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Summary
The elucidation of the competitive adsorption behaviors between CO2 and CH4 holds great importance in the context of improving natu-
ral gas recovery in shale reservoirs. Shale rock, as a complex porous medium, exhibits a highly interconnected multiscale pore network 
with pore size spanning from several to tens of nanometers. Nevertheless, accurately capturing the adsorption effects and studying the 
CO2/CH4 competitive adsorption within a large-scale, realistic, 3D nanoporous matrix remains a significant challenge. In this paper, 
we proposed a novel lattice Boltzmann method (LBM) coupled molecular simulation to investigate CO2/CH4 competitive adsorption in 
3D shale nanoporous media. The initial step involves conducting Grand Canonical Monte Carlo (GCMC) simulations to simulate the 
competitive adsorption behaviors of CO2 and CH4 in kerogen and illite slit pores, with the aim of obtaining the atomic density distribu-
tion. Subsequently, a Shan-Chen-based lattice Boltzmann (LB) simulation is used under identical conditions. By coupling the molecular 
simulation results, the fluid-solid interaction parameters are determined. Finally, LB simulations are performed in designed 3D porous 
media, utilizing the fluid-solid interaction parameters. The effects of mineral type, CO2 concentration, and pore structure on competitive 
adsorption behaviors are discussed carefully. Our research offers significant contributions to the improvement of gas recovery and carbon 
geological sequestration through the examination of CO2/CH4 competitive adsorption in nanoporous media. Additionally, it serves as a 
link between molecular and pore-scale phenomena by leveraging the benefits of both molecular simulations and pore-scale simulations.

Introduction
With the breakthrough in horizontal drilling and hydraulic fracturing technologies, unconventional natural gas in shale reservoirs is play-
ing an ever-increasing role in addressing the challenge of the global energy crisis, owing to the large reserve potentials and high energy 
efficiency (Wang et al. 2014; Cooper et al. 2016; Middleton et al. 2017). In contrast to conventional gas reservoirs, shale reservoirs contain 
a significant number of nanopores with pore sizes ranging from several to hundreds of angstroms, which are widely distributed (Chalmers 
et al. 2012; Zhang et al. 2019). This distribution results in strong surface adsorption effects (Ross and Bustin 2009; Pang et al. 2019; Zhou 
et al. 2022a; Bekeshov et al. 2023). It is reported that adsorbed CH4 in shale could account for up to 85% of total gas in place, greatly 
affecting the gas storage capacity evaluation and production efficiency (Curtis 2002). Generally, the primary recovery factor for most 
shale gas reservoirs is less than 25%, and a large proportion of shale gas remains trapped underground (Kuuskraa et al. 2013; Cooper et al. 
2016). CO2 injection has been recognized as an effective and promising technique capable of enhancing gas recovery while achieving 
carbon geological sequestration (CGS) simultaneously (Jung et al. 2010; Sun et al. 2017; Lyu et al. 2021; Safaei-Farouji et al. 2023; Wang 
et al. 2023b). This is mainly due to the preferential adsorption capacity of CO2 over CH4 on rock surfaces (Zhou et al. 2018; Klewiah et al. 
2020). On the other hand, shale formation is a heterogeneous mixture of organic (kerogen) and inorganic (clay, quartz, carbonate, etc.) 
matter, creating a complex pore network in shale reservoirs (Chalmers et al. 2012; Li and Elsworth 2019). Therefore, it is essential to 
study the competitive adsorption behaviors of CO2 and CH4 in nanoporous shale matrices to accurately predict CH4 recovery efficiency 
and optimize on-site CO2 injection strategies.

To date, significant efforts have been dedicated to comprehending the competitive adsorption characteristics of CO2 and CH4 in shale 
reservoirs through laboratory adsorption testing, in which the adsorption capacity, adsorption selectivity, and isosteric heats are carefully 
examined and discussed (Liu et al. 2019; Zhang et al. 2022; Xie et al. 2022; Qin et al. 2022; Liao et al. 2023; Wu et al. 2023b). The results 
revealed that CO2 presents greater adsorption amount and affinity than CH4, justifying the feasibility of CO2 injection in enhanced gas 
recovery (EGR) associated with the CGS process. However, the experiments have some inherent limitations, as they can only obtain the 
macroscopic adsorption properties but fail to depict the microscopic molecular details which are crucial for revealing fundamental adsorp-
tion mechanisms (Wang et al. 2021; Zhang et al. 2022b). In this regard, molecular simulation methods including molecular dynamics 
(MD) and GCMC have been used extensively to investigate the fundamental mechanisms of CO2/CH4 adsorption phenomena at the 
molecular level by explicitly considering the intermolecular and pore-wall interactions (Sun et al. 2017; Wang et al. 2018; Pang et al. 
2019; Hu et al. 2019; Li and Sun 2022; Zhou et al. 2023). The experimental observations in shale nanopores can be effectively explained 
and supported by simulation results through the analysis of the surface distribution properties of gas molecules. While molecular simula-
tion methods demonstrate superior performances in elucidating adsorption mechanisms, most of the adsorption simulations are conducted 
in one single nanopore; therefore, it cannot reflect the complex interconnected multiscale pore structure of shale (Wu et al. 2017; Fan et al. 
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2022). In addition, molecular simulation is typically limited to a small scale, usually within several nanometers, due to computational 
constraints.

