:' frontiers ‘ Frontiers in Energy Research

’ @ Check for updates

OPEN ACCESS

Xiaojin Zheng,
Princeton University, United States

Jianwei Cheng,

China University of Mining and Technology,
China

Shixiang Tian,

Guizhou University, China

Yunpei Liang,
liangyunpei@126.com

Wanjie Sun,
sunwanjie@outlook.com

05 November 2023
04 January 2024
19 January 2024

Liang Y, Sun W, Wu Z, Mao S and Ran Q (2024),
Effect of disturbed coal pore structure on gas
adsorption characteristics: mercury

intrusion porosimetry.

Front. Energy Res. 12:1333686.

doi: 10.3389/fenrg.2024.1333686

© 2024 Liang, Sun, Wu, Mao and Ran. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Energy Research

Original Research
19 January 2024
10.3389/fenrg.2024.1333686

Effect of disturbed coal pore
structure on gas adsorption
characteristics: mercury intrusion
porosimetry

Yunpei Liang¥?*, Wanjie Sun'?*, Zhaopeng Wu'?, Shuren Mao?
and Qican Ran'?

!State Key Laboratory of Coal Mine Disaster Dynamics and Control, Chongging University, Chongqing,
China, 2School of Resources and Safety Engineering, Chongqing University, Chongging, China

Studying pore structures of disturbed coal and their influences on adsorption
characteristics is conducive to in-depth understanding of occurrence and
migration of gas in reservoirs in areas prone to coal and gas outbursts. A
mercury porosimeter and a high-pressure gas adsorption instrument were
separately used to investigate pore structures and measure adsorption
characteristics of disturbed coal and undisturbed coal in Ningtiaota Coal Mine
and Xigu Coal Mine (Shaanxi Province, China). In addition, pore structures and gas
adsorption characteristics of coal samples were studied. The Menger's sponge
model was adopted to calculate fractal dimensions of coal samples, to estimate
influences of pore structures and fractal features on the gas adsorption
characteristics of disturbed and undisturbed coal. Results show that the pore
volume of undisturbed coal is mainly contributed by micropores and transitional
pores, while that of disturbed coal arises mainly from macropores and mesopores.
Micropores and transitional pores account for large proportions of the specific
surface area of pores in both disturbed and undisturbed coal. The adsorption
isotherms of disturbed and undisturbed coal conform to the Langmuir equation
and tectonism increases the limiting adsorption quantity of coal. The fractal
dimensions D; of the four types of coal samples in the experiments are in the
range of 2.7617-2.9961, while the fractal dimensions D; and D, of disturbed coal
are both larger than those of undisturbed coal, indicating that disturbed coal is
more likely to collapse under high pressure. The total pore volume, total specific
surface area of pores, and fractal dimensions are positively correlated with the
adsorption constant a, while they have U-shaped correlations with the adsorption
constant b of coal samples. The adsorption constant a of disturbed coal is always
greater than that of undisturbed coal, while no obvious trend is observed between
the adsorption constant b and tectonism. The research results can provide
theoretical basis for further study of gas occurrence in disturbed coal seams.

disturbed coal, coalbed methane, pore structures, mercury intrusion porosimetry,
adsorption characteristics
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1 Introduction

Coal reservoirs in China mainly occur at depth; because the
geological and coal mining conditions are characterized by high
crustal stress, high geothermal temperature, high gas content, and
low permeability, gas accidents such as coal and gas outbursts occur
frequently (Lu et al., 2015; Wang and Du, 2020; Zhao et al., 2023a;
Zou et al., 2023a). The development of gas accidents is generally
related to the complex geological structures of reservoirs, which
directly or indirectly affect the burial depth, gas occurrence, and gas
permeability of surrounding rocks of coal seams (Huang et a.,2023;
Tan et al.,, 2021; Zhao et al., 2023b; Zou et al., 2023b). In fact, the
majority of gas accidents happen in the deformation zone of
geological structures, and geological structures are important in
controlling such outbursts (Zhai et al., 2016; Zhang et al., 2020; Tan
et al., 2023). A soft structural coal belt with a certain thickness is
generally developed in areas prone to outbursts. After the long
geotectonic evolution, the primary structures of coal experience
different extents of embrittlement, fracture, deformation, and
superimposed damage, and the resulting coal is porous, has a low
strength and low permeability (Hou et al., 2012; Ran, Liang, Zou,
and Hong et al., 2023; An and Cheng, 2014; Ye et al., 2023). The pore
structure characteristics of such coal have become one of the
important foci of research into techniques for the control of gas
disasters in coal mines (Ran, Liang, Zou, and Zhang et al., 2023;
Wang et al., 2019; Xu et al,, 2019).

