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Ethane Oxidative Dehydrogenation Pathways on Vanadium Oxide Catalysts

Morris D. Argyle, Kaidong Chen, ' Alexis T. Bell,* and Enrique Iglesia*

Chemical Sciences bision, E. O. Lawrence Berkeley National Laboratory, and Department of Chemical
Engineering, Undersity of California, Berkeley, California 94720-1462

Receied: December 10, 2001

Kinetic and isotopic tracer and exchange measurements were used to determine the identity and reversibility
of elementary steps involved in ethane oxidative dehydrogenation (ODH) @®\MO; and VQ/ZrO,. C;He—

C.Dg—0, and GHg—D,0—0; react to form alkenes and G@ithout concurrent formation of £g—xDy Or
C.H4—«Dy isotopomers, suggesting that-E&l bond cleavage in ethane and ethene is an irreversible and
kinetically relevant step in ODH and combustion reactions. Primary ethane ODH reactions show normal
kinetic isotopic effectskc-_n/ke-p = 2.4); similar values were measured for ethane and ethene combustion
(1.9 and 2.8, respectively}f0,—80,—C,Hs reactions on supported®0, domains led to the initial appearance

of 180 from the lattice in HO, CO, and CQ consistent with the involvement of lattice oxygen ir-8 bond
activation steps. Isotopic contents are similar OHCO, and C@ suggesting that ODH and combustion
reactions use similar lattice oxygen sites. MO0 isotopomers were detected during reaction3%0f—
180,—C,Hs mixtures, as expected if dissociative €hemisorption steps were irreversible. The alkyl species
formed in these steps desorb irreversibly as ethene and the resultiriggfbups recombine to form J@

and reduced V centers in reversible desorption steps. These reduced V centers reoxidize by irreversible
dissociative chemisorption of OA pseudo-steady state analysis of these elementary steps together with
these reversibility assumptions led to a rate expression that accurately describes the observed inhibition of
ODH rates by water and the measured kinetic dependence of ODH rategHgra@ Q pressures. This

kinetic analysis suggests that surface oxygen, OH groups, and oxygen vacancies are the most abundant reactive
intermediates during ethane ODH on active M{dmains.

Introduction SCHEME 1: Primary and Secondary Reaction

L . . . Pathways in Oxidative Dehydrogenation of Ethane
Oxidative dehydrogenation (ODH) provides an exothermic

and thermodynamically favored route to ethene using ethane Csz—k1>CzH4
as the reactant. The formation of water overcomes the thermo- ‘
dynamic hurdles and the high temperatures involved in non- ke :
oxidative thermal or catalytic routes to ethene. Many previous

; . . COx
studies have examined several metal oxides as catali/ssd

VOy-based materials are among the most active and selective . | - )
catalysts for ethane ODH. Ethane ODH reactions occur in kinetic relevance of specific elementary steps. Such details have

parallel with ethane combustion and with combustion of the P€€n recently reported fgigropane ODH reactions on supported
ethene formed in primary ODH steps (Scheme 1). These YOx MoOs and WGQ. Both primary and secondary
pathways lead to the observed effects of reactor residence timg€actions were shown to proceed via Mars-van Krevélen
on reaction rate and selectivity.In Scheme 1ky, ko, andks pathways mvoIvmg lattice oxygen atoms, which are removed
represent pseudo-first-order rate constants for ethane oxidative?nd restored durlqg eagh catalytic turnover. _
dehydrogenation, ethane combustion, and ethene combustion, Here, we report isotopic tracer and exchange studies of ethane
respectively. Several other reaction schemes and mechanismélehydrogenation and combustion pathways#QOzand VQ/
have been proposed for ethane ODH on vanadia and other activeZrOz catalysts. A sequence of elementary steps consistent with
oxides!? Previous studies on ViEBiO; have provided the most ethane ODH kinetic data was confirmed by isotopic tracer and
detailed mechanistic picture for ethane reactiorisbut for exchange. measurements and by kinetic isotope effects obtained
catalysts leading to more complex reaction products, including from relative rate constants measured for each of the three rate
acetone and acetaldehyde. constants in Scheme 1 usingHg—0, and GDg—0O, mixtures

