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ABSTRACT: In order to further elucidate the thermodynamic mecha-
nism of CH4/CO2 adsorption by coal molecules, the adsorption behavior
of a molecular model of coal (C206H128O36N2) at Wucaiwan, Zhundong
was investigated by applying Materials Studio 2020 and Monte Carlo
(GCMC) simulation methods, and the adsorption behavior of CH4 and
CO2 was studied from the thermodynamic point of view under the
conditions of different temperatures, pressures, and moisture contents. The
results showed that at different temperatures or moisture contents, CH4
molecules had a low-density scattering distribution and CO2 molecules had
a high-density polymerization distribution. Temperature and moisture
content and adsorption constants a and b were negatively correlated. Under the same conditions, the relationship between single-
and binary-component adsorption amounts was CO2 > CH4 and the relationship between heat of adsorption was CO2 > CH4. When
adsorption potential energy or entropy of adsorption was the same, the adsorption capacity was CO2 > CH4. Temperatures and
moisture contents were negatively correlated with the total adsorption capacity of CH4/CO2; pressure was positively correlated with
the total adsorption capacity of CH4/CO2. The effect of temperature on the equivalent heat of adsorption was greater than that of
pressure at different temperatures, and the entropy of adsorption was positively correlated between temperature and CH4/CO2,
while the amount of adsorption was negatively correlated with the entropy of adsorption. The effect of moisture content on the
equivalent heat of adsorption was greater than that of pressure at different moisture contents, and the entropy of adsorption was
negatively correlated between moisture content and amount of adsorption. The adsorption entropy of CH4/CO2 was negatively
correlated, and the adsorption amount was positively correlated to the adsorption entropy. At a temperature above 318 K or
moisture content above 10%, the total CH4/CO2 adsorption decreased significantly and the CO2 adsorption decreased significantly.
From a thermodynamic point of view, the presence of a large amount of H2O had a much greater effect on CO2 than on CH4, and an
increase in temperature or moisture content was unfavorable for CO2 sequestration, CO2 stripping of CH4, and control of CH4
diffusion and desorption, whereas at low temperature, high pressure, and moisture content <1%, the effect of stripping, sequestration,
and control was good.

1. INTRODUCTION
Coalbed methane (CBM) has become an important unconven-
tional natural gas resource contributing to global energy
stress.1 As a porous medium, the adsorption capacity of coal
for gas is influenced by the pore structure of the coal, ambient
temperature, pressure conditions, moisture content, and
maturity.2,3 One of the main challenges in CBM production
is that the extraction of gas is accompanied by large amounts of
water.4 A focus on temperature, pressure, and moisture content
is inevitable for the production process. Therefore, there is an
urgent need to study the variation of these various factors.
Injection of CO2 into unmineable coal seams is considered a
promising method for CO2 sequestration to displace CBM.5−8

CO2-ECBM is the injection of CO2 into coal seams to enhance

methane recovery. The technology not only achieves increased
production of CBM but also sequesters CO2 in coal seams and
realizes carbon emission reduction. The theoretical basis is the
competitive adsorption of CO2 and CH4, and the adsorption
process is usually accompanied by changes in the thermody-
namic properties.9 At present, many scholars have studied the
adsorption characteristics of CH4 and CO2 in coal. Bachu et
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al.10 demonstrated through theoretical analysis that injecting
CO2 into coal seams can achieve an increase in methane
production. Goodman et al.11 applied adsorption isotherms to
characterize the gas storage capacity of coal, which is crucial for
the study of CO2 sequestration technology. Wang et al.12

investigated the displacement of CH4 by N2 and CO2 through
CO2-ECBM displacement simulation experiments to improve
CBM recovery and showed that gas injection significantly
improved CBM recovery but CO2 injection was superior to N2.
Ma et al.13 demonstrated that the heat of adsorption of CO2
was much greater than that of CH4 through adsorption−
desorption experiments of CH4 and CO2, and that when
competing for adsorption, CO2 dominated. Krooss et al.14

performed high-pressure adsorption measurements of CH4 and
CO2 on different grades of dry and moisture equilibrium
Pennsylvania coals and showed that the methane adsorption
capacity of moisture equilibrium coals was about 20−25%
lower than that of dry coals. Day et al.15 investigated the effect
of moisture on 55 bituminous coals in Australia and China and
showed that the maximum adsorption capacity of wet coals for
CO2/CH4 was significantly lower than that of dry coals. Zhou
et al.16 displaced CBM by injecting N2 and CO2 into the coal,
and CO2 dominated as CBM increased. Zhang et al.17 showed
that the adsorption capacity of coal samples for CH4 and CO2
was significantly stronger than that of CH4 through the
adsorption and transport experiments of coal on CH4 and CO2
mixtures. Lun18 confirmed that the larger the specific surface
area of coal, the larger the amount of adsorbed gases, and that
the increase in moisture content would reduce the specific
surface area of coal through the experiments. Wen et al.19

experimentally showed that CO2 injection into coal samples
could cause some pores on the coal surface to change from
microporous to mesoporous and could effectively promote
methane emission from coal seams. Liu et al.20 demonstrated
that CO2 injection had a positive production effect on the
enhancement of CH4 by using the numerical simulation of
CO2-ECBM.
In addition to the experimental approach, some scholars

