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Catalysis of Isotope Exchange in Molecular Oxygen and Its Application to

the Study of Catalysts

G.K.Boreskov and L.A.Kasatkina

Problems related to the kinetics and mechanism of isotope exchange in molecular oxygen on solid catalysts are reviewed.
Experimental data on the homomolecular exchange of oxygen on oxides and metals are reported. The relationship be-
tween the catalytic activity of oxides towards oxygen exchange and their activity towards other oxidation reactions is dis-

cussed.

ting the nature of intermediate entities during the interaction of oxygen with a catalyst surface.

It is pointed out that studies of isotope exchange reactions of molecular oxyden should prove useful in elucida-

The activity towards

exchange can be used as a characteristic of general oxygen reactivity, and rules for the choice of oxidation catalysts

can be based on it.
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1. INTRODUCTION

The exchange of atoms between oxygen molecules (homo-
molecular isotope exchange)

160, + 180, = 210180 (1)

is the simplest chemical reaction which oxygen can under-
go. This provides a very convenient model reaction for
investigating the rules which control the choice of catalysts,
since it is not accompanied by changes in the chemical
composition of the reaction mixture. The features of the
homomolecular isotope exchange reactions provide infor-
mation on the nature of the oxygen bond on the catalyst sur-
face and can be useful in explaining the mechanism of cata-
lytic oxidation reactions. The analogous isotope exchange
reaction in molecular hydrogen has been the object of a
large number of investigations, and has played an impor-
tant role in elucidating the mechanism of catalytic hydro-
genation reactions.

Studies of homomolecular exchange in oxygen began
relatively recently. The first results for this reaction on
magnesium and zinc oxides! were published by Winter as
recently as 1954; this paper was followed by a paper re-
lating to some other oxides?. The early results were re-
viewed by Winter 3, and compared with data on the rate of
isotope exchange between molecular oxygen and the oxygen
from the oxides, the rate of adsorption and the catalytic
activity towards the oxidation of CO and the decomposition
of N;O. Inlater years, a great deal of work on homomolecular
exchange in oxygen was published by Soviet scientistg 4732,
Foreign workers also are active in this field33~%7,

The present review attempts to generalise the results
obtained so far and to consider the various possible rela~
tionships between the activity of catalysts towards homo-
molecular oxygen exchange and their activity towards other
oxidation reactions, involving the transfer of oxygen atoms
between reactant molecules.
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II. KINETICS OF ISOTOPE EXCHANGE IN MOLECULAR
OXYGEN

1. Method of Investigation

The course of reaction (1) is monitored mass-spectro-
metrically from the change in the intensity ratio of the
peaks corresponding to masses 32 (1%0,), 34 (*¢0*®0), and
36 (*80,). Winter® worked with a static system, taking a
continuous leak of a very small fraction of the reaction
mixture to the mass spectrometer tube through a fine capil-
lary. Some workers have sampled the gas for isotopic
analysis at intervals, by means of ampoules removed from
the apparatus and transferred to the mass spectrometer.
To avoid the possibility of diffusion-controlled steps at high
rates of exchange it is desirable to work with a circulating
system®,

Isotope exchange in molecular oxygen has been studied
mainly on oxides 174,819,333 and less extensively on met-
alg4,5,!1,20722,% 36 With oxides, exchange between molecu-
lar oxygen and oxygen from the oxide is possible as well as
homomolecular exchange. In most of the work on the iso-
tope exchange of molecular oxygen on oxides, conditions
were such that the concentrations of 120 in the solid (a;)
and in the gas (@) were equal. Some workers?,!9,28,3¢
studied exchange in molecular oxygen under conditions of
simultaneous isotope exchange between the oxygen in the
oxide and in the gas phase.

2. Kinetics of Isotope Exchange in Molecular Oxygen in the
Absence of Isotope Exchange with the Catalyst

The kinetics of homomolecular oxygen exchange are des-
cribed in this case (a; = @) by a first-order equation. For
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example, the change in the concentration of #0820 mole-
cules is

dCay -z

= 7 (= Co) = £ Cuu—Cs) (2)

where Z is the total number of oxygen molecules, whatever
their isotopic composition, which exchange atoms per unit
time and unit catalyst surface, in moleculescm=2? s=!; Ng is
the total number of oxygen molecules in the gas phase; S isthe
surface area of the catalyst in cm?; 7is time ins; C
and C,, are the fractional numbers of '°0'80 molecules at
equilibrium and at time 7 respectively. Integration of
Eqn. (2) gives
B = _1_ In M
T Cyy—Caq

where CY, is the fraction of 0'80 molecules at zero time.

Eqn. (2) is valid for any exchange mechanism38, The
influence of the mechanism is manifest only in the depen-
dence of the total number Z of exchanges upon the oxygen
pressure Po, and the temperature 7.

(2a)

3. Kinetics of Exchange in Molecular Oxygen with-Simul-
taneous Isotope Exchange with the Oxygen of the Catalyst

To elucidate the details of the exchange mechanism, it
is often helpful to measure simultaneously the rates of ex-
change in molecular oxygen and of isotope exchange with
the oxygen of the catalyst. In this case a # a;, and the
kinetics of the exchange become more complex.

Isotope exchange with the oxygen of the catalyst (for ex-
ample, an oxide) includes dissociative adsorption with for-
mation of adsorbed atoms or atomic ions, exchange of these
adsorbed species with oxygen ions from the oxide, and de-
sorption in the form of molecules”.

The change in concentration of 20 in the gas phase due
to exchange with the oxygen of the catalyst is described by
the equation

—F =R —a) =R (z—a) ®3)

or, in the integral form,

N 1. a®—a*
R = gFm s o= (3a)
Here R is the total number of exchanges between oxygen
from the oxide and oxygen in the gas phase, in molecules cm=2
s-!; N, is the amount of accessible oxygen in the oxide
(number of molecules); a@°, a*, and o are the fractional
amounts of 20 at zero time, at equilibrium, and at time 7
respectively.

The kinetics of exchange in molecular oxygen occurring
simultaneously with isotope exchange with the oxygen of the
catalyst have been considered in detail by Musykantov and
coworkers!®, Three kinetically different variants are
possible.

1. Isotope exchange in molecular oxygen [reaction (1)]
occurs without involving the oxygen of the catalyst. Inthis
case da/dt = 0, and the change in concentration of ¢0*0
molecules is described by Eqn. (2).

2. Exchange in molecular oxygen involves one atom of
oxygen from the catalyst. In this case

— Bty () )
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and

Ly le(1— o) + s (1— @) — Gy )
3. Exchange in molecular oxygen involves two atoms of

oxygen from the catalyst. In this case
—— =k (x — ) (6)

and
e k122 (1— ) —Cad. ()
11
If the exchange occurs by all three mechanisms at the
same time,

— (Bt R)E—w =R ®)

dj_;' =y [20(1— @) — Cygl + by [0 (1— etg) + o (1— @) — Cy) +
+ kg [20 (1— ) —Cyyl 9)

where k, = Z,S/Ny, k, = Z,5/Ng, ks = Z,S/Ng, and Z,, Z,,
Z4 are the numbers of oxygen molecules (molecules cm™?
s~1) which exchange atoms by the corresponding mecha-
nisms.

Eqn. (9) can be recast!® by inserting the value of a; from
Eqn. (8) and introducing the new variable

y =20 (1— &) — Cyq = Cps — Cyq..

The physical significance of this variable is that of a driving
force for the isotope exchange between oxygen molecules.
In the absence of isotope exchange with the oxygen of the
catalyst, the fractional change in the number of molecules
would be proportional to y.

With this substitution, Eqn. (9) can be written in the
form

j—f=—ky+w(z%)’ 10

where

8k

=mand k=k1+kg+ks .

4

To solve the resulting system of differential equations
we must know the variation of a; with time of exchange.
This variation can be quite complicated, because it is de-
termined not only by the rate of exchange of surface oxy-
gen atoms from the catalyst but also by the rate of diffusion
of atoms which have been exchanged into the bulk of the
catalyst. In its general form, the problem is soluble only
in some special cases!®,

Generally speaking, the exchange constants &, k;, kg
can be evaluated by means of the differential equations (8)
and (9) from experimentally found values of da/dT and
dC,,/dT at different times. Reliable results can be ob-
tained in this way only from a large number of measure-
ments, which must be of the highest precision.

To characterise the role of the individual mechanisms,
it is desirable to work with catalyst samples containing
very small amounts of 120, whilst ensuring a high total
concentration of this isotope in the molecular oxygen. Fig.1l
shows the curves for the change in isotopic composition of
the molecular oxygen, assuming different exchange mecha-
nisms, for the case of s < a. If the concentration of the
180 isotope in the enriched oxygen (from which the reaction
mixture is prepared by dilution with ordinary oxygen) is in
excess of 50%, we have a® > CY, at zero time. Hence it
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is possible to identify the predominant exchange mechanism
by the following qualitative rules:
a) if (“_“) =0, and (‘Eﬂ) > 0, exchange occurs by
[ - av [/,
mechanism 1;

b) if (';_:)1:0< 0, and (%) > 0, mechanism 2 pre-

T=0

dominates;

c) if (‘diii) <0, and ("-{%‘) < 0, exchange occurs by
T=0 T=0

mechanism 3.

Change in isotopic composition of molecular oxygen
The numbers on

Figure 1.
for the different mechanisms of exchange.
the curves denote the exchange mechanism

Evidence for the third mechanism is provided also by a
change in the ratio of the isotopic oxygen molecules (initi-
ally in homomolecular equilibrium) during exchange with
oxygen from the oxide. If the exchange involves only the
second mechanism (k, = 0), the homomolecular exchange
equilibrium

— G =4
Css Cas
will not be disturbed. Thus, if 23 = 0, it follows that ¢ =
0, and from Eqn. (10) dy/dT = 0 under homomolecular equi-
librium (y = 0).

Non-constancy of 8 during exchange is evidence that the
exchange is occurring by the third mechanism.

