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Abstract: Although highly developed countries are trying to diversify away from coal-based energy,
many economies rely on this resource. Its consumption results in the production of carbon dioxide,
which promotes global warming, necessitating its sequestration. This paper presents the sorption—
dilatometric relationships of hard coal samples differing in vitrinite and inertinite content. The
studies were carried out under isothermal conditions (298 K) at a free pressure drop complemented
by measurements under non-isothermal conditions (298 K to 323 K). The tests were performed on an
original apparatus, based on the operation of an Arduino microcontroller. For the natural porosity to
be preserved and for a better representation of the behaviour of the coal-gas system, samples in the
form of cuboidal blocks were used, making this apparatus unique worldwide. Based on the study, it
appears that the difference in petrographic composition affects the behaviour of the coal structure,
influencing differences in the sorption—dilatometric properties. In the case of the sample with higher
vitrinite content, the amount of adsorbed gases is higher.
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1. Introduction

Despite the transition away from fossil fuels, hard coal is still in the top three fuels
in the world’s energy industry [1,2]. With increasing urbanization and population, the
demand for coal is still high. As a result, there is a continuous increase in anthropogenic
carbon dioxide emission, which is one of the causes of global warming. Therefore, measures
are being taken to reduce emissions of this gas, with particular emphasis on point source
emitters [3]. In addition, 195 countries have accepted the so-called Paris Agreement.
By doing so, they have committed to reducing greenhouse gas emissions, with a 2 °C
reduction in temperature relative to the pre-industrial era as one of the main goals. In
addition, more than 20 countries around the world have pledged to achieve a mission of
net-zero emissions by investing in renewable energy and other technologies with reduced
carbon dioxide emissions [4,5]. In terms of the method of carbon dioxide capture, post-
combustion technology, pre-combustion technology, and oxygen combustion technology
can be distinguished [6]. One method is geological sequestration [7]. Underground sites
with storage potential include oil fields, gas fields, and subeconomic coal seams. In this
case, 65 commercial CCS facilities are operating worldwide [8]. Among them, 26 are
operating, 13 are in an advanced stage of development reaching front-end engineering
design, 21 installations are at very early development stages, and 2 have suspended
operations (mainly due to the economic downturn). In 2020, worldwide commercial
facilities captured and stored ~40 Mt CO; per year.

Due to the global tendency to increase the diversification of energy sources, coalbed
methane (CBM) has become an area of scientific interest. Its greatest advantages include
its calorific value and its high quality as an energy carrier [9]. An additional advantage
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is the use of this gas as an input product in the production of hydrogen, which is often
referred to as the fuel of the future. Apart from natural geological traps, which prevent
methane from reaching the surface, methane is stored in coal beds inside the coal matrix
due to the adsorption mechanism. To extract methane trapped in geological traps, the
permeability of rock formations must be altered. The most common solution is the process
of hydraulic fracturing. This process involves injecting a fracturing fluid, consisting of
water, sand, and other chemical additives into a wellbore. As a result, natural fractures
within the gas-bearing horizon are widened and new ones are created, allowing gas to
escape through gaps in the bed [10]. To release the methane adsorbed inside the coal matrix,
a series of physicochemical processes must be used. Hard coal, as a naturally porous
material, has a system of micro- and macropores inside its structure, forming a biporous
system [11]. Bituminous coal is composed of organic matter mixed with inorganic matter,
and its elemental and petrographic composition may vary significantly. For this reason,
understanding the process of methane adsorption on hard coal has a significant impact
on subsequent attempts to extract methane gas from subeconomic hard coal seams. Some
studies have suggested that the sorption capacity of coals is influenced by parameters such
as the degree of coalification, the content of maceral moisture, rank and mineral content,
and elemental composition [12-16]. When analysing the differences in methane and carbon
dioxide adsorption on carbon of different origins, the most important parameter is the
vitrinite reflectance (Rg). As Ry increases, the sorption capacity towards CO, increases [17].
Jian et al. have shown in analyses of hard coal samples with high Ry that changes in sorption
capacity towards CO; are very small. Conversely, as the Ry value decreases, changes in the
sorption capacity of coal towards methane increase. Differences in the sorption capacity of
hard coal towards CHy are also related to the maceral composition. Research has proven
that coal with high content of vitrinite is characterised by higher sorption capacity than coal
with higher content of inertinite [18,19]). The reason for such behaviour is a difference in
the structure of particular macerals. Vitrinite shows a predominance of micropores, which
therefore have the highest total volume, inertinite shows a predominance of mesopores, and
liptinite is the least porous maceral [20]. Laxminarayana and co-workers [21] analysed coal
samples from Australian mines, differing in the content of individual macerals. Vitrinite-
rich coals were characterised by a fast methane desorption process. Coals with high
inertinite content were characterised by slower sorption. Moreover, with increasing rank
for inertinite-rich coals, the diffusion rate decreased. Similar observations occurred when
vitrinite-rich coals were examined. In this case, the changes were not as pronounced.
However, the trend was similar. When analysing the changes in the structure of hard coals
accompanying increases in rank, one can observe a decrease in the number of meso- and
macropores, which translates directly into a decrease in the rate of methane diffusion in the
coal matrix [21-23].

