2 M processes

Article

Adsorption and Diffusion Properties of Gas in Nanopores of
Kerogen: Insights from Grand Canonical Monte Carlo and
Molecular Dynamics Simulations

Shouheng Xiao !, Xiugang Liu 2, Yun Li >*0), Qiang Zheng !, Ning Wang !, Yun Qiao 4, Youyin Zhang !

and Chuanjun Yi!

check for
updates

Citation: Xiao, S.; Liu, X,; Li, Y.;
Zheng, Q.; Wang, N.; Qiao, Y.; Zhang,
Y.; Yi, C. Adsorption and Diffusion
Properties of Gas in Nanopores of
Kerogen: Insights from Grand
Canonical Monte Carlo and Molecular
Dynamics Simulations. Processes 2024,
12,1438. https://doi.org/10.3390/
pr12071438

Academic Editor: Davide Papurello

Received: 21 May 2024
Revised: 4 July 2024
Accepted: 5 July 2024
Published: 9 July 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Research Institute of Exploration & Development, Xinjing Oilfield Company, PetroChina,

Karamay 834000, China

School of Emergency Management and Safety Engineering, China University of Mining and Technology,
Beijing 100083, China

Academy for Advanced Interdisciplinary Studies, Southern University of Science and Technology,
Shenzhen 518055, China

Research Institute of Engineering Technology, Xinjing Oilfield Company, PetroChina, Karamay 834000, China
Correspondence: liy39@sustech.edu.cn

Abstract: Investigating the adsorption and diffusion processes of shale gas within the nanopores of
kerogen is essential for comprehending the presence of shale gas in organic matter of shale. In this
study, an organic nanoporous structure was constructed based on the unit structure of Longmaxi shale
kerogen. Grand canonical Monte Carlo and molecular dynamics simulation methods were employed
to explore the adsorption and diffusion mechanisms of pure CHy, CO;, and Nj, as well as their binary
mixtures with varying mole fractions. The results revealed that the physical adsorption characteristics
of CHy, CO;, and N; gases on kerogen adhered to the Langmuir adsorption law. The quantity of
adsorbed gas molecules increased with rising pressure but decreased with increasing temperature.
The variation in the heat of adsorption was also analyzed. Under identical temperature and pressure
conditions, the adsorption of CHj increased with higher mole fractions of CHy, whereas it decreased
with greater mole fractions of CO; and N,. Notably, CO, molecules exhibited a robust interaction
with kerogen molecules compared to the adsorption properties of CHy and Nj. Furthermore, the self-
diffusion coefficient of gas within kerogen nanopores gradually decreased with increasing pressure
or decreasing temperature. The diffusion capacity of gas molecules followed the descending order
N; > CHy > CO; under the same pressure and temperature conditions.

Keywords: adsorption and diffusion; grand canonical Monte Carlo; molecular dynamics simulation;
kerogen; shale gas

1. Introduction

With the ongoing surge in global energy consumption, there has been a heightened
focus on the exploration and development of oil and natural gas in recent years. Shale gas,
an unconventional resource, has emerged as a focal point in the global quest for natural
gas resources. Its exploration and utilization are pivotal for future energy needs [1,2].
Simultaneously, shale gas plays a crucial role in the overall landscape of oil and natural
gas development and is a cornerstone in national strategic energy reserves, garnering
significant attention worldwide [3,4].