All these conclusions involve the assumption of a uni-
form catalyst surface in respect of oxygen exchange. If
the surface is not uniform, the constants &,, k,, and 2, will
vary from point to point on the surface. However, since
exchange in this case will be confined to the most active
regions of the surface, we can evaluate approximate ex-
change constants for these regions from experimental data
for very small values of 7 and o; < a.

II. EXPERIMENTAL DATA ON ISOTOPE EXCHANGE IN
MOLECULAR OXYGEN ON SOLID CATALYSTS

1. Catalytic Activity of Oxides

The influence of the conditions of pretreatment of oxides
on their catalytic activity towards homomolecular oxygen
exchange was first pointed out in Winter's reviews., More
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recent work4,16,2,20 31 33 hag ghown that in some cases the
activity is greatly increased by a preliminary vacuum acti-
vation at high temperature, whereas oxygen treatment at
high temperatures causes a sharp fall in activity. Some
oxides showed differences in activity of several orders
after different treatments. Since the change in activity
caused by pretreatment under different conditions is evi-
dently associated with a change in the oxygen content, it is
desirable to compare the catalytic activity of the various
oxides under two different headings: samples which have
been treated in oxygen at a temperature high enough to en-
sure equilibrium composition of the surface layer, and
samples having a non~equilibrium oxygen concentration in
the surface layer.

2. Oxides with Equilibrium Oxygen Concentration in the
Surface Layer

The main results (published since 1958) on the catalytic
activity of oxides of equilibrium composition towards the
isotope exchange reaction in molecular oxygen are summa-
rised in Table 1. For comparison, the activity of plati-
num is also given in the Table.

Table 1. Kinetic characteristics of homomolecular exchange reactions
of O, on various catalysts
Ranges of w w
Rate of L 2 3 §.
Surface
Catalyst |, o | SUEN | ares, © fXCanES =y gaE. ) BEE [inone
temp., C R migl et [kealmole 1 53 g o .g.‘s g feferences
E2Eld%e
pt 200—250 [0.45—0.5/0.4; 1.6 | 6.7-10'* |  16.5 | 1.0-10% [0.5 1
(6] 400--500| 10 26 1.8.107 40 1.8.10% | — 10
I 30z | 400500 10 190 3.107 (32) 3-101 | — 10
i0g 530--600| 40 67 2.108 (39) - |— 8
V4O, 450—-550 |  5—240) 2.7 1.107 46 1.9.10% [ 0.7—0.8 e
CryOs | 450--550| 5240 2.9 |6.1.407 42 | 4.9-10% {0.6—0.7 8
MnO, [225--325| 6—240| 55 [2.4.401| 22 |4.0-10% (0.4 8
FesO  [350--450( 6—240| 27 | 9.4-10° 2.7-40% | 0.6 8
Coy0,  [125—-250| 4—240 7.7 |5.2.4018 [ 16 | 5.2.40% (0.4 8
NiO 225--300| 5—120| 7.7 | 6.7-401 6.7-10% | 0.4 8
Cu0 250—-350| 4—240] 48 |7.0-10u| 26 [3.9-10% |0.4 8
ZnO 425—525| 13—1420] 1.0 |3:7.408 40 |3.7-10% 0.9 8
MoO, 550 1138 0.78 2.6-10% 89 | 2.4-102 1.0 10
La,0y |400—-450| 20—40 28 12.2.40m| 25 |7.0.10% 1.4 28
CeOq 320--420| 14—80 29 3.5.101 31 1.2.10% (1.0 28
Pry0;;  [200--290| 2074 32 |4.4108]| 20 [2.8.10%[0.9 2
Nd,O; [200-300] 68| 26 |95100| 14 |5.6.107 (1. »
Smy0p |325--420| 20—80 42 |14-100%] 14 [6.7.10% 0.8 28
CdgO,  |300--370| 20—80 | 31 1.4.402 | 15 |1.8.407 [1.4 23
TbO; |300—370| 20—80 | 49 [2.8.401| 24 |4.1.10%]0.6 23
DysOs |326—420| 20—84| 49 |4.5-10m| 20 |2.9-40v7(0.9 28
HosO; |320—420| 20—80| 46 [3.8.40n| 25 [1.2.101}1.0 28
ErsO;  |200—300| 12—98 24 |3.4.401( 48 | 4.1.1018|1.0 28
TusOp | 300—420| 20—80 22 [2.6104| 17 [1.5.10"{1,0 %
Yb,O5  |300—420| 20—58 3% |2.6108| 20 [4.7.10|1.2 28
Lu,O;  1300—420! 20—80 20 [1.9.4012] 15 |2.5.4017 |14 3

* For MgO and 7-Al,0; at 300°C and 10 mmHg, for the rare-
earth oxides at 370°C and 20 mmHg, for the other catalysts at
300°C and 40 mmHg.

The oxides examined usually had a steady activity to-
wards homomolecular exchange in oxygen, with the excep-
tion of NiO and CuO whose activity gradually fell to a stable
value in 1-~2 days® Evidently, the conditions of treat-
ment adopted had failed to ensure an equilibrium oxygen
content in the surface layer of these oxides, and the achieve-
ment of phase equilibrium continued during the measure-
ments of homomolecular oxygen exchange. The values
listed in Table 1 refer to the stable activity of these oxides.
The temperature dependence of the rate of exchange for a
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series of oxides of the fourth period of the Periodic Table
is shown in Fig. 2.

Some of the data listed in Table 1 differ from the re-
sults obtained by other workers. Thus, the rate of ex-
change observed by Winter? on NiO (from the carbonate)
was approximately 100 times lower, and the activation
energy was higher (35 kcal mole~!). These discrepancies
are probably due to different amounts of excess oxygen in
the samples.

Igk (molecules cm-2 s-1)
AT |
2 \ \'\( I .
/2 -
" rit \
N\
67

L5

) .
2.0 2.5 I 103/T
I L ]

550 350 250 150~ 197°¢C

Figure 2. Temperature dependence of the rate of exchange of
molecular oxygen on the oxides of metals from the fourth period:
1) TiO;; 2) V,0s; 3) Cr05; 4) ZnO; 5) Fe 05 6) CuO;

7) NiO; 8) MnO,; 9) Co;0,.

The rate of exchange on Fe,O, according to Winter? is
close to the value given in Table 1, but the activation ener-
gy (19.2 kcal mole~!) and the kinetic order with respect to
oxygen (~ 1) are substantially different. According to
Sazonov and coworkers %!, the activity of CeO, is approxi-
mately 40 times lower, and that of Gd,O, 4-8 times higher
than Minachev and Antoshin's values 28, the activation ener-
gies being 31 and 10 kcal mole~ respectively. These dif-
ferences may be associated with the preparative conditions
of the oxides. Sazonov and coworkers # studied the ex-
change in molecular oxygen on neodymium oxide, and found
that the activity can vary by about an order of magnitude
depending on the preparation and treatment conditions of
the catalyst (E = 30 kcal mole™!). The effect of the activa-~
tion conditions on the catalytic activity towards homomolec-
ular oxygen exchange, associated with a change in the oxy-
gen content of the oxide, has been reportedalso for manganese
dioxide 23,

Isotope exchange in molecular oxygen on oxides with an
equilibrium oxygen concentration in the surface layer takes
place in the temperature range where the surface oxygen
has sufficient mobility and is able to exchange with the gas
phase.

As regards their behaviour towards isotope exchange
with the gas phase, the oxides investigated can be classi-
fied into the following groups.

1. Oxides in which the whole of the oxygen is equivalent.
(The mobility of the oxygen in the lattice is greater than
the rate of exchange with the gas phase.) This group in-
cludes V,0;,%,%* CeO, * (oxygen diffusion in the CeO, lat-
tice begins to affect the rate of exchange only above 440°C) 3,
and MoO,.

2. Oxides in which the surface oxygen has uniform mo-
bility but exchange with the underlying layers of lattice
oxygen is diffusion-limited. This group includes Fe,0,,%:?
ZnO, Cr,0,,% Al,0,,2* and the rare-earth oxides .
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3. Oxides in which the surface oxygen is non-uniform
towards isotope exchange with the gas phase. These are
MnO,, 42,4 Coy0,, NiO, and CuO, 8,2

As an example, Fig. 3 shows the variationin the exchange
rate as the fraction of exchangeable oxygen on the surface
of MnO, is increased®. It is interesting to note that
higher activation temperatures, which increase the activity
of manganese dioxide towards oxygen isotope exchange, de-
crease the degree of non-uniformity of the surface oxygen.
On raising the temperature of exchange the non-uniformity
of the surface oxygen decreases.

o7
2
N
\ 0
1200°1250° g H200° .
\\x o250
2 i L LT . X 7
2.2 2.4 2.6 2.8 n

Figure 3. Decrease in the rate of exchange between O, and
manganese dioxide with increase in the fraction of surface
oxygen exchanged. The heat treatment temperatures were
350°C for preparation I (points 1) and 550°C for preparation II]
(points 2).

The NiO preparation investigated by Keier** showed
uniformity of the surface oxygen, in contrast to the findings
of other workers 8,42,

Winter ® had noticed that on Cr,O;, NiO, and Fe,O; the
rates of exchange in molecular oxygen (Z) and of isotope
exchange with the oxygen of the oxide (R) are closely simi-
lar. Subsequent work confirmed?® that this behaviour is
characteristic of all the oxides in which the equilibrium
oxygen concentration is present. Results obtained? for
transition metal oxides of the fourth period are listed in
Table 2. The identity of the rates for the processes under
discussion is particularly striking with the oxides in which
the surface oxygen is uniform for isotope exchange with the
gas phase (V,0,, Cr,0;, Zn0O, Fe,0;). With these oxides
the experimental values of the heteromolecular and homo-
molecular exchange rates agree within the limits of the
inequality R < Z < 2R.

