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Abstract—To determine the mechanism of a heterogeneous catalytic reaction, a spectrokinetic method was
used based on the comparison of simultaneously measured rates of transformation of surface complexes using
in situ IR spectroscopy and the rate of formation of reaction products. Based on the of systemic studies of
intermediates of heterogeneous catalytic reactions by this method, general patterns are found that shed light
on the essence of the catalytic action. It is found that the main function of the catalyst is the preparation of a
new reagent from the molecule in the gas phase (during adsorption). The transformation of this regent into
the products on the surface occurs via a route that is fundamentally different from the route of transformation
of the initial molecule in a gas-phase reaction. It was also found that, if the initial adsorption forms of the
reactants in the reaction under study are the same for a certain group of catalysts, then the mechanism (as a
sequence of steps) of this reaction on these catalysts is the same. The individual properties of different cata-
lysts within such a group are manifested in the difference in the ratio of the rates of steps, i.e. in determining
the limiting step.
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INTRODUCTION
The development of theory in heterogeneous catal-

ysis is hampered by the lack of information on the
detailed mechanism of catalytic reactions. The mech-
anism of the catalytic reaction is usually [1] meant to
be the set of elementary steps, leading to the formation
of products. Intermediate complexes (intermediates)
are substances involved in elementary steps. The
determination of the mechanism of a catalytic reaction
consists in determining the nature of intermediates
and the sequence of their conversion into reaction
products.

Currently, basic information on the complexes
formed on the catalyst surface during the reaction is
obtained by the methods of molecular spectroscopy.
In particular, infrared spectroscopy, in contrast to
electron spectroscopy, can be used directly under the
conditions of a catalytic reaction (elevated tempera-
tures, the presence of a gas phase). This method has
helped accumulate information on the properties of
surface complexes [2, 3]. However, the question of
whether the observed surface complexes have any rela-
tion to the studied reaction remains open. To establish
the true role of surface complexes in the reaction,
some criterion is necessary.

In this work, we use as a criterion the comparison
of simultaneously measured rates of consumption of

surface compounds with the rate of product formation
[4, 5]. If these rates are equal, then there are serious
grounds for stating that the observed surface com-
pound is intermediate in the reaction.

EXPERIMENTAL
Comparison of the rates of consumption of surface

compounds and the formation of products was carried
out on the basis of spectrokinetic measurements
involving several stages [6, 7]:

(1) simultaneous measurement of the spectral and
catalytic properties of the system;

(2) identification of bands in the spectra;
(3) quantitative processing of spectral data;
(4) quantitative comparison of the reaction rate

calculated by the surface coverage, with the reaction
rate determined from the concentration of products.

Each stage is considered in detail in [8].
Figure 1 shows a schematic diagram of an experi-

mental setup for spectrokinetic measurements. The
spectral cell is central to this scheme. Tough require-
ments are imposed on its design: the cell should also
have the functions of a catalytic gradientless reactor in
which conventional kinetic measurements can be car-
ried out. The designs of reactors of this sort are
described in [6–8]. Their main features are a small
573
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Fig. 1. The schematic of spectrokinetic measurements.
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Fig. 2. NOx reduction by propylene in excess oxygen on
Cu/ZSM-5 at 300°С. Dependence of D(1630) on time
when the NOx f low is excluded from the flow of the reac-
tion mixture (1), and the result of its processing in the
coordinates of the first-order equation (2).
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volume and the absence of cold parts. “Windows” are
mounted by mechanical pressing of well-polished sur-
faces or with glue. To check the lack of gradients in the
designed structures in each specific catalytic system,
theoretical and experimental evaluations were per-
formed. The theoretical estimates include the calculation
of the Peclet criterion (Pe); the experimental estimates
are a comparison of the same parameters determined in
steady-state and non-steady-state conditions.

The reaction mixture before and after the cell/reac-
tor was analyzed either by chromatography or using
infrared, chemiluminescent, or magnetic gas analyzers.

Spectrokinetic measurements are possible both in
steady-state and non-steady-state conditions.

When the rate of transformation of the surface
complex (Wsc) (spectral measurements) and the reac-
tion rate (Wr) measured experimentally quantitatively
coincide, the surface compounds under consideration
are intermediate in the reaction.

It is possible that a comparison of Wsc and Wr made in
this way will not always show their coincidence. Let us
consider the most typical options for these two rates.

