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The decomposition of NO has been studied in a flow reactor on oxides of iron,
cobalt, nickel, copper, and zirconium as well as on supported platinum at 780-960
Torr between 450 and 1000°C. The inlet gas contained from 1.5 to 15% NO and
from 0 to 5% O.. The exit gas was analyzed for NO, N;, 0., and N,O. Above 450°C,
N, and O. were the only products. For all catalysts, the reaction was first order
with respect to NO, and O, had a strong inhibiting effect. From the kinetiecs, it
appears that oxygen inhibition is due to equilibrated chemisorption of oxygen on
sites required for the rate-determining process of NO chemisorption.

INTRODUCTION

Published kinetic data agree on the dif-
ficulty of decomposing NO on catalysts

NO 2 1/2N; + 1/20, (1

in spite of its thermodynamic instability
(1) but disagree on a number of counts
(Table 1). Some authors failed to mention
the very important and interesting prob-
lem of the influence of oxygen on the rate
of decomposition of NO (2-4). Other
authors have given indications of an in-
verse dependence of the rate of decomposi-
tion upon the pressure of O, for several
catalysts (5-9). Among these, Winter has
proposed a kinetic expression accounting
for the first order with respect to NO;
however, his predicted inverse dependence
upon the pressure of O, could not be tested
with his experimental setup (5). Whereas
some studies (6-8) purport the decomposi-
tion to be retarded by molecularly ad-
sorbed oxygen, another study (9) indicates
retardation by adsorbed oxygen atoms and
further retardation by excess nitrogen in
the system. However, no attempt has been
made to determine the effect of O, on the
rate, perhaps because of the experimental
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difficulties, especially the analysis of gas
mixtures containing N,, O, and NO.

It seemed, therefore, desirable to estab-
lish and understand the inhibition by oxy-
gen on the rate of NO decomposition, We
have also tried to explain the discrepancy
in the reaction order with respect to the
nitrie oxide pressure reported in the litera-
ture. Finally, we have compared our rates
to those reported by previous investigators.

EXPERIMENTAL

The purity of the gases was as follows:
He 99.995% (Liqiud Carbonic) ; premixed
10.12% NO in He 99.90% (typical im-
purities: 400 ppm N, 200 ppm N,O, 250
ppm CO., 50 ppm NO, and less than 50
ppm H,O, Matheson) ; premixed 10.5% O,
in He 99.94% (impurities: less than 50
ppm N., Matheson); premixed 0.52% N,
in He 99.995% (Matheson); and H.
99.93% (Liquid Carbonic). All hydrogen
was purified by diffusion through a pal-
ladium membrane purifier manufactured
by the Milton Roy Company.

The decomposition of NO was studied
iIn a flow reactor at a total pressure of
780-960 Torr. Helium was used to dilute
the NO and O, fed to the reactor. Streams
of pure He, 10.12% NO in He and 10.5%
0. in He were passed separately through
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TABLE 1
SuMMARY oF SoME PrEvious NO DecomPosITION STUDIES
Tempera- Reaction
ture order with
Gas range, Pressure, respect to
Authors Catalyst Reactor mixture °C Torr NO Reference
Fraser and Metal oxides Flow 109, NO 740-1040 760 0 (2)
Daniels in He
Yur'eva e al. Transition Recycle 1009, NO 250-750  100-380 2 3)
metal
oxides
Shelef et al. Supported Flow 4-1009%, NO 279-938 760 ~1 (4)
Pt and in He
oxides
Winter Oxides Recycle 1009, NO 330-870 50-400 1 6)
Bachman and Pt wire Batch 1009, NO 1210 201-479 2 6)
Taylor
Zawadski and Pt-Rh wire  Batch 1009, NO 860-1060 100 1 @)
Perlinsky
Green and Pt wire Batch 1009, NO 882-1450 200-500 1 (8
Hinshelwood
Sakaida ef al. Supported Flow 0.404 and 427-538 1-15 atm 2 9
Pt-Ni 0.4329,
N 0 iIl Nz

