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The effect of surface metal oxide loading and specific surface metal oxide species on
the kinetic parameters associated with the propane oxidative dehydrogenation reaction
is analyzed for several supported V,05/Al,03 (VAl) and MoO3/Al,O3 (MoAl) catalysts.
The VAl and MoAl catalysts are synthesized and characterized to ensure the kinetic
parameters are estimated primarily for the surface metal oxide phase. The kinetic pa-
rameters are successfully estimated for a consecutive Mars—van Krevelen reaction
model. Analysis of the parameters reveals that the apparent pre-exponential factors for
propene formation and degradation reactions increase with loading for both VAl and
MoAl catalysts up to monolayer coverage with the VAl possessing larger values. How-
ever, the relative increase of the individual apparent pre-exponential factors is differ-
ent. The activation energy for propene formation is relatively invariant and does not
contribute to the activity comparison. The difference in activation energies for propene
formation and degradation decreases with surface vanadia loading, but is relatively
similar with surface molybdena loading. Detailed analysis of the kinetic parameters
conclusively reveals that the surface vanadia species provides a better active site in
terms of activity and propene yield for the propane ODH reaction. © 2007 American
Institute of Chemical Engineers AIChE J, 53: 1538-1549, 2007
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Introduction

Oxidative Dehydrogenation (ODH) of alkanes has been
recognized as a potential route for the conversion of lower
alkanes (ethane, propane, and butanes) into their correspond-
ing alkenes.'™ For alkane ODH reactions invariably there
exists a conversion-selectivity relationship that is detrimental
to the formation of the desired product, the alkene. It is de-
sirable that a catalyst is developed that provides a suitable
conversion-selectivity relationship.

Supported metal oxide-based catalysts have been widely
studied for alkane ODH reactions with the aim of enhancing
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the conversion-selectivity relationship. Among them, vana-
dium and molybdenum-oxide based catalysts have been
effectively applied for the propane ODH reaction.” >’ Much
research has focused on understanding these supported metal
oxide catalysts by correlating the catalytic activity with spec-
troscopic information.”'" Specifically, the catalytic perform-
ance of V,05/Al,0; and MoO3/Al,O3 catalysts have been
tested for propane ODH reaction to study the effect of metal
oxide loading and modifiers.'>>> However, to compare the
different catalysts and, consequently, defining the role of the
specific surface metal oxide species and the loading on the
propene selectivity or yield it is necessary to develop an
appropriate criterion. For example, comparisons achieved at
similar contact times are not always appropriate since the
conversions may be different. Another method is to compare
the catalysts at the same conversion level. Though this
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method has its merits comparison at the same conversion
level does not provide an overall picture. To overcome this
drawback comparison of catalysts can be achieved by analyz-
ing the different kinetic parameters estimated for a common
reaction mechanism. For example, recently it has been shown
that different supported vanadium oxide catalysts may be
compared by analyzing the different kinetic parameters.30

A few studies exist to understand the variations in various
kinetic parameters involved in the propane ODH reaction
over V,05/A1,03 and MoOs/Al,O5 catalysts based on pseudo-
first order reactions.'>'*?° Additionally, Bottino et al.'” studied
the propane ODH reaction over V,0s/Al,O;5 catalysts consider-
ing only the propene formation reaction from the mechanistic
point of view.

The underlying requirement for the proper comparison of
catalysts through kinetic parameter estimation is the use of a
reaction model that explains the conversion and selectivity/
yield data. Previous studies suggest that the Mars—van Kreve-
len (MVK) redox mechanism on reducible supported and
mixed metal oxide catalysts is appropriate for describing the
propane ODH reaction.'*"12%32% For example, transient iso-
topic studies for the propane ODH reaction over V,Os/
7r0,'% and Al,O3-supported VCrMnXO, mixed oxide!! cata-
lysts confirmed that the reaction kinetics are consistent with
a Mars—van Krevelen reaction model. It was observed that
propene is formed as a primary product and carbon oxides
are mainly formed via consecutive propene oxidation. How-
ever, a minor contribution of direct propane combustion to
carbon oxides does exist. Recently, it has been shown that
the kinetic parameters estimated for a sequential Mars—van
Krevelen (MVK) reaction model, considering propene as a
primary product and carbon oxides as secondary combustion
products are effective in explaining the propane ODH reac-
tion over supported vanadium oxide catalysts.12’24’30

In the present study, for comparison of catalysts based on
surface metal oxide loading and specific surface metal oxide
species a series of alumina supported vanadium and molyb-
denum oxide catalysts are prepared by incipient wetness
impregnation method and characterized by various techni-
ques. The prepared catalysts are then examined for the pro-
pane ODH reaction for which the kinetic parameters are esti-
mated. On the basis of the kinetic parameters obtained, the
effect of the surface metal oxide loading and the specific sur-
face metal oxide phase is examined.

Experimental
Catalyst preparation

Supported V,05/Al,03 (VAI) and MoO3/Al,O; (MoAl)
catalysts were prepared by the incipient-wetness impregna-
tion technique on the pretreated Al,O; (Condea, Purolox,
SBA 200) support. The precursors used were a solution of
ammonium metavanadate (NH4VOj3) in oxalic acid for the
VAL catalysts and ammonium heptamolybdate ((NH4)¢Mo7-
0,4.4H,0, Aldrich, 99.98% purity) for the MoAl catalysts.
The preparation of the supported VAl catalysts has been ela-
borated elsewhere.'? For the supported MoAl catalysts, the
Al,O5 support was initially pretreated with incipient volumes
of double distilled water and then calcined gradually up to
873 K and kept there for 6 h. Incipient volumes of solutions
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containing predetermined amounts of precursor and the pre-
treated support were intimately mixed to prepare the catalysts
with different loadings of molybdenum oxide. The mixture
was kept in a dessicator overnight followed by drying at 383
K for 6 h, and at 473 K for another 6 h. Finally the samples
were calcined at 873 K for 6 h. The prepared catalysts were
denoted as xVAI and xMoAl, where x is the wt % loading
corresponding to V,05 and MoOs, respectively.

