646 J. Phys. Chem. B001,105,646—653

Isotopic Tracer Studies of Reaction Pathways for Propane Oxidative Dehydrogenation on
Molybdenum Oxide Catalysts

Kaidong Chen, Enrique Iglesia,* and Alexis T. Bell*

Chemical and Materials Sciences:Biions, Lawrence Berkeley National Laboratory, and
Department of Chemical Engineering, Waisity of California, Berkeley, California 94720-1462

Receied: June 12, 2000

Kinetic analysis and isotopic tracer studies were used to identify the elementary steps and their reversibility
in the oxidative dehydrogenation of propane over ZsOpported MoQcatalysts. Competitive reactions of

CsHs and CH'CH,CH; showed that propene is the most abundant primary product, and that CO and CO
are formed via either secondary combustion of propene, or by direct combustion of propane. A mixture of
CsHs and GDg undergoes oxidative dehydrogenation without forminbl&.Dy mixed isotopomers, suggesting

that steps involving €H bond activation are irreversible. Normal kinetic isotopic effe&ts {/kc-p) were
measured for propane dehydrogenation (2.3), propane combustion (1.6) and propene combustion (2.1). These
data indicate that the kinetically relevant steps in propane dehydrogenation and propene combustion involve
the dissociation of €H bonds in the respective reactant-B exchange occurs readily betweegHg and

D0 or GDg and HO, suggesting that OH recombination steps are reversible and quasi-equilibrated. Reactions
of *80,/C3Hg on supported MBO, species lead to the preferential initial appearance of latf@eatoms in

H,0, CO, and CQ indicating that lattice oxygen is required for-€&l bond activation and for the ultimate
oxidation of the adsorbed products of this reacti®®'°0 was not detected during reactions afHg—80,—

160, mixtures, consistent with irreversible,@issociation steps. These isotopic tracer results are consistent
with a Mars-van Krevelen redox mechanism in which two lattice oxygens participate in the irreversible
activation of C-H bond in propane. The resulting alkyl species desorb as propene, and the remaiitihg O
group recombines with neighboring OH groups to form water and reduced Mo centers. The reduced Mo
centers finally reoxidize by irreversible dissociative chemisorption ofl@e proposed reaction mechanism

leads to a complex kinetic rate expression that accurately describes the observed dependences on the partial
pressure of propane, oxygen, and water.

Introduction SCHEME 1: Reaction Network for the Propane

The oxidative dehydrogenation (ODH) of propane has been Oxidation Reactions

investigated as a potential route to propéne.Extensive

evaluations of catalyst compositions have shown that the most
active and selective ones contain V or Mo oxides as the active
component Over these catalysts, it has been proposed that the
oxidation of propane occurs via parallel and sequential oxidation CO,

steps (Scheme B). o . . .
Propene is the primary product and carbon oxidesJ@®m mechanlstlc |nfergn_qes, they are insufficient to establish t.he
dentity and reversibility of individual elementary steps. Isotopic

as byproducts via propane and propene combustion. Severa : L ;
studies have addressed the primary and secondary reaction acer studies, however, can dlscrlmlna_te among various mecha-
nistic proposals that may describe with similar accuracy the

occurring during propane OD15 but only a few of them have . ) .
9 g prop y measured rate expressions. Such studies can also confirm the

provided descriptions of the elementary steps involved or i red in order to obtai . " .
evaluations of the rate coefficients for the elementary steps. By assumplions requiréd In order to oblain a given rate expression
from a sequence of elementary stép¥®

nal with other oxidation r ions, propane ODH h n - . .
analogy with other oxidation reactions, propane O as bee Vanadium-based catalysts have been widely studied as

proposed to proceed via a Margan Krevelen mechanisPiz-15 . e ; | :

in which propane reacts with lattice oxygen in the catalyst and selective oxidation catalystfkeaction mechanlsms and detailed

the resulting vacancies then react by dissociative adsorption Ofelementary steps for propane ODH on Vépecies have been

