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Influence of Grain Size and Gas Pressure on Diffusion Kinetics  
and CH4 Sorption Isotherm on Coal

The paper presents research on the influence of grain size of selected coals and their structural 
parameters on the diffusion coefficient and methane sorption isotherms. Two coals from Polish hard 
coal mines, differing in the coal rank, were tested. Sorption isotherms for methane were determined. An 
unconventional sequence of pressures 0→0.1→0→0.5→0→1.5 MPa was employed to assess the speed 
of achieving sorption equilibrium at different pressures. The studies of CH4 accumulation kinetics were 
performed on various grain classes of the tested coals. Both the sorption capacity of coal and the diffu-
sion coefficient proved to be highly sensitive to the experimental methodology. Critical measurement 
parameters in terms of determining the diffusion coefficient concerning the assumptions of the Crank 
model were indicated. The influence of the equivalent radius of coal grain on the process kinetics was 
demonstrated. The stepwise pressure increase factor was examined in the context of minimising the impact 
of sorption isotherm non-linearity on the results. The importance of the width of the grain class of coals 
was determined to reduce their maceral inhomogeneities. These factors are the most common reason that 
makes it difficult to quantitatively compare diffusion coefficient values.
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1.	 Introduction

The presence of methane in hard coal seams is a natural phenomenon. It forms in an oxy-
gen-free environment as a result of the decomposition of organic matter under the influence of 
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appropriate temperature and pressure. Coal is not (i.e., peat) the result of an almost completely 
oxygen-free environment (like hydrocarbon with theoretically O2 less than 0.2 mg/l), at least 
deposition is much shallower than organic matter as a precursor for thermogenic HC. Extracting 
energy resources that contain methane, such as hard coal, brings not only benefits but also the 
risk of uncontrolled gas emissions into the atmosphere. According to the Intergovernmental Panel 
on Climate Change, the Global Warming Potential (GWP) of methane (CH4) is 28 times higher 
than that of carbon dioxide (CO2) over a hundred years. Worldwide environmental organisations 
recommend reducing the emission of this greenhouse gas (GHG) by discontinuing the exploitation 
of hard coal. However, for many countries, this poses a threat to their energy security. Hence, 
there is a need to capture methane emitted from hard coal in a controlled manner.

Mechanisms of fluid transport and gas sorption and diffusion depend on many factors. One 
of them is the value of the specific surface area and the width of the gaps in the coal. Specific 
surface area is a parameter that characterises the amount of external surface area of a solid (sorbent) 
per its mass. In coal, gas is adsorbed most efficiently in the finest pores up to 2 nm in diameter. 
According to UIPAC, these are called micropores and ultramicropores (up to 0.8 nm). They also 
make up the largest share of the pore space of coal [1,2]. In micropores and small mesopores, 
gas adsorption processes take place, where the gases occupy most of the total interior surface 
area [1,2]. Larger mesopores and macropores function in coal as pores that transport adsorbate 
[3]. A crucial element influencing pore structure in coal and porosity is the maceral structure [4]. 
According to the literature [5], macerals of the inertinite group have the highest porosity, while 
those of the liptinite group have the lowest. These characteristics also affect the sorption capacity 
of coal. Vitrinite macerals contain a more extensive network of micropores than inertinite and 
thus have pores that can adsorb gas. On the other hand, in the macerals of inertinite there are 
numerous mesopores with diameters in the range of 2-50 nm [2].

The origin of coalbed methane can have several sources. Since coal is a sedimentary rock, 
these sources can be primary and microbial or thermogenic. They can also be mixed sources 
of methane [6]. The presence of methane of microbial origin is typical, mainly in low-rank 
coal. In high-rank coal, methane of mixed origin or secondary, late-maturity microbial gas is 
prevalent [7].

Rock mass methane drainage is the most efficient and effective approach toward control-
ling methane hazards, as it prevents and reduces the frequency of methane emissions, outflows 
into the working area and sudden outbursts of methane and rocks [8]. In [9], a new coal seam 
methane drainageability index (CMDI) was introduced for pre-drainage techniques in a work-
ing mine. In this approach, seventeen parameters were considered as the main factors affecting 
the methane drainage from the coal seam, and the interaction matrix based on the fuzzy rock 
engineering system (FRES) was used to study coal seam methane drainage ability.

The emission of methane from hard coal is a result of the coal-methane system’s efforts 
to reach thermodynamic equilibrium. Considering the methane accumulation within the pore 
structure of coal and the symmetrical process of methane emission, the term “sorption” is often 
used in a broader context than the process’s essence would suggest. Most researchers define 
sorption (and desorption) not only as a surface phenomenon but also as a series of processes 
of which it is the final stage [10]. When describing the process of gas accumulation within the 
sorbent, the time factor is primarily determined by gas transport processes, namely filtration and 
diffusion. It is assumed that the diffusion transport of methane pertains to phenomena occurring 
within the coal’s pore structure. The pore structure of coal is the essential reason that affects 
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methane diffusion [11]. Within the complex and diverse pore network, the transport of methane 
molecules has been described as the sum of several types of diffusion [12-16]. Generally, dif-
fusion is considered a molecular phenomenon driven by the concentration gradient of adsorbed 
methane particles. Quantitative considerations start with Fick’s second law [17] as the founda-
tion [18]. The parameter that characterises the kinetics of methane accumulation or emission is 
the diffusion coefficient. Ideally, the diffusion coefficient’s value should be a material constant 
characterising the coal-methane system under examination. 

