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ARTICLE INFO ABSTRACT

Handling Editor: Wojciech Stanek With the gradual advancement of shale gas exploration and development technology, shale gas has replaced
conventional oil and gas as the primary energy source. As the main occurrence form of natural gas in shale
reservoirs, the adsorption state is always an important research topic for evaluating the gas-bearing property of
shale reservoirs and improving shale gas recovery. However, at present, there are few studies on control factors
and control mechanisms of adsorbed gas in organic-inorganic slit pores, with several unexplained control factors
and mechanisms. Taking Songliao Basin shale as an example, molecular simulations are employed to investigate
shale gas adsorption in organic-inorganic slit pores, the graphene and kaolinite rock matrix model is employed,
and molecular dynamics simulations, particularly the grand canonical Monte Carlo simulation is studied for pore
sizes of 2, 4, and 6 nm, The adsorption behavior of methane on heterogeneous shale surfaces at temperatures of
298, 323, 348, 373, and 398 K and pressures of 0.1, 5, 10, 15, and 20 MPa reveals the microscopic mechanism of
shale gas adsorption in organic-inorganic slit pores at a molecular scale. The results show that as temperature
and pressure increase simultaneously, methane is more strongly adsorbed on the surface of graphene than
kaolinite, the number of methane molecules also gradually decreases, the root mean square of the displacement
of methane and different surface forces between atoms exhibit certain regularity, and the adsorption capacity of
the system is proportional to the changes in diameter within the system. Van der Waals energy and electrostatic
energy in the system also increase gradually with changes in temperature and pressure, and electrostatic energy
has a greater influence on the adsorption of the system than van der Waal energy. These findings provide ideas
for the adsorption capacity of shale gas in organic-inorganic slit pores and are critical for the accurate evaluation
of shale reservoir gas content and improvement of shale gas recovery.
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1. Introduction

In recent years, oil and gas exploration and development and mass
transfer efficiency have been extensively promoted, with all production
options explored, to promote the development of high-quality shale oil
and gas and other unconventional energy, with shale gas proven re-
serves reaching two trillion cubic meters by the end of 2020; however,
the proven rate is only 5.72% of China’s shale gas, which is still in the
early stage of exploration and development [1]. Methane content in
shale gas ranges from 70% to 90% [2-4], with adsorption and free
methane being the most common occurrence states [5,6]. Methane is
free in the shale pore space and adsorbs on the shale matrix surface [7].
The study of the adsorption state in shale gas is critical for improving

shale gas recovery [8].

The composition of shale can be divided into organic matter and
inorganic materials [9]. Organic matter is primarily composed of
kerogen [10]. Inorganic materials are primarily composed of quartz and
clay minerals, including kaolinite, montmorillonite, and illite [11]. Due
to the complex composition of shale, its pore structure is complicated,
and its pore types include pure organic pores, pure inorganic pores, and
organic-inorganic pores [12]. According to the pore diameter of shale, it
can be divided into micropores, mesopores, and macropores. Common
shale pore shapes include slit pores, round pores, square pores, and
triangular pores, among which slit pores are mostly found in the shale
matrix [13]. Experimental analytical methods, including nuclear mag-
netic resonance methods and isothermal adsorption methods [14-19],
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as well as research methods from the macroscopic perspective to study
the adsorption behavior of shale gas matrix, are common methods for
studying the adsorption behavior of shale gas. However, due to the
heterogeneity of continental shale and the high cost of the experiment,
small amounts of experimental samples are insufficient to fully represent
the actual circumstances of the underground conditions. Therefore,
experimental methods have limitations, and it is impossible to study the
adsorption characteristics of shale gas by various pore types from a
microscopic perspective [20-23]. Molecular simulation technology can
be used to solve the above problems and to reveal the microscopic
mechanism of shale gas adsorption from the molecular scale [24-26].

Currently, few studies on the adsorption characteristics of shale gas
in organic-inorganic pores have been conducted. Ji et al. [27] investi-
gated the effects of five clay minerals on methane adsorption. The results
show that the specific surface area of clay minerals is proportional to the
adsorption capacity of methane. The adsorption capacity of the five clay
minerals is ranked as montmorillonite > I-s mixing layer > Kaolinite >
Chlorite > Illite. Aman. Sharma et al. [28] investigated the adsorption of
methane and ethane in clay minerals with different pore sizes. The re-
sults show that as pressure increases, the density of methane increases
gradually, and there is monolayer adsorption on both sides of the pore
wall, but there is double adsorption on ethane. Huang et al. [29] used
grand canonical Monte Carlo (GCMC) simulation to simulate the
adsorption behavior of methane and carbon dioxide on four kerogen
with different maturity. The results show that the adsorption energy of
kerogen to gas is proportional to its maturity. However, molecular
simulation technology has not been used to comprehensively and sys-
tematically calculate and theoretically study methane adsorption in
organic-inorganic slit pores.

