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ABSTRACT: The presence of water in narrow pore spaces affects
the occurrence and flow of methane, which in turn affects shale gas
production. Therefore, studying the occurrence and distribution
characteristics of water is of great significance to predict gas
production. Based on molecular dynamics simulations, this study
investigated the occurrence characteristics and influencing
variables of liquid water in kaolinite nanopores in situ. Owing to
its widespread distribution, kaolinite is the most prevalent clay
mineral with two surfaces with different characteristics. Three
systems of pure water, a CaCl2 solution, and a H2O/CH4 mixed
phase were created at varied temperatures (80−120 °C) and
pressures (70−120 MPa). The presence of gas and water in the nanopores was investigated thoroughly. The results showed that the
adsorption of water on the Al−O octahedral surface of kaolinite was not affected by external conditions under in situ conditions,
whereas the adsorption of water on the Si−O tetrahedral surface decreased with increasing temperature, but the change was small.
When ions were present in the system, the water capacity decreased. Based on the aforementioned results, external conditions, such
as temperature and pressure do not affect the basic state of water. However, if there are more than two fluid types in the system, the
adsorption of water on the mineral surface is reduced owing to competitive adsorption. In addition, a CH4−H2O mixed system was
simulated, in which methane molecules were distributed in clusters. There are two types of adsorptions in pores: gas−solid
interactions and solid−liquid−gas interactions. CH4 molecules are thought to be clustered in water molecules because of the strong
hydrogen bonding interactions among the water.

1. INTRODUCTION
With progress in exploration technology and the gradual
breakthrough of targeted theories, the exploration and
development of unconventional oil and gas in China have
made significant progress.1−4 Shale gas is one of the hot spots
at the forefront of oil and gas research and exploration, and the
related study is mainly focused on the marine shale of the
Lower Silurian Longmaxi Formation in the Sichuan Basin,
China.5−9 However, marine shale in southern China has a
complex water-bearing condition, which results in two main
aspects of reservoir water: (1) in situ, there is widespread water
in shale reservoirs,10−12 and (2) hydraulic fracturing
technology has become an indispensable tool in shale gas
development. Fracturing fluid retention also results in shale gas
reservoirs containing a certain amount of water.13−16

According to previous studies, the water saturation of the
marine shale in southern China ranges from 30 to 95%.17

Combined with the production data, it was found that there
was a negative correlation between the water content and gas
content.17,18 The presence of water in a formation is an
important factor affecting the production of shale gas.
How does formation water affect shale gas exploitation?

Several experimental studies have been conducted on this

topic. Gasparik et al.19,20 found that the methane adsorption
capacity of wet shale was approximately 40−90% lower than
that of dry shale. Han et al.21 experimentally found that the
higher the water content of shale, the lower its methane
adsorption capacity. Some scholars studied the water vapor
adsorption law by water vapor adsorption experiments under
different temperature and pressure conditions, and established
adsorption models.22−25 Previous experiments on water vapor
adsorption have emphasized the influence of water vapor on
shale gas adsorption and fluid flow capacity.22−28 However, it is
controversial whether water is gaseous under formation
conditions, and some studies have shown that the water
phase is liquid under high-temperature and high-pressure
conditions at certain burial depths.29 In the liquid state,
intermolecular forces exist between the water molecules,
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including van der Waals forces and hydrogen bonding. Owing
to hydrogen bonding, water molecules may link to form
molecular associations, whereas gaseous water molecules do
not exist.30 Therefore, the distribution characteristics of water
obtained from the water vapor adsorption experiments are
quite different from those of liquid water. It is important to
study the occurrence and distribution characteristics of liquid
water, which are of great significance for predicting reservoir
capacity and gas production.
In addition, some scholars have studied the occurrence of