By combining the process of geological sequestration of carbon dioxide with the
process of extraction of methane adsorbed in the coal matrix, the ECBM process was
developed [24]. It exploits the phenomenon of preferential sorption and pore occupation
in the coal structure by carbon dioxide relative to methane, promoting the simultaneous
desorption of methane to enable its extraction. Thus, this process is an alternative to
traditional methane extraction and allows for the geological sequestration of large amounts
of CO; in off-balance coal seams [25]. Laboratory studies conducted on cuboidal samples
of hard coal show that for coals of similar rank, the sorption kinetics of methane and carbon
dioxide have a similar relative rate, while the sorption capacity of CO; is twice as high as
for methane [26]. One of the reasons for this behaviour may be the difference in molecule
diameter. Carbon dioxide is characterised by a linear and centrosymmetric molecule
with sp-hybridisation of central atom. Methane, on the other hand, is characterised by a
tetrahedral structure with sp3 hybridisation, which makes it occupy more space than CO,.
Additionally, there is an observable difference between the diameters of the two molecules.
Methane has a kinetic diameter of 380 pm, while carbon dioxide has a kinetic diameter
of 330 pm. Therefore, some pores with small diameters inside the coal matrix can be
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preferentially occupied by carbon dioxide molecules. A second reason for the preferential
sorption of CO; is the characteristic interaction of this gas with the coal matrix, which
allows the gas to dissolve inside the matrix [27].

The process of sorption of carbon dioxide and methane on hard coal is linked with
the process of swelling/shrinking of the coal matrix. This phenomenon can cause the coal
to crack, changes the durability, and thus releases stored CO;. Research carried out on
samples in the form of solid, cuboid blocks [28] as well as cylindrical samples [29] has
shown that as the number of adsorbed vapours and gases increases, the linear dimensions
of the samples change for both methane and carbon dioxide. The magnitude of deformation,
however, varies depending on the elemental and maceral composition of hard coal. Hard
coal, characterised by a higher vitrinite content, undergoes greater deformation than
samples with a higher inertinite content. The cited publications focused mainly on the
study of the effect of gases such as methane or carbon dioxide on the behaviour of coal
material, with an emphasis on the elemental composition of coal. It should be remembered,
however, that the content of individual macerals may vary significantly despite a very
similar elemental composition.

When analysing the physical basis of the sorption process, the influence of temperature
must be borne in mind. The coal bed is exposed to certain temperature fluctuations, which
translate into changes in the behaviour of the coal-gas system. For this reason, performing
studies on the sorption of vapours and gases under isothermal conditions is insufficient,
and it is necessary to carry out studies under changing temperature conditions. As the
temperature increases, some of the vapours and gases may be desorbed [30], which may
pose certain risks in the process of the geological storage of carbon dioxide. Some studies
have shown that the opposite is true. As the temperature increases by 1K, a 2% increase in
the rate of sorption kinetics is observed (e.g., Wang et al. [31]). Due to the lack of data in
the literature, this article discusses the sorption-induced swelling properties of hard coal in
a methane and carbon dioxide atmosphere.

