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Abstract

The effect of the PV ratio on the structure, properties, and reactivity of titania-supported vanadia is evaluated. The Raman spectra and
temperature-programmed reduction studies reveal a progressive P—V interaction with incr@dsimtipRintil nanoscaled,-VOPOy forms
above a monolayer. Propane oxidative dehydrogenation (ODH) studies reveal that the conversion and selectivities of the catalysts strong|
depend on the P-V interaction. For a Mars—van Krevelen model, kinetic parameters are successfully estimated by minimization of an objectiv:
function with the use of a genetic algorithm. With an increase in thé Rtio the kinetic parameters reveal a progressive decrease in the
primary ODH reaction rate constant and in the rate constant ratio for propene degradation to propene formation. The decrease in the ra
constant ratio for propene degradation and propene formation with increadihtpfo leads to a more efficient catalyst. Thus, with the
proper design of the catalyst the propene yield can be increased.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction tance over other catalysts because of its high performance,
better thermal stability, and larger surface aj2a5]. Usu-
The oxidative dehydrogenation (ODH) of propangkig) ally, an inverse relation between the conversion and propene

to propene (GHg) is an attractive alternative to the classic selectivity is observed for the propane ODH reaction. Con-
catalytic dehydrogenation process. Several of the drawbackssequently, the propene yield is limited. To tune the inverse
associated with the classic process can be overcome with theelationship between conversion and selectivity, we consid-
ODH process, provided a proper catalyst is developed thatered several factors.
maximizes propene Yyield and the reactor is operated away The propane ODH reaction can be visualized as a net-
from the explosive limits. work of reactions as shown fBcheme 1 [6]This scheme is
The activation of the stable C—H bond of propane at a a network of reactions that gives rise to primary, secondary,
low temperature combined with protection of the formed and tertiary products and only addresses the state of carbon.
propene from subsequent overoxidation is a prerequisite for For example, carbon dioxide (G{is produced as a primary
a catalyst to be successful in the process. Among the cata-product from propane (§Hg), a secondary product from
lysts that have been developed, vanadia-containing catalyst,ropene (GHg), or a tertiary product from carbon monoxide
are some of the more active and selective ones for the ODH(CO); and GHg can only be produced as a primary product
of propane[1]. They have been widely used as an active f propene. Carbon deposition is not considered since it is
component in mixed oxides and on supports for the ODH of insignificant under the conditions commonly used.
propane. Supported vanadium oxide has gained muchimpor-  the ahove reaction scheme can be further simplified, as-
suming that GHg is the only primary product and the ter-
~* Corresponding author. Fax: +91 512 2590104, tiary reaction of C@ formation from CO is neglected. With
E-mail address: goutam@iitk.ac.ifG. Deo). these simplifications the reaction is essentially a consecutive
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characterized for its surface area and by Raman spectroscopy
and H temperature-programmed reduction (TPR) studies.
The propane ODH reaction over these catalysts is then con-
sidered, and the kinetic parameters are determined for a

simplified Mars—van Krevelen (MVK) reaction mechanism.

o Te Based on the kinetic parameters determined, the effect of

C;Hg C;3H, C )

phosphorous on the kinetic parameters and the ratio of the
rate constants is elaborated.

2. Experimental

2.1. Sample preparation

Scheme 1. Generalized reaction scheme for propane ODH.

The unmodified and phosphorous-modified titania-sup-
ported vanadium oxide catalysts were prepared by the
incipient-wetness impregnation method. The precursors
used for vanadium and phosphorous were ammonium meta-
vanadate (NBVO3) and diammonium hydrogen phosphate
[(NH4)2HPOy], respectively. Initially, a large batch of the
support was pretreated with an incipient-wetness volume of
oxalic acid solution of a known concentration (0.1 gtc
The support was then dried in a desiccator at room temper-
ature for 12 h, followed by drying at 383 K in an oven for
12 h, and finally calcined in an electric furnace at 733 K
for 12 h.

The incipient-wetness impregnation of vanadium and/or
phosphorous of the above pretreated support was carried out

mation reactionk, is the rate constant for CO formation, with a solution containing the corresponding ions. A vana-