Shale gas refers to the natural gas stored in shale formations, characterized by its
richness in organic matter (e.g., kerogen) and clay minerals (e.g., montmorillonite, illite,
kaolinite, chlorite, etc.). While a small portion of gas dissolves in the formation water, the
majority of free gas is present in large pores and natural cracks, with a significant amount
of adsorbed gas stored in the nanopores of clay mineral and kerogen particles [5-7]. The
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development of nanopores in shale reservoirs results in an exceptionally large specific
surface area for shale. Consequently, the adsorption capacity of shale gas can range from
20% to 80% [8,9]. Understanding the diffusion process of desorbed gas in pores is crucial
for shale gas migration as pressure decreases. The complexity of shale gas diffusion arises
from the presence of numerous nanopores formed by clay minerals and organic matter.
Consequently, the adsorption properties of shale gas are influenced not only by the physical
and chemical properties of clay minerals but also by external conditions such as pressure,
temperature, and water content [7,10-12]. Previous research on shale gas adsorption charac-
teristics has predominantly relied on isotherm adsorption experiments [11,13] and isotherm
adsorption models [14-16]. Previous studies have developed new adsorption models
based on extensive experimental data, offering more realistic representations of shale gas
adsorption in actual scenarios [17,18]. However, due to the limitations of experimental
tests, the variation in adsorption amounts has not been fully explained at the molecular
level, particularly concerning kerogen nanopores. The diffusion characteristics of shale
gas have primarily been investigated through experimental tests of diffusion coefficients,
revealing variations under different temperature and pressure conditions [19,20]. Mathe-
matical models based on Fick’s law have been established to describe shale gas diffusion,
considering the effects of reservoir conditions, gas types, and other factors [21,22]. Despite
analyzing the diffusion properties of shale gas in nanopores through mathematical models,
these approaches fall short of providing a comprehensive micro-scale explanation for the
variation in diffusion coefficients and diffusion flux of shale gas. Accurately revealing
the adsorption patterns and mechanisms of shale gas in the nanopores of shale from a
molecular level remains challenging. With the rapid development of computer technology,
molecular simulation methods have become a powerful tool for studying the properties of
fluids in confined spaces. These methods can provide insights into adsorption structures
and dynamic processes at the molecular level, which are difficult to observe and detect
experimentally. Grand canonical Monte Carlo (GCMC) and molecular dynamics (MD)
simulations have been used to provide insights into the mineral and kerogen structures,
microscopic adsorption [23-25], diffusion [26,27], flow [28], and transport properties of
fluids [29-31]. For example, Julien Collenll et al. [32] established the structure of type
II kerogen based on the proportions of various elements. The GCMC and MD methods
were used to study the pore size distribution and diffusion properties of fluids in kerogen
systems. Philippe Ungerer et al. [33] employed molecular simulation methods to create
the molecular structure of type I, II, and III kerogen based on their C/H and C/O ratios,
investigating the thermodynamics properties and maturities of various types of kerogen.
Such simulations offer a reliable foundation for understanding the interaction between
kerogen and gas fluids in natural gas reservoirs. The Longmaxi formation in the Sichuan
Basin serves as the primary shale exploration and development block in China. While
numerous studies have investigated the physical and geochemical characteristics as well as
the pore evolution of shale samples in this region over the past few years, few studies have
delved into the microscopic mechanisms of shale gas adsorption and diffusion within the
organic matter of Longmanxi shale.

In this study, the adsorption and diffusion properties of shale gas in the kerogen
nanopores of Longmaxi shale were investigated using GCMC and MD simulations. A
three-dimensional model comprising five kerogen molecules was constructed for the
analysis. The investigation focused on the adsorption and diffusion of pure CHy, CO,,
and N, along with their binary mixtures at various mole fractions. Calculations were
conducted to determine the adsorption amount, isosteric heat, self-diffusion coefficient,
and radial distribution function. The microscopic adsorption and diffusion properties of
these gases in kerogen were thoroughly analyzed.
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2. Simulation Method
2.1. Kerogen Model

Utilizing the average molecular structure as a reference [34], the simulation model
for shale gas adsorption and diffusion was constructed based on the Longmaxi kerogen
molecule (Type II kerogen: O/C = 0.092; H/C = 0.77) [35]. This molecular structure
predominantly consists of aromatic hydrocarbons, including benzene rings, hydroxyl
groups, methylene, methyl, hydroxyl groups, and various other functional groups. Alkene
and carbonyl groups serve as the structural units linking each aromatic hydrocarbon. It
has been found that kerogen functional groups containing nitrogen (N) and oxygen (O)
elements increase the CHy4 adsorption capacity, while functional groups containing methyl
groups have a weak impact on CHy adsorption capacity [36]. In this study, the chemical
formula of kerogen is C0sH158019N4S4. The kerogen molecular structure was generated,
and the initial model underwent annealing optimization from a high temperature to a
low temperature to achieve the lowest energy configuration. A snapshot of the kerogen
structure is depicted in Figure 1a.