methane and water in pores. In shale reservoirs, water is
primarily stored in clay minerals rather than organic
minerals.31−34 Moreover, clay minerals play an important
role in CH4 adsorption.35−37 Therefore, studying the
interactions between clay minerals and water is crucial.
Zolfaghari et al.38 suggested that the composition of clay
minerals in shale directly determines the strength of the water
adsorption capacity. Wang et al.39 found that the clay mineral
content of clay-rich shale has an important influence on CH4
adsorption. Some scholars have concluded that the adsorption
of CH4 by clay minerals in shale cannot be neglected, and the
adsorption ratio can be as high as 44.12%, especially in shales
with low organic content, where the adsorption of clay
minerals plays a cardinal role. Under experimental conditions,
the influence of the clay mineral type on the CH4 adsorption
capacity was in the following order: montmorillonite >
kaolinite > illite.27,35,40 Kaolinite is one of the most common
components of clay minerals and has an octahedral structure
with 1:1 structural unit layers.41,42 The Si−O tetrahedral and
Al−O octahedral surfaces of the kaolinite layers have different
hydrophilicity and hydrophobicity. Therefore, it is important
to understand the behavior of water in kaolinite pores to study
clay mineral−water interaction systems.43
However, it is difficult to understand the microscopic

interaction characteristics of water in clay minerals through
experimental studies of the distribution characteristics of water
in clay minerals and the competitive adsorption of gaseous
water. Recently, molecular dynamics (MD) simulations have
been widely used in shale reservoir research. Using MD
simulations, some researchers have investigated the wettability
of mineral and organic surfaces.44−46 Chen et al.47 investigated
the shale gas adsorption capacity. Xiong et al.48−50 investigated
the adsorption of polycyclic aromatic compounds on silica
surfaces and the synergistic adsorption of polyaromatic
compounds. Wang et al.51 investigated the competitive
adsorption of methane and ethane on nanopores under

supercritical conditions. In addition, some researchers used
MD simulations to study the characteristics of fluids in clay
minerals. Xiong et al.52 studied the adsorption behavior of
methane on kaolinite and investigated the effect of water
content on the adsorption of CH4. Zhang et al.

53 studied the
effect of dry and wet kaolinite (1−5%) on the adsorption
capacity of CH4, and the results were consistent with those of
Xiong et al.52 Leebyn and Evgeniy54 investigated the
adsorption of CO2, CH4, K+, and H2O mixed-phase hybrid
systems on the surface of illite and found that water molecules
preferentially adsorbed on the clay surface, forming a water
film, and limiting the access of CO2 and CH4 to the adsorption
sites. Some researchers have explored the effect of water
content on hydrocarbon occurrence under different conditions,
and the results are consistent with those of previous
studies.37,44,51,54

The study of fluids in clay minerals mainly focuses on
hydrocarbons. The study of water mainly focuses on the effect
of water content on the occurrence of hydrocarbons; the
temperature is up to 80 °C and the pressure does not exceed
70 MPa. Studies on the occurrence of liquid water at high
temperatures and pressures are lacking.
In this study, MD simulations were used to study the

occurrence characteristics of liquid water in kaolinite nano-
pores under high-temperature (80−120 °C) and high-pressure
(70−120 MPa) conditions. The effects of temperature,
pressure, and mineralization (anions and cations) on the
presence of water in kaolinite nanopores were explored
separately to understand the competitive adsorption character-
istics of methane and water.

2. METHODOLOGY
2.1. Molecular Models. In this study, the MD simulation

method, which is a computer-implemented simulation experi-
ment at the molecular scale, was applied. This method employs
classical mechanics or quantum mechanics methods to obtain
the macroscopic properties and fundamental laws of a system
by studying the laws of motion of microscopic molecules.55−57

In this study, all MD simulations were implemented using
Gromacs-2019.6. and molecular visualization software using
VMD-1.9.3.
This study used the all-atom model, which has the advantage

that its simulations of ionic and liquid systems are very close to
the actual characterization results (atomic force microscope
(AFM), neutron scattering, etc.).58 In this study, kaolinite,
water molecules, methane molecules, Ca2+ ions, and Cl− ions

