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Abstract: Gas prevention and control have always been the focus of coal mine safety. The pore
structure characteristics and gas adsorption characteristics of coal seams are the key factors affecting
gas adsorption and diffusion in coal seams. Lvjiatuo Mine has the characteristics of a high gas content
when it enters deep mining. In order to clarify the influence of the pore-fracture structure characteris-
tics of main coal seams in the research area on coal seam gas adsorption and diffusion, and to study the
differences in gas adsorption and diffusion ability in different coal seams, low-temperature nitrogen
adsorption (LT-N2GA), high-pressure mercury intrusion (MIP) and computerized tomography (µ-CT)
were used as characterization methods, and methane isothermal adsorption experiments were carried
out to systematically study the pore structure characteristics of five groups of coal samples, and the
pore-fracture structure characteristics and gas adsorption characteristics of each main coal seam were
obtained. The results show that: (1) in the LT-N2GA experiment, the adsorption–desorption curves of
all coal samples are of type III, and mainly develop cone-shaped pores or wedge-shaped semi-closed
pores, with an average pore size of 1.84~4.84 nm, a total pore volume of 0.0010~0.0023 mL/g, a total
specific surface area of 0.16~0.24 m2/g, and a fractal dimension D1 of 1.39~1.87 and D2 of 2.44~2.60.
The micropores of L12 are more developed, and the mesopores and macropores of L9 are more
developed. (2) In the MIP experiment, the porosity of coal samples is 3.79~6.94%. The porosity of L9
is the highest, the macropore ratio is the highest, and the gas diffusion ability is also the strongest.
(3) In the µ-CT experiment, the porosity of L8-2 and L12 is 12.12% and 10.41%, the connectivity is
51.22% and 61.59%, and the Df is 2.39 and 2.30, respectively. The fracture of L12 is more developed,
the connectivity is better, and the heterogeneity of the pore of L8-2 is higher. (4) In the isothermal
adsorption experiment of methane, the gas adsorption capacity basically increases with the increase
in the buried depth of the coal seam, and the gas adsorption capacity of the No.12 coal seam is the
highest. Based on the pore-fracture structure characteristics and gas adsorption characteristics of the
main coal seams in the research area, the gas outburst risk of each coal seam is ranked as follows:
No.12 coal seam > No.8 coal seam > No.7 coal seam > No.9 coal seam. The experimental results
provide important help for researching the structural characteristics of coal seam pore fractures and
preventing gas outbursts during deep coal seam mining.

Keywords: coal; pore; coal reservoir; CT

1. Introduction

The pores and fractures of coal are the main storage places and diffusion and seepage
channels of gas in coal reservoirs, respectively [1,2]. Pores and fractures with different
properties cause the accumulation or escape of gas in coal, which can lead to differences in
the gas content in a coal seam, and thus affect the safety of a coal mine [3,4]. The quantitative
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characterization of the pore-fracture structure of coal is the basis for studying the porosity
of coal and the diffusion and seepage process of fluid. Micropores in coal are the main
adsorption spaces for gas, transition pores and mesopores are diffusion channels for gas,
and macropores and fractures are seepage channels for gas [5–9]. In the study area, the gas
content of Lvjiatuo Mine is below 6 m3/t during mining, and the overall content is low [10].
However, with the mining reaching deep coal seams, the gas content and emission of coal
seam increased, and the maximum gas emissions exceeded 7.5 m3/min, and the mine
became a high-gas-outburst mine [11]. However, the pore-fracture structure development,
buried depth and gas content of the different main coal seams are different. Therefore, the
analysis of the structural characteristics and adsorption properties of coal seam pores and
fractures and the quantitative characterization of the coal seam pore-fracture system are
important prerequisites for further revealing the law of coal seam gas storage and migration
in mining areas [12–17].

