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Equations have been derived for describing the react’ion rate of oxygen heteromolecular 
exchange with oxide cat,alysts within the framework of Temkin’s model for a biographically 

heterogeneous surface. Dat’a on the kinetics of exchange with VzOs are used to illustrate appli- 

cation of these equations. A simplified model has been developed which relat,es the hetero- 
molecular exchange rates to the observed activation energies and oxygen reaction orders for 

oxide systems. 

INTRODUCTION 

The kinetics of hetcromolecular exchange 
reactions in gaseous oxygen-solid oxide 
systems are often studied to evaluate the 
strength of the surface oxygen bonding 
(1, 2). A number of relationships have been 
found that relate the observed activation 
energies of the heteromolecular exchange 
(Eo%) on the one hand, and properties of 
the catalysts such as the rates (1, S), rate 
constants (1, S), and their temperature 
dependences (1, 4) for certain oxidation 
reactions, on the other hand. These rela- 
tionships, however, are qualitative rather 
than quantitative since they are derived 
from the experimental data assuming that 
the oxide catalyst has a homogeneous sur- 
face. But the results of direct studies on 
catalysts often indicate that the reactivity 
and the strength of oxygen bonding depend 
to a noticeable extent on the oxygen cover- 
age of the oxide surface. This is illustrated 
by calorimetric (5), thermodesorption (6), 
and pulsed kinetic results (5, 7). 

These data suggest that the surface 

oxygen of oxides is not homogeneous with 
respect to its reactivity or bond strength. 
Since heteromolecular exchange is accom- 
panied by rupturing and formation of 
oxygen-catalyst bonds, the catalyst surface 
may exhibit heterogeneity in this reaction. 

Muaykantov and Panov (8, 9) have rc- 
cently studied the reaction kinetics of 
heteromolecular exchange on oxide cata- 
lysts with discrete inhomogeneity; that is, 
with a surface which the authors regarded 
as a finite set of various active centers. 
According to Ref. (9), the observed ex- 
change rate is the sum of the partial rates 
of exchange at the centers of each type, 
whereas the observed activation energy and 
the oxygen reaction order are the weighted 
means of partial activation energies and 
orders, respectively. Such an approach im- 
poses a limit on the number of active center 
types. Apparently, this number should be 
small since only in this case is there a real 
possibility for analyzing the experimental 
data within the framework of the additivity 
model. Moreover, in this approximation, 
the observed kinetic parameters (the activa- 
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tion energy and the reaction order for oxy- 
gen) should largely dcpcnd on the reaction 
conditions and the degree of exchange. 

This study is an attempt to derive and 
analyze the parameters of the equations 
which describe the exchange rate in terms 
of Temkin’s model for a biographically 
inhomogeneous surface (10, 11). Our ki- 
netic equations arc in good agreement with 
the experimental observations. We have 
made USC of them to construct a simple 
model which relates the reaction rates to 
the activation energies and the oxygen 
reaction orders for heteromolecular cx- 
change reactions with various oxides. 

THEORETICAL 

The kinetics of oxygen hcteromolecular 
exchange reactions are usually studied in a 
steady state (equilibrium state) of the 
molecular oxygen-oxide system. We shall 
assume a steady state in which the rate of 
oxygen absorption by the oxide equals the 
rate of oxygen return to the gaseous phase. 
To reach this state the sample after an 
appropriate thermovacuum cleaning is cx- 
posed for a long time to oxygen at the 
partial pressure (PoJ and temperature !J! 
planned for measuring the hcteromolecular 
exchange rate. The isotopic composition of 
oxygen is then instantaneously altered in 
the gaseous phase (a possible method for 
such alteration is described in the Experi- 
mental section of this paper). Oxygen 
atoms of a certain atomic weight (for in- 
stance, l80) will be referred to as labels. 
The label is transported between the phases 
owing to the differences in the isotope con- 

centrations in the gaseous phase and on the 
oxide surface while the oxygen pressure in 
the system and the oxygen content in the 
surface layer remain constant. The label 
transport rate is, generally, an integral 
property of all the surface. If the surface 
is inhomogeneous and a continuous pa- 
rameter h is used to describe the capacity 
of the surface centers for the heteromolecu- 
lar exchange reactions, then the label trans- 

port rate p at any time instant is givon by 
the following equation (8) : 

xcx - x*@)lcpW~. 0) 

Here L is the total number of centers per 
unit surface area; r(h) is the specific ex- 
change rate for centers with the parameter 
h ; x and X,(h) are the current label frac- 
tions in the gaseous phase and in the ex- 
change products at surface sites character- 
ized by the parameter h ; p(h) is the dis- 
tribution function of centers over this 
parameter; H is the total variation range 
of h; N is the amount of oxygen in the 
gaseous phase; and S is the catalyst surface 
area. 

When all exchangeable oxygen atoms of 
the oxide are equivalent (that is, X, is inde- 
pendent of h), the label transport rate is 
related to the total specific exchange rate 
R: 

by the following equation : 

p = R(x - x,). (3) 

Using Eq. (3) we can calculate R at any 
instant of time from the experimental 
values of p and X and the value of X, found 
from the material balance equation. We 
shall not discuss here the experimental 
evaluation of X, or the merits and demerits 
of Eq. (3) over its integral time form as 
these problems are not essential for our 
study. 

