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To invest igate the mechanis t ic  impor tance  of  the N20 + CO reaction as an intermediate  react ion 
step during the reduct ion o f  NO by CO occurring on noble metal exhaus t  catalysts ,  we have  
analyzed theoretically the  s teady-s ta te  kinetics of  the NO + CO reaction based on e lementary  
surface processes .  Quasil inearizat ion of  the nonlinear NO + CO reaction sys t em by identifying a 
critical kinetic pa ramete r  has  enabled us  to develop a complete  set of  analytical solutions for the 
sys t em which includes the intermediate  N20 + CO reaction step. The kinetic analysis  based on 
this solution scheme  shows  a dramatic  difference between the rate of  the NzO + CO react ion as 
an intermediate reaction and that  as an isolated reaction. Resul ts  have  revealed that  the rate o f  the 
N20 ÷ CO reaction as an intermediate  reaction in the NO + CO reaction sys tem can be two to 
three orders  of  magni tude  faster  than the isolated N20 + CO reaction, which is known to be very 
slow compared  with the NO + CO reaction. This makes  the rate of  the intermediate N20 + CO 
react ion as fast  as or  even faster  than  the rate of  the NO + CO reaction, suggest ing that  the  former  
react ion can make  a major  contr ibution to the kinetics of  the reduction of  NO by CO occurr ing in 
three-way catalytic conver ters .  © 1992 Academic Press, Inc. 

I N T R O D U C T I O N  

There are at least two reasons why effi- 
cient removal of NO in the catalytic con- 
verter is important. Obviously, the removal 
of NO is important from an emisison-control 
point of view. Not quite so obvious, it is also 
important from the kinetic point of view, 
because the presence of NO is known to 
inhibit the catalytic oxidation of CO and hy- 
drocarbons by oxygen on noble metal cata- 
lysts (1, 2). Thus, a clear understanding of 
the detailed reaction mechanism involved 
in the NO reduction process is of practical 
significance as well as fundamental impor- 
tance for automotive exhaust emission 
control. 

Reduction of NO by CO is one of the most 
important catalytic reactions occurring in 
automobile catalytic converters to remove 
NO from the engine exhaust. Rhodium is 
widely recognized as the most efficient cata- 
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lytic component to promote the reduction 
of NO to N 2 in three-way catalysts (3). The 
mechanism of this reaction on noble metal 
catalysts, especially on Rh catalysts, ap- 
pears to be reasonably well understood as a 
result of the extensive research efforts dur- 
ing the past decade or so (e.g., 4-12). How- 
ever, it is not until recently that we have 
come to recognize the participation of 
N20 + CO reaction as an intermediate reac- 
tion step during the overall NO + CO reac- 
tion (11). In this regard, it is interesting to 
note that Hecker and Bell (7) observed the 
formation of N20 during the NO + CO reac- 
tion over Rh/SiO2, but they reported no 
measurable activity of Rh/SiO2 for the fur- 
ther reduction of N20 by CO, in disagree- 
ment with the later findings by Cho et al. 
over Rh/A1203 and Rh/CeO 2 (11). 

More recently, McCabe and Wong (13) in 
their study of the N20 + CO reaction kinet- 
ics over an Rh/AI203 catalyst have con- 
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firmed the findings by Cho et al. (11) regard- 
ing the participation of N20 + CO reaction 
as an important subreaction in the overall 
NO + CO reaction system. However, their 
results have revealed that the rate of the 
N20 + CO reaction is about two orders of 
magnitude slower than that of the NO + 
CO reaction, in accordance with the earlier 
findings by Hecker and Bell (7). The slow 
rate of the N20 + CO reaction compared 
with the rate of the NO + CO reaction was 
attributed to slow N20 decomposition 
caused by the strong CO inhibition effect, 
which has been confirmed lately by Belton 
and Schmieg (14). These latest findings sug- 
gest that the kinetic contribution of the 
N20 + CO reaction to the overall NO + 
CO reaction system should be negligible due 
to the very slow rate of the N20 + CO 
reaction. This in turn implies that the 
N20 + CO reaction as an intermediate reac- 
tion step during the NO + CO reaction can 
be safely assumed to be negligible, possibly 
justifying the omission of the N20 + CO 
reaction in the interpretation of the overall 
NO + CO reaction system (7, 10). One of 
the objectives of this paper is to examine 
whether this logic is well justified. 

In assessing the implications of the above 
findings in the kinetic analysis of the NO + 
CO reaction system, it is important to recog- 
nize that the above studies on the N20 + 
CO reaction kinetics (13, 14) were carried 
out as an isolated reaction system, not as an 
intermediate reaction step occurring in the 
overall NO + CO reaction system. As 
shown in this paper, the rate of the N20 + 
CO reaction as an intermediate reaction step 
in the overall NO + CO reaction system can 
be much faster than the rate of the isolated 
N20 + CO reaction. In this work, we clar- 
ify, through kinetic analysis, the origin of 
this difference between the isolated reaction 
system and the overall reaction system. 

