- QA

A4
This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

http://pubs.acs.org/journal/acsodf

Investigation on Adsorption Pore and Fractal Analyses of Low-Rank
Coals in the Northern Qaidam Basin

Xuejiao Zhou, Qian He, and Haihai Hou™

Cite This: ACS Omega 2024, 9, 9823-9834 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations

ABSTRACT: The northern Qaidam Basin has abundant coal and 3.09

coalbed methane (CBM) resources, and quantitative evaluation of ~ 2.9 A°
adsorption pore characteristics has great significance for optimum < - PP

selection of CBM-favorable areas. Based on vitrinite reflectance, coal & 2.8 A A

maceral, proximate analysis, low-temperature N, adsorption, and £ R o A 0.0 A

methane isothermal adsorption experiments, the heterogeneities of £ 277 ° A

adsorption pores (pore diameter <100 nm) were quantitatively — 5 ¢ e 4+ ¢ & low rank coals
characterized, and relationships between fractal dimensions and 2 o %o o middle r'mk( c;)qli
physical parameters of low-ranked coal reservoirs were revealed. The = 2.5 ® e & hich r: ;( 'l“ »
results show that the micropore volume percentage ranges between 24 d 1en rank coats
33.70 and 86.44% with an average of 64.94%. Based on N, 20 40 60 30 100

adsorption/desorption curves and pore diameter distribution charac-
teristics, the adsorption pore structures of low-ranked coals were
divided into 3 types. According to the FHH model, fractal dimension D; (relative pressure between 0 and 0.5) and D, (relative
pressure between 0.5 and 1) were calculated. Fractal dimension D;, representing adsorption pore surface area, ranges from 2.001 to
2.345, with lower values. Fractal dimension D, (adsorption pore structure) is from 2.641 to 2.917, with relatively high values, which
has a decreasing tendency from west to east in the study area. There are positive relationships between fractal dimension D, and
Langmuir volume and specific surface area, whereas negative correlations are found between fractal dimension D, and Langmuir
pressure, ash yield, moisture content, volatile content, and average pore diameter. Combined with the related data for middle- and
high-rank coals, the characteristics of pore surface and methane adsorption capacity can be analyzed based on the variation of
vitrinite reflectance. Furthermore, the complexity of pore structure can also be predicted according to the averaged pore size and
micropore content to some degree.

Micropores content/%

1. INTRODUCTION condition.”™" Fractal dimension has gradually become
known in recent years as a quantitative parameter to

As a complex porous medium with high heterogeneity and 0
characterize the heterogeneity of pore structure. It has

anisotropy, the system of coal pore structure affects the

adsorption performance and a series of production processes, been proven that the porous media in coal reservoirs have
such as coalbed methane (CBM) desorption, diffusion, and obvious fractal characteristics at different research scales."*™'*
seepage, which have been focused on by domestic and foreign At present, the widely used fractal characterization methods of
scholars." ™ According to a previous study,5 pore systems in coal reservoir pores are based on CO, adsorption, low-
coal reservoirs are divided into micropores (pore diameter <10 temperature N, adsorption, mercury injection method, and
nm), transitional pores (10—100 nm), mesopores (100—10° nuclear magnetic resonance experiments.>~'” The calculation
nm), and macropores (>10° nm). Based on the influence of methods include the Brunauer—Emmett—Teller (BET) model,

pores on CBM reservoir and permeability, the pore types of Langmuir model, FHH model, thermodynamic model, and
coals can be divided into adsorption pores less than 100 nm

and seepage pores greater than 100 nm according to the pore
size.’”~” Among them, the development of adsorption pores
controls the physical adsorption and desorption processes of
CBM, which is closely related to the methane adsorption
capacity and gas content; thus, it is very important for the
evaluation of CBM exploration and coal mine gas control.
From the perspective of CBM exploration, previous studies
have been focused on areas such as coal gathering character-
istics, CBM resource evaluation, and CBM formation

Menger sponge model.'®'” However, due to the existence of
high heterogeneity, several scholars have reached different
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conclusions on the classification of coal pore types and the
characterization of fractal dimensions, especially the adsorption
and permeability responses of fractal dimensions under
different coal rank conditions."”'* The quantitative character-
ization techniques and analysis methods of pore structure in
coal are mainly divided into the fluid injection method, the
nonfluid injection method, and the image analysis method,
including CO, adsorption, low-temperature N, adsorption, the
mercury injection method, nuclear magnetic resonance, CT
scanning, optical microscopy, scanning electron microscopy
(SEM), transmission electron microscopy, X-ray diffraction,
and atomic force microscopy.”’”>* The pore structure of coal
is characterized by pore surface area, pore volume, pore
distribution, average pore size, pore morphology, pore
connectivity, and fractal dimension.”>** A part of studies
usually focuses on the pore fractal characteristics within
relatively narrow coal-grade ranges in the same region.
However, there is little attention on whether the research
results from a narrow coal-grade range are in agreement with
those from a large coalification range. Furthermore, the
variation of fractal dimension and its physical meaning can
be analyzed indirectly through the parameter values in a large
coalification range, thus avoiding the complicated process of
calculating fractal dimension.

