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Abstract: CO2 injection in coal seams, which is a significant initiative to mitigate environmental
problems caused by greenhouse gases, often leads a sequence of changes in the physical properties
of coal reservoirs. To look into how the pore structure changes in the process of CO2 sequestration,
we selected fresh coal from Huoerxinhe coal mine in China as the object. Then, acid treatment and
SC-CO2 extraction were used to dissolve Organic and inorganic components in coal. Thus, by using
SEM, LTGA-N2 apparatus and XRD, the characteristics of pore parameter and fractal dimension
variation were discussed. The research results show that, the APS of samples THF, HCL-HF and Y-C
increase, while the total PV decreases and the pore connectivity deteriorates. The pore connectivity of
Samples THF and HCL-HF is improved (THF-C, HCL-HF-C), but the total pore volume continuously
reduces. In addition, solvents treatment and SC-CO2 extraction mainly act on the microporous
fraction. After solvents pretreatment, the changes in the pore size distribution curves are mainly
manifested in the reduction of number of micropores, especially in the micropores around 3–4 nm.
There is a small increase in micropores for samples Y-C and HCL-HF-C, with the pore size mainly
concentrated around 4 nm, while the pores of the sample THF-C mainly show an increase within
the scope of 3–16 nm. Generally, solvent pretreatment and SC-CO2 extraction help to simplify pore
structure. However, the sample HCL-HF-C shows opposite change characteristics. In a short period
of time, the larger pore fractal dimension, the less beneficial it is to the flow of CO2, while pore fractal
dimension becomes progressively less useful in assessing pore connectivity with increasing time.

Keywords: low-volatile bituminous coal; solvent; SC-CO2; low temperature liquid nitrogen; fractal
characteristics

1. Introduction

With the fast development of industrialization, the emissions of greenhouse gases, and
(GHG) mainly carbon dioxide, have greatly increased, becoming the main factor affecting
the global climate. To address this environmental problem, The Intergovernmental Panel
on Climate Change (IPCC) suggests the employment of Carbon Capture, Utilization, and
Storage (CCUS) technology to significantly reduce greenhouse gas emissions [1]. Currently,
various methods for CO2 storage have been suggested, such as geological sequestration [2],
oceanic sequestration [3], and mineral sequestration [4]. Out of these, sequestering CO2 in
un-mineable coal seams has become a promising solution due to its multiple benefits (it
enables CO2 sequestration while increasing methane recovery rates) [5].

Coal is a sedimentary rock composed of organic matter and minerals, with complex
pore and fracture structures. The size and scale of pores and fractures in coal vary greatly,
forming a complex and interdependent network structure [6]. Among them, pores mainly
provide the storage space for fluids, including coalbed gas and water, while fractures mainly
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serve as channels for the fluids migration. Yu and his colleagues [7] discovered that gas
adsorption in coal predominantly takes place within micropores. These micropores have
an extensive internal surface area and provide locations for gas adsorption. As micropores
become more developed, they create additional space for gas adsorption and increase the
overall adsorption capacity. However, the transport properties of gas are predominantly
influenced by the presence of mesopores and macropores [8].

On the other hand, coal is rich in organic matter and minerals. The use of organic
solvents and acidic solvents can effectively dissolve the organic compounds and minerals
in the coal and will influence the structure of the coal to a certain extent. Zhang et al. [9]
investigated the dynamic evolution of nanoscale pores in detail on the basis of mercury
intrusion measurements with four different rank coals under extraction with different
solvents, and drawn that nanoscale pores in coal often exhibit a phenomenon of pore
increase and expansion under solvent extraction. Wang et al. [10] stated that organic
solvents can extract soluble low molecular compounds from coals, alter the pore structure of
coals, and produce channels for coalbed methane adsorption and transport. Acidic solvents
have been shown to improve coal pore-fracture connectivity in field tests. Turenr and
Steel [11] concluded experimentally that the process of demineralization by hydrochloric
acid is effective in improving pore connectivity and permeability in coal reservoirs with
abundant minerals. Similarly, wang et al. [12] conducted field tests using hydrochloric acid
and HF acid in the No. 3 coal seam in the southern Qinshui Basin. They observed that acid
fracturing led to a significant increase in daily natural gas production up to 2400 m3.

Furthermore, supercritical CO2 (SC-CO2) becomes acidic when dissolved in water,
and thus SC-CO2 can influence the pore structure through dissolving the minerals. Du
and his colleagues [13] determined that the injection of SC-CO2 into coal seams leads to
varying degrees of corrosion of carbonate and clay minerals in the seams. The result will
be an increase in the pore volume of mesopores and macropores to some extent. Feng
et al. [14] conducted experiments on different coal samples using SC-CO2/NMP (N-methyl
pyrrolidone) solvent mixture and observed that some mineral components present in
the coal were extracted. Masudian et al. [15] thought that SC-CO2 induced changes in
organic matter and minerals in coal may lead to reversible alteration in coal microstructure.
Consequently, studying the mechanism behind changes in pore and fracture structure is
highly significant during CO2 injection to master the CO2 storage mechanism and migration
law in coal seams.