Compared with molecular simulation methods focusing on simple regular pore structure, pore-scale numerical simulations can effec-
tively capture the physical and chemical processes in large-scale realistic porous media with complex pore morphology and topology 
(Soulaine et al. 2017; Chen et al. 2022; Cai et al. 2022; Wang et al. 2023a). Among these methods, the LBM is one of the most popular 
approaches (Zheng et al. 2018; Zhang et al. 2020c, 2021; Samanta et al. 2022; Wang et al. 2022b; Wu et al. 2023). However, because the 
LBM is a mesoscopic method, it is challenging to precisely describe the interaction forces between the adsorbent and gas molecules, 
making it difficult to accurately consider the adsorption effects. To address the limitations of both approaches while retaining their advan-
tages, the molecular simulation coupled LBM scheme is widely used to model gas flow and transport in shale porous media (Wang et al. 
2022a). For example, Zhao et al. (2016) applied the LB model to study CH4 adsorption by introducing the gas-solid interaction forces 
determined by the GCMC simulations. Li et al. (2016) used LBM to study methane adsorption and its effect on fluid flow in shale matrix 
by adopting the pressure-dependent thickness of the adsorbed layer based on MD results. Hou et al. (2020) combined the MD and LBM 
methods to simulate shale gas transport in the inorganic and organic pore including the slippage boundary condition and gas adsorption 
effects. Zhou et al. (2022b) coupled MD simulation results with the LBM by introducing a local adsorption density parameter. Based on 
this, the effects of the adsorption layer and surface diffusion on gas flow and transport behaviors in nanoporous shale matrix are investi-
gated. Liu et al. (2021) explained the adsorption behavior by modifying the force in the LB model, and MD simulation was used as the 
basic data to make the simulation results more accurate. Then, Liu et al. (2023) extended the single-component model to the multicom-
ponent LB model and then modified the LB parameters by GCMC simulation results to simulate the adsorption behaviors of CH4 and CO2 
in porous media. However, this work did not consider the increase or decrease in competitive adsorption density of CH4 and CO2 caused 
by the superposition of gas-solid forces in the complex pore structure, and there is a certain error in the calculation of the final adsorption 
amount. To the best of our knowledge, the coupled molecular simulation–LBM scheme is currently limited to single-component gas 
adsorption in 2D porous media and has not yet been used to investigate the CO2/CH4 competitive adsorption in complex 3D porous media, 
which is crucial for efficient CO2-EGR.

Kerogen is the dominant organic component, and illite is one of the typical clay minerals in shale reservoirs. In this study, we proposed 
a GCMC-LBM coupled simulation scheme incorporating rock-fluid interactions to study CO2/CH4 gas mixture adsorption behaviors in 
3D kerogen and illite nanoporous media at 333 K and 20 MPa. The adsorption amount, recovery efficiency, and influencing factors are 
carefully discussed. First, GCMC simulations are carried out to calculate the adsorption density distribution curves of CO2 and CH4 in the 
slit-shaped kerogen and illite pores with varying CO2 molar fractions. Subsequently, the LB simulations are conducted under the same 
conditions to obtain the fluid-solid interaction parameter by fitting it with the molecular simulation results. Finally, we performed LB 
simulations in the 3D porous model based on the fitted parameters to investigate the CO2/CH4 competitive adsorption.

Methodology
Molecular Simulation Method. We adopted kerogen monomers (Type II-D) proposed by Ungerer et al. (2015) to model the organic 
matter in shale rocks. The detailed construction procedure of kerogen nanopores can be found in our previous simulation work (Zhang 
et al. 2023). Although the polymer consistent force field+ (PCFF+) was used previously to test the physical properties of the kerogen 
matrix, it adopted a 6-9 Lennard-Jones (LJ) potential form to describe the nonbonded interaction between atoms. However, most of the 
commonly used force fields (such as TraPPE) are developed based on an LJ form of 12-6, leading to compatibility issues when mixed 
with PCFF+. Thus, we decided to apply the consistent valence force field (CVFF) by Dauber-Osguthorpe et al. (1988) to describe the 
potential parameters of kerogen since it has been successfully used to reveal gas adsorption mechanisms in kerogen substrate (Michalec 
and Lísal 2017; Chong et al. 2021). To validate the force field parameter of CVFF, we simulated the bulk density of kerogen matrices via 
a series of annealing processes, and the calculated density (1.34 ± 0.028 g/cm3) agreed well with previously reported experimental results 
(1.30~1.40 g/cm3) (Okiongbo et al. 2005), thus demonstrating the excellent reliability of the CVFF.