Previous reports have based their mechanistic conclusions(nkip). The rate expression derived from the proposed
on the kinetic dependence of these reactions gs@nd G catalytic sequence accurately describes ethane ODH rates on
without independent evidence from isotopic tracer or exchange Y Ox/Al20s, VO,/ZrO;, and unsupported 305 catalysts.

studies for the role of lattice oxygen and for the reversibility or _ )
Experimental Section

*To whom correspondence should be addressed [E-mail: iglesia@ i
cchem berkeley.edu: bell@cchem.berkeley.edu]. VO,/Al,O3 catalysts were prepared by incipient wetness
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TABLE 1: Surface Area and V Surface Density for VO

Catalysts
V05 loading surface area nominal VO, surface
(wt %) (m?/g) density (V/nn3) 3
2 V,05/Al ;04 95 14
10 V,05/Al,05 83 8.0
30 V,05/Al ;03 58 34.2
10 V205/Zr02 170 3.9 2 A

oxalic acid. The impregnated samples were dried, crushed,
treated in dry air at 773 K, and sieved to retain +385 um
particles. Catalyst synthesis and structural characterization
procedures and the results were reported previddsip,/ZrO,
catalysts were prepared similarly using Zr oxyhydroxide pow-
ders as supporté:1’ Table 1 shows surface areas and nominal 0 5 10 15
vanadia surface densities for the catalysts.

The effects of reactant and product concentrations on reaction\ﬁ_ e 1. Effect of GiHs concentration on @i formation rate on 10
rates and rate constants were measured using a packed-bed flow!'9ure - 6 ! 4 !
reactor with plug-flow hydrodynamics. \{A\I,0s and VQ/ Wt % V205/Z10; (3.9 Vinn?) [1.7 kPa Q, balance He, 723 K].
ZrO; catalysts (0.010.3 g, 186-355um) and \LOs powders

C,H, Formation Rate (*10”° mol/s g-atom V)

Ethane Pressure (kPa)

-
o

(Johnson Matthey, 99.9%, 0.49.78 g,<355um) were diluted E

with quartz granules (186355 um, 0.01-0.3 g) in order to S

prevent temperature gradients and to ensure plug-flow hydro- 3, 058

dynamics. No products were detected on@y ZrO,, quartz 2 * *
chips, or an empty reactor at the conditions of this study. g 4 ¢
Reaction rates were measured on &0, (3.9 V/nn?) at %, 081

