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ABSTRACT

The cyclic hydraulic stimulation (CHS) has proven as a prospective technology for enhancing the
permeability of unconventional formations such as coalbeds. However, the effects of CHS on the
microstructure and gas sorption behavior of coal remain unclear. In this study, laboratory tests including
the nuclear magnetic resonance (NMR), low-temperature nitrogen sorption (LTNS), and methane sorp-
tion isotherm measurement were conducted to explore changes in the pore structure and methane
sorption characteristics caused by CHS on an anthracite coal from Qinshui Basin, China. The NMR and
LTNS tests show that after CHS treatment, meso- and macro-pores tend to be enlarged, whereas micro-
pores with larger sizes and transition-pores may be converted into smaller-sized micro-pores. After the
coal samples treated with 1, 3, 5 and 7 hydraulic stimulation cycles, the total specific surface area (TSSA)
decreased from 0.636 to 0.538, 0.516, 0.505, and 0.491 m?/g, respectively. Fractal analysis based on the
NMR and LTNS results show that the surface fractal dimensions increase with the increase in the number
of hydraulic stimulation cycles, while the volume fractal dimensions exhibit an opposite trend to the
surface fractal dimensions, indicating that the pore surface roughness and pore structure connectivity are
both increased after CHS treatment. Methane sorption isothermal measurements show that both the
Langmuir volume and Langmuir pressure decrease significantly with the increase in the number of
hydraulic stimulation cycles. The Langmuir volume and the Langmuir pressure decrease from 33.47 cm?/
g and 0.205 MPa to 24.18 cm3/g and 0.176 MPa after the coal samples treated with 7 hydraulic stimulation
cycles, respectively. The increments of Langmuir volume and Langmuir pressure are positively correlated
with the increment of TSSA and negatively correlated with the increments of surface fractal dimensions.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).

1. Introduction

underground coal mining activity safety, adding to global natural
gas supply, and reducing the emission of methane into the atmo-

The capture or development of coalbed methane (CBM) from sphere (Li et al., 2023; Liang et al., 2023; Tao et al., 2019). To date,
coalbeds has multiple favorable effects such as enhancing the the commercial development of CBM has been undertaken

worldwide, including the United States, China, Australia, and India
(Li et al., 2024a; Senthamaraikkannan et al., 2016). In China, the
CBM industrialization bases have been successfully established in
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the Qinshui and Ordos basins (Su et al., 2020), where the majority of
CBM reservoirs are characterized by ultra-low permeability, low in-
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situ pressure, and high stress (Cao et al., 2016; Li A. et al., 2018). To
achieve economically viable gas production, hydraulic stimulation
technology has been widely applied in these regions (Li et al.,
2024a, 2024b). However, field applications showed that the con-
ventional hydraulic stimulation technology typically results in
relatively simple hydraulic fractures rather than complex fracture
network (Cheng et al., 2018), which leads to low gas production and
low recovery factor of CBM wells (Ni et al., 2019). Moreover, con-
ventional hydraulic stimulation technology requires the injection of
a large amount of water, which may induce the effect of local stress
concentration and thus result in earthquakes (DiStefano et al.,
2019). Hence, the search for hydraulic stimulation technologies
with higher CBM recovery factor and lower seismic activity has
drawn significant attention (Gaucher et al.,, 2015; Lee et al., 2019).

The cyclic hydraulic stimulation (CHS) technology has proven to
be a promising technology for improving hydrocarbon recovery in
low-permeable reservoirs (Rutqvist et al., 2007; Velcin et al., 2020).
The basic philosophy of the CHS is to inject fracturing fluid into the
reservoir with small amounts and multiple times. The cyclic in-
jection results in an action of alternating loads on the reservoir
rocks, which is favorable to the propagation of tensor-shear frac-
tures and tends to produce more complex fracture networks (Tang
et al., 2020). Recently, numerous studies have been undertaken to
investigate the formation and propagation of macroscopic hy-
draulic fractures under the action of CHS. Wang et al. (2015)
explored the formation mechanism of alternating loads in the
CHS process, and observed a 2.6-fold increase in the total amount of
CBM compared to conventional hydraulic stimulation. Patel et al.
(2017) found that the damage to the rocks surrounding hydraulic
fractures caused by CHS technology is approximately twice as
extensive as that resulting from conventional hydraulic stimulation
methods. AlTammar and Sharma (2019) reported the impact of CHS
on breakdown pressure. Their results indicate that CHS has the
potential to reduce breakdown pressure, thereby facilitating the
formation of hydraulic fractures. Besides, some scholars have con-
ducted a comparison of seismic waves between samples subjected
to conventional hydraulic stimulation treatment and those treated
with CHS (Ji et al., 2021; Niemz et al., 2020). The experimental re-
sults indicate that the application of CHS promotes the diffusion of
fluid pressure along the faults, reduces the heterogeneity of fluid
pressure distribution and the frequency of high-magnitude seismic
events. In conclusion, CHS technology has demonstrated promising
prospects for reducing seismicity and enhancing the coalbeds
permeability in CBM extraction.

However, coal is generally regarded as a dual-porosity medium,
composing both matrix and cleat systems (Hu et al., 2023; Mohanty
and Kumar, 2017). The micro-pores in the matrix present a strong
affinity for CBM, with approximately 90%—98% of CBM stored in an
adsorbed state within these pores (Yang et al., 2019). The sorption
characteristics of coal determine the amount of CBM migration
from the matrix to the cleat system, playing a crucial role in the
production of CBM. In the process of reducing potential seismic
risks and enhancing coal seam permeability by CHS technology,
there is an inevitable impact on the microscopic pore structure of
coal, thereby changing the methane sorption characteristics of coal.
Thus, a comprehensive grasp of the impact of CHS on coal pore
structure and methane sorption characteristics is vital for the
development and utilization of CBM.

