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RATE MULTIPLICITY DUE TO INTERACTIONS 
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Abatract--A generalized Langmuir-HinshelwocKI mechanism for the reaction A + 1/2B 2 ~- C has been 
studied. Lateral (nearest neighbor) interactions between the adsorbed species have been considered to ana- 
lyze the multiple steady-states in the chemical reaction. Forward and reverse reaction rate constants have 
been evaluated via the lattice-gas model with the absolute rate theory. The simulation by the proposed model 
can predict multiple steady-states and hysteresis. Experimental correlation was made for the rate multiplicity 
observed by Sung [3] on CO oxidation reaction. 

INTRODUCTION 

When the chemical reactions occur on the catalytic 
surfaces, the activation energy may depend on the sur- 
face coverage [1 ]. This may be caused by either the in- 
trinsic surface heterogeneity or the interactions be- 
tween the surface and the adsorbed species, or by the 
combination of both. Temkin [2] has discussed in 
detail the influence of the surface heterogene.ity on the 
reaction rate constants. 

In order to obtain the pure intrinsic reaction rate 
data, it is often desirable to use the continuously 
pumped high vacuum reactor with the single crystal- 
line catalyst [3]. The use of a single crystalline catalyst 
can rule out the heterogeneity of a catalyst surface. [t 
might be presumed that the interactions between the 
adsorbed species are the only cause for the rate multi- 
plicity. This interaction between the adsorbed species 
may be due to one or more of the followings [4]; l. 
chemical interaction through the overlap of the mole- 
cular orbitals, 2. van der Waals forces, 3. London 
force.,; (dispersion forces), 4. dipole-dipole interaction 
and, 5. substrate-modulated interaction. The multipli- 
city phenomena have usually been analyzed in terms 
of the effect of chemisorption strength as shown by Ei- 
genberger [5]. However it is supposed that the admole- 
cular interactions must play a significant role in the 
rate multiplicity. 

In this work, the lattice-gas model with the absolute 
rate theory is applied to consider the influence of the 
interactions on the rate constants. The generalized 
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Langmuir-Hinshelwood(LH) mechanism has been ana- 
lyzed for a simple bimolecular surface reaction. It is 
shown that the resulting model equations can predict 
the hysteresis phenomena. 

THEORY 

Consider a simple bimolecular surface reaction be- 
tween A and B 

A + I / 2 B ~ C  (I) 

proceeding through the following Langmuir-Hinshel- 
wood(LH) type reaction steos 

A +  * ~ A *  (2) 

B~+2*-  -~- 2B* (3) 

A * + B * ~  2*-}-products (4i 

where * denotes an empty adsorption site. A adsorbs 
at single active site, while B 2 adsorbs dissocia~ively 
and desorbs associatively. The products, once formed, 
are assumed to leave the system immediately. This 
type of mechanism has recently been confirmed for 
the oxidation of carbon monoxide on the single crys- 
talline platinum surface [3] where carbon monoxide 
corresponds to A and oxygen to B2. 

According to the mass action law, the mass balance 
equations for the surface species A* and B* are as fol- 
lows. 

d G  = k ~ P ~ ( 1 - 8 ~ - O ~ ) - k  ,8~-k~0~8~ (5) 
dt 
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dSB =2k2P~2(1-  & -  &,)2-2k ,0~--kaG0,,  ,61 
dt 

where 0A and 0B are the fractional surface coverages of 
the adsorbed species A* and B* respectively. 

In general the rate constants are the function of the 
surface coverages. The lattice-gas model with the ab- 
so:iute rate theory is applied to explain the influence of 
the interactions between the adsorbed species on Ihe 
tale constants. For the application of the lattice-gas 
model a surface having M adsorption sites will be con- 
sidered, Each adsorption site has z neare.st neighbors, 
and can hold at most one adsorbed species. Our atten- 
tion is confined to only the nearest neighbor interac- 
tions and accordingly an adsorbed species does not in- 
teract with the adsorbed species other than the nearest 
neighbor sites. The rate constants, k> k ~, k2, k_2 and 
k3 should be obtained as functions of the surface 
coverages 0~ and OR. 

The following sequence of derivations is similar to 
those given by Zhdanov [8]. The main point of the ap- 
proach is presented here in order to avoid the nota- 
tional complexities. 

