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Kinetic analysis and isotopic tracer studies were used to identify
elementary steps and their reversibility in the oxidative dehydro-
genation of propane on VOx /ZrO2 catalysts with VOx surface densi-
ties between 1.6 and 6 VOx /nm2. Competitive reactions of C3H6 and
CH3

13CH2CH3 showed that CO forms via secondary combustion of
propene intermediates. CO2 formed via this reaction and also via the
direct combustion of propane. Reactions of 18O2/C3H8 mixtures on
supported V2

16O5 led to the preferential initial appearance of lattice
16O atoms in all oxygen-containing products, as expected if lattice
oxygens were required for the activation of C–H bonds. Isotopically
mixed O2 species were not detected during reactions of C3H8–18O2–
16O2 reactant mixtures. Therefore, dissociative O2 chemisorption
steps are irreversible. Similarly, C3H8–C3D8–O2 reactants undergo
oxidative dehydrogenation without forming C3H8−xDx mixed iso-
topomers, suggesting that C–H bond activation steps are also ir-
reversible. Normal kinetic isotopic effects (kC–H/kC–D= 2.5) were
measured for primary oxidative dehydrogenation reactions. Kinetic
isotope effects were slightly lower for propane and propene com-
bustion steps (1.7 and 2.2, respectively). These data are consistent
with kinetically relevant steps involving the dissociation of C–H
bonds in propane and propene. C3H6–D2O and C3D6–H2O cross
exchange reactions occur readily during reaction; therefore, OH re-
combination steps are reversible and nearly equilibrated. These iso-
topic tracer results are consistent with a Mars–van Krevelen redox
mechanism involving two lattice oxygens in irreversible C–H bond
activation steps. The resulting alkyl species desorb as propene and
the remaining O–H group recombines with neighboring OH groups
to form water and reduced V centers. These reduced V centers re-
oxidize by irreversible dissociative chemisorption of O2. The appli-
cation of pseudo-steady-state and reversibility assumptions leads
to a complex kinetic rate expression that describes accurately the
observed water inhibition effects and the kinetic orders in propane
and oxygen when surface oxygen and OH groups are assumed to be
the most abundant surface intermediates. c© 1999 Academic Press
1. INTRODUCTION

Catalytic dehydrogenation is currently used to convert
alkanes to alkenes, but it is an endothermic process that
1 To whom correspondence should be addressed. E-mail: iglesia@
cchem.berkeley.edu; bell@cchem.berkeley.edu.
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requires high temperatures. Pyrolysis and cracking side re-
actions lead to high methane and carbon yields. Oxida-
tive dehydrogenation (ODH) provides a potential alternate
route to alkenes; it is an exothermic reaction and the pres-
ence of O2 inhibits carbon deposition. These advantages
have led to many studies of the reaction pathways and of
the structure of the most selective catalysts for oxidative
dehydrogenation of propane (1–7), with the ultimate ob-
jective of minimizing combustion side reactions that limit
propene yield to less than 30%.

Kinetic rate expressions for oxidative dehydrogenation
and combustion pathways can provide mechanistic sugges-
tions for these reactions, but they are insufficient to estab-
lish the identity and reversibility of individual surface ele-
mentary steps. Transient and steady-state isotopic studies
can discriminate among various mechanistic proposals that
may be consistent with measured kinetic rate expressions.
Such studies can also confirm the assumptions required in
order to obtain a given rate expression from a sequence of
elementary steps. Many studies of the synthesis, characteri-
zation, and reactivity of ODH catalysts have addressed only
indirectly the details of the primary and secondary reactions
occurring during ODH of light alkanes (8–14). By analogy
with other oxidation reactions, the reaction has been pro-
posed to proceed via a Mars–van Krevelen redox sequence
(8, 11–13), in which alkanes react with lattice oxygen and
the resulting vacancies react with dissociatively adsorbed
O2. These mechanistic proposals have been largely based
on agreement between proposed sequences of elementary
steps and experimental power-law kinetic rate expressions,
with limited independent evidence for specific elementary
steps (12).

