
React. Kinet. Catal. Lett., Vol. 17, N 9. 3-4,257-261 (198D 

STUDIES OF DYNAMIC PROPERTIES 
OF HETEROGENEOUS CATALYTIC R E A C T I O N S  

IN A CLOSED ISOTHERMAL GRADIENTLESS SYSTEM 
OVER BIOGRAPHICALLY 

INHOMOGENEOUS CATALYST SURFACE 

A. G. Zyskin, Yu. S. Snagovskii and M. G. Slinko 

Karpov Institute of Physical Chemistry, Moscow, USSR 

Received January 22~ 1981 
Accepted March 4,1981 

The dynamics of a closed isothermal system of constant volume consisting of an ideal gas- 
eous mixture and particles adsorbed over the biographically inliomogeneous 'catalyst st~ffa~e, 
has been studied. The existence, uniqueness and asymptotic ~stability of the point of de- 
tailed equilibrium in each positive reaction simplex has been proved. 

Hcc~e~oBarla RHHaMHKa 3aMKHyTOI~ H3oTepMItqeCKO~I CHCTeMInl HOCTO~HHOrO O6~Ma, 
cocro~tttefl Ha H/IeaJIr~Itol~ raaoB0~ CMeCH 14 qac'rrlK, a~cop6apoBaltltblX Ha 6Horpaqb~qec~rl 
nco/~Hopo~Hoi~ hoaepxaocTn ~aTa~n3aTopa. B qaCTHOCTH, ~OKaaaHo cy~ecTBoBanne, 
e~HItCTBeHHOCTb 14 aCHMHTOTHtlecKaJ:I yCTOI~qHBOL-~II~ TOIt~H ~eTay//~Horo paBHo~ecrL~l B Ka)K- 

~OM HOYIOI~KI4TeYlbHOM peaKII/4OHHOM cHMnlleKce. 

Dynaniic Properties of closed' systems have been studied by  several authors/1-6/. 
If the axioms formulated in Ref. /1/'are valid, the free energy of thesys tem is a 
Lyapunov function for the respective system of differential equations. This axiomat- 
ics is satisfied by the kinetics of the mass action' law (MAL),Le. the point of de- 
tailed equilibrium (PDE) for an ideal homogeneous system is asymptotically stable 
in the reaction simplex. The most complete and strictest study of the dynamics 

o f  closed systems with MAL was carried out by Vasiliev et al. /2/. In contrast to 
Ref. /1/ ,  they had constructed their arguments so that the results are valid not 
only for ideal homogeneous but also for ideal heterogeneous systems. In Ref. /3/ 
for the MAL kinetics, the PDE is shown to 'be the stable node on the invariant" 
plane. 

At the same time, of great interest are the nonideal systems wherein the MAL 
is unapplicable. Akramov et al. /4/ considered some systems for which the Marselen-de 
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Donde kinetics (MDD) /7/ holds and proved properties for it which are similar to 
those of MAL kinetics. In Ref. /5/ it was proved that the PDE is the stable node 
for these systems and in Ref . /6 /  closed systems with MAL kinetics were described., 
wherein diffusion is possible. 

The results of Re f s . / 8 - !2 /  indicate that the MAL kinetics cannot be applied 
for the description of heterogeneous catalytic reactions over a biographically in- 
homogeneous catalyst surface. Let us analyze- these results. Let a series of element- 
ary reactions proceed in the system, which are of the type (g takes values s and -s) 

N ( M )  R Z b/~ii + ,~1 /~q ZI, + mrs ,~1 /~ ~! Z = TS products 
i = l  

(1) 

where/3 i are gaseous substances; ZI is the adsorbed particle; Z is a vacant site of 
the surface; TS is the activated complex; mrs is the number of surface sites occupied 
by the activated complex; b3. i and/3~i are the stoichiometric coefficients; N is the 
number of gaseous substances and M is the number of adsorbed particles. The rate 
of reaction (1) in /8-9 /  was described as 

N M 

t 
kT Us 

U 7 =  K s ~ exp - ~ exp (2) 
, kT 

Here K1 is the transmission coefficient, k and h are the Boltzmann and Planck con. 
stants,/~7' is the chemical potential, of the reaction t~ minus kTln C (C~ is the 
concentration of the activated complexes),/aBi and ~al are the chemical potentials 
of gaseous and adsorbed substances. According to Ref. /10/, 

zl 
gaj = -kTln Jal + kTln - -  - kTln U (3) 

