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Abstract: In order to investigate the difference of pore structure characteristics between mudstone
and coal under different particle size conditions, samples acquired from Henan province were
smashed and screened into three different particle sizes (2040, 80-100, and >200 mesh) to conduct
the experiments, using the high-pressure mercury intrusion porosimetry (MIP) and low-temperature
N, adsorption (LT-NA) techniques. The results demonstrated that the proportion of open pores
or semi-enclosed pores increased, and the pores became preferable contacted each other for both
mudstone and coal during the crushing process. These variations of pore structure characteristics
in the coal were beneficial to methane storage and migration. The total specific surface areas and
pore volumes all showed a tendency of increasing continually for both mudstone and coal, as the
particle sizes decreased from the LT-N, A test. The mudstone and coal were non-rigid aggregates with
micropores, plate-shaped pores, and slit-shaped pores developed inside. The effect of the crushing
process on the pore shape for the mudstone and coal was inappreciable. Moreover, the influence of
the particle sizes on the mesopore was the most significant, followed by the macropore; and on the
micropore, the influence was negligible for both mudstone and coal. The crushing process only had a
significant impact on the pore structure of mudstone with a particle size of less than 100 mesh, while
it could still alter the pore structure of coal with a particle size of larger than 100 mesh. It is believed
that this work has a significant meaning to explore the diffusion and migration rules of coal-bed
methane in coal.

Keywords: coal; mudstone; pore structure characteristics; mercury intrusion porosimetry measurement;
low-temperature N; adsorption

1. Introduction

Coal is a structurally and chemically heterogeneous organic rock with a complicated
dual-porosity structure [1,2]. Coal’s pores and fissures are not merely the primary storage
sites for coal-bed methane (CBM), but also provide the channels for methane desorp-
tion, diffusion, and seepage [3,4]. Therefore, the research about coal’s pore and fissure
structure characteristics has important practical significance for the CBM exploitation and
utilization, the disaster and prevention of methane, and the improvement of domestic air
quality [5,6]. Various analysis technologies have been applied for characterizing the pore
and fissure structure of coal, mainly including (1) the fluid penetration and gas adsorption
method, such as high-pressure mercury intrusion porosimetry (MIP) [7], low-temperature
N, adsorption (LT-NyA), and low-pressure CO, adsorption (LP-CO,A) [8]; (2) the micro-
scopic observation method, such as visual observation (indoor coal core description and
underground coal wall observation) [9,10], optical microscopy (OM) [11], field emission
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scanning electron microscopy (FESEM) [12], high-resolution transmission electron mi-
croscopy (HRTEM) [13], atomic force microscopy (AFM) [14], focused ion-beam-scanning
electron microscopy (FIB-SEM) [15], etc.; (3) the radiographic detection method, such
as X-ray computed microtomography technology (X-ray CT) [16], 1*C nuclear magnetic
resonance spectroscopy (13C NMR) [17,18], small angle neutron scattering (SANS) [19,20],
small angle X-ray scattering (SAXS) [21,22], micro-resistivity imaging logging (MIL) [9],
and so on. Amongst them, the MIP, LT-NA, and LP-CO,A are the most widely applied ap-
proaches for evaluating the coal’s pore and fissure structure due to owning the advantages
of low cost and simple operation [23].

The literature research demonstrates that the pore-and-fissure structure of coal is
affected by various parameters, including coal rank, the degree of coal deformation, coal
maceral composition, mineral matter content in coal, the particle size of coal, and tempera-
ture [4,12,24-26]. Lately, some progress has been made about the influence of the particle
size on the coal’s pore/fissure structure. For example, Cheng et al. demonstrated that the
pore volume and specific surface area of coal were negatively correlated with the reducing
particle size, using the LT-N, A method, which might ascribe to that the crushing process
opened inaccessible and closed pores. Moreover, they found that the optimal adsorption
equilibrium time for the LT-N A test was 8 min [26]. Chen’s group verified that decreasing
the particle size of coal leads to a consecutive increase in mesopore- and macropore-specific
surface areas and volumes for the pulverized anthracite subsamples, and the closed pores’
contribution to the total pore volume was 94.94% [11]. Wang’s team concluded that meso-
pore specific surface area and volume were highly correlated with particle size, while
micropore features were not correlated with particle size for low volatile bituminous coals,
using the LT-N A and LP-CO, A experiments [8]. Because of the composition differences
between the mudstone and coal, their pore characteristics, such as the pore specific surface
area, pore volume, pore size distribution, pore shape, and pore connectivity, might show a
difference. However, few studies have discussed in detail the difference of pore structure
characteristics between mudstone and coal under different particle size conditions through
the MIP and LT-N,A measurements.