Numerous researchers have examined the correlation between coal’s technical parameters 
and gas diffusion coefficients. Han et al. [19] investigated the impact of particle size on gas dif-
fusion and found that as sample grain diameters increase, the effective diffusion coefficient for 
CH4 and CO2 unexpectedly rises. Long et al. [20] research suggests that coal’s pore structure is 
crucial, with diffusion coefficients showing an upward trend as pore size increases. Xu et al. [21] 
explains the mechanism of gas diffusion-percolation in multi-scale pores, i.e., at the beginning of 
the flow, gas flows out from the large external pores first, from the surface inwards. Over time, 
the pore size through which gas flows gradually becomes smaller, the diffusion resistance gradu-
ally increases, and the apparent diffusion coefficient slowly decreases. Pan et al. [22] analysed 
moisture’s influence on diffusion rates and observed a noticeable effect of moisture content on 
CH4 diffusion rates. Numerous studies have explored the influence of various parameters, in-
cluding thermodynamic factors, on diffusion coefficients. When it comes to pressure’s effect on 
diffusion coefficients, international scientists have conducted numerical and molecular simula-
tions to determine its impact. However, consensus remains elusive regarding whether the effec-
tive diffusion coefficient increases or decreases with rising pressure [23]. Even utilising similar 
models, some authors concluded that diffusion coefficients increase with pressure [24-26], while 
others proposed that pressure-dependent changes in diffusion coefficients are model-dependent 
[27]. These studies have also highlighted the role of adsorption pressure in determining effective 
diffusivity for methane. Staib et al. [28] briefly reviewed pressure’s influence on diffusion coef-
ficients and found that both primary and secondary diffusion coefficients decrease as pressure 
rises. Cui et al. [29] and Liu et al. [30] research indicated a decrease in the diffusion coefficient 
with increasing pressure, but emphasised its additional sensitivity to coal sorption. In contrast, 
Wang et al. [31] demonstrated inconclusive trends between diffusion coefficients and pressure in 
their studies. The authors [32-35] analysed the impact of temperature on diffusion coefficients, 
revealing an increase with rising temperature. Zhao et al. [36] explored the combined effect of 
temperature and pressure, finding that the diffusion coefficient rises with temperature, and pressure 
initially increases it before causing a subsequent decline. Beyond thermodynamic parameters, 
coal’s petrographic composition might also influence the diffusion coefficient [37-40]. Adsul et 
al. [41] noted a positive correlation between diffusion rate and low to medium-ranking coals, 
while diffusion rates are suppressed in highly carbonised coals. [42] studies indicated that coals 
rich in inertinite exhibit faster gas diffusion compared to coals abundant in vitrinite. 

The variety and quantity of variables affecting the determination of the diffusion coefficient 
are extensive. The process of ascertaining the diffusion coefficient, whether through experimenta-
tion or calculation, necessitates several assumptions. To linearise diffusion differential equations 
involving a sorption factor, the following prerequisites must be met:

–	 sorption follows the linear Henry isotherm,
–	 up to the initial moment t < 0, the grain is uniformly saturated and maintains equilibrium 

with the concentration of free gas encompassing the grain,
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–	 at t = 0, an abrupt alteration in gas concentration around the grain prompts the initiation 
of desorption and sorbate transport processes,

–	 the coal material is homogeneous, implying the disparity in maceral composition and ash 
content among grains of different sizes is disregarded,

–	 grain composition within the sieved class is homogeneous,
–	 gas emanates from a spherical grain (or another regular shape),
–	 the process is isothermal,
–	 sorption and desorption processes occur rapidly enough that their durations can be ignored, 

causing the kinetics of gas release to depend exclusively on the kinetics of gas particle 
diffusion transport within the grain.

A variety of assumptions, including their characteristics, affect the potential for differences 
in diffusion coefficient values. Furthermore, variations in values can arise based on the chosen 
experimental or theoretical approach. This paper presents a series of experiments aimed at as-
sessing the extent to which the diffusion coefficient can be regarded as a material constant. The 
study analysed the effect of individual assumptions in the diffusion model on the resulting devia-
tions. Special consideration was given to the effects of grain size and gas pressure on diffusion 
kinetics and sorption isotherms.