flowmeters which were calibrated at a pres-
sure of 200 Torr above atmospheric pres-
sure at the downstream point. This pres-
sure was maintained in most of the work.
After the gas streams were metered, they
were combined and passed through a glass
tube filled with glass beads to mix the
components of the reaction mixture. As a
check of adequate mixing, the reaction
mixtures at the inlet of the reactor were
analyzed by ‘gas chromatography, and
these analyses showed that adequate mix-
ing had been accomplished. The pressure
drop in the reactor was measured with a
manometer filled with mercury which was
covered with Dow-Corning 200 silicone oil.
The silicone oil was added to prevent the
reaction of mercury with NO, formed.
The catalysts were confined in a quartz
tube of 20 mm i. d. and supported by a
quartz dise. The reactor, 160 mm in length,
was preceded by a preheated zone which
consisted of a 1.5m quartz spiral. The
reactor zone, 50-120 mm long, contained
catalyst samples diluted with quartz chips
and was heated by an electrical furnace.
A chromel-alumel thermocouple covered
with a ceramic shield was placed in a

quartz well. This thermocouple, which was
placed at the center of the reaction zone
inside the reactor, could be raised or low-
ered along this zone. The desired temper-
ature was maintained by an electronic
controller.

To outgas the catalysts, the reactor was
connected to a vacuum system consisting
of a mercury diffusion pump backed by a
mechanical pump and isolated from the
reaction apparatus by a liquid nitrogen
trap. The reactor was further protected
from mercury vapor by means of a small
trap filled with gold powder held in place
by a minimum amount of Pyrex glass wool
which had been boiled in concentrated
nitric acid to remove oils, A vacuum of
better than 10-® Torr could be obtained.

The gases were analyzed before and
after passing the catalyst by a gas chro-
matograph (Aerograph 1520) which was
attached to the flow system, and the gas
mixtures were sampled with two sampling
valves. Our studies required the analysis
of a mixture of NO, O;, N, and N.O.

The chromatographic column packing
for the separation of oxides of nitrogen
and air has typically been molecular sieve



OXYGEN

and microporous polymer packing (10).
There are some major problems in the
analysis of NO-O,—N, mixtures: oxidation
of NO in the porous solid phase (molec-
ular sieve), the disproportionation of NO
in the presence of O, on the molecular
sieve to form NO, and N,O (11), reaction
of NO and O, in gas phase to form NO,,
and extreme tailing of the NO peak which
makes quantitative evaluation difficult.

In the experiments in which oxygen
content was below 3.0%, we used a 1/4-inch
o. d. stainless steel column, of which 2 feet
were filled with Porapak Q(100-120 mesh)
and 6 feet with Linde molecular sieve
5A (50-100 mesh). A thermal conductivity
detector with helium as carrier gas was
used. The detector was operated at 120°C
and a bridge current of 230 mA. The
Porapak Q portion, which was located in
the front portion of the column, helped us
to solve partially the first two problems
described above. The Porapak Q portion
partly separated NO from other compo-
nents of the gas mixture; hence, the reac-
tion of NO and O, on the molecular sieve
column was partially avoided. To avoid
the gas phase reaction of NO with O,
the helium flow rate was kept relatively
high (50 em®/min), and the column tem-
perature during the analysis was 65°C.

To overcome the fourth difficulty, the
tailing of the NO peak, and to avoid the
NO and O, reaction on the molecular
sieve, the column was pretreated to sat-
urate 1t with NO. by a variation of a
technique deseribed by Dietz (12). The
column was evacuated at 250°C for 24 hr
to remove water and activate the column.
Then helium was introduced to eliminate
any possibility of localized heating from
NO adsorption. The column temperature
was raised to 300°C, and NO was intro-
duced into the column at the rate of 20
em®/min in order to saturate the column
with NO. To prevent premature formation
of adsorbed NO,, it was necessary to have
the column at 300°C. The saturation time
for NO was about three hours. The tem-
perature was lowered to 25°C while main-
taining the NO flow rate for two hours.
Then excess NO was removed by flushing
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briefly with helium, and O, was intro-
duced at 20 cm?®/min for two hours, the
column temperature being kept at 25°C.
The oxygen possibly converted the ad-
sorbed NO into more tightly held NO..
With this pretreatment the O0,-N.—NO
separation was satisfactory with retention
times of about 6.0, 85, and 11.5 min,
respectively. As a check of the separation,
a gas mixture was made containing 4.90%
NO, 020% N,, 1.10% O. with the balance
consisting of helium and was passed
through the empty reactor at 600°C to
decompose any NO, formed; the analysis
of the mixture showed 4.82% NO, 0.20%
N,, and 1.04% O, with no detectable NO..
The amount of N, in the mixture, on
which further caleulations were based,
could be determined to about *2%. The
tightly bound NO, molecules are believed
to prevent further disproportionation and
oxidation of the NO during the separation
process.