O,. This mechanistic interpretation has been based largely Onproposed, ano! the reve_rS|b|I|t_y of proposed elementary steps

agreement between proposed sequences of elementary steps atﬂé’i‘s bdeentclonftlrmhed by |Isot%p|c traqgr Istucjkdly_loc:y%d?nlum- th

experimental reaction kinetics. Only limited independent evi- ased catalysts have aiso been widely studied, but less thor-
oughly than vanadium-based catalysts, because of their lower

dence for specific elementary steps has been repéited. .
Although kinetic rate expressions for oxidative dehydrogenation ODH reaction rate8 Some I\_/Iq-based catalysts, how_ever, show
very high propene selectivifi# Only a few studies have

and combustion pathways can provide a basis for developin ) .
P Y P P gaddressed the mechanism for alkane ODH reactions on Mo-
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berkeley.edu; bell@cchem.berkeley.edu. steps have not been examined using isotopic methods or detailed
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TABLE 1: Characteristics of Various Mo —Zr Catalysts 100
MoO;s loading  treatment Mo species
catalyst (wt %) temp (K) structuré
80 CsHs

MoOJ/ZrO; 11 773 MoQ oligomers
MoOs/ZrO, 37 673 bulk Mo@
ZrMo,0g/ZrO; 37 873 bulk ZrMeOsg

60 |
aObtained by XRD, Raman, XAS, and UWis spectroscopy
characterization.

40 |

Selectivity (%)

kinetic studies of the individual primary and secondary reactions
involved 1314 co

The structure and propane ODH properties of molybdate 20 | - B
species supported on Zs@ave been recently reportédhe ®
structure of MoQspecies on Zr@depends on the MoGurface co A A A
density and on the temperature of thermal treatments. For Mo 0 2 : :
surface densities below 5 Mo/Amtwo-dimensional Mo® 0 0.03 0.06 0.09 0.12 0.15
oligomers form on Zr@ surfaces, irrespective of treatment WIF (g slcm®)
temperature. For higher MgGurface densities, treatment at o ) )
low temperatures~673 K) leads to the formation of Mo glgwe é.Daeaendence o'{AprodLg:ts%%IeKctul/Zykgn b]?d resi"??(‘;e time
crystallites, while treatment at high temperaturess{3 K) o??):gbalancoe ﬂreo)pane( o@zro;, : a of GHs, 1.7 kPa
causes the formation of ZrM®sg crystallites. Propane ODH ' '
turnover rate are widely different on M@Cand ZrMaOs residence timé. Water was introduced into the 38—0,
because of apparent differences in the strength and accessibilityeactants by reacting a metered 20%/A side stream with
of active Mc=O bonds. On both structures, the pseudo-first- cuO (150 g of CuO) at 623 K to form the desired amount of
order rate constant for the combustion of propene is significantly H,0. All transfer lines located down stream of the point of water
higher than for propane ODf. introduction were kept above 393 K in order to prevent

The objective of this study is to determine the identity and condensation.
reversibility of elementary steps involved in propane ODH on  All isotopic tracer studies were carried out in a gradientless
Mo-based catalysts and to infer the nature of the active surfacepatch reactor contained within a gas recirculation 1&0op.
species required to catalyze the rate-determining elementaryReactants and products were recirculated at 3.3<using
steps. Isotopic tracer methods are combined with measurement$, graphite gear micropump in order to maintain low propane
of the concentration dependence for each reaction in Schemeconversions per pass<(%). The reactor was evacuated by
1. Most of the reported results were obtained on a M&@, mechanical and diffusion pumps isolated from the system by
sample with a surface density of-8 Mo/nn¥ and containing  liquid nitrogen traps. The chemical and isotopic composition
predominately two-dimensional Mg®ligomers as the active  of reactants and products were measured by mass spectrometry
species. Rate expressions were also obtained on two othef MoO after capillary gas chromatography (Hewlett-Packard model
ZrO, samples containing predominately either Ma® ZrMo,Os 5972 GC-MS). The deuterium and carbon-13 contents in the

crystallites. products were determined from mass spectrometric data using
) . matrix techniques that correct for ion fragmentation and natural
Experimental Section 13C abundancé® Undeuterated propane (Matheson, instrument

purity >99.5%), perdeuterated propane (Isotec, chemical purity
7~ 99.0%, isotopic purity>99.0%),2-13C-propane (Cambridge
Isotopes, chemical purity98.0%, isotopic purity>99.0%),

