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Abstract The pore structures of coal can directly affect
the adsorption and seepage capacity of coalbed methane
(CBM), which therefore is an important influence on CBM
exploration and development. In this study, the pore
structures of low-rank coals from the Middle Jurassic
Xishanyao Formation in the southern Junggar Basin were
analyzed, and the fractal dimensions (D,, D,, D; and D,
corresponding to pore sizes of 0—5 nm, 5-100 nm,
100-1000 nm and 1000—20000 nm, respectively) were
calculated to quantitatively describe these coal pore
structures. The results show that Xishanyao coal is
characterized by open pore morphology, good pore
connectivity and well-developed seepage pores and
microfractures, which is beneficial to CBM seepage. The
D, and D, can be used to characterize the pore surface and
structure of adsorption pores respectively. The D, and D,
can be used to represent the pore structure of seepage
pores. Compared with adsorption pores, the structure of
seepage pores is more affected by the change of coal rank.
The D, is better than D, in characterizing the methane
adsorption capacity. When D, > 2.2, D, is positively
correlated with Langmuir volume (¥}) and negatively
correlated with Langmuir pressure (P ), while D, shows a
weak opposite trend. The coals with the higher D, and
lower D, are associated with a higher V|, indicating the
coal reservoir with more complex pore surfaces and
simpler pore structures has stronger methane adsorption
capacity. D, is better than D, in characterizing the methane
seepage capacity. The porosity and permeability of coal
reservoirs increase with the increase of D,, while D,
displays an opposite trend, which is mainly related to the
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well-developed microfractures. The well-developed fracture
system enhances the seepage capacity of the Xishanyao
coal reservoir. This study reveals the fractal characteristics
of pore structure and its significant influence on adsorption
and seepage capacity of low-rank coal.

Keywords southern Junggar Basin, Middle Jurassic,
low-rank coal, coalbed methane, pore structure, fractal
dimensions

1 Introduction

Coal is a complex porous material formed by lengthy and
different geological processes. Methane is mainly stored
in coal pores by means of physical adsorption. As an
important unconventional natural gas resource, coalbed
methane (CBM) has attracted worldwide attention. China
has realized the commercial exploitation of CBM in the
Ordos and Qinshui Basins, but the production of CBM is
mainly in the medium-high rank coal (Tao etal., 2014;
Shao et al., 2015; Lietal., 2017). The low-rank coals
have proved to be of great potential as the major coalbed
methane reservoirs in the United States (Ayers, 2002;
Flores et al., 2008; Qin et al., 2018). In China, very
abundant low-rank coals are developed in the Mesozoic
and Cenozoic coal basins (Cheng et al., 2016), and the
CBM resources in these low-rank coals should be
properly investigated. In recent years, the exploration of
low-rank CBM has been carried out in many areas in
China, among which exploration successes have been
made in the Jiergalangtu Sag of Erlian Basin and the
southern Junggar Basin (Lietal., 2016b; Sun et al.,
2017). This indicates that low-rank CBM has a good
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development potential, requiring the study of reservoir
characteristics. The southern Junggar Basin is one of the
key areas for low-rank CBM exploration in China, and its
rich CBM resources have received extensive attention in
recent years. Previous investigations in the study area
primarily focused on the CBM enrichment model and
resource potential evaluation, but the research on the
physical properties of coal reservoirs was insufficient (Fu
etal., 2016b, 2017b; Hou et al., 2021). The productivity
and recovery efficiency of methane are significantly
affected by the pore and fracture system of coal reservoirs
(Zhou et al., 2018). Furthermore, in-depth research on the
pore structure and its effect on adsorption and seepage of
coal reservoirs in the southern Junggar Basin will
contribute to future CBM exploration and development.
Coal pore structure, consisting of many components
such as pore type, pore shape, pore volume, pore
connectivity and pore size distribution (PSD), plays an
important role in CBM enrichment. The pore structure,
controlled by coalification, composition and macerals,
can directly affect the adsorption and migration of CBM
(Yao et al., 2008; Cai et al., 2013; Jiang et al., 2016; Mendhe
et al., 2017). Therefore, the study of the pore structure of
coal plays an important role in the exploration and
development of coalbed methane. Coal pores can be
subdivided into different types according to their
geometry, connectivity and size. Based on their geometry,
coal pores can be subdivided into cylindrical, conical, slit
and ink-bottle. Based on their connectivity, the pores can
be subdivided into closed, open, semi-open and cross-
linked pores (Giesche, 2006; Wang et al., 2014; Nie et al.,
2015). Based on their sizes, coal pores can be subdivided
into micropores (diameter < 10nm), transition pores (10—
100 nm), mesopores (100—1000 nm), and macropores
(diameter > 1000 nm) (Hodot, 1966). Micropores and
transition pores are also called adsorption pores, while
mesopores and macropores are called seepage pores (Yao
et al., 2008, 2009; Heriawan and Koike, 2015; Hou et al.,
2017). Currently, there are many techniques available to
characterize coal pore structures, such as CO, adsorption,
low-temperature nitrogen adsorption (LTNA), mercury
intrusion porosimetry (MIP), nuclear magnetic resonance
(NMR) and scanning electron microscopy (SEM). LTNA
and MIP are the two most commonly used methods, but
both have limitations in the characterization of coal pore
structures (Yao et al., 2008, 2009; Wang et al., 2020).
LTNA can only obtain information about adsorption
pores. MIP can damage the sample which results in
reduction of the measured macropores due to the injection
of high pressure mercury (Rodrigues and Lemos de
Sousa, 2002; Mahamud and Novo, 2008; Yao and Liu,
2012; Wangetal,, 2020). NMR is a non-destructive
method to characterize coal properties such as porosity,
permeability, pore connectivity, and pore size distribution
(Yao etal., 2010; Sunetal., 2018). SEM can provide
imagery of coal samples to qualitatively study the shape
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and size of coal pores (Li et al., 2016a; Hou et al., 2020a;
Mou et al., 2021). In spite of the shortcomings of the
individual methods, a combination of LTNA, MIP, NMR
and SEM can effectively characterize the pore structures
of coal, and LTNA and MIP can be further combined to
characterize the specific PSD features (Fu et al., 2017a;
Zhao et al., 2019).