In the experiments in which oxygen
content was above 3.0%, the same column
was used, but the helium flow rate and
column temperature were suitably de-
creased to improve the separation of N,
and O, Although under these conditions
NO-0O, reactions may have occurred on
the chromatographic column, these reac-
tions did not interfere with the analysis
since the ecaleculation of the rates was
based on analysis for nitrogen alone.
Furthermore, the oxygen formed by NO
decomposition was superimposed on the
large oxygen peak and in some cases could
not be measured.

A second column, 6 feet by 14 inch o. d.
stainless steel tubing packed with Porapak
Q(80-100 mesh), was used to separate
N.O from the rest of the gas mixture. This
column was maintained at 65°C.

The catalysts used were uvnsupported
Fe,0;, Cos0,, NiO, CuO, Zr0,-Sc.0.,
Zr0,—Ca0Q, transitional Al,O,;, and plat-
inum supported on y-AlLO; (Pt/AlLO,).
Reagent grade Co,0,, Fe,0s, NiO, and
CuO were obtained from Baker Chemical
Co. Other samples of NiO and CuO were
prepared by dehydration of pure nickel
and copper hydroxides under vacuum
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(10 Torr) at 750°C. The hydroxides
themselves were prepared from aqueous
solutions of the nitrates by the method
described by Merlin and Teichner (13).
Reagent grade Ni(NO;), and Cu(NO;).
were obtained from Baker and Adamson
Corp. Zirconium oxide stabilized with 8 wt
% Sc.0; and ZrO, stabilized with 10 wt %
CaO were provided by Electrochemistry
Ine. Transitional Al,O; was supplied by
Kaiser Chemicals. A 0.6 wt % Pt/y-ALO;
catalyst was obtained from Cyanamid-
Ketjen N. V.

Surface areas of the catalysts before
and after use were determined according
to the N, BET method. The platinum
surface of the supported platinum cata-
lysts was measured by the method of Ben-
son and Boudart (74). The dispersion, D,
defined as the ratio of the number of
surface platinum atoms to the total num-
ber of platinum atoms, was converted to
average particle size as in Ref. (14). The
platinum surface decreased by a factor of
19.5 while the catalyst was heated to
720°C for 12 hr under an oxygen atmo-
sphere.

The catalysts were subjected to X-ray
line broadening studies. A sample of the
catalyst powder was pressed into a de-
pression in a glass slide and placed in a
Picker diffractometer. Copper Ke radia-
tion, filtered by 10pu nickel, was intro-
duced through a 1° beam slit, a 4° Soller
slit, a 0.2° receiving slit and a 4° Soller
slit, and the counting rate was recorded as
a function of scanning angle.

All reactions were carried out at or
above 450°C where any nitrogen dioxide
formed from the gas phase reaction of
NO and O, in the cool parts of the system
before entering the preheater would be
decomposed almost completely to nitrie
oxide and oxygen in the preheater coil.
The composition of the gas mixture be-
fore entering the reactor was checked by
gas chromatography, and no NO disap-
pearance could be detected at this point.

The equilibrium constant K, (atm) for
the reaction:

2NQO: 2 2NO + O- (2)

is given by the expression (15):

lOglo Kp = (—574:9/T) + 1.7 lOg]_o T
— 0.0005T + 2.839, (3)

where T is the temperature in K. Using
(3) and assuming an initial concentration
of 5% for both NO and O; in He at a total
pressure of 960 Torr, we calculated the
equilibrium composition of the gas mix-
ture at 600 and 700°C. The NO, content
of the gas mixture at equilibrium was
calculated to be 043% and 0.20% at 600
and 700°C, respectively, which are small
compared to the NO concentration of 5%.
This calculation agrees with the experi-
mental evidence concerning the undetect-
able amount of NO reacted in the gas
phase.