KINETIC ANALYSIS 

The purpose of the detailed kientic analy- 
sis presented in this section is to compare 
the rate of the N20 + CO reaction as an 

isolated reaction system with that as an in- 
termediate reaction in the overall NO + CO 
reaction system. The latter we refer to as an 
overall reaction system. Since the steady- 
state rate of the N20 + CO reaction is lim- 
ited by the rate of N20 decomposition on the 
catalyst surface, it is appropriate to compare 
the rates of the N20 + CO reaction in terms 
of the rates of N20 decomposition in both 
systems. Furthermore, since the decompo- 
sition rate of N20 is of first order with re- 
spect to the surface coverage of N20 (13) 
and the decomposition rate constant can be 
considered to be the same for both systems, 
the task of comparing the NzO decomposi- 
tion rate can be accomplished simply by 
comparing the surface coverage of N20 be- 
tween the two systems. 

Kinetic Analysis of  the Overall NO + CO 
Reaction System 

The overall NO + CO reaction system 
involves the following three reaction path- 
ways (11): 

NO + CO--~ ½N 2 + CO 2 

2NO + CO--> N20 + CO2 

N20 + CO--~ N2 + CO2. 

Since the isolated NzO + CO reaction sys- 
tem can be considered as a subset of the 
overall NO + CO reaction system in which 
the N20 + CO reaction occurs as an inter- 
mediate reaction step, we focus on the over- 
all NO + CO reaction system first. Then 
the case of the isolated system follows 
naturally as a degenerate case of the over- 
all system. 

The mechanistic model presented below 
was developed by extending the surface 
chemistry model previously reported in the 
literature (7, 10) to include all the kinetic 
processes involving the adsorbed state of 
N20 (11). Such a model provides a conve- 
nient means of examining the mechanistic 
importance of the intermediate N20 + CO 
reaction in the overall NO + CO reaction 
system. Our model includes the sequence of 
elementary surface processes (11): 
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NO + S ~ NOa (1) 

C O  + S ~ C O  a (2) 

N O  a + S "-* N a + O a (3) 

N O  a + Na----> N 2 0  a + S (4) 

N 2 0  + S ~ N 2 0  a (5) 

N2Oa----> N 2 + O a (6) 

N a + N ~ N  z +2S  (7) 

C O  a + Oa-"-> C O  2 + 2S, (8) 

where the subscript " a "  denotes adsorbed 
state. Note that Eqs. (4), (5), and (6) de- 
scribe all the kinetic processes involving 
N 2 0  a o n  the catalytic surface. Formation of 
isocyanate species (NCO) is not included in 
the model since it is known that the NCO 
species present on the Rh surface does not 
significantly affect the kinetics of the NO + 
CO reaction (8, 15). Based on the surface 
reaction mechanism listed above, the 
steady-state mass balance equations for the 
surface species N O  a, C O  a, N 2 0  a, N a, and 
Oa can be written as 

k l C N o O  v - k_10NO - k 3 O N o 0  v 

- -  k4ONONo = 0 (9) 

k z C c o O  v - k _ 2 0 c o  - k80coO o = 0 (10) 

k4ONONo + k s C N 2 0 0 v  - k 50N20 

- k60Nz o = 0 (11) 

k3ONo0 v - k4ONONo --  2 k 7 0 2  = 0 (12) 

k3ONoO v + k60Nz O -- k80coO o = 0, (13) 

where the surface vacancy 0v can be approx- 
imated by 

0v= 1--0NO-- 0CO--0N20--0N. (14) 

Note in Eq. (14) that the surface coverage 
of oxgyen (0o) was assumed to be negligible 
because the rate of Oa consumption via CO 
oxidation is much faster than the rate of Oa 
production via NO a and/or N20 a dissocia- 
tion (10, 13). 

Important kinetic parameters necessary 
for steady-state analysis of the NO + CO 

reaction are listed in Table 1. Note that the 
activation energy for N20 desorption used 
by McCabe and Wong (13) is in line with the 
value for Pt(111) reported by Avery (17) and 
that the two kinetic parameters k 4 and k s 
which appeared in the mass balance equa- 
tions above are not required for the steady- 
state analysis, as shown later. Comparison 
of eco and eN in Table 1 indicates that the 
activation energy of CO desorption is de- 
pendent on nitrogen coverage, whereas the 
activation energy of nitrogen desorption is 
independent of CO coverage. In other 
words, the repulsive interaction between Na 
and COa on the surface facilitates the CO 
desorption, but not the nitrogen desorption. 
This seemingly counterintuitive phenome- 
non has been observed experimentally (9) 
and can be explained by the difference in 
desorption temperature between CO and ni- 
trogen. 

