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Abstract:
CO2/N2-enhanced coalbed methane recovery is an important means of increasing coalbed
methane production, and understanding the competitive adsorption of CO2, CH4 and
N2 in coalbeds and its impact on coal properties is important. A structural model for
anthracite from Daning-Jixian was constructed based on elemental analyses, Fourier-
transform infrared spectroscopy, X-ray photoelectron spectroscopy and carbon nuclear
magnetic resonance data. The grand canonical Monte Carlo method was used to research
the competitive adsorption of multiple gases on coal and changes in the porosity and
permeability. These results indicated that with increasing CO2 injection, considerable
methane desorption occurred in the coal seams, and the porosity and permeability of the
coal decreased. During N2 injection, the adsorption of methane on the coal increased, and
the porosity and permeability of the coal increased gradually. However, the desorption rate
of CH4 after injection of N2 was much lower than that after injection of CO2. With CO2
and N2 injection, as the molar mass ratio of N2 to CO2 increased, the quantity of CO2
adsorbed decreased, and the total amount of gas adsorbed on the coal decreased, which
increased the porosity of the coal. At an the molar mass ratio of N2 to CO2 is 0.6, the
desorption rate of CH4 was 70.95%, the porosity and permeability of the coal were high,
and considerable CO2 was sequestered to mitigate greenhouse gas emissions and provide
economic and environmental benefits.

1. Introduction
Coalbed methane (CBM) is both a hazard to coal mining

safety and a source of clean, high-quality energy, but it is also
a greenhouse gas. According to statistics, the amount of CBM
buried at depths of 1,000-3,000 m is 2.87 times that buried at
depths less than 1,000 m (Li et al., 2023a). Therefore, CBM
at depths of 1,000 m or greater is a guaranteed resource for
the development of China’s CBM industry (Xu et al., 2023),
and it is highly important for ensuring coal mine safety,
improving energy utilization efficiency, and protecting the
atmosphere. Injecting carbon dioxide into geological forma-
tions can improve the recovery rate of shale gas and CBM
and minimize global greenhouse gas emissions (Omotilewa

et al., 2021). This is a feasible approach that combines the
efficient exploitation of CBM with carbon capture and storage
(Yasemi et al., 2023). CO2-enhanced coalbed methane (CO2-
ECBM) technology has been widely applied in CBM extrac-
tion with significant benefits. However, CO2 sequestration in
coal causes coal matrix expansion (Hosking et al., 2020; Wang
et al., 2023a), which reduces coalbed permeability (Talapa-
tra, 2020; Jeong et al., 2023). This process makes subsequent
gas injection more difficult and affects CBM production,
which is even more detrimental to the development of low-
permeability CBM reservoirs in China (Packham et al., 2012).
Therefore, based on CO2-ECBM technology, CO2/N2 gas
injection was proposed to improve the CBM desorption rate by
injecting a N2/CO2 mixture into a coalbed (Asif et al., 2022).
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This technique increased the reservoir pressure, reduced the
methane partial pressure, and improved methane production
(Talapatra et al., 2021). The objective of N2-enhanced coalbed
methane is to enhance the pore volumes and permeabilities
of coal reservoirs. CO2-ECBM desorbs the CBM and injects
captured CO2 into deep, inaccessible coal reservoirs to reduce
greenhouse gas purity (Liao et al., 2023), making it a useful
countermeasure for mitigating emissions.

Understanding the process and effects of ECBM injection
in coal seams depends on recognition of the interaction
mechanisms between coal and gases. Therefore, it is essential
to establish a rational coal molecular structure and explore
the interaction mechanisms among coal and methane, carbon
dioxide, and nitrogen (Ursueguı́a et al., 2021). Numerous
researchers have interpreted the coal molecular structure model
(CMSM) and characterized the carbon framework and func-
tional groups through industrial analyses, elemental analyses,
carbon nuclear magnetic resonance (13C NMR) (Tursunov
et al., 2020) spectroscopy, X-ray photoelectron spectroscopy
(XPS) and attenuated total reflectance Fourier-transform in-
frared spectroscopy (FTIR) (Salmachi et al., 2023). Based
on this, they reconstructed a coal molecular structure model
(CMSM) and validated its correctness (Jia et al., 2023).

Based on the aforementioned approach, a comprehensive
study was conducted to construct a CMSM and study the
competitive adsorption of CO2/CH4/N2 in coal seams with
the grand canonical Monte Carlo (GCMC) method. Studies
have demonstrated that coal has different affinities for different
gases, which decrease in the order of CO2 > CH4 > N2
(Sander et al., 2020). Through numerous displacement/com-
petitive adsorption experiments and numerical simulations, it
is believed that the equilibrium adsorption state of coal is
independent of the injection sequence (Zhang et al., 2018; Wu
et al., 2019). By applying the GCMC method and molecular
dynamics (MD) method, the micromechanism by which CO2
displaced CH4 was investigated. During the CO2 injection
process, the increased isothermal heat due to CO2 adsorp-
tion on coal made the overall adsorption system unstable,
leading to a reduced capacity for CH4 adsorption on the
framework (Kang et al., 2022). Furthermore, with increasing
CO2 content within the mixed gas, the total amount adsorbed
correspondingly increased, while the adsorption selectivity
coefficient decreased. By establishing a finite element coupled
dual-pore and dual-permeability model that integrated the
flow and adsorption behaviour of multicomponent gases, it
was found that the injection of pure CO2 and N2 could
increase the desorption rate of shale gas by approximately
80% and 20%, respectively (Li and Elsworth, 2019; Dwivedi
et al., 2023). Through adsorption-strain experiments, it was
determined that the relationships between gas adsorption-
induced swelling and total swelling are εCO2 > εCH4 > εN2

(George and Barakat, 2001; Shen et al., 2023). Some scholars
have investigated the competitive adsorption of CO2 and
CH4 in medium-rank coal (Chakravarty et al., 2020; Wei
et al., 2021; Mabuza et al., 2022). They discovered that, as
the CO2 pressure increased, the CH4 concentration decreased
initially and then stabilized. These findings suggested that the
decreased CH4 concentration was attributable to two main

factors. First, in coal, the CO2 adsorption capacity of coal
is due to the adsorption capacity of CH4, which increases the
CH4 recovery efficiency (Iddphonce and Wang, 2021). Second,
the elevated CO2 concentration functioned as a diluent, thereby
diluting the remaining CH4 (Long et al., 2021). An experiment
was conducted to investigate the differential swelling ratio of
the coal matrix resulting from multicomponent gas adsorption
using molecular simulation and pore mechanics models. It was
found that in the CO2 and CH4 binary system, the coal matrix
swelling rate increased as the CO2 mole fraction increased
(Talapatra, 2020). Conversely, in the N2/CH4 binary system,
the swelling rate decreased as the N2 mole fraction increased
(Neyertz and Brown, 2020).

