
Molecular simulation of
adsorption behaviors of methane
and carbon dioxide on typical clay
minerals

Dong Hui1,2*, Longxin Li1, Yan Zhang3, Xian Peng1, Tao Li1,
Changqing Jia4 and Yi Pan2*
1Exploration and Development Research Institue, PetroChina Southwest Oil and Gasfield Company,
Chengdu, Sichuan, China, 2The State Key Laboratory of Oil and Gas Reservoir Geology and Exploitation,
Southwest Petroleum University, Chengdu, Sichuan, China, 3Research Institute of Shale Gas, PetroChina
Southwest Oil and Gasfield Company, Chengdu, Sichuan, China, 4Northeast Sichuan Operating Branch of
PetroChina Southwest Oil and Gasfield Company, Chengdu, Sichuan, China

Knowledge of the interaction mechanisms between shale and CH4/CO2 is crucial
for the implementation of CO2 sequestration with enhanced CH4 recovery (CS-
EGR) in shale reservoir. As one of the main constituents of shale, clay minerals can
profoundly affect the storage capacity of gases in nanopores. In this paper, the
adsorption behaviors of both CO2 and CH4 on montmorillonite, illite as well as
kaolinite under dry condition are investigated by Grand Canonical Monte Carlo
(GCMC) simulation. The results exhibit that the maximum adsorption capacity of
single-component CH4 and CO2 is associated with the types of clay crystals.
Specifically, the montmorillonite has the strongest adsorption capacity for CO2,
followed by illite and kaolinite, while the sequence in maximum adsorption
capacity of CH4 is predicted in the order of kaolinite > montmorillonite > illite.
These discrepancies are closely related to the characteristics of adsorbate
molecules as well as the different structures of clay crystals. Meanwhile, the
maximum adsorption capacity of CH4 in studied clay minerals gradually decreases
as pore size increases, while nanopores with 2-nm basal spacing demonstrate the
highest adsorption capacity for CO2. In addition, it is observed that the studied clay
minerals tend to preferentially adsorb CO2 rather than CH4 during binary gas
mixtures simulation. The selectivity of CH4/CO2 mixtures in montmorillonite and
kaolinite exhibits various performances as the adsorption pressure increases, with
the selectivity in montmorillonite being the largest, especially at low pressure. The
cation exchange significantly enhances the electrostatic interaction with CO2

molecules, leading to a higher loading of CO2 as well as larger value of selectivity.
These findings can provide basis and guidance for the CS-EGR project in shale
reservoirs.
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1 Introduction

Due to low carbon emissions as well as significant increases in reserves and production,
shale gas has received great attention and changed the global energy framework. Recently,
with the continuous progress of drilling and fracturing technology, China has made
breakthroughs in shale gas development. At least four shale gas reservoirs (Fuling,
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Weiyuan, Changning, Chuan’nan) have been commercially
developed (Zhu et al., 2018; Mei et al., 2022). As the first and
most commercial shale gas field in China, the cumulative gas
production of Fuling has exceeded 28.7 BCM (billion cubic
meters) in 2019 (Nie et al., 2020), proving the feasibility of shale
gas revolution in China. On the other hand, owing to the large
amount of greenhouse gas emissions, the world is facing an
increasingly serious problem of climate change. To address this
issue, carbon capture and storage (CCS) is considered as one of the
feasible solutions, which may contribute up to about a third of CO2

emission reductions by 2050 (Jiang et al., 2020). Conventional CO2

storage sites include saline aquifer, coal seam and depleted oil/gas
reservoir (Pruess and Spycher, 2007; Biagi et al., 2016; Han et al.,
2019; Zhang et al., 2023). Nevertheless, unconventional shale
reservoirs lend themselves extremely well to CO2 sequestration in
virtue of strong storage capacity as well as greater affinity for CO2

(Busch et al., 2008).
Shale formation is characterized by extremely low porosity and

permeability. Generally, the shale gas in the nanopores mainly exists
in adsorbed, free and dissolved phase, demonstrating a in-situ
reservoir-generating and reservoir-storing mode. Among these
different occurrence states, the adsorbed CH4 can account for
almost 30%–80% of the total amount (Chen et al., 2019),
indicating that CH4 in adsorbed state plays a key role in shale
resource.Injecting CO2 into shale gas reservoir can not only realize
carbon storage, but also increase the production of shale gas in
nanopore system, which is the so-called CO2 sequestration with
enhanced CH4 recovery (CS-EGR) technology (Biagi et al., 2016). A
recent field practice of injecting CO2 into Chattanooga Shale
formation showed that the flow rate of shale gas was obvious
increased after soaking process (Louk et al., 2017), further
confirming the feasibility and potential of CS-EGR technology.
Understanding the adsorption mechanisms of CH4 and CO2

within the shale nanopores under geological condition is crucial
for the implementation of CS-EGR project.