Under the same isothermal pressure and pore size conditions, Li [30]
found that slit pores of calcite had a stronger ability to adsorb alkanes
than cylindrical pores; Song et al. [31] investigated the adsorption of
shale gas in organic matter pores of different shapes via GCMC simula-
tions. The results showed that the adsorption concentration in slit pores
was the highest due to the maximum Langmuir pressure, followed by the
adsorption concentration in square pores, and the lowest in triangular
pores. This is due to the large specific surface area of slit pores, which
results in a strong adsorption capacity. Song et al. superimposed the
simulated adsorption isotherms to obtain the adsorption isotherms of
microporous carbon, and compared them with the experimental data of
coal samples at the same temperature. The experimental isotherms were
closer to the slit hole excess isotherms, while the excess isotherms pre-
dicted based on round and square holes underestimated the excess
adsorption capacity. Therefore, in the molecular simulation results, the
molecular model of the slit hole is more consistent with the reality.
Moreover, Wang et al. [32,33] found that most slit pores exist in the
shale matrix; Taking Qingshankou Formation shales in Songliao Basin as
an example, the shales have mesoporous properties, and the pores are
mainly fracture-like pores produced by plate particles aggregate [34].
Compared with other pore shapes, slit pores have larger surface area and
porosity, which can store a large amount of methane in a small space.
The formation of methane adsorption layer, the boundary between
adsorption zone and free zone, and the distribution of methane in the X,
Y and Z axes can be clearly and intuitively observed in slit pores. Thus,
we selected slit pores as the simulated shale pore shape in this paper.
According to previous studies [35,36], graphene is an important sub-
stitute material for studying gas adsorption mechanisms on the surface
of organic minerals in the shale matrix [37], whereas kaolinite is more
commonly used in various clay minerals and as the inorganic mineral
surface of the shale matrix [38-40]. Therefore, in our study, graphene
was used to represent organic minerals, and kaolinite was used to
represent inorganic minerals to explore the adsorption of methane by
organic and inorganic minerals in slit pores.

In this paper, molecular dynamics (MD) simulation and GCMC sim-
ulations were used to analyze the adsorption behavior of methane on
graphene—kaolinite pores at slit sizes of 2, 4, and 6 nm, temperatures of
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Fig. 1. Model of methane.

Fig. 3. Ball-and-stick model of graphene.

298, 323, 348, 373, and 398 K, and pressures of 0.1, 5, 10, 15, and 20
MPa. According to analysis results in terms of the interaction energy,
diffusion coefficient, radial distribution function (RDF), relative con-
centration distribution, isothermal adsorption curve, and adsorption
heat of the adsorption system, the adsorption characteristics of organic
and inorganic surfaces differ. The findings of this research provide ideas
for the adsorption capacity of shale gas in organic-inorganic slit pores,
which are critical for accurate shale reservoir gas content evaluation and
shale gas recovery improvement.

2. Models and simulation methods
2.1. Models

In this paper, the molecular model of methane adopts a ball-and-stick
model [41,42] (Fig. 1), and the bond length and bond angle of the
all-tom model are 1.140 A and 109.471°, respectively. The molecular
models of kaolinite and graphene are based on actual crystal structures.
Kaolinite belongs to the triclinic crystal system and the space group
1P/1. The structural formula of kaolinite is Al4[Si4O10](OH)g. This
structure belongs to the TO type (Fig. 2b). Strong hydrogen bonds
(O-OH = 0.289 nm) strengthen bonds between structural layers
[43-46]. The specific cell parameters of kaolinite are a = 5.15 f\, b=



