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THE UNIVERSAL LAW OF CATALYSIS

Abstract. The general sign and general mechanism of catalytic reactions based on the transfer
of electric charges to reagents has been revealed. This mechanism of catalysis is realized on the
fundamental level - on the level of interaction of elementary particles (electrons and protons). The choice
of this mechanism of catalysis made it possible to obtain the general law of catalysis and private laws
for other types of catalysis. The main parameter in the equation of the generalized law of catalysis is the
total electric charge obtained by the reactants. In catalysis, the donor-acceptor mechanism is realized,
which leads to a change in the oxidation state of the reactants and to a decrease in the activation energy
of the chemical reaction. The main active factor in the donor-acceptor mechanism of catalysis is the
electrical charge that transfers the catalyst to the reactants. The electric charge is a quantitative
characteristic in the formula for the universal law of catalysis. From the universal law of catalysis, the
laws of heterogeneous, homogeneous, combined, field catalysis, and Faraday's law of electrolysis follow
as private results.

Keywords: laws of catalysis, generalized law of catalysis, field - immaterial catalyst, donor-
acceptor mechanism of catalysis, electric charge, oxidation states of reactants, electrolysis - special case

of catalysis, Faraday's constant.

1. Introduction

The practice of catalysis is struck by a great variety of catalytic reactions, which are difficult to
generalize. Despite the advances made in the practice of catalysis, the scientific side of this physical and
chemical phenomenon remains poorly understood. The nature of the catalytic action is currently only
partially clear, and a quantitative theory has not been established. There is no equation that can describe

the law of catalytic reaction rate [1 - 6]. A large number of types of catalysis need theoretical
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substantiation and generalization. In this article, we aim to obtain a single generalized law of catalysis,

from which laws for different types of catalysis should follow as special cases.

2. Common acting factor in catalytic reactions

The successful selection of a catalyst and the conditions for a particular reaction is based on
empirical selection. Therefore, the identification of the common active factor in catalysis is an urgent
task. The multitude of types of catalysis and the variety of catalysts creates a false idea that the active
factors of catalysis are the features of the chemical composition and the chemical structure of the catalyst.
A universal active factor in catalysis has not yet been identified. The emergence of immaterial field
catalysts in catalysis points to the presence of some common property in catalysts different in nature.

The ability of fields to act as immaterial catalysts [7 - 18] indicates that this common property of
catalysts has nothing to do with the chemical composition and chemical structure of the catalysts. Both
the field and the substance have this common property. The mechanism of field catalyst action cannot be
explained by the formation of intermediate compounds between the catalyst-field and the reactants [19].
It was shown in [19-22] that such a common property of substance and field catalysts is their ability to
change the oxidation state of the reactants. As a result, this leads to a decrease in the activation energy
of the chemical reaction. The material objects that realize this ability of catalysts are two elementary
particles: an electron and a proton [23, 24].

The common feature of the electron and proton is their identical electric charge (e = 1.602 176
634 x 101° C). The electric charges of the electron and proton claim to be universal acting factors in
catalysis. They initiate and accelerate the chemical reaction. The electrical nature of catalysis is obvious.
The mechanism that realizes the transfer of electric charges is the donor-acceptor mechanism of catalysis.
This mechanism of catalysis is realized on the fundamental level - the level of interaction of elementary

particles (electrons and protons).

3. Back to Berzelius - closer to the electrical mechanism of catalysis
The electrical mechanism of catalysis was pointed out by Berzelius long before the discovery of the
electron and proton, already in the first years after the discovery of catalysis. Berzelius developed a
theory of catalysis based on the catalytic force, noting that "the catalytic force must consist in some
influence on the polarity of the atoms which it increases, decreases or changes so that in fact it is based
on the excitation of electrical relations. These electrical relationships have so far eluded our research”
[25, 26]. His teachings were not supported by his contemporaries. The results obtained in [19 - 24] show

that Berzelius's phenomenological theory of catalysis and his catalytic power were not the scientist's



mistakes. The material carriers of Berzelius's catalytic force were identified. These are the elementary
particles - the electron and the proton. And the catalytic force appeared in the laws of catalysis as a force
interaction of electric charges.

4. The donor-acceptor mechanism is the universal mechanism of catalysis
The role of electrons and protons as carriers of electric charges is crucial in catalytic reactions.

The reaction of the form A + B = AB in the presence of a heterogeneous Cat catalyst can be represented

by the scheme shown in Fig. 1.