The oxide catalysts were first outgassed
(105 Torr) at 20K above the highest
temperature to be studied for 24 hr to re-
move water, cooled to the first reaction
temperature and left in contact with a
flow of oxygen for 12 hr to remove possible
impurities (mainly carbon) and to stabi-
lize the catalysts. The catalysts were then
cooled to below 200°C and flushed with
a flow of helium for 30 min to clean the
system of oxygen before the reactants were
introduced into the reactor. The temper-
ature of the reactor was then raised to
the desired value. Following a series of
runs, catalysts were checked for any
change that might have occurred by re-
turning to flow condition used in an
earlier run. The activity for all of the
catalysts except for Co;0, at 700°C
dropped by a factor of less than 10%
during the first 2-8 hr of experiments. The
special case of Co;0, will be discussed
later. After this time no further change
was noticed, and all kinetic data were
taken during the period of constant
activity.

The supported platinum catalyst was
first reduced at 425°C in hydrogen for 10
hr and left in contact with a flow of oxy-
gen for 2 hr at 600°C (for D = 0.34) and
12 hr at 720°C (for D = 0.037), respec-
tively. The catalysts were then cooled to
reaction temperature and reactants were
introduced into the reactor. The platinum
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surface of the supported platinum cata-
lysts did not change during the experiments.

In order to study the possible direct
chemical reaction of NO with some of the
catalyst surfaces the standard pretreat-
ment described above was changed; the
stabilization in oxygen was omitted.

The rate of reaction r for the stoichio-
metric Eq. (1), characterized by its extent
of reaction £ (mol), is defined in molecular
units as:

_ N i
=3a
where r 1s expressed in em?sec™, A is the
surface area of the catalyst and N 1is
Avogadro’s number (16).

In our differential flow reactor, r is ob-
tained directly, as for a well stirred re-
actor, by the relation:

r = (N/A)2a(x; — x3) (5)

where 7 is the total molar flow rate {mol
571} and z; and z; are the mole fractions of
either N, or O, at exit and at entrance of
the reactor, respectively.

In the calculation of the rate for Pt/
ALO; only the surface area of the plat-
inum metal was used; the support con-
tributed about a maximum of 4% to the
total NO decomposition as determined by
blank runs on a similar alumina. The rates

(4)

r

were corrected for this support con-
tribution.

REsuLTS
Kuinetics

Preliminary runs were made at 600°C
on the Cos0, catalyst to determine the
effect of the concentration of O, on the
rate of decomposition of NO. The decom-
position rate decreased by a factor of
about 4 when 5.2% O, was present in the
feed. Such strong inhibition ruled out the
normal procedure of arriving at the
kinetics, namely, varying the partial pres-
sure of NO in the feed; the inhibiting
effect of the oxygen produced by the re-
action did not allow the differential re-
actor concept to be employed for the cat-
alysts with high activity. Consequently, the
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dependence of the reaction rate upon the
pressure of oxygen was first determined
for all the catalysts except transitional
ALO, at a total pressure of 780-960 Torr
and temperatures irom 450 to 1000°C by
varying the amount of oxygen in the feed
at constant NO pressure. The results in-
dicated a linear dependence of the in-
verse rate on oxygen pressure. Plots of the
data in this form at approximately con-
stant NO concentration (5%) for Co,0,
and Pt/ALO, (D = 0.037) at 600°C are
shown in Fig. 1. However, plots of re-
ciprocal rate vs square root of oxygen
concentration did not fit the data at all.
Extrapolated values of the rates of NO
decomposition at 0% O, were obtained
from Fig. 1 and similar plots for the other
catalysts (17). In all of the experiments,
the nitric oxide fractional conversion was
kept below 10%; therefore, the contribu-
tion of the oxygen formed to the total
oxygen concentration was negligible.

5 e Y*—’—*’ 0.4

y x10'2

-1

.(cm"2 s7!

