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Here W is the reaction rate, k the rate coefficient, �!�;� the concentration of the 
ith reactant of the gas phase, and �� �@�;� the equilibrium constant for the 
adsorption step of the ith gas component �>�?� the catalytic surface. 

Later, it �,�5�A�0�B�5� clear that the concentrations of surface substances must 
�,�5� treated not as an equilibrium but as �0� pseudo-steady state with respect to 
the substance concentrations in the gas phase. According to Bodenstein, the 
pseudo-steady state of intermediates is the equality of their formation and 
consumption rates �(�0� strict analysis of the conception of "pseudo-steady 
states", in particular for catalytic reactions, will �,�5� given later). The 
assumption of the pseudo-steady state which serves �0�2� �0� basis for the deriva
tion of kinetic equations for most commercial catalysts led to kinetic equa
tions that are practically identical to eqn. (4). The difference is that the 
denominator is �?�>� longer �0�?� equilibrium constant for adsorption-desorption 
steps but, in general, they are the sums of the products of rate constants for 
elementary reactions in the detailed mechanism. The parameters of these 
equations for �2�>�B�5� typical mechanisms will �,�5� analysed below. 

The most general description for the kinetics of complex reactions in 
terms of the ideal adsorbed layer model was given in the Horiuti-Temkin 
steady-state reaction theory [43-47] �(�2�5�5� Chap. 1). 

2.2 REAL ADSORBED LA YER MODELS 

Heterogeneous catalytic reactions are the combinations of interrelated 
physical and chemical elementary acts in "reaction mixture - catalyst" 
systems. Here one should discriminate between microscopic and macroscop
ic kinetics. 

In this connection kinetic models �A�0�?� also �,�5� separated into microscopic 
and macroscopic models. The relations between these models are established 
through statistical physics equations. Microscopic models utilize the con
cepts of reaction cross-sections (differential and complete) and microscopic 
rate constants. An accurate calculation of reaction cross-sections is �0� pro
blem of statistical mechanics. Macroscopic models utilize macroscopic rates. 

�"�>� determine the latter, �0� function for the energy distributions between 
molecules must �,�5� known. ��� detailed consideration of the relations between 
macroscopic and microscopic parameters �A�0�?� �,�5� found in refs. 48 and 49. 

It has �,�5�5�?� known for �0� fairly long time that the reaction rate must depend 
�>�?� the law of energy distribution between reacting molecules. Apparently it 
was Marcelin who first realized this in 1915 [48, �@�.�1�4�9�]�.� Experiments with 
molecular beams in the �1�9�6�0�2� and �1�9�7�0�2� revealed that, in gas-phase systems, 
�0� wide variety of reactions take place that cannot �,�5� interpreted without 
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taking into account а significant distribution in the degrees of freedom [50, 
51]. Here ап important problem is to elucidate the degree ofnon-equilibrium 
of the function for the energy distributions during chemical reactions*. 

ТЬе degree of non-equilibrium is determined Ьу the ratio of microscopic 
rates of reaction to relaxation. Here relaxation is treated аэ restoration of 
the Boltzmann distribution due to various physical processes of energy 
exchange. 
Аэ far аэ the reactions in solids (in particular heterogeneous catalytic 

reactions) are concerned, there exists ап additional relaxation channel, 
namely the solid body. ТЬе rate of energy exchange with solids is high. In 
principle we сап agree with Nikitin's theory [50] that the concept ofpreser
vation of the equilibrium distribution here is sufficiently good. 

Zhdanov and Zamaraev [53] examined the possibility of non-equilibrium 
effects for several typical surface reactions. ТЬеу established воте concrete 
reasons responsible for the fact that, in molecular and bimolecular reactions 
taking place оп solid surfaces, these effects are usually втаll. 

Catalytic reaction steps. ТЬе principal steps of complex heterogeneous 
catalytic reactions are: (1) interactions between the components of the 
reaction mixture and the catalytic surface, i.e. adsorption and desorption of 
atoms and molecules and impact interactions between the molecules of 
gaseous substances and those adsorbed оп the surface, (2) processes оп the 
catalyst surface, i.e. interactions between various surface substances in the 
adsorbed layer, migration of atoms and molecules, changes in the surface 
state during the reaction, etc., (3) mass transfer processes into the catalyst 
bulk and dissolution of substances in the near-surface layer, (4) phase and 
structural catalyst transformations, and (5) energy processes, i.e. energy 
exchange between reactants and catalyst. 

* Estimates of the non-equilibrium correction for the rate constants have been reported in 
several studies. Let иБ give it in the form recently suggested Ьу Zhdanov [52] for the bimolecular 
reaction 

А+А->В+С 

А pseudo-steady state distribution function was determined from Boltzmann's equation ав 

f(u) = f'o(v) + f1 (и) 

where f'o(v) is Maxwell's function and f1 (и) is а втаll correction. The reaction rate constant is 
k = ko(1 - 1), where ko is the reaction rate constant calculated using the Maxwell distribution 
function and 1) is characteristic of non-equilibrium. 

ko = O"~и ехр (- E./kT) 

where O"~ is the reaction cross-section using the Maxwell distribution function, и = (4kT/nm)I/2, 
т is the molecular weight, and Е. the activation energy. 