Taking the Middle Jurassic coals in the northern Qaidam
Basin as the research object, this paper analyzes the
characteristics of adsorption pores with low-rank coals based
on a series of experiments, which reveals the physical
significance of coal adsorption pores under different fractal
dimensions. The internal relationships between the fractal
dimension of adsorption pores and methane adsorption
characteristics, coal quality, and coal pore structure are
discussed in detail. On this basis, the correlations are analyzed
between the fractal dimension and various parameters of the
coal reservoir under different coalification degrees such as low
rank, middle rank, and high rank. The research results have an
important significance for the occurrence characteristics of
CBM and the quantitative analysis of coal reservoir physical
parameters.

2. GEOLOGICAL SETTINGS

The tectonic divisions of northern Qaidam Basin generally
include the northern fault block belt in the west and the
Delingha depression in the east, which is composed of multiple
secondary structural belts (depressions and uplifts). The
coalfields in northern Qaidam are mainly distributed in the
shallow depressions in the front of Qilian Mountains. Its
distribution from west to east includes Saishiteng Coalfield
(Saishiteng Depression), Yugia Coalfield (western Yuqia-
hongshan Depression), Quanji Coalfield (eastern Yugqia-
hongshan Depression), and Delingha Coalfield (Delingha
Depression). The Middle Jurassic in northern Qaidam Basin
consists of two main coal-bearing strata from bottom to top,
namely, Dameigou Formation and Shimengou Formation, with
the total thickness of coal seams ranging from 2 to 35 m.
Among them, F coal in Dameigou Formation and G coal in
Shimengou Formation are the targets for CBM ex(})loration due
to their large thickness and stable distribution.”** The Jurassic
coals in northern Qaidam Basin are mainly long-flame coals
with a low metamorphic degree, and gas coals are distributed
in part regions. Due to a relatively dry and hot depositional
environment,”” the macrolithotypes are mainly semibright and
semidull coals.
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3. SAMPLE COLLECTION AND TESTING METHODS

In this paper, 8 coal samples were collected from 4 coalfields in
northern Qaidam Basin, of which 7 samples were collected
from coal mines, and 1 sample was collected from a borehole
(YQ:1). The coal quality parameters, including the moisture
content, the ash yield, and the volatile content, were obtained
based on a proximate analysis using the Chinese Standard GB/
T 212-2008. Maximum vitrinite reflectance (R, ) measure-
ments and maceral analyses (500 points) were performed by
oil immersion in reflected optical light using a Leitz MPV-3
photometer microscope, in accordance with Chinese Standards
GB/T 6948-1998 and GB/T 8899-1998, respectively. The
CH, isothermal test was performed to obtain Langmuir
volume and Langmuir pressure according to Chinese Standard
GB/T 19560-2208. Before the CH, isothermal experiment,
coal samples were crushed and sieved to sizes ranging from
0.18 mm to 0.25 mm for testing. Furthermore, an IS-100 high
pressure adsorption tester was used at a temperature of 30 °C
and a maximum equilibrium pressure of 10 MPa. Based on
vitrinite reflectance, coal maceral, proximate analysis, and CH,
isothermal adsorption experiment, low-temperature nitrogen
adsorption was carried out for each coal sample. The nitrogen
adsorption is used to obtain the specific surface area, pore
volume, and pore structure distribution of adsorption pores,
which were tested by the NOVA2000e specific surface area
and aperture analyzer. The theoretical test range of coal pores
is between 2 and 200 nm, and the theoretical test specific
surface area range is from 0.1 m*/g to 3500 m*/g. The strong
luster part of coal was selected in order to decrease the
influence of coal macerals on pore structure, and the selected
samples were crushed, and 5—10 g of 40—60 mesh coal was
screened for testing. Based on the nitrogen adsorption data, the
specific surface area can be calculated by the BET method, and
the pore size distribution can be obtained by the Barrett—
Joyner—Halenda (BJH) model.