Catalysts based on supported vanadia are among the
most active and selective oxidative dehydrogenation cata-
lysts (7). Polyvanadate structures supported on ZrO2 pro-
vide an optimum compromise between the reducibility and
the accessibility of VOx domains and lead to more active
catalysts than VOx dispersed on other supports (4). Cata-
lytic studies show that highly dispersed polyvanadates ex-
hibit ODH turnover rates similar to those of bulk V2O5

(4, 5). On VOx/ZrO2, the highest specific activity (per total
5
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V atom) was reached for surface densities of 3–4 VOx/nm2,
and the initial (zero-conversion) propene selectivities were
about 80–85% (605 K, 14 kPa C3H8, 1.7 kPa O2) (5). A ki-
netic analysis of primary and secondary reaction pathways
showed that the relative rates of propane dehydrogenation
and propene combustion do not depend on the structure
or surface density of VOx species on any of the supports
studied (4, 5).

The objective of this study is to determine the identity
and reversibility of elementary steps involved in the ODH
reactions of propane, to establish the identity of kinetically
relevant intermediates, and to infer the nature of the active
surface species required to catalyze the rate-determining
elementary steps. Isotopic tracer methods were combined
with measurements of the concentration dependence of in-
dividual reaction rates. Most of the data were obtained on
VOx/ZrO2 catalysts having VOx densities between 1.6 and
6.0 VOx/nm2. The kinetics of propane ODH were also de-
termined for bulk V2O5 in order to provide a comparison
with VOx/ZrO2 catalysts.

2. EXPERIMENTAL

VOx/ZrO2 catalysts (4, 10, and 15 wt% V2O5) were pre-
pared by incipient wetness impregnation of precipitated
zirconium oxyhydroxide powders with solutions of ammo-
nium metavanadate (99%, Aldrich, Inc.) (5). Impregnated
samples were dried overnight in ambient air at 393 K and
then treated in dry air at 773 K for 4 h.

Reaction rate measurements were carried out in a
packed-bed quartz microreactor with plug-flow hydrody-
namics (5). C3H8 and O2 conversions were varied by chang-
ing reactant flow rates between 50 and 200 cm3/min. Typical
propane conversions were less than 1% and oxygen conver-
sions were below 20%. Reaction rates were extrapolated to
zero residence time in order to obtain initial reaction rates.
Water was added to the C3H8–O2 feed by flowing a 20%
H2/Ar mixture through a CuO bed (0.5 m long, 150 g CuO)
held at 623 K. Water was formed by the reduction of CuO
to Cu metal. All transfer lines located downstream of the
point of water introduction were kept above 393 K in order
to prevent condensation.

18O2 isotopic tracer studies were performed in a packed-
bed single-pass flow microreactor with plug-flow hydrody-
namics. Samples were placed in the quartz reactor, tre-
ated in 5% 16O2/95% He at 773 K for 1 h, and cooled to
room temperature. The 5% 16O2/95% He mixture was then
switched to 16O2/18O2/He/Ar/C3H8 (0.9% 16O2, 0.9% 18O2,
15.4% C3H8, 1% Ar, He balance) or 18O2/He/Ar/C3H8

(1.8% 18O2, 15.4% C3H8, 1% Ar, He balance) at a flow rate
of 1.67 cm3 s−1. After 1 h, the temperature was increased

from ambient to 873 K at 0.33 K s−1. The chemical and iso-
topic compositions of the reactor effluent were measured
by online mass spectrometry (Leybold Inficon, Transpector
T AL.

RCA 200) at 6 s intervals. Ar was used as an internal stan-
dard in order to determine the absolute concentrations of
reactants and products.

Deuterium and 13C isotopic tracer studies were carried
out in a gradientless batch reactor containing a shallow
packed-bed within a gas recirculation loop (15). Reac-
tants and products were recirculated at 3.3 cm3 s−1 using
a graphite gear micropump in order to maintain differen-
tial reactor conditions (<1% propane conversion per pass).
The reactor was evacuated by mechanical and diffusion
pumps isolated from the system by liquid nitrogen traps.
The chemical and isotopic compositions of reactants and
products were measured by a GC-MS (Hewlett–Packard
5972). The deuterium and carbon-13 contents in the prod-
ucts were determined from mass spectrometric data using
matrix techniques that correct for ion fragmentation and
natural 13C abundance (16).

Undeuterated propane (Matheson, instrument purity,
>99.5%), perdeuterated propane (Isotec, chemical pu-
rity >99.0%, isotopic purity >99.0%), [2-13C]propane
(Cambridge Isotopes, chemical purity>98.0%, isotopic pu-
rity >99.0%), oxygen (research grade, >99.999%), and
propene (Matheson, C.P., >99.0%) were used as reactants
without further purification. Perdeuterated water (D2O;
Isotec, chemical purity >99.0%, isotopic purity >99.0%)
and distilled water (H2O) were purified by several freeze–
thaw evacuation cycles before use. Helium (Research
grade,>99.999%) was used as an inert diluent in all studies.