The fact that R is constant with time for 
given PO, and T is assumed to testify to 
the equivalence of exchangeable oxygen of 
oxide and vice versa. It should be stressed, 
however, that the concept of oxygen equi- 
valence is not equivalent to the concept of 
surface homogeneity. Exchangeable oxygen 
is equivalent also on an inhomogeneous 
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surface if fast processes (for instance, sur- 
face diffusion) level out the label concentra- 
tion at each instant of time at all types of 
sites (8). When such equalization does not 
occur it is difficult to determine R from the 
experimental relationship between x and T. 
[Muzykantov and Panov (8) give the gcn- 
era1 form of the respective intcgro-differcn- 
tial equations and analyze their possible 
numerical solutions.] A possible qualitative 
approach to this problem is discussed in 
part II of this section. The remaining cqua- 
tions in this paper have been derived as- 
suming the equivalence of exchangeable 
oxygen. The surface heterogeneity should 
then bc expressed only by the analytic form 
of integral (‘L), that is, as a depmdrnce of 
R on I’o~, T, and the rate constants of 
elementary stagrs. 

I. Enchan~leable On:yye,l is Equivalelrt 

A. Oxygerl adsorption without dissociatiorr . 
Considrr the simplest exchange mechanism. 
An oxygen molecule coming from the gase- 
ous phase is adsorbed at a vacant surface 
site and one of the adsorbed molecules is 
desorbed into the gaseous phase (adsorp- 
tion-desorption mechanism). We shall at- 
tach a meaning to the terms LLadsorption” 
and “dworption” wider than it is custom- 
ary in chemical kinetics. Any particle on a 
catalyst surface will be called adsorbed, even 
if it is indistinguishable from the regular 
oxygen ions in the oxide lattice. In the 
steady state defined above the mechanism 

(i) Z + 0*2 2 ZO*z 

(ii) zo,*z+o, 
(4) 

corresponds on the homogeneous surface to 
the exchange rate (the rate of adsorption 
or desorption at. equilibrium) 

R = k,Po2(l - 0,,) = 
k,k#o, 

1~ + k,P: ’ 
(3 

Here Z is a free center on the surface, 0*2 

is an oxygen molecule containing a labeled 
atom, k, and kd are the rate constants of 
adsorption and desorption, respectively, 
and 00~ is the surface area fraction occupied 
by oxygen. 

The kinetic Eq. (5) yields the following 
expressions for Eo, (observed exchange 
activation energies) and the reaction order 
rt, for oxygen : 

d 111 R 
Eo2 = -L.-- 

i-2 1 
a -- 

( > T 

= (1 - &,,)Ik:, + &Ed, (6) 

d I11 R kd 
n=---=l-~o,=------ 

d 111 PO, 

where R is the gas constant. Equations (6) 
and (7) show that Eo, and 1~ arc functions 
of PO, and T. 

Now considw the function R (PO*, T) in 
terms of Temkin’s model (10) for a bio- 
graphically heterogeneous surface. The sur- 
face center will be characterized by the 
oxygen adsorption heat. We shall assume, 
as required in the model, that the rate 
constants of adsorption k,i and dworption 
1<di at the ccnttr i arc expressed by 

?a’,,; = Kn. CXp(-CuXi), (8 

litli = K,I CXp(BXi). (9) 

Hore and onward Xi stands for the reduced 
desorbability factor which is equal to the 
difference between the maximum &n and 
the adsorption heats Qai of the oxygen 
molecule divided by i?T characteristic for a 
giwn center; K, and Kd are the rate con- 
stants of adsorption and dcsorption at t,he 
sites with maximum adsorption heat, that 
is, at X = 0; o( and /3 are the transport 
coefficients, which are common fractions 
the sum of which is unity. As a rule, it is 
assumed that cy = /3 = 0.5 (II). 

Thus, the exchange rate for the center i 
is a function of A and is described by the 
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following equation : ing equation (10-12) : 

r(X) = 

K,K&(B--a)XP02 
-- 

Kde” f Kdt?-aXP02 
(10) R= 

=Y 

(eyf - 1) sin (nr) 
(Kal’oy)“(Kd)m, (17) 

The constants K& and Kd in (8) and (9) obey where n and m are common fractions: 
the Arrhenius law : m = (Y - y and n = P + y. Equation (17) 

Ka = K,’ eXp ( - E,/ilT), (11) 

readily yields 

K,, = Kd” C?Xp ( - &/ET). (13 

(The dash over the symbol indicates that 
Since n (17) does not depend on Pot and 

the parameter relates to sites with maxi- 
is weakly dependent on T, Eo, is therefore 

mum adsorption heat a&.) It is assumed 
almost independent of these parameters. 

that K,’ and Kd” are identical over the whole 
Let us also write the observed preexpo- 

nential factor 
surface. 

Let us assume also that the distribution 
function of centers over X may be approxi- k 

v 
“km0 = ~ (&“>n(Kd”)m. (19) 

mated by the following equation (IO, 11) : 
(eyf - 1) sin (n7r) 

P@> = A exp(--fU, (13) 
A particular case is a surface for which 

y = 0 [it corresponds to Temkin’s isotherm 

where A is a constant determined from (I??)]. When y + 0, 

normalization condition 

/ 

/ cm 
cp(X)dX = L, (14) 

R = f (KaPOa)B(Kd)a, 

0 Eo, = Boz + a&a, (21) 

and y is an index which varies from - 1 to 
+l and is proportional to T (11) so that lc &so = ; (Ka’)‘(Kd’)“. (2% 
its product with f does not depend on 
temperature, and f is the maximum value 
of x. B. Adsorption of oxygen with dissociation. 

