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Annotation. The natural gas content of coal deposits is mainly formed as a result of irreversible structural 
transformations of fossil carbonized organic matter. Under the action of external factors in the coal substance, 
transformations with the emission of stable low-molecular weight compounds are occurred, primarily methane and its 
homologues. A new approach for the study of processes at the atomic-molecular level occurring in the current situation 
in fossil carbonized organics was proposed. A new phenomenological model of physicochemical transformations in a 
metastable coal substance with the emission of fluids has been developed. The proposed physic/chemical model is 
based on the genetic connection of coal methane with fossil organic matter and determines the conditions for the 
activation of structural transformations in coalmines. The proposed physico-chemical model explains the formation of a 
metastable single-phase system of the “solid solution” type. The separated gas molecules are in the absorbed state 
inside the defects of the molecular structure, formed under the action of geomechanical forces. If, as a result of the 
relaxation of structural stresses in the organic substance of coal such a molecule is initially was formed on the surface or 
of a pore or crack, then it will be in the adsorbed state until the pressure decreases moment and the transition to the free 
state. This model describes the possible options for the coal/gas system development in the current situation. The 
accumulation of thermal and mechanical energy by coal in the form of structural stresses in an amount, sufficient to 
activate free-radical reactions, was experimentally established. In the undisturbed coalrock massif the processes of the 
coal molecular structure transformation have the relaxation character. The result of relaxation of the accumulated energy 
in the conditions of a gas-saturated coalrock massif is the methane generation by coal. Gas generation in the process of 
coalification, in its essence, is the energy response of the system to the action of external geomechanical options 
(temperature and pressure), by the way of releasing the accumulated additional energy with the emission of gaseous 
products and the destruction of the solid phase in the organic matter of the coal. 

Keywords: coalrock massif, coal/gas system, structural transformations, free-radical reactions, methane generation 
by coal. 

 

Introduction. The natural gas content of coal deposits is mainly formed as a result of 

irreversible structural transformations of fossil carbonized organic matter. The key factors 

causing these processes are temperature and gravitational pressure during the immersion 

of sediments. Under the action of external factors in the coal substance, transformations 

with the emission of stable low-molecular weight compounds are occurred, primarily 

methane and its homologues. Simple calculations and measurement of the contemporary 

gas content of Donbas coal seams show that most of the fluids (≈ 90 %), and in particular, 

methane, which were formed during sedimentation, migrated during the inversion period 

to the ground surface on the cracks and fractures. However, the amount of gas entering of 

the mine workings during the coal and gas outbursts or suflyar emissions several times 

(sometimes by an order of magnitude) exceeds the natural gas content of coal and their 

maximum sorption capacity.  
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The appearance of such significant volumes of gas in modern mines at relatively 

constant rock pressure and temperature has not yet found a convincing explanation. 

The appearance of such significant volumes of gas in modern mines at relatively 

constant rock pressure and temperature has not yet found a convincing explanation. 

(sometimes by an order of magnitude) exceeds the natural gas content of coal and 

their maximum sorption capacity. The emergence of such significant volumes of gas 

in contemporary mines at relatively constant rock pressure and temperature has not 

yet found its convincing explanation. 

Practical experience in the development of methan-coal deposits and the results of 

scientific research indicate the imperfection of the existing concepts of the coal-gas 

system and the conditions of its formation, which makes it relevant to study the 

processes at the atomic-molecular level of a coal substance and to develop a 

physicochemical model of structural transformations in coal. 

The purpose of the paper is to study the processes occurring in organic matter at 

the atomic-molecular level in modern conditions and to develop a physicochemical 

model of structural transformations of organic matter. 

Methodology. Gas generation in the process of coalification is the result of 

complex physicochemical transformations in the coal substance at the macro-,  

micro-, nano- and atomic-molecular levels of the structural hierarchy in the coal seam 

[1]. However, the complexity, diversity and metastability of coal structures lead to 

the fact that the study of such transformations by classical empirical-theoretical 

methods is difficult. 