Currently, in situ CBM enhancement through gas injection
involves the direct injection of pure CO2 into a coal seam.
The source of pure CO2 is difficult to guarantee, and the
injection of pure CO2 significantly reduces the permeability
of the coal seam and weakens the mechanical properties of
the coal (Thomas and Chen, 2024), which hinders subsequent
continuous gas injection. Research on CO2/N2 mixtures has
focused on the adsorption of multicomponent components on
coal, but there is little research on the displacement of CBM
by a CO2/N2 mixture, particularly quantitative analyses of the
optimal injection ratio of CO2/N2.

Most of the abovementioned research involved molecular
adsorption simulations with classical CMSM. The develop-
ment of an independent CMSM specifically designed for
simulations is relatively uncommon in the literature. Therefore,
this research focused on the deep anthracite extracted from
Well No. 8 of Daning-Jixian. Elemental analyses and XPS, 13C
NMR and FTIR spectroscopy were employed to analyse and
study the coal samples and construct a molecular model. Using
the methods of MD and GCMC, CO2/CH4/N2 adsorption on
CMSM and its impact on the physical properties of CMSM
were simulated, and the transformation law was explored to
determine the adsorption capacity, selectivity, porosity and
permeability of CO2/N2-ECBM and the optimal CO2/N2 ratio.
This article provides guidance for increasing the production of
CBM in the field in Daning-Jixian.

2. Samples and experiments

2.1 Coal sample collection
The coal sample was collected from the No. 8 coal seam

at Daning-Jixian in the Ordos Basin, and the vitrinite was
handpicked and separated. Prior to experimentation, the sam-
ple was crushed, ground and sieved through a 200-mesh sieve.
An elemental analyser was used to determine the elemental
compositions of the coal samples, which included C, H, O,
N and S. Table 1 shows the basic information of the coal
samples, among them, M, A, V and FC are based on air-dry
basis.

2.2 X-ray photoelectron spectroscopy
XPS was performed with a Thermo Scientific ESCALAB

Xi+ X-ray photoelectron spectroscopy instrument. XPS spectra
of the N and S in the coal were obtained. The vertical axis
represents the number of electrons, and the horizontal axis re-
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Table 1. Basic information of the coal samples.

Type M A V FC TOC Pyrite Other C H O N S RO,max

Content (%) 0.86 24.74 8.06 66.34 94.5 0.2 5.4 86.11 3.06 7.71 0.13 2.99 2.82

Notes: M, moisture; A, ash; V , volatile matter; FC, fixed carbon; TOC, total organic carbon.
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Fig. 1. (a) N (1s) peak deconvolution and (b) S (2p) peak deconvolution.
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Fig. 2. 13C NMR spectrum.

presents the binding energy. By analysing the XPS spectra of N
(1 s) (Fig. 1(a)) and S (2p) (Fig. 1(b)) in coal (Lu et al., 2023),
the forms of different elements present were obtained.

The fitting results show that the nitrogen present in an-
thracite in Daning-Jixian is pyrrole-type, which is the main
form of nitrogen, accounting for 83.32% of the total nitrogen
content. The next highest proportion of nitrogen was asso-
ciated with pyridine, at 12.34%. The lowest proportion was
associated with seasonal nitrogen, at only 4.34%. Sulfur is
present mainly in the form of thiophene sulfur (77.59%), sup-

Table 2. 13C NMR peak fitting parameters.

Chemical shift
(ppm)

Attribution Percentage
(%)

20.25 Aliphatic methyl
carbon

2.82

35.20, 45.32 Methylene carbon 4.31

56.29, 84.57 Oxygenated aliphatic
carbon

6.48

113.12, 119.40,
128.70

Protonated aromatic
carbon

39.18

137.51, 145.34 Alkylated aromatic
carbon

29.24

154.86, 164.41 Alkylated aromatic
carbon

7.80

198.39 Carboxyl 3.05

210.38 Carbonyl 7.12

plemented by sulfoxide sulfur and inorganic sulfur, accounting
for 7.33% and 7.32%, respectively, of the total sulfur content.

2.3 FTIR
FTIR spectra were obtained with a Thermo Scientific

Nicolet S5 FTIR spectrometer produced in the United States.
The potassium bromide pellet method was used to scan the
range of 4,000 to 400 cm−1. The spectrum was obtained by
performing 128 scans with a cumulative resolution of 4 cm−1.
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Table 3. Structural characteristics of the coal sample.

Type fa f c
a f ′a f N

a f H
a f P

a f S
a f B

a fal f ∗al f H
al f O

al

Content (%) 87.57 7.36 80.21 54.49 25.72 7.02 21.58 25.89 12.43 2.82 4.31 5.31

Notes: fa, total sp2 hybridized C; f c
a , carbonyl group or carboxyl group C; f ′a, aromatic C; f N

a , nonprotonated
and aromatic C; f H

a , protonated and aromatic C; f P
a , aromatic C bonded to hydroxyl or ether oxygen; f S

a ,
alkylated aromatic C; f B

a , aromatic bridgehead C; fal , total sp3 hybridized C; f ∗al , – CH3 or quaternary C;
f H
al , – CH or – CH2; f O

al , aliphatic C bonded to oxygen.

The obtained infrared spectrum is shown in Fig. 3(a).
The infrared spectrum can be divided into four seg-

ments, which include peaks for aromatic structures (700-
900 cm−1), oxygen-containing functional groups (1,000-1,800
cm−1), aliphatic structures (2,800-3,000 cm−1), and hydroxyl
groups (3,000-3,600 cm−1) (Ghosh and Bandopadhyay, 2020;
Boral et al., 2021; Kamble et al., 2022). After baseline
correction, the selected regions of the spectra were subjected
to peak fitting with Origin software (Li et al., 2023b) (Figs.
3(b)-3(e)).

Based on the aforementioned analysis, the molecular struc-
ture of anthracite predominantly consists of a tetra-substituted
benzene ring and a five-substituted benzene ring (with a
relative area ratio of 61.95%), followed by a tri-substituted
benzene ring (with a relative area ratio of 33.03%). The
aliphatic chain is primarily composed of methyl and methylene
groups. The oxygen-containing functional group exhibits a
phenol alcohol ether (C-O) to carboxyl group and carbonyl
group (C=O) ratio of 9.6:1.