L
3

% Op ot inlet

Fia. 1. Effect of Oxygen on the rate of decom-
position of NO. 9, NO at inlet = 5; O, Co;0,
(600°C); A, Pt/AlLO; (D = 0.037, 600°C).
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The extrapolated values of rates of NO
decomposition at zero O, concentration
[Fig. 1 and similar figures in Ref. (17)]
were obtained for several NO concentra-
tions, and the slope of the line obtained
by plotting these rates vs nitric oxide
concentration gave the order of the reac-
tion. Four sets of data for the determina-
tion of the reaction order are shown in
Fig. 2 for NiO, Zr0,-S¢,0;, CuO and
C0;0,. The dependence of the reaction
rate upon the initial concentration of NO
was determined for all the catalysts, and
in each case the reaction order with re-
spect to NO concentration was 1.0 = 0.1.

After inspection of Figs. 1 and 2, and
similar plots which are shown elsewhere
(17), it was concluded that the rate r
could be adequately represented by the
expression

r = N kE(NO)/1 4+ aK(O,) (6)

where r is the NO decomposition rate from
Eq. (5) in em2sec?, (NO) and (0O,) are
molar conecentration of NO and O, in mole

3
10 T 7 T
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(o)
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L | 1

t 2 5 10 20
% NO Concentration

Fig. 2. Effect of NO on its initial rate of decom-
position. O, Co304 (600°C, 960 Torr); [], CuO
(600°C, 960 Torr); A, NiO (700°C, 780 Torr); O,
ZrO: (900°C, 960 Torr).

em=, k is a reaction rate constant in
cm sec', K is an adsorption equilibrium
constant in atm™, and « is a conversion
factor in atm mole‘em3. It must be noted
that values of K did not depend on NO
concentration when the latter was varied
as described above.

The values of & and K obtained from
Fig. 1 and similar plots for the other
catalysts at various inlet concentrations of
NO are given in Table 2. Values are listed
for two cobalt oxide samples; one was
treated in NO at 600°C, and the other
was treated in NO at 700°C and had lost
part of its activity. The reaction rate con-
stants (at 700°C) are shown in decreasing
order. The values of k and K for ZrO, are
listed at 900 and 1000°C, as we could not
determine the fractional conversion of NO
at 700°C due to the very small surface
area, of ZrO,.

Arrhenius and van’t Hoff plots, shown
in Fig: 3, were prepared from the values
of k£ and K for Co,0, at 450, 500, 550, and
600°C and for Pt/AlL,O;(D = 0.037) at
600, 650, and 700°C. The rate and ad-

08 10 It 12 13 14
VT x 100K

Fic. 3. Temperature dependence of rate and
adsorption parameters. O A, Co,04; O, Pt/ALO;
(D = 0.037).
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sorption constants can be written as:
E = Aexp(—E/RT) "N
K = exp(AS8°/R) exp(—AH°/RT) (8)

where A is the pre-exponential factor of
the rate constant in ecm s', K is the ac-
tivation energy in keal mole™?, AS® is the
standard entropy of adsorption in cal
mole K1 and AH° is the standard en-
thalpy of adsorption in kecal mole™. We
obtained the values of A, F, AH®, and
A8° from the plots of Fig. 3 and the re-
sults in Table 2. These values together
with the values for CuQ) and the apparent
activation energy for Co,0, which had
been heated to 700°C in NO are listed in
Table 3.
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The different methods of preparing the
copper oxide and nickel oxide catalysts
(one sample was ecaleined in vacuum at
750°C, the other in air at 800°C) caused
only small changes in their performance
under stationary state conditions. Zirco-
nium oxides stabilized with scandium
oxide or calcium oxide were almost in-
distinguishable for the decomposition of
nitrie oxide.

A significant reduction in platinum sur-
face area occurred on Pt/AlLQ, as a result
of carrying out the reaction at 720°C for
varying periods of time. Crystal growth
was verified by taking eclectron miero-
graphs on catalyst samples. On heating the
catalyst in oxygen under conditions known