Illite is a typical 2:1 type clay mineral with a unit cell formula of Si2AlO5(OH), the coordinate of which is obtained from the previous 
work (Lee and Guggenheim 1981). Due to the isomorphic substitution effects, Si4+ is substituted by Al3+ in the tetrahedral sheet creating 
negatively charged surfaces compensated by K+ (Chen et al. 2018) and thus resulting in a unit cell of K(Si7Al)Al4O20(OH)4. Each illite 
layer is constructed with 8×4×1 unit cells, leading to a clay sheet of ~4.13 nm×3.59 nm in the x-y dimension. Two illite sheets are stacked 
parallel to build slit-like illite nanopores. The CLAYFF force field developed by Cygan et al. (2004) is used to model illite. CLAYFF is 
widely used to simulate the structure of a variety of model hydroxide, oxyhydroxide, and clay phases. The force field parameter is opti-
mized and validated by comparing it with experimental and spectroscopic findings in terms of bulk structures, relaxed surface structures, 
and intercalation processes. CLAYFF has proved to be an effective and reliable force field for modeling fluid interaction with clay phases 
(e.g., gas adsorption and hydration structure).

The slit-shaped nanopores with a pore size of 4 nm are designed to simulate gas adsorption because it is large enough for a gas com-
ponent to reach the bulk density in the middle of the pore. The pore width is calculated based on the helium adsorption method as com-
monly used in previous studies (Tian et al. 2017; Li et al. 2020). The CH4 and CO2 molecules are described by TraPPE force field (Martin 
and Siepmann 1998; Potoff and Siepmann 2001). TraPPE force field demonstrates a high degree of accuracy in the prediction of thermo-
physical properties (such as vapor-liquid coexistence curves, critical point, diffusion coefficients, and so on) of various gas components 
(CH4, CO2, etc.), making it one of the few force fields generally suitable for studying phase equilibrium and surface adsorption.

To verify the force field of CH4 and CO2, we conducted a series of GCMC simulations to calculate the bulk density of single (CH4 or 
CO2) and binary (CO2-CH4) systems as reported in previous work (Alafnan 2022; Liu et al. 2023). The simulated results present good 
agreements with the National Institute of Standards and Technology data (Lemmon et al. 2013) and Peng-Robinson equation of state 
predictions (Peng and Robinson 1976) (see Fig. 1), proving the reliability of the simulation method and force field parameters. The non-
bonded force field parameters of CH4, CO2, and illite are listed in Table 1.

The GCMC simulations were conducted to investigate gas adsorption using the MCCCS Towhee software (version 8.1.0; Martin 
2013). In GCMC simulations, the confined fluids inside nanopores are assumed to connect with an infinite large bulk reservoir, and the 
same chemical potential is achieved at equilibrium. The bulk densities were calculated based on the Peng-Robinson equation of state 
(Peng and Robinson 1976), and the chemical potentials at corresponding thermophysical conditions were calculated by the Widom inser-
tion method (Widom 1963) using NVT Monte Carlo (MC) simulations. To study the effects of CO2 concentration on CH4 displacement 
efficiency, we set a series of ‍zCO2‍ equaling 0, 0.1, 0.2, 0.3, 0.4, and 0.5. During GCMC simulations, insertion/deletion, and translation, 
MC moves are attempted for CH4, whereas for CO2, rotational moves are additionally implemented. A total number of 40,000 MC cycles 
per fluid molecule is carried out for each pressure condition, with the first 15,000 MC cycles used for the equilibrium and the subsequent 
25,000 MC cycles for the data sampling. The typical equilibrium snapshots of kerogen and illite nanopores filled with CO2 and CH4 are 
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shown in Fig. 2. During GCMC simulations, the LJ potentials are calculated within a cutoff distance of 1.2 nm and the electrostatic inter-
actions are computed by the Ewald summation methods with a kalp value of 5 and a kmax value of 10 (Zhang et al. 2023). 3D periodic 
boundary conditions are applied, and all the atoms in the kerogen and illite are kept fixed in all simulation scenarios.