andks is the rate constant for Gormation. Consequently, ~ dium oxalate solution was initially prepared by the addi-
the optimization of GHg yield requires minimization of the  tion of known amounts of ammonium metavanadate with a
(kz + k3)/ k1 ratio, which depends on the operating condi- Stoichiometric amount of oxalic acid in water. To prepare
tions (partial pressures and temperature) and the catalyst. Fofn€ Phosphorous-modified samples, diammonium hydrogen
example, for different activation energies an increase in tem- Phosphate was added to the solution containing ammonium
perature changes th&; + k3)/ k1 ratio, since the rate con- Metavanadate and oxalic acid and stirred in water until the
stants are a function of temperature. Usually for the propaneemire solid was dissolved. A deep blue solution was formed
ODH reaction the activation energies of formation of the With and without phosphorous precursor, which was fur-
primary (GHg) and secondary products are different. Fur- ther diluted with double-distilled water in such a way that
thermore, changing the catalyst can changeibe- k3)/ k1 the total volume corresponded to the incipient-wetness im-
ratio by changing the pre-exponential factor if the activation Pregnation volume of the support. The above solution was
energies of formation of the primary and secondary prod- intimately mixed in a crucible with the pretreated support to
ucts are invariant. This concept of changing the ratio of the form a paste. The paste was heat-treated in a manner similar
rate constants with temperature and catalysts to increase théo that described above for the pretreatment of the support.
CsHg yield has been suggested in a recent pgperNon- In the present study four catalyst samples were prepared
first-order reactions do add some complexity; however, the from the same pretreated TiGupport; they are listed ifia-
basic essence remains the same. The propene yield can bele 1in terms of their nomenclature and percentage weight
optimized with a proper choice of catalyst and operating of V205 and BOs. Also listed inTable 1are surface area
conditions. values and results from TPR characterization studies, which
The use of phosphorous as a modifier for titania-sup- are discussed later. Sample 1 contained 3 wt% vanadium ox-
ported vanadia catalyst or the more commonly expressedide as \,Os and is referred to as 3VTi. Sample 2 contained
VPO/TIO; has been documentg@t-13). In the present study 3 wt% V205 and 1.2 wt% RPOs, with a V/P molar ratio of
phosphorous is used as a modifier for a less-than-monolayer2:1 and is referred to as 2V1PTi. Similarly, samples 3 and 4
V,0s5/TiO> catalyst to understand the effect on the rate con- contained 2.9 wt% YOs and 2.3 wt% BOs, and 2.9 wt%
stants for propane ODH reaction. The catalyst synthesizedV,0s and 4.5 wt% BPOs, with V /P molar ratios of 1:1 and
by the incipient-wetness impregnation technique is initially 2:1, and are referred to as 1V1PTi and 1V2PTi, respectively.

reaction with propene as the primary product and the carbon
oxides (CQ) as the secondary products. Lumping together
of CO, formation, however, is not straightforward and de-
pends on the activation energy differences of CO and CO
formation from propene. Optimization of propene yields
thus becomes a classical textbook problem where the inter
mediate or GHg yield requires optimization, with the added
complication of having two independent secondary products
instead of ong7].

For a simple first-order reaction scheme, whegelgis
the only primary product formed and CO and £@re in-
dependent secondary products, optimization gifi§yield
strongly depends on the ratio of the rate constakhst k3)/
k1, wherek; is the rate constant for the primarylds for-
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Table 1

Nomenclature, composition, surface area apdlfR results of the samples

Sl. Nomenclature wt% of YOg wt% of P,Og V:P V atoms P atoms Surface area  H»-TPR results

No. in the sample in the sample molar ratio (nm=2) (nm=2) (m2g1 Tmax (K) H/V ratio

1 TiOy 0.0 0.0 - - - 43 -

2 3VTi 3.0 0.0 - 46 - 43 718 0]

3 2V1PTi 30 12 2:1 47 24 42 751 16

4 1V1PTi 29 23 1:1 47 4.7 41 751 14

5 1V2PTi 29 4.5 1:2 46 91 41 778, 862 B

2.2. Characterization of 300 mm, an inlet diameter of 10 mm, and an outlet diam-

eter of 5 mm. The amount of catalyst was varied from 0.03
The phosphorous-modified and unmodified VTi samples to 0.2 g, depending on the specific objective. Quartz powder
are characterized by their surface areas, Raman spectra, anglas used as a diluent with the catalysts to prevent tempera-

TPR profiles. ture gradients and to avoid channeling of gas within the cat-
_ alyst bed. The catalyst bed containing the catalyst and quartz
2.2.1. Surfacearea studies powder mixture was placed on the quartz wool at the center

The surface areas of the catalyst samples were determineg the quartz reactor. The reactant mixture gfg and air at
with a Coulter SA 3100 analyzer equipped with SA-View 3 specified GHg/O, molar ratio and total flow rate were con-
software, with N as the adsorbate. trolled with two independent thermal mass flow controllers
(Bronkhost Hi-Tech, model F201d FAC-22-V). Additional
details of the reaction setup are given elsewtjig}e

With this reaction setup, data were collected to determine

2.2.2. Raman spectroscopy

The in situ Raman spectra were run with a Renishaw
Micro-Raman System 1000 equipped with a cooled CCD - : . )
detector (200 K) and a holographic super-Notch filter that re- :g:)sroduublhty, effect of contact time, and kinetic parame
moves the elastic scattering. The samples were excited with ™
the 514-nm Ar line in an in situ cell (Linkam, TS-1500),
which allows temperature treatments up to 1773 K under 2.3.2. Data for reproducibility studies
flowing gases. The spectral resolution was 3¢pmand the For this study two catalyst samples were chosen: 3VTi
spectra acquisition consisted of five accumulations of 60 s and 1V1PTi. For both samples, thelg/O, molar ratio
for each sample. The spectra of the samples under dehywas maintained at 1:1, and the total volumetric flow rate
drated conditions were acquired at 423 K, and the spectrawas 75 cc mint. The weights of 3VTi and 1V1PTi catalysts
under ambient conditions where run with ﬂOW|ng humid air. for the reproducibi”ty studies were 0.05 and 0.10 g, respec-
The spectra of the Ti@supported sampleS were normalized tjyely. Initially, the temperature was increased from 683 to
based on the-635 cnT* peak of bulk TiQ to facilitate com-  713° at 20 K intervals. Subsequently, the temperature was
parison between the different samples. reduced to 683 K by the same temperature intervals. At each