Figure 1. Initial conformation diagram of (a) kaolinite supercell structure, (b) water molecules, methane molecules, Ca2+, and Cl−.
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were used and their initial configurations are shown in Figure
1. The initial kaolinite cell configuration was obtained from the
American Crystal Structure database. The basal area of the
kaolinite cell built in the simulation was 62.594 Å × 61.848 Å
(X × Y) with a height (Z) of 19.173 Å.
The two exposed planes in the Z-direction of kaolinite are

the hydrophilic surface of hydroxylation and the lipophilic
surface of siloxane. During the simulation, to better understand
the characteristics of water occurrence in kaolinite, surfaces of
different natures were selected on both sides of the pores. A
vacuum layer was established in the middle to build a slit-like
kaolinite pore structure, and periodic boundaries were added
in the X−Y direction of kaolinite cells to eliminate the surface
or boundary effects. The water molecular model adopts SPC/
E, which can better simulate the properties of a liquid water
system. The methane molecule bond length was 1.099 Å and
the bond angle was 109.471 Å.59

2.2. Force Field. The molecular force field is a set of
potential functions that describes the interactions of molecular
systems. The accuracy of MD simulations depends on the force
field and selection of force parameters.56,57 In this study, the
CLAYFF force field, optimized specifically for clay minerals,
was used for kaolinite, and the CHARMM36 force field was
used for the internal fluid components. CHARMM36 is a high-
precision force field whose parameters are based on high-
precision quantum mechanical calculations, and it is a force
field that allows atomic-scale simulation studies of condensed
systems. The optimization of this force field is more conducive
in achieving good agreement with experimental data. It is
available for studying systems that include all common
inorganic and organic small molecules, polymers, metals, and
metal oxides.60 The potential function of the force field mainly
includes bonded and nonbonded interactions. The simulated
system describes the interactions between different substances
through nonbonding interactions.
The bonded interaction potential energy is expressed as:

Ubonded bond length bend angle torsion= + + (1)

where Ubonded: the bonded interaction energy; νbond length: the
two-body potential energy resulting from bond length
deformation; νbend angle: the three-body potential energy
resulting from the angular vibrational motion between the
three atoms; νtorsion: the potential energy resulting from the
rotation around the bond.
The nonbonded interaction potential energy is expressed as

the sum of the Lennard-Jones61 and Coulomb’s electrostatic
potentials:62
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where, for each pair of ij atoms, ε refers to the potential well
depth (i.e., the region around the local minimum of the
potential energy); σ is the distance between the pair of atoms
where the potential energy is zero; rij is the distance between
the two ions; qi and qj are the electrostatic point charges of
particles i and j, respectively; ε0 is the dielectric constant in free
space.

2.3. Simulation Details. Three different systems were
established in this simulation: (I) a pure water system, (II) a
CaCl2 solution system, and(III) a H2O−CH4 mixed system.
First, an energy minimization calculation of the simulated
system was performed using the fastest descent method and a
conjugate gradient algorithm to obtain a stable initial
configuration by continuously adjusting the positions of the
atoms. We then ran an equilibrium simulation of the system;
the simulation duration was 5 ns and the simulation step size
was 1 fs. The final simulation was performed after the
equilibrium of the system was determined by the RMSD (Root
Mean Square Deviation which is the sum of the squares of
particle displacements followed by the square root, and finally
the mean value data under isothermal and isobaric conditions
were collected and analyzed).
Systems I and II isothermal and isobaric simulations were

carried out under an NPT ensemble (the total number of
particles (N), the pressure (P), and the temperature (T) of the
system are conserved): (1) isobaric simulation, with the
pressure set at 70 MPa and the temperature controlled at 80−
120 °C (simulation at 5 °C intervals); (2) isothermal
simulation, with the temperature controlled at 80 °C and the
pressure set at 70−120 MPa (simulation at 10 MPa intervals).
For system III, we used the NVT ensemble (the total

number of particles (N), the total volume (V), and the
temperature (T) of the system are fixed), and the temperature
was controlled at 80−120 °C (simulation at 10 °C intervals),
the equilibrium simulation was 5 ns, and the final simulation 5
ns was used for the statistical analysis of the simulation results.
During the simulation, the pressures were selected based on
the formation pressure statistics of marine shale gas wells in
southern China, as shown in Figure 2. Some scholars’ studies

also mentioned that, at present, in southern China marine
shale gas wells, the burial depth of the exploited formation
section is generally >3500 m, the pressure is generally >70
MPa, and the temperature is generally >80 °C. The
temperature−pressure settings in this paper restore the in
situ conditions.63−65