used molecular simulation methods to carry out the research.
Long et al.21 investigated the adsorption mechanism of
multigas systems in coal molecules by using simulation
methods of Grand Canonical Monte Carlo (GCMC) and
molecular dynamics (MD) methods and demonstrated that the
adsorption behavior of single and multigas systems in coal
molecules was in accordance with Langmuir’s adsorption law.
Dang et al.22 simulated the adsorption pattern of lignite under
different conditions. The behavior of lignite coal using the
methods of MD, density functional theory (DFT), and GCMC
and investigated lignite coal, and the results showed that the
electrostatic force of CO2 was larger than that of CH4, which
was more easily adsorbed in the micropores of the coal. Qu et
al.23 modeled the molecular structure of anthracite coal and
simulated the adsorption characteristics of CH4/CO2 gases
using the GCMC method and found that the CO2 molecules
with stronger adsorption capacity would displace the CH4
molecules with weaker adsorption capacity from the surface of
the coal body. Xiang et al.24 used the GCMC and MD
methods to simulate the adsorption behavior of CH4/CO2/N2
in the coal body, and the results showed that the coal−CH4
interaction was physisorption, and the coal−CO2 interaction
was mainly a combination of physical adsorption and weak
chemical adsorption. Jia et al.25 constructed a molecular model
by using the MS software and found that the oxygen-

containing functional groups favored CO2 adsorption, and
the aliphatic functional groups favored CH4 and N2 adsorption.
Hao et al.26 showed that the increase of internal moisture of
coal decreases the CH4 adsorption performance by molecular
simulation. Zhang et al.27 explained the methane adsorption
mechanism of coal and indicated that the change of methane
adsorption is due to the change of free energy of coal surface.
Jia et al.28 used experimental and GCMC methods to analyze
the adsorption of gas molecules on the coal surface from a
microscopic point of view, and the competitive adsorption of
gases on the surface of coal macromolecules was ranked as
follows: H2O > CO2 > N2 > O2 > CH4 > CO. Zhang et al.29

showed that by constructing a model of bituminous, coking
and anthracite coals, the adsorption of CH4 follows the order
of bituminous coals > anthracite > coking coals, and the
presence of water molecules has a limited effect on the heat of
adsorption. Gensterblum et al.30 explained thermodynamically
that the mobility of molecules within the adsorbed phase is
more restricted when water is preadsorbed. Abunowara et al.31

confirmed thermodynamically that the adsorption of CO2 with
coal is an exothermic process where CO2 and water molecules
interact with the coal surface under high pressure. Busch32

pointed out that water adsorption is an important mechanism
to control gas adsorption in coal. Li et al.33 found by molecular
simulation that coal with 3% moisture content is favorable for
CO2 displacement of CH4. Coal with increasing pore size, the
selectivity of CO2 in competitive adsorption decreases, and
CO2 displacement of CH4 becomes less and less effective.
In terms of CH4/CO2 adsorption by coal, the studies are

mainly theoretical analysis, adsorption experiments, and
molecular simulations. The research purpose is dominated by
competitive adsorption, which mainly includes adsorption
selectivity, functional group type, pore structure, specific
surface area, free energy, and so on. Some scholars have also
done related research on the thermodynamic properties of coal
adsorption, but there is a lack of fundamental research on the
thermodynamic properties of real coal molecules. Therefore,
this paper adopts the molecular structure of Jundong
Wucaiwan coal to simulate the adsorption behavior of one-
and two-component CH4/CO2 in coal molecules at different
temperatures, pressures, and moisture contents using the
GCMC method to explore and analyze the adsorption
isotherms, heat of adsorption, potential energy of adsorption,
Gibbs free energy, and entropy of adsorption thermodynamic
property parameters in the adsorption process. The adsorption
behavior of coal macromolecules was analyzed from the
thermodynamic point of view to provide certain thermody-
namic theoretical basis for CO2-ECBM technology, the effect
of sequestered CO2 and water on coal adsorption of gas.

2. MODELS AND METHODS
2.1. Coal Molecular Model and Parameters. According

to the literature,34 the author established the structure of
Zhundong Wucaiwan coal, the molecular formula of Jundong
Wucaiwan coal is C206H128O36N2, and the structure is
dominated by aromatic carbon. The carbon mass fraction in
the coal is 76.40%, the metamorphic degree is low, and the
number of aryl ring condensations is low. The model agrees
well with experimental data from industrial and elemental
analysis of Jundong coal samples, X-ray photoelectron
spectroscopy, X-ray diffraction, Fourier transform infrared
spectroscopy, and carbon magnetic resonance spectrometry
(13CNMR), and objectively takes into account the sizes of
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aromatic nuclei in the metamorphic grade coal, as well as the
C, H, O, N surface existence, which can more comprehensively
reflect the macromolecular structure of Zhundong high-sodium
coal and the related parameters are shown in Table 1.