TABLE 2
RATE AnND ApsorprioN Equinisrium ConsTanTs k(em sec?) anp K(atm™1)
k K
% NO
Catalyst in feed 600°C 700°C 600°C 700°C
Pt/ALO; 1.3 4.3 X 10 1.5 X 1072 7.6 X 102 3.6 X 102
2.5 4.3 1.5 7.6 3.6
5.0 4.4 1.4 7.6 3.5
7.5 4.4 1.5 7.7 3.7
Co0304 2.5 3.6 X 108 1.0 X 102
5.0 3.6 1.0
7.5 3.7 1.0
10 3.7 1.0
Coz04® 5.0 1.2 X 108 0.9 x 10?2
CuO 1.6 8.4 X 1078 2.3 X 102
2.5 8.6 1.4 X 10°¢ 2.4 1.3 X 102
5.0 8.6 1.4 2.4 1.3
10 8.8 2.5
NiO 2.5 4.5 X 108 1.0 X 102
5.0 4.7 1.1
10 5.1 1.1
15 4.9 1.2
Fe)O; 2.5 2.9 X 108 0.6 X 102
5.0 3.1 0.6
10 3.2 0.7
15 3.3 0.7
900°C 1000°C 900°C 1000°C
Zr0, 1.4 1.0 X 10-¢ 2.8 X 10°¢
2.9 1.0 ~0.7
5.0 0.9 2.5 ~0.1
7.1 0.9 ~0.7
12.5 0.9 2.6

2 Heated to 600°C in NO.
» Heated to 700°C in NO.
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TABLE 3
PARAMETERS OoF RATE AND ApsorprioN EqQuiriBrium CONSTANTS
A, E, —AH, —AS°, E — AH®,

Catalyst cm sec™? kcal mole™! keal mole™  cal mole™ K™!  kcal mole™!
Pt/ALO; 19 18.4 14.0 2.85 32.4
Co304 ¢ 1.6 22.5 17.4 10.8 39.9
COsO.x b 11.1

CuO 107 8.2 10.3 1.0 18.5
Co30, ¢ 28.3

00304 4 29. 0

Pt/ALO; ¢ 20.1

e Heated to 600°C in NO.
> Heated to 700°C in NO.
¢ Shelef et al. (4).

¢ Yur'eva et al. (3).

to promote growth of the platinum ecrys-
tallites, there was no noticeable effect on
the initial rate of nitric oxide decomposi-
tion. Two samples of Pt/Al,O; catalysts,
sintered at 600°C and 720°C, respectively,
were examined. The supported platinum
dispersions were 0.39 and 0.037 which cor-
respond approximately to 27 and 280A
platinum crystallite size, respectively.
Figure 4 is a plot of the turnover num-
ber for NO decomposition (molecules re-
acting per second per surface metal atom)
extrapolated to zero oxygen pressure Vs

4 1200 1000 800

1/T at 5% initial nitric oxide concentra-
tion. The values of the turnover at 600°C
were 0.18 and 0.17 sec? for the Pt/AlO;
catalysts with dispersion of 0.037 and
0.39, respectively. The absence of any sig-
nificant change in turnover number as the
amount of surface metal was increased
tenfold is a convincing test of the lack of
influence of pore diffusion under these con-
ditions (18). As platinum was the most
active catalyst for the decomposition of
NO and supported platinum catalysts were
by far the ones with the smallest pores, it
1,°C
700 600 500

O 7T 7T 1

-1
5]

turnover number,s

ey — !

T I T

0.7 0.8 0.9

Fic. 4. Activity of Pt
Taylor (6).

o 11
1T e,k

catalysts. O, D = 0.037; [, D = 0.39; O, Sakaida et al. (9): |, Bachman and
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is conservative to assume that rates on the
other catalysts were not influenced by
mass transport.

Nonstationary State Condition
of the Catalysts

In those experiments where we studied
the possible direct chemical reaction of
NO with the catalyst Co;0,, CuO, and
Fe,0; were outgassed (10-° Torr) at 600,
600, and 700°C, respectively. Upon con-
tacting these catalysts with 10.12% NO in

helium, chromatographic analysis of the

nrndnnfe indicated a r]oﬁmmnny of oxygen

JLURRMRULS il altuh a4 LCialitilv

in the gas phase. The reoxidation of the
catalysts by NO resulted in an additional
disappearance of NO as indicated by high
conversions compared to the stationary
state conversion. For cobalt oxide, the ratio
of the initial conversion of NO to the
stationary state conversion of NO was
about 15, a higher ratio than for the other
oxides. The reoxidation time was less than
10 min for Co;0,, CuO, and Fe,O,. The
concentration of oxygen at the exit of the

reactor was almost the same as wunder
qfnhnnnry atate condition nf the patelvete

......... state condition of the catalysts.