The rates of the exchange processes are more difficult
to compare when the surface oxygen of the oxide is non-
uniform and the rate of isotope exchange is lowered by con-
fining the reaction to a monolayer. In this case the rate
of exchange in molecular oxygen should coincide with the
maximum initial rate of isotope exchange with the surface
oxygen of the catalyst. Fig.4 shows experimental results,
obtained?® on MnO,, which support this argument. With
Co,0, a reliable determination of the initial rate of hetero-
exchange proved impossible.

Satisfactory agreement between the rates of hetero- and
homo-molecular exchange was obtained also for the oxides
Ce0Q,, Cd,0;, and Nd,0,. 7,3

Several workers have examined the effect of various
additives known to influence the semiconducting properties
of the oxides on the rate of isotopic oxygen exchange.
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Winter ? studied oxygen exchange on NiO containing oxides
of lithium, silver, and tungsten, and observed a rather
weak correlation between the nature of the added oxide and
the resulting change in rate, This may have been due to
incomplete dissolution of the dopant at the low firing tem-
perature used (650°C). According to Keier*, the addition
of 0.8 at. % of Li to NiO increased the exchange rate by a
factor of 7-8 whilst the electrical conductivity rose by 5
orders of magnitude. The effect of the temperature at
which the impurities are added to NiO was investigated by
Gorgoraki and coworkers#, who found that Li and In im-
purities added to NiO at 800°C had practically no effect on
the activation energy: with the addition of lithium the re-
action rate increases, but with the addition of indium it
remains practically unaffected. Increasing the firing tem-
perature of the preparation containing indium from 800° to
1200°C led to a sharp drop in reaction rate, possibly as a
result of more complete dissolution of the impurity.
Raising the firing temperature of pure NiO from 800° to
1200°C causes a slight drop in rate and an increase in the
apparent activation energy of the exchange reaction.

Table 2. Comparison between rates of exchange in molecular
oxygen and rates of isotope exchange with the oxygen of the
oxide.
Rate of exchange, mole-
o cules cm-2 51 X 10-11
Oxide Temp., C
in molecular [ Wit e
oxygen [ OXygenol
V10, 550 13.6 13.4
550 2.4 1.7
CrgOs 525 16.7 16.7
400 0.31 0.63
Zno 500 29.0 15.0
FeqOy 400 6.8 4.7
NiO 300 6.8 6.8
CuO 300 5.7 4.7
MnOjy 300 21.0 25.0
250 3.2 34
1gk
7k
o
2t
o/
o2
b/ o .
i 1 ZL
1.6 1.8 .0
103/
Figure 4. Comparison of the rates of exchange in molecular

oxygen with the initial rates of exchange between O, and MnO,:
1) exchange in molecular oxygen; 2) exchange with the oxygen
of the oxide.

Gorgoraki and coworkers '2,13,% gtudied the effect of Li,
Ga, and In impurities on the activity of ZnO. Additions
of lithium were found to increase the activity, whereas in-
dium and gallium additions lowered it.

Margolis and Kiselev® studied the effect of adding the
oxides Cr,0;, Bi,0;, and Li,O to copper oxide.
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Alkali metal sulphates are used as promoters in a vari-
ety of industrial vanadium catalysts*®. Studies of the
effect of alkali metal salts on the activity of V,0, towards
the isotope exchange of oxygen have shown that the mobility
of oxygen in vanadium pentoxide is appreciably raised by
alkali metal compounds ®:,47"%°,  As in the case of V,0;,
volume diffusion of oxygen in the bulk of the promoted cata-
lysts is much faster than the surface exchange. It is in-
teresting to note that the promoted samples show very fast
oxygen exchange not only of the vanadium pentoxide, but
also of the impurity, whereas the oxygen of alkali metal
salts does not in any way exchange with molecular oxygen
under comparable conditions. The rates of hetero- and
homo-molecular oxygen exchange on promoted vanadium
pentoxide catalysts were found to be very similar®,

Kasatkina and Antoshin !’ studied the isotope exchange
between O, and CO, molecules and the heteroexchange of
MnO, with O, and CO, on manganese dioxide which had been
activated in a vacuum at 350°C. They found that the ex~
change of oxygen atoms between CO, molecules on the sur-
face of manganese dioxide is much faster than reaction (1).
The oxygen of MnO, proved to be very non-uniform towards
exchange with CO,: the first experimental points were ob-
tained at extents of exchange of 8—-16% of a monolayer, at
which the rate of exchange is several times lower than the
maximum, Later work from the same laboratory?®
showed that the rate of exchange of CO, with MnO,, like
the rate of exchange of O, within the limits of a monolayer,
decreases exponentially as the extent of exchange increases.
The initial rates of exchange of oxygen between CO, and
MnO, calculated from the exponential law were identical
to the rate of isotope exchange in molecular CO,. The
rate of isotope exchange between O, and CO, was much
lower than the rate of isotope exchange between CO, and
MnO,, and was somewhat lower than (but of the same order
as) the rate of exchange between O, and MnO,. These re-
sults justify the conclusion that exchange between O, and
CO, occurs through the exchange of these gases with the
oxygen of the manganese dioxide surface, and that the ex-
change of molecular oxygen is the rate-limiting step.

Kiyouras® subsequently arrived at the same conclusions
by studying the exchange between O, and CO, on the oxides
TiOg, V,0,, Cr,0,, Fe,04, NiO, MnO,, and CogO, at 150~
600°C. On all these oxides the rate of exchange decreased
in the sequence: CO,~oxide > O,~oxide > 0,-CO, (on the
oxide).

Exchange between CO, and O, was observed only when
exchange between molecular oxygen and the oxide was pos-
sible.

3. Basic Features of Exchange in Molecular Oxygen on
Oxide Catalysts with Equilibrium Oxygen Content

a. Exchange mechanism. In view of the close
similarity between the rates of homomolecular oxygen ex-
change and of isotopic exchange with the oxygen of the oxide,
we may conclude that the simplest catalytic reaction—iso-
tope exchange in molecular oxygen—occurs with participa-
tion of the oxygen from oxides with an equilibrium oxygen
content. If the oxide has a uniform surface, the whole of
the surface oxygen takes part in the reaction, but if the
oxide surface is non-uniform, only the most active (“mo-
bile”) oxygen atoms are involved. Hence, of the possible
exchange mechanisms discussed above, mechanism 1 is
excluded for oxides with an equilibrium oxygen content.
1t is harder to establish whether isotope exchange in mo-
lecular oxygen occurs on these oxides by mechanism 2 or
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by mechanism 3, that is, whether one or two oxygen atoms
from the catalyst are involved. The problem may be
solved using an analysis of the exchange kinetics for the
various mechanisms given above (p. 614).

Dzisyak and coworkers ® have established qualitatively,
from the time-changes of the quantity C,,/C,,, that ex-
change on V;0, and on V,0, doped with alkali metal sul-
phates occurs mainly with the participation of two oxygen
atoms from the catalyst. Jiru and Novakova* indepen-
dently reached the same conclusion for those catalysts.

Muzykantov and coworkers® quantitatively assessed the
rates of exchange on V,0; by different mechanisms by
studying the exchange between V;0, and oxygen of normal
isotopic composition (y, = 0). They observed the change
in the value of y with time of exchange (Fig. 5a), and found
that y goes through a maximum when plotted against 7. By
measuring dy/dT at 7 = 0 and y max from the experimental
curves, the values of #; and & can be calculated!®, Thus,
substituting into Eqn. (10) the value of da/d7 from Eqn. (3),
and assuming y, = 0, we obtain

By =

(%)g_q ( Ng )’ )

2(@0—a%? \ Ng+ Ny

At the maximum, dy/dt = 0, and

[:L 9/ Ng+ Ny
k=T—;—;,wheref=—m'—sR.

Table 3. Homomolecular exchange of oxygen with simultaneous hetero-
molecular exchange between O, and V,0Oq.

TempSEt pog ma | s | Tmanmin | F BOKE |23 ke 2,7
450 1 — — 4.6-108 4.6-10° -
462 11 — — 1.1-40° 1.1-100 —
475 11 5.5 62040 1.9.10° 1.9.10* [0.9-1.0
483 T 5.3 400%30 2.5.-40° 2.4-10° |0.7—0.8
500 11 5.5 20020 5.1-40° 5.1-10° |0.9—1.0
500 31 5.5 400+30 7.8-10° 7.8-40° |0.9—1.0
500 46 5.4 470+30 9.6-10° 9.6-10° 0.9—1.0
The results of this work are set out in Table 3. We can

see that Z;, = R =Z, i.e. Z, = 0 and Z, = 0, and therefore
the exchange between molecular oxygen and the oxygen of
vanadium pentoxide consists in the replacement of two
atoms from the gas-phase molecule undergoing exchange
by two atoms from the surface layer of the oxide. The
observed rate of exchange is equal to the rate of the re-
versible surface dissociation of the oxide with formation of
molecular oxygen.

Minachev and Antoshin *® also observed, for all the ox-
ides of the rare-earth elements except thulium and lutetium
oxides, a departure from equilibrium in the gas phase
during exchange with oxygen of equilibrium isotopic com-
position. Therefore, on these oxides also, exchange in
molecular oxygen mainly involves two atoms of oxygen from
the oxide in the elementary exchange act. The values of
R, calculated for various oxides from the variation of o
with 7, and of 25, from data on the variation of y with 7
during exchange on the same oxides (Fig. 5b), are very
similar.

An unambiguous choice between mechanisms 2 and 3
cannot yet be made for the majority of oxides, due to lack
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of sufficiently accurate data. However, the similarity
between the rates of exchange in molecular oxygen and of
isotope exchange with the oxygen of the oxide is evidence
that exchange on oxides of equilibrium oxygen content in-
volves the participation of oxygen from the oxide, and
therefore the rate of exchange should be a function of the
energy and of the nature of the oxygen bond in the surface
layer of the oxide.

