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ABSTRACT

It is generally accepted that when a coal seam is in a virgin rock massif for millions of years under the influence
of rock pressure, its state is characterized by the absence of any physical processes in it. In this article, it is stated that in
reality, in these conditions relaxation processes can occur. These processes are caused by conformational rearrangements in
the coal microstructure. They, in turn, create conditions for breaking the sorption equilibrium of adsorbed methane in coal
due to the distance of methane molecules from the microstructure of the coal medium when the interlayer distances in the
graphite-like layers of the coal seam expand. The parameters are established, which determine the duration of the coal
molecular structure relaxation; characterize the ability of the structure to deform, and the conditions under which the most
significant changes occur. It is shown that the main parameters that affect the activation of desorption of adsorbed methane
in a virgin coal seam are the energy of conformational rearrangement activation, the temperature of the seam, and the
interlayer distance in the graphite-like layers. As a result of the research, it was found that with an increase in the depth of
the virgin coal seam, relaxation processes in it occur faster. These processes are caused by conformational rearrangements
in the coal microstructure. They, in turn, create conditions for breaking the sorption equilibrium of adsorbed methane in
coal due to the distance of methane molecules from the microstructure of the coal medium when the interlayer distances in
the graphite-like layers of the coal seam expand. The novelty of this research is in the establishment of the fact that with an
increase in the depth of the virgin coal seam, all physical and mechanical processes associated with changes in the
molecular structure of coal occur faster. At the same time, the energy of activation of these processes realization is less,
including the energy of activation of adsorbed methane desorption.
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INTRODUCTION

Today, the development of modern technologies
for methane recovery and safe mining of coal seams is
based on data on the volumes of methane in the rock-coal
mass, which has been generated in virgin coal seams for
millions of years, and the conditions of its release.
However, previously conducted studies that touch on these
issues are mainly either on the level of hypotheses [1], or
the researchers studied for years the results of methane
release from the coal samples taken from wells without
taking into account the peculiarities of the patterns of
desorption processes in the seam [2-5]. It should be noted
that today there are a lot of works for disturbed coal
massif, which relate to studies of adsorbed methane in coal
seams. For example, a complex of works carried out by
the Institute of Rock Physics of the National Academy of
Sciences of Ukraine [6-11]. However, these works do not
make it possible to investigate the state of adsorbed
methane from the moment of its generation and the
conditions of activation of desorption in a virgin coal
seam. Therefore, the work [12], which examines the

process of generating adsorbed methane in a coal seam,
which has been under the influence of rock pressure for
millions of years, can be considered the most correct
theoretical research in this direction. It is shown that as a
result of the transformation of the molecular structure of
the coal seam, the separation of the methyl group and
hydrogen from the aliphatic fringe occurs, which, being
combined; create methane molecules [12]. These
molecules immediately enter into a sorption relationship
with coal. It was established that at depths deeper than
1000 m, more than 60 m3/t of adsorbed methane can be
generated in coal. Therefore, the process of activation of
methane desorption can occur in the coal seam, which will
lead to methane mass transfer to the environment. To
establish the conditions for activation of desorption of
methane generated in coal and the effect of great depths on
them, the following goal was set for this work.

The goal of the work is to investigate the
conditions for activation of methane desorption due to the
breaking of sorption equilibrium of methane generated in a
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virgin coal seam for millions of years and to establish the
influence of great depths on these conditions.

MATERIALS AND METHODS

It is known [13, 14] that the molecular structure
of coal, where adsorbed methane is generated as a result of
the regrouping of trace elements, can be represented by the
space of closed and open pores in coal, which are
interconnected by graphite-like layers, as shown in Figure-
1.

Figure-1. Molecular model of closed - 1 and open - 2
micropores, which are connected by graphite-like
layers of coal medium -3.

