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Linking Maceral Composition with Structural and Methane Sorption  
Properties of Bituminous Coal: An Approach Using Artificial  

Neural Networks

This study investigates the structural and sorption properties of coal maceral groups from Poland. 
Seven fractions with varying maceral compositions were obtained by gravity separation, and their maceral 
proportions were determined using an automated classification method based on artificial neural networks. 
The samples were analyzed by microscopy, low-pressure gas adsorption, and methane adsorption and diffu-
sion measurements. Results showed that a higher vitrinite content was associated with greater CH4 adsorp-
tion capacity, while inertinite-rich fractions exhibited lower values. The estimated adsorption capacity of 
pure vitrinite reached 14.3 cm3/g at 1.5 MPa, nearly double that of pure inertinite (6.78 cm3/g). Diffusion 
analysis revealed that fractions with lower vitrinite content demonstrated significantly higher diffusion 
coefficients, highlighting the key role of maceral composition in methane storage and transport in coal.
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1.	I ntroduction

Bituminous coal consists of a carbon matrix and functional groups, along with natural gases 
such as methane (CH4), which are generated during coal metamorphism and shape its structural 
and adsorption properties. The coal structure is influenced by physicochemical conditions, burial 
depth, seam thickness, and the geological properties of overburden rocks, which together make 
coal a heterogeneous material with a complex pore system [1]. 

Coal consists of three main maceral groups: vitrinite, inertinite, and liptinite [2,3]. Vitrinite, 
derived from woody plant tissues, is the most abundant in bituminous coals and exhibits increasing 
reflectance with coalification, appearing darker than inertinite but lighter than liptinite. It is also 
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the most brittle of the groups. Inertinite, characterized by high hardness and reflectivity, enhances 
the mechanical strength of coal seams. Liptinite, comprising spores, cutin, resins, waxes, and 
vegetable fats, has the lowest reflectivity and is distinguished by fluorescence under blue or UV 
light, which diminishes with coalification [4,5].

Maceral identification can be performed manually or automatically using artificial intel-
ligence methods [6,7], or deep learning (DL) [8,9]. In the work of Iwaszenko and Róg [6], the 
authors used convolutional neural networks (CNNs) to segment petrographic coal images. A U-
Net model was proposed for segmenting groups of macerals. Satisfactory segmentation results 
were obtained in the vitrinite and inertinite groups, while the liptinite group was more difficult 
to segment. In the work of Lei et al. [8], an improved U-Net enhanced with attention gates was 
used to segment maceral groups. Using the proposed method, a state-of-the-art segmentation 
accuracy of 91.56% was achieved. The results showed the method’s great potential in automatic 
identification of maceral groups.

Macerals play a central role in methane formation and storage in coal [10-14]. Their com-
position influences pore structure and sorption properties [15-18]. Inertinite typically shows the 
highest porosity, followed by vitrinite and liptinite [19]. However, vitrinite-rich coals often exhibit 
greater methane adsorption capacity than inertinite-rich coals of similar rank [11-14,20-24]. This 
is linked to their higher micropore content, especially in collotelinite, whereas inertinite macer-
als often contain more mesopores [25]. Reactive inertinite, structurally similar to vitrinite, may 
further enhance methane adsorption in some coals [14].

Research on the impact of petrographic composition on coal sorption capacity has produced 
mixed results [26]. Many studies confirm that vitrinite-rich coals exhibit higher adsorption capacity 
than inertinite-dominated dull coals, due to their greater proportion of micropores [14,15,27-29]. 
However, some works report higher adsorption in inertinite-rich coals, particularly for fusinite 
varieties such as pyrofusinite and degradofusinite [30,31]. 

The degree of coalification also significantly affects adsorption [22,32]. Higher-rank coals 
generally show greater adsorption capacity due to intramolecular micropores formed during 
thermal degradation of organic matter [33,34]. In high-carbon coals, kerogen cracking gener-
ates methane and opens new pores, enhancing gas storage [35]. In contrast, low-rank vitrinite 
macerals contain more micropores than inertinite, offering more active adsorption sites, but with 
increasing coalification, vitrinite mesoporosity declines [36].