2.	M aterials and methods

Two types of hard coal originating from the Upper Silesian Coal Basin region in Poland 
were subjected to testing. The samples were obtained from the KWK “Budryk” Hard Coal Mine 
(referred to as Coal D) and ZG “Sobieski” Mine (referred to as Coal B). Fig. 1 shows the loca-
tion of the mines sampled. 

Fig. 1. Location of mines in Poland from which samples were taken for testing

Each coal sample was crushed and then sorted using sieves into grain classes of 0.16-0.25 mm, 
0.25-0.5 mm, and 0.5-1.0 mm. The research process encompassed both auxiliary and primary 



7

investigations. Auxiliary research involved determining petrographic and technical parameters, 
as well as structural characteristics pertaining to the coal’s pore space arrangement. The primary 
research included sorption measurements conducted under high-pressure conditions following 
the author’s designated methodology.

2.1.	M aterials

Technical analyses were conducted on coal’s volatile matter and ash content based on Pol-
ish standards (PN-ISO 562:2000 and PN-ISO 1171:2002). The determination of maceral group 
content in the coal and the measurement of vitrinite reflectivity (Rr) were executed on polished 
grain preparations (briquettes) using white reflected light and an immersion liquid (no = 1.518 at 
23°C) through an Axioskop (Zeiss) microscope. Petrographic composition analyses adhered to 
ISO 7404–3:2009 and ISO 7404–4:2017 standards. Reflectivity measurements were performed 
by ISO 7404-5:2009, involving either 100 or 500 measurement points. The data obtained was 
used to calculate the average reflectivity and standard deviation.

2.2.	 Structural parameters 

Structural measurements were carried out using the ASAP 2020 (Micromeritics) low-pressure 
gas adsorption analyzer, utilising the volumetric method. The measurement involved determin-
ing the gas volume that occupied the open pores within the sample. Nitrogen (N2) and carbon 
dioxide (CO2) were employed as adsorbates. Measurements were conducted at temperatures of 
77 K for N2 and 273 K for CO2. Since the experiment was conducted under reduced pressure 
(0-0.1 MPa), it was assumed that the adsorbate occupied ultramicropores, micropores, and mes-
opores, wherein capillary condensation took place. Ahead of the N2 adsorption measurement, 
the samples were degassed for 24 hours in an Ultra-High Vacuum (UHV) environment at 363K. 
Similarly, for CO2 adsorption, the samples underwent 48 hours of degassing at 363K followed 
by an additional 4 hours at 368K.

The obtained sorption points as a function of pressure enabled the plotting of isotherms and 
the determination of structural parameters: specific surface area of the monolayer (Langmuir 
model) and multilayer (BET model), total pore volume, average pore size and pore size distribu-
tion (DFT theory and BJH model).

2.3.	 Sorption parameters 

Sorption measurements were conducted using the gravimetric method with the IGA-001 
device (Hiden Isochema) under high-pressure conditions. This apparatus records variations in 
sample mass during gas sorption by the porous material while accounting for gas buoyancy 
effects. The process is reflected as an augmentation in the mass of the sorbent-sorbate system. 
The sorbate was methane (CH4). The gravimetric method is both isobaric and isothermal. The 
sorption testing procedure each time included:

a)	 sample preparation:
–	 selection of one of the 3 coal grain classes,
–	 degassing of the coal sample under UHV conditions at a temperature of 353 K for no 

less than 24 hours for the lowest class and up to 120 hours for the highest grain class,
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b)	main measurement:
–	 quasi-step alteration of sorbate gas pressure in the reactor at a rate of 333 mbar/min,
–	 recording the mass changes within the coal-CH4 system until sorption equilibrium is 

attained.

The measurement temperature was 313 K, while the measurement pressure was 0.1 MPa, 
0.5 MPa and 1.5 MPa. Each successive sorption capacity measurement commenced with a vacuum 
stage.

Based on sorption points, by minimising the sum of squares of deviations, sorption isotherms 
were determined following the Langmuir model:

	
   

1
A B PS P

B P
 


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 	 (1)

where: S(P) [mmol/g] is sorption equilibrium point, A [mmol/g] is total sorption capacity of the 
monolayer, B [1/MPa] is reciprocal of half pressure, P [MPa] is pressure.

2.4.	D iffusion kinetics

Diffusion kinetics were analysed based on recorded changes in the mass of the coal sample 
during the CH4 sorption process. This phenomenon is driven by the concentration gradient of 
gaseous sorbate in the pore space of the sorbent [43]. Methane seeks to equalise its concentration, 
as a result of which it is transported from the vicinity of coal grains towards the initially lower 
concentration within the pore structure. If, as a result of transport, a gas molecule comes within 
the range of intermolecular forces’ interactions, its degrees of freedom are reduced, resulting in 
a change in the mass of the sorbent sample.

From a metrological perspective, this process is instantaneous. All the processes that 
contribute to the slow achievement of sorption equilibrium result from the molecular transport 
processes within the sorbent’s pore structure.