Three MoQ/ZrO, catalysts were used in the present study.
These samples were prepared by incipient wetness impregnatio
of precipitated zirconium oxyhydroxide with an ammonium : ' e 4 :
dimolybdate (99%, Aldrich, Inc.) solution, followed by drying propane2,12-d2 (Isotec, chemical pu_rlty>99.0/o,1|sotop|c purity
and thermal treatment in dry #iOne sample contained 11wt > 99-0%),2%0; (Isotec, isotopic purity-99.0%),1%0, (research
% MoO; and it was treated in air at 773 K. Structural 9rade,>99.999%), and propene (Matheson, C. £99.0%)
characterization of this sample by X-ray diffraction and by X-ray Vere used as reactants without further purification. Perdeuterated
absorption, Raman, and UWisible spectroscopies indicated ~Water (D:O; Isotec, chemical purity-99.0%, isotopic purity
that Mo species exist predominantly as Matfligormers? The >99.0%) and distilled water (}0) were purified by several
other two samples contain 37 wt % M@QDne sample was freeze-thaw evacuation cycles before use. Helium (research
treated in air at 673 K and the other at 873 K. After treatment 9rade,>99.999%) was used as an inert diluent in all studies.
at 673 K this sample contains predominately Ma®ystallites,

while treatment at 873 K leads to the preferential formation of Results and Discussion

crystalline ZrM@Qg structures. Table 1 shows the structural Reaction Network. Isotopic tracer and residence time studies
properties and designation for each of the MO, samples have shown that propane reactions occur via a combination of
used in this study. parallel and sequential oxidation steps (Scheme 1) ogh&Sed

Reaction rates were measured using a quartz microreactorcatalysts'® Similar reaction pathways are suggested by residence
containing 0.02-0.1 g sample8 CsHg and G conversions were  time effects on propene selectivity observed on M@ED,
varied by changing reactant flow rates between 0.8 and 3% cm (Figure 1). Propene selectivity decreases with increasing contact
s 1. CsHg and Q conversions were typically below 2% and time, as it converts to CQvia secondary combustion pathways.
20%, respectively. Propane reaction rates were extrapolated toPropene selectivities extrapolated to zero residence time are less
zero residence time in order to obtain initial dehydrogenation than 100%, indicating that direct propane combustion reactions
and combustion reaction, while propene combustion were occur in parallel with ODH. Propene forms as the primary ODH
obtained from the observed changes in propene selectivity with product and CQforms via propene or propane combustion
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Figure 2. 13C content in reaction products of prope2éiC propane/
O, mixtures on MoQ'ZrO, (688 K, 2.5 kPa of gHg-2-13C, 0.5 kPa of
CsHe, 1.7 kPa of @, balance He, gradientless batch reactor).

steps. The rates of propane and propene reactions in Scheme
can be determined from tHéC content in the products formed
from mixtures of unlabeled propene and prop2ngc.15.19-22
The13C content in the reactants and products is shown in Figure
2 for reactions of propan2-'3C/propene/oxygen mixture on
MoO,/ZrO,. The13C fraction in propane remained at its initial
value (0.33) throughout. Thus, the isotopic content in propane
is not diluted by propene hydrogenation, as expected from the
irreversible nature of the overall ODH reaction at the conditions
of our study. Thé3C fraction in propene increases with contact
time, because proper&!*C is gradually formed from propane-
2-13C via dehydrogenation, at the same time as the propene
isotopomers are consumed by combustion. ¥efractions in
CO and CQ were very similar, suggesting that the gCO
selectivity ratios in primary propane combustion and secondary
propene combustion were very similar. However, tH€
fraction in CQ extrapolated to zero contact time is greater than
0, suggesting that COforms via both propane and propene
combustion reactions. The reaction rate constant ratitk'c)
for propene combustiorkg) to propane combustiork'y) can
be calculated from the initial value &iC in CQ,. The calculated
k'3/k'» value is 80 (based on the initidfC fraction in CQ).
This value is very similar to the value of 87 calculated from
the data in Figure 1 using the kinetic analysis procedures
reported previously. Thus, these isotopic tracer results are
consistent with the observed effects of reactor residence time
on propene and CQselectivities}>1%13 they confirm the
parallel and sequential oxidation steps in ODH of propane over
Mo-based catalysts.