Coal molecules were optimized by molecular mechanics and
molecular dynamics. Using the Forcite module of MS 2020,
with Geometry Optimization selected for the task item, smart
selected for the optimization method, COMPASS force field,
charge using QEq, Coulomb force calculated using Ewald, and
van der Waals force and hydrogen bonding interaction
calculated using Atom based. The task item is selected Anneal,
the number of annealing cycles is 10, the initial temperature is
300 K, the truncation radius is 12.5 Å, the number of steps is
5000, the NVT system is comprehensive, the simulation time is
10 ps, the temperature control method is selected Nose, and
the force field settings are the same as above. The AC module
is used to add 2 coal molecules to form a 2 × 2 × 2 supercell
with a density of 1.25 g/cm3, and the parameters of the coal
macromolecule cell are obtained as a = b = c = 32.43 Å, as
shown in Figure 1.
2.2. Model Construction for Different Moisture

Content. In this paper, the cases with 0, 1, 3, 5, and 10%
moisture content of the coal body are considered. In order to
construct the same adsorption case as the environment of the
real water-containing coal body, it is necessary to put an
appropriate amount of water molecules into the simulation
system and make the simulation system reach equilibrium
before calculating the gas adsorption. Choosing Figure 1c. Coal
macromolecule, using dynamic in the Forcite module; the
density test was performed, and the results showed that the
coal macromolecule model is reasonable and can be used for
molecular simulation studies. Using the Forcite coal macro-
molecule module for energy minimization and annealing
optimization, the optimization parameters are the same as
above, which results in the formation of pores of different sizes,
close to the most realistic state of the coal macromolecule
structure.23 The coal macromolecule adsorbs a quantitative
amount of H2O,35 which is calculated in eq 1 as follows:

=W
M

M
H O

total

2

(1)

whereW is the moisture content, %; MH2O is the molar mass of
water, g/mol; and Mtotal is the total molar mass of the model,
g/mol.
The 1, 3, 5, and 10% moisture content coal macromolecules

were constructed using Locate in Sorption module. The
calculated quantities according to eq 1 were 14, 43, 71, and
141 moleculars/u.c. for 1, 3, 5, and 10% coal macromolecules,
respectively, as shown in Figure 2.
2.3. Analog Parameter Setting. In this paper, MS and

GCMC methods are used to simulate the adsorption of single-
and binary-component CH4/CO2 in coal macromolecules at
different temperatures, pressures, and moisture contents. The
simulations were performed using the adsorption isotherm
module, the simulation loading equilibrium step is 1 × 105, the
total process step is 1 × 106, the calculation method is
Metropolis; the force field is selected COMPASS; the charge
calculation is selected Charge using QEq; the Coulomb force is
calculated by Ewald, the van der Waals interaction and
hydrogen bonding interaction is calculated by Atom-based
method.26 The simulated temperatures were 298, 308, and 318
K, and the pressure range was 0−10 MPa with an interval of 1
MPa. For the simulations at different temperatures, the
adsorbent was selected to be a coal macromolecule with a
moisture content of 3%. For simulations with different
moisture content, the temperature was fixed at 318 K and
the adsorbents were geometrically optimized CH4 and CO2
molecules in equal proportions.
The parameter used in the simulation software was fugacity,

and the fugacity−pressure relationship was converted to
approximate real data. The Soave−Redlich−Kwong (S−R−
K) eq of state was introduced,18,33 especially when equal
proportions of CH4/CO2 binary-components injection, the S−
R−K eq 2 can be used to control the injection of CH4/CO2
into the coal body in equal proportions through the S−R−K
equation as follows:

=
+

p RT
V b

a T
V V b

( )
( )m m m (2)

where = =a b,R T
p

RT
p

0.45724 0.086642
c
2

c

c

c
, Vm is the molar volume of

the gas; T is the temperature, K; Tc is the critical temperature,
K; P is the pressure, MPa; Pcthe critical pressure, MPa; and R
is the gas constant, 8.314 J/(mol·K).

Table 1. Coal Molecular Structure Modeling Element Mass
Fraction

molecular formula molecular weight

elemental content(%)

C H O N

C206H128O36N2 3204 77.15 4.02 17.96 0.87

Figure 1. Coal molecular structure: (a) planar structure, (b) 3D stereo structure, and (c) supercellular structure.
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At the end of the adsorption simulation, the result is
obtained as the number of molecules adsorbed, i.e., the
number of CH4/CO2 molecules adsorbed in each cell in
molecular/u.c. The experimentally commonly used adsorption
amount is shown in eq 318:

= ×V
N

N M
10am

a s

3

(3)

where V is the adsorption capacity, mmol/g; Nam denotes the
number of adsorbed molecules; Na denotes the number of
crystalline cells; Ms is the molecular weight of a single
crystalline cell, and NaMs is the molecular weight of the
skeleton.
2.4. Adsorption Calculator Model. The adsorption

model can express the mathematical relationship between the
gas adsorption amount and the adsorption conditions, which
leads to a better understanding of the microscopic mechanism
of CH4/CO2 adsorption by coal macromolecules.
The number of adsorbed molecules per unit cell can be

obtained by GCMC simulation, and the common adsorption
amount can be converted from eq 3. The adsorption process of
single- and double-component CH4/CO2 adsorption in coal
molecules was analyzed using the Langmuir adsorption model,
which is the most common model assuming adsorption by
monolayer adsorption.36 The Langmuir model is shown in eq 4

