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A kinetic model is presented for a generalized catalytic selective oxidation reaction in which 
lattice oxygen is the proximate source of oxygen. The model takes into account the effects on the 
overall kinetics due to finite residence time of intermediates on the surface, diffusional rate of lattice 
oxygen, and overall stoichiometry of the reaction. It is shown that except under the condition when 
adsorption of the hydrocarbon reactant is the slow step, the rate expression derived from this model 
differs from that obtained with a model in which these effects are neglected. One important 
consequence of the model is that the rate of consumption of hydrocarbon can be changed if the 
selectivity of the reaction is changed, even when reoxidation of the catalyst is the rate-limiting step. 
In such a circumstance, the rate might show an order dependence in oxygen partial pressure, the 
apparent activation energy reflects that of reoxidation and the temperature dependence of the 
selectivity, and the apparent preexponential factor is also influenced by the stoichiometry of the 
reaction. The implications of these to the interpretation of substituent effects and deuterium kinetic 
isotope effects are discussed. © 1992 Academic Press, Inc. 

INTRODUCTION 

It has always been of interest to obtain 
information on the mechanism of a catalytic 
reaction. The reversibility of individual 
steps, the nature of rate-limiting steps, the 
nature of the surface species, their interac- 
tion with the active sites, and the details of 
molecular transformation of surface inter- 
mediates are some of the valuable informa- 
tion needed to fully understand a reaction. 
Over the years, many techniques have been 
invented to generate these types of informa- 
tion. Among them are kinetic and in situ 
spectroscopic measurements and the use of 
isotope labeling. Whereas in situ spectros- 
copy directly probes the surface species, 
additional evidence is needed to show that 
the species are in the reaction pathway of 
interest. On the other hand, isotopic labeling 
provides information specific to the species 
relevant to the reaction. From the distribu- 
tion of isotopically labeled atoms in the 
products and their redistribution in the re- 
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actants, information such as reversibility of 
a surface step and the identity of the bonds 
that are broken or formed can be obtained 
(1-3). Of course, conclusions from these 
measurements regarding a reaction mecha- 
nism should be consistent with the mea- 
sured kinetics. 

The measurement of kinetic isotope effect 
has also been used to provide supplemen- 
tary mechanistic information. For this pur- 
pose, molecules are labeled with deuterium 
atoms to make use of the large difference in 
the zero point energy of the bonds con- 
taining the isotope. It is often assumed that 
if the observed reaction rate differs signifi- 
cantly between the two isotopes, the isoto- 
pically labeled bond must be involved in the 
rate-limiting step or the slow step, that is, 
the step with the smallest rate constant. 
Only when it is clear that the reaction does 
not involve the labeled bond, such as in the 
epoxidation of deuteroethene, then other in- 
terpretations are invoked (4, 5). 

There have been many studies on the re- 
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action mechanisms of selective oxidation re- 
actions utilizing these techniques and others 
(4-7). For example, Table 1 lists a number 
of studies in which kinetics and kinetic iso- 
tope effects were determined. In contrast, 
there have been only a few analyses of the 
detailed kinetics of these reactions (4, 7). 
Except for the oxidation of ethene on Ag, 
the analyses of these reactions commonly 
assumed that the Mars-van Krevelen mech- 
anism in which the oxide catalyst undergoes 
a reduction-reoxidation cycle during the re- 
action applies (8). The surface was assumed 
to be made up of oxidized (SO) and reduced 
sites (SR) (see Fig. 1). A hydrocarbon mole- 
cule, such as propene, reacts on the SO site 
by reducing the site with a rate constant, 
k R, and a SR site is reoxidized by gaseous 
oxygen with a rate constant kox. At steady 
state, the reaction rate, defined as the rate 
of disappearance of propene was found to 
be (7) 

-- d[C3H6] koxP~) 
dt = I + (koxP~/kR Px) (1) 

where Po and Pc are the partial pressures of 
oxygen and propene, respectively. If 

Y~ X koxP o -> kRPc, Eq. (1) can be reduced to 

Rate = kRP x. (2) 

In this case, the observed rate would be 
first order in propene and zeroth order in 
oxygen, and the apparent rate constant 
would be the same as that of the reaction of 
propene on the oxidized site, which could 
involve the breaking of a C-H bond in the 
hydrocarbon molecule. Therefore one ex- 
pects to observe a normal deuterium kinetic 
isotope effect. These are indeed often ob- 
served at higher temperatures. 