3. RESULTS AND DISCUSSION

3.1. Reaction Network

The oxidation of propane on VOx/ZrO2 occurs via paral-
lel and sequential steps, as shown in Scheme 1 (1). Propene
forms as a primary product of oxidative dehydrogenation
and carbon oxides (COx) form via subsequent full oxida-
tion of propene or by direct combustion of propane. The
relative reactivity of propane and propene in this reaction
scheme was determined by measuring the isotopic com-
position of products formed from unlabeled propene and
[2-13C]propane reactant mixtures (17–20). The isotopic con-
tent in reactants and products is shown in Fig. 1 for reac-
tions on 15 wt% VOx/ZrO2. The 13C fraction in propane
SCHEME 1. Reaction network in oxidative dehydrogenation of pro-
pane.
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FIG. 1. 13C content in reaction products of propene/[2-13C]propane/
O2 mixtures on 15 wt% VOx/ZrO2 [593 K, 2.3 kPa [2-13C]C3H8 0.5 kPa
C3H6, 1.7 kPa O2, balance He, gradientless batch reactor].

remained at its initial value (0.32). Thus, the isotopic content
in propane is not diluted by propene hydrogenation, show-
ing that the overall propane ODH reaction is irreversible
at the conditions of our study. The 13C fraction in propene
increases with contact time, because [2-13C]propene is in-
creasingly formed via dehydrogenation of [2-13C]propane.
The 13C fraction in CO and CO2 also increases with contact
time, but the 13C content in CO is similar to that in propene
at all contact times. The 13C fraction in CO2 is slightly higher
than in CO or propene. This suggests that CO forms only
via secondary oxidation of propene, but that CO2 forms
via both the secondary oxidation of propene and the direct
combustion of propane. These results are consistent with
the observed effects of reactor residence time on propene
and COx selectivities (4, 5, 9–12).

3.2. Kinetic Dependence on C3H8, O2, and H2O

The effects of varying the concentrations of C3H8, O2, and
H2O on the initial rate of propene formation were deter-
mined and similar kinetic rate expressions were obtained on
bulk V2O5 and on VOx/ZrO2 with different VOx loadings.
Here, we show detailed data on 10 wt% VOx/ZrO2. Figure 2
shows propene formation rates as a function of propane par-
tial pressure at a given value of O2 partial pressure without
added H2O. Propene formation rates increase linearly with
increasing propane partial pressure, in agreement with pre-
vious reports (10, 12, 21). The presence of H2O (4.2 kPa)
decreases ODH reaction rates and the apparent reaction

order in propane (Fig. 2). Figure 3 shows that ODH rates
are independent of O2 partial pressure when H2O is not
present in the C3H8/O2 feed, as reported previously (10–
S OF OXIDATIVE DEHYDROGENATION 327

FIG. 2. Effect of C3H8 pressure on C3H6 formation rate at different
H2O concentrations on 10 wt% VOx/ZrO2 [605 K, 1.7 kPa O2, balance
He].

13). The presence of H2O (4.2 kPa) leads to a small positive
effect of O2 partial pressure on the rate of propane ODH
reactions. The effect of H2O partial pressure on propane
ODH rates is shown in Fig. 4 at constant C3H8 and O2
FIG. 3. Effect of O2 pressure on C3H6 formation rate at different H2O
concentrations on 10 wt% VOx/ZrO2 [605 K, 6.7 kPa C3H8, balance He].
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FIG. 4. Effect of H2O pressure on C3H6 formation rate on 10 wt%
VOx/ZrO2 [605 K, 6.7 kPa C3H8, 1.7 kPa O2, balance He].

partial pressures. Water inhibits the rate of propane ODH,
in a manner similar to that reported for ethane ODH reac-
tions on V2O5-based catalysts (21).