4. RESULTS

4.1. Development Characteristics of Adsorption Pore.
Based on the SEM and optical microscopy observations,
organic pores in the Jurassic coals are relatively developed,
including gas pores, tissue pores (Figure lab), and unfilled
pore in fusinite or semifusinite (Figure lc,d). It should be
noted that SEM is beneficial to observe the morphology of
pores and fractures, but optical microscopy is beneficial to
observe the types of coal macerals.”® However, most of these
observed pores are large pores and mesopores, largely due to
the limitations of magnification observation. In order to better
study the pore development and structural characteristics of
adsorption pores (micropores) in low-ranked coal reservoirs,
low-temperature nitrogen adsorption experiments were carried
out, including the results of specific surface area, total pore
volume, average pore diameter, and percentage volume (Table
1).

The specific surface area of Jurassic coal samples in northern
Qaidam varies greatly, ranging from 0.843 to 55.12 m*/g, with
an average value of 23.34 m?/g (Table 1). The total pore
volume ranges from 2.46 to 50.43 X 1073 mL-g_l, with an
average of 25.27 X 107> mL-g~", which shows a positive linear
correlation with specific surface area (Figure 2a), indicating
that the coals with higher pore volume also have a larger
specific surface area. The average pore diameter is in the range
of micropores, ranging from 3.78 to 4.01 nm. Except for the

https://doi.org/10.1021/acsomega.4c00211
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Figure 1. Observation results of SEM and photometer microscope for
the Yugia coal samples. [(a) Gas pores under SEM; (b) plant cell
pores under SEM; and (c,d) cavity pores unfilled by clay in fusinite
and semifusinite under optical microscopy].

coal samples from Dameigou and Lvcaogou lower layers, the
percentage of micropore volume is dominant, followed by
transitional pores and medium pores in a decreasing order.

The relationship between specific surface area and CH,
adsorption capacity has been quite controversial at home and
abroad.**”*” For the studied samples, the relationship between
the Langmuir volume and the specific surface area is not
obvious (Figure 2b), which is consistent with the previous
opinion showing that the correlation between the specific
surface area and adsorption capacity is very weak or the
correlation between them is rather complex.”’ However, there
is an obvious negative correlation between specific surface area
and Langmuir pressure (Figure 2c). Langmuir pressure
represents the difficulty of methane adsorption by coal, and
the coals with larger specific surface areas have higher
adsorption rates at the initial stage (lower pressure section)
and lower Langmuir pressure.

4.2. Analysis of Typical Adsorption Pore Structure
Model. The experimental principle of low-temperature
nitrogen adsorption conforms to the theory of pore material
adsorption and condensation. Therefore, the adsorption pore
morphology of coal can be identified according to the types
and characteristics of coal adsorption/desorption curves. Based
on the nitrogen adsorption results of coal samples in northern
Qaidam Basin, the structural models of typical adsorption
pores can be divided into three types: type I, type II, and type
111

Type I is represented by the F coal seam of YQ-1 well in
Yuqia Coalfield. The characteristics of nitrogen adsorption/
desorption curve of this type can be described as follows. The
adsorption line basically rises in a two-stage pattern, with rapid
rise in the early stage and stable rise in the late stage, whereas
the desorption curve has an obvious hysteresis loop and
presents a sharp decline stage near the relative pressure of 0.5
(Figure 3a). The pore structure represented by type I is
dominated by micropores, and the pore morphology is mainly
typical “ink bottle” or “fine bottleneck” shaped pores with a
small mouth and a large belly. The inflection point of
desorption curves of such pore structures generally occurs near
the relative pressure of 0.5. The Kelvin equation is shown as
—2yV, cos 6

follows, r = (/B
0.

, where r is kelvin radius under the
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Table 1. Experimental Results of Fundamental Tests and Low-Temperature N, Adsorption of the Coal Samples”

curve

type

coal

Langmuir
pressure/MPa

Langmuir

(m*t™")

volume/

pore volume percentage/%

SSA/(m*g™") TPV/(107° mL-g™}) APZ/nm

proximate analysis/%

Ry /%

name

coal sample

10—100

0-10

>100 nm

nm
15.58
16.70
13.28

29.55

nm
83.48
82.43
86.44

68.21

1.37

33.56

0.94
0.87
0.28
2.24

8.