With the continuous in-depth study of coal pore-fracture structure by scholars, many
testing techniques have been used to study the pore-fracture characteristics of coal [18–23].
Scanning electron microscopy (SEM) is the most commonly used pore observation tech-
nology, and field emission scanning electron microscopy (FE-SEM) and focused ion beam
scanning electron microscopy (FIB-SEM), which have higher scanning accuracy, are also
widely used in the characterization of coal nanopores. The distribution and connectivity
characteristics of coal pores were obtained by Fang et al. [24] using FIB-SEM for the three-
dimensional visualization reconstruction of coal sample nanopores. As a relatively new
pore visualization testing technology, AFM not only has a high characterization accuracy,
reaching less than 10 nm [25], but can also be used to study the mechanical properties
of coal pores, so as to study the migration capacity of fluid in coal pores. By combining
SEM and AFM, Li et al. [19] found significant differences in the mechanical properties
between the coal matrix and minerals, as well as far greater than average adhesion in
pores near minerals. Li et al. [26] used LF-NMR technology to accurately characterize the
pore-fracture system of coal seam, studied the migration and occurrence law of fluid in
coal pores under different saturation pressures, established the relative water saturation
model of coal pores, and found that the pore and fissure would be destroyed under high
saturation pressure, resulting in the decrease in coal water saturation. Liu et al. [22] used
µ-CT imaging technology to establish the micro-three-dimensional pore network ball and
stick model of two kinds of coal in Qinshui Basin, and visualized the gas flow in the three-
dimensional structure. In recent years, scholars have also begun to apply the small-angle
scattering technique with higher observation accuracy to the characterization of coal pores.
For example, Vasilenko et al. [16] used neutron small-angle scattering to characterize the
pore structure of 27 kinds of coal, studied the correlation between the pore structure of coal
and the tendency of coal seams regarding gas outbursts, and found that the surface fractal
dimension of coal with outburst risk was higher. However, adsorption experiments of MIP,
CO2 and N2 are widely used to obtain pore data. For example, Li et al. [27] found that the
intrusion of mercury under high pressure would cause the compression of the coal matrix,
resulting in errors relating to porosity. Therefore, they proposed a new and more practical
method for correcting pore volume by simplifying the calculation of the compressibility of
the coal matrix. Mahamudet et al. [28] used low-temperature liquid nitrogen adsorption
(LT-N2GA) and CO2 adsorption experiments to study the pore structure characteristics and
changes in coal in a coking process. In summary, our predecessors have completed a lot of
work and achieved a vast array of results in coal pore methods, providing methods for the
comprehensive analysis of the pore characteristics of different coal reservoirs.

Therefore, this paper intends to use the LT-N2GA experiment and the MIP experiment
to jointly characterize the full-scale pore size distribution of coal seam pores in the study
area. At the same time, the µ-CT experiment was used to characterize the 3D visualization
and the connectivity of coal seam pore fissures. Finally, the methane isothermal adsorption
experiment was used to study the adsorption capacity of coal seam pores. In summary,
this paper studies the characteristics of the pore–fissure system and the adsorption char-
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acteristics of coal seam gas in the main coal seam of the Lvjiatuo mining area through
four tests, providing help and reference for the prevention and control of gas disasters in
high-gas mines.

2. Sample Collection and Experimental Methods
2.1. Sample Collection

There are 6 mining coal seams in Lvjiatuo Mine in the study area, which are
Carboniferous-Permian coal seams. The basement of the coal measures is a Cambrian-
Ordovician stratum. The overlying caprock of the coal measures comprises Permian and
Quaternary strata. The structure of the mining area is dominated by folds and supple-
mented by faults. Meanwhile, there is magmatic intrusion in some parts of the No.5, No.7,
No.9 and No.12 coal seams. In this study, five coal samples were collected from the four
main coal seams being mined in Lvjiatuo Mine. The buried depth of coal samples is more
than −800 m (Figure 1). Among them, one sample was collected from each of the No.7,
No.9 and No.12 coal seams, while two samples were collected from the No.8 coal seam.
The L7, L8-1, L9 and L12 samples were obtained near the same sampling point, while
sample L8-2 was another sample buried at about 950 m. Details of the samples are shown
in Table 1.
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Figure 1. Basic information of the sampling area.

The Ro,max of all samples was between 1.42% and 1.55%, indicating that the samples
were in the coking coal stage with higher metamorphism. The macroscopic type of each
sample was semi-bright to semi-dark briquette. The macroscopic coal rock composition
was mainly bright coal and dark coal. The morphology of the samples is shown in Figure 2.
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Table 1. Basic information of coal samples.

Sample ID Ro,max (%) Vitrinite (%) Inertinite (%) Exinite (%) Mineral (%)

L7 1.49 52.82 30.14 15.02 2.02
L8-1 1.48 54.88 26.05 17.03 2.04
L8-2 1.55 58.04 21.38 16.31 4.27
L9 1.53 71.12 15.21 10.51 3.16

L12 1.42 75.13 13.85 4.83 6.19

Processes 2023, 11, x FOR PEER REVIEW 4 of 19 
 

 

Table 1. Basic information of coal samples. 

Sample ID Ro,max (%) Vitrinite (%) Inertinite (%) Exinite (%) Mineral (%) 
L7 1.49 52.82 30.14 15.02 2.02 

L8-1 1.48 54.88 26.05 17.03 2.04 
L8-2 1.55 58.04 21.38 16.31 4.27 
L9 1.53 71.12 15.21 10.51 3.16 
L12 1.42 75.13 13.85 4.83 6.19 

The Ro,max of all samples was between 1.42% and 1.55%, indicating that the samples 
were in the coking coal stage with higher metamorphism. The macroscopic type of each 
sample was semi-bright to semi-dark briquette. The macroscopic coal rock composition 
was mainly bright coal and dark coal. The morphology of the samples is shown in Figure 
2. 