Catalyst characterization

Surface Area. The surface areas of the samples were
obtained by a multi-point BET method using N, adsorption
data at 77 K. Degassing of the samples was realized by heat-
ing the samples at 423 K in flowing helium. The apparatus
used for the measurements was a COULTER SA 3100 ana-
lyzer equipped with SA-VIEW™ software.

X-ray Diffraction. Powder XRD patterns of the prepared
catalysts were measured with a Seifert ISO-Debyeflex 2002 using
Ni filtered Ko radiation from a Cu target (A = 1.44056 A).

Raman spectroscopy

The ambient Raman spectra of the prepared catalysts were
obtained using a UV-visible Raman spectrometer system
(Horbia—Jobin Yvon LabRam-HR) coupled with a confocal
microscope, 2400/900 grooves/mm grating and a notch filter.
The samples were excited with a 532 nm (visible) Yag dou-
ble-diode pumped laser and the spectral resolution was
~2 cm ', The scattered photons were directed into a single
monochromator (JOBIN YVON, LABRAM-HR). A CCD de-
tector (Jobin Yvon CCD-3000V) was used to collect the sig-
nal. Sample weights of ~0.01 g were placed onto a glass
slide below the confocal microscope. Additional details are
given elsewhere.”!

Temperature programmed reduction using hydrogen

The H,-TPR measurements were performed in a Microme-
ritics Pulse Chemisorb 2705 apparatus. A sample weight of
~0.02 to 0.05 g was taken in a U-shaped quartz reactor and
pretreated. The pretreatment was achieved by heating the
sample in a He gas flow (30 mL/min) at 473 K for 30 min.
After cooling the sample to 300 K, a 5% H,/Ar mixture
flowing at 30 mL/min was introduced into the reactor for
reduction measurements. The catalyst sample was heated to a
final temperature of 1150 K at a ramping rate of 10 K/min.
The hydrogen consumption was measured by a thermal con-
ductivity detector. Known amounts of 5% H,/Ar mixture
were used for quantification purpose.

Reaction studies

The prepared catalysts were examined for the propane ODH
reaction at atmospheric pressure in a vertical down-flow quartz
reactor mounted in a tubular furnace. Details of the reactor are
given elsewhere.'? Prior to the reaction studies the catalyst
samples were heated in a muffle furnace for 30 min at 673 K. A
physical mixture of 0.02 to 0.25 g of the catalyst and required
amount of inert quartz particles to form a bed height of 1 cm
was loaded into the reactor. The temperature of the catalyst bed
was measured by a thermocouple located just above the cata-
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lyst bed and was controlled by a PID temperature controller
(FUJI Micro-controller X Model PXZ 4). The flow-rates of
reactant and inert gases (propane, O,, and N,) were adjusted
through separate thermal mass flow controllers (Bronkhost Hi-
Tec, Model F-201D FAC-22-V) to maintain specified propane
to oxygen ratio and total flow rate. The reactant gases were
mixed prior to sending to the reactor. Nitrogen was used as a
diluent and its amount was fixed corresponding to inlet air com-
position. The exit gases were sent for online analysis to a gas
chromatograph (AIMIL-NUCON 5700) equipped with a meth-
anizer. The carbon oxides (CO and CO,) and hydrocarbons
(C3Hg and C3Hg) were separated using a Hysep-Q column and
analyzed in FID mode.

The effect of contact time on propane conversion was
studied at 653 K and a C3Hg/O, ratio of 2:1 by changing the
total reactant flow rate between 30 and 120 mL/min. For
determining kinetic parameters the catalyst was initially
heated in the reactor to 613 K in flowing O,. After 30 min
the required flow rate of C3Hg, O,, and N, was introduced
for a C3Hg/O, ratio of 1:1 and the temperature was varied
from 613 to 673 K. After collecting the reaction data at the
various temperatures, the inlet gas stream was changed to
pure O, and then catalyst was heated at 613 K. After 30 min
the inlet gas stream was changed and the propane ODH reac-
tion was carried out at a C3Hg/O, ratio of 2:1 by varying the
temperatures from 613 to 673 K. Similarly the reaction data
were obtained at C3Hg/O, ratio of 3:1 after treatment of the
catalyst at 613 K in flowing O, for 30 min. After collecting
the data at all specified C3Hg/O, ratios and temperatures, the
reproducibility of some runs were verified. A constant total
flow rate of 75 mL/min was maintained.

Runs were conducted in the absence of catalyst and no
significant conversions were observed under the present ex-
perimental conditions. Low propane conversions were main-
tained to facilitate kinetic parameter estimation. For each cat-
alyst several runs were taken at a particular temperature and
the average value was used. The standard deviation of the
data was less than 1.5%. On the basis of the inlet and outlet
concentrations the activity, conversion, selectivity, yield, and
TOF (turn over frequency) were calculated based on formu-
lae given elsewhere.’” The effects of interphase, interparticle,
intraparticle diffusion, and heat transfer limitations were
considered by applying published criteria®® and none were
found.

Kinetic parameter estimation

Several assumptions are made in developing the mathe-
matical model for a fixed-bed plug flow reactor containing
the catalyst.'? These assumptions are justified since low pro-
pane conversions are maintained and nitrogen and inert
quartz particles are used as diluents. On the basis of these
assumptions the differential material balance equation for
each component, i, in a plug flow reactor is

de; Dty

aw Fy M

where x; is the mole fraction of the i component, W is the
weight of the catalyst in g, Fy is the total volumetric flow
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rate of the feed, in mL/min, n; is stoichiometric coefficient
of the i" component for the jlh reaction, and r; is the rate of
the /™ reaction.