The aromatic carbon ratio refers to the proportion of carbon
atoms in the coal that are present in aliphatic and aromatic
components (Phan et al., 2021). It can be calculated with Eqs.
(1), (2), and (3) and the peak areas of the infrared spectrum
(Ibarra et al., 1996):

f ′a = 1− Cal

C
(1)

Cal

C
=

Hal

H
· H

C
Hal

Cal

(2)

Hal

H
=

A3,000−2,800

(A3,000−2,800 +A700−900)
(3)

where Cal/C represents the relative content of aliphatic carbon
as a proportion of the total carbon; H/C denotes the ratio
between hydrogen and carbon atoms, determined with elemen-
tal analyses; Hal/H denotes the ratio between the aliphatic
hydrogen content and total hydrogen content; and Hal/Cal
denotes the ratio between hydrogen and carbon atoms in fatty
clusters, with an empirical value of 1.8.

2.4 13C NMR
13C NMR experiments were performed with a Bruker 600

M superconducting nuclear magnetic resonance spectrometer.
The 13C NMR spectra within the chemical shift range of -10
to 250 ppm were subjected to peak fitting with Origin software
(Jaiswal et al., 2021; Yang et al., 2021), as illustrated in Fig.

Table 4. Aromatic carbonan functional group types.

Aromatic carbon
structure

Number
Oxygenated
functional
groups

Number

Thiophene 3 O – H 5

Anthracene 1 C – O 4

Pyrene 4 C –– O 5

Benzopyrene 4 COOR 1

2.
The assignments of chemical shifts for various carbon

structures and the relative percentages in the 13C NMR spec-
trum of the coal are shown in Table 2 (Wang et al., 2021).

Accordingly, the 12 structural characteristics of the coal
were computed (Lu et al., 2023) and are summarized in Table
3. The ratio of bridging carbons to peripheral carbons (XBP)
in CMSMs is an indicator of the extent of condensation and
ring fusion within the aromatic ring structure of the coal. This
ratio can be utilized to estimate the sizes of aromatic clusters
present in coal (Ping et al., 2020). The calculation formula is
provided below:

XBP =
f B
a

f H
a + f P

a + f S
a

(4)

The relevant parameters from Table 3 substituted into Eq.
(4) yielded a value of 0.476 for the parameter XBP. This value
can be used to characterize the sizes of the aromatic clusters
in the sample.

3. Molecular model construction

3.1 Establishment of a 2D molecular model of
coal

In the aforementioned analysis, XBP was determined to be
0.476. Therefore, in the coal molecular model proposed in
this study, the main aromatic structures consisted of pyrene,
biphenyl, and a small amount of anthracene, with the addition
of a small quantity of thiophene. By considering different
combinations of aromatic structural units and calculating the
corresponding value of XBP for each combination, the types
and quantities of aromatic structural units that yielded the clos-
est match to the experimental data for XBP were determined.
These findings are summarized in Table 4.

According to Table 4, 186 aromatic carbon atoms were
present in the DJ CMSMs. Considering that f ′a was 80.21%,
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Fig. 3. (a) Total infrared spectrum, (b) 700-900 cm−1 infrared spectrum, (c) 1,000-1,800 cm−1 infrared spectrum, (d) 2,840-
3,000 cm−1 infrared spectrum and (e) 3,000-3,500 cm−1 infrared spectrum.
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the total number of carbons in the CMSM was 231. Con-
sequently, the number of aliphatic carbons, carboxyl group
carbons, and carbonyl group carbons in the CMSM was 45.
The aliphatic structures in the coal comprised aliphatic side
chains, cycloalkanes, and hydrogenated aromatic rings. It is
evident from the table that the values of f H

al and f ∗al for the
sample were 4.31% and 2.82%, respectively, indicating that the
ratio of methyl to methylene groups in the structural model
was approximately 1.5.

According to the ratios of the various elements in the DJ
element assay and the number of carbon atoms determined
with the previous coal molecular model, the numbers of
oxygen, nitrogen, and sulfur atoms were determined to be
15, 0, and 2, respectively. XPS revealed that the coal sample
primarily contained pyrrolic nitrogen and thiophenic sulfur as
the predominant forms of nitrogen and sulfur, respectively.
Combined with the results from 13C NMR, the ratios of oxy-
gen substitution, oxygen-containing aliphatic carbon, carboxyl
carbon, and carbonyl carbon were approximately 6.5 : 7.8 :
3.0 : 7.1, which indicated the presence of 4 hydroxyl groups,
5 oxygen-containing aliphatic groups, 1 carboxyl group, and
5 carbonyl groups in the bituminous coal.

Based on the results for each element, a coal molecule
model was built with Materials Studios software. The 13C
NMR spectra of the coal molecules were calculated with
MestReNova software to adjust the sites and concatenation
methods of various functional groups by comparing the cal-
culated 13C NMR spectra with the experimental spectra. The
aim was to achieve consistency between the established coal
molecule model and the experimental 13C NMR spectrum
(Fig. 4(a)). According to Table 3, f ′a was 80.21%, with a
bridge carbon ratio of 0.476. The corresponding values for
the model in Fig. 4(b) were 79.39% and 0.476, respectively.
Therefore, the molecular formula of the DJ anthracite was
C231H158O16S3, with a molecular weight of 3273.96, and the
structure of the coal molecule is shown in Fig. 4(b).

3.2 Establishment of the 3D coal molecular
model

The COMPASS II molecular force field was selected for
MS simulations, with customized calculation precision and
force field-assigned charges. NVT ensemble dynamics (300-
600 K, 10 cycles) were employed. The obtained coal molecular
model was subjected to multiple geometric optimizations,
annealing treatments, and MD simulations using the Forcite
module to obtain the global energy minimum and most stable
coal molecular spatial model. The time is 2,000 ps, and the
step length is 1 fs. The energy of the system is monitored
during the simulation to ensure that the simulation time is
long enough and that the simulation converges. Using the
Amorphous Cell module, four coal molecular models were
randomly placed into the unit cell with an initial density of 0.1
g/cm3 (Feng et al., 2021). The MD method combined with the
annealing algorithm was used to optimize the simulation. The
time step was 0.5 fs, and the total simulation time was 500 ps.
The energy and density of the system were detected during the
simulation to ensure convergence. The time–density diagram is

shown in Fig. 4(c), and the cell density of coal is calculated to
be 1.54 g/cm3 by taking the equilibrium region in the second
half of the diagram. The equilibrium configuration of CMSM
was determined, and the cell parameters were 23×23×23 Å3

(Zhang et al., 2020).

3.3 Verification of the coal molecular model
The adsorption capacity calculated in MS is the absolute

adsorption capacity, while the adsorption capacity obtained in
the experiment is the excess adsorption capacity. Therefore,
according to Eq. (5), the absolute adsorption capacity and the
excess adsorption capacity are converted:

Nex = Nad −V ·ρ (5)
where Nex is the excess adsorption amount, g; Nad is the
absolute adsorption amount, g; ρ is the adsorbent density
at a certain temperature and pressure, g/cm3; V is the pore
volume of the adsorbent, cm3, calculated from the atomic
volume and surface; and He (diameter = 0.26 nm) with poor
adsorption is selected as the probe. The GCMC method was
used to simulate the isothermal adsorption curve of CH4 within
the CMSMs at a temperature of 333.15 K. Based on these
results, the fitted data were compared with the experimentally
measured data. Fig. 5 shows the isothermal adsorption data
obtained from the molecular simulation and the Langmuir
fitting equation. The fitting results were compared with the
experimentally determined Langmuir volume and Langmuir
pressure, as shown in Fig. 5. In conclusion, mutual verification
of the carbon NMR spectra, density, Langmuir volume, and
Langmuir pressure demonstrated that the coal molecular model
represented the coal in an actual block.

