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Introduction 

In previous papers1) where we studied the 

rate R of the exchange reaction of oxygen 

atoms between gaseous oxygen and water 

vapor from measurements of the rate of the 

isotopic exchange reaction of oxygen isotopes 

catalyzed by chromic oxide, we concluded 

that the rate R remains constant irrespective 

of the feed rate of the reacting gaseous 

mixture so long as it maintained a rate 

higher than about 30 cc./sec. •E cm2. In that 

case the rate of the exchange reaction should 

be controlled by some one or more of the 

surface processes, i. e. adsorption of reactants, 

chemical reaction on surface, and desorption 

of products. Then by observing the change 

in rate of the exchange reaction under various 

mixing molar ratios of the reacting gases

α=O2/H2O  and under the assumption that

only one chemical step is rate control-

ling, we can examine the mechanism of the 

reaction by the method developed by Lang-

muir-Hinshelwood and later extended by 

Hougen2) . The result obtained with chromic 

oxide catalyst was read at the 4th Sym-

posium of Catalysis of the Chemical Society 
of Japan held in Sapporo on July 24, 19553). 
Now, this method has been applied to the 
reaction catalyzed by calcium oxide and the 
results compared with that obtained with 
chromic oxide. 

Experimental and Analytical Procedure 

The experimental procedure was the same as 
described in the previous paper1). A quartz tube 
of 1.6 cm. inside diameter was used in a vertical 
position. The rate R, number of exchange per 
sec. per cc. of the reactor, was calculated by the 
following relation :

(1)

Here x is the conversion, net fraction of the 

isotopic exchange reaction to equilibrium, F is 

the feed rate of the gaseous mixture in cc. (S.C.)/ 

sec., and Z is the height of the catalyst bed in 

cm. 

The calcium oxide catalyst was prepared from 

commercial calcium oxide of chemically pure 

grade. The blocks of calcium oxide were crushed 

to particles of 2-3 mm., and calcined at 850•Ž for 

four hours under oxygen gas flow. 

As the foundation for analysis of experimental 

results, we assume, as has been done by many 

authors4), that all adsorption sites on the catalyst

The main part of this paper was presented at the 
9th Annual Meeting of the Chemical Society of Japan on 
April 2, 1956, Kyoto. 
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surface behave similarly and that the interfacial 
activities of components of the reacting gaseous 
mixture are equal to their partial pressures in 
the bulk phase Then, (I) if we consider the 
case in which molecular adsorption of both reac-
tants occur, the equilibrium concentrations of 
molecularly adsorbed oxygen and water on the 
surface, co2 and cH2O, and equilibrium concentra-
tion of vacant site on the surface, c1, all in 
number of sites per unit mass of catalyst, can be 
expressed by

(2)
(3)

(4)

where po is the partial pressure of oxygen in 

atm. and pw the same of water, Ko is the ad-

sorption equilibrium constant of oxygen in atm.-1 

and Kw the same of water, and L is the total 

number of active sites on the surface per unit 

mass of catalyst. During the exchange reaction 

the chemical concentration of reactants, i. e. po 

and pw, do not change and therefore the values 

of c's remain constant. Consequently, (A) when 

the rate of molecular adsorption of oxygen con-

trols the rate of the exchange reaction, it can be 

expressed by R=kpoc1=kpoL/(1+poKo+pwKw), or 

po/R=(1/kL)+(Ko/kL)po+(Kw/kL)pw, where k is the 

adsorption velocity constant for oxygen. Taking 

total pressure po+pw as a unit pressure which is 

kept constant during a series of experiments, we 

can write po=ƒ¿/(ƒ¿+1) and pw=1(ƒ¿+1). Then we 

obtain

(5)
where a, b and c are positive constants and a= 
1/kL, b=Ko/kL and c=Kw/kL. On the contrary, 
(B) when the rate of desorption of molecularly 
adsorbed oxygen is controlling, we obtain R= 
kco2=kpoKoL/(1+poKo+pwKw), where, in this case, 
k is the desorption velocity constant for oxygen. 
Then we can write

(6)
where a, b and c are positive constants different 
from those in Eq. (5) and a=1/kKoL, b=1/kL and 
c=Kw/kKoL. 