LB Model. In this paper, the single-relaxation-time multiphase and multicomponent Shan-Chen LBM is proposed to simulate and 
investigate the competitive adsorption behaviors of CO2 and CH4 in 3D nanoporous media by modifying the fluid-fluid and fluid-solid 
interaction force parameters from molecular simulations. The evolution equation of CO2 and CH4 is
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Fig. 1—Bulk density comparison between GCMC simulation results and NIST data for the pure gas component at a range of 
pressures (5–25 MPa) and Peng-Robinson equation of state predictions for binary mixtures with varying CO2 molar fractions (0, 
0.1, 0.2, 0.3, 0.4, and 0.5) at 20 MPa and 333 K.

Molecules Atoms ‍"‍(K) ‍� ‍(nm) ‍q‍(e)

CH4 (Martin and Siepmann 1998) C 148 0.373 0

CO2 (Potoff and Siepmann 2001) C 27 0.28 +0.7

O 79 0.305 −0.35

Illite (Cygan et al. 2004) st 0.000926 0.3302 +2.1

b 78.2 0.3165 −1.05

bts 78.2 0.3165 −1.16875

h 78.2 0.3165 −0.95

ho 0 0 +1.05

ao 0.000669 0.4271 +1.575

at 0.000926 0.3302 +1.575

K 50.3 0.3334 +1

Table 1—Force field parameters of CH4, CO2, and illite.
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The ‍u� ,t‍ is given by
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where ‍F� ,int‍ is the interaction force between different phases:
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where ‍G� N�‍ is the interaction strength and can be applied to capture the CO2/CH4 miscibility; in this work, ‍G� N� = 0‍ and 
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‍F� ,ads‍ is the interaction force between gas and solid surface, which can be assumed as decreasing exponentially with the distance from 
the pore walls to capture the density profile of CO2/CH4 competitive adsorption effects (Benzi et al. 2006; Zhang et al. 2020b):
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where ‍G�s‍ is a parameter controlling the strength of gas-solid force, and CO2 and CH4 correspond to ‍GCO2‍ and ‍GCH4‍, respectively; ‍x˛‍ is 
the distance from the wall in direction ‍̨ ‍; ‍�‍ is a parameter controlling the trend of the density distribution curve (Feng et al. 2018), and 
the values are equal to 0.4 nm and 0.6 nm in kerogen and illite pores, respectively, to ensure the accurate density distribution trend.

Simulation Procedures. Fig. 3 illustrates the workflow of the simulations. First, GCMC simulations are performed to calculate the CO2/
CH4 density distributions in the single 4-nm-slit kerogen and illite nanopores under various conditions. Subsequently, the LB simulations 
are conducted to obtain the gas-solid interaction parameters (‍GCO2‍ and ‍GCH4‍) by fitting them with the molecular simulation results. The 
fitting details will be introduced in the “LB Parameter Fitting in Single Nanopores” section. Then, we generate a 30×30×30 nm3 cubic 
porous media having complicated pore-throat structure and broad pore size distributions (PSDs) ranging from 1 nm to 12 nm to mimic the 
realistic morphology of shale pores. Such a PSD is dominant in the typical shale reservoirs (Chalmers et al. 2012). To explore the aperture 
effects, we designed two kinds of porous media that present the same pore volume but different average pore sizes (4 nm vs. 6 nm). 
Then, LB simulations in the 3D porous model based on the fitted parameters are carried out, and in the simulation process, based on the 
bulk density of CO2 and CH4 (‍�bulk,CO2‍ and ‍�bulk,CH4‍), the initial density of CO2 and CH4 in porous media is determined through several 
iterations to ensure the simulated temperature and pressure. Finally, the effects of mineral type, CO2 concentration, and pore structure on 
competitive adsorption behaviors are simulated and discussed.

Results and Discussion
In LB simulation, the physical and lattice units can be converted into each other by length scale (‍L0‍), mass scale (‍M0‍), and time scale (‍T0‍). 
According to length scale and mass scale, the relationship between physical density and lattice density is ‍�physical = �latticeM0/L30‍, and 
according to length scale and time scale, the relationship between physical kinematic viscosity and lattice kinematic viscosity is 
‍vphysical = vlatticeL20/T0‍. In our following simulation, the length scale is first artificially set to ‍L0 = 2 � 10�10m‍, and then the mass scale 
and time scale can be calculated by referring to the physical and lattice densities and viscosity of the water phase. The physical and lattice 
densities of the water are equal to ‍�w�physical = 1000 kg/m3

‍ and ‍�w�lattice = 1‍, respectively, and the kinematic viscosity of the water is 
‍vw�physical = 1 � 10�6 m2s‍ and ‍vw�lattice = 0.1‍, respectively. Then, the mass scale in our simulation can be calculated by 

‍Mo = �w�physicalL30/�w�lattice = 8 � 10�27 kg‍, and the time scale is calculated by ‍To = vw�latticeL20/vw�physical = 4 � 10�15 seconds‍.