Petrographic composition also controls diffusion kinetics, expressed by the effective diffusion 
coefficient [37]. Vitrinite, rich in micropores, has high adsorption capacity but low diffusivity, 
while inertinite, with meso- and macropores, shows lower capacity but higher diffusivity. Desorp-
tion typically begins in meso- and macropores before being governed by micropores [13]. Studies 
on Polish coals confirmed that low-reflectance vitrinite samples had the highest CH4 adsorption 
and diffusion coefficients, strongly influenced by temperature [38]. Overall, gas diffusion kinetics 
is governed by maceral composition, pore structure, and coalification degree [39-40].

Laxminarayana and Crosdale [22] and Kiani et al. [31] studied gas diffusion in Australian 
coals and found higher diffusion rates in inertinite-rich coals compared to vitrinite-rich ones. 
They also reported a negative correlation between diffusion and coal rank. Similar results were 
obtained by Staib et al. [41], while Karacan [42], using X-ray computed tomography, confirmed 
lower diffusion coefficients in vitrinite-rich lithotypes. Mastalerz et al. [43], applying infrared spec-
troscopy, showed that inertinite-rich coals disperse gas more efficiently than vitrinite-rich coals.

The subject of coal research is still relevant. The geopolitical situation related to the war in 
Ukraine makes it necessary to become independent from mineral raw material supplies. In this 
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situation, ensuring Poland’s energy security will require the use of coal as the primary energy 
source for longer than originally planned [44,45]. Overall, the influence of maceral composition 
on coal sorption and diffusion remains ambiguous, with major differences observed between 
coals from different regions [34]. The aim of this study was to investigate the relationship be-
tween maceral composition and the structural and adsorption parameters of Polish bituminous 
coal. Fractions with varying maceral proportions were prepared by gravity separation in heavy 
liquids. Their composition was determined using an automated classification method based on 
artificial neural networks [6]. The results of maceral separation were compared with structural and 
adsorption parameters, allowing integration of AI-based classification with laboratory analyses. 
This approach enabled estimation of the adsorption capacity of “pure” macerals, representing 
a novel contribution of particular relevance to European coals.

2.	R esearch methodology

The coal samples for analysis were collected from the Polish KWK “Brzeszcze” mine, 
located in the Upper Silesian Coal Basin. Using the dry screening method, a grain size fraction 
of 0.20-0.25 mm was isolated and subjected to gravity separation. Seven fractions were obtained 
and subsequently analyzed through: (i) technical analyses, (ii) optical microscopy, (iii) structural 
studies using low-pressure gas adsorption, and (iv) methane adsorption measurements combined 
with diffusion kinetics analysis. Based on optical microscopy results, maceral groups in each 
fraction were quantitatively classified using an artificial neural network method.

2.1.	C oal separation and technical analyses

Gravity enrichment, also referred to as gravity separation [46,47], was carried out by exploit-
ing density differences between coal grains and waste rock. One of the most effective approaches 
for separating mineral grains is heavy-liquid separation, in which the medium density is adjusted 
so that heavier grains sink while lighter grains float [48,49].

In this study, bromoform (density 2.89 g/cm3) was used as the heavy liquid. Seven beakers 
containing heavy liquids of different densities were prepared, using xylene as a solvent. A rep-
resentative coal sample was first immersed in the least dense liquid, separating into a floating 
fraction (lower density) and a sinking fraction (higher density). The sinking fraction, after draining, 
was transferred sequentially to heavier liquids of increasing density. In each case, the floating 
fraction was collected on a filter, washed, and dried at 378 K.

The ash content of individual maceral fractions was determined in accordance with the Pol-
ish standard PN-ISO 1171:2002 [50]. Skeletal density was measured using helium pycnometer 
(AccuPyc II 1340 analyzer). The skeletal volume of the sample was obtained from the volume 
of helium penetrating pores with diameters ≥2×10–4 µm. Based on skeletal volume and sample 
mass, skeletal density values were calculated.

2.2.	I dentification of maceral groups using artificial neural networks

Microscopic analyses were performed on polished sections prepared from grains of indi-
vidual fractions, in accordance with the PN-ISO 7404-3 [51] standard for petrographic analysis 
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of bituminous coal. These sections formed the basis for imaging used in artificial neural network 
analysis, with methodology described in detail by Młynarczuk and Skiba [6]. A ZEISS AXI-
OPLAN polarizing microscope with a computer-controlled XYZ mechanical stage was used, 
and observations were carried out in oil immersion. Images were transferred to a computer using 
a Nikon DS-Fi1 CCD camera (5 Mpx resolution). A magnification of 500× was applied, as re-
quired by PN-ISO 7404-3. The final image resolution was 1280×960 pixels. For each fraction, 
500 images were collected, covering the entire sample surface (measuring area of about 3.2 cm2). 
Image analyses were conducted in MATLAB ver. 8.5, using the Image Processing Toolbox for 
image processing and the Neural Network Toolbox for maceral group classification. The use of 
neural networks minimized observer subjectivity, ensured reproducible results, and significantly 
reduced measurement time compared to traditional stereological analyses.