3.3. Analysis of Elementary Steps

Several mechanistic sequences have been proposed for
the ODH of propane (7, 8, 10–13). On V2O5 supported
on amorphous AlPO4, Andersson (8) proposed an Eley–
Rideal mechanism in which gas phase propane reacts di-
rectly with O at the surface of the catalyst. Creaser et al. (11)
suggested that propane reacts with lattice oxygen on the sur-
face of V–Mg–O catalyst to form adsorbed propyl species,
which then lose an additional H atom to form adsorbed
propene. These authors concluded that the oxygen surface
concentration is not in equilibrium with gas-phase O2, but
it is determined by the relative rates of oxygen chemisorp-
tion and of reaction with propane. Oyama (22) examined
the relationship between adsorbate bonding and selectiv-
ity in partial oxidation on V2O5/SiO2 and proposed that the
ODH of ethane to form ethene proceeds via adsorbed ethyl
intermediates bonded to one lattice oxygen on VOx/SiO2.

The observed dependence of propane ODH reaction
rates on the concentration of reactants and products is
consistent with a Mars–van Krevelen redox mechanism, in

which irreversible C–H bond activation steps occur on VOx

surfaces exposing predominantly lattice oxygens and ter-
minal hydroxyl groups. The following steps are required in
T AL.

order to complete a propane ODH turnover:

1. Weak adsorption of propane by interaction with lat-
tice oxygen (O∗).

C3H8 +O∗→←C3H8O∗ [1]

2. C–H bond activation by abstraction of a H atom from
adsorbed propane using a neighboring oxygen atom.

C3H8O∗ +O∗ → C3H7O∗ +OH∗ [2]

3. Desorption of propene by hydride elimination.

C3H7O∗ → C3H6 +OH∗ [3]

4. Recombination of OH groups to form water and a
reduced V center (*).

OH∗ +OH∗→←H2O+O∗ + ∗ [4]

5. Reoxidation of V centers via dissociative chemisorp-
tion of O2.

O2 + ∗ + ∗ → O∗ +O∗ [5]

In this scheme, O∗ is a lattice oxygen in V==O or V–O–V
structures, OH∗ is a hydroxyl group in V–O–H, C3H7O∗

represents an adsorbed propyl bonded to V through an O
atom (e.g., V–O–C3H7), and * represents a surface vacancy
associated with either one V+ 3 or two V+ 4 atoms in the
VOx lattice. As we show below, the above mechanism for
the ODH of propane is consistent with the kinetic rate ex-
pressions obtained on VOx/ZrO2 and on bulk V2O5 pow-
ders.

The assumption of pseudo-steady-state for all reaction in-
termediates leads to a complex rate expression, which can
be made simpler by additional assumptions about the re-
versibility of specific elementary steps. Step 1 is expected to
involve the initial nondissociative chemisorption of weakly
bound propane. The low activation energy for such pro-
cesses and the expected weak binding energy of molecularly
adsorbed propane are likely to lead to quasi-equilibrated
adsorption–desorption steps with an equilibrium constant
K1. Step 2 is assumed to be irreversible based on the results
of C3H8–C3D8 exchange studies shown in Section 3.5. The
recombination of OH groups is assumed to be reversible
and almost quasi-equilibrated, based on the observed in-
hibition by H2O, which would not be possible if step 4
were irreversible, and on the results of C3H8–D2O exper-
iments (Section 3.6). O2 chemisorption is assumed to be
irreversible based on the rate of isotopic exchange of 16O2–
18O2 mixtures during ODH reactions (Section 3.4). Su et al.
(23) did not detect significant reduction of VOx/ZrO2 dur-

ing isothermal treatments in 1% C3H8/He at 673 K. Thus,
the concentration of vacancies (*) is expected to be smaller
than those of (O∗) and (OH∗) during ODH reactions of
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FIG. 5. Comparison of predicted (from Eq. [6]) and experimental
C3H6 formation rates.

propane. These assumptions lead to the kinetic rate expres-
sion

r = k2K1[C3H8]/

{1+ (K4[H2O])0.5(k2K1[C3H8]/2k5[O2])0.25}2, [6]

where ki is the rate coefficient and Ki is the equilibrium
constant for reaction i. The rate of propane ODH reactions
is first order in C3H8 concentration and zero order in the
concentration of O2 in the limit of very low H2O concen-
trations. As the concentration of H2O increases, propane
ODH rates decrease and the apparent orders begin to de-
viate from those measured when the concentration of H2O
is very low. Figure 5 shows that the rates predicted by this ex-
pression at different C3H8, O2, and H2O concentrations are
in excellent agreement with the experimental data obtained
on both bulk V2O5 and VOx/ZrO2, confirming our previous
proposals about the kinetic equivalence of VOx species at
the surfaces of polyvanadate domains and of bulk V2O5 (4).
Alternate elementary steps, including propane interactions
with surface vacancies and irreversible OH recombination
steps did not give a rate expression in agreement with the
experimental data. The next sections present the results of
isotopic tracer studies designed to confirm the extent to
which steps 1–5 are reversible during steady-state ODH
reactions.