In recent years, numerous researchers have investigated the
mechanism of formation (Jiang et al, 2010; Cao et al, 2020),
reservoir property (Pan et al, 2012; Dong et al, 2018), pore
structure (Li et al, 2015), and adsorption characteristic (Li et al,
2019; Sun et al, 2021; Yang et al,, 2021) of disturbed coal. Based on
mercury intrusion porosimetry, Qu et al. (2010) compared and studied
the pore structures and compressibility of different types of disturbed
coal and found that tectonism mainly increases the volume of pores
with a diameter exceeding 100 nm. In addition, the more intense the
tectonism, the larger the number of open pores and the stronger the
connectivity of pore networks. The compressibility reduces with the
increasing intensity of tectonism. The differences in porosity and pore
compressibility are influenced by tectonism to a significant extent. Dong
et al. (2020) calculated pore tortuosity of disturbed coal under different
pressures. They found that the pore tortuosity increases with increasing
pressure and the pore tortuosity of disturbed coal is always higher than
that of undisturbed coal. Wang et al. confirmed that the gas adsorption
capacity of disturbed coal is positively correlated with the metamorphic
grade of the coal, and therefore believed that the extent of development
of pore structures plays an important role. Zhao et al. (2020) studied the
influences of the mass ratio of disturbed coal on the amount of gas
adsorption of coal and the initial speed of gas diffusion and stated that
the gas adsorption increases with the increasing proportion (by mass) of
disturbed coal. During gas adsorption, the hardness (Sun et al., 2020;
Ullah et al., 2022), structural classification (Li et al., 2015; Wang et al,,
2020), metamorphic grade (Meng and Li, 2018; Ren et al, 2022), and
water content (Liu et al., 2022) of coal all exert different influences on
the gas adsorption.

Existing research approaches for pore structures in coal
mainly include mercury intrusion porosimetry (Okolo et al,
2015; Yu et al, 2018), magnetic resonance imaging (Zhao
et al, 2017), scanning electron microscopy (Kutchko et al,
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2013), N,/CO, adsorption (Nie et al.,, 2015; Chu et al., 2024),
and transmission electron microscopy (Lee et al, 2006).
Agbabiaka et al. (2013) studied the fractal features of spherical
pores using scanning electron microscopy and a small-angle X-ray
scattering method. Jia et al. (2022) and Lin et al. (2020) explored
the porosity and pore size of coal at different metamorphic grades
by conducting mercury injection and low-temperature liquid
nitrogen adsorption experiments. By using scanning electron
microscopy and low-pressure N,/CO, adsorption, Mangi et al.
(2020)
distribution and fractal dimension on gas adsorption and

systematically evaluated influences of pore size
desorption quantities. Wang et al. (2021) conducted low-
temperature liquid nitrogen adsorption experiments to explore
adsorption characteristics of micropores in coal at low
temperature and low pressure. In the study of coal pore
structure, fractal dimension can represent the complexity or
roughness of coal pore structure, so as to effectively represent
pore characteristics. There are many calculation methods for
fractal dimension, includes Menger (Fu et al., 2005; Zhao et al,,
2023), Frenkel-Halsey-Hill (Yao et al.,, 2008; Huang L. K. et al,,
2023; Huang L. et al., 2023), BET (Dormant and Adamson, 1972;
Lin et al., 2023) and Langmuir (Rigby, 2005; Ji et al., 2023) fractal
models, etc. Previous research results play a positive role in
understanding pore structure characteristics of disturbed coal
studying the gas thereof;