The vast majority of mines in the Upper Silesian Coal Basin are mined under conditions
of high methane concentration [32]. Due to the fact that Polish hard coal is usually mined
from a depth of 700-1000 m, the seams characterized by one of the highest methane-bearing
capacities are mined. The coal used for the research described in this article comes from
one of the most methane-affected mines [33]. It produces high-quality coking coal, a critical
raw material, and the company that owns the mine is the largest producer in the European
Union. Over the past 20 years, in Polish mines, there have been three significant disasters
related to methane outbursts at the mine. In the first, during the tunnelling of a pipe lunette
at the level of 1000 m, an additional methane and rock outburst occurred after setting off
explosive charges. The concentration of methane was 84% at the face of the wall. Shortly
after this disaster, another incident occurred. During the ventilation of one of the pit walls,
the methane in the goaf ignited and then exploded. As a result, methane and burning gases
ended up in the working space of the longwall [34]. The last catastrophe took place in April
2022. There was a series of three explosions that killed nine miners and rescuers, and seven
people were trapped at a depth of 1000 m.

The studies were carried out on samples of similar elemental composition but different
petrographic composition, where the main difference was the vitrinite-to-inertinite ratio. In
the first part, the properties of hard coal were studied under isothermal conditions, with a
free pressure drop caused by sorption processes. The second part of the experiment was
carried out under non-isothermal conditions, where the temperature change was 25 °C.

2. Materials and Methods

Coal samples from the Upper Silesian Coal Basin were used. Both samples were
obtained from the same coal mine. However, they came from two different seams that
differed in depth. This is important because the potential CBM seams are not homogeneous
and differ in their properties throughout their occurrence and depth. The elemental and
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petrographic composition are presented in Table 1. The ultimate and proximate analysis
was performed in the Central Mining Institute in Katowice.

Table 1. Specification of the tested coal samples.

Samol C daf g daf H daf N daf O daf wa A? v daf Vitrinite  Liptinite Inertinite
ample
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
P1 84.24 0.39 4.58 1.52 4.58 1.75 3.01 27.12 73 7 20
P2 84.96 0.58 4.60 1.70 3.76 0.68 3.78 25.50 53 8 39

The elemental analysis was performed in the Central Mining Institute in Katowice. The moisture content was
determined in accordance with the procedure set forth in the standard PN-80/G-04511, while ash content was
established in accordance with PN-80/G-04512. The oxygen content was computed as the remainder of 100%,
taking into account the moisture and ash content. W: moisture content, A: ash content, V: volatile matter content,
C,H, N, O, S: content of element C, H, N, O, S, respectively, a: analytical basis, daf: dry—ash—free basis.

As shown in Table 1, the main difference between the two samples is the result of
the petrographic analysis, specifically vitrinite and inertinite content. A strength of the
conducted research is the use of solid hard coal samples in the shape of rectangular blocks.
Studies in the literature on sorption phenomena of hard coal describe tests on samples in
powder and grain form. The use of cuboidal coal blocks preserves the natural porosity and
enables strain measurements to be performed. To show the hard coal samples studied under
magnification, SEM images are shown in Figures 1 and 2. They show differences in grain
size and external surface texture. The apparatus used in the study has been constructed for
this experiment so that sorption and dilatometric changes can be measured simultaneously.
It is possible to record changes in the linear dimensions of a sample in a given time interval.
This type of measurement is based on changes in the resistance of strain gauges placed
perpendicularly and parallel to the layering of the coal sample. In the first stage of the
experiment, sorption capacity, together with linear deformations, was measured under
isothermal conditions at a temperature of 298 K. In the second part of the experiment, a
manostat was introduced into the system. The modification of the measuring system made
it possible to determine the dilatometric changes of the sample under constant pressure.
The temperature at which the measurement was carried out was in the range of 298-323 K.

— 10pm JEOL
15.0kV COMPO SEM WD 6.9mm 15.0kV COMPO LM

Figure 1. SEM images of the surface of sample P1.
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Figure 2. SEM images of the surface of sample P2.