J. Chen et al.

Energy 278 (2023) 127788

Fig. 4. Initial model. (a) Ball-and-stick model (b) polyhedron structure.
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Fig. 6. Flow chart of molecular simulation calculation.
8.93A,c=7.38A, 0 =91.93°, p = 105.04°, y = 89.79°, and Z = 1 [47]. ol
The size of single-layer kaolinite is 36.47 A x 37.04 A x 7.38 A (Fig. 2a). ~ rablel )
. . . . Main input parameters of Sorption modules.
Graphene is a two-dimensional carbon material composed of a layer of
carbon atoms packed closely periodically in a benzene ring structure Simulation  Parameter Input Unit
(hexagonal honeycomb structure) (Fig. 3). The coordination number of Modules
carbon atoms is 3, the bond length between each two adjacent carbon Sorption Task Fixed pressure MPa
atoms is 1.42 A, and the included angle between bonds is 120°. The size E’[eq;‘f o st g’lggg%‘(’;‘; / .
of monolayer graphene is 36.47 A x 37.04 A. Fig. 4 illustrates the P?:;;Ctriao;o?t:pzps 5.000.000 ztzg
adsorption characteristics of organic-inorganic slit pores on shale gas. Force field Compass /
Along the Z-axis, graphene is on the left and kaolinite is on the right. The Charges Forcefield assigned
size of aperture H is defined as the distance between the O atom in the Quality ) Fine
innermost layer of kaolinite and the C atom in the innermost layer of S;?g::hx;;ssuglﬁ:;ﬁ;z::& 4 im?:fbase J ;
graphene. The process for building a molecular model with the Materails Cutoff distance 155 i

Studio software is shown in Fig. 5.

2.2. Simulation methods and details

Molecular simulation technology entails inputting a certain number
of molecules into a computer to determine the molecular microstructure
and macroscopical properties of materials. It mainly relies on Newtonian
mechanics to simulate the motion of a molecular system and uses sam-
ples from different states of the molecular system to calculate the
configuration integral of the system. On the basis of the configuration
integral results, the thermodynamic quantity and other macroscopic
properties of the system are further calculated. The goal is to attempt to
replace the instantaneous average behavior of several particles with the
long-term average behavior of a few particles. In this paper, MD and
Monte Carlo (MC) simulations are used. The microscopic simulation
calculation process is shown in Fig. 6. MD simulation can be used to
analyze the diffusion and concentration distribution of adsorbents, as
well as the changes in the force and energy between adsorbents and
adsorbates. MC simulation can be used to obtain the adsorption heat and
capacity of an adsorption system under different temperature and
pressure conditions.

First, the GCMC method, which is widely used in the study of
adsorption phase equilibria in adsorption systems, was adopted

[48-51]. In the GCMC simulation, grand canonical ensembles are
adopted. The chemical formula, volume, and temperature of the target
gas are fixed, whereas the number of molecules and the amount of en-
ergy of the system vary. The chemical potential is a function of fugacity,
which represents the effective pressure, and the Peng-Robinso (PR)
equation of state is used to calculate fugacity [52-56].

To investigate the methane adsorption of shale of Songliao Basin, the
system parameters are set according to the actual geological conditions
of Songliao Basin. According to the main temperature and pressure
range [57,58] of the oil window stage of Songliao Basin, the temperature
range of the system is set as 298-398 K, with a temperature interval of
25 K. The pressure range is set to 0.1-20 MPa, with a pressure interval of
5 MPa. This process can be realized using the Sorption module in Ma-
terials Studio software, and the overall distribution trend conforms to
the Boltzmann distribution [59], generating a series of random config-
urations of microscopic particles. Specific parameter settings are listed
in Table 1. Secondly, select adsorbed methane, input the fugacity value
converted from PR equation, and then input the set temperature value to
complete a simulation. The input value of the next simulation temper-
ature will remain unchanged, and the pressure will be changed until the
simulation of all pressures at the same temperature is completed. Then
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diffusion coefficient, RDF, energy change, and concentration distribu-
tion characteristics of gas adsorption in pores. Specific parameter set-
tings are listed in Table 2.

3. Results and discussion

By using GCMC and MD simulations, MD simulation can analyze the
diffusion of adsorbent molecules, concentration distribution, and the
change of the force and energy between adsorbent and MD simulation.
MC simulation can be used to obtain the adsorption and adsorption
capacity of the adsorption system at different temperatures and pres-

Table 2
Main input parameters of Forcite modules.
Simulation Modules Parameter Input Unit
Forcite Task Dynamics /
Ensemble NVT /
Control method Nose /
Time step 1.00 fs
Number of steps 2,000,000 /
Duration 2000 ps
Force field Compass /
Electrostatic summation method Ewald /
van der Waals summation method Atom-based /
Barostat Berendsen
Total simulation time 2 ns

the next temperature value to be set will be input, and so on. The data
obtained from the simulation will be analyzed and drawn. A total of 25
sets of GCMC simulations need to be completed in this paper. The
isothermal adsorption curve, adsorption heat, and total adsorption ca-
pacity can be obtained via GCMC simulation.