Shale is consisted of organic matter and various minerals. Recent
studies based on adsorption experiments with gravimetric and
volumetric measurements indicated that the content and types of
clay minerals (including kaolinite, montmorillonite, illite, et al.) in
shale play an important role in the amount of gas adsorption (Ji
et al., 2012; Duan et al., 2016). These clay minerals are rich in
numerous micropores and mesopores, providing lots of adsorption
sites for the occurrence of gas (Zhu et al., 2021). A positive
correlation was found between CH4 adsorption capacity and the
values of surface area in clay-dominated shale samples (Ji et al.,
2012). Moreover, although lots of adsorption measurements have
revealed that there are significant differences in the adsorption
capacity of various clay minerals for CH4 and CO2, the relevant
mechanisms concerning these discrepancies between clay minerals
and gases are still unknown.

Since it is a challenging work to understand these microscopic
mechanisms by experimental tests, recently lots of scholars
attempted to determine CH4/CO2 adsorption behaviors using
computational molecular simulation method at microscopic level,
including both molecular dynamic (MD) and Grand Canonical
Monte Carlo (GCMC) simulation. Prior researches mainly
focused on sorbents (CH4 and CO2) on single material surface,
such as activated-carbon material (Tenney and Lastoskie, 2006;

Liu and Wilcox, 2012; Song et al., 2018), coal (Han et al., 2017;
Lu et al., 2023), kerogen (Collell et al., 2014; Michalec and Lísal,
2016; Huang et al., 2018; Pang et al., 2019), illite (Zhang et al., 2016;
Chong andMyshakin, 2018), montmorillonite (Yang et al., 2015; Hu
et al., 2018; Wang and Huang, 2019), kaolinite (Zhang et al., 2018;
Zhou et al., 2019), calcite (Sun et al., 2017; Cui et al., 2022). Song
et al. (2018) performed GCMC simulation to study the influence of
pore morphology and structure on the adsorption capacity of CH4,
they found that different pore morphology characteristics exhibit
diverse adsorption density and excess adsorption isotherm. Huang
et al. (2018) used GCMC method to evaluate the effect of moisture
and kerogen maturity on adsorption behavior of CH4, and their
results revealed that the adsorption capacity of CH4 enhances with
increasing kerogen maturity while weakens with the increase of
water content. Sun et al. (2017) concluded that compared with
graphene surface, the interactions between calcite surface and CO2

are much more stronger, which may be caused by the charge
properties of calcite surface. Jin and Firoozabadi (2014) believed
that the chemical heterogeneity of montmorillonite affects the
adsorption mechanisms of gases, and the cation exchange in clay
crystals can obviously increase the adsorption of CO2 molecules at
low pressure. Wang et al. (2018) studied the competitive adsorption
mechanisms of binary gas mixtures in kerogen. It is observed that
due to the strong affinity of oxygen-containing functional groups in
kerogen for CO2, kerogen pores exhibit preferential adsorption of
CO2 compared to CH4.The above literatures provide instructional
significance for the study of gases adsorption mechanisms in
nanopores, however, as mentioned before, due to the chemical
heterogeneity and complex structural properties of various clay
crystals, these microscopic adsorption mechanisms of both pure
CH4/CO2 and their binary mixtures in different clay minerals have
not been systematically compared and analyzed.

In this work, three slit-like clay mineral models, including
montmorillonite, illite as well as kaolinite, with different sizes (1,
2, and 4 nm) were established based on the pore morphology
characteristics of clay minerals in shale. Then the GCMC
simulation was conducted to evaluate the adsorption behaviors of
pure CO2 and CH4 as well as their mixtures within the typical clay
minerals in-depth. The results achieved from this paper can enrich
the theoretical knowledge of microscopic adsorption interactions
between clay minerals and CH4/CO2 within shale nanopore system,
providing meaningful guidance for CS-EGR project.