Figure 1. Snapshots of the unit structure of kerogen (a). Three-dimensional model (b). The atoms of
C,H, O, N, and S are shown in gray, white, red, yellow, and blue, respectively.

Firstly, the initial three-dimensional model was optimized. Subsequently, an annealing
simulation was employed to achieve an optimized model. Throughout the molecular
mechanics and annealing molecular dynamics optimization, the total energy of the model
underwent gradual changes. As a result, the final dimensions of the three-dimensional
model were established at 3.184 nm x 3.184 nm X 3.184 nm. A visual representation of the
three-dimensional model is depicted in Figure 1b. Throughout the molecular dynamics
optimization process, the density of kerogen exhibited fluctuations, hovering around
1.035 g/cm3. This value is close to the density of 1.01 g/cm? reported in a previous study
once energy stabilization was achieved [37].

2.2. Simulation Details

COMPASS (condensed-phase optimized molecular potentials for atomistic simulation
studies), widely employed in previous studies for organics, was chosen for the models [38].
To investigate the adsorption behavior of pure CHy, CO,, and Ny, along with their binary
mixtures at different mole fractions in the nanopores of kerogen, GCMC was employed.
The interactions between gas molecules and kerogen are governed by Van der Waals and
electrostatic interactions [39]. The Metropolis sampling method was applied to determine
the formation, migration, and rotation of molecules. Electrostatic long-range effects were
calculated using the Ewald summation method, while Van der Waals interactions were
handled with an atom-based method. First, the steepest descent algorithm was used to
obtain the energy-minimized stable configuration. Then, the adsorption simulation was
conducted under constant pressure and temperature conditions, with a total of 3 x 107
simulation steps. The first half of the simulation process ensured adsorption equilibrium,
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while the latter half focused on ensemble averaging and calculating parameters such as
the adsorption capacity, adsorption energy, and heat of adsorption. The cutoff distance
was set at 1.25 nm. The simulated temperatures were set to 303.15 K, 333.15 K, 348.15 K,
and 363.15 K. The maximum simulated pressure was 30 MPa, and the adsorption and
diffusion simulations were performed point by point to account for the actual temperature
and pressure conditions of the shale reservoir. The detailed composition, temperature, and
pressure conditions are shown in Table 1.

Table 1. Composition, temperature, and pressure conditions of kerogen system.

System Temperature Pressure
303.15 K
333.15K
Pure CH, 348.15 K 5 MPa, 10 MPa, 15 MPa, 20 MPa,
363.15 K 25 MPa, 30 MPa
Pure CO, 333.15K
Pure N, 333.15 K

CH4ZC02 =0.2:0.8
CH4:C02 =0.4:0.6
CH4:CO, =0.5:0.5 333.15K
CH4ZC02 =0.6:04
CH4:C02 =0.8:0.2

CH4:N, = 0.2:0.8
CH4ZN2 =0.4:0.6
CHy4:N, =0.5:0.5 333.15K
CH4:N, = 0.6:0.4
CH,:N, = 0.8:0.2

2.5 MPa, 5 MPa, 10 MPa, 15 MPa,
20 MPa, 25 MPa, 30 MPa

2.5MPa, 5 MPa, 10 MPa, 15 MPa,
20 MPa, 25 MPa, 30 MPa

A molecular dynamics simulation was employed to calculate the position, velocity,
and energy of particles at various simulation times. Utilizing the configuration obtained
from the adsorption simulations, the molecular dynamics method was applied to simulate
the diffusion of shale gas within the kerogen system. The gas diffusion process used the
same force field parameters and interaction forces between gases as those employed in the
adsorption process. The adsorption configuration was employed for isothermal-isobaric
simulations, with initial velocities randomized. The simulation utilized the Nosé—Hoover
thermostat and Parrinello-Rahman barostat with temporal constants set to 1.0 ps and 4.0 ps,
respectively. The total simulation time was set to 2 ns, with a time step of 1 fs, ensuring
that the mean squared displacement exhibited a genuinely linear trend over time. Periodic
boundary conditions were maintained throughout the entire simulation.