In the research of such multi-faceted natural objects as coal, the dynamic approach 

is the most effective, as a way to study objects and phenomena in the process of their 

change. Such method allows you to identify patterns, velocity and direction of 

transformation of the coal substance under the action of external forces. As well as to 

determine the types and sources of energy, due to which these transformations can be 

occurred. 

The methodology for studying structural transformations in coal is based on the 

simulation of processes according to physical research methods. For this, we used 

contemporary spectroscopic methods: electron paramagnetic resonance (EPR), 

nuclear magnetic resonance (NMR) and infrared spectroscopy (IR), taking into 

account the petrographic classification and technical analysis. The usage of these 

methods made it possible to determine the features of the electronic structure in 

macromolecules of coal and its behavior when changing the baric and thermal 

conditions. To assess the influence of external factors on the molecular structure and 

energy state of fossil organic matter under laboratory environment. 

For conducting structural research of carbon-containing organic matter, samples of 

sub-bituminous, bituminous coals and anthracite, selected at twenty-five mines of 

five geological-industrial areas of Donbas, were used. Total use is 197 samples from 

thirty-seven mine-seams, the excavated volume exceeded a thousand samples. 

Preparation of mine samples for laboratory research was carried out considering the 

properties of coal particles from various fractions, in the minimum required volume 

and by standard methods. Data processing, obtained using non-destructive physical 
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methods for studying the structure of a substance was carried out, based on technical 

analysis, petrographic and geological studies.  

Discussion of the outcomes. Research of the structural transformations of coal 

substances under the influence of external force fields were performed in the 

laboratory environment. The effect of mechanical stress on the molecular structure of 

coal was studied by the Fourier-transform spectroscopy (FTIR) method. Due to the 

fact that the chemical composition and mechanical properties of coal macerals differ 

significantly, measurements were performed on vitrinite and inertinite concentrates. 

Samples of coal were subjected to uniaxial compression on a hydraulic press (10
9
 

Pa). This value greatly exceeds the ultimate compressive strength for coal and the 

natural pressure in the reservoir.  

Figure 1 shows FTIR fragments of coal before and after uniaxial compression, 

reduced to the baseline in the range of wave numbers 2810-3130 cm
-1

.  
 

 

Figure 1 – FTIR of valence vibrations of CH groups of coal before (1) and after (2) uniaxial 

compression 

According to FTIR of the valence vibrations in the CH groups in the molecular 

structure of coal macerals, three indicators were determined. The obtained data are in 

the Table 1. Three indexes were calculated: the degree of the coal substance 

aromaticity (D2920/D2956), the redistribution coefficient of hydrogen as the ratio of the 

areas of the model absorption peaks of CH3/CH2as symmetric valence vibrations in 

the aliphatic component of the coal substance and the absorption band shift of the 

valence vibrations in the CH2as group (at frequency of D2920). 

Experiments have shown an increase in the degree of coal aromaticity after 

compression, which indicates about the structurization of the substance with the 

formation of cyclic hydrocarbons. 

Redistribution of protons between the functional CH2–CH3 groups in the aliphatic 

component of the organic matter of coal has also been recorded. Under mechanical 

stress destruction of macromolecules of coal occurs in the form of splitting off the 

terminal methyl groups, stabilized by redistributed hydrogen. 
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Table 1 – The evaluation findings of the influence of mechanical pressure on the parameters of the 

molecular structure of the coal macerals substance (vitrinite concentrate) 
 

Mine (layer, 

volatile content) 

Pressure, 

10
9
  Pa. 

Aromatic degree 

Ar, rel. unit 

Сoefficient of 

hydrogenium 

redistribution, 

Н, rel. unit. 