The set of ordinary differential equations given in Eq. 1
can be solved to obtain the predicted output mole fraction of
each component based on the input mole fraction of the com-
ponent, x;o, and knowledge of r;, W, n;;, Fo, temperature, and
pressure of the reaction. The reaction rate, r;, depends on the
specific reaction-model considered. The reaction rates of a
particular reaction-model contains several nonlinear kinetic
parameters, 0;, and some or all mole fractions, x;, and is
described below. Thus, the predicted output mole fractions
are obtained by integrating the reaction rates over the entire
mass based on a chosen reaction model. A fourth order
Runge—Kutta method is employed for integrating the reaction
rate expressions, r;.

The output mole fraction of carbon containing compounds
that are detected, C3Hg, C3Hg, CO, and CO,, are assumed to
be well represented by a nonlinear model given by

Y/’l:gh(gax)‘i’zh; h:]727~'->v (2)
where Y, is the vector of random variables representing the
response or the observed output variable, Z, is the vector of
errors associated while calculating the response, v is number
of responses, which are the four carbon containing com-
pounds, CO, CO,, C3Hg, and C3Hg, g,(0, X) is the predicted
output concentration, 0 is the parameter vector and X is the
vector of experimental variables (i.e., input mole fractions of
components and temperature)

The predicted output mole fraction, g,, obtained this way
can then be compared with the actual output mole fraction,
Y,, based on the kinetic parameter values.

For multi-response systems and when responses are corre-
lated, minimization of a determinant is ideally suited for
comparing the predicted and actual output mole fractions.**
During the minimization process the kinetic parameters are
chosen such that the least value of the determinant is
obtained.'?

The determinant that is minimized for multiresponse systems
= [Zw| (3)

n
where,  Zi = (e — gn) Gk — gr) ; hand k=1, v

u=1

“

n is the number of experiments, y,, and y;, are the experi-
mental mole fractions of A™ and k™ components in u™
experiment, g, and g, are the predicted mole fractions of
1™ and k™ components in u™ experiment, and v is the num-
ber of responses.

In the present study, minimization of the objective func-
tion given by Eq. 3 is achieved by applying a genetic algo-
rithm (GA) for determining the kinetic parameters. The
genetic algorithms are effective search techniques for optimi-
zation because of their global perspective. The use of GA
with appropriate termination criteria, which include defining
a proper fitness function and usage of proper termination
conditions (for example, number of generations and reaching
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Table 1. GA Parameters Used in the Present Study

Values for MVK Model
4000 to 30000

GA Parameters

Generations

Population size 100 to 300
Crossover probability 0.8
Mutation probability 0.2
Tournament size 2
Exponent for simulated binary crossover 2
Exponent for mutation 200
Seed value 0.2

a constant value of highest ranking solution’s fitness value),
nearly leads to a global solution. This has been confirmed for
several optimization problems.?® and references therein How-
ever, the nature of the solution does depend on the complex-
ity of the problems. Furthermore, in our preliminary studies,
we have also checked the nature of the solution obtained or
parameters estimated from GA by taking them as initial
guesses for further optimization using Levenberg—Marquardt
algorithm. However, we do not see any improvement in the
solution and is same as it obtained by GA. This suggests that
the parameters estimated by GA are indeed globally opti-
mized. The details of GA used in this study have been
reported elsewhere.”> The parameters used in the GA code
are given in Table 1.

The kinetics of the propane ODH reaction for the present
study can be represented by a MVK model built on a consec-
utive reaction scheme. The MVK reaction model suggests
that the catalyst operates in two steps35 and have been suc-
cessfully applied for hydrocarbon oxidation over metal oxide
catalysts.%’%_38 In the first step the alkane molecule reacts
with the lattice oxygen to form the products and in the second
step the lattice oxygen of the catalysts is replenished by the
gas phase oxygen. The rate of reaction is, thus, proportional to
the alkane partial pressure and the concentration of oxidized
sites and the rate of catalyst re-oxidation or lattice oxygen
replenishment is proportional to the oxygen partial pressure
and concentration of reduced sites. Accordingly the MVK
mechanism chosen for this study assumes that the propane
molecules react with lattice oxygen of the catalyst to produce
propene molecules (1), which then reacts with lattice oxygen
to produce CO (1) and CO, (r3). Independent pathways are
chosen for CO and CO, to facilitate proper determination of
kinetic parameters. The gas phase oxygen replenishes the lat-
tice oxygen by re-oxidation of the reduced catalyst (r4).

Reactions ry to r3 are part of the more generalized scheme
suggested previously.'”*

The rate equations for the four reactions r; to r, are
expressed as

11 = kiPcyng (1 — ) (5)
r2 = kaPcyn (1 — ) (6)
r3 = ksPcyn, (1 — ) )

r4 = k4Po, (®)

where [ is the degree of reduction and is the fraction of the
total active sites that are reduced at that particular reaction
condition. According to the MVK reaction model, the rate of
lattice-oxygen consumed in the reactions r; to r3 equals the
rate of lattice-oxygen replacement by the reaction r4. Conse-
quently, based on the stoichiometry, f§ is expressed as

_ 0.5 ky Pc,ng + 3.0 kp Pc.n, + 4.5 k3 Pc,H,
0.5 k PC}Hs +3.0 ky PCsHs + 4.5 k3 PC3H6 + ky Po2

B (©))

Furthermore, Eq. 9 reveals that /i depends on various factors
that include operating conditions and the catalytic systems stud-
ied. On the basis of the variation of the degree of reduction, the
kinetic order of the propane ODH reaction rates will change.