Kinetic Dependence of Propane ODH Rates on £EHg, O,
and H,O Concentrations. The effects of varying the concen-
trations of GHsg, O, and HO on the initial rate of propene
formation were determined. One kinetic rate expression was

able to describe propane ODH rates on the three samples use@
in this study. This suggests that the elementary steps requiredk

for propane ODH reactions are similar on the surfaces of two-
dimensional MoQoligomers (MoQ/ZrO,), bulk MoO; (MoO4/
Zr0,), and bulk ZrMeOg (ZrMo,0g¢/ZrO,). Here, we show
detailed data on Mo@ZrO,. Figure 3 shows initial propene

formation rates as a function of propane partial pressure at a

given value of Q partial pressure. Propene formation rates
increased linearly with increasing propane partial pressure, in
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Figure 3. Effect of GHg pressure on s formation rate on Mo@
ZrO, (703 K, 1.3 kPa of @ balance He).
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Figure 4. Effect of O, pressure on &g formation rate on Mo@
ZrO, (703 K, 5.1 kPa of GHg, balance He).

agreement with previous repoffs®15 Figure 4 shows that
initial propene formation rates are independent of partial
pressure at a given propane partial pressure whgh ikl not
present in the gHg/O, feed, also in agreement with previous
reportd~1° and suggesting a zero-order dependence on oxygen
partial pressure. The effect of,8 partial pressure on initial
propane ODH rates is shown in Figure 5 at constafits@nd
O, partial pressures. Water inhibits the rate of propane ODH,
in a manner similar to that reported previously for propane and
ethane ODH over YOs-based catalyst$:23
Analysis of Elementary StepsBy analogy with our previous
proposal on supported vanadfathe set of elementary steps
below is used in order to describe the kinetic dependence of
ropene formation rates on,OCsHg, and HO for MoOy
atalysts. Propane ODH can be proposed based on the obtained
inetic power law rate expressions.
1. Nondissociative adsorption of propane by interaction on a
lattice oxygen (O%*)
C;Hg + O* = C;H,O* 1)
2. C—H bond activation by abstraction of H atom from
adsorbed propane using a neighboring lattice oxygen atom
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(O*) and (OH*) during propane ODH. These assumptions lead

Water pressure (kPa) to the kinetic rate expression

Figure 5. Effect of H,O pressure on s formation rate on Mo@

ZrO, (703 K, 8.1 kPa of GHs, 1.3 kPa of @, balance He). r=
CiHEO™ + 0% — CH,0% + OH 2) 0.25, 0.25, —0 K—ll(jzz[CSHa] 0 0.2 ~0.252
. . o [1+K™ 5k2 ' ﬁ<4 sks ' 5[Hzo] '5[C3H8] ' 5[Oz] ' ﬁ
3. Desorption of propene h§-hydride elimination (6)
C3H,0* — CgHg + OH* 3 in which k; is the rate coefficient and; is the equilibrium

constant for reaction This equation predicts that the rate of
propane ODH is first order in 4Elg concentration and zero order
in the concentration of ©at very low HO concentrations. As
OH* + OH* = H,0 + O* + x 4) the concentration of D inc_reases, propane ODH rate decreases,
and the apparent orders iy and Q become smaller than

5. Reoxidation of Mo centers via dissociative chemisorption Unity and larger than zero, respectively. Figure 6 compares

4. Recombination of OH groups to form water and a reduced
Mo center §)

of O, propane ODH rates predicted by this expression with rate data
at various GHg, O, and HO concentrations. The estimated
O,+x+x—0*+O* (5) rate coefficients are different for the three molybdena catalysts
of this study, because these coefficients depend on the dispersion
In this scheme, O* is a lattice oxygen in M® or Mo—O— of the Mo oxide species and on the number of accessible sites.
Mo structures, OH* is a hydroxyl group in MeO—H, CsH;0* The excellent agreement shown in Figure 6 for all three catalysts,