3.4 Simulation scheme and parameter setting
The coal seam is located at a depth of 1,800 m under-

ground, with a surface temperature of 298 K and a surface
pressure of 0.1 MPa. Therefore, the average temperature of
the coal seam is 343 K (with a geothermal gradient of 2.5
K/100 m), and the reservoir pressure is 16.2 MPa (with an
underground pressure gradient of 0.98 MPa/100 m (Isaka
and Ranjith, 2020)). Based on the CH4 isothermal adsorption
curve, the saturation adsorption capacity was calculated to be
1.24 mmol/g. To investigate the effects of CO2 or N2 injection
on methane adsorption and coal reservoir properties, the molar
weight of CH4 was kept constant at 1.24 mmol/g in the mixed
gas, and the CO2 or N2 injection pressure was adjusted to
vary the molar mass ratio of CO2 or N2 to CH4 (expressed by
ωCO2/ωCH4 ,or ωN2/ωCH4 ) within the range of 0 to 1.5, with a
sampling interval of 0.1, resulting in a total of 15 groups.
The fugacity values of each component were calculated at
various temperatures and pressures with the GERG-2008 gas
state equation in Aspen Plus software (Figs. 6(a) and 6(b)).

To simulate the influence of injecting the CO2 and N2
mixture on the adsorption, pore volume and permeability
characteristics of the coal, the molar methane concentration
in the gas mixture was kept constant at 1.24 mmol/g. The
coal molecular model was based on a 1 : 1 molar ratio of CO2
to methane. At an CO2 and N2 mixed gas is injected, the N2
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Fig. 5. Isothermal adsorption curve for the model.

pressure is adjusted to change the molar mass ratio of N2 to
CO2 (expressed by ωN2/ωCO2 ) in the range of 0 1, resulting
in a total of 10 groups. The fugacity of each component was

calculated with Aspen Plus software with the GERG-2008 gas
state equation (Fig. 6(c)).

The sorption module was used to calculate the adsorption
of CH4 by the CO2/N2 binary gas mixture, as well as its impact
on the pore volume and permeability within the coal. The
sorption module was configured with the following specific
parameter settings: the task type was fixed pressure, the
method was Metropolis, and the simulation accuracy was
customized. For the adsorption calculation, 1 × 107 confor-
mations were generated initially for equilibration, followed by
the generation of another 1×107 conformations for averaging
the actual adsorption quantity, resulting in a total of 2× 107

conformations. The COMPASS II force field was selected as
the molecular force field, and the charge calculation method
was set to Forcefield assigned. The summation methods for
the electrostatic and van der Waals forces were Ewald- and
atom-based, respectively. The fugacities of CH4, CO2 and N2
were set according to Fig. 6.

To investigate the impact of CO2/N2 on the porosity of the
CMSM, the Connolly algorithm was first employed with He
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0 . 0 0 . 3 0 . 6 0 . 9 1 . 2 1 . 50 . 2

0 . 4

0 . 6

0 . 8

1 . 0

1 . 2

�
��

��
�

��
��

��
�

��
��

��




�	
��

-1 )

� C O 2 / � C H 4

 C O 2  a d s o r p t i o n  c a p a c i t y
 C H 4  a d s o r p t i o n  c a p a c i t y

(a)

0 . 0 0 . 3 0 . 6 0 . 9 1 . 2 1 . 5
1 . 2 2
1 . 2 4
1 . 2 6
1 . 2 8
1 . 3 0
1 . 3 2
1 . 3 4
1 . 3 6  T o t a l  a d s o r p t i o n  c a p a c i t y

 D e s o r p t i o n  r a t i o

� C O 2 / � C H 4

To
tal 

ads
orp

tio
n c

apa
city

���
�

��
��

-1 )

3 5
4 0
4 5
5 0
5 5
6 0
6 5
7 0
7 5
8 0

 De
sor

pti
on 

rat
io 

(%
)

(b)

Fig. 7. (a) Plots of the CO2 and CH4 adsorption capacities and (b) total adsorption capacity and CH4 desorption rate.

molecules as molecular probes to determine the pore volume
of the CMSM. Some scholars (Chilingar et al., 1963; Liu et
al., 2011) have proposed that the matrix permeability of coal
is proportional to the cube of the porosity when the porosity
is less than 10%:

k
k0

=

(
ϕ

ϕ0

)3

(6)

where k is the matrix permeability of the coal, and the unit is
10−3 µm2; ϕ is the matrix porosity of the coal, and the unit
is %; k0 is the initial permeability of the coal matrix, and the
unit is 10−3 µm2; and ϕ0 is the initial porosity of the coal
matrix, and the unit is %.

The gas adsorption selectivity coefficient measures the
affinity of coal for a specific gas component within a mixed
gas (Karimi et al., 2021; Serafin et al., 2022). The formula
used to calculate the adsorption selectivity coefficient (Si/ j) is
(Rainone et al., 2021):

Si/ j =

xi

x j
yi

y j

(7)

where xi and x j represent the molar quantities of components i
and j in the adsorbed phase of the system, respectively, while
yi and y j represent the molar quantities of components i and
j in the gas phase of the system, respectively. The adsorption
phase value is expressed by the adsorption amount. Since
Langmuir monolayer molecular adsorption follows, the bulk
phase is calculated by multiplying the gas density by the free
space volume.