3. RESULTS AND DISCUSSION
This study focuses on the influence of temperature, pressure,
and other factors on the state of water occurrence in different
systems. In the simulation process, the authors neglected the

Figure 2. Statistical distribution of reservoir pressure in some marine
shale gas wells in southern China.
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unity of the slit pore diameter between different systems to
avoid doubts regarding this. Therefore, before discussing the
results, it is important to first confirm whether there is an effect
of pore size on the water occurrence state. By performing a
simulation of the slit pores of the pure water system with
widths of 5, 8, and 10 nm, we analyzed the statistical
adsorption data, and the results obtained are described in the
text that follows.
Fortunately, changes in pore size have little effect on the

state of water occurrence. Adsorption parameters (Table 1),
such as adsorption thickness, adsorption capacity per unit area,
and the average mass density of the waterbed phase, were only
slightly different. The following conclusions can also be drawn
from Figure 3 (in the following illustrations of the same type,
the Al−O surface is on the left, and the Si−O surface is on the
right). If statistical errors had been excluded, the results would
have been the same. Therefore, the change in the pore size did
not change the related water adsorption parameters. The
change in the absorption phase mass ratio occurred because
the larger the pore diameter, the more free water was
distributed within it, resulting in a reduction in the absorption
phase proportion.

3.1. Occurrence of the Pure Water System. To study
the effects of temperature and pressure on the occurrence of
water in kaolinite, isothermal and isobaric simulations were
conducted in 10 nm slit pores. Then, the distribution
characteristics of the water molecular density and RMSD
(Figures 4 and 5).

After the simulation, the RMSD of the H2O molecules
gradually stabilized with increasing simulation time, that is, the
system reached an equilibrium state. The RMSD is often used
in trajectory analysis to determine whether the system is in
equilibrium. Figure 5a shows that the RMSD of H2O decreased
with an increase in pressure. In contrast to the pressure, an
increase in temperature caused a gradual increase in the RMSD
of H2O, and the curve of the isobaric simulation showed a
larger variation than that of the isothermal simulation (Figure
5b). This phenomenon is thought to be due to an increase in
pressure, which leads to a decrease in the motility of H2O
molecules, while an increase in temperature leads to an
increase in the motility of H2O molecules.
Changes in molecular motility are important causes of

adsorption and desorption on mineral surfaces. Increased
motility increases the probability of free water molecules

Table 1. Statistical Results of Adsorption Parameters of Water with Different Pore Sizes

adsorption parameter adsorption peak

pore diameter

5 nm 8 nm 10 nm

Al−O octahedral surface adsorption thickness (nm) main peak 0.2836 0.2842 0.2835
secondary peak 0.3697 0.3797 0.3780

adsorption capacity per unit area (mg/m2) main peak 0.6273 0.6309 0.6312
secondary peak 0.6373 0.6309 0.6382

average mass density of adsorbed phase (kg/m3) main peak 0.7918 0.7924 0.7916
secondary peak 0.9689 0.9640 0.9595

absorption phase mass ratio (%) 13.0500 8.3900 6.7309
Si−O tetrahedral surface adsorption thickness (nm) main peak 0.4254 0.4264 0.4253

secondary peak 0.3276 0.3285 0.3315
adsorption capacity per unit area (mg/m2) main peak 0.6545 0.6569 0.6543

secondary peak 0.7312 0.7346 0.7275
average mass density of adsorbed phase (kg/m3) main peak 0.6920 0.6885 0.6926

secondary peak 0.9776 0.9758 0.9827
absorption phase mass ratio (%) 12.5293 8.1698 6.8630
total adsorption phase mass ratio (%) 25.5793 16.5598 13.5939

Figure 3. Adsorption density curves of water at different pore sizes.

