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Abstract--Eleven mechanisms for heterogeneous catalytic ethylene h y d r o g e n a t i o n  o b t a i n e d  w i th  a c o m p u t e r  
p r o g r a m  M E C H E M  were  e x a m i n e d  for  pos s ib l e  mul t ip l i c i ty  o f  s t eady  s ta tes  in an  i so the rma l  f low- type  wel l -  
s t i r red  reactor .  O f  these eleven mechanisms, four  a l low the  mul t ip l i c i ty  o f  s t eady  states,  bu t  the  o the r s  do  not .  
T h e  mu l t i p l i c i t y  o f  s t eady  s ta tes  is s h o w n  to be  a s t rong  d i s c r i m i n a t i n g  fac to r  w h e n  c o n s i d e r i n g  the  hypo the t i ca l  
mechanisms o f  ca ta ly t ic  r eac t ions .  

In recent years we developed a rational strategy for 
mechanistic studies of complex reactions [1, 2]. A 
methodologically sound method is based on proposing 
a set of mechanistic hypotheses and designing experi- 
ments capable of rejecting any hypothesis from this set. 
Attempts to prove any known or proposed mechanism 

by experiments are misguided because it is only possi- 
ble to determine whether or not the mechanism contra- 
dicts experimental observations. Thus, we have carried 
out research along two lines: (1) the development of 
computer programs to help propose mechanistic 
hypotheses of catalytic reactions [3-6] and (2) the 

0) 
2 M  + C H E = C H  2 . - M C H 2 C H 2 M  

H 2 + M C H 2 C H 2 M  . . 2 M C H  3 

2 M C H  3 -  " 2 M + C H 3 C H  3 

(2> 
2 M  + H 2 . - 2 M H  

C H 2 = C H  2 + M H  �9 - M C H 2 C H  3 

M H  + M C H 2 C H  3 .. - 2 M  + C H 3 C H  3 

<3) 
2 M  + H 2 . - 2 M H  

C H 2 = C H  2 + M H .  - M C H 2 C H  3 

H2 + M C H 2 C H  3 - �9 C H 3 C H  3 + M H  

(4) 
2 M  + C H 2 = C H  2 . �9 M C H 2 C H 2 M  

H2 + M C H 2 C H 2 M .  " M H  + M C H 2 C H  3 

M H  + M C H 2 C H  3 . . 2 M  + C H 3 C H  3 

<5) 
2 M  + C H 2 = C H  2 . - M C H 2 C H 2 M  

H 2 + M C H 2 C H 2 M .  " M H  + M C H 2 C H  3 

H2 + M C H 2 C H 3  - " C H 3 C H  3 + M H  

<6) 
2 M  + C H 2 = C H  2 . - M H  + M C H = C H  2 

H 2 + M C H = C H  2 . . M C H 2 C H  3 

M H  + M C H 2 C H  3 . - 2 M  + C H 3 C H  3 

Scheme 1. 

(7> 
2M + CH2=CH 2 . - MH + MCH=CH 2 

H 2 + MCH=CH 2 . . MCH2CH 3 

H2 + MCH2CH 3 - " CHaCH 3 + MH 

<8> 
2 M  + H 2 . . 2 M H  

C H 2 = C H  2 + M H  . " H 2 + M C H = C H  2 

H 2 + M C H = C H  2 . . M C H 2 C H  3 

M H  + M C H 2 C H  3 . ,, 2 M  + C H 3 C H  3 

<9) 
2 M  + H 2 ., - 2 M H  

C H 2 = C H  2 + M H  . - H 2 + M C H = C H  2 

H 2 + M C H = C H  2 . . M C H 2 C H  3 

H2 + M C H 2 C H  3 - " C H 3 C H  3 + M H  

<1o) 
2 M  + C H 2 = C H  2 . - M C H 2 C H 2 M  

2 M  + H 2 . �9 2 M H  

M C H 2 C H 2 M  + M H .  �9 2 M  + M C H 2 C H  3 

M H  + M C H 2 - C H  3 . - 2 M  + C H 3 C H  3 

(11) 
2 M  + C H 2 = C H  2 . . M C H 2 C H 2 M  

2 M  + H 2 . " 2 M H  

M C H E C H 2 M  + M H .  �9 2 M  + M C H 2 C H  3 

H2 + M C H 2 C H  3 - " C H 3 C H  3 + M H  
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search for discriminating factors. One type of experi- 
mental information that can be used as a discriminating 
factor is the presence of critical phenomena, such as the 
multiplicity of steady states (MSS), oscillations, etc. In 
our recent papers [7, 8], we reported on critical phe- 
nomena in typical metal-complex homogeneous cata- 
lytic systems under the conditions of alkyne oxidative 
carbonylation. These phenomena have also been 
observed before in homogenous catalysis in similar 
systems, but they have been given no credence and 
remained unstudied. 