2 Models and methodology

2.1 Models

The simulation system is composed of adsorbate including
methane, carbon dioxide and adsorbent, such as montmorillonite,
illite, as well as kaolinite. The montmorillonite model adopted in our
simulation is sodium-saturated Wyoming-type montmorillonite
with the unit cell chemical formula of Na0.75 [Si7.75Al0.25]
(Al3.5Mg0.5)O20(OH)4, comprising typical tetrahedral-octahedral-
tetrahedral (TOT) layers (Skipper et al., 1991). On the basis of
the formula, one Si4+ is substituted by Al3+ every 32 Si4+ in the
tetrahedral sheet, while one Al3+ is substituted by Mg2+ every 8 Al3+

in the octahedral sheet. And the interlayer Na+ can be used to
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equilibrium negative charge caused by these isomorphic
substitution. Illite is also a typical 2:1 clay mineral, and the
structure parameters of illite unit used in this work are
established by Drits et al. (2010), with the chemical formula of
KAl4(Si7Al)O20(OH)4. Isomorphic substitutions are achieved by
substituting Si4+ by Al3+ every 8 Si4+, and the interlayer K+ is
used to balance the negative layer charge. Kaolinite is composed
of alumina octahedral and silica tetrahedron, showing typical
characteristics of 1:1 clay mineral, with the composition of
Si4Al4O10(OH)8. The structure parameters of the kaolinite unit
are determined by Bish and Von Dreele (1989). The simulation
box contains two layers of the clay sheets with different basal
spacings (1nm, 2nm and 4 nm) in between, forming slit-like pore
structure.

2.2 Force field

The ClayFF force field, based on precise representation of the
metal-oxygen interactions between hydrated crystalline compounds
and aqueous solutions (Cygan et al., 2004), is selected for the clay
minerals. The potential model taken for the CO2 molecule is from
the study of Cygan et al. (2012). This potential model can not only
better reproduce the physicochemical properties of CO2, but also
accurately describe the interaction between CO2 and silicate
minerals. The charge of carbon and oxygen atom in CO2

molecule is +0.6512e and −0.3256e, respectively. Furthermore,
the potential model adopted for CH4 molecule is obtained from
the TraPPE force field, which is created to describe thermodynamic
characteristics of alkane (Martin and Siepmann, 1998). The
hydrogen and carbon atom in CH4 molecule are treated as a
united atom without charge.

2.3 Simulation detail

The adsorption characteristics of pure CO2 and CH4 as well as
their mixtures in slit-like pores of clayminerals are determined using
the GCMC method. Generally, the GCMC simulation is conducted
in the μVT ensemble, in which the system temperature T, system
volume V and chemical potential μ and are fixed as constant. Note
that the chemical potential μ is related to the fugacity, and the value
of fugacity is achieved by Peng-Robinson equation of state (Peng
and Robinson, 1976). In this work, the simulation temperature is set
to 313 K and pressures up to 23 MPa. The van der Waals force
interaction in the simulation is calculated by atom based method,
and the Coulombic interaction is obtained by Ewald and Group
method. During each simulation, a total of 2×107 cycles are
conducted, wherein the first 1×107 cycles are performed to
guarantee equilibrium and the remaining cycles are for statistical
adsorption amount. According to previous research of Rani et al.
(2019) and Aringhieri (2004), the development of micropores and
small mesopores in the internal crystal layer of clay minerals is one
of the major contributors to the surface area of shale and plays
critical role in the occurrence of gases. Thus, the basal spacings of
1nm, 2nm and 4 nm are adopted to discuss the effect of pore size on
the adsorption behaviors of gases. In this work, the cations and the
clay sheets in the models are treated as rigid to simplify the

simulation. Furthermore, periodic boundary conditions are
applied to mimic crystalline periodicity.