Since there is no literature data available 
for the sticking coefficient of N 2 0  o n  sup- 
ported Rh surfaces, it is appropriate to elab- 
orate on it which we have estimated to be 
0.002. Dissociative adsorption on N20 is 
known to be kinetically controlled by the 
molecular precursor state of N20 which re- 
quires more restrictive surface sites than 
the molecular precursor state of 02 (18, 
19). In case of O2 adsorption on the surface 
where CO is the dominating surface spe- 
cies, the dissociative sticking coefficient of 
O2 becomes two orders of magnitude 
smaller than that on a clean surface due 
to the restrictive site requirements for the 
precursor state (10, 20). In view of these 
observations, it appears reasonable to re- 
duce the value of the sticking coefficient 
of N20 by at least two orders of magnitude 
from the literature value reported on clean 
surfaces (18, 21), when the surface is domi- 
nated by COa and/or Na, as shown later. 
This gives an estimated value of 0.002 for 
the sticking coefficient of NzO, which is in 
line with those reported for Pt surfaces 
(22, 23). Our own kinetic analysis of 
McCabe and Wong's data (13), which will 
be reported in a subsequent paper, has 
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TABLE 1 

Important Kinetic Parameters for Steady-State Analysis 

Parameter Used in this work References 

k I [(cm3/mol) s-l] O'SNofNo (10) 
k_ 1 (s -I) 5 X 10 I3 exp(-26,000/RgT) (10) 
k 2 [(cm3/mol) s-l] o.Scofco (10, 13) 
k_ 2 (s -I) 1.6 X 1014 exp{(-31,600 + eco)/RgT} (10) 
k 3 (s -l) 6 x 1013 exp(-  19,000/RgT) (i0) 
k 5 [(cm3/mol) s-t] o.SN2ofN, ° (13) 
k 5 (s I) 1 × 1013exp(-5000/RgT) (13) 
k 6 (s -l) 2.6 × 1013 exp(-18,000/RgT) (13) 
k 7 (s - l )  3 × 10 I° exp{( -- 31,000 + eN)/RgT } (10) 
o- (cm2/mol) 1.6 × 10 Is (13) 
SNO 0.5 (10) 
SCO 0.5 (10, 13) 
SN20 0.002 (estimated) 
f (cm/s) [RgT/(2~rMi)] °'5 (16) 
eco (cal/mol) 4,5000co + 10,0000N (10) 
eN (cal/mol) 4,0000N (10) 

ind ica ted  tha t  the  s t icking coeff ic ient  o f  ( a c )  
N 2 0  can  be  m u c h  smal le r  than  0.002 under  1 - -  F B  __ ffA - -  F 0NO 

reac t ion  condi t ions  o f  the (N20 + CO)  
sy s t e m.  Thus ,  the a b o v e  e s t ima ted  value  - (1 + 1 ) 
a p p e a r s  to be  an app rop r i a t e  u p p e r  bound  , - FA -- Fc~ 0co 

for  SN2O. 

Q u a s i l i n e a r i z a t i o n  t h r o u g h  

N o n d i m e n s i o n a l  P a r a m e t e r i z a t i o n  

F o r  the p r e sen t  kinet ic  ana lys i s ,  it is con-  
ven ien t  to in t roduce  d imens ion le s s  gas- 
phase  c o n c e n t r a t i o n s  

I~B 

+ 
+ O N = 1. (19) 

Similar ly,  a n o t h e r  l inear  c o m b i n a t i o n  o f  
Eqs .  (10) and (13) yields 

1 + 0No + 1 + 0co 

+ 1 + 0N2o + ON = 1, (20) 

while that  o f  Eqs.  (9) and (12) resul ts  in 

( °) 
1 + 2 F  c + F A  0NO+0CO 

28 + 2r2'  
+ 1 + 2 F  c + FA/0N2 o + O N 

( 
= 1 \ 2 F c  + F A / .  (21) 

Fo r  fu r ther  analys is ,  it is useful  to recog-  

F A = o~KNoCNo, FB = K c o C c o ,  

F c ~- ~[~KN2oCN20, (15) 

and d imens ion les s  p a r a m e t e r s  

/(NO = k l / k - 1 ,  Kco = k2/k 2, 

KN20 = ks~k_ 5, (16) 

a = k l / k  2, fl  = k J k  2, 

y = k3/k 2, 8 = k7/k  2, (17) 

rl = yOv, r 2 = k6/k  2. (18) 

A l inear  c o m b i n a t i o n  o f  Eqs .  (9), (10), (11), 
and (13) then  yie lds  
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FIG. 1. Dimensionless rate of nitrogen desorption via 
nitrogen atom recombination as a function of nitrogen 
surface coverage. 

nize in Eq. (21) that 80~ is ex t remely  small 
over  all possible values Of0N, as can be seen 
in Fig. 1, which was calculated using the 
kinetic pa ramete rs  listed in Table I. In esti- 
mating 8, we assumed as a conservat ive  
measure  that 0co is zero on the Rh surface. 

! - ot/(F B - F A - Fc) 

M = + rl/FB 

+ a/(2F c + F A) 

O = [0NO 0CO 0N20 0N] T 

H -- [1 1 l]  T. 

