V=O bond vibration of sur-
face isolated and polymeric vanadia species and the broad band
at ∼926 cm−1 due either to V–O–Ti bond vibrations or to V–O–V
bonds in polymeric vanadia species [49–51]. In contrast, the 2MoTi
sample exhibited a single band at ∼990 cm−1, which is charac-
teristic of the terminal Mo=O bond vibration of surface molyb-
dena species [49,50]. The spectra of the modified VMoTi samples
Fig. 2. (A) Effect of molybdenum oxide addition on Raman spectra of dehydrated
VTi sample. (B) Raman spectra of dehydrated VMoTi samples corresponding to the
22 factorial design.

in Fig. 2 exhibited Raman bands due to terminal Mo=O (990–
994 cm−1) and V=O (1028–1030 cm−1) bond vibrations, similar
to those observed for unmodified samples [50]. Furthermore, the
observed variation in Raman band shift is within the experimental
resolution of the Raman system. Fig. 2 also shows that the VMoTi
samples with high vanadia content had a broad Raman feature at
∼927 cm−1, which has been assigned to the V–O–Ti bond vibra-
tions [50,51].

Consequently, it appears that the structures of dispersed sur-
face vanadia and molybdena species present in the VMoTi samples
were affected only by an increase in the degree of polymerization.
Furthermore, none of the samples exhibited the bands ascribed to
the crystalline V2O5/MoO3 and mixed V–Mo–O phases, which have
been observed on supported V2O5–MoO3/Al2O3 catalysts at high
surface (V + Mo) coverages [24–26,52].

5.3. FT-IR spectroscopy

Fig. 3 presents the FT-IR spectra of the titania-supported cat-
alysts under dehydrated conditions in the first overtone region
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Fig. 3. (A) Effect of molybdenum oxide addition on FT-IR spectra of dehydrated VTi
sample. (B) FT-IR spectra of dehydrated VMoTi samples corresponding to the 22

factorial design.

(1850–2150 cm−1) of M=O (M–V, Mo) stretching modes. The un-
modified 2VTi catalyst has a single IR band at ∼2035 cm−1 due
to the first overtone of V=O stretching [53,54]. The spectrum of
the 2MoTi catalyst also showed a single band at ∼1965 cm−1,
ascribed to the first overtone of Mo=O stretching [55]. Fig. 3A
shows that the VMoTi samples exhibited the same IR bands cor-
responding to M=O (M: V, Mo) stretchings present on single-
component catalysts [56,57]. With an increase in molybdena load-
ing on 2VTi catalyst, the intensity of the IR band due to the Mo=O
stretching increased, and the band position remained unchanged
(∼1965 cm−1). Fig. 3B further confirms that higher (V + Mo) load-
ings on titania support also had the same IR bands with shape and
band positions unaffected, suggesting the noninteracting nature
(i.e., not reacting with each other) of the dispersed surface vana-
dia and molybdena species on the titania support. These IR results
for the VMoTi samples also are consistent with the Raman bands
observed at ∼1028 cm−1 (IR-2035 cm−1) due to V=O stretch-
ing and at ∼990 cm−1 (IR-1965 cm−1) due to Mo=O stretch-
ing.
Fig. 4. TPR profiles of the V2O5–MoO3/TiO2, V2O5/TiO2 and MoO3/TiO2 catalysts.

5.4. H2-TPR

Fig. 4 presents H2-TPR profiles of the VMoTi catalysts, along
with the reduction measurements over supported 2% V2O5/TiO2
(VTi) and 2% MoO3/TiO2 (MoTi) catalysts for comparison. A sin-
gle reduction peak can be seen for the 2VTi sample at 400–1100 K
due to the reduction of V+5 to V+3 [6]. In contrast, the 2MoTi sam-
ple was reduced in two steps; the lower and higher temperature
peaks represent the reduction of Mo+6 to Mo+4 and of Mo+4 to
Mo+0, respectively [58,59]. Furthermore, the maximum of the re-
duction peak (Tmax) of the 2MoTi sample (660 K) was smaller than
that of the 2VTi sample (703 K), suggesting that the surface molyb-
denum oxide species were more easily reducible in hydrogen than
the surface vanadia species on the titania support.