Although this model explains a large 
amount of data, it is not satisfactory in a 
number of aspects: 

(1) The model does not address the rela- 
tionship between the observed kinetics and 
the rate of diffusion of lattice oxygen in the 
solid. In the Mars-van Krevelen mecha- 
nism, gaseous oxygen is incorporated in the 

solid at a site different from the reaction site 
of the surface hydrocarbon intermediate. 
Thus diffusion of lattice oxygen is neces- 
sary. The model implicitly assumes that lat- 
tice diffusion is infinitely fast compared to 
kR and kox. This assumption may not be 
valid in solids where only a small fraction of 
the lattice oxygen is involved in the reac- 
tion, such as in V-P-O (9, 10) and USb3Ol0 
(11) or when the temperature is low. 

(2) The model implicitly assumes that the 
reaction of the surface intermediate is very 
fast compared to the reduction (kR) and the 
reoxidation (kox) processes. Thus the sur- 
face only consists of SO and SR sites, and 
the amount of surface being covered by ad- 
sorbed intermediates is negligible. This as- 
sumption may not always be valid, such as 
at conditions where infrared spectroscopic 
investigation of the adsorbed species under 
reaction conditions could be made (12, 13). 

(3) The model does not adequately explain 
situations in which the observed kinetics 
show zeroth order dependence in hydrocar- 
bon and nearly first order in oxygen, and yet 
a deuterium isotope effect is observed (see 
Table 1). This can be seen by applying the 
limit of kR Px >> koxP ~ to Eq. (1) to obtain 

Rate = koxP ~. (3) 

Then the rate is controlled by the kinetics 
of reoxidation of the catalyst. It shows an 
order dependence in oxygen. The apparent 
rate constant is kox, and the apparent acti- 
vation energy in this regime may be different 
from the other regime described by Eq. (2). 
Since the slow step is now the reoxidation 
of the catalyst, which does not involve the 
hydrocarbon molecule, there will be no deu- 
terium kinetic isotope effect on the rate of 
consumption of hydrocarbon. 

The purpose of this paper is to describe a 
more detailed kinetic model to address these 
points. The model takes into account the 
diffusion of lattice oxygen, the possibility 
that a substantial fraction of the surface is 
covered by reaction intermediates, and the 
influence of product selectivity of the reac- 
tion on the overall kinetics. It will be shown 
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TABLE 1 

Reaction Orders and Deuterium Kinetic Isotope Effects in Some Selective Oxidation Reactions ~ 

Catalyst b Temp. Reaction RateH/Rate D Order in Comment 
(°C) 

