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The effect of added O2 upon the catalysis of the N,O decomposition at 59-299 
Torr pressure has been studied for 31 metallic oxides; 15 oxides are unaffected by 
0,. The overall kinetics of the probable series of linked reactions are discussed in 
detail and the difficulty of deciding unequivocally upon the correct kinetics is 
demonstrated by reference to calculations upon synthetic data obeying accurately 
first-order kinetics. The results are discussed with reference to earlier generalizations 
based upon statistical examination of the decomposition of initially pure N,O on 
the same catalysts. It is concluded that the relationships found earlier between the 
parameters of the N,O decomposition and those of the isotopic exchange between 
0, gas and surface are still valid. In the case of those oxides insensitive to 0, the 
catalytic decomposition is restricted to special small areas of the surface where the 
adjacent anion vacancies containing trapped electrons (Rz-centers) formed by the 
desorption of 0, from the decomposing N,O are rapidly converted to F-centers 
by surface migration and are not accessible to gaseous 0,. 

Earlier papers in this series (1) pre- 
sented a number of general relationships 
between the kinetic parameters of the 
decomposition of N,O, catalyzed by 40 
stable metallic oxides, and the parameters 
of the exchange of isotopic oxygen between 
those oxides and 0, gas. It was proposed 
that in all cases an important step in the 
decomposition reaction was the desorpt’ion 
of 0,. One consequence of this mechanism 
is that it would be expected that all the 
oxides would be poisoned by OZ. This 
matter is examined in the present paper 
as only a few oxides were so tested in 
the earlier work. 

EXPERIMENTAL METHODS 

a. Materials 

N2 gas was taken from a cylinder of 
high-purity “white-spot” material and puri- 
fied further by vacuum distillation. N,O 
and 0, gas and l*O-enriched O2 and the 
oxide samples were those used in earlier 
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work (1, 2) : 9 of the original, aged, sam- 
ples were unavailable. 

b. Kinetic Measurements 

The kinetic measurements were carried 
out as before (1). 

For each oxide the procedure was to 
select a reaction temperature around the 
middle of the range used in the earlier 
work, to establish stable conditions by 
performing several duplicate runs at ca. 
200 Torr initial PNZ, and then to perform 
similar runs with the addition of 100 and 
200 Torr 0, (aj before adding t.he N,O, 
(b) simultaneously with the N,O and (c) 
in a few cases after ca. 25% of the N,O 
had decomposed. When poisoning by O2 
was apparently established the experiment 
was repeated using N, instead of 0, to 
ensure that diffusion or pumping artifacts 
were absent. In no case did N, affect the 
reaction. The experiments involving the 
addition of 0, or N, were followed by 
runs using pure X,0 to confirm that the 
activity of the catalyst was constant under 
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standard conditions. On most oxides the 
effect of varying the initial pressure of N,O 
was studied at one temperature by perform- 
ing experiments using pure N,O at pressures 
between ca. 50 and 300 Torr. 

A few experiments involving the simul- 
taneous measurement of the rate of N,O 
decomposition and the rate of IsO exchange 
between 0, and the surface were performed 
at ca. 100 Torr total pressure (50 Torr 
N,O) using Ar as an internal standard. 
A static system of ca. 150 ml capacity, 
fitted with a capillary leak to the mass 
spectrometer, was employed as in an earlier 
work upon 0, exchange (3). 

KINETICS 

The scheme below includes all the reac- 
tions which are likely to be involved in 
the work under consideration: 

N&as) + es- 3 NzO,-, (1) 
k2 

n 121 
k, 

NzOs- --+ Nzcaas, + Os-, (2) 
nl 122 

OS- S SbO2bd + es-, (3) 
ks 

n2 n 

0,~ + NzO(g,s) ks + Nz(,,,) + 0~~~) + es- (4) 
722 n 

With 

N = n + nl + n2, (5) 

where N is constant at a given temperature. 
The following comments may be made 

upon these reactions: 
Equation (1) may be plausibly inferred 

from a consideration of mass spectrometric 
and semiconductivity studies (3, 4) and 
from direct measurement of adsorption of 

the equilibrium existing between gaseous 
oxygen and metallic oxide surfaces at reac- 
tion temperatures. It is an important step 
in the isotopic exchange reaction in that 
system (2) and the prime object of the 
present paper is to discuss whether it is in 
all cases important in the overall kinetics 
of the N,O decomposition. 

Equation (4) has only been positively 
identified upon NiO between 0.05 and 1.0 
Torr (5) below about 140°C. 