however, due to the complexity of disturbed coal, research into

and adsorption characteristics
the influences of pore structures in disturbed coal on gas
adsorption should be studied further. The pore structure in
coal is an important index representing gas adsorption capacity
and rate. Due to the low Protodyakonov coefficient, high initial
speed of gas diffusion, and low permeability, disturbed coal seams
are found to exhibit complex gas emission behaviors in the mining
process and therefore are difficult to treat. Hence, it is necessary to
study the difference of disturbed coal and undisturbed coal in pore

their influences on the gas
Disturbed
Ningtiaota Coal Mine and Xigu Coal Mine in Shaanxi

structures and adsorption

characteristics. coal and wundisturbed coal in
Province, China were selected, for which mercury injection
experiments and gas adsorption experiments were conducted to
test microstructures of pores and gas adsorption characteristics.
The microstructural characteristics of disturbed coal and their
influences on gas adsorption characteristics were studied, to
provide a theoretical basis for in-depth research on gas

occurrence in disturbed coal seams.

2 Experimental instruments
and methods

2.1 Sampling locations and basic parameters

Coal samples used in the experiments were separately
obtained from the tectonic regions (faults) and non-tectonic
regions of Ningtiaota Coal Mine and Xigu Coal Mine in
Shaanxi Province, located in Ordos Basin and the folded zone
on its margin. The sampling locations are shown in Figure 1. The
disturbed coal is obtained near the structural zone by coring long
drilling holes, and the undisturbed coa as a contrast is obtained
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FIGURE 1
Sampling locations.

Ningtiaota
Coal Mine

Xigu
Coal Mine

TABLE 1 Industrial analysis results of coal samples.

Sample M,q/wWt% Aq/Wt% Vaa/Wt% FCaa/Wt% f
NTO1 263 17.19 10.28 69.90 1.62
NTO02 2.19 2438 11.73 61.70 035
XGO1 0.44 19.06 14.86 65.79 0.68
XG02 032 18.10 1557 66.12 028

Notes: M,q, moisture, air-drying basis; A,g, ash yield, air-drying basis; V,q, volatile, air-drying basis; FC,q, fixed carbon content, air-drying basis; f, firmness coefficient.

from the intact coal wall without structure. The coal samples were
drilled, then sealed, and taken to the laboratory. The undisturbed
coal in Ningtiaota Coal Mine, disturbed coal in Ningtiaota Coal
Mine, undisturbed coal in Xigu Coal Mine, and disturbed coal in
Xigu Coal Mine were separately labelled NTO01, NTO2,
XGO1, and XG02.

Basic industrial parameters of coal samples were tested using
a coal quality industrial analyzer (Table 1). The two types of coal
samples both belonged to bitumite at a low metamorphic grade
and contained a low water content (0.32%-2.63%). The firmness
coefficient of the coal samples was tested. The firmness
coefficients f of the two types of disturbed coal are obviously
lower (by 78.39% and 26.82%) compared with those of the
undisturbed coal, which indicates that coal subjected to
tectonism softened, became more prone to fracture, and its
strength decreased.

Frontiers in Energy Research

2.2 Pore tests

An Auto Pore IV 9510 mercury porosimeter was adopted to
perform mercury injection experiments (Figure 2). The high
pressure mercury intrusion porosimetry method is the most
commonly used method to test the pore structure of coal and
shale at present. This method mainly relies on the intrusion of
mercury into the pores of coal body under high pressure. The pore
diameter, pore specific surface area and porosity of coal body can be
calculated by the curve of mercury content as the pressure changes.
The range of test pressure and the measurement range of pore size of
the instrument were 0-413 MPa and 3 nm to 370 um, respectively.
Coal specimens with particle sizes ranging from 2.8 to 4 mm were
selected. After vacuum-drying in an oven at 80°C for 8 h, a coal
sample of 5 g was placed in a dilatometer, which was then sealed and
put in the low and high-pressure chambers successively to conduct
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FIGURE 2
Auto Pore IV 9510 mercury porosimeter.
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mercury injection experiments. The surface tension of mercury,
contact angle of mercury with the sample, and density of the
mercury were separately 0.485N/m, 130°, and 13.5335 g/cm’.