4.52
4.02
3.66
5.53
10.66
11.67

18.94
43.77

16.76
43.55

34.7

6.3

2.4

0.68
0.58
0.72
0.51
0.47
0.38

Gaoquan

Y

-1

0.83
1.20
1.89
1.56
1.64
1.82

32.68
42.19

50.43
29.48
6.53

55.12

279

2.6
54

14.3

2.6
2.0
7.1

Wucai

I

21.3

40.9

Yugia

111
111

36.36

89

57.41

33.70

2.45
0.84

40.1

Dameigou

30.96

37.20 11.04

51.76

2.46

11.4 47.3

3.7
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32
32.0 0.404
—(— adsorption
~ —@— desorption
=0 By
24.0
2 20 0.303
= o
5 5
£ 16.09 0.202
: &)
5 2 3
z 8049 & = 0.101
< / =
(a) (b)
0.0 . y . . 0.0 L
0.0 0.2 0.4 0.6 0.8 1.05 0.0 5.0 10.0 20.0
Relative pressure (P/P,) Average pore size(nm)
Figure 3. Characteristics of adsorption pore of type L. [(a) Adsorption/desorption curves; (b) pore diameter distribution].
20.0 0.20 4
—O— adsorption
— —— desorption
=0 16.0 4 T..0.164
o =0
= 12.0 1 50711.
3 2
2 =
Z 80 )
o
z = 0.061
3z =)
< 404 ; O
| (a) (b)
0.0 T r r T 0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.1 0.0 5.0 10.0 20.0 40.0

Relative pressure(P/P,)

Average pore size(nm)

Figure 4. Characteristics of adsorption pore of type II. [(a) Adsorption/desorption curves; (b) pore diameter distribution].

relative pressure of P/Py; y is liquid surface tension; V is liquid
molar volume; 0 is the contact angle between liquid and pore
wall; R is gas constant; and T is temperature. Kelvin radius r; =
—2 % 885X 107 X 34.65 X 107" x 1/8315 X 77.3 X In 0.5 =

1.38 nm. According to the theory of Broekhoft-de Boer, the
0.5

A

)
5-1(3)
where P/P, is the relative pressure; A and B are the empirical
values with 13.99 and 0.034, respectively. At this time, the
average thickness of the adsorption layer t = [13.99/(0.034 —
lg 0.5)]%° x 107" = 0.65 nm; thus, the pore radius r, = 1. + t =

P
1.38 nm + 0.65 nm 2 nm. Finally, the aperture

average thickness can be calculated as follows: t =

~
~
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corresponding to the relative pressure point is obtained to be
4 nm; thus, the diameter of the bottle mouth of this “thin
bottleneck” is generally about 4 nm.

The coal samples with type I curves also include Gaoquan
and Wucai coal mines in northern Qaidam Basin. The specific
surface area and pore volume of coal samples with such curves
are relatively large. Specifically, the average specific surface area
of the tested samples is 38.48 mz-g_l, and the average pore
volume and the average pore diameter are 37.71 X 107> mL-
¢! and 3.8 nm, respectively. As the absolute predominance of
micropores in this type of pore has a high specific surface area
and volume ratio (Figure 3b; Table 1), the adsorption and
storage performance of this pore type is pretty good, but it is

https://doi.org/10.1021/acsomega.4c00211
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relatively difficult in the desorption and diffusion stage of
CBM. Furthermore, parts of the investigations show that the
overwhelming peak at around 4 nm is attributed to the tensile
strength effect phenomenon.”” Thus, whether BJH desorption
data can be used to analyze pore size distribution needs further
discussion.

The F coal seam of Yugia Coal Mine in northern Qaidam
Basin is a typical type II. The characteristics of nitrogen
adsorption and desorption curves of the samples are described
as follows. The adsorption curve rises steadily, and the rising
rate increases rapidly. There is an obvious hysteresis loop in
the desorption curve, but the typical platform segment of type
I does not appear (Figure 4a). The pore structure of type I is
dominated by the development of micropores, and the pore
morphology is mainly open parallel plate slit pores.”> The
relative pressure of this type of pore during condensation is
higher than that during evaporation. Coal samples with type II
pores can produce a hysteresis loop due to the different relative
pressures during condensation and evaporation. The main
difference between type II and type I is that they can produce
different loop forms and have different pore structure types.

The coal samples with type II curves generally have a higher
specific surface area (21.33 m>g™') and total pore volume
(29.48 x 107 mL-g"). The contribution of pores to surface
area and total pore volume mainly comes from micropores
(Figure 4b). Compared with type I pores, the transitional pore
volume ratio is significantly larger (Table 1). In general, these
pores are typical adsorption pores with good permeability, and
thus they are favorable to the adsorption, desorption, and
diffusion of CBM.