temperature the reaction data were collected. Thus, the data

2.2.3. Temperature-programmed reduction siudies _ were collected at 653, 673, 693, 713, 693, 673, and 653 K.
The temperature-programmed reduction (TPR) experi-

ments were performed in a Micromeritics Pulse Chemisorb

2705 apparatus. For this purpose 0.05 g of sample was2.3.3. Data for contact time studies

placed in a quartz reactor. We pretreated the sample by heat- For contact time studies over a particular catalyst, the
ing it in a He gas flow (30 ccmin') to 423 K and then temperature was kept constant at 643 K, th#i§0, mo-
maintaining this temperature for 30 min. After cooling to lar ratio was maintained at 2:1, and the total volumetric flow
308 K, the sample was subsequently brought into contactrates were varied as 120, 90, 75, 45, 30, and 20 cchin
with an H/Ar mixture (Hx/Ar volume ratio of 05:95 and to-  Catalyst amounts ranged from 0.05 to 0.2 g to ensure that

tal flow rate of 50 cc min') and heated to a final temperature djfferent catalysts were compared for constant contact time
Of 1230 K at a constant rate Of 10 K rTTIh The hydrogen and/or constant Conversion_

concentration of the exit gas was detected by a thermal con-

ductivity detector.
2.3.4. Data for kinetic parameter estimation studies

2.3. Propane ODH reactivity studies To obtain the data for kinetic parameter estimation, the
C3Hg/O> ratio was varied as 3:1, 2:1, and 1:1, and at each
2.3.1. Reaction setup ratio the data were collected at 653, 673, 693, and 713 K. The

All of the catalysts were tested for the ODH of propane in total volumetric flow rate was maintained at 75 cc min
a fixed-bed, down-flow, tubular quartz reactor with a length The catalyst amounts, however, ranged from 0.03 t0 0.2 g.



R.P. Sngh et al. / Journal of Catalysis 233 (2005) 388-398 391

2.3.5. Reactivity calculations 0

The calculations of conversion, selectivity, yield, and car- x
bon balance were based on the mole fractions determinedZ,
from the GC peaks. The formulae for conversion, selectiv-
ity, yield, and carbon balance are given elsewljérg4].

parameter vector;
concentration vector;
error associated with calculation of the respohse

The predicted output mole fraction for thith component
anduth experimenty;, preq, Obtained in this way can then
2.3.6. Kinetic parameter estimation be compared with the actual output mole fractigp. To

To obtain the kinetic parameters, the reactor was sub- obtain the best value of the parameters, minimization of an
jected to integral analysis. Advantages of this method over objective function is required.
conventional differential analysis are given in detail else-
where[15]. Based on integral analysis, the differential mate- 2.3.7. Objective function
rial balance equation for each componenftpr a particular For multiresponse systems and when responses are corre-
reaction network can be written as lated, the ideal criterion is the minimization of the determi-
nant[16—20}

Voyilw — Voyilwdw — Y _nijrjdW =0, i=1,...,v,
F Determinant criteria for multiresponse systemmin|Z;,|,
1) 4)
where where
n
Vo volumetric flow rate of the feed,; Tk = Z(yhu — ) Vkw — 8k (5)
Vi mole fraction of theth component; ]
nij stoichiometric coefficient of theth component for handk = 1 v
the jth reaction given irscheme 1 e
rj rate of jth reaction (a function of; andx; orr; = f : ts-
£ 00); n no. o experlmen.s,
0; ki/netic :)arameters for thgth reaction; v no. of responses;
/ ) ' Yhu experimental mole fraction of thigth component in
v number of components; the uth experiment:
W weight of the catalyst. hu predicted mole fraction of thieth component in the

Simplification of Eq.(1) with the assumptions mentioned uth experiment.

above results in

Zn,’j}”j/ V().
' . . ) ) ~ 2.3.8. Genetic algorithm
The set of ordinary dlfferen_tlal equations represented in Minimization of the objective function given by E¢4)
Eq. (2) can be solved to obtain the model-output mole frac- s achieved by application of a genetic algorithm (GA). The
tion of each component based on the initial component mole g A source code is from the Kangal laboratory, IIT Kanpur,

In the present study the determinant criteria given by(Ey.
dyi are considered.

aw

)

fraction, y;o, andW, n;;, Vo, andr;. The values ofy;o, W,
n;j, andVp are known, and the specific reaction ratg,de-

which was developed by Deb and co-workgts]. The GA
implementation in this study is restricted to real coded vari-

pends on the reaction mechanism considered. The reactioryples only. All constraints used in this code are greater-than-

mechanism is characterized by several kinetic parantgter,
which are nonlinear in nature, and some or all mole frac-
tions, y;. Thus, the output mole fraction is obtained by in-

equal-to typeg > 0) and normalized. This general code was
then modified according to the present study to obtain the
kinetic parameters. Initially, a population of solution was

tegration over the entire mass based on a chosen reactiofandomly generated. The size of population was from 80 to
mechanism. Integration over the entire mass is done with the 150 for the MVK model chosen, which is discussed later.

Runga—Kautta fourth-order technique.