To derive an equation for the exchange A mechanism is possible for exchange in 

rate on the whole surface, the product of which the oxygen molecule dissociates on 

(10) and (13) should be integrated over X : adsorption and occupies two sites on the 

Rs; 
surface while desorption occurs via recom- 

/ 

f KaKdp,+~-a’)XAt?yXdh 
.-. (15) 

bination of two atoms: 

0 Kd@ f KsPO&+ 
(i) 22 + 0*2 5 2ZO*, 

Using the mean coverage approximation -% 
(23) 

(IO), that is, 
(ii) 220 22 + 02. 

For dissociative gas adsorption two ap- 

eOzlh=O = 

do2 
w 

Kd + KaPoz 
1, 

proximations are used in Temkin’s model: 
“spot” heterogeneity (14) and “random” 

(16) 
KaP02e-af 

. , heterogeneity (15). The former approxima- 

eonlx-, = __ 
tion assumes that the centers with identical 

z5 

KdeBf + KaP02e-af 
0, adsorption heats form large clusters (effect 

of impurities) and two neighboring centers 
we find that integral (15) yields the follow- of dissociative adsorption have a high 
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probability of being characterized by the 
same X. In the latter approximation each 
of two centers is characterized by its own, 
generally random, X. Kinetic equations for 
both approximations have been derived in 
the Appendix. 

The resulting equations show that there 
is no significant kinetic difference between 
heteromolecular exchanges with a hetero- 
geneous surface via dissociative adsorption 
[see Eq. (A6) and (AlO) in the Appendix] 
and nondissociative adsorption [see Eq. 
(17)]. For instance, the exchange rate has 
the same dependence on the partial oxygen 
pressure in all the three cases and it does 
not discriminate between the exchange 
mechanism. Equation (18) holds valid for 
all the three cases. Some differences exist 
in the preexponential factors, but since 
they do not exceed one order of magnitude, 
they can be neglected in the approximate 
analysis and a simpler Eq. (19) may be 
used for evaluations and comparison with 
the experimental data. The similarity of 
the kinetic equations discussed above sug- 
gests also that Eq. (3) is exactly satisfied 
for those cases when the exchange proceeds 
via more than one mechanism simultane- 
ously. The only essential requirement is 
that each of these mechanisms be an ad- 
sorption-desorption one. 

C. Other Mechanisms. The following 
process illustrates the kinetics of hetero- 
molecular exchange when the mechanism 
involves other stages besides adsorption and 
desorption : 

(i) 20 + 0*2 $ZOO*2, 

(ii) zoo* 2 ti zo*oz, (24) 

(iii) zo*o 2 s zo* + 02. 

Here ZO denotes a surface oxygen atom 
which has a special position in the three- 
atom complex ZOOZ. When exchange occurs 
via such a mechanism, the label at the 
surface is a part of three particles, ZO*, 
ZO*Oz, and ZOO*2. The material balance 

equation yields only the total number of 
labeled atoms which have left the gaseous 
phase but not the label concentrations in 
each of the particle forms. If we assume 
that the exchange mechanism consists in 
the label being transported from the mole- 
cule 0*2 to the particle ZO and that the 
particles ZO*Oz and ZOO*2 are intcrmedi- 
ates in this transport, then the mechanism 
(24) may be considered as a single-route 
one. The general approach developed by 
Temkin in Ref. (16) can be applied hcrc. 
In particular, for this mechanism the label 
transport rate is expressed by 

rlr2r3X - r-Ir-2r-3x’s 
P= 7 (25) 

T2T3 + r-lry + r4rp2 

where ri is the rate of the forward stage, 
r-i is the rate of the reverse stage, and x’, 

is the label concentration in the particles 
ZO. Ignoring the kinetic isotope effect and 
taking into account the steady-state condi- 
tion we find 

rl = r-1 = r3 = re3 
and 

r2 = r-2 

Then we obtain 
(26) 

w-2 

p=- 2r+ (x - x's). (27) 
2 

When r2 >> r1 we obtain the adsorption- 
desorption mechanism. When rl >> r2 we 
find 

p = r2(X - X',) = R(X - X',), (2%) 

where R is the rate of redistribution of 
oxygen atoms within the three-atom com- 
plex. It is 

R = i&e, (29) 

where h-2 is the rate constant of stage (ii) in 
any direction for the mechanism (24), and 
8 is the surface coverage of the three-atom 
complexes. 

Assuming that 1~2 is the same for all 
surface centers we can derive a simple 
equation for the rate of heteromolecular 
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exchange at the heterogeneous surface for 
this mechanism. Then we can replace the 
equilibrium coverage of the surface by 
oxygen 13 in (29) by an appropriate equa- 
tion (for instance, by the Temkin or the 
Freundlich isotherm). 

II. Exchangeable Oxygen is not Equivalent 

Oxygen adsorption zvithout dissociation. If 
the exchangeable oxygen of the oxide is not 
equivalent, an equation of type (1) should 
be integrated 

1 f 
P=- 

s L 0 
rh>Cx - Xd~>lPw~~. (30) 

This can be done, for instance, by as- 
suming an appropriate analytic approxi- 
mation for X,(h). The result is, of course, 
only qualitative. 