In the laboratory, many methodologies have been developed to characterize pore
size distribution (PSD), including gas adsorption [16–18], high-pressure mercury intrusion
(MICP) [19,20], synchrotron small-angle X-ray scattering (SAXS) [21], nuclear magnetic
resonance (NMR) [22,23], atomic force microscope (AFM) [24], microfocus X-ray computed
tomography (X-ray CT) [25–27], scanning electron microscopy (SEM) [28,29], and transmis-
sion electron microscopy (TEM) [30]. Among these methodologies, it has been established
that low-temperature N2 gas adsorption (LTGA-N2) analysis is a useful technique for
describing the pore structure of porous medium [31,32].

In terms of theory, fractal geometry is frequently employed to depict rough and uneven
geometric forms found in nature and nonlinear systems [33]. Consequently, fractal theory
can aid in characterizing the intricate of coal pore structures, providing insight into the
physical structure of coal surface and the intricate pore-fracture system within. Xie was the
first to propose the use of fractal theory to quantitatively characterize the complex structural
systems within coal rocks [34], and the selection of fractal models, scaling and geometrical
parameters is the key to the application of fractal theory. The FHH and Menger models
are the most widely used fractal models, and they are used to characterize nanopore and
micropore fractals, respectively [35]. Liu et al. [36] investigated the fractal characteristics of
the pore distribution fractal dimension (D1) and surface fractal dimension (D2) of different
coal samples using LTGA-N2 and SEM methods, respectively. Meanwhile, Yao et al. [37]
conducted fractal analyses of adsorption pores (pore size less than 100 nm) of different
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coal samples collected from China. The results showed that (D-3) better reflects the pore
structure characteristics.

The pore structure of coals of different coal rank has significant differences, Wang
et al. [38] found that coalification makes pore structure more complex and pore surface
rougher. The current research on the pore structure of high-rank coal mainly focuses on
the improvement of CBM production, while few studies on the characteristics of changes
in the pore structure of high-rank coal during CO2 sequestration. Therefore, we take the
low-volatile bituminous coal from Hoerxinhe Coal Mine as the research object, and the
coal was subjected to secondary treatment with SC-CO2 after pre-treatment with different
solvents. Subsequently, a comparative analysis was conducted on the disparities in pore
structure parameters of the coal samples before and after extraction to explore the fractal
characteristics of the pore structure of the high-ranking coal under the synergistic effect
of different solvents and SC-CO2 by means of SEM, LTGA-N2 experiments, and X-ray
diffraction, which can provide theoretical support for the optimization of CO2 sequestration
in coal seams and ultimately improve the sequestration efficiency.

2. Experimental
2.1. Coal Samples

Low volatile bituminous coal samples were all taken from a fresh working face of the
Hoerxinhe coal mine. Samples were wax sealed immediately after taking and transported
directly to the laboratory for testing. Pre-experimental processing of the samples was
divided into three parts, grinding, drying and cooling. The standard size of the coal
powder by grinding is 20–60 mesh. The drying process was mainly carried out in an oven
at 105 ◦C following the method of Solomon et al. [39]. The criterion for drying was to
weigh the samples after a certain time interval and a weight change of less than 0.01%
between two times. Finally, the dried coal samples were cooled for subsequent experiments.
Table 1 provides statistics on the intrinsic property of the coal cores and the proximate
industrial and maceral analyses. ‘Y’ indicates untreated coal, ‘HCL-HF’ indicate a coal
sample successively treated with HCl and HF, ‘THF’ indicate coal treated by THF, ‘-C’
indicate samples are treated with SC-CO2.

Table 1. Ultimate and proximate analyses of coal samples.

Coal Samples
Ultimate Analysis (%) Proximate Analysis (%)

C H O N Mad Aad Vdaf FCdaf

Y 74.02 3.28 21.61 0.84 1.14 25.53 12.03 61.3
HCl-HF 86.31 3.59 8.43 1.39 1.73 0.89 12.91 84.47

THF 73.93 3.70 20.36 1.78 0.18 9.46 12.46 77.90
Y-C 79.21 3.51 15.63 1.45 1.04 8.80 11.80 78.36

HCl-HF-C 84.52 3.80 9.38 1.94 0.88 1.06 34.97 63.09
THF-C 68.43 3.33 26.57 1.43 0.09 9.17 12.28 78.46

Note: Aad is the ash on an air-dried basis of coal, %; Mad is the moisture on an air-dried basis in coal, %; Vdaf is
the volatile on a dry and ash-free basis of coal, %; FCdaf is the fixed carbon on a dry and ash-free basis of coal, %.

2.2. Solvent Pretreatment

The reagents were hydrochloric acid (HCl) with a mass fraction of 20%, hydrofluoric
acid (HF) with a mass fraction of 10% and tetrahydrofuran pure solvent (THF). The dried
coal samples were divided into three equal portions of 250 g. One portion was used as the
control group, one portion was treated first with hydrochloric acid (HCl) (mass fraction of
20%) and then with HF (mass fraction of 10%), and the last of the portions was treated with
tetrahydrofuran pure solvent (THF). The ratios of sample and solvent were 1 g:10 mL, and
the purity of the acids used were all analytically pure. Then the samples were thoroughly
mixed with the solvent and stirred with a magnetic stirrer at 30-min intervals. After
24 h, the mixed liquids were filtered, centrifuged, washed and dried to finally obtain the
solvent-treated coal samples.
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2.3. SC-CO2 Extraction Experiments

The SC-CO2 extraction experimental equipment was a homemade TC120-50 supercrit-
ical extractor. The experiment was carried out in the following steps: the first step was to
put 150 g of coal samples into the reaction vessel and adjust its temperature to 45 ◦C. The
second step was to start injecting the gas. Before injection, a booster pump was used to
turn the CO2 into a supercritical state. Finally, the pressure was kept constant at 10 MPa
and the temperature was kept constant at 45 ◦C.