Fig. 2—Equilibrium snapshots of CO2 and CH4 distribution inside kerogen and illite nanopores having a pore size of 4 nm (CO2 
molar fraction is ‍zCO2‍ = 0.3). Color scheme—black: C; blue: N in kerogen and K+ in illite; yellow: Si in illite and S in kerogen; red: O 
atoms; white: H; pink: Al. The purple ball and green stick represent CH4 and CO2 molecules, respectively.

D
ow

nloaded from
 http://onepetro.org/SJ/article-pdf/29/06/3265/3412248/spe-219478-pa.pdf/1 by C

hina U
niversity of Petroleum

 Beijing user on 21 O
ctober 2024



June 2024 SPE Journal 3269

LB Parameter Fitting in Single Nanopores. To capture the adsorption effects and extend the simulation scope to a large-scale porous 
media, we proposed a coupled scheme by fitting molecular simulation results with LBM. GCMC is believed to be an accurate molecular 
simulation method to evaluate gas adsorption capacity in nanopores (Chen et al. 2018; Hu et al. 2019; Chong et al. 2021), thus adopted 
as the basis for adsorption curve fitting in this work. According to GCMC results (dots) shown in Figs. 4 and 5, in both kerogen and 
illite nanopores, CH4 molecules are effectively displaced from the surface region by CO2, agreeing well with the published molecular 
simulation results (Chen et al. 2018; Zhang et al. 2020a). Moreover, compared with kerogen, CO2 presents higher adsorption peaks on 
illite surfaces because of the stronger interaction with negatively charged surfaces [as also observed in our previous work (Zhang et al. 
2023)], showing excellent credibility of our GCMC simulation results.

Fig. 4—CO2 and CH4 density profiles and LB fitting curves with varying CO2 concentrations in 4-nm kerogen slit nanopores at 
333.15 K and 20 MPa. Z = 0 denotes the center position of the nanopores. The black dashed lines correspond to the bulk density.

Fig. 5—CO2 and CH4 density profiles and LB fitting curves with varying CO2 concentrations in 4-nm illite slit nanopores at 333.15 K 
and 20 MPa. Z = 0 denotes the center position of the nanopores. The black dashed lines correspond to the bulk density.

Fig. 3—Workflow of simulation procedures.
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Based on GCMC simulations, the averaged densities of CO2 and CH4 inside single nanopores with varying CO2 molar fractions are 
calculated (see Table 2), which are used as the input variables in the subsequent LB simulation at the same conditions. In such a way, we 
can guarantee the same total gas loadings (i.e., adsorption amount) in GCMC and LB models. Specifically, the area enclosed by the den-
sity distribution curves using LBM is equivalent to that with GCMC simulations. Then, the regression process is implemented by adjust-
ing the interaction parameter (‍GCO2‍ or ‍GCH4‍) between the substrate with each gas component until the bulk density obtained by LB 
simulations is perfectly equal to that calculated by GCMC simulations. Therefore, by adjusting the gas-solid interaction force while 
keeping the adsorption amount constant, the LB model proposed in this paper can not only capture the surface adsorption effects but also 
predict the competitive adsorption behaviors well. Note that here we only presented the adsorption results in the slit pore spaces while gas 
absorbed inside the ultrasmall nanopores of the bulk kerogen matrix is not taken into consideration. The LB fitting curves in the kerogen 
and illite single nanopores are clearly shown in Figs. 4 and 5, and the corresponding fitted parameters are summarized in Table 2, which 
is used in the following LB competitive adsorption simulation in 3D porous media. The above fitting process and the parameters in 
Table 2 are all based on one pressure condition (i.e., 20 MPa); however, the methodology can be applied to fit the density distribution and 
simulate the competitive adsorption under any pressure conditions. Our work aims to propose an upscaling method bridging the molecular 
and pore-scale phenomenon by coupling the advantages of molecular simulation and LBM. While the pressure plays an important role in 
determining the fluid distribution, it is not the focus of this work. Therefore, only one pressure condition is considered in our work.