Let us assume that this approximation 
given at any instant of time by the follow- 
ing relation : 

(31) 

where S, is the fraction of label on the 
surface when the exchangeable oxygen is 
equivalent. Equation (31) assumes that the 
sites with maximum adsorption heat (X =0) 
practically do not desorb oxygen of the 
initial isotope composition and therefore 
the label concentration at them is close to 
zero. On the contrary, the sites with mini- 
mum adsorption heat (h = j) readily ex- 
change the initial oxygen and the label 
fraction at the adsorbed state here is 
maximum. Approximation (31) is applica- 
blc, obviously, if X, < X (or Xs < ax). 

Let us derive an equation for the label 
transport rate in the case of nondissociative 
oxygen adsorption. 

Substituting Eqs. (lo), (31), and (13) 

into (30) we find, using the mean covcrage 
approximation [rendition (lo)], 

- R cot (m) X., , (32) > 1 
where R is given by Eq. (17). 

Thus, with the above approximations 
the correction factor which takes into ac- 
count nonequivalence of the exchangeable 
oxygen is a function of PoZ and T, but its 
magnitude is close to unity (at least for 
those oxides for which n < 0.25). Note 
that the possible introduction of an appro- 
priate correction factor to account for non- 
equivalence of the exchangeable oxygen 
was in fact discussed in (9). However, the 
authors of (9) did not evaluate the range 
of variation of this factor. It is important 
to stress that, since this correction is close 
to unity, equations of the type of (30) are 
hardly sensitive to cquivalencc or non- 
equivalence of exchangeable oxygen for 
small degree depths. 

Equations of the type of (32) may be 
derived also for the case of adsorption with 
dissociation. However, the approximation 
suggested in (17), rather than (31), is 
more appropriate in this case. 

EXPERIMENTAL 

Isotope oxygen exchange with vanadium 
pentoxide was studied. At low pressures 
(up to 5 Torr) the exchange was carried 
out in a static system with natural circula- 
tion of gases. First we verified that mass 
transfer phenomena did not limit the ex- 
change rate. At oxygen pressures exceeding 
5 Torr, the exchange reactions were studied 
in a static circulation system (18). Circula- 
tion was effected by means of a glass 
electromagnetic piston pump (2 9). 

The isotopic composition of the reaction 
mixture was repeatedly analyzed with an 
MI-1305 mass spectrometer. The accuracy 
of the mass spectrometer analysis is esti- 
mated to be kl% of the value measured. 
The test gas was delivered to the mass 
spcctromctw ion sourw through a capillary. 



KINETICS OF OXYGEN EXCHANGE 7 

Oxygen of natural isotopic composition 
was obtained by thermal decomposition of 
KMn04 and labeled oxygen by electrolytic 
decomposition of water enriched in isotope 
la0 up to 40-50 atom%. Oxygen was puri- 
fied from hydrogen admixture on Pd/AlpOs 
and dried by means of molecular sicvcs 
NaX and 4A and a Petryanov filter (20) 
at the tcmpcrature of liquid nitrogen. The 
initial gas was an equilibrium mixturr of 
isotopic molcculrs of oxygen lfiO1fiO, 16O18O, 
and 180180. The gas pressure drop due to 
sampling was not more than lo-15% at 
the end of the experiments. 

The catalyst, vanadium pentoxide, was 
prepared from an analytical grade com- 
mercial sample by roasting for 6 hr at 500°C 
in an oxygen flow. The VT06 powder was 
tableted, and the tablets were crushed into 
granules. For granules of 0.5 to l-mm size, 
the efficiency factor was almost qua1 to 
unity practically over the whole rango of 
experimental conditions. The spccifir sur- 
face of the VzOr, samples was about 2 m*/g. 

The catalyst sample was loadrd into the 
reactor and cvacuatcd for 4 hr at 400°C 
down to a pressure below 10M4 Torr. Then 
the sample was heated at 500°C for 6 hr 
in oxygen of natural isotopic composition 
under a pressure planned for the cxprri- 
ment. Two hours bcforc the experiment, 
the temperature of the sample was reduced 
to the temperature of exchange. The iso- 
topic composition of oxggcn over the cata- 
lyst was altered as follows: The small rc- 
action vessel with the ratalyst sample 
(about 30 ml) was isolated from the rest of 
the system (630 ml) which was evacuated 
and filled with 180-enriched oxygen, the 
initial mixture \vas analyzed, and then the 
reaction vessel was cvacuatcd for IO-20 
set and conncctcd to the rest of the systrm. 
The pressure in the reaction vc~sscl was 
reduced on evacuation by more than me 

order thus allowing us not to consider the 
gas remaining in the reaction vessel in dc- 
termination of X0. In preliminary cxperi- 
mcnts it was estahlishrd that wit#h V205 

the evacuation does not alter the specific 
activity of the oxide with respect to ex- 
change as compared to the experiments 
carried out without preliminary evacuation 
prior to connection of the reaction vessel 
filled with natural oxygen to the circula- 
tion loop. The absence of any cffcct of 
short evacuation of the oxide on its ac- 
tivity in the hetcroexchangc reaction is, in 
our opinion, rrlatcd to the rapid rcvcrsiblc 
alteration of the V&S surface oxidation 
dcgrro that was observed by us when 
changing, oxygen pressure over the oxide 
in the interval of 10-3-600 Torr [the VzO5 
surface oxidation drgrce was monitored by 
measuring the electron work function by 
tho vibrating condenser tnchniyue (21)]. 