The response data, the output mole fraction gHg;
C3Hg, CO, and CQ, are assumed to be well described by
a nonlinear model given by

Yy =gn(0,x) + Zy,

where

h=12...,v, (3)

Yy vector of random variables representing the re-
sponse variable;

gn(0, x) predicted or model-output concentration;

The variable boundaries are fixed for each parameter, and
boundaries are fixed according to previous knowledge of the
parameters. Selection of parents from the pool of solutions
is done by tournament selection. The size of tournament in
the present study was 2. Crossover probability exchanges in-
formation among parent solutions, whereas the polynomial

mutation operator is used to introduce extra diversity to the

solutions. The values of crossover and mutation probability

were 0.9 and 0.1, respectively. In the present study the pa-
rameters are real; thus simulated binary crossover (SBX) is
considered. The exponents of SBX and mutation were 2 and
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Table 2 Freox = k4P02ﬂ, (13)
GA parameters used in the present study

wherek; is the rate constant for thgh reaction, in ml

GA parameters Values for MVK models STP mirt 1 1. . .
Generations 5000-50000 M~ Geat atm-; P; is Fhe partial pressure of Fhe
Population size 80-150 componentj, in atm; andg is the degree of reduction
Crossover probability 0.9 of the catalyst, which is dimensionless.
Mutation probability 0.1
Tournament size . 2 Assuming that the rate of oxygen consumed in the reac-
Eiggzgm Ig: 2?:::3;? binary crossover ) 020 tionsry, 2, andrs is equal to the rate of oxygen replacement
Seed value 0.123-0.2 by the reactiomeox, S can be expressed as

B =
200, respectively. The termination criterion used in this GA 0.5k PcyHg + 3.0k PogHg + 4.5k3 Poghg

code was the total number of generations. The number of 0.5k1 PcaHg + 3.0k2 PogHg + 4.5k3 PcyHg + kaPo,” (14)
generations was varied from 5000 to a maximum of 50000
to obtain stable solutions. All of the parameters used in the
GA code are listed ifable 2

The justifications for using these four reactions are given
elsewherg6,14].

2.3.10. Reparameterization
Kinetic parameter estimates obtained by fitting of mod-
_els to data are often highly correlated with each other. Under
such circumstances the parameters are of little use for pre-
dicting the nature of the systef6]. In chemical kinetics
high correlations are frequently encountered between esti-

According to the MVK mechanism chosen for this study, i f the Kineti ters in the Arrheni ;
the propane molecules react with lattice oxygen of the cat- mates ot the Kinelic parameters in the Arrhenius expression
for a rate constant, making the elucidation of a reaction net-

alyst to produce propene molecules and carbon oxides. The

gas-phase oxygen replenishes the lattice oxygen by reoxida-Work very difficult[22]. To decrease the correlation between

tion of the catalyst. Thus, there are four reactions considered:para_meter,s' reparameterizatipn is required. Reparameteriza-
r1, 2, r3, andrreox. These four reactions are given below. tion is achieved by reformulating the rate constants as

2.3.9. Reaction model

The choice of the reaction model is important for kinetic
analysis. For the purpose of understanding the structure
reactivity relationship for unmodified and phosphorous-
modified VTi catalysts, a MVK mechanism is considered.

E (1 1
1. Formation of propene{): ki =kioexp =\ 7 -7 | (15)
. . . m
Gas-phase propane reacts with lattice oxygen, forming

gas-phase propene: where

CsHg(9) + O(s) — C3He(9) + H20 + *red, (6) kio the pre-exponential factor (ml STP mihgg}
1.

wherexeq is a reduced site. atm);

2. Formation of CO from propenes): ? the activation energy for the reactioifkJ/mol);

Gas-phase propene reacts with lattice oxygen to form the actual reaction temperature (K);
gas-phase CO: R the universal gas constant (kJ kmbK —1); and

Tm is the mean temperature (K).
C3He(g) + 60(s)— 3CO(Q)+ 3H20 + 6xred.  (7)
3. Formation of C@ from propenes): This type of centering reduces the correlation between the
Gas-phase propene reacts with lattice oxygen to form activation energy and the pre-exponential fa¢i 23}

CO, gas: .
2.3.11. Sandard error calculation
CsHe(9) + 90(s)— 3CO(9) + 3H20 + 9xred.  (8) Standard error calculation provides a measure of accuracy
4. Reoxidation frecy): associated with the estimation of kinetic parameters. For

Finally, the catalyst is reoxidized by gas-phase oxygen: standard error calculation, a Bayesian criterion was followed
in which it was assumed that the each rowsfollows a

02 + 2xred — 20(S). (9 multivariate normal distributiof24]. Accordingly, the stan-
The reaction rates for the above four reactiq63--(9), dard error s@p) for the kinetic parametersp, is then given
are expressed as by

A 2 e 0.5
r1 = k1Poghg(1— B), (10)  sefp) = {(°r 7)1 (16)
r2 =k2PcsHg (1 — B), (11) where 225"~1 is the covariance matrid. The value ofs2

r3 =kaPcyHs (1 — B), (12) is obtained by dividing the determinant value at optimized
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conditions by the degrees of freedash— P, whereN is
the number of experiments arelis the number of kinetic
parameters. Furthermorég; is an approximate Hessian of
|ZT 7| calculated at the optimized kinetic parameter values.