In the microstructure shown in Figure-1, the
highest numerical values are reached by the sorption
forces which, as it is known from [15, 16], bind methane
molecules to the walls of closed pores, the microstructure
of which is not compressed. Therefore, they are mostly
filled with methane during its generation [17, 18]. But at
the same time, the energy of activation of desorption from
closed pores is significantly lower than from the interlayer
space of graphite-like layers and from open pores [16].
Besides, the increase of interlayer distances in graphite-
like layers saturated with adsorbed methane leads to a
decrease in the sorption bonds between methane and coal.
Therefore, these factors are the main ones when assessing
the thermodynamic stability of these molecular structures.
At the same time, their analysis shows that structural
changes in the coal seam can occur only in graphite-like
layers since the microstructure of closed pores is not
compressed. Besides, it should be taken into account that
the energy of methane desorption activation in the
microstructure of a coal seam is different in the
micropores of coal and in graphite-like layers [19]. In the
latter case, it is 2-3 times greater and, according to [16],
depends primarily on the conformational capacity of the
coal microstructure, which is its invariable characteristic
[20]. Therefore, the basic ground for achieving the goal set
in this work is the regularity of distribution of the energy
of activation of these conformations for different degrees
of coal metamorphism, which is presented in Figure-2
[16].
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Figure-2. Histogram of frequencies of conformational
rearrangement energy in the molecular structure of
coal - Ua with a carbon content of 87.7% (a),
89.1% (b) and 91.26% (c) [15].

It can be seen in the histograms shown in Figure-
2 that the distribution of conformations in the coal of all
degrees of metamorphism has a similar character and
occurs within the same limits of reaching their activation
energy, which are from U, = 25 kJ/mol to U,= 300 kJ/mol.
At the same time, the maximum frequency of
manifestations of conformational rearrangements is
realized at the level below U, =200 kJ/mol. In this regard,
the research within the framework of the set goal can be
carried out with one degree of coal metamorphism and for
a limited interval of energy of conformations activation.
For example, coal has the greatest bond of sorption
interaction with methane in which the largest volume of
methane is generated. That is, for coal with a carbon
content of 87.7% in the range of energy of conformations
activation Ua = (25 - 200) kJ/mol.

It should be noted that the ability of coal to
undergo conformational rearrangements, which are
realized without destroying chemical bonds between
atoms, creates the mechanism of deformation of the
molecular structure of coal as a high-molecular medium
[21, 22]. That is, when a virgin layer is under the influence
of rock pressure for many years, not only methane is
generated in it, but also its stress-deformed state is not
stable, since the macro and microstructure of coal is
deformed over time. The deformation of this structure is
characterized by a strong influence of loading speed, stress
relaxation during constant deformation, and other features
[22]. In this case, relaxation processes in high-molecular
media, including the coal molecular structure, can be
described by the Arrhenius equation [22]:

T, =17 exp(AU/RT)’ "

Where 1, is the duration of the segment's relaxation in the
macromolecule; 7 is the constant of the microstructure of
the medium, which depends on the frequency of
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oscillations of atoms in the molecule and for coal it is
equal to 70 = - (12-13) s [16]; AU is the energy of the
relaxation process activation; R is gas constant; T is the
temperature of the seam, which is determined by the depth
of its bedding.

In equation (1), the energy of relaxation process activation
-AU is determined by the energy of conformational
rearrangements activation in the coal microstructure — E,.
Therefore, in this case, AU is equal to E/. In turn,
conformational rearrangements in the coal structure
change the interlayer distances in the graphite-like layers
due to the reorientation of carbon chains in the aliphatic
fringe of the coal substance. The theoretical regularity of
these changes, which was established in the work [16] by
calculation of potential energies of rotation of torsional
angles of the conformer in the microstructure of coal, is
presented in Figure-3.

AL, A
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0.1 U,, kJ/mol
0 50 100 150 200 250 300 350

Figure-3. Changes of average values of the interlayer
distance increase in the ranges of the energy of
conformational rearrangements activation, 25 kJ/mol, at
different degrees of coal metamorphism: 87.7% (-¢-),
89.1% (-m-), 91.26%) (- A -) [16].

It should be noted that the interlayer distance
increase in Figure-3 reduces the sorption bond between
methane and the molecular structure of coal due to the
reduction of the Lennardo-Jones potential energy, which
describes the repulsion or attraction of molecules among
themselves depending on the distance between them.