By the same reasoning we can obtain the fol-
lowing expression, (C, D) when adsorption or 
desorption of water is rate-controlling

(7)

Finally, (E) when the surface chemical reaction 
is controlling, R is proportional to the surface 
concentration of pairs of adsorbed oxygen and 
water molecules in adjacent positions. This con-
centration is equal to scO2CH2O/L, where s is the 
number of equidistant active sites adjacent to 
each site. Therefore, R=kspopwKoKwL/(1+poKo

and by rearrangement we obtain

(8)

where. and

(II) When oxygen is adsorbed with dissociation, 
its equilibrium concentration co and that of water

and of vacant sites cH2O and cl are expressed by

(9)

(10)
(11)

In order that oxygen molecules can be atomically 
adsorbed, dual adsorption sites are necessary and 
their concentration can be expressed by cl2=scl2/ 
2L. Therefore, (A) when the rate of adsorption 
of oxygen with dissociation controls the rate of 
the exchange reaction, we have the relation R=

and then

(12)

For the case (B) where the rate of recombination 
of atomically adsorbed oxygen to molecule is 
controlling we obtain the same expression as Eq. 
(12). 

In the same way we can obtain the expressions 
(C, D) when adsorption or desorption of water 
is controlling

(13)
and (E) when chemical reaction on the surface 
is controlling

(14)

(III) We have to consider adsorption of water 
vapor with dissociation. In this case the state 
of adsorption is HOl+Hl, where 1 indicates ad-
sorption site. However, adsorption of hydrogen 
atom may occur at the oxygen atom on the sur-
face of metallic oxide, and, therefore, as an ad-
ditional assumption, we consider the state of ad-
sorption to be HOl+HOl, both behaving similarly. 
Then we have the forms which are summarized 
in Table I for the relation between the rate of 
exchange reaction and the mixing ratio of reac-
tants according as (A, B) adsorption or desorp-
tion of oxygen or (C, D) adsorption of water with 
dissociation or recombination or (E) chemical re-
action on surfaces is rate-controlling. 

(IV) We have also the cases where both oxy-
gen and water are absorbed with dissociation and 
(A, B) adsorption of oxygen with dissociation or 
recombination or (C, D) adsorption of water with 
dissociation or recombination or (E) some one of 
the surface chemical reactions is rate-controlling. 

The equations from these postulated mecha-
nisms are summarized in Table I. By comparing 
these forms with experimental results we can 
select one or more of them as the probable 
mechanism. We can consider mechanisms other 
than those listed in Table I such as when one 
reactant in the gaseous phase reacts with another 
adsorbed reactant. However, we have excluded 
these mechanisms because for an exchange reac-
tion to take place, there is a necessary step of 
dissociation which needs much more activation 
energy than the collision of molecules on the 
catalyst surface. It is a fact that most of the 
observed rates of exchange reaction are less than 
one-millionth of the collision number of the ga-
seous reactant on the other surface of the catalyst.
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TABLE I 

SUMMARY OF EQUATIONS FROM POSTULATED MECHANISMS

Experimental Results and Discussion 

The results obtained are tabulated in Table 

II. For comparison, the results obtained with 

chromic oxide catalyst are also included in 

the table. In both cases, for the lower values 

of ƒ¿, the rate R increases with the increase 

in ƒ¿, and for the higher values of ƒ¿ the 

rate remains almost constant irrespective of 

the values of ƒ¿. The main differences are 

the lower activity and the more gradual 

approach to a constant value of R of calcium 

oxide as compared with chromic oxide. Those 

facts indicate that we can examine the mecha-

nism of the exchange reaction catalyzed by 

calcium oxide by the same course as that of 

chromic oxide except for the point that the 

relative importance of adsorption equilibrium 

constants Ko and Kw may be different for 

both catalysts. 