To facilitate proper determination of kinetic parameters re-
parameterization is done to overcome the correlation between
ko and E;.'**° Reformulation is achieved by centering the
rate constant about a mean temperature. Consequently, the
rate constant is given by

—E (1 1
t=koes (2" (777 ) (10)

where k; is the rate constant for the i™ reaction, in mL STP
min~ ' (g cat) 'atm ™", k; is the apparent pre-exponential factor
or the rate constant at the mean reaction temperature, E; is the
activation energy for the reaction i, in kJ/mol, R is the universal
gas constant, in kJ (kmol)f1 K, T is the actual reaction tempera-
ture and T, is the mean reaction temperature, in K.

Furthermore, standard error calculations of the kinetic pa-
rameters, k;o’s and E;’s, are achieved by applying previously
defined equations.24

Results and Discussion
Surface area

The surface areas of the Al,O3 support, VAl and MoAl sam-
ples were determined and tabulated in Table 2. It is observed

Table 2. Support and Catalyst Characteristics From Surface Area and TPR Studies

Surface Surface
MoO; Surface Density H/Mo V5,05 Surface Density H/V

Catalyst (wt %) Area (mz/g) (atoms/nm?) (Tmax,1) Catalyst (wt %) Area (mz/g) (atoms/nm?) (Tmax,1)
Al,O4 0 180 0 - SVAL 5 165 2.0 n.d
10MoAl 10 165 2.4 1.6 7.5VAl 7.5 159 3.1 1.9
15MoAl 15 157 4.0 1.7 10VAl 10 146 4.5 2.0
17.5MoAl 17.5 150 4.9 2.0 12.5VAI 12.5 134 6.2 2.0
20MoAl 20 142 5.9 2.0 15VAl 15 110 9.0 2.0
25MoAl 25 118 8.9 2.0 17.5VAl 17.5 n.d n.d 2.0

n.d., not determined.

Surface density calculation is based on the surface area of the catalyst.
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from Table 2 that the surface areas range from 110 to 180 mz/g
cat and decrease with increase in surface metal oxide loading.
A decrease in surface area with surface metal oxide loading has
been observed before and is usually associated with the block-
ing of the micropores of the support and/or difference in the

wt % Metal Oxide loading x No. of Metal atoms in M, O, x 6.023 x 10

atomic masses of vanadium/molybdenum with respect to alu-
minum. The surface densities of these supported catalysts are
also calculated using Eq. 11 and are given in Table 2. The H/
Mo and H/V values obtained from TPR experiments are also
presented in Table 2 and are discussed later.

Surface density (atoms/nm”) =

Ambient Raman spectroscopy and XRD pattern

The ambient Raman spectra of the supported VAl and
MOoAI catalysts are presented in the 200-1100 cm™' region
in Figure 1. Raman spectra of the supported VAl catalysts
reveal that only molecularly-dispersed hydrated surface vana-
dia species‘“)’41 are present on the Al,O5 support up to 15 wt %
loading. The molecularly dispersed surface metal oxide spe-
cies was confirmed since the dehydrated Raman spectra were
different from the spectra obtained under ambient conditions
and also different from crystalline compounds. The dehy-
drated Raman spectra are not shown for brevity. The Raman
spectrum of the 17.5VAI sample revel the presence of sharp
bands associated with bulk AIVO,.>"*** The formation of
AIVO, instead of bulk V,0s5 for high loadings of V,Os/
Al,O; has been observed before.*> The bulk AIVO, species
detected by Raman spectroscopy is XRD amorphous since no
diffraction patterns are observed in the powder pattern. The
XRD patterns are not shown for brevity. Detection of surface
vanadia species in the 17.5VAI sample is difficult due to
strong AIVO, Raman bands.** The ambient Raman spectra
of the MoAl samples reveal the presence of surface molyb-
dena species on the alumina support.** For the 25 MoAl
sample Raman bands due to bulk Al,(MoOy); and surface
molybdena species are observed.*** The bulk Al,(Mo0Qy)5 is,
however, not detected by XRD.

Interestingly, the presence of bulk V,05 and MoOj in the
VAl and MoAl samples at high vanadia or molybdena load-
ings is not observed. The presence of bulk V,05 and MoO;
in the Raman spectra provides the basis of monolayer cover-
age from which fractional coverage of a particular loading of
metal oxides can be determined.*® In the present study it
appears that the bulk V,05 and MoOj react with this Al,O3
support to form the corresponding AIVO, and Al,(MoQOy);3
compounds using the present synthesis methods. It has also
been reported that at above 773 K bulk MoO; formed readily
interacts with Al,O5; to form Al,(Mo0O,);3 phase.47 The pres-
ence of AIVO, and Al,(MoQOy); detected Raman spectra may
also be due to local heating effects of the laser since the
samples are stationary in contrast to Raman analysis on spin-
ning samples.*® The presence of the surface vanadia and
molybdena species are, however, evident and the detection of
the bulk compounds suggests loadings in excess of mono-
layer coverage. Furthermore, the highest surface density cal-
culated for observing only surface metal oxide species corre-
spond to 9.0 V and 5.9 Mo atoms/nm?”, which compares well
with previous studies.***® Thus, monolayer coverages of
vanadia and molybdena correspond to 15 and 20%, respec-
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Molecular Weight of Metal Oxide x 100 x Surface Area

tively, and the different loadings of vanadia and molybdena
can be represented as fractional coverages.

H,-TPR studies

The H,-TPR profiles obtained for the supported VAl and
MoAl samples are presented in the 550 to 950 K temperature
range in Figures 2a, b, respectively. In Figure 2a, a single
reduction peak in the 700-800 K region is observed for the
VALl samples, except for 17.5 Val, where an additional reduc-
tion peak is present at 867 K. Correlating with the Raman
data it appears that the AIVO, species gives rise to this addi-
tional reduction peak. It can be seen from Figure 2b that for
all the MoAl samples, except 10MoAl, multiple reduction
peaks are observed below 950 K suggesting that reduction of
the molybdena species occur through several stages.49_51 In
contrast, the TPR profile of the 10MoAl sample shows a sin-
gle reduction step. The TPR profile of 25MoAl sample
reveals an additional reduction peak at 793 K, which appears
to correspond to the Al,(MoQOy); species observed by Raman
spectroscopy.