MD simulation uses the final configuration simulated by GCMC for
simulation calculation [48]. First, the model is geometrically optimized
to achieve the equilibrium state of the system, and then MD simulation is
performed in the NVT ensemble [60,61]. Five groups of temperature and
pressure conditions are set for the simulation: 298 K and 0.1 MPa; 323 K
and 5 MPa; 348 K and 10 MPa; 373 K and 15 MPa; 398 K and 20 MPa.
The Forcite module in Materials Studio [62,63] can be used to describe
non-bond interactions using the Lennard-Jones potential function [64,
65]. In MD simulation, the pressure and temperature values are directly
input. This paper needs to complete five MD simulations. Obtain the
required data from the simulation result file to analyze the kinetic
characteristics of the adsorption system. MD simulation can obtain the

sures. Specific analysis is as follows.

3.1. MSD (mean square displacement)

The diffusion phenomenon describes how material molecules move
from a high concentration area to a low concentration area until a
uniform distribution is reached, with the rate proportional to the con-
centration gradient of the material [66]. It is a transport phenomenon
based on molecular thermal motion and is a process in which molecules
are transported from a high concentration region (or high potential) to a
low concentration region (or low potential) through Brownian motion
[67,68]. The diffusion phenomenon and several reports have shown that
the molecules of all matter are constantly moving irregularly. The
diffusion coefficient is one of the important standards for describing the
molecular motion intensity [69]. According to Einstein’s equations, the
diffusion coefficient is 1/6 of the root mean square displacement of the
slope, and the diffusion coefficient is proportional to the particle motion
of time, which is inversely proportional to the shale adsorption ability.
In terms of the diffusion coefficient, the more molecules within the
system, the greater the degree of freedom and less adsorption [70]. The
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Fig. 7. Diffusion coefficient of methane at different temperatures and pressures. (a) Slit aperture of 2 nm; (b) Slit aperture of 4 nm; (c) Slit aperture of 6 nm.
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Fig. 8. Relative concentration distribution of methane molecules at different temperatures and pressures. (a) Slit aperture of 2 nm; (b) Slit aperture of 4 nm; (c) Slit

aperture of 6 nm.

root mean square displacement indicates that the adsorbent molecule
will move irregularly rather than in a fixed position [71]. The slope of
root mean square displacement of the system is expressed as Eq. (1).

1 N
Kusp = ; [ri(6) = ()] # m
The self-diffusion coefficient is expressed as Eq. (2).
p=Limd EN: [r(6) — ri(O) 4 @
T 6N —oodt ' '

i=1

Then, the relationship between the slope of root mean square
displacement and the self-diffusion coefficient is Eq. (3).
1

D = —Kysp#

g 3

Where, D is the self-diffusion coefficient of methane, m?%/s; Kysp is the
slope of the mean square displacement; t is the simulation time, s; N is
the total number of methane molecules; N is the statistical average
number of molecular dynamics steps, step; ri(t) is the real displacement
of the centroid of the ith particle at time t, nm.

The root mean square displacement of methane molecules at
different temperatures and pressures is shown in Fig. 7. At pore sizes of
2, 4, and 6 nm, the slope of the root mean square displacement of
methane molecules is smallest at a temperature of 298 K and pressure of
0.1 MPa (Fig. 7a, b, and c), indicating that methane molecules in the

system are most stable under such temperature and pressure conditions.
With increasing temperature and pressure, the slope of the root mean
square displacement of methane molecules is proportional to their
change, indicating that the kinetic energy of methane molecules in-
creases and the molecular thermal motion becomes more intense. At the
same temperature and pressure, the value of the root mean square
displacement of methane molecules increases gradually as the pore size
increases. Skoulidas, A. I. et al. [72-74] also obtained a similar
conclusion by MD simulation. Kazemi M et al. [3,75] believed that the
diffusion coefficient of shale gas in organic graphene narrow pores
decreased with the increase of pressure; Zhang T et al. [76] believes that
the diffusion coefficient of organic pores increases with the increase of
temperature and pressure, so the influence of temperature is greater;
Chen C et al. [77] analyzed that in the clay mineral system, during the
gas diffusion, the influence of pore size on the in-plane self-diffusion is
more significant, which is consistent with our research.