I L
190 Jo0 SO0 t, min 7 4 20 4 7, min

Figure 5. Variation of the quantity y with time of exchange; a) on
V,0;5 at 11 mmHg oxygen pressure, temperature (°C):

1) 450; 2) 463; 3) 475; 4) 483; 5) 500,

b) on rare-earth oxide at 370°C and 40 mmHg:

1) Nd,05; 2) Ho,03; 3) Dy,0,; 4) CeO,; 5) CeO, (420°C).

b. Relationship between the catalytic ac-
tivity towards exchange in molecular oxy-
gen and other properties of the oxide. The
oxygen bond energy in the surface layer of the oxide is
uniquely determined by the electronic structure of the met-
al atom. Unfortunately, neither computational nor experi-
mental methods of determining this energy are yet available,
If, as a very rough approximation, the heat of formation
per oxygen atom computed from thermodynamic data is
used, the activation energy for the exchange reaction on ox-
ides of metals from the fourth period is found to change
monotonically with this quantity (see Fig.6). The optimum
bond energy corresponds to cobalt oxide, whereas in cop-
per oxide the bond energy is apparently below the optimum.

On this basis, the study of oxides of metals from the
fourth period can be divided into two groups. The oxides
of the first group, including TiO,, V;0,, Cr,0,, Fe,O;, and
ZnO are characterised by a high bond energy, relatively
low activity, and high activation energy for the exchange
reaction. The kinetic order of the reaction with respect
to oxygen is 0.6-0.8; the surface oxygen is uniform. All
these oxides (except Cr;0;) are weakly semiconducting (n-
type). The conductivity of chromic oxide is not yet clearly
characterised: according to some measurements, this
oxide exhibits p-type semiconductor properties after heat
treatment in oxygen. For most of the oxides in this group,
the number of electrons in the 3d shell of the cations cor-
responds to the most stable configuration: 0 for TiO, and
V0., 5 for Fe,O4, and 10 for ZnO.

The second group comprises the oxides of lower oxygen
bond energy: Co,0,, NiO, CuO, and MnO,. On these ox-
ides the exchange is fast, and is characterised by a low
activation energy and a low pre-exponential factor. The
order of the reaction is 0.3-0.4. The surface oxygen is
not energetically uniform. The oxides of the second group,
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on the whole, are p-type semiconductors of relatively high
conductivity. The number of electrons in the 3d shell of
the cations is 3 for MnO,, 7 and 8 for Coy0,, 8 for NiO,
and 9 for CuO.

The more active the oxide, the lower are the observed
activation energy and pre-exponential factor. On going
from the most active catalyst (Co;O,) to the relatively in-
active V,0;, the activation energy increases by 30 kcal
mole~!, and the pre-exponential term increases by more
than 4 orders of magnitude.
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Figure 6. Correlation between the activation energy (E) for oxygen
exchange on the oxides of fourth period metals and the heat of for-
mation (Q) of the oxide referred to 1 g-atom of oxygen.
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Winter noted breaks in the linear Arrhenius plots for the
isotope exchange of oxygen with MgO 5! and ZnO%2, and for
the homomolecular oxygen exchange on Cr,0; 2 and on NiO
from Ni(NQ,),.® These breaks correspond to a substantial
decrease in activation energy at high temperatures. In
our work?®, no such decrease in activation energy could be
observed in the high-temperature region. Possibly, the
drop in activation energy observed by Winter at high rates
of exchange may have arisen from the onset of diffusional
control, which was excluded in our work?® by forced circu-
lation of the reaction mixture.

Assuming that the rate-limiting step in the exchange is
oxygen sorption (over the entire surface of the oxide), and
that the active sorption complex is delocalised, the theory
of absolute reaction rates®3 leads to the following value of
the pre-exponential factor

*T
2nm

ky=Cq

where Cg is the concentration of sorbed molecules (cm™%),
k is Boltzmann's constant, and m is the mass of the mole-
cule {(grammes).

The maximum possible value of 2, for the conditions
corresponding to the data in Table 1 is 10?2 molecules cm~2
s~!, If the activated complex on the surface is localised,
the theoretical value of the pre-exponential factor decreases.
The loss of the translational degrees of freedom for motion
along the surface and of the rotational degrees of freedom
of the active complex lowers the theoretical value of 2, by
almost five orders of magnitude.

If desorption (again, over the entire surface) is rate-
limiting, the maximum theoretical value of the pre-expo-
nential factor rises to 10?® molecules ecm=2 s-!,

The experimental results listed in Table 1 show that the
pre-exponential factor for the oxides of the first group is
much greater than the maximum possible value for the rate
of adsorption. Hence, we must conclude that the observed
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activation energy for the exchange is much higher than the
activation energy for adsorption, and approaches the acti-
vation energy for desorption. Thus, for V,0; the true
activation energy for adsorption should be lower than the
observed activation energy for exchange by at least 10 kcal
mole~!, in order to bring the value of k2, below the theoreti-
cal maximum. This means that the surface of these ox-
ides is effectively covered by oxygen, and oxygen removal
is the rate-limiting step. This argument is supported by
the fact that the rate of exchange on V,0O; was found to be
approximately equal to the experimentally observed desorp-
tion rate.

In oxides of the second group the surface is, apparently,
largely free to adsorb oxygen, and the observed activation
energy for exchange is close to the true activation energy
for sorption. The low value of the pre-exponential factor
(as compared with the theoretical maximum) is probably
the result of non-equivalence of the surface oxygen on these
oxides. The degree of non-uniformity of the surface oxy-
gen increases in the order CuO < NiO < MnO, < Co,0,.
Hence it must be assumed that exchange in molecular oxy-
gen occurs only on part of the surface of these oxides, the
fraction of the surface involved being smaller, the greater
the degree of non-uniformity. This explains the decrease
in the pre-exponential factor on going from CuO to Co,0,.
Low k, values may also arise from localisation of the ac-
tive oxygen sorption complex.

These ideas on the relationship between the rate of ex-
change in molecular oxygen and the oxygen bond energy on
the surface of the oxide can also be applied to the action of
promoters in vanadium pentoxide. The addition of alkali
metal sulphates to V,0, leads to the formation of com-
pounds close in composition to V,0,.M,SO, and soluble in
the excess of vanadium pentoxide. The oxygen bond ener-
gy in the resulting solid solutions is lowered, and there-
fore the activation energy decreases and the rate of ex-
change in molecular oxygen increases. The mobility of
the oxygen increases, depending on the alkali metal, from
lithium to caesium: in other words, the oxygen bond ener-
gy in a series of promoted catalysts changes monotonically
with the atomic number of the alkali metal. As shown in
Fig.T, the rate and the activation energy of exchange on
vanadium pentoxide promoted by alkali metal sulphates vary
in the same sense as the electronegativity5* of the alkali
metal atom.

From Minachev and Antoshin's data?®, the change in the
mobility of oxygen in the rare-earth oxide family is similar
in character to the change in energy of the oxygen bond in
the oxides. Inspection of Table 1 shows that the pre-expo-
nential factor for these oxides is less than 1022 (with the
exception of Ce0,). With CeQO,, the rate-limiting step in
the exchange is apparently oxygen sorption over the entire
surface of the oxide. The non-stoichiometric oxides of
praseodymium and terbium, characterised by high concen-
trations of oxygen defects in the lattice, are the most ac-
tive. Under exchange conditions all these oxides (except
Ce0,) are p-type semiconductors.

c. Activity towards isotopic exchange of
oxygen and semiconducting properties of
oxides. During isotope exchange on oxides with equilib-
rium oxygen content, mutual transformations of molecular
oxygen and atomic oxygen ions, involving electron transfer,
must take place. Therefore, the electronic work function
can be one of the terms which define the value of the acti-
vation energy for the exchange reaction. It is interesting



620

to establish whether a relationship exists between the cata-
lytic activity towards isotope exchange in oxygen and the
electronic work function. Experimental results® for a
series of transition metal oxides are given in Table 4.

The activity was characterised by the rate of exchange
at 300°C, and the work function by the contact potential dif-
ference between the oxide and gold®s. The data of Table 4
suggest the lack of a simple correlation between catalytic
activity and work function. For comparable values of the
work function the catalytic activities of some oxides differ
by five orders of magnitude, and for the same activity the
work function can vary by more than 1 eV. It follows that
the change in work function between different oxides is
neither the only nor the main factor which determines the
catalytic activity.
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Figure 7. Activity of vanadium pentoxide promoted by alkali
metal sulphates:
1) logarithm of the relative rate of exchange in molecular oxygen
(lgk.1); 2) logarithm of the relative rate of oxidation of SO,
(Igkee); 3) activation energy of exchange (E); 4) electronegativity
of the alkali metal atom; 5) electronic work function (contact p.d.).

Table 4. Catalytic activity and electronic work function of the
oxides of metals of the fourth period.

iContact pomq Exchange rate at
Oxide {tial difference | 300°C, molecules
lagainst gold,V | em-2 51 x 10-10
TiO, —1.36 0.0002
V20 —0.75 0.001
CrsO4 —0.10 0.0064
Fe304 —0.74 0.9
Cog0y —0.13 5200
NiO +1.02 68
CuO —0.03 70
Zn0 0.0 0.037

In promoted oxides, also, the electronic work function
bears no simple relationship to the catalytic activity to-
wards oxygen exchange. Thus, the addition of 0.5 at. % of
lithium or gallium to zinc oxide has the same effect on the
work function (which is lowered in both cases), but the
catalytic activity of zinc oxide is increased by a factor of
4 by the addition of lithium and is decreased by a factor of
5 by the addition of gallium 2,
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Addition of alkali metal sulphates to vanadium pentoxide
raises both the catalytic activity and the electrical conduc-
tivity®. Promotion with the sulphates of different alkali
metals does not correlate with the change in electronic
work function (see Fig.7). Addition of 0.1 M potassium
sulphate to vanadium pentoxide increases 50-fold the rate
of isotope exchange in oxygen, but has no significant effect
on the electronic work function.

