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The effect of cation identity on oxidative dehydrogenation (ODH) pathways was examined using
two-dimensional V@ MoOy, and WQ structures supported on Z5OThe similar kinetic rate expressions
obtained on MoQand VQ, catalysts confirmed that oxidative dehydrogenation of propane occurs via similar
pathways, which involve rate-determining-€ bond activation steps using lattice oxygen atoms. The activation
energies for propane dehydrogenation and for propene combustion increase in the sequgn@,\O
MoO,/ZrO, < WO,/ZrO,; the corresponding reaction rates decrease in this sequence, suggesting that turnover
rates reflect &-H bond cleavage activation energies, which are in turn influenced by the reducibility of these
metal oxides. Propane ODH activation energies are higher than for propene combustion. This leads to an
increase in maximum alkene yields and in the ratio of rate constants for propane ODH and propene combustion
as temperature increases. This difference in activation energy6@&J/mol) between propane ODH and
propene combustion is larger than between bond dissociation enthalpies for the weakdsbi@ in propane

and propene (40 kJ/mol) and it increases in the sequeng&Z¥@ < MoO,/ZrO, < WO/ZrO,. These results
suggest that relative propane ODH and propene combustion rates depend not ornhHobo@d energy
differences but also on the adsorption enthalpies for propene and propane, which reflect the Lewis acidity of
cations involved int bonding of alkenes on oxide surfaces. The observed difference in activation energies
between propane ODH and propene combustion increases as the Lewis acidity of the cations incteéases (V
< Moft < W6+)_

Introduction SCHEME 1: Reaction Network in Oxidative

. o . . Dehydrogenation of Alkane Reactions
In spite of its significant economic potential as an alternate

route to alkenés® and in spite of extensive scientific studieg? alkene
the oxidative dehydrogenation (ODH) of alkanes to alkenes is
not currently practiced because the secondary combustion of alkane lk*
primary alkene products limits alkene yields to about 30% for ]
propane and higher alkangsAlkene selectivities decrease - Co,
markedly as conversion increagesOne important reason for
these yield limitations is the typically higher energies of the selective poisoning strategies ineffective in improving alkene
C—H bonds in alkane reactants compared with those in the yields. On VQ-based catalysts, the evolution of oxide structures
desired alkene product&which lead to rapid alkene combustion from monovanadate to polyvanadate species as M{face
at the temperatures required for-@ bond activation in alkanes.  density increases leads to a similar increase in ODH and propene
A recent literature survey of product yields in oxidation combustion rates, apparently because similar sites are required
reactiond® suggested that low yields are obtained when the for the two reaction3® Propane combustion rates, however, are
energy of the weakest bond in the products is-80 kJ/mol less affected by VQsurface density, which leads to a decrease
lower than that of the weakest bond in the reactants. in ko/k; ratios as surface density increade¥nitial selectivities

The oxidation of light alkanes to alkenes occurs via parallel greater than 90% can be achieved for many ODH reac#éns.
and sequential oxidation steps (ScheméAlkenes are primary ~ The kg/ki (propene secondary combustion/propane primary
ODH products while CO and GQCQ,) can form via either dehydrogenation) ratio, which causes the yield losses observed
secondary combustion of alkenes or direct combustion of @s conversion increases, is large-@) on VQO-based cata-
alkanes. Selective poisoning of sites responsible for direct lysts?#The greater reactivity of propene arises in part because

combustion of alkanes using SiMas been reported. The the weakest €H bond in propane (at the methylene group) is
activation of G-H bonds in alkane ODH reactions, however, Significantly stronger than the allylic-€H bond in propené?
appears to require the same sites as thed®ond activation If the relative C-H bond dissociation enthalpies were the only
steps involved in the combustion of alker?®3% making factor responsible for thieyk; ratio, this ratio would not depend

on the chemical identity or the local structure of the active oxide.

