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The influence of coalification on coal structure evolution in middle ranked coals is
significant for physical assessment of coalbed methane (CBM) reservoirs, which
provides insights on the intrinsic connection between coalification jump and pore
heterogeneity. A total of 26 middle-ranked coals were samples covering
Liupanshui Coalfield in Guizhou Province, Anhe Coalfield in Henan Province,
Huaibei Coalfield in Anhui Province, Sanjiang Basin in Heilongjiang Province,
Ordos Basin in Shaanxi Province and Qinshui Basin in Shanxi Province. Based
on a series of experiments including vitrinite reflectance, coal maceral
identification, nitrogen adsorption and the pore fractal method, the inner link
between physical property parameters of coal reservoirs and coal rank was
revealed. The results show that the coal maceral in middle rank coals is
dominated by vitrinite and inertinite and two types of adsorption pores are
divided according to the nitrogen adsorption/desorption curves along with
pore size distribution. The specific surface area is positively correlated with
total pore volume, micropore volume and negatively correlated with averaged
pore size and transitional pore volume. The coal samples with low average pore
sizes have relatively high total pore volume, specific surface area and micropore
volume per unit nm. With the increase of coal rank, the fluctuating points of
micropore and transitional pore volume correspond to 1.16%–1.19%, 1.41%–1.43%
and 1.86%–1.91% of Ro, max, respectively. The boundary of Ro, max corresponding to
the second coalification jump can be more specifically defined as 1.16%–1.19%
from the established nominal range of 1.1%–1.3%. The pore fractal dimension DNA1

and DNA2 increase with increasing specific surface area. Furthermore, the DNA2 has
a negative correlation with micropore volume and averaged pore size, indicating
that the coal with smaller average pore diameter and lowermicropore content has
a more complex pore structure.
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1 Introduction

The study on the pore structure evolution of coals will provide a scientific reference and
foundation for exploration and development of coalbedmethane (CBM). Therefore, a couple
of investigations on pore structure evolution controlled by coalification have been reported
recently (Li et al., 2017; Xin et al., 2019; Hou et al., 2020; 2021). Coalification is a complex
non-linear change process, including the change of physical, chemical and structural
reactivity of organic matter, which can be further divided into dehydration,
asphaltization, deasphaltization and graphitization (Zhou et al., 2018; Tao et al., 2018).
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Generally, there are four jumps in the whole coalification process.
The first one occurs at the long flame coal stage (Cdaf=75–80%,
Vdaf=43%, Ro,max=0.5–0.6%), which is characterized by the peeling
off of oxygen-containing functional groups and the generation of
CO2 and H2O. The second one occurs at the fat coal to coking coal
(Cdaf=87%,Vdaf=29%, Ro,max=1.1–1.3%), which is characterized by
the shortening of hydrogen-rich side chains and the decrease of coal
density, porosity and moisture content. The tertiary coalification
jump occurs from bituminous coal to anthracite (Cdaf=91%,
Vdaf=8%, Ro,max=2.2–2.5%), which results in the increase of the
pore and moisture content. The fourth coalification jump is in the
boundary between anthracite and graphite (Cdaf=93.5%, Vdaf=4%,
Ro,max=3.7–4.0%). At this stage, the ratio of hydrogen content to
carbon atom decreases sharply, and the orientation and
condensation degree of aromatic units increase quickly. However,
a few scholars believe that there are six jumps in the whole process of
coalification, and the vitrinite reflectivity (Ro, max) is 0.5%–0.6%,
1.1%–1.2%, 1.4%–1.5%, 2.2%–2.3%, 2.8%–2.9% and 3.7%–3.9%
(Zhou et al., 2018).