The rate of a monomolecular desorption of mole- 
cules A in the presence of molecules B is defined as 

dN~ 
dt . . . .  kd~ 0.. 0~)N, [7) 

where 6A = NA/M, 0B = Ns/M are the fractional surface 
coverages, M is the number of elementary sites. Tak- 
ing into consideration the non-configurational parti- 
tion functions, F A and FA*, and using the standard as- 
sumption of the absolute rate theory,, we obtain (e~j<0 
for attraction) 

kT F*  ~ 
kd = h - - F ~ -  2~t- . . . .  exp ! -  ( E ~ + a ~ . . ) / k T }  (8) 

where PA.,,,, is the probability that particle A has n par- 
ticles of A and m particles of B in the neighbor sites,, Ed 
is. the energy difference between an activated complex 
A* and a molecule A when the nearest sites to the 
molecules A and to the activated complex are empty, 

agnm=Fl { g t * , ~  - -  E:A,I ) 4 IT l  ( s  ,~ - -  g. ,~,~ {9) 

is the lateral energy difference between the activated 
complex A* and the molecule A, and e,~ is the interac- 
tion energies of the nearest particles ij. 

At present the exact calculation of {he probability 
F'A.,,,, is impossible. The most suitable method for the 
approximate calculations is the quasi-chemical ap- 
proximation(QCA). According to this method PA ..... 
may be expressed through the probabilities P,~A, PAR 
.... etc., where P0 is the probability that the two nearest 
sites are occupied by the pair ij. In the following the 
subscripts A and B represent the sites occupied by A 
and B respectively and the subscript O represent,; the 

empty site. These probabilities are described by the 
equations 

P,A4 PA,~ ~ P~o§ P ,~TP~o~ P o o = l  (i0) 

2P~A 9P~Bq PAo=2G (11) 

2P,B - P~,~-} P,~o=2 G (12) 

.... Poo/Pao-O. 25exp ( -  eA,/kT ) (13) 

PsBP,,o/Pd,,=O. 25exp ( - e.~B/kT ) (14) 

P**,Poo/P.,o P, ,o=0.50exp ,',- e , J k T ) .  (15) 

Equations (13) to (15) are the representations of the 
quasi-chemical approximation for a system of two 
kinds of particles. 

According to the QCA, the different pairs are con- 
sidered to be independent, hence 

z ! P,.",P,:~P.,*o- '~- '~ 
P . . . .  nrnV ,iz-n-mi! (P.,,4 P., .+P~o)* (161 

where PA~ = 0.5 PAB, PAO = 0.5 PAO" After substituting 
eq.(9) and (16) into eq.(8), and rearranging them with 
the trinominol theorem, the function ~d whic.h descri- 
bes the influence of the adsorbed particles interaction 
on the rate of desorption, can be defined as 

Cd = ZP . . . .  exp I -  Ae.~/kT) = 7~ (17) 
n m  

where 

7A = P.,.~exp ~ (e~A - ~*.~,~/kT i ~ l~A,~exl:: t (e~,, 

- e , * , ) / k T  } q-F'Ao /8A (18) 

The desorption rate constant of A is then expressed as 
follows 

kT F~* 
k ~ =k~', = - ~  ~ e x p  ( - E J k T )  �9 Cd = Vda Cd 

The rate of monomolecu]ar adsorption of A may be 
expressed as 

dN, /d t  =k~,, 0~ 0,,)Nf (20) 

where N~ is the number density of molecules A in the 
gas phase, and rate constant may be calculated in a si- 
milar way 

kT F~. 
k~ h F~ 11-OA-O~),~,~ZP . . . .  exp / - -  (Er 

! A~:{,,,J/kT / (21) 

where AEG, (= neA*a + meA*a) is the interaction en- 
ergy of an activated complex and its environment. In 
general the number of activated complexe.s is small 

Korean J. Ch. E. (Vol. 6, No. I) 



48 K.-S. KANG and S.-K. IHM 

(Ei./=0, namely Ca= 1). Using eqs.(20), {21) and {2), 
the rate constant of adsorption k I becomes as follows 

1 ~ * e x p  ( -  E J k T )  (22) k , - -  Mh 

An adsorption isotherm is defined by the equality be- 
tween the desorption and adsorption rates. 