The present paper is concerned with 
reactions at initial P,,, of at least 50 Torr, 
and usually in the region of 200 Torr: at 
these pressures the presence or absence of 
significant reaction by the individual Eqs. 
(1)) (2), and (4) cannot be directly and 
separately demonstrated and we must con- 
sider the consequences of a generalized 
kinetic analysis. We are also concerned 
with the steady state reaction at these 
higher pressures where such factors as the 
initial poisoning of reactions (2) and (4), 
investigated in some detail on N’iO at low 
pressures (5) will not be significant. 

In the most general case, when all the 
above are important in determining the 
kinetics, we may write at the steady state 
conditions which determine the equilibrium 
concentrations of the surface species n, n, 
and n,. Thus for n: 

klPn + k~Po2% = kePnz + km + km, (6) 

with similar expressions for n1 and n,. We 
have also, for the observed rate of reaction 
namely the rate of disappearance of N,O 
from the gas phase: 

dP --= 
dt Wn + k&h - k2n1, (7) 

where P = pressure of N,O at time t. 
This set of equations, with Eq. (5)) yield 

finally the rate expression: 

dP -- = 
“’ 

klks(ksP + h4 + k&z + ks)(kJ’ + ksPo21”) - kJi&d’ 
’ dt (kz + ks) 1 (k, + k,)P + kd + ksP021’~) + kJ’(h - kz + ksP) 1 (81 

N,O (1). In view of the great difficulty in obtain- 
Equation (2) has been shown to occur ing reproducible kinetic results of high 

at low pressures (<ca. 1.0 Torr) (1, 5). accuracy in the systems under discussion 
Equation (3) is known to be involved in this equation is of no practical utility, but 
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it reduces to a more simple form in a ous special cases, corresponding to Eqs. 
number of special cases which are of in- (11)) (12) and (13) above, can be obtained 
terest. Thus if we neglect k, we have: by putting a, b or c (or any two of these) 

klksk, 
k4(ks + kg) + k,P(ka + k,)+ kJ’ozl’Yk, + kz) I ’ 

(9) 

which is of the form: 

dP AP --= 
dt C + BP + DPoS’/~ (10) 

where A, B, C and D are constants. 
Similarly if we neglect k, and k,: 

dP NPk,kak, --= 
dt k&i, + ks) + hP(ks + h)’ (I’) 

while if we neglect k, and k,: 

dP 2NPklksk, --= 
dt (k, + W(k, + h) + klkd’ - kz)’ 

(12) 

Both the last two equations are of the form 

dP AP -. 
dt C f BP (13) 

which reduces to a simple first-order equa- 
tion if C >>BP. 

Writing the general relationship Equa- 
tion (10) in the form 

dP kP --=- 
dt a + bP + cPo~~‘~ (14) 

and integrating under the conditions that 
no O2 is added, i.e., that all the 0, in the 
system is formed from decomposed N,O, 
we have 

- g = a 10&o(f) - b& (1 - f) 

+ rg (X), (15) 

x = 2(1 - fY2 + log 

2.3 ’ 

(16) 
f = P/P, (17) 

and Pi, P, are the pressures of N,O in 
the system initially and at time t from 
the commencement of the reaction. Vari- 

equal to zero in Eqs. (14) and (15). We 
have used the assumption that a + bP < 
cpo, G in our work on this reaction (1). 
Samaha and Teichner (7) have found 
b = 0 to hold on NiO under certain cir- 
cumstances, although an equally accurate 
representation of their individual runs 
could be obtained from an equation of the 
form 

dP k’P 
dt a’ + b’Po,’ 

We have reported similar observations (1) 
upon CuO, MnO,, Rh,O, and IrO,. This 
difficulty of deciding upon the correct reac- 
tion mechanism by choosing between the 
plots of experimental data in the form of 
various integrated rate expressions, par- 
ticularly when these contain several dis- 
posable parameters, is well known. In the 
present series of papers the experimental 
procedure is such that irregularities in the 
data occurring in the first minute or so 
would be ignored (because, for example, of 
possible variation in reaction rates on ad- 
mission of N,O to a freshly outgassed 
catalyst). Further, since the reaction prod- 
ucts accumulate in the system the reaction 
rate (in spite of a rate of gas circulation 
which, at the beginning of the reaction is 
several times greater than that at which 
a dependence of reaction rate upon circu- 
lation speed becomes detectable) will in- 
evitably show an apparent decrease to- 
wards the end of each experiment, as the 
partial pressure of N,O becomes low. For 
this reason we [as well as other workers 
(8) 1 have not normally been concerned 
with data beyond about 50% conversion. 