3. Test Procedure

The measurements were made on a unique apparatus based on an Arduino microcon-
troller, which allows multiple parameters such as strain, pressure changes, and temperature
measurements to be recorded simultaneously. It was built by the authors at the AGH Uni-
versity of Science and Technology in Krakéw, Poland, and the proposed construction makes
it adaptable to modifications and further improvements. In addition, a very wide library of
software and the number of additional sensors allow the apparatus to be precisely adapted
to the needs of the experiment performed. The implementation of the author’s apparatus,
combined with the hard coal samples subjected to analysis in the form of cuboidal solid
blocks of coal, which is also not often found in the literature, makes the research performed
unique. The wires coming out of the measuring ampoule were connected to a microcon-
troller. Tensometers were placed in the circuit based on the principle of a Wheatstone
bridge. The experiment used resistance strain gauges with a resistance of 120 & 0.2% Q)
and a strain sensitivity factor of k = 2.1. The tolerance of the k factor was 0.5%. From it, the
signal is passed to a signal amplifier, based on the HX711 module, where the signal was
converted to digital. Furthermore, the signal was sent to the Arduino UNO microcontroller.
The results were recorded using the SD card reader module, and the current result is shown
on the LCD1602 2 x 16 display with an I2C module. The pressure was measured using
voltage S-20 transducers, which were operated in front of an additional Arduino UNO
board with an LCD display. The schematic design of the device is shown in Figure 3, which
includes the most important components of the device.

Cuboidal specimens were cut from the bulks of the bedrock. The linear dimensions
of the samples were base 18 x 18 mm, walls 18 x 40 mm. The compensation sample had
similar linear dimensions but was made of granite, a non-porous material. The weight of
the samples used was approximately 20 g. Before the actual measurement, the samples
were degassed with a vacuum pump. The vacuum value was 10> Pa, and the duration
of degassing was 8 h. In addition, helium at a pressure of 10 kPa was passed through the
sample to remove adsorbed vapours and gases inside the porous structure. The first point
of the experiment was the introduction of the test gases into the ampoules with samples
P1 and P2 and the compensation sample. In the second part of the experiment, the initial
pressure was defined as the final pressure from the first part of the experiment. Next, the
gas was introduced into the manostat and then into the measuring apparatus. Through the
use of an electronic controller, the pressure in the apparatus was kept constant by gradually
dosing the sorbate. The measurement temperature for the isothermal process was 298 K.
Measurements under non-isothermal conditions, were conducted over the full temperature
range of 298 K to 323 K.
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SD Card

slot B HX711 module
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Arduino UNO
rduino UN display with 12C

Figure 3. Schematic of the measurement system.

4. Results and Discussion

The sorption—dilatation results, for both samples, are presented in Figure 4a,b in the
form of sorption kinetics. Both samples have a higher sorption capacity towards carbon
dioxide than for methane. The final pressures for the individual samples are shown in
Figure 4a, and are 6 bar for P1 under a CO, atmosphere, 8.4 bar for a P1 CH4 atmosphere,
8.76 bar for a P2 CO, atmosphere, and 10.12 bar for a P2 CH4 atmosphere. For both samples,
there was an observable drop in pressure inside the measuring ampoule, which indicates
the occurrence of sorption phenomena in both methane and carbon dioxide atmospheres.
Due to the specific shape of the samples, i.e., cuboid blocks, the measurements are very time-
consuming. The use of samples of this shape also causes the equilibrium state to be reached
much later than for samples in the form of powders. Observing the literature data [26,35],
it can be observed that it takes a considerable amount of time to reach equilibrium, so
experiments in this form must be staggered. As shown in Figure 4a,b, in the initial phase of
the experiment, the adsorption increases rapidly before the sorption equilibrium is reached.
This is evidenced by the fact that after about 20 h of measurements, there is little change
in sorption.

The sorption capacity of P1 towards carbon dioxide was about 0.93 mmol/g, while for
methane, the adsorbed amount was close to 0.68 mmol/g. The diameter of the particles has
a significant effect on the value of adsorption on hard coal. CO,, having a smaller diameter,
can better penetrate the small diameter pores present in the coal material (see Table 2).
Another parameter that can influence the adsorption value is the critical temperature of the
sorbate and thus the state in which the particles are found. For carbon dioxide, the critical
temperature is 304 K, so in the first stage of the experiment, under isothermal conditions, it
exists in the form of vapour [36]. For methane, the critical temperature is 191 K, so it always
appears as a gas during the experiments. Due to the occurrence of this phenomenon at
the investigated temperature of 298 K, it is possible that a part of the pores is inaccessible
to methane but is preferentially occupied by carbon dioxide particles thanks to the lower
energy required to expand the pores. A similar phenomenon is also observed for P2. The
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maximum sorption for carbon dioxide is about 0.5 mmol/g, and for methane it is about

0.33 mmol/g.
1 =
pCO, 12.8 bar -> 6 bar Co,
B
!
0.8 -/
I
0.7 i . _ _PCH4128bar->84bar  CH, —nmeme P1
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Figure 4. (a) Kinetics of CO, and CHy sorption. (b) Linear strains at 298 K for sample P1 and sample P2.