3. Resultsand discussion

Initially, the characterization results are presented, which
are followed by the results of the propane ODH reaction.

3.1. Characterization studies i
1V2PT]j

3.1.1. Surface area studies

The surface areas of pure titania (B)03% V>0s/TiO>,
and phosphorous-modified,®@s/TiO, were obtained and 2V1PTi
tabulated in the eighth column d&ble 1 The surface area
values for all of the samples are relatively constant, varying

Raman Intensity (a.u.)
1

1VIPTi

between 41 and 43 #y L. Consequently, it appears that the 3VTi

support is not significantly affected during preparation of the T T T

catalysts. Other researchers have also observed similar vari- 1100 1000 900 800 700

ations in surface ardd2,25-27] Two P,Os/TiO, samples, Raman Shift (cm™)

1 and 4.6%, had surface area values of 47 and 4dh

respectivel3{28]. Fig. 1. Raman spectra obtained under dehydrated conditions of VTi and

phosphorous-modified VTi samples.

3.1.2. Raman studies B .. 3.1.3. Temperature-programmed reduction studies

The Raman spectra of the unmodified and modified  1pR profiles for the modified and unmodified®s/TiO,
V205/TiO, samples obtained under dehydrated conditions samples were obtained. The TPR profiles of thesT$0p-
are shown_lrFl_g. l The~635cnT?! T|O_2 Raman peak used port did not show any features in the temperature range con-
for normalization is not shown for clarity. The broad Raman sidered[28]. A single Tmax Was observed for all vanadium
feature at 790 cm' is due to the TiQ support. The Un-  qyide containing samples, except for 1V2PTi, for which two
modified 3VTi sample reveals a broad banc-&00 cm* reduction peaks are observed. The presence of a different
and a sharper band at 1020 thiThese Raman bands are  TpR profile for the 1V2PTi sample is consistent with the Ra-
due to the surface vanadia species present on the titanignan studies that reveal the presencee¥OPO, species in
support. With an increase in phosphorous content, the in-the sample. Th@max temperatures for the four samples are
tensities of the two Raman bands due to the surface vanadigjsted in the ninth column offable 1 From the data pre-
species decrease and broaden, except for the sample with thgented in the ninth column d&ble 1it is observed that the
highest phosphorous content, 1V2PTi. For the 1V2PTi sam- 7, ... temperature of the first reduction peak increased from
ple two relatively sharp Raman bands are observed at 925718 to 751 K for 2V1PTi and 1V1PTi. The 1V2PTi sam-
and 1037 cm*, suggesting that a different vanadia species ple exhibits two reduction peaks at higher temperatures (778
is formed. These two bands are not sensitive to hydration- and 862 K). A weak, broad reduction peak is observed for
dehydration conditions. Similar Raman bands are observedvanadium-free 1.2% #®s/TiO, at 820 K, suggesting that
at 923 and 1035 cnt for a 3% ROs/1% V,0s/TiO, sam- the Tmax temperatures listed fable lare due to vanadia or
ple [8] and for a post-reaction sample of vanadia supported vanadia—phosphorous interactid@s].
on a-titanium phosphatgl 1]. These Raman bands 825 For quantitative analysis, the first reduction peak areas
and ~1035 cnt? closely correspond to the bands @f- were integrated to determine the amount of hydrogen con-
VOPQy [29]. Interestingly, the 3% #0s5/1% Vo0s/TiO, sumed. The hydrogen consumed per vanadium atom present
sample was prepared by sequential preparation, whereas thén the sample was determined and thétatomic ratio was
present 1V2PTi samples was prepared by co-precipitation.calculated. The |4V values are listed in the tenth column of
Furthermore, XRD spectra for the different phosphorous- Table 1 It can be observed that the/M atomic ratio is 2.0
modified and unmodified 3% MDs/TiO, samples do not  for 3VTi, indicating the reduction of ¥ to V3+. The H/V
reveal any features other than those of the;18@ppor{28]. value decreased nonlinearly with an increase in phosphorous
Thus, the 1V2PTi sample possesses hanosizedOPOy content for the modified catalysts. Similar TPR results show-
that is not detected by XRD. ing the affect of phosphorous modification have also been
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observed beforf25,30] The decrease in the/N ratio that
occurs with an increase in phosphorous content is consis-
tent with the decrease in the Raman bands due to the surface
vanadia species.

The higherTmax values that occur with increasing phos-
phorous content suggest that the vanadia sites are less re-
ducible. Furthermore, the &V ratio ranging from 1.3 to 24
1.6 for the phosphorous-modified VTi samples suggests the
presence of both % and W+ in the fresh samples. In addi-
tion, the decrease in the/N ratio suggests that decreasing
amounts of * species are present. Indeed, the EPR spectra -
reveal an increase inf specieg28]. Taking into account
the Raman, TPR, and EPR studies, it appears that part of the
V>t is converted to ¥+ oxide species. The broadening of = 14
the V=0 mode intensity in 2V1PTi and 1V1PTi would be
indicative of an interaction between surface V and P oxide
species. The V-P interaction would account for stabilization
of some V* sites (similar to some VPO phasd8p] and
for the lower reducibility. The 1V2PTi sample behaves dif-
ferently, since V—-P interaction leadsdp-VOPO,. There is
an additional difference in the 1V2PTi catalyst. The-F/

ield (%)

