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ABSTRACT

Shale gas serves as a significant strategic successor resource for future oil and gas reserves and pro-
duction in China. Thus, a profound understanding of the adsorption mechanism of shale gas in shale
reservoirs is crucial to accurately predict and evaluate shale gas reserves. In this study, we utilized two
simulation methods, molecular dynamics simulation and Giant Canonical Monte Carlo simulation to
examine the adsorption characteristics of kerogen under varying temperature and pressure conditions.
We compared the results under identical temperature and pressure conditions for different mineral
—kerogen composite models. Moreover, we examined the effects of temperature, pressure, and min-
eral species on the kerogen adsorption mechanism. The results indicate that shale formations with high
organic matter content and a substantial proportion of non-clay inorganic minerals, as well as those
subjected to higher temperature and pressure conditions than the shallow layer, possess a greater ca-
pacity to accommodate shale gas. This study examined the adsorption mechanism of methane in shale
gas using different mineral—kerogen composite models. The findings of this study provide more accurate

Shale gas

guidance and support for efficient development of shale gas.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Shale gas is a type of unconventional natural gas found in
organic-rich shale formations. The global geological reserves of
shale gas are estimated to be 10'* m3, with a recoverable resource
0f 2.43 x 10" m? (Energy Information Administration). As of 2021,
China's proven shale gas reserves amount to 2.18 x 10'> m?, indi-
cating significant potential. Despite possessing diverse shale types
and a complex geological environment, the development of shale
gas in China is at a relatively early stage, necessitating further
research (Zhang, 2013; Yan et al., 2013; Wang et al., 2021a). Shale
gas primarily exists as adsorbed gas, comprising between 20% and
85% of its composition (Curtis, 2002). Thus, investigating the
adsorption mechanisms of shale gas is crucial to accurately predict
shale gas reserves and improve shale gas recovery and production.

Currently, prevalent research methods include experimental
approaches and molecular simulations. Owing to the prevalence of
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adsorbed gas within the micro- and nano-pores of shale gas
kerogen, experimental conditions often result in the loss of light
hydrocarbons. In addition, the increased heterogeneity of shale
poses challenges in characterizing the impact of individual mineral.
This limitation impedes the microscopic understanding of the shale
gas adsorption mechanisms. Molecular simulation methods offer a
solution by studying shale gas adsorption mechanisms at the mo-
lecular level. This approach facilitates the analysis of factors, such as
pressure and temperature, and their effects on the adsorption
characteristics of shale gas within the kerogen matrix.

Nan et al. (2020) utilized graphene as an adsorbent for organic
matter to investigate the impact mechanisms of different pore sizes
and temperature-pressure conditions on methane adsorption in
shale. Liu et al. (2016) replaced shale pores with graphene slit
structures to investigate methane adsorption in shale pores and
analyzed the density distribution of CHy in slits of varying sizes and
temperatures. However, their study did not quantitatively charac-
terize the adsorption quantity. Graphene, characterized by its
hexagonal honeycomb layer structure of carbon atoms, constitutes
a single-element composition and cannot represent the complexity
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of the organic matter structure in shale. Organic matter in shale
primarily comprises of kerogen (Tissot et al. (1974)), which is
categorized into three types: Type I, sapropelic kerogen, obtained
from the accumulation of algal matter; Type II, mixed kerogen, is
derived from planktonic organisms; and Type III, humic kerogen, is
primarily sourced from terrestrial higher plants. Given its complex
and unstructured composition, accurately describing the
molecular-scale structure of kerogen is crucial.

Domestic research has been undertaken on the development of
kerogen models and the adsorption of shale gas within the organic
matter of kerogen (Zhang et al., 2012; Wang et al., 2015, 2018). Katti
et al. (2017) developed a comprehensive three-dimensional
kerogen model comprising seven two-dimensional structures.
Previous studies utilized a combination of elemental analysis ex-
periments, solid-state nuclear magnetic resonance experiments,
Fourier-transform infrared spectroscopy experiments, and X-ray
photoelectron spectroscopy experiments to characterize the mo-
lecular structure of kerogen organic matter. They investigated the
effect of different slit pore sizes on methane adsorption by kerogen
(Hou et al., 2023; Shi et al., 2024; Wang et al., 2019). Ambrose et al.
(2011) discovered that shale pore volume differed from free gas
volume, indicating that shale gas adsorption conformed to Lang-
muir theory (single-molecule adsorption theory). Chen et al. (2016)
analyzed temperature variations, and examined the effect of pres-
sure changes and water content on the surface of pores on CHy
adsorption. They observed that the presence of water on the slit
surface reduced adsorption effectiveness. Xu et al. through mo-
lecular simulation, found variations in the adsorption capacities of
different minerals: kerogen exhibited greater adsorption compared
to clay minerals and quartz (Xu et al., 2020). This difference arises
from the distinct adsorption site characteristics (adsorbate density
and adsorption strength) of mineral surfaces.

By summarizing previous research findings, it becomes evident
that molecular simulation techniques are widely applied within the
petroleum domain. However, a notable gap exists in the literature
regarding the differential adsorption characteristics of shale gas
across various inorganic mineral-composite kerogens. In this
study, we utilized a model representing the organic portion of the
Type Il kerogen sourced from the marine deep-layer Longmaxi
Formation in the Sichuan Basin. The predominant inorganic min-
erals present in the shale in this region include montmorillonite,
kaolinite, illite, quartz, calcite, feldspar, and chlorite. These seven
minerals were selected to constitute the inorganic components,
thereby creating kerogen—mineral composite models. This
approach, which incorporates actual shale components, offers a
more authentic representation of a realistic shale structure
compared to the utilization of graphite as the organic component.
Molecular dynamics simulation (MD) and Giant Canonical Monte
Carlo simulation (GCMC) were employed to investigate the
adsorption characteristics of the kerogen—mineral composite
models. This study aimed to reveal the impact mechanisms of
temperature, pressure, and inorganic mineral types on the
adsorption of shale gas by kerogen within shale formations.