In general, the adsorption amount achieved directly by
experimental measurement is the excess adsorption amount,
while it is worthy noting that the output of GCMC adsorption
denotes the total loading number of molecules known as total
adsorption amount. According to relevant literature (Rouquerol
et al., 1999), the excess adsorption amount is defined as the product
of adsorbed volume with the difference of adsorbed density and bulk
density. Therefore, during the simulation, the excess adsorption
amount per surface area of the adsorbent could be achieved by the
Eq 1 (Pang et al., 2019).

nex � nt
NA

− ρb × Vf

Mad
( )/Sa (1)

where nex represents the excess adsorption amount, NA means the
Avogadro constant with the value of 6.02 × 1023mol-1, nt denotes the
total loading number of the adsorbate, and the Mad refers to the
mole mass of adsorbate. The bulk density ρb at different simulation
conditions is from the National Institute of Standards and
Technology (NIST) Chemistry WebBook, while the free volume
Vf and surface area Sa of the slitlike nanopore in the clay mineral
models are achieved by the “Connolly surface” method using
corresponding gas molecules. In this work, the excess adsorption
isotherms obtained from the simulation are described by the
Dubinin-Radushkevich-based model, which has been widely
applied to study the CH4 and CO2 adsorption behaviors in coal
and shales as shown in Eq 2(Dubinin, 1960; Sakurovs et al., 2007;
Ozdemir, 2016):

nex � n0 1 − ρb
ρa

( ) exp −D ln
ρa
ρb

( )[ ]
m

{ } + kρb 1 − ρb
ρa

( ) (2)

where n0 denotes the adsorption capacity of gases, ρb and ρa means
the bulk density and adsorbed density, respectively. D represents a
constant value associated with the affinity of adsorbate, k is the
interaction coefficient between adsorbate and adsorbent, m is a
constant, generally taking an integer in the range of 1–6. When m =
2, it is the modified supercritical DRk model established by Sakurovs
et al. (2007).

3 Results and discussion

3.1 Model validation

The reasonability of these clay mineral models as well as the
accuracy of simulation method need to be verified by comparing the
simulation amount with experimental results. In general, the excess
adsorption isotherms obtained by GCMCmethod are normalized by
surface area of the basal spacing to unify the same comparison
standard with the experimental measurement (Chen et al., 2017).
Figure 1 shows excess adsorption isotherms of pure CH4 and CO2 on
illite calculated in this work and relevant experimental data
documented by previous literatures (Heller and Zoback, 2014;
Jeon et al., 2014). It is observed that these excess adsorption
isotherms obtained from experimental test and simulation are in
the same order of magnitude and exhibit good consistency.
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Meanwhile, it should be noted that the slight deviation between the
simulated and experimental isotherms is a normal phenomenon,
because the clay crystals used in the simulation are ideal models,
which may deviate from the minerals in the actual experiment.
Besides, the pore size used for each adsorption simulation is a fixed
value, while the pores in natural clay minerals are featured by multi-
scale characteristics. In addition, the values of surface area used in
the experimental tests were obtained from low-pressure N2

adsorption method, which cannot reflect the characteristics of
micropores. Overall, the simulation results are acceptable, and
these clay mineral models and GCMC method can be applied to
further investigate the interactions between gases and clay minerals.

3.2 Adsorption behavior of pure CH4

Figure 2 depicts the adsorption isotherms as well as the fitting
curves of CH4 using DR-based model in clay minerals with varying
pore sizes (1nm, 2nm and 4 nm) at 313 K. It is observed that the
shape of the adsorption curves can be classified as Type-I according
to the classification of Aranovich and Donohue (1998), reflecting the
characteristic of microporous adsorbent. The total adsorption
isotherms of CH4 in different clay minerals display a similar
variation tendency, that is, the total adsorption amount of CH4

gradually increases with the increase of pressure and pore size. This
is because limited storage space of smaller pores is not conducive to
the occurrence of gas, and a larger pore diameter can provide more
space for the loading of molecules. The excess isotherms
demonstrate a maximum with increasing pressure, showing
typical characteristic of high-pressure adsorption (Zhou et al.,
2018). However, it should be noted that the increase of total
adsorption amount is not entirely from the contribution of
adsorbed molecules. According to the fitting results of DR-based
model as shown in Table 1, the increase of pore size will lead to the
continuous decrease of CH4 adsorption capacity and the adsorbed
phase density in various clay minerals, which may be due to the

decrease of the coupling surface-gas interaction from the two sides
of the walls as basal spacing increases from 1 nm to 4 nm.

