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The following results were obtained in the 
previous study of the reduction of zinc oxide 
by hydrogen.1,2) The reaction proceeds inde-
pendently of the hydrogen pressure. Addition-
ally, in the presence of a large amount of zinc 
oxide (case 1), the reduction is not affected 
by the amount of zinc oxide, and the relation-
ship between the pressure and the reaction 
-time is linear . In the presence of a small 
amount (case 2), however, the relation is not 
linear. In the latter case, the data well satis-
fied Eq. 1, deduced from the assumption that 
the reaction rate is proportional to the surface 
area.

(1)

Here P0 and P∞ are the hydrogen pressures

-when the reaction starts to obey Eq . 1 and 

when zinc oxide is completely used up re-

spectively. As a result, the reduction of zinc 

oxide was suggested to be not a surface re-

action, but a consecutive one consisting of two 

processes, the sublimation-decomposition of 
zinc oxide to zinc vapor and oxygen and the 

subsequent reaction of oxygen and hydrogen, 

Further, the former process is the rate-deter-

mining step in case 2. 

The thermal decomposition of zinc oxide has 

been known to be influenced by the third gas, 

i.e., nitrogen or zinc vapor.3,4) Hence, one can 

expect the variation of the reaction modes, 

in case 2, in the presence of these gases. With 
-this expectation the present work was carried 

out, using nitrogen as the third gas.

Experimental 

The apparatus used for this work was the same 
as that used in the previous paper.1,5) Just before 
-the reaction started , the reaction tube was evacuated 
for five minutes, and then nitrogen and, finally,

hydrogen were admitted at a given pressure and 
composition. The rate of the reduction was meas-
ured in the temperature range 690-738℃, with the

amount of zinc oxide, 40.0 mg., and the pressure
range of nitrogen,0～2 cmHg. The analysis of data

was made by applying Eq. 1 as in the previous
work.2) The initial pressure of hydrogen was 6.0～

6.4 cmHg. Nitrogen was prepared by purifying the 

commercial gas in a bomb by passing it through
the reduced copper heated at 500℃, through con-

centrated sulfuric acid and finally through magne-

sium perchlorate.

Fig. 1. The relation between residual H2 and 
reaction time. Runs are shown in Table I. 

Results and Discussion

The results obtained at 670℃ are shown in

Fig. 1. The initial amount of zinc oxide in 

all experiments was 40.0 mg., except for the 

300 mg. in No. 35, which was done under the 

same conditions as No. 32. As has been men-

tioned above, when a large amount of zinc 

oxide is present, only the linear part appears 

in the relation between the hydrogen pressure 

and the reaction time.1,2) Hence, the slope of 

a straight line in No. 32 can be estimated by 

comparing No. 32 with No. 35. From Fig. 1 

and by applying Eq. 1, the specific reaction 

rates, k, and k2, are as shown in Table I ; k,
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TABLE I. THE EFFECT OF NITROGEN ON

kt AND IC2 AT 690℃

and k2 correspond to the reactions revealed as 
a straight line and a curve respectively in Fig. 
1 (see also Fig. 2 in the previous report2)). 
No. 38 at the zero nitrogen pressure obtained 
in the previous work2) was also tabulated for 
the sake of comparison. 

As may be seen in Table I, both k1 and k2 
decrease with the nitrogen pressure. Moore 
et al .,4) who studied the thermal decomposition 
of zinc oxide, found that the amount of zinc 
oxide decomposed in the stream of nitrogen 
is smaller than that in oxygen, and that it is, 
moreover, much smaller than would be ex-
pected from the thermodynamics by 10-2. They 
made no reference to the reason for this. As-
sume that some substance retarding the sub-
limation-decomposition of zinc oxide is pro-
duced in the presence of nitrogen, and that 
the surface area of zinc oxide poisoned by
the retarding substance is θ, by taking θ=0

for the surface in the absence of nitrogen. 

Since k2 is the specific decomposition rate of

zinc oxide per unit surface area, θ at various

nitrogen pressures will be given Eq. 2:

(2)

Let us assume additionally that the retard-

ing substance is produced on the whole surface

with the same probability by molecular

nitrogen. Thus, at equilibrium, θ will ex-

pressed by a form similar to the Langmuir-
type adsorption isotherm,6) Eq. 3:

(3) 

(4)

TABLE II. THE RELATION BETWEEN PN2 AND θ

Fig.2. 1/θ ～1/PN2 at 690℃

θ values calculated from k2 in Table I ac-

cording to Eq. 2 are shown in Table II.

In Fig.2, 1/θ is platted against 1/PN2.