4. Catalytic Activity of Oxides with Non-equilibrium Oxy-
gen Content

Many workers 14,16,24,29=31,33 haye found that the activity
towards homomolecular oxygen exchange is very consider-
ably increased by preliminary activation of the oxides in a
vacuum. The effect was first noted on zinc oxide. Sam-
ples of zinc oxide which have been heated in oxygen before
measurements of their catalytic activity show appreciable
activity only at temperatures above 400°C. At 450°C,
and 40 mmHg oxygen pressure, Z = 4.8 X 10! molecules
cm~2 g7t

Winter! studied the activity of ZnO after vacuum activa-
tion for 16 h at 630°C, the oxygen being admitted after the
sample had been cooled to the temperature of the experi-
ment. Under these conditions, exchange in molecular oxy-
gen is detectable even at 120°C, and at 215°C the rate of
exchange reached 8 X 10° molecules cm~2 ™. Barry and
Stone 3 obtained even more striking results: one of their
zinc oxide preparations had an activity of 8.1 X 10! mole-
cules cm~2 g~! at -193°C.

A detailed investigation of the low-temperature activity
of zinc oxide!® has shown that exchange on freshly activated
preparations proceeds to equilibrium almost instantaneously
at 25° and -194°C, but even after 2-2.5 min the rate of ex-
change drops to a measurable level (5.7 X 10'3 at 25° and
4.34 X 10'° molecules cm~2 g™! at =194°C). After 5-8 h
operation in oxygen at room temperature the rate of ex-
change becomes immeasurably low.

Exchange on copper oxide vacuum-activated at 400°C
occurs with initial rates too high for accurate measurement
between 0° and —78°C. Cuprous oxide heated in vacuum at
400°C is active towards isotope exchange in molecular oxy-
gen over the wide temperature range between —196° and
+200°C: at all temperatures the rate of exchange decreases
with time, reaching a constant value after 20~60 min. The
initial rate of exchange at 25°C is 1.5 X 10!? molecules cm™?
s-i.

The rate of exchange on NiO !4,% was 1.2 X 10'* mole-
cules cm™2 g-! immediately after activation, decreasing by
about a factor of 3 after 27 h.

Manganese dioxide *° baked in vacuum at 350°C shows a
stable activity over a fairly long period in the temperature
range from —-78° to +50°C. The rate of exchange at 25°C
on MnO, is 2.1 X 10'2 molecules cm~2 s~!. The activation
energy in this temperature region is 3.7 kcal mole™, the
kinetic order with respect to oxygen is 0.64. From 50°C
upwards the rate of exchange decreases appreciably with
time, eventually reaching the value typical of manganese
dioxide stored in oxygen. The decrease in exchange rate
is faster at higher temperatures. The temperature de-
pendence of the rate of exchange on MnO, is shown in Fig. 8a.

The deactivation of these oxides in oxygen at low tem-
peratures is reversible: repeated vacuum activation at
high temperatures fully restores the low-temperature ac-
tivity. Exchange at high temperatures on ZnO produces
an irreversible deactivation of the catalyst towards ex-
change at low temperatures!8, The low-temperature ac-
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tivity of MnO, is fully restored by vacuum activation irre-
spective of the deactivation temperature®. In the case of
CuO, further activation after high-temperature exchange
produces a decrease in the rate of exchange at low temper-
atures, i.e.the activity is not fully recovered.
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Figure 8. Temperature variation of the exchange rate in molecular oxygen;
@) on MnO,: 1) with non-equilibrium oxygen content; 2) with
equilibrium oxygen content (open circles) and stable activity (filled
circles), the unstable activity depending on the time of exposure of
the catalyst to oxygen; b) on Gd,0;; AE high-temperature exchange
on the oxide heated in oxygen, BC and CD low-temperature exchange
on the oxide heated in a vacuum.

These results suggest the possibility of exchange by two
different mechanisms, depending on the bond strength of
the adsorbed oxygen to the oxide surface. Low-tempera-
ture exchange occurs only on catalysts which have been
activated in a vacuum, i.e.under conditions when the oxide
surface is strongly depleted of oxygen. This exchange
does not involve participation of oxygen from the oxide:
there is no isotopic exchange of oxygen between the oxide
and the gas at low temperatures. Weakly adsorbed oxygen
is probably involved. Exchange rates are high, and the
activation energy low. Weakly adsorbed oxygen Lacomes
more firmly bound, in time, to the surface of a vacuum-
baked catalyst. This is accompanied by a decrease in the
activity towards exchange by the low-temperature mecha-
nism. The deactivation process is slow at low tempera-
tures and fast at high temperatures. Therefore, the ac-
tivity observed at high temperatures (even immediately
after activation) corresponds to an oxide of surface compo-
sition close to—if not equal to—the equilibrium oxygen
content. Under these conditions, isotope exchange be-
tween oxygen from the oxide and the gas takes place in par-
allel with homomolecular exchange. The rates of these
processes are similar, and in this case the exchange in
molecular oxygen proceeds through exchange with the oxide
lattice. In the transition region of temperatures it is ob-
viously possible, depending on the time of storage of the
catalyst in oxygen, to observe homomolecular exchange at
rates close to the rates characteristic of the low-tempera-
ture mechanism, or alternatively at rates close to those
characteristic of the high-temperature mechanism.

The oxides of the rare-earth elements also show a low-
temperature activity®. It is interesting to note that below
200°C the catalytic activity of gadolinium oxide heated in
vacuum at 700°C for 4 h and rapidly cooled to room tem-
perature remained stable even after prolonged storage
(100 h) in oxygen at 20°C. The reproducibility of the mea-
surements was adequate over the whole temperature range
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from -78° to +200°C and in both directions of temperature
change. The low-temperature catalytic activity of the
oxide began to change only after the catalyst had been heated
in oxygen above 200°C, i.e.concurrently with the onset of
isotope exchange between the gas phase and oxygen from
the oxide. The temperature dependence of the activity of
gadolinium oxide towards the isotope exchange of oxygen is
illustrated in Fig.8b. The presence of a break in the Ar-
rhenius plot shows that the exchange can occur by different
mechanisms, and the “negative” activation energy is evi-
dence that the rate of exchange in the region CD is deter-
mined by the concentration of adsorbed oxygen, which in-
creases with decrease of temperature.

Some interesting results have been obtained for y-
A),0,.17,% The sample was prepared by thermal decom-
position of the hydroxide followed by 10 h baking in air at
700°C. Exchange in molecular oxygen began at 350°C on
a sample freshly prepared in this way. Vacuum treatment
raised the activity of the catalyst, the effect increasing
with temperature. Under these conditions, exchange was
observed at temperatures as low as —78°C. The initial
rates of exchange at 25°C and 10 mmHg oxygen pressure
for various activation temperatures are tabulated below;

t, °C 300 350 400 450 500 600
2z, molecules

m2gl 0 2401 35400 ~10u 5.40u >fom

In an oxygen atmosphere the low-temperature activity of
a vacuum baked sample decreases, rapidly at first and then
slowly, reaching a stable value after 2-3 days: the rate
is then 2-3 orders of magnitude less than the initial rate.
Studies of the effects of temperature of heat treatment and
of poisoning by water vapour on the activity of y-Al,0, lead
to the conclusion that the active centres include sites re-
maining on the surface after removal of the OH groups 4.

Isotope exchange of molecular oxygen with oxygen from
the oxide becomes appreciable in this case at a tempera-
ture of ~ 350°C, which is the same as the minimum acti-
vation temperature of y~ALO, for low-temperature exchange
in molecular oxygen, but the rate of hetero-exchange is
approximately two orders of magnitude lower than the rate
of homomolecular exchange. The whole of the oxygen on
the surface of y-Al,O, takes part in hetero-exchange,
whereas the active regions for homomolecular exchange
occupy only a small fraction of the surface. These local-
ised areas differ from the surface oxygen atoms which take
part in exchange, as shown by the different response of the
rates of hetero- and homo-molecular exchange to the condi-
tions of pretreatment. Thus, increasing the degree of
dehydration of y-Al,O, raises the rate of homomolecular
exchange much more drastically than the rate of hetero-
exchange, whereas oxygen treatment decreases the rate of
homomolecular exchange but increases the rate of hetero-
exchangess.

Since there is no departure from homomolecular equi-
librium following isotope exchange between molecular oxy-
gen and the oxygen of y~AL O, (i.e.y = 0), we conclude that
hetern-exchange in this case involves the replacement of
one atom from an adsorbed oxygen molecule by one oxygen
atom from the surface layer of the oxide. A quantitative
treatment of the experimental results for isotope exchange
at 450°C indicates the following relative amounts of the
various types of exchange: k, = 0.95, k, = 0.05, kg = 0.2¢

In every case, the high activity of the oxides at low tem-
peratures arises from the formation of chemical defects at
the oxide surface. In most cases these defects result
from the loss of oxygen, and disappear after high-tempera-
ture treatment in oxygen. On y-Al,0O, the active regions
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can be of at least two typess®: the first are formed by the
loss of oxygen from the surface layer of the lattice during
high-temperature treatment in a vacuum, and are poisoned
by oxygen; the second are formed by the extensive dehy-
dration of the surface during high-temperature treatment
in a vacuum and in oxygen alike, and are stable to oxygen
treatment but are rapidly poisoned by water vapour.

Isotope exchange of molecular oxygen on oxides which
are active at low temperatures is not accompanied by iso-
tope exchange with the oxygen of the oxide. This means
that under these conditions the exchange does not involve
the participation of oxygen from the oxide surface, i.e. the
exchange proceeds exclusively by the first mechanism. It
may take the form of dissociative adsorption and desorp-
tion, or the formation on the surface of a triatomic or tet~
ratomic activated complex from one or two oxygen mole-
cules. There are as yet no data on which to base a choice
between these variants.

5. Catalytic Activity of Metals towards Molecular Oxygen
Exchange

The isotope exchange of oxygen on metals was first in-
vestigated by Margolist. Exchange was observed at 320°C
on platinum after prolonged oxygen treatment at 300-400°C,
and at 220°C on silver.