 
Figure 2. Macro-petrographic photos of coal samples. 

2.2. Experimental Method and Theory 
2.2.1. LT-N2GA Experiment 

The LT-N2GA experiment was carried out using the Quantachrome Auto-sorb-6B/3B 
automatic specific surface area and pore size distribution instrument. The samples were 
crushed, ground and screened to 60~80 meshes multiple times. The treated sample, weigh-
ing 5g, was put into a drying oven, dried in a vacuum at 105 °C for 12 h, and then degassed 
at 105 °C for 12 h. Then, the low-temperature liquid nitrogen adsorption test was carried 
out at an experimental temperature of 77.35 K, an adsorption pressure of 101.3 kPa, and a 
gas relative adsorption equilibrium pressure (P/P0) ranging from 0.01 to 0.995. Gas 

Figure 2. Macro-petrographic photos of coal samples.

2.2. Experimental Method and Theory
2.2.1. LT-N2GA Experiment

The LT-N2GA experiment was carried out using the Quantachrome Auto-sorb-6B/3B
automatic specific surface area and pore size distribution instrument. The samples were
crushed, ground and screened to 60~80 meshes multiple times. The treated sample, weigh-
ing 5 g, was put into a drying oven, dried in a vacuum at 105 ◦C for 12 h, and then degassed
at 105 ◦C for 12 h. Then, the low-temperature liquid nitrogen adsorption test was carried
out at an experimental temperature of 77.35 K, an adsorption pressure of 101.3 kPa, and
a gas relative adsorption equilibrium pressure (P/P0) ranging from 0.01 to 0.995. Gas
adsorption in coal pores at low temperature usually includes three processes: single-layer
adsorption, multi-layer adsorption and capillary condensation. The adsorption of gas in
coal pores under low temperature usually includes three processes: monolayer adsorption,
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multilayer adsorption and capillary condensation. The Brunauer–Emmett–Teller multilayer
adsorption model (BET) is often used to calculate the specific surface area. The Barret–
Joyner–Halenda (BJH) model and density-functional theory (DFT) model are commonly
used to characterize pore volume and pore size in coal. The BJH model has a high precision
in the characterization of the transition pore and mesopore distribution in coal. However,
it is not suitable for the characterization of micropore and macropore distribution in coal,
while the DFT model can accurately characterize the pore size distribution of micropore
in coal.

2.2.2. MIP Experiment

The MIP experiment was performed using the Micromeritics AutoPore 9600 porosity
and pore size analyzer. The true density and porosity of the sample were calculated
according to the volume density measured at an initial injection pressure of 5 psi (0.034 MPa)
and the mercury intake at maximum pressure obtained at a maximum mercury pressure of
60,000 psi (413.700 MPa). The measured pore throat was between 3 µm and 36 µm under
the experimental pressure range. Firstly, the samples were cut into cubes with a side length
of 1 cm and dried in a vacuum oven at 60 ◦C for more than 48 h. For the coal rock samples,
an expander with 0.412 mL capillary volume was selected. The expander containing the
sample was placed into the low-pressure chamber for low pressure analysis. After the
low-pressure analysis was completed, the expander that had completed the low-pressure
analysis and had been weighed was loaded into the high-pressure bin for high-pressure
analysis. The mercury drop value was measured by means of graded continuous, stepwise
or ladder pressurization through hydraulic fluid on the mercury surface, and the pressure
and corresponding injection volume were recorded. The Washburn equation was used to
calculate the pore size in the high-pressure mercury injection experiment [29]. The equation
is as follows:

dp =
−4γcosθ

p
(1)

where dp is the pore diameter, m; p is the external pressure, mN/m2; γ is the surface tension
of mercury, Mn/m; and θ is the contact angle between mercury and the pore surface.

2.2.3. µ-CT Experiment

The µ-CT experiment used a desktop CT scanner (Germany v|tome|xs180&240)
composed of an X-ray source system, a high-precision moving sample stage and a detector
system. The coal samples were cut into 5 mm-diameter and 5 mm-height cylinders, which
were then placed into the instrument for microscopic CT scanning. The experimental
parameters were set as shown in Table 2. After the CT scan was completed, Avizo software
was used for three-dimensional reconstruction of coal sample data, and MATLAB software
(2022a) was used for the statistics of parameters such as pore diameter, pore volume
and connectivity.

Table 2. µ-CT experimental parameters.