The band of 

shift, 

cm
-1

 

Maximum 

shift in a 

diapason, 

cm
-1

 

Vitrinite concentrate  

Blahodatna (с5, V
daf

 = 46.12 

%) 

0 0.083 ± 0.004 23.50 ± 1.60 
9.46±0.79 6.72 

10 0.084 ± 0.002 29.62 ± 5.03 

Yuvileina 

(с6, V
daf

 = 42.24 %) 

0 0.113 ± 0.018 15.27 ± 0.79 
10.63±1.85 12.00 

10 0.308 ± 0.218 15.12 ± 0.31 

Krasnolymanska 

(l3, V
daf

 =31.9 %) 

0 0.165 ± 0.014 11.68 ± 3.24 
7.40±0.76 4.08 

10 0.171 ± 0.017 14.72 ± 3.26 

Named after O.F. Zasiadko 

(m3, V
daf

 = 31.29 %) 

0 0.209 ± 0.019 10.76 ± 1.91 
6.92±0.22 8.64 

10 0.294 ± 0.133 12.79 ± 0.85 

Krasnoarmiiska-Zah. 

(d4, V
daf

 = 26.02 %) 

0 0.214 ± 0.006 9.91 ± 0.05 
4.83±1.30 9.60 

10 0.468 ± 0.006 9.85 ± 0.51 

Yasynovska-Hlyboka 

(m3, V
daf

 = 19.6 %) 

0 0.278 ± 0.003 10.10 ± 0.56 
5.59±0.54 8.16 

10 0.334 ± 0.101 12.52 ± 1.02 

Named after S.M.Kirov 

(h10
в
, V

daf
 = 8.0 %) 

0 0.520 ± 0.055 5.27 ± 2.55 
0.16±0.43 0.96 

10 0.548 ± 0.004 7.49 ± 0.49 

Inertinite concentrate 

Blahodatna 

 (С5, V
daf

 = 46.12 %) 

0 0.090 ± 0.002 19.59 ± 0.84 
7.98±0.64 5.28 

10 0.092 ± 0.010 22.31 ± 0.54 

Yuvileina 

 ( c6, V
daf

 = 42.24 %) 

0 0.110 ± 0.003 14.47 ± 0.01 
7.35±0.17 4.32 

10 0.116 ± 0.008 17.65 ± 1.11 

Krasnolymanska 

 ( l3, V
daf

 = 31.9 %) 

0 0.180 ± 0.012 3.57 ± 0.24 
2.22±1.43 2.64 

10 0.209 ± 0.015 2.49 ± 0.50 

Named after O.F. Zasiadko 

(m3, V
daf

 = 31.29 %) 

0 0.222 ± 0.003 4.71 ± 0.24 
5.08±2.83 3.12 

10 0.225 ± 0.027 7.13 ± 6.69 

Krasnoarmiiska-Zah. 

(d4, V
daf

 = 26.02 %) 

0 0.223 ± 0.002 3.14 ± 0.18 
1.36±0.35 1.68 

10 0.253 ± 0.001 2.27 ± 0.06 

Yasynovska-Hlyboka (m3, 

V
daf

 = 19.6 %) 

0 0.283 ± 0.004 2.99 ± 0.47 
6.70±1.02 2.64 

10 0.250 ± 0.006 14.24 ± 0.57 

Named after S.M. Kirov 

(h10
в
, V

daf
 = 8.0 %) 

0 0.606 ± 0.015 4.96 ± 0.30 
0.35±0.38 0.72 

10 0.582 ± 0.013 5.06 ± 1.51 
 

The migration of protons to finite groups is one of the mechanisms of methane 

generation by coal under the action of external force fields. The value of the 

hydrogen redistribution coefficient under mechanical load decreases in a 

metamorphism series for both microcomponents. This effect is associated with a 

decrease in the number of aliphatic fragments in the substance and a general decrease 

in the hydrogen content with increasing degree of carbonification. 

The shift of the absorption band (frequency change of vibrations of interatomic 

bonds) characterizes the energy that a substance accumulates under a force load in the 

form of structural stresses. In this experiment, the maximum recorded shift of the 
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absorption band was 12 cm
-1

 (m. Yuvileyna), which is ≈ 1.44 J/mol in energy units, 

and this is only for the CH bond in the CH2 group. Shift amounts, measured directly 

under pressure, can significantly exceed the obtained values. Considering the number 

and variety of bonds in the macromolecule of coal, the energy accumulated in the 

form of such structural stresses is comparable to the activation energy of free-radical 

reactions (5–25 kJ/mol) [2]. The results show that the effect of the frequency shift of 

the absorption bands is due to the mechanical deformation of the valence bonds, 

which are part of the macromolecule. 