2. Model construction
2.1. Kerogen structure construction

This study employed kerogen extracted from the Lower Silurian
Longmaxi Formation shale from the Lower Ordovician of the
Sichuan Basin (Liu et al., 2017). The fundamental structural char-
acteristics of kerogen were analyzed through isothermal adsorp-
tion, elemental analysis, X-ray diffraction, Fourier-transform
infrared spectroscopy, and 3C nuclear magnetic resonance exper-
iments. The resultant authentic molecular structure model of the
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kerogen with a molecular formula of Co06H158019N4S4 is shown in
(Fig. 1).

Based on micro-component testing, the kerogen in this region
was verified to be Type II kerogen. Ten kerogen molecules were
selected to construct a periodic box of Type II kerogen with a
density of 1.107 g/cm?, which was consistent with the actual den-
sity (Zhang et al., 2012). The resulting periodic box with dimensions
of 374 A x 374 A x 57.4 A is illustrated in (Fig. 2). The pore type
employed in this study is a slit pore with a fixed pore diameter of
4 nm, as shown in (Fig. 3). Parameter H represents the distance
between the upper and lower surfaces of the kerogen that consti-
tutes the pore. The methane (CH4) molecule model, shown in
(Fig. 4), has a bond length of 0.1099 nm and bond angle of 109.471°
(Chen et al., 2023a).

2.2. Construction of kerogen—inorganic mineral composite model

The relative composition of shale minerals in the Longmaxi
Formation of the Sichuan Basin, is shown in (Fig. 5) (Pan et al.,
2022). Notably, the clay minerals primarily comprise of illite,
kaolinite, chlorite, and montmorillonite, with illite being the
dominant component, ranging from 35.5% to 70.0% and averaging
52.5% (Chen et al., 2023b), as shown in (Fig. 6). Based on these
geological conditions, this study selected seven inorganic minerals,
including kaolinite, illite, montmorillonite, calcite, chlorite, quartz,
and feldspar, to construct a kerogen—inorganic mineral composite
shale model.

The crystal cell structures of the seven inorganic minerals were
constructed using the Materials Studio 2020 software. The specific
parameters of the single-cell models for the inorganic minerals are
listed in (Table 1). Montmorillonite belongs to the dioctahedral
smectite group and is characterized by its layered silicate compo-
sition with a 2:1 type layer structure. It comprises of two layers of
silica tetrahedra separated by a layer of silica octahedra. The
tetrahedral and octahedral layers are connected by shared oxygen
atoms (Gong et al., 2024; Shi et al., 2023). The crystal cell param-
eters were derived from the montmorillonite model developed by

v

®

Fig. 1. Three-dimensional molecular structure of type Il. kerogen shale in the Long-
maxi Formation in the Sichuan Basin (Cy0sH158019N4S4) (The gray spheres represent
carbon atoms, white spheres represent hydrogen atoms, red balls represent oxygen
atoms, blue balls represent nitrogen atoms, and yellow balls represent sulfur atoms).
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Fig. 2. A periodic box containing 10 kerogen molecules.

Viani (Alberto et al., 2015). Kaolinite, categorized as a 1:1 type
octahedral layered silicate, features interlayer connections facili-
tated by van der Waals force and hydrogen bonding. Notably, the
interlayer is devoid of cations and water molecules, and the single
unit cell comprises only one structural unit layer, with a single unit
cell structure formula of Al4[SigO10] (OH)g (Bish, 1993). Illites, pri-
mary inorganic clay minerals, are composed of two layers of silica
tetrahedra with an octahedral layer interposed between them. The
tetrahedral layers exhibited isomorphic substitution, where one of
every eight Si atoms on one side of the tetrahedra was replaced by
an Al atom. This substitution generated a negative charge, which
was balanced by the interlayer K* ions that stabilized the layers.
The crystal cell parameters of illite were obtained from the Amer-
ican Mineralogist Crystal Structure Database, and the model con-
structed by Dawn et al. (2014). Its molecular structural formula was
K(Si7Al) Al404(OH)4. Chlorite exhibited a 2:1 layered structure, with

Petroleum Science 22 (2025) 2247—2261

Fig. 4. Optimized methane molecular model.

an interlayer of octahedral hydroxide ions balancing the negative
charge of the crystal layers. The crystal cell parameters for chlorite
were derived from the American Mineralogist Crystal Structure
Database, and the model constructed by Zanazzi et al. (2007).
Calcite, a calcium carbonate mineral, has the structural formula
CaCO0s. The crystal cell parameters for calcite were obtained from
the American Mineralogist Crystal Structure Database, and the
model was constructed by Markgraf et al. (1985). a-quartz
comprised silicon dioxide and belonged to the trigonal crystal
system. The crystal cell parameters for a-quartz were derived from
the model constructed by Antao et al. (2008). Feldspar exhibited a
tetrahedral structure with four oxygen atoms surrounding a silicon
or aluminum atom. Every two tetrahedra share one oxygen atom,
thereby forming a three-dimensional framework. The crystal cell
parameters for feldspar were obtained from the American Miner-
alogist Crystal Structure Database, and the model was constructed
by Piera et al. (1999). The single-cell structures of the seven inor-
ganic minerals were cut along crystal faces using the build-
surfaces-cleave surface module, expanded using the build-
symmetry-supercell module, and finally underwent geometric

4

nm

15.48 nm

Fig. 3. 4 nm slit pore model of two layers of kerogen organic matter.
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optimization and relaxation using the Forcite module. The resulting
final configurations are illustrated in Fig. 7.