The rate of the associative desorption 2B*--* B2 + 
2* may be expressed as 

dN,~ _ k~,a ( 0., 0.) M. (23} 
dt 

Taking into consideration the nonconfiguratkmal par- 
tition functions we obtain 

k ~ -  kT F~.~.. z- ZP,~,,exp [ -  ( E ~ +  At , ) /kT~ 
h F~ l 

(2,i} 

where PBB, i is the probability that two nearest sites are 
occupied by the pair BB and that this pair has the envi- 
ronment marked by the index i, Ead iS the energy dif- 
ference between the activated complex and pair BB 
when the nearest sites are empty and At i is the lateral 
energy difference between the activated complex and 
the pair BB. The function, Cad, is defined to describe 
the influence of the particles interaction on the rate of 
the associative desorption, 

[ ZPBs,~exp . ~ , / / 0 ~ (  t ~ -  zl~ ~,o,= 

= P ~  7~ . . . .  exp (~. . /kT) 
0~ (25} 

where the last equality is obtained using QCA, toge- 
ther with 

7B := P.sexp [ (s~. - ~*~) /kT)  +P,~.exp ( ( ~  

- e~ , , , , ) /kT]  + P , o ) / 0 , , .  (26) 

The rate constant of desorption, k_ 2, is expressed as 

k , =  v,~, ,;b,,,,. (27) 

The rate of the dissociative adsorption is obtained 
in a similar way. 

d N J d t  =ka,~ (0a, 0,,) N~  (28) 

kT F , . .*  

+ A t ,  ) / k T  ] (29) 

Poo (30) 
k~ = ua. (1 - 0,4 - 0~) ~ " 

The rate of the LH reaction, A* + B*----- C + 2* of 
the adsorbed molecules may be written as 

dN, /d t  =dNB/dt = - kL. (0A, 0~) M. (31) 

Taking the partition function into consideration, 

kT F~*~* z ZP ,~ ,exp  [ -  (E~ 
kLH=h F,FB 2 ' 

+ A t , ) / k T  ]. (32) 

According to the quasi-chemical approximation, the 
probability PAB, i iS expressed in terms of the probabi- 
lities, PA,nm and P~.,,~m. and the following equation is 
obtained. 

ZP .... exp ( -  A~/kT} =PAB 7~ ' 7~ -1 (33) 
f 

It is useful to define the following function, 

~ =  ~ E P ~ . e x p  &~-Aa~ . ( ~ T - - )  5 (2 oA O.) ' (34) 

which is a measure of the influence of the particles in- 
teraction on the rate of reaction. The rate constant be- 
comes 

k 3  = ~e J R .  {35) 

So far the rate constants, k~, k_l, k2, k_2 and k 3 were 
obtained by considering the interactions between the 
adsorbed species. Inserting the rate constants into 
eq. ' s  (5) and (6) and arranging them lead to 

d 0~ _ v~p~ ( 1 -  0A-  OB) - VdAO~ 7f 
dt 

- vRP~.q~8 ( YA 7B) ~-' (36) 

d0 .  2 v~.P. ,Poo-2 va. 

- vnPa~qA~ (7A7.)  " - '  (37) 

where, q.~ =exp  (s~JkT) ,  q .~=exp  (eRJkT), 

and q,4~=exp (&. /kT) .  

The time derivatives are zero at the steady state 
and the dimensionless rate(R) can be given by eq. (38). 

R =PA. q , .  ()'~ ~ )  ~-' (38) 

Arranging eq. ' s  (36) and (37) leads to 

Ps (1 - 0~ - 0~) = E A .  0A ),~+R (39) 

P,~Poo = EB" PB~:t 8B 2 '~- '  + R (40) 

where 

p~ _ .vaAP,~, p.~ = 2 vc,.P~ z , EA = va~ EB= 2 I;a B 

l,',q l.~e ~ I JR 

The equations (38), (39) and (40) will be solved si- 
multaneously together with the QCA of equations (110) 
to (15). Nonlinear regression techniques were emplo- 
yed for the numerical computations to solve the simul- 
taneous nonlinear atgebraic equations. 
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D I S C U S S I O N  

The CO oxidation reaction carried out by Sung [3] 
was analyzed to demonstrate the experimental correla- 
tion with the present model The reaction was studied 
over Pt(110) single crystal catalyst from 300 to 900 K 
with CO and oxygen partial pressures from 3 • 10 -7 to 
5 x 10 -7 Tort in a continuously pumped wicuum reac- 
tor. A plot of typical steady state kinetic data is shown 
in Fig. 1. The ordinate is the natural logarithm of 

A Pco~ (= Pco2-background Pco2). In the continuously 
pumped system APco 2 is proportional to the reaction 
rate ( ~ Pco 2 co R). 