Unfortunately, to date, scholars have paid limited attention to
the changes in coal pore structure and methane sorption charac-
teristics after CHS treatment. In this study, nuclear magnetic reso-
nance (NMR) testing, low-temperature nitrogen sorption (LTNS)
analysis, and fractal theory were employed to assess the changes in
microstructure of coal. Additionally, methane sorption isotherm
measurements were carried out to clarify the effects of CHS on the

3272

Petroleum Science 21 (2024) 3271-3287

sorption characteristics of coal. Combining these tests and analyses,
this study reveals the mechanisms underlying the changes in
microstructure and sorption characteristics induced by CHS in
anthracite coal from the Qinshui Basin.

2. Method
2.1. Sample collection

The coal samples were taken from the Sihe coal mine located in
the southern margin of the Qinshui Basin, China. All the coal
samples were directly collected from the fresh workface of the
underground tunnel. Coal samples were wrapped in plastic
immediately after retrieval, and promptly transported to the labo-
ratory for further analysis. Table 1 provides analytical details of the
coal samples, including the elemental and proximate analyses.
According to Chinese classification of coals (GB/T 5751-2009), the
volatile matter content of the collected coal samples is less than
10%, indicating that the collected coal samples belong to anthracite
coal. Additionally, it can be seen from Table 1 that the proportion of
magnetic minerals (such as Fe) is less than 0.25%. It means that the
impact of magnetic minerals in the collected coal samples on the
NMR results can be neglected (Sun et al., 2021; Zheng et al., 2019).

2.2. Sample preparation and CHS treatment

This paper integrates three groups of experiments, namely CHS
treatment, pore structure characterization (NMR and LTNS testing),
and methane sorption isotherm measurements. The CHS treatment
experiments were conducted by the ZYB-II vacuum water-
saturating system (Unipac, China). It comprises a high-pressure
vessel with the size of 120 mm x 300 mm, a vacuum pump
with a maximum vacuum of 6 x 10~2 Pa and a hand pump with a
maximum working pressure of 30 MPa. The coal samples were
divided into five groups for representing different CHS treatment
conditions: untreated samples (reference group), samples treated
with 1 hydraulic stimulation cycle, samples treated with 3 hy-
draulic stimulation cycles, samples treated with 5 hydraulic stim-
ulation cycles, and samples treated with 7 hydraulic stimulation
cycles. In this study, the CHS treatment pressure was set at 18 MPa,
referencing the operational pressure in the Qinshui Basin. More-
over, to mitigate the impact of CHS treatment time on experimental
results, a consistent total treatment duration was maintained for
each sample. The CHS treatment process of coal samples is shown
in Fig. 1.

To meet the sample size requirements for different types of
experimental, cylindrical coal samples and coal particles were
prepared, respectively. The preparation steps of coal samples are as
follows: 1) Cylindrical coal samples with a length of 50 mm and a
diameter of 25 mm were drilled from a large coal block for CHS
treatment and NMR testing. 2) Four groups of standard columnar
coal samples with similar T, spectra were selected before CHS
treatment to reduce the impact of the heterogeneity of coal sam-
ples on the NMR results (the selection result is supplied in
Appendix A). 3) The coal fragments near the cylindrical coal sam-
ples were collected and crushed into particles, then the coal par-
ticles were sieved to 60—80 mesh for subsequent CHS treatment,
LTNS analysis, and methane sorption isotherm measurements.

2.3. Pore structure and methane sorption characteristic
characterization methods

2.3.1. NMR analysis
NMR testing was conducted by MacroMR12-150H-VTHP low-
field NMR device (Niumag, China). The magnetic field intensity,
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Table 1
Basic properties of the coal samples.
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Proximate analysis

Elemental analysis

Maa, % A % Va % FCaa, % C %

H, % N, % 0,% S, % Others, %

1.16 12.95 9.84 78.48 91.27

3.44 1.35 3.38 0.31 0.25

Notes: M,q and FC,q4 represent moisture and fixed carbon on air-dried base; A4 and Vj are ash and volatile matter on dry basis.

Specimen processing
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Fig. 1. CHS treatment process of coal samples.

main frequency, and maximum sampling bandwidth of the
equipment are 0.05 T, 12.8 MHz and 2000 kHz, respectively. NMR
employs a mechanism to characterize pore structure by measuring
the relaxation signal of hydrogen atoms within coal pores and
fractures. The correlation between the transverse relaxation time
(T») and the pore radius is utilized to reveal the pore structure, and
the relationship between the T, and the pore radius is as follows
(Chen et al., 2023):

1

d
Tz TFS

(1)
where T, is the transverse relaxation time, ms; p is the surface
relaxation rate, nm/ms; Fs is the pore shape factor; r is the pore
radius, nm. In this study, Fs = 2, the calculation result for p is
17.98 nm/ms (the calculation process is supplied in Appendix B).

2.3.2. LTINS analysis

LTNS analysis was performed using Micromeritics ASAP 2020M
system with the test temperature and relative pressure are —196 °C
and 0—0.99, respectively. Before LTNS analysis, all samples were
dried at 381 K in a vacuum oven for 24 h. The specific surface area
(SSA) and pore volume (PV) were calculated with the BET and the
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BJH models (Han et al., 2022), respectively.

2.3.3. Methane sorption isotherm measurements

Before methane sorption isotherm measurements, all samples
(the reference group and CHS treatment groups) were dried at
381 K in a vacuum oven for at least 48 h until the change in the
sample mass is within +0.001 g. This procedure is to remove the
injected water out of the coal samples, thereby minimizing the
effect of moisture on the methane sorption isotherm measure-
ments. The sorption amount was tested using the manometric
method (Bush and Gensterblum, 2011) for all samples at a constant
temperature of 303 K. The measured sorption amount was fitted
using the Langmuir model in order to quantitatively evaluate the
impact of CHS on the methane sorption characteristics. The Lang-
muir model is expressed as follows (Huang et al, 2019;
Sudibandriyo et al., 2003):

Vo V.P
S+ P)(1— pg/ps)

(2)

where Vs is the absolute sorption amount, mL/g; V| is the Lang-
muir volume, mL/g; P is the equilibrium pressure, MPa; P is the
Langmuir pressure, MPa; pg is the density of methane for free
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phase, g/cm?; ps is the density of methane for sorption phase, g/
cm?, it can be regard as a constant of 0.421 g/cm?>.