With these practical considerations in 
mind we consider further the consequences 
of attempting to fit experimental data to 
Eqs. (14) and (15) or to any more simple 
rate expression derived from them by put- 
ting a, b or c = 0. 
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FIG. 1. The functions in Eq. (15) applied to data accurately obeying first-order kinetics. (1) Loglo( 
(2) 0.5 + X; (3) 1 - f; (4) 1.5 + log&) + 0.1 X; (5) 1.5 + log&) + 1.0 X; (6) 2.0 + log,o(f) + 1.0 X - 
0.1 (1 - f); (7) 2.0 + log&) + 1.0 X - 0.25 (1 - f). 

We plotted the first 60% of an imagi- 
nary experiment wherein the data obeyed 
strictly a first-order expression with tK = 
30 min. This is the plot of log,o(f) vs 
time, line (1) in Fig. 1, and corresponds 
to b = c = 0 in Eqs. (14) and (15). From 
this plot we calculated X [Eq. (16) ] for 
each value of t; line (2) shows the plot 
of X against time. It is seen that, except 
for the points at t = 0 and 2 min, X is 
reasonably linear with respect to time over 
at least 50% of the reaction (i.e., at least 
to 35 min) . Line (3) shows (1 - f) plotted 
against time: this, as expected, is not linear 
but nevertheless the deviation from linear- 
ity up to ca. 30 min is such that up to at 
least bP~/2.3 z 0.25~ or ~0.25~ Pi1/z/21jz 
the resulting plot of Eq. (15) would be 
experimentally as linear as that of log (f) 
vs time. Clearly these facts mean that 
data which accurately fit a first-order 
expression will, over a wide range of ratios 

of a: b : c, also fit Eq. (15) within experi- 
mental error over at least the first 50% 
or so of the reaction. This is confirmed by 
lines (4) (5) (6) and (7) of Fig. 1. (Cer- 
tain of these plots have been shifted along 
the vertical axis for clarity, as indicated 
in the caption to Fig. 1. Similarly in all 
cases the values of the functions at t = 0 
have not been plotted: however, all lines 
except (2) pass through the correct value 
at zero time.) The converse also applies, 
that is (for example) data which accurately 
obey Eq. (15) will, over a wide range of 
ratios a: b : c, also apparently fit a simple 
first-order plot. Figure 2 shows typical 
results for two oxides poisoned by 0,. 

It has been reported by other workers 
(5, 8) that data upon the present reaction 
at a constant temperature yield a pseudo- 
first-order rate constant, k,, from a plot 
of log (P) vs time and that over a limited 
range of initial N,O pressures: 
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FIG. 2. Data for two oxides poisoned by 01. (8, q ) Log,&) and X for ErtOa at 615°C: Pi = 215 Torr; (0, 
X) log,,(f) and X for MgO at 500°C: Pi = 208 Torr. (loglo in arbitrary units; scale for X in parentheses). 

log k, = k, - kz log (P). (18) so that 

Following from Fig. 1 and the above para- k,[l + fU’)l = h 
graphs we could reasonably assume that or 
in the work reported as obeying Eq. (18) 
the data would be equally well represented 

h - ktll - f(P)1 (22) 
by the expression: 

ka = 1 + f(P) 

dP k,P 
if f(P) is < 1. 

--= 
dt 1 + f(P)’ 

(19) A relationship of the type of Eq. (22) 
could well approximate over a limited 

where kt is the true rate constant and 
f(P) is some function of P. 

This is to be compared with the approxi- 
mate constant, k, given by: 

-df=kP 
rlt a. 

We have 

and 

1 dP 
-jydt=k, 

- 1 + f(P) dP = k 
P ‘X t 

(21) 

range of P tdEq. (18)) where li, and Ic, 
are temperature-dependent constants. 

In confirmation of this view we consider 
some of our own results. Figure 3 shows 
for an oxide, ThO,, poisoned by O,, a plot 
of k,, and of log,,& defined as above, 
against Pi and log,,Pi over the range 5s 
300 Torr: clearly either Eq. (18) or (22) 
with f(P) = constant XP will fit the 
observations. 