3]
=
=
1<
S

coverage, expressed as{PV) atoms nnt? of the titania 610 624 638 652 666 680
support, was 7, 9, and 13 for 2V1PTi, 1V1PTi, and 2V1PTi, Temperature (K)
respectively. Thus, the total PV coverage was above a Fig. 2. Product yield versus temperature for 1V1PTi sample showing

monolayer in 1V2PTi, with 13 (R V) atomsnnt? (dis- the reproducibility of propane ODH. Total flow rate 75 mimin1;
persion limit is near 9 atoms nMA). Other supported binary ~ CsHg:02 = 1:1; weight of the catalyst 0.10 g.

systems show that no bulk tridimensional structure forms

if the total coverage is below the dispersion limit, such as

Sb+ V supported on aluming31] on zirconia[32], or for 3.2.2. Data for contact time studies

alumina-supported Me&- V [33]. This also appears to be To analyze the effect of contact time, the propane ODH
the case for P~V on titania. Below the PV dispersion reaction was performed over the four ODH active catalyst
limit no bulk VPO phase forms; however, there is evidence samples at different contact times. TheHg/O, ratio was

for surface vanadium and surface phosphorous oxide inter-maintained at 2:1 and the temperature at 643 K. It was

actions. observed that the conversion increased with an increase in
contact time. Furthermore, at the same contact time the con-
3.2. Reactivity studies version decreased with an increase in phosphorous contentin

the catalyst. For example, at a contact time of 67 (kg g)
the conversion for 3VTi was the highest, 2.3%, followed by

The propane ODH reaction was carried out over the 3VTi /1 pT; (1.7%), 1V1PTi (1.1%), and finally 1V2PTi (0.5%).
and phosphorous-modified VTi catalysts to obtain data for 1, s in terms of activity, 3VTi> 2V1PTi> 1VIPTi >
reproducibility studies, contact time effects, and kinetic pa- 1V2P,Ti. ’

rameter estimation. The propene selectivity variation with respect to the

propane conversion for the different catalysts reveals that

3.2.1. Data for reproducibility studies the conversion and propene selectivity are inversely related.

Two catalysts, 3VTi and 1V1PTi, were chosen to deter- Furthermore, the selectivity at iso-conversion increases as
mine the reproducibility of the reaction data. Results ob- the phosphorous content in the catalyst increases. For exam-
tained for 1V1PTi are shown ifig. 2 In this figure the ple, at 2.3% propane conversion the propene selectivities are
CsHg, CO, and CQ yields were plotted as the tempera- 72% for 3VTi, 81% for 2V1PTi, 82% for 1V1PTi, and 86%
ture was initially increased and then decreased. Arrows showfor 1V2PTi. Consequently, the propene vyield or selectiv-
the temperature trends. Frolfig. 2 it is observed that the ity at iso-conversion follows the trend 1V2PFi1V1PTi>
yields are essentially independent of the temperature his-2V1PTi> 3VTi. This trend in selectivity parallels the struc-
tory. Similar reproducibility data are achieved for the 3VTi tural changes observed by Raman spectroscopy and TPR
sample[28]. Consequently, the reaction data appear to be studies. The incipient V-P interaction in 2V1PTi results in
reproducible in the operating conditions considered in the a better conversion—selectivity profile compared with the
present study. 3VTi, 2V1PTi, and 1V2PTi samples. Ciambelli et §.2]
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observed similar results during a contact time study for the :
ODH of ethane. o3vH
M2VI1PTi *
A1VIPTi *
3.2.3. Data for kinetic parameter estimation 0.8 1 O1V2PTi .
For each catalyst propane ODH reaction data were col-
lected as a function of temperature (613, 633, 653, and 2
673 K) and GHg/O> ratio (1:1, 2:1, and 3:1). Thus, reaction S
data were obtained under the 12 experimental conditions for ~ So.
each catalyst. Based on the data, the following ranges of § ¢,
product yields were observed: 5 *® A
. 3 4
CsHg yield (%): 0.4-2.3, $0.4 4
CO yield (%): 0.01-0.41, g
COy yield (%): 0.01-0.22. &
.
The salient features observed are: 024
1. The carbon balance€if/Cout) are greater than 0.95.
2. The GHg, CO, and CQ yields decrease with an in-
crease in @Hg/O, molar ratio, suggesting that oxi- 0 . , ; ,
dized conditions are beneficial for increasing the yields. 0 02 04 0.6 0.8 1
Similar conclusions were obtained by Gao et al. for Actual Concentrations
V20s/ZrO; catalystg34]. Fig. 3. Normalized predicted concentration versus normalized actual con-
3. Comparison of the different yields at a particulaHg/ centration for MVK model for VTi and phosphorous-modified VTi samples.
O, molar ratio with increasing temperature reveals that
all of the yields increase, suggesting that temperature is Table 3
also beneficial for increasing the yields. Kinetic parameters for the four catalysts following MVK mo@jel
A comparison of the different catalysts is not straightfor- :;?;_U”'ts Km?t'c'paramet_er values ffmhe Catal_ySt
. . . 3VTi  2VIPTi  1VIPTi  1V2PTi
ward, since different catalyst amounts have been consideredeter SE) (SE) (SE) (SE)
A more general comparison is possible once the kinetic pa- T
rameters are estimated. For example, once the kinetic paraXi0 ™ STP M~ gcatatm (3; 28) ?g %0) 1(3' 22) AEo 18)
meters are estimated, comparison at equal contact time and, - stp mirt g%t 357 204 92 18
iso-conversion is feasible. 3) (21) ) (1)
kzp mISTPminlglatm 1 328 196 84 17
I N 3 2 1 1
3:24. Kinetic pargmeter estimation . . kao mISTPminlg tatm 1 §37)4 (15)0 (5; (223
Based on the input and output mole fractions, the kinetic 61) (5 @) )
parameters for the MVK model are determined by minimiza- £; kJmor? 81 79 70 69
tion of the objective function given by E@). 1) 1) 1) 2
E> kdmol?l 51 51 44 30
_ _ (€] @ @ €
3.2.5. Predicted concentration Ez kJmol1 45 52 44 33
The predicted concentration values afHg, CsHg, COp, (1) (1) (1) 3)
and CO under the 12 experimental conditions were cal- £4 kJmol 154 123 137 83