2.4. LTGA-N2 Tests

The LTGA-N2 experiment was carried out using the principle of physical adsorption
and capillary condensation of nitrogen on a solid surface under saturated temperature
standard. LTGA-N2 measurements were carried out using a TriStar II 3020 automated spe-
cific surface area (SSA) and porosity analyzer. Liquid nitrogen was used as the adsorbing
medium for experiments at −196 ◦C. Approximately 1.5 g coal sample was automatically
degassed in vacuum at 110 ◦C for 12 h. Finally, Brunauer-Emmett-Teller (BET) multimolec-
ular layer adsorption, density functional theory (DFT) and Barret-Joyner-Halenda (BJH)
models were used to characterize SSA and PV.

2.5. X-ray Diffraction Experiment

The tests were conducted using the Bruker Smart Lab-SEX Advance XRD produced
by Rigaku Japan. The instrument parameters are set as follows: Cu target, Kα radiation,
test voltage 40 kV, test current 40 mA, continuous scanning mode, scanning speed 2 r/min,
angular test range 0◦~90◦. The coal samples and their experimental residues were not
demineralized and were used in amounts of 5 ± 0.5 g in each test.

3. Results and Discussion
3.1. Surface Morphology of Coal Samples

From the SEM images (Figure 1), it can be seen that there are mainly some nanoscale
and microscale pores and fractures, including some mineral intergranular pores and
micro-fractures (Figure 1(Y-1,Y-2)), and the surface is relatively smooth (Figure 1(Y-3)).
After THF solvent extraction, the surface structure becomes loose and no longer smooth
(Figure 1(THF-1,THF-2)), and a small number of dissolution pores (Figure 1(THF-3)) have
been appeared. A large amount of mineral particles mineral particles are attached to the
surface which have a tendency to fall off, which is due to the fact that THF is an organic
solvent and cannot dissolve the minerals. Evidently, the minerals on the surface of the
sample HCL-HF are obviously reduced after the treatment of HCl and HF solvent, and a
large number of dissolution pores appear (Figure 1(THF-2)). This indicates that carbonate
minerals and silicate minerals in coal can be effectively removed by acid solvents.

We can know that the surface states of samples Y-C and THF are similar (THF-2, Y-C-2)
after the action of SC-CO2. This is due to the fact that SC-CO2 also has an extractive effect,
it can make the surface of coal become rough (HCL-HF-1, HCL-HF-C-1). At the same time,
since SC-CO2 penetrates into the coal during its action and is able to dissolve the carbonate
minerals, the minerals on the surface of the solvent-pretreated samples further appeared to
be reduced after the action of SC-CO2 (THF-1, THF-C-1) (HCL-HF-2, HCL-HF-C-2).

3.2. Pore Structure Characteristics
3.2.1. N2 Adsorption Isotherms of Coal

Figure 2 is N2 adsorption/desorption curves of different coal samples, which symboli-
cally describe the pore shape and pore connectivity. In the figure, all of the samples show a
“hysteresis loops” of different shapes and sizes.
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LTGA-N2 adsorption and desorption curves in the Figure 2 can be roughly divided
into three types; (1) Taking the sample Y as a representative, the hysteresis loop is obvious
and relatively smooth. According to the International Union of Pure and Applied Chemistry
(IUPAC) classification standard of hysteresis loop, it can be seen that the hysteresis loop
characteristic reflects that the pore morphology is mainly a well-connected flat plate pore.
However, the unclosed hysteresis loop in coal sample Y may be due to the high micropore
content in anthracite, which leads to an adsorption swelling phenomenon. (2) Taking the
two samples THF and HCL-HF as representative. the adsorption and desorption curves
are close to each other. This is due to the fact that the pores are mainly wedge-shaped and
slit-shaped with poor connectivity. (3) Taking the samples Y-C, THF-C and HCL-HF-C
as representative, the desorption curves of the type present a short-term decrease around
P/P0 = 0.5, which is mainly due to the decreases of P/P0 near this point; less adsorbate can
desorb due to delayed condensation caused by the pore plugging effect [33]. According to
the Kelvin equation, the pore size is 4.0 nm when P/P0 is 0.5. This shows that after SC-CO2
extraction, the pores with pore size greater than 4.0 nm appear the ink-bottle type.