‍zCO2‍

Kerogen Illite

‍N�CH4‍ (g/cm3) ‍N�CO2‍ (g/cm3) ‍GCH4‍ ‍GCO2‍ ‍N�CH4‍ (g/cm3) ‍N�CO2‍ (g/cm3) ‍GCH4‍ ‍GCO2‍

0 0.171 0 −0.055 −0.085 0.144 0 −0.090 −0.245

0.1 0.148 0.083 −0.059 −0.087 0.119 0.151 −0.090 −0.245

0.2 0.130 0.153 −0.06 −0.094 0.107 0.215 −0.090 −0.245

0.3 0.113 0.225 −0.050 −0.083 0.095 0.274 −0.090 −0.245

0.4 0.096 0.293 −0.046 −0.082 0.083 0.331 −0.075 −0.215

0.5 0.081 0.361 −0.046 −0.081 0.071 0.389 −0.052 −0.195

Table 2—Fluid-solid interaction parameters in LB simulation fitted from GCMC.

In practice, experimental studies usually get excess adsorption while it is quite difficult to obtain absolute adsorption, exactly what we 
are concerned about. Fortunately, the adsorbed phase can be easily identified through atomic density distribution curves, thus making it 
possible to calculate the absolute adsorption amount. Combined with the density distribution curve, the adsorption region is defined as the 
shadow area (see Figs. 4 and 5) from the pore surface to the location where the fluid density starts to deviate from the bulk value in the 
middle of the pore. With this criterion, the CO2 and CH4 adsorption regions with a thickness of ~1.6 nm and 1.4 nm in kerogen and illite 
pores are determined, respectively. It should be noted that the thickness is independent of the CO2 concentration and surface types after 
carefully checking each case, so we used identical values to identify the adsorbed phase for all the simulation scenarios. Accordingly, the 
fluid quantity within the adsorption region is classified as the absolute adsorption amount, which is mainly discussed in this work.

Then, based on LB parameters fitted in 4-nm slit pores, we carried out competitive adsorption simulation in 2-nm kerogen and illite 
slit pores, and the CO2 molar fraction equals 0.5. The simulation results are shown in Fig. 6, and the LB simulation results agree well with 
molecular simulation results, indicating that the competitive adsorption simulation in porous media with complex pore structure and 
multi-aperture characteristics can be carried out based on the above fitting parameters in Table 2. From Fig. 6, it is found that the CO2 
adsorption on illite surfaces is much higher than that on kerogen surfaces, indicating a stronger interaction between CO2 and illite sur-
faces. This finding is quite meaningful and useful in the context of CGS in subsurface conditions. For example, based on our simulation 
results, illite mineral presents higher CO2 surface adsorption, which means that more CO2 can be stored in illite nanopores compared with 
kerogen. Therefore, it is suggested to choose the illite-rich rather than kerogen-rich depleted reservoir to sequester CO2 in the CGS 
project.

Fig. 6—CO2 and CH4 density profiles and LB fitting curves in 4-nm and 2-nm slit nanopores at 333.15 K and 20 MPa for (A) kerogen 
and (B) illite. The CO2 molar fraction equals 0.5.

CO2/CH4 Competitive Adsorption Behaviors in 3D Porous Media. Based on the gas-solid interaction parameters listed in Table 2, 
CO2/CH4 competitive adsorption simulations with LBM are performed in the 3D porous substrate, bridging a gap between the single-
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slit nanocompetitive adsorption behaviors in 3D porous mediapores and large-scale porous media. For the 3D porous media used in our 
simulation, the construction process is as follows (Rabbani and Jamshidi 2014; Rabbani et al. 2014; Rabbani and Babaei 2021). First, the 
150×150×150 grids are constructed, and 0–1 values are generated randomly in each grid (Fig. 7A). Then, Gaussian filtering is used to 
filter random 0–1 values in the 3D image, and the filtered image is shown in Fig. 7B. Following, the separation of solid matrix and pore-
throat space is realized by setting threshold value, and the 3D porous media diagram obtained is shown in Fig. 7C. Finally, the watershed 
algorithm is used to divide the pore-throat space (Fig. 7D), and the PSD can be calculated (Fig. 7E).

Fig. 7—Porous media construction process (Rabbani and Jamshidi 2014; Rabbani et  al. 2014; Rabbani and Babaei 2021). 
(A) Random 0–1 values. (B) Gaussian filter. (C) 3D porous media; red represents solid and blue represents pore-throat space. 
(D) The pore-throat structure is segmented by the watershed algorithm. (E) PSD.

As illustrated in Fig. 8, two porous media—AL and BS—with the same pore volume but different pore structures are constructed based 
on the above method. Based on PSD results, the averaged pore diameters of these two porous media are calculated as 5.4 nm and 3.4 nm, 
respectively. The lattice size of porous media is 150×150×150, corresponding to a physical size of 30×30×30 nm3 with the length scale 
‍L0 = 2 � 10�10 m‍. Periodic boundary conditions are applied for each direction of the porous media. While the shale porosity is generally 
reported to be less than 10% (Klaver et al. 2015), to ensure the simulation connectivity, the porosity of these two porous media adopted 
in our simulation is set at the same value of 50%.