Five groups were identified: vitrinite, inertinite, liptinite, mineral matter, and the binder 
embedding the coal grains. Following Młynarczuk and Skiba [6], a multilayer perceptron (MLP) 
with a single hidden layer was used for automatic classification. Training a multilayer perceptron 
is a supervised process based on a training dataset. Each case was described by a 12-element 
feature vector. The network output layer consisted of 5 neurons corresponding to the identified 
classes. The hidden layer used 12 neurons with a hyperbolic tangent activation function, and 
training was performed using the Levenberg-Marquardt backpropagation algorithm.

2.3.	S tructural characteristics

Pore space characterization was performed using the low-pressure gas adsorption (LPA) 
method with an ASAP 2020 analyzer operating in the pressure range of 0-0.1 MPa, based on the 
volumetric method. Samples were degassed under high vacuum (UHV) at 373 K for 48 hours. 
CO2 was used as the adsorbate, and measurements were conducted at 273 K in the relative pres-
sure range 0 < p/p0 ≤ 0.029. Structural parameters were determined using Langmuir’s monolayer 
adsorption theory and Non-Linear Density Functional Theory (NLDFT), which accounts for the 
fractured shape of coal pores.

2.4.	CH 4 adsorption and diffusion kinetics

CH4 adsorption studies were conducted using the gravimetric method with an Intelligent 
Gravimetric Analyzer IGA-001. The measurement was based on recording changes in sample 
mass resulting from methane adsorption. Each coal fraction was analyzed under isothermal and 
isobaric conditions at 313 K and pressures of 0.1 MPa, 0.3 MPa, and 1.5 MPa, with simultaneous 
registration of diffusion kinetics. Before measurements, the samples were degassed under UHV at 
353 K for 24 hours. The analysis included adsorption capacities with respect to CH4, parameters 
of Langmuir adsorption isotherms, and values of effective diffusion coefficients.

The amount of adsorbed gas was determined using the real gas equation of state (1) [38,52-54]:

	

 0
0

t Bm

g

m m FV
a

z R T m M
 

 
  

  	 (1)

where a [cm3/g] is the adsorption capacity, Vm [cm3/mol] is the molar volume of CH4 in standard 
conditions, z [-] is the gas compressibility coefficient, R [J/(mol·K)] is the universal gas constant, 
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T [K] is the temperature, mt [g] is the instantaneous mass of the sample, m0 [g] is the initial mass 
of the sample, Mg [g/mol] is the molar mass of gas, FB [g] is the correction compensating the 
buoyant force.

Langmuir’s adsorption isotherms were fitted to the adsorption equilibrium points, according 
to the formula (2) [55]:
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where: A [cm3/g] is the maximum monolayer adsorption capacity; b [MPa–1] is the Langmuir 
adsorption equilibrium constant; p [MPa] is the pressure.

It was assumed that in small coal grains, gas transport is mainly limited to diffusion within 
the pore space [56]. The kinetics of CH4 transport in coal fractions were described using the 
effective diffusion coefficient (De) [57]. The coefficient was determined based on Timofeev’s 
Eq. (3) [58]:
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where: Rg [cm] is the equivalent radius of the grain; d1, d2 [cm] are the minimum and maximum 
diameter of grains; t1/2 [s] is the half-time of the adsorption process.

3.	R esults

3.1.	R esearch material characterisation

Bituminous coal was used in the study, and its basic parameters were determined: volatile 
matter (V daf = 41%), density (ρ = 1.4 g/cm3), and ash content (Ad = 15.5%). According to the 
UN-ECE International Classification of Coals [59], it is a parabituminous, medium-grade D-rank 
coal. Petrographic analysis showed 49.9% of vitrinite, 43.1% of inertinite, 6.3% of liptinite, and 
0.7% of mineral matter.

