2 ™ processes MBPY

Article

Characterization of Pores and Fractures in Soft Coal
from the No. 5 Soft Coalbed in the Chenghe
Mining Area

Pan Wei 1200, Yunpei Liang -2, Song Zhao 3, Shoujian Peng 1%*(, Xuelong Li 1>*
and Ran Meng *

1 State Key Laboratory of Coal Mine Disaster Dynamics and Control, Chonggqing University,

Chonggqing 400044, China; weipan21@126.com (P.W.); liangyunpei@126.com (Y.L.)

College of Resources and Environmental Science, Chongqing University, Chongqing 400044, China
Development Department, Tarim Oilfield Company, China National Petroleum Corporation,

Korla 841000, China; zhaosong002@126.com

College of Safety Science and Engineering, Xi’an University of Science and Technology, Xi'an 710054, China;
mcr615@126.com

Correspondence: sjpeng@cqu.edu.cn (S.P.); lilxcumt@126.com (X.L.);

Tel.: +86-186-8087-1822 (S.P.); +86-182-2309-3975 (X.L.)

Received: 29 November 2018; Accepted: 25 December 2018; Published: 31 December 2018 ﬁr:,e(fgtz)sr

Abstract: The characteristics of the pore structure and gas migration in soft coalbeds are the premise
of evaluating gas discharge in soft coalbeds. To explore the pore structure characteristics of soft
coal masses, the No. 5 soft coalbed in the eastern zone of Chenghe Mining Area, was investigated
and compared with the No. 5 hard coalbed in the western zone. By using a mercury intrusion
method, low-temperature liquid nitrogen adsorption, and scanning electron microscopy (SEM),
the pore structure characteristics of the No. 5 coalbed were explored. Moreover, based on fractal
theory, the pore structure of coal was characterized. The results showed the pores in soft coal
mainly appeared as small pores and micropores in which the small pores accounted for nearly half
of the total pore volume. Mesopores and macropores were also distributed throughout the soft
coal. The mercury-injection and mercury-ejection curves of soft coal showed significant hysteresis
loops, implying that pores in coal samples were mainly open while the mercury-injection curve of
hard coal was consistent with its mercury-ejection curve, showing no hysteresis loop while having
an even segment, which indicated that closed pores occupied the majority of the pore volume in
the coal samples. The curves of low-temperature nitrogen adsorption of soft coal all follow an
IV-class isotherm. Moreover, the fractal dimensions of soft coal are respectively larger than the fractal
dimensions of hard coal. It can be seen that the characterization of pores and fractures of the soft coal
was different from the hard coal in the western distinct of the old mining area. The gas prevention
and control measures of soft coal should be formulated according to local conditions.

Keywords: coalbed methane (CBM); soft coal masses; pore structure; fractal pore characteristics

1. Introduction

With increasing industrial development, the demand for fossil-fuel energy has constantly
increased, and especially that for oil and coal [1]. Since the implementation of reform and opening-up
policies, China’s economy has grown rapidly, causing China’s demand for energy to rise; however,
China’s coal resource reserve ranks third in the world at a proportion of 11.6%, so the coal-based energy
consumption structure of China will not change within the short-term. Therefore, coal resources show
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a significant promotional effect on the development of China’s economy, exerting strategic influences
thereon [2,3].

To satisfy the demand for coal and realize high-yield, rapid coal mining, many coal mine
accidents occur in China [4,5]. Coal mine accidents which result in more than 10 deaths are generally
gas accidents, which occur at the highest frequency and cause the largest damage [6,7]. Besides,
coal generates a large amount of greenhouse gas (CO,) during its near-constant consumption,
consequently leading to increasingly severe climate warming. It also causes problems such as the
re-distribution of global precipitation, the melting of glaciers and frozen soil, and sea-level rise.
Moreover, airborne haze not only threatens the natural ecological balance but also threatens human
survival [8-10]. Currently, cities, towns, and villages in China have begun burning gas instead of coal
and dismantling numerous coal-burning boilers. The reasons are attributed to two aspects: on the one
hand, coal combustion generates greenhouse gases; on the other, gas problem appears in coalbeds
during mining [11]. Gas in coalbed is both a source of disasters and energy (as coalbed methane
(CBM)). CBM is an associated resource of coal, and as a non-conventional natural gas, is an efficient
clean energy source [12,13].

The greenhouse effect of methane is more than 20 times that of CO, [14]. For gas prevention
in coalbed, gas extraction plays an important role, however, the permeability of coalbed in China is
poor and gas extraction efficiency in coalbed is low. Moreover, the gas concentration in the pipeline
for gas extraction is low and the technology and equipment available for efficiently utilizing this
low-concentration gas remain immature, which results in a low utilization ratio of gas. Additionally,
existing equipment and operating costs are high. Therefore, in many mines, the measures necessary for
gas utilization are not taken and also the extracted gas is directly emitted to atmosphere, so gas drainage
rather than gas extraction and coal mining is implemented [15]. As an efficient clean energy source,
CBM has good prospects in terms of being developed to a large-scale and utilized [12]. The efficient
extraction of gas in coalbed can reduce the occurrence of gas disasters in mines to ensure safety.
To extract gas at a high concentration exerts a positive influence on changes to China’s energy structure
and reduced greenhouse effect contribution [15].