Composite configurations of kerogen organic matter were
generated by combining kerogen with each of the seven inorganic
minerals. Seven composite slit models were developed, namely,
Kaolinite-kerogen Type II, Montmorillonite-kerogen Type II, Illite-
kerogen Type II, Chlorite-kerogen Type II, Calcite-kerogen Type II,
Quartz-kerogen Type II, and Feldspar-kerogen Type II. The pore size
of the slit was set at 4 nm. The final configurations, obtained
through geometric optimization and relaxation, are shown in Fig. 8.

Table 1

Specific parameters of the single-cell models for inorganic minerals.
Minerals a, A b, A c, A a,° B, ° Y, °
Montmorillonite 5.18 8.98 15.00 90.00 99.00 90.00
Illite 5.20 8.97 10.23 90.00 101.57 90.00
Kaolinite 5.15 8.93 7.38 91.90 105.04 89.79
Chlorite 5.225 9.058 2838  90.00 93.67 90.00
Calcite 499 4.99 17.06 90.00 90.00 120.00
Quartz 491 491 5.40 90.00 90.00 120.00
Feldspar 8.33 12.97 714 90 115.6 90
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3. Simulation details
3.1. Calculation method

In this study, Materials Studio 2020 software was used to conduct
research using two distinct methods: MD and GCMC. The adsorption
capacities of various models for methane were characterized
through simulation and calculation of parameters, including the
absolute adsorption capacity, adsorption heat, adsorption energy,
radial distribution function, and density distribution.

(1) Fugacity, a crucial concept in chemical thermodynamics,
represents the effective pressure of a real gas. At low pressures, the
difference between fugacity and pressure was small, whereas at
high pressures, the fugacity gradually diverged from pressure.
Considering that the effective pressure of a real gas must replace
the conventional pressure to align with the actual formation con-
ditions, the Peng-Robinson equation of state (Stryjek and Juan,
1986; Cong et al., 2022) was:

p = RT/(Vm — b) — ap(T)/[Vin(Vin + b) + b(Vim — b)] (1)
a = 0.45724R?T.> /PC (2)
b = 0.07780RT/P. (3)
o(T) = [1 +k(1 - T;°%) ]2 (4)
k = 0.37464 + 1.54226n — 0.269927> (5)
Tr = T/Tc (6)
Ino=7-1 —ln(T—s)—u/Z\/ieln{[T—l— (1 +\/§)e]/
[+ (1-v2)e]}

(7)
¢ = bp/RT (8)
L= a<p(T)p/R2T2 9)

where p is the pressure, Pa; T¢ is the critical temperature, K; P is the
critical pressure, Pa; T; is the contrast temperature, K; 5 is an ec-
centricity factor; ¢ is the fugacity coefficient; 7 is the deviation
factor. The aforementioned formula was programmed and calcu-
lated using MATLAB software to determine the fugacity of methane
gas. Fig. 9 shows the fugacity of methane at varying temperatures.
As the pressure increases, the fugacity gradually deviates from the
pressure, while with increasing temperature, the fugitivity of
methane increases.

(2) Excess adsorption capacity, as determined by GCMC simu-
lation, represents the absolute adsorption capacity of the gas
(Huang et al., 2017):

N = Ninax[bp/(1 + bp) ] (10)
where N* is the absolute adsorption capacity; NP, is the

maximum adsorption capacity of Langmuir; p is the pressure; b is
the Langmuir constant. The adsorption results obtained in the
experiment represent the excess adsorption capacity, which must
be calculated for comparison with the experimental results
(Sudibandriyo et al.,, 2003). The excess adsorption capacity was
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Fig. 7. Presents the three-dimensional structures of the inorganic mineral models. (a) Calcite, (b) montmorillonite, (c) kaolinite, (d) chlorite, (e) quartz, (f) illite, (g) feldspar.

calculated as follows:

N = N* — pV,/M (11)

Among them, N¢¢ is the excess adsorption capacity, mmol/g; p is
the density of the gas adsorption phase kg/m?; V; is the adsorption
volume, m>/kg; M is the molar mass of the gas kg/mol (The
adsorption capacity mentioned below is all excess adsorption).

(3) Heat of adsorption: When a substance is adsorbed, its kinetic
energy decreases and heat is released. The amount of heat released
can indicate the adsorption capacity of the mineral for the sub-
stance. The larger the adsorption heat, the stronger the adsorption
capacity. The conversion equation between the adsorption heat Qst
and Henry Changshu H (Shi et al., 2021) was as follows:

1nH=—Qst/RT+c (12)
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where Q%! is the heat of adsorption of the substance, and H is the
Henry constant.