Oxygen heteromolccular exchange was 
studied at 410~505°C in the interval 0.4- 
560 Torr of oxygen prcssurc. A chromcl- 
copcl thormocouplr was used for tcmpcra- 
ture control in the catalyst layer. The ac- 
curacy of tcmpcraturc maintonanco was 
Ztl”C. 

The hctcromolccular exchange rate on 
V&r, was found to obey Eq. (3) up to 
almost total equilibration of the oxygen 
isotopic composition in the gaseous phase 
and the whole of the oxide (Fig. 1) ; i.e., in 
this cast X, is the label fraction of la0 in the 
whole oxidn bulk. This is explained by the 
fact that all the oxygen of oxide is equiva- 
lent with respect to exchange owing to high 
rates of oxygen self-diffusion. In fact, ac- 
cording to the authors’ cvidrncc (22) and 
the known litcraturc data (23, Sg), the 
values of oxygen diffusion rates in VzO5 in 
the temperature range studied must cxcccd 
substantially (up to two orders) the cor- 
responding values of the rates of oxygen 
ht~tctromolacular cxchangc. When the prcs- 
sure was varied from 0.2 to 100 Torr the 
order of oxygen cxchangc rate rcmaincd 
constant, close to $ (Fig. 2). Under the 
same conditions the exchange activation 
energy was 44 kcal/mol (Fig. 3). For pres- 
sures exceeding 100 Torr, the reaction order 
for oxygen dwrcascs, whrrcas the exchange 
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6- 

FIG. 1. Kinetics of heteromolecular oxygen exchange with vanadium pentoxide at 450%. 

activation energy increases (Table 1). 
Special experiments (450°C ; Paz = 6 Torr) 
and calculations according to (25, 2s) have 
shown that the heteromolecular exchange 
proceeds via the so-called III mechanism; 
that is, it involves two surface atoms. 

The kinetic parameters found in this 
study and the suggested exchange mecha- 
nism are in good agreement with the results 
of authors (27~31). 

DISCUSSION 

There are two questions which we at- 
tempt to answer in this paper, namely: 

1. Do our experimental results for vana- 

%R 

dium pentoxide conform to our model of 
kinetics at a heterogeneous surface? 

2. Can the model of heterogeneous sur- 
face be applied to other oxides? 

Exchange involving two surface atoms is 
usually assumed to proceed via an adsorp- 
tion-desorption mechanism involving mo- 
lecular dissociation (25). The kinetic equa- 
tion for this mechanism which describes 
the exchange rate at a homogeneous surface 
has the following form : 

R= 
k&dPOz 

([kd]” + [weapon]‘> * 
(33) 

The experimental data obtained at 490% 

4p 

FIQ. 2. Heteromolecular exchange rate of oxygen with vanadium pentoxide as a function of 
oxygen pressure: 1,455’C; 2, 490%. 
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TABLE 1 

Kinetic Parameters of Heteromolecular Oxygen Exchange with Vanadium Pentoxide 

PO, 
(Torr) 

E oh 
(kcal/mol) 

R at 4.iO°C 

(02 m&r.) 

(cm* s) 

n at PO, (Torr) of 

0.2-100 400-560 

0.4 410-490 44 .j.109 ,j.](p 0.5 - 
260 440-500 1) -1 6 10’0 ,j.](p - - 

560 4.5-505 60 1.3.10” 1099 - 0 

are given in Fig. 4 in coordinates which 
correspond to a linearized form of Eq. (33). 
The deviations from the linear relationship 
are regular and exceed the possible experi- 
mental errors. On the contrary, Fig. 2 
shows that these experimental data con- 
form to an equation of the type of (A6) or 
(,410). Hence, the heterogeneous surface 
model provides a better description of the 
heteromolncular exrhangc rate as a function 
of the oxygen pressure than thr homogcne- 
ous surface model. 

Moreover, the homogenrous surface modcal 
LEq. (33)] does not agree with the fact ob- 
served by us and other authors that the 
observed exchange activation energy is con- 
stant when the oxygen pressure is varied 
over a fairly wide range. For instance, 
when PoZ = 0.4 Torr, Eobs = 44 kcal/mol 

FIG. 3. Temperature dependence of t,he hetero- 
molecular exchange rate of oxygen wit,h vanadilun 

(SW) ; when I’oZ = 11 Torr, Eobs = 47 kcal/ 
mol (SS) ; when PO, = 40 Torr, Eo,,s = 44 
kcal/mol (28); and when Paz = 95.6-101 
Torr, Eobs = 45 kcal/mol (27). 

The kinetic Eq. (33) yieIds the following 
expression for Eo, : 

z' = py)% + (k,Z'02)~E, 
$01 

* u&l)+ + ULPO,)~ 
(34) 

It can readily be shown that Eoz under 
two different pressures can be the same 

d- g.iL15 

0 2 4 6 8 10 12 If P 
Fro. 4. A st,rtdy of the v;tlidit,y of Rq. (33) 

pentoxide: 1, 0.4 Torr; 2, 260 Torr; 3, 560 Torr. (T = 490°C). 
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0' 
I 

{a 20 30 10 A 

FIG. 5. Calculated curves for specific heteromolec- 
ular exchange at PO, = lop3 at and T = 450°C as 
a function of desorbability X. 

only if the unlikely condition E, = E,.+ is 
satisfied (since this means that the adsorp- 
tion heat is zero) or in the limiting cases 
when kd >> k,Po, or k,Po, >> kd. But the 
experimental results on variation of oxygen 
pressure show that the ratio of these con- 
stants is close to unity. In other words, 
(/cd)+ and (k,Po,)+ are comparable under 
some partial pressures within the range 
studied by the above authors. 