1. Wsc = Wr. Below is an example of a quantitative
comparison of the reaction rate calculated by surface
coverage (spectral measurements) with the rate mea-
sured experimentally under the condition of NOx
reduction by propane in excess oxygen on Cu/ZSM-5
[8]. Under the reaction conditions, an absorption
band at 1630 cm–1 was detected in the transmission
spectra. According to the literature data [9], this
absorption band refers to antisymmetric vibrations in
the Cu–O–N=O complex. The extinction coefficient
ε was determined by heating the sample in a thermal
desorption mode with an analysis of the amount of
released NOx molecules; ε = 3.4 × 10–18 cm2/mole-
cule.

Under the reaction conditions at 300°С, the absor-
bance (D) of a band at 1630 cm–1 is 0.05. This means
that there are  = DSε–1 = 3 × 1016 complexes on
the sample (where S is the geometric surface area of
the sample, S = 2 cm2). If NOx is converted via this
complex, the reaction rate of its consumption will be
Wsc = k  = 1.8 × 1017 molecule/min.

The value of k was determined from the data in Fig. 2.
Curve 1 in Fig. 2 is the change in the absorbance of the
absorption band of the nitrite complex over time when
replacing the f low of the reaction mixture with a f low
containing propane. This expedient is aimed at stop-
ping the process of formation of the nitrite complex in
order to measure the rate of its consumption. Process-
ing curve 1 in the coordinates of a first-order equation
gives a value of k equal to 6 min–1.

The experimentally measured rate of NOx conver-
sion on this sample is Wr = 1.9 × 1017 molecule/min. A
good coincidence of the rates proves that the observed
complex is intermediate in NOx reduction by propane.
That is, the description of the reaction mechanism in
this case corresponds to the following simplified
scheme:

2. Wsc < Wr. In this case, the observed surface com-
plex is not related to the studied reaction. It can be an
intermediate in another reaction, the rate of which in
this case is not measured. As an example, let us com-
pare the rates of conversion of the carboxylate com-
plex to CO2 in the oxidation of CO on copper oxide
deposited on Al2O3 (Fig. 3) [10].

Under the reaction conditions, absorption bands at
1600 and 1380 cm–1 were detected in the IR spectra.
The assignment of these absorption bands is made on
the basis of literature data [2, 3]. These absorption
bands belong to antisymmetric and symmetric vibra-
tions of the surface carboxylate group. The extinction
coefficient of vibrations ε in the carboxylate complex
was determined in [11]: ε = 6 × 10–19 cm2/molecule.
Under the reaction conditions at 340°С, the absor-
bance D at 1600 cm–1 is 0.12. This means that there are
Nсоо = DSε–1 = 4 × 1017 complexes on the surface. If
СО2 is formed via this complex, the rate of its forma-
tion СО2 is Wsc = kNcoo = 5 × 1016 molecule/min.
The value of k is determined from data in Fig. 3. The

NOx
N

NOx
N

A B X C.+ → →
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Fig. 3. СО oxidation to СО2 on the 10% CuO/Al2O3 cata-
lyst, 340°C. Dependences of the reaction rate (1) and the
intensities formation the absorption band of the carboxyl-
ate complex (2) on time, and the result of linearization of
curve 2 in the coordinates of the first-order equation (3). 
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processing of curve 2 in the coordinates of the first-
order equation gives k = 0.13 min–1.

The experimentally measured reaction rate on this
sample is Wr = 2.6 × 1019 molecule/min. These data
indicate that the contribution of the oxidation of car-
boxylates to the overall reaction of CO oxidation is
negligible.

The mismatch of the rate can also take place for the
intermediate complex X (or Y) in the case of the reac-
tion occurring according to the following scheme:

In this situation, the determination of the role of
the complex X (or Y) in the reaction under study can
be made on the basis of the comparison of the charac-
teristic time of transformation of the complex and the
characteristic reaction time. If these values coincide,
we have grounds for stating that the observed complex
is intermediate in the reaction. Note that the measure-
ment of characteristic times (to determine the expen-
diture constant of the surface complex) is an integral
part of the spectrokinetic experience.

3. Wsc > Wr. In this case, it is obvious that the
observed surface complex either is completely unre-
lated to the studied reaction or it is also converted in
some other reactions the rate of which we do not mea-
sure. Then, it is necessary to measure the rates of all
reactions occurring in this system. A spectrokinetic
example of such a relation between the rates was found
using the example of NOx reduction by hydrocarbons
in an excess of oxygen [12]. The rate of conversion of
intermediate nitrate complexes is greater than the rate
of NOx reduction due to the decomposition of nitrates
to NO.