Comparing the reducibility of the surface vanadia and
molybdena species, represented by the Ty« temperature, it
appears that the surface metal oxide loading does not signifi-
cantly change the T,,x temperature, however the specific sur-

1015

17.5VAl

15VAI
1008

9
835901

AY
AN

25MoAl

Raman Intensity (a.u.)
A\

962

360 20MoAl 869

T T T T T T T T
200 400 600 800 1000
Raman Shift (cm™)

Figure 1. Ambient Raman Spectra of the supported VAI
and MoAl catalysts.
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Figure 2. (a) TPR patterns of supported V,05/Al,0; catalysts. (b) TPR patterns of supported MoO3/Al,O; catalysts.

face metal oxide species does have a small influence on the
Tmax temperature. The first reduction temperature values
(Tmax1) for the MoAl samples range from 718 to 721 K, and
are lower than those for the VAl samples, which range from
749 to 760 K.

On the basis of the integrated area of the reduction peaks
the H/V and H/Mo values for T,,,c, were determined from
TPR experiments and are listed in Table 2. A H/V value of
~2 is found for all VAI samples, which corresponds to the
reduction of V3 species to V2 species.'*** For the MoAl
samples, a H/Mo value of ~2 for the first reduction peak
suggests that the surface Mo "¢ oxide species are initially

2.0 S/
4 u
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16 ] I o = 10VAI
® 12.5VAl
S14d v . . A 15vAl
T N v 17.5VAl
o 1.2 L
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S
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0.0 — T T 17/, T T T T T T
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Contact Time (kg m™ s)

(a)

reduced to Mo ™* oxide species.“g_5 ' The H/Mo values are
found to be slightly <2 for low molybdena loading.

Reaction studies and kinetic analysis

The propane ODH reaction studies were performed as a
function of contact times at a C3Hg:O, ratio of 2:1 and tem-
perature of 653 K over the different VAl and MoAl samples
and pure Al,O; support. The results for the different catalysts
and oxide support are presented in Figures 3a, b. The Al,O;
support possessed low propane ODH activity (conversion
levels: 0.1-0.3%; propene selectivity ~57%), which is much

1.8
1 * 15MoAl v
161 ® 17.5MoAl 4
] A 20MoAl
—_ 14 v 25MoAl
2 a
< .1 © Ao v .
S ]
[
-
g 1.0 v A ™1
o 1 Voa
O 0.8+ v - *
& | . u
S 0.6 - - *
e ] *
& 0.4 *
*
1 o
0.2 &
] 0 ©
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Contact Time (kg m® s)

(b)

Figure 3. Variation of propane conversion with contact time for (a) VAl samples and (b) MoAl samples at T = 653 K

and C3H3:02 =2:1.
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Table 3. Activity and Turn Over Frequency (TOF) Values of Supported VAl and MoAl Catalysts

Experimental

Based on Eqgs. (12) and (13)

Contact Time Activity TOF TOF (s~ ) x 10 Term I Term II
(kg m > s) Catalysts (gmol/g-s) x 10° (s x 10° (Predicted) (gmol/g-s) x 10° (gmol/g-s) x 10°

10VAI 3.9 35 3.3 3.98 0.366

20 12.5VAl 6.0 4.4 45 7.03 0.821
15VAI 8.1 49 52 9.46 0.912

17.5VAI 8.6 45 45 10.4 1.752

15MoAl 0.27 0.26 0.25 0.27 0.005

200 17.5MoAl 0.38 0.32 0.35 0.45 0.023
20MoAl 0.52 0.36 0.39 0.63 0.080

25MoAl 0.59 0.35 0.38 0.73 0.082

Reaction conditions: T = 653 K, C3Hg:0, = 2:1.

lower than the activity for the supported VAl and MoAl cata-
lysts. Thus, the catalytic propane ODH activity observed is
primarily due to the surface vanadia and molybdena species.

From Figures 3a, b it is observed that the propane conver-
sion increases with an increase in contact time for all the
samples considered. The propane conversion at iso-contact
time is, however, a function of metal oxide loading and spe-
cific surface metal oxide species. For the VAl samples, the
propane conversion at a particular contact time increases
with vanadia loading up to 15VAI and is then relatively con-
stant for the 17.5 VAl sample. Similar results are observed
for the MoAl samples where the propane conversion
increases up to 20MoAl and is then relatively constant for
the 25MoAl sample. The relatively constant conversion for
the high loading samples coincide with the formation of
additional species (AIVO4 or Al,(MoQOy);) observed by the
characterization techniques, which correspond to loading
slightly in excess of monolayer coverage. On the basis of the
conversion data the TOFs are calculated at a specific contact
times for the VAI and MoAl catalysts and are presented in
Table 3. The data in Table 3 reveals that the TOFs are rela-
tively constant with an increase in loading. Previous studies
have also observed invariant TOF values with increase in
loading for the vanadium oxide species on Al,O5 support,'
suggesting that the propane ODH reaction is structure insen-
sitive. However, the TOF is a strong function of the specific
metal oxide phase on Al,O5; support. The TOF for the VAl
catalysts is more than an order of magnitude compared with
that for the MoAl catalysts.

The variation of propene selectivity with propane conver-
sion is shown in Figure 4 for the VAl and MoAl catalysts. It
is clear from Figure 4 that the propene selectivity is inversely
related to the conversion for each catalyst. Furthermore, as
the surface metal oxide species and loading on Al,Oj are
changed the specific propene selectivity-conversion curve is
affected. It appears that the VAI samples (given in filled
symbols) provide higher propene selectivity at iso-conversion
compared with the MoAl samples. However, specific varia-
tions with loading are not evident.