Coalbed is also called a double-porosity medium owing to its containing tiny pore structures with
multiple morphologies [16]. The pore and fracture network in a coal mass becomes the main channel
for gas migration in coalbed, therefore, the higher the degree of development of the pore and fracture
network in a coal mass is, the higher the gas permeability is, and the higher the gas extraction effect
is [17-19]. However, the permeability of coalbed in China is generally poor. Therefore, to improve the
connection of pores and fractures in coalbed, it is necessary to increase the permeability of coalbed by
utilizing hydraulic fracturing, hydraulic slotting, directional drilling, or deep-hole blasting [20-23].
In particular, the majority of soft coal shows dynamic phenomena or outburst risk owing to it exhibiting
various characteristics such as poor permeability, low strength, rapid gas desorption velocity, and high
gas content. The thickness of soft coalbed changes and the majority thereof is unstable. The thickness
of soft coalbed varies from several centimeters to the height of the whole coalbed and soft coalbed in
different areas show a great discrepancy. Thus, investigating the characteristics of pore and fracture
structure is important [11].

Pore structure in coal refers to the size, shape, development, and interactive relationship
in coalbed. The basic parameters for characterizing pore structure in coal include: pore size,
specific pore volume, specific surface area (SSA), porosity, and median pore size [24-27]. Numerous
scholars have explored the porosity characteristics of coalbed by utilizing different methods [28—49].
The methods for quantitatively characterizing the porosity characteristics of coalbed mainly include
liquid injection methods, non-fluid injection methods, and image analysis methods. The fluid injection
methods mainly involve mercury intrusion porosimetry, CO, adsorption, liquid nitrogen adsorption,
and nuclear magnetic resonance (NMR) [28,31]. Non-fluid injection methods mainly include: small
angle X-ray scattering (SAXS), small angle neutron scattering (SANS), focused ion beam-scanning
electron microscope (FIB-SEM), and micron-resolution computed tomography (u-CT) [34,41-43].
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The image analysis methods mainly use scanning electron microscopy (SEM), atomic force microscope
(AFM), transmission electron microscope (TEM), and field emission scanning electron microscopy
(FESEM) [46-49].

Due to being restricted by experimental method limitations, fluid injection methods are only able
to test open pores in coal masses while failing to characterize closed pores: however, fluid injection
methods are widely used in coal masses. Generally, when investigating the characteristics of pores
and fractures in a coalbed, the pore and fracture structures thereof are quantitatively characterized by
combining CO; (or low-temperature Ny) adsorption methods with mercury intrusion porosimetry.
On this basis, the specific area of pores, pore volume, and pore size distribution characteristics are
discussed. Additionally, the fractal characteristics of pores and fractures with different sizes are
investigated based on different mathematical models [28-32]. The mercury intrusion experiment
is also widely applied, based on which the relationship between pore volume and pressure can be
established [33].

In recent years, multiple non-destructive and efficient non-fluid injection technologies have been
applied to characterize pores and fractures in coalbed. SAXS/SANS technology is applicable to
fragile samples whose core is hard to drill. By using this method, coal samples are not damaged
during measurement. Compared with CO, /N, adsorption methods, SAXS/SANS technology can
be used for testing under different temperatures and pressures and the acquired pore information
is not restricted by the interactive effect between fluids and surfaces, shielding effects, and pore
connectivity. It is feasible to analyze information about closed pores in coalbed and various parameters
including porosity, pore size distribution, and SSA [34-36]. FIB-SEM and p-CT technologies can
reveal the three-dimensional (3D) continuous change and anisotropic characteristics of pores and
fractures [37—41]. FIB-SEM technology is widely used to quantify nano-sized pores in coal of different
ranks [42-45].

Image analysis technology can be adopted to observe the pores in coalbed by using
micro-observation technology under a microscope to further acquire images and qualify various
characteristics such as size, shape, connectivity, and surface morphology of pores. The results are
intuitively visible and qualitative and quantitative analyses can be combined with statistical analysis:
data on pores obtained by using SEM image analysis technology has become a research hot-spot [46-49].
By using TEM and AFM technologies, one not only can explore the molecular structure and surface
characteristics of coal but also can characterize the pore structure [47].

As we can see, different methods for characterizing pore and fracture structures have their own
advantages and disadvantages as well as the pore diameter measurement ranges. Investigating the
basic characteristics of pore and fracture structures in soft coal from different regions is important
when efficiently developing CBM, improving the gas extraction efficiency in coalbed, controlling gas
accidents in mines, and reducing the greenhouse effect caused by coalbed gas. The No. 5 coalbed
in the western zone of Chenghe Mining Area, Shaanxi Province, China contains hard coal. Heyang,
Shanyang, and Xizhuo Coal Mines are located in the new district in the eastern part of the mining
area. During the construction of the three new mines, the property of No. 5 coalbed exposed was quite
different from that of No. 5 coalbed in the west area. The No. 5 coalbed in the east area is softer and
higher gas content than No. 5 coalbed in the west area. On this basis, the characterization of pores and
fractures of the No. 5 soft coal newly exposed in the east area were investigated by applying mercury
intrusion porosimetry, low-temperature liquid nitrogen adsorption, and SEM: the pore structure of
coal was also characterized by use of fractal theory, which can be used for the future gas prevention
and control foundation of the new mining area, as well as studying the No. 5 hard coal in the west area.
In this way, the pore structure of soft coal in Chenghe Mining Area was investigated and compared
with that of the No. 5 hard coalbed of Dongjiahe Coal Mine in the western part of the mining area
which are same coalbed and belonged to the same mining area. This provides a theoretical basis for
investigating the gas adsorption, desorption, and gas extraction of the No. 5 coalbed in the eastern
zone of the new mining area.
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2. Materials and methods