Herein, the mudstone and coal samples acquired from Pingdingshan coal mine in
Henan province, Central China, were smashed and screened into three different particle
sizes (20-40, 80-100, and >200 mesh). The information about the variations in pore structure
characteristics between mudstone and coal subsamples with varying particle sizes was
systematically analyzed by the MIP and LT-N; A measurements. The pore variables test
mainly included specific surface areas and volumes of macro-, meso-, and micropores, as
well as pore size distribution. Moreover, the pore geometric textures, such as pore shape,
porosity, and pore connectivity, were also concluded via the analysis of the hysteresis loops
of the MIP and LT-N,A testes. This study can offer a valuable reference for exploring the
diffusion and migration rules of CBM in coal, which has paramount practical significance
for guiding the coal mine and gas outburst and evaluating CBM reserves and exploitation.

2. Materials and Methods
2.1. Chemicals and Instruments

The deionized water (electrical conductivity: 0.1-1 pus/cm), standard sieves (GB/T
6003.1-2012, Shaoxing Shangyu Huafeng Hardware Co., Ltd., Shaoxing, China), vacuum-
drying chamber (DZ-2A1V, Tianjin Tester Instrument Co., Ltd., Tianjin, China), automatic
mercury injection apparatus (Auto Pore Iv 9510, Norcross, GA, USA), and automatic surface
area and porosity analyzer (Micromeritics ASAP 2460, Norcross, GA, USA).

2.2. The Preparation of Mudstone and Coal Samples

The mudstone and coal specimens were taken from the No. 2 mine of the Pingdingshan
coal mine in Henan province, Central China. The coal belongs to fat coal. To minimize
the innate differences of physical and chemical structures in mudstone or coal samples,
the mudstone or coal samples were all collected from the adjacent area of the same coal
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floor or coal seam at the coal-mining face. The obtained samples were sealed in resealable
bags to prevent oxidization by air, and then they were immediately transported to the
laboratory for further experiments. The original mudstone and coal samples were smashed
and sieved into three distinct particle diameters, using standard sieves (2040, 80-100, and
>200 mesh), and the resulting six mudstone and coal samples were labeled as A1, A2, A3,
B1, B2, and B3, respectively.

2.3. Experimental Methods

The MIP measurement was conducted by using a mercury injection apparatus. The
maximum pressure of the device was 228 Mpa (33,000 1b), and the measurement range
of the aperture was 5-1 x 10° nm. The mercury injection pressure in this work was from
0.1 to 60,000 Pa, and the volumetric veracity of mercury intrusion and extrusion was short
of 0.1 uL. Prior to the test, the samples should be dried to the constant weight at 105 °C.
The LT-N, A measurement was carried out by using a surface-area and porosity analyzer.
Before the analysis, the samples were placed in a vacuum drying chamber and heated
at 110 °C for eight hours to get rid of the surface water or other impurities. After the
pretreatment of mudstone and coal samples, the LT-N, A measurement was conducted.
The N; adsorption and desorption isotherms were acquired in the relative pressure (P/Py)
range between 0.01 and 0.99. Based on the adsorption branch of isotherms, the specific
surface areas, pore volumes, and pore size distribution of the mudstone and coal specimens
were analyzed by using the Barrett-Joyner-Halenda (BJH) theory.

At present, there are two commonly used classification schemes about the pores and
fissures in the porous material: the decimal aperture classification system suggested by B. B.
XOIOT and the scheme suggested by the International Union of Pure and Applied Chem-
istry (IUPAC) [27,28]. The IUPAC pore standards were followed in this work: macropore
(>50 nm), mesopore (2-50 nm), and micropore (<2 nm).