'1 = (81 х 31/20"~Vo/8nO",v)(kT/Ea)2exp (- E./3kT) 

where 0", is the elastic scattering section and ио the minimum velocity of the relative motions 
of two molecules enabling the reaction. 
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Models accounting {or catalyst inhomogeneity. The above ideal adsorbed 
layer model is only а first but necessary approximation for the construction 
of а theory to describe the kinetic regularities of heterogeneous catalytic 
reactions. То begin with, it appeared that the assumption of equivalence of 
аН catalyst surface sites is considerably limited. In the 1930в and 1940в, the 
inhomogeneity of even one-component catalysts was proved Ьу the combina
tion of calorimetric, isotope and other methods. Still earlier, Taylor had 
emphasized the significance of this fact for catalysis [54]. It has Ьееп esta· 
blished that, in most савев, heats of adsorption and desorption activation 
energies are significantly dependent оп the degree of surface coverage with 
adsorbed substances. It сап Ье due first to the initial difference in the 
arrangement of atoms оп the surface (various crystallographic indices, 
edges, angles, dislocations, defects, admixtures) and, secondly to the interac
tion of adsorbed particles or the effect of pre-adsorbed particles оп the 
electron properties of the catalysts. These factors are respectively specified 
ав biographical and induced inhomogeneities ofthe catalyst. These terms are 
due to Roginskii. 

Inhomogeneity exerts а significant effect оп the equilibrium and kinetic 
relationships of adsorption-desorption processes. For biographically inho' 
mogeneous surfaces, the ideal adsorbed layer model is applied only to ап 
infinitesimal portion of surface sites having the вате properties. Then а 
certain inhomogeneity distribution is suggested and integration over аН the 
types of surface sites is carried out. The Soviet school (Temkin, Roginskii 
and Zeldovich) devoted а large number of investigations to the dependence 
of the forms of equilibrium and kinetic adsorption regularities оп the che
misorption character. Two problems were under investigation: (1) direct, i.e. 
the analysis of the effect of а given inhomogeneity type оп the shape of the 
equilibrium adsorption isotherms and kinetic equations and (2) the reverse 
problem, i.e. the determination of inhomogeneity distribution functions 
from experimental data. Thus, Temkin, Ьу admitting the non-linear charac
ter of inhomogeneity, showed that the Langmuir isotherm is substituted Ьу 
the logarithmic isotherm equation (Temkin's isotherm) [55]. Having ав
sumed that changes in the adsorption activation energies for various surface 
sites account for the вате portions of adsorption heat, Temkin derived ап 
equation [56] for the adsorption rate that appeared to Ье identical to the 
Zeldovich-Roginskii empirical equation [57]. Zeldovich had shown [58] that 
the exponential character ofinhomogeneity leads to Freundlich's isotherm. 

Proceeding from ап assumption of the linear energy inhomogeneity, ki
netic equations were derived for some important industrial processes, pri
marily the Temkin-Pyzhev equation for ammonia synthesis [59]. А theory 
for the adsorption and catalytic processes оп inhomogeneous surfaces was 
suggested Ьу Roginskii [60]. The present-day state of the problem and, which 
is most important, the experience accumulated in the use of kinetic models 
accounting for the biographical inhomogeneity had been reported Ьу 
Snagovskii and Ostrovskii [37] and Ьу Кiperman [42,61]. Deviations from the 
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surface-action law in the аЬоуе models are primarily observed Ьу the fact 
that kinetic equations are powers with fractional exponents that remain 
unchanged over а wide range of the parameters. А survey of the kinetic 
models accounting for the biographical inhomogeneity сап Ье found in refs. 
37 and 61. 

Ав far ав the models accounting for the induced inhomogeneity are con
cerned, they utilize various physical concepts оп the interaction of adsorbed 
particles. Thus Boudart, in his electrostatistical model [62], described а layer 
of chemisorbed particles ав а charged capacitor. The potential difference 
between the capacitor plates depends оп the degree of surface coverage. The 
dipole-d.ipole interaction model dating back to Langmuir [63] and de Boer 
[64] accounts for the interaction of discrete charges of adsorbed particles. 
Finally, Temkin, in his surface electron gas model [65], suggested that gas 
adsorption оп the catalyst surface changes the electron density in the layer 
directly adjoining the surface. Therefore, with increasing surface coverage, 
the activation energy also changes. Accounting for changes in the reaction 
heat and activation energy Ьу increasing surface coverage is the specific 
feature of the induced inhomogeneity models. These are applied to treat 
critical effects discovered experimentally in the kinetic relationships for 
oxidation reactions. 

2.3 MODELS ACCOUNTING FOR PHASE AND STRUCTURAL TRANSFORMATIONS 
OF CATALYSTS 

The development of а theory accounting for catalyst inhomogeneity is 
determined Ьу the availability of а great number of experimental data 
(calorimetric, isotopic, etc.) that give evidence to this inhomogeneity. At 
present, numerous qualitatively new experimental data have been асси
mulated that are to Ье theoretically substantiated [66, 67]. 

2.3.1 Phenomenological model 

First of аН, it is clear that the reaction medium сап affect а catalyst thus 
altering its properties. One must рау attention primarily to the studies 
performed Ьу Boreskov and his school, who suggested а concept of the effect 
of the reaction mixture оп the catalyst. The concept implies that this effect 
сап also Ье outside the всоре of complex reaction steps оп the surface. А 
large number of experimental facts testifying to the changes in the catalyst 
properties as а result of varying the reaction mixture composition сап Ье 
found in refs. 68 and 69. 

Changes in the catalytic activity of unit accessible surface or the specific 
catalytic activity (ВСА) has attracted the attention of researchers. In the 
1950s Boreskov formulated а rule for the approximate constancy ofthe ВСА. 
According to this rule, the ВСА for several metal and oxide catalysts re
mains approximately constant with significant variations ofthe surface and 
crystallite sizes under preparative conditions. Boreskov ascribed this con-
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stancy to the fact that, under the effect of reaction medium, the catalyst is 
brought to the вате steady state irrespective of the initial state of the 
surface determined Ьу the preparation and pretreatment conditions. In 
further studies, however, significant deviations from the rule of SCA ар
proximate constancy were found. Boudart et al. in their studies of the 
dependence between the SCA of metals and their dispersity [69], discovered 
а change in the SCA Ьу two orders of magnitude and distinguished а class 
of structural-sensitive reactions. The analysis made Ьу Boreskov [70], how
ever, led тт to the conclusion that,' despite the initial difference in the SCA 
of various metal planes, the effect of the reaction medium is observed, ав а 
rule, in smoothing the catalytic properties of these planes. Surface structure 
is reconstructed towards attaining the energy state that will correspond to 
the minimum free energy. 