3. Results and Discussion
3.1. Pore Volume and Special Surface Area

The pore structure of kerogen significantly influences the adsorption and storage of
shale gas. To quantify the pore volume and specific surface area, a three-dimensional model
with probe molecules (CHy, CO;, and Ny) was analyzed [40,41]. The molecular diameters
of CHy, CO,, and N are 3.80 A, 3.30 A, and 3.64 A, respectively. The resulting pore volume
and specific surface area of the kerogen model with different probe molecules are presented
in Table 2.

Table 2. Pore volume and special surface area of kerogen model with different probe molecules.

Probe Molecule Pore Volume A3/uc Special Surface Area A2/uc
CH, 7086.27 4379.37
CO, 8285.23 4881.91

N, 7459.88 4549.75
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3.2. Gas Fugacity

Gas fugacity represents the effective pressure exerted by a gas in a non-ideal system.
It is used to account for the deviations of real gases from ideal gas behavior. The Peng—
Robinson (PR) equation of state [42] was employed to calculate the fugacity at different
temperatures and pressures, as illustrated in Figure 2. The critical parameters, including
critical temperature, critical pressure, critical volume, acentric factor, and molar mass, are
detailed in Table 3.

35

——N,-333.15K
|—v—CH,-363.15K
309—a—cH,-348.15K
1—e—CH,333.15K
—s— CH,-303.15K
{——C0,333.15K

(3]
w
1

Fugacity, MPa
(3%
o

Pressure, MPa

Figure 2. Fugacity of CHy, CO,, and N under various temperature and pressure conditions.

Table 3. Critical parameters of CHy, CO;, and N [43].

Critical Parameters CH, CO, N,
Critical temperature /K 190.560 304.140 126.190
Critical pressure/MPa 4.599 7.377 3.396
Critical volume/cm? 98.600 94.340 90.100
Acentric factor KJ/(Kg°C) 0.011 0.224 0.037
Molar mass/g/mol 16.040 44.010 28.010

3.3. Adsorption Isotherm of Pure Component

The adsorption curves of CHy, CO,, and N in the kerogen model were fitted using
the Langmuir adsorption model [44], as depicted in Equation (1).

WP
“ PP 1)

where V is the adsorption capacity; V is the Langmuir volume, which reflects the maximum
adsorption capacity; Py is the Langmuir pressure, indicating the pressure for the half-
maximal adsorption capacity; and P is the equilibrium pressure.

The adsorption isotherms of CHy, CO,, and N in the kerogen model are illustrated
in Figure 3. As observed in Figure 3, the adsorption capacity of different gases increased
with the rise in pressure, with CO, exhibiting a significantly larger adsorption rate and
capacity compared to CHy and Njp. The adsorption capacity approached saturation as the
pressure reached 30 MPa. The descending order of adsorption capacity for gases was found
to be CO, > CHy4 > Nj. Moreover, the adsorption capacity decreased with an increase in
temperature under constant pressure conditions. This suggests that elevated temperatures
negatively impact gas adsorption. The rationale behind this observation lies in the increased
thermal motion of gas molecules with rising temperatures, leading to a higher average
kinetic energy of gas molecules. This heightened kinetic energy may facilitate an easier
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escape from the kerogen surface, consequently reducing the gas adsorption capacity. In
addition, the molecular diameter of CO, (approximately 3.3 A) is slightly smaller than that
of CH, (approximately 3.8 A), which makes CO, molecules more easily able to enter and
diffuse within the nanopores of kerogen. The smaller molecular diameter increases the
opportunities for CO; to come into contact with the adsorbent surface, thereby enhancing
adsorption capacity. Meanwhile, the CO, molecule is linear, whereas CHy is a tetrahedral
molecule. The shape of the CO, molecule makes it easier to find suitable positions for
adsorption in the narrow pores of the kerogen structure. Through a comparison between
the simulation results and the Langmuir model fitting outcomes, the Langmuir adsorption
parameters (V and Pr) and the average relative errors were determined and are presented
in Table 4. Table 4 indicates that the Langmuir adsorption model achieved a fitting precision
exceeding 0.99, with fitting errors less than 1.3%. These results affirm that the adsorption
properties of gas in kerogen adhere to the Langmuir adsorption law.