This would appear to demonstrate a 
deactivation of the surface in the way 
discussed by Read (8). However, if the 
same kinetic data are plotted according 
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FIG. 3. Data for ThOz at 565°C according to Eqs. (18) and (22). 

to Eq. (15)) with a = b = 0, the rate con- These observations are typical of those 
stants are all equal to 0.088 2 0.002. [Both obtained by us upon all the oxides poi- 
the log (P) vs time plots and those accord- soned by 0, (see Table 1)) and provide 
ing to Eq. (15) are of good linearity.] some confirmation of the validity of our 
Figure 4 shows a similar plot for Fe,O,, earlier interpretation of the kinetics and 
an oxide also poisoned by 0, ; here the of the use of Eq. (15) with a = b = 0. 
rate constants from Eq. (15) with a = They show no evidence of deactivation in 
b = 0 are all equal to 0.018 +0.0015. the manner proposed by Read. We do not 
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FIG. 4. Data for Fe203 at 425°C according to Eqs. (18) and (22). 
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TABLE 1 
EFFECT OF ADDED OXYGEN UPON 

N20 DIXOMPOSITION 

No effect Retardation 

CaO 
SrO 
(NiO)a 
ZnO 
TiOn 
HE02 
CeO2 
A1203 
Y,Oe 
Laz03 
Ndz03 
Smz03 
Gdz03 
Dy& 
YbzQ 

a Freshly prepared samples : see text,. 

think that our present remarks should be 
extended to the reaction at very much 
lower pressures, studied by Gay and Tomp- 
kins (5). Here it is well established, both 
by those workers and by other studies 
(1, 11)) that there is indeed some satura- 
tion of isolated surface anion vacancies 
on admission of N,O to the freshly out- 
gassed catalyst. This causes the NP: O2 
ratio in the product to be much greater 
than the theoretical value of 2 during the 
initial st’ages, and the accompanying loss 
of catalytic activity has been adequately 
accounted for in the case of NiO (5). This 
type of deactivation is, however, not de- 
tectable experimentally at the much higher 
pressures used in the present study on 
oxides poisoned by 0,. 

In the case of oxides not poisoned by 
0, we assume, for reasons discussed later, 
that the correct kinetic expression is Eq. 
(11)) i.e., that c = 0 in Eqs. (14) and (15). 
We then find, in agreement with the argu- 
ment presented above, that a plot of log (P) 
vs time gives rate constants, k,, which de- 
crease with increasing Pi. A plot of Ic, vs 
Pi is in all cases approximately linear, from 
which a/b [Eq. (14) ] may be evaluated. 
Use of this ratio in Eq. (15) then gives 

true rate constants which are independent 
of Pi within the limits of experimental 
error. The plots of log (f) and of log (f) - 
(bPiJa) (1 - f) are of similar linearity 
in all cases up to at least 50% conversion. 
Thus in the case of oxides not poisoned by 
0, there is also no evidence of deactivation 
by N,O at the pressures employed here. 

RESULTS 

The oxygen-poisoning experiments are 
summarized in Table 1. 

kXUSSlON 

Our earlier work (1) has established a 
close correlation, on a statistical basis, be- 
tween the kinetic parameters of the N,O 
decomposition and those of the isotopic 
exchange of oxygen between the oxide sur- 
face and gaseous oxygen. Similar relation- 
ships have been found by us between the 
exchange reaction and the decomposition of 
NO on the same series of oxide catalysts 
(9). In the latter case the decomposition 
is retarded by 0, gas in the manner to be 
expected from a simple kinetic analysis 
(10). There is therefore no reason to doubt 
the reality and significance of the relation- 
ships found in the case of N,O. It was, 
however, unexpected that cases of non- 
poisoning by added O2 gas should be 
encountered. 

There is no need to consider altering the 
earlier proposals for the mechanism on 
oxides which are affected by added Oz. In 
discussing a modified mechanism for the 
oxides not poisoned by 0, we shall assume 
that the denominators in the various rate 
expressions are relatively unaffected by 
temperature and look to the numerators 
to provide a reason for the overall corre- 
lat,ion of the activities of all the oxides 
with the parameters of the oxygen ex- 
change reaction. This assumption is prob- 
ably reasonable in view of the algebraic 
form of the denominators and bearing in 
mind that, for oxides poisoned by OS, the 
assumption is justified by the correlation 
which has been found. 

It could be argued, in the case of oxides 
not poisoned by O,, that reaction (3) above 
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plays no part in the kinetic scheme, thus 
leading to Eq. (12). This would fit all the 
accessible kinetic facts but would destroy 
the basis for the statistical relationships 
unless it so happened that Ic, possessed 
kinetic parameters closely similar to those 
of Ic, on all these oxides. Since reaction 
(3) is undoubtedly occurring on all oxides 
at the temperatures used in the N,O de- 
composition studies this argument would 
also imply that the N,O decomposition 
was occurring on sites not accessible to 
molecular gaseous O2 [for reaction (3) 1. 
In terms of surface defects we can prob- 
ably write Eqs. (3) and (4) in the follow- 
ing way: 

N-1 Oa-1 so 2k4 + (e-lO.-)(elOs-) ka 

(23) 

and 

(O-109-) + Ndbs) + Chgas) + Nzcaas) + (e-liT), 
(24) 

where the right side product in the first 
case is an Rz-center (adjacent anion 
vacancies containing trapped electrons) 
and in the second case an F-center. The 
last equation is probably the result of two 
reactions : 

(O-Ins-) + N&as) ---f Na(m) + O-ICI-), (25) 

(03-IOs-) + 02b.j + (es-IO.-). (2’3 

It appears unlikely that either of these 
would give rate constants closely similar 
to k,. 