A+B=AB

Cat
/

A+B=A0+B®=AB

Fig. 1. Scheme of heterogeneous catalysis. A, B - reagents. AB - reaction product. 40, B®) -
ionized reagents. Cat - heterogeneous catalyst. e™- electron charge.

In heterogeneous catalysis, the catalyst acts as an electron donor and acceptor when interacting
with reagents. The catalyst electrons allow the reaction activation energy to be reduced by changing the
oxidation state of the reactants. The change in the zaradic state of the reactants is the main result of the
donor-acceptor interaction. The catalyst itself remains unchanged and participates in the reaction with its
electrons e

The reaction of the form A+B = AB in the presence of a homogeneous Cat catalyst can be

represented by the scheme shown in Fig. 2.

A+B=AB

Cat
7\
A+B=A®+BO=AB

Fig. 2. Scheme of homogeneous catalysis. A, B - reagents. AB - reaction product. A©, B®*) -
ionized reagents. Cat - homogeneous catalyst. e - proton charge.

The transfer of electric charges by e+ protons in homogeneous catalysis leads to a change in the
oxidation state of the reactants. This causes ionization of the reactants and changes the reactivity of the



substances, which leads to an acceleration of the chemical reaction. The catalyst itself remains unchanged
and participates in the reaction with its protons.
The reaction of the form A+B = AB in the presence of the Cat(Field) field catalyst can be

represented by the scheme shown in Fig. 3.

A+B=AB

Cat (Fiela)

o/ \e

A+B=A0O+B®»=AB

Fig. 3. Scheme of field catalysis. A, B - reagents. AB - reaction product. A®, B™ - jonized
reagents. Cat(Field) - field catalyst. E - field energy.

Field catalysts participate in the reaction by the field energy E, which leads to the generation of
electrons in the substance of the reactants. This causes ionization of the reactants. In this case, the role
of an electron donor in a catalytic reaction is performed by one of the reactants, and the role of an electron
acceptor is performed by the other reactant. This makes it possible to reduce the activation energy of the
reaction by changing the oxidation state of the reactants. The catalyst (field) itself remains unchanged
and participates in the reaction with its energy.

The reaction of the form A+B = AB in the presence of the combined catalyst Cat(1) + Cat(2) can

be represented by the scheme shown in Fig. 4.

A+B=AB

Cat (2)
Cat (1)
A+B=A0+B®=AB
Fig. 4. Scheme of combined catalysis. A, B - reagents. AB - reaction product. 4©), B®) - jonized

reagents. Cat(1) + Cat(2) - combined catalyst. e- - electron charge.

The catalysts in the combined catalysis act as an electron donor and acceptor. The second catalyst

enhances the action of the first catalyst. The first catalyst interacts directly with the reagents by



implementing a donor-acceptor mechanism of catalysis. The second catalyst can be an electric current
(electrocatalysis), an electric field (electrostatic catalysis), light (photocatalysis, daser catalysis), ionizing
radiation (radiation catalysis), etc. Combined catalyst electrons allow the reaction activation energy to
be reduced by changing the oxidation state of the reactants. At the same time, the catalysts themselves

remain unchanged and participate in the reaction with e- electrons.

The model of donor-acceptor interaction of the catalyst and reactants was first proposed by
Thomas Martin Lowry in 1925-1928. He formulated the idea of a proton-donor-acceptor mechanism as
applied to homogeneous catalytic processes. According to Lowry, homogeneous catalysis is caused by
the alternating interaction of a reactant molecule with a catalyst. The mechanism consists in the
attachment by the reactant of a proton received from the donor catalyst and the subsequent transfer of

protons to the catalyst-acceptor [27, 28].

The electronic donor-acceptor mechanism of heterogeneous catalysis has been extensively
studied by Jia Min Jin. [29, 30]. According to Jia Min Jin, the donor-acceptor mechanism helps to explain
many experimental results of heterogeneous catalysis, including catalysis and poisoning, the activity of

various catalysts, and the choice of carrier material [29, 30].

The donor-acceptor mechanism was shown in [19 - 24] to claim the status of a universal
mechanism of catalysis. The applicability limits of this mechanism go far beyond heterogeneous and
homogeneous catalysis and extend to other types of catalysis. The donor-acceptor mechanism allowed
the laws of heterogeneous, homogeneous, and field catalysis to be obtained [19, 21, 24]. The equations

of these laws of catalysis include electric charge as a quantitative measure.