In terms of influence of coalification on pore structure evolution,
it is obtained that the micropore volume, specific surface area, total
pore volume, fractal dimension of adsorption pore first increase,
then decrease and finally increase with the increase of coal rank
(Gurdal and Yalcin, 2001), and the maximum and minimum values
occur at 0.58%–0.59% and 0.65%–0.66%, respectively (Hou et al.,
2020). Compared with bituminous coal, lignite has a higher
inertinite content, a larger pore volume, a better connectivity and
a larger specific surface area (Tao et al., 2018). During the first
coalification jump, coal molecules polycondensation occurs and coal
matrix compacts with a rapidly decrease of water, pore volume,
porosity and permeability. With the increase of coal rank, the
specific surface area decreases rapidly. However, unlike middle
and high rank coal, the adsorption amount of CH4 from lignite
varies with the material composition (Tao et al., 2018). With the
increase of coal rank, the average pore size first increases and then
decreases (Li et al., 2017). For the similar coal rank, bright coals
usually have relatively high pore size and pore complexity increases
with increasing coal rank (Clarkson and Bustin, 1999; Zhao et al.,
2016). Microscopic images show that low-rank coal has irregular
pore shapes, whereas middle-rank coal has round tissue pores and
gas pores, and high-rank coal has flattened pores and more gas pores
(Li et al., 2017). Based on theMercury injection results, coal porosity
decreases from brown coal (43.35%), bituminous coal (24.76%) to
anthracite (4.56%) and coal surface area decreases from bituminous
coal, anthracite to brown coal (Qin et al., 2020). Mineral substance
and coal rank are important factors affecting the pore size and
volume of micropores, meso-pores and macropores in coal
(Mastalerz et al., 2008). With the increase of coal rank,
macropore volume decreases and micropore volume increases.
Minerals can result in the increase or decreases of surface area
and mesopore volume, depending to the changes of coal macerals
(Mastalerz et al., 2008; Hou et al., 2023).

The pore fractal dimension of coal and shale can largely reflect
the pore structure, adsorption and seepage ability of reservoir (Pyun
and Rhee, 2004; Hou et al., 2018). A fractal permeability model was
established by Mercury injection method and Kozeny-Carman
equation (Cai et al., 2016), and the permeability of permeable
pores of different rank coals were calculated. It shows that the

pore structure of middle-rank coal is more uniform than that of low-
rank coal and high-rank coal. Based on Fourier transform infrared
spectroscopy (FTIR) and pyrolysis, the variation of functional
groups and coalification jump were characterized and the
heterogeneous aromatic compounds have a great change from
low rank coal to high rank coal (Li et al., 2016). Zhou et al.
(2018) proposed that the gradual breaking of chemical bonds is
to reach a specific threshold activation energy, which represents the
“jump” of coalification and chemical composition.

With regard to the evolution of coal pore structure caused by
coalification jump, domestic and foreign scholars have analyzed the
material composition, pore fracture evolution characteristics, and
the change law of pore specific surface area, pore diameter and pore
volume. However, these relationships with middle coal rank are lack
of enough researches. In this study, it will provide a theoretical basis
for studying the control effect of coalification jump on pore structure
evolution and has an important significance for exploration and
development of coalbed methane.

2 Experiment and methods

2.1 Sampling locations

In this study, 26 coal samples were collected from 6 coalfields or
basins (Table 1; Figure 1), namely, Liupanshui coalfield in Guizhou (3),
Huaibei coalfield in Anhui (3), Anhe coalfield in Henan (8), Sanjiang
Basin in Heilongjiang (5), Ordos Basin in Shaanxi (5) and Qinshui
Basin in Shanxi (2). The regional geological structure of Liupanshui
Basin in Guizhou Province is dominated by interstitial-type folds with
complex geological conditions, and the recoverable coal seam is usually
distributed along the anticlinal axis or wing. The coal-bearing strata are
mainly located in Late Permian including ZG, SXP andWJZ. The Anhe
Coalfield in Henan Province is located at the eastern Taihang
Mountains, with the main coal-bearing strata of Carboniferous and
Permian. The coal samples in Anhe Coalfield consist of ZK-21-9-1, ZK-
21-9-2, ZK-21-9-3, ZJ, HL, JK, LK and EK. The Huaibei Coalfield in
Anhui Province is located in the South-central part of the North China
Plate, bounded by Shungeng Mountain in the south and Tanlu fault in
the east. The Permian is the main coal-bearing strata in Huaibei
coalfield, including coal samples from WG, GB and HZ. The
Sanjiang Coalfield is located in the northeast of Songliao Basin. The
samples from SJB-1 to SJB-5 were taken from Chengzihe Formation in
the Lower Cretaceous. The coal samples from Ordos Basin were
collected in Lower Permian Shanxi Formation from OB-1 to OB-5,
and the Qinshui Basin samples were collected in No.15 coal seam of
Taiyuan Formation from QSB-1 to QSB-2.