On the other hand, the comparison indicates the hysteresis loop of sample Y decreased
after different pretreatment, which suggests that the pore connectivity of raw coal dete-
riorated. This may be due to the plugging phenomenon of minerals retained in the pore
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throat. After SC-CO2 extraction, the hysteresis loop of samples THF-C and HCL-HF-C have
become larger than that of samples THF and HCL-HF, it stated that SC-CO2 extraction had
the effect of expanding the pores of coal and improved its connectivity to a certain extent.
Nevertheless, the plugging of minerals during extraction has to be taken into account,
which affected the pore connectivity improvement effect of the extraction (Y and Y-C).

3.2.2. Pore Structure Parameters

During the last few years, many researchers have proposed pore classification criteria
based on these parameters [40,41]. Liu et al. [36] analyzed the relationship between fractal
dimension and gas adsorption through relevant experimental tests and classified the pores
in coal into four types according to different sizes: micropores (<10 nm), transition pores
(10–100 nm), mecropores (100–1000 nm), and macropores (>1000 nm). In this paper, Liu
and Nie’s method will be used to categorize the pore size.

Table 2 shows the results of SSA (pore specific surface area) and PV (pore volume)
of nanoscale pores in the coal samples. Overall, we can find that the average pore size
of the other samples has increased in comparison to coal sample Y. The largest increase
in average pore size is about 85% after pretreatment (THF). The PV in total and SSA in
total of samples THF and HCL-HF were lower than those of sample Y. following solvent
pretreatment. The PV of samples Y, THF, and HCL-HF did not exhibit consistent pattern of
change after SC-CO2 extraction, but the BET-SSA increased in all of them, suggesting that
the SC-CO2 extraction possibility can increase the number of micropores. The pore sizes
were further divided into different ranges, and the BET-SSA and PV data of the samples in
different pore size ranges can be seen in Table 2.

Table 2. Pore structure parameters of coal samples after different ways of treatment.

Samples Average Pore
Size (nm)

PV in Different Pore Sizes/10−3(cm3·g−1) SSA in Different Pore Sizes/(cm2·g−1)

<10 nm 10–100 nm >100 nm PV in Total <10 nm 10–100 nm >100 nm SSA in Total

Y 8.309 0.15201 0.23939 0.17026 0.933 0.12791 0.03312 0.00277 0.164
Y-C 10.37 0.19341 0.20006 0.07969 0.5392 0.1584 0.0325 0.00112 0.192
THF 15.363 0.092858 0.257832 0.15273 0.5691 0.070902 0.035498 0.0034 0.11

THF-C 13.187 0.26068 0.28962 0.13445 0.6992 0.21184 0.04657 0.00295 0.261
HCL-HF 11.63 0.12256 0.25956 0.12787 0.5885 0.094377 0.038993 0.00238 0.136

HCL-HF-C 16.099 0.13745 0.22841 0.08515 0.4892 0.1133 0.03508 0.00143 0.15

Pore size < 10 nm: SSA and PV of pores in this range have a consistent pattern of
change (Figure 3). The pretreatment of the solvent will lead to a significant decrease of
SSA and PV in the raw coal, and then appeared to increase after SC-CO2 extraction. This
result means that the pretreatment of solvent will reduce the number of micropores, while
SC-CO2 extraction in turn increases the number of micropores.

Pore size in the range of 10–100 nm: the change in PV and SSA are also consistent
for pore sizes in this range. The SSA and PV of all samples with pore sizes in this range
increased to some extent following solvent pretreatment. For sample THF, the PV and SSA
further increased after SC-CO2 extraction (THF-C in Figure 3), while the PV and SSA of
samples Y and HCL-HF show the opposite pattern of change (Y-C, HCL-HF-C in Figure 3).

Pore size > 100 nm: the change of PV and SSA of sample THF no longer have consis-
tency, and the PV decreases while the SSA increases compared with sample Y. In addition,
the PV and SSA of sample Y decreased continuously after the treatment with acidic solvent
(HCL-HF in Figure 3) and SC-CO2 extraction in turn (HCL-HF-C in Figure 3). Generally
speaking, in this pore size range, SC-CO2 extraction cause a decrease in the number of
pores in all samples.

Based on Table 2, THF solvent has the most significant effect on expanding pore space,
with the average pore size (APS) increasing from 8.309 to 15.363 nm in sample Y (sample
THF in Table 2). While the effect of acidic solvents (HCl, HF) is comparatively weaker in
contrast, the APS increases from 8.309 to 11.630 nm (sample HCL-HF in Table 2). According
to Figure 3, the increase in PV caused by pretreatment in the samples is mainly dominated
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by transition pores. Actually, the adsorption pores in the coals are mainly dominated
by micropores with a pore diameter < 10 nm. Combined with the fact that total PV and
SSA of the coal samples THF and HCL-HF are lower than Y, it can be concluded that the
solvent pretreatment mainly promotes the conversion of micropores to transition pores,
thus leading to an increase in a number of transition pores while a decrease in total PV
and SSA.
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The APS of the samples shows different changes after SC-CO2 extraction. Wherein, the
APS of samples Y and HCL-HF increased, with the sample HCL-HF showing the highest
increase, i.e., from 11.63 nm to 16.099 nm (HCL-HF and HCL-HF-C in Table 2). As for the
results of sample THF, SC-CO2 extraction increases the number of micropores, leading to a
decrease in the APS of the sample (THF and THF-C in Table 2).