The sorption process kinetics were interpreted as a reduction in the number of degrees of 
freedom for gas molecules adjacent to the sorbent surface. From a phenomenological perspec-
tive, this process is instantaneous. Any processes that lead to the gradual attainment of sorption 
equilibrium arise from the transport of molecules within the sorbent’s pore structure.

In the kinetic description of the methane (CH4) sorption/desorption process model on coal, 
the diffusion stage is presumed to be the predominant factor [44,45]. The parameter that quanti-
fies diffusion kinetics is the effective diffusion coefficient. Its calculation enables the description 
of how the mass of the substance M(t) accumulated in a spherical grain approaches the limiting 
value M∞. Determination of the value of the effective diffusion coefficient using the gravimetric 
method requires registered changes in the mass of the coal-methane system as a function of time 
after a step change in the pressure in the reactor. 

In the combined processes of sorption and methane transport within coal, both mobile gas 
sorbate and bound sorbate coexist within the pore system. The transport occurs through the 
mobile sorbate, and the quantity of bound sorbate governs the adsorption rate. The accumula-
tion process is assumed to transpire while upholding local sorption equilibrium, describable by 
the linear Henry isotherm. Initiated at t = 0 due to a step alteration in external conditions, these 
conditions remain constant. The accumulation process is accompanied by temporary alterations 
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in the distribution of the total sorbate concentration, C, within the grains. When assuming a linear 
sorption isotherm (Henry’s isotherm – equation (2)), the progression of accumulation/emission 
can be described using Fick’s second law (equation (3)):

	 S = H · P	 (2)

where: S [cm3/g] is sorption capacity, H [–] is slope coefficient, P [bar] is pressure.

	
2

e
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t
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where: C [mol/m3] is sorbate concentration, t [s] is time, De [m2/s] is effective diffusion coef-
ficient wherein: 

	 1e
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where: D [m2/s] is diffusion coefficient, H [–] is slope coefficient in Henry’s sorption isotherm.

In equation (3), the diffusion coefficient D is substituted with the effective diffusion coef-
ficient De. The value of this coefficient is derived from the diffusion coefficient D and the slope 
of the Henry isotherm. When analysing diffusion in spherical grains of radius R, equation (3) 
assumes the following form:
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where: r [m] is the distance from the centre of the sphere, C(r, t) [mol/m3] is the distribution of 
sorbate concentration within it, 
wherein:

	 u = r · C(r, t)	 (6)

The solution to equation (3) takes the form:
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where: C1 and C0 [mol/m3] are constants determining the values of average concentrations of 
sorbate in the grain before and after the completion of the process, M(t) [g] is the mass of the 
substance accumulated in the spherical grain approaches the limiting value M∞ according to the 
formula:
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where: M∞ [g] is the total mass of gas accumulated in the grains, M(t) [g] is the mass of gas ac-
cumulated at time t, Rr [cm] is the equivalent grain radius.
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For a sample of the considered grain class, Rr is determined from the following relationship: 
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 	 (9)

where: d1 and d2 [cm] are the grain size limits of the tested grain class.

When an isotherm other than the Henry isotherm is used, there is no analytical solution 
available for the problem, necessitating a numerical approach [46]. 

These relationships are described by Crank’s unipore model [47]. Most of the assumptions 
of the Crank model are challenging to fulfil. The composition of grains within a specific class is 
not homogenous, and coal grains are not perfectly spherical. Additionally, at higher pressures, 
the shape of the sorption isotherm deviates noticeably from the linear Henry isotherm. Due to 
the inability to satisfy certain assumptions, the uncertainty of determining the effective diffusion 
coefficient might even reach several dozen percent.

Before the measurement, the sample was dried and evacuated under UHV conditions at 80°C 
for a duration necessary to stop the process of desorption of the gas naturally present in it. The 
actual initiation of the adsorption process, preceded by gas diffusion, started at the moment of 
abrupt pressure change in the reactor. To evaluate the effect of pressure on the process trajectory, 
the pressure was varied from deep vacuum to the analysed pressure. Subsequently, the sample 
was degassed again, following the same protocol as during its preparation. The subsequent ex-
periment entailed a repeated step change in pressure from UHV to the next tested pressure value. 
Consequently, the experiment’s procedure diverged from the classical concept where pressure 
changes assume successive values for individual sorption points. 

In this article, diffusion kinetics was determined during all applied pressure changes. This 
approach was enabled by the specific pressure sequence employed: 0→0.1→0→0.5→0→1.5 MPa 
instead of the typical one: 0→0.1→0.5→1.5 MPa [48-51]. For the 0.5-1.0 mm grain class samples, 
the measurement procedure was time-consuming due to each time the sample was degassed in 
UHV. This time was symmetrical to the time needed to achieve sorption equilibrium.