(@) (b)

N
1

[
1
o
1

w
1

34 = 303.15K
e 333.15K 3 ® CO,
A 348.15K = CH,
21 v 363.15K 5] AN,

——303.15K-Langmuir model

———333.15K-Langmuir model

— 348.15K-Langmuir model

——363.15K-Langmuir model
T T

Adsorption capacity, mmol/g
Adsorption capacity, mmol/g
-~

——— CO,-Langmuir model

—— CH,-Langmuir model
—N,-Langmuir model
0 T T T 0 T T T T T

0 5 10 15 20 25 30 0 5 10 15 20 25 30

Pressure, MPa Pressure, MPa

Figure 3. The adsorption capacity of CHy under different temperatures (a) and a comparison of CHy,
CO,, and N at 333.15 K (b).

Table 4. Fitting parameters (V} and P;) and errors of the Langmuir model.

CHy4 CO, N>
Parameters
303.15 K 333.15 K 348.15 K 363.15 K 333.15K 333.15K
Vi (mmol/g) 7.048 6.569 6.548 6.421 7.413 6.576
P; (MPa) 2.170 2.885 3.704 4.329 1.504 6.480
R? 0.9988 0.9972 0.9994 0.9986 0.9980 0.9979
ARE 1.02% 1.3% 0.66% 0.89% 0.85% 1.26%

Note: The R? value shows the goodness of fit, and ARE is the average relative error.

3.4. Isosteric Heat of Gas Adsorption

Figure 4a illustrates the variation in the isosteric heat of CH4 adsorption under differ-
ent pressure and temperature conditions. The observed trend indicates that the isosteric
heat of CH4 adsorption decreases with an increase in temperature. This suggests that the
interaction between CH,4 molecules and kerogen diminishes as the temperature rises, lead-
ing to a decrease in the adsorption capacity of CHy molecules. In Figure 4b, a comparison
of the isosteric heat of CHy, CO,, and N; adsorption under different pressures is presented.
It is evident that the isosteric heat of CO; adsorption is significantly higher than that of
CHy4 and N,. Furthermore, the values of the isosteric heat of CHy, CO,, and N, adsorption
are all less than 42 k] /mol [45], indicating that the adsorption of gas molecules in kerogen
systems falls under the category of physical adsorption.
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Figure 4. Isosteric heat of adsorption CH,4 under different temperature and pressure conditions (a)
and comparison of CHy, CO,, and Nj at 333.15 K (b).

3.5. Energy Distribution

Figure 5 illustrates the energy distribution curves of CO,, CHy, and Ny in kerogen
models. The curves display a single-peak distribution, with the maximum energy distribu-
tion values for CO,, CHy, and Nj being —26.96 k] /mol, —17.35 k] /mol, and —13.17 kJ/mol,
respectively. This result indicates that CO,, CHy4, and Nj primarily adsorb onto distinct sites
within the kerogen models. In kerogen pores, CO,, CHy4, and N, molecules compete for
adsorption space and sites. Notably, the energy distribution range of CO; is considerably
broader than that of CH4 and N». This difference leads to a reduction in adsorption space
and sites for CHs and Ny, consequently resulting in a decrease in the adsorption capacity
of CHy and N,. Additionally, it suggests that the adsorption of N, on kerogen is not as
stable as that of CHy and CO,.