represents an adsorbed propoxide species bonded to a Mo catiohowever, confirms the mechanistic resemblance of propane
through one of its O atoms (MeO—CgzHy), andx* representsa  ODH reactions on Mo@ oligomers, bulk Mo@, and bulk
surface vacancy associated with either oné"var two Mo>™ ZrMo,0Og. This is consistent with our previously proposed kinetic
cations in the MoQ lattice. equivalence of MoQspecies at polymolybdate and bulk MO
The assumption of pseudo-steady state for all reaction surfaces.Alternate elementary steps, including propane interac-
intermediates leads to a complex rate expression, which can betions with surface vacancies and irreversible OH recombination
made simpler by additional assumptions about the reversibility steps, did not lead to rate expressions in satisfactory agreement
of specific elementary steps. Step 1 involves weak nondisso-with experimental rates.
ciative adsorption of propane; the small expected binding energy Irreversible Initial C —H Bond Activation in Propane. At
of molecularly adsorbed propane is likely to lead to rapid very low HO concentrations, the rate of propene formation
reversible adsorptiondesorption and to quasi-equilibration depends linearly on4Elg concentration, suggesting that propane
during propane ODH. Step 2 is assumed to be irreversible basedactivation is a kinetically relevant step. The reversibility ofi@
on the low GHg—C3Dyg isotopic scrambling rates during ODH  bond activation steps can be probed by measuring the rate of
(shown below). The recombination of OH groups is assumed H—D isotopic scrambling in “unreacted” propane during reac-
to be reversible and quasi-equilibrated, based on the observedions of GHg/C3Dg—0O, mixtures!® If the C—H bond activation
inhibition by HO, which would not be possible if step 4 were is reversible, GHxDg—x (0 < x < 8) isotopomers can form via
irreversible, and on the results ofiz—D,O exchange rate  the microscopic reverse of the-& bond activation step?2°
measurements during ODH reactions (shown below)ch@mi- If C—H bond activation is irreversible, however, the formation
sorption is assumed to be irreversible based on the negligibleof CsHyDg—x (0 < x <8) isotopomers will be much slower than
rate of isotopic scrambling 6f0,—180, mixtures during ODH propane conversion to propene and,2O
reactions (shown below). Both in situ X-ray absorption and  Figure 7 shows the deuterium distribution in propane during
UV —visible spectroscopy showed that M@xO, catalysts the reaction of a gHg/C3Dg/O, mixture over MoQ/ZrO, at
remain essentially oxidized state during propane ODH and that ~4% propane conversion. At all propane conversions, ogi§sC
concentration of oxygen vacancies is very I\i.he vacancy and GDg were detected in the unreacted propane pool. No cross-
(x) concentration is likely to be much smaller than those of exchange gH«Ds-x isotopomers were detected by mass spec-
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TABLE 2: Kinetic Isotopic Effects over 11 wt % MoO ,/
ZrO , Catalyst (688 K, 14.2 kPa of Propane, 1.7 kPa of §
Balance He)

@2.1 h, 4.4% propane conversion
0.5% @ Starting mixture
0.4 1
5
s 031
8
=
2o 021
(]
=
0.1 4
0w e g Oy
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0.1 1 |

Number of deuterium atoms in propane

Figure 7. Deuterium cross exchange fogida/CsDg/O, reactant mixture
on MoQJ/ZrO,. Deuterium distributions in reactant mixture and in
“unreacted” propane (688 K, 7.1 kPa ofH, 7.1 kPa of GDs, 1.7
kPa of Q, balance He, gradientless batch reactor).

trometry, suggesting that-€H bond activation is an irreversible
step in the ODH reaction sequence. The isotopomer distributions
were determined using deconvolution methods that neglect
secondary kinetic isotope effects in the fragmentation proéess.
This deconvolution procedure can lead to very small negative
values of some isotopomer mole fractions (e.gD+E! in Figure
7). The mole fractions of all mixed propane isotopomers are
zero within the accuracy of the measurements and the reliability
of the deconvolution procedures. These conclusions are similar
to those reached for propane ODH reactions on/¥@,.1

The kinetic relevance of €H (and C-D) bond dissociation
steps can also be inferred from the effect of deuterium
substitution on the rate of propene and ,Ciormation. The
reaction rate constants for ODH reactions of undeuteratgdsfC
and perdeuterated {0g) propane K c—y andk c—p, respectively)
were obtained from the initial rates of propene formation using
CsHg— 0O, or CGDg—0, mixtures. Kinetic isotope effects for
propane direct combustion and for secondary propene combus
tion can also be measured from the initial rates of, @@mation
and from the effect of residence time on propene selectivity for
CsHg—0;, and GDg—0, mixtures?®

A rigorous 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 externagl®addition,
the rate of each of these reactions is well described by

r, = ky[CsHgl (7)
r, = K,[C3Hgl 8)
I3 = K3[C3Hql )

wherek; is the apparent first-order rate coefficient for reaction
i. The propene selectivity at relatively low conversions in a batch
reactor is given by

S=S(1 - K,Ct/2) (10)
where C, is the concentration of Mo atoms per unit reactor
volume, t is the reaction time in the batch reactor, a#d=
K1/(k1+ K?) is the initial propene selectivity (dagoes to zero).