We would like to note that the method of compar-
ing the rates encounters some experimental difficulties
in the case of low-active samples. In order to deter-
mine the reaction rate, it is necessary to carry out
experiments at elevated temperatures. Surface cover-
ages decrease with increasing temperature. The suc-
cess of the experiment will be determined by the pos-
sibility of combining the temperature ranges in which
the spectral and catalytic properties of the system are
measured.

One can also encounter difficulties when compar-
ing velocities on highly active catalysts. These are
mainly related to the low temporal resolution of spec-
tral equipment. As follows from literature data [13,
14], the characteristic times of heterogeneous reac-
tions are in the range from 10–2 to 102 s. It is possible
to study reactions with characteristic times of more
than 1 s by non-steady-state methods of molecular
spectroscopy.

A + B

Y

X

Z C + D.
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Spectrokinetic measurements can be carried out on
the basis of transmission [15], diffuse reflectance [16],
and emission [17] spectroscopy.

Note that transmission spectroscopy is used most
often. However, its capabilities are limited by the need
to press the sample and a significant intrinsic absorp-
tion of the catalysts. Finally, due to the long optical
path in the cell, transmission is likely to impose
absorption bands of molecules in the gas phase and
surface compounds.

Diffuse reflectance spectroscopy has no disadvan-
tages mentioned above. Its sensor captures light scat-
tered by a powdered sample. For the quantitative
description of diffuse reflectance spectra, the
Kubelka–Munk formula is used, which relates the
fraction of light reflected by an infinitely thick
medium with the extinction coefficients ε and scatter-
ing s.

It is obvious that the processes occurring on the
surface of bulk metals are inaccessible for studying
using the methods listed above. Emission spectros-
copy is the most suitable for this problem [18]. This is
the only spectral method in which sample heating
does not prevent the measurement, but rather is the
necessary condition. Moreover, the characteristic
spectrum of metal complexes is measured against the
background of the noncharacteristic radiation of the
metal itself.

The above approach for comparing the rates of
consumption of surface compounds and the formation
of products shows that the spectrokinetic method is a
promising experimental base for studying the mecha-
nism of a heterogeneous catalytic reaction and the
patterns of f low of surface steps. To identify the gen-
eral patterns of transformation of complexes on the
surface, we propose to study the same reaction on the
widest possible range of catalysts by the spectrokinetic
method.
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RESULTS AND DISCUSSION
In chemistry, it is known that the reaction of dilute

and concentrated nitric acid with metals produces dif-
ferent products. Similarly, in the interaction of olefins
with sulfuric acid of varying degrees of dilution, differ-
ent reactions take place. The explanation for this fact
is quite simple: when the acid is dissolved, different
ions are formed in the solution due to the solvation
effect. That is, by diluting the acid to different extents,
we prepare different reagents. This example is a clear
analogy with heterogeneous catalysis. When the mol-
ecule is adsorbed on the surface of the catalysts, the
initial reagent for the reaction is formed, which is fun-
damentally different in its properties and structure
from the molecule in the gas phase.

A brilliant literature example is the reaction of CO
oxidation. The high strength of the C–O bond (>1000
kJ/mol) and spin forbiddenness lead to the fact that
the process in the gas phase is difficult to occur (reac-
tion temperature is higher than 700°C).

In the presence of a metal catalyst, a σ-bond is
formed between the occupied d orbitals of CO and
unoccupied d orbitals of the metal. The bond is also
formed due to the interaction of the occupied d orbit-
als of the metal with the vacant π* orbitals of CO. As a
result, in the resulting CO–catalyst molecular com-
plex, the electronic structure of the C–O bond and its
strength change. The second component of the reac-
tion, oxygen, is adsorbed dissociatively on metal cata-
lysts. As a result, the interaction between the new
reagents created by the catalyst—the carbonyl complex
and atomic oxygen—takes place at a much lower tem-
perature.

Below, on the basis of our own and literature data,
we will try to prove that the formation of a new reagent
during adsorption determines the route of the catalytic
reaction.

On the group of catalysts under the conditions of
the same reaction (initial reagents and products coin-
cide), the formation of identical surface complexes-
reagents is possible. We will show that, in this case, the
studied reaction occurs via the same mechanism on
different catalysts of this group. The individual prop-
erties of the catalysts in this case manifest themselves
in the determination of the rate-limiting step.