2.3 Adsorption tests

A self-built automatic high-pressure gas adsorption instrument was
used to conduct methane adsorption experiments on coal. The test
pressure and the highest test temperature of the instrument were
separately 0-20 MPa and 200°C. With high precision, the
instrument was able to monitor subtle changes in the adsorption
achieved in the initial stage of adsorption (Figure 3). Four types of
pulverized coal of 6-7 g with the particle size ranging from 0.18 to
0.25 mm could be prepared. Before experiments, the pulverized coal
was degassed under vacuum for 6 h. Thereafter, isothermal adsorption
experiments for methane were conducted under an initial adsorption
pressure of 5 MPa and a temperature of 30°C, ambient temperature of
(25 + 2) °C, and relative humidity of 30%.

3 Test results and analysis
3.1 Mercury injection and ejection curves

Many experiments on the microstructure of coal reveal that
the mercury injection and ejection curves of the coal samples are
not overlapped but exhibit a certain hysteresis. The coal samples
tested also exhibit differences in pore structure characteristics,

Vacuum pump

valve Check valve
Check valve
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r- - === | system

| x4 I
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FIGURE 3

High-pressure gas adsorption instrument.
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therefore, the morphological characteristics of pores are
commonly analyzed according to hysteresis loops of mercury
injection and ejection curves.

According to mercury injection experimental data, mercury
injection and ejection curves of each coal sample were drawn, as
shown in Figure 4.

The mercury injection curves of coal samples NT01 and
NTO02 ascend in an inverted S-shape in the low-pressure
mercury injection stage, while linearly descend in main
sections of the high-pressure mercury ejection stage. The
mercury ejection curves start from mercury withdrawal and
pressure relief. The difference in pore volume at the same
pressure gradually increases with decreasing pressure and the
mercury ejection curves begin to depart from mercury injection
curves and descend slowly when the pressure is decreased to
200-300 MPa. Under such conditions, the difference in pore
volume increases significantly, indicative of a high proportion
of open pores in coal samples. The mercury injection and ejection
curves of coal samples XG0l and XG02 are both manifest as
concave arcs. When the pressure is below 300 MPa, the hysteresis
loops are enlarged, which suggests that pores in coal samples are
mainly semi-closed and thin-necked, bottle-shaped pores, and
there are a certain number of these present as open macropores.
Disturbed coal samples taken from the same coal mine show
similar forms of mercury injection and ejection curves compared
with undisturbed coal, while the hysteresis loops of disturbed coal
are larger than those of undisturbed coal. This indicates that pore
connectivity of the coal subjected to tectonism is greatly
enhanced, which increases the volume available to gas. The
result suggests that gas is likely to diffuse during pressure
relief in a disturbed coal seam, which explains why a large
amount of gas is more likely to escape within a short time
when mining disturbed coal seams from the perspective of
pores. This is extremely likely to trigger coal and gas outburst
accidents, so gas drainage with pressure relief should be mainly
performed in the coal mining process.
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3.2 Distribution characteristics of pore
volume and specific surface area

When using the Mercury Intrusion Porosimetry to study pore
structures, the pore classification method proposed by Hodot is
generally used (Hodot, 1966). According to the pore diameter, pores
can be classified into micropores (<10 nm), transitional pores
(10-10* nm), mesopores (10>~10°> nm), macropores (10°~10° nm),
and visible holes and fractures (>10° nm).