The F coals from Dachangou mine in Quanji Coalfield are a
typical sample for type III (Figure Sa). The adsorption and
desorption curves are basically consistent, and only a weak
hysteresis loop exists. The pores represented by this type have
a typical bimodal structure with high contents of both
micropores and transitional pores (Figure Sb), and these
pores are mainly open inclined slate-slit pores.”> Coal samples
with type III also include Wanggaxiu, Lvcaogou upper layer,
and Lvcaogou lower layer. Such pores generally have low
specific surface areas and low total pore volumes, with only 3
m*g™! and 8 X 107 mL-g™!, respectively. For the desorption
and diffusion of CBM, on the one hand, the significantly
increased proportion of transitional pores is conducive to the
desorption of CBM; on the other hand, this bimodal pore
structure may affect the gas effective diffusion.

9827

5. DISCUSSION

5.1. Fractal Dimension Calculation of Coal Adsorp-
tion Pore. The fractal dimension of the coal adsorption pore
can be calculated according to the relative pressure and
adsorption capacity data. The calculation methods mainly
include the fractal BET model, fractal Langmuir model, fractal
FHH model, and thermodynamic model**%° Among them,
the FHH model method is a better calculation method, which
is widely used. According to the principle of the FHH model,
fractal dimension of a coal adsorption pore is calculated using
the following equation

L I

where V is the volume of adsorbed gas molecules under the
equilibrium pressure P; Vj, is the volume of adsorbed gas in the
monolayer. P, is the saturated vapor pressure of gas
adsorption; A depends on the fractal dimension D and
adsorption mechanism; and « is a constant. A can be obtained
by the slope of the logarithmic linear relationship between the
adsorption volume and the reciprocal of the relative pressure.
After A is obtained, the fractal dimension of the coal
adsorption pore can be further calculated. It is worth noting
that when D value is calculated by A value, different scholars
have proposed two different calculation methods based on
different adsorption theories,”™*” which are A = (D — 3)/3 and
A=D-3.

The adsorption and desorption curves of coal samples have
hysteresis around the relative pressure of 0.5, which reflects
that there are great differences in the size and morphology of
the pores before and after this relative pressure. Therefore, the
relative pressure of 0.5 is taken as the calculating boundary.
The above two fractal dimension equations were used to
calculate the fractal dimension of the relative pressure between
0—0.5 and 0.5—1. Between the two relative pressure segments,
the double logarithmic curve presents different slopes, and the
fit degree between them is high (Figure 6), indicating that
there are indeed two different pore fractal dimensions in the
two relative pressure segments, namely D, and D,. It can be
seen that the fractal dimensions calculated by the equation A =
D — 3 are in the range of 2—3, whereas the results calculated
by the equation A = (D — 3)/3 are obviously smaller, some of
which are lower than 2 (Table 2). Since the fractal dimension
of the pore surface or pore structure is generally 2-3,
otherwise the fractal significance of the fractal pore system will
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Table 2. Adsorption Pore Fractal Dimensions Based on FHH Model of Coal Samples

coal sample

relative pressure: 0—0.5

relative pressure: 0.5—1

A, D, =3+A4A, D, =3 + 34,

Gaoquan -0.717 2.283 0.849
YQ-1 —0.707 2.293 0.879
Wucai —0.701 2.299 0.897
Yugia —0.655 2.345 1.035
Dameigou —0.71 2.290 0.87

Wanggaxiu —0.965 2.035 0.105
Lvcaogou upper layer —0.999 2.001 0.003
Lvcaogou lower layer —0.766 2.234 0.702
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R
0.95
0.95
0.93
0.95
0.95
0.98
0.97
0.99

A, D,=3+A,
—0.108 2.892
—0.096 2.904
—0.083 2917
—0.184 2.816
—0.359 2.641
—0.312 2.688
—0.24 2.760
—0.355 2.645

D, =3+ 34, R’
2.676 0.77
2.712 0.78
2.751 0.81
2.448 0.92
1.923 0.98
2.064 0.94
2.280 0.94
1.935 0.98

https://doi.org/10.1021/acsomega.4c00211
ACS Omega 2024, 9, 9823—-9834


https://pubs.acs.org/doi/10.1021/acsomega.4c00211?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00211?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00211?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00211?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00211?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

45
& .
2 40 4 y=248.8x-1048.1x +1130.1
= R2=0.7864 .
2 35 4
E
£ 30 -
E
.E“ 25 4
E: (a)
- 20 , . , . a
1.9 2 2.1 2.2 23 2.4
Fractal dimension (D)
2.2
&
= 18 A o !
o
= *
z *
3 14 4
& *
o *
g
5 1.0 A
= o
~ (c)
0.6 r T T T
1.9 2 2.1 2. 2.3 2.4