On the other hand, it is found that the maximum CH4 adsorption
capacity of kaolinite is larger than that of illite andmontmorillonite under
the same pore size. This is an interesting phenomenon. As a non-polar
molecule, the interactions between clay minerals and CH4 are dominated
by van der Waals force (Wang and Huang, 2019). Different from
montmorillonite and illite crytals, the surface of kaolinite model used
in this work contains a large number of hydroxyl groups, which may
strengthen the interaction mechanism of CH4 with kaolinite. Similar
observations have been noticed by previous literature (Liu and Hou,
2020). In order to gain insights into these different adsorption behaviors
of CH4 in clay minerals, the isosteric adsorption heat of CH4 in
montmorillonite, illite and kaolinite under 20MPa is quantitatively
evaluated by Eq 3(Fokion and (3Alan) L, 1991):

Qst � RT + μintra〈N〉 − 〈E〉 (3)
where the Qst denotes the isosteric adsorption heat between
adsorbent and adsorbate, T is the temperature in the system, R is
the universal gas constant, μintra represents intramolecular chemical
potential, 〈N〉 and 〈E〉 denote the ensemble averaged molecular
number of sorbate and total energy, respectively. Figure 3 illustrates
that the value of isosteric adsorption heat between kaolinite and CH4

is larger than that betweenmontmorillonite, illite and CH4 under the
same basal spacing, demonstrating that the interaction between
kaolinite and CH4 is stronger. Furthermore, the adsorption heat
gradually decreases with the increase of pore size, resulting from the
decrease in overlapping effect of the two walls, which is consistent
with the decreasing trend of the maximum adsorption capacity
of CH4.

3.3 Adsorption behavior of pure CO2

A comparison of CO2 isotherms in three clay minerals with
different basal spacings is illustrated in Figure 4 as a function of

FIGURE 1
Comparison of the experimental and simulated isotherms of CH4 (A) and CO2 (B) on illite.
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pressure. Interestingly, similar Type-I shape presented in CH4

isotherm is also observed in CO2 adsorption curves. The
variation in CO2 adsorption amount of the different clay crystals

exhibits a similar pattern. It is clearly seen that the loading number
of CO2 molecules obviously increase with increasing pressure. For
the nanopores with 1 nm or 2 nm basal spacing, the adsorption

FIGURE 2
Adsorption isotherms as well as the fitting curves of CH4 in three clay minerals with different basal spacings.

TABLE 1 The fitting results of CH4 excess isotherms by the DR-based model.

Clay mineral Adsorbate Basal spacing (nm) Maximum adsorption capacity (cm3/m2) Adsorbed density (g/cm3)

Montmorillonite CH4

1 0.069 0.423

2 0.053 0.361

4 0.040 0.163

Illite CH4

1 0.073 0.423

2 0.048 0.369

4 0.036 0.176

Kaolinite CH4

1 0.093 0.423

2 0.075 0.291

4 0.055 0.152
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amount of CO2 is more easily to approach saturation as the
adsorption pressure increases from 1 MPa to 9 MPa. In addition,
it appears that the pore size of the clay crystals plays a more complex
role in CO2 adsorption behavior. A careful analysis of Figure 4
further demonstrates that in low pressure range the total adsorption
amount of CO2 in micropore (1 nm) is larger than that in mesopore
(2nm and 4 nm), whichmay result from the overlapping effect of the
stronger interactions between CO2 and the cation exchange near the
two clay planes. This phenomenon is not unusual and similar
observation has been reported by Yang et al. (2015). Moreover, it
is also seen from Figure 4 that the CO2 excess adsorption amount
first reaches a maximum at around 10–15 MPa, and then decreases
with the increase of pressure, even becomes negative at higher
pressures. The nonmonotonic behavior of CO2 excess isotherm
with maximum has been widely observed on various adsorbents
by both simulation and experiment (Pini et al., 2010; Liu and
Wilcox, 2012; De Silva and Ranjith, 2014; Merey and Sinayuc, 2016).