3. Results and Discussion
3.1. The MIP Measurement

The MIP intrusive and extrusive profiles of the mudstone and coal specimens under
distinct particle size conditions are displayed in Figure 1. We can see that both the mudstone
and coal samples showed similar MIP shapes. However, the specific parameters, such as
the cumulative intrusion volume of mercury, the mercury withdrawal efficiency, and the
hysteresis cycles’ degrees, were disparate for the mudstone and coal specimens with diverse
particle diameters. The mercury’s cumulative intrusion volume for mudstone specimens
increased gradually with the decreasing particle sizes. Nevertheless, the cumulative
intrusion volume of mercury in the coal sample was highest when the particle size was
80-100 mesh. This diverse phenomenon might be due to the different formation reasons of
mudstone and coal, and coal mainly contained organic materials, while mudstone mainly
contained inorganic materials [8,29]. Moreover, it is observed that the mercury withdrawal
efficiency gradually decreased as the particle sizes decreased for all the samples, thus
indicating that the isolated massive pore clusters occurred in the continuous tiny pore
networks in the samples with small particle sizes. In such aperture systems, mercury was
primitively drawn from tiny apertures as pressure declined. With the further reduction
of pressure for extruding mercury from the huge apertures, the tiny pore throat channels
were fragmented by mercury, and a large amount of mercury remained in the huge isolated
pores, leading to a low mercury-extrusion efficiency [30,31].
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Figure 1. MIP intrusive and extrusive curves of the mudstone (a) and coal (b) samples under different

granule diameter conditions.

Additionally, the hysteresis loop of MIP profiles is a handy tool to evaluate the pore
network structure and connectivity of porous medium [28,30]. In general, the MIP profiles
of open pores and chokepoint holes (such as the inkstand hole) have hysteresis loops
because the mercury ejection pressure was not equal to the mercury injection pressure [32].
As shown in Figure 1a,b, with the granule diameter decreased, the hysteresis loops of
both mudstone and coal became more pronounced, suggesting that the proportion of open
holes in mudstone and coal increased, and the holes became preferably contacted with
each other. Furthermore, the changing trend of the hysteresis loop in mudstone was more
apparent, indicating that the crushing process had a more significant impact on mudstone.
According to the previous study, the change of pore characteristic for coal in the smashing
process verified that it was beneficial to the methane storage and migration in coal [32,33].

The pore structural parameters of mudstone and coal specimens with distinct granule
diameters from the MIP measurement are summarized in Table 1. In order to accurately
and comprehensively describe the pore structure characteristics, the only pore data above
50 nm from the MIP measurement were analyzed. The total pore areas of A1, A2, A3, B1, B2,
and B3 specimens were 7.14, 26.78, 32.10, 18.75, 23.60, and 33.31 m2/ g, respectively, which
indicated that the total pore areas of mudstone and coal samples all gradually increased as
the particle sizes decreased. Moreover, the macropore pore areas of both mudstone and
coal also displayed the same variation rules. As shown in Figure 2a,b, with the decreasing
of granule diameters, the contribution of the mesopore and macropore of both mudstone
and coal to the pore areas gradually increased. The porosities of both mudstone and coal
also progressively increased as the granule diameters reduced, and the A3 (>200 mesh)
and B3 (>200 mesh) have the highest porosities, and they were respectively 61.24% and
63.05%. These analyses all suggested that some closed holes in mudstone and coal were
converted to semi-enclosed or open holes during the crushing process. Moreover, some
long pores became short pores, or some crosslinked holes were potentially separated into
different segments because of their smaller particle sizes [28,34].

Table 1. Pore structural parameters of mudstone and coal specimens with distinct granule diameters
from the MIP measurement.

Samples A1l A2 A3 B1 B2 B3
Total pore area (m?2/ g) 7.14 26.78 32.10 18.75 23.60 33.31

Micropore pore areas (m?2/ g) 0 0 0 0 0 0
Mesopore pore areas (m?/g) 6.64 23.92 28.26 18.11 22.84 31.93
Macropore pore areas (m?/ g) 0.50 2.86 3.84 0.64 0.76 1.38
Total pore volume (cm?3/ g) 0.24 0.47 0.69 0.68 0.90 0.73

Micropore volume (cm?/g) 0 0 0 0 0 0
Mesopore volume (cm3/ g) 0.03 0.09 0.10 0.05 0.07 0.10
Macropore volume (cm3/g) 0.21 0.38 0.59 0.63 0.83 0.63

Porosity (%) 38.61%  59.89%  61.24%  47.08%  51.98%  63.05%
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Figure 2. Curves of incremental pore area vs. pore diameter of the mudstone (a) and coal
(b) specimens with distinct granule diameters, and the inserts were the partial enlargement curves,
the curves of incremental pore volume vs. pore diameter of the mudstone (c) and coal (d) specimens
with distinct granule diameters.