ethane pressures of-45 kPa and @ pressures of 14 kPa. T

Kinetic inhibition by products was probed by adding up to 10 2

kPa HO and 1 kPa CQ(CO,: Liquid Carbonic, 50.3%, balance 044

N2; CO: Praxair, 2%, balance He) to the feed,CHwas 8

introduced by flowing H (Airgas, 99.99%) over a CuO bed ‘g

(100 g, 13 wt % CuO/AIO3) at 623 K in order to convert all 5 027

the H to H,O. All transfer lines after KO introduction were u

kept at~400 K. Kinetic measurements were also carried out f} 00

on three VQ/AI,05; samples with surface densities of 1.4, 8.0, " ) ) 3 . 5

and 34 V/nm. In these measurements, theHg pressure was
kept at 14 kPa and Opartial pressures were varied (1.6.8
kPa) in order to achieve £¢/O, ratios of 2-8. The GHe Figure 2. Effect of O, concentration on g, formation rate on 10 wt
pressure was changed to 3.4 kPa and then to 6.8 kPa, while” V205/Zr0; (3.9 V/nn¥) [3.4 kPa GHs, balance He, 723 K].
keeping the @pressure at 1.7 kPa,B8s (Scott Specialty Gases, . ) )
research grade>99.999%) and @ (Praxair, research grade, wlth a mass selective de_tector (HewletF-Packard 5872). The ion
chemical purity>99.999%) were used without further purifica- yields were analyzed using deconvolutlon methods.that account
tion in all experiments. Helium (Airgas, research grade for natural*C abundance and fragmentation pattétisorder
>99.9999%) was used as an inert diluent. to obtain the'*C, 2H, and*80 isotopomer distributions in each
Typical GHs and G conversions were-12% and 16-20%, reactant or product. £ls (Scott _Speciahy Gases_, resegrch grade,
respectively. A Hewlett-Packard 6890 gas chromatograph ~ 99:999%), GDs (Isotec, chemical purity 99%, isotopic purity
equipped with packed (Supelco Carboxen 1004) and capillary >99%),"3CzH, (|30§eC, chemical purity 99.9%, isotopic purity
(HP-1, 50 m, 32Qum) columns and thermal conductivity and > 99%), %0z (Praxair, research grade, chemical puri§9.999%,
flame ionization detectors was used to measure reactant andSCtOPIC purity 99.92%):%0, (Isotec, chemical purity-99%,
product concentrations in the effluent stream. The reaction 'SOtOPIC purity>99%), andH,0 (Isotec, chemical purity 100%,
temperature was varied between 663 and 743 K and reactor'SOth'C pquty 99.9%), were used without further purification.
residence times were adjusted by varying ethane molar flow Helium (Airgas, research grade99.9999%) was used as an
rates between 0.017 and 0.17 mol/s g-atom V. Reaction rateinert diluent.
data as a function of residence time were used in order to
calculate initial rates for primary dehydrogenation and combus-
tion reactions and each of the rate constants in Schethe 1. Effects of Reactant and Product Concentrations on
Isotopic studies were conducted using a gradientless recir- Reaction RatesFigures 1, 2, and 3 show primary ethane ODH
culating batch reactor with catalyst sample€(1 g) held in a rates (from residence time data extrapolated to zero conversion)
shallow bed at 663 K8 Gradientless operation was ensured by as a function of reactant and product concentrations on 10 wt
keeping GHe and G conversions below 1% per pass. Reactants % V,0s/ZrO, (3.9 V/nn?). Dehydrogenation rates were nearly
were introduced into the recirculating volume (4003 mfter first-order in GHg (Figure 1) and almost zero order in (rigure
evacuation t0<0.1 Pa. A graphite gear pump was used to 2). The addition of water decreased primanHg dehydroge-
circulate reactor contents at 1.67 €81l The chemical and nation rates (Figure 3). These inhibition effects weakened with
isotopic compositions of reactants and products were measuredncreasing HO concentration, as also reported previously on
by injecting gas samples into a gas chromatograph equippedVO,/Si0,.1° Neither CO nor CQinfluenced primary ODH rates

Oxygen Pressure (kPa)

Results and Discussion
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Figure 3. Effect of H,O concentration on 1, formation rate on 10
wt % V,05/Zr0; (3.9 V/Inn?) [3.4 kPa GHs, 1.7 kPa G, balance He,
723 K].

SCHEME 2: Sequence of Elementary Steps and Derived
Rate Equation for Oxidative Dehydrogenation of Ethane
on VO Catalysts

CaHe + O CHiO" [
2
31
4l

5]

k
CzHeO* + O* 5 CoHsO* + OH*
o
CoHs0* 3 CoH, + OH*
Ka
OH* + OH* <3 Ha0 + O +*

ks
0y 474+ 50"+ 0"

- Kikz [CzHe]

fo ™ 1+ ([HOV S (Koke TCHe) P/ 2ks[0a]) > + (Keke ICHal) (2kelO2) ™F
- ke[ C2Hs)

{1 + OL[HZOIO.S[CZ’_1610.25/[02]0.25 + B[Csz]O'sl[Oz]o's}z

I61

on VO/ZrO,. Similar conclusions were reached on the other
VO,/Al, 05 catalysts studied, indicating that ethane ODH
reaction orders on VQdomains are not influenced by the
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Figure 4. Predicted versus actual rates of ethane ODH or/XIQ0;
and \,Os using the rate equation in Scheme 2; squares: 2 wtb@N
Al,O; (1.4 VInn?); diamonds: 10 wt % YOs/Al,O3 (8.0 V/nn?);
circles: 30 wt % Os/Al,O3 (34 V/nn¥); stars: unsupported )0s;
[3.4—14 kPa GHs, 1.7-6.8 kPa Q, 663—743 K].

a OH group. These ethoxide species then form ethene in Step
3, via the elimination of an H atom to form a second OH group.
Step 4 involves the quasi-equilibrated recombination of two
vicinal OH groups to form water, leaving behind an oxygen
vacancy. The irreversible dissociative chemisorption pf&ep

5) then reoxidizes the reduced V centers to form the stoichio-
metric \V°* oxide domains required for a new catalytic cycle.
This Mars-van Krevelen mechanism resembles those shown to
account for propane ODH on (& and MoQ!4 catalysts.