3.	T echnical, petrographic and structural research

Coal samples from ZG “Sobieski” (referred to as Coal B) and KWK “Budryk” (referred to 
as Coal D) had different technical and maceral compositions. TABLE 1 contains the technical 
parameters of the tested coals. The contents of the microlithotypes and maceral composition are 
presented in TABLE 2. Coal from the “Sobieski” mine (Coal B) is classified as medium-rank 
B Meta bituminous coal, and coal from the “Budryk” mine (Coal D) as medium-rank D Para 
bituminous coal. According to the UN-ECE classification (UN-ECE, 1998), in terms of ash con-
tent, Coal B is classified as high-grade coal and Coal D as medium-grade coal. Coal B had a low 
coal rank, Vdaf, about 76% (Ro about 0.56), while Coal D was correspondingly higher – 87% 
(Ro about 1.002).

Structural analyses encompassed the characterization of coal pore space through the utilisa-
tion of N2 and CO2 gases. In the analyses using nitrogen as the adsorbate, mainly the pore area 
in the mesopore range was characterised. The investigations spanned all three-grain fractions, 
and the findings are presented in TABLE 3. The obtained sorption isotherms had similar values, 



11

not exceeding 0.7 mmol/g in all samples (Fig. 2). In Coal B, specific surface area (BET) values 
ranging from 11.6 to 15.2 m2/g and pore volume (BJH) ranging from 18.2 to 12.8 mm3/g were 
obtained. For Coal D, these parameter values were comparatively lower, with specific surface 
area (BET) reaching up to 1.7 m2/g and pore volume reaching up to 5 mm3/g. The pore size 
distribution was established using the BJH model (Fig. 3). In both coals, the pore volume in the 
smallest coal granulation was higher than in the others. In Coal B, pores with diameters up to 
10 nm prevailed, while in Coal B, no predominant range of pores was observed.

Nitrogen is very poorly sorbed within coal, leading to usually underestimated structural 
parameter results [52]. Moreover, these values often teeter on the brink of measurement uncer-
tainties of the analyser. As a result, the analyses were repeated using carbon dioxide as an adsorb-
ate. CO2’s structure allows for effective penetration of fracture pores in coal, and the parameter 

Table 1

Technical parameters of coals

Origin ZG Sobieski KWK Budryk
Symbol Coal B Coal D

UN-ECE classification medium-rank B Meta bituminous 
coal, high grade coal

medium-rank D Para bituminous 
coal, medium grade coal

Volatile content, Vdaf  
(ash-free state) [%] 39.63 33.7

Ash content, ASH [%] 8.41 16.27
Moisture content, Wt [%] 5.35 1.37

Carbon content, C [%] 67.4 69.6
Sulphur content, St [%] 4.42 0.60

Hydrogen content, Ht [%] 4.64 4.30
Nitrogen content, N [%] 0.97 1.21

Vitrinite reflectivity, Ro [%] 0.57 1

Table 2

Petrographic parameters of coals

Parameter [% vol] Grain class [mm] Coal B Coal D

Maceral composition: 
vitrinite/liptinite/inertinite

0.16-0.25 61.6 / 7.2 / 26.1 71.9 / 4.0 / 18.3
0.25-0.5 62.0 / 7.0 / 25.8 72.4 / 4.2 / 18.0
0.5-1.0 62.1 / 7.1 / 25.1 72.3 / 4.1 / 17.8

Vitrit 31.0 44.2
Inertite 2.0 3.8
Vitrinite 20.6 17.0
Clarite 8.8 10.8
Durite 2.4 0.6

Duroclarite 21.8 14.0
Vitrinertoliptite 2.0 —

Klarodurite 6.6 3.2
Carbominerite 3.2 4.4

Minerite 1.4 2.0
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Table 3

Structural parameters of coals

Sample Coal B Coal D
Grain class, mm 0-0.25 0.25-0.5 0.5-1 0-0.2 0.25-0.5 0.5-1

N2
BET surface area, m2/g 11.6 14 15.2 1.7 1.1 0.8

BET total quantity adsorbed, cm3/g 2.65 3.21 3.49 0.4 0.25 0.19
BJH volume of pores, mm3/g 18.2 12.8 14.6 5 2.3 1.5

BJH average pore diameter, nm 8.3 7.6 7.6 15.4 12.8 12.8
CO2

Langmuir surface area, m2/g 154.4 155.5 152.7 104.1 84.5 85.9
Langmuir total quantity adsorbed, cm3/g 33.79 34.05 33.43 22.79 18.5 18.81

DFT total pore volume, mm3/g 32.5 35.4 33.1 15.7 14.2 11.4

A B
Fig. 2. N2 sorption isotherms on coals of different grain size A) Coal B, B) Coal D

A B
Fig. 3. Pore size distribution according to BJH model on coals of different grain size A) Coal B, B) Coal D

values derived from its use in coal tend to be close to real. Type I isotherms were obtained in all 
samples, and hysteresis was obtained in Coal D (Fig. 4). 
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Since coal is primarily a microporous rock, the single-layer Langmuir surface filling model 
was used to describe its structural parameters. The specific surface area value (Langmuir) was 
about 153-155 m2/g, while for Coal D, it was 85-104 m2/g. This value in both coals was higher 
in finer grains.