Parameters Timing/ms Average Skip Binning Sensitivity Vsensor Images

nm 1000 2 1 1× 1000 1 1500
µm 1000 2 1 1 × 1 1000 1 1500

2.2.4. Methane Isothermal Adsorption Experiment

Firstly, 150 g of each coal sample was taken to treat to less than 60 mesh, and distilled
water was sprayed to pre-wet it. Subsequently, the treated coal samples were placed in a
thermostatic container with a temperature of 30 ◦C and a relative humidity of 97~98%. The
samples were weighed every day until the weight of the samples was basically constant
within two days, and the balanced water samples were obtained. Then, the methane
isothermal adsorption experiment was carried out. The purpose of this experiment was to
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ensure that the experimental results of isothermal adsorption of coal samples were closest
to the experimental results of the original formation conditions.

2.2.5. Fractal Theory

Nowadays, fractal geometry has been proved to be a powerful and reasonable tool
to quantitatively describe irregular materials. Fractal theory can be used to characterize
the complexity and heterogeneity of the coal pore structure, to understand the surface
physical structure of coal, the complex internal pore-fracture system and the occurrence
characteristics of coalbed methane. The FHH model is used by many scholars to calculate
the fractal dimension of the coal pore structure based on LT-N2GA [30–34].

ln V = K ln
[

ln
(

P0

P

)]
+ C (2)

K = D− 3 (3)

where P is the adsorption equilibrium pressure, MPa; V is the gas adsorption capacity at
equilibrium pressure, mL; P0 is the adsorption saturated vapor pressure, MPa; K is the
fractal dimension factor; C is the constant; and D represents the fractal dimension.

The fractal dimension of pore data based on µ-CT is calculated by means of three-
dimensional fractal method [9,35]. The equation is as follows:

D f = −lim
δ→0

log N(δ)

log(δ)
= lim

δ→0

log N(δ)

log(1/δ)
(4)

where D f is the three-dimensional fractal dimension; N is the number of boxes containing
information in each partition of the 3D grid; and δ is the length of the sides of the three-
dimensional cube.

3. Results and Discussion
3.1. Pore Structure Characteristics of LT-N2GA
3.1.1. LT-N2GA Adsorption-Desorption Isotherm

The adsorption–desorption isotherm can characterize the overall morphology and
complexity of rock pores. The International Union of Pure and Applied Chemistry (IUPAC)
divided adsorption isothermal hysteresis rings into four categories according to different
pore morphology [36]. The pore types are open cylindrical pores, parallel plate pores,
conical wall pores and ink bottle pores. The adsorption–desorption curves of each sample
are shown in Figure 3. The sample L7 has the largest adsorption volume and L8-1 has the
smallest adsorption volume. The morphology of adsorption isotherms of other samples
is basically the same. At high pressure, the desorption curve has a certain hysteresis
phenomenon, with various degrees of hysteresis loops, but the hysteresis phenomenon is
not obvious. In addition, the desorption curve, which is close to type III, of coal samples
is smooth, except for sample L8-1, indicating that all coal samples have open pores and
closed pores, many conical pores or wedge-shaped semi-obturator pores, as well as no
or few ink-bottle-shaped pores. However, the hysteresis loop of sample L8-1 is relatively
wide, indicating that there are more open pores or semi-open pores in the coal sample.
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3.1.2. Specific Surface Area and Pore Volume Pore Size Distribution Characteristics

In this paper, the classification of coal pores adopts Hodot’s classification scheme
proposed previously, which is widely used [37]: micropores (<10 nm), transition pores
(10~100 nm), mesopores (100~1000 nm), and macropores (>1000 nm). The experimental
results for the average pore diameter, total specific surface area (SSA) and total pore volume
of each sample are shown in Table 3. The total pore volume of the samples ranges from
0.0010 to 0.0023 mL/g, the SSA ranges from 0.16 to 0.24 m2/g, and the average pore
diameter ranges 1.85 to 4.84 nm. The total pore volume and average pore size of sample L7
are both the largest, indicating that the pores are the most developed. However, the total
specific surface area of sample L7 is the smallest, and micropores and small pores mainly
provide the specific surface area, indicating that sample L7 mainly develops mesoporous
and macropore. Sample L12 has the largest total specific surface area, indicating that its
pores are more developed with micropores and small pores.

Table 3. Basic parameters of LT-N2GA.