=
+

V
abp

bp1 (4)

where V is adsorption capacity, mmol/g; a is the saturated
adsorption volume, mmol/g; b is the adsorption equilibrium
parameter, MPa−1; and p is the pressure, MPa.
Further analysis of the thermodynamic parameters of the

CH4/CO2 adsorption process in coal molecules, such as the
adsorption thermodynamic parameters heat of adsorption Qst,
enthalpy change ΔH, Gibbs free energy ΔG, potential energy
of adsorption E and entropy change ΔSn, can directly reflect

the interaction between adsorbent and adsorbent mole-
cules.37−39

The heat of adsorption can accurately represent the physical
or chemical nature of the adsorption phenomenon as well as
the activity of the adsorbent, and the equivalent heat of
adsorption in the adsorption process can be calculated by using
the Clausius−Clapeyron equation. The heat of adsorption is
generated because the adsorbent jumps from the position of
the higher energy level to the position of the lower energy level
during the adsorption process, which leads to an energy
transition within the system and manifests as the release of
heat from the outside. This leads to an energy transition within
the system and manifests itself in the release of external
heat.13,40 The unit of heat of adsorption obtained using the
GCMC simulation method is kcal/mol, which must be
multiplied by 4.186 to convert to kJ/mol.
Polanyi41 proposed the theory of adsorption potential

energy, which suggests the existence of an adsorption potential
field around a solid, in which gas molecules are adsorbed by
attractive forces, and gas molecules leave the adsorption
potential field and are bound, establishing the relationship
between adsorption potential energy, E, and pressure, eq 5, as
follows:

= · =E RT
p

p RT
p

p
d ln

p

p
00 i

k
jjjjj

y
{
zzzzz (5)

where E is the adsorption potential energy, J/mol; R is the
universal gas constant, 8.314 J/(mol·K); P is the pressure,
MPa; P0 is the saturated vapor pressure at temperature T,
MPa; T is the temperature, K.
The adsorption potential energy can be expressed as a

measure of the energy required for a gas to leave the surface of
a coal molecule, and the adsorption potential energy, E, can be
defined based on the loss of the Gibbs free energy, ΔG, E =
−ΔG, as expressed in eq 642,43,44:

Figure 2. Moisture content of coal macromolecules: (a) 1%, (b), 3% (c) 5%, and (d) 10%.
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= · =G RT
p

p RT
p

p
d ln

p

p
00 i

k
jjjjj

y
{
zzzzz (6)

where ΔG is the Gibbs free energy, J/mol; R is the gas
constant, 8.314 J/(mol·K); P is the pressure, MPa; P0 is the
saturated vapor pressure at temperature T, MPa; and T is the
temperature, K.
Dubinin44 proposed the virtual saturated vapor pressure by

statistically analyzing a large number of adsorption test data
with the empirical experimental eq 7 to calculate P0:

=P P T T( / )0 c c
2

(7)

where Pc is the critical pressure, MPa; Tc is the critical
temperature of adsorbate molecules, K. CH4: Pc = 4.60 MPa
and Tc = 190.38 K, CO2: Pc = 7.38 MPa and Tc = 303.98 K.31

The enthalpy change ΔH can be expressed as the energy
change of the adsorption process as shown in eq 845,46:

=H Q st (8)

where Qst is the heat of adsorption, kJ/mol.
The entropy of adsorption can measure the degree of chaos

in the coal macromolecule adsorption gas system, when coal
molecules adsorb CH4/CO2 and undergo physical adsorption,
the degree of freedom of activity of the gas molecules
decreases, and therefore the system ΔS < 0. According to the

Figure 3. Cellular configurations of binary CH4/CO2 at different temperatures: (a) 298 K, (b) 308 K, and (c) 318 K.

Figure 4. Mass density distribution of binary-component: (a) CO2 and (b) CH4 at different temperatures (1 0 0 cross section).

Figure 5. CH4/CO2 isothermal adsorption curves at different temperature: (a) single-component and (b) binary-component.
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fundamental law of thermodynamics, the entropy of
adsorption, ΔS, can be expressed according to the Gibbs−
Helmholtz equation33:

=S H G T( )/ (9)

where ΔS is the adsorption entropy change, ΔH enthalpy
change, and ΔG Gibbs free energy.

3. RESULTS AND DISCUSSION
3.1. Results and Discussion of Different Temperature

Conditions. 3.1.1. Adsorption Isotherm Characterization.
The cell configurations and mass density distributions of coal
molecules with 3% moisture content adsorbing two-compo-
nent CH4/CO2 at 298, 308, and 318 K at a pressure of 10 MPa
are shown in Figures 3 and 4. The Langmuir adsorption theory
model using eq 4 was fitted to the data obtained from the
simulations to obtain the adsorption isothermal curves of
CH4/CO2 at different temperatures and pressures as shown in
Figure 5. The fitting using eq 4 to obtain the fitted parameters
of the Langmuir equation at different temperatures is shown in
Tables 2 and 3.