The recorded effects in the growth of the coal substance aromaticity degree, the 

shift of the absorption bands, and the redistribution of hydrogen are statistically valid 

(p < 0.05) for coals throughout the metamorphism series, and are stable over time. 

Research of the restructuring processes in the molecular structure of coal using 

FTIR method with a change in temperature showed that when heating in the spectrum 

of vitrinite there are more powerful changes than in the spectrum of inertinite. 

Moreover, all structural indexes for vitrinite statistically valid change with increase in 

the temperature. At the same time, no significant changes were recorded for 

inertinite.  

Structural indexes, recorded by the electron paramagnetic resonance (EPR) 

method, with a rise in temperature, statistically valid change for both macerals. 

Figure 2 shows the EPR spectrum of inertinite concentrate at 20 °C and at 45 °C, 

which illustrates the typical effect of heat flux on the electronic structure of the coal 

macerals.  

 
 

Figure 2 – Temperature dynamics of EPR spectrum in the inertinite 
 

The effect of changing the waveform of inertinite during heating is reversible in a 

small temperature range. The absorption process of electromagnetic energy is of 

physical nature since, firstly, after cooling, the spectrum parameters take on initial 

values, secondly, the area under the curve does not change, which proves the absence 

of chemical transformations. The narrowing of the EPR spectrum means the 

enhancement of the exchange interaction between the conjugation systems, that is, 

the accumulation of energy in the molecular structure of the coal substance. In a 

specific example, a sample of inertinite, weight 10 mg, accumulated in the form of 

structural stresses ≈ 5∙10
-7

 J. Given that the macromolecule of coal can have tens of 

thousands of atoms, in terms of mole, this is kJ, which is comparable to the activation 
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energy of free-radical reactions. 

Thus, the authors experimentally proved the ability of the coal substance to 

accumulate thermal and mechanical energy in the form of structural stresses in an 

amount sufficient to activate free-radical reactions. Analogically, the total energy 

accumulated in polymers [3] in the form of structural stresses affects the further 

transformations in the substance, reducing the energy barriers of their activation. 

The presence of paramagnetic centers in the coal substance in the amount of  

n·10
19

 g
-1

 and the low activation energy of free-radical reactions compared with 

similar chemical 5–25 kJ/mol against 200–300 kJ/mol suggests that the most likely 

mechanism of structural transformations in Charcoal with the release of fluids are 

free-radical reactions. Most of the free radical reactions lead to the separation of 

stable low molecular weight compounds and the preservation of the free radical, 

which provides a chain course of reactions. 

Physical-chemical model. 

In modern conditions, the coal-bearing massif of Donbas is a complex of 

terrigenous rocks, including low-thickness coal beds. Small in power natural tectonic 

processes and stable temperature conditions allow suggesting that in regional terms 

coal beds in an undisturbed massif are in a state close to equilibrium. At the same 

time, individual components of the organic one of beds are in a metastable state with 

a low energy barrier in the activation of structural transformations. Based on the 

obtained experimental data, a phenomenological model of physical-chemical 

structural transformations of a metastable coal substance is proposed. (Fig. 3). 
 

 

Figure 3 – Phenomenological model of physico-chemical structural transformations of a metastable 

coal substance: N
а
 – concentration of active centers; k – the reaction rate constant, с

-1
; k0 – the 

preexponential factor; ∆U – the change in the elastic energy accumulated under the influence of 

external factors; R – gas constant; T – temperature, К 

The essence of this model lies in the fact that under the influence of environmental 

loads in coal simultaneously with structural transformations at the molecular level 

with the formation of free radicals energy is accumulated in the form of structural 
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stresses. This additional energy is released by the system in the process of stress 

relaxation according to a free-radical mechanism with the emission of gaseous 

products in the solid coal phase destruction. At the same time, gases formed as a 

result of transformations affect the state of substance and, accordingly, the kinetics of 

the processes. 