0.5
(a) —303.15K 064 (b) —CO,
——333.15K X —cH,
—348.15K N
0.4 ——363.15K 054 i
= g
£ S
= i
2 054 £ 047
2 =
S o
d S 03
2 024 2
2 2
I-E M 024
0.14
0.1 1
0.0 T T T T 0.0 T T T T T
=30 —25 -20 =15 -10 =5 0 5 10 —50 —40 -30 -20 -10 0 10
Energy, kJ/mol Energy, kJ/mol

Figure 5. The energy distribution of CHy under different temperatures (a) and a comparison of CHy,
CO;,, and N, at 333.15 K (b).

3.6. Adsorption Isotherm of Binary Components

Figure 6 depicts the adsorption capacity of CHy, CO,, and N, within the nanopores
of kerogen with varying mole fractions of CO, and Nj. At low pressures, the adsorption
capacity of CHy, CO;,, and N increases with increasing pressure. However, at 10 MPa,
the adsorption of CHy shows minimal changes with further pressure increases, indicating
a negligible impact of pressure on CHy adsorption. Similarly, at 5 MPa and 20 MPa, the
adsorption of CO, and Ny, respectively, exhibits minimal changes with further pressure
increases. Under identical temperature and pressure conditions, the adsorption of CHy
increases with the increasing mole fraction of CHy, suggesting that the adsorption of CHy
decreases with an increase in the content of N, (or CO,). This observation indicates that
the lower the mole fraction of CHy in the binary component mixture, the lower the CHy
adsorption in kerogen pores. Furthermore, the adsorption capacity of CH4 in a CH4 and Np
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mixed system is significantly higher than that in a CH; and CO, mixed system, indicating
that the adsorption capacity of CHy is greater than that of N but less than that of CO,.

CH, adsorption capacity, mmol/g

7 (b)

CH,/CO,
Y3y, 70-2 —— Yy =04 A=y =0.5

—v—yCHx=0A6 — yCHfOA 8

2 CH,/CO,
—— yCHfO.Z — yCH‘=0.4

CO, adsorption capacity, mmol/g

14 —— Yy, 705 =¥y 0.6

— yCH‘ZOAS

0 r T T T T T
10 15 20 25 30 0 5 10 15 20 25 30

Pressure, MPa

Pressure, MPa

CH, adsorption capacity, mmol/g

1 CH,/N,
4 ( ) +yCHl:0.2 —— yCH4:0‘4 —‘—yCHJ:O.S

¥ Yy, 06—y, 0.8

CH,/N,
+yCH4:OAZ —— yCHJZOA —h— yCHJZOAS

N, adsorption capacity, mmol/g

¥ Yy, 0.6 4y 08—y =1

0
T T T T
10 15 20 25 30 0 5 10 15 20 25 30

Pressure, MPa Pressure, MPa

Figure 6. Adsorption capacities of CHy (a) and CO; (b) in nanopores of kerogen at different mole
fractions of CHy/CO;. Adsorption capacities of CHy (¢) and Ny (d) in nanopores of kerogen at
different mole fractions of CH4/Nj>.

3.7. Self-Diffusion Coefficient

The diffusion behaviors of shale gas in kerogen nanopores are characterized by the
self-diffusion coefficient, calculated using the Einstein equation (Equation (2)) [46].

Ds = lim —— i|r-(t)—r-(0)|2 )
* T ioebNE\ = :

where D; is the self-diffusion coefficient, N is the number of particles, t is the time interval,

r(t) is the position of the gas molecule at time ¢, and ( |r;(t) — r;(0) |2> is the mean square
displacement (MSD) of molecules. The relationship between MSD and time is typically
fitted to a straight line, and the self-diffusion coefficient is proportional to 1/6 of the slope
of MSD versus time.