3.2. Relative concentration distribution

As can be seen from the distribution space of methane in Fig. 8,
methane molecules are distributed in parallel along the pore wall of the
slit, forming an obvious adsorption layer. No methane molecules are
distributed in the area closest to both sides of the pore wall, which can be
considered an unadsorbed area. The distribution of methane molecules
in organic-inorganic slit pores was further analyzed at a molecular scale,
as well as its relative concentration. At different temperatures,
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Fig. 9. RDF of methane molecules and each atom at different temperatures and pressures when pore diameter is 2 nm. (a) Methane and aluminum; (b) Methane

and carbon.

pressures, and pore sizes, the relative concentration distribution of
methane molecules along the Z-axis in Fig. 4 is shown in Fig. 8. As shown
in Fig. 8, the relative concentration distribution trend is asymmetry.
Sharma A et al. [78-80] found that the concentration of methane dis-
tribution in clay minerals and organic matter graphene slit pores was
central symmetry, and the concentration of methane in organic pores
was higher than that of clay minerals. On the graphene side closer to the
origin of the Z-axis, the graphene surface relative concentration of
methane molecules first adsorption layer was higher than that of the
surface of the kaolinite, and in the slit on both sides of the aperture
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relative concentrations are usually the first adsorption layer and
decreased with increasing temperature and pressure. When the tem-
perature is between 298 K and 323 K and the pressure is between 0.1 and
5 MPa, the relative concentration of the first adsorption layer on the side
of kaolinite does not decrease with increasing temperature and pressure
(Fig. 8a). This is because the number of methane molecules in the system
varies with the density of methane molecules in different volume spaces
and under different temperature and pressure conditions. For example,
with a pore diameter of 2 nm, the density of methane molecules in the
system is 99.773 g/m° at 298 K and 0.1 MPa. The number of methane

(b) 30
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Fig. 10. RDF of methane molecules and each atom at different temperatures and pressures when pore diameter is 4 nm. (a) Methane and oxygen; (b) Methane and

aluminum; (¢) Methane and silicon; (d) Methane and carbon.
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Fig. 11. RDF of methane molecules and each atom at different temperatures and pressures when pore diameter is 6 nm. (a) Methane and oxygen; (b) Methane and

aluminum; (¢) Methane and silicon; (d) Methane and carbon.

molecules in the system is fixed. The relative concentration of the first
adsorption layer of methane molecules on the graphene side is too high,
so the relative concentration of methane molecules on the kaolinite side
is low. Similarly, as the number of methane molecules in the system
remains constant, on the graphene side in Fig. 8b and (c), the relative
concentration of the first adsorption layer of methane molecules at 323
K and 5 MPa is higher than that at 298 K and 0.1 MPa. This is because
when the temperature is 298 K and the pressure is 0.1 MPa on the
kaolinite side, the relative concentration of the first adsorption layer is
significantly higher than that at 323 K and 5 MPa. At room temperature
and pressure, there is only one adsorption layer on both sides of the pore
wall; however, when the temperature is 323 K and the pressure is 5 MPa,
the second adsorption layer of methane molecules begins to form on
both sides of the slit under different pore sizes, and the relative con-
centration of the second adsorption layer is primarily influenced by
pressure, which is proportional to the change in pressure. In general,
with increasing pore size, the relative concentrations on both sides of the
pore wall increase. When the pore size is 2, 4, and 6 nm, the relative
concentrations of the first adsorption layer on the side of kaolinite are
4.5, 10.2, and 14.3, respectively, at a temperature of 298 K and a
pressure of 0.1 MPa. The relative concentration of the first adsorption
layer does not increase exponentially with increasing pore size. With
increasing temperature and pressure, the relative concentration of the
first adsorption layer of methane molecules is inversely proportional to
it.

3.3. RDF (radial distribution function)

RDF can explain the distribution number density of particles within a

certain range of the reference particle [81]. The RDF between C atoms in
methane molecules and each atom on the pore wall surface is the
commonly used method for analyzing the force between methane and
graphene and kaolinite. At an aperture of 2 nm (Fig. 9), the number of
methane molecules, graphene C atoms, and kaolinite alumina on eight
surfaces on the surface of the body surface of Al atoms decreased with
increasing temperature and pressure; however, when pressure is less
than 5 MPa, the number of methane molecules and graphene C atoms on
the surface of the peak increases. In conclusion, methane interacts with
graphene more strongly than kaolinite. As shown in Fig. 10, when the
pore size is 4 nm, methane molecules and kaolinite alumina on eight
surfaces on the surface of the body surface of Al atoms and O, Si atoms
on the surface of the silicon tetrahedron RDF are between the change in
temperature and pressure is inversely proportional to, compared with
kaolinite and aluminum oxide octahedral surface, methane molecules
and kaolinite interaction on the surface of the silicon tetrahedron is
stronger. The RDF of methane and graphene C atoms is also inversely
proportional to the change in temperature and pressure. At 298 K and
0.1 MPa, the maximum peak value of C atoms on methane and graphene
surfaces is 2.25. As shown in Fig. 11, when the pore size is 6 nm, changes
in the number of methane molecules and Al atoms on the octahedral
surface of kaolinite alumina and O and Si atoms on the tetrahedral
surface of silicon are consistent with those at a pore size of 4 nm. The
interaction force between the C atoms of methane molecules and gra-
phene is strongest at 323 K and 5 MPa. This is also the reason for the
highest relative concentration of methane molecules on the graphene
side at this temperature and pressure, as shown in Fig. 8c.