Besides, such a parameter as the coal seam
temperature, which is limited by the temperature of great
depths, is of great importance. Today, it is accepted that
these depths begin at H = 800 m, where coal is a classic
high-molecular substance, and reach approximately H =
1400 m - 1500 m. This is because, with further
temperature increases, signs of the viscous-fluid state of
coal can appear [21, 22]. Therefore, it is advisable to carry
out the research within the specified depths of the coal
seam bedding.

The temperature of a coal seam, which is
determined by the depth of its bedding, is calculated by
geothermal gradient according to the formula [23]:

T, “100.412=T1)
(hz_hl) )

>

Where: Ty, is the geothermal gradient of rock temperature
change for every 100 m of the depth of coal bedding; 7>
and 77 are temperatures at depths h2 and h1, respectively.
From formula (2), we have:

=T +(Tp, /100)(hy —hy) )

Therefore, the algorithm for assessing the
diffusion of methane adsorbed in the microstructure of
coal, when it is generated in a virgin coal seam, at the
degree of coal metamorphism of 87.7% and H = 800 m;
1400 m, includes the following stages:

a) Determination of the coal seam temperature at depths
of 800 m and 1400 m by formula (3).

b) Determination by formula (1) of the relaxation
duration corresponding to the energy of confirmation
rearrangements activation in the molecular structure
of a coal seam with a carbon content of 87.7% in the
interval E,*= (25-200) kJ/mol (Figure-2a).

¢) Establishment and analysis of graphical dependencies
K
T,=7 (E )
p PX7AJ for the depths of the coal seam
bedding under the research.

d) Determination of the values of interlayer distances in
the molecular structure of the coal seam at different
energies of conformational rearrangement activation
while taking into account the increase of interlayer
distances, which is presented in Figure-3.

e) based on the dependencies determined in paragraphs 3
and 4, establishment of the relationship between the
duration of relaxation of the coal molecular structure
deformation due to its conformational rearrangements
over many years and the interlayer distances in the
graphite-like layers of the coal seam.

f) According to the results of the research in paragraphs
2-5, analysis of the simultaneous influence of the
energy of conformational rearrangements activation in
the microstructure of coal and the relaxation duration
on changes in its interlayer distance in a graphite-like
layer.

RESULTS

According to the data of the work [23], it is
known that the geothermal gradient in the Donetsk basin is
usually within 2.2 - 2.6°C per 100 m [23], and, hence,
averages 2.4°C per 100 m. At the same time, the
temperature 77 of this basin is 20.5°C at a depth of 400 m
[23]. Therefore, the temperature at the depths, which are
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studied and calculated according to the equation (3), will
be equal to 7= 303.1 K° for H=800 m and 7=317.5 K°
for H = 1400 m. Then the influence of the depth on the
duration of the coal molecular structure relaxation, which
is calculated by equation (1), with the energies of
conformational rearrangements activation within the range
E/* = (20-200) kJ/mol, can be represented by the graphical
dependence shown in Figure-4.

TS

20 60 100 140 180 EX, kJ/mol

Figure-4. The regularity of changes in the relaxation
duration 7, depending on the energy of conformational
rearrangements in the molecular structure of the coal seam
E/* at different depths of its bedding, where 1 is H = 800
m, 2 is H = 1400 m.

It can be seen in Figure-4 that, as the energy of
conformational rearrangements increases, the relaxation
duration increases according to a linear law in the entire
interval of changes of this energy at each depth of the coal
seam. At the same time, the graphic dependence in Figure-
4 demonstrates a rather strong influence of temperature
and, as a result, the depth of the coal seam bedding on the
duration of the coal molecular structure relaxation. For
example, range of the energy of conformational
rearrangements activation of 112.5 kJ/mol, the relaxation
time at a depth of 800 m is equal to 7, = 2.54-10° s, and at
a depth of 1400 m is equal to 7,=3.3-104 s. That is, the
difference corresponds to an almost tenfold decrease in the
relaxation duration when the depth of coal seam bedding
increases by 600 m.