Sample ID Average Pore Diameter (nm) Total SSA (m2/g) Total Pore Volume (mL/g)

L7 4.01 0.16 0.0016
L8-1 1.85 0.22 0.0010
L8-2 2.62 0.21 0.0013
L9 2.74 0.18 0.0012
L12 2.08 0.24 0.0012

The DFT model is more suitable for the characterization of micropores in coal (Figure 4a),
while the BJH model is more suitable for the characterization of the pore size distribution of
transition pores and mesopores in coal (Figure 4b). It can be seen from Figure 4a that there
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are three peaks in the micropore stage of less than 10 nm, which are located in the range of
1–2 nm, 3–5 nm and 6–9 nm, respectively. The peaks of P1 and P2 are larger than those of
P3, but the peak area is narrower, indicating that the pores with the pore diameter range of
1–2 nm and 3–5 nm are the main contributors to the micropore volume. The pores of sample
L9 are mainly distributed in the range of 1–2 nm, the pores of sample L8-1 and sample L8-2
are mainly distributed in the range of 3–5 nm, the pores of sample L7 are mainly distributed
in the range of 1–2 nm and 6–9 nm, and the pores of sample L12 are evenly distributed
in three peak areas. It can be seen from Figure 5b that the pore volume of each coal seam
basically gradually decreases and finally approaches zero with the increase in aperture at the
stage of small pores and mesopores with apertures larger than 10 nm. The pores in the range
of 10–50 nm contribute most of the pore volume, indicating that in the range of transition
pore and mesoporous pore size, the pores of each coal seam are mainly small pores, and only
a small number of mesoporous pores exist.
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The SSA distribution of micropores based on the DFT model and the SSA distribution
of transition pores and mesopores based on the BJH model are shown in Figure 5. The
distribution characteristics of SSA curves under different pore diameters in each coal seam
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are basically consistent with the distribution characteristics of pore volume, and there are
three main peaks, which appear in the pore diameters of 1~2 nm, 3~5 nm and 6~9 nm,
respectively.

The distribution law of the SSA in the micropore stage of each coal seam is relatively
good, and the contribution characteristics of SSA are very similar to the distribution
characteristics of pore volume, which shows that pores with pore diameters of 1~2 nm and
3~5 nm are the main contributors to SSA. The main pore diameters of sample L9 are 1–2 nm,
those of L8-1, L8-2 and L12 are 4–5 nm and 6–9 nm, and those of sample L7 are 1–2 nm and
6–9 nm. It can be seen from Figure 5b that the SSA of pores with a pore diameter greater
than 10 nm is basically provided by pores with a pore size between 10 and 20 nm, and the
SSA of pores with a pore size above 20 nm can be basically ignored.

The relationship curve between lnV and ln(ln(P0/P)) was created by using the gas
adsorption capacity and relative pressure of the adsorption branch of the adsorption–
desorption curve (Figure 6, Table 4). Hysteresis loops appeared when the relative pressure
was between 0.45 and 0.5 on the adsorption curve, indicating that the pore structure
indicated before and after the relative pressure was significantly different. According to
the characteristics of the double-logarithmic curve in Figure 6, the high-pressure and low-
pressure sections of the adsorption curve are piecewise linearly fitted with P/P0 = 0.5 as the
boundary, then the slopes of fitting straight lines at different pressure sections are calculated.
Eventually, Equation (3) is used to calculate the fractal dimension of the coal sample. The
results show that there are two different fractal characteristics in the coal sample pores,
and the fitting relationship between them is good. The fractal dimension of pores at the
low-relative-pressure section (P/P0 < 0.5) is D1, and that at the high-relative-pressure stage
(P/P0 > 0.5) is D2. The results show that at the high-relative-pressure stage (P/P0 > 0.5),
D2 ranges from 2.4392 to 2.59, with an average of 2.53; At the low relative pressure stage
(P/P0 < 0.5), D1 ranges from 1.39 to 1.87 with an average of 1.65. The fractal dimension
of pores at the high-relative-pressure stage is higher than that at the low-relative-pressure
stage, indicating that the pore structure is more complex, because the adsorbed gas in the
low-relative-pressure stage mainly occupies the larger pores, while in the high-pressure
stage the gas occupies the micropores.
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Table 4. Fractal dimension of all coal samples.

Sample
P/P0 < 0.5 P/P0 > 0.5

Fitting Equation R2 D1 Fitting Equation R2 D2

L7 y = −1.17x − 2.84 0.90 1.82 y = −0.56x − 3.1 0.97 2.44
L8-1 y = −1.60x − 2.51 0.96 1.39 y = −0.40x − 2.46 0.99 2.59
L8-2 y = −1.46x − 2.49 0.93 1.54 y = −0.45x − 2.63 0.99 2.55
L9 y = −1.13x − 2.71 0.91 1.87 y = −0.51x − 3.09 0.98 2.49

L12 y = −1.39x − 2.39 0.94 1.61 y = −0.41x − 2.42 0.99 2.59

At the low-relative-pressure stage, the value of lnV changes greatly because the gas
adsorption capacity is low in the initial stage, and it increases rapidly when the relative
pressure rises to 0.5, but the lnV value is −2.5~−3.5, and the adsorption capacity of each
coal sample is still at a low level, indicating that the mesopores and macropores of all coal
samples are relatively small. Meanwhile, the variation range of D1 is greater than that of
D2, because the macropores and mesopores of each coal sample change greatly, while the
micropores change less.