From Figures 3 and 4, it can be seen that the number of
both molecules decreases at 298−318 K. Among the coal
molecules, CH4 molecules were distributed in low-density
scattering and CO2 molecules were distributed in high-density
aggregation in the pores, which confirmed that coal has a
complex pore structure with different sizes, in accordance with
the study of Sun.46 Among them, Figure 4 shows that both
CH4/CO2 values peaked at 298 K (0.039 g/0.36 g·cm−3).
However, there are positive and negative values of CO2 mass
density with increasing temperature, and due to its dynamic
exchange with the outside of the supercell, CO2 is present at
the boundary line of the cell, while CH4 is not reflected
because the CO2 adsorption capacity is much larger than that
of CH4.

28 From Figure 5, it can be seen that at a fixed pressure,
as the temperature increases, the adsorption of both mono-
and bicomponent CH4/CO2 decreases, and the pressure
required to reach saturation of the carbon molecules decreases,
e.g., CO2 (bicomponent) reaches saturation at 5 MPa at 298 K,
while at 4 MPa at 318 K, due to the increased molecular
thermal motion as the temperature increases.45 At a fixed
temperature, CH4 adsorption is more likely to reach saturation
adsorption first as the pressure increases. Both increase rapidly
and then level off due to the inhomogeneous distribution on

the coal surface. As can be seen from Tables 2 and 3, the R2 is
greater than 0.97, which confirms the reliability of the
simulated data. Sun et al.46investigated the micromechanical
study of CH4/CO2 adsorption in different grades of coal,
which showed that the micropores are the main adsorption
sites. Both adsorption constants a and b increased with
decreasing temperature, indicating that the interaction between
the coal body and the gas molecules was enhanced at 298 K
compared to 308 and 318 K. Long21 verified that the
adsorption behavior of the coal molecular multigas system
conforms to Langmuir’s adsorption law, and the single- and
double-component CH4/CO2 adsorption behavior in this
paper also conforms to Langmuir’s adsorption law. The
above analysis shows that CH4/CO2 will produce competitive
adsorption, and CO2 occupies most of the adsorption sites.
With increasing temperature, the adsorption amounts of both
decrease in single-component injection. In binary-components
injection, CO2 affects the adsorption sites of CH4, and the
effect of CO2 replacing CH4 is weakened again. Therefore,
temperature higher than 318 K or pressures lower than 5 MPa
are unfavorable for the adsorption of CH4/CO2 by coal
macromolecules and the expulsion of CH4 by CO2.

3.1.2. Thermal Properties of Adsorption. The equivalent
heat of adsorption of single- and binary-component CH4/CO2
at different temperatures and pressures is shown in Figure 6.
As can be seen from Figure 6, the equivalent heat of

adsorption of CO2 was larger than that of CH4 when single-
component and two-component injections were carried out,
and the trend of change of the equivalent heat of adsorption of
the two was not obvious at a fixed temperature and with the
increase of pressure, but the adsorption amount of single-
component and binary-component CH4/CO2 was increased,
indicating that the adsorption amount of the two was not only
affected by the equivalent heat of adsorption but also affected
by other factors. The average heat of adsorption of CH4 at
298/308/318 K was 23.76/23.3/23.21 kJ/mol with a
decreasing trend, and the average heat of adsorption of CO2
was 39.94/39.31/38.95 kJ/mol with a decreasing trend. In the
case of two-component injection, the average heat of
adsorption of CH4 at temperature 298/308/318 K was
24.78/24.36/24.03 kJ/mol with a decreasing trend, while the
average heat of adsorption of CO2 was 38.66/38.29/37.74 kJ/
mol with a decreasing trend. Coal adsorption of CH4 is
physisorption, and the equivalent heat of adsorption of CO2 is
close to 42 kJ/mol, indicating that CO2 can be chemisorbed in
coal molecules.31 The above analysis shows that the adsorption
capacity of coal molecules for CH4/CO2 decreases with
increasing temperature, regardless of single- or binary-
component injections, and the temperature is higher than
318 K, which is unfavorable for CO2 to replace CH4.

3.1.3. Adsorption Potential Characterization. The virtual
saturated vapor pressure P0 of CH4/CO2 calculated according
to eq 7 is shown in Table 4.
The results of Table 4 were brought into eqs 5 and 6, and

the CH4/CO2 Gibbs free energy ΔG was calculated as shown
in Figure 7.
As can be seen from Table 4 and Figures 5 and 7, where E =

−ΔG, when the pressure is fixed, the total CH4/CO2
adsorption decreases with increasing temperature and the
adsorption potential energy is negatively correlated with the
adsorption amount. When the temperature is fixed, the total
CH4/CO2 adsorption increases with increasing pressure, and
the adsorption potential energy is positively and negatively

Table 2. Single-Component Adsorption Isothermal Curves
Langmuir Fitting Coefficients

temperature (K)

a (mmol/g) b (1/MPa) R2

CH4 CO2 CH4 CO2 CH4 CO2

298 0.81 2.17 1.70 2.60 0.98 0.98
308 0.71 1.99 2.86 1.78 0.97 0.99
318 0.56 1.74 1.77 2.35 0.99 0.97