If, on different catalysts, the adsorption of the same
molecule leads to the formation of different reagents,
then different reactions take place on them.

To check these considerations using the spectroki-
netic method, each reaction was studied on the widest
possible range of catalysts.

Low-Temperature Ammonia Oxidation
Low-temperature catalytic oxidation of ammonia

to nitrogen is one of the main processes for reducing
the concentration of ammonia in industrial waste
gases. The intermediate compounds in this reaction
were studied by us on oxide catalysts [15, 16, 19–21]
and bulk metals (Pt, Fe) [17]. When ammonia inter-
acts with catalysts characterized by Lewis acidity, a
chemical bond with the catalyst is formed due to elec-
tron transfer to the coordination-unsaturated surface
sites. As a result, a reagent appears that fundamentally
differs in its electronic structure from the ammonia
molecule in the gas phase. When this reagent interacts
with adsorbed oxygen, reaction products are formed.

Using steady-state and non-steady-state spectroki-
netic measurements by the methods of IR spectros-
copy of transmission and diffuse reflectance [15, 16,
19–21], it was shown that intermediates in this reac-
tion on Lewis oxides are NH3ads, N2Oδ–; N2Oδ–,
NOδ+, and NH2ads.

Assuming that all the detected intermediates are
involved in the reaction, we can suggest the following
scheme for describing the process of low-temperature
ammonia oxidation on the studied metal oxides:

where Z is the free site of the surface oxide. Oxides on
which the corresponding surface compounds were
observed experimentally are given in brackets.

Based on the above scheme, calculations of prod-
uct concentrations and surface coverages with inter-
mediate compounds were carried out depending on
the composition of the reaction mixture under steady-
state conditions [19]. As the reference values of the
rate constants, we used the estimates of k12, k6, and k10
obtained from non-steady-state spectrokinetic mea-
surements.

+ →3(gas) 3
–1

2 3 2 3

I) NH    Z   NH Z,

(ZnO,Cr O ,Fe O – 1620 сm ),

→ +3 3(gas) II) NH Z NH    Z,

+ →2 2(gas)III)  O Z O Z,

→ +2(gas) 2IV)  O Z O Z,
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−
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VI)  NH Z OZ NH Z OHZ,

(Cr O – 1560 сm ),

2 2 4VII)  2NH Z N H Z Z,→ +

+ → + +2 4 2 2(gas) 2VIII) N H Z O Z N 2H O 2Z,

−

+ → + +2 2(gas) 2
1

2 3

IX) NH Z    O Z NOZ H O Z,
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KINETICS AND CATALYSIS  Vol. 60  No. 5  2019



INFORMATION ON INTERMEDIATES IS THE BASIS FOR UNDERSTANDING 577

Fig. 4. Low-temperature ammonia oxidation on Fe2O3.
Dependences of experimental (1, 3) and calculated (2, 4)
values of the concentrations N2 and N2O for Fe2O3 at
240°С on the ammonia concentration in the reaction mix-
ture at  = 0.40 (a) and on the concentration of oxygen
in the reaction mixture at  = 0.25 (b).

0.0004

0.0008

0.0012

0.0016
(b)

0.10 0.1 0.2 0.2 0.3 0.3 0.4 0.4

4
3

1

2

0.5
O2 concentration, volume fraction 

N
2 

co
nc

en
tr

at
io

n,
N

2O
, v

ol
um

e 
fr

ac
tio

n

0.0004

0.0008

0.0012

0.0016
(а)

0.050 0.10 0.15 0.20 0.25 0.30

4
3

1

2

0.35
NH3 concentration, volume fraction

N
2 

co
nc

en
tr

at
io

n,
N

2O
, v

ol
um

e 
fr

ac
tio

n

2OC

3NHC
The agreement of the calculated and experimental
dependences with the assumptions made in the
scheme is quite good (Fig. 4). Similar results were
obtained in non-steady-state experiments [19].

These facts taken together suggests that the reac-
tion mechanisms on the studied oxides are the same.
It should be noted that the studied oxides are charac-
terized by the same forms of adsorption of ammonia
and oxygen on them. Therefore, it can be assumed
that, on some set of catalysts the mechanism of the
above reaction will be the same if the initial adsorption
forms of the reactants on them are identical.