ТЬе problem of the effect of the reaction medium is important for the 
understanding of the action of commercial catalysts. Thus, for most reac
tions of catalytic oxidation оп oxide catalysts which depend оп the reaction 
mixture composition, а significant change is observed in the oxygen content 
and the charge of catalyst cations. This leads to variations in their activity 
and selectivity [71, 72]. Slow relaxation in the rate of ethylene oxidation оп 
silver due to the variations of the oxygen content in the near-surface layer 
is observed [73]. Changes in the composition are often accompanied Ьу 
reconstruction of the surface structure [74] and finally Ьу the change in the 
catalyst рЬаве composition [75]. А survey of the recent achievements in 
studying morphological change of metal catalysts is given in ref. 76. 

Boreskov suggested а phenomenological equation to characterize the 
reaction medium effect qualitatively [70] 

W = f(c, 8)Щс) 

where f(c, 8) is the kinetic characteristics at constant catalyst composition, 
R(c) the parameter responsible for the alteration of properties under the 
effect of the reaction mixture and с, е the concentrations of gaseous and 
surface substances, respectively. It should Ье noted that reaction kinetics 
with variable catalyst activity is described Ьу extensively used models 
having two constituents: (1) independent of the catalyst state and (2) depen
dent оп it. 

ТЬив, when constructing а kinetic model for the synthesis of vinyl 
chloride оп the "HgCI-соаl" catalyst, the following postulates were used: (а) 
the type of the kinetic equations is independent of the concentration of the 
active salts; (Ь) cha:nges in the catalyst activity in any case (mercuric 
chloride deactivation, removal, etc.) сап Ье treated simply ав changes in the 
active salt concentration [77]. 

The kinetic model that fits the above requirements is of the form 

дх 
дт: = k(СИgС12 )F(х, т) 
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ak 
дt (CHgCI2) = Ф [х, т, k(CHgCI2 )] 

where х is the degree of conversion ofthe acetylene, Tthe temperature, CHgCl
2 

the active salt concentration, т the contact time, and t the time. 
The equation suggested Ьу Boreskov accounts for the presence in the 

catalytic system of two time scales, namely а "fast" one due to the surface 
chemical transformations and а "slow" one due to the effect of the reaction 
mixture оп the catalyst. (It shoud l?e noted that, in general, one сап hardly 
discriminate between the constituents in the way it has been done in this 
phenomenologica1 equation.) 

The construction of phenomeno1ogical mode1s accounting for phase and 
structura1 cata1yst transformations was urgent. However, the situation has 
now changed significant1y in the sense that radically new experimenta1 data 
have appeared. These were obtained over the 1ast 20 years Ьу using various 
physica1 methods, e.g. thermodesorption, 1R and Auger electron spectro
БСОРУ (АЕ8), 10w-energy electron diffraction (LEED), low-energy e1ectron 
10ss spectroscopy (LEEL8), ion scattering spectroscopy (188), secondary ion 
mass spectroscopy (81M8), X-ray and u1travio1et photoe1ectron spectroscopy 
(ХР8 and UP8) or e1ectron spectroscopy for chemica1 ana1yses (Е8СА), etc. 
Thus we сап now give an answer to questions concerning the e1ementary 
surface composition. Unti1 recent1y even the formu1ation of this problem 
was impossible. 

Methods of studying surfaces based predominantly оп e1ectron and ion 
spectroscopy are becoming increasing1y perfect. 

It is the extensive app1ication of new physica1 methods that determines 
the modern step of "surface science". According to Kopetskii [78], this 
science is now in а position c10se to that of condensed state physics ear1y in 
the 20th century and semiconductor physics during the period 1945--1950. 

The deve10pment of "surface science" is quantitative1y represented аБ а 
diagram in (Fig. 1) Bonze1's study [79]. At present а gap exists between the 
range of parameters (primarily that of high vacuum) for "surface science" 
(both "idea1" and "extended") which is under deve10pment now, and for 
technica1 cata1ysis operating with norma1 and high pressures. One usually 
speaks about а "pressure gap", i.e. the gap existing between these two re
gions. The gap is, however, being reduced, а situation which is promoted Ьу 
the distinct recent tendency to combine various methods in one apparatus 
whose combination will permit us to examine catalytic reactions in а wide 
parametric range (10-8 to 105 Torr). 

One of the most interesting observations of "surface science" is the 
ordered arrangement of adsorbed atoms and molecu1es (see, for example, 
refs. 80-84). Numerous LEED experiments showed that the diffraction pat
terns for partially covered surfaces exhibit some additional spots (additiona1 
compared with the absence of adsorbate). These spots correspond to new 
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structures. Ап atlas of the structures obtained experimentally is given in ref. 
85. 

2.3.2 Lattice gas model 

Recently, in order to understand processes оп the catalyst surface, in 
particular structural formations, it has Ьесоmе а frequent practice to apply 
theories accounting for the interaction of adsorbed atoms. Ап important 
microscopic model of such а type is the lattice gas model*. Its specific 
peculiarity is that this model accounts for the interaction of the nearer 
surface molecules (lateral interactions). It is this model that was applied in 
refs. 86 and 87. They should Ье specially emphasized ав having exerted а 
great influence оп the interpretation of thermodesorption experiments. The 
lattice gas model is used, e.g. in а series of investigations Ьу Tovbin and 
Fedyanin [88, 89] devoted to the kinetics of chemisorption and reactions оп 
catalyst surfaces. In terms of this model, опе сап interpret the complicated 
reaction rate dependences of surface coverage observed experimentally 

* The interaction between adsorbed particles was also taken into account in terms of some 
models ofinduced inhomogeneity (зее the аЬоуе representation), e.g. in de Boer's dipole--dipole 
interaction model [64], but compared with the lattice gas model, they must Ье treated аз 
semi-empirical. А semi-empirical model for the collective interaction of adsorbed particles with 
catalyst surface was also suggested Ьу Snagovskii and Ostrovskii [37]. 
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[90-92J. The lattice gas model is used to elucidate the "diffusion order--disor· 
der" transition оп catalyst surfaces [92-102J. Finally, ав has Ьееп mentioned 
already, this model is important in decoding thermodesorption spectra. 