3.2.3. Pore Size Distribution in Coal

The distribution curves of pore size show complex fluctuations in Figure 4. They
reflect the inhomogeneity of PSD. The PSD curves have some changes after pretreatment
and supercritical CO2 extraction, mainly in the microporous part below 10 nm, especially
around 4 nm, which indicates that the pretreatment and supercritical CO2 extraction mainly
control the microporous part.

The changes in the PSD curves of the coal samples are mainly manifested in the reduc-
tion of micropores after solvents pretreatment, especially in the micropores around 3–4 nm.
The reduction of number of micropores in coal samples caused by acid treatment is mainly
the result of minerals removed from coal, while THF treatment prompts the dissolution
of low molecular weight compound, which resulted in loosening of the macromolecular
skeleton of coal and the increase of pore size. Both methods resulted in a more uniform
PSD of micropores below 10 nm, while that of transition pores and mesopores above 10 nm
remained basically unchanged.

There is a small increase in the number of micropores appeared in the samples Y-C and
HCL-HF-C after SC-CO2 extraction, with the pore size mainly concentrated around 4 nm,
while the pores number of the sample THF-C mainly shows an increase around 3–16 nm,
the increase in micropores around 4 nm is the most significant. The supercritical CO2 effect
caused an increase in the discontinuity of the PSD of the micropores below 10 nm, while
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the fluctuation of the PSD curves of transition pores and mesopores above 10 nm tended to
be smoother and the distribution was more uniform.
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3.2.4. Fractal Characteristics of Nanopores

Coal is a non-homogeneous and highly anisotropic porous medium, the fractal di-
mension can precisely and quantitatively depict its pore structure. Based on the results
of LTGA-N2 experiments, there are many methods to calculate the fractal dimension of
adsorption pores, such as the BET model, thermodynamic model and Frenkel-Halsey-Hill
(FHH) model, among which the FHH model is a computational model that is applied by
scholars at home and abroad [42].

Xie [43] concluded that the FHH model has good applicability for calculating the
fractal dimension of pores in cryogenic liquid nitrogen test results through the fractal
dimension fitting results of the previous authors. In this study, thus, the (FHH) model
was used to express the pore structure characteristics of coal. The relationship between
the relative equilibrium pressure, the fractal dimension, and the pore adsorption capacity
measured by LTGA-N2 test is as follows [44]:

V = V0

(
ln
(P0

P

))K
(1)

Taking logarithms on each side of the equation, we can obtain the following formula:

lnV = Kln
[

ln
(P0

P

)]
+ C (2)
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where V is the gas adsorption capacity at equilibrium pressure, mL; P the adsorption
equilibrium pressure, MPa; P0 the adsorption saturated vapor pressure, MPa; K the fractal
dimension factor, i.e., the linear slope of lnV and ln(ln(P0/P)); and C the constant.

The fractal dimension (D) of coal pore structure can be calculated by K value. Different
scholars have proposed two different calculation methods based on different adsorption
theories [36,45,46]. One viewpoint is that the adsorption of N2 by coal is monolayer
adsorption, which is controlled by the van der Waals (VDW) force between the adsorbent
and adsorbate, i.e., the interface between gas and solid. The calculation equation of
calculating D through K is:

D = 3K + 3 (3)

Another viewpoint is that the VDW force between the interface is negligible relative
to the surface tension, and the adsorption of nitrogen by coal is mainly controlled by the
capillary cohesion effect, in which case the calculation equation of D calculated by K is:

D = K + 3 (4)

Generally, the fractal dimension of pore structure is between 2 and 3, and the result
calculated by Equation (3) has been separated from the meaning of fractal. Therefore, we
used Equation (4) to calculate D.

From Figure 2, the desorption curve exhibits a “falling inflection point” at a P/P0 of 0.5.
Consequently, when calculating D, a P/P0 of 0.5 was utilized as the critical point (the pore
size is typically 4 nm). D1 (Pore surface roughness) denotes the fractal dimension when
P/P0 > 0.5 and D2 (Pore space complexity) denotes the fractal dimension when P/P0 < 0.5.

Plotting with ln(ln(P0/P)) as the horizontal coordinate and lnV as the vertical coor-
dinate, and then fit the data points. The results shown in Figure 5 indicate that the fitting
coefficients R2 of all the samples are larger than 0.95, which indicates that the fitting results
are better and the pores in the coal have significant fractal characteristics. The results of the
fractal dimension calculation were counted into Table 3, and it can be seen that the value of
D (D1, D2) is between 2.41726 and 2.77792 (Table 3), which indicates that the calculation
results are consistent with the FHH model (D = 2~3). Among them, the larger values of the
fractal dimension means that the pore structure is more complex [47].
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Table 3. Fractal dimension of each coal sample.

Samples
Diameter < 4 nm Diameter > 4 nm

K2 D2 R2 K1 D1 R2

Y −0.31876 2.68124 0.99739 −0.12559 2.87441 0.97772
Y-C −0.85823 2.14177 0.9804 −0.19485 2.80515 0.94375
THF −0.67529 2.32471 0.96705 −0.31224 2.68776 0.99346

THF-C −0.90602 2.09398 0.98173 −0.25947 2.74053 0.97766
HCL-HF −0.76954 2.23046 0.97598 −0.27161 2.72839 0.97925

HCL-HF-C −0.65395 2.34605 0.97039 −0.256 2.744 0.96639

Table 3 and Figure 5 indicate that the values of D2 and D1 are 2.68124 and 2.87441 for
sample Y, and the values of that are larger than the samples THF and HCL-HF respectively,
it shows that the effect of pretreatment has contributed to the simplification of the coal
pore structure.