3.4. Irreversible Oxygen Dissociation and Involvement
of Lattice Oxygen Atoms
The rate of propane ODH over VOx/ZrO2 exhibits a
zero-order dependence on oxygen, suggesting that lattice
oxygens are required for this reaction, as also proposed by
S OF OXIDATIVE DEHYDROGENATION 329

others (14). The involvement of lattice oxygen atoms was
confirmed by carrying out propane ODH reactions using
18O2 on VOx initially containing only 16O and measuring
the relative rates at which the two isotopes appear in the
initial H2O and COx products. Figure 6 shows the isotopic
content of the H2O formed during ODH of 18O2–C3H8 mix-
tures on 15 wt% V2

16Ox/Zr16O2 as the catalyst temperature
was increased at a linear rate. The water formed initially is
predominantly H2

16O, indicating that C3H8 reacts predom-
inantly with 16O surface atoms that are part of the V16Ox

lattice. As the catalyst temperature increases, the amount
of H2

18O increases because 16O in the lattice is gradually
replaced by 18O from 18O2. At high temperatures, H2

18O
becomes the most abundant isotopomer, because most of
the initial 16O in the VOx lattice has been replaced by 18O
from O2.

The reversibility of dissociative O2 chemisorption was
determined using an 18O2–16O2–C3H8 reactant mixture by
measuring the rate of appearance of mixed 18O16O iso-
topomers in the gas phase. Reversible dissociative chemi-
sorption of O2 would lead to rapid isotopic equilibration of
16O2 and 18O2 during propane ODH reactions, while irre-
versible chemisorption should preserve the initial bimodal
isotopic distribution of 16O2 and 18O2 in the feed. Figure 7
shows the rate of product formation when 16O2–18O2–C3H8

mixtures are reacted on 15 wt% V2
16Ox/Zr16O2 as the tem-

perature is increased at a linear rate. Products become de-
tectable at about 550 K and increase in concentration with
temperature until O2 is depleted at about 700 K. C3H6, CO,
CO2, and H2O formed during the reaction of propane, but
16O18O was not detected and the rates of 16O2 and 18O2 con-
sumption were identical (Fig. 7b). Once 16O2 is removed
FIG. 6. H2O formation rate from reactions of 18O2–C3H8 mixtures on
15 wt% V2

16Ox/Zr16O2 as a function of catalyst temperature.
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FIG. 7. (a) C3H8 consumption rate and C3H6, COx, and 16O18O forma-
tion rates from 18O2–16O2–C3H8 mixtures on 15 wt% V2

16Ox/Zr16O2 as a
function of temperature. (b) 18O2 and 16O2 consumption rates, and 16O18O
formation rates during reactions of 18O2–16O2–C3H8 mixtures on 15 wt%
V2

16Ox/Zr16O2 as a function of temperature.

from the lattice, it is replaced in equivalent amounts from
16O2 and 18O2. The absence of 16O18O in the gas phase shows
that the dissociative O2 chemisorption step (step 5) required
for propane ODH is irreversible at 605 K.

3.5. Irreversible Initial C–H Bond Activation in Propane

At very low H2O concentrations, the rate of propene for-
mation is first order in C3H8, suggesting that propane acti-

vation is a kinetically relevant step. The reversibility of C–H
bond activation steps can be probed by measuring the rate
of H–D isotopic scrambling in “unreacted” propane during
T AL.

reactions of C3H8/C3D8–O2 mixtures (17, 18, 20). If the C–
H bond activation step is reversible, C3HxD8−x (0< x< 8)
isotopomers will form via the microscopic reverse of the C–
H bond activation step (17, 18). If C–H bond activation is
irreversible, the rate of formation of C3HxD8−x (0< x< 8)
isotopomers will be much lower than the rate of propane
conversion to propene and COx.