The second important step for assessing
conditions for activation of adsorbed methane desorption
during its generation in a coal seam at great depths is the
analysis of the change in interlayer distances in the
graphite-like layers of a coal seam at different energies of
conformational rearrangements activation in the coal
microstructure. Figure 3 shows the theoretical regularity
[16] of the change of the increase of the specified

parameter A/ depending on the energy of conformational
rearrangements activation of the coal molecular structure.
It can be seen in this Figure that the given regularity has a
wave-like character. As it is known from [16], it is due to
the peculiarities of the mechanism of rearrangements of
the structural chains of the coal substance, which is
realized when the energy potential of the molecular
structure of coal is changed as a result of the step-by-step
accumulation of potential energy. This, in turn, leads to a
change in the energy of valence bonds in the
microstructure and, as a result, to a change in interlayer
distances in graphite-like layers. It should be noted that the
described deformation mechanism also determines the
essence of the diffusion jump of desorbed methane in coal,
which is described in [16]. Therefore, the analysis of the
influence of depth was carried out based on the maximum
values of the interlayer distance increase, presented in
Figure-3. It was taken into account that the interlayer
distance of the coal with a carbon content of 87.7% in the
absence of disturbance of the coal microstructure is equal
to [p=0.39 nm [16]. That is, the full values of interlayer
distances were established, which, in turn, contribute to
the activation of adsorbed methane desorption. It should
be emphasized that the main parameter, on which the
interlayer distance (Al+ly) depends, is the energy of
conformational rearrangements activation £, In turn, this
parameter is closely related to the relaxation duration and
depth resulting from formula (1) by the following
relationship:

EX=RTh(r, /)

Therefore, when establishing the regularity of the
change of the interlayer distance at different depths of the
coal seam bedding, such parameters as the energy of
conformational rearrangements activation in the molecular
structure of coal £/ was matched with such parameters as
the duration of this microstructure relaxation at different
depths of the coal seam. As a result, the regularity of the
change of interlayer distances (Al+/y) due to the E/* and 7,
at different depths of the coal seam is presented in Figure-
5. It should be noted that in this figure the three horizontal
axes of the abscissa indicate that, for example, the
interlayer distance A/+lp= 0.426, which corresponds to
point A on the ordinate and is reached when E/ =50
kJ/mol and 7, = 103s at H = 800 m and when 7,= 106 s at
H=1400 m.
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Figure-5. Dependence of the change of interlayer
distances in the graphite-like layers of a coal seam on the
energy of conformational rearrangements activation - E/
and relaxation duration - 7, in the molecular structure of
the coal seam at its bedding depths of 800 m and 1400 m.

The analysis of regularity presented in Figure-5
shows that when the energy of conformational
rearrangements activation increases to 162 kJ/mol the
interlayer distance increases by a parabolic law, and then,
with an increase of E/*, increases sharply to the energy of
conformational rearrangements activation, which is equal
to E,f = 187 kJ/mol. In this case, when H = 800 m then gz,
= 1018 s, and when H = 1400 then 7, = 1016 s. That is, at
a greater depth, the same values of interlayer distances are
reached faster. In this case, at a depth of 1400 m, which is
600 m greater, the same interlayer distances are reached
100 times faster, starting with the energy of
conformational rearrangements activation of 100 kJ/mol.
Up to this value, when E,* < 100 kJ/mol, this effect occurs
at a tenfold difference in relaxation duration 7,. In
addition, it can be seen in Figure 5 that at the beginning,
when the energy of conformational rearrangement
activation in the molecular structure of coal E/f increases,
the potential energy also increases, accumulates, and then
is realized in the form of a sharp jump in the interlayer
distance in the graphite-like layer of the coal seam. At the
moment of this jump, as it is known from [16], the process
of adsorbed methane desorption in the coal seam is
activated. Moreover, this effect takes place both at the
depth of the coal seam A= 800 m and the depth H= 1400
m only with different relaxation duration that correspond
to them. That is, at all relaxation durations, all the
parameters that are most important for activation of
adsorbed methane desorption, namely the energy of
confirmation rearrangements activation and interlayer
distances in graphite-like layers, will change faster at
greater depths of the coal seam. This creates favorable
conditions for the activation of methane desorption.