culated with the use of the kinetic parameters obtained ® ® ® ©

for the four catalysts. Since the concentration of unreacted ° 7m=64316 K, S.E=standard error.

CsHg was large in comparison with4Eg, CO, and CG,

the predicted and actual concentrations were first normal- 3.2.6. MVK model

ized based on the highest concentration values. The nor- The MVK model discussed above is based on a reaction
malized predicted versus actual concentrations are plottedscheme where propene is the primary product and CO and
in Fig. 3 for the MVK model.Fig. 3reveals that there isa CO, are considered to be secondary products. It has eight ki-
close correspondence between the predicted and actual conaetic parameters: four pre-exponential factays, and four
centrations of all observable carbon-containing compounds. activation energiedy;. The eight kinetic parameters for each
Consequently, the kinetic parameters properly represent thecatalyst were calculated at the mean reaction temperature,
steady-state reaction data. Tm, of 643 K; these are listed ifable 3 This table contains
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. . ) . _— 1.2
six columns: in the first column lists the kinetic parameters,

the second column lists the units of these kinetic parameters, —e—K10
and the third to sixth columns list the values of these para- K20
meters along with the standard error values in parentheses
for the four catalysts.

Examination of the standard error relative to the kinetic
parameter values iffable 3 suggests that the parameters
are determined with a significant degree of accuracy. All
pre-exponential factors;;o, decrease with an increase in
phosphorous content in the sample. However, the activation
energiesE;, are relatively constant for the 3VTi, 2V1PTi,
and 1V1PTi catalysts. For the 1V2PTi catalyst, the sample
with the highest P content, the activation energies are signif-
icantly lower than those of the other catalysts. Furthermore,
for each catalyst théyg and k3g values are similar, and,
along with the similarities of the activation energi&s,and
Es, it appears that the sites responsible for carbon oxide for-
mation are similar.

Analysis of the kinetic parameters obtained for the four 2 - 2VIPTi
catalysts suggests that with an increase in phosphorous con- o4 3-1vipTi
tent, the pre-exponential factors;o, gradually decrease, | 4-1v2pPTi
suggesting that the sites involved with these reactions are
progressively poisoned. The decrease in sites is consistent
with the Raman and TPR studies, in which the surface re-
ducible vanadia species were found to decrease with an in-

1 —&— k30

(=]
(o]
1

o
(o)}
1

(ij) normalised

0.4

1 -3VTi

. . 1 2 3 4

crease in phosphorous content in the sample. However, the Catalyst

surface vanadia may not be the only sites responsible for

reactions1 torsz given by Eqs(lO)_(lz) To observe the rel- Fig. 4. Normalized pre-exponential factor for different catalysts using MVK

ative decrease in thggkvalues, the pre-exponential factors Model-

for each catalyst normalized with the pre-exponential factor

for 3VTi, (kio)normalized are plotted inFig. 4. Fig. 4 reveals version values, however, the degree of reduction follows the
that thek;o values decrease with an increase in phosphoroustrend 3VTi> 2V1PTi> 1V1PTi > 1V2PTi. Thus, at low
content at different rates: theg and k3p values decrease  conversions the ratio of oxidized and reduced sites to the
more rapidly in comparison with the decreaséip values, total number of sites is the same for the unmodified and
and theksg value decreases the most rapidly among all of the phosphorous-modified VTi catalysts, but at high conversions
pre-exponential factors. Thus, the relative poisoning of the the fraction of reduced sites is the most for the 3VTi and low-

sites responsible for thg to r3 andryeox reactions varies. est for the 1V2PTi catalyst.
The pre-exponential factor is usually associated with the ~ The kinetic parameters can also be used for catalyst de-
number of active sites or the activity per s[&5]. Conse- sign and development, since the rate constigntiepend on