Figure 4. Molecular conformation after the simulation equilibrium.
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hitting the adsorbed water molecules, which leads to the
desorption of water molecules with weak interactions with the
mineral surface and reduces the adsorption amount.
Corresponding to the density distribution of the water

molecules (Figure 6), the change in pressure had no effect on

the adsorption capacity of the water molecules on the kaolinite
surface. The mass density of water molecules at the center of
kaolinite slit pores (approximately 2.8−10.8 nm from the Al−
O octahedron) was essentially kept constant at 1000 kg/m3,
which is the density of water under standard conditions. The
adsorption peaks near both sides of the kaolinite surface were
considered adsorption states.
Isothermal simulation results (Figure 6): (1) The adsorption

thickness is essentially the same: (a) main peak 0.28 nm and
secondary peak 0.37 nm on the Al−O octahedron surface; (b)
main peak 0.42 nm and secondary peak 0.33 nm on the Si−O
tetrahedron surface. (2) The highest value of the adsorption
phase density curve was 2.09 g/cm3, and the total adsorption
phase mass ratio was approximately 13.31%.
The isobaric simulation results are shown in Table 2 and

Figure 7, which indicate that temperature has a greater effect
on the adsorption of water on kaolinite surfaces than pressure.
In addition to the difference in adsorption owing to the
motility of molecules, there was also a difference in the
adsorption of water molecules on surfaces of different nature,
which is due to the hydrogen bond interaction of water with
the Al−O octahedral surface and the van der Waals interaction
with the Si−O tetrahedral surface, where the hydrogen bond
interaction is stronger than the van der Waals interaction
forces.

In addition, the simulation also investigated the water
adsorption differences on kaolinite surfaces under normal
temperature and pressure conditions and high temperature and
pressure conditions. A comparison of the adsorption density
distribution of water at 25 °C (0.1 MPa) with that at 80 °C
(70 MPa) (Figure 8) showed that the adsorption peaks on the
surface of the Si−O tetrahedra overlapped, and the adsorption
peaks at room temperature were relatively higher; however, the
differences were small, which was consistent with the effect of
temperature on the adsorption of water on mineral surfaces.
Therefore, it is considered that normal temperature and
pressure can be used to study the occurrence of water in shale.

3.2. Occurrence of Water in the CaCl2 Solution
System. The pore water of marine shale in southern China
is mainly the CaCl2 type, followed by the NaHCO3 type.

66

Some scholars believe that the first stage mainly drains the
fracturing fluid and the later stage gradually excludes the
formation water.13 Thus, the adsorption of CaCl2 salt solution
on kaolinite was simulated to investigate the difference
between the occurrence of formation water and pure water
in kaolinite.
A 5 nm kaolinite slit pore was established, in which 100 Ca2+

and 200 Cl− were added (Figure 9a), corresponding to a
mineralization of 9130.6 mg/L. After the simulation, the
density distribution characteristics of the water molecules Ca2+
and Cl− were collected and analyzed.
The distribution of water molecules is the same as above,

and the thickness of H2O adsorption on the Al−O octahedron
is 0.28 nm for the main peak and 0.37 nm for the secondary
peak; the adsorption on the Si−O tetrahedron surface is 0.42
nm for the main peak and 0.33 nm for the secondary peak
(Figure 9b). The total adsorption phase mass ratio of H2O in
this system was 19.8%. Anions and cations in the system
aggregate on different surfaces. Cl− was partially adsorbed and
aggregated on the surface of the Al−O octahedron, while Ca2+
was partially adsorbed and aggregated on the surface of the Si−
O octahedron (Figure 9c,d).
A comparison of the density curves of water at different

temperatures and pressures (Figure 10a,b) showed that the
change of pressure in this system did not cause any change in
water adsorption on the kaolinite surface. However, an increase
in temperature decreased the water adsorption on the Si−O
surface and did not affect the Al−O surface. It is consistent
with the change in the pure water system.
A comparative analysis of the mass density curve of water in

the pure water system and the mass density curve of water in
the CaCl2 solution was carried out. The results showed that the
adsorption mass density of the Si−O tetrahedral surface of

Figure 5. RMSD plots of H2O molecules in isothermal (a) and isobaric (b) simulations.