4. Results and discussion

4.1 Effects of CO2 injection on CH4 adsorption,
coal porosity and permeability
4.1.1 CH4 adsorption

Fig. 7(a) shows the correlation between the CH4 and
CO2 adsorption capacities with respect to ωCO2 /ωCH4 for the
CMSM. Additionally, Fig. 7(b) depicts the total gas adsorption
capacity and CH4 desorption rate of the coal molecular model.
The difference in adsorption capacity between CH4 in the
mixed system and pure CH4 represents the quantity of CH4
desorbed. Overall, as ωCO2 /ωCH4 increased, the adsorption
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Fig. 8. (a) Adsorption selection coefficient for the CO2 and CH4 mixed system and (b) porosity and permeability of the coal
after CO2 injection.

capacity of CH4 decreased, while the adsorption capacity
of CO2 increased. When ωCO2 /ωCH4 was in the range of
0 to 0.6, the CH4 adsorption capacity rapidly decreased to
0.355 mmol/g, while the CO2 adsorption capacity significantly
increased to 0.973 mmol/g, with a CH4 desorption rate of
69.02%. After ωCO2 /ωCH4 reached 0.6, the decreasing trends
for the CH4 and CO2 adsorption capacities slowed and gradu-
ally stabilized. When ωCO2 /ωCH4 = 1.5, the adsorption capacity
of CO2 was 1.094, and that of CH4 was 0.256 mmol/g, with
a CH4 desorption rate of 77.61%. When ωCO2 /ωCH4 was less
than 0.3, the adsorbed content of CH4 was greater than that
of CO2. When a mixed gas competes for adsorption on the
coal surface, the adsorption capacities of the individual gas
components depend on their own adsorption characteristics
and on the partial pressures of the individual gas components.
The injection of CO2 led to a stable increase in the total
amount of gas adsorbed by the CMSM (Fig. 7(b)). When
ωCO2 /ωCH4 < 0.9, the overall ability of the coal to adsorb
gases increased as CO2 injection increased. However, once
the ωCO2 /ωCH4 ratio reached 0.9, the rate of increase in the
total adsorption capacity slowed significantly.

The coal molecular model exhibited strong physical het-
erogeneity. The coal matrix pore surface was composed of a
mixture of adsorption sites, which had high energy and low en-
ergy and influenced the adsorption of the gas components and
the overall amount of gas adsorbed (Gao et al., 2023). Because
CO2 has a greater adsorption capacity on the coal pore surface
than does CH4 (Sander et al., 2020), the coal substrate surface
was more likely to adsorb CO2, which weakened the interac-
tions between the coal matrix and CH4. During competitive
adsorption, CO2 molecules take up high-energy adsorption
sites, displacing methane with the remaining adsorption sites
and subsequently leading to desorption. From the perspective
of methane adsorption at different gas ratios, the first stage
corresponded to desorption from sites with high adsorption
energies, while the second stage corresponded to desorption

from sites with low adsorption energies. Therefore, during the
initial injection of CO2, CO2 occupied the adsorption sites
with high energy, displacing CH4, and the gas pressure effect
caused a decrease in the CH4 partial pressure, leading to the
rapid desorption of CH4 and an increase in the adsorbed CO2
content. During the later stages of CO2 injection, the number
of adsorption sites decreased, and the partial pressure, which
was due to methane, continuously decreased as the ωCO2 /ωCH4

ratio increased. As a result, the decreasing trend for the CH4
adsorption capacity gradually levelled, and the ability of the
coal to adsorb CO2 reached saturation. Therefore, during the
later stages of CO2 injection, the adsorbed contents of CO2
and CH4 exhibited gradual changes.

Fig. 8(a) shows the SCO2/CH4 values for the sorption
of the different CO2/CH4 binary gas mixtures on the coal
samples. The results indicated that the adsorption selectivity
coefficient SCO2/CH4 ranged from 2.31 to 7.11, and all were
greater than 1, indicating that the coal samples had a stronger
adsorption affinity for CO2 than for CH4 under competitive
adsorption conditions (Liu and Wilcox, 2012). This confirmed
the feasibility of implementing CO2-ECBM technology in
coal seams. The SCO2/CH4 value first increased and then
decreased as the molar amount of CO2 injected increased.
This behaviour was attributed to the combined influence of
energy effects (adsorption energy) and entropy effects (filling
effect) (Salmachi et al., 2023). In the ascending phase, the
dominant factor was the energy effect, as the interaction of
CO2 with coal was more powerful than that of CH4 with coal.
The coal substrate surface more easily adsorbs CO2, which
causes an upwards trend in the selectivity coefficient curve
for gas adsorption. However, as the ωCO2 /ωCH4 ratio increased,
the high-energy adsorption sites were more rapidly engaged by
CO2, and the remaining adsorption sites had weaker adsorption
capacities for gas molecules. The entropy effect became the
dominant factor affecting adsorption. Additionally, the simu-
lation results indicated that when ωCO2 /ωCH4 exceeded 0.7,
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Fig. 9. Pore structure of coal under different ωCO2 /ωCH4 conditions: (a) 0 (ϕ = 8.07%),(b) 0.2 (ϕ = 6.57%), (c) 0.4 (ϕ =
6.06%), (d) 0.6 (ϕ = 5.62%), (e) 0.8 (ϕ = 5.47%), (f) 1.0 (ϕ = 5.41%), (g) 1.3 (ϕ = 5.29%) and (h) 1.5 (ϕ = 5.27%)(the blue
area shows the pores, and the grey area shows the pore surface).

SCO2/CH4 decreased when the CO2 coefficient increased in the
gas mixture. This suggested that a high CO2 concentration had
an inhibitory effect on SCO2/CH4 .

The injection of high-pressure CO2 increased the plasticity
of the coal matrix while inducing a rearrangement of the
CMSM, resulting in irreversible damage to the CMSM (Pan
et al., 2019). In this experimental setup, when ωCO2 /ωCH4 ≥
0.8, CO2 reached the supercritical state (ScCO2). The low
viscosity, high diffusion coefficient, and zero surface tension
of supercritical CO2 facilitated large-scale carbon dioxide
sequestration and a high desorption rate for CBM. However,
as a result of the continuous injection of carbon dioxide, the
coal matrix underwent continuous swelling that reduced the
permeability of the coal (Hamza et al., 2021), which in turn
affected subsequent CO2 injection and hindered the diffusion
of CH4; this hindered the extraction of CH4 and the storage of
CO2 (Su et al., 2021). From an engineering safety perspective,
although increasing the CO2 injection pressure could increase
CO2 storage, the CO2 would gradually become saturated after
exceeding the critical pressure, and CO2 storage augmentation
would be limited. Moreover, due to the substantial decrease
in the physical properties of coal, the possibility of inducing
coal seam fractures due to ground stress increases, potentially
leading to CO2 diversion (Wang et al., 2020). Based on
multiple considerations, the use of an injection pressure near
the critical point pressure may be the most favourable approach
for ensuring both CO2 storage and reducing the need for
carbon dioxide diversion.

4.1.2 Porosity and permeability of the coal

The coal cell pore volumes were determined for different
ωCO2 /ωCH4 ratios with the MS software Connolly algorithm

(Fig. 9) to analyse the change in the pore volume of the coal
after gas adsorption. When CO2 was not injected, the CMSMs
were saturated with adsorbed CH4, with a porosity ϕ of 8.07%,
as shown in Fig. 9(a).

When ωCO2 /ωCH4 = 0.6, the porosity of the coal decreased
significantly to 5.62% (Fig. 9(d)). When ωCO2 /ωCH4 ≥ 0.7, the
pore distribution of the coal was stable, the porosity slowly
decreased, and the final porosity was 5.27% (Fig. 9(h)).