To study the effect of loading and specific surface metal
oxide phase in terms of the kinetic parameters some of the
supported VAl and MoAl catalysts were considered for
detailed analysis. The kinetic parameters of the catalysts are
estimated for the MVK reaction model, and their values,
units and the standard error associated with each kinetic pa-
rameter value are presented in Table 4. From Table 4 it is
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observed that the standard error values are small relative to
the corresponding parameter values. To emphasis the efficacy
of the model and the associated kinetic parameters the nor-
malized actual and predicted concentrations are plotted in
Figure 5. Since the concentrations of the carbon containing
compounds are different it is necessary to normalize them so
that the comparison between the actual and predicted concen-
trations can be done properly. The scaling is done by divid-
ing the actual and predicted concentrations of component “i”
by a constant value that is different for each component. The
constant value is the highest concentration observed for that
respective component. Figure 5 illustrates the quality of
agreement between the actual and predicted concentrations of
the carbon containing compounds analyzed (C3;Hg, C;Hg,
CO,, and CO) for the 15VAI and 20MoAl samples suggest-
ing proper representation of the reaction. Similar plots are
also observed for the other catalysts and are not shown for
brevity. Thus, proper representation of the propane ODH
reaction over these alumina supported catalysts is achieved.
Detailed analysis of the kinetic parameters in Table 4
reveals that the primary apparent pre-exponential factor, kg,
of the VAI catalysts increases as the loading is increased up

A
90 - o w X,
o o " 4 *
| o V¥ ® .A a *
85 ¥ A0 Vv N
S i * 4 gy AO "
> 804 4 v
'E . * A ¥
B 1 % 7.5VAI a v
% 754 ® 10VAI * ~
g | ® 12.5VAI
S A 15VAI
S 701 v 17.5VAl
a 1 % 15MoAl
65| O 17.5MoAl
A 20MoAl
1 v 25MoAl
60 T T T T T T T T T T T T
0.0 0.4 0.8 1.2 1.6 2.0 2.4
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Figure 4. Variation of propene selectivity with propane
conversion at T = 653 K and C3Hg:0, = 2:1.
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Table 4. Kinetic Parameters for Supported VAl and MoAl Catalysts

Parameter Values for the Catalysts

Parameters Units 7.5VAl 10VAI  12.5VAl  I5VAI  17.5VAl  15MoAl  17.5MoAl  20MoAl  25MoAl
k1o mL STP min~'  8.5(02) 147 (0.5 26 (04) 36(03) 38(0.5) 1.0(0.01) 1.63(0.01) 231(0.1) 2.7 (0.03)
kao (gcay am™' 75 (4) 171 (5)  287(3)  366(2)  565(3) 20 (0.4) 32(02) 33 (2) 31 (2)
k3o 65 (1) 139 (2)  188(1) 209 (2)  295(2) 26 (0.4) 34 (0.2) 42 (2) 35 (5)
kao 54 (1) 205 (5)  307(5) 484 (6)  395(2) 74 (5) 52 (0.3) 29 (1) 39 (1)
E, KJ mol ™" 100 (1) 98 (1) 94 (1) 92(1) 1022 96 (1) 102 (1) 99 (1) 100 (3)
E, 50 (4) 55 (4) 83 (2) 88 (2) 97 (1) 68 (2) 33 (1) 54 (3) 46 (5)
Es 46 (1) 49 (2) 75 (2) 81 (1) 93 (1) 59 (1) 36 (1) 46 (1) 40 (7)
E, 130 (2) 93(2) 1079 156 (3) 91 (2) 181 (16) 119 (2) 125 (5) 98 (4)

The standard errors are given in parentheses. T;,, = 643 K.

to monolayer coverage (15VAI) and then increases gradually.
Similar relative variations are observed for the MoAl sam-
ples. The gradual increase in ko values for above monolayer
value appears to be associated with the lower activity associ-
ated with bulk vanadates and molybdates. The kpo and k3
values for the VAI catalysts increase gradually till monolayer
coverage (15VAI) and then increase rapidly for the 17.5VAI
catalyst. It appears that the presence of bulk vanadates
increase the k,o and kszq values. The k,y and k3o values for
the MoAl samples increase up to 17.5MoAl and are then rel-
atively constant for high surface coverage catalysts. In con-
trast to the VAI samples the kyy and k3o values of the bulk
molybdates appear to be less active for CO, formation.

Comparison of the different activation energies shown in
Table 4 reveals that the activation energy for propene forma-
tion or propane oxidation, E;, is relatively independent of
metal oxide loading and specific surface metal oxide phase
and range from 92-102 kJ/mol. The activation energies for
CO and CO, formation, E, and Ej, are always less than Ey;
and E, ~ E;. For the VA catalysts the activation energies
for propene oxidation or carbon oxide formation reactions,
E, and Ej, increase with an increase in metal oxide loading
and approach a relatively constant value of ~90 kJ/mol. The
difference between E; and E, or E3 consequently decreases.
For the MoAl catalysts, however, the activation energies, E,
and FE3, are relatively constant at 33 to 54 and 36 to 46 kJ/
mol, respectively. Variations in the catalyst re-oxidation ki-
netic parameters, k4o and E,4, are discussed later.