On oxides with Brønsted acidity (MoO3, Cr2O3),
upon the adsorption of ammonia, a surface complex

 is observed. The spectrokinetic measurements
have shown that this complex is intermediate in the
reaction of N2O and N2 formation. In other words, the
mechanism of ammonia oxidation on these samples is
the same. However, it radically differs from that
described above for oxides with pronounced Lewis
acidity.

Another example that confirms the hypothesis is
the oxidation of ammonia on bulk metals [17].
According to in situ emission IR spectroscopic data,
the form of ammonia activation in this case is the sur-
face NH2 complex, and nitrous oxide appears in the
reaction products.

Interaction of СО and NO
The reaction of CO with NO is important from the

standpoint of neutralizing the harmful emissions of
gasoline engines. The main catalysts are supported
platinum group metals. In this connection, the mech-
anism of the process on Pt, Pd, Rh, Ru, and Cu sup-
ported on alumina has been studied. Under reaction
conditions, CO forms carbonyl complexes and NO
forms nitrosyl complexes on the catalyst surface. Iso-
cyanate and carbonate complexes were also identified
as intermediates. A spectrokinetic study [8, 22–26]
with a wide variation of the composition of the reac-
tion medium and temperature allowed us to determine
that the isocyanate complex is a key intermediate
complex in the nitrogen formation. The NCO com-
plex is formed by the interaction of the adsorbed nitro-
gen atom and the CO molecule, and decomposes as a
result of reaction with the adsorbed NO molecule.
With this in mind, the following mechanism of inter-
action between CO and NO is proposed:

4NH+

I) CO + [M]  [M CO],−�

II) NO + [M]  [M NO],−�

+ →III) [M]  [M–NO] [M–N] + [M–O],

→IV)  [M–N] + [M–CO] [M–NCO] + [M],

+ →
→ + +2 2

V) [M–NCO] [M–NO]
[M–CO ] N [M],
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Based on this mechanism, a satisfactory quantita-
tive description of the dependence of the reaction rate
and selectivity on the composition of the reaction
medium on all tested catalysts (with a different set of
constants) was obtained [26]. Note that the initial
adsorption state of reactants in this process is the same
for these catalysts and the reaction mechanism is the
same.

A comparative study of the same reaction on bulk
copper–cobalt spinel and on copper–cobalt spinel
and copper oxide supported on alumina [27, 28]
showed that carbon monoxide is activated in the form
of carbonyl complexes, and nitric oxide is activated in
the form of nitrite complexes. The reaction between
them leads to the formation of N2O and CO2. In other

+ → 2VI) [M–CO] [M–O] [M–CO ] + [M],

→ +2 2VII) [M–CO ] [M] CO ,

+ → +2VIII) [M–N] [M–NO] N O 2[M],

2IX)  O 2[M] 2[M–O].+ →
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words, when changing the form of activation of the
reactants the reaction mechanism becomes different.

Selective Catalytic NOx Reduction by Hydrocarbons
in the Presence of Oxygen

The most interesting data were obtained when
studying the process of selective catalytic reduction of
nitrogen oxides by hydrocarbons in the presence of
oxygen (HC-SCR NOх). This reaction in the literature
is paid great attention because it is necessary to neu-
tralize the harmful emissions of diesel engines. HC-
SCR NOх is the most effective on oxide catalysts [29–
32] apparently because of the presence of oxygen does
not prevent the activation of NOх (which is character-
istic of supported metals). On the contrary, the pres-
ence of oxygen appears to be favorable for the forma-
tion of nitrate complexes.

A spectrokinetic study [33–51] allowed us to prove
for a wide range of oxide catalysts—copper- and
cobalt-substituted zeolites with the ZSM-5 structure

[33–36, 47–50], zirconia of various modifications
[37–43], columnar clays [44–46, 51] (nanosized par-
ticles of zirconia are fixed between the aluminosilicate
layers of natural montmorillonite clays with supported
active components), nickel–chromium oxide, iron–
chromium oxide, copper–zinc–aluminum catalysts,
and others—that nitrate complexes [35–42] are key
intermediates in this process (Scheme 1, Scheme 2). The
next step is the interaction of  with the hydrocarbon
to for, formation of nitroorganic complexes [8, 43–46].

It is interesting to note that the structure of the
nitroorganic complexes is determined by the form of
hydrocarbon activation. In particular, the interaction
of a mixture of propylene and oxygen with the surface
of bulk ZrO2 leads to the appearance of only an acetate
complex. As a result, the acetate and monodentate
nitrate complexes form a complex on the surface that
is similar in structure to adsorbed nitromethane
(Scheme 1).