HC 02 

Propene oxidation 
BizMo3012 450 C3H40 formation 1.8 1 0 

(6, 7) CO2 formation 1.8 1 0.4 
350 C3H40 formation 1.7 0 0 

CO2 formation 1.4 0 0.4 
Bi2MoO 6 450 C3H40 formation 1.7 1 0 

(6, 7) CO 2 formation 1.7 1 0.4 
350 C3H40 formation 1.5 0 0.4 

CO2 formation 1.5 0 0.4 
Bi3FeMozOl2 450 C3H40 formation 1.7 1 0 

(6, 7) COz formation 1.2 l 0.4 
350 C3H40 formation 2.2 0.5 1 

CO2 formation 1.2 0.7 1 
Bi2Mo209 450 C3H40 formation 1.65 1 0 

(16) CO2 formation 1.65 1.5 0.3 
350 C3H40 formation 1.4 0-0.85 0-0.4 

CO 2 formation 1.4 0.4-1 0-0.5 
USb3Oi0 450 C3H40 formation 1.5 1 0 

(11) CO 2 formation 1.3 0.9 0.3 
351 C3H40 formation 2.5 0.4 0.3 

CO2 formation 1.2 0 0.8 
F e - S b - O  450 C3H40 formation 1.8 0.8 0.3 

(17) CO2 formation 1.8 0.7 0.7 
350 C3HaO formation 2.25 0.5 0.4 

CO2 formation 1.9 0.4 0.6 

Methanol oxidation (18-20) 
FeE(MOO4) 3 200 CH3OH consumption 3.3 0.5 0.5 

250 3.57 
F e - M o - O  230 3.84 0.5 0.5 
MoO 3 300 3.22 

Butene oxidation (21) 
MgFe204 300 Butene consumption 3.9 1 0 

400 2.6 

Ethene oxidation 
Ag (4) 145 C2H40 formation 0.56 Fractional orders 

CO2 formation 1 . 5 4  Fractional orders 
Ag/CI (5) 200 C2H40 formation 0.75 - -  - -  

CO2 formation 1.45 - -  - -  

Higher Ea below 420°C 

Higher Ea below 375°C 

Higher Ea below 440°C 

Order depends on C3H6 
pressure 

Higher Ea below 410°C 

a The selectivities to selective oxidation products can be deduced from the kinetic isotope effects. If 
rateH/rate D is the same for both selective products and COx, the selectivity is the same for both H-labeled and 
D-labeled reactants. If this ratio is higher for selective products than for COx, the reaction is more selective with 
an H-labeled reactant than with a D-labeled reactant. 

b Numbers in parentheses are reference numbers. 
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CsH 6 C 3H 40 
02 

FIG. 1. Schematic drawing showing the reduc- 
tion-reoxidation cycle during the selective oxidation 
of propene as proposed previously. 

that under appropriate conditions, this more 
detailed model can be reduced to the simpler 
one described earlier, as it should. How- 
ever, under other conditions, different rate 
expressions are obtained. 

written as kx01_oi, where 0scoi is the surface 
coverage of I -Oi  on a SCO site, and 01-oi is 
the surface coverage of I-Oi counting both 
SCO and SCR sites. For simplicity, it is 
assumed that the values of ke~ and kx are 
independent of the degree of oxidation of 
the intermediate, that is, independent of i. 

(4) The reduced SCR site can be reoxi- 
dized to form a SCO site by diffusion of  
lattice oxygen from neighboring SO sites 
and leaves a SR site. However,  since it is 
covered by a surface intermediate I -Oi ,  it 
cannot be reoxidized directly by gaseous 
oxygen. 

(5) An oxidized SCO site can be converted 

THE KINETIC MODEL 

The model assumes that there are four 
different types of active sites on the surface: 
sites in the oxidized form, SO (site-oxi- 
dized); sites in the reduced form, SR (site- 
reduced); and sites that are covered with 
surface reaction intermediates (I-Oi's) and 
they can be either in the oxidized, SCO (site- 
covered-oxidized) or reduced, SCR (site- 
covered-reduced), form. There are different 
SCR and SCO sites depending on the degree 
of oxidation of the adsorbed intermediate. 
These different sites are labeled by subscript 
i if the intermediate has taken up i number 
of lattice oxygen atoms. Figure 2 shows a 
possible manner with which these different 
sites interconvert. The processes involved 
are 

(1) A reduced site SR can be oxidized by 
gaseous oxygen to form an oxidized SO site 
with a rate constant kox. 

(2) A reactant molecule A reacts with a 
SO site to form a SCO site with a rate con- 
stant k A. Since only one species of hydro- 
carbon reactant is considered, the model 
implicitly assumes the condition of low con- 
versions. 

(3) A SCO site is converted to a SCR site 
when the surface intermediate I abstracts a 
lattice oxygen atom from the surface. The 
rate of conversion of a surface intermediate 
I - 0  i to I -Oi+l  is keflscoi, which can also be 

kel 

SO ---~_. SO 

0 . ~ ~ ~ 0  el 

~ kel 
l-oi 

~ kel 
I-o n 

" ~ / [ ~ "  ~1 

P = 0-%+0 

.p 

kox 
02 

FIG. 2. A generalized scheme of oxidation reaction. 
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to a SCR site by diffusion of  lattice oxygen 
to a reduced SR site. 

(6) The observed gaseous product  P is 
formed when (n + 1) number  of  lattice oxy- 
gen atoms are incorporated into the mol- 
ecule. 