The pore volume in unit mass of coal is a reference basis for gas
storage capacity and extent and severity of failure therein. The
distribution of pore volumes in different coal samples is shown in
Table 2. The pore volume of undisturbed coal is mainly contributed
by micropores and transitional pores: micropores and transitional
pores separately account for 55.88% and 31.27% of the total pore
volume in sample NTO01, while macropores and mesopores are less
well developed and separately account for 7.22% and 5.64% of the
total volume. Micropores and transitional pores separately account
for 34.54% and 53.27% of total pore volume in sample XGO01, which
also contains a small number of macropores (5.21%) and mesopores
(6.98%). This indicates that undisturbed coal exhibits weak tectonic
deformation and pores mainly include primary pores. The pore
volume in disturbed coal is mainly contributed by macropores and
mesopores. Due to brittle deformation of sample XGO02, the pore
structures change substantially: the volume of macropores and
mesopores increases (with proportions of 35.29% and 34.58%
separately) while that of micropores and transitional pores are
decreased, which separately account for 15.26% and 14.88% of
the total volume. Sample NT02 is deformed more than sample
XG02 and the proportion of macropores (by volume) increases to a
greater extent, accounting for 45.31% of the total pore volume; the
proportion (by volume) of mesopores (36.84%) is similar to that in
sample XG02, while the volume of micropores and transitional pores
further decreases to proportions of 8.17% and 9.68%, respectively.

The distribution of pore volume of coal reveals that the total
pore volume of undisturbed coal arises mainly in the form of
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TABLE 2 Distribution of pore volume of coal samples.

Coal samples Total pore volume Pore volume/cm?®.g™ Proportion of pore volume/%
/ecm®.g?
Macropores Mesopores Transitional pores Micropores Macropores Mesopores Transitional pores Micropores
NTO1 0.1045 0.0075 0.0059 0.0327 0.0584 7.22 563 3127 55.88
NT02 0.1192 0.0540 0.0439 0.0115 0.0097 4531 36.84 9.68 8.17
XGo1 0.1144 0.0059 0.0080 0.0610 0.0395 520 6.97 53.28 34.55
XG02 0.1369 0.0483 0.0473 0.0204 0.0209 35.29 34.58 14.88 15.26

TABLE 3 Distribution of specific surface area of pores in coal samples.

Coal Total specific surface area/ Specific surface area of pores/cm?.g™ Proportion of specific surface area of pores/%
samples cm?g?
Macropores Mesopores Transitional Micropores Macropores Mesopores Transitional Micropores
pores pores

NTO1 113462 0.0023 0.0238 1.2401 10.0799 0.02 0.21 10.93 88.84
NTO02 15.3471 0.0010 0.2400 2.0219 13.0840 0.01 1.56 13.17 85.25
XGo1 14.6394 0.0117 0.0176 1.6733 12.9368 0.08 0.12 11.43 88.37
XG02 15.6609 0.0016 0.0235 1.9686 13.6673 0.01 0.15 12.57 87.27
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Isothermal adsorption curves of coal samples.

micropores and transitional pores, which indicates that undisturbed
coal is slightly deformed and pores are mainly dominated by
primary pores and a small number of metamorphic pores. In
comparison, most pores in disturbed coal are macropores and
mesopores. Sample NT02 is more significantly deformed than
sample XG02, so the proportion of macropores increases more in
sample NTO02. This suggests that as the deformation of the coal
increases, the proportions of macropores and mesopores also
increases, especially macropores, which increase to an even
greater extent. Macropores are generated along with fractures in
coal, forming the principal channels for gas seepage, so the more
numerous the macropores, the more permeable the coal seam.

The specific surface area of pores refers to the internal surface
areas of all pores in unit mass of coal. The specific surface area of
pores is influenced by the shape of pores, surface defects, and pore
structures of coal, and is closely related to the degree of development
of pores. The distribution of the specific surface areas of pores in
various coal samples is summarized in Table 3. In terms of the total
specific surface area of pores in coal samples, disturbed coal is akin to
undisturbed coal: micropores and transitional pores account for
large proportions by total volume. Therein, micropores account for
the largest proportion of the specific surface area (88%), while the
proportion of transitional pores is 12%; the proportions of specific
surface areas of mesopores and macropores are relatively low, both
being below 2%.

TABLE 4 Measured adsorption characteristics of coal samples.