Solving Eq. (23) in terms of ON assuming the 
matrix M is a constant  matrix (i.e., all its 
e lements  are constant)  (24), we get 

1 + 1/ (F B - F  A - 

1 + 1 /F B 

1 

0NO 

1 - -  O N 
_ _  _ (/3 + r2)FA/D, 

0CO 
- -  - {(a + 2rl)(/3 + r2)F B 
1 - ON 

-- rl(/3 + 2rz)FA -- r2(a + 2r l )Fc}/D,  

That  is, the actual value of  8 can be much  
smaller than what  we est imated it to be if 
the actual 0co is nonzero.  Under  the circum- 
stances,  the second term on the right-hand 
side of  Eq. (21) can safely be ignored since 
the magnitude of (2F c + F A) is typically on 
the order  of  unity as will be shown later. 
That  is, 

280~ 
0. (22) 

2Fc + FA 

Steady-S ta te  Surface Coverage o f  
Reac t ing  Species  

It is important  to note in the above  formu- 
lation that the paramete r  r I is not a constant  
paramete r  because  it is a function of  0v, 
which is in turn a function of  0No, 0co, 0N20, 
and ON through Eq. (14). For  the moment ,  
however ,  we can treat  r~ as a constant  pa- 
rameter  whose value is to be determined 
later in such a way that Eq. (14) is satisfied. 
In this sense, we call it opt imizat ion param-  
eter. With this idea of  the optimization pa- 
rameter  (rl) along with the help of  Eq. (22), 
the three equations (19), (20), and (21) can 
be represented by a sys tem of  quasil inear 
equations in a maxtr ix  form such as 

M O  = H ,  (23 )  

where 

Fc) 1 - / 3 / (F  B - F A - Fc) 1\ 

1 + rz/FB 

1 + 2(/3 + rz)/(2F c + F a) 

(24) 

(25) 

(26) 

0N20 
- {(c~ + 2r 1)F c + r1FA}/D, (29) 

1 - 0N 

where 
(27) 

D = (or + 2rl){( fl + r0(1 + F B) 

+ (1 - r2)Fc} - {(r 1 - 1)(/3 + 2r 2 - 1) 

+ r2 - 1}FA. (30) 

(28) Transforming the right-hand side of  Eqs.  
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(27) through (29) into the same form as their 
left-hand side, we can express the steady- 
state surface coverages in terms of  q as 

O N = {(q - 1)(/3 + 2r 2 - 1) 

+ r 2 -- 1}Fn/{(a + 2q)A}, (31) 

0NO = (/3 + rz)FA/{(a + 2r0A }, (32) 

0co = {(a + 2rl)(/3 + r2)F B 

- q(/3 + 2rz)F A - rz(a + 2rl)Fc}/ 
{(a + 2r0A }, (33) 

0N20 = {(o~ + 2q )F  c + qFA}/ 

{(a + 2q)A}, (34) 

where A is the inhibition function which 
characterizes the inhibition effect due to the 
adsorbed CO and N20 species on the cata- 
lytic surface and is defined by 

A = (/3 + r2)(l + FB) + (1 -- r2)F c.  (35) 

As will become more apparent  in later 
discussions, the inhibition function A pro- 
vides a common ground on which to com- 
pare the surface coverages of  reacting spe- 
cies in the NO + CO reaction system with 
those in the N20 + CO reaction system. 
Equations (31) through (34) constitute part 
of the complete  set of  solutions for the 
steady-state surface coverages of  the re- 
acting species in the (NO ÷ CO) reaction 
system. It is important  to note here that 
the optimization parameter  r~--which is a 
function of  0v by its defini t ion--has yet to 
be determined in such a way that Eq. (14) is 
satisfied as follows. 

D e t e r m i n a t i o n  o f  the  o p t i m i z a t i o n  p a r a m -  

e t e r  r~. Since 0NO, 0CO, 0N20, ON, and 0v are 
all functions of  r l ,  we can use Eq. (14) as 
the optimization condition for q .  Thus, in- 
serting Eqs. (31) through (34) into Eq. (14) 
we get 

ar  2 + br  t + c = 0, (36) 

where 

a = 2A/y, b = aA/y  - 2(/3 + r2) , 

c = - 0 4 / 3  + ,'2). 

The positive solution of  Eq. (36), 

(37) 

r I = y(/3 + r2)/A,  (38) 

is the optimized value of  q to be used in 
Eqs. (31) through (34) to determine 0No, 
0co, 0N20, and ON. From Eq. (38) and the 
definition of  r 1 , we get 

Ov = (/3 + rz ) /A .  (39) 

Thus, Eqs. (31) through (34), and Eqs. (38) 
and (39) are the complete set of  analytical 
solutions for the steady-state surface cover- 
ages of the reacting species in the NO + CO 
reaction system. This solution provides a 
convenient  way to compare  the kinetics of  
the isolated N20 + CO reaction with that 
of the intermediate N20 + CO reaction in 
the overall NO + CO system. 