Because cobalt oxide showed unusually
high activity at 600°C, an experiment
was performed to determine its activity at
700°C. After determination of the rate of
decomposition of NO at 600°C, the tem-
perature was raised to 700°C in flowing
reactant gas (5% NO in He). The catalyst
yielded a stationary state NO conversion
of 6.2% compared to an initial NO con-
version of 55%. An X-ray diagram of this
sample indicated two phases, CoQO and
Co,0.,.

Drscussion
The kinetic data were found to obey Eq.

(6), which can be obtained as explained
elsewhere (19) by postulating only two

elementary processes:

NO + *— NO=*

G + 0% 0y 4 *

e))]
aImn
with the assumptions that the adsorption of

NO on a site * is the rate-determining

process (I) with rate constant k¥ and that
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among all adsorbed species, O% is the most
abundant with a concentration determined
by the equilibrium (ITI) with a constant
K. By O, we denote surface mobile oxygen.

To be physically meaningful, the pa-
rameters of Table 3 must satisfy certain

conditions: 4 < 10* cm sec!, —AH® >0
and 0 < —AS® <S,° where 8,° is the
standard entropy of O, (at 1 atm) (19).

These conditions being satisfied, the con-
stants £ and K can be used with some
degree of confidence to compare the cat-
alytic behavior of various samples.

From the values of these constants at
700°C (Table 2), it appears that the dif-
ference in activity among various catalysts
is caused by a variation of the rate con-
stant k (by 5 X 10*) rather than by a
change in the equilibrium constant K (by
about 6). Besides, there does not seem to
be any correlation between variations of k
and K for all fhn nn{-n]wnts althm

110 1+

au/uuusu lll 10'
clear that both k and K are large for Pt
(the most active catalyst by far) and
small for all the oxides listed. This is
typical of a Brgnsted—Polanyi relation
(16), and it might be interesting to ex-
amine its validity in further work on the
decomposition of NO.

Heating Co0,0,, CuO, and Fe,0, in
vacuum at high temperatures caused par-
tial reduction of the oxides and at the
same time the formation of more active
catalysts, Shelef et al. (4) found a similar

phenomenon for the NO decomposition on

reduced Co;0,. These observations can be
understood by the following arguments.
During the NO decomposition in the pres-
ence of an excess of O, on metal oxides,
one must extend the quasi-equilibrium re-

action (I1) to the bulk

0+ & 03 (1)

where Op denotes bulk oxygen in the
lattice.
When the decomposition of NO is car-

ried out on the oxygen deficient oxides,
reaction (III) proceeds to the richt until

211 j e AU i VIV 1agil ulll/ll
equilibrium is reached, but the quasi-
equilibrium reaction (II) is not disturbed
as shown by the approximate equality of
the oxygen production under nonstationary
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and stationary state conditions of the
catalysts. Therefore, during an induction
period the total rate of NO decomposition
is higher until it reaches the stationary
value. After this induction period, reaction
(IIT) is in equilibrium, and the rate of
decomposition of NO is due to process (I)
alone.

We shall now compare our data to those
of others, first for the oxide catalysts, then
for platinum. For the oxides, Table 4 gives
our experimental results and the extra-
polated rates of other authors. The rates
are expressed as turnover numbers (sec™?)
at 48 Torr initial pressure of NO. Extra-
polation of the available data to zero con-
centration of O could not be done for the
work of some authors. To obtain extra-
polated rates in each case, we have used
published kinetic parameters and rate ex-
pressions, as reported by individual au-
thors. In the calculation of the turnover
numbers, it was arbitrarily assumed that
there were 10%° sites/cm? The extrapolated
decomposition rates were generally higher
for Yur'eva et al. (3) and Winter (5) than
for us. This discrepancy in the rates of
NO decomposition could be partly due to
the nonstationary state phenomenon which
was diseussed earlier as these authors were
uniable to monitor the appearance of O,.
Thus the question can be raised whether
stationary state was reached in their ex-
perimental work.