After the fractal concept was proposed by Mandelbrot
(1975), fractal analysis has been often wused to
quantitatively characterize the properties of porous
reservoir rocks. Fractal theory provides a new approach
for the study of coal pore structures and can effectively
characterize the structural characteristics and heterogeneity
of coal pores. Many researchers have made advances in the
study of coal pore fractals, and published fractal models
and their corresponding calculated fractal dimensions
formulae of pore structures (Fuetal., 2001; Neimark,
1990; Yao etal., 2008, 2009). Previous studies have
focused on the fractal characterization of coal pores
within a specific pore size range, and only a few studies
have focused on the fractal features of full-scale pores;
especially low-rank coals (Fuetal., 2017a; Yaoetal.,
2008, 2009; Zhao et al.,2019). The different sizes of
pores can affect the accumulation and development of
coalbed methane; adsorption pores provide storage space
for methane adsorption, and seepage pores provide
channels for methane migration. Therefore, the fractal
characterization of the pore structures in coal are of great
significance in the exploration and development of
coalbed methane.

In this study, the fractal dimensions were calculated
based on LTNA and MIP data from coal samples, and the
pore structures of coal were characterized. D, and D,
were used to characterize the fractal characteristics of
adsorption pores, while D, and D, were used to
characterize the fractal characteristics of seepage pores.
The influence of coal rank, composition, macerals, and
pore structure on fractal dimension are discussed.
Furthermore, the use of fractal dimensions to assess the
adsorption capacity and seepage capacity of low-rank
coal reservoirs was considered. This study will enhance
our knowledge of pore structure systems in low rank coal
and provide guidance in the future exploration and
development of CBM.

2 Geological setting

The Junggar Basin, located in the southern part of the
Siberian Plate and the eastern extension of the
Kazakhstan Plate, is a giant intracontinental basin which
underwent Hercynian, Indosinian, Yanshanian, and
Himalayan multi-stage tectonic events from the late
Palaeozoic to Quaternary (Chen and Arakawa, 2005; Ma
etal.,,2015; Shenetal., 2015; Tangetal., 2015; Fang
et al., 2016). The southern Junggar Basin lies within the
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piedmont thrust belt of the northern Tianshan Mountains
(Fig. 1(a)). Structurally, the southern Junggar Basin can
be divided into five secondary structural units from west
to east: Sikeshu Sag, Qigu fault-fold belt, Huomatu
anticlinal zone, Huan anticlinal zone, and Fukang fault
zone (Fuetal., 2017b). The study area is located in the
central part of the southern Junggar Basin where
anticlines, synclines and monoclines are developed
(Figs. 1(a) and 1(b)), and its tectonic evolution is
controlled by the Qigu fault-fold belt.

The Jurassic strata in the southern Junggar Basin are
composed of the Badaowan and Sangonghe Formations of
the Lower Jurassic; Xishanyao and Toutunhe Formations
of the Middle Jurassic; Qigu and Kalaza Formations of
the Upper Jurassic (Ashraf et al., 2010). The main coal-
bearing strata found in the study area are the Badaowan
Formation and the Xishanyao Formation. The coal seams
of the Badaowan Formation in the central part of the
southern Junggar Basin are very thin due to tectonic uplift
and an alluvial fan depositional environment (Fu et al.,
2016b; Li et al., 2018). Therefore, the Xishanyao Forma-
tion was selected as the target for CBM exploration and
development because of the large thickness and suitable
burial depth of the coal seams. Lithologically, the
Xishanyao Formation is composed of conglomerates,
sandstones, siltstones, mudstones, and coals, and this
formation can be subdivided into the bottom thick coal
seam member, the thin middle coal seam member, and the
top member without coal (Fig. 1(c)). Previous studies
have showed that the sediments of the Xishanyao
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Formation were mainly developed in fluvial, deltaic and
lacustrine sedimentary environments (Shao et al. 2003; Li
et al. 2018; Hou et al. 2020b, 2021).

3 Sampling, experimental methods and
fractal theory

3.1 Sampling and experimental methods

A total of 18 coal samples were collected from 6 different
sites in the southern Junggar Basin, all of which were
from the Middle Jurassic Xishanyao Formation (Fig. 1(b)).
The samples were carefully packed to preserve their
initial form and structure, and then immediately sent to
the experimental institutions for testing.

The experiments performed in this study included

identifying the coal lithotype, maximum vitrinite
reflectance (R ,» %), coal proximate analysis, coal
macerals, LTNA, MIP, SEM, NMR, and methane

isothermal adsorption experiments. The coal lithotypes
are classified according to the Chinese National Standard
GB/T 18023-2000. A Leitz MPV-3 photometer was used
to determine R, .. and coal macerals according to the
Chinese National Standards GB/T 6948-1998 and GB/T
8899-1998, respectively. The proximate analysis test was
conducted following the Chinese National Standard GB/T
30732-2014. The LTNA test was conducted using a
Quantachrome NOVA2000¢ analyzer following the

Chinese National Petroleum Industry Standard SY/T
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Fig. 1 (a) Position of the study area in Junggar Basin (modified from Fu et al., 2016b). (b) Distribution of sampling points in the
southern Junggar Basin. (c) Stratigraphic column for the coal-bearing strata in southern Junggar Basin.
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6154-1995. The specific surface area and volume of
adsorption pores were calculated using the Brunauer-
Emmett-Teller (BET) model and the Barrett-Joyner-
Halenda (BJH) model, respectively (Brunauer et al.,
1938; Barrett et al., 1951). The MIP was performed using
a Quantachrome PoreMaster 33 instrument following the
Chinese National Petroleum Industry Standard SY/T
5346-2005. The pore characteristics of the coal samples
were observed under a JSM-7500F field emission
scanning electron microscope (15KV). NMR tests were
performed using a MicroMR12-025V analyzer. The
methane isothermal adsorption experiment was conducted
according to the Chinese National Standard GB/T 19560-
2008, wusing an IS-100 high-pressure isothermal
adsorption device. The test temperature and maximum
adsorption pressure were 30°C and 10 MPa, respectively.