Margolis and Kiselev® examined the effect of chloride
and iodide impurities in silver. On increasing the chloride
concentration from 0.0015 to 0.015%, i.e.by a factor of 10,
the rate of exchange fell by a factor of 3. Addition of io~
dine increased the rate of exchange of molecular oxygen.
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Figure 9. Isotopic exchange of molecular oxygen with oxygen
adsorbed on platinum:

1)200°C; 2)250°C.

Khasin and Boreskov!! studied isotope exchange in oxy-
gen on platinum films prepared by evaporation of platinum
in a vacuum. The adsorption of oxygen on the freshly pre-
pared films was measured at first, and found to include a
fast stage and very slow stage. At 20°C the fast adsorp-
tion reached a coverage of 0.6 X 10! atoms cm~?, i.e.about
half a monolayer, and at 250°C the amount of fast adsorp-
tion was in excess of a monolayer. Slow adsorption of
oxygen took place throughout the experiment. The total
amount of oxygen sorbed before starting the exchange ex-
periments was 2-4 monolayers.

Even at 200°C the homomolecular exchange of oxygen on
a platinum film occurs at a measurable rate. The activa-
tion energy of the exchange is 16.5 + 1.5 kcal mole~!. The
kinetic order of the exchange reaction with respect to oxy-
gen is close to 0.5.
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The same films were used to study the exchange be-
tween adsorbed and molecular oxygen. Oxygen enriched
with the heavy isotope (38% 20) was first adsorbed, the
reaction vessel was filled with oxygen of normal isotopic
composition, and the concentration of 80 in the gas phase
was monitored. The results are shown in Fig.9. The
discontinuities in the curve are due to the addition of natu-
ral oxygen to maintain the desired pressure, since the
pressure is continually lowered by the removal of samples
for analysis. The shape of the curves indicates a sharp
decrease in exchange rate at low extents of exchange (be-
low 0.1 of 2 monolayer), pointing to non-uniformity of the
adsorbed oxygen.

The rate of exchange in molecular oxygen is the same
as the maximum rate of exchange with adsorbed oxygen.
The activation energy for exchange with adsorbed oxygen
at an extent of exchange of 0.15 of a monolayer amounts to
28 + 3 kcal mole™. Assuming appreciable non-uniformity
of the adsorbed oxygen, the change in activation energy
AE for the exchange with time 7 can be calculated from the
equation’7,58

AE = 23RT Algv.

Fig. 10 shows the variation of the change in activation
energy for exchange, measured in this way, with the extent
of exchange x, defined as the fraction of a monolayer of
adsorbed oxygen which has come to isotopic equilibrium
with the gas phase. The dashed part of the curve is the
extrapolation to x = 0. The results obtained justify the
conclusion that oxygen adsorbed on a platinum film is non-
uniform, and that the activation energy attending its ex-
change increases by 6 kcal mole™ over 25% of a monolayer.
On the regions where homomolecular exchange takes place,
the heat of adsorption of oxygen is ~ 13 kcal mole-!, in-
creasing to 28 kcal mole~! over 25% of a monolayer.
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Figure 10. Change in the activation energy E for exchange of oxygen
adsorbed on a platinum film-with the extent of exchange x.

The exchange reaction in molecular oxygen occurs pre-
ferentially at zones which constitute ~ 3% of the total sur-
face area of the platinum film. The higher rate of ex-
change of molecular oxygen found in this work (as compared
with the results of Margolis ¢) is probably due to higher
purity of the surface of the platinum film.

Subsequently2°-22, the homomolecular exchange of oxy-
gen was studied on films of silver, palladium, and gold.

It was shown that the rate of isotope exchange on palladium
films is substantially decreased by oxidation of the metal,
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pointing to a strengthening of the bond between adsorbed
oxygen and the surface. Oxygen adsorbed on palladium
films is energetically non-uniform. The bulk of this oxy~
gen is barely mobile at 250°C, and is bound to the surface
more firmly than in the case of silver. However, a very
small fraction of the surface oxygen (< 2% of a monolayer)
is very reactive towards exchange and plays a major role
in the homomolecular isotope exchange reaction.

Oxygen adsorbed by a silver film at temperatures
< 200°C, and not exposed to higher temperatures, is uni-
formly accessible to exchange with gaseous oxygenat 200°C,
suggesting that this oxygen is energetically uniform and has
a high mobility. At 250°C part of this oxygen is trans-
ferred to a state which does not take part in exchange at
200°C: this state is characterised by a stronger bond to
the silver,

Homomolecular exchange in oxygen on a gold film was
negligible at 350° and 400°C. #2

Comparative data for platinum, palladium, and silver
are listed in Table 5. The difference in the interaction of
oxygen with platinum and palladium surfaces on the one
hand, and with silver surfaces on the other hand, evidently
stems from the presence of d-orbitals in the first two met-
als, which can take part in bond formation with oxygen,
whereas these orbitals are absent in silver 22,

Table 5. Comparison of the state of oxygen on films of platinum, palladium,
and silver.

IZaTe °f‘;’:‘ Fractionof . Heat of |Activation| Kinetic
Metal | 2 shomomce P the surface Z adsorption| energy of | Order with

molecl;les » | involved in ofoxygen, exchange,l respectto

em2 51 exchange, x kcalmole-}{ kcalmole-] oxygen
Pt 7.83.4012 ~0.03 ~1.96.1014 13 16+2 0.5
Pd 4,22.101 <0.02 >2.11.1012 — 27—3aR 0.3
Ag 2.41-1012 ~4 ~2.41.1012 13 29—-34 0.3

* Values of Z obtained at 0.5 mmHg oxygen pressure on Pt, 0.1 mmHg on
Pd and Ag.

Sandler and Durigon % studied the homomolecular ex-
change and adsorption of oxygen on spongy silver, and
found that at 160-180°C the chemisorption of oxygen is par-
tially reversible, the rate of desorption being equal to the
rate of exchange. They propose the existence of two forms
of bond between chemisorbed oxygen and a silver surface.
Increasing the amount of strongly bound oxygen lowers the
rate of desorption, but does not affect the activation energy
for desorption (32.5 kcal mole™!). Fast diffusion and ex-
change occur over the whole of the surface, but only the
oxygen less firmly bound to the surface is desorbed.

IV. RELATIONSHIP BETWEEN THE CATALYTIC ACTIV-
ITY OF OXIDES TOWARDS OXYGEN EXCHANGE AND
THEIR ACTIVITY TOWARDS OTHER OXIDATION REAC-
TIONS

In the previous Sections we have shown that the catalytic
activity of oxides and of oxygen-saturated metals towards
the isotopic exchange of molecular oxygen is essentially
determined by the energy of the bond between oxygen and
the surface layer of the catalyst. It is natural to suppose
that the oxygen bond energy may also be the key factor in
other oxidation reactions taking place on these catalysts
with the participation of oxygen.
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It is interesting, therefore, to examine the catalytic
activity of oxides towards these processes. The data
chosen to be discussed here were confined to oxides with an
equilibrium oxygen content. Accordingly, we select, for
comparison, data on oxidation reactions taking place in an
oxidising medium (i.e. with an excess of oxygen in the reac-
tion mixture). It would have been very interesting to
establish to what extent oxides with a non-equilibrium oxy-
gen content, which show low-temperature activity towards
oxygen exchange, can accelerate other oxidation reactions,
but the available experimental material is insufficient for
this purpose.

1. Catalytic Oxidation of Hydrogen

This reaction was studied by Popovskii and Boreskov5?
on the actual oxide samples used?® to investigate isotopic
exchange in molecular oxygen. The experiments were
made by a stationary~—circulation method®, which allowed
the reaction rate to be measured directly in the presence
of a large excess of oxygen. The data for manganese di-
oxide are taken from the work of Brung®. Complete con-
sistency was found between the activity of transition metal
oxides of the fourth period towards homomolecular oxygen
exchange and towards the oxidation of hydrogen (curves 1
and 2 of Fig.11). Consistency between changes in cataly-
tic activity towards oxygen exchange and towards the oxida-
tion of hydrogen is found also for vanadium catalysts pro-
moted by alkali metal sulphates 8.

2. Oxidation of Carbon Monoxide

The very extensive literature on the activity of various
oxides towards the oxidation of CO was reviewed by Kry-
love2, A statistical treatment was applied in an attempt to
allow for the reliability of the various data by appropriate
weighting factors. The relative activities of the oxides of
the fourth period were found to be

MnO;z CoyO, NiO CuO ZnO TiOs FegOy VgO; CraOs
310 200 100 83 22 18 16 11 1

This activity sequence with respect to the oxidation of CO
is very close to the sequence found for the oxygen isotope
exchange.

Stone ® arrived at the following sequence of catalytic
activities for the oxides by analysing published data on the
oxidation of CO

Co0 > NiO > MnO, from 0° to 150°C
CuO > Fey0s > ZnO > TiOs > Cri03 > Va0, from 150° to 400°C

Again, the oxides of cobalt, nickel, manganese, and copper
are the most active.

3. Complete Oxidation of Hydrocarbons

The results of a study of the activity of various catalysts
towards the oxidation of methane in a flow-circulation
apparatus are shown as curve 3 of Fig.11. The change in
specific catalytic activity for the series of fourth period
oxides is similar to the change observed in the homomolec-
ular exchange of oxygen. The same conclusion is reached
if the comparison is made with the results of Gerald and



624

Horvatisch%, who established the following activity se-
quence for the various catalysts

C0504 > Mn03 > Pt > NiO > CuO > CrsOs > Fes03 > ZnO .

Stein and coworkers % made a systematic study of the
activity of a large number of oxides towards the complete
oxidation of hydrocarbons with five and six carbon atoms.
The most active was Co,O,; a high activity was noted in
most cases with manganese and nickel oxides; the lowest
activity was shown by zinc oxide and vanadium pentoxide.