In this article, we will show that accepting the electrical nature of catalysis and the donor-acceptor
mechanism of catalysis allows us to obtain a universal law of catalysis. From the generalized law of

catalysis follow the laws of various kinds of catalysis and even Faraday's law of electrolysis.

5. The general law of catalysis for different types of catalysis

Different types of catalysis must obey the same general law. This is indicated by the electrical
nature of different types of catalysis. This is indicated by the uniform transfer of electric charges by
elementary particles in different types of catalysis. This is indicated by the universal nature of the donor-
acceptor mechanism of catalysis.

In order to obtain a general law of catalysis, we will analyze and compare the rate law formulas
obtained earlier in [19, 21, 24] for three types of catalysis: heterogeneous, homogeneous, and field

catalysis.
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where: vie is the rate of heterogeneous catalysis (mol/s); vo is the rate of homogeneous catalysis

(mol/s); Vreat is the rate of field catalysis (mol/s); n, - the number of active catalyst centers involved in
the reaction; F - is Faraday's constant; e - is the electric charge of the electron; 7 - is the donor half-

loop of catalysis; 7 - is the acceptor half-loop of catalysis; fe - is the frequency of field influence on

reagents; Ecat - field energy spent on catalysis during one cycle of catalysis (J); Ei - energy of ionization
of reactants (J); ki - initial degree of oxidation of the catalyst; k> - final degree of oxidation of the
catalyst; Z, —degree of oxidation of the reactant in the initial product; Z, —degree of oxidation of the
reactant in the final product; m: - number of reactant atoms in the molecule of the final product; t -
catalytic reaction time.

All three formulas (1), (2), (3) have a common feature. These formulas include combinations of
values that specify the value of the electric charge. This is the electric charge transferred to the reactant
and the electric charge received by the reactant.

In the law of heterogeneous catalysis (1) electric charge is represented by the following
combination of values:

_eonaO|k1—k2|ot
o ()

In the law of homogeneous catalysis (2) the electric charge is represented by the following

(4)

combination of quantities:
_een, et
(TD + TA)

In the law of field catalysis (3), the electric charge is represented by the following combination

Qs (®)

of quantities:

_e.fe.Ecat.t (6)

Qs

The general formula for the rate law of catalysis vcat and the general formula for calculating the

yield of the catalysis reaction ncat will be presented as:
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We see that different types of catalysis obey a general law. Relations (7) and (8) are mathematical
expressions of this general law of catalysis. The general law of catalysis applies not only to homogeneous,
heterogeneous, and field catalysis. Below we will show its universal character. The scope of applicability
of the general law of catalysis extends far beyond heterogeneous, homogeneous, and field catalysis to
other types of catalysis.

Table 1 shows the generalized law of catalysis rate and catalysis reaction yield and their reduction

to the partial laws of catalysis.

Table 1
Name Formulas for the laws of catalysis Note
Generalized law of the rate Q Q Q electrical charge
of catalysis and the yield of Vcat = D . ncat = > z
the catalytic reaction F .t.ml .‘21—22‘ ' F .ml.‘zl—zz‘
Reduction of the law of QZ een, °|k1 —k2| een, 0|k1—k2|0t
catalysis rate to the law of VHe:FOtOm 0|Z —Z|=FO(T e ).m 0|Z - | s = (T e )
heterogeneous catalysis 1of "2 D" "A R D A
Reduction of the law of
catalysis rate to the law of | VHo = Q, = L Qz = cen, ot
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homogeneous catalysis
Reduction of the catalysis QZ ce fe ° Ecat Q ce fe ° Ecat ot
te law to the field Vet = = >= =
rate law to the fie Fcat F0t0m10|21—22| F0m10|Zl—ZZ|OE~ Ei
catalysis law I

Formulas (7) and (8) can be presented using the Avogadro constant, taking into account the

known relation of the fundamental constants (F =ee N ,):

N

Vo = :
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Moot = (10)
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Here Ne is the number of electrons obtained (given up) by the reactants during catalysis.



The generalized law of the rate of catalysis turns into the rate laws for heterogeneous,
homogeneous, and field catalysis at the corresponding values of Q. :
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The generalized formulas for TOF and TON are as follows:

TOF,, = O (14)
een,etem e|z, —7,|
TON_, = Qs (15)
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Generalized formulas (14) and (15) turn into formulas for TOF and TON heterogeneous,

homogeneous, and field catalysis at the corresponding values of Q. :
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Table 2 presents the generalized TOF formulas and their reduction to particular types of catalysis.