For selection of the probable mechanism, 

Hougen recommended that the constants of 

the equations for the various proposed mech-

anisms be determined, i. e. a, b and c, which 

must be positive, by use of the method of 

least squares. However, as for every one of 

the equations from the postulated mecha-

nisms of groups II and I.V there were two 

nearly parallel terms, so the probable errors 

of the constants which were determined by

TABLE II
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the method of least squares were considera-

ble. Therefore, we examined the mechanisms 

graphically. 

First, the mechanisms in which adsorption 

or desorption of water is rate controlling, i. e. 

all of C's and D's can be excluded. In these 

mechanisms 1/R must be increased with the 

increase in ƒ¿ which is inconsistent with the 

experimental results. 

The mechanisms of group I can be ex-

amined by plotting values of left-hand terms 

of the equations against ƒ¿. In Fig. 1, curves 

I-E are the relations of •ãƒ¿/R vs. a. They

Fig. 1. Mechanisms I-A, B and I-E.

do not indicate linear relation and the mecha-

nism I-E can not be applied. The relation
α/R  vs. ƒ¿ is practically linear as shown by

lines I-A, B in Fig. 1, and the mechanisms 

I-A and I-B must be reserved as probable 

mechanisms. We will consider these mecha-

nisms again later. 

The right-hand side of each equation for 

the mechanisms of groups II, III and IV has 

two variable terms. We scrutinize these 

mechanisms by plotting two variables separa-

Fig. 2. Mechanisms II-A, B.

tely against the values of the left-hand terms 

and testing the possibility of constructing a 

linear combination with positive coefficients 

from these two curves to gain linear relation. 

Fig. 2 to Fig. 7 are such plottings. In exa-

mining these plottings we notice the further 

facts that the value of the left-hand side of 

each equation extrapolated to ƒ¿=0 gives

a+c  and that the inclination of the curves

for mechanisms of groups II and IV converge 

to a+b for high values of ƒ¿. 

By such criterions we can easily exclude 

the mechanisms of II-E, III-A, B and III-E. 

In Fig 3 which represents the relation for 

mechanism II-E, both of the curves for a

and  are concave

and can not gain combination to give line-

arity. In Fig. 4 for mechanisms III-A, B the 

relation of ƒ¿ vs. ƒ¿/R is almost linear but

is convex and their combina-

tion can be linear only when the values of

Fig. 3. Mechanism II-E.

Fig. 4. Mechanisms III-A, B.
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c are very small, and then this is the same 

as the mechanisms I-A, B. For mechanism

III-E only  vs.  is linear

as shown in Fig. 5. To select this mecha-

Fig. 5. Mechanism III-E.

Fig. 6. Mechanisms IV-A, B.

nism, a and b must be very small and then 

both of the extrapolated values of abscissa 

at ƒ¿=0 and the inclination of the straight

line must be nearly equal to c. This is not 

the case. The abscissa values at ƒ¿=0 are 

less than 0.3•~10-9 compared with the incli-

nations of the lines which are about 1•~10-9. 

For all other mechanisms we can not state 

exactly from Figs. 2, 6 and 7 their applica-

bility or non-applicability. Therefore, we

Fig. 7. Mechanism IV-E.

first evaluated the constants a, b and c for 
each mechanism by applying the two criterions, 
noted above for the determination of a+b 
and a+c and using a pair of values on the 

pair of smoothed curves. And then we ex-
amined the propriety of these constants to, 
the mechanism. Evaluated values are tabu-
lated in Table III. For comparison, values. 
of constants for the exchange reaction with. 
chromic oxide catalyst are also included.. 
Values of Ko were calculated from a and b,. 
and Kw's from a and c. The apparent ac-
tivation energies E for calcium oxide catalyst 
were calculated from pairs of values of a 
obtained at two temperatures, assuming con-
stants values for L and s.