3.2 Fractal theory of adsorption pores

The Frenkel-Halsey-Hill (FHH) model is often used to
study the fractal characteristics of adsorption pores based
on nitrogen adsorption data, and its reliability and quality
has been confirmed by previous researchers (Pfeifer et al.,
1989; Yaoetal,2008; Zhaoetal, 2019). The FHH
model can be described as follows:
an:C+A[ln[ln%H, )
where V is the volume of gas adsorbed at equilibrium
pressure P, cm’/g; P, is the saturation pressure of gas
adsorption, MPa; P is the equilibrium pressure, MPa; A4 is
the slope of double logarithm curve of Inl wvs.
In(In(P,/P)); C is a constant.
The fractal dimension D can be obtained by slope 4,
and corresponding formulas should be wused for
calculation at different adsorption stages. When the early

stage of adsorption is controlled by van der Waals forces,
D should be calculated by Eq. (2):

D=3A+3. @)

However, when the gas adsorption process is dominated
by capillary condensation, Eq. (3) should be used to
calculate the fractal dimension D:

D=A+3. 3)

3.3 Fractal theory of seepage pores

The fractal dimension of seepage pores can be obtained
by using different calculation models (including geometric
models and thermodynamic models) according to MIP
data (Pfeifer and Avnir, 1983; Friesen and Mikula, 1987;
Mahamud, 2006; Yao et al., 2009). In this study, a widely
used geometric model is used to calculate the fractal
dimension of coal seepage pores. The model is described
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as follows:

dav
ln[d—P} AlnP, 4)
where P is the mercury injection pressure, MPa; V is the
cumulative injection volume at a given pressure P, cm3/g;
A is the slope of double logarithm curve of InP vs.
In(dV/dP).

The fractal dimension D based on MIP data can be
calculated by Eq. (5):

D=A+4. %)

4 Results

4.1 Petrology, proximate analysis, and methane isothermal
adsorption test

Several conventional tests were carried out on the coal
samples, including coal lithotype, maceral compositions,
maximum vitrinite reflectance (R, ,..), proximate
analysis and the CH, isothermal adsorption test (Table 1).
The Xishanyao coal samples are dominated by semi-
bright coals, followed by bright coals and semi-dull coals.
In terms of Langmuir volume, bright coals have the best
methane adsorption capacity, followed by semi-bright
coals and semi-dull coals. The R .. values of the low-
rank coal samples vary from 0.57% to 0.72%, with an
average of 0.63%. Based on the air-dried data, moisture
content ranges from 1.75% to 4.74% (avg. 3.04%), the
ash yield and the volatile matter content ranges from
2.57% to 26.45% (avg. 8.91%) and 27.91% to 38.32%
(avg. 33.77%), respectively. The range of fixed carbon
content is 43.60%—65.04%, with an average of 55.42%.
The proximate analysis results show that the Xishanyao
coal in the southern Junggar Basin is characterized by a
low moisture content, a low ash yield and a high volatile
matter content. The vitrinite, inertinite, and liptinite
contents are 45.61%—90.32% (avg. 66.10%), 4.07%—
48.92% (avg. 27.70%) and 0.58%—11.94% (avg. 4.50%),
respectively. The vitrinite content of MM2-4 sample is
abnormally high, with a value of 90.32%.

The methane isothermal adsorption results of the
Xishanyao coal show that the Langmuir volume (V) is
9.76-18.16 m3/t, with an average of 12.76 m3/t, and the
Langmuir pressure (Pp) is 3.79-5.82 MPa, with an
average of 4.79 MPa. The results indicate that the
Xishanyao coal in the southern Junggar Basin has
medium methane adsorption capacity, but the low P is
not favorable for methane desorption, which increases the
difficulty of CBM development.

4.2 Low-temperature nitrogen adsorption

The LTNA experiments are often used to characterize the
pore size distribution and pore morphology of coal
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Table 1 Results of lithotype, maximum vitrinite reflectance, proximate analysis, maceral and CH, isothermal adsorption of the coal samples

from southern Junggar Basin

Proximate analysis/wt%

Coal macerals/% CH, isothermal adsorption

Sample No. Coal lithotype R, max/ 0

M,y Ayg Vad FC,q v I L Vi (m3-th) P /MPa
NS-1 semi-bright 0.62 474 1387 31.10 50.29 4561 4892 5.47 9.76 5.05
NS-2 semi-bright 0.59 454 1092 3298 5156 54.61 3832 7.07 n n
MM2-1 bright 0.58 2.29 16.38  37.73  43.60 77.23 7.67  10.89 n n
MM2-2 bright 0.62 226 11.69 - - 7400 1148 10.54 n n
MM2-3 semi-bright 0.72 1.75 26.45 - - 81.16 7.73 0.97 n n
MM2-4 semi-bright 0.64 2.08 13.69  37.73  46.50 9032 4.15 4.61 n n
MM2-5 bright 0.65 227 8.07 38.00 51.66 89.43 407 488 n n
MM2-6 semi-dull 0.66 2.10 7.00 3415 56.75 7828 17.21 4.51 n n
MM2-7 semi-bright 0.65 1.84 1263 3832 4721 79.10 8.96 11.94 n n
TX-1 bright 0.68 3.59 6.94 30.02 5945 56.93  40.67 240 15.43 5.11
TX-2 semi-bright 0.69 3.02 4.03 2791 65.04 59.60  37.80 2.60 n n
XGG-1 bright 0.65 3.82 397 3052 61.69 62.50  34.05 345 n n
KG-1-1 semi-dull 0.59 335 574 3523 55.68 58.85  36.21 3.29 9.85 4.12
KG-1-2 semi-bright 0.64 3.49 3.03 3419  59.29 5338  42.62 1.48 11.22 4.74
KG-1-3 semi-bright 0.64 3.79 257 3262  61.02 49.80 4480  2.80 12.94 5.11
KG-1-4 semi-bright 0.60 3.69 2.80 3295  60.56 59.50  38.39 0.58 14.12 5.82
KG-1-5 semi-dull 0.58 3.78 548 3279 5795 53.80 4341 1.30 10.62 4.57
CXY-2 bright 0.57 2.24 508 3415 5853 65.62 32.08 231 18.16 3.79
Notes: R, .x» maximum vitrinite reflectance; M, , moisture content, air-dried basis; 4,4, ash yield, air-dried basis; V4, volatile content, air-dried basis; F'C,4,

fixed carbon content, air-dried basis; V, vitrinite; /, inertinite; L, liptinite; V|, Langmuir volume; P, Langmuir pressure; -, no data; n, not analyzed.