There  are two points that should be noted 
here. One is that kx  is not a rate constant 
for an e lementary step but an effective rate 
constant.  This is because it is defined based 
on Ol-oi, which is the sum of  Ocoi and OCR i. 
The second point is that the diffusion of  
lattice oxygen between an SR and an SO site 
does not result in any net change of the 
surface and thus has no kinetic conse- 
quence.  Likewise,  diffusion of  lattice oxy- 
gen between a SCOi and a SCRi site has no 
kinetic consequence.  

The equations that apply to this scheme 
are: 

(1) The total fraction of  sites equals unity: 

1 = 0 o + OR + E0COi + X0CRi 

= 0 o + O R + (1 - r)0c + r0c,  (4) 

where 0o, OR, 0COi, and 0CRi are fractions of 
the surface being in the SO, SR, SCOi, and 
SCRi states, respectively.  We further define 
0c as the total fraction of  surface sites cov- 
ered by intermediates;  that is, 0c = 
X0co~ + E0CRi, and r is the fraction of  it in 
the reduced form. 

(2) Assuming that the reactions denoted 
by rate constants ka,  kox, and kel are irre- 
versible, the observed rate of  reaction, 
which is defined to be the rate of  consump- 
tion of  reactant  A and is equal to that of  each 
surface oxidation step, is 

Rate = kaPaO0 = kel0SCO~ = ks0c. (5) 

This equation defines k s , which represents 
the rate constant  of  the oxidation of  the sur- 
face intermediate based on the total covered 
sites, 0c. It can be shown readily that, if for 
simplicity, 0c = (n + 1)01_o~, then ks = 
kx/(n + 1), where kx  is defined by ksOc = 
kx0t_o~ (and 0t_oi =Ocoi + 0CRi). Using this, 

kox 

[ i ~ i - ~ I - O ~ . , .  

J J 

FIc. 3. A simplified version of the generalized 
scheme of oxidation reaction. 

the scheme shown in Fig. 2 can be simplified 
to that shown in Fig. 3. 

(3) The total number  of oxygen atoms con- 
sumed by a surface intermediate,  n + 1, is 
given by 

(n + l) = 1 + zJrOo - T J(1 - r)OR (6) 

in which it is assumed that each SCO site 
supplies only one oxygen atom to be in- 
serted into the surface intermediate. The 
unity on the right-hand side represents  the 
first oxygen atom inserted to species I. z 
is the total surface residence time of  the 
intermediate, and J is the jump f requency of  
lattice oxygen from a neighboring SO site to 
a SCR site, or from a SCO site to a SR site. 
Equation (6) says that the number  of oxygen 
atoms picked up by a molecule equals what 
it picks up on adsorption plus the net num- 
ber of oxygen diffused to the adsorption site 
within the surface residence time of  the sur- 
face intermediate. 

Equation (6) can be rearranged to express 
n, the net number of  oxygen diffused to the 
surface intermediate, as 

n = ~'JrOo - z J(1 - r)OR. (7) 

Since ~- = (n + 1)zi, z i = 1/kx,  and ks = 
kx/(n + 1), therefore z = 1~ks. Then Eq. (7) 
can be rewritten as 

nks /J  = rO o - (1 - r)OR. (8) 

The material balance equations for 0o, OR, 
or 0c can be written using the scheme in Fig. 
2 or 3. The equation for 0o at steady state 
reads 
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d Oo/dt = koxPoOR + kAPAO0 

+ JOR(~,Ocoi) -- JOo(VZOcRi ) = 0. (9) 

In this equation and those before it, it is 
assumed without loss of generality that ev- 
ery reaction is first order in the reactants for 
that step. By substituting Eq. (8) for the last 
two terms in this equation and 0a in terms 
of 0o using Eqs. (4) and (5), one obtains 

Oo = koxPo/[koxPo + kAPA(1 + n) 

+ kAPAkoxPo/ks].  (10a) 

Likewise, 0c and OR can be expressed as 

Oc = kaPakoxPo/ks[koxeo + kaPa(1 + n) 

+ kAPAkoxPo/k s] (10b) 

O R = kAPA(1 + n)/[koxP o + kaPa(1 + n) 

+ kaPakoxPo/ks]. (10c) 

The observed rate of consumption of re- 
actant A is then 

Rate = kaPaO0 
kaPa 

1 + kaPa/k s + (1 + n)kaP/koxP  o" 

(11) 

This equation can be simplified further de- 
pending on the relative magnitudes of the 
various rate constants. 