However, Eqs. (17), (A6), and (All) 
show that EQ is independent of PO2 when 
conditions (16) are satisfied. Thus, the 
temperature dependence of the hetero- 
molecular oxygen-V206 exchange rate is 
also in a better agreement with the assump- 
tion about h&erogeneity of the oxide 
surface. 

Moreover, there are some direct data 
that show the heterogeneity of vanadium 
pentoxide. 

Measurements of the temperature de- 
pendence of the equilibrium oxygen pres- 
sure over the oxide have shown that the 
bonding energy of surface oxygen increases 
from 20 to 70 kcal/mol (34) with an in- 
creasing degree of reduction of VZOC. The 
authors of (35) have also found the depen- 
dence of the bonding energy on the degree 
of reduction of VZ06. Heterogeneity of va- 
nadium pentoxide surface is suggested also 
by the adsorption kinetics which are charac- 
tcrizcd by equations corrc>sponding to the 

logarithmic (36) or exponential (37) iso- 
therms depending on the previous treat- 
ment of the sample. 

Now let us analyze Eq. (18). Note that 
we can measure only the first two of the 
four parameters in this equation: n, Eo,, 
I?,, and g8. It is hard to measure 8, and 
0X since it is impossible, owing to diffusion 
from the oxide bulk, to maintain zero sur- 
face coverago with oxygen and stoichio- 
metric ratio in the whole of the oxide. 

One can assume arbitrarily that both 
parameters can be calculated from the 
data given in Table 1. Indeed, knowledge 
of n and Eo, is formally sufficient for 
evaluating the remaining two parameters. 
But it should be remembered that altera- 
tion of the reaction order, according to the 
heterogeneous surface model, disrupts the 
mean coverage approximation so that equa- 
tions of the tppc of (17) and (18) become 
inaccurate. 

Thus, to make use of Eq. (18) we should 
preset one of the nonmeasurable parameters 
or, at least, specify how to preset it. It is 
more convenient to specify B,. Physically, 
this parameter should be close to the activa- 
tion energy of oxygen adsorption on the 
pure metal ; in other words, it should be 
rather close to zero. If we assume for sim- 
plicity that 2% = 0, Eq. (18) transforms 
into 

Eo, = (1 - n)& (35) 

This yields 

E’O, 
OR = ~-. 

l-n 
(36) 

Hence we calculate that for vanadium 
pentoxide oa = 85 kcal/mol. This value is 
close to the strength of the metal-oxygen 
bonding in oxides and thus seems to be 
reasonable. 

As reported for various oxide catalysts, 
the minimum oxygen adsorption heat varies 
from 20 to 25 kcal/mol (35, 38). Hence, 
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the hetorogcncity range f at the tcmprra- 
ture of about 450°C is (X5-2.5) E!l’ = 40. 
This hetcrogcneity range at Q! = fl = 0.5 
corresponds to the maximum differwws 
between the activation energies for ad- 
sorption and dcsorption for the surface 
centers AE = (S-5-25) .CY = 30 kcal/mol. 

Let us now analyze the prccxponential 
factor. If WC assume CY = p = 0.5, then M = 
O.Ti means that y = 0. In this case \vc 
should make use of Eq. (A7). Let us sub- 
stitute into (A7) the theoretical preexpo- 
nential factors of adsorption and desorp- 
tion. In the temperature range studied the 
number of molcculcs striking unit surface 
area per second is about 10Z3 molcculcs/cm2 
s at and, according to the absolute rate 
theory (S9), K~” varies from 102* to 1030 
molecule/Cm2 s. Let us aSSUnle Kd” = 102’ 

molecules/cm2 s according to the cxpcri- 
mentally determined value for the com- 
plete surface coverage, that is, for TV = 0. 
Then the theoretical value of the obscrvcd 
prcexponcntial factor is giwn 1)~ 

= 5.10”4 molccul~~s/cnP 8 at: 

This estimate is in very good agrccmrnt 
with the experimental value (we Table 1). 
This agreement also supports the hetero- 
geneous surface model rather than the 
homogeneous surface model. Moreover, 
it suggests a very important conclusion, 
namely, that heteromolecular exchange in- 
volves practically the whole surface of 
vanadium pentoxide since the theoretical 
value of the observed preexponential factor 
made use of the values rclatcd to the whole 
surface ( 1015 centers/cnP). 

Some explanation is needed here. The 
accuracy of the experimental estimate of 
F b0bso and, hence, of our conclusion is, of 
course, n-it.hin one order of magnitude. 
Our values of the number of sites on the 
unit surface arca and Kao and Kdo are some- 
what arbitrary, too. 