The increase in ko values with an increase in metal oxide
loading also indicate an increase in k; values since the pro-
pene formation activation energy is relatively constant for all
the catalysts. Furthermore, the kjo and the corresponding k;
values are larger for the VAl catalysts relative to the MoAl
catalysts suggesting the inherent higher activity of the sur-
face vanadia site. For comparing with the TOF data the kg
values of the VAI samples given in Table 4 are normalized
per vanadia site and represented by kmj. The ratio of the ko
values is: (kro)mVAl : (kTO)IZ.QVAl : (ko)1sval ¢ (kTO)l7.5VA1
~1:14:1.6: 1.5, where k; is given in terms of ml STP
min ! (g V! atm~'. The trends in primary rate constant
for propene formation, k; and ki values and in the normal-
ized rate constant kl* and kl*o values are similar since the
activation energy for propene formation, £, is similar. How-
ever, the ratio of TOF values given in Table 3 is slightly dif-
ferent from the ratio of the primary rate constants since the
degree of reduction, f3, at iso-contact time may vary. Normal-
izing the ko values of the MoAl catalysts per molybdena
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site, as done previously, reveals that the ratio of kfo values
is: (kiko )15MoAl (kiko )17.5MoAl (kiko )20MoAl (kiko )25MoAl
~1:14:1.8: 1.6, which is also slightly different from the
ratio of TOF values. Similar to the VAI catalysts the degree
of reduction needs to considered with the k;o values to give
a quantitative agreement with the ratio of the TOF values.
To appreciate the contribution of the degree of reduction
on the reaction rates the degree of reduction, f3, defined in
Eq. 9, is evaluated for all the catalysts and is plotted as a
function of contact time in Figure 6 at 653 K and a C3Hg:0,
ratio of 2:1. Figure 6 depicts the nonlinear increase in § with
contact time for the different catalysts. It is clear from Figure
6 that at iso-contact time f is higher for the VAl catalysts
than the MoAl catalysts. The primary reaction rate given by
Eq. 5 depends on (1 — f) and to compare the experimental
TOF values for the different catalysts Eq. 5 is integrated
from the contact time limits of zero to 20 or 200 kg m ™2 s,
converted as TOF and listed in Table 3 for the VAl and
MoALl catalysts. Comparison of the experimental TOF and
predicted TOF based on the kinetic parameters evaluated in
Table 3 re-iterates the proper representation of the propane
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=
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0.0 . . . . . . . . .
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Figure 5. Comparison of the predicted and actual con-
centrations of all the carbon containing com-
pounds for the 15VAI and 20MoAIl samples.
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Figure 6. Variation of the degree of reduction with con-
tact time for different catalysts at T = 653 K
and C3Hg:0, = 2:1.

ODH reaction. Furthermore, the contribution of f, which
makes Eq. 5 nonfirst order, is also given in Table 3,
here, Term I Fao /TkP d (12)
where, 1ermil = ——— 1y AT
W*PC3Hx.m 0 o
Term II Fao .Tﬁk Ped (13)
erm I = ———— 1Pe,udt
W*Pcst.m 0 o
0.07
[
0.06 - ™
]
0.05 -
[
-3 [
'fo 0.04 a
<
= = VAI
X 0,03 O MoAl o
O
0.02 - o
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(a)

F T
and, Activity (gmol/gs) = ﬁ/ ride
C3Hgin J 0

=Term [ — Term I  (14)
where Pcspgi, is the inlet partial pressure of propane, in
atm, 7 is the contact time, in g cat (mL)™! min and Faq is
the inlet molar flow rate of propane, in gmol/s.

Thus, the degree of reduction has a noticeable contribution
in describing the propane ODH reaction over these supported
metal oxide catalysts and the reactions are ideally nonfirst
order.

To compare the propene yield for the different catalysts it
is important to consider variations in the ratio k;/
(ks + k3).*** Larger the value of ki/(k,+ks) higher is the
propene yield at iso-conversion. Though the k/(k,+ k3)
value is ideally suited for first order reactions, analysis of the
propene yield at iso-conversion eliminates the dependency of
the (1 — f5) term. With the closeness of the E, and E; values
the k,/(k, + k3) ratio can be approximated as

ki koo {_Eleco,, (l_i
ky + ks koo + k3o P

where Eco = [1/2] (E>+ E3)

Thus, analysis of the variations in ki/(k, + k3) value pri-
marily involves two factors: (i) the kjo/(kao+ k30) ratio and
(i) the activation energy difference, AE = E| — Eco. The
variations of these two factors with loading and speciﬁc sur-
face metal oxide species are shown in Figures 7a, b. Note
that in Figure 7 the metal oxide loading is converted to sur-
face coverage, based on 15 wt % V,05 and 20 wt % MoO;
representing monolayer coverage. For the VAl catalysts the
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S 40

E1' Ec
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Surface Coverage

(b)

Figure 7. (a) Variation of the k4o/(kxotkso) ratio with surface coverage for VAl and MoAl samples; (b) variation of the
activation energy difference between propene and carbon oxide formation with surface coverage for VAI

and MoAl samples.
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Figure 8. Effect of temperature on the k4/(ko+k3) ratio for (a) VAI samples and (b) MoAl samples.

kio/(kao + k3p) ratio varies between 0.045 and 0.062 with no
specific trend with surface coverage and is higher than the
values obtained for the MoAl samples. For the MoAl catalyst
the ratio appears to increase with surface coverage from
0.022 to 0.041. The activation energy difference, AE value,
progressively decreases as the vanadia loading is increased
and approaches a constant value for near and above mono-
layer surface coverage. For the MoAl samples, however, the
AE values are relatively constant. Since the activation energy
(E,) for propene formation is relatively constant for both cat-
alytic systems, the variation of AE values reveals that the
activation energy for carbon oxide formation (Eco) does
depend on the specific surface metal oxide species present.
Furthermore, correlating the activation energy variation with
structural information it would appear that the polymeric
vanadia species possess higher activation energy for propene
activation since they are preferentially present at high surface
coverages.s"“’ﬂ*54 However, the same relationship of struc-
ture-activation energy is not observed for the MoAl samples
since the structure changes with loading and the activation
energy for propene activation is similar.