Free-radical processes are related to processes with an active complex, the velocity 

of which (V) is proportional to the concentration of active Na centers, which are free 

radicals in the coal. The expression for the velocity of free-radical reactions is: 
 

                                                                V = N
а
∙k,                         (1) 

 

where k – process velocity constant. 

The velocity constant of a destructive free radical reaction (1) can be calculated by 

statistical thermodynamic methods using standard thermodynamic functions — the 

Gibbs energy (G) and the Helmholtz energy (F). The formulas that determine the 

velocity constant of free-radical reactions include both temperature and energy, 

accumulated as stresses in the molecular structure of a substance. Consequently, 

relaxational free-radical processes in the molecular structure of carbonated organics 

take place both with an increase in temperature and with a change in the force load. 

Accordingly, the constant velocity of a free-radical reaction is proportional to the 

change in the elastic energy accumulated in the molecular structure of the coal 

substance and is determined by the equation: 
 

                                                        k = k0 exp(-∆U/RT)               (2) 
 

Equation (2) is obtained for polymers [3] and can be applied to coal, which can be 

considered as a copolymer. 

It follows from the model that the methane release process, under the conditions of 

a gas-saturated coal and rock massif under the action of constant geomechanical 

factors, is permanent, that is, it occurs constantly, during the geological development 

of a coal deposit, but with different intensity. 

The proposed physic-chemical model is based on the genetic connection of coal 

methane with fossil organic matter and determines the conditions for the activation of 

structural transformations in coal mines. The model predicts structural 

transformations leading to gas generation and describes possible options for the 

development of the coal-gas system in contrmporary conditions. 

The physical-chemical model of methane release reflects the connection of 

processes at the molecular level with the macro level, that is, with the processes in the 

coal-rock massif and is coherent with the previously established in Institute of 

Geotechnical Mechanics named by N. Poljakov of National Academy of Sciences of 

Ukraine regularity of rock destruction by weak impact [4]. Removing the load, that 

is, "weak influence" causes energy-beneficial, relaxation structural transformations: 

conformational transitions, migration of free radicals, intramolecular redistribution of 

protons, which can lead to the elimination of stable low-molecular compounds by a 

free-radical mechanism.  


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The proposed physico-chemical model explains the formation of a metastable 

single-phase system of the ―solid solution‖ type. The separated gas molecules are in 

the absorbed state inside the defects of the molecular structure, formed under the 

action of geomechanical forces. If, as a result of the relaxation of structural stresses in 

the organic substance of coal such a molecule is initially was formed on the surface 

or of a pore or crack, then it will be in the adsorbed state until the pressure decreases 

moment and the transition to the free state.  

Conclusions. The accumulation of heat and mechanical energy by coal in the form 

of structural stresses in an amount sufficient to activate free-radical reactions was 

experimentally recorded. Relaxation of the accumulated energy in a gas-saturated 

coal-bearing massif can lead to the generation of methane by coal. 

It was established that gas generation in the process of coalification, in its essence, 

is the energy response of the system to the action of external geomechanical factors 

(temperature and pressure), that is, the release of accumulated additional energy with 

the release of gaseous products of destruction of the solid phase of organic substance 

of coal. 