We therefore reject this argument and 
consider that in the case of oxides not 
poisoned by 0, gas the correct mechanism 
is given by Eq. (11)) because Ic, and k, 
are unimportant. This implies that the N,O 
reaction scheme on these oxides involves 
Rz-centers not readily accessible to 0, gas 
via k, (because for example of particular 
spatial arrangements) but that even so the 
value of k, on these special sites is closely 
similar to that prevailing on the bulk of 
the surface. In this case the R,-centers 
formed by k, must be very rapidly de- 
stroyed by surface migration so that k, 
cannot occur: 

WINTER 

(e-lU.-h(e-ICL-)2 + (0210s-)3 --t (e-lOs-h 
+ (02-IOs-)2 + (e-lC18-)3 (27) 

or 

(e-ILlR-)l(e-10s-)2 + (-IUs-) --) (e-IO.-h 
+ (- lj78-)2 + (e-lU8-h, (28) 

where ( - [I-J-) is a vacant surface anion 
site and the subscripts identify the differ- 
ent sites, such that sites 1 and 2 are 
nearest-neighbors and 1 and 3 are not. We 
have already remarked (1) that regenera- 
tion of F-centers from Rz-centers by some 
such means is an essential part of our 
reaction scheme on all oxides. We think it 
is reasonable to speculate that in the case 
of oxides unaffected by O2 the three sites 
involved in reactions (27) or (28) are al- 
ways the same three, for example located 
at a particular crack in, or edge of, a 
crystal plane, where the local conditions 
are such as to promote very ready and 
rapid switching between just those three 
sites. However, from these triad sets (or 
rather from sites 1 and 2) the rate (and 
activation energy) of k, cannot be mate- 
rially different from the value on the bulk 
of the surface, or at least, over the set 
of oxides not poisoned by O,, it bears a 
sufficiently close and regular relationship 
to the average surface value so that the 
statistical regularities discussed in Parts 
I and II (1) are preserved. It was con- 
firmed, by adding some heavily IsO- 
enriched 0, gas to N,O which was de- 
composing over oxides not poisoned by 
0, and monitoring the 0, peaks in a mass 
spectrometer, that the 02-exchange reac- 
tion rate (with the whole of the oxide sur- 
face within experimental error) was not 
affected by the simultaneous occurrence 
of the N,O decomposition. Thus reaction 
k, is unaffected on the main part of the 
oxide surface. This experiment was per- 
formed on ALO,, CaO, TiOz and Gd,Os 
and indicates that on these oxides and pre- 
sumably therefore on all oxides not poi- 
soned by 0,, the N,O reaction is confined 
to special areas of the surface, very small 
in extent, not readily accessible to gaseous 
0,. This is a modification of the view 
expressed earlier (1) that on all oxides 
there were no specific active sites for the 
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N,O decomposition. It is highly likely that ACKNOWLEDGMENT 
whether or not a particular oxide catalyst 
sample is subject to poisoning by 0, is 

Most of the work reported here has been per- 

very much a matter affected by pretreat- 
formed by Mrs. H. Westcott and by Miss L. 

ment. Thus we have found (unpublished 
Harrison, to whom my thanks are due. 

work, see Table 1) that freshly prepared 
NiO formed by ignition of either the nitrate 
or the carbonate in vacua is not poisoned 
by 0, ; both samples were rendered sensi- 
tive to 0, by keeping them in contact 
with ca. 200 Torr 0, gas at 600°C for 200 
hr. Samaha and Teichner (7)) on the other 
hand, report that NiO of high surface area 
prepared from the hydroxide in vacua (and 
containing some residual H,) loses its sen- 
sitivity towards 0, on repeated use. Simi- 
larly Read (8) has recently made a de- 
tailed study of the reaction on Sdz03, 
Er,O, and Dyz03, obtaining results which 
differ from our own in some respects, and 
considers the difference as being possibly 
due to pretreatment. Our own oxides, hav- 
ing been repeatedly used over a period of 
years for a succession of catalytic inves- 
tigations (I-3, 9, IO), could well have a 
different surface topography from that 
possessed by relatively fresh preparations. 
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