Based on the pore volume and pore SSA characteristics of each pore size range of each
coal seam sample, it can be found that the LT-N2GA has a good characterization effect on
the micropore pore size stage, and can also be characterized for the transition pores and
middle pores to a certain extent. Moreover, as micropores are the main storage place of
coal seam gas, it is easier to store gas in the pores with a pore size of 1~2 nm and 6~9 nm in
the No.7 coal seam, easier to store gas in the pores with a pore size of 3~5 nm and 6~9 nm
in the No.8 and No.12 coal seams, and easier to store gas in the pores with a pore size of
1~2 nm in the No.9 coal seam. The gas storage capacity in the other pore size ranges is
relatively weak.

3.2. Pore Structure Characteristics of MIP
3.2.1. Characteristics of MIP Curve

According to the pressure during the MIP and the corresponding mercury intrusion
volume, the mercury intrusion curve (Figure 7) can reflect the pore connectivity and its
structural characteristics. As shown in Figure 7, the mercury injection curves of each coal
sample show that the cumulative mercury injection volume rises rapidly when the pressure
is lower than 1 psia. This is because it is relatively easy for mercury to enter the macropores
with better connectivity when the pressure is low. As the pressure increases, the capillary
binding force that the mercury needs to overcome when entering pores with relatively
small pore size increases, so the growth rate slows. When the pressure reaches a certain
level, the mercury injection pressure breaks through the capillary binding force, causing
mercury to begin to enter the small pores and micropores. Therefore, the mercury injection
volume rises rapidly again at the high-pressure stage with a pressure greater than 3000 psia.
Moreover, the mercury injection curve and mercury ejection curve of each coal sample do
not coincide, causing the existence of different sizes of hysteresis loops, indicating that
there are open or semi-open pores in each coal sample, and the curves of each sample are
relatively smooth without obvious inflection points. This also shows that all coal samples
have no or very few ink-bottle-shaped pores.

Among them, the hysteresis of sample L7, L8-1 and L9 is more significant than that
of L8-2 and L12, indicating that sample L7, L8-1 and L9 have more open pores than other
coal samples. Sample L9’s hysteresis loop is the widest, showing a large volume difference
between mercury injection and mercury ejection. The hysteresis loops of other coal samples
are relatively small, indicating that sample L9 has more open pores and better connectivity
than other coal samples. In terms of pore morphology, the pores of the No.9 coal seam are
more conducive to gas diffusion and seepage.
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3.2.2. Pore Diameter Distribution Characteristics

As shown in Figure 8 and Table 5, the pore diameter distribution characteristics of all
coal samples are similar, with relatively low porosity ranging from 3.79% to 6.94%. The
porosity ranking is sample L9 > L12 > L8-1 > L7 > L8-2. The average pore diameter is
proportional to the porosity. The stage pore volume decreases when the pore size is less
than 100 nm, and then tends to be flat. It begins to rise rapidly when the aperture reaches
about 30,000 nm. However, the pore volume of sample L9 was significantly larger than
that of other samples in the pore size range of 100~10,000 nm. Except for sample L9, the
macropore volume ratio of each coal sample is the highest, ranging from 31.10% to 47.57%.
This was followed by the transition pore volume ratio, which was 23.49% to 36.42%. The
ratio of micropores is slightly less, and the pore volume accounts for 13–27.03%. The ratio
of mesopore is the lowest. The pore size distribution of sample L9 is obviously different
from that of other coal samples. The pore capacity ratio of sample L9 is 15.93%, which is
significantly higher than that of other coal samples, which is about 5%.

Table 6 shows the SSA characteristics of different pore types of each coal sample. The
total pore SSA is 3.351~5.185 m2/g, with an average of 4.466 m2/g. All coal samples show
that the SSA of micropores and transition pores accounts for the largest proportion, and
the sum of micropores and transition pores accounts for 97.90~99.57% of the total specific
surface of pores.

It can be seen from the stage pore SSA and pore diameter relationship curve (Figure 9)
that the morphological characteristics of coal sample curves are basically the same. The
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contribution rate of SSA of sample L9 is significantly lower than that of other coal seams at
the micropore stage less than 10 nm. It can also be seen from Table 6 that the large pore SSA
ratio of sample L9 is significantly higher than that of other coal seams, which is consistent
with the previous pore volume proportion characteristics. This indicates that compared
with other coal seams, the large pores of the No.9 coal seam are more developed, and the
gas diffusion and seepage capacity of this coal seam is higher, meaning that the pores of
this coal seam are more unfavorable to the adsorption of gas.
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Table 5. Basic parameters of MIP.