Based on the cubic law and in combination with the
Connolly algorithm, the dependence of the molecular porosity
of coal on ωCO2 /ωCH4 was calculated, and the changes in
the coal matrix permeability were obtained. As shown in Fig.
9(b), when ωCO2 /ωCH4 was in the range of 0 to 0.6, it had a
significant impact on the coal porosity and permeability, with
the maximum reduction.

When ωCO2 /ωCH4 = 0.6, the coal molecular porosity de-
creased significantly to 5.62% (Fig. 9(d)). The porosity and
permeability decreased by 30.32% and 66.17%, respectively.
When ωCO2 /ωCH4 ≥ 0.7, the distribution of coal pores stabi-
lized, and the porosity slowly decreased, eventually reaching
5.27% (Fig. 9(h)). Additionally, the porosity and perme-
ability decreased by 34.64% and 72.08%, respectively. The
decreasing trends for the coal properties were consistent with
the trend for the total amount of adsorbed gas. Previous
studies involving experiments and actual production (Oudinot
et al., 2011) have shown that injecting a large amount of
CO2 into coal usually leads to a 60% to 90% decrease in
coal seam permeability (Salmachi et al., 2023). Compared
to the actual decrease in permeability, the simulated results
were slightly lower. This is because the study considered only
the influence of coal expansion on the coal properties and
did not account for variations in the effective stress, and the
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Fig. 10. (a) N2 and CH4 adsorption capacities and (b) total amount adsorbed and the CH4 desorption rate.

amount of CO2 was much smaller than the actual volume
injected during production. Therefore, these simulation results
accurately represent the damage caused by CO2 to coal seam
permeability in practical terms.

In summary, in the deep coal reservoir at a depth of 1,800
m, the optimal injection pressure for CO2 displacement of CH4
was 0.6 to 0.8 times that of CH4. This range ensured a high
CH4 desorption rate of 69.02% to 71.65% while minimizing
damage to the coal reservoir.

4.2 Effect of N2 injection on CH4 adsorption,
coal porosity and permeability
4.2.1 CH4 adsorption

Plots of CH4 and N2 adsorption in the CMSM versus
ωN2/ωCH4 are shown in Fig. 10(a), and the total gas adsorption
and CH4 desorption rate in the CMSM are presented in
Fig. 10(b). Overall, the adsorption of CH4 and N2 showed
a linear relationship with increasing ωN2/ωCH4 . As ωN2/ωCH4

increased, CH4 adsorption decreased, while N2 adsorption
increased. Specifically, CH4 adsorption decreased from an
initial value of 1.182 mmol/g to 0.693 mmol/g, while N2
adsorption increased to 0.384 mmol/g. The maximum CH4
desorption rate was 41.36%. N2 adsorption never exceeded
CH4 adsorption, indicating that N2 has a weaker adsorption
affinity than CH4 when competing for adsorption sites on the
coal surface.

In the coal matrix, the total amount of adsorbed gas
decreased as the molar amount of N2 injected increased. The
trend for total adsorption was dominated by CH4 adsorption,
indicating that the coal matrix had a greater adsorption capac-
ity for CH4 than for N2. As shown in Fig. 10(a), the quantity
of CH4 desorbed increased with increasing N2 injection, in-
dicating that N2 injection induced desorption and diffusion of
CH4. N2 injection created pressure differences in different re-
gions, providing kinetic energy for free CH4 transport through
pore fissures (Hajianzadeh et al., 2023; Wang et al., 2023b).
This disrupted the dynamic equilibrium for CH4 on the coal
matrix surface and intensified the conversion of CH4 from the

adsorbed to the free state, leading to the migration of free CH4
and decreasing the amount of CH4 adsorbed. Furthermore,
the increasing partial pressure of N2 significantly increased
the probability of collisions between N2 molecules and the
CMSM surface due to thermal motion. N2 gas molecules in
the free state can be adsorbed on the coal surface via van der
Waals forces. Macroscopically, N2 injection can displace and
replace CH4. This indicated that during the ECBM process,
gas molecules with weaker adsorption affinities could displace
gas molecules with stronger adsorption affinities from the coal
surface when the pressure was high enough. Moreover, the
results also demonstrated the feasibility of increasing the CH4
desorption rate with N2 injection at the molecular level.

Through comparative calculations, it was found that the
maximum desorption rate after injecting CO2 reached 77.61%,
which was significantly greater than the maximum desorption
rate of 41.36% seen after injecting N2. This indicated that the
injection of CO2 into a coal reservoir could more efficiently
increase the ratio of CH4 desorption than the injection of N2.
When the same proportion of N2 was injected, the amount
of CH4 desorbed from the CMSM was not as significant
as that observed when CO2 was injected. Only when the
pressure of N2 was 1.5 times that of coalbed gas did the
ratio of CH4 desorption exceed 40%. This suggested that, to
increase the extraction of CH4 from coal via N2 injection,
the gas partial pressure must reach a certain minimum value
to achieve the desired effect. The reason for the different
effects on CH4 extraction from the two gases was that the
mechanisms for N2 and CO2 displacing CH4 in the coal
reservoirs were completely different. When CO2 is injected
into a coal reservoir, its adsorption affinity on the coal surface
is greater than that of CH4, so even a small amount of CO2
can displace the adsorbed CH4 (Skoczylas et al., 2020). When
N2 is injected into a coal reservoir, although its adsorption
capacity is weaker than that of CH4, it is also controlled
by the partial pressure of CH4 desorbed from the coal reser-
voir. High-pressure N2 injection reduces the effective partial
pressure of CH4, thereby inducing desorption (Hajianzadeh
et al., 2023). Additionally, high-pressure N2 competes with
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Fig. 11. (a) Adsorption selection coefficient in the N2 and CH4 mixed system and (b) coal pores and permeability after injection
of N2.

CH4 for adsorption. Therefore, when N2 is used to enhance
CH4 extraction, the partial pressure of N2 must reach a certain
level to achieve the desired effect. However, during on-site
N2 injection, excessively high pressures increase the risk of
CH4 outbursts (Li et al., 2021). Therefore, measures such
as predrainage and pre-extraction should be implemented to
reduce CH4 pressure and ensure safe production.

Fig. 11(a) shows that the SCH4/N2 ratio ranged from 1.71
to 3.96, which was greater than 1, indicating that under
competitive adsorption conditions, CH4 was more strongly
adsorbed than N2. Although both CH4 and N2 are nonpolar
gases, CH4 has a slightly greater polarizability than N2,
resulting in stronger interactions between CH4 and the coal
reservoir (Qadir et al., 2022). As a result, the CH4 adsorption
capacity decreases, and the number of unsaturated sites with
high adsorption energies increases. The kinetic diameter of
CH4 is greater than that of N2, and CH4 experiences greater
steric hindrance from the coal matrix pores than does N2.
These factors collectively influence SCH4/N2 , which increases
as ωN2/ωCH4 increases. This indicates that a higher molar
fraction of N2 increases the SCH4/N2 ratio. Combining the
above information, it was concluded that an increase in the
proportion of strongly adsorbing components in a gas mixture
reduces the adsorption competitiveness of the weakly adsorb-
ing component during competitive adsorption.