* Authors to whom correspondence should be addressed. E-mail: Th_e differences observed among ¥ o0y, WO a_nd other _
iglesia@cchem.berkeley.edu; bell@cchem.berkeley.edu. oxides suggest that other factors, such as differences in
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TABLE 1: Structure of MO ,/ZrO, (M =V, Mo, W) Catalysts

catalyst 10 wt % VQZrO, 11 wt % MoQ/ZrO, 20 wt %WQ/ZrO,
treatment temp (K) 773 773 873

BET surface area (fy) 170 133 124

MOy surface densify(M atom/nnf) 3.9 35 4.2

predominant M@structur@® polyvanadate polymolybdate polytungstate

aM =V, Mo, W. "Inferred from Raman and Uvisible spectroscopy data.

3

adsorption enthalpy or entropy between alkanes and alkenes, _
and therefore the acitbase properties of active oxides and of
supports, may also influende/k; ratios and alkene yields.
VOy-based materials are among the most active and selective
oxidative dehydrogenation catalydt®.Polyvanadate structures
on ZrG, lead to reducible and accessible Y@mains and to
more active catalysts than \(@ispersed on other suppoffs.
ZrO,-supported Mo@ species have also been examined as
alkane ODH catalyst$2728ODH rates tend to be lower on
MoOy than on VQ domains, but Mo@based catalysts retain
their dispersion and structure at significantly higher temperatures
than VO-based catalysts. Catalysts based on\W@nains are
seldom used because of their low ODH activity. This study
addresses the chemical and structural basis for the observed
differences in ODH rates and in rate constants for individual
reaction steps on VOMoOy, and WQ catalysts. Detailed ODH
kinetics, including activation energies and entropies for primary
dehydrogenation and secondary combustion, are reported. They
are used to identify relevant factors influencikgk; andko/k; 0 5 10 15 20
ratios for reactions of propane and propene on these catalysts. Propane pressure (kPa)

* molls g-atom-Mo
N
1

C3;Hg formation rate (*10

o

. Figure 1. Effect of GHs pressure on §Hs formation rate on 11 wt %
Experimental Methods MoO,/ZrO, (703 K, 1.3 kPa @ balance He).

V,05/ZrO, (10 wt % V,0s), MoOs/ZrO; (11 wt % MoG;),
and WQ/ZrO, (20 wt % WQ;) catalysts were prepared by
incipient wetness impregnation of Zg®H),-», with solutions
of NH4V03,25 (NH4)2M0207,27 and (NH;)5H2W12040,29’30 re-
spectively. Surface areas were measured byN/sisorption
at its boiling point using a Quantasorb surface area analyzer
(Quantachrome Corp.) and BET analysis methods.

Catalytic measurements were carried out in a packed-bed ) . .
quartz microreactor with plug-flow hydrodynamiesusing a_lppegsrzgo be active for undesired propane combustion reac-
0.03-0.3 g catalyst samples. Quartz powder was used to dilute tions:= o ]
the bed and to minimize temperature gradients. Propane (Airgas, 1Ne kinetics and reaction pathways for propane ODH or-VO
99.9%) and @ (Airgas, 99.999%) were used as reactants and based catalysts have l:_)een described in c_ietall previduslye
He (Airgas, 99.999%) was used as an inert diluent. Water was ODH rate is proportional to g partial pressures and
introduced into GHg—O, reactant streams by flowing a 20% independent of @partial pressures whenB partial pressures
HJ/Ar mixture through a CuO bed (0.5 m long, 150 g of CuO) are low; the rates acquire a more complex dependenceldn C
held at 623 K. Water was formed by CuO reduction to Cu metal. @nd Q pressures when4® is present at higher concentrations.
All transfer lines beyond the point of water introduction were Similar kinetic dependencies were observed on MBfD..
kept above 393 K in order to prevent condensation. ReactantsFigure 1 shows initial propene formation rates for M&O,
and products were analyzed with a Hewlett-Packard 6890 gasas a function of propane partial pressure at 1.3 kPaafidout
chromatograph using analysis procedures described else-2dded HO. The propene formation rate increases linearly with
where?5:26 C;Hg and G conversions were varied by changing increasing propane partial pressure, in agreement with previous
reactant flow rates (56200 cn#/min); they were kept below  reports?~3* Propane ODH rates do not depend op @rtial
2% and 20%, respectively. Reaction rates and selectivities werepressures when4@ is not added (Figure 2), in agreement with
extrapolated to zero residence time in order to determine initial previous report3!-33 The effect of HO partial pressure on
reaction rates and selectivities. First-order rate constants forpropane ODH rates is shown in Figure 3 at 8.1 kPa ¢fi{
alkane ODH k), primary alkane combustiol), and secondary ~ and 1.3 kPa of @ Water inhibits propane ODH on Mq©
combustion of alkeneskf) were obtained from bed residence ZrO; catalysts in a manner similar to that reported on,O
time effects on product distributions using previously described ZrO;** and VQ—AI;033 catalysts. This resemblance in the