The elementary steps shown in Scheme 2 lead to the rate
equation shown in eq 6 (Scheme 2). This rate equation follows
from Scheme 2 via the straightforward application of the
pseudosteady-state hypothesis (PSSH) for each surface species
together with the quasi-equilibrium assumption for steps 1 and
4, and the assumption of O*, OH*, and * as the most abundant

support or by any changes in domain size or structure causedreactive intermediatesnari). This equation accurately describes

by changes in the support or in the Y€urface density. Detailed
kinetic measurements on \/@rO, and VQO/AI,O; were

the experimental rate data, including the apparent deviations of
the GHg and Q orders from 1 and 0, respectively, as shown

consistent with ethane orders Sllghtly smaller than one and with by the Comparison between the predictions from these equations

small positive orders in ©concentration. This kinetic depen-

and the measured reaction rates included in Figure 4. Thus, the

dence reflects some subtle mechanistic details illustrated by themechanism shown in Scheme 2 is consistent with experimental
elementary steps in Scheme 2; it is significantly more complex rate measurements. Ethane ODH rates per V on both 2 wt %

than the zero and first-order respectiveadd GHg dependences
widely reported for alkane ODH reactiohs!

V,0s5/Al,0z and unsupported XDs (squares and stars visible
in the Figure 4 inset) are very low, and they lead to less accurate

Scheme 2 shows a set of elementary steps consistent withflow and conversion measurements and to more scatter for these
this kinetic dependence and with the isotopic experiments rate measurements than for those on 10 wt % and 30 wt %

reported below. O* represents a lattice oxyger V—0O—
V, or V=0O—M, where M is the oxide support)..8s0* is an
ethoxide species attached to a V-cationHE-O—V); OH*

V,05/Al 03 catalysts.
The values of the parameters used in the ethane ODH rate
equation (eq 6) for 10 wt % X0s/Al O3 (Figure 4) are given

denotes a hydroxyl group bound to V or M, and * is a reduced in Table 2. The ethane adsorption equilibrium constiéntand

V center, consisting of an oxygen vacancy at a singié df
shared between two%. Step 1 represents the quasi-equilibrated

the initial C—H bond activation rate constark,, appear as an
effective rate constankds) in the numerator of eq 6. The values

weak molecular adsorption of ethane. In this Scheme, Step 20f ke follow the expected Arrhenius-type magnitude increase
becomes the only kinetically relevant step when O* is the most with increasing reaction temperature. Its apparent activation

abundant reactive intermediatedri). This step involves the
activation of one of the six equivalent-& bonds in ethane

energy is 110 £15) kJ/mol, in agreement with previous
measurements on this catalystThe three terms in the

using lattice oxygens to form an adsorbed ethoxide species anddenominator of eq 6 reflect the relative contributions of O*,
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TABLE 2: Values of Fitted Kinetic Parameters for the L T - R U
Ethane ODH Rate Equation (Eq 6 in Scheme 2)
parameter 663K 683K 703K 723K 743K 05 4 M T
ket (Cr® mol-1 1) 30 50 91 150 240 + T
o (cm->mol05s709) 14 3.3 0 0 0
o[CoHe]O2JH,0°H0;]025¢  0.09 0.02 0 0 0 0.4 - :
typical values ;
d 0.06 0.06 0.07 0.06 0.04 5 j
BIC2Hg] %90, ~05¢ 0.02 002 002 002 0.1 % 03 e |
typical values £ L’ ~ ‘
A= KiK. 0= Kq02K 02K, 052ks 025, ¢ = (K;K'o[CoHg]) *2([H-0]/ £ o2 . *.
K4)0-5(2k5[02])’°-25. d— K10.5K20.52K5—0.5. e— (Klk'z[CzHe])O's(st[Oz])70'5- = :l .
N 01 - ) “.
g C H v s b £ ‘
w 4 2Me L’ N
g-, A 0 fd I AN VL 0 N L
o 08 ! ) ks 'y T iy '
2 ¢ o 1 2 3 4 5 &
’io_ 064 Number of Deuterium Atoms in Ethane
£ 04 {8
B I - 0.8 -
£ c.D L]
(=]
. 2ls
Q
£ 0.6
£ c
m 2
° - - g
0 50 100 150 £ 044 L.
Contact Time (min) 3 .
Figure 5. Ethene formation rate as a function of time during ethane = 0.2 A S ®
ODH with C;Hg and with GDg reactants on 10 wt % 3Ds/Al,03 (8.0 hRS
VInm?) [14 kPa GHg or C:Ds, 1.7 kPa @, 663 K]. A .
. . . . 0 1 6 I S
OH*, and * in the order in which they appear. Table 2 contains ' T LJ } '
o andp, which are the collected equilibrium and rate parameters 0 1 2 3 4
preceding the OH* and * termsK{%2%',%-2%,~%2ks %25 and Number of Deuterium Atoms in Ethene