2
Fractal dimension (D)

45
= o
”:E 40 -
23s{ ¢
> 30 - « ¢
z .
525 1
5
= (b)
20 . . ‘ ’ ' '
26 265 27 275 28 285 29 2095
Fractal dimension (D,)
2.2
nt':.
2138 -
2
g 14
(=%
E
5 1.0 1 y=-2.9089x +9.5177
g R2=10.7923 *
3 d)
0.6 . r : . : ’
26 265 27 275 28 285 29 295

Fractal dimension (D,)
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be broken away. Therefore, this study adopts the calculation
result of A = D — 3 and carries out the next step analysis.
According to the calculation results of fractal dimension, D,
is relatively low, ranging from 2.001 to 2.345, and the
distribution is relatively uniform, whereas D, is relatively high,
ranging from 2.641 to 2.917, which decreases from west to east
in the study area. This indicates that the structural complexity
of the western study area is higher than that of the eastern area
mainly due to the different influences of regional geological
context. Specially, both orogenic belts, including Altun strike-
slip fault and Qilian Mountain, affect the western area, whereas
only Qilian Mountain affects the eastern area, resulting in more
complex coal reservoirs and strata structural complexity.”*~*’
The average D, of Saishiteng and Yugqia coalfields in the west is
2.88, and the mean D, of Quanji and Delingha coalfields in the
east is 2.68. Compared with D; and D, data, it can be found
that the fractal dimension D, has a little change and a high
correlation coefficient, whereas the fractal dimension D, is
significantly different, and the D, of type III with a weak
hysteresis loop is significantly lower than that of type I and
type II with an obvious hysteresis ring (Tables 1 and 2).
5.2. Relationship between Fractal Dimension of
Adsorption Pore and CH, Adsorption Parameters. The
fractal characterization of porous materials mainly includes the
pore surface area and pore structure.’” It is generally believed
that when the hole surface shape dimension is equal to 2, it
means that the coal surface is very smooth, and when it is equal
to 3, it means that the coal surface is very rough. When the
fractal dimension of the pore structure is equal to 2, the pore
structure is very uniform, and when it is equal to 3, the pore
structure is very complex, and the distribution of the pore
throat is extremely uneven. For adsorption pores, D, represents
the fractal dimension of the smaller adsorption pores in the
coal sample. Because micropores are major contributors to the
specific surface area of coal,” D, represents the fractal
dimension of the surface area of adsorption pores. As
mentioned above, D, represents the fractal dimension of the
larger adsorption pores and is closely related to the strength of
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the hysteresis loop and thus represents different pore structure
types.

The Langmuir volume represents the maximum adsorption
capacity of coal samples, which is affected by a series of factors,
including grain sizes, moisture, organic matter abundance, and
pore structure, etc.”'~** The influence of coal pore structure
on adsorption capacity is the focus in this study. The fractal
dimension D, reflects the micropore surface pore character-
istics, and the fractal dimension D; shows a binomial
correlation with Langmuir volume (Figure 7a). In general,
Langmuir volume increases with the increase of fractal
dimension D, but the relationship between fractal dimension
D, and Langmuir volume of the coal sample is not obvious
(Figure 7b). For Langmuir pressure, there is no obvious
relationship with fractal dimension D, (Figure 7c), but there is
a negative correlation with fractal dimension D, (Figure 7d).
This is because the coals with large fractal dimension D, are
not only complex in structure but also mostly have type I
pores, which are characterized by absolute predominance of
micropores and specific surface area. It indicates that the
adsorption rate is higher in the low-pressure stage,
corresponding to a larger adsorption amount, and there is an
isothermal adsorption line with a larger curvature, thus the
corresponding Langmuir pressure is lower (Figure 2c).