In Figure 7, it is evident that the self-diffusion coefficient of gas molecules decreases
with an increase in pressure. At lower pressures, the reduction in the self-diffusion coef-
ficient is relatively pronounced, but as pressure increases further, the decrease becomes
more gradual. This observation is attributed to elevated pressure causing an increased
number of gas molecules in the kerogen nanopores and a higher probability of collisions
between molecules. The increasing motion resistance due to reduced available space results
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in a decrease in the self-diffusion coefficient. Beyond a certain pressure threshold, the
velocity of gas molecules stabilizes gradually, leading to a less pronounced decline in the
diffusion coefficient. With an increase in temperature, the irregular motion of gas molecules
intensifies, resulting in a larger self-diffusion coefficient. Consequently, the interaction
between gas molecules becomes the primary factor controlling molecular diffusion. At
the same temperature, the self-diffusion coefficient of fluids follows the descending order:
N, > CHy > CO;. This trend can be explained by classical diffusion theory, where the
diffusion coefficient is inversely proportional to the square root of the molecular mass. CO,
molecules have a large mass and hence a smaller self-diffusion coefficient. However, at
the same temperature, CHy, CO,, and N, possess the same average kinetic energy. Due
to their lighter mass, N, molecules move faster in the nanopores of kerogen, resulting
in a higher diffusion rate for N,. Moreover, smaller N, molecules can more easily pass
through narrow pores, whereas larger CHy and CO, molecules may encounter restrictions.
Additionally, lighter N, molecules regain their velocity faster after collisions, thus diffusing
more rapidly within the nanopores of kerogen. This behavior is attributed to stronger
interactions between CO, molecules and kerogen compared to CH,4, which reduces the
movement of CO, molecules and thereby lowers their diffusion coefficient.

4.8x1071°

10
(a) —&—303.15K 5.0x10 "4 b —a—N,
—e—333.15K (b) CcH
4.4x1071 —a—348.15K

-10
—v—363.15K| & 4.5¥10 77

5,

Diffusion Coefficient, m™/s

m

10 o
40210 = 4.0%10 1

10
5:610 3510704

-10_]
3.2x10 3.0x1071°

Diffusion Coefficies

2.8%107104

2.5%10 4

10
2.4x10 2.0x10714

T T T T

5 10 15 20 25 30 5 10 15 20 25 20

Pressure, MPa Pressure, MPa

Figure 7. The self-diffusion coefficient of CH4 under different temperatures (a) and a comparison of
CHy, CO;,, and N at 333.15 K (b).

3.8. Radial Distribution Function

The radial distribution function is employed to characterize the distribution of gas
molecules around kerogen structures and assess their interactions with kerogen. The radial
distribution function is defined as the ratio of local density to average bulk density [47],
and it is commonly employed to characterize the microstructure of particles. In Figure 8,
the radial distribution functions of gas molecules are compared with atoms (C, H, O, N, and
S) in kerogen. The peak values between gas molecules and O, N, and C atoms in kerogen
are notably larger than those between gas molecules and H and S atoms, indicating weaker
interactions between gas molecules and H and S atoms. A significant peak is observed
between gas molecules and N atoms, suggesting the presence of N-H bonds in kerogen,
which leads to stronger interactions between gas molecules and N-H bonds. Furthermore,
the first peak of radial distribution functions between CO, and O occurs at 0.335 nm, and it
is sharper and larger than those between CH4-O and CHj4-N, indicating strong adsorption
of CO; on sites with oxygen-containing functional groups. This observation is consistent
with the snapshots of gas molecule distributions on the surface of local kerogen structures
(Figure 8d—f), suggesting the superior adsorption capability of CO; in kerogen, significantly
exceeding that of CH4 and Nj.
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g(r)

Figure 8. Radial distribution function between CHj (a), CO, (b), and N (c) and various atoms of
kerogen. Snapshots showing distribution of CHy (d), CO, (e), and N3 (f) molecules on surface of
local kerogen structure.