(Hassan, 2012; Zhang et al., 2014; Pan et al., 2016; Zhu
etal., 2016; Hou et al., 2018, 2020a). As shown in Table 2,
the average pore diameter of coal samples ranges from
6.32 to 15.86 nm, with an average of 8.77 nm. The BET
specific surface area varies from 0.116 to 2.287 m?/g,
with an average of 1.006 m2/g. The BJH pore volume
ranged from 0.365 to 4.339 x 1073 cm?3/g, with an average
of 1.913 x 1073cm3/g. As shown in Figs. 2(b) and 2(c),
the BET specific surface area is dominated by
micropores, while the BJH pore volume is mainly
provided by micropores and transition pores. Based on
the LTNA results, the pore volume of coal is dominated
by micropores, accounting for 27.49%—79.77% (avg.
53.48%), transition pores and mesopores accounting for
17.92%—58.20% (avg. 39.42%) and 1.109%—14.31% (avg.
7.11%), respectively. The LTNA experiment is more
sensitive to the micropores and transition pores, but
mesopores and macropores larger than 200 nm are
problematic to measure.

Based on the LTNA results, the typical adsorption/
desorption curves, BJH pore volume distribution and
BET specific surface area distribution of coal samples
from the Xishanyao Formation were obtained (Fig. 2).
According to the classification published by the
International Union of Pure and Applied Chemistry
(IUPAC) (Thommes et al., 2015), the Xishanyao coal
consist of type II and type IV physisorption isotherms and
H2 and H3 hysteresis loops. Based on the hysteresis loop

classification, nitrogen adsorption/desorption curves are
divided into three types: Type A, Type B and Type C
(Table 2, Fig. 2). For the Type A coal, the specific surface
area and total pore volume are relatively large and
showing the type II physisorption isotherm. The
desorption curve decreases sharply at the relative pressure
of 0.5, which conforms to the H2 hysteresis loop and
corresponds to ink-bottle shaped pores (Fig. 2(a-1)). Pore
volume is dominated by micropores, with few transition
pores and mesopores, and pore specific surface area is
only provided by micropores (Figs. 2(b-1) and 2(c-1)).
Ink-bottle shaped pores and extremely high micropore
content are favorable for gas adsorption and enrichment,
but not for desorption and seepage. Type B coal has type
IT physisorption isotherms but the H3 type hysteresis
loop. The smaller hysteresis loops represent open pores at
both ends (e.g., cylindrical pores or parallel plate-like
pores), which is conducive to gas seepage. Pore volume is
dominated by micropores, followed by transition pores
and mesopores, and pore specific surface area is mainly
provided by micropores (Figs. 2(b-2) and 2(c-2)). With
Type C coal, the specific surface area and total pore
volume are small. Physisorption isotherms begin to rise
sharply after the relative pressure reached 0.9, which
belongs to type IV. The hysteresis loop is not obvious,
indicating closed pores at one end, such as plate-like or
slit-like pores. The total pore volume and specific surface
area are mainly provided by micropores and transition
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Fig. 2 Three types of nitrogen adsorption/desorption results and pore size distribution based on LTNA for typical Xishanyao coal
samples. (a) Nitrogen adsorption/desorption curves. (b) BJH pore volume distribution. (c) BET specific surface area distribution.

pores (Figs. 2(b-3) and 2(c-3)). Type C coal is favorable
for gas seepage and not conducive to gas adsorption. As
shown in Table 2, the adsorption/desorption curves are
dominated by Type B and Type C, indicating that low-
rank coal from the Xishanyao Formation is conducive to
CBM seepage, but not to adsorption.

4.3 Mercury intrusion porosimetry

The MIP results of the coal samples include helium
porosity, air permeability, average pore throat diameter,
average pore diameter, total mercury intrusion volume,
mercury saturation and extrusion efficiency (Table 3).
The porosity ranges from 3.17% to 7.55%, with an
average of 5.04%. The permeability ranges from 0.001 to
151.660 mD, with an average of 16.187 mD. The
unusually high permeability of individual samples may be

caused by the high content of microfractures. The average
pore throat diameter ranges from 18 to 70 nm (avg.
29.33 nm), and the average pore diameter ranged from 24
to 1992 nm (avg. 590 nm). The total mercury intrusion
volume varies from 0.31 to 0.77 mL, with an average of
0.53 mL. The maximum mercury saturation is 85.54%—
94.45%, with an average of 91.41%. The extrusion
efficiency ranges from 48.85 to 86.23%, with an average
of 70.74%. The PSD based on MIP data shows that the
coal pores are dominated by transition pores (37.43%—
63.04%, avg. 52.27%), followed by micropores (10.53%—
24.16%, avg. 18.37%), mesopores (8.67%—27.75%, avg.
15.19%), and macropores (6.65%—32.22%, avg. 14.17%).
Generally, the seepage pores of low-rank coal are more
developed. It is noted that the high adsorption pore
content in the experimental results may be due to the
destruction of the coal matrix by high-pressure mercury
injection.
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Table 2 Results of low-pressure nitrogen adsorption, fractal dimension and loop type of coal samples from southern Junggar Basin

Sample  PD, Suer Vi Pore content /volume (%) PIP,: 0—0.5 (0—5 nm) P/Py: 0.5-1 (5-100 nm) .