In this short communication, we show that informa- 
tion on the presence of MSS is a strong discriminating 
factor. For this purpose, we used information [9] that 
MSS is observed in ethylene hydrogenation over a 
rhodium catalyst, taking into account that the hypothet- 
ical mechanisms proposed in [9] were not chemically 
plausible. 

We used the computer program MECHEM [2, 4, 5] 
to generate hypothetical mechanisms of the heteroge- 
neous catalytic hydrogenation of ethylene and obtained 
eleven plausible hypothetical mechanisms shown in the 
scheme. The technical details of mechanism generation 
were described in [2]. 

For mechanism generation, we used the computer 
program CNRT [10], which analyzes mechanisms for 
MSS in an isothermal well-stirred flow-type reactor. 
Note that the CRNT manual directly points to the fact 
that the program can be used for mechanism discrimi- 
nation based on data on the existence and positions of 
multiple steady states. 

Our formulation assumed that MSS are due to the 
mechanism structure and the nature of nonlinear steps. 
Thus, rate constants were considered independent of 
the surface coverage (uniform surface approximation). 
Effects due to possible surface reconstruction, interac- 
tions between coadsorbed species, species diffusion, 
and other factors were neglected. Of course, such an 
approach is not fully correct when studying heteroge- 
neous catalytic reactions, but it is adequate for homoge- 
neous catalysis studies. For reactions in solutions of 
metal complexes, conditions can be created under 
which the only factor responsible for critical phenom- 
ena is the structure of a mechanism. 

All steps in the mechanisms shown in the scheme 
were considered reversible. We also assumed that H 2 
and C2H4 are present at both an inlet and an outlet of a 
reactor, whereas C2H 6 is present only at an outlet. 

Our examination of the mechanisms generated with 
MECHEM showed that MSS can theoretically be 

observed for four mechanisms (2, 8, 10, and 11), but 
seven mechanisms (1, 3-7, and 9) do not allow MSS. 
Thus, seven of the eleven mechanisms were rejected. 
This confirms the idea that MSS is a strong discriminat- 
ing factor. Interestingly, the Horiuti-Polanyi mecha- 
nism (mechanism 11) [11], which is proposed most fre- 
quently, does allow MSS, but the Twigg-Rideal mech- 
anism [12] does not. Thus, based on MSS data, we 
managed to reject about 64% of the hypothetical mech- 
anisms. 

Many homogeneous oscillators display MSS as one 
varies the kinetic parameters [13]. If one could show 
that the presence of MSS over a wide range of parame- 
ters tends to increase the probability of oscillations, 
then the above methods could help to elucidate the 
mechanisms of oscillating reactions. 

ACKNOWLEDGMENTS 

This work was supported by the Russian Foundation 
for Basic Research (project no. 97-03-32324). 

REFERENCES 

1. Temkin, O.N., Bruk, L.G., and Zeigarnik, A.V., Kinet. 
Katal., 1993, vol. 34, no. 3, p. 445. 

2. Zeigarnik, A.V., Vald6s-Prrez, R.E., and Temkin, O.N., 
Langmuir, 1998, vol. 14, no. 16, p. 4510. 

3. Zeigarnik, A.V., Bruk, L.G., Temkin, O.N., et al., Usp. 
Khim., 1996, vol. 65, no. 2, p. 125. 

4. Zeigarnik, A.V., Valdrs-Prrez, R.E., Temkin, O.N., et al., 
Organometallics, 1997, vol. 16, no. 14, p. 3114. 

5. Zeigarnik, A.V., Valdrs-Prrez, R.E., and White, B.S., 
J. Chem. Educ., 2000, vol. 77, no. 2, p. 214. 

6. Shalgunov, S.I., Zeigarnik, A.V., Bruk, L.G., and 
Temkin, O.N., Izv. Akad. Nauk, Ser. Khim., 1999, no. 5, 
p. 882. 

7. Malashkevich, A.V., Bruk, L.G., and Temkin, O.N., 
J. Phys. Chem. A., 1997, vol. 101, no 51, p. 9825. 

8. Bruk, L.G., Oshanina, I.V,, Zakieva, A.S., et aL, Kinet. 
Katal., 1998, vol. 39, no. 2, p. 167. 

9. Yue, M.-H., PhD Dissertation, Rochester, NY: Univ. 
Rochester, 1990. 

10. Feinberg, M., The Chemical Reaction Network ToolBox, 
version 1.02. 

11. Horiuti, J. and Polanyi, M., Trans. Faraday Soc., 1934, 
vol. 30, p. 1164. 

12. Twigg, G.H. and Rideal, E.K., Proc. Royal Soc., 1939, 
vol. 171, p. 55. 

13. Gray, P. and Scott, S.K., Chemical Oscillations and 
Instabilities: Nonlinear Chemical Kinetics, Oxford: 
Clarendon, 1994. 

KINETICS AND CATALYSIS Vol. 41 No. 3 2000 