4.2.2 Porosity and permeability

The pore volumes of a coal crystal cell at different N2
molar fractions were determined with the Connolly algorithm
in MS software (Fig. 12). When no N2 was injected, the
CMSM were saturated with adsorbed CH4, resulting in a
porosity of ϕ0 = 8.068% and a pore distribution as shown in
Fig. 9(a). As the ωN2/ωCH4 ratio increased, the porosity of the
CMSM linearly increased to 9.576% (Fig. 12(g)), representing
an increase of 18.47% compared to the initial porosity.

Based on the cubic law and in combination with the
Connolly algorithm, the molecular porosity of coal as a

function of ωN2/ωCH4 can be calculated, and the changes in
the coal matrix permeability can be obtained. As shown in Fig.
12(b), when ωN2/ωCH4 was in the range of 0 to 0.8, the coal
pore size and permeability increased significantly, with the
porosity and permeability increasing by 16.84% and 59.51%,
respectively. However, after ωN2/ωCH4 exceeded 0.8, the effect
of N2 injection on the porosity and permeability of the coal
decreased. Ultimately, compared to those of the saturated
CH4 coal sample, the porosity and permeability increased by
18.47% and 66.31%, respectively.

In the saturated CH4 coal sample without N2 injection,
the adsorbed pores, flow channels, and fracture surfaces in
the coal caused coal matrix expansion and deformation. A
reduced fracture aperture and even closure resulted in a lower
initial permeability. N2 first induced the desorption of CH4
from low-energy adsorption sites through a partial pressure
effect, causing the coal matrix to undergo desorption-induced
shrinkage. During this stage, the amount of CH4 desorbed was
relatively low, leading to a gradual increase in the permeability.
When 0 < ωN2/ωCH4 < 0.8, the coal permeability increased
rapidly. Due to the differences in the N2 partial pressure and
CH4 concentration, the adsorbed CH4 in the coal reservoirs
desorbed rapidly, causing the further contraction of the coal
reservoir and increasing pore fracture. During this stage, the
desorption rate of CH4 increased, resulting in an increased rate
of coal volume shrinkage and permeability recovery.

4.3 Effects of CO2 and N2 mixed gas injection on
CH4 adsorption, coal porosity and permeability

During the process of actual gas injection to enhance
CBM desorption, it was difficult to guarantee a pure CO2
gas source. Moreover, injecting pure CO2 gas significantly
reduced the coalbed permeability, blocked CH4 diffusion and
flow, and made subsequent gas injection difficult. As a result,
the desorption rate could not reach an ideal state. On the
other hand, injected pure N2 could prematurely break through
the coal reservoir, resulting in a greater proportion of N2
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Fig. 12. Pore structure of coal under different ωN2/ωCH4 conditions: (a) 0.1 (ϕ = 8.35%), (b) 0.3 (ϕ = 8.51%), (c) 0.5 (ϕ =
8.69%), (d) 0.7 (ϕ = 9.13%), (e) 0.9 (ϕ = 9.49%), (f) 1.1 (ϕ = 9.56%), (g) 1.3 (ϕ = 9.57%) and (h) 1.5 (ϕ = 9.58%).

in the produced CH4 gas. This would increase the difficulty
and cost of subsequent purification, which has unfavourable
economic consequences. Therefore, injecting CO2 and N2 in
different proportions is proposed for the permeation of CH4 in
coal reservoirs. By utilizing the strong competitive adsorption
effect and permeability-enhancing effect of N2, an appropriate
gas injection ratio can be selected to maximize the CBM
desorption rate.

4.4 CH4 adsorption
The quantities of CH4, CO2 and N2 adsorbed by the

CMSM varied with the ωCO2/ωN2 ratio, as shown in Fig.
13(a). With increasing ωCO2/ωN2 , the quantity of N2 adsorbed
linearly decreased, the quantity of CH4 adsorbed initially de-
creased and then stabilized, and the quantity of CO2 adsorbed
first dramatically increased after those levels were removed.
For a coal reservoir, the total amount of adsorbed gas is calcu-
lated by summing the amounts of each component adsorbed,
as shown in Fig. 13(b). The total amount adsorbed increased
from 1.184 to 1.262 mmol/g when ωCO2/ωN2 ≤ 0.4, with
a CH4 desorption amount of 0.64 mmol/g and a desorption
rate of 55.92%. When 0.4 < ωCO2/ωN2 , the total amount
adsorbed slowly increased to 1.29 mmol/g, followed by a slight
decrease, and it eventually stabilized at 1.28 mmol/g. The
maximum desorption rate during the adsorption–desorption
process was 61.89% at ωCO2/ωN2 = 0.9. The transformation
curve for the total amount of adsorbed gas was similar to the
curve for the amount of CO2 adsorbed as a function of the
ωN2/ωCO2 ratio in Fig. 13(a), indicating that CO2 played a
dominant role in changing the total amount of CO2 adsorbed.

The greatest reduction in CH4 adsorption occurred when
0 < ωCO2/ωN2 ≤ 0.4, with a CH4 desorption rate of 55.92%

occurring at ωCO2/ωN2 = 0.4; the amount of CO2 adsorbed had
already surpassed that of CH4. This was because CO2, which
had the strongest interactions with the coal matrix, rapidly
occupied the high-energy adsorption sites, which released
CH4. Simultaneously, the increased diffusion of N2 in the gas
mixture enhanced the desorption and diffusion of CH4.

When 0.4 < ωCO2/ωN2 < 0.9, the amount of CH4 adsorbed
continued to decrease, but the rate of decrease was much
smaller than that when ωCO2 ≤ 0.4. The amount of CH4
adsorbed decreased from 0.55 mmol/g and stabilized at 0.53
mmol/g. At ωCO2/ωN2 = 0.9, the CH4 desorption rate was
61.89%. During this stage, there were two factors influencing
CH4. First, although the pressure of CO2 injection escalated,
after the saturation of the high-energy adsorption sites in the
coal matrix, CO2, CH4 and N2 competed for adsorption at
low-energy adsorption sites. Second, the molar ratio of N2
gradually decreased in the gas mixture, resulting in a weakened
diffusion effect. Additionally, the coal matrix expansion caused
by the large amount of adsorbed CO2 decreased the adsorption
surface area and the number of adsorption sites. Furthermore,
during the adsorption of gas molecules, the adsorbed state,
free state, and desorbed state were in dynamic equilibrium.
CO2, which has a competitive adsorption advantage due to its
significant heat of adsorption, actually hindered further CO2
adsorption and released some of the competitive adsorption
sites, thereby increasing the amount of CH4 adsorbed. The
aforementioned factors collectively determined the changes in
CH4 adsorption.