K10-5|.<'2?-52k5 0%, r.espectlvely). The values af and f5, vyhen Figure 6. a Deuterium distribution in ethane during ODH oftG—
multiplied by typical reactant and product concentrations, are c,p;—0, mixtures on 10 wt % YOJ/Al,O; (8.0 V/nn?): squares:
small relative to the 1 in this denominator, suggesting that the starting mixture; circles: 2.5 h reaction time, 4.4% ethane conversion;
concentrations of OH* and * are small compared to that of O*. dashed line represents binomial distribution [6.8 kR&l¢{6.8 kPa
The calculated values for OH* and * are qualitatively consistent g_z'?s_-b 1t"7 kPa ?h 663 ][< feC(;fomati?Eg bfétcg regCtO@--t DeUtefiU{%
with our recent in situ measurements of the number reduced 2'strioution in ethene tormed 1rom e —LsDe =t mixtures on 1J
vanadia centers using UWis spectroscopy, which suggest that \cljvitstri/lo)u:{é(rjnd ’[Agéoléiog_\a nrg)é Eggh%%;'nle]relfFr,e;gtSsgén(:(r?'al
<~5% of the vanadium atoms are reduced during steady-stat€gircylating batch reactor, 2.5 h reaction time, 4.4% ethane conversion].
alkane ODH reaction®. At low reaction temperatures, the value
of o leads to OH* surface coverage estimates-@P6, which time. The primary GHgs dehydrogenation rate constarmd)
are consistent with the mild inhibition effects of water observed obtained from these data is 2.4 times larger than the rate constant
on ethane ODH rates (Figure 3). These inhibition effects weakenfor C,Ds dehydrogenationk{p). This normal kinetic isotope
with increasing temperature because of the exothermic natureeffect (KIE) is consistent with kinetically relevant-& bond
of the water adsorption step, which titrates vacancy sites (*) activation steps (Step 2 in Scheme 2), as assumed in most
with OH* and decreases the number of lattice oxygen atoms previous studie$->812The KIE for each of the reactions in
(O*) available for kinetically relevant €H bond activation Scheme 1 is discussed in greater detail below<8% ethane
steps. conversion, the rates of ethene formation presented in Figure 5
Isotopic Tracer Studies and Kinetic Isotopic Effects.The decreased with increasing contact time to an extent much greater
kinetic significance and reversibility of the elementary steps than expected from the slight depletion of the ethane reactants.
shown in Scheme 2 and the role of lattice oxygen atoms+hC  This decrease in the net rate of ethene formation reflects the
bond activation were probed using reactants and products labeledcombustion (via Reaction 3 in Scheme 1) of some of the ethene
with 2H, 13C, or180. Kinetic isotope effects were measured from formed in primary ODH steps, as well as a weak inhibition of
separate reactions oblBs—0O, and GDg—O; reactant mixtures  ethane ODH rates by the water formed in ODH and combustion
(14 kPa ethane; 1.7 kPaoon 10 wt % \bOs/Al,03. Several steps (Figure 3).