No. /m [ g ) [(107%emdg) oy Vs Vs A, D,=3+4, R 4 D34, R oop type
NS-1 7.81 0.756 1.477 4396  49.83 6.20 —0.8435  2.1565 09745 -0.2478 2.7522  0.9539 C
NS-2 1049  0.731 1.917 43.03 4576 1121 —0.8133  2.1867 0.9680 —0.2935 2.7065  0.9468 C
MM2-1 724 1.922 3.477 79.77  17.92 2.31 —0.5951  2.4049 09861 —0.2419 2.7581 0.9490 A
MM2-2 13.04 0.283 0.922 50.85  40.23 8.92 —0.7480 2.2520 09839 -0.3572 2.6428  0.9784 B
MM2-3 11.58 0.264 0.763 4122 46.67 12.11 —0.8443  2.1557 09727 -0.3227 2.6773  0.9544 C
MM2-4 15.86 0.116 0.461 2749 5820 1431 —0.8758  2.1242 09801 —0.4224 25776  0.9775 C
MM2-5 7.72 0.283 0.546 60.02  33.25 6.73 -1.0758  1.9242 09712 -0.2437 2.7563  0.9195 B
MM2-6 944 0.284 0.671 39.86 5097 9.17 —0.8195 2.1805 09703 —0.2800 2.7200  0.9479 C
MM2-7 824 0.177 0.365 4581 4256  11.63 —1.0417 19583 09782 -—0.2445 2.7555  0.9318 C
TX-1 8.46 1417 2.995 51.62  40.36 8.02 —0.7038 22962 09701 -0.2571 2.7429  0.9297 B
TX-2 7.59 2.287 4.339 52.64  39.82 7.54 —0.6647 23353 09640 -0.2332 2.7668  0.9301 B
XGG-1 632 1811 2.860 69.79  29.11 1.10 —0.7029  2.2971  0.9604 —0.2036 2.7964  0.8749 B
KG-1-1  7.59 1.114 2.113 56.55  39.84 3.61 —0.7110 22890 09647 -0.2454 2.7546  0.9121 B
KG-1-2  7.13 1399 2.493 63.11 3415 2.74 -0.7068 22932 09567 -0.2370 2.7630  0.8930 B
KG-1-3  6.85 1.950 3.340 64.96  30.82 4.22 —0.7161 22839 09630 -0.1824 2.8176  0.8258 B
KG-1-4 6.80 1.665 2.829 66.13  31.58 2.29 —0.7587 22413 09550 -0.2218 2.7782  0.8704 B
KG-1-5 641 1342 2.151 64.25 3228 3.48 —0.7259 22741 09554 -0.1978 2.8022  0.8681 B
CXY-2 926 0.305 0.705 41.50  46.15 12.35 —0.8796  2.1204 09787 —0.2647 2.7353  0.9256 C

Notes: PD,, average pore diameter; Sypr, BET special surface area; V;;, BJH total pore volume;Vy,, content of micropore (< 10 nm in diameter); Vy,,
content of transition pore (10—100 nm in diameter); ¥y, content of mesopore (100—-1000 nm in diameter); N, based on LTNA; D,, fractal dimension with
pore diameter ranging from 0 to 5 nm; D,, fractal dimension with pore diameter ranging from 5 to 100 nm.

Table 3 Results of mercury intrusion porosimetry, fractal dimension and curve type of coal samples from southern Junggar Basin

Pore content/volume (%) 100-1000 nm  1000—20000 nm

Sample No. @/% K, /mD PTD/nm PD,nm V,/mL MMS/% E./% Curve type
i v Pws Vs D, R D, R
NS-1 7.55 2193 70 1238 0.77  91.71 48.85 13.27 3743 27.69 21.61 29333 0.9951 3.8779 0.1259 B
NS-2 5.43 151.660 24 1378  0.55 8849 67.76 1824 4539 13.81 2256  3.1496 09872 3.4407 0.7197 C
MM2-4 448 0.010 30 1992 043 9092 64.69 16.69 41.62 9.47 3222  3.1272 0.9298 3.4048 0.4309 D
TX-1 697 2448 54 680 0.75  91.55 5039 12.77 4247 2775 17.01  3.3120 0.9730 3.7063 0.7350 B
TX-2 5.59  0.181 32 266 0.63 9395 5834 16.11 51.54 23.05 931 3.4470 09791 3.6623 0.6047 B
XGG-1 477  0.051 20 666 0.45 9021 77.89 21.83 53.59 9.83 14.76  3.5192 0.9297 3.5303 0.7076 A
KG-1-1 3.17  0.130 24 666 0.31 85.54 82.87 10.53 63.04 10.62 15.81  3.6084 0.8771 3.4573 0.6852 C
KG-1-2 434 1.080 20 48 0.50 9445 73777 2033 5833 14.18 7.16  3.5868 0.9790 3.3311 0.8567 A
KG-1-3 428  0.001 18 26 046  90.05 86.23 24.16 60.52 8.67 6.65 3.6904 0.7986 3.2492 0.7861 A
KG-1-4 431  0.005 18 24 0.49  93.07 8248 23.79 56.57 11.08 8.56 3.8566 0.5926 3.4618 0.5742 A
KG-1-5 4.48  0.002 18 44 0.47 9395 81.67 23.23 59.56 10.38 6.83  3.6208 0.6909 3.5492 0.8517 A
CXY-2 5.08 36482 24 52 0.57 9299 7399 19.51 57.14 1573 7.61 3.6773 0.8852 3.5471 0.6786 A

Notes: @, helium porosity; K, air permeability; PTD, average pore throat diameter; PD,, average pore diameter; V, , total mercury intrusion volume;

MMS, maximum mercury saturation; E,,, extrusion efficiency;¥),,, content of micropore (< 10 nm in diameter); ¥),,, content of transition pore (10—100 nm
in diameter); V)3, content of mesopore (100—1000 nm in diameter); V,,, content of macropore (> 1000 nm in diameter); M, based on MIP; D, fractal
dimension with pore diameter ranging from 100 to 1000 nm; D,, fractal dimension with pore diameter ranging from 1000 to 20000 nm.

Typical mercury intrusion/extrusion curves obtained by —mercury intrusion/extrusion curves can be divided into
the MIP experiments are shown in Fig. 3. According to four types: Type A, Type B, Type C, and Type D (Table 3,
the maximum mercury saturation, extrusion efficiency Fig. 3). For Type A, the maximum mercury saturation
and mercury injection volume in each pore size stage, the and extrusion efficiency of coal are high, which indicates
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Fig.3 Four types of mercury intrusion/extrusion curves based on

Junggar Basin.

good pore connectivity. The mercury intrusion curve is
divided into two stages, and the mercury intrusion
volume is mainly provided by the transition pores
(Fig. 3(a)). For Type B, the total mercury intrusion
volume is the highest, and the maximum mercury
saturation is like Type A, but the extrusion efficiency is
low. The mercury intrusion curve is also divided into two
stages, and the mercury intrusion volume is mainly
provided by transition pores and mesopores (Fig. 3(b)).
Type C coal is characterized by low maximum mercury
saturation. The mercury intrusion curve is divided into
three stages, with the mercury intrusion volume mainly
corresponding to transition pores (Fig. 3(c)). Type D coal
has a high maximum mercury saturation and moderate
extrusion efficiency. The mercury intrusion curve is
divided into four stages, and the mercury injection is
mainly provided by transition pores and macropores
(Fig. 3(d)). Type A accounts for the largest proportion of
the coal samples, indicating that the Xishanyao coal has
good pore connectivity, which is conducive to coalbed
methane seepage and production.