Table 2. Specification of the tested sorbates.

Sorb Melting Point Boiling Point Density at 1 atm, 273 K Hybridization Kinetic Diameter
orbate
(X) X (kg/m®) ©) (A)
CO, 84.24 194.7 (sublimes) 1.977 sp 3.3
CH, 90.694 111.6 0.717 sp? 3.8




Energies 2023, 16, 1785

8 of 14

A course of the change in linear expansion is shown in Figure 4b. Based on other
researchers” observations [26,37], significant differences can also be observed in the be-
haviour of the coal matrix in dioxide and methane atmospheres. In Figure 4b, there is a
clear difference in the strain values in the perpendicular and parallel directions. For P1, the
differences in strain are much more pronounced than for P2 for both carbon dioxide and
methane atmospheres. To convert values from linear expansion to volumetric expansion,
the following formula (1) was used:

€U:2‘€H+€l (1)

gy,—volumetric strain
¢|—deformations parallel to the layering

&) —deformations perpendicular to the layering

For both samples, carbon dioxide sorption involving volumetric expansion was ob-
servably higher. For P1, the maximum volumetric strain was nearly 7.5% for CO,, and
nearly 4% for methane. For P2, the volumetric strain for carbon dioxide was 5%, while the
strain for methane was close to 2%. The relationship between the amount of sorbed CO,
and CHy and the sorption-induced swelling is presented in Figure 4a,b.

The results presented in Figure 4b show a relatively fast expansion of the coal matrix
in the presence of carbon dioxide, and after 12 h, no more changes were observed for both
samples. For the CHy—coal system, it took about 20 h to reach an equilibrium state.

The data shown in Figure 4a are similar to those available in the literature and similarly
describe the behaviour of the coal matrix. Research conducted by scientists has shown that
hard coals have a higher affinity for the sorption of carbon dioxide than methane [26,35,38].
These values, however, may vary depending on the petrographic composition. Vitrinite is
a maceral characterised by higher porosity than inertinite, which means that it can sorb a
higher amount of vapour and gases within its structure [39]. P1, which has a higher vitrinite
content, generally has a higher sorption capacity than P2. This was observed in the whole
range of pressures and temperatures investigated. The sorption—dilatation properties of
coal are also affected by such parameters.

Due to the correlation between the coal-swelling process and the amount of sorbed
vapours and gases, these parameters should not be considered separately. When analysing
the sorption kinetics graphs for P1, it can be observed that a state close to the sorption
equilibrium is reached after about 12 h of measurement and the sample reaches a saturated
state with both methane and carbon dioxide. Compared with another study [26], this
was relatively fast. In that case, it took as long as 50 h to reach equilibrium. In addition,
note the relationship between the expansion of coal and its sorption capacity shown in
Figure 4a,b. For P1, the course of change over the time range studied was nearly linear for
carbon dioxide sorption and nonlinear for methane sorption. The linear course of these
changes was also shown in another publication [40]. In the pressure range similar to the
tests presented in this publication, the course was the same. However, differences started to
appear at higher pressures. From the data obtained, it can be concluded that the expansion
kinetics is slower than the sorption kinetics compared to the situation if the phenomena
had occurred evenly.