Figure 2 shows that every value gives a good 
straight line, and that Eqs. 2-4, based on the 
above assumptions, are satisfied. 1/a is esti-
mated to be 1.73 from the slope of the line 
in Fig. 2. 

As a result, it is considered that the effect. 
of the nitrogen molecule can be evaluated by 
the magnitude of a. There is another methodd 
of estimating a, even when no data of 

(k2)PN2=0 is obtained. As (k2)PN2=0 will be 
constant at a constant temperature and a con-
stant state of the surface, the following rela-
tions are obtained from Eqs. 2 and 3:

Fig.3. PH2～t, at 714℃;PN2(cmHg)left

○ 0.538, × 0.916; right ○ 1.480, × 1.976) I. Langmuir, J. Am. Chem. Soc., 40, 1361 (1918).
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Fig.4. Plots according to Eq.1, at 714℃.

PN2(cmHg)○ 0.538,●0.916,× 1.480,

△1.968

Fig.5. PH2-mot, at 738℃.

PN2(cmHg):left ○ 0.000, × 0.512;right

○ 1.000, × 1.500,△ 2.000

Fig.6. Plots according to Eq.1, at 738℃.

PN:(cmHg)●0.000,×0.512,01 .000,△

1.500,▲2.000

Fig.7. Plot according to Eq.4', at 714℃.

Fig.8. Plots according Eq.4, at 738℃.

(4')

where A is (k2)pN2=0. 
According to Eq. 4', a can also be deter-

mined from the linear relation between 
1/(K2)pN2.

Results at 714 and 738℃ are shown in Figs.

3-8 and Tables III and IV. Figure 7 shows 

the plotting according to Eq. 4', and Fig. 8, 
according to Ea. 4. All values give good

straight lines;from them a at 714℃ and 738℃

are evaluated to be 0.500 and 0.400 respectively.
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TABLE III. RESULTS AT 714℃

TABLE IV. RESULTS AT 738℃

As has been mentioned above, it was found 

that a indicates the degree of the influence of 

nitrogen, and that a decreases with the tem-

perature. It is comprehensible from the de-
riving principle of Eq. 3 that a corresponds to 

an equilibrium constant of the attraction be-

tween the substance retarding the decomposi-

tion of zinc oxide and the nitrogen in the 

gas phase. Therefore. the relation between

1/a and 1/T(°K-1)was obtaining as shown

in Fig. 9. The linearity in Fig. 9 supports the 
above considerations. The slope of the line 
gives the enthalpy of the reaction, which pro-
duces retarding substances by interaction be-
tween the surface of zinc oxide and the nitrogen 
molecule, as -11.5 kcal./mol.

Fig. 9. 1/a vs. 1/T.

As a result, it was found that nitrogen: 
retards the reaction, the rate of which is pro-
portional to the surface area of zinc oxide,. 
and that the degree of the influence of nitro-
gen is evaluated by means of the. constant, 
a in Eq. 3, which may be considered to reveal 
the equilibrium constant if the above presump-
tion is valid. It has been reported that zinc 
nitride is produced by exposing the heated 
zinc powder in a stream of nitrogen.7) The 
most probable retarding factor is the Langmuir-
type chemisorption on the surface of zinc oxide-
-in this case , 11.5 kcal./mol. will represent the 
heat of chemisorption. The chemisorption 
of nitrogen, however, occurs only with difficulty 
on the normal surface of zinc oxide. The 
effect of nitrogen on the reduction will, how-
ever, require further studies from the point 
of view of the chemisortion and the surface 
compounds, because, as is well known,3,4) the 
surface of zinc oxide submerged in the reducing 
gas at a high temperature has an excess of 
zinc, and hence its thermodynamical behavior 
is abnormal. 

It was found that k, also decreases with the 
increase in the pressure of nitrogen (cf. from 
Table I). Since k1 is the specific rate of the-
reaction of hydrogen and oxygen, the depres-
sing effect of such an inert gas as nitrogen is 
unlikely. As has been previously reported, 
however, the reduction of zinc oxide is a con-
secutive reaction involving the decomposition 
of zinc oxide and the reaction of hydrogen 
with oxygen. Consequently, the equilibriumm 
constant k is expected to be involved in ob-
servable k, generally. At present, the authors 
have not obtained the true rates of the reac-
tion between hydrogen and oxygen and of the 
formation of zinc oxide from zinc vapor and
oxygen (the specific rates are k1°and k_2 re-

spectively) under these experimental conditions ; 
hence, the quantitative relation between k1 and 
K (=k2/k_2) is known. At any rate, k1 may
be expressed by a function, f(k, k1°)=f(k2/

k-2,k1°). Therefore, k1 would be affected by

nitrogen, since k2 is affected by nitrogen, as 
has been mentioned already. 
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