Table 2 gives the maximumCO2 adsorption capacity of the three
clay minerals with different basal spacings. It appears that the
interaction mechanisms between CO2 and clay minerals are more
complicated compared with CH4. As can be seen from Figure 4;
Table 2 that the sequence in maximum CO2 adsorption capacity
obtained by the DR-based model is in the order of
montmorillonite > illite > kaolinite. Interestingly, kaolinite shows
the smallest adsorption capacity to CO2 while the highest adsorption
capacity to CH4. In addition, in contrast to CH4, the maximum CO2

adsorption capacity of the clay minerals does not decrease
continuously with the increase of pore size. As seen from
Table 2, as pore size increases from 1 nm to 2nm, the maximum
CO2 adsorption capacity of montmorillonite, illite and kaolinite
increases from 0.276 cm3/m2, 0.211 cm3/m2 and 0.179 cm3/m2 to
0.374 cm3/m2, 0.304 cm3/m2 and 0.248 cm3/m2, respectively.
However, when the basal spacing further increases to 4 nm, the
maximum CO2 adsorption capacity of the clay crystals all show an
obvious decreasing trend, indicating that the optimal storage space
of CO2 in clay minerals may be around 2 nm.

The effect of crystal types on CO2 adsorption behaviors and the
variation of the maximum CO2 adsorption capacity with varying
pore sizes are related to the characteristics of CO2 and different
crystal structures. CO2 is a polar molecule with strong quadrupole
moment (Jin and Firoozabadi, 2013; Deng et al., 2023). During the
process of CO2 adsorption, in addition to van der Waals interaction
energy, the electrostatic energy between clay minerals and CO2 also
plays a key role. Figure 5 displays the contribution of different forces
in interaction energy between the 2-nm clay minerals and CO2

molecules under 20 MPa. As illustrated in Figure 5, both
electrostatic energy and van der Waals energy contribute to the
interaction energy. For montmorillonite and illite with cation
exchange, the electrostatic energy contributes almost half of the
total energy. Therefore, the limited pore volume of smaller pore
(such as 1 nm) may limit the effect of strong electrostatic adsorption
energy induced by CO2 and charged clay crystals. As the basal
spacing increases to 2 nm, the CO2 adsorption capacity is further
enhanced due to enough space, while when the pore size
continuously increases to 4 nm, the larger width will weaken the
overlapping effect of the two mineral surfaces, leading to the
reduction of the adsorption capacity.

Furthermore, the stronger electrostatic interaction induced by
CO2 and the cation exchange in illite and montmorillonite can
significantly promote the adsorption behavior of CO2, especially at
lower pressure. It is also seen from Figure 4 that compared with
kaolinite, the total adsorption amount of CO2 on montmorillonite
and illite is obviously enhanced in 1~3 MPa pressure range due to
the interlayer cations. These interlayer cations can also greatly effect
the morphology of CO2 in the nanopore. Figure 6 presents the
adsorption configuration of CO2 molecules in 2-nm crystal pores at
20 MPa. It is found that in the montmorillonite model, the CO2

molecules near the mineral surface are concentrated around Na+

cations. The distribution pattern of CO2 molecules in illite is similar
to that of CO2 molecules in montmorillonite, in which the CO2

molecules close to the walls of the crystal are oriented toward K+

cations. However, different from illite and montmorillonite, the CO2

FIGURE 3
Isosteric adsorption heat of CH4 in three clay minerals with different basal spacings.
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FIGURE 4
Adsorption isotherms as well as the fitting curves of CO2 in three clay minerals with different basal spacings.

TABLE 2 The fitting results of CO2 excess isotherms by the DR-based model.

Clay mineral Adsorbate Basal spacing (nm) Maximum adsorption capacity (cm3/m2) Adsorbed density (g/cm3)

Montmorillonite CO2

1 0.276 1.735

2 0.374 1.544

4 0.307 0.527

Illite CO2

1 0.211 1.562

2 0.304 1.456

4 0.273 0.425

Kaolinite CO2

1 0.179 0.836

2 0.248 0.504

4 0.213 0.254
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molecules in kaolinite close to the model surface are almost parallel
to the crystal sheets, showing an orientation preference. In addition,
hydrogen bonds are observed between some CO2 molecules and the
hydroxyl groups in kaolinite crystal model.