An analysis of the TPR data for the supported VMoTi catalysts
given in Fig. 4 reveals two reduction peaks. The Tmax values of the
VMoTi samples suggest that the samples’ reduction behavior was
not significantly affected by the presence of the secondary metal
oxide species; however, for the 3V3MoTi sample, the lower tem-
perature peak at 685–720 K shifted to 763 K. This type of shift
toward higher temperature was reported previously for the sup-
ported V2O5/TiO2 catalysts with increasing vanadia loadings [47].
Quantitative analysis of the TPR results revealed that the extent of
reduction nearly corresponded to the loadings of the two metal ox-
ides. Thus, it appears that the addition of Mo had no effect on the
structure of V and did not significantly affect its reducibility. The
higher temperature reduction peak for all of the VMoTi samples
indicates the reduction of Mo+4 to Mo+0 [58,59].

5.5. Contact time studies

Propane oxidation was initially carried out at 673 K and a C3H8-
to-O2 molar ratio of 2:1 as a function of contact time over the
VMoTi catalysts chosen based on the design of experiments (ad-
dressed later). A 2VTi sample also was considered as a reference.
An increase in propane conversion with increasing contact time
was observed for all of the catalysts. Furthermore, the specific vari-
ation of propene selectivity with propane conversion over these
catalysts indicates that propene was a primary product and that
propene selectivity decreased with increasing propane conversion.
The specific variation of CO and CO2 selectivities with conver-
sion also suggests that the carbon oxides were secondary products
formed by the combustion of propene. For brevity, the contact time
data are not shown.
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Fig. 5. Propane conversion as a function of contact time. At T = 673 K and
C3H8:O2 = 2:1.

Fig. 6. Variation of propene selectivity with propane conversion. At T = 673 K and
C3H8:O2 = 2:1.

The promotional effect of molybdenum oxide on the V2O5/TiO2

catalysts can be confirmed by comparing the reaction data for the
2VTi, 2V0.6MoTi, 2V2MoTi, and 2V3.4MoTi samples, as shown in
Fig. 5. Relative to vanadia, the molybdena species was inactive;
however, the presence of the molybdena species in the VMoTi
samples resulted in an increase in conversion relative to the 2VTi
sample. Specifically, at iso-contact time, propane conversion fol-
lowed the trend 2V3.4MoTi ∼ 2V2MoTi > 2V0.6MoTi > 2VTi.
From Fig. 6, the propene selectivity trend of these four catalysts
was 2V2MoTi > 2V0.6MoTi > 2V3.4MoTi ∼ 2VTi. It appears that
the presence of certain amounts of molybdena did lead to pro-
motion; however, the presence of molybdena beyond this amount
was detrimental to the selectivity of the VMoTi catalyst. Thus, the
presence of molybdena has some promotional effect over the VTi
catalyst in terms of increases in activity and propene yield for the
propane oxidation reaction.
Table 2
ANOVA for the central composite design

Source SS DF MS Fo Fυ1,υ2,0.05

Regression
(xV, xMo, x2

V, x2
Mo, xVxMo)

0.0342 5 0.00684 28.74 4.39

Residual 0.00143 6 2.38 × 10−4

Lack of fit 0.00127 3 4.23 × 10−4 7.76 9.28
Pure error 1.63 × 10−4 3 5.43 × 10−5

Total 0.0356 11

SS—sum of the squares. DF—degrees of freedom. MS—mean sum of the squares.
Fo —F-ratio observed or calculated. Fυ1,υ2,0.05—F-statistical value at 95% confidence
level. υ1,υ2—degrees of freedom corresponding to the numerator and denominator,
respectively.

5.6. Response surface analysis

The propene yield (Y P ) at 2.5% propane conversion for each
catalyst obtained from the foregoing contact study was taken as
the response to be optimized with respect to the vanadia and
molybdena loadings on titania support for RSM analysis. Initially,
the 22 experimental design coded data with center points were fit-
ted with a polynomial (first-order) model involving propene yield
(Y P ) and the main factors (XV and XMo) and interaction term
(XV XMo). Then ANOVA was carried out to check the statistical sig-
nificance of the model. The data indicated a significant curvature
effect, suggesting that the first-order model was inadequate. Thus,
the first order was not an adequate approximation to represent the
propene yield.