of these experiments were repeated on 10 wt 3@ZrO,, A C,Hg—C,Dg—0; (6.8—6.8—1.7 kPa) mixture was used in
with similar conclusions. order to examine the reversibility of€H bond activation steps
Figure 5 shows ethene formation rates frogHg-0, and (Step 2). GHg—xDy isotopomers would be expected to form if

C,Dg—0, mixtures at 663 K as a function of reactor residence this step were reversible. Figure 6a shows that equimoldg-€



Ethane Oxidative Dehydrogenation Pathways J. Phys. Chem. B, Vol. 106, No. 21, 2002425

C,Dg reactant mixtures did not lead to detectable amounts of
mixed GHeg-xDy isotopomers, consistent with irreversible-8

bond activation steps. Mathematical instabilities in the matrix
inversion procedures used to calculate isotopomer distributions
and weak secondary kinetic isotope effects in mass fragmenta-
tion patterns lead to the observed scatter in isotopomer
concentrations (around zero) and to slightly negative values for
some of the mixed isotopomers. No mixed isotopomers of ethene
(C,H4—xDy) were detected (Figure 6b), indicating that hydrogen
abstraction steps in ethoxide groups (to form ethene) are also
irreversible and that thesversible readsorption of ethene on
OH*, via the microscopic reverse of ethene formation from
ethoxide species, is slow relative to ethane ODH turnovers. It
appears that the readsorption of ethene on O* sites and the
concomitant C-H bond activation required for secondary ethene
reactions to form CQare also irreversible and that the cleavage
of the first C-H bond in ethene leads to rapid cascade reactions
leading to the ultimate desorption of CO and £0he amount

of C,;H4 formed is larger than that of D4 for equimolar GHe—

C,Dg reactant mixtures because normal kinetic isotope effects
favor ODH reactions of €Hg over those of @Dg (by a factor

of 2.4).

A C;Hg—0,—D,0 (13.5-1.7-0.5 kPa) reactant mixture was
used in order to confirm the irreversibility of Steps 2 and 3 and
to determine the extent to which OH* recombination steps
leading to HO desorption (Step 4) are reversible. Neither
C,oHs—xDx nor GH4—«Dx were detected (Figure 7a and 7b),
consistent with irreversible €H bond activation steps in both
ethane and ethene molecules. A binomial distribution gdH
HDO, and BO isotopomers indicates that quasi-equilibrium
between OH* and kD) is achieved during ethane ODH
reactions. Previous studies usingHg—O,—D,0 mixtures have
also concluded that water desorption steps are revergible,
rapid isotopic exchange unrelated to propane dehydrogenation
steps prevented a definite assessment of the extent of revers-
ibility. OH recombination steps must be reversible faCHo
be able to inhibit ODH rates, as observed for proparé and
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2 3 4 5 6
Number of Deuterium Atoms in Ethane
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Figure 7. a Deuterium distribution in ethane during reaction gHg—

. . . . 0,—D20 mixtures on 10 wt % YOs/Al,03 (8.0 V/nn¥); dashed line
ethane (Figure 3) reactions. IrreversibleCHdesorption steps represents binomial distribution [14 kPatG, 1.7 kPa @, 0.5 kPa

would prevent gas-phase;® molecules from influencing the  D,0, 663 K, recirculating batch reactor, 3.1 h reaction time, 2.8% ethane
surface concentration of any adsorbed intermediates or the rateconversion]b. Deuterium distribution in ethene formed fromHG—
of any surface reactions. 0,—D,0 mixtures on 10 wt % YOs/Al,O3 (8.0 V/nn¥); dashed line

. . . . represents binomial distribution [14 kPaHs, 1.7 kPa @, 0.5 kPa
Figure 8a shows th¥0 Isotopic _Content in the water formed D0, 663 K, recirculating batch reactor, 3.1 h reaction time, 2.8% ethane
from CHe—180,—160, reactant mixtures on a J@AI,O3 (10

conversion].