2.1. Selection of Coal Samples

The No. 5 main mineable coalbed in Shanyang (SY), Heyang (HY), and Xizhuo (XZ) Coal Mines
and the No. 5 main mineable coalbed of Dongjiahe (DJH) Coal Mine were used for the experiments.
Moreover, the coal samples were all taken from the newly exposed surface of coalbed. Tables 1 and 2
list the parameters pertaining to the gas in coal samples and the coal-rock analysis result of coal
samples, respectively.

HY, SY, and XZ show a low Protodyakonov coefficient and a large initial diffusion velocity
(Table 1). Additionally, HY, SY, and XZ are softer, more friable, and cohesive, compared with DJH,
and showing unclear macroscopic bedding, and their surfaces appear as clastic, flake-shaped structures,
exhibiting typical characteristics of soft coal.

Table 1. Coal sample basic parameters.

Protodyakonov Initial Speed of Porosity Adsorption Constant Industrial Analysis
Sample Coefficient Methane Diffusion (%) 3 1 o o o
1) alem®g) bMpa)  Au (%)  Mug (%) Vg (%)
HY 0.93 22.27 11.19 22.66 1.34 33.28 0.54 18.35
SY 0.87 20.15 11.63 17.37 1.51 34.58 0.66 23.17
XZ 0.73 26.87 10.86 18.76 1.27 30.98 1.71 21.10
DJH 2.21 5.05 8.91 14.12 1.31 11.25 0.57 15.85

Note: HY, SY, XZ, and DJH refer to the coal samples taken from Heyang, Shanyang, Xizhuo, and Dongjiahe Coal
Mines, respectively. Soft coal includes HY, SY, and XZ while DJH represents a hard coal sample.

Table 2. Coal components.

Macerals

Sample Vitrinite — — — Mineral
Reflectance (%) Vitrinite Inertinite Chitinous Content (%)
Content (%) Content (%) Content (%)
HY 1.57 69.2 30.0 0 0.8
SY 1.76 73.8 18.7 0 7.5
XZ 1.86 65.1 33.6 0.1 1.2
DJH 1.78 404 46.6 0 12.8

It can be seen from Table 2 that SY coal samples showed 73.8% vitrinite content while DJH
exhibited the lowest vitrinite content, implying that the higher the gelatinization, the higher the
vitrinite content. The inertinite content was from 18.7% to 46.6%, which was proportional to the
fusinization in the later period of coal formation, and there was little-to-no exinite present.

2.2. Experimental Equipment and Test Methods

2.2.1. Mercury Intrusion Porosimetry

The MK-AutoPore IV9510 mercury injection apparatus (Micromeritics Instrument Corp, Norcross,
GA, USA) (Figure 1) was used, with a measurable pore size range of 0.003 to 1000 pm, which can be
used with two low-pressure (LP) pump stations and a high-pressure (HP) pump station or four LP
pump stations and two HP pump stations. The apparatus, at a pressure of 33,000 or 60,000 psi, allowed
volume precision for mercury injection or ejection of better than £0.1 uL. To eliminate the influences
of mineral impurities in coal samples and fractures caused by human factors on the measurement
result as far as possible, four types of experimental coal samples were crushed into particles at about 2
mm diameter.
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Figure 1. MK-AutoPore IV9510 mercury injection apparatus.

2.2.2. Low-Temperature Nitrogen Adsorption Method

The ASAP2020M (Micromeritics Instrument Corp, Norcross, GA, USA) automatic analyzer for SSA
and micropores (Figure 2) was employed. It can be used to analyze various parameters including single-
and multi-point BET (Brunauer, Emmett, and Teller) SSA, Langmuir SSA, pore size distribution, and
pore volume according to a static gauging method for isothermal physical adsorption. It is a classical
method for measuring the samples whose SSA is greater than 1 m?/g. Before preparing samples, it
is necessary to clean the sample cell using ethyl alcohol or acetone and then dry it. Three grams of
experimental coal samples (four types of each) were separately weighed and stored. Moreover, the
sample cells and tube plugs were labeled.

Figure 2. ASAP 2020M automatic analyzer for SSA (specific surface area) and micropores.

2.2.3. SEM Observation

The applied XIGMA SEM (Carl Zeiss AG, Oberkochen, Baden-Wiirttemberg, Germany) (Figure 3)
was characterized by a digital control system whose acceleration voltage was in the range 0.1 to 30 kV,
and it can be magnified by 12,000 to 500,000 times. Equipped with a zoom focusing system with
high resolution and high precision, it can be used to analyze microstructures of powdery, blocky,
and thin-film samples.
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Figure 3. The XIGMA SEM.