The coal exhibited a typical porous structure. CO₂ adsorption measurements at 298 K 
yielded a type I isotherm with a small hysteresis loop (Fig. 1). The maximum adsorption capacity 
at 0.1 MPa was 13.60 cm3/g. The specific surface area was 81.92 m2/g (BET) and 78.64 m2/g 
(Langmuir), with a micropore volume of 0.021 cm3/g.

The adsorption capacity of coal in relation to methane was determined (Fig. 2). Gravimetric 
measurements produced a type I isotherm, and the Langmuir model was fitted to the equilibrium 
adsorption points. At 1.5 MPa, the adsorption capacity was 12.23 cm3/g, while the total Langmuir 
adsorption capacity calculated from Eq. (2) was 18.05 cm3/g.



680

Fig. 1. Adsorption isotherms on coal in relation to carbon dioxide

Fig. 2. CH4 adsorption isotherms of the tested coal

As a result of gravity separation, seven fractions (N1–N7) with different densities were 
obtained. The N7 fraction had the highest density (1.64 g/cm3) and ash content (33.23%). 

3.2.	I dentification of maceral groups using artificial  
neural networks

Polished sections prepared from the grains of each fraction were analyzed microscopically. 
Representative images for the N1 and N7 fractions, characterized by contrasting technical pa-
rameters and maceral compositions, are shown in Figs. 3 and 4.
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Fig. 3. Microscope images of N1 fraction (predominantly composed of vitrinite macerals, mainly collotelinite), 
oil immersion, magnification 500×

Fig. 4. Microscope images of N7 fraction (predominantly composed of inertinite macerals, mainly fusinite 
and semifusinite), oil immersion, magnification 500×

For each fraction, 500 images were analyzed using artificial neural networks. The resulting 
fractions differed in maceral composition. From N1 to N7, the vitrinite content decreased from 
91.8% to 26.9%, while the inertinite content increased from 2.7% to 35.9%. Mineral matter content 
also increased, ranging from 1.4% to 31.7%. A strong correlation was observed between density 
and vitrinite content, whereas no such trend was found for inertinite content. This is confirmed 
by the research conducted by Jia et al. [15]. The results of automated maceral and mineral iden-
tification are summarized in TABLE 1.

Table 1

Results of automatic identification of maceral groups and mineral matter  
in coal fractions

Sample Vitrinite
content [%]

Inertinite
content [%]

Liptinite
content [%]

Mineral matter
content [%]

N1 91.8 2.7 4.1 1.4
N2 88.2 4.2 5.5 2.1
N3 69.0 23.2 4.9 2.9
N4 47.2 40.4 5.1 7.3
N5 35.0 42.5 7.1 15.4
N6 32.0 40.5 5.2 22.3
N7 26.9 35.9 5.5 31.7
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3.3.	S tructural analyses

Pore structure characterization was performed using low-pressure gas adsorption (LPA) 
at 298 K. Type I isotherms, similar to Langmuir curves, were obtained (Fig. 5a), with a good 
fit between experimental data and the Langmuir model (RL ≈ 1). A slight adsorption-desorption 
hysteresis was observed in several samples. The adsorption capacity relation to CO₂ correlated 
positively with vitrinite content, ranging from 10.30 to 20.38 cm3/g. At 0.1 MPa, the CO2 iso-
therms flattened, and the extrapolated Langmuir adsorption capacity (p → ∞) was slightly higher.

Fig. 5. LPA analysis results: a) adsorption isotherms, b) pore size distribution – NLDFT model

Maceral composition, together with coal rank and type, strongly influences pore structure 
[13]. In the vitrinite-rich N1 fraction, the Langmuir monolayer surface area reached 112 m2/g. 
Assuming multilayer adsorption of CO2, the BET surface area (SSABET) ranged from 55 to 
107 m2/g (TABLE 2). The vitrinite-rich fractions also showed larger pore volumes, as indicated 
by pore size distributions (Fig. 5b). Increased pore volumes were observed in the 0.35-0.45 nm 
and 0.45-0.65 nm ranges (NLDFT model).