used in this study are shown in Table 1. All three samples were
also characterized by X-ray diffraction and by X-ray absorption,
Raman, and UVtvisible spectroscopie®:2729-30These meth-

ods were used to establish that the dispersed oxide species
present in these samples were two-dimensional oligomers. Such
oligomeric structures minimize the number ofND—Zr link-

ages accessible to gas phase reactants an@#Zr linkages

procedureds ODH kinetics on MoQ-ZrO, and VQ—ZrO, and comple-
mentary isotopic tracer studies of the reaction steps suggest that
Results and Discussion the elementary steps involved in alkane ODH reactions are also
similar on MoQ and VO catalysts. Detailed kinetics and
Mechanism of Propane Oxidative DehydrogenationThe isotopic tracer studiéshave shown that propane ODH occurs

BET surface area and the M®urface density for the catalysts on VO, domains via a Marsvan Krevelen redox mechanism
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Figure 2. Effect of O, pressure on s formation rate on 11 wt %
MoO,/ZrO, (703 K, 5.1 kPa GHs, balance He).
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Figure 3. Effect of H,O pressure on £s formation rate on 11 wt %
MoO,/ZrO, (703 K, 8.1 kPa GHs, 1.3 kPa Q, balance He).

using lattice oxygen atoms to abstract hydrogen atoms from
CsHgin an irreversible €H bond activation step. Propane ODH
is envisioned to occur via the following sequence:
1. Weak associative adsorption of propane on lattice oxygen
(0%
C;Hg + O* = C;H O ()
2. C—H cleavage via H-abstraction from propane using a
neighboring lattice oxygen
C;H,O* + O* — C;H,0* + OH* (1
3. Desorption of propene by hydride elimination from
adsorbed alkoxide species

C,H,0* — C,H,+ OH* (D)

Chen et al.
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Figure 4. Comparison of predicted (from eq 1) and experimentidC
formation rates of ODH of propane on 10 wt %W¥2rO, (O) and 11
wt % MoQO/ZrO, (») catalysts.

4. Recombination of OH groups to form water and a reduced
M center &)

OH* + OH* = H,0+ O* + % (Iv)

5. Reoxidation of reduced M-centers via dissociative chemi-
sorption of Q

0, + %+ x— O* + O* V)

In this scheme, O* is a lattice oxygen atom in the MO
overlayer (e.g., M= O, M—0O-M, or M—0O—Zr), OH* is a
hydroxyl group in M—O—H, C3H;O* represents an adsorbed
propoxide bonded to M (MO—C3H7), and % represents a
surface vacancy associated with either one"V" cation @
is the highest valence of M) or two Mo+ cations in the MQ
lattice. These elementary steps, together with pseudo-steady-
state assumptions for all adsorbed intermediates and quasi-

equilibrium assumptions for steps | and IV, lead to a rate
expression of the form:

r =k K|[CsHgl/{1 + (Klv[Hzo])o'S(kuK|[C3H8]/
2k, [0,)**}? (1)

wherek; is the rate coefficient anl; is the equilibrium constant
for step i. Figure 4 compares experimental and predicted rates
(by eq 1) at various &g, O,, and HO concentrations for the
MoO,/ZrO, and VQ/ZrO, catalysts used in this study. It is
evident that eq 1 describes accurately propane ODH on both
catalysts at all conditions used in the study, confirming the
mechanistic resemblance of ODH reactions on Mb&sed and
VOy-based catalysts. The limited available kinetic data do not
permit a conclusive assessment of the ODH mechanism og WO
ZrO,, but the chemical resemblance between Mo and W oxides
leads us to expect that the reaction also occurs by the steps
leading to eq 1.