In the experiment, 1 to 2 cm? small-blocky coal samples were taken from coal blocks. Moreover,
relatively even natural fracture surfaces were chosen for observation, which were cleaned by gas
absorption. Afterwards, the observed surface was plated to form a conducting layer. The loosened
fragile soft coal should be treated gently at all times.

3. Results and Discussion
3.1. Characteristics of Pore Structure

3.1.1. Measuring Pore Structure by Mercury Intrusion Porosimetry

The results of mercury intrusion experiments are listed in Table 3: the displacement pressures of
soft coal were all larger than those of hard coal. The displacement pressure can be used to measure
the permeability of coalbed: the lower the displacement pressure, the better the permeability of a
coalbed. The permeability of soft coal was lower than that of hard coal. The mean radius of throat
of soft coal was 201.85 nm while the DJH hard rock showed the largest mean radius of throat of
341.29 nm. The mean mercury saturation of soft coal was 78.33% while DJH hard coal exhibited the
largest mercury saturation (92.97%). The mean mercury-ejection ratio of soft coal was 57.78% while
the mercury-ejection ratio of DJH hard rock was the largest, reaching 97.73%.

Table 3. Results of mercury intrusion experiments.

Displacement Mean Radius of Mercury Mercury Proportions of Pore Volume (%)
Sample Pressures Throat Saturation Ejection Ratio Small
(MPa) (nm) (%) (%) Macropore Mesopore Pore Micropore
HY 0.04 215.51 84.52 65.37 4.53 10.77 44.98 39.72
SY 0.06 176.73 70.48 48.76 6.16 26.48 45.44 21.92
Xz 0.05 213.30 79.99 59.22 7.89 13.03 43.59 35.49
DJH 0.03 341.29 92.97 97.73 1.85 41.74 22.55 33.86

The mean proportions of macropores, mesopores, small pores, and micropores in soft coal
were 6.19%, 16.67%, 44.67%, and 32.38%, while those in DJH hard coal were 1.85%, 41.74%, 22.55%,
and 33.86%, respectively. It can be seen that small pores and micropores are dominant in soft coal in
which small pores accounted for nearly half of the total pore volume, and mesopores and macropores
were also evenly distributed. The pores in hard coal mainly appeared as mesopores, followed by
micropores, while small pores and macropores accounted for a minor proportion overall. Under the
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effect of geostress, the gas in the coal mass was mainly adsorbed in micropores and small pores and
flowed through mesopores and macropores: however, under the effect of geostress, the pore volume
of the coal mass decreased and therefore the porosity of the coal was reduced, thus resulting in a
reduction in permeability, which impaired the seepage and migration of gas in coalbed. After the
pressure-relief process, the desorbed gas can be more constantly diffused in soft coal than in hard coal.

According to the initial data of mercury intrusion experiment, the mercury-injection and
mercury-ejection curves of the four types of coal samples were plotted (Figure 4). The curves were
divided into two types: Figure 4a—c are classified as the first type while Figure 4d is belonged to
the other.
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Figure 4. Mercury intrusion curve. (a) HY (Heyang); (b) SY (Shanyang); (c) XZ (Xizhuo);
(d) DJH (Dongjiahe).

The mercury-intrusion loops shown in Figure 4a—c showed significant hysteresis loops and there
was no platform segment in the curves. The injected and ejected amounts of mercury differed, implying
that pores in coal samples mainly appeared as open pores. The mercury-injection curves were similar
to the mercury-ejection curves, which indicated that certain amounts of semi-closed pores were present
in the coal. The absence of a platform segment in the curves implied that the matrix pores in coal
exhibited large differences, with non-uniform structures therein. The tectonic stress augmented the
connectivity between mesopores and macropores in soft coal, thus improving the capability of pores
for storing gas. However, the pores in soft coal were mainly semi-closed and therefore much gas was
likely to be released once the pressure on the coalbed was relieved. The curve in Figure 4d showed an
even segment and the mercury-injection curve was consistent with the mercury-ejection curve, without
a hysteresis loop, which implied that pores in coal masses were mostly closed. The presence of the
platform segment in the curve indicated that the matrix pores in coal masses exhibited little difference,
with a uniform structure therein. The primary pores in coal masses were compressed or appeared
as long, thin gaps. The deformation led to the reduction in volume of coal masses and therefore gas
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pressures increased. The non-connected microfractures, abundant with gas, comprised a closed system,
and once surrounding stress decreased, particularly during mining, a stress concentration zone was
formed at the front of working face. In this case, the accumulated gas in coal masses flowed to the
working face space.

3.1.2. Measuring Pore Structure by Low-Temperature Nitrogen Adsorption

After analyzing the trend in the adsorption isotherm, the characteristic parameters of pore surfaces
in coal masses can be qualified. Moreover, the interaction between the surface of coal masses and gas
was analyzed. The low-temperature nitrogen adsorption and desorption curves of coal samples are
shown in Figure 5.
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Figure 5. Low-temperature nitrogen adsorption and desorption isotherms. (a) HY; (b) SY; (c) XZ;
(d) DJH.