Case 1. If koxPo, ks >> kAPA, that is, the 
rate of activation of A is much slower than 
the rates of reoxidation of the catalyst and 
the rate of surface reaction, then Eq. (11) 
can be reduced to 

Rate = ka PA. (12) 

The reaction rate will depend on the partial 
pressure of A, and the apparent rate con- 
stant equals the rate constant of the activa- 
tion of A. This is equivalent to Eq. (2). Fur- 
thermore, 0o is approximately unity and the 
surface is mostly in the oxidized state. 

Case 2. If kaPA, ks "> koxPo, that is, the 
rate of reoxidation of the catalyst is slow, 
then Eq. (11) becomes 

Rate -- koxPo/(1 + n). (13) 

In this case, the observed rate of reaction 
of A will depend on the partial pressure of 
oxygen, and the apparent rate constant 
equals the rate constant for reoxidation of 
the catalyst modified by the term (1 + n). If 
the deuterium kinetic isotope effect is being 
measured, the apparent kinetic isotope ef- 
fect is the ratio of the rates for the H-labeled 
and D-labeled molecules. Since kox is inde- 
pendent of the molecule, this ratio is 

RateH/Rate D = (1 + n)D/( l  + n) H (14) 

which is 

and 

> 1 if n D > nrt 

= 1 if n D = n H 

< 1 if n D < n H. 

Under this condition, both Oo and Oc are 
small and OR is nearly unity. The surface is 
mostly in the reduced state. 

Case 3. If kAP A , koxP o >> ks; that is, the 
reaction of the surface intermediates is 
slow. Then Eq. (I l) is reduced to 

Rate = ks. (15) 

The observed rate equals the apparent rate 
constant for the overall surface reaction, 
and 0c is nearly unity. The reaction sites are 
nearly fully covered by surface interme- 
diates. 

DISCUSSION 

The model presented here incorporates 
three features not considered in the earlier 
simpler model. They are (i) diffusion of lat-  
tice oxygen; (ii) residence time of the inter- 
mediates on the surface; and (iii) stoichiom- 
etry of the overall reaction expressed as the 
number of oxygen atoms consumed per hy- 
drocarbon molecule. The consequence of 
considering these features is that a general- 
ized rate expression, Eq. (11), that includes 
the parameters that characterize these fea- 
tures is obtained. It is significant to note that 
of the three limiting cases considered for 
this equation, only Case 1 results in a simpli- 



A GENERALIZED CATALYTIC SELECTIVE OXIDATION REACTION 697 

fled rate expression (Eq. (12)) that is the 
same as that (Eq. (2)) from a simpler model 
described in the Introduction. It is particu- 
larly interesting that in the second limiting 
case, Case 2, in which reoxidation of the 
catalyst is slow, the simplified rate expres- 
sion (Eq. (13)) differs from the correspond- 
ing one (Eq. (3)) of the simpler model by a 
term (1 + n) that reflects the stoichiometry 
of the reaction. 

Effect of  Diffusion of Lattice Oxygen and 
Surface Residence Time 

The effects of diffusion of lattice oxygen 
and residence time of surface intermediates 
on the kinetic expression appear in de- 
termining the magnitudes of the apparent 
overall surface reaction rate constant, ks, 
and the apparent individual step rate con- 
stant, kx. This can be more easily seen when 
the components of kx are expressed explic- 
itly. In the statement following Eq. (5), kx is 
defined as: Rate = kxOl_ o~. kx can be related 
to the rate constant, kel, for the elementary 
steps involving the reaction of intermediate 
I - Oi on a SCO site: 

kelOSCOi = kXOl_Oi. (16) 

Recalling that 0t-og = 0co~ + 0CRy, one ob- 
tains 

k X ~-- kel[OCOi/(Ocoi + 0CRi) ].  (17) 

At steady state, a material balance equation 
for 0coi leads to 

dOco/dt = kel0CO i + JOcoiOR + JOEO~(~,OCR ) 