Scheme 1.

On ZrO2 in the form of columns in the composi-
tion of columnar clay, the main form of propylene
activation is the isopropoxide complex. In this case,

the isopropoxide and nitrate complexes form a com-
plex similar in structure to the structure of adsorbed
dinitropropane (Scheme 2).

Scheme 2.

The dinitropropane complex is consumed in the
interaction with surface NO2 complexes that arise
during the decomposition of surface nitrates.

Overall, the data shows that the initial adsorption
state of the reagents determines the sequence of steps:
if NO forms nitrate in its activation and the hydrocar-
bon forms acetate, the reaction goes through the nitro-
methane complex; if NO forms nitrate in its activation
and the hydrocarbon forms isopropoxide, then the
reaction goes through the nitropropane complex. This
statement is true for all studied systems.

Catalytic Conversion of Methanol
The catalytic conversion of methane is important

from the standpoint of producing hydrogen for fuel
cells. The main form of methanol activation on vari-
ous catalysts is methoxy groups. The mechanism of
formation of methoxy groups depends on the proper-
ties of the catalyst [52–57]. These complexes can be
formed by interaction with basic or acidic hydroxyl
groups with O–H or C–O bond breaking in the alco-
hol molecule, respectively. As a result of spectroki-
netic studies [52–57], it turned out that linear
methoxy groups of the first type are converted into

3NO−

NO NO3
− NO2аdc

NOx, T
N2 + COx + H2O.

NO2gas

O2 CH3COO−

O2N−CH3

NO NO3
− NO2аds

NOx, T
N2 + COx + H2O.

NO2gas

O2 C3H7O−

O2N−CH3
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methyl formate due to the condensation reaction with
the formate complex and then to CO and H2. Methoxy
groups of the second type are intermediate in the for-
mation of dimethyl ether.

In other words, the form of activation of the etha-
nol molecule during adsorption determines the route
of its further transformation.

Theoretical Consideration
The above data indicate that the main function of

the catalyst is to transform the molecule from the gas
phase (during adsorption) into a fundamentally new
reactant, on the nature of which the reaction route
depends.

In addition, it was found that, on some set of cata-
lysts, the mechanism of any reaction as a sequence of
intermediate conversions is preserved if the initial
adsorption forms of the reactants on it are the same.
The individual properties of the catalysts in this set are
manifested in the determination of the ratio of the
rates of the steps, and, consequently, of the rate-limit-
ing step.

Confirmations of this hypothesis can be found in
the literature. In particular, the study of the mecha-
nism of propylene oxidation to acrolein on oxide cata-
lysts [58] showed that if the adsorption of propylene
produces a π-complex of propylene, then the catalyst
undergoes a process of mild oxidation of propylene to
acrolein. If, upon adsorption, the π-complex of pro-
pylene is observed, then deep oxidation of propylene is
carried out. The activation of propylene in the form of
isopropoxide leads to the formation of acetone.

Methanol synthesis also provides the confirmation
of the unambiguous correspondence of the reaction
mechanism to the adsorption forms of reactants. In
accordance with the ideas developed in [59], methanol
synthesis occurs exclusively through CO2 rather than
CO. That is, the formation of methanol requires the
presence of a surface complex that forms only during
CO2 adsorption.

Apparently, the presence of a compensation effect
in catalysis (the proportionality of the entropy and
enthalpy terms of the Gibbs activation energy) [1] can
only be explained if the reaction mechanism is the
same on different catalysts (i.e., if the measurements
refer to the reaction step of the same nature on differ-
ent catalysts).

The literature describes chemical reactions that
occur only on one catalyst. These are ammonia syn-
thesis on iron, maleic anhydride formation on vanadyl
pyrophosphate, ethylene oxidation on silver, etc.
These examples show that there may not exist several
mechanisms of the same reaction. Neither may exist
many forms of activation of reactants, otherwise other
effective catalysts of these reactions would be found.

The mechanism of a heterogeneous catalytic reac-
tion is usually understood as a sequence of steps, in
KINETICS AND CATALYSIS  Vol. 60  No. 5  2019
each of which intermediate complexes (intermediates)
are formed and consumed [1]. From the standpoint of
quantum mechanics, to determine such a sequence, it
is necessary to solve the Schrödinger equation for a
very complex many-electron system. If the system can
be described in the adiabatic approximation, the solu-
tion to this equation is a complex multidimensional
potential energy surface. In terms of the potential
energy surface (PES), the occurrence of a catalytic
reaction means the movement of the imaging point
from one potential well (from one intermediate) to
another (to another intermediate) through the corre-
sponding energy barrier [60].