As it is determined in [12], the volumes of
methane generated in virgin coal seams over millions of
years can reach values of up to 60 m*t and more. This
volume of gas is much greater than the coal can hold in its
structure. Therefore, many questions arise related to the
assessment of the physical state of this gas in coal,
conditions of its equilibrium breaking, influence of the
coal microstructure and mining geological conditions of
the coal seam bedding on gas, and other related factors.
The conducted research presented in this work answers
many questions in this area. Thus, now it becomes clear
how this gas is related to the microstructure of coal, and
why it changes over many years. As well as which factors
and how they affect the state of methane in coal and which
conditions break its equilibrium. However, this is only the
beginning of the research, what one needs to know to get
answers to the main questions. That is how much methane
generated in the coal seam remains in its microstructure,
and how methane will be released into the environment. It
is also important to know in which direction the optimal
ways of redistribution of methane generated in the rock
massif will be directed and how the depth of the coal seam
bedding influences these processes.

The results of the research carried out in this
work can serve as a basic ground for establishing the
answer to the above questions.

Knowing these answers is very important for the
development of safe and efficient technologies for the
extraction of minerals and methane at great depths of the
coal massif.

CONCLUSIONS

So, when a coal seam is in a virgin rock massif
for millions of years under the influence of rock pressure,
its state can only be imagined as an equilibrium, which is
characterized by the absence of any physical processes
occurring in it. However, this is only wishful thinking. In
reality, the massif does not only generate adsorbed
methane as a result of separation from the aliphatic fringe
of methyl groups and hydrogen, which, when combined,
create methane molecules, as established in [12]. In these
conditions, other processes also occur, which are
considered in the studies presented above. Thus, the
conducted research showed that the main characteristic of
the rock massif bedded at great depths is that relaxation
processes take place in it as well. These processes are
caused by conformational rearrangements in the coal
microstructure. They, in turn, create conditions for
breaking the sorption equilibrium of adsorbed methane in
coal due to the distance of methane molecules from the
microstructure of the coal medium when the interlayer
distances in the graphite-like layers of the coal seam
expand. That is, the current state of the virgin coal massif
is only a function of time.

In turn, the duration of the coal molecular
structure relaxation will be determined by such
independent parameters as the temperature of the coal
seam, which is determined by the depth of its bedding - H
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and the energy of conformational rearrangements
activation in the microstructure of coal - E;. The latter
characterizes the ability of the coal structure to deform. It
was established that the range of energy £/, at which the
most significant conformational rearrangements take place
in the coal molecular structure, is in the range from 50
kJ/mol to 200 kJ/mol. The range of this energy does not
depend on the depth of bedding and other parameters.
Only the duration of the coal molecular structure
relaxation at different depths of the coal seam bedding will
change it significantly.

So, the established regularity of changes in the relaxation
duration 7, due to the £,/ showed that with an increase in
the energy of conformational rearrangements, the
relaxation duration increases according to a linear law in
the entire interval of these energy changes. At the same
time, the depth of the coal seam bedding has a rather
strong influence on the relaxation duration. For example,
for the energy of conformational rearrangements
activation of 112.5 kJ/mol, the relaxation duration is
2.54.10° s at a depth of 800 m and 3.3.10* s at a depth of
1400 m. That is, the difference corresponds to an almost
tenfold decrease in relaxation duration when the depth of
the seam bedding increases by 600 m. This indicates that
with an increase in the depth of the coal seam bedding, the
relaxation processes proceed faster.

In turn, since the relaxation duration is related to
the energy of conformational rearrangement activation in
the microstructure of the coal, the change in the relaxation
duration leads to a change in the microstructure of the
coal, which is represented by graphite-like layers. Their
main parameters are interlayer distances in this
microstructure. Therefore, when the relaxation duration is
changed, this parameter will be the first to change. In this
regard, the regularity of the change of interlayer distances
in the graphite-like layers of a coal seam due to the energy
of conformational rearrangements activation and duration
of the coal molecular structure relaxation at the depths of
its bedding of 800 m and 1400 m was established, which
showed the following.