Table 3. Binary-Component Adsorption Isothermal Curves
Langmuir Fitting Coefficients

temperature (K)

a (mmol/g) b (1/MPa) R2

CH4 CO2 CH4 CO2 CH4 CO2

298 0.25 1.46 11.51 2.82 0.98 0.98
308 0.19 1.19 9.54 1.49 0.98 0.99
318 0.16 0.72 1.76 1.34 0.97 0.97
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correlated to the adsorption amount. Under the same
conditions, the adsorption potential energy of CH4 was
smaller than that of CO2, and the Gibbs free energy of
CH4/CO2 on the coal body was negative, indicating that
spontaneous adsorption of CH4/CO2 on the coal body
occurred, which belonged to physical adsorption. When ΔG
> 0, CO2 adsorption is still greater than CH4 adsorption due to
the fact that the CO2 equivalent heat of adsorption is much
greater than the CH4 equivalent heat of adsorption. This
results in CO2 competing for CH4 adsorption sites when CH4
adsorption is dominant.47,48

3.1.4. Adsorption Entropy Properties. The variation of
single-component and binary-component CH4/CO2 adsorp-
tion versus the adsorption entropy calculated from eq 9 at
different temperatures is shown in Figure 8.

From Figure 8, it can be seen that the CH4/CO2 adsorption
is negatively correlated with the adsorption entropy for both
single- and dual-component injections. As the temperature
increased, the zonal CH4/CO2 adsorption entropy increased
and more gases were released from the coal surface or pore
space, i.e., in the free adsorption state.49 According to the
analysis of the slope of the curve in Figure 8, CO2 is more
affected by temperature than CH4, CO2 has a higher
replication efficiency at 298 K than at 318 K, and the total
adsorption entropy of the binary-component injection is larger
than that of the single-component injection, and the fitting
coefficient R2 ranges from 0.98 to 0.78, which suggests that
with the increase in temperature, more molecules are in the
free state and detached from the pore space. When the
adsorption amount is the same, the adsorption entropy of CH4
is larger than that of CO2, and when the adsorption entropy is
the same, the adsorption amount of CH4 is smaller than that of
CO2. The above analysis shows that as the temperature
increases, the total adsorption entropy increases, the
adsorption amount decreases, and more gases are in the free
state, which reduces the adsorption capacity of coal on CH4/
CO2, and the effect is more significant on CO2.
3.2. Results and Discussion for Different Moisture

Content Conditions. 3.2.1. Adsorption Isotherm Character-
ization. The cell configurations and mass density distributions
of CH4/CO2 adsorbed by the two-component adsorbent at
different moisture content at a pressure of 10 MPa and a
temperature of 318 K are shown in Figures 9 and 10. The
adsorption of CH4/CO2 at different moisture content is

Figure 6. Equivalent heat of adsorption curves: (a) single-component
and (b) binary-component.

Table 4. Virtual Saturated Vapor Pressure P0

temperature/K CH4/MPa CO2/MPa

298 11.27 7.09
308 12.04 7.58
318 12.83 8.07

Figure 7. CH4/CO2 Gibbs free energy ΔG at different temperature
pressures.

Figure 8. Curve of adsorption amount versus entropy of adsorption at
different temperatures.
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isothermal. The Langmuir adsorption theory model of eq 4
was used to fit the data to obtain the adsorption isothermal

Figure 9. Cellular configurations of binary CH4/CO2 at moisture content: (a) 1%, (b) 3%, (c) 5%, and (d) 10%.

Figure 10. Mass density distribution of binary-component: (a) CO2 and (b) CH4 at moisture content (1 0 0 cross section).

Figure 11. CH4/CO2 isothermal adsorption curves at different moisture content: (a) single-component and (b) binary-component.
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curves of CH4/CO2 at different moisture content and
pressures as shown in Figure 11, and the fitting parameters
of the Langmuir equation are given in Tables 5 and 6.

From Figures 9 and 10, it can be seen that the number of
adsorbed molecules decreases for both two-component
injections with moisture content from 0 to 10% and that
CO2 is more affected than CH4, which has a low-density
scattering distribution of CH4 molecules and a high-density
aggregation distribution of CO2 molecules. Among them,
Figure 10 shows that there are positive and negative values of
CO2 mass density and the presence of H2O significantly
reduces the adsorption. From Figure 11 and Tables 5 and 6, it
can be seen that the one- and two-component CH4/CO2
adsorption decreases with an increasing moisture content. At
5−10% moisture content, the CO2 saturation adsorption
amount decreased significantly from (7 MPa) 0.68 to 0.20
mmol/g. While at 1% moisture content, the single-component
CH4/CO2 saturation adsorption amount both reached peaks at
(10 MPa) 0.49 mmol/g and (7 MPa) 2.23 mmol/g, which was
attributed to the fact that the liquid water wetted the coal
matrix, after which a monomolecular layer of water film was