A model of physical-chemical transformations of a coal substance with the release 

of fluids is proposed and it is proved that in modern conditions in an undisturbed 

coal-rock massif the processes can be relaxation in nature. 
______________________________ 
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Анотація. Природна газоносність вугільних родовищ переважно формується в результаті безповоротних 
структурних перетворень викопної вуглефікованої органіки. Під дією зовнішніх чинників у вугільній речовині 
відбуваються перетворення з виділенням стабільних низькомолекулярних сполук, в першу чергу, метану та його 
гомологів. Запропоновано новий підхід до дослідження процесів на атомно-молекулярному рівні, що 
відбуваються в сучасних умовах у викопної вуглефікованій речовині. Розроблено нову феноменологічну модель 
фізико-хімічних перетворень метастабильної вугільної речовини з виділенням флюїдів. Запропонована фізико-
хімічна модель базується на генетичному зв'язку вугільного метану з викопної органікою і визначає умови 
активації структурних перетворень у вугільних шахтах. Запропонована фізико-хімічна модель пояснює утворення 
метастабільної однофазної системи типу "твердого розчину". Молекули газу, що відокремилися, знаходяться в 
абсорбованому стані усередині дефектів молекулярної структури, що утворилися під дією геомеханічних сил. 
Якщо в результаті релаксації структурної напруги в органічній речовині вугілля така молекула спочатку 
утворюється на поверхні пори або тріщини, то вона знаходитиметься в адсорбованому стані до моменту 
зниження тиску і переходу у вільний стан. Ця модель описує можливі варіанти розвитку системи вугілля-газ в 
сучасних умовах. Експериментально встановлено накопичення вугіллям теплової та механічної енергії у вигляді 
структурних напружень в кількості, достатній для активації вільно-радикальних реакцій. У непорушеному 
вуглепородному масиві процеси перетворення молекулярної структури вугілля носять релаксаційний характер. 
Результатом релаксації накопиченої енергії в умовах газонасиченого вуглепородного масиву є генерація метану 
вугіллям. Газогенерації в процесі вуглефікації, по своїй сутності, є енергетичною реакцією системи на дію 
зовнішніх геомеханічних факторів (температури і тиску), шляхом вивільнення накопиченої додаткової енергії з 
виділенням газоподібних продуктів і деструкції твердої фази органічної речовини вугілля. 

Ключові слова: вуглепородний масив, система вугілля-газ, структурні перетворення, вільно-радикальні 
реакції, генерація метану вугіллям. 

Аннотация. Природная газоносность угольных месторождений преимуществено формируется в результате 
необратимых структурных преобразований ископаемой углефицированой органики. Под действием внешних 
факторов в угольном веществе проходят преобразования с выделением стабильных низкомолекулярных 
соединений, в первую очередь, метана и его гомологов. Предложен новый подход к исследованию процессов на 
атомно-молекулярном уровне, происходящих в современных условиях в ископаемой углефицированной 
органике. Разработана новая феноменологическая модель физико-химических преобразований 
метастабильного угольного вещества с выделением флюидов. Предложенная физико-химическая модель 
базируется на генетической связи угольного метана с ископаемой органикой и определяет условия активации 
структурных преобразований в угольных шахтах. Предложенная физико-химическая модель объясняет 
образование метастабильной однофазной системы по типу «твердого раствора». Отделившиеся молекулы газа 
находятся в абсорбированном состоянии внутри дефектов молекулярной структуры, образовавшиеся под 
действием геомеханических сил. Если в результате релаксации структурных напряжений в органическом 
веществе угля такая молекула изначально образуется на поверхности поры или трещины, то она будет 
находиться в адсорбированном состоянии до момента снижения давления и перехода в свободное состояние. 
Эта модель описывает возможные варианты развития системы уголь-газ в современных условиях. 
Экспериментально установлено накопление углем тепловой и механической энергии в виде структурных 
напряжений в количестве достаточном для активации свободно-радикальных реакций. В ненарушенном 
углепородном массиве процессы преобразования молекулярной структуры угля носят релаксационный 
характер. Результатом релаксации накопленной энергии в условиях газонасыщенного углепородного массива 
является генерация метана углем. Газогенерация в процессе углефикации, по своей сути, является 
энергетической реакцией системы на действие внешних геомеханических факторов (температуры и давления), 
путем высвобождения накопленной дополнительной энергии с выделением газообразных продуктов и 
деструкции твердой фазы органического вещества углей. 

Ключевые слова: углепородный массив, система уголь-газ, структурные превращения, свободно-
радикальные реакции, генерация метана углем. 
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