-- JOcRiO0 -- JOcRi(~,Ocoi) = 0 

Or, 

Oco,_ J[O o + (1 - r)O c] 
(18) 

OCRi k~l + J[O R + rOc]" 

Equation (18) canbe combinedwithEq.(17) 
to yield 

kelJ[O 0 + ( I  - r)0c] 
k x = k e l  + J[OR + rOc] + J[Oo + (1 - r ) 0 c ]  

k~lJ[Oo + (1 - r)0 c] 

kel + J 
(19) 

This equation shows that the apparent rate 
constant for the surface reaction, kx, de- 
pends on the rate constant of the elementary 
step of oxygen insertion into a surface 
intermediate, k~l, the lattice oxygen jump 
frequency, J, and the fraction of the sur- 
face being in the oxidized state. It shows 
that 

When kel >> J, 

When J >> kel, 

k x=J[O o + ( 1 - r ) O  c] 

(20) 

k x = kel[00 + (1 - r)0c]. 

(21) 

Equation (20) shows that when the lattice 
diffusion term is small, the apparent rate 
constant for the surface reaction is deter- 
mined by the rate of reoxidation of the sur- 
face reaction site by lattice diffusion. This 
rate, however, is not a constant but depends 
on the overall degree of oxidation of the 
surface, i.e., 0o + YOcoi. Interestingly, 
when the elementary reaction rate constant, 
ket, is small compared to the diffusional 
term, Eq. (21) shows that k x does not equal 
kel but differs from it by the fraction of the 
surface in the oxidized state. The reason for 
this is that further oxidation of the interme- 
diate is possible only when the site the inter- 
mediate occupies is in the oxidized state but 
not in the reduced state. Thus, as can be 
seen from Eq. (17), kx differs from kel by a 
term that shows the fraction of the interme- 
diate-covered sites being in the oxidized 
state. When lattice diffusion is fast com- 
pared to oxidation of the intermediate, the 
ratio of the oxidized to reduced states for 
the covered sites equals the same ratio for 
the uncovered sites, i.e., OCoi/OcRi = 0 0 / 0  R . 

This latter point can be deduced from Eq. 
(18) by finding the relationship between 
E0co~ and E0CR i . 

Effect of Overall Reaction Stoichiometry 

Since the rates of consumption of hydro- 
carbon and oxygen must be related by the 
overall stoichiometry of the reaction, it is 
reasonable that their relative rates would 
change when the selectivity of the reaction 
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changes. The term (1 + n) in Eq. (11) 
specifies the relationship between selectiv- 
ity and the observed rate of consumption 
of hydrocarbon. A significant consequence 
of this, illustrated by Eq. (13), is that the 
relative reactivities of two hydrocarbon 
molecules can be different if their selectivi- 
ties are different, even when reoxidation 
of the catalyst is the slow step. For exam- 
ple, there have been studies in which the 
relative rates of reactions of molecules 
containing primary, secondary, or tertiary 
C-H bonds were compared with the rela- 
tive strengths of these bonds to conclude 
that the breaking of the C-H bond was 
the rate-limiting step (14). Equation (13) 
states that one needs to examine the effect 
due to different selectivities of the different 
molecules before conclusions about rate- 
limiting steps can be made. The same cau- 
tion applies to the interpretation of deute- 
rium kinetic isotope effects, which is dis- 
cussed further. 

The physical meaning of Eq. (13) can be 
stated as follows. Although both the rates of 
adsorption of hydrocarbon and of reaction 
between a lattice oxygen atom and a surface 
intermediate at site SCO can be fast, the 
observed rate of consumption of the hydro- 
carbon is still limited by the rate of availabil- 
ity of oxygen to the site, which in turn is 
limited by the rate of reoxidation of site 
SCR. If the overall stoichiometry requires 
more oxygen atoms because of lower selec- 
tivity, the surface residence time of the in- 
termediate will be longer because more time 
is needed to supply the desired number of 
oxygen atoms to the sites. Then the ob- 
served turnover frequency of hydrocarbon 
will be lower. 