2.2 Method

(1) Experimental method

For coal maceral identification and reflectance measurements,
coal samples were crushed to powders with diameter less than 1 mm
for microscopic observation. Coal macerals, including vitrinite,
inertinite, and liptinite, were observed for all the samples with
500 valid points using an OLYMPUS X51 photometer
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TABLE 1 Experimental results of macrolithotype, vitrinite reflectance, coal maceral, and nitrogen adsorption of the coal samples.

No. Sample
No.

Macrolitho
type

Ro,max/
%

V/
%

I/% L/
%

Specific
surface
area/
m2/g

Total
pore
volume/
10−3 cm3/
g

Average
pore
size/nm

Pore volume
proportion/%

Pore area proportion/% DNA1 DNA2 Nitrogen
adsorption
curve types

Micropore Transitional
pore

Micropore Transitional
pore

1 WG SD 1.08 62.94 34.16 2.9 0.45 1.16 10.39 16.85 83.15 43.14 56.86 2.71 2.74 Ⅲ

2 SJB-1 SD 1.13 84.78 12.20 3.02 0.22 1.05 16.1 92.5 7.5 60.4 39.6 2.06 2.52 Ⅲ

3 ZG SD 1.16 62.95 35.51 0.87 0.551 2.267 16.46 22.55 77.45 72.29 27.71 2.68 2.66 Ⅲ

4 WJZ SB 1.19 N/A N/A N/
A

1.216 3.664 12.05 36.96 63.04 76.94 23.06 2.77 2.69 Ⅱ

5 SJB-2 SB 1.19 82.16 16.23 1.61 0.24 1.31 19.6 71.7 28.3 30.9 69.1 2.56 2.45 Ⅲ

6 ZJ SB 1.27 87.35 12.06 0.4 0.42 0.98 9.31 30.69 69.31 59.00 41.00 2.59 2.78 Ⅲ

7 SJB-3 SB 1.27 95.72 4.28 N/
A

0.22 1.15 18.4 85.5 14.6 50.7 49.3 2.81 2.33 Ⅲ

8 OB-1 SB 1.34 71.66 28.34 N/
A

0.35 1.23 12.77 99.2 0.8 16.4 83.6 2.55 2.49 Ⅲ

9 GB SB 1.4 87.1 11.11 1.79 0.48 1.02 8.53 30.54 69.46 58.17 41.83 2.68 2.76 Ⅲ

10 ZK-21-9-2 SB 1.41 86.26 12.02 1.72 1.028 2.346 9.13 35.72 64.28 77.48 22.52 2.79 2.79 Ⅲ

11 ZK-21-9-1 SB 1.41 88.43 9.41 2.16 1.083 2.534 9.36 36.30 63.70 77.20 22.80 2.34 2.75 Ⅲ

12 SXP SB 1.42 92.38 7.62 0 0.811 2.551 12.58 39.88 60.12 83.91 16.09 2.75 2.70 Ⅱ

13 ZK-21-9-3 SB 1.43 82.09 11.52 6.39 1.076 3.497 13.00 27.50 72.50 73.17 26.83 2.79 2.68 Ⅲ

14 OB-2 SB 1.44 41.48 58.52 N/
A

0.31 1.12 13.73 99.4 0.6 17.9 82.1 2.41 2.62 Ⅲ

15 OB-3 SB 1.47 73.37 26.63 N/
A

0.55 1.65 12.07 99.4 0.6 26 74 2.19 2.64 Ⅲ

16 QSB-1 SB 1.49 67.94 32.06 N/
A

0.39 2.55 24.69 98.7 1.3 14 86 2.14 2.49 Ⅲ

17 HZ SB 1.5 88.63 10.98 0.39 0.39 0.73 7.41 36.11 63.89 61.92 38.08 2.63 2.80 Ⅲ

18 HL SB 1.61 88.3 11.09 0.41 0.52 1.27 9.83 26.55 73.45 55.19 44.81 2.65 2.74 Ⅲ

19 SJB-4 SB 1.63 94.06 5.94 N/
A

0.08 0.55 19.7 93.3 6.7 59.6 40.4 2.38 2.43 Ⅲ

20 OB-4 SB 1.68 63.43 36.57 N/
A

0.38 1.28 12.62 99.5 0.5 22.3 77.7 2.28 2.65 Ⅲ

(Continued on following page)
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TABLE 1 (Continued) Experimental results of macrolithotype, vitrinite reflectance, coal maceral, and nitrogen adsorption of the coal samples.

No. Sample
No.