The low-temperature nitrogen adsorption and desorption isotherms of soft coal in Figure 5a—c all
belong to IV-type isotherms (based on International Union of Pure and Applied Chemistry (IUPAC)),
showing different sizes of adsorption hysteresis loops. Shapes of the hysteresis loops can reflect
the characteristic of the pore structure. As shown in Figure 5b,c, the adsorption hysteresis loops in
the curves of the coal samples were small, indicating that impermeable pores were found in coal
samples, and the adsorption curves were bulged, which indicated that there was significant interaction
between coal masses and nitrogen and therefore many micropores could be found in the coal. When
the relative pressure exceeded 0.8, the adsorption—desorption curves suddenly increased, reflecting
the poor permeability of the coal.

The curves in Figure 5a showed a large adsorption hysteresis loop and a significant inflection
point, reflecting the presence of flask-shaped pores. It can be seen from the Kelvin formula [50,51]
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that the corresponding pore size was about 4 nm under a relative pressure of 0.5, which was larger
than the diameter of the gas molecules. The presence of flask-shaped pores caused the adsorbed
gas to be difficult to desorb. The adsorption curves were not significantly convex, which meant that
the interaction between coal masses and nitrogen was weak. When the relative pressure exceeded
0.8, the adsorption—desorption curves suddenly increased. The curves in Figure 5d showed a small
adsorption hysteresis loop, and a significant inflection point, reflecting the presence of flask-shaped
pores. However, the relative pressure region corresponding to the hysteresis loop was large. After the
inflection point of the hysteresis loop, the condensed liquid in the open hole evaporated completely,
and then transited to a closed pore at one end. That is why the adsorption curve coincided with
the desorption curve in the low relative pressure region. For curves in Figure 5a-d, under a relative
pressure of zero, the adsorption capacities of soft and hard coal for nitrogen were both positive because
nitrogen was preferentially adsorbed in the micropores in coal masses while soft coal contained
more micropores. The superposed effect of adsorption force fields in micropores led to an increased
adsorption potential of soft coal. As the relative pressure changed from 0.4 to 1, both soft and hard
coal showed different sizes of hysteresis loop.

When adsorption tests were carried out on solid with capillary pores, the pore with corresponding
Kelvin radius would be capillary condensation with the increase of relative pressure on the basis of the
theory of adsorption and condensation [52,53]. If the pressure was increased and then decompressed,
the adsorbent would gradually desorb and evaporate. The relative pressure of condensation and
evaporation of the same pore may be same or different due to the different specific shape of the
capillary. If the relative pressure of condensation and evaporation was the same, the adsorption
curve overlapped the desorption curve. On the contrary, if the two relative pressures were different,
the two branches of the adsorption isotherm would separate to form a loop that we called it hysteresis
loop [53].

In the desorption process, the relative pressure gradually decreased at the beginning, and the
hysteresis loop was generated at the neck of flask-shaped pores due to the difference in shape of the
gas-liquid interface during the condensation of the open pores and evaporation. However, due to
the existence of pores with different diameters, when the relative pressure drops to a certain value,
the corresponding larger pores begin to evaporate, resulting in a decrease in the adsorption amount
and a gradual decrease in the desorption line. When the relative pressure dropped to the value
corresponding to the inflection point, it meant that the condensed liquid of the smallest open pore was
about to evaporate, and while the pressure continued to drop slightly, the liquid in it would gush out
immediately. Therefore, there was a sharp drop in the inflection point on the hysteresis loop.

By using a low-temperature nitrogen adsorption method, the experimental data on SSA and pore
volume of coal samples can be acquired (Table 4). The value of BET SSA was different from that of
Langmuir SSA (Table 4). The reason for this was that the Langmuir model assumes that the adsorption
of coal for gas is single-layer adsorption-based while the BET model supposes that the adsorption of
coal for gas is multi-layer adsorption-based.

Table 4. Characteristics of pore distribution in coal masses. SSA: specific surface area;
BJH: Barrett-Joyner-Halenda.

Sample BET SSA Langmuir SSA BJH Pore Volume  Mean Pore Size
(m?/g) (m?/g) (m?/g) (nm)
HY 10.4317 13.2485 0.006214 8.2244
SY 10.4228 12.1175 0.006117 8.9146
XZ 14.3245 16.2412 0.007415 6.2112
DJH 8.2412 10.3258 0.004157 13.5496

The BET SSA of soft coal samples ranged from 10.4228 to 14.3245 m2/ g, with a mean of
11.7263 m?/g, and that of hard coal samples was 8.2412 m?/g. The Langmuir SSA of soft coal
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was between 12.1175 and 16.2412 m?2/ g, with a mean of 13.8691 m2/ g, and that of hard coal was
10.3258 m?/g. Moreover, the Barrett-Joyner-Halenda (BJH) pore volume of soft coal ranged from
0.006117 to 0.006214 cm3/g (0.006582 cm?/g on average) while that of hard coal was 0.004157 cm®/g.
The mean pore size of soft coal ranged from 6.2112 to 8.9146 nm (with a mean of 7.7834 nm) while that
of hard coal was 13.5496 nm. It can be seen that the BET SSA, Langmuir SSA, and BJH pore volume of
soft coal were all larger than those of hard coal while only the mean pore size of the former was lower
than that of the latter. The SSA and pore volume of soft coal were larger than those of hard coal while
the mean pore size was lower than that of hard coal. This reflected the fact that soft coal is capable of
adsorbing a larger volume of gas and there were more gas adsorption sites on its internal surfaces per
unit pore volume in soft coal than in hard coal.