Figure 6. Density distribution of H2O molecules in the isothermal
simulation.
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both overlapped, but the adsorption of pure water on the Al−
O octahedral surface was slightly greater than that of water in
the salt solution.

It is thought that the Cl− content in the salt solution is twice
that of Ca2+, and thus occupies more adsorption sites on the
Al−O octahedral surface, resulting in slightly lower adsorption
than that of pure water (Figure 10c,d). Therefore, solutions
with a certain degree of mineralization should be used in the
study of subsurface water conditions.

3.3. Occurrence of the H2O−CH4 System. The
occurrence in 8 and 5 nm kaolinite slit pores simulated
under the NVT system synthesis was examined. A H2O:CH4
ratio of 3:1 within a pore with a pore size of 8 nm
corresponded to a gas saturation of 25%, and a ratio of
H2O:CH4 of 11.6:1 in pores with a pore size of 5 nm
corresponded to a gas saturation of 8.6%. The random
distribution of water and methane molecules under initial
conditions (Figure 11a) was simulated at a temperature
controlled at 80−120 °C (simulation at 10 °C intervals).
After the simulation reached equilibrium, most methane

molecules were aggregated and adsorbed on the surface of the
Si−O tetrahedron in the system with a gas saturation of 25%,
but only a small number of methane molecules were free in
water owing to gas−solid interactions and hydrogen bond
interactions between water molecules (Figure 11b). Water
molecules still underwent two-layer adsorption on both
surfaces. However, owing to the presence of methane
molecules, the adsorption peak of water on the Si−O
tetrahedral surface and the density of free water were
significantly reduced, which is complementary to methane.
As the Al−O octahedral surface of kaolinite is hydrophilic,

only a small degree of CH4 adsorption occurs. As can be seen
in Figure 11b,c, its adsorption position is consistent with that
of the second layer of adsorbed water (circled by the black
dotted line in the figure). Also, in Figure 12, by zooming in on
the kaolinite Al−O surface, it can be seen that CH4 is not in
direct contact with the Al−O surface and strong hydrogen
bonding interactions occur between the Al−O surface and

Table 2. Statistics of Adsorption Parameters for Isobaric Simulation Results at 80−120 °C (70 MPa)

temperature

Al−O octahedral surface

adsorption thickness (nm) adsorption capacity per unit area (mg/m2)

absorption phase mass ratio (%)main peak secondary peak main peak secondary peak

80 °C 0.28 0.37 0.63 0.64 6.67
85 °C 0.28 0.37 0.63 0.64 6.70
90 °C 0.28 0.37 0.63 0.64 6.73
95 °C 0.28 0.37 0.63 0.64 6.75
100 °C 0.28 0.37 0.65 0.64 6.74
105 °C 0.28 0.37 0.65 0.64 6.75
110 °C 0.28 0.37 0.65 0.64 6.76
115 °C 0.28 0.37 0.65 0.64 6.73
120 °C 0.28 0.37 0.65 0.64 6.70

temperature

Si−O tetrahedral surface

adsorption thickness (nm)
adsorption capacity per unit

area (mg/m2)

absorption phase mass ratio (%) total adsorption phase mass ratio (%)main peak secondary peak main peak secondary peak

80 °C 0.42 0.33 0.653 0.737 6.84 13.51
85 °C 0.42 0.33 0.653 0.733 6.85 13.55
90 °C 0.42 0.33 0.649 0.727 6.58 13.31
95 °C 0.42 0.33 0.648 0.727 6.56 13.31
100 °C 0.42 0.33 0.648 0.724 6.54 13.28
105 °C 0.42 0.33 0.648 0.72 6.52 13.27
110 °C 0.42 0.33 0.648 0.72 6.48 13.24
115 °C 0.42 0.33 0.647 0.718 6.45 13.18
120 °C 0.42 0.33 0.47 0.712 6.23 12.93

Figure 7. Density distribution of H2O molecules in the isobaric
calculation.