Macrolitho
type

Ro,max/
%

V/
%

I/% L/
%

Specific
surface
area/
m2/g

Total
pore
volume/
10−3 cm3/
g

Average
pore
size/nm

Pore volume
proportion/%

Pore area proportion/% DNA1 DNA2 Nitrogen
adsorption
curve types

Micropore Transitional
pore

Micropore Transitional
pore

21 SJB-5 Bright 1.72 93.40 6.60 N/
A

0.59 2.46 15.7 75.7 24.4 31.8 68.2 2.23 2.53 Ⅱ

22 QSB-2 Bright 1.82 91.14 8.86 N/
A

0.88 3.3 14.98 98.7 1.2 16.3 83.8 2.31 2.45 Ⅲ

23 JK Bright 1.86 98.22 1.78 0 0.71 1.39 7.77 36.26 63.74 56.81 43.19 2.70 2.77 Ⅲ

24 EK SB 1.89 95.34 4.47 0 0.86 1.77 8.25 48.84 51.16 73.81 26.19 2.59 2.74 Ⅱ

25 LK SD 1.9 87.82 11.75 0.43 0.93 2.6 11.13 42.33 57.67 71.50 28.50 2.70 2.73 Ⅱ

26 OB-5 SD 1.91 57.97 42.03 N/
A

0.12 0.95 10.39 98.6 1.4 3.2 96.8 2.75 2.27 Ⅱ

V, Vitrinite; I, Inertinite; L, Liptinite; N/A, no data; SD, Semi-dull coal; SB, Semi bright coal; DAN1, adsorption pore fractal dimension; DNA2, seepage pore fractal dimension.
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FIGURE 1
Sampling location and corresponding to coal-bearing strata in China (C1 = Early Carboniferous; C2 = Late Carboniferous; P1 = Early Permian; P3 =
Late Permian; T1 = Early Triassic; T2 = Middle Triassic; T3 = Late Triassic; J1 = Early Jurassic; J2 = Middle Jurassic; J3 = Late Jurassic; CR1 = Early
Cretaceous; CR2 = Late Cretaceous).

FIGURE 2
The change of vitrinite and inertinite of coal samples in the study area.
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microscope. Maximum vitrinite reflectance (Ro,max) measurement
was performed by oil immersion with a refractive index of 1.518 at
23°C. The low pressure nitrogen adsorption (LPNA) tests were
performed using a Quantachrome NOVA 2000e analyzer, which
can be obtained the pore parameters including specific surface area
and pore volume. It should be noted that pore size smaller than 2 nm
cannot be characterized by LPNA, which can be detected by CO2

adsorption experiment.

(2) Fractal method

The fractal analyses of adsorption and seepage pores were
analyzed based on the adsorption curves of low pressure nitrogen
adsorption (LPNA) and the injection curves of Mercury intrusion
porosimetry (MIP) (Hou et al., 2020). The equation for calculating
fractal dimensions of LPNA can be shown as follows (Wang et al.,
2015):

FIGURE 3
Relationships among total pore volume, average pore diameter, pore surface proportion, specific surface area and micropore volume per unit nm.
((A): total pore volume vs. specific surface area; (B): average pore size vs. specific surface area; (C): micropore area proportion vs. specific surface area;
(D): transitional pore surface proportion vs. specific surface area; (E): micropore volume per nanometer vs. specific surface area; (F): micropore volume
per nanometer vs. total pore volume; (G): micropore volume per nanometer vs. average pore size).
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ln V( ) � constant + A ln ln
P0

P
( )( )[ ] (1)

where V is the adsorbed gas volume at the equilibrium pressure P; Po
is the saturation gas pressure; and A is the slope between ln(V) and
ln(ln(P0P )). DNA is the fractal dimension of LPNA (DNA=3 + A),
which consists of DNA1 representing fractal value of P/P0 ranging
from 0 to 0.5 and DNA2 representing that from 0.5 to 1.

3 Results

3.1 Coal petrology and vitrinite reflectance
test

In terms of macrolithotypes, most of samples are semi-bright
coals and a few parts are semi-dull and bright coals (Table 1). The
vitrinite reflectance of samples ranges from 1.08% to 1.91% with an
average of 1.49%, and the samples belong to middle ranked coals.
The vitrinite, inertinite and liptinite content are in the range of
41.48%–98.22%, 1.78%–58.52% and 0%–6.39%, with the average
value of 81%, 18.07% and 1.47%, respectively (Table 1; Figure 2).
Generally, the vitrinite contents in middle rank coals are higher than
those in low rank coals whereas the inertinite contents in middle
rank coals are lower than those in low rank coals (Hou et al., 2017).