(4) Adsorption energy: By calculating the adsorption energy, we
analyzed the ease of adsorption of the adsorbate on the surface
model and assessed the relative stability of adsorption. A negative
adsorption energy indicated that the adsorption process released
energy, indicating that the adsorbate could spontaneously adsorb
on the mineral surface. The adsorption energy was calculated as
follows (Fang et al., 2022):
pads _ ptotal _ (Esur + Eab) (13)
where E295 is the adsorption energy of the system; E®°t! total en-
ergy of the system after adsorption; ES'f represents the energy of
the adsorbed matrix surface before adsorption; E2P denotes the
energy of the adsorbed gas before adsorption.

(5) The radial distribution function describes the change in
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0.3
e Zab(r) = Pap(r)V /Ny (14)
—@— 328K
—A— 358K where p,,(r) is defined as the number density of the calculated
i e group of particles in the sphere at r from the reference atom, and
the denominator is the average number density of the calculated
o 02 1 group of particles.
% (6) Density distribution: Adsorbate molecules tend to aggregate
- heterogeneously at both ends of the pore walls. The density dis-
’§ tribution of the adsorbate can characterize the distribution of the
= adsorbate molecules in pores (Zhou et al., 2023). The results of the
oo MD provide the relative concentrations R(z), where the density of
the adsorbate molecules in the pores is:
p=M-n-R(z)/V-Np (15)
where M is the molar mass of the adsorbate molecule; n is the
: number of adsorbate molecules; V is the system volume; Nj is
0 10 20 30 Avogadro constant.
Pressure, MPa
Fig. 9. The fugacity of methane at different temperatures as a function of pressure. 3.2. Simulate process
particle density as a function of distance from the reference atom, GCMC and MD methods were used to investigate the adsorption
which can be utilized to characterize the interaction force between behavior of methane in the composite model. The adsorption cal-
two atoms (Liu et al., 2023), culations were conducted using the Sorption module of Materials
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Studio (2020) software, with “Fixed pressure” selected for Task and
“Metropolis” selected for Method. Each simulation comprised a
total of 1.1 x 108 steps, with the initial 1 x 10° steps serving as the
equilibrium steps and the remaining 1 x 10° steps representing the
adsorption simulation steps of the system. The selected force field
was the COMPASS force field (Liu et al., 2013). The simulation sys-
tem utilized periodic boundary conditions, with the summation
method of electrostatic force being Ewald and the van der Waals
interaction summation method being Atom based. The L-] potential
energy cut-off radius was set to 1.87 nm. A total of eight sets of
simulated systems were analyzed, comprising a single kerogen
system and seven inorganic mineral—kerogen composite systems.

In the simulation, five temperature points were set, 298, 328,
358, 388, and 418 K. In addition, a total of eight pressure points
were set, including 0.1, 2, 5, 10, 15, 20, 25, and 30 MPa. For the MD
simulation method, the Forcite module was used. The task was set
to Dynamics, employing the canonical ensemble, with a simulation
duration of 2 ns.

4. Results
4.1. Absolute adsorption capacity

Fig. 10(a) shows the isothermal adsorption curves of a single
kerogen system at different temperatures. In the single kerogen
system, methane adsorption decreased with increasing temperature
and increased with higher pressure, which was consistent with pre-
vious studies (Ambrose et al., 2011). In Fig. 10(b)—(d), notable varia-
tions are observed in the isothermal adsorption curves and the

(a) ]
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difference in adsorption capacity among different mineral composite
model systems. Overall, the clay mineral—kerogen composite model
demonstrated lower methane adsorption compared to the non-clay
mineral—kerogen composite model. Specifically, the illite-kerogen
and chlorite—kerogen composite models exhibited slightly higher
methane adsorption than the single kerogen system, with minimal
differences in adsorption capacity. Conversely, the non-clay
mineral—kerogen composite model systems, particularly, demon-
strated remarkably higher methane adsorption compared to the
single kerogen system. At pressures below 5 MPa, illite, montmoril-
lonite, calcite, chlorite, quartz, and feldspar enhanced kerogen
adsorption, whereas kaolinite inhibited kerogen adsorption. How-
ever, at pressures exceeding 5 MPa, the illite and chlorite composite
models exhibited methane adsorption comparable to that of the
single kerogen system, whereas the montmorillonite and kaolinite
composite models exhibited lower methane adsorption. In this sce-
nario, montmorillonite and kaolinite served as inhibitors to the ker-
ogen's methane adsorption. In addition, composite models of quartz,
feldspar, and calcite demonstrated enhanced adsorption of methane
for shale gas, thereby facilitating kerogen's methane adsorption. This
variation stemmed from differences in the simulated porosity of the
shale models, leading to distinct adsorption capacities for different
mineral shale models. These findings were consistent with the
simulated results obtained by Li et al. (Li, 2020; Li et al., 2021).

4.2. Adsorption heat

The adsorption heat refers to the thermal effects produced
during adsorption. When gas molecules approach a solid surface

—_
(=2
-

—&@— Kerogen system

—k— lllite-kerogen system

—&— Kaolinite-kerogen system
—#A— Montmorillonite-kerogen system
—@— Chlorite-kerogen system

12 4
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Pressure, MPa
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—®— |llite-kerogen system
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—&— Montmorillonite-kerogen system
—¥— Calcite-kerogen system
—&— Chlorite-kerogen system
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Feldspar-kerogen system