The values of the parameters in simulation were 
selected as in Table 1 based on CO oxidation on the 
(110) surface of Pt single crystalline cataly,~t [3]. It is as- 
sumed that the interaction energies, EAA ~ - - 1 . ~  K c a l /  

mole and ~Ae - s = 0 by the trial and error in simula- 
tion in order to match with the experimental results 
observed by Sung [3]. The experimental data in Fig. 1 
are very close to the simulation results (to be shown in 
Fig. 4 later on). It was explicitly assumed that the inter- 
action energy between the adsorbed species A* and 
A* is much larger than that between the adsorbed 
species B* and B* (IEAAI "~> IaBBI). As PA increases 
slowly from the low value at a constant P,%,, A can easi- 
ly displace B from the surface because of the low at- 
traction energy, eBB-The reaction rate increases. This 
corresponds to the left branch of the kinetic curve in 
Fig. 2. If PA increases a bit further, A displaces most of 
B 2 from the surface. It is difficult for B to be adsorbed 
because of the large attraction energy among the ad- 
sorbed species of A (A-blocking). This point cot- 
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Fig. I. Multiple s t e a d y  s tates  for CO ox idat ion  on  Pt 
(I I0) surface  [3]. 

Table  I. Values  of the  s y s t e m  p a r a m e t e r s  u s e d  in 
the  s imula t ion  

Parameter Remark 

M ] x 1015;cm3 

Z - 4  

l-'aA 2.72 • 105(Tort) lsec-1 

~'aB = l 11 x 10:;(Torr)-lsec -] 

P dB = 0 s ec -1  

l.JdA -- 1 x 1012 exp(-27000/RT)sec -1 

1/g -- M(0.84 x 10 -Ll) 

exp(- 10500 / ~T)sec-1 

e A A  - -  - -1 ,6  Kcali mol 

r BB = 0 

EAB =0 

nonactivated 

non-desorption 

Temp-dependent 

Note: The values of the parameters were selected based on 
CO oxidation on Pt single crystalline catalyst [3]~ 

responds to the downward transition in Fig. 2. The 
reaction rate at the downward transition point drops 
by more than one order of magnitude, which was 
observed by Sung [3]. Golchet and White [6] postulated 
that such an abrupt downward transition may be ac- 
companied by the condensation-like accumulation of 
adsorbed species. Fig. 3 shows such a possibility quite 
clearly (i.e., 0A jumps from 0.1 to 0.9). 

Inversely as PA decreases slowly from a high value 
of PA, B2 cannot easily displace A from the surface 
even at the pressure of the downward transition be- 
cause of the attractive interaction among A's .  When 
PA decreases a bit further from the pressure of the 

.0 PB 

~" -2.0 

-4.0 

i 
i 
i 

-6.0 . . . .  i . . . .  t . . . .  I . . . .  
-7.5 -7.0 -6.5 -6D -5.5 

log10 PA (Tort) 

Fig. 2. The  c l o c k w i s e  h y s t e r e s i s  for the  react ion  rate  
vs .  PA at 460OK and PB2 = 4 • 10 -7  Torr.  
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Fig. 3. The frac t iona l  sur face  c o v e r a g e  0A vs. PA at 

460~  and PB2 = 4 x 10  -7 Torr.  

downward transition, the A-A attractive interaction de- 
creases and B begins to displace A. And tl~e reaction 
rate increases abruptly at this point. This point corres- 
ponds to the upward transition in Fig. 2. According to 
the histo~ of PA variation at the pressures between the 
upward and the downward transitions, there exist 
multiple steady states at the same value of PA. 

As can be seen in Fig. 2, the catalyst surface is 
mainly saturated with B for the left branch of the kine- 
tic curve and with A for the right branch. ] 'he predic- 
tions of the surface coverage variation with PA under 
the reaction conditions as shown in Fig. 3 generally 

.0 
- -  ; 4 6 0 K  
. . . . .  ; 470 K PB2 

- " r (i 

', ~'4 

-40  i- "4",.. 