Coal samples

Adsorption constants

10.3389/fenrg.2024.1333686

3.3 Results of adsorption experiments

Figure 5 illustrates the isothermal adsorption curves of coal
samples. During low-pressure adsorption (<3 MPa), the gas
adsorption by coal samples increases rapidly with increasing
pressure. When the pressure exceeds 3 MPa, the adsorption
quantity exhibits slow growth. The Langmuir equation (Eq. 1)
(Ezzati, 2020) is used to fit the adsorption curves and the fitting
results are summarized in Table 4. The degrees of fitting of
adsorption curves of the four types of coal samples all exceed
0.99, which means that the adsorption curves of the four types of
coal samples all conform to the Langmuir equation. Under the
maximum pressure, the samples are listed in an ascending order as
NTO01, XGOI, NT02, and XGO02 according to the saturated
adsorption quantities. The gas adsorption quantities of the two
types of disturbed coal are both larger than those of their
corresponding undisturbed coal samples.

abP
1+bP

Q= (1)
where P represents pressure (MPa); Q denotes the adsorption
quantity under pressure P (cm’/g); a is an adsorption constant
(cm?/g); b is also an adsorption constant (MPa™).

The values of adsorption constants a and b physically
represent the saturated gas adsorption quantity and
adsorption rate of coal, respectively. Based on the PCT
adsorption experimental data, the Langmuir equation was
adopted to calculate the gas adsorption constants of each
sample. Analysis of adsorption
experiments on coal samples were obtained (Table 4).

coal results isothermal
Table 4 indicate that the adsorption constant a of the four
types of coal samples is between 21.697 and 28.753. The coal
samples are also listed in the same order as that according to the
saturated adsorption quantities (also in ascending order) as
NTO01, XGO1l, NTO02, and XGO02. Samples XG02
XGO1 separately have the highest and lowest adsorption

constant b, namely, 0.975 and 0.593.

and

4 Discussion
4.1 Fractal features of pores
The fractal dimension of pores in coal can be used as a measure

of the irregularity and roughness of pore surfaces. Menger’s model
(Eq. 2) more suitable for mercury injection experiments was selected

Fitting curves

a b
NTO1 21.697 0.858 Q = 18.616P/1 + 0.858P 0.999
NTO02 24.812 ‘ 0.761 Q = 18.857P/1 + 0.761P 0.998
XGO01 23.249 ‘ 0.593 Q = 13.786P/1 + 0.593P 0.999
XG02 28.753 ‘ 0.975 Q = 28.034P/1 + 0.975P 0.997
Frontiers in Energy Research 07 frontiersin.org
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Fitted relationship between lg (dV/dP) and IgP of coal samples. (A) NTO1;

to analyze the experimental results (Han et al.,, 2020). The fractal
dimension calculated following the principle of mercury injection
experiments is called the volumetric fractal dimension. In the
Menger, porous materials such as coal are assumed to be in the
form of a regular cube, leading to:

lg[j—‘;] =A,IgP 2)
where V and P separately represent the mercury intake and pressure
in mercury injection experiments; A, is the power exponent, which
has a linear relationship with the fractal dimension D, and its value
is the slope of the double logarithmic curves dV/dP and Ig P; the
fractal dimension is D, = 4 + A,.

The pore volume V, applied pressure P, Ig (dV/dP), and IgP can
be obtained according to experimental data of the four types of coal
samples, and then the scatter plots are drawn, as shown in Figure 6,
followed by linear fitting. The volumetric fractal dimension of pores
can then be calculated according to the slope of the lines. The Fractal
dimension fitting and calculation results are shown in Table 5.
Combining these data with values of the fractal dimensions of coal
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(B) NTO2; (C) XG01; (D) XG02.

specimens, the mercury injection experimental process of coal can
be divided into three stages.