As the system adsorbed the most methane molecules at 298 K and
0.1 MPa, it is necessary to further investigate the RDF of each atom on
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Fig. 12. RDF of methane molecules and each atom at different pore sizes at 298 K and 0.1 MPa. (a) Methane and oxygen; (b) Methane and aluminum; (c) Methane
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Fig. 13. RDF of methane molecules and each atom at 298 K and 0.1 MPa. (a) The slit aperture is 2 nm; (b) The slit aperture is 4 nm.

the surface of methane molecules and minerals under different pore
sizes in this environment. The results are presented in Fig. 12. Methane
and kaolinite alumina octahedron surface on the body surface of Al
atoms and silicon on the surface of the tetrahedron O, Si, and graphene C
atoms between the RDF value increases, its forces increase with the in-
crease in the aperture between. This is because an increase in the
aperture increases the adsorption quantity of methane; the increase in
the number of methane molecules increases intermolecular van der
Waals forces.

Sun H et al. [82] analyzed that different molecules present different

interaction intensities in the narrow pores of the same clay mineral. Qwa
B et al. [83] believed that there was no obvious peak between methane
and each atom in clay minerals, indicating that in the mixture of carbon
dioxide and methane, the pore wall of clay minerals had a weak inter-
action with methane. In our single-component study, the peaks of
methane and each atom are very obvious. Under such conditions
(Fig. 13), the close contact peak between methane molecules and C
atoms of graphene is sharper than that of other atoms on the kaolinite
surface, indicating that the substitution sites around C atoms in gra-
phene are high-energy sites of methane molecules in the entire system,
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Table 3

Energy 278 (2023) 127788

Energy changes in the system at different temperatures and pressures when the aperture is 6 nm.

P/MPa T/K Van der Waals energy (kcal/mol) Electrostatic energy (kcal/mol)
The aperture is 6 nm
Structure optimization Dynamics Change Structure optimization Dynamics Change
0.1 298 —22.345 —30.194 —7.849 4.321 —28.628 —32.949
5 323 —154.639 —189.749 —35.11 19.007 —146.836 —165.843
10 348 —359.993 —300.821 59.172 26.938 —246.384 —273.322
15 373 —577.184 —371.051 206.133 40.778 —298.626 —339.404
20 398 —782.954 —430.109 352.845 41.366 —353.296 —394.662
18 18
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Fig. 14. Absolute isothermal adsorption curves of methane at different pore sizes. (a) The slit aperture is 2 nm; (b) The slit aperture is 4 nm; (c) The slit aperture is

6 nm.

with greater the number of methane molecules surrounding them. On
the kaolinite surface, the peaks of O and Si of Al atoms on the octahedral
surface of methane and kaolinite alumina are higher than those on the
tetrahedral surface of kaolinite silicon, indicating that Al atoms on the
octahedral surface of kaolinite alumina are the sub-high-energy sites of
methane molecules in the system.

3.4. Energy analysis

Methane molecules can be adsorbed on the pore wall surface because
of the joint action of the van der Waals and electrostatic energies [84].
Table 3 lists the changes in the van der Waals and electrostatic energies
before and after the molecular dynamics simulation under different
temperature and pressure conditions and for a 6-nm pore size. When the
temperature and pressure are simultaneously changed, the absolute

values of the van der Waals and electrostatic energies are also propor-
tional to these changes. In the temperature and pressure ranges simu-
lated in this work, the van der Waals energy after kinetic simulation first
decreased; subsequently, it increased as the system temperature and
pressure increased. In other words, the system changes from releasing
the van der Waals energy to absorbing it. The amount of van der Waals
energy absorbed gradually increases, indicating that the system stability
decreases. Compared with the combined influence of temperature and
pressure the van der Waals energy, that of only temperature is greater.
The system also releases electrostatic energy after methane molecule
adsorption. The change in the electrostatic energy is negative, and its
absolute value increases, indicating that the energy released by the
system also increases, thereby enhancing the structural stability of the
system. The influence of pressure on the electrostatic energy is greater
than that of temperature control. In general, the relative molecule
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Fig. 15. Total adsorption amount of methane at 298 K and 20 MPa.

concentration shown in Fig. 8 is greatly affected by the temperature. The
temperature increase leads to a decrease in the structural stability. The
influence of the van der Waals energy on the system is more significant
than that of electrostatic energy.