Based on the results in Tables 1, 2, the ratio of maximum
adsorption capacity of pure CO2 to CH4 in different clay minerals is

further compared and analyzed as illustrated in Figure 7. Obviously,
the maximum adsorption capacity of CO2 in different pore sizes of
various clay minerals is always larger than that of CH4. From the
perspective of CS-EGR project, this conclusion is quite favourable.
Specifically, the CO2 adsorption capacity of clay minerals is almost
2–8 times than that of CH4, and among these clay minerals the

FIGURE 5
The proportion of electrostatic and van der Waals energy in the interaction energy between 2-nm clay minerals and CO2 under 20 MPa.

FIGURE 6
Snapshots of configurations of CO2 molecules in different clay minerals.
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montmorillonite shows the best performance of preferential
adsorption capacity, followed by illite and kaolinite. This
conclusion is in line with previous experimental measurements
(Kang et al., 2011; Heller and Zoback, 2014). According to the
research by Heller and Zoback (2014) and Kang et al. (2011), for
pure gases, the maximum adsorption capacity of CO2 is almost
2–10 times greater than that of CH4 in shale samples. Moreover, an
in-depth analysis from Figure 7 reveals that the preferential CO2

adsorption capacity of the clay crystals is further enhanced due to
the increase of basal spacing, while the extent of improvement under
different pore sizes exists discrepancies. For example, it is interesting
to note that the adsorption capacity ratio of CO2 to CH4 shows an
obvious improvement from 4.0 to 7.0 as the basal spacing rises from
1 to 2 nm, while the ratio slowly increases to 7.6 when the pore size
further reaches to 4nm, implying that it is favorable for CO2 to
replace CH4 molecules in smaller mesopore.

3.4 Adsorption behavior of CO2/CH4 binary
mixtures

The GCMC simulation is also applied to further determine
competitive adsorption behaviors of CO2/CH4 binary mixtures.
Considering the differences in chemical and physical properties
of the different clay minerals, the montmorillonite and kaolinite
crystals are selected to compare the competitive adsorption
mechanisms of the binary gas mixtures with and without the
effect of cation exchange. Figure 8 shows the adsorption
isotherms of gas mixtures (50.0 mol%:50.0 mol%) in 2-nm
montmorillonite and kaolinite nanopore with increasing pressure.
It is found that for montmorillonite the CO2 isotherm shows a steep
rise in low pressure range before approaching saturation, while a
relatively slow rising trend is observed in the CO2 isotherm for
kaolinite at low pressure. Comparatively, CH4 isotherms of both
montmorillonite and kaolinite exhibit a gradual increase tendency

with increasing loading. These different behaviors of isotherms are
in accord with the performance of pure CH4 and CO2 in
corresponding clay mineral. Furthermore, the adsorption amount
of CO2 in both kaolinite and montmorillonite is obviously higher
than that of CH4 in the whole adsorption pressure range, which is
related to the interaction of charged clay structures and CO2

molecules, especially the stronger electrostatic interaction induced
by CO2 and Na

+ cations in montmorillonite. Such a large contrast in
CO2 and CH4 adsorption amount is further favourable to implement
the CS-EGR project. Moreover, in order to quantitatively study the
selective adsorption capacity of binary gas mixtures in clay minerals,
the adsorption selectivity SCO2/CH4 is calculated based on the Eq. 4 as
follows (Liu and Hou, 2020):

SCO2/CH4 �
xco2/xCH4

yCO2/yCH4

(4)

where xi is the molar fractions of component i in the clay pores, yi is
the molar fractions of component i in the bulk gas reservoir. Figure 9
depicts the adsorption selectivity of CO2/CH4 mixtures in 2-nm
montmorillonite and kaolinite pores as a function of pressure.
Notably, the values of adsorption selectivity in both
montmorillonite and kaonilite are always much larger than one
over the whole pressure range, confirming that the clay minerals
have a stronger affinity for CO2. Moreover, the montmorillonite
exhibits larger selectivity than kaolinite under the same adsorption
pressure, implying that montmorillonite can store more CO2 with
more CH4 being recovered compared with kaolinate at the same
condition. Similar results have been found by Liu and Hou (2020). It
is observed from Figure 9 that the selectivity of CH4/CO2 in
montmorillonite reduces sharply as the pressure increases from
0 MPa to 5 MPa, and then decreases slowly with further increase of
pressure. It appears that for shale gas reservoirs rich in
montmorillonite, lower pressure conditions are more favorable
for CO2 to replace CH4. In other words, the depleted
montmorillonite-rich formations are the best candidate for the

FIGURE 7
The ratio of maximun adsorption capacity of CO2 to CH4 in three clay minerals with different basal spacings.
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FIGURE 8
Adsorption isotherms of CO2/CH4 mixtures in 2-nm montmorillonite (A) and kaolinite (B) nanopore.