1) Pre-injection stage (green circles in Figure 6). Mercury influx
first fills the space between coal particles while it does not enter
the pores in the coal. The fractal dimension in the stage is
generally less than 2. How obvious the stage is related to the
particle size of the samples used in the experiments: the smaller
the particle size the more obvious the curves in the stage. The
coal samples used in the mercury injection experiments have
the particle size of 2.8-4 mm, so only several points appear at
the start of the curves in mercury injection experiments of the
four types of coal samples in the stage, indicating that the stage
is not obvious;

3°)
~

Injection stage (red fitted lines in Figure 6). Mercury influx fills
the pores in the coal under the pressure applied by the
instrument. The fractal dimension D; in the stage is
between 2 and 3. This is a stage in which the fractal
dimension can be most effectively and accurately calculated
in mercury injection experiments. The larger the absolute
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TABLE 5 Fractal dimensions of pores in coal samples.

Coal samples Injection stage

Fitting equations

10.3389/fenrg.2024.1333686

Post-injection stage

Fitting equations

NTO1 lg (dV/dP) = -1.23831gP-4.9211 2.7617 0.8756 lg (dV/dP) = -0.1982lgP-4.1982 3.62125 0.7896
NTO02 Ig (dV/dP) = -1.0452lgP-4.7765 ‘ 2.9548 0.9177 ‘ Ig (dV/dP) = —0.3752lgP-4.3752 ‘ 3.71889 0.9002
XGo1 Ig (dV/dP) = —1.057461gP-4.7788 ‘ 2.8718 0.9049 ‘ Ig (dV/dP) = —0.26711gP-4.2671 ‘ 3.67175 0.9321
XG02 Ig (dV/dP) = —1.1282lgP-4.9758 ‘ 2.9961 0.9049 ‘ Ig (dV/dP) = —0.3094lgP-4.3094 ‘ 3.69491 0.8952

value of the curve slope in the stage, the greater the
corresponding volumetric fractal dimension and the more
complex the pore structures present in the coal;

3) Post-injection stage (blue fitted lines in Figure 6). In the stage,
the increase in the mercury intake is not only because mercury
is filled in pores in coal, but also due to the compression effect
of mercury on coal. The curves in the stage have a small slope
and the calculated fractal dimension D, is generally larger than
3. Coal is a porous medium. Due to the compressibility of the
coal matrix, when the mercury injection pressure is large, the
pore structure of the coal body will be destroyed and collapsed,
resulting in the fractal dimension of the high pressure section
being greater than 3, and the pore measurement results also
have greater errors. The larger the fractal dimension is in the
stage, the more easily the coal used in the experiments is
compressed. Therefore, the value of the fractal dimension in
the stage can be employed to qualitatively describe the
compressibility of coal. Among the four types of coal
samples selected in the research, sample XGO02 has the
largest fractal dimension (3.71889), indicating that sample
XGO02 is most easily compressed.

Therefore, D; calculated in the injection stage is adopted as
the volumetric fractal dimension to characterize the complexity
of pores in coal. The fractal dimension D, of experimental coal
samples is in the range of 2.7617-2.9961, very approximate to 3,
suggesting high complexity of pores in the four types of coal. The
fractal dimensions D; and D, of the two types of disturbed coal
are both larger than those of the undisturbed coal. This finding
implies that the complexity of pores in the coal subjected to
tectonism is increased and the compressibility of pores is also
enhanced, so that the coal is more likely to collapse under
high pressure.

4.2 Influences of pore structure on
adsorption constants

Pores in coal are places for adsorption and free flow of gas. Pore
characteristics exert important influences on the gas adsorption and
desorption properties of coal. The relationships between pore
parameters and adsorption constants (a and b) of undisturbed
coal and disturbed coal were estimated. The relationships
between total pore volume and adsorption constants are shown
in Figure 7; the relationships between the total specific surface area
of pores and adsorption constants are illustrated in Figure 8; the
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relationships between fractal dimensions and adsorption constants
are displayed in Figure 9.