3. Results and analysis
3.1. NMR analysis

3.1.1. T, spectra analysis

Fig. 2 illustrates the T, spectra of the coal samples before and
after CHS treatment. The T> spectra of the tested coal samples
exhibit similar pattern, displaying a trimodal distribution charac-
terized with three distinct peaks in the regions of 0.01—10, 10—100,
and 100—10000 ms, respectively. Moreover, it can also be seen from
Fig. 2 that both the peak value and span of peaks 2 and 3 (P2 and P3)
present an increase trend with the increase of CHS treatment cy-
cles. It indicates that after CHS treatment, not only the pores cor-
responding to P2 and P3 are expanded, but also some new pores are
generated. However, after CHS treatment, the T, spectra of peak 1
(P1) for all samples shifted diagonally to the left. The results suggest
that the expansion and generation of pores corresponding to P2
and P3 may compress the pores corresponding to P1. Furthermore,
before and after CHS treatment, there is an intersection point (Tp)
for P1, which can divide P1 into two segments. When the T, value of
P1 is less than Tp, the T, spectra of the coal samples treated with
CHS are above those before CHS treatment, indicating that both the
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porosity and the number of pores in this region are increased after
CHS treatment. When the T, value of the P1 is greater than T, the T,
spectra of coal samples treated with CHS are lower than those
before CHS treatment, indicating that both the porosity and the
number of pores in this region are decreased after CHS treatment.
The results suggest that CHS does not uniformly compress all cor-
responding pores of P1; instead, it selectively compresses some
larger pores into smaller ones. Additionally, after 1, 3, 5, and 7 hy-
draulic stimulation cycles, the T, values were 0.594, 0.542, 0.508,
and 0.493 ms, respectively, showing a decreasing trend with an
increase in hydraulic stimulation cycles. This trend indicates that
the increase in the number of hydraulic stimulation cycles en-
hances the compressive effect on larger pores corresponding to P1.

3.1.2. PSD analysis based on NMR

Pores in coals can be classified into four categories according to
the pore size, namely the micro-pores (< 10 nm), transition-pores
(10100 nm), meso-pores (100—1000 nm) and macro-pores (>
1000 nm) (Hodot, 1961). To clarify the changes in PSD for all pore
types before and after CHS treatment, the PSD curves of all tested
coal samples obtained from NMR were segmented. Fig. 3 illustrates
that the PSD curves exhibit distinct trends for different pore types
after CHS treatment. For meso- and macro-pores, the height and
span of the PSD curves for coal samples treated with CHS are larger
than those of the untreated coal samples, suggesting that CHS
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Fig. 2. T, spectra of coal samples before and after CHS treatment.
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Fig. 3. PSD curves of coal samples before and after CHS treatment.

facilitates the generation and expansion of meso- and macro-pores.
Nevertheless, after CHS treatment, the PSD curves of transition-
pores collectively shift downward, indicating that the generation
and expansion of meso- and macro-pores may compress the
transition-pores. The PSD curves of micro-pores exhibit a more
complex variation pattern, after CHS treatment, the PSD curves of
micro-pores with smaller pore size exhibit an upward trend, while
those of micro-pores with larger pore size display a downward
trend. One reasonable explanation is that a portion of the micro-
pores with larger pore size and the transition-pores were com-
pressed into smaller-sized micro-pores.

Comparing the PSD curves of cumulative porosity before and
after CHS treatment, it can be seen that there is an intersection
point (M) between the CHS treated and untreated coal samples.
When the pore size is smaller than M, the PSD curves of untreated
coal samples are above those of CHS treated samples, indicating
that the increase in porosity of meso- and macro-pores cannot
offset the decrease in porosity of transition-pores. However, when
the pore size is larger than M, the PSD curves of untreated samples
are below those of CHS treated samples, suggesting that the in-
crease in porosity of meso- and macro-pores plays a primary role in
the change of cumulative porosity. It can also be found that after 1,
3, 5, and 7 hydraulic stimulation cycles, the value of M decreases to
991.08, 750.77, 684.39, and 518.44 nm, respectively. It means that as
the number of hydraulic stimulation cycles increases, the effect of
the decrease in porosity of transition-pores on cumulative porosity
gradually diminishes. In addition, the overall porosity of the coal
samples treated with CHS are significantly greater than that of the
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untreated coal samples. It means that the impact of CHS on meso-
and macro-pores is more pronounced than that on micro-pores and
transition-pores. After 1, 3, 5, and 7 hydraulic stimulation cycles,
the overall porosity increased by 0.1305%, 0.2045%, 0.2126%, and
0.2554%, respectively, indicating that a greater number of hydraulic
stimulation cycles corresponds to stronger generation and expan-
sion effects of meso- and macro-pores.

To quantitatively analyze the impact of hydraulic stimulation
cycles on porosity, cumulative porosity for different pore types are
extracted. Subsequently, the increment of cumulative porosity for
each pore type is defined and calculated.

A¢ =i — o €)
where ¢; is the cumulative porosity after CHS treatment, %; ¢o is the
cumulative porosity before CHS treatment, %.