wt % V,0s, 8.0 V/nn?) sample containing onFO. The initial
H2O products formed contained predominaté# from the rapidly than ODH turnovers. Thus, as also shown for propane
VOy lattice and only trace amounts 80O from thel80,—160, ODH reactions on V@23and MoQ,13 O, dissociation steps
equimolar reactant mixture. This suggests that lattice oxygen gre irreversible during ethane ODH on \Based catalysts.
is involved in the activation of €EH bonds in ethane and in Figure 8b shows th&0/1%0 isotopic ratio in the KD, CO,
the primary formation of water via Step 4 (in Scheme 2). As zngd CQ formed from the GHg—180,—160, reactant mixture.
catalytic turnovers occur, lattic€O is gradually removed as  co and CQ also contain only0 during the initial stages of
H>'°0 and replaced with equimolar amounts 80 and'°O the reaction, confirming that lattice oxygen is also involved in
from O, via the filling of vacancies in Step 5 (Scheme 2). As  primary and secondary combustion reactions. The distribution
aresult, the B°0/H,'%0 ratio increases with reaction time and  of 180 in the CQ is binomial, indicating that statistical sampling
approaches the value of unity expected from the equimolar of |attice oxygen atoms occurs during €f@rmation. Thel8O
amounts of®0 and!®O atoms in the reactant stream (Figure contents in HO, CO, and C® are similar and increase
8a). These conclusions, however, are not unequivocal, becaus@oncurrently with increasing reaction time as the lattice reaches
the reversibility of water formation steps (Step 4) can lead to equilibrium with the equimolaté0,—80, reactant mixture and
rapid isotopic exchange of any.@ formed with the pool of  yitimately provides lattice®0 and 60 atoms with equal
lattice *°0 pool via the reverse of Step 4. probability for both primary and secondary products. ODH and

No 18060 isotopomers were detected in the reactor effluent combustion reactions appear to sample the same lattice oxygen
at any conversion or contact time (Figure 8a) during reactions pool, suggesting that similar sites are involved in ODH and

of CoHe—180,—180, reactant mixtures. Reversible @issocia-
tion steps (Step 5) would lead to mixed dioxygen isotopomers,
as the recombination of lattice oxygen species occurs more

combustion reactions.
A reactant mixture consisting of,8g (14 kPa) 3C,H, (0.5
kPa), and Q(1.7 kPa) was used in order to measure the relative



5426 J. Phys. Chem. B, Vol. 106, No. 21, 2002

a 1 1
0.8 - L 0.8
o
o 0s{ H'°O L o6 ©
* H.'°0 £
z =
O o
T~ e
T 0.4 - L 0.4 O
®
0.2 - L 0.2
0 (]
0 50 100 150 200 250
Time (min)
b 1

Ratio of '®0 to '°0 in Combustion Products

0 T T T T

0 50 100 150 200 250
Contact Time (min)

Figure 8. a The time evolution of the FO/H,0 ratio in the water
product and of thé®0%0 fraction in the Qreactant during the reaction
of ethane and a mixture 6fO,—80, on 10 wt % \41®Os/Al,1%0; [14
kPa GHs, 0.85 kPa'0,, 0.85 kPa'®0,, 663 K, recirculating batch
reactor].b. The time evolution of thé%0/*%0 content of all combustion
products from the reaction of ethane and a mixturé®@,—¢0, on
10 wt % V»1%05/Al 1605 [14 kPa GHe, 0.85 kPal®O,, 0.85 kPaltO,,
663 K, recirculating batch reactor].
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Figure 9. 3C content of products during ethane ODH, Wii€,H,
initially present, on 10% V@AI,O3, 8.0 V/nn? [14 kPa GHs, 1.7 kPa
0z, 0.5 kPa%®C,H,, 663 K, recirculating batch reactor].

TABLE 3: Reaction Rate Constantkj, ky, and ks (cm? mol~1
s71) and Kinetic Isotope Effects on 10 wt % VQ/AI,O3
Catalysts (14 kPa GHg or 14 KPa C,Dg, 1.7 KPa O,
Balance He, 663 K)

ethane ethane ethene
dehydrogenation combustion  combustion
(k) (k) (ko)
Kic-H 30 10 170
Kic-p 12 5.3 61
Kic-n/kic-p 2.4 1.9 2.8