To obtain a better representation of the reaction, a more rigor-
ous design (e.g., CCD) can be developed by adding four additional
runs, called star points (coded as ±α) to the initial 22 factorial
design plus the center point (see Fig. 1). All of the data points are
made to fit a full second-order model given by Eq. (3). The distance
of the star points from the design center is denoted by α; usu-
ally, α = 1.414 for two-factor analysis [37,38]. Table 1 presents the
experimental design matrix corresponding to a CCD design along
with the propene yield data.

The fitted second-order propene yield model in two factors (XV
and XMo) for CCD design-coded data is given by

Y P = 1.94225 − 0.00031XV − 0.00138XMo − 0.01807X2
V

− 0.01907X2
Mo − 0.08725(XV XMo). (14)

The coefficients of the foregoing model were estimated by the
method of least squares [37,38]. Table 2 presents the ANOVA data
for Eq. (14). The table shows that the regression was significant
(i.e., regression coefficients are important) and that the lack-of-fit
was not significant, because the F-ratio calculated for regression
was greater than the F-statistic value, whereas the F-ratio of lack
of fit to pure error was less than the F-statistic value at a 95% con-
fidence level. This shows that the foregoing second-order model is
an adequate approximation of the propene yield and thus is ap-
propriate for further analysis.

Using Eqs. (6) and (7), the foregoing propene yield function in
actual variables is represented by

Y P = 1.44807 + 0.24647V + 0.2494Mo − 0.01807V2

− 0.01907Mo2 − 0.08725(VMo), (15)

where V and Mo indicate the wt% loadings of vanadia and molyb-
dena, respectively. Equation (15) was further explored to determine
the optimum vanadia and molybdena concentrations to produce
the optimum propene yield.

5.7. Determination of optimum conditions of V and Mo

Before characterizing Eq. (15), the stationary point, (V, Mo), was
obtained for Eq. (15) by equating the derivative of Y P with respect
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Fig. 7. Propene yield surface in two factors (V and Mo).
Fig. 8. Contour plot of the propene yield.

to the factors (V and Mo) to zero. The stationary point, (V, Mo),
obtained was (2,2), which is essentially the design center. This
could represent a point of minimum or maximum propene yield
or a saddle point.

To determine the nature of the stationary point, the quadratic
propene yield function given by Eq. (15) is represented as a 3D re-
sponse surface in Fig. 7, with the corresponding 2D contour plot
shown in Fig. 8. Examining Figs. 7 and 8 reveals a saddle point
or a minimax, indicating that the propene yield can increase or
decrease from the center of the region, depending on the direc-
tion of movement from the center. Figs. 7 and 8 also suggest that
the maximum propene yields were obtained for the VMoTi cata-
lysts containing the highest V and lowest Mo concentrations and
Table 3
Kinetic parameters for supported VMoTi and VTi catalysts

Parameters Units Parameter values

3.42V0.6MoTi 0.6V3.42MoTi 2V2MoTi 2VTi

k10 (mL STP min−1

(g cat)−1 atm−1)

127 24 75 41
(1) (0.5) (1) (1)

k20 1118 200 754 605
(6) (2) (6) (7)

k30 678 162 490 399
(7) (1) (2) (8)

k40 1556 385 1936 376
(7) (2) (12) (3)

k10
k20+k30

0.071 0.066 0.060 0.041

E1 (kJ mol−1) 64 62 68 71
(1) (1) (1) (1)

E2 46 52 53 41
(2) (1) (2) (1)

E3 31 32 37 27
(1) (1) (2) (1)

E4 119 223 159 124
(2) (2) (3) (2)

E1 − (E2 + E3)/2 25.5 20 23 37

The standard errors are given in parentheses. Tm = 643 K.

those containing the lowest V and highest Mo concentrations on
the titania support. The highest propene yield was observed for
an optimum composition of (V, Mo) ∼ (3.414, 0.586), followed by
(0.586, 3.414), in the region considered. These two catalysts are
designated 3.42V0.6MoTi and 0.6V3.42MoTi, respectively.

The foregoing optimum catalysts, along with design center cat-
alyst 2V2MoTi, were considered for kinetic analysis. The 2VTi reac-
tivity data for propane oxidation also was considered in the kinetic
analysis, to allow comparison of the catalytic performance with
that of a modified 2V2MoTi catalyst.