FIGURE 9
Adsorption selectivity of CO2/CH4 in 2-nm montmorillonite (A) and kaolinite (B) nanopore.

FIGURE 10
Snapshots of configurations of CO2/CH4 mixtures in 2-nm montmorillonite nanopore under different pressures.
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implementation of CS-EGR. However, the selectivity of CH4/CO2 in
kaolinite presents a slight fluctuation trend with increasing pressure,
indicating that for kaolinite-rich reserviors the influence of pressure
on the competitive adsorption behavior of CO2/CH4 mixtures is
relatively insignificant.

Figures 10, 11 show the configuration snapshots of CO2/CH4

mixtures in the 2-nm montmorillonite and kaolinite nanopores,
respectively. Interestingly, it is observed from Figure 10 that the
CO2 molecules preferentially occupy the adsorption sites near Na+

at lower coverage, forcing CH4 molecules away from the wall surface.
As a consequence, almost few CH4 molecules can be found near the
cation exchange, and the existing CH4 molecules are randomly
dispersed in the pore space. With increasing coverage, CO2

molecules start to adsorb in the area away from the walls and
coexist with small amount of CH4 molecules. Finally, the CH4

molecules are aggregated in the center of pore because of the
extrusion effect of CO2 molecules as the adsorption pressure
increases to 20MPa. On the other hand, although CO2 molecules
holdmost of the adsorption sites in kaolinite surface, a small amount of
CH4 molecules can still adsorb near the crystal walls under different
adsorption pressures as shown in Figure 11, indicating that kaolinite
can provide a small amount of adsorption sites for CH4 during the
competitive adsorption process. With increasing loading, both CH4

and CO2 molecules gradually increase in proportion and distribute
irregularly in the pore space. These changes in Figure 10 and Figure 11
can clearly reveal the essence for the differentially preferential
adsorption amount of CO2 over CH4 inmontmorillonite and kaolinite.

4 Conclusion

The adsorption behaviors of pure CH4/CO2 and their binary
mixtures on typical clay minerals are comprehensively determined
using GCMC simulation. The influence of pore size and types of clay
crystals on adsorption isotherms and maximum adsorption capacity
are discussed. In addition, the differences in adsorption mechanisms
between CO2 and CH4 on clay minerals are investigated from the

perspectives of isosteric heat and configurations of adsorbed
molecules. The major findings are summarized as follows:

(1) The adsorption isotherms of both CO2 and CH4 in clay
nanopores are belong to Type-I, reflecting the characteristics
of microporous adsorbents. For pure gas adsorption, the
maximum adsorption capacity of CO2 and CH4 on different
clay minerals varies significantly due to the discrepancies in the
chemical and physical properties of adsorbate molecules as well
as the crystal structures. The montmorillonite exhibits the
highest adsorption capacity for CO2, followed by illite and
kaolinite, while the sequence in adsorption capacity of CH4

is predicted in the order of kaolinite > montmorillonite > illite.
(2) The pore size plays an important role in the maximum adsorption

capacity of CH4 and CO2. Specifically, the maximum adsorption
capacity of CH4 decreases with the increase of pore size, which is
related to the decrease of overlapping effect caused by the two
surfaces of clay crystals. Nevertheless, the clay pores with 2-nm
basal spacing demonstrate the highest adsorption capacity for CO2.
It is inferred that smaller pore space may limit the effect of strong
electronic interactions between CO2 and charged clay structure.

(3) During the binary-component gas adsorption, the selectivity of
CH4/CO2 molecules in montmorillonite and kaolinite shows
various performances as the adsorption pressure increases, with
the selectivity in montmorillonite being larger, especially at low
pressure, which implies that the delepetd montmorillonite-
domanited formations are the best candidate for the
implementation of CS-EGR. The cation exchange significantly
enhances the electrostatic interactcion with CO2 molecules,
leading to a higher loading of CO2 as well as the larger selectivity.
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