in Scheme 1) are significantly larger than fosHg combustion

(k2 in Scheme 1)Kz/k, = 14). The'3C content in CQdecreases
with increasing contact time because unlabeled ethene formed
from 12C,H¢ dilutes the isotopically puré3C,H, reactants
initially present. A kinetic analysis of these data shows aat

is 5.8 times greater than the rate constant of ethene formation
(ky in Scheme 1). Théy/k; ratio is 0.36, indicating a primary
C,H, selectivity of 74%. Both ratios agree with values of these
rate constants obtained from the effects of reactor residence time
on reaction rate and product selectivity in a flow reaéiéfhe
value of ka/k, obtained from the latter measurements was 16
(11), in excellent agreement with the value of 14 reported here
from isotopic tracer studies. Figure 9 shows thatf0 is
detected in ethane even at ethane conversions of 4.4%, confirm-
ing the irreversible nature of-€H bond activation steps, also
shown from GHg—C,;Dg—0O; (Figure 6) and @Hg—O,—D,0O
(Figure 7) experiments.

rates of primary and secondary reactions and the reversibility H-—D Kinetic Isotope Effects for Primary and Secondary
of the overall ethane dehydrogenation reaction at 663 K o VO Reactions.Kinetic isotope effects (KIE) measured from reac-

Al,O3 (10 wt %, 8.0 V/nm). These competitive reactions of

C,Hg and 13C,H, showed that CO and GCform via direct

tions of GHg—0O, and GDg—0O, mixtures are shown in Table
3 for each reaction step in Scheme 1. Primary dehydrogenation

ethane combustion and secondary ethene combustion reactiongk;), primary combustionk), and secondary combustioks)

The CO and C@ formed from GHg—13C,Hs—O, mixtures

showed similar'3C contents at all contact times (Figure 9),

suggesting that CO and G@rm from both GHe and3C,H.,.

The initial concentration 0f2C,Hg is 27 times greater than that

of 18C,H,4, but the initial 13C fraction in CQ combustion

rate constants were extracted from these rate data as a function
of reaction time on 10 wt % YOs/Al,03 at 663 K. As noted
earlier (Figure 5), the kinetic isotope effect for ethane conversion
to ethene Kiw/kip) is 2.4, as expected for kinetically relevant
steps involving G-H bond cleavage. The corresponding kinetic

products, which form from essentially unscrambled reactants, isotope effects are 1.9 for ethane combustion to CO and CO

is 0.47, indicating that rate constants ofHz combustion ks

(kon/kop) and 2.8 for ethene combustidkyf/ksy). These normal
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KIE are similar for all three steps, suggesting thatkCbond steps support the kinetic relevance of-B bond activation.
activation is a common requirement and a kinetically relevant Competitive reactions o¥%0,—180,—C,Hgs mixtures on sup-
step for all three reactions. These conclusions are reasonable irported VA0, lead to the preferential initial appearance of lattice
view of the similar site requirements exhibited by these primary 160 atoms in the product water, as expected if lattice oxygens
and secondary pathwayst were required for the activation of €4 bonds, but this
The KIE values reported here for ethane and ethene reactionsconclusion is not unequivocal because water formation steps
resemble those reported recently for propane and propeneare reversible and can lead to isotopic scrambling between water

reactions on VQZrO,.1214For propane and propene reactions,
KIE values were 2.52.8 for kyn/kip, 1.7—1.9 for kon/kop, and
2.2—2.6 for ksp/ksn, all of which resemble the values reported
here for G reactions.

The different KIE values measured for alkane ODH, alkane
combustion, and alkene combustion (for bothe@d G) reflect
the different extent to which the-€H bond is cleaved and the
O—H and O-C bonds are formed in the transition state required
for the C—H activation steps involved in each reaction. In the
absence of concerted formation of-® and O-C bonds using
lattice oxygen atoms, KIE values would approaeh for ethane
at 663 K KIE values decrease when concerted formation of
O—H or O—D bonds compensates in part for the higher bond
energy of C-D bonds relative to €H bonds. It appears that
the involvement of lattice oxygen in the formation of transition

and lattice oxygens. The labeled oxygen content is identical for
H,0, CO, and C@ suggesting that the same lattice oxygen

pool and active sites are involved in the kinetically relevant
C—H activation steps involved in ODH and combustion

reactions.
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