From Fig. 4, it can be found that the increment of porosity (A¢) of
micro-pores, meso-pores, and macro-pores increases with the
number of hydraulic stimulation cycles, whereas the A¢ of transi-
tion pores exhibits an opposite trend compared to the other pore
types. Additionally, an initial rapid increase is observed in the A¢ of
micro-pores, meso-pores, and macro-pores. Meanwhile, the A¢ of
transition-pores experiences a rapid decrease in the initial stage,
which is followed by a gradual deceleration in the rate of decrease.
It means that the initial hydraulic stimulation has a significant
impact on porosity changes, whereas the effect of CHS on porosity
changes gradually weakens as the number of hydraulic stimulation
cycles increases. One potential explanation is that there is a
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Fig. 4. Changes in cumulative porosity for different pore types before and after CHS treatment. (a) Micro-pores; (b) Transition-pores; (c) Meso-pores; (d) Macro-pores.

significant number of different types of pores before CHS treat-
ment, leading to the porosity susceptible to the impact of the initial
hydraulic stimulation. However, as the number of hydraulic stim-
ulation cycles increases, the number of pores susceptible to hy-
draulic stimulation gradually decreases, ultimately resulting in
limited changes in porosity.

3.1.3. Fractal characteristics based on NMR

The fractal dimensions are widely used to characterize surface

roughness and the complexities of pore structures in coal. The
calculation method of NMR fractal dimensions is as follows (Zhang
et al,, 2022):
Ig(e) = (3 — Dn)Ig(T2) + (DN — 3)18(Tomax) (4)
where ¢ is the cumulative porosity with transverse relaxation time
less than Ty, %; Tomax iS the maximum transverse relaxation time,
ms; Dy is the fractal dimension.

Previous studies have demonstrated that the sorption space for
methane is mainly composed of micro- and transition-pores (<
100 nm), whereas meso- and macro-pores (> 100 nm) control the
flow behavior of fluid (Liu et al., 2021). Therefore, taking T value
corresponding to 100 nm as the dividing point, the curve with Ig(e)
as the vertical coordinate and Ig(T) as the horizontal coordinate
can be divided into two parts. The surface fractal dimension (Dn1)
and the volume fractal dimension (Dy3) can be obtained by linear
fitting of the respective curve segments, as shown in Fig. 5. Dnq
reflects the roughness and heterogeneity of sorption pore surface,
and Dy characterizes the complexity and connectivity of seepage
pores (Shao et al., 2017). As can be seen from Fig. 5, the fitting
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correlation coefficients of seepage pores (0.9035—0.9723) are
greater than those of sorption pores (0.8313—0.8727), indicating
that the seepage pores exhibit more evident fractal properties than
the sorption pores. In addition, it can also be found from Fig. 5 that
the values of Dy» (2.9546—2.9779) are greater than those of Dyy
(2.0753—2.1529). It means that the seepage pores reveal a stronger
complexity than that of sorption pores.

To quantitatively analyze the impact of hydraulic stimulation
cycles on the fractal dimensions obtained from NMR, the increment
of fractal dimension was defined and calculated.

ADy;=Dni — Dno (5)
where Dy; is the fractal dimensions after CHS treatment; Dyg is the
fractal dimensions before CHS treatment; i = 1 represents the
surface fractal dimension; i = 2 represents the volume fractal
dimension.

Fig. 6 illustrates that the Dy1 of the samples treated with CHS are
less than those of the untreated samples, whereas the Dy of the
samples show an opposite trend. The increase in Dy indicates an
increase in the roughness of the sorption pore surface after CHS
treatment. The decrease in Dy implies that the heterogeneity of
seepage pores was decreased after CHS treatment. In addition, as
can be seen from Fig. 6, with the increase in the number of hy-
draulic stimulation cycles, ADyj increases rapidly in the initial
stage, and then the growth rate gradually decreases, while the
trend of ADy; is opposite to that of ADy;. It means that the initial
hydraulic stimulation plays a significant role in the change of fractal
dimensions, which is consistent with the trend of porosity.
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Fig. 5. Plots of Ig(e) vs. Ig(T>) from NMR testing data of samples before (left) and after (right) CHS treatment with 1 (a), 3 (b), 5 (c), and 7 (d) cycles, respectively.
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Fig. 6. Changes in fractal dimensions before and after CHS treatment obtained from NMR. (a) The surface fractal dimension; (b) The volume fractal dimension.

3.2. LTNS analysis

3.2.1. Low temperature nitrogen sorption-desorption curves
In Fig. 7, the nitrogen sorption process can be categorized into
three stages. At low relative pressure (0 < P/Py < 0.1), nitrogen

Adsorption amount, cm®/g

Adsorption amount, cm?®/g
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undergoes monolayer sorption on the pore surface, resulting in a
rapid increase in the sorption isotherm within a short period. When
the relative pressure increases from 0.1 to 0.5, the sorption
isotherm increases slowly at a relatively constant rate, indicating
that the sorption form of nitrogen on the pore surface transitions
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Fig. 7. Nitrogen sorption and desorption curves before and after CHS treatment.
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from monolayer to multilayer. As the relative pressure is greater
than 0.5, nitrogen sorption amount increases rapidly due to capil-
lary condensation in the pores. However, it is noteworthy that as
the relative pressure approaches 1, nitrogen fails to reach sorption
saturation. This is primarily attributed to the presence of a signifi-
cant number of pores with sizes exceeding 300 nm in the coal
samples, making it challenging for nitrogen to attain sorption
saturation in these pores (Clarkson et al., 2013).