Table 2

Name Generalized TOF formulas Note
TOFcat TOF Qs General formula for
(turnover cat g n,etem, ‘|21 _ Zz| TOF
frequency)
TOFwe TOF, = Qs _ |k1—k2| Q, :e°na"k1_k2‘°t
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6. Combined catalysis.
A large number of catalytic reactions take place with the participation of complex catalysts or

several catalysts. Combined catalysis is catalysis under the action of a combined catalyst [31, 32].
Additional effects of fields and various types of radiation on the catalyst also belong to combined
catalysis. Examples of such reactions are electrocatalysis, photocatalysis, electrostatic catalysis, radiation

catalysis, laser catalysis, photocatalysis, electroorganocatalysis, photoorganocatalysis, etc. [7 - 18, 33].

The reaction of A+B = AB when Cat(1) catalyst and Cat(2) field are used together can be

represented by the scheme shown in Fig. 5.
A+B=AB
Cat (2)
x|
Cat (1)
/

A+B=A0+B®» =AB



Fig. 5. Scheme of combined field catalysis. A, B - reagents. AB - reaction product. A©, B®) -
ionized reagents. Cat (1)- first catalyst, Cat (2)- second catalyst (field), E - field energy, e- - electrons.

The reaction of A+B = AB when Cat(1) catalyst and Cat(2) electric current are used together can

be represented by the scheme shown in Fig. 6.

A+B=AB
Cat (2)

J
Cat (1)
e/ \e‘
A+B=A0O+B®»=AB

Fig. 6. Scheme of combined electrocatalysis. A, B - reagents. AB - reaction product. 40, B™ -
ionized reagents. Cat(1 )- the first catalyst, Cat(2) - electric current I, e - electrons.

The reaction of A+B = AB when Cat(1) catalyst and Cat(2) external irradiation are used together

can be represented by the scheme shown in Fig. 7.

A+B=AB
Cat (2)

hv
A
A+B=A0+B®=AB

Fig. 7. Scheme of combined photocatalysis. A, B - reagents. AB - reaction product. A®, B®) -

ionized reagents. Cat(1 )- first catalyst, Cat(2) - radiation, hv - photon energy, e - electrons.



A new effect - catalytic resonance - was discovered in combined catalysis [34 - 41]. This
discovery for the first time demonstrated the possibility of overcoming the Sabatier maximum in catalysis
[34 - 41].

7. The universal law of catalysis and the rate law of combined catalysis.

It follows from the law of conservation of electric charge that the laws of combined catalysis are
additive laws. The main parameter in them is the total electric charge obtained by the reactants.

Accordingly, the value @, for combined catalysis will be determined by the ratio:

_een o (k —k,|+..+|n—r|)et 29
Oz = (TD+TA) 22

where: r1 is the initial oxidation degree of the r-th catalyst; r» is the final oxidation degree of the

r-th catalyst.

From the equation of the generalized law of catalysis follows the law of the rate of combined

catalysis:
Qs een, o(k, —k,|+..+|r =1, 23
VComb = = ( )
Fotom10|zl—zz| FO(TD+1'A)omlo|Zl—22|
The ratio for the reaction yield of combined catalysis is as follows:
een, o(k, —K,[+...+|r, —r1,|) ot
nComb = (| : 2| | - 2|) (24)

Fe (TD + TA). m, °|Zl - Zz|
8. The universal law of catalysis and Faraday's law

Faraday's law of electrolysis follows directly from the generalized law of catalysis. The total number of
Ne electrons involved in electrolysis:

N :Iot

e

(25)

Total electric charge:
Qg =1et (26)
For electrolysis, m1 = 1, zo = 0. From the generalized law of catalysis (8), taking into account

(26), Faraday's law of electrolysis directly follows:
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The transformation of the generalized law of catalysis into Faraday's law of electrolysis shows

that electrolysis belongs to the class of catalytic reactions. The catalyst is electrons. The reaction is

realized by direct transfer of electrical charges to the reactant. This occurs through the transfer of

electrons from the cathode to the reagent and through the reception of electrons by the anode from the

reagent. In the donor-acceptor mechanism of electrolysis, the cathode is the electron donor and the anode

is the electron acceptor. As in other types of catalysis, the active factor in the reaction is the electric

charge.