As shown in Table 1, with the reducing granule diameter, the total pore and macropore
volumes of mudstone all increased continually. In contrast, the total pore and macropore
volumes of coal increased first and then decreased. This finding might be down to the
fact that partial macropores of the coal sample with a particle size bigger than 200 mesh
were destroyed. The curves of incremental pore volume vs. pore diameter of the mudstone
and coal specimens with distinct granule diameters are exhibited in Figure 2¢,d. We can
conclude that the contribution of the smaller holes to the pore volume gradually increased
for both mudstone and coal as the granule diameter reduced. Figure 3 exhibits the pore-size-
distribution profiles of the mudstone and coal specimens with distinct granule diameters
from the MIP measurement. With respect to Al, the A2 and A3 samples displayed similar
pore-size-distribution curves, except for the number of pores. However, for coal, it was
observed that the prominent peaks of pore-size-distribution curves gradually moved to the
left, indicating the increase of smaller pores. These findings indicated that the crushing
process only had a significant impact on the pore feature of mudstone with the granule
diameter of less than 100 mesh, while the crushing process still could alter the pore feature
of coal with granule diameter of greater than 100 mesh.
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Figure 3. Pore-size-distribution profiles of the mudstone (a) and coal (b) specimens with distinct
granule diameters from the MIP measurement.

3.2. The LT-N, A Measurement

The LT-N,A isotherms of the mudstone and coal specimens with distinct granule
diameters are shown in Figure 4. According to the IUPAC criteria, the adsorption isotherms
of porous materials can be divided into eight categories, and the resulting hysteresis cycles
have five sorts [28,35]. We can see that the isotherms of all specimens with different
granule diameters in this paper presented similar shapes and could be categorized as
an integration of type IV/II isotherms. The adsorption process of the mudstone and
coal samples had, in sequence, undergone the micropore filling, multimolecular layer
adsorption, multimolecular layer adsorption, capillary condensation in the mesopores, and
the ultimate saturation platform [36]. The N, adsorbed quantities of the mudstone samples
A1 (2040 mesh), A2 (80-100 mesh), and A3 (>200 mesh) were 9.96, 26.25, and 26.19 cm?/ g,
respectively, which showed a law of increasing first and then almost unchanged as the
granule diameter decreased. However, the N, adsorbed quantities of the coal samples
B1 (20—40 mesh), B2 (80-100 mesh), and B3 (>200 mesh) were 1.45, 1.59, and 3.81 cm3/ g,
respectively, and they displayed a law of increasing gradually as the granule diameter
decreased. This phenomenon further showed that the crushing process could alter the
pore structure of coal with granule diameter of larger than 100 mesh, but not for mudstone.
Furthermore, the shape of hysteresis loops for all samples could be classified as Type
H4, indicating that these mudstones and coals samples were non-rigid aggregates with
micropores, plate-shaped pores, and slit-shaped pores developed inside [37]. As the granule
diameter decreased, the hysteresis loops’ shapes for all samples was hardly unchanged,
suggesting that the crushing procedure had little effect on the hole shape [26].
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Figure 4. LT-N,A isotherms of the mudstone (a) and coal (b) specimens with distinct granule
diameters.

The BJH pore structural parameters of the mudstone and coal specimens with distinct
granule diameters from the LT-NyA measurement are shown in Table 2. To increase
the precision rate of the analysis, the pore-structure data below 50 nm from the LT-N, A
measurement were used. As shown in Table 2, we can see that the total and mesopore
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specific surface areas of the mudstone and coal specimens all increased gradually with
the decreasing of granule diameters. Moreover, the mesopore volumes of the mudstone
samples A1, A2, and A3 were respectively 0.00755, 0.01884, and 0.01984 cm3/g, and the
mesopore volumes of the coal samples B1, B2, and B3 were respectively 0.00058, 0.00088,
and 0.00224 cm®/g, which all showed a tendency of increasing continually. These results
strongly demonstrated that decreasing the granule diameters led to a successive increase in
mesopore-specific surface areas and volumes for both the mudstone and coal specimens.