Sample Total Pore
Volume (mL/g)

Total Pore
SSA (m2/g)

Average Pore
Diameter (nm)

Porosity
(%)

Pore Volume Ratio (%)

Micropores Transitional
Pores Mesopores Macropores

L7 0.027 4.23 25.31 3.79 27.03 36.42 5.45 31.10
L8-1 0.045 5.18 34.79 5.89 22.15 30.54 5.46 41.85
L8-2 0.027 4.11 26.81 3.91 26.43 36.06 5.09 32.42
L9 0.042 3.35 50.52 6.94 13.00 23.49 15.93 47.57

L12 0.042 4.73 35.89 5.78 20.80 28.78 5.50 44.91

Table 6. SSA ratio of each pore type.

Sample ID Total Pore SSA (m2/g)
SSA Ratio (%)

Micropores Transitional Pores Mesopores Macropores

L7 4.23 65.47 34.10 0.39 0.04
L8-1 5.18 65.08 34.40 0.45 0.07
L8-2 4.11 65.37 34.19 0.42 0.02
L9 3.35 61.30 36.59 1.79 0.31

L12 4.73 65.17 34.27 0.47 0.09
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3.3. Characteristics of Pore and Fracture Structure Based on µ-CT Experiment

The µ-CT experimental results of L8-2 and L12 are shown in Figure 10. We selected
approximately three to five cubes with 100 × 100 × 250 voxels in the center of coal samples
from the reconstructed three-dimensional gray map. The watershed method is used to mark
the pores in this range, and the pores with interconnected pores and throats are marked
as connected pores, and the rest are isolated pores. Because of the different properties
and sizes of samples during CT scanning, the actual size represented by each voxel in the
three-dimensional reconstruction will be different. Therefore, the actual range of different
samples will be different if the same voxel range is selected. Pore structure information
such as the porosity and connectivity of all coal samples is shown in Table 7.

The porosity of L8-2 and L12 is 12.12% and 10.41%, the average pore size is 9.42 µm
and 17.61 µm, and the connectivity is 51.22% and 61.59%, respectively. The average number
of pores in L12 is more than that in L8, and the pores are more developed. Since the
communicating pore is identified as a whole pore, only the pore size distribution of isolated
pores is counted in Figure 11. As shown in Figure 11, in the range of 0~15 µm, the pore
volume ratio of L8-2 is higher and the micropores are more developed. In the range of
0~50 µm, the pore volume ratio of the two samples is similar, while L12 develops more
pores above 50 µm. At the same time, the Df of the two coal samples is 2.4 and 2.3,
respectively, which also shows that the pore heterogeneity of L8-2 is higher, the micropores
are more developed and the connectivity is worse.
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Table 7. Pore information of µ-CT experiment.
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L8-2 4496 3.32 12.12% 9.42 51.22% 2.40
L12 5116 6.91 10.41% 17.61 61.59% 2.30
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3.4. Pore Adsorption Characteristics Based on Methane Isothermal Adsorption Experiment

The experimental results of the methane isothermal adsorption of coal samples L7,
L8-1, L9 and L12 are shown in Table 8, and the isothermal curves of methane adsorption
are shown in Figure 12.

Table 8. Experimental results of isothermal adsorption.

Sample VL (m3/t) PL (MPa) R2

L7 13.01 0.81 0.99
L8-1 10.76 1.28 0.99
L9 14.19 0.76 0.99

L12 15.61 0.56 0.99
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When the VL value of coal sample is larger, it is shown that the coal has stronger ability
to absorb gas. The adsorption capacity of each coal sample increases with the increase in
pressure, and the increase in speed decreases gradually. The adsorption capacity of L12
is the largest, that of L8-1 is the smallest, and that of L9 is slightly larger than that of L7.
Basically, with the increase in the buried depth of the coal seam, the gas adsorption capacity
of coal seam gradually increases. Except for L7, the VL of L8-1, L9 and L12 increases in turn,
and the VP decreases in turn, indicating that the buried depth of the coal seam is directly
proportional to VL and inversely proportional to VP. The gas adsorption capacity of L7 is
higher than that of L8-1, mainly because the pores of L7 are more developed than those of
L8-1. At the same time, the coal sample of the No.12 coal seam has the strongest ability to
absorb gas.