9. Reduction of the universal law of catalysis to private laws of catalysis.

Table 3 shows the general law of catalysis and its reduction to private laws of catalysis.

Table 3.

Name

Generalized formulas for catalysis

Note

Generalized law of catalysis

een, o|k, —k,| Qs

_een, olk, —k,|ot
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catalysis.

Generalized law of catalysis Voo = een, o (kK[ +..+[n - 1)) Qs Q, = &Mk Erkzi---;\n—rz\)-t
and the law of combined T Fe(rptry)emyefz—z,|  Fetem ez -z, o
catalysis

Generalized law of catalysis Qs l ot | ot QZ = et; Z,= 0; m, =1

and Faraday's law of

electrolysis
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The reduction of the general law of catalysis to particular laws of catalysis is shown in Fig. 8.
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Fig. 8. Reduction of the general law of catalysis to particular laws of catalysis.

The general law of catalysis is a direct consequence of the universal donor-acceptor mechanism
of catalysis, which is characteristic of its various types. The same donor-acceptor mechanism underlies
Faraday's electrolysis. In all types of catalysis and in electrolysis, there is a change in the oxidation state
of the reactants either under the influence of a material catalyst or under the influence of a field or under
the influence of an electric current. The change in the oxidation state of the reactants is due to the

exchange of electrical charges between the catalyst and the reactants.

10. Conclusion

Instead of studying the interaction on the level of molecules and atoms (the mechanism of
intermediate compounds), we investigated the donor-acceptor mechanism, in which the interaction on
the level of elementary particles is realized. The study of the mechanism of catalysis on the level of
interaction of elementary particles made it possible to reveal the universal acting factor of catalysis. This



acting factor in catalysis is the electric charge transferred to the reactants by the catalyst. Electrical
charges change the oxidation state of the reactants and accelerate the chemical reaction. The decrease of
the energy barrier of the chemical reaction takes place at the fundamental level - at the level of the
interaction of electric charges.

The universal nature of the donor-acceptor mechanism of catalysis is confirmed. The donor-
acceptor mechanism of catalysis made it possible to obtain a generalized law of catalysis, from which
the laws of heterogeneous, homogeneous, combined, field catalysis, and the law of Faraday's electrolysis
follow as particular results.

Catalysis belongs to the class of fundamental physical and chemical phenomena. The
fundamental status of catalysis is confirmed by the following:

1. In catalytic reactions, the fundamental interaction at the level of elementary particles is
realized.

2. The interaction constant in the laws of catalysis has been determined. This interaction constant
is the TOF [20].

3. All types of catalysis are subject to a general law from which the laws of heterogeneous,
homogeneous, combined, and field catalysis follow as particular results.

4. The equations of the laws of catalysis include the fundamental constants: Faraday's constant,
the electric charge of the electron, Avogadro’s number.

5. In catalytic reactions, the fundamental law of nature, the law of conservation of electric charge,
is fulfilled.

11. Conclusions

1. The law of the rate of catalysis has the following universal formula:

Qs

Fotomlo‘zl—zz‘

Vcat -

2. The reaction yield of catalysis has the following universal formula:

Qs

n
F omlO‘Zl—Zz‘

cat —

3. The laws of heterogeneous, homogeneous, combined, field catalysis, and Faraday's law of

electrolysis follow from the universal laws of catalysis as particular results.



4. The main parameter in the generalized laws of catalysis is the electric charge. The interaction
of electric charges causes a change in the oxidation state of the reactants and lowers the energy barrier
of the reaction.

5. The electric charge transferred to the reactants by the catalyst is the main acting factor in
catalytic reactions.

6. In catalysis, the mechanism of interaction of the catalyst with the reactants is realized not at
the atomic and molecular level, but at the level of elementary particles - electrons and protons.

7. The donor-acceptor mechanism is the universal mechanism of catalysis. This general
mechanism is implemented in various types of catalysis.

8. Catalysis belongs to the class of fundamental physical and chemical phenomena.

9. A change in the oxidation state of reactants under the action of catalysts leads to an increase in
their reactivity. The greater the difference in the oxidation states of the reactants, the greater the reactivity
of the reactants.

10. The table of the oxidation states of chemical elements becomes a guiding document and a

useful aid in catalysis [20, 42].
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