When the energy of  conformational
rearrangements activation increases to 162 kJ/mol the
interlayer distance increases according to the parabolic
law, and then, with an increase of E.*, it sharply increases
to the energy of conformational rearrangements activation,
which is equal to E,= 187 kJ/mol. In this case, 1, = 10'8s
when H = 800 m and t, = 10 when H = 1400 m. That is,
at a greater depth, the same values of interlayer distances
are reached faster. In this case, at a depth of 1400 m,
which is 600 m greater, interlayer distances are reached
100 times faster, starting with the energy of
conformational rearrangements activation of 100 kJ/mol.
Up to this value, when E;*< 100 kJ/mol, this effect occurs
with a tenfold difference in 1. At the same time, when the
energy of conformational rearrangement activation
increases, the potential energy in the molecular structure
of coal first increases, accumulates, and then is realized in
the form of a sharp jump in the interlayer distance in the

graphite-like layer of the coal seam. At the moment of this
jump, as it is known from [16], the desorption process in
the coal seam is activated.

Thus, with an increase in the depth of a virgin in
the coal seam, all physical and mechanical processes
associated with changes in the molecular structure of coal
occur faster. The energy of activation of these processes'
realization is less, including the energy of activation of
adsorbed methane desorption. That is, the great depths of
the coal seam bedding accelerate and contribute to all
physical processes which lead to the activation of the
desorption of adsorbed methane generated in the coal
seam.

REFERENCES

[1] Bulat A. F., Skipochka S. 1., Palamarchuk T. A. and
Antsyferov V. A. 2010. Metanogeneratsiia v
ugolnykh plastakh [Methane generation in coal
seams], Lira LTD, Dnepropetrovsk, Ukraine.

[2] Radchenko A. G., Savchenko A. V., Radchenko A.
A., Salii S. G. and Nikolaev D. Yu. 2017. Patterns of
changes in the natural gas content of Donbass coals
with increasing mining depth. Sbornik nauchnykh
trudov Donetskogo gosudarstvennogo tekhnicheskogo
universiteta. 8(51): 22-31.

[3] Lousada S., Delehan S. and Khorolskyi A. 2024.
Application of Dynamic Programming Models for
Improvement of Technological Approaches to
Combat Negative Water Leakage in the Underground
Space. Water. 16(14): 1952.
https://doi.org/10.3390/w16141952

[4] Mineev S. P. 2016. Prognoz i sposoby borby s
gazodinamicheskimi yavleniyami na shakhtakh
Ukrainy [Forecast and methods of combating gas-
dynamic phenomena in Ukrainian mines], Eastern
Publishing House, Mariupol, Ukraine.

[5] Antsiferov A. V., Golubev A. A., Kanin V. A., Tirkel
M. G. et al. 2009. Gas content and methane resources
of coal deposits of Ukraine. Geologiya i gazonosnost
Zapadnogo, Yugo-Zapadnogoi Yuzhnogo Donbassa.
1:261-313.

[6] Feldman E. P., Vasilenko T. A. and Kalugina N. A.
2014. Physical kinetics of the coal seam - methane
system: mass transfer, pre-outburst phenomena.
Fiziko-tekhnicheskiye problemy razrabotki poleznykh
iskopayemykh. (3): 46-65.

1426


https://doi.org/10.3390/w16141952

VOL. 19, NO. 23, DECEMBER 2024

ISSN 1819-6608

©2006-2024 Asian Research Publishing Network (ARPN). All rights reserved.

ARPN Journal of Engineering and Applied Sciences i ;..\E.

www.arpnjournals.com

[7] Feldman E. P., Kalugina N. A. and Chesnokova O. V.
2018. The influence of filtration on the evolution of
the main crack during stationary advance of the face.
Geotekhnichna mekhanika [Geo-technical
mechanics]. (138): 212- 217.