The most general formulas to describe the effect of lateral interaction 
between adsorbed molecules оп the rate constants of various processes оп 
solid surfaces were derived Ьу Zhdanov [103, 104J. In particular, the rate 
constant ofthe Langmuir-Hinshelwood mmolecular reaction А + В --> С is 
determined Ьу the equations [103] 

dNA 

dt 

к 

dNB dt = -К(8А ,8в )Nо 

kT РА'В' ~" Рех (_ ЕА + ,:'18;) 
2nIiРАРв 27' АВ" р kT 

(5) 

(6) 

Нете NA and NB ате the concentrations ofmolecules А and В оп the surface, 
No is the питЬет of elementary сеПв рет unit surface, РА , РВ and РА'В* ате 

the non-configurational statistical sums of molecules А and В and of ас
tivated complex А *В*, z is the питЬет of neighbouring сеПв (for а square 
сеН z = 4), PAB,i is the probamlity of two neighbouring ceHs being occupied 
Ьу the АВ pair and [от this pair to have the environment marked Ьу the index 
i, ЕА is the energy difference between the pair АВ and the activated complex 
А *В*; provided that the сеНв that ате пеатет to both АВ and А *В* ате not 
occupied, and A8 i is the energy difference between the interactions of both 
А *В* and АВ with the environment. It is assumed that molecules А and В 
оссиру опе elementary сеН and the activated complex occupies two of them. 
Ап accurate calculation of the probamlity in eqns. (5) and (6) is impos

sible. The most convenient method [от ап approximate calculation of the 
probamlities ofvarious configurations is the quasi-chemical approximation 
that is the simplest version ofthe cluster approximation. The latter suggests 
(1) separation of а cluster consisting of several сеПв, (2) substitution of the 
interaction between cluster molecules and environmental molecules Ьу 
some average interaction and (3) application of Gibbs' distribution to cal
culate the питЬет and distribution of cluster particles. In the quasi-chemi
cal approximation the cluster is minimal, i.e. it consists oftwo сеПв. Accord
ing to this approximation, the probamlities PAB,i ате expressed through РАВ , 

РАА , etc., where РАА is the probamlity of two neighbouring сеНв being 
occupied Ьу the pair АА, etc. ТЬеве probamlities fit the set of equations [103] 

РАА + РАВ + РАО + РВВ + РВО + Роо = 1 

2РАА + РАВ + РАО 28 А 

2Рвв + РАВ + РВО (7) 

РААРоо = 0.25 ехр (- 8AA /kr) 
Рl0 
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Equations (7) naturally generalize the well-known equations of the quasi
chemical approximation for adsorbed molecules of the вате type. 

According to the quasi-chemical approximation, different pairs are treat
ed ав being independent, hence the probability that, for example, n particles 
of А and т particles of В are localized near the particle А, is 

Р _ z! pAAP;::bP;.,on-m 
А.nm - n!m!(z -n -т)! (РАА + РАв + PAO)Z 

where РАв = 0.5 РАв and РАО = 0.5 РАО [103]. From this опе сап readily оЬ
tain the вит in eqn. (6) 

Р (РАА ехр [(САА - GA*A)/kT] + РАвехр [(САВ - GA*B)/kT] + PAoY-
1 

АВ РАА + РАв + РАО 

Х (Рввехр[(свв -sв*в)/kТ] + РАв ехр [(САВ - CB*A)/kT] + Рво)" (8) 
Рвв + РАв + Рво 

where 8АА, ... , etc. are lateral interaction energies. 
Equations similar to eqns. (5), (6) and (8) were obtained Ьу Zhdanov [104] 

to describe the monomolecular adsorption and associative desorption and 
Eley-Rideal's bimolecular reaction. Не examined the dependence ofthe rate 
constants of these processes оп the surface coverages and discussed various 
approximations applied previously to describe the effect of lateral interac
tion of adsorbed molecules оп the desorption rate constant. Не also соп
sidered the effect of the lateral interaction оп the pre-exponential factor of 
the rate constants for various processes, and in terms of the "precursor 
state" model, the effect of ordering the adsorbed molecules оп the sticking 
coefficient and the rate constant of monomolecular desorption. 

Ав usual, the rate of dissociative adsorption (e.g. of 02 оп various metals 
[92, 95, 99, 100]) rapidly decreases with increasing surface coverage. As а 
rule, this is attributed to the fact that dissociative adsorption requires two 
unoccupied cells, i.e. the sticking coefficient must Ье S(e) = S(eo ) роо(е). If 
а solid surface adsorbs only molecules А, in the quasi-chemical approxima
боп we will have the set of equations 

РАА + РАО + Рва = 1 

2РАА + РАО = 2е 
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РААРоо _ 1 (_ ЕАА) 
Рl0 - 4 ехр kT 

From eqns. (9)-(11) we obtain 

1 -8 -(1/2){1 -[1 -4(1 -ехр(-ЕЛА /kТ))8(1 -8)Jl I2 } 
Роо (8) = 

1 - ехр (- EAA/kT) 

(11) 

(12) 

Equation (12) was presented in ref. 104. The exact solution has been 
obtained only for а square сеll and 8 = 0.5 [101]. 