3.5. Influence of Pore-Fracture Structure of Coal Reservoir on Gas Adsorption, Diffusion and
Seep age

The traditional view is that about 90% of the gas in a coal seam is attached to pore
surfaces in an adsorption state, especially in micropores. Generally, the adsorption of gas
molecules on the surface of coal is mainly carried out by the attraction of gas molecules
by the adsorption potential on the pore wall. There are differences in methane adsorption
forms in pores with different sizes, and gas molecules in micropores are mainly enriched
in the form of filling, which is caused by the superposition potential energy of adsorption
force fields in micropores. Additionally, the gas molecules in transition pores, mesopores
and macropores are mainly covered on the pore surface [38].

Coal mass is a “dual medium system” combustible organic rock with a complex pore
and fracture network. The migration and output of gas in coal generally goes through
three stages: desorption, diffusion and seepage [39]. The fluid molecules in the micropore
adsorption state directly affect the migration law of gas in the first and middle stages,
and indirectly control the dynamic characteristics of gas desorption in the later stage. Gas
molecules with different pore structures have different migration forms. Scholars generally
regard pores larger than 1.5 nm as gas diffusion channels, and gas diffusion channels are
the connecting parts between adsorption filling spaces and seepage channels. The seepage
of gas in cracks is mainly driven by a pressure gradient. After many scholars’ research,
a pore size of 100 nm can basically be regarded as the dividing point between diffusion
pores and seepage pores. Figure 13 shows the main occurrence and migration modes of
gas in different pores of coal. Most gas molecules are attached to the multi-stage structure
of filling pores, diffusion pores and seepage pores in an adsorption state, and a small
number of gas molecules exist in free state, while micropore filling is the main mode of
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gas occurrence in coal, and micropore filling with a size of less than 1.5 nm accounts for
a high proportion. Micropores and transition pores larger than 1.5 nm act as diffusion
channels, and both adsorbed gas and free gas exist in this space. The mesopores and
macropores are the gas seepage channels, which provide most of the free gas. In this paper,
the pore structure and methane adsorption characteristics of the four main coal seams in
Lvjiatuo Mine were quantitatively characterized. The results show that the mesopores and
macropores in the No.9 coal seam are the most developed, and the gas seepage capacity is
the strongest. The micropores and transition pores in the No.7, No.8 and No.12 coal seams
are highly developed and close to each other, and the methane adsorption characteristics
are ranked as follows: No.12 coal seam > No.9 coal seam > No.7 coal seam > No.8 coal
seam. Meanwhile, combined with the buried depth of each coal seam and the lithology
difference of the roof and floor, it is predicted that the gas content in the pores of the No.12
coal seam is the highest, and abnormal gas emissions and gas outbursts are most likely to
occur. The roof of No.8 coal seam is mudstone, which has good sealing effect on gas, so gas
outbursts in No.8 coal seam should also be prevented. Therefore, during the gas drainage
and control, it is suggested that the pumping quantity should be controlled in the order of
No.12 coal seam > No.8 coal seam > No.7 coal seam > No.9 coal seam.
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4. Conclusions

In this paper, LT-N2GA, MIP and µ-CT coal pore testing experiments are used to study
the pore structure characteristics of the main coal seams in Lvjiatuo Mine, and methane
isothermal adsorption experiments are used to study the gas adsorption capacity of main
coal seams. The influence of coal seam pore structure on coal seam gas adsorption and
diffusion in the study area is also discussed, and the conclusions are as follows:

(1) The adsorption–desorption curves of all coal samples are of type III, and the pore
development types of all coal seams are similar. Micropores and transition pores
contribute most of the pore volume and pore specific surface area. By comparing the
pore structure characteristics of all coal seams, the macropores of the No. 9 coal seam
are the most developed, and the connectivity is also the best, providing channel sfor
gas diffusion and seepage. The micropores of the No. 7, 8, 11 and 12 coal seams are
more developed, providing the main gas adsorption place.

(2) The three-dimensional pore network structure of coal is intuitively displayed through
µ-CT experiments, and the connected pores and isolated pores are distinguished. The
connectivity provides a basis for the comparison of gas adsorption, diffusion and
seepage capacity in coal. The heterogeneity of coal pores is quantitatively character-
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ized by fractal theory. The more micropores that are developed, the higher the fractal
dimension and the higher the porosity heterogeneity are. The gas adsorption capacity
of all coal seams is compared through the methane isothermal adsorption experiment.

(3) Based on previous research and the pore structure characteristics of all coal seams
in this paper, the influence of the pore-fracture structure of coal reservoirs on gas
adsorption, diffusion and seepage is discussed, and finally the gas outburst risk of
each coal seam is predicted. The prediction conclusion shows that abnormal gas
emissions and gas outbursts are most likely to occur in the No.12 coal seam. The
experimental results have important guiding significance for gas prevention and
control in deep mining.
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