Difference in adsorption, mmol/g

10 20 30

Pressure, MPa

Fig. 10. Isothermal adsorption curves of methane in different systems. (a) Kerogen system; (b) clay-mineral composite model system; (c¢) non-Clay mineral composite model
system; (d) difference between the adsorption capacity of methane in different systems and the adsorption capacity of mono kerogen system.
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during adsorption, their molecular motion decreases significantly,
resulting in heat release. The average adsorption heat range for
methane was 8.201 kJ/mol to 30 kJ/mol, which was below 42 kJ/
mol, suggesting that methane adsorption in the single kerogen
system was primarily attributed to physical adsorption (Chen et al.,
2023b). Fig. 11(a) shows the average isothermal adsorption heat
curve for a single kerogen system at different temperatures. The
average adsorption heat for methane in the single kerogen system
decreased with increasing temperature and pressure. During
adsorption, as the system temperature increased, the kinetic en-
ergy of the methane molecules gradually increased, enhancing
Brownian motion. This gradual increase led to a breakthrough of
adsorption barriers in the internal surfaces of the pores. The
interaction between methane and kerogen molecules weakens in
the system, resulting in a decrease in the adsorption heat produced
during adsorption, gradually approaching equilibrium (Jia et al,,
2023).

Fig. 11(b) shows the adsorption heat for different mineral
composite model systems at a temperature of 388 K. The higher
adsorption heat observed in the composite models compared to the
single kerogen system was attributed to the interactions occurring
not only between kerogen and methane within the composite
system, but also between inorganic minerals and methane (Wang
et al., 2017). Fig. 11(c) and (d) depict the isothermal adsorption
heat curves for clay mineral and non-clay mineral composite model
systems, respectively, at a temperature of 388 K. The average
adsorption heat for methane in the composite systems decreased
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with increasing pressure. When the pressure was below 15 MPa,
the adsorption heat for the quartz and calcite systems was rela-
tively high, indicating that the adsorption capacities of the quartz
and calcite composite models were higher than those of other
mineral composite models. The montmorillonite systems exhibited
remarkably lower adsorption heat levels than the other composite
systems. The analysis of adsorption heat aligned well with the
adsorption capacity results.

4.3. Adsorption energy

During the adsorption process, the velocity of molecular motion
slows down from fast to slower, ultimately coming to a halt on the
surface of the adsorption medium. Due to this reduction in velocity,
the system releases a portion of its energy, which is termed as
adsorption energy. A negative adsorption energy indicates that the
adsorption process is exothermic (Cong, 2023; Wang et al,
2024a,b). A lower adsorption energy indicates that more energy
is released during the adsorption, resulting in a lower energy state
of system. A system with lower energy is more stable, making the
adsorption process more likely to occur, therefore, the adsorption
capacity is stronger (Wang et al., 2018, 2024). Fig. 12(a) shows the
distribution of adsorption energy for different systems in a single
kerogen system under identical temperature conditions. In the
single kerogen system, at a constant temperature, the adsorption
energy of methane shifted to the right with increasing pressure,
signifying that with increasing pressure, methane adsorption
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—&— Kaolinite-kerogen system
—¥— Montmorillonite-kerogen system
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Fig. 11. Average isometric adsorption heat curves of methane under different systems. (a) Kerogen system; (b) composite model systems of different minerals; (c) clay-mineral

composite model system; (d) non-clay mineral composite model system
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gradually shifted from lower-to higher-energy adsorption sites.
Simultaneously, at a constant temperature, the greater the pres-
sure, the stronger the adsorption capacity and stability of a single
kerogen system.

Fig. 12(b) shows the distribution of adsorption energy for
various mineral composite model systems under identical tem-
perature and pressure conditions. Fig. 12(c) and Fig. 12(d) show the
adsorption energy distribution for clay mineral and non-clay
mineral composite model systems, respectively. At a temperature
of 388 K and pressure of 15 MPa, the adsorption energy Poisson
distribution peaks varied among different composite models. The
adsorption energy of the montmorillonite—kerogen composite
system was comparable to that of the single kerogen system,
whereas the adsorption energy of other systems was remarkably
lower than that of the single kerogen system. The adsorption en-
ergy distribution for non-clay mineral composite models was left-
shifted compared to clay mineral composite models. As shown in
Table 2 and Fig. 13, this indicates that, the adsorption capacity and
stability are stronger for quartz and calcite composite systems,
whereas montmorillonite composite systems exhibit weaker
adsorption capacity at constant temperature and pressure. Typi-
cally, the adsorption capacity of the clay—mineral composite model
was lower than that of the non-clay—mineral composite model.
This result was consistent with the adsorption heat and capacity
results.
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4.4. Radial distribution function

The radial distribution function illustrates how the particle
density changes relative to the distance from a reference atom and
is used to characterize the interaction forces between two atoms (Li
et al., 2022). Fig. 14(a) shows the radial distribution functions for
methane and individual atoms in a single kerogen system under
identical temperature and pressure conditions. The peak values of
the radial distribution functions for methane with carbon and
sulfur atoms were substantially higher than those observed for
other atoms. Compared to nitrogen and oxygen atoms, CH4 mole-
cules exhibited stronger interactions with carbon and sulfur atoms
in kerogen. Consequently, it could be inferred that, under these
temperature and pressure conditions, methane selectively adsor-
bed at the carbon and sulfur atoms in the kerogen. Therefore, it can
be inferred that the sites associated with carbon and sulfur atoms
served as the primary adsorption sites for methane within this
kerogen model (Zhang et al., 2014).