4.4 Scanning electron microscopy

The LTNA and MIP methods can only be used to
characterize the pore structures of coal within a certain
pore size range, whereas SEM can be used to directly
obtain structural features of the coal pore-fracture system.
Therefore, the microstructure of pores, fractures, and
macerals of the Xishanyao coal were observed separately
by SEM. There are widely developed primary pores and
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sparse gas pores in fusinite (Fig. 4(a)). The shape of the
gas pores is mainly circular or ellipse, with smooth edges,
clear outline and no infilling, reflecting the original plant
structure. Gas pores are direct evidence of coal gas
production, and their appearance indicates that the
Xishanyao low-rank coal has certain gas content. In the
telocollinite, a series of gas pores are distributed in strips
(Fig. 4(b)). There are sparse gas pores in the
corpocollinite, with the primary pores developed between
the corpocollinite bodies (Fig. 4(c)). There are numerous
fractures developed in the vitrinite, including endogenous
microfractures and exogenous structural fractures
(Figs. 4(d) and 4(f)), which are conducive to coalbed
methane seepage and development. The cells of some
deformed fusinite are filled with clay minerals (Fig. 4(e)).
Both structural fractures and fusinite deformation indicate
that the Xishanyao coal has experienced tectonic
geological stresses. From the SEM observation, it is
concluded that the primary seepage pores and
microfractures in Xishanyao coal are well developed.

4.5 Fractal dimension characteristics of the coal pores

4.5.1 Fractal dimensions of adsorption pores

Based on the LTNA data, the fractal dimensions are often
used to quantitatively characterized the structure of
adsorption pores (Yao et al., 2008; Zhao et al., 2019). To
calculate the fractal dimension values, the double
logarithmic diagrams of In(#/P) and In(V) were obtained
based on LTNA experiments (Fig.5). These plots are



924

il

(a) TX-1
{

Fig. 4 SEM images show pore and maceral characteristics of typical
coal samples. (a) widely developed primary pores and sparse gas pores
in fusinite; (b) many gas pores were developed in telocollinite;
(c) primary pores and gas pores in the corpocollinite; (d) microfractures
were widely developed in vitrinite; (e) primary pores infilled with clay
minerals in deformed fusinite; (f) structural fractures in the vitrinite.
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divided into two distinct sections with In(In(P/P)) = —0.5
(corresponding P/P, = 0.5) as the cut-off point, and the
aperture corresponding to the cut-off point is about 5 nm.
A is the slope of the regression line and can be used to
calculate the fractal dimension D. 4, and A4, were
obtained in the range of In (In (Py/P)) < —0.5 and
In (In (Py/P)) > —0.5, respectively. D, and D, represent
the fractal dimension of the pore surfaces and structures,
respectively, which has been confirmed by previous
studies (Yao et al., 2008; Wang et al., 2015; Tao et al.,
2018). It should be noted that there are two commonly
used formulas to calculate fractal dimension D: “3 (4 + 1)”
and “4 + 3”. The latter can calculate more creditable
fractal dimensions, while the former results are often less
than 2, which deviates from the natural fractal dimension
(2-3) (Yao et al., 2008; Li et al., 2016b; Fu et al., 2017a).
Therefore, “D=A+3” was adopted in this study to
calculate the fractal dimensions of coal, and the
calculation results are shown in Table 2. D, ranges from
1.9242 to 2.4049, with an average of 2.2096. D, ranges
from 2.5776 to 2.8176, with an average of 2.7391. The D,
values of sample MM2-5 and MM2-7 are less than 2,
deviating from the natural fractal dimension, which may
be attributed to the low specific surface areas and surface
roughness of coal pores. The abnormally high D, value of
sample MM2-1 is due to the extremely high micropores
content and very rough pore surfaces. D, and D, have a
weak positive correlation (Fig. 6), which is also seen in
previous study (Fu et al., 2017a).
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Fig.5 Diagrams showing representative examples of the relationship between In(InP,/P) and In¥ for typical low-rank coal samples.
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4.5.2 Fractal dimensions of seepage pores

Based on the mercury injection volume and pressure
obtained by the MIP experiments, the double logarithmic
diagrams of InP and In(d}/dP) were obtained (Fig. 7). As
discussed above, the coal matrix compression starts when
the pore diameter is 100 nm (corresponding pressure is
13 MPa), and the damage to the pore structures of the
coal cannot be ignored. Therefore, only the MIP data with
pore diameters greater than 100 nm can be used to study
the fractal characteristics of low-rank coal, which is
consistent with previous studies (Yao et al., 2009). The
double logarithm relation has obvious segmental
characteristics. The two sections of “d = 100—1000 nm”
and “d = 1000-20000 nm” are fitted linearly, and the
fractal dimensions D; and D, are calculated by Egs. (3)
and (4) (Fig.7, Table 3). D; ranges from 2.9333 to
3.8566, with an average of 3.4607. D, ranges from
3.2492 to 3.8779, with an average of 3.5182. There is a
weak negative correlation between D, and D, (Fig. 8).
The D, and D, values of most coal samples are larger
than 3, beyond the natural fractal dimension, which may
be due to the abnormally high pore heterogeneity caused
by the deformation of low-rank coal under externally
derived stresses. This is consistent with the structural
fractures observed by SEM in Fig. 4(f).
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5 Discussion