Differences in specific surface area values between coals result from, among other factors, the 
maceral composition of the coals. Low-rank Coal B has a higher percentage of inertinite maceral, 
which is characterised by the most extensive structure and pore volume among all macerals [5]. 
The total pore volume determined using the DFT model dedicated to slit pores ranged between 
32.5-35.4 mm3/g for Coal B and 11.4-15.7 mm3/g for Coal D, respectively (Fig. 5).

A B
Fig. 4. CO2 sorption isotherms on coals of different grain size A) Coal B, B) Coal D

A B
Fig. 5. Pore size distribution according to DFT model on coals of different grain size A) Coal B, B) Coal D

4.	M easurements of sorption parameters

4.1.	 Sorption capacity

Determination of the CH4 sorption capacity on Coal B was made for three-grain classes. For 
each of these grain classes, the replacement radius was determined following equation (9). In the 
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experiment, equilibrium sorption points were obtained at 1, 5 and 15 bar (Fig. 6A). The sorption 
capacity towards CH4 was pressure-dependent. The higher the measurement pressure used, the 
higher the value of this parameter, which is consistent with the literature [48,54-56]. The highest 
values, about 18 cm3/g, were obtained at 15 bar pressure. However, no significant differences 
were observed in CH4 sorption capacity for individual replacement radii representing the suc-
cessive tested grain classes. The average differences in the values were about 0.16-0.25 cm3/g 
per 0.01 cm of the increase in the replacement radius under the same pressure conditions. These 
relationships are shown in Fig. 6B. Based on the sorption points curve, the Langmuir sorption 
isotherm was adjusted, and the parameters of this isotherm were determined (equation (1)). Direct 
results of CH4 sorption measurements on Coal B and calculations are presented in TABLE 4. 
The sample with the smallest grain size exhibited the highest Langmuir total sorption capacity.

Fig. 6. CH4 sorption capacity on Coal B: A) with Langmuir isotherm fitting; B) in relation to the replacement 
radius value for the selected grain class

Table 4

Results of CH4 sorption measurements on Coal B

Grain class [mm]
0.16-0.25 0.25-0.50 0.50-1.0

Rr [cm] (eq. (8))
0.0089 0.0174 0.0347

P [bar] S [cm3CH4/g] P [bar] S [cm3CH4/g] P [bar] S [cm3CH4/g]
0 0.00 0 0.00 0 0.00
1 3.54 1 3.39 1 3.13
5 10.39 5 10.18 5 9.84
15 18.41 15 18.12 15 17.76

Langmuir isotherm parameters (eq. (1))
A [cm3CH4/g] B [1/bar] A [cm3CH4/g] B [1/bar] A [cm3CH4/g] B [1/bar]

41.46 0.050 39.48 0.054 34.42 0.059

where: R is the equivalent grain radius; P is pressure; S is sorption capacity; B is Langmuir coefficient; A is total 
sorption capacity.
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Similar measurements were conducted for Coal D. Equilibrium sorption points were ob-
tained, and their values at various measurement pressures were similar, regardless of the coal 
grain class. The sorption capacity of CH4 was highest at 15 bar pressure, ranging from 10.5 to 
11.0 cm3/g for different grain classes. Langmuir isotherms were fitted to equilibrium sorption 
capacity points. The results are shown in Fig. 7A, while Fig. 7B shows the average differences in 
sorption capacities to the equivalent grain radius under identical pressure conditions. The observed 
decrease in sorption capacity correlated with the increase in replacement radius was each time 
0.18-0.19 cm3CH4/g per 0.01 cm of increase in replacement radius. The results of experimental 
measurements and Langmuir isotherm fitting are presented in TABLE 5.

Fig. 7. CH4 sorption capacity on Coal D: A) with Langmuir isotherm fitting; B) in relation to the replacement 
radius value for the selected grain class

Table 5

Results of CH4 sorption measurements on Coal D

Grain class [mm]
0.16-0.25 0.25-0.50 0.50-1.0

Rr [cm]
0.0089 0.0174 0.0347

P [bar] S [cm3CH4/g] P [bar] S [cm3CH4/g] P [bar] S [cm3CH4/g]
0 0.00 0 0.00 0 0.00
1 2.43 1 2.07 1 1.94
5 6.14 5 5.91 5 5.66
15 10.94 15 10.70 15 10.47

Langmuir isotherm parameters
A [cm3CH4/g] B [1/bar] A [cm3CH4/g] B [1/bar] A [cm3CH4/g] B [1/bar]

39.96 0.022 34.12 0.026 31.12 0.029

The analysis of the above measurements shows a monotonic and repeatable relationship 
between sorption capacity values and grain class. Both coal samples, characterised by different 
coal ranks, show decreasing sorption capacity at all tested pressures.
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4.2.	D iffusion kinetics

Diffusion kinetics studies, similar to sorption studies, were carried out in coals of three dif-
ferent grain classes. The process is described using the effective diffusion coefficient De (equa-
tion (5)). Direct measurement results for low-rank Coal B under different CH4 pressure conditions 
are shown in Fig. 8.