[8] Kalugina N. A. 2014. Assessment of the influence of
gas filtration during the process of cracking in a coal
seam. Geotekhnichna mekhanika [Geo-technical
mechanics]. (118): 46-54.

[9] Alekseev A. D. 2010. Fizika uglya i gornykh
protsessov [Physics of coal and mining processes],
Naukova Dumka, Kyiv, Ukraine.

[10] Vasilkovsky V. A. and Mineev S. P. 2017.
Distribution and mechanism of methane movement in
coal blocks. Fiziko-tekhnicheskiye problemy gornogo
proizvodstva, (19): 19-33.
http://dspace.nbuv.gov.ua/handle/123456789/141931

[11]Investigation on the Fragmentation and Outburst
Mechanism of Coal Sample with Pore Gas Using
CDEM // Qunlei Zhang, Zhiming Wang, Chun Feng,
Xinguang Zhu and Jun Zhou / School of Civil
Engineering and Communication, North China
University of Water Resources and Electric Power. -
Zhengzhou, China. -2023.
https://doi.org/10.3390/min13030351

[12]Bulat A. F., Mineev S. P and Prusova A. A. 2016.
Generating methane adsorpting under relaxation of
molecular of coal. Journal of Mining Science. 52(1):
70-79.

[13]Saranchuk V. L., Airuni A. T. and Kovalev K. E.
1988. Nadmolekulyarnaya organizatsiya, struktura i
svoystva uglya [Supramolecular  organization,
structure and properties of coal], Naukova Dumka,
Kyiv, Ukraine.

[14]Bondarenko A. K., Amarsky E. G., Dmitrikov V. P.
and others. 1986. Study of Donetsk coals of varying

degrees of metamorphism using IR spectroscopy.
KHTT. (4): 12-15.

[15]Mineev S. P. 2009. Svoystva gazonasyshchennogo
uglya [Properties of gas-saturated coal], NSU,
Dnepropetrovsk, Ukraine.

[16]Mineev S. P., Prusova A. A. and Kornilov M. G.
2007. Aktivatsiya desorbtsii metana v ugolnykh

plastakh [Activation of methane desorption in coal
seams], Veber, Dnepropetrovsk Ukraine.

[17]Ettinger 1. L. 1975. Raspredeleniye metana v porakh
iskopayemykh ugley [Distribution of methane in the
pores of fossil coals], Nauka. p. 248.

[18]Mineev S. P., Rubinsky A. A., Vitushko O. V. and
Radchenko A. G. 2010. Gornyyeraboty v slozhnykh
usloviyakh na vybrosoopasnykh ugolnykh plastakh
[Mining work in difficult conditions on outburst-
prone coal seams], Skhidnyu Vidavnichyu Dim,
Donetsk, Ukraine.

[19] Alekseev A. D., Vasilenko T. A. and Voloshina N. I.
2003. Methane in fossil coals. Geotekhnichna
mekhanika [Geo-technical mechanics]. (42): 186-198.

[20]Klopffer M. H. and Flaconneche B. 2001. Transport
Properties of Gases in Polymers: Bibliographic
Review. Oil and Gas Science and Technology. 56(3):
223-244.

[21]Polyashov A. S. 2001. On the question of the nature
of methane sorption by coal Science Bulletin of
NSAU. (1): 20- 23.

[22]1Gul V. E. 1974. Struktura i prochnost polimerov
[Structure and strength of polymers], Khimiya. p. 350.

[23] Garkavenko I. A., Zaichenko V. Yu., Mekhedko A.
F., Razvalov N. P. 1971. Metodika geofizichnykh
issledovaniy skvazhin Donbassa [Methodology for
geophysical research of wells in Donbass] Naukova
Dumka, Kyiv, Ukraine.

1427


http://dspace.nbuv.gov.ua/handle/123456789/141931
https://sciprofiles.com/profile/author/eVJjWFF2cTdmMUdVY21WMkhRY3dDQT09?utm_source=mdpi.com&utm_medium=website&utm_campaign=avatar_name
https://doi.org/10.3390/min13030351