R a t e  o f  N 2 0  + C O  R e a c t i o n  as  an  
I s o l a t e d  S y s t e m  

In an isolated NzO + CO reaction system, 
both NOa and N a are absent since N20 disso- 
ciation on noble metal surfaces is known to 
occur  via N20 a--+ N 2 + O a (13, 1 8 - 2 0 ) .  That 
is, 

F A = 0, 0NO = 0, and 0N = 0. (40) 

Equations (33) and (34) can then be reduced 
to 

0co = {(/3 + r2)F B - r2Fc}/A , (41) 

ON2 o = Fc/A, (42) 

0 v = (/3 + r2)/A,  (43) 

for the isolated N20 + CO reaction system. 
Note a slight difference between Eq. (42) 
above and Eq. (A.5) in McCabe and Wong 
(•3); the inhibition function (A) in their ex- 
pression becomes {(/3 + r2)(1 + FB) - rzFc} 
instead of being the same as that in Eq. (35). 
This difference is due to the latter authors '  
assumption of  negligible contribution by 
0N20 to the total surface coverage. Though 
their assumption is quite reasonable for their 
particular experimental  conditions, our  re- 
suits clearly show that it is an unnecessary  
assumption. It is remarkable to see by com- 
paring Eqs. (39) and (43) that 0v is expressed 
in exactly the same form for both systems. 
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Under steady-state conditions, the rate of 
the N20 + CO reaction is equal to the rate 
of N20 decomposition. Thus, the rate of the 
isolated N20 + CO reaction (R i) can be 
expressed as 

R i = k60Nz O = k6Fc/A. (44) 

Rate of  N20 + CO Reaction in an 
Overall NO + CO Reaction System 

With the aid of Eq. (34), the rate of the 
N20 decomposition in the overall NO + CO 
reaction system (Ro) can be written as 

R° = k6ON2° = k6 ( Fc + a r~2r,) /A" (45) 

Comparison of the Rate of  N20 + CO 
Reaction: Isolated System vs Overall 
System 
Comparison of Eq. (44) with Eq. (45) re- 

veals that the rate of the N20 + CO reaction 
in the overall NO + CO reaction system 
[Eq. (45)] can be much faster than the rate 
of the isolated N20 + CO reaction [Eq. 
(44)]. The rate-enhancement factor (~), de- 
fined as the ratio of Ro to Ri, can be written 
a s  

Ro 

n=Ri 
= (Fc'° + r'Fa'°l(~ + 2r')) & (46) 

FC, i A o ' 

where subscripts i and o stand for the iso- 
lated N20 + CO system and for the overall 
NO + CO system, respectively. As shown 
later A i and z~ o are not the same, in general, 
due to different repulsive interactions 
among adsorbed species on the surface. It 
is useful to note here that the gas-phase con- 
centration of N20 during the NO + CO re- 
action is always smaller than the feed con- 
centration of NO and is negligibly small 
except at low temperatures (11, 13). This 
suggests that Eq. (46) can be approximated 
by 

( r l ~ )  (I-'A ° ]  ( A i ~ l C , i  \ ~ o ]  , = \ ~-N~] (47) 

TABLE 2 

Dimensionless Parameter Values Calculated from 
Table 1 (583 K) 

Parameter Calculated value at 583 K 

Isolated system Overall sys tem 

a - -  4.667 x 10 -I 
/3 1.914 × 106 6.932 × 105 
r I - -  6.451 × 10 
r 2 6.711 × 103 2.431 × 103 
FA - -  2.560 
F B 7.313 2.650 
F c 2.334 × 10 -2 8.454 × 10 -3 
A 1.591 × 108 2.531 × 107 
eco (cal/mol) 3.959 x 103 5.135 × 103 

Note. Cco = Cr%o = 400 ppm was used for the 
isolated system; CNo = C c o  = CN2o = 400 ppm was 
used for the overall system. 

by neglecting the contribution of Fc, o to the 
rate-enhancement factor. 

In determining the rate-enhancement fac- 
tor using Eq. (46) or (47), it is important to 
recognize that the solution set--Eqs. (31) 
through (34), and Eqs. (38) and (39) for the 
NO + CO system; Eqs. (41) through (43) 
for the N20 + CO system--cannot be 
treated as an explicit solution set since some 
parameters are not constants but depend on 
0co and ON through eco due to repulsive in- 
teractions among CO~ and N~ on the surface, 
as can be seen in Table 1. This situation can 
be handled very easily by determining the 
correct value of eco through an iterative pro- 
cedure. 

Listed in Table 2 are the values of the 
nondimensional model parameters calcu- 
lated from Table 1 with the correct values 
of eco iteratively determined for both the 
isolated N20 + CO system and the overall 
NO + CO system at 583 K. Note that the 
parameter values of/3, r 2, F A, F~, Fc, and 
A are not the same for both systems. This is 
physically related to the fact that the repul- 
sive interaction among adsorbed species, as 
manifested through eco in Table 2, is differ- 
ent for both systems due to different cover- 
ages of the surface species, as shown in Ta- 



262 BYONG K. CHO 

TABLE 3 

Comparison of Surface Coverages and 
Rate-Enhancement Factor (583 K) 

Surface coverage Isolated system Overall system 

0co 0.880 0.376 
0N:o 1.466 × 10 -9 5.072 × 10 -7 
0v 0.120 0.274 
O N 0.0 0.344 
0rqo 0.0 5.417 × 10 -3 

Enhancement factor 
1.0 346 

Note. C c o =  C N 2 O  = 400 ppm was used for the 
isolated system; CNO = C c o  = Cy:o = 400 ppm was 
used for the overall system. 

ble 3. The small value of 4o compared with 
A~ in Table 2 indicates that the inhibition 
effect due to surface coverages of reacting 
species is not so severe in the overall NO + 
CO system as in the isolated N20 + CO 
system. Note that the two combined effects, 
large r] and small ratio ofA o to A~, can syner- 
gistically enhance the reaction rate ac- 
cording to Eq. (46). 