After SC-CO2 extraction of the sample Y and the pretreated coal samples respectively,
the values of D2 and D1 of the sample Y-C are 2.14177 and 2.80515, that of the coal sample
THF-C are 2.09398 and 2.74053. The comparison of the before and after shows that the
value of D2 and D1 of the sample Y are reduced, So SC-CO2 extraction can simplify the
pore structure. But on the contrary, the value of D2 and D1 are 2.34605 and 2.744 for the
coal sample HCL-HF-C, the pore structure of the sample HCL-HF instead becomes more
complex by the SC-CO2 extraction. For sample THF, D1 decreased and D2 increased after
SC-CO2 extraction, suggesting that the pore surface roughness increased while the pore
structure tended to be simple.

3.3. Microcrystalline Structure

XRD testing of all coal samples using the same test conditions. The test data of the
coal samples are made into XRD spectra by MDI Jade 6.0, and Figure 6 is the diffraction
spectra of the coal samples. 
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Figure 6. Diffraction spectra of the coal samples. (a) Y and THF; (b) Y and HCL-HF; (c) Y and Y-C; 
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Figure 6. Diffraction spectra of the coal samples. (a) Y and THF; (b) Y and HCL-HF; (c) Y and Y-C;
(d) HCL-HF and HCL-HF-C; (e) THF and THF-C.
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From Figure 6, it can be seen that the coal samples all have diffraction peaks with
different intensities when 2θ is near 25◦ and 45◦, which are called the 002 peak and 101 peak,
respectively. The low-volatile bituminous coal belongs to the coal with high metamorphic
degree, and all the coal samples have sharp 002 peak. It can be seen that the trends of the
spectral curves and the positions of the broad diffraction peaks of the coal samples are
basically the same. All of them have obvious 002 peaks, while the 101 peaks are relatively
weaker and the positions of the peaks do not change much. This suggests that there is no
obvious change in the basic unit of aromatic carbon before and after treatment.

3.4. Mechanism of Solvent and SC-CO2 Extraction on the Pore Structure of Coal

Figure 2 illustrates that the hysteresis loops of all samples are relatively wide at around
P/P0 = 0.5 (the pore size is typically 4 nm). This suggests that pore connectivity is mainly
contributed by the microporous fraction. Consequently, Table 4 shows a smaller division of
the microporous fraction with a 4 nm as the limit. The mechanisms of different solvents
and SC-CO2 effects on coal pore structure are discussed separately.

Table 4. Pore structure parameters of coal samples after different ways of treatment (pore
size < 10 nm).

Samples
PV in Different Pore Sizes/×10−3(cm3·g−1) SSA in Different Pore Sizes/(cm2·g−1)

0–4 nm 4–10 nm 0–4 nm 4–10 nm

Y 0.065999 0.086011 0.073035 0.054875
Y-C 0.053502 0.139908 0.058709 0.099691
THF 0.022408 0.07045 0.025439 0.045463

THF-C 0.092686 0.167994 0.099979 0.111861
HCL-HF 0.032872 0.089688 0.036765 0.057612

HCL-HF-C 0.042275 0.095175 0.045242 0.068058

3.4.1. Acid Solvent

There are silicate minerals dominated by quartz and kaolinite and carbonate minerals
dominated by CaCO3 in the low-volatile bituminous coal According to the XRD physical
phase analysis and SEM energy spectrum analysis. It can be seen in Figure 6 that the
mineral peaks disappeared and the curves became smoother after acid solvent treatment,
which indicates that the hydrochloric acid solvent can effectively dissolve the carbonate
minerals and the HF acid solvent can dissolve the silicate minerals in the coal. The HCL
and HF solvents used simultaneously on the coal samples to remove the minerals in the
coal. The data on the variation of ash in the ultimate and proximate analysis in Table 1
indicates that the ash removal rate in sample HCL-HF reached 96.5%. This suggests that
the vast majority of the minerals and some inorganic salts in the coal were removed, and
the following chemical reactions mainly occurred:

Al2O3·2SiO2·2H2O (kaolinite) + 6HCl = 2AlCl3 + 2SiO2 + 5H2O
SiO2 (quartz) + 6HF = H2SiF6 + 2H2O
CaCO3 (calcite) + HCl = CaCl2 + CO2↑ + H2O

Based on relevant charts (Figure 2, Tables 2 and 4), the connectivity of coal sample
deteriorated (HCL-HF) after treatment with acid solvents, decreased PV of micropores
and mesopores while increased transition pores. Furthermore, the total PV and total SSA
decreased. This is mainly due to two reasons:

(1) The HCl acid and HF acid are highly acidic and can dissolve silicate and carbonate
minerals, but do not completely dissolve aluminosilicate minerals [48,49]. This results
in undissolved kaolinite particles loosening, and then clogging the pore throat during
transport, leading to reduced pore connectivity. (2) It was mentioned earlier that acid
solutions are able to dissolve minerals, the minerals become smaller particles when they
are dissolved. Then the particles are transported through the pore channels and then
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reabsorbed into the surface and pores of the coal due to the Brownian movement and the
electrostatic interaction [50,51].