The probability for repulsion is 

(
1 ЕЛА) 

Роо 2' kT 

where 

.12 

(1 - F(x» 
4 

К(х) = f (1 - х2 siп2 ф)112dф 
о 

where Те is the critical temperature. 

(13) 

(14) 

The quasi-chemical approximation gives only qualitative results and 
appears to Ье particularly inaccurate at temperatures below the "order
disorder" phase transition points of Т = 0.567 ЕЛА at 8 = 1/2. 

Thus one сап draw the conclusion that the lattice gas model taking into 
account the interaction of neighbouring molecules is only а first step in 
studying the effect of adsorbed particle interaction оп the rate of hetero
geneous catalytic reactions. 

The real interaction of chemisorbed molecules, however, сап Ье rather 
complicated [82, 93]. In particular, the parameters ofthe interaction between 
neighbouring molecules сап change with varying surface coverages due to 
the collective interaction of adsorbed molecules with solid surfaces. 
Therefore the lattice gas model that utilizes а small number of parameters 
cannot describe, even qualitatively, the entirety of surface processes. N ever
theless, this model сап Ье applied to interpret some individual regularities, 
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e.g. reaction rate variations with increasing surface coverage and the effect 
of а phase transition оп the reaction rate. 

Various approximation of this model (e.g. those of molecular splitting, 
pseudo-chemical, chaotic and molecular field approximations) were reported 
and analyzed Ьу ТоуЫп and Fedyanin [88, 89]. In particular, the pseudo
chemical approximation for chemisorption kinetics is of the form 

КА (l _е)(1 + xt)Z -КD ф(l + xt)Z 
1 + x]t 

1 2(1 - 8) 

1 + д 
{(1 - 2е? + 4е(1 - е) ехр ({3е) }]/2 

J*P 
Jon(J ехр { - {3[8А + Ае(1 - у)]} 

Неге J*, Jo and Ja аге the statistical sums of activated complex and gas
phase molecules and of adsorbed atom (adatom), respectively, 8А and 8D the 
adsorption and desorption activation energies, (J the агеа of adatom localiza
tion, n Planck's constant, 8] and 8 the parameters of the activated complex
adatom and adatom-adatom interactions (8 < О for repulsion and 8 > О for 
attraction), А the contribution to the complete drop of adsorption heat I:!,.Q 
from the electron subsystem (for а two-dimensional free-electron gas model), 
х = ехр {3 (е] - е) - 1, х] = х(е] = О), {3 = l/kT (k is the Boltzmann соп
stant), and у the factor relating changes in the activation energy with уагу
ing the adsorption heat (for тоге detail refer to refs. 88 and 89). 

The аЬоуе equations account for the local interaction of adsorbed parti
cles and their collective interaction with the catalyst surface. 
А promising study of the lattice gas model is the computer statistical tests 

(ьу the Monte Carlo method). Such calculations have been carried out since 
the mid-1960s (see, for example, refs. 66 and 105). For calculations of gas 
adsorption оп metals, see refs. 106--110. However, по systematic application 
ofthe Monte Carlo method to heterogeneous reactions has been carried out: 
it is to Ье done in the future. 

2.3.3 Topochemical models 

Phase transformations in heterogeneous catalysis have been described 
recently Ьу topochemical kinetic models [111-115]. These models were taken 
from solid chemistry, where they had been developed for "gas-solid" геас
tions. The products of such reactions аге solids. When gas is in contact with 
the initial solid, the reaction rate is negligible. But as nucleates ofthe phase 
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of а new product are formed, а solid phase interface is formed. The surface 
ofthis interface increases with time primarily due to the growth ofnucleates 
(а slow formation ofnew nuclei also takes place). The reaction rate is at first 
low but then it increases. Plotted kinetic dependences are S-shaped. The 
nuclei then coalesce and the reaction rate attains its maximum value. 
А simple topochemical model for the growth of NiO islands оп the Ni 

surface during the reaction of oxygen with а Ni(1l1) crystal is clearly 
described Ьу Holloway and Hudson [112]. They considered three cases in 
which the rate-determining step is, respectively (а) oxygen sorption from the 
gas phase (surface diffusion is fast), (Ь) surface diffusion of oxygen, and (с) 
oxygen insertion over the island boundary. 

То obtain аn expression for the growth kinetics, the following аввитр
tions were made: (1) the surface contains physically adsorbed oxygen. Its 
sticking coefficient is close to unity, the average lifetime is т, the surface 
diffusion coefficient is п" (2) the probability of oxygen dissociation is low 
everywhere except at the island boundary, (3) NiO islands are circular, (4) 
the main lifetime of adsorbed substance and the diffusion coefficient for the 
surface covered Ьу chemisorbed oxygen and NiO are the вате, and (5) the 
formation time of the islands is втаН compared with the total time of their 
growth. 

The area of а unit circular island originating at а moment 1] and then 
growing, will, at time t, Ье 

В" = nu2(t -1])2 

where и = dr/dt is the linear radial rate ofisland growth and и is а constant. 
The area of аН the islands, provided they do not overlap and по new 

nucleates are generated оп the sites where the NiO phase was formed, is 

t 

е'1 = f n u2(t -1])2idl] 

О 

Here i is the formation rate of new phase nucleates оп а unit surface. It сап 
Ье shown [111] that the overall oxygen surface coverage, without taking into 
account the аЬоуе assumptions, is 

(J = 1 -exp(-(Jry) = 1 -ехр ( -1 n u2и -1]?idl]) (15) 

То integrate eqn. (15), оnе needs expressions for и and i. Let us first 
consider the island growth rate, u. 