formed on the coal surface, providing more effective
adsorption sites.50 When the moisture content was fixed, the
total CH4/CO2 adsorption increased with increasing pressure.
The CH4 adsorption increased from 0.54 to 0.89 mmol/g, an
increase of 64%, while the CO2 adsorption increased from 1.65
to 2.23 mmol/g, an increase of 26%. In contrast, with the
binary-component injection, the adsorption did not increase
significantly as the moisture content increased with a fixed
moisture content of 1%. The equilibrium adsorption of CH4/
CO2 both decreased with increasing moisture content,
indicating that water and coal formed part of the chemical
water occupying the adsorption sites. The other part of free
water filled the pores and covered the surface, thus forming a
water film to prevent coal adsorption, which was due to the
formation of water clusters between coal molecules and H2O,
which was more easily combined with oxygen-containing
functional groups,51 the adsorption capacity of H2O > CO2 >
CH4, and the priority order of adsorption was H2O > CO2 >
CH4. When the moisture content was 10%, the equilibrium
adsorption of single-component and double-component CH4/
CO2 was both drastically. When the moisture content was
10%, the equilibrium adsorption amount of single- and binary-
component CH4/CO2 was drastically decreased, and the
influence of the presence of large amount of H2O on CO2 was
much larger than that of CH4. Therefore, when the moisture
content was 1%, the injection of a single-component increased
the adsorption amount, and in the case of the binary-
component, other factors must be taken into account. CO2
adsorption is negatively correlated with moisture content,
whlie the moisture content was higher than 10%, it obviously
affected the CO2 drive CH4, thus reducing the efficiency of the
CO2 drive CH4.

3.2.2. Thermal Properties of Adsorption. The heat of
adsorption of single-component and binary-component CH4/
CO2 equivalents at different moisture content and pressures is
shown in Figure 12.
As can be seen from Figure 12, both single- and double-

component CH4/CO2 equivalent heats of adsorption fluctuate
slightly with increasing pressure, which is due to the change in
pressure, which causes the redistribution of molecules to reach
the equilibrium state, resulting in a slight change in the
equivalent heat of adsorption. The average heat of adsorption
of CH4 in single-component injection with moisture content of
0−10% was 25.35/23.33/24.01/26.38/25.18 kJ·mol−1, which

Table 5. Single-Component Adsorption Isothermal Curves
Langmuir Fitting Coefficients

moisture content (%)

a (mmol/g) b (1/MPa) R2

CH4 CO2 CH4 CO2 CH4 CO2

0 0.54 1.65 1.70 2.67 0.98 0.98
1 0.89 2.23 2.86 4.36 0.98 0.99
3 0.56 1.74 1.77 2.35 0.99 0.97
5 0.51 1.42 1.60 1.32 0.96 0.95
10 0.18 0.31 0.55 0.29 0.99 0.98

Table 6. Binary-Component Adsorption Isothermal Curves
Langmuir Fitting Coefficients

moisture content (%)

a (mmol/g) b (1/MPa) R2

CH4 CO2 CH4 CO2 CH4 CO2

0 0.26 1.25 1.10 4.06 0.98 0.98
1 0.19 1.02 0.83 6.13 0.94 0.93
3 0.16 0.72 1.34 1.76 0.97 0.97
5 0.13 0.68 0.65 1.57 0.98 0.97
10 0.08 0.18 0.37 0.39 0.97 0.95

Figure 12. Equivalent heat of adsorption curves: (a) single-component and (b) binary-component.
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first decreased, then increased, and then decreased again, while
the average heat of adsorption of CO2 was 37.93/37.72/37.78/
37.7/35.42 kJ·mol−1, which showed a decreasing trend. The
average heat of adsorption of CH4 injected into the binary-
component moisture content from 0 to 10% was 25.62/26.93/
23.19/24.02/22.57 kJ·mol−1, with the maximum heat of
adsorption at 1% and the overall decreasing trend, while the
average heat of adsorption of CO2 was 38.24/38.80/38.83/
37.63/37.50 kJ·mol−1, with a decreasing trend with a slight
decreasing trend and the maximum heat of adsorption at 1%.
When the moisture content was 10%, the equivalent heat of
adsorption of CO2 was more affected than that of CH4/CO2
because with increasing moisture content, there was mainly
competition for adsorption space between H2O/CH4 and
there was competition for adsorption sites and adsorption
space between CH4/CO2.

52 The analysis showed that the heat
of adsorption of CH4/CO2 equivalents decreased overall with
increasing moisture content, and when the moisture content
was higher than 10%, it significantly reduced the efficiency of
CO2 to drive CH4.

3.2.3. Adsorption Potential Characterization. Calculated
according to 4, 5, 6, the curves of CH4/CO2 adsorption
potential energy versus adsorption amount at different
moisture contents are shown in Figure 13.
From Figure 13, it can be seen that in single-component and

binary-component injections, with the increase of moisture
content, the adsorption potential energy of CH4/CO2 is
reduced, and CO2 is more affected by moisture content under
the same conditions. Single-component injection, CH4/CO2
adsorption potential energy high value in the moisture content
of 1%, 10% moisture content adsorption potential energy
significantly reduced, this is because a small amount of water
clusters can promote the coal adsorption adsorbent.3 For two-
component injection, the adsorption potential energy of CH4/
CO2 all decreases with the increase of the moisture content in
general. According to the curve, R2 is 0.98−0.95, which
indicates that the data are reliable. When the adsorption
potential energy is the same, the adsorption amount is CO2 >
CH4. When the adsorption amount is the same, the adsorption
potential energy is CO2 > CH4, indicating that the adsorption
amount is affected by many factors. Through the single- and
binary-component injection data comparative analysis, the
effect of H2O on CO2 is greater than that on CH4. In the above
analysis, single-component and binary-component injections of
coal body, CH4/CO2 adsorption potential energy are with the
increase of moisture content and decrease, in the moisture
content of more than 10% significantly reduced.