Disturbed coal contains highly developed pores. The tectonic
stress enhances the pore connectivity and improves the gas
adsorption capacity of coal. The void content in coal affects the
gas adsorption capacity of coal. As shown in Figure 8A, Figure 9A,
the total pore volume and total specific surface area of pores are
positively correlated with the adsorption constant a, and the
adsorption constant a reflects the maximum amount of gas that
can be adsorbed by the coal. The increase in the void content means
that coal has a larger potential area over which adsorption can occur
and more adsorption sites, so the total amount of gas that can be
adsorbed by coal samples with a larger void content also increases.
The adsorption constant a of disturbed coal is always greater than
that of undisturbed coal, which indicates that tectonism enlarges the
volume available to gas storage in disturbed coal specimens.

Figure 8B, Figure 9B show that the total pore volume and total
specific surface area of pores of coal have U-shaped correlations with
the adsorption constant b of the coal. The adsorption constant b is
the pressure under which the coal samples reach the maximum
adsorption (by volume). The lack of any significant linear trend in
these parameters may arise because of the uncertain changes in pore
morphologies due to tectonism. The adsorption constant b is not
only related to the void content but also to the pore connectivity.

As illustrated in Figure 9A, the fractal dimensions of coal show
strong positive correlations with the adsorption constant a of coal.
Compared with undisturbed coal, disturbed coal is found to have a
larger fractal dimension of pores, rough internal surfaces, and many
pores, so the volume available to gas adsorption is larger and the
adsorption thus enhanced. The result indicates that coal samples
with different fractal dimensions differ in their gas adsorption
capacity. Within a certain range, the larger the volumetric fractal
dimension, the stronger the gas adsorption capacity of coal.
Figure 9B shows that the fractal dimension of coal has a
U-shaped relationship with the adsorption constant b of coal.

5 Conclusion

The pore structures were analyzed and the gas adsorption
characteristics were measured for disturbed coal and undisturbed
coal in Ningtiaota Coal Mine and Xigu Coal Mine. The pore
structure and gas adsorption characteristics of coal samples were
investigated, and the Menger sponge model was used to calculate the
fractal dimensions of coal. Moreover, influences of pore structures
and fractal features on gas adsorption characteristics of disturbed
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coal

and undisturbed coal were investigated. The results

showed that.

1)

Mercury intrusion porosimetry was utilized to measure the
pore structure characteristics of coal samples. The pore volume
of undisturbed coal arises mainly in the forms of micropores
and transitional pores, while that of disturbed coal is mainly
accounted for by macropores and mesopores. Micropores and
transitional pores account for high proportions in specific
surface areas of both disturbed coal and undisturbed coal. The
results suggest that undisturbed coal is slightly deformed, and
pores are dominated by primary pores and a small number of
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metamorphic pores. After being subjected to structural
deformation, the contents of macropores and mesopores
increased (especially for macropores, which increase to an
even greater extent);

The adsorption isotherms of disturbed coal and undisturbed
coal conform to the Langmuir equation. The tectonism
enhances the limit adsorption quantity of coal by increasing
the void content and strengthening the pore connectivity
in coal;

The mercury injection testing can be divided into the pre-
injection, injection, and post-injection stages. The fractal
phenomenon is not apparent in the pre-injection stage. The
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fractal dimensions D; of the four types of experimental coal
samples calculated in the injection stage range between
2.7617 and 2.9961. The fractal dimension calculated in the
post-injection stage is always greater than 3. The fractal
dimensions D; and D, of disturbed coal are both greater
than those of undisturbed coal. Pores in disturbed coal are
more likely to collapse under high pressure;
4) The total pore volume, total specific surface area of pores, and
fractal dimensions have positive correlations with the
adsorption constant a and U-shaped correlations with the
adsorption constant b of coal. The adsorption constant a of
disturbed coal is always greater than that of undisturbed coal.
This is because the increasing void content due to tectonism
means that the coal has a larger potential area over which
adsorption can occur and more numerous adsorption sites. As
aresult, the total gas content that can be adsorbed by disturbed
coal also increases and at the same time, the adsorption
constant a characterizing the adsorption capacity of coal
also increases. The adsorption constant b exhibits no clear
trend with tectonism, perhaps because changes in pore
morphologies due to tectonism are also uncertain.
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