Effects of MOy Composition on the Rate Constants for
Primary and Secondary ReactionsThe effects of metal oxide
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Figure 5. Temperature dependence of the propane primary dehydro-
genation reaction rate constait)(

for propane primary combustion and dehydrogenatiofki.

of the transition-state species in stef? |l

100
] ki = (kgT/h) exp[—(AH,"— TAS,)/RT] (4)
WO,/ZrO,
wherekg is the Boltzmann constant amds Planck’s constant.
AH2% and AS29s are the enthalpy and entropy of propane
adsorption (step 1), andH;" and AS," are the enthalpy and
the entropy for the formation of the transition state in step II.
= 10 Combining egs 2 and 4 leads to
S VO/ZrO
x Mo0,/Z10, W20, k, = (ksT/h) exp[(AS2*+ AS,")/R] exp[—(AH,2%+
AH,)RT] (5)
If eq 5 is rewritten as
. k, = A, exp—AE,/RT) (6)
0.0013 0.0014 0.0015 0.0016 0.0017 then AE; the apparent activation energy, is given by
1T (1/IK
_ (11K) _ _ AE; = AH2®+ AH,f 7)
Figure 6. Temperature depende_nce of the reaction rate constant ratio
Lc;iroelrcq)zjiznf secondary combustion and propane primary dehydrogen-andAl, the preexponential factor, is given by
— d
composition on the apparent rate constants for reactierg 1 A, = (ksT/h) exp[(AS**+ AS,)/R] (8)

in Scheme 1 were measured at lowHg conversions in order
to minimize the kinetic complexity introduced by highes®
partial pressures. Figure 5 shows an Arrhenius plokfaand
Figures 6 and 7 show similar plots fdr/k; and ki/ks,

Thus, the apparent activation energy for propane ODH corre-
sponds to the sum of the adsorption enthalpy for step | and the
enthalpy of formation of the transition state involved in step .

respectively. These data can be used to examine how the identityThe preexponential factor reflects the sum of adsorption entropy

of the metal cations in MQinfluences rates and selectivities

for step | and the entropy of formation of the transition-state

for propane ODH and combustion and for secondary combustion SPECies in step 1, because

of propene.
At low H20O concentrations, the rate of propane ODH given
by eq 1 becomes
r =k, K[CsHgl = Ky[C3Hgl ()
The apparent rate coefficiekt is, therefore, equal tk K. The
equilibrium constantl,) can be related to the thermodynamics
of propane adsorption using

K, = exp[—(AH,2*— TAS/RT] (3)

and the rate constank() to the thermodynamics of formation

(9)
(10)

AS*®= S(C;H0*) — S(C;Hg) — S(O)

ASlr =Sen— Y(C3HgO*) — JO%)
and therefore

AS = AS* ™+ AS" = S, — S(CiHy) — S(0*) - s«%;)l)

AS; reflects entropy differences between the reactagitiCin
step | and the transition state for step Il. Apparent activation
energies AE;) and entropies AS;) for the primary ODH
reaction were obtained from the data in Figure 5 and they are
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TABLE 2: Kinetic Constants for MO ,/ZrO, (M =V, Mo,
W) Catalysts in ODH of Propane a CH, CH, a’ CH, CH,
catalyst 10 wt % 11wt % 20 wt % \c/ c
VOJZI0,  MoOJZi0,  WO,ZrO, N P
AE; (kd/mol) 99 117 126 Lo s o
AE; (kJ/mol) 51 60 65 0 105 ° o T_o g ©°
AE;— AE; (kJ/mol) 48 57 61 AN v .V
AS; (J/(mol K)) —-123 -121 —120 ? \? c|> \?
AS; (J/(mol K)) —177 —179 —178 M M M M

reported in Table 2. The values &f5; obtained are very similar
on all three catalysts. Sinc&CzHg) is a molecular property
that does not depend on the nature of the catalyst, the similar b H b’
values ofAS; obtained on the three catalysts suggest that values

of Ss1, and thus the structure of the activated complex, are also \ N ' ™\
similar on MoQ, VO,, and WQ domains. This confirms the i H H
conclusion reached from measurements of the reaction kinetics o ‘*fl) 6 % o o 'ﬂ:l)" 0. 9 0
and from isotopic tracer studies that propane ODH proceeds ~vl ~J ~vl ~{
via the same mechanism on V@rO, and MoQ/Zr0,,2831and o o
possibly also on W@ZrO,. The measured activation energies “In M |\|,| M