TABLE III 

EVALUATED VALUES OF CONSTANTS
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Taken from the criterion that a, b and c 

must be positive, all the mechanisms in Table 

III, except IV-E for chromic oxide, are appli-

cable. However, mechanism IV-E for calcium 

oxide may also be excluded because such a 

mechanism, where both reactants are adsorbed 

with dissociation and where surface chemical 

reaction controls the over-all rate, seems in-

comprehensible for. the exchange reaction of 

atoms. As far as mechanisms I-A, B are 

concerned we can not determine the values 

of a, b and c, uniquely. However, in contrast 

to mechanisms group IV, mechanisms of 

group I, where only molecular adsorption 

occurs, may also be improbable for exchange 

reaction of atoms. Thus mechanisms II-A, 

B and IV-A, B remain as acceptable. 

From preliminary experiments where we 

measured changes of R with temperature by 

calcium oxide catalyst to find adequate range 

of temperature for further resarches, we 

obtained activation energy of 30.6 kcal./mol. 

between 697•Ž and 740•Ž. In this respect 

mechanisms II-A, B are most comprehensible. 

We could not find adequate data concerning 

adsorption of oxygen or water vapor by 

calcium oxide. The equilibrium data5) of dis-

sociation of CaO2 and Ca(OH)2 give heat of 

dissociation of 4-11 kcal./mol. for CaO2 and 

25-43 kcal./mol. for Ca(OH)2. Heat of activa-

tion must be greater than these and the 

mechanisms IV-A, B seem more improbable 

than mechanisms II-A, B. Values of Ko and 

Kw of mechanisms II-A. B seem reasonable.

For these mechanisms Ko is equal to

and Kw is equal to  Then

The evaluated values of

are 0.26 for 743•Ž and

0.57 for 700•Ž for calcium oxide catalyst and 

0.037 for chromic oxide catalyst. Thus the 

remarkable difference between calcium oxide 

catalyst and chromic oxide catalyst is the 

much stronger adsorption of water by the 

former.

In an earlier paper6) dealing with exchange 

reaction of oxygen atoms between gaseous 

oxygen and water vapor by oxide catalysts 

of metals belonging to the even series of 

the first long period of the periodic table of

elements we concluded that the exchange 
reaction catalyzed by calcium oxide would 
be controlled by adsorption or desorption of 
water vapor. This conclusion seems incon-
sistent with the present results. However, 
earlier researches were done under much lower 
temperatures than those of the present, and 
the relative dominating effect of adsorption 
of oxygen and water vapor for the rate may 
differ by temperature as can be seen by the 

great difference of the heat of adsorption 
between oxygen and water. It can be ex-

pected that the rate of adsorption or desorp-
tion of water will become the controlling 
factor in the over-all rate of the exchange 
reaction by minimizing the concentration of 
water vapor, i. e. by greater values of a, much 
more than has been done in these experi-
ments. 

Summary 

Employing a high-feed rate of reacting 
gaseous reactants where the rate of reaction 
did not depend upon the feed rate, measure-
ments of the dependence of the exchange 
reaction rate of oxygen atoms between ga-
seous oxygen and water vapor catalyzed by 
calcium oxide on the mixing molar ratio of 
reacting gases were made, and the results 
analyzed by the method of Hougen. The 
most probable among twenty postulated 
mechanisms is mechanism II-A where oxygen 
is adsorbed with dissociation and the rate of 
dissociative adsorption of oxygen is rate-
controlling or II-B where oxygen is adsorbed 
with dissociation and the recombination of 
adsorbed oxygen atoms to desorption is rate-
controlling. According to these mechanisms, 
the activation energy of adsorption of oxy-

gen with dissociation or recombination to 
desorption is about 33 kcal./mol., which is in 

good agreement with the activation energy 
30.6 kcal./mol. for the over-all rate of ex-
change reaction. 

This conclusion is compared to the results 
obtained with chromic oxide catalyst. The 
result which was described in an earlier pa-
per is also discussed.
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