The initial rate of propene conversion (as- 0) gives the value
of k1. The initial propene selectivity®) depends on thk' /K,

CH3CH,CH; CH3CH,CH; CH3;CD,CH;s
isotope CD3CD2CD3 CH3CD2CH3 CD3CD2CD3
primary dehydrogenation 2.3 1.7 1.4
kll,C—H/kll,C—D
secondary combustion 2.1 1.1 1.8
k'3,(:—H/k’3,C—D
primary combustion 1.6 1.3 1.2
k’2,(:—H/k’2,C—D

ratio which can then be used to calculdte Finally, k'3 is
obtained from the dependence of selectivity on time predicted
by eq 10.

Reaction rate constant¥'i(c-n and k'jc-p) for ODH of
undeuterated propane, perdeuterated propane, and prapane-
2-tb, were obtained from the rate of initial propene formation
using reaction mixtures containing @EH,CH3/O,, CDsCD,-
CD4/O,, or CHCD,CH3/O,. Kinetic isotope effects (defined
ask'c-n/Kic-p ratios) for the three reactions in Scheme 1 are
shown in Table 2. When usingsBs and GDg as reactants, the
kinetic isotope effect is greater than unity for all reactions,
suggesting the involvement ofH bonds in kinetically relevant
steps. Propane ODH and propene combustion show similar
kinetic isotope effects (2.3 and 2.1, respectively) consistent with
rate-determining initial €H bond activation steps for both
reactions. These similar kinetic isotope effects suggest a kinetic
resemblance between these two reactions that may include the
requirements for similar active surface oxygen species. The
kinetic isotope effect for propane combustion (1.6) is slightly
lower than for propane dehydrogenation, suggesting that the
formation of propene and GGrom propane involves different
active sites, as proposed previoush325

Propane and propene reactions involve the cleavage-¢f C
bonds in kinetically relevant steps. There are two kinds-eHC
bonds in propane. The methyHH bonds have a dissociation
enthalpy of 420 kJ/mol, and the methylene-8 bonds have a
dissociation enthalpy of 401 kJ/m#.Kinetic isotope effect

measurements using GEH,CH; and CDQCD,CD3; cannot
determine which €H bond is involved in the initial activation
step. However, CECD,CHjs is expected to react more slowly
than CHCH,CHjs if methylene C-H bonds are involved in
the initial activation step. A similar rate for GBD,CH3; and
CD;CD,CD3 would indicate that only methylene-@4 bonds

are involved in the rate-determining step and that the isotopic
identity of the rest of the propane molecule does not influ-
ence reaction rates. In turn, similar rates for4CB,CH; and
CH3CH,CHj3 would indicate that only methyl €H bonds are
involved in the rate-determining step. The data in Table 2 show
that CHCD,CHz exhibits a normal KIE (with respect to
CH3CH,CHg) for both propane dehydrogenation (1.7) and
combustion (1.3). These values are smaller than those obtained
when using CRCD,CD3; and CHCH,CHjs as isotopes (2.3 and
1.6, respectively), but greater than unity, suggesting thatiC
bonds in both methyl and methylene groups can be involved in
the rate-determining steps required for both propane dehydro-
genation and combustion at these reaction conditions. These
results differ from those obtained for \{@rO, at 593 K
(propane dehydrogenation KIE of 2.8 for g@CD,CDs, and KIE

2.7 for CHCD,CH3 vs CH;CH,CH3).2> On VO/ZrO,, KIE
values clearly showed that only methylene-i& bonds are
involved in the rate-determining -€H bond activation step.
These differences in KIE values for M@@nd VO catalysts
may reflect mechanistic differences or merely the different
reaction temperatures required for the two catalysts to reach
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Number of deuterium atoms in propene on MoQ/ZrO, (688 K, 7.1 kPa of Hs, 7.1 kPa of GDs, 1.7 kPa of
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Figure 8. Deuterium distribution in propene formed fromHz/CsDsg/
O, mixtures on MoQZrO, (688 K, 7.1 kPa of gHs, 7.1 kPa of GDs, 06
1.7 kPa of @, balance He, gradientless batch reactor).

