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Abstract: The molecular models of nanopores for major rock constituents in deep shale were con-
structed. The microscopic adsorption behavior of methane was simulated by coupling the grand
canonical Monte Carlo and Molecular Dynamics methods and the effect of rock constituents was
discussed. Based on the illite and kerogen nanopore models, the discrepancies in microscopic water
distribution characteristics were elucidated, the effects of water on methane adsorption and its under-
lying mechanisms were revealed, and the competitive adsorption characteristics between water and
methane were elaborated. The results show a similar trend in the microscopic distribution of methane
between different shale rock constituents. Illite and kerogen slit pores have no significant difference
in methane adsorption capacity. The adsorption capacity per unit mass of kerogen is greater than that
of illite due to the smaller molar mass of the kerogen skeleton and its large intermolecular porosity.
Illite has a greater affinity for water than methane. With increasing water content, water molecules
preferentially occupy the high-energy adsorption sites and then overspread the entire pore walls to
form water adsorption layers. Methane molecules are adsorbed on the water layers, and methane
adsorption has little effect on water adsorption. Kerogen is characterized as mix-wetting. Water
molecules are preferentially adsorbed on polar functional groups and gather around to form water
clusters. In kerogen with high water content, methane adsorption can facilitate water cluster fusion
and suppress water spreading along pore walls. In addition to adsorption, some water molecules
dissolve in the kerogen matrix.

Keywords: deep shale gas; rock constituent; kerogen; adsorption; water; molecular simulation

1. Introduction

The Sichuan Basin in China has abundant shale gas reserves, wherein the gas reserves
of deep shale with the depth ranging between 3500 and 4500 m can be up to 8.7 x 10'2 m?,
accounting for 87% of the total reserves for shale shallower than 4500 m [1]. Deep shale gas
has become the major field for increasing shale gas production and reserves. Deep shale
gas reservoirs, with temperatures up to 150 °C and pressure exceeding 90 MPa, are greatly
different from middle-deep shale gas reservoirs in mineral constitutes, pore structures,
and fluid occurrence characteristics [2]. The understanding of the microscopic occurrence
characteristics of deep shale gas is significant to the evaluation of shale gas reserves and
the interpretation of gas production performances.

Deep shale possesses complex rock constituents, including various inorganic minerals
(e.g., detrital minerals, carbonate minerals, and clay minerals) and organic matter (e.g.,
kerogen, asphaltene, and resin) [3,4]. In the actual deep shale gas reservoir, organic matter
is dispersed in the inorganic minerals. Shale gas reservoirs are rich in nanoscale pores and
throats, and the average pore size is only a few nanometers [5-7]. Shale gas in nanoscale
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pore structure is stored as adsorbed gas, free gas, and dissolved gas, in which adsorbed
gas may account for 20%—-85% [8]. The proportion of adsorbed gas in deep shales is lower
than in medium-deep shales, but adsorbed gas remains one of the dominant forms of deep
shale gas. Organic matter and clay minerals in shales are deemed as the major media for
adsorbed gas due to their abundant nanopores and large specific surface area [9]. Similar
to rock constituents, shale gas is mixed with multi-components, wherein methane is the
most dominant component [10]. Some scholars compared the methane adsorption capacity
in different shale media [11-15]. Heller and Zoback [11] measured methane adsorption on
pure carbon, illite, and kaolinite samples. Pure carbon has the greatest adsorption capacity,
and illite has a greater adsorption capacity than kaolinite. Tian et al. [12] detected similar
methane adsorption capacity between illite, montmorillonite, and kaolinite using molecular
simulation. Onawole et al. [13] found stronger adsorption of methane on the kaolinite
region compared with the silica region in a combined silica-kaolinite surface through
molecular simulation. Bakshi and Vishal [14] summarized the dependence of methane
adsorption capacity on organic pore characteristics, including total organic content, kerogen
type, and thermal maturity. Huang et al. [15] concluded using molecular simulation that
methane adsorption capacity is in the order of type I < type II < type III for different organic
types. To date, the comparisons of methane adsorption capacity in different shale constitutes
have been mainly performed in moderate temperature and pressure conditions, and no
consistent conclusions have been reached. To the best of our knowledge, the discrepancies
of methane adsorption in various rock constituents of deep shale in high-temperature and
high-pressure conditions have not been reported.