Fig. 8—Skeleton and internal pore structure of two kinds of porous media and corresponding PSD. The subscripts L and S denote 
the porous media with large and small averaged pore sizes, respectively.

Due to the complex pore structure, using the average density of CO2 and CH4 obtained from 4-nm slit pores as the input in the 
porous media may not guarantee that the bulk fluid density matches the target values at the corresponding thermophysical conditions 
(i.e., bulk density shown in Fig. 1). Therefore, a series of trial-and-error tests is necessary. First, the average densities of CO2 and CH4 
obtained in slit pores are given as the initial settings at each grid to carry out the LB simulations in 3D porous media using the fitted 
gas-solid interaction force parameters. After achieving equilibrium, the bulk and adsorbed gas regions are determined according to the 
criteria proposed in the “LB Parameter Fitting in Single Nanopores” section. Consequently, the average density of the bulk gas can be 
calculated. If the calculated bulk gas density is greater or smaller than the desired values at a certain pressure and temperature, then 
adjust the density values at each grid until the relative error of equilibrated bulk density between the porous media and slit pores is 
within 2%.

Fig. 9 shows the 3D spatial density distributions in two kinds of kerogen porous media with ‍zCO2‍ = 0.3. The results show that both CO2 
and CH4 tend to accumulate in the near-wall region due to surface adsorption effects, while CO2 presents stronger surface adsorption over 
CH4. In the corner areas (as circled in Fig. 9), owing to the overlapping of gas-solid interaction forces, the adsorption strength is enhanced. 
Overall, the LB simulation results in 3D porous media demonstrate consistent competitive adsorption behaviors with our molecular sim-
ulation observations, again validating the accuracy of GCMC-coupled LBM in simulating CO2/CH4 mixture adsorption. To further quan-
titatively investigate CO2 and CH4 adsorption capacity, we calculated the adsorption amount of each component inside kerogen and illite 
porous media having different pore structures with various CO2 molar fractions in CO2/CH4 mixtures as shown in Figs. 10 and 11.
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Fig. 10—CO2 and CH4 adsorption amount vs. CO2 molar fraction in kerogen and illite porous media.

Fig. 11—3D spatial distribution of CO2 and CH4 in kerogen and illite porous media (Bs) with different CO2 concentrations.

As we expected, with the increase in CO2 concentration, the adsorption amount of CH4 gradually decreases due to the surface compet-
itive adsorption with CO2. As shown in Fig. 10, in both kerogen and illite media, we notice that the red lines (Porous Media BS) are always 
above the black lines (Porous Media AL), indicating that the porous media with a narrower pore size causes a higher adsorption amount. 
It is mainly because when pore volume is equal, the porous media with smaller pore sizes has larger surface areas, thus providing more 
available adsorption sites. On the other hand, the adsorbed phase in smaller pores accounts for a larger proportion of the total gas content, 

Fig. 9—3D spatial density distribution and slice map of CO2 and CH4 in two kinds of porous media (‍xCO2‍ = 0.3). The slice graph 
is generated by cutting along the plane in the middle of the porous media. The black areas in the slice graph represent the rock 
substrate.
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which might also contribute to promoting the adsorption amount. Compared with kerogen porous media, CH4 presents lower adsorption 
capacity in illite media, which is in line with the weaker adsorption peak of CH4 in the vicinity of the illite surface as shown in Figs. 4 
and 5. This is also supported by the 3D spatial distribution results in Fig. 11, in which the suppressed CH4 surface adsorption is clearly 
recognized in illite porous media. By contrast, a higher CO2 adsorption amount is generally observed in illite porous media, consistent 
with the GCMC simulation observations depicted in Figs. 4 and 5, which is well evidenced by the enhanced CO2 surface adsorption in 
illite porous media as shown in Fig. 11.

CH4 Recovery and Production Efficiency in 3D Porous Media. To provide a better understanding for quantitatively estimating how 
much adsorbed CH4 can be produced, we calculated the recovery efficiency (RE) of adsorbed CH4 at different conditions as shown in 
Fig. 12, which is given as follows:

	﻿‍
RE =

m0
aCH4

� mi
aCH4

m0
aCH4

� 100%,
‍�

(6)

where RE is the recovery efficiency of adsorbed CH4, ‍m
0
aCH4‍ is the adsorption amount of CH4 in porous media in the absence of CO2 (i.e., 