Therefore, both the fractal dimensions D; and D, have an
impact on the methane adsorption parameters. Specifically, the
coals with higher fractal dimension D, can provide more
adsorption pore sites and have stronger methane adsorption
capacity. The higher the fractal dimension D,, the more
complex the pore structure of coal. The stronger the pore
heterogeneity, the lower the Langmuir pressure. Therefore,
compared with primary coal, deformed coal tends to have a
higher fractal dimension and a smaller average pore size.”* In
summary, coal samples with a higher pore surface fractal
dimension and a lower pore structure fractal dimension not
only have significantly enhanced methane adsorption capacity
but can also effectively improve the desorption and diffusion
rates of CBM.
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5.3. Relationships between Fractal Dimension and
Coal Material Composition and Pore Structure. 5.3.1. Re-
lationship between Fractal Dimension and Codlification
and Coal Quality Parameters. Since the fractal dimension D,
represents the surface fractal dimension of the adsorption pore,
it has no obvious relationship with vitrinite reflectance of all
coal samples (Figure 8a). Except for the sample of Lvcaogou
lower layer, D, has a certain positive correlation with vitrinite
reflectance (Figure 8b). When the coal metamorphism is low,
different pore size volumes of adsorption pores are more
uniform (such as Dameigou, Wanggaxiu, and Lvcaogou upper
layers). With the increase of metamorphism, the volume of
micropores increased significantly and pore throat distribution
was not uniform, resulting in a more complex pore structure.
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The relationships between the above two fractal dimensions
and ash yield, moisture, and volatile matter are shown in Figure
10. The fractal dimension D, decreases with the increase of ash
yield of coal because ash can fill some pores of the coal
reservoir, making the pore structure relatively simple;'* this
results in a reduction in the fractal dimension D, (Figure 9b).
Moisture and volatile components are the internal manifes-
tations of the metamorphism of coal. With the increase in
coalification, the dehydrogenation, deoxygenation, and carbon
enrichment of organic compounds lead to the continuous
reduction of side chains and functional groups on the
corresponding polycondensates. The internal arrangement
becomes more oriented and stable, and the fractal dimension
D, gradually decreases (Figure 9d,f). In contrast, the fractal

https://doi.org/10.1021/acsomega.4c00211
ACS Omega 2024, 9, 9823—-9834


https://pubs.acs.org/doi/10.1021/acsomega.4c00211?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00211?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00211?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00211?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00211?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00211?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00211?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00211?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00211?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
2.4 3.0
~ * "
Q 2.3 4 * Q
< ¢ . 229 - ¢
) * 5]
5 2.2 4 Z
=} [~}
ko) 228 4
E 21 y=0.0034x +2.1606 E
o & T R?=10.299 o y=0.0047x +2.6975
s 3 £ ] R?=0.7142
2 24 g27 %
= (a) . 04 (b
1.9 T T T T T 2.6 r r - - T
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Specific surface area/ (nf-g') Specific surface area/ (m*g')
2.4 3.0
~ * 2
- 234 Q
) o3 ¢ . Z 2.9 A R y=-0.6575x +5.3503
= 2_
£ 224 2 R?=0.3464
a =}
g 2 2.8 A
= 2.1 4 %
= . =
;3 2 N g 27 4 o
& (e) = ¢ W
1.9 T T T T T T 2.6 . : T T T T
3.75 3.8 3.85 3.9 3.95 4 4.05 4.1 3.75 3.8 385 3.9 395 4 4.05 4.1
Average pore size/nm Average pore size/nm
2.4 3.0
~ ¢ o
S 231 o o ¢ 229 1
\E =
£ 22 ¢ 228 4
£ o 4
£ 21 5 27 y=0.0058x +2.4034
= . = . R*=0.9501
g2 * £ 0
o o
19 , . ‘ . . (e) 2.5 . . . . :
30 40 50 60 70 30 90 30 40 50 60 70 80 90
Micropore content/% Micropore content/%
2.4 3.0
~ ’ ~
] 2.3 4 * S * * S 29 4 *
= =
524 * 2
g 528 -
£ 214 2 y=0.0052x +2.6763
2 . 3 27 4 R2=0.7036
g 21 ¢ 8
s (@) = 144 Ch)
1.9 T T T T T 2.6 T T T r r
0 10 20 30 40 50 60 0 10 20 30 40 50 60

Total pore volume/(l()'}mlgl)

Total pore volume/(1 ()'Sml'g:] )

Figure 10. Relationships between specific surface area, average pore size, microporous content, total pore volume, and fractal dimensions. (a) D vs
specific surface area; (b) D, vs specific surface area; (c) D, vs average pore size; (d) D, vs average pore size; (e) D; vs micropore content; (f) D, vs
micropore content; (g) D, vs total pore volume; (h) D, vs total pore volume.

dimension D, represents the surface fractal dimension of coal;
thus, the relationship with ash yield, moisture, and volatiles of
coal is not obvious (Figure 9a,ce).