However, coal maceral content should be determined by the
depositional environment of peat not the coalification (Dai et al.,
2020). With the increase of coalification degree, the lignin fiber
tissue of higher plants was enhanced by gelation effect, and the
content of gelated substances with humic acid and asphaltene
increased, resulting in the increase of vitrinite content. It should
be noted that the coal samples with higher vitrinite contents usually
have lower inertinite contents and vice versa (Figure 2).

3.2 Specific surface area, pore volume and
pore structure

The pore system in coals can be further subdivided into
micropore (pore size <10 nm), transitional pore (10 nm < pore
size <100 nm), mesopore (100 nm < pore size <1000 nm) and
macropore (pore size >1000 nm). The specific surface area of
coal samples ranges from 0.12 to 1.216 m2/g with an average of
0.571 m2/g, which is generally lower than that of low ranked coals
(Xin et al., 2019;Wang, 2020). The total pore volume of coal samples
ranges from 0.55 × 10−3 to 3.664×10−3 cm3/g with an average of
1.784×10−3 cm3/g, which is positively correlated with specific surface
area (Figure 3A). The average pore size of coal samples ranges from
7.41 to 32.47 nm with an average of 13.77 nm, which is also positive

FIGURE 4
Characteristics of adsorption pore of type Ⅱ. ((A): absorbed volume vs. relative pressure of EK; (B): [dv/log(d)]) vs. pore diameter of EK; (C): absorbed
volume vs. relative pressure of LK; (D): [dv/log(d)]) vs. pore diameter of LK).
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with specific surface area (Figure 3B). The micropore volume has the
greatest proportion ranging from 16.85% to 99.5% with an average
of 60.47% and the second proportion is transitional pore ranging
with an average of 39.26%. The micropore surface proportion is
positively correlated with BET (Figure 3C), whereas transitional
pore surface proportion is negatively correlated with BET
(Figure 3D). The micropore volume per unit nm (MI) =
(micropore volume)/(pore size range corresponding to
micropore), is in the range of 0.94–233.91 × 10−6 cm3/(gnm)
with an average of 82.53 × 10−6cm3/(gnm). The MI of coal
samples is positively correlated with specific surface area and
total pore volume (Figures 3E, F), indicating that MI has an
important effect on surface area and pore volume of middle rank
coals. In addition, there is negative correlation between MI and
average pore size (Figure 3G), suggesting that the coal samples with
relatively low pore size have high MI and specific surface area and
pore volume.

3.3 Nitrogen adsorption curve types

The experimental principle of low temperature liquid nitrogen
adsorption in coal conforms to the theory of adsorption and
condensation of pore materials (Yan et al., 1986). Therefore, we
can judge the pore types through the characteristics of nitrogen
adsorption/desorption curves. According to the nitrogen adsorption

results of coal samples, the obtain nitrogen adsorption curves are
mainly type Ⅱ and type Ⅲ.

The EK and LK coal samples belong to typical type Ⅱ curve
(Figure 4). Specifically, the pore structure represented by type Ⅱ
mainly developed micropores, and the pore morphology was
mainly open parallel plate slit capillary pores (Tang et al., 2013).
The relative pressure of those pores during evaporation is lower
than that during condensation, which can generate hysteresis
rings due to different relative pressures during evaporation and
condensation. The coal samples with type Ⅱ usually have
relatively high specific surface area (1.216 m2 g−1) and total
pore volume (3.664 × 10−3 mL g-1), and the contribution to
surface area and total pore volume mainly comes from
micropores (Figures 4B, D). Compared with type Ⅰ,
transitional pore volume obviously increases (Table 1) for type
Ⅱ and the pores are beneficial to adsorption, desorption and
diffusion of coalbed methane (Yao et al., 2008).