Fig. 8. CH4 diffusion kinetics in Coal B: A) at 1 bar, B) at 5 bar, C) at 15 bar

When analysing the measurement results, it is necessary to determine the impact of the 
tested grain size and the measurement pressure on the CH4 diffusion coefficient values. Fig. 9A 
shows the variation of De as a function of CH4 pressure for three-grain classes of Coal B, rep-
resented by the replacement radius Rr. The value of this parameter depended on the measuring 
pressure, and its variability strongly increased, especially for higher pressures. At a pressure of 
15 bar and within the largest grains, the De value was the highest and amounted to 9.07–8 m2/s. 
With a decrease in the replacement radius value, a decrease in the De value was recorded. This 
decrease was, on average, from 3.8-8 to 5.8-8 m2/g per 0.01 cm increment of the replacement 
radius. The value of De also depended on the range of the Coal B grain class and increased with 
the increase of the replacement radius.

Fig. 9. CH4 effective diffusion coefficient for Coal B: A) as a function of measurement pressure,  
B) as a function of replacement radius
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Similarly, for Coal D, effective diffusion coefficient calculations were performed based on 
direct results of diffusion kinetics measurements under different pressure conditions (Fig. 10).

Fig. 10. CH4 diffusion kinetics in Coal D: A) at 1 bar, B) at 5 bar, C) at 15 bar

Based on the time evolution of CH4 transport and sorption on coal, diffusion coefficient 
values for Coal D were determined. 

Fig. 11A shows the variability of this coefficient as a function of the replacement radius. The 
variability of this parameter strongly increases, especially for higher pressures. The analysis of 
changes in the diffusion coefficient depending on the grain class is presented in Fig. 11B. In this 
case, the greatest variability characterises the highest tested replacement radii. 

Fig. 11. CH4 effective diffusion coefficient for Coal D: A) as a function of measurement pressure,  
B) as a function of replacement radius

5.	D iscussion

As evident from the conducted research, the sorption parameters discussed in the article are 
sensitive to the method of experimenting. The origins of this sensitivity are found in the assump-
tions of the Crank model. Providing an analytical solution for gas diffusion in a porous sorbent 
required many assumptions (Section 2.4), some of which pose challenges in terms of practical 
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application. So, which of the experiment’s parameters may be critical in terms of determining 
the diffusion coefficient?

Challenges arise directly from the physics of the phenomenon, making it unfeasible to entirely 
satisfy Crank’s model assumption (1) sorption follows the linear Henry isotherm.

There exist sorbents for which the linear isotherm is experimentally validated, but their 
number is limited. In the case of coal, the shape of the real methane sorption isotherm is much 
closer to the Langmuir model than to the Henry one. However, there is a lack of methods to 
derive an analytical solution for the Fick diffusion equation with a non-linear sorption isotherm.

The analysis of the real sorption isotherms for the Coal B and Coal D samples indicates that 
the errors attributed to assuming linearity of the sorption isotherm are the lowest at low measure-
ment pressures. Fig. 12 illustrates the experimentally determined sorption points alongside the 
fitting of Langmuir and Henry isotherms. Henry’s isotherms were adjusted for individual sorption 
points corresponding to pressures of 1, 5 and 15 bar. Each time, for higher pressures, the value 
of Henry’s isotherm coefficient decreased progressively. 

Fig. 12. Langmuir sorption isotherm with Henry’s isotherms for successive sorption points:  
A) Coal B, B) Coal D

In the analytical solution proposed by Crank, the diffusion coefficient is referred to as the 
effective diffusion coefficient De (eq. (3)). In this context, it becomes a function of the Henry 
isotherm coefficient (eq. (2)), with the coefficient appearing in the denominator. 

Considering the observed trend of the process, changes in individual parameters in the 
equation are as follows:

	 1e
DD

H



 	 (10)

If the denominator decreases, the entire expression increases. Consequently, this stands as 
the primary reason for the escalation in the diffusion coefficient value with an increase in the 
measurement pressure.

Another assumption of the Crank model, which is challenging to fulfil, involves the step 
change in gas pressure at the initiation of the process: (2) up to the initial moment t < 0, the grain 
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is uniformly saturated and maintains equilibrium with the concentration of free gas encompassing 
the grain, and: (3) at t = 0, an abrupt alteration in gas concentration around the grain prompts 
the initiation of desorption and sorbate transport processes.