(a)2

excess adsorption (mmol/g)
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3.5. Changes in adsorption capacity

3.5.1. Total adsorption capacity

In this paper, the total adsorption capacity in the system is obtained
via GCMC simulations. The adsorption of methane in slit pores increases
first and then becomes stable after reaching the saturation of pore
adsorption capacity [85]. The total adsorption isotherms of methane at
different pore sizes, a temperature range of 298-398 K, and a pressure
range of 0.1-20 MPa were studied (Fig. 14a). The results show that the
total adsorption capacity of the system is proportional to the change in
pressure; with increasing pressure, the van der Waals force decreases
and the effect of electrostatic force increases, thereby increasing the
possibility of adsorbate collisions with the shale pore wall, can make the
pore wall surface has low adsorption can more molecular adsorption,
adsorption sites with an increase to achieve the effect of the adsorption
quantity. As shown in Fig. 14b and (c), the total adsorption quantity is
inversely proportional to temperature changes because when the tem-
perature is lower, on the surface of the solid adsorption potential energy
is larger, the gas molecules will first be attached to the surface, the
adsorption gradually occupied, adsorption on the surface of the poten-
tial energy is reduced, and with the increase in temperature, increase the
adsorption properties of thermal motion and the molecular mean free
path between will increase. The limitation effect in the pores is offset,
and the adsorption capacity of the solid surface is reduced. More gas
molecules will be released on the surface, making adsorption more
difficult, thereby reducing the adsorption capacity of the system. Fig. 14
shows that the total adsorption quantity is maximum at 298 K and 20
MPa. Fig. 15 shows the total adsorption isothermal curve of methane
with different pore sizes at 298 K. The total methane adsorption quantity
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Fig. 16. Variation in excess adsorption capacity of methane at different pore sizes. (a) Slit aperture of 2 nm; (b) Slit aperture of 4 nm; (c) Slit aperture of 6 nm.
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increases with increasing aperture. Because an increase in slit aperture
to form the adsorption layer has a promoting effect and reduces the
interaction force between the adsorbate molecules, molecular in-
teractions produce an exclusion effect, making it more difficult for gas
adsorption on both ends of the pore wall, indicating that an increase in
the aperture can improve the system’s adsorption ability. The results are
similar to those of Wang Z H et al. [54,86-88] who studied the
adsorption characteristics of methane in slit pores of organic matter.

3.5.2. Excess adsorption capacity

Excess adsorption refers to the existence of gas molecules in the pore
walls of porous materials during the adsorption phase [89]. Excess
adsorption isotherms were calculated from the GCMC simulation results.
Under the conditions of different pore sizes and temperatures (as shown
in Fig. 16), the isothermal curve of the excess adsorption of methane first
increases and then decreases with the change in pressure. The excess
adsorption capacity of methane reaches the maximum value at 5 MPa,
indicating that 5 MPa is the optimal pressure for methane adsorption
and that pressure does not change with the change in pore size and
temperature. When the pore diameter is 2 nm, the excess adsorption
capacity of methane is inversely proportional to the change in temper-
ature under pressure less than 10 MPa, and when the pressure is greater
than 10 MPa, the excess adsorption capacity of methane is directly
proportional to the change in temperature, which is called the turning
pressure. When the pore diameter is 4 nm, the turning pressure is 9 MPa.
When the pore diameter is 6 nm, the turning pressure is 7.5 MPa. Thus,
the turning pressure is inversely proportional to the pore diameter.
When the temperature is 323 K (Fig. 17), the smaller the pore size, the
larger the excess adsorption amount of methane. This is because excess
adsorption is closely related to the concentration difference between
adsorbed and free methane. The value of excess adsorption is greatest
when the concentration difference is greatest. The decrease in excess
adsorption is due to the decrease in the concentration difference be-
tween adsorbed and free methane with an increase in temperature and
pressure. At different pore sizes, the excess adsorption is inversely pro-
portional to the relative concentration of free methane gas. According to
the relative concentration distribution diagram, at 323 K, the relative
concentration of free methane gas decreases with the increase in pore
size, which further increases the excess adsorption capacity. Therefore,
the smaller the pore size, the larger the value of the excess adsorption
capacity of methane. This is consistent with the conclusion of Xy A et al.
[90-92], and the excess adsorption capacity also presents a negative
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Fig. 18. Variation in adsorption heat with pressure at different pore sizes at
323 K.

value. However, Wilcox R J et al. [93] argued that the excess adsorption
capacity simulated by GCMC at pressures from 2.5 to 20 MPa is a little
larger than the actual value. These models have been neglected in mo-
lecular simulation studies, but may play an important role in deter-
mining the accurate capacity under the nanoscale limitation.