Ig4 (mole m'2 n°1)
1234

ot

3
A%.-— (g-atom kcal'!)
7 R
120
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OF Vy0; Wal, Coyfy Cud
Ti0y Cr,0y Fe,0, Ni0 Zn0

Figure 11. Specific catalytic activity of the oxides of metals from
the fourth period towards oxidation reactions:

1) homomolecular oxygen isotope exchange; 2) oxidation of hydro-
gen; 3) oxidation of methane; 4) decomposition of nitric oxide;

5) reciprocal heats of formation of the oxides referred to 1 g-atom
of oxygen.

Minachev and coworkers ® studied the activity of the
rare-earth oxides towards the complete oxidation of pro-
pene. They point out that the activity of these oxides ap-
pears in the temperature range corresponding to appreci-
able mobility of the surface oxygen‘. A comparison of
the extent of conversion of propene to CO, and of the rate
of exchange of O, with the oxygen of the rare-earth oxides
reveals a definite correspondence between these charac-
teristics. The change in activity as a function of the atom-
ic number of the element corresponds to the classification
of these oxides into the cerium and the yttrium subgroups,
both for oxygen exchange and for the oxidation of propene.

4, Oxidation of Ammonia

Kurin and Zakharov®® found that the activity of the ox-
ides of fourth period metals towards the high-pressure oxi-
dation of ammonia decreases in the following order:

C030,> MnO3 > Cry03 > CuO > NiO > FegO3 > ZnO >TiOy .

Except for the position of chromium oxide, this series is
very similar to the corresponding series for the isotope
exchange reaction in oxygen.

5. Decomposition of Nitric Oxide

Curve 4 of Fig.11 shows the relative catalytic activities
of the oxides of the elements of the fourth period towards
the decomposition of NO, measured in a static circulation
apparatus®. MnO, and CuO were found to be unstable
under the conditions of the reaction. The activity of the
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other oxides varies in the same sense as their activity to-
wards homomolecular oxygen exchange.

6. Oxidation of Sulphur Dioxide

The activities of the various oxides towards this reac-
tion cannot be compared, because most of them are con-
verted into inactive sulphates under the conditions of the
reaction. The only exception is vanadium pentoxide, whose
activity is significantly increased by promotion with alkali
metal sulphates.

As Fig. T shows, the catalytic activity of vanadium cata-
lysts containing alkali metal sulphates varies in the same
sense for isotope exchange in molecular oxygen and for the
oxidation of sulphur dioxide.

-=-000--~

In spite of occasional discrepancies, not surprising in
view of differences in sample preparation, purity, and ex-
perimental conditions, the examples considered undoubtedly
show that the activity of oxides towards exchange in molec-
ular oxygen is characteristic also of their activity towards
various other oxidation reactions. In many cases, as for
example in the oxidation of hydrogen, the correlation be-
tween the specific catalytic activities towards oxygen ex-
change and towards the oxidation reaction on the various
catalysts is so striking that a common rate-limiting step
for the two reactions can be postulated. For the hydrogen
oxidation and the molecular oxygen exchange reactions this
limiting step could be the chemisorption of oxygen. How-
ever, the activation energy and the kinetic order with re-
spect to oxygen?,?,7° of the oxygen exchange and the hydro-
gen oxidation reactions are quite different. Hence we must
reject the hypothesis of a common rate-limiting step. The
only possible conclusion is that although the rate-limiting
steps of the two reactions are different, the catalytic ac-
tivity depends on one and the same property of the oxides,
which varies along the series of catalysts considered. It
is natural to suppose that this property must be the bond
energy between the oxygen and the surface layer of the ox-
ide. In isotope exchange reactions this quantity deter-
mines the activation energy for adsorption and desorption
of oxygen, and in the oxidation of hydrogen it determines
the activation energy for the interaction of hydrogen with
the oxygen on the oxide surface. In a similar way, the
activation energy for the interaction of the reducing agent
with the oxygen on the surface of the oxide can be deter-
mined as for other oxidation reactions by the binding ener-
gy of the oxygen on the surface layer of the oxide.

Thus, the binding energy of the oxygen is one of the ba-
sic factors controlling the activity of oxides towards oxida-
tion reactions. However, the rate of isotope exchange in
molecular oxygen, readily measured experimentally, can
be a convenient quantitative criterion of the reactivity of
the oxygen on the surface of an oxide.

Nevertheless, the prediction of the catalytic efficiency
for oxidation reactions remains a complicated problem,
since the simple dependence on the reactivity of the surface
oxygen may be magked by the influence of numerous other
factors. Thus, the catalytic activity may be limited by
the stability of the oxide phase under the conditions of the
catalytic reaction: an example of this behaviour is the
oxidation of SO,, discussed above, in which the activity of
most oxides is extremely low because of their conversion
into sulphates. If the Co,O, phase had been more stable
than cobalt sulphate under the conditions of the reactions,



Russian Chemical Reviews, 37 (8), 1968

cobalt catalysts would probably have been much more ac-
tive than vanadium catalysts towards the oxidation of SO,.

A complicated dependence on the reactivity of the sur-
face oxygen can be expected also for partial oxidation re-
actions, in which the yield of the desired product is deter-
mined by the relative rates of a number of competitive and
consecutive reactions.

In some cases the interaction between the material to be
oxidised and the catalyst (chemisorption) can be the limiting
step, instead of the subsequent reaction with the oxygen on
the catalyst surface. The possibility that some oxidation
reactions may proceed by interaction between the reducing
agent and molecular oxygen cannot be excluded. This pos-
sibility has been examined in detail by Margolis”. In the
latter two cases the correlation with the reactivity of the
oxygen on the oxide surface may be very weak or altogether
absent.

Lastly, even if the interaction with the oxygen on the
oxide surface is the rate-limiting step, the simple correla-
tion with the reactivity may be obscured by the decrease in
the concentration of surface oxygen brought about by the
reaction itself: this effect can have a profound influence on
the properties of the surface oxygen. To a greater or
lesser extent, this complication can be expected in all
cases. It may be avoided, however, by measuring the re-
activity of the oxygen on the oxide surface during the actual
oxidation reaction.

In spite of the many complicating factors listed above,
the bond energy of the oxygen in the surface layer of the
oxide can be used as the basis for a generalisation of the
experimental data and for the choice of catalysts for reac-
tions involving the transfer of oxygen atoms between reac-
tant molecules.

V. PARTICIPATION OF OXYGEN FROM OXIDE CATA-
LYSTS IN OXIDATION REACTIONS

Transition metal oxides have found wide applications as
the active components of oxidation catalysts. To explain
the mechanism of oxidation reactions, involving the trans-
fer of oxygen between molecules of the reacting materials,
it is important to establish whether the oxygen of the cata-
lyst plays a direct part in these transfers. )

One possible assumption is that the oxygen to be added
to the reducing component is taken from the surface layer
of the crystal lattice of the catalyst, the oxygen loss in this
layer being continuously replenished by the second compo-
nent (capable of giving up oxygen). It must be stressed
that these elementary processes of oxygen loss and oxygen
addition involve no phase changes in the catalyst.

A second variant of the mechanism is based on the as-
sumption that the transfer of oxygen from the oxidising to
the reducing component takes place without intermediate
conversion of the oxygen into an anion on the surface layer
of the catalyst lattice. The energy and nature of the inter-
mediate formed between the oxygen and the catalyst in this
case are quite different from those of the oxygen bond in
the oxide.

When comparing these variants, we should not try to
reach a general conclusion. The correctness of one or
other of the above assumptions depends on the nature of the
catalyst, the nature of the reactants, and the conditions of
the reaction. The discussion given in this review of the
simplest oxidation reaction—isotope exchange in molecular
oxygen—provides a good illustration of the state of affairs.
With oxides which have been treated in oxygen at high tem-
peratures, and whose surface layer therefore has acquired

625

the equilibrium composition for the particular oxygen pres-
sure, the rate of exchange in molecular oxygen is always
the same as the rate of isotope exchange with the oxygen of
the catalyst surface. This is evidence that the first of the
above variants of the mechanism applies to this reaction.
The form of the intermediate in the reaction between oxy-
gen and the catalyst coincides, in this case, with the form
of the oxygen bond in the surface layer of the oxide (or is
s0 close to it that fast transitions between them are pos-
sible). The existence of other forms of atomically bound
oxygen is unlikely under these conditions, and in any case
the rate of formation of such structures should be consid-
erably lower than the rate .of binding of the oxygen in the
surface layer of the oxide, since the exchange of molecular
oxygen would otherwise take place through this form and its
rate would be higher than the rate of exchange with oxygen.

On the other hand, oxides with a non-equilibrium oxygen
content in the surface layer, prepared by a special heat
treatment and active towards exchange at relatively low
temperatures, give a rate of exchange in molecular oxygen
considerably in excess of the rate of exchange with the oxy-
gen of the oxide. This proves beyond doubt the correct-
ness of the second variant of the mechanism.

These results can be of use also in identifying the mech-
anism of more complex oxidation reactions. The rate of
exchange of molecular oxygen is characteristic of the rate
of binding of oxygen by the catalyst. If the oxidation reac-
tion takes place through the same intermediate form, pro-
duced by the interaction of oxygen with the catalyst, this
step will be common to the two reactions. Simple com-
parison of the rates is not sufficient, however, to identify
the mechanism of the oxidation reaction.

Because of the reaction with the component to be oxi-
dised, the concentration of oxygen in the surface layer of
the oxide under the conditions of the oxidation reaction may
be lower—and the rate of binding of oxygen may therefore
be significantly higher—than under conditions of exchange
of molecular oxygen on oxides with an equilibrium oxygen
content. Therefore, a rate of oxidation higher than the
rate of exchange for the same temperature and oxygen pres-
sure does not preclude oxidation through interaction with
the oxygen of the oxide. Direct measurements of the rate
of transfer of oxygen from the oxide to the reaction prod-
ucts are needed. These measurements are possible in
principle (by introducing the heavy oxygen isotope into the
oxide composition), but unambiguous conclusions are not
always possible because of complicating factors.