measurable turnover rates. As a result of the lower reactivity
of MoOy catalysts, the temperature of the KIE measurements
was higher (688 K) than on Vi@atalysts (593 K). Such higher
temperatures would tend to decrease the selectivity for activating
one specific GH bond in propane, because bond energy
difference for the two types of €H bonds in propane is only

19 kJ mof . Recent DFT calculatioAéshow that C-H bonds

in both methyl and methylene groups in propane can be activated
on V,0s species, but the activation energy for methyti€
bond reactions was much higher (9.4 kcal mplkhan for the
methylene G-H bond (14.5 kcal motl). As a result, propene
conversion pathways involving methy-& group activation , ,
are much more sensitive to reaction temperature than the more 0 1 2 3 4 5 6

facile paths involving methylene-€H bonds. This would imply, Number of deuterium atoms in propene

in turn, that KIE values_ for CECD,CHs vs CHCH,CH; should Figure 10. Deuterium distribution in propene formed fromHz/D,O/
decrease with increasing temperature and the KIE observed forOZ mixtures on MoQ/ZrO; (688 K, 14.2 kPa of gHs, 0.5 kPa of DO,
CH3CD2CHs vs CD;CDCDs should rise with increasing 1.7 kpa of @, balance He, gradientless batch reactor).
temperatures. This is exactly the trend observed when KIE

values on Mo-based catalysts at 688 K are compared with thosegf 2.6 on MoQ/ZrO, at all contact times between 0.1 and 2 h
the V-based catalysts at 593 K. Thus, it appears unnecessary tqrigure 9). This value is very similar to that obtained for the
propose a different activation selectivity for the two types of inetic isotope effect (2.3) from the conversion of separate

Mole fraction

C—H bonds in VQ and MoQ catalysts. C3Hg—0, and GDg—0O, mixtures to propene (Table 2).

Kinetic isotopic effects for propene combustion on M6O Reversible Recombinative Desorption of OH Groups To
ZrO; catalysts were also measured; they are shown in Table 2.Form Water. Water forms during propane ODH reactions and
Propene molecules contain three types efHCbonds?® It is it inhibits propane reaction rates (Figure 5); therefore, the
not possible, however, to determine which specifiekCbond formation of water must involve a reversible elementary step.
is cleaved in the rate-determining step for propene conversionThis effect of water is similar to that observed for propane
to CQO, by simple inspection of KIE values using @ED,CHa/ reactions on VQZrO,'5 and for ethane reactions on,®s/

O reactants. Figure 8 shows the deuterium distribution in Sj0,.23 The reversible nature of the recombinative desorption
propene during reactions of 38¢/CsDg/O, mixtures. The  of OH groups to form water was confirmed from the D-
binomial distribution of deuterium observed in propene at all distribution in propene molecules formed on M@ O, from
chemical conversions shows that H is mobile on the catalyst C;Hg/D,0/O, or C;Dg/H,0O/O, mixtures. Neither mixture led
surface and that multiple exchange afHg and GDg with the to the formation of GHyDg—x (0 < x < 8) isotopomers in
surface adsorbed hydrogen (OH*/OD*) pool occurs rapidly unreacted propane even-ag h contact times+4% propane
during ODH reactions, leading to a statistical distribution of D conversion); this confirms that-€H bond activation steps are
atoms in propene molecules, irrespective of the isotopic loca- irreversible. Binomial D-distributions were detected at all contact
tions in the starting mixture. Therefore, propene formed from times in the propene molecules formed from eithelflgD,0O/
CH;CD,CH3/O, contains CHCDCH,, as well as all other O, or C3Dg/H,0/O;, (Figure 10). These data show that water
isotopomers (€Hs—xDx), and as a result the measured KIE dissociatively adsorbs on MgQurfaces during propane ODH,
reflects an average value for all possible propene isotopomers.and that its microscopic reverse, the recombination of OH groups
H/D ratios in the propene formed from 3g/C3Dg/O- to form water during ODH, is therefore a reversible step. The
mixtures confirm the relative rates of-@4 and C-D bond binomial D-distributions in propene fromsB8g/D,0/0, or C3Dg/
activation. The H/D ratio in the reactant mixture is ap- H>O/O, mixtures also suggest that H atoms formed fromHC
proximately 1, but initial propene products have an H/D ratio bonds in propane and from-€H in water are mobile and that
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Figure 11. Fraction of*®0 and®O in H,O formed during reactions 100 100

of 180,—C3Hg mixtures on Md%0,/Zr1%0, (688 K, 14.2 kPa of gHs,
1.7 kPa of'®0,, balance He, gradientless batch reactor).