3.4.2. THF Solvent

Coal contains a large number of soluble low molecular weight compounds, which
can be extracted by THF solvent according to the principle of organic mutual solubility.
As these compounds are extracted, the pore connectivity is effectively improved, thus
promoting gas adsorption and transport.

From Figure 2 and Table 2, the trend of pore parameter changes of coal sample THF
is the same as that of HCL-HF and the hysteresis loops are very similar. Further through
Figure 4 and Table 4, the reduction of the microporous part of the sample THF and HCL-HF
is mainly below 4 nm compared with the coal sample Y, with 3.5–4 nm dominating. Again,
it can be surmised that this is due to the blockage of the pore throat by low molecular
compounds in the micropores during the THF extraction process, resulting in a decrease in
the number of open pores and poor connectivity.

3.4.3. SC-CO2

SC-CO2 can dissolve both organic low molecular compounds and a part of inor-
ganic minerals in coal due to its special properties. The reaction formula for dissolving
minerals is:

CO2 + H2O ⇋ H2CO3 ⇋ H+ + HCO−3

CaCO3 + 2H+ = Ca2+ + CO2↑ + H2O
Al2O3·2SiO2·2H2O (kaolinite) + 6H+ = 2Al3+ + 2SiO2 + 5H2O

The hysteresis loops of coal samples Y and Y-C show that the microporous PV and
total SSA increased while the pore connectivity decreased instead after supercritical CO2
extraction. On the one hand, parts of the minerals were dissolved due to the poor solubility
of SC-CO2 in a short time, resulting in the addition of new micropores and an increase in
the number of micropores and the SSA. On the other hand, the pore plugging phenomenon
of mineral particles and low molecular compounds leads to the reduction of transition and
mesopore pore volume, and a subsequent decrease in the total PV.

The micropore PV and SSA of coal sample THF increased after SC-CO2 extraction, and
the pore connectivity became better. The transition pores PV and the total PV increased,
which indicates that CO2 could further dissolve the low molecular compounds and unclog
the pores, At the same time, CO2 could also dissolve part of the minerals, which had a
pore-expanding effect.

The PV of the micropores increased and the pore connectivity was improved of the
sample HCL-HF after SC-CO2 extraction. However, the transition pores and mesopores
and the total PV decreased, which may be due to the fact that SC-CO2 is able to carry low
molecular compounds out of the micropores, lead to an increase in the PV of micropores.
On the other hand, the residual mineral particles after HCL and HF solvent treatment were
carried into the transition pores and mesopores by SC-CO2 fluid, resulting in the decrease
of transition pores and mesopores PV. This is also the reason for the increase of pore surface
complexity (D1) of sample HCL-HF-C in Table 3.

3.5. Relationship between Fractal Dimension and Pore Structure Parameters and Implications for
Geological Sequestration of CO2

Figure 7 demonstrates the relationship between pore structure parameters and fractal
dimension for different pore size segments. There is no obvious linear or nonlinear rela-
tionship between PV, SSA and fractal dimension. It is generally believed that the more
homogeneous the pore structure is, the easier it is for mineral particles to flow out through
the pores during the dissolution. This suggests that the fractal dimension of pores is related
to the pore connectivity to some extent. CO2 sequestration in coal seams is a long-term pro-
cess, the mechanism of SC-CO2 action, composition of minerals, the evolution of temporal
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and spatial all lead to different changes in the permeability of coal. In CO2 sequestration
process, the spatial changes can be understood as the change of fractal dimension (pore
structure complexity) in the short term.

Fractal Fract. 2024, 8, x FOR PEER REVIEW  14  of  17 
 

 

extraction.  On  the  one  hand,  parts  of  the minerals were  dissolved  due  to  the  poor 

solubility of SC-CO2 in a short time, resulting in the addition of new micropores and an 

increase in the number of micropores and the SSA. On the other hand, the pore plugging 

phenomenon of mineral particles and low molecular compounds leads to the reduction of 

transition and mesopore pore volume, and a subsequent decrease in the total PV. 

The micropore PV and SSA of coal sample THF increased after SC-CO2 extraction, 

and  the  pore  connectivity  became  better.  The  transition  pores  PV  and  the  total  PV 

increased, which indicates that CO2 could further dissolve the low molecular compounds 

and unclog the pores, At the same time, CO2 could also dissolve part of the minerals, which 

had a pore-expanding effect. 

The PV of the micropores increased and the pore connectivity was improved of the 

sample HCL-HF after SC-CO2 extraction. However, the transition pores and mesopores 

and the total PV decreased, which may be due to the fact that SC-CO2 is able to carry low 

molecular compounds out of the micropores, lead to an increase in the PV of micropores. 

On  the other hand,  the residual mineral particles after HCL and HF solvent  treatment 

were carried  into  the  transition pores and mesopores by SC-CO2 fluid, resulting  in  the 

decrease of transition pores and mesopores PV. This is also the reason for the increase of 

pore surface complexity (D1) of sample HCL-HF-C in Table 3. 