That the rates of reaction of the different 
reactants are related by stoichiometry is ap- 
parent not only in the limit when reoxidation 
rate is slow. It is present under all condi- 
tions, including the situation of the limit de- 
scribed by Case 1 when the rate of activation 
of the hydrocarbon is slow. It can be shown 
readily using Eq. (9) that the rate of con- 
sumption of oxygen is 

Rateo = koxPoO R = (1 + n)kAPAO o 

(1 d- n)kAP A 

[1 + kaPa/k s + (1 + n)kAPA/koxPo]" 

(22) 

In the limit of Case 1, where koxPo, ks 
kAPA, the equation is reduced to 

Rate o = (I + n)kaPA (23) 

In other words, even in the limit when the 
rate of activation of hydrocarbon is the slow 
step, a change in the selectivity of the reac- 
tion when the hydrocarbon contains a differ- 
ent substituent or is isotopically labeled will 
result in a change in the rate of consumption 
of oxygen. 

When reoxidation is the slow step, Eq. 
(13) shows that the apparent rate constant 
equals kApp = kox/(1 + n). Thus the appar- 
ent activation energy equals the activation 
energy for reoxidation plus the temperature 
dependence of the selectivity. The exponen- 
tial factor equals that for reoxidation modi- 
fied by the (1 + n) term. 

Deuterium Kinetic Isotope Effect 

The deuterium kinetic isotope effect has 
been used extensively to help identify slow 
steps in a reaction. For selective oxidation 
reactions considered here, Eq. (14) shows 
that even when reoxidation is the slow step, 
the reaction still exhibits an apparent kinetic 
isotope effect when the hydrocarbon mole- 
cule is labeled, if such labeling also changes 
the selectivity of the reaction (i.e., nD 4: 
nn). When nD> nil, the D-labeled molecule 
consumes on average a larger number of 
oxygen atoms than the normal isotope mole- 
cule, and an apparent normal kinetic isotope 
effect will be observed. This corresponds to 
the case when there is a decrease in the 
selectivity for partial oxidation products and 
an increase in combustion using the D- 
labeled molecule. On the other hand, if nD 
< n n , then the D-labeled molecule shows a 
higher selectivity for partial oxidation prod- 
ucts, and an apparent inverse kinetic isotope 
effect will be observed. 
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The magnitude of  the apparent  kinetic iso- 
tope effect as described by Eq. (14) depends 
on the value of  n, which in turn depends on 
the reaction and the selectivity. Using the 
selective oxidation of  propene to acrolein as 
an example,  the two relevant  reactions are 

C3H 6 + 02 ---> C3H40 + H20 

selective oxidation 

C3H 6 + 9/2 02--~ 3 CO2 + 3 H 2 0  

combustion. 

To form acrolein, a total of  two oxygen 
atoms are needed for the reaction, (n + 
1) = 2. Thus n for this reaction is unity. For  
combustion,  a total of  nine oxygen atoms 
are needed.  Thus n = 8. If the selectivity is 
90% for the product ion of  acrolein with the 
H-labeled molecule and 60% with the 
D-labeled molecule,  then n n = 1.7 (=  0.9 
x 1 + 0.1 x 8 ) , a n d n  D = 3 . 8 ( =  0.6 x 1 
+ 0.4 x 8). The apparent  isotope effect for 
the consumption of  propene is 1.78. 

It is interesting to note that under this 
condition (i.e., Case 2), the surface active 
sites are almost all in the reduced state (SR). 
The rate of reoxidation of  the catalyst, 
which is independent  of the isotopic label of  
the hydrocarbon,  limits the rate of consump- 
tion of  the hydrocarbon.  Thus if deuterium 
labeling decreases the rate of reaction in a 
certain pathway that results in a decrease of 
the selectivity of  propene to acrolein, there 
will be a normal isotope effect for  the forma- 
tion of  acrolein. Since fewer lattice oxygen 
atoms are consumed for acrolein formation, 
more is available for the combust ion reac- 
tion for which an inverse kinetic isotope ef- 
fect is expected.  