(99—-126 kJ/mol) are similar to values previously reported on
V205—Nb,Os (72—110 kJ/mol)3® and they increase in the  Figure 8. Speculated transition state structures of activation of propane
sequence (a and 8§ and propene (b and)

difference in activation energy between the two steps;(—
VO,Zr0, < MoOJZr0, < WO/ZrC, AE3) is 48-61 kJ/mol and it increases in the sequence

Propane ODH rates show the opposite trend and decrease ir\/Ox/ZrO (48 kd/mol)< MoO,/ZrO, (57 kd/mol)<
this order; this suggests that the higher ODH rates reported on 2 ZWOX/ZrO (61 kJ/mol)
2

VOy-based catalysts reflect the lower activation energy feHC

bond activation on V@based catalysts compared to those on . . S
catalysts based on Mg@nd WQ. On selective ODH catalysts, alkene yield limitations pre-

The ky/k; ratio decreases with increasing temperature on all dominantly reflect the value of tHe/k; ratio, becausky/k; ratios
. . . 25-27 _
three catalysts (Figure 6). Assuming Arrhenius formskicand tend to be very small (0-10.2)>*" The value OfAE; — AEs
ks, their ratio can be written as strongly influencesks/k; ratios (eq 12). In what follows, we
' examine the specific elementary steps that influence the

ko/k, = (AJA,) exp[(AE, — AE,)/RT] (12) measured values &f andks, as well as catalyst properties that
can influence these relevant rate constants. The apparent

AE; andAS; values (for secondary propene combustion) were activation energy for propane ODH_reactions corresponds to
calculated from Figures 5 and 6 and they are shown in Table 2. the sum of the adsorption enthalpy in step | and the enthalpy
AE; increases in the same order AE; (VO,/ZrO, < MoOy/ o_f fprmatlon of the transition state species in step II. (eq 7). A

Zr0, < WO,/Zr0,). Activation entropies for propene combus- S|m|lar_ treatment can be used fqr propene activation by
tion (AS;) over VQ/ZrO; MoO/ZrO,, and WQ/ZrO, are proposing that molecular adsorption of propene precedes

similar (Table 2), suggesting that combustion pathways are also@ctivation of allylic C-H bonds; adsorption and-€H bond
similar on these catalysts. activation steps are followed by fast (and kinetically insignifi-

The similar site requirements for reactions 1 and 3 (suggestedca”t) steps required in order to complete a combustion turnover.
by the effects of VQ structure on selectivity}-?® and the > * .
markedly different values oAS; and AS; measured (Table 2) CaHe + O* = CHO ()
indicate that propane ODH (reaction 1) and propene combustion
(reaction 3) pathways involve transition states with different
structures. The weakest—& bond in alkanes and alkenes is
usually cleaved in the initial step of oxidation reactig#is
thus, C-H bonds at the secondary carbon and allyliel  Thjs treatment leads to an apparent activation energy for propene
bonds in propene are expected to be involved in rate-determiningcompystion given by
C—H activation steps. This was also confirmed by the observed
kinetic isotopic effects when comparing reactions ofsCH,- AE. = AH.2% 4+ AH..S (13)
CHa3/O, and CHCD,CH3/O,.41 As a result, transition states for 3 ! !
activation of C-H bonds in propane and propene would differ whereAH,2dsjs the propene adsorption enthalpy akd " is
markedly, as suggested by the possible transition state structureg,q enthalpy of formation of the transition state for allylie 8

C;HO* + O* — C;H O* + OH* )

shown in Figure 8. bond cleavage in step'lIAE; — AEz is the critical term
The apparent activation energy for propene combusdi) influencingks/k, ratios and it is given by

is lower than for propene dehydrogenatiaxE;) on all three

catalysts (Table 2). This leads to a decrease inkgfig ratio AE, — AE, = (AH ads_ A py ’ad3 + (AH," — AH, ")