‍zCO2 = 0‍), and ‍m
i
aCH4‍ represents the adsorption amount of CH4 in porous media at a certain CO2 concentration. It is not surprising that in 

both kerogen and illite porous media, the RE gradually increases as ‍zCO2‍ rises from 0.1 to 0.5, because of enhanced surface competitive 
adsorption of CO2 at high concentrations. Meanwhile, we found that the RE of adsorbed CH4 in porous media with a small aperture is 
slightly greater than that with a large aperture. It is because the CO2/CH4 adsorption selectivity is increased with decreasing pore size, 
resulting in a lower CH4 content in the adsorbed phase in smaller pores, thereby favorable for enhancing CH4 recovery. In addition, we 
noticed that the RE of adsorbed CH4 in illite porous media is slightly greater than that in kerogen, mainly attributed to the strengthened 
surface adsorption of CO2 with a strong quadrupole moment [1.367×10−39 C·m2 (Müller and Gelb 2003)] on negatively charged illite 
surfaces, showing good agreements with our GCMC simulation results discussed in the “LB Parameter Fitting in Single Nanopores” 
section.

As RE calculation considers only the production of CH4 while ignoring the CO2 injection, it thus cannot truly reflect the CO2-EGR 
efficiency. Consequently, we proposed the production-injection ratio (PIR) to better characterize the CO2 replacement efficiency by cal-
culating the ratio between produced CH4 and injected CO2, which is defined as

Fig. 12—RE of adsorbed CH4 vs. CO2 molar fraction in two kinds of porous media.

Fig. 13—PIR vs. CO2 molar fraction in two kinds of porous media.
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	﻿‍
PIR =

m0
aCH4

/MCH4 � mi
aCH4

/MCH4

mi
aCO2

/MCO2

,
‍�

(7)

where PIR is the production-injection ratio, ‍m
i
aCO2‍ represents the adsorption amount of CO2 in porous media for a certain CO2 concentra-

tion, and ‍MCH4‍ and ‍MCO2‍ refer to the molar mass of CH4 and CO2, respectively. A higher PIR value indicates that more adsorbed CH4 is 
recovered per CO2 adsorbed. As observed in Fig. 13, the PIR values increase monotonically with increasing CO2 concentration, indicating 
that CH4 molecules are easier to desorb from the surfaces at higher CO2 content. Contrary to RE, the PIR in kerogen porous media is 
slightly higher than that in illite. The possible reason is that the surface adsorption of CH4 on illite surfaces is weaker than it is on kerogen 
(smaller numerator), while CO2 adsorption on illite surfaces is much stronger (larger denominator), thus leading to reduced PIR values in 
illite porous media.

Conclusions
In this study, we integrated the GCMC and LB simulations to examine CO2/CH4 competitive adsorption behaviors in 3D shale kerogen 
and illite porous media. The effects of CO2 concentrations, pore structure, and surface types were carefully discussed. The competitive 
adsorption behaviors of CO2 and CH4 in 3D nanoporous media can be accurately captured in LB simulation by adjusting CO2-solid and 
CH4-solid interaction forces based on the atomic density distribution results calculated with GCMC simulation. The consistent adsorption 
behaviors between molecular simulations and LBM sufficiently proved the credibility of our proposed GCMC-coupled LBM simulation 
scheme. Specifically, the porous media with narrower pore sizes cause higher adsorption amounts (in both CO2 and CH4) due to the larger 
surface areas and a higher proportion of the adsorbed phase in smaller pores. Compared with kerogen porous media, CO2 presents a 
stronger adsorption capacity in illite porous media while the surface adsorption of CH4 is reduced. Meanwhile, the RE of adsorbed CH4 
is enhanced in the porous media with a smaller pore width because of increased CO2/CH4 adsorption selectivity. Interestingly, while the 
RE of adsorbed CH4 in illite porous media is greater than that in kerogen, an opposite trend is observed in the PIR data.

Our work gives an in-depth understanding of CO2/CH4 competitive adsorption in shale nanoporous media and proposes an upscaling 
method bridging the molecular-scale and pore-scale phenomena by coupling the advantages of molecular simulations and LBM. However, 
several limitations should be acknowledged. The realistic shale formation is characterized by a broad PSD, including both micropores 
(<2 nm) and mesopores (2–50 nm) in the kerogen matrix (Wang et al. 2015; Psarras et al. 2017; Li et al. 2024). The micropores contribute 
to the porosity and adsorption in the shale rocks as well, but this work only focuses on the mesopores neglecting the micropores (espe-
cially the gas absorbed inside the ultrasmall nanopores of the bulk kerogen matrix). In addition, we constructed the nanoporous media 
consisting of one single mineral, but in practice, organic and clay nanopores coexisted in shale reservoirs. Future research should com-
prehensively consider all the existing nanopores to improve the accuracy and applicability of the simulation models.
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