Figure 8. Density distribution of H2O molecules at 25 °C (0.1 MPa)
and 80 °C (70 MPa).
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water, and methane can only compete in small amounts with
the second layer of adsorbed water for adsorption sites.
Therefore, it is believed that the adsorption occurs between
CH4 and the first layer of adsorbed water molecules, that is,
solid−liquid−gas interactions.
The adsorption of H2O in the mixed system occurs mainly

on the Al−O octahedral surface, while the adsorption on the

Si−O tetrahedral surface is significantly reduced owing to
lipophilicity, with only 21% of the adsorption on the Al−O
octahedral surface (Figure 13a). The system corresponding to
a gas saturation of 8.6% also exhibited these characteristics.
The interaction between the adsorbing molecules and the
kaolinite surface is shown in Figure 12. H2O interacts with the
Al−O octahedral surface of kaolinite by hydrogen bonding,

Figure 9. (a) Molecular conformation diagram after the simulated equilibrium of CaCl2 solution; (b) ion density distribution diagram of water at
70 MPa/80 °C; (c) particle distribution diagram after simulated equilibrium; (d) ion density distribution diagram at 70 MPa/80 °C (enlarged).

Figure 10. (a) Density distribution of water in a CaCl2 solution at isothermal conditions. (b) Density distribution of water at isobaric conditions.
(c, d) Adsorption density distribution of water in pure water and a CaCl2 solution at 80 °C/70 MPa and 120 °C/70 MPa.
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and CH4 interacts with H2O, which is adsorbed on the Al−O
octahedral surface of kaolinite, via van der Waals interactions;
H2O and CH4 interact with the Si−O tetrahedral surface of
kaolinite via van der Waals interactions (hydrogen bonding
interactions > van der Waals interactions).

Next, the effect of temperature on the occurrence of fluids in
the system is discussed. As the temperature increased, the peak
of the small-amplitude adsorption layer of CH4 on the Al−O
octahedral surface gradually decreased owing to the elevated
second adsorption layer of water molecules, which decreased
the amount of methane adsorbed. The peak of the adsorption
layer of CH4 on the Si−O tetrahedral surface gradually
increased, probably because the adsorption peak of water
molecules on the Si−O tetrahedral surface decreased with
increasing temperature, providing more adsorption sites for
CH4 molecules (Figure 13b).
Unlike CH4, the adsorption of H2O on both kaolinite

surfaces decreased with increasing temperature, but the
adsorption on the Al−O octahedral surface was less affected
by temperature. The RMSD of H2O was much larger and more
mobile than that of the CH4 molecule (Figure 14), and
therefore more likely to collide and desorb as the temperature
increased. This phenomenon is also related to the forces
exerted on the H2O molecules, which produce hydrogen
bonding with the Al−O octahedral surface and are more
strongly resistant to desorption than the van der Waals
interactions produced by the H2O molecules with the Si−O
tetrahedra, so the temperature has less influence on the

Figure 11. (a) Initial state molecular configuration; (b) molecular configuration after the simulated equilibrium; (c) density profile of water and
methane at 90 °C.

Figure 12. Adsorption diagram of methane and water on Al−O
octahedral and Si−O tetrahedral surfaces.