According to the mercury intrusion and low-temperature nitrogen adsorption experiments, it can
be seen that the lower the pore size, the larger the surface area. The number of small pores in coal was
larger than that of mesopores, which was larger than the number of macropores. Therefore, the surface
area of pores depends on micropores. It is supposed that pores were connected and therefore the
pores in coal were distributed in a form similar to a tree in which macropores represent the trunk
while mesopores and micropores refer to branches. Macropores determine the volume and branches
determine the pore area so that the tree-shaped pore distribution is more luxuriant in soft coal masses.

3.1.3. Observing Pore Structure by Using SEM

The SEM image of HY coal samples obtained is shown in Figure 6a. The coal particles of HY coal
samples generally appeared as irregular polyhedra, with sharp edges, reflecting the high brittleness
of the coal samples. The pores showed tearing and irregular zigzag fractures, with different lengths,
and pores were developed, showing different sizes, which not only led to the reduction of coal strength
but also resulted in the increase of surface area thereof, reflecting the fact that coal masses showed a
certain gas-storing capacity.

10 pm T1oum
EHT = 5.00 kv Signal A= InLens WD = 68mm Mag= 1.00 KX " EHT = 5.00kV Signal A = InLens WD = 6.8mm Mag= 4.00KX

Figure 6. Cont.
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EHT = 2.00 kV Signal A = InLens WD = 49mm Mag= 1.00KX EHT = 2.00 kv Signal A = InLens WD = 4.9 mm Mag= 4.00KX

EHT = 2.00 kV Signal A = InLens. WD = 68mm Mag= 1.00 KX H EHT = 2.00 kv Signal A = InLens WD=68mm Mag= 600KX

10 pm 5 2pm
H EHT = 2.00 kV Signal A = InLens WD = 6.8 mm Mag= 1.00KX 'L' EHT = 2.00 kV Signal A = InLens WD = 6.8 mm Mag= 6.00 KX

(d)
Figure 6. SEM images of the coal samples. (a) HY; (b) SY; (¢) XZ; (d) DJH.

As shown in Figure 6b, the surface of SY coal samples showed a low roughness and a favorable
evenness: a fracture shown in the image cut lengthways through the surface of the coal mass.
Small particles were stacked on the surface of large particles and further pits were found due to
the exfoliation of small particles. Moreover, some clay substances were distributed on the surface of
coal masses and various inorganic components were mixed in coal mass, causing a certain influence
on the strength of the coal mass.

XZ presenting a rough fracture surface contained a great number of developed and staggered
fractures (Figure 6¢). Coal masses were made of countless approximately spherical fine ellipsoids or
granules. Small fractures were developed around the macro-fractures and the two kinds of fractures
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were jointly developed, appearing as irregular mesh- and branch-shaped fractures. Holes were found
on the fracture surface on which a large number of stacked strip-shaped milk-white clay substances
were distributed.

DJH, with favorable surface evenness, exhibited a high mass density, on which some mineral
components were distributed. Moreover, regularly distributed cracks were found on the surface of the
coal samples (Figure 6d).

It can be seen from SEM images of coal masses that the microstructures of coal masses showed
the following characteristics: micropores were densely distributed where coal masses were fractured;
tectonism strengthened the connectivity of pores on the surface of coal masses and the compression
direction of compressed micropores was the same as the exfoliation direction of the coal-rock mass,
therefore, observing the occurrence of micropores in a coal-rock mass can also reflect the tectonic
deformation of soft coal.

3.2. Fractal Characteristics of Pore Structures

3.2.1. Mercury Intrusion Method

It is supposed that there is a cube of side-length R: the cube is divided into m small isometric
cubes. A rule is adopted to remove a part of these small cubes and the number of the remaining small
cubes is Nj;. After undergoing k such operations, the side length of the remaining cubes is a; = R/mF
and the total number is calculated using Equation (1) [54,55].

RPr RP C D
Ny =(—) =-p =5 =Ca ™ M
( aj ) a ]E) b akD b k
where, Dy, refers to fractal dimension of pore volume, and Dy, = log(Nj;)/log(m).
According to the aforementioned formula, the relationship between the pore volume Vj of coal

and a; can be derived as in Equation (2).

dVi 2 p
d—akooak b 2)

When measuring the pores in coal by mercury intrusion method, the applied pressure p(r) and
r satisfy the Washburn equation and the total pore volume under a constant pressure is equal to the
volume of mercury injected into the pores (Equation (3)).

log[dVp(r)/dp(r)]eo(4 — Dp)logreo(Dy, — 4)logp(r) ®)

where, p(r) and r denote the external pressure (MPa) and the diameter (nm) of pores in coal
samples, respectively.
After plotting the best-fit line log[dV p(r) /dp(r)] and logp(r), slope K can be attained and therefore
Equation (4) is acquired.
D,=K+4 4)

According to experimental data obtained by mercury intrusion porosimetry, the fractal dimensions
of the four types of coal samples can be obtained (Table 5).

Table 5. Calculated fractal dimensions of pores.