Another factor should also be taken into 
account. The rate at the most active sur- 

fact centers differs from the rate at the 
least nrtivn wntcrs by srvcn (Jr tight orders 
of magnitude (Fig. 5). This leads us to 
question Avhcthor WC ~‘a11 call such a center 
active if it participates in the direct ex- 
change with the gaseous phase once every 
10” s on the average (that is, during a 
period which is approximately equal to the 
life span of our civilization) while the 
surface contains centers which exchange 
their oxygen in lo3 s. If the answer is no 
th(n what should be the difference between 
the rates for a given center and the op- 
timum one? Any quantitative evaluation 
here would be, essentially, a matter of vielv- 
point. But our assumption that the ex- 
change involvw all the ccntcrs of the 
surface has no such disadvantage 

This assumption makes it possible to 
calculate for instant, the intc>gral oxygen 
covcragc of the surface f?. Since the surface 
of V&s is uniformly hotcrogcncous U-C 
shall rstimatc J using Trmkin’s isotherm 
clquation (13). For instanw, for 1’0~ = 10e3 
at and T = 430°C \v(! find 

1 Kal’ur 
fJ zz - Ill--- 

J’ U 

1 
111 

Kao eXp[-,!?,/i?T)Po, 
=- 

f  Kd” exp[ --l?Ji?T~ 

= -! 111 - 
10=.10-3 

40 10zgexp[ -Srj,OOO/l?T] 

= 0.9. (37) 

Thus, the surface is almost completely 
covered with adsorbed oxygen even under 
such low oxygen pressures. Remember that 
WC define the adsorbed atom as any oxygen 
atom at the surface including those atoms 
that arc indistinguishable from the ions in 
the lattice. 

Using Eqs. (16) we can show the mean 
coverage approximation to be invalid for 
VZ06 at PO, = 3*10-l at. Under these con- 
ditions we have 80, \ ~=f z 0 and e = 1. 
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FIG. 6. Observed heteromolecular exchange acti- 
vation energy Eo, vs preexponential factor Ic~I,~O (9) : 

1, calculations in terms of our model ; 2, least-squares 

curve. 

The data given in Table 1 agree with this 
prediction. 

Now let us discuss if we can apply the 
heterogeneity model to describe the kinetics 
of the heteromolecular oxygen exchange 
with other oxides. We believe that the 
heterogeneity model may be applied to 
those many oxides for which the reaction 
order for oxygen remains constant when 
the oxygen pressure is varied by a few 
hundred percent. Moreover, let us assume 
that the minimum adsorption heats vary 
from 20 to 25 kcal/mol, that the maximum 
adsorption heats vary from 80 to 85 kcal/ 
mol, that the adsorption activation energy 
at the sites with the maximum adsorption 
heat is zero, and that the whole of the sur- 
face is involved in the exchange ; that is, 
K*O = 1O23 molecules/cm2 s at. and Kd” = 10zg 
molecules/cm2 s (their temperature depen- 
dence is not taken into consideration). 

Let us analyze together Eqs. (36) and 
(19) in terms of this model. If we assume 
that (Y = p = 0.5 we obtain 

and 
n = 0.5 + y 

m = 0.5 - y, (38) 

and from 
paramctcr 

(36) WC find for the above 

so, 
y = 0.5 - -$ . (39) 

Equation (39) does not conform to the 
linear relationship between y and T postu- 
lated in the Temkin model (11). However, 
it is essential for the term eyl to be inde- 
pendent of the temperature. By definition, 
j” is inversely proportional to the tempera- 
ture. Since we neglected the temperature 
dependence of y we have to neglect the 
temperature dependence of f. Let us as- 
sume that f is 40 and remains constant. 
Then, according to Eqs. (19), (38), and 
(39) there should be a direct relationship 
between lcob2 and Eo,. This relationship is 
plotted in Fig. 6. Also shown in this figure 
arc the experimental data of Winter (2) 
and his straight line representing the least- 
square approximation. The theoretical curve 
is seen to agree with the experimental rela- 
tionship between log lcobso and Eo,. It may 
be assumed that the differences in the 
values of n, Eo,, and IC,bSo (and, hence, R) 
between various oxides are probably due to 
the differences in the distributions of the 
centers over X, that is, over oxygen ad- 
sorption heats [Eq. (13)]. 

Note that we have not attempted here 
to obtain the best approximation of the 
experimental results by a theoretical equa- 
tion. The primary reason for this is that, 
in our opinion, Winter (2) made some 
methodological mistakes which could have 
influenced the results of the heteromolecu- 
lar exchange rate measurements. 

First, prior to filling the reaction vessel 
with the ‘*O-enriched oxygen, Winter evacu- 
ated it for 3 min at the temperature of the 
experiment. According to our model, the 
activation energy of dcsorption at various 
surface centers ranges from 50 to 80 kcal/ 
mol (since @a = 80 kcal/mol, I??, = 0, and 
AE = 30 kcal/mol). The rate of desorption 
from the centers for which Ed = 50 kcal/ 
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mol is given by 

‘,-d = 102’ cxp[ - ~o,ooo/~?‘]&),. 

Let us take 80, = 10-l (see Fig. 5) and T = 
450°C. Then we find rd = 1013 molecules/ 
cm2 s; hence, all the centers with Ed = 50 
kcal/mol desorb oxygen in about 2 min. 
A part of their oxygen is desorbed also by 
the centers wit’h Ed = 53 kcal/mol which 
makes the primary contribution to the 
exchange rate for the oxides with Eo, > 40 
kcal/mol (Fig. 5). This loss of oxygen is 
compensated owing to the high rates of 
diffusion from the bulk of the oxide to its 
surface. On the contrary, evacuation of 
the sample for 3 min can introduce a 
serious error into the measured exchange 
rate for those oxides which have low oxygen 
diffusion rates andvintegral surface covcr- 
ages close to unity. 