On a complex multidimensional potential energy
surface, there are infinitely many options for the tran-
sition of the system from the initial to the final state. It
is reasonable to assume that the real route (the motion
of the imaging point on the surface of potential
energy) characterizes a certain principle of minimum.
The most suitable for describing a reaction route is the
minimum of action [61, 62]. In accordance with it, a
route is realized for which the action (the integral of
the difference between the kinetic and potential
energy along this path in time) is minimal. Such a
route has differential properties: the action is minimal
bothe throughout the entire route and through each of
its small sections. In other words, if for one of the cat-
alysts it was possible to find a sequence of steps for the
conversion of reactants into products (the nature and
properties of the intermediate complexes are known),
the same intermediate complexes, except for one
unknown, are found for the other catalyst of this reac-
tion, the structure of this unknown intermediate will
be identical to the structure of the corresponding
intermediate on the first catalyst. That is, a “loop” on
PES is impossible. The presence of branching points
on PES will then mean that another reaction occurs in
the system with the formation of another product, and
then we can talk about the selectivity of the process.

However, the application of the least-action prin-
ciple is limited to quick reactions for well-known rea-
sons [56]. In addition, based on this principle, it is dif-
ficult to associate the real route with the specific struc-
ture of intermediate complexes. On the other hand,
back in 1938, Rice and Teller [63] substantiated the
principle of least motion and formulated it as follows:
The formation of reaction products occurs with as lit-
tle motion of atoms and electrons as possible.

On a given potential energy surface, let us choose
from the set of possible routes the one that is charac-
terized by the minimum motion of nuclei and elec-
trons. This actual route is realized through a well-
defined sequence of intermediate complexes. In other
words, there is an unambiguous correspondence
between the least motion of nuclei and electrons and
the set of intermediate complexes through which this
motion is realized. We turn to the same reaction on a
different catalyst. Among the set of probable routes



580 MATYSHAK, SIL’CHENKOVA
connecting the initial and final state of the system,
there will be one that is defined as valid on the first
catalyst. Since the initial and final states for the reac-
tion are the same, and there is one-to-one correspon-
dence between the least motion of nuclei and electrons
and the set of intermediate complexes through which
this motion is realized. Let us turn to the same reac-
tion on a different catalyst. Of the set of probable
routes connecting the initial and final state of the sys-
tem, there will be one that is defined as valid on the
first catalyst. Since the initial and final states for the
reaction are the same, and there is one-to-one corre-
spondence between the least motion of nuclei and
electrons and the set of intermediate complexes, the
same set of intermediate complexes will correspond to
the least motion as on the first catalyst.

CONCLUSIONS

The analysis of the properties of intermediates in
different reactions given in this paper suggests that the
main function of the catalyst is to transform the mole-
cule in the gas phase (during adsorption) into a funda-
mentally new reactant, the nature of which determines
the reaction route.

It turns out that on some set of catalysts the mech-
anism of the studied reaction as a sequence of trans-
formations of intermediates is preserved if the initial
adsorption forms of the reactants on it are the same.
The individual properties of the catalysts in this set are
manifested in the determination of the ratio of the rates of
the steps, and, consequently, of the limiting step.

On the basis of the proposed concept, it is possible
to propose a method for studying the reaction mecha-
nism that is different from the traditional one. It
involves the study of the forms of activation of reactant
molecules and intermediates on different catalysts in
the same reaction. If the initial (adsorption) state of
reactants on them is the same, then, taking into
account the set of intermediates found on these cata-
lysts, it is possible to construct a general sequence of
steps that is valid for each catalyst.

This approach, in addition to information about
the detailed mechanism of the catalytic process, can
reveal more general patterns of catalysis because the
study of the overall process is based on the study of
individual elementary steps of the reaction. In this
case, it is clear that, when comparing the parameters
of the same elementary step of a catalytic process on
catalysts of different structure and chemical composi-
tion, the probability that the kinetic parameters of the
surface elementary steps will correlate with the physico-
chemical properties of catalysts increases. The promise of
this approach is shown by the example of the reaction of
low-temperature ammonia oxidation [19].
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