Figure 8 shows the deuterium distribution in propane
during the reaction of a C3H8/C3D8/O2 mixture on 4 wt%
VOx/ZrO2 at about 4% propane conversion. At all chem-
ical conversions, the deuterium distribution in the remain-
ing propane is identical to the bimodal undeuterated and
perdeuterated distribution present in the propane reac-
tants. No cross-exchange products were detected by mass
spectrometry, suggesting that C–H bond activation is an
irreversible step in the ODH reaction sequence. The iso-
topomer distributions were determined by matrix methods
that neglect secondary kinetic isotope effects in the frag-
mentation process (16). This procedure can lead to slightly
negative mole fractions for some of the isotopomers (see
C3D7H in Fig. 8). The mole fractions of all mixed propane
isotopomers are zero within the accuracy of the measure-
ments and of the deconvolution procedures.

The kinetic relevance of C–H (and C–D) bond dissoci-
ation steps can be inferred from the effect of deuterium
substitution on the rate of propene and COx formation.
The reaction rate constants for ODH reactions of undeuter-
ated (C3H8) and perdeuterated (C3D8) propane (kC–H and
kC–D, respectively) were obtained from the initial rates of
propene formation from C3H8–O2 and C3D8–O2 mixtures.
Kinetic isotope effects for propane direct combustion and
for secondary propene combustion reactions can also be
FIG. 8. Deuterium cross exchange for C3H8/C3D8/O2 reactant mix-
ture on 4 wt% VOx/ZrO2. Deuterium distributions in reactant mixture
and in “unreacted” propane [593 K, 7.1 kPa C3H8, 7.1 kPa C3D8, 1.7 kPa
O2, balance He, gradientless batch reactor].
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measured from the initial rates of COx formation and from
the effect of residence time on propene selectivity for C3H8–
O2 and C3D8–O2 mixtures.

An analysis of the kinetic isotope effects requires that we
treat the system using the reaction network of Scheme 1.
At relatively low conversions and without the external ad-
dition of water, the rate of each of these reactions is well
described by

r1 = k′1[C3H8] [7]

r2 = k′2[C3H8] [8]

r3 = k′3[C3H6], [9]

where k′i is the apparent first-order rate coefficient for reac-
tion i. The propene selectivity at relatively low conversions
in a batch reactor is given by (5)

S= S0(1− k′3Cvt/2), [10]

where Cv is concentration of V atoms per unit reactor
volume, t is the reaction time in the batch reactor, and
S0 = k′1/(k

′
1 + k′2) is the initial propene selectivity (as t goes

to zero). The initial rate of propene conversion (as t→ 0)
gives the value of k′1. The initial propene selectivity (S0) de-
pends on the k′1/k′2 ratio which can then be used to calculate
k′2. Finally, k′3 is obtained from the dependence of selectivity
on time predicted by Eq. [10].

The rate constants k′i,C−H, k
′
i,C−D and ratios measured on

4 wt% VOx/ZrO2 are listed in Table 1. The kinetic isotope
effect (defined as k′i,C−H/k′i,C−D ratio) is greater than unity
for all reactions, suggesting the involvement of C–H bonds
in kinetically relevant steps. Propane ODH and propene
combustion show similar kinetic isotope effects (2.5, 2.2)
consistent with the assumption that the initial C–H bond
activation step limits the rates of both reactions and that
the two reactions require similar surface oxygen species.
Propane combustion reactions show a slightly lower kinetic
isotope effect (1.7). Grasselli et al. (12) measured the kinetic
isotope effect for the oxidation of propane and propene on
nickel–cobalt–molybdates. They reported kinetic isotope
effects of 1.7 for propane and 1.9 for propene oxidation
(at 773 K) and they reached similar conclusions about the
similarity in rate-determining steps for these two reactions.

TABLE 1

Reaction Rate Constant k1
′ , k2
′ , and k3

′ (cm3 mol−1 s−1)
on 4 wt% VOx/ZrO2 Catalysts

Primary Primary Secondary
dehydrogenation (k′1) combustion (k′2) combustion (k′3)

′
k
i,C–H 185 103 3360

k′
i,C–D 74 60 1520

k′
i,C–H/k′

i,C–D 2.5 1.7 2.2
S OF OXIDATIVE DEHYDROGENATION 331

FIG. 9. H/D ratio in propene formed from C3H8/C3D8/O2 mixtures on
4 wt% VOx/ZrO2 [593 K, 7.1 kPa C3H8, 7.1 kPa C3D8, 1.7 kPa O2, balance
He, gradientless batch reactor].