(and an increase in propene yields) as temperature increases. ! 3 ! ' I I

The C-H bond activated in propane is stronger than the allylic = A(AHadS) + A(AH" (14)

C—H bond in propene; consequently, propane reaction rates are
more sensitive to temperature than propene reaction rates. TheA(AH299 represents the difference between the adsorption
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enthalpies for associative adsorption of propane and of propene WOQO/ZrO, < Mo0,/ZrO, < VO,/ZrO,

on a given catalystA(AH") reflects the difference in the

formation enthalpies for the transition states required feHC The electron-richz bond causes propene to interact more
bond activation in propane and propene on a given catalyst. strongly with electron-deficient cations (or with less basic
Since the G-H bond activation steps for propane and propene oxygens) than propane. ThereforfAH2) is always positive
appear to require similar site(AH") values predominantly  and it is expected to increase in the sequence

reflect the difference in €H bond dissociation enthalpies

between propane and propene, while adidse properties VO,/ZrO, < MoO,/ZrO, < WO,/ZrO,
would influence predominantly the adsorption enthalpies of
propane and propene (i.A(AH299). The cleavage of allylic €H bonds in propene occurs away

The dissociation energy for methylene-8 bonds in propane from tk(\jeyr borjd invollved .in adsorptiqn; therefore, changes of
(401 kd/mol2is higher than for allylic G-H bonds in propene ~ A(AH®) and in Lewis acid strength influend&(AH') values
(361 kJ/moly2 The difference in €H bond dissociation ~ Only weakly. For similar values oﬁéAHf), eq 14 predicts that
enthalpy between these two bonds (40 kd/mol) is smaller than AE1 — AEswould increase a8(AH*) and Lewis acid strength
the measured\E; — AE; values (48-61 kJ/mol; Table 2). increase. .The measurexE; — AE;3 values (Taple 2) mdegd _
Activation energies for propane ODHAE; = 99126 kJ/mol) increase in the same sequence as the predicted Lewis acid

and propene combustiomE; = 51—65 kd/mol) are much  Strength of V¥*, Mo®*, and W* cations.
smaller than the dissociation enthalpies of the bonds broken, Measurede/k, ratios depend only weakly on temperature on

suggesting that these-@4 bonds are cleaved via concerted 2!l three catalysts (Figure 7), suggesting that propane ODH and
interactions with lattice oxygen atoms. These concerted path-Propane combustion activation energies are very similar. Both
ways avoid the requirement for the full dissociation energy €actions use propane as the reactant and they appear to be
through the concurrent exothermic formation ofQ and H-O limited by the initial activation of a methylene{H bond in
bonds. Therefore)(AH") values are not likely to reach the full ~ Propane. As a result, these two rates will dependoandK;

40 kd/mol G-H bond enthalpy difference between propane and values that are likely to be similar for the two reaction paths;
propene. Yet, experimentdlE; — AE; values are larger than hence ko/k; ratios are almost independent of temperature. The

40 kJ/mol on all three catalysts (Table 2). We conclude that Kinetic resemblance between ODH and combustion steps
AE; — AE; values must also reflect differences in adsorption suggests that the steps that determine the fate of adsorbed
enthalpy between propane and propAtaHad9, which depend alkoxide speciesdesorption as alkene or sequential oxidation
on the nature of the catalytic surface and not just on the relative 2Nd ultimate desorption as G©depend on the nature of the
bond strength in alkanes and alkenes. Adsorption processes ar8inding site, but they are not kinetically significant because they
exothermic and stronger molectisite interactions translate into ~ °Ccur after irreversible €H bond activation steps. Previous
more negative adsorption enthalpies. Propene molecules contairstudies have shown that the propane ODH and combustion
az-bond, which makes them more basic than propane and whichréactions occur on different active sites, and that the relative
leads to stronger interactions with electron-deficient Lewis @Pundance of these two types of binding sites is influenced by
centers on oxide surfaces. As a result, propene interacts mordN€ structure of the MOspecies, as shown by the observed
strongly than propane with oxides containing Lewis acid char;g;ees inki/ko rat2|7o with changes in the surface density of
center VO,, MoO,, and WQ, all contain electron-deficient ~ VOx™*" and MoGQ?’ species. The observed increasekirk,
cations that act as Lewis acids; therefodAH2) is always values with increasing Vand MoQ surface density appears