On the basis of the kinetic parameters the kq/(ky+ k3)
value is calculated at different temperatures in Figures 8a, b
for the VAI and MoAl catalysts, respectively. The results in
Figures 8a, b reveal that the k/(k, + k3) value increases with
temperature due to the positive AE values. An increase in k/
(ko + k3) value with temperature suggests that an increase in
propene yield at iso-conversion is achieved at high tempera-
tures.' > Specifically, the ki/(k,+k;) values for the VAl
catalysts is larger at most temperatures. The larger k;/
(ko + k3) values suggest that the propene yield at iso-conver-
sion for the VAl catalysts is higher than those for the MoAl
catalysts, which is consistent with the experimental results.
Furthermore, no specific trend in k/(k, + k3) value at a par-
ticular temperature is observed for the VAl catalysts as a
function of loading, whereas for the MoAl catalysts the k;/
(ko + k3) value increases with an increase in loading. For the
VAL catalysts the k,/(k, + k3) versus temperature curves inter-
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sect since the kio/(kyo+ k30) values does not show any spe-
cific trend and the AE values decrease with temperature.
Thus, comparison of the propene yields for the VAI catalysts
as a function of loadings is not straight-forward and depends
on the particular temperature considered. In contrast, the
MoAl catalysts reveal that at a particular temperature an
increase in ki/(k, + k3) value with loading is observed even
for samples above monolayer coverage since the kjo/
(koo + k30) value increases with loading. Thus, the propene
yield at iso-conversion: (i) increases with temperature (ii) at
most temperatures higher for the VAI catalysts and (iii) does
not increase with loading for the VAI catalysts, but increases
with loading for the MoAl catalysts.

The variations of experimental and predicted propene yield
with propane conversion for different C3Hg to O, molar
ratios (1:1, 2:1, and 3:1) are shown in Figure 9 to study the
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Figure 9. Effect of propane to oxygen molar ratio on
propene yields at iso-conversion at T =
653 K.
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effect of oxygen partial pressure on the propene yields. It is
evident from Figure 9 that the C3Hg to O, molar ratio has no
influence on the propene yield provided the comparison is
done at iso-conversion. Similar behavior is also observed on
other catalysts. In situ Raman and propane ODH studies over
V,05/Al,05 catalysts have been shown that the C3Hg to O,
molar ratio has no appreciable effect on the activity and se-
lectivity of the catalysts.’

The effect of surface metal oxide phase and metal oxide
loading on kinetic parameters associated with the re-oxida-
tion reaction, k49 and E4, is also observed. The k4 values of
the VAI catalyst increase with vanadia loading up to mono-
layer coverage (15VAl) and decrease for 17.5VAIl sample.
However, for the MoAl catalysts the k4o values are relatively
constant. Furthermore, the k4o values are significantly higher
for the VAI catalysts compared to the MoAl catalysts. The
re-oxidation activation energy, E4, for both VAl and MoAl
samples varies between 91 and 180 kJ/mol with no specific
tend based on metal oxide loading and specific metal oxide
phase. Thus, it appears that the redox rates strongly depend
on the surface metal oxide species present on the oxide sup-
port and it is faster on the surface vanadium oxide species.

In summary, the surface vanadium and molybdenum oxide
species present on the alumina support are catalytically dif-
ferent for the propane ODH reaction in terms of the propane
conversion and propene yields. The surface vanadia species
is more active than the surface molybdena species for the
propane ODH reaction due to the different apparent pre-
exponential factor and not the activation energy, and at iso-
conversions requires a shorter contact time. Furthermore, the
surface vanadia species also provide a higher propene yield
at iso-conversions. These variations are explained in terms of
changes in the apparent pre-exponential factors and activa-
tion energy.

Conclusions

The propane ODH reaction was carried out over supported
V,05/A1,0; (VAl) and MoO3/Al,O; (MoAl) catalysts to
understand the effect of metal oxide loading and specific sur-
face metal oxide phase in terms of variations in kinetic pa-
rameters. Characterization studies reveal that below mono-
layer coverage only surface metal oxide species are present
on the Al,O; support. Above monolayer coverage bulk
AIVO, and Al,(Mo0Qy); are also observed for the supported
VAl and MoAl catalysts, respectively. The monolayer cover-
age based on the highest loading where bulk compounds are
not formed corresponds to ~9.0 V and ~5.9 Mo atoms/nm?
for the VAl and MoAl catalysts, respectively.

The kinetic parameters estimated for a sequential Mars—
van Krevelen reaction model were able to predict the
observed outlet concentrations successfully, suggesting pro-
per representation of the reaction over these catalysts. The
analysis of the kinetic parameters revealed that the apparent
pre-exponential factors for the propane oxidation, ko, and
propene oxidation reactions, ko and k3o, increase monotoni-
cally with vanadia loading up to monolayer coverage for the
VAL catalysts. For the MoAl catalysts, the k1o and k3¢ values
increase with molybdena loading up to 20MoAl, where as
the ko value is relatively constant. However, the activation
energy for propane oxidation, E|, is relatively independent of
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metal oxide loading and specific surface metal oxide phase
present on Al,Ojz. The ratio of primary oxidation rate con-
stants or apparent pre-exponential factors correlates well with
the trends in propane oxidation TOF which is invariant with
surface metal oxide loading and depends on the specific
metal oxide phase. However, the variation of degree of
reduction needs to be considered for quantitative comparison.
The degree of reduction makes the propene and carbon oxide
formation reactions nonfirst order. Furthermore, the activa-
tion energies for propene oxidation or carbon oxides forma-
tion reactions, E, and Ej, increase with loading for the VAl
catalysts, but are similar for the MoAl catalysts. This in turn
affects the variation of ki/(ky+ k3) ratio with temperature.
The propene yields at iso-conversion are generally higher for
the VAI catalysts than the MoAl catalysts due to higher &,/
(ky + k3) values of the VAl catalysts. Additionally, the pro-
pene yields at iso-conversion are relatively independent of
loading for the VAI catalysts, but increase with loading for
the MoAl catalysts.
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