Table 2. BJH pore structural parameters of the mudstone and coal specimens with distinct granule
diameters from the LT-N, A measurement.

Samples A1l A2 A3 B1 B2 B3
Total specific surface area (m?2/ g) 4.63 10.37 10.52 0.38 0.54 1.46
Micropore specific surface area (m?/g) 0.29 0.35 0.34 0.05 0.04 0.14
Mesopore specific surface area (m?2/ g) 3.94 8.7 8.92 0.261 0.428 1.14
Macropore specific surface area (m?/g) 0.40 1.32 1.26 0.069 0.072 0.18
Total pore volume (cm?3/ g) 0.016 0.041 0.042 0.0022  0.0025  0.0060

Micropore volume (em3/ g) 0.00015 0.00016 0.00016 0.00002 0.00002 0.00006
Mesopore volume (em3/ g) 0.00755 0.01884 0.01984 0.00058 0.00088 0.00224
Macropore volume (cm3/ g) 0.0083 0.022 0.022 0.0016  0.0016  0.0037

The micropore specific surface areas of the mudstone with granule diameters of
20-40 mesh (A1), 80-100 mesh (A2), and >200 mesh (A3) were 0.29, 0.35, and 0.34 cm?/ g,
respectively, which first increased and then decreased. The micropore specific surface areas
of the coal with granule diameters of 2040 mesh (B1), 80-100 mesh (B2), and >200 mesh
(B3) were 0.05, 0.04, and 0.14 cm® /g, respectively, which decreased first, followed by an
increase. However, the micropore volumes of both the mudstone and coal samples showed
little change as the particle size changed, thus indicating that the crushing procedure
almost did not influence the micropore characteristics of the mudstone and coal. Besides,
combined with the analyses of the MIP measurement on the macropore and the LT-N, A
measurement on the mesopore, we can conclude that the effect of the crushing process on
the mesopore was the most significant, followed by the macropore, and on the micropore,
it was negligible for both the mudstone and coal samples.

The pore-size-distribution curves of the mudstone and coal specimens with distinct
granule diameters from the LT-NyA measurement are exhibited in Figure 5. For the
mudstone specimens, as the granule diameters decreased, the proportion of mesopores
increased, and that of micropores decreased. However, the A2 and A3 specimens showed
very similar pore-size-distribution profiles. For the coal specimens, the proportions of
mesopores and micropores all increased with the decreasing of the granule diameters.
The above results indicated that the crushing process could modify the pore structure
characteristics of coal with granule diameter of larger than 100 mesh, but not apparent
for mudstone with the same particle size, which gave very good agreement the results of
Figures 3 and 4.
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Figure 5. Pore-size-distribution curves of the mudstone (a) and coal (b) specimens with distinct

granule diameters from the LT-N; A measurement.
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4. Conclusions

In summary, the mudstone and coal samples collected from the Pingdingshan coal
mine were smashed and sieved into three distinct granule diameters. A series of the MIP
and LT-N, A measurements were conducted to probe the influence of the granule diameters
on the pore structure characteristics of mudstone and coal. The conclusions are as follows:
(1) The MIP tests revealed that, as the particle sizes decreased, the mercury withdrawal
efficiency decreased, whereas the porosities increased gradually, and the hysteresis loops
became more evident for both mudstone and coal, indicating that the proportion of open
pores or semi-enclosed pores increased and the pores became preferable contacted each
other during the crushing process. The change in the coal pore structure in the smashing
process was beneficial to methane storage and migration. (2) The LT-N; A measurements
revealed that, with the decreasing of the granule diameters, the total specific surface areas
and pore volumes all showed a tendency of increasing continually for both mudstone
and coal. The shape of hysteresis loops indicated that mudstone and coal were non-rigid
aggregates with micropores, plate-shaped pores and slit-shaped pores developed inside,
and the crushing procedure has little effect on the pore shape. (3) The effect of the particle
sizes on the mesopore was the most significant, followed by the macropore, and on the
micropore, it was negligible for both mudstone and coal. The crushing process could
modify the pore structure characteristics of coal with a granule diameter of larger than
100 mesh, but not apparent for mudstone with the same particle size.
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