Figure 13. CH4−H2O mixed system with 25% gas saturation; (a) water density fraction graph; (b) methane density fraction graph.
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adsorption on the Al−O octahedral surface (Figure 14); the
specific adsorption data characteristics are shown in Table 3.
The adsorption of H2O in the slit pore in the CH4−H2O

mixed system containing 8.6% gas saturation (Figure 15a,b),
according to the statistical adsorption values and density
curves, can be obtained so that the adsorption peak of H2O in
the Al−O octahedron does not change with the increase of
temperature and the adsorption peak on the surface of Si−O
tetrahedron is constant at 80−100 °C and slightly decreases at
>100 °C (Figure 15c). In terms of the adsorption of CH4 in
the slit pore, CH4 adsorption occurred only on the surface of
the Si−O tetrahedra and increased with increasing temperature
(Figure 15d).
H2O−CH4 two-phase system: (a) The effect of the

temperature change on the water was consistent with that in
the pure water system, where the adsorption of CH4 mainly
occurred on the Si−O tetrahedral surface. As the temperature
increased, the adsorption of water decreased, providing more
adsorption sites for the adsorption of CH4, so the amount of
CH4 adsorption increased. (b) When the CH4 content was
low, it only aggregated on the Si−O tetrahedral surface,
whereas when the methane content was high, adsorption could
occur on the first adsorbed H2O layer on the Al−O octahedral
surface, that is, competing with the second adsorbed H2O
layer.

4. CONCLUSIONS

(1) In this study, molecular simulations revealed that the
occurrence characteristics of water in kaolinite were as
follows: the Al−O octahedral surface exhibited strong
hydrophilicity owing to hydrogen bonding interactions
between hydroxylation and water, while the Si−O
tetrahedral surface exhibited van der Waals interactions
with water, which are relatively weak and vary greatly
when influenced by external conditions.

(2) The effects of temperature, pressure, and ions on the
occurrence of water are summarized as follows: (a)
pressure had no effect on the occurrence of water in
kaolinite; (b) the adsorption on the surface of the Al−O
octahedron remained unchanged when the temperature
increased, while the adsorption on the surface of the Si−
O tetrahedron decreased slightly with an increase in
temperature; (c) the presence of ions caused the
adsorption of water on the surface of the Al−O
octahedron to decrease significantly. Therefore, a
solution with a certain degree of mineralization should
be considered when studying water formation con-
ditions.

(3) The density distribution curves of water at room
temperature and pressure were compared with those at

Figure 14. RMSD of CH4 versus H2O.

Table 3. Statistics of Simulation Results for the CH4−H2O Mixed System with 25% Gas Saturation

temperature

H2O

adsorption thickness (nm)
adsorption capacity per
unit area (mg/m2)

absorption phase mass ratio (%)

Al−O surface Si−O surface

main peak secondary peak main peak secondary peak Al−O Si−O
80 °C 0.28 0.27 0.3 0.31 0.66 0.43 25.4
90 °C 0.28 0.27 0.3 0.31 0.66 0.43 25.4
100 °C 0.28 0.27 0.3 0.31 0.66 0.43 25.4
110 °C 0.28 0.27 0.3 0.31 0.66 0.43 25.4
120 °C 0.28 0.27 0.3 0.31 0.66 0.43 25.4

temperature

CH4

adsorption thickness (nm)

adsorption capacity per unit area (mg/m2) absorption phase mass ratio (%)

Al−O surface Si−O surface

main peak main peak secondary peak

80 °C 0.24 0.3 0.21 0.082 9.22
90 °C 0.24 0.3 0.21 0.083 9.35
100 °C 0.24 0.3 0.21 0.082 9.26
110 °C 0.24 0.3 0.21 0.082 9.20
120 °C 0.24 0.3 0.21 0.082 9.21
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high temperature and pressure and were found to
overlap, indicating that the study of the occurrence of
water in clay minerals could be carried out directly at
room temperature and pressure.

(4) In the H2O−CH4 two-phase system, (a) CH4 molecules
gathered into clusters and adsorption occurred on the
Si−O tetrahedral surface; when the CH4 content was
high, adsorption occurred on the Al−O octahedral
surface, but not directly with the solid surface, but with
the first layer of adsorbed water molecules by van der
Waals interactions (solid−liquid−gas interactions); (b)
the increase in temperature reduced the adsorption of
water, thus providing more adsorption sites for the
adsorption of CH4, which increased the amount of CH4
adsorption.
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