5.8. Kinetic analysis

The kinetic parameters were estimated for a consecutive Mars–
van Krevelen reaction model over the optimum catalysts
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Fig. 9. Parity plot for 3.42V0.6MoTi catalyst.

(3.42V0.6MoTi and 0.6V3.42MoTi), as well as the design center
catalyst (2V2MoTi), to characterize the differences in the VMoTi
catalysts. Table 3 gives the estimated parameter values, ki0 and Ei .
Based on the estimated parameters, the predicted concentrations
of the carbon compounds analyzed (C3H8, C3H6, CO2, and CO) were
determined and compared with the actual concentrations for the
3.42V0.6MoTi catalyst given in Fig. 9. The close correspondence
of these concentrations suggests that proper representation of the
propane oxidation reaction over the catalysts was achieved with
the estimated parameters.

The analysis of the kinetic parameters reported in Table 3 re-
veals that the apparent pre-exponential factors for propene for-
mation (k10) and propene combustion (k20 and k30) followed the
trend 3.42V0.6MoTi > 2V2MoTi > 0.6V3.42MoTi. Comparing the
activation energies of the different VMoTi catalysts reveals that the
activation energy for propene formation, E1, remained relatively
constant at 62–68 kJ/mol. The activation energies for propene
combustion reactions, E2 and E3, also remained relatively constant
at 46–53 and 31–37 kJ/mol, respectively. These findings indicate
a direct correlation between the k10 value and catalyst activity for
the propane oxidation reaction, along with a direct relationship be-
tween the k20 and k30 values and the active site’s propensity to
form carbon oxides.

The kinetic parameters associated with the catalyst reoxidation
reaction, k40 and E4, reveal that the k40 values for the VMoTi cat-
alysts followed the trend 2V2MoTi > 3.4V0.6MoTi > 0.6V3.4MoTi.
The 0.6V3.4MoTi sample has the highest reoxidation activation en-
ergy (223 kJ/mol), followed by 2V2MoTi (159 kJ/mol) and then
3.4V0.6MoTi (119 kJ/mol).

Previous studies have suggested that the rate constant ratio,
k1/(k2 + k3), is an important parameter to consider when com-
paring catalysts and determining operating conditions [32,34]. The
variation in the k1/(k2 + k3) ratio for the different catalysts de-
pends on the ratio of apparent pre-exponential factors, k10/(k20 +
k30), and difference in activation energies, �E = E1 − (E2 + E3)/2
provided that E2 and E3 are similar. Values for the parameters
k10/(k20 + k30) and �E also are given in Table 3. Because the �E
values were relatively similar, the variation in the k1/(k2 + k3)

values was similar to that in the k10/(k20 + k30) values; conse-
quently, studying only the variation in the k10/(k20 + k30) ratio
for the VMoTi catalysts is sufficient. Table 3 shows a trend in the
k10/(k20 + k30) ratio of 3.42V0.6MoTi > 0.6V3.42MoTi > 2V2MoTi,
consistent with the trend seen in experimental propene yields at
iso-conversion.
Fig. 10. Variation of propene yield with the propane conversion for different cata-
lysts. At T = 673 K and C3H8:O2 = 2:1.

Fig. 11. Variation of the k1/(k2 + k3) ratio with temperature for different catalysts.

Fig. 10 shows the predicted variations in propene yield with
propane conversion based on the parameters estimated for the
three VMoTi and 2VTi catalysts. The figure reveals that the trends
in propene yield at iso-conversion are consistent with the trends
seen in k1/(k2 + k3) values and are in accordance with the RSM
analysis predictions. Furthermore, the varying k1/(k2 + k3) ratios
with temperature shown in Fig. 11 indicate an increasing trend, be-
cause the difference in activation energies, �E = E1 − (E2 + E3)/2,
is positive for these catalysts. Because the k1/(k2 + k3) ratio is re-
lated to the propene yield at iso-conversion, the increased k1/(k2 +
k3) ratio with temperature also suggests an increase in alkene yield
at iso-conversion [32]. Thus, the k1/(k2 +k3) or k10/(k20 +k30) val-
ues were directly linked to the propene yields at iso-conversion, as
was expected from the analysis of a consecutive reaction [35].