We have suggested that т and D, are similar for the surface covered with 
both chemisorbed oxygen and NiO. If the reaction rate were determined Ьу 
the impact of gas-phase oxygen molecules with the surface, it would Ье 
constant. But in experiments [112] по constant reaction rate was observed, 
therefore this limiting case has not Ьееn considered~ 
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Let ив аввите that the growth of а new oxide phase is controlled Ьу 
surface diffusion. The number of impacts of oxygen molecules оп а unit 
surface is I, (ст- 2 в-4); the number ofimpacts оп one surface site is IА, where 
А is the area of one surface site. If one аввитев that migration over the 
surface is random, the number of molecules reacting at the island boundary 
due to the surface diffusion is 4IA1/2(Ds ,)1/2. 

The rate of arrival of oxygen molecules from the gas phase to the site near 
the island boundary is determined ав IА 1/2 h where h is the height of the 
island. The rate of island radius vaTiations in the саве where the growth is 
controlled Ьу surface diffusion is 

и = 8АI (D ,)1/2 + 2AhI 
r n s n 

where n is the number of oxide layers in the island. 
Finally, let ив consider the саве in which the rate-determining step is 

oxygen insertion over the island boundarY. If the rate constant of this 
insertion is k, the insertion rate is Ik,A. If one also assumes that molecules 
соте directly to the sites near the boundary, then 

4А3/2 2AhI 
и = --Ik, + --о 

n n 

The coefficients D" ' and k are determined ав 

1 (Еа ) - ехр --
V2 RT 

( Ein) k = V1 ехр - КТ 

where V1 and V2 are the fluctuation frequencies parallel and normal to the 
surface, С( is the mean length of one jump, and z is the reversal to the number 
of nearer neighbouring sites where the adsorption takes place. Hence, the 
expressions corresponding to the two савев under consideration сап Ье 
written ав 

where 

Щ/2 2(A/n)I[2Biexp (Ei/RT) + h] 

В1 2(ZC(2 V1 / V2 )1/2 

Е] 1/2(Е. - Ed ) 
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В2 А 1/2 V1 / V2 

Ez Еа -Ein 

and Еа , Ed , Ein are the activation energies of oxygen physical adsorption, its 
diffusion, and insertion over the island boundary, respectively. 

ТЬе number of gas molecule impacts per unit surface is determined for an 
ideal gas ав 

1 = (2mkT
g

)-1/2 

where Tg is the gas temperature. 
We have suggested previously that the formation time of nucleates is 

тисЬ lower than that obtained experimentalIy. At time t = О there exist No 
sites and the probability ofnucleate formation per unit time оп а single site 
is v. ТЬе formation rate of nucleates at time 17 is 

i = ~~ = No v ехр ( - V17) 

After substituting the expression for и and i in the equation for the deter
mination of oxygen surface coverage and integrating Ьу parts, we obtain 
(assuming that vt is very high) 

1 - е = ехр (- KiNop~/) 

where РО2 is the partial pressure of oxygen. 
ТЬе concentration of surface defects is estimated to Ье 1011 defects ст - 2. 

ТЬе topochemical model [112] suggests that an island сап Ьауе n oxide 
layers. Apparently, this model сап Ье applied in the саве of the chemisorbed 
two-dimensional рЬаве growth, ав had been done Ьу Boreskov et al. [116]. 

ТЬе effect of metal structure and рЬаве formation оп the kinetics of 
catalytic oxidation reactions was treated in detail Ьу Savchenko et al. (вее, 
for example, refs. 83, 84, 117 and 118). In metal surface layers both recon
struction of the metal proper (faceting) and processes associated with the 
formation of surface oxides сап take place. In this саве the first to form сап 
Ье chemisorption structures (without breaking the metal-metal bond) and 
then the formation of two-dimensional surface oxides is observed. Finally, 
three-dimensional subsurface oxides are produced. An important role is 
played Ьу the temperature of disordering the adsorbed layer. 

When analyzing the oxidation of hydrogen оп nickel, Savchenko et al. 
[117] сате to the conclusion that, if the reaction temperature is аЬоуе that 
ofthe disordering ofthe adsorbed layer (in this саве the oxygen layer), it will 
Ье quite correct to apply models based оп the surface-action law. Otherwise 
one must take into consideration the "island" character of the interaction. 

It should Ье said that at present the available literature concerning the 
kinetic models which account for the topochemical character of catalyst 
surface processes is limited, but reference сап Ье made to refs. 119 and 120. 
In ref. 119, а kinetic model for the oxidation of hydrogen оп platinum is 
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suggested which takes into consideration the interaction оп both the sites 
that are practically free of adsorbates and the boundaries of spots formed Ьу 
chemisorbed oxygen. In ref. 120, the authors describe а kinetic model for 
hydrogen oxidation оп the Ni(110) plane corresponding to the detailed 
mechanism 

02 + 2Z -+ 2Z0 

Н2 + 2Z <=± 2ZH 

ZO + ZH -+ ZO н + Z 

ZOH + ZH -+ 2 Z + Н2О 

and account for the topochemical character of ОН groups' interaction with 
hydrogen atoms adsorbed оп the surface. 

Let ив emphasize the following: ав а rule, the literature lacks а strict 
discrimination between the structures that are formed at the microscopic 
and macroscopic levels. It is important to understand whether the terms 
"structure", "ordering" and "islands" refer to microstructures or macro· 
structures. Thus, the lattice gas model is aimed at accounting for the forma
tion of microstructures, peculiarities in thermodesorption spectra, etc. 

ТЬе topochemical model, however, describes the origination and growth 
ofmacrostructures. In principle опе could construct kinetic models account
ing for the kinetics of cluster (or nucleate) formation аБ а model for the 
system or reverse consecutive reactions [114, 121]. 

А + А <=± А2 

А2 + А <=± Аз 

Ан + А <=± Ai 

А general form of the respective microscopic equations is given in ref. 122. 
But опе сап draw the conclusion that at present по models are known that 
would account for the origination and growth of clusters and would Ье 
constructed оп the basis of а correct microscopic description. Their elabo
ration is а problem of the future. 