guently, with an increase in phosphorous content there is athe values ofk;o and E; and the temperature of the reac-
decrease in the number of active sites, the activity per site,tion. The rate constart, is related to the desirable propane
or both. Comparison of the three activation energy values ODH reaction, and the rate constakisand ks are related
for the 3VTi, 2V1PTi, and 1V1PTi catalysts given by the to the undesirable propene degradation reaction. For a con-
mechanistic MVK model suggests that the catalytic cycles secutive reaction mechanism, as in the MVK model chosen
involved in reactions to r3 andrreox are similar for these  here, the propene yield depends on the contact time and the
three catalysts. The 1V2PTi sample shows diffelenval- (k2 + k3)/ k1 value[6,7]. At a particular temperature, as the
ues, suggesting that a different species is involved. This is contact time increases the propene yield initially increases
consistent with the Raman and TPR studies, since a newand then decreases. The yield at a specific contact time is
species is formed that possesses a distinctly different reduc-a function of the(ky + k3)/k1 ratio. For a particular cat-
tion profile. alyst the (ko + k3)/ k1 ratio can be changed by a change
Variation of the degree of reductiof, given by the MVK in the temperature. For example, in the present study the
model is also calculated by E{L4) for the unmodified and (k2 + k3)/k1 ratio decreases with an increase in tempera-
phosphorous-modified VTi catalysts. It is observed that the ture. Consequently, the contact time where the propene yield
degree of reduction increases with an increase in propaneis optimum is also a function of temperature. This is clearly
conversior[28]. At iso-conversion values{5%) the degree  shown inFig. 5 where the predicted propene yield for the
of reduction is the same for all of the catalysts. At high con- 3VTi catalyst is plotted versus the contact time for different
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(k2 + k3)/ k1 values corresponding to different temperatures. conversion level§28]. Fig. 6 also reveals that the predicted

It is observed that oxygen is depleted before the propenepropene yield monotonically increases and before or near the
yield reaches a maximum for the net reducing environment point where the optima oxygen is depleted. Furthermore, the
considered. Consequently, the optimum contact time cannotpropene yields given by the MVK model Fig. 6 are simi-

be determined. Comparing the propene yield at a particu- lar for the 2V1PTi and 1V1PTi catalysts, which is consistent
lar contact time suggests that the propene yield increases asvith the contact time resul{g8].

the (k2 + k3)/ k1 decreases or the reaction temperature in-  In Fig. 7the propene selectivity is plotted versus propane
creases. The dominating factor affecting the change in theconversion.Fig. 7 reveals that the propene selectivity and
(k2 + k3)/ k1 ratio is the difference in the activation energies propane conversion are inversely related, and at iso-conver-
between the propene formation and propene degradation resion the maximum propene selectivity is observed for the
actions. Similar plots are observed for the other catalysts. 1V2PTi catalyst, whereas the least propene selectivity is ob-
Thus, the reaction can be conducted at the proper contact
time for achieving maximum propene yield at a particular 10
temperature. Furthermore, the maximum propene yield can
also be improved by the use of higher temperatures.

The above analysis suggests that a prapg#k3)/ k1 ra- 8+
tio is critical in improving the propene yield. The change in
the ratio arises from the relative change in the rate constants~,
associated with the propene degradation and propene fors 6
mation reaction. A change ifk2 + k3)/ k1 can be achieved
by a change in the temperature, as shown above, or by
change in the catalyst composition. Fig. 6, the predicted
propene vyield is plotted versus propane conversion for the &
four catalysts. The temperature was fixed at 643 K and the
C3Hg/O7 ratio was 2:1.Fig. 6 reveals that at a particular
propane conversion, the propene vyield also increases with
a decrease irtko + k3)/ k1. The decrease ks + k3)/k1
is achieved here by an increase in the phosphorous content.
Consequently, by the choice of the appropriate catalyst, the
propene yield can also be increased. The dominant factor for
a changing catalyst at a specific temperature is the change
in the pre-exponential factor ratiogk2o + k30)/ k10. The Fig. 6. Predicted propene yield versus propane conversion for VTi and phos-
analysis above also confirms the contact time results, wherephorous-modified VTi samples. Temperatures43 K; GaHg:0p = 2:1;
the selectivity increases with phosphorous addition at iso- weight of the catalysts- 1.00 g.

1V2PTi, (ky+ks)/ k=9

1VIPT, (ky+ks)/k= 13

1d

2VIPTi, (ky+ks)/k; = 14

P open(%{' ie

49 3VTi, (ky+ks)/ k= 20

0 5 10 15 20

Propane conversion (%)

6 100
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90 1
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404
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Fig. 7. Predicted propene selectivity versus propane conversion for VTi
Fig. 5. Predicted propene yield versus contact time for 3VTi catalyst. and phosphorous-modified VTi samples. Temperat@43 K; GHg:

Weight of the catalyst 0.03 g; GHg:05 = 2:1. 0O, = 2:1; weight of the catalysts 1.00 g.
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served for the 3VTi catalyst. Furthermore, the propene se-opment (MHRD), India. M.A.B. is grateful for the financial
lectivities for the MVK model are similar for the 2V1PTi assistance provided by the Spanish Ministry of Science and
and 1V1PTi catalysts, which is consistent with the charac- Technology (MAT-2002-0400-C02-01).

terization and reaction studieisig. 7 also reveals that it is

possible to fine-tune the inverse conversion-selectivity rela-

tionship with the help of phosphorous. References
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