positive and this term make\E; — AEs) values larger than O Pe associated with the decreasing density of QA-Zr
the A(AH") term. species, which favor strong binding of intermediate alkoxide

species and the direct combustion of propane during one surface
sojourn?s—27

Effects of Catalyst Structure and Chemical Properties on
Catalytic ODH Reactions In ODH reactions, the redox
properties of oxide catalysts play an important role in determin-
ing reaction rated] and the relative €H bond energies in
alkanes and alkenes strongly influence alkene yi#ldEhe
acid—base properties of oxide catalysts, however, can also
influence both reaction rates and alkene yiéfds.

ODH reaction rates reflect an apparent activation energy
(AE;) given by the sum of the enthalpy of propane adsorption
(AH;2% and of the G-H bond activation energy\H;") (eq 7).
Generally, molecular adsorption of propane is very weak and
AH2% values are small. As a resul\E; values reflect
predominantlyAH," values. C-H bond activation involves a

Clearly, small ks/k; ratios require small differences in
adsorption enthalpies between propane and propeng, VO
MoOy, and WQ contain electron-deficient cations that act as
Lewis acid centers and WZrO, has been widely studied as
an acid catalyst344 Lewis acid strength can be related to the
electronegativity of each element in a compound and to the ratio
of the square of the charge (q) to the ionic radius (r) for a given
cation. In general higher electronegativity and largéreplues
are associated with stronger Lewis actei§he Pauling elec-
tronegativities increase in the sequefice

V (1.63) < Mo (2.20) < W (2.36)

The ionic radii of \P" is 0.54 A and M&" is 0.59 A and \V§*

is 0.60 A at the same coordination number df s aresult,  concerted reaction with lattice oxygen atoms, which leads to
q?/r values increase in the same sequence AH," values much lower than-€H bond dissociation energies.
This step forms alkoxide and hydroxyl groups and it leads to a
V°" (46.3)< Mo®" (61.0)= W°" (60.0) two-electron reduction leading to either oné®lor two M1

cations (depending on whether bridging or terminal oxygens
By both criteria, the Lewis acid strength of the cations increases are involved). Therefore, the value AH;" must also depend
in the sequence ¥ < Mo®t < W6*, The strength of the  on the redox potential of the cations in their highest valence
conjugate base (lattice oxygen atoms) decreases with increasingaind on the strength of the MO—R and M—O—H bonds.
cation acid strength and the basicity of the lattice oxygen atoms Irreversible C-H bond activation and rapid vacancy reoxidation
therefore increases in the sequence lead to O* most abundant surface intermediates during ODH
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TABLE 3: Melting Point and Tamman Temperature of suggesting that V@based catalyst would remain more active
Various Metal Oxides than the other oxides at the high conversions required in order
metal oxides melting point (K) Tamman temp (K) to obtain high alkene yields.
V.05 963 482 Intermedia.\t.e reducibility, weak Lewis acid penters, and high
MoO3 1068 534 oxygen mobility represent the essential requirements for selec-
Bi»Os3 1098 549 tive ODH; they are consistent with the trends in ODH rates
Cuo 1599 780 and inko/k; andkg/k; ratios observed on V@ MoOy-, and WQ-
WO, 1745 873 based catalysts. They are also consistent with the widespread
Fe; 1838 19 f VQand M ferred ODH catalysts?
TiO, 2128 1064 acceptance of VOand MoQ as preferre catalysts:
Zno 2248 1124 A further decrease in the Lewis acidity of the cations in\VO
NiO 2257 1129 and MoQ by modifications with oxides or supports of moderate
Cr,03 2538 1269 or strong basicity (e.g., MgO, @), which increase the electron
Zr0O; 2983 1492