3.2.4. Adsorption Entropy Properties. The variation of
single- and binary-component CH4/CO2 adsorption versus
entropy of adsorption at different moisture content calculated
according to eq 9 is shown in Figure 14.
As can be seen from Figure 14, for both one-component and

two-component injections, the adsorption entropy of CH4/
CO2 generally decreases with the increase of moisture content,
and the adsorption entropy of CO2 < CH4 decreases.
According to the analysis of Figure 14, R2 decreases from
0.97 to 0.68, which indicates that the correlation between the
adsorption amount of CH4/CO2 and the adsorption entropy is
gradually far from each other, and a new curvilinear
relationship may exist. When the adsorption amount is the
same, the adsorption entropy is CH4 > CO2. When the
adsorption entropy value is the same, the adsorption amount is
CH4 < CO2. At the moisture content of 10%, a large amount of

H2O is more orderly arranged, the interaction force between
H2O and the coal body is enhanced, and the H2O occupies
most of the adsorption sites. The above analysis shows that
when the moisture content is less than 1%, H2O will increase
the adsorption sites, which is favorable for CO2 to replace
CH4. When the moisture content is higher than 10%, a large
amount of H2O will compete for the adsorption sites of CH4/
CO2, which significantly reduces the adsorption amount of
CH4/CO2, which is unfavorable for CO2 sequestration.

4. CONCLUSIONS
In this study, the adsorption isotherm, heat of adsorption,
potential energy of adsorption, and entropy of adsorption of
coal on CH4/CO2 were obtained by molecular simulations at
different temperatures (298, 308, and 318 K), adsorption
pressures (0−10 MPa), and moisture contents (0−10%). The
following conclusions are drawn:
1. CH4 molecules in coal macromolecules are distributed in

a low-density dispersed state and CO2 molecules are
distributed in a high-density aggregated form in the pores of
coal at different temperatures or moisture content. Temper-
ature and moisture content are negatively correlated with the

Figure 13. Adsorption potential energy versus adsorption capacity
curves at different moisture content: (a) single-component and (b)
binary-component.
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adsorption constants a and b. At a fixed temperature or
moisture content, CH4/CO2 adsorption increases with
increasing pressure, but there is a saturation point of
adsorption. As the temperature increases, the pressure required
to reach the saturated adsorption capacity of the coal
decreases.
2. Under the same conditions, the relationship of adsorption

amount was CO2 > CH4 and the relationship of heat of
adsorption was CO2 > CH4. Changes in the temperature and
moisture content affected the equivalent heat of adsorption,
while changes in the pressure had no significant effect.
Temperature and moisture content were negatively correlated
with the adsorption capacity of CH4/CO2. The potential
energy of adsorption of CH4/CO2 was negatively correlated
with the adsorption amount with increasing temperature, while
it was positively correlated with the adsorption amount with
increasing pressure. With the increase of the moisture content,
the adsorption potential energy of CH4/CO2 will reach the
peak at a moisture content of less than 1%, and the adsorption
potential energy will decrease significantly when the moisture
content is more than 10%.
3. At different temperatures, CH4/CO2 adsorption was

negatively correlated with the entropy of adsorption, and as the
temperature increased, the entropy of CH4/CO2 adsorption
increased and more CH4/CO2 was in the free state. Therefore,
at temperatures higher than 318 K, CH4 is less likely to be
controlled and CO2 is less likely to be sequestered. The
adsorption amount of CH4/CO2 decreased with the increase of
moisture content at different moisture content. When the
adsorption amount is the same, the adsorption entropy is CH4
> CO2. When the adsorption entropy value is the same, the
adsorption amount is CH4 < CO2. In the moisture content of
1%, it is favorable for CO2 to displace CH4. In the moisture
content of > 10%, although CO2 adsorption is better than
CH4, a large amount of H2O will occupy adsorption sites and
form an aqueous film, and the H2O has a large effect on CO2.
4. The higher the system pressure of coal adsorption of

CH4/CO2, the relatively larger the adsorption amount, but
there is an adsorption pressure point of the saturation
adsorption amount. When the temperature is higher than
318 K, the adsorption amount of CO2 and CH4 decreases
significantly, which is unfavorable for CO2 sequestration and
CH4 control. When the moisture content is less than 1%, it is
favorable for CO2 sequestration and CO2 replacement of CH4.
When the water content is higher than 10%, H2O occupies
most of the adsorption points, and the adsorption amount of

both CH4 and CO2 decreases significantly, which is
unfavorable for CO2 replacement of CH4 and CO2
sequestration.
However, there are shortcomings and limitations in the

simulation conditions that we chose. Whether higher temper-
atures and water contents are consistent with the results of the
study is something we need to study in depth given the
complexity of CBM reservoir conditions. The next step is to
select a wider range of temperatures and water contents or add
other conditions to characterize the adsorption of coal on
CH4/CO2, which we will do next.
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