-6.0/ . . . .  I . . . .  ~ . . . .  I . . . .  
-7.5 -7.0 -6.5 -6.e -55  

log l0 PA (Tort) 
Fig. 4. The effect  of  t e m p e r a t u r e  on  the  c l o c k w i s e  

h y s t e r e s i s  at PB 2 = 4 x 10 -7 Torr.  

.0 t 
PA 

-2.0 

-4.0 

i , t 
{ J , 

t i ! :  

J 

-6.0 . . . .  I , , , , i , , , , [ , , , , 
-7.5 -7.0 -6.5 -6.0 -5.~ 

lugl(~ PB 2 (Turr) 

Fig. 5. The  c o u n t e r - c l o c k w i s e  h y s t e r e s i s  for  the  

reac t ion  rate  vs. PB2 at 470~  and PA = 2 x 

I0 -7 Torr.  

agree with the data reported by Oolchet and White [6]. 
Fig. 4 shows the clockwise hysteresis for two dif- 

ferent temperatures. The hysteresis loops become 
smaJler with increasing temperature. The shrinking 
rate of the loops is smaller than that of the experimen- 
tal loops in Fig. 1. The reaction rate on the left branch 
is not sensitive to the temperature variation, but the 

right branch shifts appreciably with the temperature. 
The sensitivity to the temperature can be explained if 
B 2 starts to desorb at a higher temperature (i.e.,-800 
K) as well as if A at a temperature near to the hyste- 
resis range (i.e.,-400 K) [3]. 

The counter-clockwise hysteresis phenomena are 
shown in Fig. 5 when PB2 varies at a fixed P.4. This is 
expected fronl the PA and PB2 effect in Fig. 2. Because 
the A-A attraction is bigger than the B-B attraction, B 
cannot easily displace A. Fig. 6 shows the extent to 
which B displaces A from the surface with increasing 
Ps:~. It can be seen that ccmsiderable portion of the sur- 
face is covered by A even after the upward transition. 
The reaction rate will be still high. This corresponds to 
the right branch of the kinetic curve in Fig. 5. Inver- 
sely as PB2 decreases slowly from the high value, the 
reaction rate decreases abruptly at the lower value of 
the PB2 than the pressure for the upward transition. 
This results in the counter-clockwise hysteresis, loop, 
which is a good contrast to the clockwise hysteresis 
loop in Fig. 2. 

Through close examination of Fig. 4 it is possible to 
predict the behavior of the reaction rate, R, with tem- 
perature at a fixed PA and PB2. The resulting curve 
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Fig.  6. T h e  f r a c t i o n a l  s u r f a c e  c o v e r a g e  OB vs .  PB2 at 

4 7 0 ~  a n d P  A = 2 x 10- T T o r r .  

exhibits the counter-clockwise hysteresis as shown in 
Fig. 7. 

Eigenberger [5] also proposed that the clockwise 
and the counter-clockwise hysteresis can be caused by 
so called "A- and B-blocking" respectively. However 
A- or B-blocking was explained by the big difference in 
the chemisorption strength, which is the attractive 
force between A or B and the surface. It is rather in- 
teresting that the two different approaches (one, which 
is the present study, is based on the interaction among 
the adsorbed species and the other on the chemisorp- 
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,.v-  

-4.0 

i ; 
I ' 

/ 

, 1 , l i r I t I I . , i  
-6"0430 440 450 4(;0 470 48{) 490 500 

T (~ 

Fig.  7. T h e  c o u n t e r - c l o c k w i s e  h y s t e r e s i s  for  t h e  

r e a c t i o n  rate  vs .  t e m p e r a t u r e  at PA = 2 x 10 -7 

T o r t  a n d  PB2 = 4 • 10 -7 T o r r .  

60.0 b 

5(LO 

2 
~5 4o.0 

30.0 

20.0 

l t).O 
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0 .2 .4 .6 .8 

8A 
1.0 

Fig.  8. T h e  c h e m i s o r p t i o n  s t r e n g t h  in t e r m s  of  k l P A /  

k I vs .  0A at 4 6 0 ~  a n d  PB2 = 4 • 10 -7 T o r r .  

tion strength) result in the same explanation on the 
hysteresis phenomena. From the present analysis, the 
chemisorption strength can be represented by klPA/ 
k p Fig. 8 shows that up to 8A~0.8, the strength in- 
creases very slowly, but above the value the strength 
increases very fast and the A-blocking will appear. 
Sung [3] observed the difference of the multiplicity be- 
tween the lattice planes of the single cD, stal, e.g. 
Pt(110) and Pt(]00). They may be predicted by the ne- 
wly-proposed model where z depends on the particu- 
lar type of surface lattice. ]t would be difficult to predict 
them by the model based on the strong chemisorption. 
Additionally confirmation has been made through nu- 
merical computations that the variations of Z,~A and ,EBB 
can result in the clockwise and the counter-clockwise 
hysteresis respectively. 