H/D ratios in the propene formed from C3H8/C3D8/O2

mixtures provide confirming data for the relative rates of
C–H and C–D bond activation. The H/D ratio in the reac-
tant mixture is approximately 1, but propene products have
an H/D ratio of 2.7 on 4 wt% VOx/ZrO2 at all contact times
between 0.1 and 2 h (O2 conversions of 5% to 95%) (Fig. 9).
This value is almost identical to the value obtained for the
kinetic isotope effect (2.5) on this catalyst from indepen-
dent measurements of the rates of propene formation from
C3H8–O2 and C3D8–O2 mixtures (Table 1). The binomial
deuterium distribution (Fig. 10) observed in propene at all
chemical conversions shows that H is mobile on the catalyst
FIG. 10. Deuterium distribution in propene formed from C3H8/
C3D8/O2 mixtures on 4 wt% VOx/ZrO2 [593 K, 7.1 kPa C3H8, 7.1 kPa C3D8,
1.7 kPa O2, balance He, gradientless batch reactor].
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FIG. 11. (a) Deuterium distribution in propene formed from C3H8/
D2O/O2 mixtures on 4 wt% VOx/ZrO2 [593 K, 14.2 kPa C3H8, 0.5 kPa
D2O, 1.7 kPa O2, balance He, gradientless batch reactor]. (b) Deuterium
distribution in propene formed from C3D8/H2O/O2 mixtures on 4 wt%
VOx/ZrO2 [593 K, 14.2 kPa C3D8, 0.5 kPa H2O, 1.7 kPa O2, balance He,
gradientless batch reactor].

surface and that multiple exchange of C3H6 and C3D6 with
the surface H/D pool occurs rapidly during propane ODH
reactions.

3.6. Reversible Recombinative Desorption
of OH Groups to Form Water

Water is a product of propane ODH reactions and it in-
hibits propane ODH (Figs. 2–4), suggesting that water des-
orption is reversible. This effect of water is similar to that
reported by Oyama et al. (21) for ethane ODH reactions on

V2O5/SiO2. The reversibility of the recombinative desorp-
tion of OH groups to form water was determined by mea-
suring the deuterium distribution in the propene formed
T AL.

from C3H8/D2O/O2 and C3D8/H2O/O2 mixtures on 4 wt%
VOx/ZrO2. For both mixtures, no C3HxD8−x (0< x< 8) iso-
topomers were detected in the unreacted propane even
after a contact time of 2 h (ca. 4% propane conversion),
confirming that propane C–H bond activation steps are ir-
reversible. However, binomial deuterium distributions in
the propene formed from C3H8/D2O/O2 and C3D8/H2O/O2

mixtures were detected at all contact times (Figs. 11a and
11b). These data suggest that water can dissociatively ad-
sorb on the catalyst surface during ODH reactions (i.e., OH
recombination to form water is reversible). They also sug-
gest that H atoms on the surface are mobile and that multi-
ple exchange of C3H6 and C3D6 with the surface H/D pool
present as hydroxyl groups occurs during propane ODH re-
actions. These results are consistent with the assumption of
quasi-equilibrated recombinative desorption of OH groups
(reaction 4), which was used in order to describe quantita-
tively the observed inhibition effects of water on propane
ODH reaction rates.

4. CONCLUSIONS

Oxidative dehydrogenation of propane on VOx/ZrO2

and on bulk V2O5 powders occurs via parallel and se-
quential reactions. Propene is the most abundant primary
product. CO and CO2 form via secondary combustion of
propene, and CO2 forms also by direct combustion of
propane. The dependences of reaction rates on C3H8, O2,
and H2O concentrations are identical on supported VOx

and on V2O5 powders, suggesting that similar active cen-
ters are present on both surfaces. The reaction kinetics are
consistent with a Mars–van Krevelen redox sequence in
which lattice oxygen atoms participate in the irreversible
activation of C–H bonds in propane. The resulting alkyl
species desorb as propene and the remaining OH groups
recombine to form water and reduced V centers. These
reduced V centers reoxidize by irreversible dissociative
chemisorption of O2. The recombination of OH groups
to form water is reversible. The assumption that surface
oxygen and OH groups are the most abundant surface in-
termediates leads to a rate expression that describes accu-
rately the measured kinetics of propane ODH reactions.
Isotopic tracer studies fully confirmed the assumptions re-
quired in order to describe the observed effects of reactant
and product concentrations on the rate of propane ODH
reactions.
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