3.6. Adsorption heat

The adsorption heat of methane gas reflects the interaction between
adsorbent-adsorbate and adsorbant-adsorbate [94-97]. At 323 K, the
adsorption heat of the system with an aperture of 2 nm increases with a
change in pressure; the adsorption heat of the system with an aperture of
4 nm first increases and then decreases with a change in pressure; the
adsorption heat of the system with an aperture of 6 nm decreases first
and then increases with increasing pressure (Fig. 18). When the pressure
is greater than 2.5 MPa, the change in adsorption heat decreases with
increasing pore size. This may be due to the heterogeneity of the pore
surface, as methane molecules are more easily adsorbed at high-energy
positions. With the increase in the number of methane molecules, the
intermolecular van der Waals force becomes stronger and the adsorption
heat increases. As presented in Table 4, as temperature and pressure
increased, the adsorption heat of the system with a pore diameter of 2
nm increased first, then decreased, and then increased, whereas the
adsorption heat of the system with pore diameters of 4 and 6 nm was
inversely proportional to the change in temperature and pressure, and
both exhibited a slowly decreasing trend. This is because, in mesopores,
methane molecules in the system gain more kinetic energy with a
gradual increase in temperature, and Brownian motion is intensified,
gradually breaking through the adsorption potential barrier on the inner
surface of the pore wall. The number of methane molecules entering the
free state from the adsorption state increases, decreasing the adsorption
heat and gradually approaching the equilibrium state.

4. Conclusions

Based on the actual geological conditions of the Songliao Basin, MD
and GCMC simulations were used to analyze the adsorption behavior of
methane on the surface of graphene—kaolinite slit pores with pore sizes
2, 4, and 6 nm, at a temperature range of 298-398 K, and a pressure
range of 0.1-20 MPa. Through this research, the following conclusions
can be drawn:
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Table 4

Changes in adsorption heat of methane under different temperatures and pressures.

Energy 278 (2023) 127788

The aperture width 2 nm

4 nm

6 nm

P/MPa T/K Adsorption heat(kcal/mol) Adsorption heat(kcal/mol) Adsorption heat(kcal/mol)

Ave Min Max Ave Min Max Ave Min Max
0.1 298 2.093 —4.008 3.792 2.179 —1.608 4.192 2.106 2.908 4.292
5 323 2.173 —4.358 5.042 2.103 —5.458 5.242 1.956 4.258 5.442
10 348 2.133 —6.108 4.992 1.978 —5.208 5.492 1.812 5.408 5.492
15 373 2.092 —6.059 5.141 1.912 —6.059 5.541 1.764 5.859 5.841
20 398 2.144 —5.609 5.391 1.875 —5.909 5.591 1.752 7.909 5.791

(1) Astemperature and pressure increase, the slope of the root mean
square displacement of methane molecules increases gradually,
indicating that the kinetic energy of methane in the graphe-
ne-kaolinite adsorption system is enhanced, and the molecular
thermal motion is intensified. In addition, at constant tempera-
ture and pressure, an increase in pore size increases the root mean
square displacement of methane molecules.

The relative concentration distribution of methane molecules in
graphene-kaolinite slit pores is inversely proportional to the
change in temperature and pressure, and the adsorption con-
centration of methane molecules on the graphene surface is
higher than that on the kaolinite surface, indicating that the
adsorption capacity of graphene is stronger than that of kaolinite.
When the pore size increases gradually to 2, 4, and 6 nm, the peak
value of the relative concentration at both ends of the pore wall
also increases gradually, but the relative concentration of the first
adsorption layer does not increase exponentially with an increase
in the pore size.

The close contact peak between methane molecule and C atom in
graphene is sharper than other atoms on the surface of kaolinite,
indicating that the substituent site around C atom in graphene is
the high-energy site of methane molecule in the whole system,
and the number of methane molecules around it is more. On the
surface of kaolinite, the O and Si peaks of the Al atoms on the
surface of methane and kaolinite alumina octahedron are higher
than the AI atoms on the surface of kaolinite silicon tetrahedron,
indicating that the AI atoms on the surface of kaolinite alumina
octahedron are the secondary high-energy sites of methane
molecules in the system.

The total adsorption capacity of the adsorption system is pro-
portional to the change of pressure and pore size, and inversely
proportional to the change of temperature. In the study of
methane excess adsorption, the methane excess adsorption
isotherm curve first increases and then decreases, and the
methane excess adsorption value increases with the decrease of
pore size.

(2

(3)
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