It should be noted that, as the relative pressure decreases, the
condensed nitrogen in the pores gradually undergoes evaporation
and desorption. If the relative pressures for condensation and
evaporation are equal, the sorption isotherm and desorption
isotherm coincide. When the two relative pressures are different, a
hysteresis loop is formed (Xue et al., 2021). In addition, previous
studies have shown that there is a significant correlation between
the shape of hysteresis loops and pore morphology. Specifically,
based on the shape of hysteresis loops, coal pores can be classified
into four different types (Fig. 7(a)) (Sing, 1985). Different pore types
are associated with different desorption isotherms, resulting in
different shapes of hysteresis loops. Notably, for ink-bottle-shaped
pores, due to the existence of a thin neck structure, the desorption
isotherm consistently exhibits a sharp decrease at the inflection
point (Fu et al., 2017). As illustrated in Fig. 7, the sorption and
desorption isotherms of all tested coal samples do not coincidence,
and near the inflection point (P/Py = 0.5), the desorption isotherms
exhibit a sharp drop. The results suggest that the pore morphology
of the tested coal samples is dominated by ink bottle-shaped pores.
Furthermore, there is little difference in the shape of the hysteresis
loops before and after CHS treatment. It means that the main pore
morphology in coal samples has not changed after CHS treatment.

3.2.2. Analysis of pore structure parameters based on LTNS

To elucidate the changes in pore structure parameters of various
pore types before and after CHS treatment, the data of specific
surface area and pore volume were extracted separately. The in-
crements of specific surface area (AS) and pore volume (AV) of
different pore types were defined and calculated. AS and AV were
calculated as follows:

AS=S-S, (6)

AV=V -V, (7)
where Sp and S are the specific surface area of coal samples before
and after CHS treatment, cm?/g; Vo and V are the pore volume of
coal samples before and after CHS treatment, cm>/g.

Figs. 8 and 9 illustrate the changes in pore structure parameters
before and after CHS treatment obtained from the LTNS test.
However, due to the limitation of LTNS testing (< 300 nm) (Su et al.,
2021), the pore structure parameters for macro-pores cannot be
provided. In Fig. 8, the pore volume of transition-pores (Vi;an) of the
untreated coal sample is 4.52 x 10~3 cm?®/g, whereas the Vian of
coal samples treated with 1, 3, 5, and 7 hydraulic stimulation cycles
decreases to 294 x 1073, 262 x 1073, 230 x 1073, and
1.98 x 103 cm?/g, respectively. However, with the increase in
hydraulic stimulation cycles, the pore volume of micro-pores (Vpic)
and meso-pores (Vmeso) exhibit an opposite trend compared to
Viran. The results are consistent with the variation trend of each
pore type obtained from NMR, further confirming the hypothesis
that CHS promotes the expansion and generation of meso- and
macro-pores, and compress a portion of larger-sized micro- and
transition-pores into smaller-sized micro-pores. Additionally, it
should be noted that the total pore volume (V;) of the untreated
coal sample is 7.33 x 103 cm?/g. After the samples treated with 1,
3, 5, and 7 hydraulic stimulation cycles, the V; decreases to
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6.61 x 1073, 6.08 x 1073, 587 x 1073, and 5.85 x 103 cm’/g,
respectively. The result indicates that an increase in the number of
hydraulic stimulation cycles leads to a reduction in Vi, which is
opposite to the NMR result.

Fig. 9 illustrates that after the coal samples treated with 1, 3, 5
and 7 hydraulic stimulation cycles, the total specific surface area
(Sy) decreased from 0.636 to 0.538, 0.516, 0.505, and 0.491 m?/g,
respectively. The result indicates that the S; of coal sample de-
creases with increasing hydraulic stimulation treatment cycles, and
the initial hydraulic stimulation has the most significant impact on
the increment of total specific surface area (AS;), which is consistent
with the variation trend of total pore volume but opposite to the
trend of total pore porosity. After CHS treatment, the specific sur-
face area of different pore types exhibits different trends, both the
specific surface area of micro-pores (Smic) and meso-pores (Smeso)
increase with the increase in the number of hydraulic stimulation
cycles, while the specific surface area of transition-pores (Sgran)
shows a downward trend, which is consistent with the variation
trend of pore volume and the trend of pore porosity. In addition, the
values of Spjc and Siran are one order of magnitude greater than the
value of Speso, indicating that the total specific surface area of coal is
contributed by micro- and transition-pores, which is consistent
with previous findings.

3.2.3. Fractal characteristics based on LTNS

Up to now, various methods have been proposed for calculating
the fractal dimension based on nitrogen sorption isotherms, with
the Frenkel—Halsey—Hill (FHH) model considered to be the most
effective (Pyun et al., 2004). In the FHH model, fractal dimension is
generally between 2 and 3 (Pfeifer et al., 1989). When the fractal
dimension is 2, it represents a perfectly smooth pore surface and an
extremely simple pore structure. Conversely, a fractal dimension of
3 indicates that the pore surface is completely irregular or rough,
and the pore structure is highly heterogeneous. According to ni-
trogen sorption data and the FHH model, the fractal dimension can
be determined by the following equations (Wang and Guo, 2021;
Yang et al., 2023):
In(V/Vy)=AlIn[In(Py /P)] + B (8)
where P is the nitrogen sorption equilibrium pressure, MPa; Py is
the saturation vapor pressure, MPa; V is the sorption amount of
nitrogen at the equilibrium pressure P, cm?/g; V; is the sorption
amount of nitrogen at the saturation vapor pressure Py, cm’/g; A is
the linear correlation coefficient; B is a constant. The relationship
between A and fractal dimension (D) can be expressed as

DL=A+3 9

The alterations in nitrogen sorption isotherms are related to two
mechanisms: (1) When the relative pressure is less than 0.5, the
adsorption of nitrogen on the coal surface is mainly controlled by
van der Waals forces between nitrogen molecules and coal mole-
cules (Yao et al., 2008). (2) When the relative pressure is greater
than 0.5, the increase in sorption amount is primarily attributed to
the capillary condensation of nitrogen molecules within the pores
(Yin et al., 2018). Therefore, bounded by the relative pressure of 0.5,
nitrogen sorption data can be divided into two parts, and then the
fractal dimension Dy; (P/Py < 0.5) and Dy, (P/Py > 0.5) can be ob-
tained. Dy, is linked to pore surface morphology, serving as an in-
dicator of pore surface roughness (Yuan and Rezaee, 2019). Dy, is
associated with the pore structure, providing a measure of the ir-
regularity of seepage pores (Brunauer et al., 1938). By combining
the FHH model with nitrogen sorption data, a linear relationship
between In(V/Vp) and In[In(P/Py)] was established, from which the
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Fig. 8. Changes in pore volume of different pore types of coal samples before and after CHS treatment. (a) Micro-pores; (b) Transition-pores; (¢) Meso-pores; (d) Total pores.

fractal dimension Dy was calculated (Fig. 10).