Zoc 

where ja I is the internal statistical sum of adsorbed particle, 
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is the portion of the occupied surface, the parameter U is a function of Zoe and 
is determined from the equation 

~ exp [- (1 - 3') k] 
Zoc = f dX (4) 

exp (3' f) - 1 o U + exp (-~,) 

where 7 is the parameter of the distribution function, f is the maximum value of 
the relative desorbability index X. According to Ref. /11/, since g~ for the forward 
(o = s) and reverse ( a =  -s )  directions of the same step coincide 

w h e r e  

g*s = gs0 _ mts kTln I (a s -  % U, f) (5) 

f exp [--(a s -  7) ;k 
! (a s - 7, U, f)  = f U -1 exp (-;~) dX (6) 

o 1 +  

Here a s is the transfer coefficient. From eqs. (4)-(6) it is clear that g*s is inde- 
pendent of Zoc. 

The kinetics of practical reactions are often described by using the approxima- 
tion of mean coverages. In this case the chemical potentials are described by the 
equations /12/ 

3' = 0 hal = gO t + kTln Z 1 + Aq. Zoe - kTln Zoc (7) 

KI 
= o + kTln Z a + in Zoe - kTln Zoc (8) 3 ' < 0  ~al hal 3' 

~ /<0 
kT 

ha! = g~ + kTtn Z 1 + In (1 - Zoc ) - kTln Zoc (9) 
7 
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The system of differential equations describing variations in the concentrations 
of gaseous substances and the coverages with the time is 

de 
- - - =  SkB1Tu (10) 
dt 

dZ  ~ o  

L = SkB 'u. (11) 
dt 

where c is  the vector of gas concentrations; Z is the coverage vector, u is the 
vector of the rates of  steps, L is the number of catalytic centers per uni t  reactor 
volume, S k is the area of the catalyst surface per unit reactor volume and B1 and 
B2 are the submatrices of the stoichiometric matrix referring to the gaseous sub- 
stances and coverages, respectively, 

+ + 
Let RN+ M and RN+ M be the negative and positive constants of the reaction 

space. Introduce the matrix B = (BI, B2/L). The reaction space LR is a linear enve- 
lope stretched over the matrix B rows. Let Co be a nonnegative vector of the ini- 
tial data for all concentrations. These t  

M 
Ls (LR + = + Co) CI RN+ M, ~ Z i < 1 (12) 

i=l 

will be referred to as a positive reaction simplex, 
As is seen from eqs. (2)-(9), the kinetics under consideration differs from the 

MAL kinetics in the fact that the vacant site of the catalyst surface does not enter 
into the number of intermediates, and the rate "constants" of elementary reactions 
depend on the coverages. It can easily be proved that even for ideal heterogeneous 
catalytic reactions eq. (2) does not reduce to MAL kinetics. 

For problem (10)-(11) the following statements are valid. 
1. Matrix A = I[~/~(c)/Scj] is positively determined in R~+M. It holds for the 

chemical potentials determined by any of the eqs. (3), (7)-(9). 
2. The solution for eqs. (10)-(1 i) does exist at all t E [0, oo]. For nonnegative 

and positive initial data it will be nonnegative and positive, respectively. The same 
is also valid for the portion of vacant surface sites of the catalyst Zo = 1 -Zoc.  

3. In each positive reaction simplex Ls, PDE always exists and is unique. Atl 
nonnegative points in eqs. (10)-(11) are the PDE. 
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+ 
4. The positive PDE is stable in RN+ M and asymptotically stable in Ls. 

5. The set o f  w-limiting points in eqs. ( 1 0 ) - ( t  1) consists o f  PDE. I f  on the 

boundary of  L s (there are no stationary points, any trajectory beginning in Ls) 

will converge to the positive PDE. There exists no nonnegative periodic solution. 

6. In the positive PDE, the matrix of  a linear approximation for eqs. (10)- (11)  

has nonpositive eigenvalues. If  a part of  the concentration is expressed through 

the laws of  conservation and the system ( 1 0 ) - ( 1 t )  is considered in a shortened 

form, the eigenvalues are negative, i.e. the positive PDE is a stable node in L s. 

For catalytic systems it is a common practice to consider only system (11) re- 

lative to the coverages, assuming the gas concentrations to be constant. The PDE 

for such a system will be referred to as a vector of  coverages at Which the rates 

of  all reaction steps are equal to zero. Then, if one assumes that there exists at 

least one positive PDE, statements 3 - 6  are valid. 

The dynamics o f  a closed adiabatic system will be described elsewhere. 
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