3.5. Relationship between Fractal Dimension and Pore Structure Parameters and Implications for 

Geological Sequestration of CO2 

Figure 7 demonstrates the relationship between pore structure parameters and fractal 

dimension  for  different  pore  size  segments.  There  is  no  obvious  linear  or  nonlinear 

relationship between PV, SSA and fractal dimension. It is generally believed that the more 

homogeneous the pore structure is, the easier it is for mineral particles to flow out through 

the pores during  the dissolution. This  suggests  that  the  fractal dimension  of pores  is 

related to the pore connectivity to some extent. CO2 sequestration in coal seams is a long-

term process, the mechanism of SC-CO2 action, composition of minerals, the evolution of 

temporal  and  spatial  all  lead  to different  changes  in  the permeability  of  coal.  In CO2 

sequestration process,  the  spatial  changes  can  be understood  as  the  change  of  fractal 

dimension (pore structure complexity) in the short term. 

       

Pore diameter > 4 nm  Pore diameter < 4 nm 

Figure 7. Relationship between fractal dimension and pore structure parameters. 

CO2 in the sequestration process will extract low molecular compounds in coal, this 

process  tends  to  reduce  the  pore  surface  roughness  (D2),  so  that  the  low molecular 

compounds within the pore space can easily pass through the pore, and ability to increase 

pore  connectivity while  expanding  pores  (THF →  THF-C). However,  low molecular 

compounds are incompletely dissolved and block the channels during transport when the 

time is too short and the space is too complex, thus causing damage to the reservoir (Y → 
THF). At  the  same  time,  coal  contains  a  large  number  of minerals.  The weak  acidic 

conditions after CO2 dissolved in the formation water, resulting in calcite, feldspar and 

other minerals are dissolved. Although this process can produce secondary pores, but the 

Figure 7. Relationship between fractal dimension and pore structure parameters.

CO2 in the sequestration process will extract low molecular compounds in coal, this
process tends to reduce the pore surface roughness (D2), so that the low molecular com-
pounds within the pore space can easily pass through the pore, and ability to increase pore
connectivity while expanding pores (THF → THF-C). However, low molecular compounds
are incompletely dissolved and block the channels during transport when the time is too
short and the space is too complex, thus causing damage to the reservoir (Y → THF). At
the same time, coal contains a large number of minerals. The weak acidic conditions after
CO2 dissolved in the formation water, resulting in calcite, feldspar and other minerals are
dissolved. Although this process can produce secondary pores, but the dissolution effect is
not obvious in a short period of time. The surface of the minerals in the pore is partially
dissolved and the pore surface roughness is increased. As a result, the mineral particles
cannot be successfully pass through the pore channels and even lead to channel blockage in
the complex pore space structure (Y → Y-C, Y → HCL-HF). On the other hand, the injection
of a large amount of dry (undersaturated) SC-CO2 leads to the evaporation of water from
the coal seam into the CO2 stream and results in an increase in the concentration of dis-
solved salts in the aqueous phase. When the salt concentration exceeds the solubility limit
for a given thermodynamic state, the excess salt will precipitate out of the aqueous phase,
which in turn will increase the complexity of the pore space. Secondly, the physical stability
of clay minerals is weakened after CO2 injection, and the diffusion and grain-carrying
effects of the gas cause them to be transported. The transport effect may even cancel out
the dissolution of the minerals if the content of clay minerals is high [52]. Nevertheless, it
will in turn widen the pore channels and facilitating the outflow of particles to a certain
extent when mineral dissolution continues to occur, and it will improve an increase in the
connectivity of the pore space when the facilitating effect is more pronounced (HCL-HF →
HCL-HF-C).

4. Conclusions

(1) Raw coals treated with different solvents and SC-CO2 shows an increase in average
pore size, while the total PV decreased and pore connectivity deteriorated. Samples
THF and HCL-HF show improved pore connectivity with secondary treatment of
SC-CO2, but the total PV was continuously decreased.

(2) Solvents treatment and SC-CO2 extraction mainly act on the microporous fraction.
After solvents pretreatment, the changes in the PSD curves of the coal samples are
mainly manifested in the reduction of number of micropores after solvents pretreat-
ment, especially in the micropores around 3–4 nm. There is a small increase in the
number of micropores appeared in the samples Y-C and HCL-HF-C, with the pore
size mainly concentrated around 4 nm, while the pores number of the sample THF-C
mainly shows an increase in the range of 3–16 nm.
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(3) Generally, solvent pretreatment and SC-CO2 extraction help to simplify pore struc-
ture. However, for sample HCL-HF, the pore becomes more complicated by SC-CO2
secondary extraction (HCL-HF-C).

(4) There is no obvious linear or nonlinear relationship between PV, SSA and fractal
dimension. Pore connectivity is influenced by both fractal dimension and time to
some extent. In the short term, the larger the fractal dimension, the more unfavorable
it is for CO2 flow. Then, the effect of CO2 in enlarging the pores plays a dominant role
with increasing time and the pore fractal dimension becomes progressively less useful
in assessing pore connectivity.
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