Most of the work has been on the oxidation of carbon
monoxide on manganese dioxide, copper oxide, and some
other oxides. The first investigations’2,’8 led to the con-
clusion that the oxygen of the oxide catalysts takes part in
the reaction. On the other hand, Vainshtein and Turov-
skii?4," failed to observe a significant change in the iso-
topic composition of the catalyst after oxidising CO on
MnO, and CuO enriched with 20. The sensitivity of the
method would have allowed ~ 5% exchange of the oxygen of
the catalyst to be detected, corresponding to several mono-
layers. The authors suggested, on the evidence of step-
wise oxidation experiments on reduced oxides by succes-
sive additions of oxygen of different isotopic composition,
that the mobility of oxygen in their oxides was high enough
to ensure a uniform isotopic composition in the bulk and on
the surface under the conditions of the experiment. How-
ever, direct measurements of the mobility of oxygen in
MnO, *® and CuO 42 have shown that the oxygen has no sig-
nificant mobility in these oxides under the conditions of the
CO oxidation experiments. Therefore, the work of Vain-
shtein and Turovskii, which showed that oxygen from the



626

bulk of the oxides does not take part in the oxidation of CO
on MnO, and CuO, leaves unresolved the question of whether
the oxygen on the surface of the catalyst (and, more to the
point, the most active part of this oxygen) takes part in the
reaction.

Winter”® studied the mechanism of the oxidation of CO
on NiO and Cr,0, and concluded that only a small fraction
(no more than 2.5%) of the surface oxygen of the catalyst
was involved. With Cu,O, however, between 10 and 40%
of the surface oxygen took part in the reaction, the fraction
increasing at higher reaction temperatures.

Popovskii and coworkers??, in their work on the parti-
cipation of oxygen from the surface of Co O, in the oxida-
tion of hydrogen at 75°C, found that between 2 and 20% re-
acted if the sample had been activated at 400°C, whereas
between 13 and 39% of the surface oxygen reacted on a
sample which had been merely evacuated at 715°C. The
low precision of these measurements is due to the need to
apply corrections for the exchange of oxygen isotopes be-
tween the catalyst and the water vapour formed by the re-
action.

Roiter and coworkers studied the participation in oxida-
tion reactions of the oxygen of vanadium pentoxide with the
help of #0. In the oxidation of naphthalene”® on '8O-en-
riched vanadium pentoxide the concentration of this isotope
in the catalyst did not decrease within the limits of the
measurement accuracy (~ 10%). If the whole of the oxy-
gen used in the oxidation of naphthalene had been taken from
the surface of the vanadium pentoxide, with complete
mixing of the oxygen within the catalyst, the final concen-
tration of 20 in the vanadium pentoxide should have been
10-30% lower than the initial concentration. The authors
concluded that the oxygen of vanadium pentoxide does not
take part in the oxidation of naphthalene. This conclusion
cannot be accepted unreservedly in view of the low mobility
of oxygen within vanadium pentoxide crystals, inferred
from the large departure from first order of the exchange
kinetics in water vapour° at these temperatures (340—-
390°C).

In the oxidation of sulphur dioxide on #O-enriched vana-
dium pentoxide™ the concentration of this isotope was found
to decrease, but by no more than after oxygen exchange
under the same conditions. If oxygen from the V,0, sur-
face had been involved in the oxidation of SO,, the loss of
180 from the catalyst should have been accelerated by the
reaction. At the higher experimental temperatures of this
work (500-610°C) inadequate mobility of the oxygen from
the catalyst ceases to be an obstacle. The result of Kas-
atkina and Shustov®® do not support these conclusions:
these workers showed that SO, exchanges with the oxygen
of vanadium pentoxide at a rate well in excess of the rate
of oxidation of sulphur dioxide. This observation adds
further complexity to the problem of the participation of
oxygen from the oxide in the reaction.

Roiter and Yuza’ made separate measurements of the
rates of reduction of vanadium pentoxide by hydrogen and
of oxidation by oxygen, and by comparing the results with
the rate of the catalytic oxidation of hydrogen on V,0; they
concluded that the oxygen of vanadium pentoxide does not
enter into the catalytic reaction.

All these researches enable us to conclude with some
confidence that oxygen from the bulk of the oxides does not
take part in catalytic oxidation reactions. This conclusion
is in keeping with the general proposition that reactions
involving a phase transformation cannot be invoked as
stages of a catalytic process. The problem of whether
oxygen from the surface of the oxides is involved in cataly-
tic oxidation is more difficult to resolve. For the oxida-
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tion of CO and H, on NiO, CuO, and Co,O, we believe that
the bulk of the evidence points to participation of some—
the most active part-—of the oxygen on the oxide surface.
This conclusion is supported not only by direct experimen-
tal data but also by the similarity between the relative ac-
tivities of the various oxides towards these reactions on the
one hand and towards exchange in molecular oxygen on the
other hand. For the latter reaction it has been established
that oxygen from the surface of the oxides is involved, and
that oxygen sorption on the surface of these oxides cannot
occur at significant rates to give an atomic form, which
has bonding substantially different from the oxygen bond in
the surface layer of the crystal lattice of the oxide. The
last conclusion follows from the equality of the rates of
exchange in molecular oxygen and of isotope exchange with
the oxygen of the oxide.

It is possible, however, that at lower temperatures and
when the surface layer of the oxide shows large departures
from its equilibrium oxygen composition, the oxidation will
occur through some other form of chemisorbed oxygen, as
is the case in the exchange of molecular oxygen on speci-
ally activated oxides.

Data on the catalytic oxidation reactions on vanadium
pentoxide are still too scanty for unambiguous conclusions.
It is possible that the rate of sorption of oxygen and the
form of the oxygen bond to the catalyst are substantially
altered by the simultaneous adsorption of the compound to
be oxidised. This argument, put forward by Roiter®, is
particularly relevant when the adsorption of oxygen and of
the oxidisable species is accompanied by electron trans-
fers in opposite directions. There is experimental evi-
dence of a positive effect on the rate of adsorption by pre-
liminary adsorption of another material 82,83,

An extension of the study of the participation of oxygen
from the oxides in oxidation reactions, to include a wider
range of oxide catalysts and of reactions, would undoubtedly
be of interest.

-~-=000-~-

Studies of the catalysis of isotope exchange in molecular
oxygen began relatively recently, and have so far been con-
fined to a limited number of catalysts and a relatively nar-
row range of reaction conditions. Nonetheless, the results
obtained justify the hope that this reaction will prove to be
a useful method of studying the mechanism of oxidation re-
actions, and particularly convenient for characterising the
intermediate forms in the interaction between oxygen and
solid catalysts.

The most important result obtained so far is the conclu-
sion that exchange in molecular oxygen on the one hand,
and isotope exchange with the oxygen of the catalyst (in the
case of oxides with an equilibrium oxygen concentration in
the surface layer) on the other hand, proceed at equal rates.
This equality of rates points to the participation of oxygen
from the catalyst in exchange reactions, and also suggests
that the oxygen chemisorbed by oxides has the same (or
nearly the same) bond energy as the oxygen of the surface
layer of the oxide crystal lattice. Hence, the rate of ex-
change of molecular oxygen can serve as a general charac-
teristic of the reactivity of the oxygen, and can be a useful
guide to the rules for the choice of catalysts for oxidation
reactions.

The surface oxygen of catalytically active oxides is non-
uniform, the degree of non-uniformity being greater, the
more active the oxide. There is no simple relationship
between the catalytic activity towards exchange and the
electronic work function of oxides.
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Under the conditions leading to isotope exchange on met-
als (Pt, Pd, Ag), considerable sorption of oxygen in the
surface layer of the metal (equivalent to several monolayers)
is observed. In this form, the metals behave very much
like oxides towards the catalysis of exchange in molecular
oxygen. Platinum is very similar to the most active oxide
(Co30,) in the values of the activation energy and of the ab-
solute rate of exchange, and in the nature of the non-uni-
formity.

The high catalytic activity towards oxygen exchange at
low temperatures shown by oxides which have been sub-
jected to strong activation in a vacuum is extremely inter-
esting. The low-temperature activity is short-lived, par-
ticularly at high temperatures, and is evidently caused by
the departure from equilibrium composition of the oxide
brought about by the activation. Isotope exchange with the
oxygen of the oxide does not occur under these conditions.
Homomolecular exchange on oxides activated in this way
involves special intermediate forms of interaction between
the oxygen and the catalyst. Studies of the possible role
of these forms in the catalysis of oxidation reactions are
highly desirable.
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The Electron Spin Resonance Method in Photochemistry

V.E.Kholmogorov

The electron spin resonance (ESR) method is, at the moment, one of the most sensitive physical methods of detecting, identi-
fying, and studying free radicals, ion-radicals, and molecules in the triplet state formed during photochemical reactions. In
this review, the use of the ESR method in studies of photodecomposition and photoionisation reactions of simple and of com-

plex compounds is discussed on the basis of results obtained by Soviet and foreign workers.

It is concluded that the ESR

method will prove to be a powerful physical method of investigation of photochemical systems only if used in conjunction
with other methods (in particular, optical spectroscopy).
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1. Photolysis of simple compounds
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1. INTRODUCTION

For many years, chemical analysis of the final reaction
products has been the most widely used method of investi-
gating the mechanism of photochemical reactions. Know-
ing the products, one can surmise the nature of the inter-
mediate stages. Methods of separation and of analysis of
the reaction products have reached an advanced level of
development, For the identification of products, chemists

. Secondary reactions of photogenerated simple free radicals
. Photolysis of complex organic compounds

. Photodecomposition of adsorbed organic compounds

. Photo-ejection of an electron (photoionisation)
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can call on methods such as chromatography, mass
spectroscopic analysis, and tracer methods. It is well
known that excited states, ions, and free radicals play a
key role in photochemical change. If the optical absorp-
tion or luminescence spectra of these intermediate states
are known, direct identification using the ultraviolet,
visible, or infrared bands is possible in principle. How-
ever, this approach is often precluded by the extremely
short lifetimes of photochemical reaction intermediates.