In view of the uncertainty about the exact 
value of SN20, we have calculated the rate 
enhancement factor (7) as a function of 
SN~o. The value of SN20 was varied in such 
a way that the product OfSN2 o and k 6 remains 
constant at a given temperature. [We want 
to point out that the kinetic data by McCabe 
and Wong (13) provide a reliable value of 
the product OfSN20 a n d  k 6 (i.e., SN2ok6) , e v e n  

though the individual values of SN2 o and k 6 

are still unknown. Thus, when the value of 
SN20 is varied, it is imperative that the value 
of k 6 be varied in a compensating fashion in 
order to keep constant the value of SN2ok 6 

determined by McCabe and Wong (•3).] 
Note that the simultaneous variation of SN20 
and k 6 while keeping their product constant 
does not affect the rate of the isolated 
NzO + CO reaction. For equivalent com- 
parison CN20 was assumed to be the same 
for both the overall system and the isolated 
system. The rate-enhancement factor calcu- 

lated at 583 K under the conditions listed 
in Table 2 is shown in Fig. 2. It increases 
monotonically from 3 to 700 as SN20 de- 
creases from 1 to 0.001. Considering that 
the reasonable estimate of SN2O is on the 
order of 10 -3 as discussed earlier, we can 
expect from Fig. 2 the rate enhancement of 
two to three orders of magnitude for the 
intermediate N20 + CO reaction in the 
overall NO + CO reaction system com- 
pared to the isolated N20 + CO reaction. 
This makes the rate of the intermediate 
N20 + CO reaction as fast as or even faster 
than the rate of the overall NO + CO reac- 
tion, since the rate of the NO + CO reaction 
at 583 K was reported to be approximately 
240 times faster than the rate of the isolated 
N20 + CO reaction (13). 

Surface coverages of individual reacting 
species in both systems obtained at 583 K 
under the conditions listed in Table 2 can be 
directly compared in Table 3. In the isolated 
N20 + CO reaction system, COa is the pre- 
dominant surface species while the surface 
coverage by N20 is negligibly small, in good 
agreement with McCabe and Wong (13). On 
the other hand, in the overall NO + CO 
reaction system, the dominating surface 
species are Na and CO~ with nearly the same 
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FIG, 2. Rate enhancement factor as a function of the 
sticking coefficient of N20. 
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TABLE 4 

Comparison of Surface Coverage Expressions between Isolated System and Overall System 
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Isolated system Overall system 

0co {(/3 + r2)F B - r2Fc}/A 
0N20 Fc/A 
Ov (/3 + r2)/A 
0 y 

0NO 

{(a + 2r0( fl + r2)F B - rl( fl + 2r2)F A - r2(c~ + 2r0Fc}/{(~ + 2r0A } 
{(a + 2q)F c + qFA}/{(a + 2q)A} 
(~ + r2)/a 
{(q -- l)(fl + 2r 2 - 1) + r 2 - 1}Fa/{(a + 2rl)2x} 
(fl + rZ)FA/{(~ + 2r0A} 

surface coverages.  This large surface cover- 
age of N a and C O  a may have some connec- 
tion to the formation of  NCO species ob- 
served in many IR studies (e.g., 8, 25, 26) .  
It is important to note in Table 3 that 0y2o in 
the overall NO + CO system is more than 
two orders of  magnitude larger than that in 
the isolated N20 + CO system, resulting in 
a large rate-enhancement  factor. This in- 
crease of  0y:O in the NO + CO reaction 
system compared to the isolated N20 + CO 
system is due to the production of  N20 a on 
the surface via NOa dissociation producing 
N a and Oa [Eq. (3)] and the subsequent asso- 
ciation of  NO a and Na [Eq. (4)]. Note  also 
that the vacant catalytic site (0v) available 
for adsorption and reaction is more than 
doubled in the overall NO + CO system 
compared to that in the isolated N20 + CO 
system. 

DISCUSSION 

As shown earlier, the elementary surface 
processes occurring on the catalytic surface 
during the NO + CO reaction over  noble 
metal catalysts are very complex,  and the 
mathematical description of the system is 
highly nonlinear. It appears that this com- 
plex nonlinearity has been the major diffi- 
culty in developing an analytical solution for 
this system; to the best of  our  knowledge, 
there has been no analytical solution avail- 
able so far, even though some numerical 
simulations of  this system have been re- 
ported (7, 10). 