To understand the effect of promotion of the VMoTi catalysts
over the VTi catalysts in terms of kinetic parameters, it is worth
comparing the kinetic parameters of the 2VTi and 2V2MoTi cat-
alysts. Presence of molybdena in the 2VTi catalyst resulted in an
increase in k10 and because no change in E1 was observed, an
increase in k1 as well. The increase in k1 was reflected in the in-
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crease in conversion. The presence of molybdena also increased
the k20 and k30 values, along with (given similar E2 and E3 val-
ues) increased k2 and k3 values. But the increase in k1 (or k10) was
much greater than that in k2 +k3 (or k20 +k30), and the important
lumped parameter k1/(k2 +k3) increased with the presence of Mo,
resulting in increased propene yield at iso-conversion. Given the
confirmed increase in k1/(k2 + k3) from the addition of molyb-
dena, the composition of vanadia and molybdena in the catalyst
necessary to give the optimum propene yield can be determined.
Furthermore, the most active catalyst in terms of conversion is that
with the highest k1 value. Based on its highest k1 and k1/(k2 + k3)

values, the 3.42V0.6MoTi catalyst was determined to be the best
catalyst for the molybdena-promoted vanadia–titania system.

6. Conclusion

Supported V2O5–MoO3/TiO2 (VMoTi) catalysts with different
V and Mo loadings were prepared by the incipient wetness co-
impregnation method. The monolayer surface coverage of (V + Mo)
on titania support was assumed to be 6 wt%. Structurally, the ad-
dition of Mo to titania-supported vanadia did not lead to new
mixed V–Mo or segregated oxide phases, but it did have a “crowd-
ing” effect on the surface oxide species that made them more
polymerized. Our reaction data revealed that adding Mo to titania-
supported vanadia catalysts modified the reaction parameters. It
appears that the Mo addition can be tuned to titania-supported
vanadia for optimum ODH performance. Based on this finding, the
propane ODH reaction was carried out over these catalysts to ex-
amine the synergetic effect of vanadia and molybdena on propene
yield. The optimum compositions of vanadia and molybdena re-
quired to achieve maximum yields were determined by applying
the CCD of experiments and RSM. A full second-order model was
fitted to the propene yield data using the foregoing methodol-
ogy as a function of V and Mo. This model has been found to
adequately describe the experimental range considered here. The
maximum propene yields at iso-conversion were obtained for the
VMoTi catalysts containing the highest V and lowest Mo concen-
trations (3.42V0.6MoTi) and the lowest V and highest Mo concen-
trations (0.6V3.42MoTi).

The kinetic parameters for the propane ODH reaction were suc-
cessfully estimated for the foregoing optimum catalysts along with
the design center catalyst (2V2MoTi) using a consecutive Mars–
van Krevelen model. This reaction model considers propene to be
a primary product and CO and CO2 to be secondary products.
The apparent pre-exponential factors of the VMoTi catalysts for
propene formation (k10) and for propene combustion (k20 and k30)
were found to depend on the V and Mo composition and to follow
the trend 3.42V0.6MoTi > 2V2MoTi > 0.6V3.42MoTi; however, the
activation energy for propene formation, E1, and propene combus-
tion reactions, E2 and E3, were relatively independent of V and
Mo loading. The k10 value was directly related to the propane ox-
idation activity, and the k20 and k30 values were directly related
to the propensity of the active site to form carbon oxides. Further-
more, the propene yield at iso-conversion correlated well with the
rate constant ratio for propene formation to propene combustion
reactions, k1/(k2 + k3).

The promotional effect of the VMoTi catalysts over VTi cata-
lysts was interpreted by comparing the kinetic parameters of the
2V2MoTi and 2VTi catalysts. Adding Mo to the 2VTi catalysts re-
sulted in relatively similar activation energies for the propene for-
mation and propene combustion reactions, along with an increase
in the apparent pre-exponential factors for all of the reactions;
however, the increase in k1 (or k10) was much greater than that
in (k2 +k3) (or k20 +k30), which in turn increased the k1/(k2 +k3)

ratio. This finding reflects a higher propene yield for the 2V2MoTi
catalyst relative to the 2VTi catalyst. Thus, the 3.42V0.6MoTi cat-
alyst was the promoted VMoTi catalyst with the highest activity
(k1) and propene yield at iso-conversion (k1/(k2 + k3) ratio).
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