Sample  Pore Diameter Range (nm) K Dy
HY 74.16~100,000 1.0679 2.9321
SY 89.21~100,000 1.1083 2.8917
Xz 77.69~100,000 1.0826 29174

DJH 93.45~100,000 1.1298 2.7303
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The adsorption of coal for gas is conducted on the surface of pores. The fractal dimension is used
for measuring the irregularity and roughness of the surface of pores. The fractal dimension of coal is
highly correlated with the complex pore structures and heterogeneous surface area of coal. As shown
in Table 5, the fractal dimensions (Dj) of the four types of experimental coal samples differed little:
HY coal samples exhibited the largest D;, (2.9321) while Dy, for the DJH was the lowest, that is, D}, of
soft coal is larger than that of hard coal. This reflects the fact that the surface of pores in soft coal is
more irregular and rough compared with that in hard coal.

3.2.2. Low-Temperature Nitrogen Adsorption

According to the experimental data obtained by low-temperature nitrogen adsorption, the fractal
dimension of pores on the surface of coal masses can be calculated. Based on the parameters related to
the adsorption capacity, Equation (5) is established.

In(Q) = (D—3)ln(ln%)+C ®)

where, Q and p refer to the adsorption capacity (cm®/g) under equilibrium pressure P and the partial
pressure (MPa) of nitrogen, respectively. Moreover, py, D and C denote the saturated vapor pressure of
gas adsorption, fractal dimension, and a constant, respectively.

In terms of SSA of coal masses, Equation (6) gives

In(A) = (D—Z)Zn(ln%) +C ©)

where, A refers to the SSA (m?/g) of the surface of coal masses.
Data for In (In Py/P) are plotted by separately using In Q and In A to conduct linear fitting.
According to the slope of the fitted line, the fractal dimension D can be obtained (Table 6).

Table 6. Calculated fractal dimensions of pore surfaces.

Fractal Dimensions of Pore  Fractal Dimensions of Pore

Sample p/po Range Surfaces Calculated by Surfaces Calculated by
Equation (5) Equation (6)
HY 0.15~0.96 2.34 2.23
SY 0.44~0.99 2.26 2.18
XZ 0.41~0.99 2.31 2.12
DJH 0.44~0.99 1.84 1.81

As shown in Table 6, the calculation result obtained using Equation (5) was slightly different from
that using Equation (6), which was mainly caused by the presence of micropores. The difference in
size of micropores caused the change in adsorption potential of micropores in coal masses for nitrogen.
By analyzing the data in Table 6, the fractal dimensions of pore surfaces in soft coal were between 2.26
and 2.34, with a mean some 1.25 times that of hard coal. The larger the fractal dimension, the larger
the surface roughness of coal masses. This indicated that there were more pores per unit volume of
soft coal and thereby more sites for adsorbing gas per unit pore space.

3.2.3. Images Taken by SEM

By utilizing the box-counting dimension method [56-58], the fractal characteristics of the pore
structure of soft coal masses were analyzed. When observing the surface characteristics of coal samples
by using SEM, the inhomogeneity of energy on the surface of coal samples and structural differences
on the pore surface led to a significant difference in intensities of secondary reflection electron beams
from the SEM. It is supposed that each disparate point corresponds to a geometrical characteristic of
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the structure. According to fractal theory, within each length of e cm, the number N,(L) of geometrical
characteristics within the length of L is expressed by Equation (7)

N, (L)ooaL?~P (7)

where, a, D, and L denote the proportionality coefficient, fractal dimension, and the area (cm?) of the
fractal plot, respectively.

According to the box-counting dimension calculation principle, the relationship between the box
dimension and the total surface area can be plotted by using “Tri Prism surface area” algorithm of
fractal analysis software Fractal Fox 2.0 [56,57]. By fitting the curve, the fractal dimensions of SSA
distribution of pores in different coal samples were attained.

By conducting binarization the image, each pixel point in the image is set to be black (0) or white
(1) to acquire a series of two-dimensional matrices consisting of 0 s and 1 s, that is, the data file of a
binary image. Block division was carried out on the data file, so that the line number of the blocks was
equal to the column number (marked as k). The number of blocks was recorded as Ny (k=1,2,4, ...,
2'). By using the size of the pixel point as the side length to conduct block division, the box counts
were recorded as N1, Ny, Ny, ..., Np;. The dimension ¢ of the pixel point was equal to the number
of pixel points in a line of the image and each line and column of the blocks both consisted of k pixel
points, with the side length of the blocks being ¢ = ke. By conducting linear fitting on the datum point
(Ineg, InNy), the negative of the slope of the fitted curve represents the box dimension D.

In a similar way, by using “Box counting dimension” algorithm in the Fractal Fox 2.0
software [57,58], the relationship between box dimension and the box number can be acquired.
By fitting the curve, the fractal dimension of the pore distribution in these coal samples could
be calculated.

According to fractal theory, a larger fractal dimension value indicates higher roughness of a pore
surface, a larger number of pores per unit volume, and more developed pores. By analyzing the data
in Table 7, the fractal dimension of the pore distribution in SY coal samples was 1.1696 and that of the
SSA of pores in HY coal samples was 2.6783, reflecting the fact that the pores in HY and SY coal masses
were well developed. Therefore, these coal samples contained more gas adsorption sites per unit pore
space, thus augmenting the adsorption capacity for gas. The resulting SEM image only approximately
showed the one-dimensional space. If 3D spatial factors were taken into account, the pore volume
would have been larger in such coal masses.