3.9. Distribution of CHy, CO;, and N, in Kerogen Models

The distribution characteristics of CHy, CO;, and Nj in the kerogen model were
analyzed. Figure 9 shows the snapshots of pure CHy (a), CO; (b), and N (c) distributions
in the nanopores of kerogen, demonstrating that gas molecules predominantly occupy the
nanopores of the kerogen model. This observation provides a visual explanation for the
previously noted trend in adsorption capacity, where, under the same temperature and
pressure conditions, the adsorption capacity of gases in the kerogen nanopores follows
the order CO, > CHy > Nj. Figure 9d-i depict the distribution of binary components
(CH4/CO; and CHy4/Ny) at three different mole fractions in the nanopores of kerogen. The
results reveal that as the mole fraction of CHy increases, the number of CH, molecules
in kerogen nanopores also increases. However, even at high mole fractions of CHy, CO,
continues to occupy a significant portion of the available space. Specifically, when the mole
fraction of the two components is 1:1 in the binary mixture, the adsorption amount of CO,
is notably greater than that of CHy. These findings indicate a stronger adsorption capacity
of CO, compared to CHy in kerogen nanopores, with CO, exerting a more significant
influence on the adsorption behavior of CHy. Similarly, the results demonstrate that
the adsorption capacity of N, in kerogen nanopores is lower than that of CHy. CO,
molecules that are injected into a shale gas reservoir can competitively adsorb with CHy
in kerogen nanopores, thereby promoting the release of CH molecules. This process
effectively enhances the recovery rate of shale gas. While CH, adsorption is relatively
stable, theoretical approaches can be explored to partially desorb CH,4 through stronger
additives or optimized displacement conditions to minimize its retention in kerogen. In
summary, understanding the differential adsorption mechanisms of CO, and CH,4 in
kerogen nanopores is crucial for optimizing extraction strategies, thereby improving the
efficiency and economics of shale gas recovery.
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Figure 9. Snapshots of pure CHy (a), CO; (b), and N (c) and binary component (CH4/CO; and
CHy/Nj) distributions in nanopores of kerogen, illustrating three different CHy mole fractions (d-i).

4. Conclusions

The adsorption and diffusion of CHy, CO,, and Ny, including their binary mixtures
with varying mole fractions in kerogen nanopores, were investigated using GCMC and
MD methods. The results exhibit a strong correlation (0.99) with the Langmuir adsorption
model. Gas adsorption capacity shows an increase with pressure and a decrease with
temperature. Specifically, the adsorbed amount of CH, decreases as the mole fraction of
CO; and N in the gas phase increases. Below 15 MPa, the adsorption capacity of all gas
molecules increases rapidly. Ny exhibits adsorption at higher energy sites on kerogen,
resulting in reduced adsorption stability and lower capacity compared to CHy and CO,.
The presence of oxygen-containing functional groups enhances gas adsorption. At identi-
cal temperature and pressure conditions, the diffusion capacity of gas follows the order
N, > CHy > COy, ranging from 2 x 10719 m?2/sto 5 x 10719 m2/s. These findings con-
tribute to understanding the mechanisms of gas storage in kerogen nanopores, particularly
in advancing strategies for the CO, displacement of CHy in shale gas extraction.
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Nomenclature

GCMC Grand canonical Monte Carlo

MD Molecular dynamics

RDF Radial distribution function

MSD Mean square displacement

Dy Self-diffusion coefficient (m?/s)

N Number of particles

t Time interval (s)

ri(t) Position of the i-th gas molecule at time t

<|ri(t) —1;(0) \2> Mean square displacement of molecules

\Y Adsorption capacity

Vi, Langmuir volume, the maximum adsorption capacity
P Langmuir pressure, the pressure for half-maximal adsorption capacity
P Equilibrium pressure

T Temperature (K)

o(x) Local density

p0 Average bulk density

CHy Methane

CO, Carbon dioxide

N, Nitrogen

Tc Critical temperature (K)

P Critical pressure (MPa)

Ve Critical volume (m3/mol)

w Acentric factor

M Molar mass (g/mol)

AH Isosteric heat of adsorption (k] /mol)
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