As can be seen from Fig. 10, all correlation coefficients (R?) are
greater than 0.9, indicating that the pore surface morphology and
pore structure of coal samples both exhibit strong fractal charac-
teristics. In addition, it also can be found that the correlation co-
efficients of region 1 (0.9136—0.9364) is less than that of region 2
(0.9939—-0.9981). It means that the fractal characteristics of pore
surface morphology is stronger than that of pore structure.
Furthermore, it is noteworthy that the value ranges of D;; and Dy,
are 2.5572—2.5923 and 2.4663—2.4943, respectively (Dy1 > Dr2).
The result suggests that the heterogeneity of pore surface
morphology is more pronounced than that of pore structure. To
quantitatively assess the impact of the number of hydraulic stim-
ulation cycles on the fractal dimension obtained from LTNS, the
incremental change in fractal dimension was calculated by Eq. (5).
Fig. 11 illustrates that, as the number of hydraulic stimulation cycles
increases, AD;; demonstrates an upward trend, while AD;, exhibits
a downward trend. It means that after CHS treatment, there was an
increase in the roughness of the pore surface and a decrease in the
complexity of seepage pores. This finding is consistent with the
result of fractal dimensions obtained from NMR.

3.3. Methane sorption characteristics

3.3.1. Methane sorption isothermal

The experimental results of methane isothermal sorption for all
tested coal samples are presented in Fig. 12, where the effectiveness
of the Langmuir model in describing the methane sorption pro-
cesses is evident. Moreover, it can also be found that, at the same
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equilibrium pressure, the methane sorption amount of coal sam-
ples treated with CHS is generally lower than that of untreated
samples. As the hydraulic stimulation cycle increases, the methane
sorption isotherm generally shows a trend of rapid decrease at first
and then the decline rate gradually slowed down.

To quantitatively analyze the impact of CHS on coal sorption
characteristics, the Langmuir volume and Langmuir pressure were
extracted. Subsequently, the increments of Langmuir volume and
Langmuir pressure were defined and calculated as follows:

AV =V, - Vi (10)

where Vig and V| is the Langmuir volume before and after CHS
treatment, cm3/g; P and Py is the Langmuir pressure before and
after CHS treatment, MPa.

As can be seen from Fig. 13, the Langmuir volume and Langmuir
pressure of samples untreated with CHS are 33.47 cm?/g and
0.256 MPa, respectively. After the samples treated with 1, 3, 5, and 7
hydraulic stimulation cycles, the Langmuir volume decreased to
28.05, 25.71, 25.51, and 24.18 cm>/g, respectively. The correspond-
ing Langmuir pressure decreased to 0.205, 0.193, 0.186, and
0.176 MPa, respectively. The results indicate that with an increase in
the number of hydraulic stimulation cycles, the maximum sorption
amount of coal for methane gradually decreases. Furthermore,
under a given pressure drop for initial gas depletion, the desorption
rate of methane from the coal samples treated with CHS is less than
that from the untreated samples. It can also be found that the
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Fig. 9. Changes in specific surface area of different pore types of coal samples before and after CHS treatment. (a) Micro-pores; (b) Transition-pores; (c) Meso-pores; (d) Total pores.
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Fig. 11. Changes in fractal dimensions of coal samples before and after CHS treatment obtained from LTNS.
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Fig. 12. Methane isothermal sorption curves of coal samples before and after CHS
treatment.

decrease in the increments of Langmuir volume and Langmuir
pressure is primarily attributed to the impact of initial hydraulic
stimulation.
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3.3.2. Relationship between methane sorption characteristics and
pore structure parameters

Fig. 14 illustrates the correlation between methane sorption
characteristics and pore structure parameters. AV; and AP exhibit a
positive correlation with AS; and AV;, while showing a negative
correlation with the increment of total porosity (A¢). The methane
sorption characteristic parameters (AVy, AP.) present a stronger
correlation with AS; than with AV; and A¢y. The results indicate that
the methane sorption characteristics of coal are primarily associ-
ated with the surface area, which is consistent with previous
studies. Moreover, the correlation coefficients between AV; and
AVy, AP are 0.92 and 0.93, respectively, which are larger than those
between A¢: and AVy, AP;. It means that the changes in methane
sorption characteristics presents a stronger correlation with AV
than with A¢:. The differences in the correlation between methane
adsorption characteristics and the increment of total pore volume
may be attributed to the larger sample size used in the NMR, which
provides more comprehensive information about pore and fracture
structures compared to the LTNS. However, the impact of this
additional information on pore structure parameters is primarily
reflected in pore volume rather than specific surface area.