2.4 MODELS ACCOUNTING FOR DIFFUSIONAL MASS TRANSFER 

Diffusional тавв transfer processes сап Ье essential in complex catalytic 
reactions. ТЬе role of diffusion inside а porous catalyst pellet, its effect оп 
the observed reaction rate, activation energy, etc. (Бее, for example, ref. 123 
and the fundamental work of Aris [124]) Ьауе Ьееп studied in detail, but во 
far several studies report only оп models accounting for the diffusion of mat
erial оп the catalyst surface and the surface-to-bulk material exchange. W е 
will describe only воте macroscopic models accounting for diffusion (with
out claiming а thorough analysis of every висЬ model described in the 
available literature). 
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(а) Models accounting for the surface diffusion. Опе such model was соп
sidered in the description of а topochemical model [112]. А correct mathema
tical description ofmulticomponent diffusion processes in solids obtained оп 
the basis of irreversible process thermodynamics сап Ье found in refs. 125-
127. 

This description shows first, that due to the independent character оЕ 
elementary diffusion acts between atoms оЕ various substances, their dif
fusion mobility is controlled Ьу the different partial diffusion coefficients; 
second, that the diffusion оЕ atoms. and molecules adsorbed оп the surface 
takes place due to their "overjumps" to neighbouring unoccupied sites 
(vacancies). 

Thus, for the oxidation оЕ СО оп а metal wire the model accounting for 
the surface diffusion is оЕ the form [128] 

i W.ds,Oz - ~eB,o, - Wreact 

у W.d8,CO - ~еэ,со - ~eac! + D(zду - удz) 

where х, у, z are the concentrations оЕ МеО, МеСО and Ме (z = 1 - х - у), 

respectively, W.ds,Oz and W.ds,CO the adsorption rates оп catalysts оЕ 02 and 
СО, respectively, ~e8,o, and ~eB,co the desorption rates, ~eac! the reaction 
rate between the adsorbed species, D the diffusion coefficient, д the Lapla
cian operator, in the one-dimensional case 

and ~ the wire coordinate. 
This model will primarily account for the resolving оЕ local activity 

"spots" during the reaction. But in models of such kind, periodic spatial 
structures ("dissipative structures") сап also Ье formed and these Ьауе 
recently Ьесоте of great interest. 

ТЬе effect оЕ surface diffusion оп the selectivity оЕ the catalytic reaction 
А --> В --> С has Ьееп examined [129]. ТЬе authors suggest that the sites оЕ 
a-phase (assumed to Ье round) are uniformly distributed over the {З-рhаsе. 
Reaction А --> В takes place only оп the a-phase, whereas В --> С occurs only 
оп the {З-рhаsе. Substance В formed оп the a-phase is transferred to the 
{З-рhаsе due either to surface diffusion or adsorption-desorption processes. 

These conceptions are met Ьу а sufficiently simple model which is а set оЕ 
three differential equations (two balance equations for substances А and В 
оп the a-phase and опе equation for substance В оп the {З-рhаsе). 

It was shown that surface diffusion сап exert а strong influence оп 
reaction selectivity. Of interest is the result obtained in studying the model 
[129], i.e. the dependence оЕ selectivity оп the crystallite sizes оЕ the a-рЬаве. 

In several studies Ьу Kaminskii and his co-workers [13G-133], the time 
dependences ofheterogeneous processes involving reactants migrating over 
the surface was described Ьу the diffusion kinetics equations but the par-
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ameters to determine the probability of elementary chemical acts enter into 
the corresponding boundary conditions. 

Thus Kaminskii et al. [133] considered the kinetics of monomolecular 
surface reactions taking place оп the boundary ofimmovable active centres 
(circles having а radius ro ) which form а square lattice with the constant, L. 
The diffusion coefficient, D, is represented as D = ра2 where р is the pro
bability of а jump per unit time and а the respective parameter of the lattice 
Slze. 
А criterion was obtained [133] under the fulfilment of which the diffusion 

сап Ье treated as rapid and not taken into consideration for the surface 
reaction kinetics: k/(ap) [ln (L/ro ) -1.39] ~ 1, where k is the interaction 
constant of adsorbed substances with active centres. It is evident that at 
L ~ ro this relationship is met. It is this relationship that is the condition 
for the applicability of the ideal adsorbed layer kinetics but аН the limita
tions imposed for its derivation (the reaction is monomolecular and active 
centres are taken for а square lattice) should Ье remembered. 

(Ь) Models accounting for the surface-to-bulk mass transfer. At present а 
great number of experimental data have been accumulated that give evi
dence to the effect of mass transfer into the solid catalyst body оп the 
character of catalytic reaction processes [134-136]. 

The simplest model of such а process acounting for the surface reactions 
and diffusion of а single substance is [137-139] 

де D д2с 
at = L2 д~2 

О: 

~ = 1: 

О: 

сеД) 

де 
= О; 

д~ 

(16) 

2, ... , т 

1, ... , т 

where ~ is а dimensionless coordinate, Х; the dimensionless concentrations 
of substances оп the. catalyst surface, с the dimensionless concentration of 
the substance diffusing into catalyst bulk, D the diffusion coefficient of this 
substance (Cill

2
S-

1
), L the thickness ofthe diffusion layer (ст), СО the number 

of active centres оп unit catalyst surface (molecules ст -2), Су the maximum 
possible number of diffusing reactant particles per unit catalyst volume 
(molecules ст -3), and Н а parameter associated with the crystal lattice 
geometry (cm- 1). 
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Btrictly speaking, in the саве in which more than one substance diffuses, 
the equation 