Fig. 14(b) shows the radial distribution functions of the calcite
composite model system. The peak radial distribution function
value for methane with carbon atoms was the highest, followed by
nitrogen and sulfur atoms. This observation suggested that, under
identical temperature and pressure conditions, when calcite served
as an inorganic interface, the primary adsorption sites for methane
are carbon, nitrogen, and sulfur atoms. Calcite, which primarily
composed of CaCOs, formed ionic bonds with the oxygen and cal-
cium atoms. This interaction coupled with the electrostatic effect
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Fig.12. Adsorption energy distribution curves of methane by different systems at the same temperature. (a) Kerogen system; (b) composite model systems of different minerals; (c)

clay-mineral composite model system; (d) non-Clay mineral composite model system.
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Table 2
Poisson distribution peaks of adsorption energy in different composite models under the same temperature and pressure conditions.
System type Kerogen Kaolinite Montmorillonite Illite Chlorite Calcite Feldspar Quartz
Peak Poisson distribution of adsorption energy, kj/mol —1.8837 —3.9596 —1.4588 —5.21 —5.1536 —5.3764 —4.376 —5.6268
Quarts — adsorption layers in the intrinsic pores of the kerogen to form the
2 main adsorption layer. In addition, a secondary adsorption layer
g  Feldspas | was formed in the middle of the slit nanopores (Gensterblum et al.,
§ 8 cacie 00 | 2013; Sun et al., 2017). Owing to the macromolecular polymer na-
5 é;; e — — ture of kerogen organic matter, characterized by various types of
8@ bonds interconnected repeatedly and a high degree of branching,
GE, S i O complex micro-intrinsic pores were formed within the kerogen
’é g P — | substance through spatial torsional stacking. Consequently, during
3 P — methane adsorption within the system, methane molecules were
8 confined by micropores and were more tightly adsorbed in the
Kerogen [ micropores of kerogen organic matter (Pang et al., 2019). The

0 -2 -3 -4 -5 -6

Peak adsorption energy, kJ/mol

Fig. 13. Peak adsorption energy of different composite models under the same tem-
perature and pressure conditions.

with sulfur atoms in kerogen, resulted in the decreased adsorption
of methane molecules (Yuan et al, 2020). The addition of the
inorganic mineral calcite did not change the phenomenon of car-
bon atoms being the primary adsorption sites for methane in the
system, as observed in the single kerogen system. This result sug-
gested that, in composite model systems, methane primarily was
adsorbed onto the organic matter of kerogen, with the impact of
the inorganic mineral calcite on methane adsorption in the system
being relatively small.

4.5. Density distribution

Fig. 15(a) shows the density profile along the Z-direction of
methane in the narrow slit of the single kerogen system at a
pressure of 20 MPa. As shown in the figure, methane was adsorbed
in the slit nanopores and within the intrinsic pores of the kerogen.
The methane molecules arranged themselves into two symmetrical

(@ 4

—— CH,-C

Radial distribution function

10 20

Interatomic distance, A

weaker adsorbent layer was concentrated in the center of the slit,
whereas the methane molecules in other regions were distributed
in a free state (Zeng et al., 2018).

Simultaneously, as the temperature increased, the density peak
of methane molecules gradually decreased. This finding indicated
that with increasing temperature, the adsorption capacity of
methane within the pores of kerogen molecules gradually
decreased. This finding was consistent with the simulation results
of previous studies (Chen et al., 2019; Huang, 2020). For composite
model systems, Fig. 15(b) shows the density distribution curves for
methane adsorption in the calcite and kaolinite composite model
systems. It was evident that distinct density peaks emerged at the
edges of the system where inorganic minerals were distributed,
within the organic matter of kerogen, and at the central position of
the system. This finding suggested that in the mineral—organic
composite model, methane adsorption primarily occurred on the
organic matter of kerogen, particularly within the inherent pores of
kerogen organic matter. The density peak at the central position
was attributed to the aggregation of excess adsorbed methane
molecules (Hao et al., 2020; Elbashier et al., 2021). Consequently,
the adsorption capacity of methane in the calcite—kerogen com-
posite  model was significantly higher than in the
kaolinite—kerogen composite model. In addition, based on the peak
values of the adsorption positions in kerogen, it can be inferred that

(b)

3.0 4

—— CH,-C

2.0 4

Radial distribution function

10 20
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Fig. 14. Radial distribution function between methane and atoms in the system under the same temperature and pressure conditions: (a) kerogen system; (b) calcite kerogen

composite model system.
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Fig. 15. Density distribution curves in the slits of different methane systems at a constant pressure: (a) kerogen system; (b) composite model systems of different minerals.

the promotional effect of calcite on methane adsorption in kerogen
was higher than that of kaolinite. This finding was consistent with
earlier findings.

5. Discussion
5.1. Porosity

Variations in shale model porosity across different systems lead
to differences in adsorption results. To determine the porosity of
the shale models in this study, we utilized the probe method pro-
posed by Connolly (1983). As illustrated in Fig. 16, molecular vol-
ume is defined as the volume of the internal space enclosed by a
molecule's surface. When a probe molecule moves along and
closely follows the van der Waals surface of the molecule, it pro-
duces a purple path as illustrated in Fig. 16. This corresponding
surface is termed the Connolly surface, and the volume of the in-
ternal space enclosed by it represents the molecular volume (Yang
et al., 2017). The probe radius was set to 1.0 A, and we conducted an
estimation of pore sizes in the pre-existing mineral—kerogen
composite shale models. The portion of the shale model where
the probe atom did not overlap with existing atoms was identified
as the free pore volume. Porosity was calculated as the ratio of the
free pore volume to the sum of the volumes occupied by the atoms
in the shale model and the free pore volume (Sun et al., 2017).