3.3.3. Relationship between methane sorption characteristics and
surface fractal dimensions

To further clarify the relationship between methane sorption
characteristics and surface fractal dimension, combined with NMR,
LTNS and methane isothermal sorption analysis, the relationship
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Fig. 13. Changes in Langmuir volume and Langmuir pressure before and after CHS treatment.
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Fig. 14. Relationship between increments of Langmuir volume and Langmuir pressure (AV}, AP) and pore structure parameters.

between increments of Langmuir volume and Langmuir pressure
(AVy, APy) and surface fractal dimensions (ADy 1, ADyq) for the tested
samples were obtained. As shown in Fig. 15, there is a strong
negative correlation between AVy, AP, and AD;j, ADyj, indicating
that the surface fractal dimensions can be used as an important
parameter reflecting the methane sorption capacity of coal. It
should be noted that the correlation coefficients between AV, AP_
and ADp; are greater than those between AV, AP, and ADyj. It
means that AD;; serves as a more effective parameter than ADy; in
reflecting the changes in coal sorption characteristics for methane,
indicating that ADp; reflects more comprehensive information
about pore surface than ADy;. This is primarily attributed to the fact
that Dy; obtained from NMR is unable to capture the pore surface
information for pores larger than 100 nm. In contrast, D;; obtained
from LTNS provides a broader range of pore surface information (<
300 nm).

4. Discussion
4.1. Effect of CHS on pore structure parameters

Both the results of NMR and LTNS show that after CHS treat-
ment, meso- and macro-pores tend to be enlarged and generated,
whereas micro-pores with larger sizes and transition-pores may be
compressed into smaller-sized micro-pores. However, it should be
noted that NMR result indicates an increase in cumulative porosity
with an increase in the number of hydraulic stimulation cycles,
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contrary to the LTNS result. This contradiction may be attributed to
the limitation of LTNS, which is only suitable for pores with di-
ameters smaller than 300 nm (Ozdemir, 2016). Additionally, from
the NMR results (Fig. 3), it can be observed that when the pore
width is less than 300 nm, the cumulative porosity of the coal
sample after CHS treatment is lower than that before CHS treat-
ment, which is consistent with the decrease in total pore volume
obtained from LTNS. Thus, we can infer that when the pore width is
less than 300 nm, the expansion of meso- and macro-pores cannot
fully compensate for the decrease in pore volume caused by pore
compression, resulting in a decrease in the total pore volume ob-
tained from LTNS.

Fig. 9 presents that the Spc and Speso increase with the increase
in the number of hydraulic stimulation cycles, while the Si;an, shows
a downward trend, which is consistent with the variation trend of
pore volume and the trend of pore porosity. The variation mecha-
nisms of Speso May be attributed to the following two reasons: (1)
Due to the enlargement of meso-pores, part of smaller meso-pores
is transformed into larger ones. (2) Due to the generation of meso-
pores, the number of meso-pores are increased. The variation
mechanism of Spic and Sgan is mainly due to the compression of
micro-pores with larger sizes and transition-pores into smaller-
sized micro-pores. Specifically, after CHS treatment, there is a
decrease in the number of transition pores and an increase in the
number of micro-pores, resulting in a decrease in S,y but an in-
crease in Spjc. Comparing the sorption curves of coal samples for
nitrogen before and after CHS treatment (Fig. 7), it can be observed
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Fig. 15. Relationship between increments of Langmuir volume and Langmuir pressure (AV;, AP) and surface fractal dimensions (ADy;, ADyy).
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that the sorption curve of CHS treated samples are lower than of
untreated sample. It mainly attributed to the fact that the mic- and
transition-pores provide the majority of specific surface area of coal
(Chen et al., 2017), the increase in specific surface area resulting
from the expansion and generation of meso- and micro-pores
cannot fully compensate for the decrease in specific surface area
due to the compression of micro-pores with larger sizes and
transition-pores, resulting in a decrease in total specific surface
area.

4.2. Effect of CHS on fractal characteristics

For coal, there are relatively smooth regions and rough regions
on the pore wall surface, and the values of surface fractal di-
mensions (D1, Di1) are determined by the proportion of rough
regions of pore surface (Xue et al., 2021). As previous mentioned,
there is an increase in the surface fractal dimensions of coal after
CHS treatment, indicating that the rough regions of pore surface of
coal are increased after CHS treatment. This may be attributed to
the compression effect of mic- and transition-pores, which leads to
pore constriction and results in the overall surface of the sorption
pores changing from relatively regular to irregular, as shown in
Fig. 16(a) and (b). For the decrease in volume fractal dimension
(Dn2, Dir2), one possible explanation is that the expansion and
generation of meso- and macro-pores improved the connectivity of
seepage pores, as shown in Fig. 16(c) and (d). This result is similar to
the findings of Zhou et al. (2021), who observed a significant
decrease in the heterogeneity of water distribution in flow channels
after increasing hydraulic fracturing injection pressure.

In addition, it should be noted that the pore surface fractal di-
mensions obtained from LTNS (2.5572—2.5923) are greater than
those obtained from NMR (2.0753—2.1529). Conversely, the pore
volume fractal dimensions obtained from LTNS (2.4643—2.4943)
are less than those obtained from NMR (2.9546—2.9779). The dif-
ference in fractal dimensions obtained from NMR and LTNS
methods may be attributed to their distinct physical contexts. The
fractal dimensions derived from LTNS rely on the pore surface area
and pore volume, while those obtained from NMR depend on the
distribution of pore sizes (Zhou et al., 2020). Due to the limitation of
LTNS, the fractal dimension D, cannot effectively capture pore
parameter information associated with pore sizes larger than
300 nm. In contrast, the NMR supplies a broader pore size
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distribution than LTNS, revealing a more extensive range of seepage
pores. Hence, the values of Dy are greater than those of Dpy,
indicating a more complex pore structure discerned from NMR.
Simultaneously, the fractal dimension Dy obtained from the NMR
fails to capture the pore surface information of pores with sizes
larger than 100 nm. In contrast, the LTNS provides more compre-
hensive pore surface information (< 300 nm) than that obtained
from NMR. As a result, the values of Dy are greater than those of
Dy, reflecting a more irregular pore surface discerned from LTNS.