5.3.2. Relationships between Fractal Dimension and Coal
Pore Structure. The fractal dimension D, is positively
correlated with the specific surface area (Figure 10a),
indicating that the coals with a higher specific surface area
have a larger fractal dimension D,, a greater specific surface
area, and a stronger methane adsorption capacity (Figure 10a;
Table 1). As the specific surface area of coal samples is
positively correlated with the total pore volume (Figure 2a),
the total pore volume increases with the increase of fractal
dimension D, (Figure 10g). The fractal dimension D, is also
positively correlated with the specific surface area. With the
increase of micropore content (YQ-1 and Wucai coals), the
heterogeneity of coal pores is enhanced due to the uneven
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distribution of various pores. Therefore, the fractal dimension
D,, representing the pore structure of coal, also increases
accordingly (Figure 10b).

Since the fractal dimension D, represents the surface fractal
dimension of adsorption pores, the relationships between D,
and the average pore diameter and micropore content are not
obvious (Figure 10c,e). However, the fractal dimension D, is
negatively correlated with the average pore diameter (Figure
10d), indicating that the smaller the average pore diameter, the
more complex the pore structure, which is also supported by
5% Based on this phenomenon, we can
infer that deformed coals with smaller pore sizes should
correspond to a more complex pore structure compared with
primary coals.*” In addition, D, is positively correlated with the
micropore volume percentage and total pore volume of coal
samples, and the correlation coefficients (R*) are 0.95 and

other investigations.
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0.70, respectively (Figure 10fh), which indicates that the
micropore content and total pore volume have a great
influence on the pore structure and further confirms that the
fractal dimension D, represents the pore structure character-
istics of coal. The coal with a higher fractal dimension D, has a
more complex pore structure.

5.4. Relationship between Fractal Dimension and
Coal Parameters under Different Coalification Degrees.
Generally, the fractal dimension of a coal pore is used to
quantitatively characterize the complex pore structure, but
indirect analysis of the fractal dimension and its physical
significance based on the changes of various parameters in
coals are rarely conducted. According to the analysis of the
relationship between the fractal dimension of coal pores and
the main coal parameters under different coal ranks, with the
increase of vitrinite reflectance, the fractal dimension D,
characterizing pore surface continues to rise (Figure 1la),
indicating that the organic pore system in coals continues to
develop and becomes gradually rough, thus the stronger
methane adsorption capacity in coals can be found."> The
relationship between ash yield in coal and fractal dimensions is
not obvious (Figure 11b), indicating that the material
composition of coal has no direct correlation with the
development characteristics of the pore system, and it is
more likely to be controlled by the depositional environment
of peatland.* Under different coal rank conditions, the fractal
dimension D, characterizing pore structure is negatively
correlated with average pore size but positively correlated
with micropore content (Figure 11¢,d), indicating that the coal
with a smaller average pore size and higher micropore content
has a more complex pore structure. This can explain why
deformed coals would have a more complex pore structure and
a stronger methane adsorption capacity than those of primary
coals.””** To some degree, the vitrinite reflectance can be used
to analyze the pore surface characteristics and methane
adsorption capacity of coals. However, it should be noted
that a majority of related data come from high-to-low volatile
bituminous coals (Figure 11a), and the related data should be
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supported by brown coals and anthracite in the future. Also,
the complexity of pore structure can be reflected according to
the micropore content and average pore size of coals. Although
coalification degree is the main factor influencing the variation
of pore structure, other geological factors, such as coal
macerals and structural conditions, also should be noted for
one coalfield or basin.*”*°

6. CONCLUSIONS

(1) Based on low-temperature nitrogen adsorption, the
proportion of micropores is dominant in Jurassic low-
ranked coals in northern Qaidam Basin. The specific
surface area varies greatly, and it shows a positive linear
correlation with total pore volume. The adsorption pore
structure is divided into three types according to the
nitrogen adsorption/desorption curve and pore size
distribution.

The fractal dimension D, of the adsorption pore surface
is relatively low and evenly distributed, whereas the
fractal dimension D, of the adsorption pore structure is
relatively high and decreases from west to east,
indicating that the pore structure of the western region
in northern Qaidam Basin is more complex than that in
the east.

The fractal dimension D; has a good binomial
correlation with the Langmuir volume of coal, whereas
D, has a negative correlation with the Langmuir
pressure. The fractal dimension D; is positively
correlated with specific surface area and total pore
volume, whereas the fractal dimension D, is positively
correlated with coalification, specific surface area,
micropore content, and total pore volume and negatively
correlated with ash yield, moisture, volatile content, and
average pore size.

Based on the relationship between the fractal dimension
and various coal parameters under different coalification
grades, it can be found that the vitrinite reflectance can
be used to analyze the pore surface characteristics and

)

3)

(4)
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methane adsorption capacity to some degree, and the
complexity of coal pore structure can be reflected
according to the micropore content and average pore
size.
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