By contrast, the extrapolated decom-
position rate of NO on Co;0, according
to Shelef et al. (4) appeared at first lower
than our experimental result. The Ar-

BENSON, AND BOUDART

rhenius plot of Shelef et al. for the unsup-
ported cobalt oxide showed a definite
curvature, which we ascribe to oxygen in-
hibition at high conversion. Therefore, a
second attempt was made to calculate the
extrapolated rate from the data of Shelef
et al. by using our rate expression (6),
our kinetic parameters and zero concen-
tration of oxygen, and by taking into ac-
count, the curvature of the Arrhenius plot.
This time the turnover number, 2.9 X 10-%
sec™?, was in good agreement with ours.
One important point to note from Table 3
is that the apparent activation energies for
Cos0, reported by Shelef et al. (4) and
Yur'eva et al. (3) lie between our true
activation energy and the total maximum
apparent activation energy of the overall
reaction, E — AH®, as expected from the
expression (6) for large inhibition by
oxygen.

Let us now discuss results on platinum
catalysts. The two platinum catalysts, Pt/
ALO, (D = 0.087), Pt/ALO, (D = 0.39)
showed good activity compared to the
metallic oxides (Table 2). A comparison
between rates, expressed as turnover num-
bers, obtained from the experiments em-
ploying different types of reactors, wide
temperature and pressure ranges and dif-
ferent metal crystallite sizes can yield use-
ful information. We calculated the initial
nitric oxide decomposition rate of Bach-
man and Taylor (6) .at 342 Torr and
1210°C, and the calculated rate was then
extrapolated to 48 Torr initial nitric oxide
pressure by using their proposed rate ex-
pression. The result of this caleulation is

TABLE 4
DrcoMrosition of NO on Metarnie Oxipes: TurNOvER NUMBER, N sec™ aT
48 Tornr NO anp Initiar ConprrioNn Witnout (O,

700°C 600°C = . 900°C
) CuO NiO Fe,Os AlLO, C030. Zx()z
Author * N X 10¢ N X 10® N X 108 N X 108 N X 108 N X 10¢

This work 6.6 2.2 1.5 5.5 1.9 3.5
Yur'eva ¢ al. (4) 0.9 53 59 48
Winter (§) 15 700 6.5 170
Shelef et al. (4) 0.5 . 2.9
Fraser and Daniels (2) 57 2.0
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shown in Fig. 4 as a line due to the un-
certainties involved in the calculation.
Their extrapolated result lies above the
line predicted by our rate expression (6).
Although their experimental setup and
analysis of the results are somewhat ques-
tionable, all uncertainties should have
resulted in obtaining smaller values of the
reaction rate than predicted by us. Plat-
inum metal in an atmosphere containing
oxygen is normally covered by an oxide
layer. At the high temperature of 1210°C,
employed by Bachman and Taylor (6),
this layer is thermodynamically unstable
(20). Thus, it is tempting to ascribe the
high activity of platinum at 1210°C to the
absence of the surface oxide covering the
metal at lower temperatures.

In the case of Shelef et al. (4), no com-
parison between their data on supported
Pt and ours can be made because they do
not give a value for the surface area of
the metal after using the catalyst and be-
cause of the presence of an unknown
amount of inhibiting oxygen in their
reactor.

Sakaida et al. (9) studied the decom-
position of NO in an integral reactor on a
0.1% Pt/Al;O; catalyst containing also
3.09% Ni. Their initial rates at 1 atm, ex-
trapolated to our experimental conditions
by using the rate expression (6) and as-
suming a reasonable platinum dispersion
of 50%, are shown in Fig. 4. The agree-
ment with our results is good. Neglecting
any contribution of nickel to the rate of
decomposition of NO 1is justified since
nickel oxide is much less active than plat-
inum (Table 2).

CONCLUSION

Not too much significance should be at-
tached to some of the individual values of
the apparent activation energies and re-
action orders with respect to nitric oxide
pressure reported in the literature. It must
be remembered that reaction orders and
activation energies frequently have been
obscured by the inhibiting effect of oxygen
and/or nonstationary state phenomena.
The main result of this work was to
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demonstrate the oxygen inhibition quan-
titatively. The nature of the sites will be
discussed in a future publication, together
with the mechanism of the reaction, in-
cluding the elementary steps which need
not be considered in the two-step sequence
required to describe the kinetics.
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