5.1
NMR

Comparison analysis by LTNA and MIP joint and

Both LTNA and MIP can be used to determine the pore
volumes and pore size distributions (PSD) of the coal.
The LTNA is only suitable for adsorption pores, while
both adsorption and seepage pores can be measured by
MIP  (Rodrigues and Lemos de Sousa, 2002;  Hassan,
2012; Yao and Liu, 2012). However, the shielding effect
of small pores on larger pores and the destruction of the
coal matrix caused by the high pressure mercury injection
will affect the accuracy of pore content measurements.
(Mahamud and Novo, 2008; Yao and Liu, 2012). There-
fore, the compression and damage to the coal matrix must
be considered when analyzing the PSD of coal. The
mercury intrusion curves of the coal samples are shown
in Fig. 9, and there are obvious yielding points at 100 nm
(corresponding to the pressure of 13 MPa). The
cumulative mercury volume increases slowly when the
pore diameter is > 100 nm but increases rapidly when the
pore diameter is < 100 nm, indicating that the coal matrix
compression occurs at this point, and the pore content less
than 100 nm measured by MIP is not accurate. This
further indicates that MIP is not suitable for the
determination of the adsorption pore content of the coal.
NMR provides a non-destructive method to characterize
coal properties such as porosity, permeability, pore
connectivity and PSD (Yao et al., 2010; Sun et al., 2018).
The coal samples were analyzed by NMR under saturated
water, and the 7, spectrum of most coal samples showed
a single peak distribution, with the peak value biased
toward the seepage pores and microfractures (Fig. 10(b)).
To accurately characterize the PSD of the coal samples,
the incremental pore volume measured by LTNA and
MIP was connected at 100 nm, and the obtained PSD
results were compared with those evaluated by NMR
(Fig. 10). The results showed that the PSD evaluated by
the combination of LTNA and MIP was in good
agreement with those obtained by the NMR, indicating
that this joint evaluation method was more accurate. The
PSD results obtained by combining the two methods are
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Fig. 7 Diagrams showing representative examples of the relationship between InP and In(dV/dP) for typical low-rank coal samples.
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shown in Table 4, the pores developed in Xishanyao low-
rank coals are mainly mesopores (22.22%—63.63%,
avg. 43.05%), macropores and microfractures (23.07%—
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Table 4 Pore size distribution estimated by the combination of LTPA
and MIP for coal samples from southern Junggar Basin

Pore content/volume (%)

Sample No. v, v v .

NS-1 1.92 2.29 53.88 41.91
NS-2 4.57 5.41 34.22 55.81
MM2-4 0.79 1.65 22.22 75.34
TX-1 5.37 4.28 55.83 34.52
TX-2 11.12 8.80 57.00 23.07
XGG-1 15.55 7.96 30.71 45.77
KG-1-1 13.25 11.15 30.47 45.13
KG-1-2 15.24 9.64 49.35 25.77
KG-1-3 24.23 14.01 34.71 27.05
KG-1-4 18.21 10.29 39.89 31.61
KG-1-5 16.05 9.71 44.66 29.58
CXY-2 2.41 3.17 63.63 30.78

Notes: V|, content of micropore (< 10 nm in diameter); V,, content of
transition pore (10—-100 nm in diameter); V3, content of mesopore
(100-1000 nm in diameter); V,, content of macropore (> 1000 nm in
diameter).
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75.34%, avg. 38.86%), while micropores (0.79%—24.23%,
avg. 10.73%) and transition pores (1.65%—14.01%, avg.
7.36%) are poorly developed (Fig. 10(a)). Consequently,
the Xishanyao coal pores are mainly seepage pores and
microfractures, and the pore connectivity is good, which
is conducive to the flow and development of CBM.

5.2 Influencing factors of fractal dimensions (D, and D,)
and their effect on methane adsorption capacity

Many studies have confirmed that the methane adsorption
capacity of coal is affected by various physical properties
such as coal rank, macerals, moisture content, ash yield
and pore structures (Yao etal., 2008; Fuetal., 2017a;
Hou et al., 2017; Tao et al., 2018; Zhao et al., 2019). In
this study, the D, and D, values have no obvious
correlation with R, .. (Figs. I1(a) and 11(b)), which is
closely related to the little physio-chemical changes of the
coal during coalification. In the lower coalification stages,
the hydroxyl and carboxyl functional groups in the coal
have not begun to decrease, and there is little change in
the aromaticity and condensation degree with the increase
of coal rank (Yaoetal,2008; Fuetal,2016a). Two
samples (MM2-5 and MM2-7) with the D, values less
than 2, which deviate from the natural fractal dimension,
and one sample (MM2-1) with an abnormally high D,
value, were excluded from the analysis. The D, and D,
values have a polynomial correlation with moisture
content (Figs. 11(c) and 11(d)). When the moisture
content < 3.5%, the D, and D, values increase with
increasing moisture contents. At this stage of low
moisture content, affected by the liquid/gas surface
tension, the adsorbate molecules may not be attached to
the adsorbent surface, resulting in more complex coal
pore surfaces and structures with increasing moisture
content. When moisture content > 3.5%, the surface
tension disappeared, and the filling by water increased the
homogeneity of the coal pores, leading to the decrease of
fractal dimensions (Yao et al., 2008). Previous study has
proposed that volatile content decreases and fixed carbon
content increases with the increase of coal rank (Fu et al.,
2016a). As shown in Figs. 11(e) and 11(g), volatile
content and fixed carbon content are negatively and
positively correlated with D, respectively, indicating that
D, increases with the increase of coal rank. D, is highly
positively correlated with BET specific surface area,
which further indicates that D, can be used to
characterize pore surfaces (Fig. 11(i)). Coal with high D,
values has more complex pore surfaces and a stronger
methane adsorption capacity. Vitrinite provides more
adsorption pores than inertinite (Faiz et al., 2007), which
is beneficial to improve the adsorption capacity of the
coal. There is a negative correlation between D, and
vitrinite content, indicating that D, is closely related to
pore structures, and the coal with lower D, has better gas
adsorption capacity (Fig. 11(f)). The ash can infill the
coal pores, which reduces the heterogeneity of adsorption
pore structures, so that D, decreases with the increase of
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Fig. 10 Comparison of the pore size distribution by (a)