Porosity is the percentage of the pore volume in a bulk material

to the total volume of the material in its natural state. It is calcu-
lated as follows:
Po = Ve/(Vo + Vi) x 100% (16)
where, Vg is the free pore yolume, which is the volume of the probe
molecule probed, unit is A Vo is the occupied volume, which is the
volume surrounded by the Connolly surface, unit is A”.

As illustrated in Table 3 and Fig. 17, the porosity ranking from
high to low is as follows: quartz > calcite > feldspar > chlorite >
illite > kaolinite > montmorillonite. The overall trend indicates that
the porosity of non-clay minerals was higher than that of clay
minerals, leading to a large adsorption space for shale gas when
non-clay minerals were present. Shale occurs primarily in two
forms: free and adsorbed gas forms. The interactions between pore
surfaces and gas molecules on the surface of organic matter leads to
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the accumulation of gas molecules, forming an adsorbed phase.
Therefore, higher porosity corresponds to a higher capacity for
adsorbing gas molecules, leading to increased adsorption capacity.

5.2. Energy analysis

The density distribution curve demonstrated that methane
molecules were adsorbed within the kerogen molecules. For the
composite model, a minority of methane molecules was distributed
on the surface of inorganic minerals. The results from adsorption
enthalpy indicated that the entire adsorption process primarily
involved physical adsorption, driven by the combined action of van
der Waals and electrostatic forces, representing the adsorption of
methane molecules on kerogen and inorganic mineral surfaces
(Bhatia and Nicholson, 2012).

Table 4 presents the energy distribution in the single kerogen
system under different temperature and pressure conditions. Un-
der constant pressure, the van der Waals energy, as simulated by
kinetic modeling, increased significantly with rising temperatures.
The absolute value exhibited an initial decrease, followed by
gradual increase. This phenomenon was attributed to the transition
from releasing to absorbing van der Waals energy as the temper-
ature increased (Chen et al., 2023b). The increasing absorption of
van der Waals energy indicated a decrease in system stability.
Furthermore, at constant temperature conditions, the increase in
pressure led to a relatively minimal change in van der Waals en-
ergy, suggesting a substantial impact of temperature on the varia-
tion in van der Waals energy during methane adsorption. In
addition, during methane adsorption in the mono kerogen system,
the electrostatic energy exhibited a negative value, indicating the
release of electrostatic energy by the system. The absolute value of
this energy increased with pressure, highlighting an augmentation
in the released energy and enhancement of the system's structural
stability. Simultaneously, under the same pressure conditions, with
increasing temperature, the electrostatic energy initially decreased
and then increased, implying a corresponding decrease and sub-
sequent increase in the released energy. These variations exhibited
minor changes in amplitude, verifying that pressure significantly
affected the alterations in classical energy (Zhou et al., 2023).
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Fig. 16. Schematic diagram of Connolly molecular surface calculations (Revised according to (Yang et al., 2017)).

Table 3
Porosity of different shale composite systems.
System type Kaolinite Montmorillonite Illite Chlorite Calcite Quartz Feldspar
Free pore volume, A 30859.99 30374.56 35317.18 35762.57 37712.18 38511.88 34146.68
Occupiesd volume, A 57370.33 63565.91 6352335 62851.97 58620.9 54282.09 56780.98
Porosity, % 34.98 3233 35.73 36.26 39.15 41.50 37.55
_ adsorption of gases. The gases are primarily contained in the mi-
Quartz | cropores of organic matter, as well as in the gap between organic
'§ Feldspar @ | matter and inorganic non-clay, and between gap between organic
g ” matter and inorganic clay minerals. This predominance can be
£-8 calie B | attributed to the overall Poisson distribution of adsorption energy
3 “8’_ for different mineral composite model systems, with the non-clay
g Chlorite B mineral composite model positioned predominantly on the left
,% _E N — | side of the clay—mineral composite model (Fig. 12(c)—(d)). This
S E result indicates that the adsorption capacity of the clay—mineral
€ '\:Imnﬂ: I @200 | composite model is lower than that of the non-clay mineral com-
O posite model. The adsorption capacity of pure clay minerals for
Kaointe [ methane is stronger than that of non-clay minerals. However,

20 30 50

Porosity, %

Fig. 17. Porosity of different shale composite systems.

5.3. Geological implications
Comparing the effects of inorganic matter and organic matter on
the adsorption capacity of the composite model, as shown in

Fig. 10(b)—(c), the organic matter plays a dominant role in the

Table 4

compared to organic matter, the influence of inorganic minerals on
methane adsorption capacity is minimal. In the inorganic mineral-
kerogen organic matter composite system, the addition of inor-
ganic minerals alters the porosity and adsorption mechanisms of
the system. The porosity of quartz-organic matter composite
models is higher than that of general clay mineral composite
models. Additionally, quartz, as a rigid mineral, forms a sturdy
framework that can partially protect primary interparticle pores
from being completely destroyed. This provides stronger protection
for adsorbed shale gas and offers significant storage space for shale
gas, particularly for free gas (Li, 2023; Guan et al., 2021). The

Energy distribution of single kerogen system under different temperature and pressure conditions.

Temperature, K van der Waals, kcal/mol Electrostatic, kcal/mol

Under the same pressure conditions

Pressure, MPa van der Waals, kcal/mol Electrostatic, kcal/mol

Under the same temperature conditions

298 —147.937 —36.607
328 —37.973 —28.912
358 224493 —28.909
388 458.672 —29.897
418 723.825 —33.014

5 189.655 -16.370
10 208.379 —19.065
15 224493 —28.909
20 197.812 —40.384
25 217.063 —59.775
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Table 5
The change value of methane adsorption capacity under the same change of burial
depth, pressure change and temperature change.