With the belief that an analytical solution 
can give us bet ter  insight into the NO + CO 

reaction system than the direct numerical 
simulation, we have developed a complete 
set of  analytical solution for the overall 
NO + CO reaction system which includes 
the intermediate N20 + CO reaction step. 
This solution set is in a very  versatile form, 
so that it can also be used for the isolated 
N20 + CO reaction system simply by 
changing a couple of parameter  values. Re- 
sults are summarized in Table 4 for ready 
comparison between the two systems. The 
idea was based on a quasilinear representa-  
tion of the inherently nonlinear system by 
identifying a critical kinetic parameter  that 
can be used to transform the kinetic model 
equations of the system into an optimization 
problem. The key to our success rests pri- 
marily on this critical parameter  which was 
used as an optimization parameter  (rl). As 
the key parameter  of  the NO + CO reaction 
system, the optimization parameter  implic- 
itly carries the site-blocking effect due to 
adsorbed NO and nitrogen atoms which are 
absent in the isolated N20 + CO system but 
present in the overall NO + CO system. 
This is why the geometric site-blocking ef- 
fect due to NO a and N a is not shown explic- 
itly in the expression for the surface cover- 
ages [i.e., Eqs. (31) through (34)], as 
normally expected in adsorption isotherms 
of the Langmuir type. 

In our solution scheme, we have also in- 
t roduced an inhibition function which can 
be used for both the overall and the isolated 
systems. This inhibition function is physi- 
cally related to the effect of  repulsive inter- 
actions among adsorbed COa and N a spe- 
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cies. Thus, it is important to recognize that, 
even if the form of this function remains 
identical for both systems, its numerical 
value can be quite different due to different 
surface coverages encountered in both 
systems. 

Strictly speaking, the analytical solution 
obtained in this paper is valid only when 
802 is much smaller than (2F c + FA). In this 
regard, we want to point out that kinetic 
experiments for the NO + CO reaction over 
supported noble metal catalysts are gener- 
ally performed at atmospheric total pressure 
with NO concentrations on the order of sev- 
eral hundred ppm, a typical level in automo- 
bile exhaust. Under these typical experi- 
mental conditions, the above condition [i.e., 
Eq. (22)] is always satisfied. Thus, the ana- 
lytical solution developed in this paper can 
be used for practically all NO + CO kinetic 
experiments performed under atmospheric 
total pressure conditions. For UHV condi- 
tions, applicability of our solution should be 
checked by comparing the value of (2F c + 
I-'A) with that of 802 shown in Fig. 1. 

We have shown that the rate of the inter- 
mediate N20 + CO reaction during the 
overall NO + CO reaction can be as fast as, 
or even faster than, the overall NO + CO 
reaction, even though the isolated N20 + 
CO reaction is very slow. This finding has 
far reaching implications in our current un- 
derstanding of the kinetic mechanism of the 
NO + CO reaction; it indicates that the 
N20 + CO reaction plays a very important 
role during the reduction of NO by CO over 
supported Rh catalysts. It also suggests that 
the suppression of product selectivity to 
N20 formation observed at temperatures 
above 300°C during the NO + CO reaction 
(11, 13, 27) may not be due to the absence 
of the N20 formation as was previously be- 
lieved. It may very well be due to fast sur- 
face reaction of NzOa with COa immediately 
following the formation of N 2 0  a . Our latest 
experimental data, to be published shortly, 
appear to support this speculation. 

A further implication is that the overall 
reaction scheme proposed earlier for the re- 

duction of NO by CO under most experi- 
mental conditions of practical interest (11), 
namely, 

NO + CO 1 + C O  2 ~N 2 (48) 

2NO + CO ~ N20 + C O  2 (49) 

N20 + C O ~ N  2 + CO 2, (50) 

may probably be revised for high-pressure 
(i.e., atmospheric pressure) experimental 
conditions by eliminating Eq. (48). In other 
words, Eqs. (49) and (50) without the help 
of Eq. (48) can adequately describe the ki- 
netics of NO reduction by CO under high- 
pressure conditions. There are two reasons 
behind this speculation. One reason is that 
the extent of N 2 desorption via recombina- 
tion of two N a is negligible under the high- 
pressure reaction conditions, as shown ear- 
lier in Eq. (22). The other is that Eqs. (49) 
and (50) reduces to Eq. (48) when the inter- 
mediate N20 + CO reaction is sufficiently 
fast. 

SUMMARY AND CONCLUSIONS 

Since we first observed the participation 
of the N 2 0  + CO reaction as an intermedi- 
ate reaction step during the NO + CO reac- 
tion over supported Rh catalysts (11), it has 
been reported in the literature that the rate 
of the N20 + CO reaction as an isolated 
reaction is very slow compared to the rate 
of the NO + CO reaction. Unfortunately, 
this latter finding appears to have led many 
researchers to the false conclusion that the 
contribution of the N20 + CO reaction to 
the overall NO + CO reaction is negligible. 
The kinetic analysis based on elementary 
surface processes presented in this paper 
shows a clear distinction between the rate of 
the N20 + CO reaction as an intermediate 
reaction and that as an isolated reaction. 
Results of comparative kinetic analysis have 
indicated that the formation of N20 and its 
subsequent reaction with CO are very im- 
portant intermediate reaction steps in the 
reduction of NO by CO on Rh/AI203 cata- 
lysts. In view of the similar behavior in the 
formation of the intermediate N20 during 
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NO decomposition over noble metal cata- 
lysts (28), we speculate that the same is true 
for other noble metal catalysts such as Pt. 
Thus, our discovery of this analytical solu- 
tion promises to provide a better under- 
standing of the NO + CO reaction kinetics 
for automotive exhaust emission control us- 
ing the noble metal catalysts. More specific 
findings are listed below. 