The kinetic model described here provides 
an alternate explanation for the propene oxi- 
dation data listed in Table 1. In cases where 
normal kinetic isotope effects are observed 
and the reaction rates are zeroth order in oxy- 
gen and positive order in hydrocarbon, the 
condition of Case 1 is sufficient as an explana- 
tion. The rate of dissociative adsorption of the 
reactant is the slow step. These cases are 
observed at the higher temperatures. In some 

other cases such as at lower temperatures, 
the rates show a positive order in oxygen. 
To explain this order dependence, the rate of 
reoxidation of the oxide catalyst cannot be 
much faster than the other rates. However,  
it is unlikely that the condition of case 2 is 
approached because then the reaction should 
be zeroth order in hydrocarbon, and the ki- 
netic isotope effect for acrolein and CO2 for- 
mation would be inverse of each other. Nei- 
ther of these conditions are observed. These 
results can be explained by the two possibili- 
ties below: 

(i) kAP z >> k s, koxe  o. Then Eq. (11) be- 
comes 

Rate = ksk°xP° (24) 
koxPo + (1 + n)ks 

and 

RateH = 

Rated 

(ks) H [koxP o + (1 + n)ks]D 

(ks)D [koxPo + (1 + n)ks]H" 

(25) 

When nD > nil, i.e., lower selectivity of  
acrolein for deuterated propene,  and (ks)H --> 
(ks)D, i.e., the surface reaction rate constant  
shows either a normal kinetic isotope effect 
or no effect, then RateH/RateD > 1 will 
result. 

(ii) ks >> kaPa, koxPo,  then 

Rate = kaPak°xP° (26) 
koxP o + (1 + n)kaP a 

and 

Rate• = (kAPA) H [koxP o + (1 + n)kAPA] D 
Rated (kAPA)D [koxPo + (I + n)kAPA] H" 

(27) 

When n D >  nn and (kA) H ----- (kA) D , a normal 
kinetic isotope effect will also be observed.  

Generalization of  the Model 

Although the model is developed using 
examples of selective oxidation reactions 
that proceed with reduction and reoxidation 
of the catalyst, it is likely that it can be 
generalized to include other reactions in 
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which one reactant reacts with more than 
one atoms of another reactant and which 
involves diffusion of one reactant to another 
on the surface. This is because the two most 
important equations in the model, Eqs. (6) 
and (9), are not specific to the redox mecha- 
nism. They can be used to describe any reac- 
tion processes in general that involve diffu- 
sion (including surface diffusion) of one 
reactant to the active site SC that contains 
the surface intermediate. Thus it is quite 
possible that this model applies to reactions 
such as hydrogenolysis of alkanes in which 
a hydrocarbon molecule reacts with a num- 
ber of hydrogen atoms to form a range of 
products, Fischer-Tropsch synthesis that 
involves CO reacting with hydrogen atoms, 
as well as ethene epoxidation, which does 
not involve C-H bond breaking. In fact, it 
is possible that the exceptionally large ap- 
parent kinetic isotope effect in ethylene ox- 
ide formation reported in a study using low 
partial pressures of oxygen and ethene (15) 
may be a result of the effect of the slow 
rate of adsorption of oxygen on the overall 
reaction kinetics. 

CONCLUSION 

An analysis is presented on a generalized 
kinetic model of selective oxidation reac- 
tions in which lattice oxygen is consumed 
as the source of oxygen. The analysis takes 
into account the effect of lattice oxygen dif- 
fusion, finite surface residence time of inter- 
mediates, and overall stoichiometry of the 
reaction on the observed kinetics. How- 
ever, the model does not address what de- 
termines selectivity. Instead, it addresses 
the consequence on the kinetics when the 
reaction rates to certain products are 
changed and result in changes in selectivity. 
The result is that a rate expression that con- 
tains rate parameters for all the processes 
including lattice diffusion is obtained. The 
dependence of the rate on the degree of oxi- 
dation of the catalyst is explicitly stated. 
The result also suggests that when one inter- 
prets the observed effect on the kinetics due 
to changes in hydrocarbons such as by the 

use of substituents or isotopes, it is im- 
portant to take into consideration possible 
effects associated with changes in the over- 
all stoichiometry of the reaction due to 
changes in the selectivities of the reaction. 
It is also important to check if the partial 
pressure or concentration dependence of 
the rate is consistent with the interpretation 
and the assumption of the slow step. 
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