In this case, technical limitations lead to a limited rate of pressure changes in the reactor. 
Theoretically, rapid pressure changes are possible in volumetric apparatus, however, it does not 
often work in isobaric conditions. Consequently, maintaining constant pressure after its abrupt 
change becomes impossible. Additionally, a very rapid pressure change frequently results in 
temperature fluctuations. To conduct the measurements described in the article, a gravimetric 
analyzer was utilised, as explained in Chapter 2.3. This procedure involved changes in registra-
tion in the mass of the sorbent sample throughout the process. The maximum permissible pres-
sure change in the reactor was 333 mbar/min. This means that a step change in pressure from 
vacuum to 1 bar took about 3 minutes. On the other hand, if the final pressure is higher, it takes 
much longer for the pressure to change. The consequences of technological limitations on the 
pressure alteration rate in the reactor can be significant. This is the case in particular if there is 
a step change in pressure to its high value and if the sorbate diffusion kinetics on the test sample 
is high compared to the rate of pressure change.

To illustrate the impact of the reactor’s pressure alteration rate on the registration of diffu-
sion kinetics, a comparison of the diffusion kinetics analysis for the same type of coal is neces-
sary. Fig. 13 presents the results of a test involving a quasi-step pressure change from 0 to 1 bar 
with an analogous test with a pressure change of 0-15 bar. During the 0-1 bar pressure change 
(Fig. 13A), the transient phase lasted about 3 minutes. In instances where the observation of the 
process extends over many hours, this duration proves negligible. However, when the measuring 
pressure is 15 bar, it takes about 45 minutes to reach it. Figs. 13A and 13B show the different 
nature of the phenomena after reaching the target pressure. It is reasonable to anticipate that 
a more prolonged transient state will lead to an extension of the time required to attain sorption 
equilibrium. This duration is dictated by the duration of the diffusion process.

Fig. 13. The initial part of diffusion after a step change in pressure: A) 0-1 bar; B) 0-15 bar

The size of the grains also significantly influenced the experiments with the duration of 
the pressure change. For large grains, the process kinetics was lower, and the influence of the 
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transient phase during pressure alteration was small. For small grains, the process kinetics was 
higher, and the impact of the transient phase was correspondingly greater.

The last group of conditions concerns the assumptions of the Crank model: (4) the coal 
material is homogeneous, implying the disparity in maceral composition and ash content among 
grains of different sizes is disregarded, (5) gas emanates from a spherical grain (or another 
regular shape) and (6) grain composition within the sieved class is homogeneous.

The homogeneity of the carbon material, specifically the relationship between grain size 
and maceral composition, has been discussed by numerous researchers [27,56,57]. After grinding 
and sieving a homogeneous piece of coal sample into various grain classes, the smallest grains 
will be slightly different from the larger ones. This discrepancy is influenced by a factor that 
alters coal’s susceptibility to grinding. According to [58] research, there are differences in the 
share of macerals in individual coal grain classes. In the examined samples, each higher grain 
class exhibited a higher vitrinite content and a lower inertinite content. Consequently, it can be 
concluded that the different percentages of the macerals also affect the analysed diffusion coef-
ficient values, although establishing unequivocal correlations in this regard is more challenging.

6.	C onclusions

The research results lead to the following conclusions:
•	T he sorption capacity of coal depended on the grain class of the coal material.
•	T he decrease in the sorption capacity of coals with the increase of their grain class was 

small, ranging between 0.17 and 0.2 cm3CH4/g per 0.01 cm of the increase in the equiva-
lent radius (in the range of the tested grain sizes). 

•	I t was not observed that the dynamics of the reduction in the sorption capacity with the 
increase in grain size was dependent on the coal rank of the material.

•	D iffusion kinetics were significantly affected by the chosen grain class of the carbon 
material.

•	T he diffusion coefficient’s value increased as the equivalent radius increased, especially 
at higher pressures.

•	T he increments of the diffusion coefficient were higher for coal with a lower coal rank.
•	T he value of the diffusion coefficient showed a clear increase with the increase in pres-

sure, and for Coal D with a higher coal rank, this increase was higher. The variability of 
the diffusion coefficient reached 2E-11 cm2/s for each cm of equivalent radius.

The most important conclusion drawn from this research indicates that the sorption capac-
ity of coal and the diffusion coefficient is highly sensitive to the measurement methodology. 
Measurements must be carried out in a precisely defined protocol, especially when conducting 
qualitative interpretations of sorption parameters and the diffusion coefficient, particularly when 
comparing different coals. Minimization of measurement uncertainties should take into account 
the use of a stepwise pressure increase from UHV to a value not exceeding 1 bar to minimise the 
impact of sorption isotherm non-linearity on the results. The same narrow grain size class should 
be used each time for testing to reduce maceral inhomogeneities. It should also be ensured that 
the equivalent radius reduces the kinetics of the process to values much lower than the rate of 
pressure change in the measuring apparatus. Diffusion coefficient values are difficult to compare 
quantitatively due to these factors.
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