Table 2

Results of structural analyses obtained by the LPA method

Sample a(p) 
[cm3/g]

Qm  
[cm3/g] SSAL [m2/g] b RL

SSABET
[m2/g]

VNLDFT
[cm3/g]

N1 20.38 24.64 112.56 ± 1.67 0.035 0.996 107.47 ± 1.39 0.046
N2 20.16 24.42 111.58 ± 1.75 0.036 0.996 106.67 ± 1.47 0.046
N3 17.47 21.73 98.53 ± 1.51 0.032 0.996 93.95 ± 1.27 0.040
N4 16.13 19.26 88.00 ± 1.57 0.035 0.994 84.03 ± 1.34 0.037
N5 13.44 16.13 73.59 ± 1.20 0.038 0.996 70.37 ± 1.02 0.032
N6 11.65 14.34 66.02 ± 1.33 0.032 0.993 62.94 ± 1.14 0.028
N7 10.30 12.54 57.81 ± 1.25 0.032 0.993 55.12 ± 1.06 0.025

where: a(p) is the adsorption capacity at 0.1 MPa; Qm is the total adsorption capacity at p → ∞; SSAL, SSABET 
are the specific surface area according to Langmuir and BET model; b is the coefficient in Langmuir model; 
RL is the correlation coefficient in Langmuir model; VNLDFT is the total pore volume according to NLDFT theory.
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3.4.	S tudies of CH4 adsorption and diffusion kinetics

Methane adsorption was studied using the gravimetric method. Langmuir adsorption iso-
therms were fitted to equilibrium data by the least-squares method, producing type I isotherms. 
CH4 adsorption capacity varied with pressure and maceral composition (Fig. 6). The highest 
capacities were recorded in vitrinite-rich, inertinite-poor fractions.

Fig. 6. CH4 adsorption isotherms of the tested coal fractions

To analyze the effect of petrographic composition on adsorption properties, the relationships 
between maceral and mineral content and CH₄ adsorption capacity were determined (Fig. 7). 
Langmuir constants b (from Eq. (2)) ranged from 1.31 to 1.54 MPa–1, with the highest values in 
vitrinite-rich fractions and decreasing values with increasing inertinite content. This indicates 
stronger CH4 binding in vitrinite than in inertinite. Vitrinite content showed a positive correlation 
with CH4 adsorption (Fig. 7a), whereas inertinite, liptinite, and mineral matter were negatively 
correlated (Figs. 7b-d).

Linear relationships describing the dependence of CH4 adsorption on maceral and mineral 
contents enabled estimation of the adsorption capacities of “pure” components (TABLE 3). 

Table 3

Estimated adsorption capacities to CH4 of “pure” maceral groups and mineral matter

Adsorption capacity of “pure” macerals [cm3/g]
Pressure [MPa] Vitrinite Inertinite Liptinite Mineral matter

0.1 2.86 0.96 0 0
0.3 6.29 2.32 0 0
1.5 14.30 6.78 0 2.17

p → ∞ 20.60 11.84 0 6.75
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Vitrinite exhibited the highest CH4 adsorption capacity, approximately twice that of inerti-
nite. Liptinite showed negligible CH4 adsorption, while mineral matter contributed minimally at 
higher pressures. However, due to the low liptinite content (<8%), the estimated CH4 adsorption 
for a “pure” liptinite sample (100%) is subject to high uncertainty, as reflected in the low coef-
ficient of determination (R2). For vitrinite, a strong linear correlation was obtained (R2 > 0.9) in 
the 0.2-0.9 composition range.

The influence of maceral composition on CH₄ diffusion kinetics was also investigated. Ef-
fective diffusion coefficients (De) were calculated using Eq. (3), based on CH4 adsorption curves 
at 0.1 MPa. De values ranged from 1.01×10–9 to 9.36×10–9 cm2/s and were strongly dependent 
on maceral composition. A negative correlation was observed between vitrinite content and De 
values, described by an exponential function (Fig. 8). The De of the vitrinite-poor N7 fraction 
was nearly an order of magnitude higher than that of the vitrinite-rich N1 fraction.

4.	D iscussion and conclusions

The study investigated the relationship between maceral composition and the structural and 
adsorption properties of Polish bituminous coal. Seven density-separated fractions were analyzed, 
each characterized by different proportions of vitrinite, inertinite, liptinite, and mineral matter. 
The maceral composition of individual fractions was identified using a proprietary classifica-

Fig. 7. The influence of the relative content of macerals and mineral matter content  
on the adsorption capacity in relation to CH4
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tion method based on a multilayer perceptron neural network, which ensured high accuracy and 
repeatability of maceral group identification.