ash yield (Fig. 11(h)). There is a strong negative
correlation between D, and average pore size, with the
correlation coefficient R, = 0.9530 (Fig. 11(j)), indicating
that D, in low-rank coal increases with the increase of
coal rank, and higher D, represents more complex pore
structures and decreased methane adsorption capacity.
Langmuir volume (¥}) is often used as a direct
indicator of the methane adsorption capacity of coal, and
Langmuir pressure (P;) can be used to indicate the
difficulty of methane adsorption. As discussed above, D,
and D, were used to characterize the pore surface and
pore structure of adsorption pores related to methane
adsorption, so the relationship between D, and D, and
methane adsorption capacity was studied. There is a
negative correlation between V' and D; when D; < 2.2,
and a positive correlation when D, > 2.2 (Fig. 12(a)); P,
and D, shows an opposite trend (Fig. 12(b)). The trend
when D, < 2.2 may be caused by the special pore
structures of Type C coal based on LTNA. When D, >
2.2, the pore specific surface area of coal increases with
the increase of D,, which leads to the enhancement of
methane adsorption capacity. P, decreases with the
increase of D, indicating that methane is more easily
adsorbed into coal with higher D,. D, has a weak
negative correlation with V; and a weak positive
correlation with P, (Figs. 12(c) and 12(d)), which
indicates that the lower D,, then the stronger methane

transiton
pores

micropores mesopores macropores

and fractures

T,/ms

LTNA and MIP joint analysis and (b) NMR relaxation.

adsorption capacity. This is because with the increase of
D,, the vitrinite content and average pore sizes of coal
decreases, the adsorption pores provided by vitrinite
decreases, and the complexity of coal pore structures
increases, resulting in the decrease of methane adsorption
capacity of the coal. The results show that the methane
adsorption capacity of coals with higher D, value and
lower D, value is stronger. In addition, it was found that
D, has a better fit with V| and P, than D,, which is more
suitable to characterize the adsorption capacity of low-
rank coal.

5.3 Influencing factors of fractal dimensions (D5 and D,)
and their effect on methane seepage capacity

To study the fractal features of the seepage pores and
their influence on methane seepage capacity in low-rank
coal, the relationships between fractal dimensions of the
seepage pores (i.e., Dy and D,) and coal rank and
composition, pore structure and seepage capacity were
analyzed. Although deviating from the natural fractal
dimension, D; and D, (> 3.4) still have obvious fractal
features, which can be used to characterize the pore
structures and seepage capacity of low-rank coals. There
is a linear positive correlation between D, and R_ ...
which indicates that D, increases with the increase of coal
rank, and higher D, represents more complex pore
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structures (Fig. 13(a)). However, D, presents a weak
trend opposite to D,, indicating that the lower the D5, the
more complex the pore structures of the coal (Fig. 13(b)).
Compared with adsorption pores, the structure of seepage
pores is more affected by the change of coal rank. As
mentioned above, the volatile content of coal decreases
with the increase of coal rank, which can also be proved
by the obvious negative correlation between D, and
volatile content (Fig. 13(d)). As shown in Fig. 13(c),
there is no correlation between D, and volatile matter,
which may be the result of the comprehensive control of
fractal dimension D, by multiple factors such as coal
rank, composition and pore structure (Yao et al., 2009).
There was no significant correlation between D,, D, and
vitrinite contents, indicating that organic macerals had
little effect on the pore structure of seepage pores
(Figs. 13(e) and 13(f)). The main component of ash yield
in coal is mineral, and the ash yield increases with the
increase of mineral content (Hou etal., 2020a). D, is
highly negatively correlated with ash yield, indicating
that more mineral infilling can increase the heterogeneity
and complexity of coal seepage pore structures
(Fig. 13(g)). The negative correlation between D, and
macropore content is related to the gradually enhanced
physical compression of coal pores with the increase of
coal rank (Fig. 13(h)), which is consistent with previous
studies (Fu et al., 2017a; Zhao et al., 2019).

Porosity includes matrix porosity and cleat/fracture
porosity, representing the volume fraction of pores in coal
(Rodrigues and Lemos de Sousa, 2002; Cai et al., 2011).
Permeability can be used to characterize the ability of gas
migration in coal, and is an important index to evaluate
gas production in coal (Pan et al., 2010). Many researchers
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have pointed out that the permeability decreases with the
increase of fractal dimension of seepage pores (Yao et al.,
2009; Zhao et al., 2019). However, as shown in Fig. 14,
D, is significantly positively correlated with porosity and
permeability, while D; shows a weak opposite trend,
indicating that with the increase of coalification, the
seepage capacity of low-rank coal is enhanced. This may
be due to the relatively developed microfractures in the
low-rank coal from the Xishanyao Formation increase the
porosity and enhance the permeability of coal. In
addition, compared with D;, D, has a better fit with
porosity and permeability, indicating that D, can better
characterize the seepage capacity of low-rank coal than D;.

6 Conclusions

1) The Xishanyao coal samples consist of three types of
nitrogen adsorption/desorption curves (mainly Type B)
and four types of mercury intrusion/extrusion curves
(mainly Type A), indicating open pore morphology and
good pore connectivity. Based on the combined analysis
of LTNA and MIP, the coal pores are mainly mesopores,
macropores and microfractures, while micropores and
transition pores are poorly developed, which is in good
agreement with the SEM observation and PSD evaluated
by NMR. The results show that the pore structure of the
Xishanyao low-rank coal is beneficial to CBM seepage,
but not conducive to CBM adsorption.

2) D, and D, can be used to characterize the pore
surface and structure of adsorption pores respectively. D,
and D, increase with increasing coal rank due to the
enhanced complexity of pore surfaces and structures;
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Both D; and D, can represent the pore structure of
seepage pores. D, decreases with the increase of coal
rank, while D, shows an opposite trend, which may be
related to the deviation from the natural fractal
dimension. Compared with adsorption pores, the structure
of seepage pores is more affected by the change of coal
rank. In addition, the macerals can affect the fractal
dimensions of adsorption pores but not the seepage pores.

3) D, can better characterize the methane adsorption
capacity than D,. When D, > 2.2, D, is positively
correlated with V| and negatively correlated with Py,
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while D, shows a weak opposite trend. The coals with
higher D, and lower D, have higher ¥}, which indicates
that the coals with more complex pore surfaces and
simpler pore structures have stronger methane adsorption
capacity; D, can better characterize methane seepage
capacity than D,. The porosity and permeability of coals
increases with the increase of D,, while D, presents the
opposite trend, which may be related to the good
development of microfractures in the Xishanyao coal.
The well-developed fracture system enhances the seepage
capacity of the coal.
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