де D д2 с 
at = L2 д~2 

cannot Ье used. А correct description of the multicomponent diffusion in 
solids should Ье used [125, 126J. Merzhanov and Вloshenko [140] represented 
тавв transfer ав а reversible surface-to-bulk exchange process. Buch models 
сап Ье modified Ьу representing diffusion ав а reversible substance exchange 
process between а sequence of layers, the first being the catalyst surface. In 
these models it is not necessary to иве the simplified relationship с = CzHx 1! 
Су which permits ив to go from bulk to surface concentrations that are found 
from solving the problem. 
А detailed study of model (16) for СО oxidation оп polycrystalline plati

num was carried out Ьу Makhotkin et al. [139J. Numerical experiments 
revealed that the bulk diffusion effect оп the character ofreaction dynamics 
is rather different and controlled Ьу the following factors: (1) the initial 
composition of catalyst surface and bulk, (2) the steady state of its surface 
and bulk, and (3) the position of the region for slow relaxations of kinetic 
origin (вее ref. 139). Ав а rule, diffusion retards the establishment of steady 
states, but the саве in which the attainment of this state is accelerated Ьу 
diffusion is possible. 

Thus, from the consideration of воте models accounting for the diffusion 
either оп the catalyst surface or in its bulk, one сап draw the conclusion that 
по systematic experience in the application of such models has been асси
mulated. 

2.5 HETEROGENEOUS-HOMOGENEOUS CATALYTIC REACTION MODELS 

Воте concepts of the homogeneous-heterogeneous process of complex 
reactions have been obtained from а series of investigations Ьу Polyakov 
and his school [141J. Воте results were reported in refs. 142 and 143. 
Оп the other hand, from studies Ьу Azatyan (вее, for example, refs. 144-

146) it Ьесотев clear that, in the course of branching chain processes, the 
solid phase in contact with the reaction mixture changes significantly. 
Essential changes are also observed in the mechanisms and kinetics for the 
heterogeneous decay of active centres. Previously it was believed that the 
"rate constant" of heterogeneous chain termination оп walls remains un
changed during the oxidation process, but now heterogeneous chain ter
mination should Ье regarded ав а complex reaction catalyzed Ьу the wall. 

Under certain conditions, the catalyst surface сап Ье а source for the 
formation of intermediates evolving into the gas phase. These intermediates 
сап initiate chain reactions. 

Thus the logic of studies forces ив to take into account the formation of 
homogeneous constituents in heterogeneous catalytic reactions and 
heterogeneous constituents in homogeneous processes. 
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As far as the models accounting for these conceptions are concerned, 
their construction and investigation have just started. The development of 
these models is sure to Ье retarded Ьу the absence of data оп the detailed 
reaction mechanism and its parameters. The exception is ref. 147, where the 
authors construct ап unsteady-state homogeneous-heterogeneous reaction 
model and analyze it with respect to the cyclohexane oxidation оп zeolites. 
The study was aimed at the experimental interpretation of the self-oscilla
tions found. The model constructed is in accordance with the law of mass 
action. 

2.6 PHENOMENOLOGICAL MODEL OF BRANCHED·CHAIN REACTIONS ON А 
CATALYST SURFACE 

In the 1950s, Semenov and Voevodskii [148] made ап attempt to apply the 
concepts of the branching-chain reaction theory to the kinetics of heteroge
neous catalysts. They applied the concept of free valencies migrating over 
the catalyst surface and of "semi-chemisorbed" radicals. But their attempt 
was criticized (see, for example, ref. 149 where Temkin, using hydrogenation 
of ethylene оп palladium as ап example, proved experimentally the inappli
cability of the chain theory concepts). 

Recently, Barelko et al. [150-155] put forward а new version of this theory. 
They suggested а branching-chain process mechanism based оп the concepts 
implying the existence of а two-dimensional gas of adsorbed atoms (adatoms) 
оп solid surfaces which are in equilibrium with their crystallattice. Accord
ing to the suggested hypothesis, the active centre is the adatom. The energy 
evolved in the course of а reaction оп the adatom сап Ье applied to break out 
another atom from the lattice, i.e. to form а new active centre. This process 
is а step of branching. But the decay of the active centre takes place due to 
the return of the adatom back into the lattice. 

At present the literature lacks strong experimental prooffor this hypothe
sis which was put forward to interpret the critical effects seen in catalytic 
oxidation reactions. As far as the model itself is concerned, it is of the form 
of ref. 150, which is similar to the chain reaction equation 

dn dt = w" + F(n) - G(n) 

where n and по are the current and initial concentrations of the active 
centres, w" is the initiation rate, and F(n) and G(n) are the rates of active 
centre generation and decay. 

3. Conclusion 

In conclusion let us present some simple considerations that are, to our 
mind, of importance. Heterogeneous catalytic reaction is а complex process 
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determined Ьу the interaction of various factors. Depending оп the reaction 
conditions, one must app1y different mode1s of various comp1exity. Ттв is 
quite natural: simi1ar ideo1ogy is systematically followed, for example, in 
modelling cata1ytic processes and reactors [156]. 

W е ЬеЕеуе that а deve10ped system of mode1s to describe the steps of 
comp1ex cata1ytic reactions has not yet been constructed. А combination of 
воте particu1ar mode1s described in this section is quite naturally of а 
non-systematic and incomplete character. 

It should Ье noted that the detailed modelling of heterogeneous cata1ytic 
reactions faces воте specific difficulties. Compared with homogeneous вув
tems, the limits of the field wherein the 1aw of тавв action ana10g (the 
surface-action 1aw) сап Ье correct1y app1ied are 1ess distinct. Still 1ess 
re1iable are the e1ementary step constants. Nevertheless, we ЬеЕеуе that, 
despite the comp1exity of "rea1 kinetics", the importance of studying the 
models fitting the law of тавв action cannot Ье undervalued. ТЬеве models 
describe the chemical components of а complex catalytic process properly 
and, оп the other hand, they are а necessary step that сап Ье treated ав а first 
approximation. Our study is devoted to the analysis of just these models. 
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