The ZK21-9-1 and ZK21-9-2 coal samples belong to typical type
Ⅱ curve (Figure 5). The pore structure represented by this type is a
standard “bimodal” structure, with high content of transitional
pores and micropores (Figures 5B, D). This pore type mainly
includes open inclined slate-slit capillary pores (Tang et al.,
2013). The coal samples with type Ⅲ usually have relatively low
total pore volumes (1.719 × 10−3 mL g−1) and specific surface areas
(0.553 m2 g−1), which has a great influence on diffusion and
desorption of coalbed methane. Specifically, higher transitional

FIGURE 5
Characteristics of adsorption pore of typeⅢ. ((A): absorbed volume vs. relative pressure of ZK 21-9-1; (B): [dv/log(d)]) vs. pore diameter of ZK 21-9-1;
(C): absorbed volume vs. relative pressure of ZK 21-9-2; (D): [dv/log(d)]) vs. pore diameter of ZK 21-9-2).
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pore proportion can increase desorption capacity and this “bimodal”
structure may affect the gas efficient diffusion.

4 Discussion

4.1 Influence of coalification jump on pore
structure parameters

The evolution of the pore structure during the vitrinite
reflectance period from 1.1% to 1.9% was analyzed by
studying the changes in specific surface area, pore volume,
and pore heterogeneity. With the increase of coal rank,

micropore volume per unit nm shows a low-high-low-high-
low-high trend, whereas transitional pore volume per unit nm
shows a high-low-high-low-high-low trend (Figure 6). The
various inflection point corresponds to Ro,max of 1.16%–1.19%,
1.41%–1.43% and 1.86%–1.91%, which is consistent with the
second coalification jump, the third coalification jump and the
boundary of middle-high rank coals (Hou et al., 2014; Zhou et al.,
2018). Specifically, a large amount of methane gas was released
during the second coalification jump, resulting in more
micropore on organic surface due to the effects of pore
pressure difference (Hou et al., 2020; Zhang et al., 2020). In
the low rank coals, the decrease of moisture and porosity results
in the decrease of transitional pores when Ro,max between 1.41%

FIGURE 6
Micropore volume and transitional pore volume changes with the increase of Ro, max. ((A): micropore volume per nanometer vs. Ro, max; (B):
transitional pore volume per nanometer vs. Ro, max).
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and 1.43% (Figure 6B). With the rapid increase of coal specific
surface area and pore volume in high low rank coals, the volume
proportion of micropores and pores increases to some degree
(Figure 6).

There is a good positive correlation between specific surface
area and total pore volume of the coal samples (Table 1). The
degree of coal metamorphism has a great influence on the total
pore volume and specific surface area. With the increase of the
degree of coal metamorphism, the specific surface area and total
pore volume of coal sample increase sharply around the second
coalification jump with corresponding to Ro,max about 1.16%–

1.19% (Figure 7). With the increase of coal rank, the variation of

specific surface area and pore volume shows a low-high-low-
high-low-high rule, which is according with the variation of
micropore and transitional pore volume (Figure 6). Previous
investigation showed that the Ro,max was defined to be
between 1.1% and 1.3% during the second coalification jump
(Kędzior, 2015), which can be further limited to 1.16%–1.19% of
Ro,max in this study. The average pore size corresponding to
Ro,max of 1.16%–1.19% is 16.04nm, which is obviously higher
than that of the whole coal samples (Table 1). This indicates that
the pore structure of middle rank coals is relatively simple with
higher specific surface area and total pore volume (Figure 7). For
the types of nitrogen adsorption curves, a small number of type Ⅱ

FIGURE 7
The specific surface area and total pore volume changes with the increase of Ro, max. ((A): specific surface area vs. Ro, max; (B): total pore volume vs.
Ro, max).
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samples are found corresponding to Ro,max mainly between 1.16%
and 1.19%, 1.41%–1.43% and 1.86%–1.91% (Table 1), indicating
that coalification jump also has a certain influence on the types of
adsorption curves.

4.2 Influence of coalification jump on pore
heterogeneity

(1) Calculation of fractal dimension of coal adsorption pore

The hysteresis loop occurs in the desorption and adsorption
curves when the relative pressure is about 0.5, which shows that
there are great differences in the morphology and size of the pores
around this relative pressure. The double logarithmic curves have
different slopes between the two relative pressure segments with a
high fitting degree (Figure 8), indicating that there are two different
pore fractal dimensions DNA1 and DNA2 in the two relative pressure
segments. According to the calculation results, the DNA1 is relatively
low with ranging from 2.06 to 2.81 with an average of 2.54, and the
change of DNA1 is not obvious with the increase of Ro,max. However,

FIGURE 8
Double logarithm curve of adsorption volume and relative pressure of liquid nitrogen.
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the average DNA1 corresponding to Ro,max of 1.16%–1.19%, 1.41%–
1.43% and 1.86%–1.91% is 2.167, 2.67 and 2.69, which is higher than
the average value of the coal samples. This indicates that DNA1 is
consistent with the variation of micropore content, representing the
fractal dimension of pore surface roughness. The value of DNA2 is
relatively high ranging from 2.27 to 2.80 with an average of 2.62.
Previous studies have shown that DNA2 represents the fractal
dimension of coal pore structure complexity (Cui and Sun,
2020), and coalification jump may improve the complexity of
coal pore structure based on the relationship between DNA2 and
Ro,max.