Temperature, K Adsorption Pressure, MPa Adsorption
capacity, mmol/g capacity, mmol/g

298 0.69762 5 7.09938

328 1.03104 10 6.56491

358 0.47669 15 6.89196

388 0.88527 20 6.57316

418 0.37057 25 6.1406

presence of inorganic non-clay makes the composite model more
abundant, with greater resource potential, and is more brittle. This
characteristic makes it more conducive to fracturing, thereby
facilitating the formation of sweet spot areas for shale gas explo-
ration and development.

In oil-bearing basins, as burial depth increases, temperature and
pressure typically exhibited a gradual upward trend, which was
conducive to the cracking of kerogen and the conversion of crude
oil into gas. With increasing temperature, the adsorption capacity
decreases, whereas the effect of pressure on the adsorption ca-
pacity gradually increases with pressure (Fig. 10(a)). This phe-
nomenon is primarily attributed to methane adsorption shifting
from lower energy adsorption sites to higher energy sites as pres-
sure increases (Fig. 12(a)). Taking the Longmaxi Formation in the
Sichuan Basin as an example, the geothermal gradient was
32.55—37.55 °C/km (Yang et al., 2019) and the pressure gradient
was 16.7—21.7 kPa/m (Wang et al., 2023). For ease of calculation,
the geothermal gradient was considered as 35 °C/km and the
pressure gradient was 20 kPa/m. As shown in Table 5, when the
pressure change is 20 MPa, the corresponding buried depth in-
creases by 1 km, and the average adsorption capacity is
6.654 mmol/g. When the temperature change is 35 °C, corre-
sponding to a 1 km increase in burial depth, with an average value
of 0.692 mmol/g. Compared to the influence of temperature, the
effect of pressure on methane adsorption was significantly greater
at the same burial depth, which was approximately 9.62 times
stronger. Consequently, the shale gas content that could be
deposited at deep depth was greater, indicating higher resource
potential.

In summary, shale formations with high organic matter content
in the deep layer, high content of non-clay inorganic minerals, and
increased temperature and pressure compared to shallow layers
could host more shale gas. Therefore, deep shale gas was a favor-
able area for future exploration and development. The Wufeng
Formation and Longmaxi Formation were the main target intervals
for marine shale gas exploration and development in this area.
These formations were dominated by black organic-rich siliceous
shale (Wang et al., 2021b), with a high content of quartz minerals,
which was conducive to the occurrence of shale gas. This study
revealed the distribution and enrichment mechanism of shale gas
in the Longmaxi Formation of Sichuan Basin from a microscopic
perspective. These findings provide theoretical support for
enhancing the recovery rate of deep shale gas and offer guidance
for the exploration of deep shale gas in other basins.

6. Conclusions

In the mono kerogen system, methane adsorption capacity
decreased with increasing temperature and increased with pres-
sure. This phenomenon was primarily attributed to the weakening
of interactions between methane and kerogen molecules in the
system as the temperature rises. During the adsorption process, a
significant amount of adsorption heat and energy was released,
leading to a reduction in the system's energy and an increased in

2259

Petroleum Science 22 (2025) 2247—2261

stability. Consequently, the adsorption process became more
favorable, resulting in an increased capacity for methane adsorp-
tion at increased temperatures. Moreover, methane molecules
exhibited the strongest interaction forces with C atoms within the
kerogen molecules, followed by the S atoms. Methane distribution
within the kerogen nanopores primarily occurred within the pores
of the kerogen polymer, concentrated at the center of the slit, along
with methane molecules existing in a free state. In the adsorption
process for the mono-kerogen system, the overall behavior was
influenced by van der Waals and electrostatic forces. When there
were substantial changes in temperature, the adsorption process
was predominantly influenced by van der Waals forces. Conversely,
when there were considerable variations in pressure, the system
was substantially affected by electrostatic forces.

In the kerogen—mineral composite system, variations in the
porosity of simulated shale models resulted in differing adsorption
capacities and affinities across various mineral—shale composite
models. The effect was particularly evident when comparing non-
clay minerals to clay minerals considering their influence on
methane adsorption by kerogen. Specifically, non-clay minerals
enhanced the adsorption of methane by kerogen. Among these,
quartz and calcite composite models demonstrated higher
adsorption capacities than other mineral composite models, while
montmorillonite composite models exhibited relatively lower
adsorption capabilities. These results aligned with the magnitude
of porosity, indicating that the addition of inorganic minerals can
affect the overall porosity of the simulated shale system. In addi-
tion, the adsorption capacity of different kerogen—mineral com-
posite systems were linked with the porosity of the system models.
Higher porosity corresponded to a larger volume available for gas
adsorption, thereby resulting in increased adsorption capability. In
addition, in the context of methane adsorption in composite
models, the organic components of kerogen predominantly gov-
erned the process, while the impact of inorganic minerals on
methane adsorption in the system was relatively small.

The presence of inorganic non-clay minerals had a significant
effect on the methane adsorption capacity of organic matter
compared to inorganic clay minerals. At the same burial depth, the
influence of increased pressure on methane adsorption was more
pronounced than that of increased temperature. Consequently,
deep shale formations can contain more shale gas, indicating
greater resource potential. Thus, deep shale gas represents a
favorable area for future exploration and development.
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