density at cation sites, should lead to less favorable adsorption
_ _ _ _ of alkenes (smalleA(AH3%), and to lowerAE; — AE;z and
reactions’! Then, more reducible cations will lead to smaller ., value. This is consistent with the generally higher alkene
values ofAH;" andAE;, to more facile reduction, and to higher yields obtained on VQspecies supported on MgO compared
ODH rates. The incipient cleavage of-® bonds in alkanes,  ith similar species supported on more acidic oxides (e.gOAI
however, also depends on the electron density (basicity) of the 3ng SiQ) supported catalys Strongly basic promoters (e.g.,
lattice oxygen anions that abstract the H atdfiss mentioned K,0, Cs0), however, also influence the redox properties of

earlier, Lewis acidity increases in the sequen€é ¥ Mo®" < the cations and can lead to an undesired decrease the rate of
W?®* and the electron density in the oxygen bonded to these OpH reactions (by increasingHy" and AE;).2849.50

cations increases in the sequence of,A@0, > MoO/ZrO,

> WO,/ZrO,. Indeed, measured ODH turnover rates perdMO  conclusions

on catalysts with fully exposed two-dimensional oxide domains

increased in the same sequence as the corresponding basicity The oxidative dehydrogenation of propane occurs via similar
of the oxygen anion. The reducibility of metal centers and the €lementary steps on {Gnd MoQ. The apparent activation
basicity of the active lattice oxygen species seem to account€nergies for propane dehydrogenation and for propene combus-
for the sequence of catalytic activities obtained in this study tion increase in the sequence ¥ZrO, < MoO,/ZrO; < WO,/
(VO/ZrO, > MoO/ZrO, > WO,/ZrO,; Figure 5). ZrO,, while the corresponding reaction rates decrease in this
same sequence. Activation energies for propane ODH are higher
éhan for propene combustion; this leads to a decreagg/kn
ratios as reaction temperature increases. This difference in

Ultimately, very reducible oxides may become ineffective in
ODH reactions because surfaces become devoid of oxygen a

reduction steps become more facile than reoxidation. In such activation energy (4861 kJ/mol) is larger than the difference
systems, @chemisorption rates become rate-determining and in bond dissociation enthalpy between the weakest®onds

the rate actually decreases with increasing reducibility of the in propane and propene and it increases in the sequenge VO
metal cations. This leads to a maximum rates on oxides with " PfoP prop q

: . - L ZrO; < MoOy/ZrO, < WOJ/ZrO,,. This suggests that the
!ntermedlate reducibility aqd to th voIcapo-type plots ub|qu!tous rela'iive adso:ptionz enthalp);es 02f propene gagnd propane also
in heterogeneous catalysis. Similarly, intermediate basicity of influence the relative reaction rates of these two molecules and
lattice oxygens leads to maximum rates. As basicity increases, hat th d - . d d he Lewi idity of
C—H bond activation steps become faster, but the subsequent at these adsorption effects depend on the Lewis acidity o
L ! Ithe cations involved im-bonding of alkenes on oxide surfaces.
recombination of OH groups to form water (step IV) SlOWS. down Propane ODH and propane combustion reactions show similar
and the surface t_)e_comes pre_dommantly COVPTrEd with QH activation energies, suggesting that the steps involved in
groups. Stro_ng_basmlty can also increase the stability of alk.OX'de determining the fate of adsorbed alkoxide species (desorption
Species. This, in turn, WOl.Jld decrease the ratt_a_of desorption .Ofvs subsequent oxidation) occur after the kinetically relevant
the desired alkenes and increase the probability that they will C—H activation steps in propane. Metal oxides having high

instead oxidize to undesired G@roducts. redox properties show high catalytic activity, and less acidic

Oxygen mobility and the rate of reoxidation of oxygen metal oxides lead to small&xE; — AE; value and smalleks/
vacancies can also influence ODH reactions. At the low water i, ratio and hence higher propene yield.

concentrations prevalent at low propane conversions, the reaction

rate constants depend only pandk and they benefit from Acknowledgment. This work was supported by the Director,
weaker Lewis acids and more reducible cations. As water office of Basic Energy Sciences, Chemical Sciences Division
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