C O N C L U S I O N  

The rate multiplicity was assumed to occur due to 
the interactions between the adsorbed species, and the 
interactions were elucidated by applying the lattice-gas 
model with a statistical approach. A generalized Lang- 
muir-Hinshelwood mathematical model was chosen 
for the analyses. The simulation results were shown to 
predict all the detailed patterns of the hysteresis loop 
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with respect to the reaction variables, Both the 
clockwise and the counter-clockwise hysteresis LH 
phenomena were obtained for the same values of the M 
kinetic parameters. It is rather interesting that two dif- N A 

ferent approachs, one based on the lateral interaction N g 
and the other on the chemisorption strength, result in 
the same explanation on the hysteresis phenomena. 
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NOMENCLATURE 

EA 

EB : 
E a 

Ed 

Ea d 

Ed~ 

ELI4 : 

FA, FA- : 

F~r F~. : 

h 
k 
kb k_L : 

k2, k-2 

~3 

k~ 

k~ 

kad 

kda 

kLn 

NB 
N~2 

NT 

PA 
PA �9 

PB 2 
P82 �9 
P A.nm 

defined by VdA/VR 
defined by 2 v,~B/uR PBai 
energy difference between an activated 
complex A* and the molecular A for the 
adsorption Po 
energy difference between an activated 
complex A* and the molecular A for the P,) 
desorption q'.' 
energy difference between an activated P" 
complex B* and the molecular B2 for the R 
associative desorption T 
energy di.L'erence between an activated z 
complex B* and the molecular B 2 for the 
dissociative adsorption YA, y~ 
energy difference for the Langmuir-Hin- eJ./ 
shelwood reaction step 
nonconfigurational partition functions of " ~ m  
A, A* 
nonconfigurational partition functions of .4~* m 
B2, B* 
Plank �9 s constant 0A 
Boltzman�9 s constant 
rate constant of A for the adsorption, for 8~ 
the desorption in eq. (2) 
rate constant of B for the dissociative adsor-. VoA, vaA 
ption, for the associative desorption in eq 
(3) 
rate constant for the surface reaction in eq. v,:,s,,.'a,B 
(4) 
rate constant of A for the monomolecu[ar 
adsorption V R 
rate constant of A for the monomolecular 
desorption 
rate constant of B for the associative desor. 
ption 
rate constant of B for the dissociative adsor- 
ption 1. 
rate constant for the surface Langmuir-Hin- 

shelwood reaction 
Langmuir-Hinshelwood 
number of the elementory sites 
number of the adsorbed A (molecules/cm 2) 
number of the A molecules in the gas 
phase (molecules/cm 3) 
number of the adsorbed B 
number of the B 2 molecules in the gas 
phase 
equal to M 
partial pressure of A 
defined as vdAPA/v R 
partial pressure of B 2 
defined as VdBP82/VR 
probability that the particle A has n par- 
ticles of A and m particles of B in the 
neighbor sites 
probability that two nearest sites are oc- 
cupied by the pair BB and that the pair has 
the environment marked by the index i 
probability that two nearest sites are oc- 
cupied by the pair ij 

defined as 0.5 Pij 
defined as exp (e~/kT) 
dimensionless reaction rate 
gas constant (= 1.987 cal K -l mol -f) 
absolute temperature (~ 
number of the nearest neighbors to an ad- 
sorption site 
functions defined by eq. (19), by eq. (28) 
interaction energy of the nearest particle 
pair ij 
lateral energy difference defined as n(r A- 
~ )  + m(~.~-~B) 
interaction energy between the activated 
complex and the neighbor particles 
fractional surface coverage of the adsorbed 
species A* 
fractional surface coverage of the adsorbed 
species B* 
rate constant of A for the adsorption, for 
the desorption without admolecular inter- 
action 
rate constant of B for the dissociative adsor- 
ption, for the associative desorption with- 
out admolecular interaction 
reaction rate constant without admolecular 
interaction 
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