multiple exchange of gs or C3Dg with this surface OH*/OD*

pool occurs during propane ODH. These results are consistent
with the assumption of quasi-equilibrated, recombinative de-
sorption of OH groups (reaction 4), which was used in order to
describe the inhibition of propane ODH by water. The form of
the kinetic rate expression measured for propane ODH onMoO
is more specifically consistent with the quasi-equilibration of
this step.

Irreversible Oxygen Dissociation and Involvement of
Lattice Oxygen Atoms.The rate of propane ODH over MO
ZrO, (in the absence of added water) is independent of the O . .
concentration, suggesting that lattice oxygen atoms on a 0 20 40 60 80 100 120
saturated surface are involved in this reaction, as also proposed Contact time (min)
by others'"1> The involvement of lattice oxygen atoms was Figure 12. (a, top) Fraction of C@isotopes formed during reactions
confirmed by carrying out propane ODH usiti@, on Mo'®Oy of 180,—C3Hg mixtures on M@f0,/Zr60, (688 K, 14.2 kPa of ¢Hs,
measuring the relative concentrationd& and®0 in the HO 1.7 kPa of'%0;, balance He, gradientless batch reactor). (b, bottom)
and CQ products initially formed. Figure 11 shows the isotopic ~Fraction oft®0 and*®0 in CO, formed during reactions f0,—CsHs
content in the KO formed from0,— CaHg mixtures on 11wt~ Mixtures on Ma®0,/Zr?0, (688 K, 14.2 kPa of gH, 1.7 kPa of Oy,

N 1 1 S . - balance He, gradientless batch reactor).

% Mo®O,/Zr60,. Initially, water consists predominately of

H,1%0, as expected if §Hg reacted with latticé®0 atoms in 15
Mo60O,. As contact time increased, the¥D concentration

increased becaudgO atoms in the lattice are gradually replaced 0, consumption
by 180 from the180, in the gas phase. Figure 12a shows the 1.2 | ¢
isotopic distribution in CQ@. Initially, the predominant isoto-
pomer is @%0,, suggesting that lattice oxygen atoms are also
required for the combustion reactions that form ,COhese
results are consistent with those reported in the literdfui®2°
Figure 12b shows the isotopic content of £43% a function of
reaction time. Similar to what is seen fop®|, the percentage

of 180 decreases with the increase of contact time, while that
of 180 increases.

The reversibility of dissociative £chemisorption steps was
probed by using80,—1%0,—C3Hg reactant mixtures and 180150 formation
measuring the rate of formation %00 molecules, which ol g B : : o =]
can only arise from a reversible dissociation event. Reversible 0 20 40 60 80 100 120
dissociative chemisorption of Qvould lead to rapid isotopic Contact time (min)
equilibration of*%0, and!€0, during ODH reactions; irreversible  Figure 13. CsHg and Q consumption rates, ar0#0 formation rates
chemisorption steps would preserve the isotopic purity of the from #0,—160,—CsHg mixtures on ME®0,/Zr'%0, (688 K, 14.2 kPa
reactant mixture. Figure 13 shows the rates of propane and®f CsHs, 0.85 kPa of?0;, 0.85 kPa 0f%0,, balance He, gradientless
oxygen chemical conversion and the rate of formatio©#¢0 batch reactor).
isotopomers on MBO,/Zr10, as a function of contact time.  than the rate at which propane or oxygen are consumed by
180180 molecules are formed at a rate about 100 times smaller chemical reactions. Trace amounts-&°0 are only observed

Fraction of 0 and '°0in CO2 (%)
0Oz conversion (%)

0.9 4

0.6 4 C4H; consumption

Rate (*10°* mol/mol s)

0.3 |
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after a contact time of~2 h (at~70% G, conversion). This describe the observed effects of reactant and product concentra-

suggests that dissociative, @hemisorption steps (step 5) tions on the rate of propane ODH reactions.

required in propane ODH are irreversible at the conditions of
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