The greatest error appears to bc intro- 
duced by the preparation of the catalyst 
for determination of the reaction order for 
oxygen; the sample was kept at a given 
temperature and a prcssurc of 15 Torr for 
18 hr and subsequently at lcast one mca- 
surcment was made at 100 Torr (2). We 
have found earlier ($2) that following pro- 
longed heating at 10 Torr lower pressures 
(0.4 Torr) result in a noticeable desorption 
of oxygen from the surface to the gaseous 
phase. Hence, elevation of pressure should 
result in irreversible absorption of oxygen 
by the oxide. The error caused by this ab- 
sorption is the greater the higher is the 
oxygen diffusion rate in the oxide and the 
lower the integral coverages at equilibrium. 

Both mistakes in the procedure affect the 
estimates of the hcteromolecular exchange 
rate owing to inaccurate determinations of 
X, [Eq. (3)] [or the amount of the ex- 
changeable oxygen since Winter used the 
integral form of Eq. (3) when calculating 
RI. This is, probably, the reason why the 
values of 12 found in (2) do not agree with 
our predictions according to (3s). 

Another point has to be discussed, too. 
The heteromolecular exchange is usually 

studied under oxygen pressures varying 
from 1O-3 to 1 at. This pressure diffcrcnce 
has bow shown above [Eq. (3(i)] to cor- 
respond to variation of the integral covcr- 
age from 0.9 to 1 on VZOS, that is, only by 
0.1 of the monolayer. For other oxides the 
variation of the coverage may be different 
according to the value of y, since the ab- 
solute values of 0 strongly depend on this 
parameter. However, even in this case the 
primary contribution to the observed ex- 
change rate is made by the centers with X 
varying from 30 to 40, that is, within a 
limited variation range of the energy pa- 
rameters. This is precisely what seems to 
allow the simple function (13) to make a 
good approximation of the real ccntcr dis- 
tribution for the whole surface with regard 
to their activity in the hcteromolecular ex- 
change reaction. 

APPENDIX 

1. Let the surface be hetcrogencous in 
%potS” : 

r(x) = 

K,K,ie(4-a)XP02 

([Kde”]’ + [KaP02e-OLh]‘)3 ’ 
(Al) 

R2 

f KRKdI’Oze’“-“‘XAerXdX 

I, / 0 ([Kde”]+ + [KaPO,e-“x]i)z ’ 

W4 

Let us replace the variable: 

a 2 

(““” > 

i 
-e- A = u. (A3) 

Kd 

Here we shall replace approximately the 
integration limits as it was done by Temkin 
in (10). When we have X = 0 we find 
u = (KaP02/Kd)+ = w (since for the sites 
with the adsorption heat oIr, Ka is maximum 
and Kd is minimum). When X = f we have 
u = 0. Both replacements correspond to 
the condition that the reaction be carried 
out in the range of mean coverages (IO). 



AVETISOV ET AL. 14 

Then we obtain 

a--r 

J 
- U2(w-r)-ldU 

X 
0 Tl+uY 

(A4) 

When 

O<m=a--y<l, 

O<n=P+y<l, (A5) 

we have (40) the following expression for 
the integral (A4) : 

-r(l - 2n.)a 
R=-- 

(eyf - 1) sin (2n7r) 
(KaPog) +d) n. (A@ 

When y -+ 0 we find 

2 
R = 7 (K~Po~)@(K~)~. 647) 

2. Let the surface be “randomly” hetero- 
geneous (15) : 

(i) 2 + Z1 + 02’ -5 ZO* + Z10 
LW 

(ii) zo + z10 -Jf+ z + z1 + 02 

If the adsorption heats per one atom (that 
is, per a ZO bond) are qa and qa, and their 
differences from the maximum value q8 are 
AqB. and Aq,, the variations of the activa- 
tion energies of the stages are given by the 
following relations : 

AE, = a(Aq, + AqaJ = a(X’ + X’l)fiT 

AEd = - /3(&a + &a,> 
= - /3(x’ + x’,)i?T. 

Since we have 

KBKdPo2e(B-~)X'e(B-~)X'1 

___-__ 

‘(‘) = (CKd]teilh’ + [KapOP]ie-*X’)([Kd]leaX’l + [~P02]kahJ1) ’ 

the exchange rate R is given by 

R=; 
/a la 

JJ 

KaKdpOae(8-a)~‘e(8-~)X’1A2eyh’erh’ld~’d~’~ 

0 o (CKdl $P + [KBPOz]“e-“X’)([Kd]leSh’l + [KaP02]‘e-aX’1) 

A2 fa [KaKdp02]~e(B-.)X’eY~‘d~’ 2 
= -- -__ 

I,2 [Kd]‘e@” + [KaP02]kaX > 

r-i 2 
G 

(erfa - 1) sin (n7r) 
(do,) n(Kd) m. 

(A9) 

(AW 

(All) 

Here f,, is the heterogeneity interval per 
one atom. Physically, it may be expected 
that fa = if though no obvious link exists 
between these parameters. Moreover, there 
is no obvious relationship between Ka and 
K,j in the case of dissociative and nondis- 
sociative adsorption. For the logarithmi- 
cally homogeneous surface we have 

1 
R = - (KapO,)a(Kd)a. (A12) 

fa2 
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