1. The rate of the N20 + CO reaction as 
an intermediate reaction step in the overall 
NO + CO reaction system can be much 
faster than the rate of the N20 + CO reac- 
tion as an isolated reaction. The amount of 
this rate enhancement is estimated to be two 
to three orders of magnitude. 

2. The rate enhancement can be explained 
by the combined effect of increased N20 
surface coverage and the decreased inhibi- 
tion effect on the catalytic surface in the 
overall NO + CO system compared with 
those in the isolated N~O + CO system. The 
former effect is due to the contribution of 
surface reactions leading to the production 
of adsorbed NzO, while the latter effect is 
due to the increased repulsive interactions 
among adsorbed CO and nitrogen species 
creating more vacant catalytic sites avail- 
able for N20 adsorption and dissociation. 

3. As a result of this rate enhancement, 
the rate of the intermediate N20 + CO reac- 
tion can be as fast as or even faster than the 
rate of the overall NO + CO reaction. This 
then suggests that the N20 + CO reaction 
is a very important intermediate step in the 
overall NO + CO reaction over supported 
noble metal catalysts. 

One may argue that there is a possibility 
of the exact magnitude of the rate enhance- 
ment factor being larger or smaller than our 
present estimation, depending upon the ex- 
act value of the sticking coefficient of N20, 
as shown in the sensitivity analysis (Fig. 2). 
However, our latest experimental evidence 
supports the above conclusions in general, 
indicating that the value of Sy2o used in this 
paper is a reasonable estimation for the 
purpose of illustrating the rate enhance- 

ment of the intermediate N20 + CO reac- 
tion in the overall NO + CO reaction 
system. A report on the experimental veri- 
fication of this kinetic theory will be pub- 
lished shortly. 

S 
S i 

T 

Greek Letters 
a dimensionless NO a desorption 

constant defined in Eq. (17) 

APPENDIX: NOMENCLATURE 

Ci gas phase concentration of species i, 
mol/cm 3 

f one fourth the average molecular 
speed of species i, cm/s 

H a unit vector defined by Eq. (26) 
k I adsorption rate constant of NO, 

(cm3/mol) s -1 
k_l desorption rate constant of NOa, s-1 
k2 adsorption rate constant of CO, 

(cm3/mol) s -1 
k_2 desorption rate constant of COa, s -1 
k3 dissociation rate constant of NOa, s- 1 

k4 association rate constant between 
NOa and Na, s-J 

k5 adsorption rate constant of N20, 
(cm3/mol) s-  l 

k-5 desorption rate constant of N20 a, s-1 
k6 dissociation rate constant of N2Oa, s-  1 

k7 desorption rate constant of Na, s-  
ks rate constant of CO oxidation, s- 
Ki adsorption equilibrium constant of 

species i, cm3/mol 
M (3 × 4) kinetic matrix for NO + CO 

reaction system defined by Eq. (24) 
M~ molecular weight of species i 
rj dimensionless NO dissociation rate 

constant defined in Eq. (18) 
r 2 dimensionless N20 dissociation rate 

constant defined in Eq. (18) 
Rg ideal gas constant 
R i rate of the isolated N20 + CO reac- 

tion, s- 1 
R o rate of the intermediate NzO + CO 

reaction in the overall NO + CO reac- 
tion system, s- 1 

catalytic surface site 
sticking coefficient of adsorption for 
species i 
temperature, K 

rate 
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/3 dimensionless  N20  a desorption rate 
constant defined in Eq. (17) 

7 dimensionless  NOa dissociation rate 
constant defined in Eq. (17) 

F i dimensionless  gas phase concentra- 
tion of  species i defined in Eq. (15) 

8 dimensionless  N a desorption rate con- 
stant defined in Eq. (17) 

A inhibition function defined by Eq. (35) 
eco change in activation energy for CO~ 

desorption due to repulsive interac- 
tion among CO a and N a on the surface, 
cal/mol 

e N change in activation energy for Na de- 
sorption due to repulsive interaction 
among N a on the surface, cal/mol 
rate enhancement factor defined by 
Eq. (46) 

0 i surface coverage of species i 
O a vector of  surface coverage defined 

by Eq. (25) 
o- area occupied surface metal atoms, 

cm2/mol 

Subscripts 
a adsorbed state 
A NO  species 
B CO species 
C N20 species 
i chemical species (i = NO,  CO, N20,  

or N) 
v vacant surface site 
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