By analysing the data in Figure 4b, it is possible to compare them with the data avail-
able in the literature [35]. The hard coal in these studies differed in elemental composition
from the coal presented in this article. Therefore, it is not possible to compare these results
directly with each other. Maximum deformations were reached in the first 24 h from the
start of the measurements in both methane and carbon dioxide atmospheres. As in this
paper, deformations induced by the influence of carbon dioxide were several times higher
than deformations induced by the presence of methane. For P1, it is less than 2 times more,
for P2 about 2.5, more while in Majewska’s study [35], it was 3 x more. The difference
between Ceglarska-Stefaniska’s study and the study presented in this article was the be-
haviour of the sample after the maximum expansion was reached [41]. In our case, the
sample, after being saturated with the tested gases, did not change its shape until the end
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of the measurements. Similar behaviour was observed in another paper [28], where the pet-
rographic composition was similar to that presented in this work. In Ceglarska-Stefariska’s
experiments, after reaching the maximum expansion, the sample slowly contracted. In
our study, the relaxation phenomenon did not occur. Similar studies on sub-bituminous
coals with vitrinite reflectance equal to 0.57% were carried out by Espinoza [29]. The main
difference between the two experiments was the shape of the coal samples tested. In our
case, they were cuboidal blocks, while Espinoza used cylindrical blocks of hard coal. In his
case, higher expansion values were obtained for axial deformation, i.e., 0.006, while lower
values were obtained for radial deformations, i.e., 0.004. These values are without a unit
and are the result of the formulas proposed by the author.

An important parameter affecting sorption processes on hard coal is temperature, the
effect of which on sorption—dilatometric properties is very evident under non-isothermal
conditions. As is well known, the kinetic energy of sorbate molecules increases with
increasing temperature. As the adsorption process is exothermic, an increase in temperature
during the process can decrease the sorption capacity, which corresponds to the behaviour
of P1 in a carbon dioxide atmosphere. As can be clearly seen in Figure 5a,b, P1 and P2
hardly increase their sorption capacity. The exception is P1, where a clear decrease in
sorption capacity towards carbon dioxide is observed. A similar phenomenon can be
found in the literature [26], in which researchers tested a wider range of temperatures
and pressures, and both methane and carbon dioxide sorbed on the coal surface. These
scientists identified the oxygen content as one of the reasons for this behaviour of the carbon
material, which affects the number of active centres in the carbon matrix. An important
parameter allowing discussion of the results is the diffusion coefficient, which can describe
the decrease or increase in the sorption capacity in terms of temperature. With increasing
temperature, the effective diffusion coefficient increases for methane [42,43]. Higher values
of this parameter can be obtained for coals low in vitrinite, which may indicate differences
in sorption capacity for P1 and P2 in the context of carbon dioxide. Figure 6a,b has been
prepared based on the expansion kinetics and the sorption capacity of samples under
non-isothermal conditions.

It was observed (Figure 7) that for the P1 sample and the carbon dioxide test, the
sorption kinetics was slower than the expansion kinetics, because for a relatively small
decrease in the sorption capacity, there was a clear change in the volumetric dimensions of
the sample. In other cases, the change in sorption capacity due to a change in the volume
dimensions of the sample was not so spectacular. As the temperature increases, samples
treated with carbon dioxide undergo contraction. A completely opposite property was
observable when the sample was tested in a methane atmosphere. Both P1 and P2 swelled
with increasing temperature. Similar results were reported in another paper [44]. The
purpose of this study was to investigate the behaviour of cuboidal coal samples under
varying temperature conditions. In the case of dilatometric kinetics both for a vacuum
and for helium, the changes in linear dimensions had exactly the same values, so when
analysing the results of coal expansion, the thermal expansion parameter should be taken
into account.
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for sample P1 under non-isothermic conditions. (b) Relationship between the amount of sorbed
vapours and gases and the volumetric strain for sample P2 under non-isothermic conditions.

5. Conclusions

e  Change in the linear dimensions of the sample in the isothermal process due to carbon
dioxide sorption is 2.5x greater than for methane sorption, with a noticeable difference
between the two samples due to the different vitrinite content.

e  The relationship between sorption capacity and volumetric expansion in the isother-
mal process for carbon dioxide for P1 is nearly linear, while for methane it is increasing.
For P2, the graph has a curved shape. In the analysis of the later phase of the exper-
iment, the rate of increase in volumetric strain is higher than the rate of increase in
sorption capacity.
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e Investigations carried out with increasing temperatures provided new data on the
behaviour of the coal matrix. As the temperature increased, a slight increase in the
sorption capacity of the sample was observed, with the sample shrinking in a carbon
dioxide atmosphere and expanding in a methane atmosphere.

e The analysis of sorption capacity changes as a function of volume expansion under
non-isothermal conditions provides relevant information about the carbon—gas system.
As the temperature increases, no significant change in sorption capacity is observed,
while a change in the volume dimensions of the sample is observed, indicating that
the parameter related to the movement of vapours and gases within the carbon matrix
has a greater influence on this process.
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