Structural and adsorption analyses revealed distinct differences between the fractions. The 
BET specific surface area and micropore volume were positively correlated with vitrinite content. 
In vitrinite-rich fractions, SSABET reached 107.5 m2/g and micropore volume 0.05 cm3/g, while 
in inertinite-rich fractions, these values were significantly lower (55.1 m2/g and 0.02 cm3/g, re-
spectively). The pores were mainly concentrated in the 3.5-4.0 nm and 4.5-6.5 nm ranges. These 
results confirm earlier findings that the pore structure of coal depends strongly on its maceral 
composition and rank [13,60]. Similar relationships were reported for coals from India [61] and 
China [15,62], where vitrinite was also found to dominate micropore development. However, 
Shan et al. [63] observed the opposite trend, with the highest surface areas in inertinite-rich coals, 
highlighting that local geological conditions may also play a role.

Methane adsorption studies showed that the CH₄ adsorption capacity increased with vitrin-
ite content and decreased with increasing inertinite, liptinite, and mineral matter contents. The 
highest adsorption capacity was observed in vitrinite-rich fractions (a = 14.3 cm3/g at 1.5 MPa), 
approximately twice that of inertinite (a = 6.78 cm3/g). Liptinite did not exhibit measurable 
adsorption, while mineral matter contributed slightly at higher pressures. The diffusion coeffi-
cient (De) also depended on maceral composition: in the vitrinite-rich N1 fraction (Vt = 91.8%), 
De = 1.01×10–9 cm2/s, whereas in the vitrinite-poor N7 fraction (Vt = 26.9%), De = 9.36×10–9 cm2/s. 
These results confirm that while vitrinite increases adsorption capacity, it also slows diffusion 
kinetics due to its highly microporous structure. Similar conclusions were drawn by Laxmi-
narayana and Crosdale [22], Staib et al. [41], and Karacan [42]. The observed relationships are 
consistent with studies of coals from North America and other regions [34, 64-67], where meth-
ane adsorption was found to depend mainly on the microporous structure. However, Kiani et 
al. [31] reported that in Australian bituminous coals, maceral composition affected porosity and 
adsorption kinetics rather than the total adsorption capacity, indicating regional variability. The 
role of vitrinite as the main microporous and adsorption-active maceral is therefore confirmed, 
although the magnitude of its effect may vary with coal type, rank, and moisture content [33,68].

Fig. 8. Dependence of the value of the effective diffusion coefficient on the vitrinite content of coal
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Methane is primarily stored in coal by adsorption onto micropore surfaces. Consequently, 
the pore surface area is a critical factor determining coal’s gas-bearing potential [67]. Vitrinite, 
being rich in micropores, contributes most to methane adsorption [23]. In contrast, in liptinite-
rich coals, methane is retained in pores as a dissolved gas rather than adsorbed on their surfaces 
[14], explaining the weak correlation between structure and adsorption capacity in such coals.

The presented results demonstrate a clear coupling between maceral composition, micropo-
rous structure, and gas adsorption–diffusion behavior. Vitrinite enhances CH4 storage capacity but 
reduces diffusion kinetics, while inertinite contributes to faster gas transport with lower adsorption 
potential. Liptinite and minerals play only a minor role in methane accumulation. The determina-
tion of the adsorption capacity of “pure” maceral groups provides a valuable quantitative insight 
into their intrinsic properties, previously only qualitatively discussed.

The applied methodology combining heavy-liquid separation with neural network based 
maceral identification represents a novel approach to coal characterization. It enables a more 
precise assessment of the contribution of specific maceral groups to gas storage and transport 
phenomena. The findings not only expand the understanding of the microstructural controls on 
adsorption processes in European coals but also have practical implications for predicting gas 
content and migration potential in coal seams.

Overall, the results demonstrate that vitrinite is the dominant maceral controlling methane 
adsorption and pore development in bituminous coal. Its high microporosity enhances methane 
adsorption capacity but simultaneously reduces diffusion rates. Inertinite, by contrast, contributes 
to faster gas transport but exhibits lower adsorption potential, while liptinite and mineral matter 
play only a minor role in methane accumulation. The structural and adsorption characteristics 
observed in Polish coals are consistent with global findings, although regional geological condi-
tions may modify the strength of these relationships. The application of neural network based 
maceral identification, combined with heavy liquid separation, has proven to be an effective and 
innovative method for distinguishing the contributions of individual maceral groups to gas storage 
and transport processes in coal seams. These findings significantly enhance the understanding of 
the petrological and structural factors governing gas storage and migration in coal, with practical 
implications for both coalbed methane recovery and CO₂ sequestration.
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