4.3. Effect of CHS on sorption characteristics of coal for methane

The results of methane sorption isothermal indicate that after
CHS treatment, the maximum sorption amount of coal for methane
tends to decrease. This result is somewhat expected, as the TSSA of
coal show a decreasing trend after CHS treatment. Based on the
basic physical adsorption theory of solid surfaces, the maximum
adsorption capacity of a solid is necessarily positively correlated
with surface sorption sites (Laxminarayana and Crosdale, 1999).
The greater the TSSA, the more surface sorption sites there are,
resulting in a higher maximum adsorption amount (Zhao et al.,
2016). After CHS treatment, the compression of mic- and
transition-pores leads to an overall decrease in TSSA, thereby
reducing the surface sites for CBM adsorption. Thus, Langmuir
volume for coal shows a decreasing trend after CHS treatment. The
value of Langmuir pressure reflects the adsorption rate of coal for
methane, which is determined by the adsorption potential between
coal and methane, and a smaller Langmuir pressure corresponds to
a larger adsorption potential (Li H. et al., 2018). Previous study has
shown that the adsorption potential is associated with the rough-
ness of pore surface (Yang et al., 2019). As shown in Fig. 17(a), when
the pore surface is relatively smooth, the methane molecule in-
teracts only with one pore wall, and the sorption potential is equal
to the planar sorption potential (W). As the surface roughness of the
pores increases, the methane molecule fully interacts with one pore
wall and partially with another (Fig. 17(b)). At this point, the
adsorption potential of the methane molecules ranges from W to
2W. With further increase in the surface roughness of the pores, the
methane molecule fully interacts with both sides of the pore walls,
and the adsorption potential of the methane molecules is twice that
of the planar adsorption potential (Fig. 17(c)). Thus, a greater pore
surface roughness corresponds to a larger adsorption potential of

Rough
regions

Fig. 16. Schematic of pore structure changes before and after CHS treatment.
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(a)

Wi, = W

W< W,, < 2W W,, = 2W

Fig. 17. Schematic of relationship between pore surface roughness and adsorption
potential. W and W, represent the planar sorption potential and the actual adsorption
potential of methane molecules, respectively.

coal. After CHS treatment, the compression of mic- and transition-
pores leads to an increase in the overall pore surface roughness,
thereby increasing the adsorption potential of coal for methane.
Thus, Langmuir pressure for coal shows a decreasing trend after
CHS treatment.

5. Conclusions

The CHS technology holds promising applications in terms of
environmental friendliness and permeability enhancement for
CBM extraction. This study experimentally investigates the impact
of CHS on the pore structure and methane sorption characteristics
of anthracite from the Qinshui Basin. The following conclusions can
be drawn.

(1) CHS facilitates the generation and expansion of meso- and
macro-pores, whereas micro-pores with larger sizes and
transition-pores may be compressed into smaller-sized mi-
cro-pores. As the number of hydraulic stimulation cycles
increases, the impact of pore compression on cumulative
porosity gradually diminishes.

(2) As micro- and transition-pores contribute majority of the
specific surface area (SSA) in coal pores, the increase in SSA
due to the expansion and generation of meso- and macro-
pores fails to compensate for the decrease in SSA caused by
the compression of transition-pores. After the coal samples
treated with 1, 3, 5, and 7 hydraulic stimulation cycles, the
total specific surface area (TSSA) decreased from 0.636 to
0.538, 0.516, 0.505, and 0.491 m?/g, respectively.

(3) The fractal dimensions obtained from LTNS and NMR exhibit
strong consistency. The surface fractal dimensions (Dy; and
Dn1) increased with the increase in the number of hydraulic
stimulation cycles, while the volume fractal dimensions (D>
and Dy;) exhibit an opposite trend to the surface fractal di-
mensions. The result indicates that, after the coal samples
treated with CHS, the pore surface roughness and pore
structure connectivity are both increased.

(4) In the case of coal samples treated with CHS, both Langmuir
volume and Langmuir pressure significantly decrease,
consistent with the trend of TSSA change. The increments of
Langmuir volume and Langmuir pressure (AVy and APp)
exhibit a strong negative correlation with the increments of
surface fractal dimensions (ADy; and ADy;y), indicating that
the surface fractal dimensions can serve as an important
parameter reflecting the changes in methane sorption char-
acteristics for coal.
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Appendix A

Fig. A1 shows the results of T, spectra of all the prepared raw
coal samples, the abandoned and selected coal samples were
marked by black and red solid lines, respectively. It can be seen
from Fig. A1 that the T, spectra of the selected coal samples are
almost identical, and the positions of the three peaks are only
slightly different. The similarity in T, spectra indicates that the
selected samples have similar pore structures, which means that
the individual heterogeneity of the selected sample is insignificant,
and the influence of individual sample differences on the NMR
results can be ignored.
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Fig. Al. T, spectra of the cylindrical coal samples.
Appendix B

In this section, the pore surface, pore volume and T, spectra of
the CHS untreated coal samples were selected to calculate the T
and p based on the following equations (Tian et al., 2019; Zhai et al.,
2022):
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(4)

where p is the surface relaxation rate, nm/ms; Fs is the pore shape
factor; V and S are the pore volume and pore surface area, which
can be obtained by LTINS test, cm?/g and m?/g; Taium is the loga-
rithmic mean of the transverse relaxation time, ms; A; is the value
of porosity at the point i, which can be obtained from NMR, %; Ty; is
the value of T, at the point i, ms; At is the total porosity obtained
from NMR, %.

From Table B1, it can be found that for coal samples with similar
T, spectra, there is little difference in the calculated results of p. In
this study, the average value of the calculated results for p was
selected to calculate the full-scale PSD.

(B2)

Table B1
Calculation of T, and p of coal samples before CHS treatment.
Sample No. Total pore Total specific T, ms  p, nm/ms  p, nm/ms
volume, surface area,
103 cm’lg 102 m?/g
1 7.33 63.62 0.645 17.87 17.98
2 0.639 18.03
3 0.642 17.95
4 0.637 18.09
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