4.4.1 Porosity and permeability characteristics

The impact of CO2/N2 mixed injection on the coal porosity
and permeability was investigated with the Connolly algo-
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Fig. 13. (a) Plots of the adsorption capacities of CO2, CH4 and N2 and (b) total adsorption capacity and CH4 desorption rate.

rithm, as shown in Fig. 15. The coal porosity was positively
correlated with the mole fraction of N2 in the mixed gas. When
no N2 gas was added (CO2 : CH4 = 1 : 1), the porosity of the
coal saturated with adsorbed CH4 and CO2 was ϕ1 = 6.089%,
and the distribution of coal porosity is shown in Fig. 14.

Fig. 15 shows the variations in coal porosity and perme-
ability caused by saturated adsorption of CH4 on the coal,
represented by the porosity ϕ0 and permeability k0 (Fig. 15(a)),
as well as the ratio of the porosity ϕ1 and permeability k1
of coal saturated with CH4 and CO2 without N2 addition
(Fig. 15(b)), at different ωN2/ωCO2 ratios. Fig. 15(b) shows
that, overall, the injection of N2 suppressed the coal matrix
expansion caused by CO2, thereby increasing the coal porosity
and permeability.

When ωN2/ωCO2 ≤ 0.3, the injection of N2 did not have
apparent positive effects on the coal porosity and permeability.
At this stage, the porosity was 6.82%, and the porosity and
permeability recovered to 1.12 times and 1.41 times their
values before N2 injection, respectively. This was because
although the proportion of CO2 decreased and N2 had the
opposite effect, the increased permeability due to N2 enlarged
the coal matrix pores, exposing more abundant adsorption sites
and leading to a slight increase in CO2 adsorption. Based
on the occupation of adsorption sites by CO2, molecular
heat effects, and N2 partial pressure, the quantity of CH4
adsorbed decreased, resulting in a stable overall gas adsorption
capacity in the coal matrix. A small amount of N2 suppressed
the expansion of the coal matrix caused by CO2 adsorption
without effectively modifying the coal reservoir or increasing
the porosity and permeability. As a result, swelling of the coal
matrix due to adsorption was reduced, leading to an increase
in the coal porosity due to coal matrix contraction.

When 0.3 < ωN2/ωCO2 ≤ 0.6, the overall decrease in total
adsorption was slightly slower than that observed when the
ωN2/ωCO2 ratio was between 0.7 and 1. As a result, the ex-
pansion of the coal matrix due to gas adsorption decreased, and
an increase in the proportion of the N2 component enlarged
the coal pores and increased the permeability. The porosity

was 7.19%, and the pore size and permeability recovered to
1.18 times and 1.65 times their values before N2 injection,
respectively. At this stage, the desorption rate of CH4 was
70.95%. When 0.6 < ωN2/ωCO2 < 1, the amount of CO2
adsorbed decreased linearly, and eventually, the pore size and
permeability recovered to 1.45 times and 3.04 times their
values before N2 injection, respectively. Especially when 0.8 ≤
ωN2/ωCO2 < 1, the coal porosity and permeability recovered to
the level of saturated methane adsorption in the coal reservoir
after N2 injection. This was mainly because N2 injection led
to desorption based on the N2 partial pressure, resulting in
a smaller total amount of gas adsorbed for the mixed gas
system relative to gas adsorption when methane was saturated.
This weakened the coal matrix expansion attributed to gas
adsorption. However, at this stage, the desorption rate of CH4
decreased linearly.

In summary, a N2/CH4 pressure ratio of 0.4 to 0.6 should
be maintained during the mixed gas displacement process.
The desorption rate of CH4 should be between 59.64% and
55.92%. Additionally, a higher CO2 sequestration capacity
ensures the maintenance of favourable coal seam properties,
which is beneficial for CBM development.

5. Conclusions
In this study, the molecular structure of Daning-Jixian

coal was constructed. MD and GCMC were used to simulate
the process of injecting different proportions of CO2 and
N2 gas (single component and two component) into coal to
promote CH4 desorption, as well as changes in the porosity
and permeability of the CMSM. The main conclusions are as
follows:

1) During CO2 displacement to enhance CBM production,
increased CO2 injection caused desorption of a significant
amount of methane, and the desorption rate gradually
increased to 77.61%. On the other hand, the total amount
of gas adsorbed on the CMSM increased, leading to
coal matrix expansion and decreases in coal porosity and
permeability. When ωCO2 /ωCH4 ≥ 0.8, the total amount
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Fig. 14. Pore structure of coal under different ωN2/ωCO2 conditions: (a) 0 (ϕ = 6.09%), (b) 0.1 (ϕ = 6.80%), (c) 0.2 (ϕ =
6.81%), (d) 0.3 (ϕ = 6.82%), (e) 0.4 (ϕ = 6.93%), (f) 0.5 (ϕ = 6.99%), (g) 0.6 (ϕ = 7.19%), (h) 0.7 (ϕ = 7.20%), (i) 0.8 (ϕ
= 8.15%), (j) 0.9 (ϕ = 8.82%) and (k) 1 (ϕ = 8.99%).
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Fig. 15. (a) The ratio of coal pores and permeability after CO2 and N2 injection to that during pure CH4 saturation and (b)
the ratio of coal pores and permeability characteristics after CO2 and N2 injection to those during CO2:CH4 = 1:1 saturation.
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of gas adsorbed on the coal and the coal porosity volume
were relatively stable.

2) While injecting N2 to enhance CBM production, a sig-
nificant amount of methane was desorbed with increasing
N2 injection, and the methane desorption rate gradually
increased and reached a maximum desorption rate of
41.36%. On the other hand, the total amount of gas
adsorbed in the coal matrix decreased, leading to coal
matrix contraction, and the porosity increased to 9.56%.

3) During the process of injecting the CO2/N2 mixture to
enhance CBM production, the maximum desorption rate
of methane was 73.49%. As the N2 content increased, the
methane desorption rate gradually decreased, and the pore
volume and permeability of the coal increased. When
ωN2/ωCO2 ≥ 0.6, the methane desorption rate decreased.
When ωN2/ωCO2 ≤ 0.6, the porosity and permeability of
the coal matrix remain low. Therefore, when ωN2/ωCO2

was 0.6, the CH4 desorption rate was 70.95%, the coal
porosity and permeability were greater, and the CO2
sequestration capacity was significant, which decreased
the greenhouse gas content.
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