Table 7. Calculated fractal dimensions of pores.

Sample Amplification Fractal Dimension Correlation Fractal Dimension Correlation
of Pore Distribution Coefficient of Pore SSA Coefficient
HY 4.00KX 1.0743 0.9558 2.6783 0.9673
SY 4.00KX 1.1696 0.9545 2.6421 0.9649
XZ 6.00KX 1.1248 0.9512 2.2646 0.9704
DJH 6.00KX 1.0054 0.9578 2.1642 0.9621

3.3. Prospect of Future Work

The eastern part of Chenghe Mining area is a new mining area. The No.5 coalbed exposed is all
soft coal, with a relatively large the gas content in the coalbed. However, the western part is the old
mining area, and the No. 5 coal seam is hard coal. Moreover, the No. 5 soft coalbed in the eastern
part and the No. 5 hard coalbed in the western part are the same coalbed. Under such a background
condition, the pore structure characteristics of No. 5 coal seam in Chenghe Mining area are studied in
this paper. Furthermore, based on fractal theory, the pore structure of coal was characterized. However,
because there was no gas emission in other mines in the west area, only gas emission occurred locally
in Dongjiahe Coal Mine, while a large amount of gas emission occurred in the No. 5 soft coal of the
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coal mines in the east area. Therefore, in order to contrast with No. 5 soft coal in the east area, only the
hard coal was sampled in Dongjiahe Coal Mine, and no other coal mines in the western area were
sampled the hard coal. Hence, we should study No. 5 hard coal of other coal mines in the western part
in the future research plan. At the same time, other methods can be used to study the pore structure
characteristics more comprehensively and systematically.

This provides a theoretical basis for investigating the gas adsorption, desorption, and gas
extraction of the No. 5 coalbed in the eastern zone of the new mining area. So, based on the study
of pore structure, we will have a further study on the adsorption and desorption rules of both soft
and hard coal in Chenghe Mining area in order to study the different adsorption and desorption rules
between them. Moreover, the layout of drainage boreholes under different drilling radius, different
negative pressure of extraction and different layout modes will be studied on the basis of the study of
adsorption and desorption law, which will lay a foundation for the prediction of gas emission and the
formulation of coalbed gas prevention and control measures in the working face, so as to achieve the
safe co-mining of coal and gas.

4. Conclusions

The structural characteristics of pores and fractures in soft coal masses were explored and
compared with those of hard coal from the same mining area. The following conclusions are drawn:

(1) The displacement pressure of soft coal was larger than that of hard coal, implying that the
permeability of soft coal masses was lower than that of hard coal, with a poor permeability. However,
the mean radii of the pore-throats of soft coal were all lower than those of hard coal. Pores in soft coal
mainly appeared as small pores and micropores in which small pores accounted for half of the total
pore volume, and mesopores and macropores were also evenly distributed. In hard coal, mesopores
were widely distributed, followed by micropores, and small pores and macropores accounted for a
minority thereof.

(2) The changing trends seen in mercury-injection and mercury-ejection curves of soft coal
were the same, showing a significant hysteresis loop, which implied that pores in soft coal samples
mainly appeared as open pores. Moreover, the matrix pores in coal showed significant differences,
with non-uniform structures appearing therein. During the formation of soft coal, the tectonic stress
strengthened the connectivity of mesopores and macropores, thus improving the capacity of pores for
storing gas: however, owing to pores in soft coal mainly appearing as semi-closed pores, it was likely to
release much gas once the pressure on the coalbed was relieved. Therefore, when mining a soft coalbed,
it is necessary to take suitable gas-control measures. The mercury-injection and mercury-ejection
curves of hard coal showed no hysteresis loop while having an even segment, which indicated that
closed pores accounted for the majority of the pores in these hard coal samples.

(3) The low-temperature nitrogen adsorption curves of soft coal all followed a IV-type isotherm,
which showed adsorption hysteresis loops with different sizes under relative pressures of 0.4 to 1.
This indicated that soft coal contained more micropores while the superimposed effect of adsorption
force fields in micropores strengthened the adsorption potential of soft coal. The BET SSA, Langmuir
SSA, and BJH pore volume of soft coal obtained through use of the nitrogen adsorption method were
all larger than those of hard coal while only the mean pore size was lower than that of hard coal.
This reflected the fact that the soft coal presented a larger gas adsorption capacity and there were more
gas adsorption sites on internal surfaces per unit pore space therein.

(4) The fractal dimensions of soft coal calculated by mercury intrusion porosimetry showed subtle
differences to those in hard coal while all were larger than those in the latter. The fractal dimensions of
the surface area of pores in soft coal, calculated using a low-temperature nitrogen adsorption method,
were all larger than those in hard coal. The fractal dimensions of pore distribution and SSA of soft
coal attained through SEM were also all larger than those of hard coal. A large fractal dimension
of the pore surface of a coal mass meant that the surface of coal masses was rough. In addition,
the pores and fractures per unit pore space were better developed and therefore there was favorable
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connectivity between pores and fractures, thus providing many adsorption sites for gas to enhance the
adsorption capacity.
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