(2) The relationship between fractal dimension and pore
parameters

According to the analysis of the relationship between the pore
fractal dimension and pore structure parameters of middle rank
coals (Figure 9), the fractal dimension of coal pore DNA1 and
DNA2 gradually increase with the increase of specific surface area
(Figures 9A, B). However, it is worth noting that if DNA1 is

separated with the boundary of 2.35, the positive correlation
between DNA1 and the specific surface area will be more
significant (Figure 9A), indicating that the clustering analysis
of some parameters is the prerequisite for the study on the pore
homogeneity (Hou et al., 2021). That means that coals with a
higher surface roughness are slightly different with those with a
lower surface roughness for the correlation between DNA1 and the
specific surface area, however, the internal controlling factors
need a further study. There is a positive correlation between DNA2

and specific surface area, suggesting that the coals with more
complex pore structures usually correspond to both higher
specific surface areas and higher pore volumes. Due to the
good positive correlation between specific surface area and
total pore volume in middle coal rank (Figure 3A), the total
pore volume and methane adsorption capacity of coal become
stronger with the increase of pore structure complexity (Yao
et al., 2008). During different coal ranks, there is a negative
correlation between DNA2 and micropore volume proportion and
average pore size (Figures 9C, D), suggesting that coal samples
with lower pore size and lower micropore volume usually

FIGURE 9
Relationships between several pore structures and DNA1, DNA2 of the coal samples. ((A): DNA1 vs. specific surface area; (B): DNA2 vs. specific surface
area; (C): DNA2 vs. micropore volume proportion; (D): DNA2 vs. average pore size; (E): DNA2 vs. Ro, max).
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correspond to more complex pore structure. Therefore, the
reflectance of vitrinite can be used to analyze the pore surface
structure characteristics, and the complexity of pore structure
can be reflected according to the average pore size of coal to some
degree. For the correlation between DNA2 and coal rank,
generally, there is a high-low-high-low trend of DNA2 with
increasing Ro,max (Figure 9E). Furthermore, the first inflection
point corresponds to 1.1%–1.3% of Ro,max, and the second
coalification jump has a great influence on the pore structure
evolution.

5 Conclusion

In this paper, vitrinite reflectance, coal maceral identification
and low-temperature liquid nitrogen adsorption experiments
were carried out on 26 middle-rank coal samples from
Liupanshui Coalfield, Anhe Coalfield, Huaibei Coalfield,
Sanjiang Basin, Ordos Basin and Qinshui Basin. Pore fractal
dimension was used to characterize the heterogeneity of
adsorption pores (pore size <100 nm) and seepage pores (pore
size >100 nm). The internal relationship between the degree of
coalification and the physical property parameters and
heterogeneity of coal reservoir is revealed. The results show
that 1) Vitrinite and inertinite are the main macerals in the
middle rank coal samples. According to the liquid nitrogen
adsorption/desorption curve and pore size distribution
characteristics, type Ⅱ and type Ⅲ were identified for
adsorption pores. 2) The specific surface area of coal samples
is proportional to the total pore volume and the micropore
volume, and inversely proportional to the average pore size
and the transitional pore volume. The coal samples with lower
average pore size have higher micropore volume per nanometer,
specific surface area and total pore volume. 3) With the increase
of coal rank, the fluctuating points of micropore and transitional
pore volume correspond to 1.16%–1.19%, 1.41%–1.43% and
1.86%–1.91%, respectively. The boundary of Ro, max

corresponding to the second coalification jump can be more
specifically defined as 1.16%–1.19% from the established nominal
range of 1.1%–1.3%. 4) The pore fractal dimension DNA1 and
DNA2 increase with increasing specific surface area. The DNA2 has
a negative correlation with micropore volume and averaged pore

size, indicating that the coal with smaller average pore diameter
and lower micropore content has a more complex pore structure.
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