Ultra-low water saturation is characteristic of shale gas reservoirs [16]. Owing to the
differences in wettability, organic matter, and clay minerals in shales show different features
of water distribution. Previous studies of microscopic water distribution in minerals [17,18]
and organic matter [15,19] have demonstrated the strong hydrophilicity of clay minerals
and the mixed wettability of organic matter. Extensive experiments [20,21] and molecular
simulations [18,22] have shown that water can significantly reduce the methane adsorption
capacity in shale pores, with mechanisms including adsorption site capture, pore space
occupation, and methane partial pressure reduction [15,19,23]. Previous studies of methane
adsorption in water-bearing shale pores have mainly focused on the influence of water
on methane adsorption and its mechanisms. The effect of methane adsorption on water
distribution in different shale media in high temperature and pressure conditions remains
to be clarified. In addition, the competitive adsorption characteristics between methane
and water in shale nanopores in deep reservoir conditions have not been elucidated.

This work focuses on the deep shales of the Longmaxi Formation with a depth larger
than 4000 m in Luzhou Block, southern Sichuan Basin. The representative mineral models
in shale were constructed based on shale mineral composition analysis, and the kerogen
models were built based on the previously established structural unit of kerogen. The
molecular simulation method was used to simulate the adsorption behavior of methane
under high temperatures and pressure in deep shale. The discrepancies of methane ad-
sorption in different shale rock constitutes were clarified, the differences in microscopic
water distribution in shale illite and kerogen pores were elucidated, and the microscopic
competitive adsorption characteristics between methane and water were elaborated. The
results of this work can enrich the occurrence theory of deep shale gas, facilitating gas
reserve evaluation and resource exploitation.

2. Methodology of Molecular Simulation
2.1. Molecular Models of Various Shale Constituents

Shale samples were acquired from Longmaxi Formation with a depth larger than
4000 m in Luzhou Block, southern Sichuan Basin. Table 1 lists the mineral compositions
of studied shales, which include detrital minerals, carbonate minerals, and clay minerals.
Detrital minerals mainly consist of quartz and feldspar; carbonate minerals mainly consist
of calcite and dolomite, and clay minerals mainly consist of illite and chlorite. Molecular
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models of the major shale minerals were established to investigate the effect of mineral
constituents.

Table 1. Mineral compositions of studied deep shales.

Mineral Composition/w.t.%

Sample
Quartz Feldspar Calcite Dolomite Illite Chlorite Others
S1 81.27 4.57 1.03 3.24 3.54 2.51 3.83
52 63.27 8.41 6.64 6.19 7.67 2.65 5.16
S3 56.19 4.87 12.68 9.88 6.49 442 5.46
S4 74.48 6.05 3.39 3.83 4.13 1.92 6.19
S5 47.35 13.42 221 1.77 23.89 6.19 5.16
S6 29.20 9.88 6.19 7.08 36.58 6.64 4.42
S7 26.70 12.39 3.24 6.49 38.94 7.08 5.16
S8 25.07 10.03 9.73 3.98 40.27 5.60 5.31

The unit cell structures of quartz, albite, calcite, dolomite, and chlorite in the min-
eral models were derived from the database of the Materials Studio package. The unit
cell structure of illite was established by Geatches and Wilcox [24]. The unit cell pa-
rameters of each model are listed in Table 2. Wherein the molecular formulas of quartz,
albite, calcite, dolomite, illite, and chlorite are SiO,, NaAlSizOg, CaCO3, CaMg(COs3),,
K(SiyAl)Al3O50(OHy), and Mg4FeAl[AlSi3O19](OH)sg, respectively.

Table 2. Unit cell parameters of shale mineral models.

Mineral Unit Cell Parameter
Model alA b/A A ol° BI° vI°
Quartz 491 491 5.40 90.00 90.00 120.00
Albite 8.12 12.76 7.16 94.22 116.80 87.71
Calcite 4.99 4.99 17.06 90.00 90.00 120.00
Dolomite 4.81 4.81 16.01 90.00 90.00 120.00
Illite 5.22 9.00 10.32 90.26 103.05 89.97
Chlorite 5.22 9.06 28.38 90.00 93.67 90.00

The molecular models of various minerals with slit-shaped nanopores are presented
in Figure 1. Supercells were initially constructed by expanding the unicellular structure
in the x, y, and z directions. Subsequently, pore walls were generated along the cleavage
planes of each mineral and then assembled to form the nanopore models. The relatively
stable mineral cleavage plane was selected as the slit wall surface, which was (001) cleavage
plane for quartz, albite, illite, and chlorite models and (104) cleavage plane for calcite and
dolomite models. Each mineral model was designed with an equal pore diameter (6 nm),
and the wall thickness was set to be larger than the cutoff radius in the simulation. To
mitigate the influence of the periodic boundary condition in the normal direction of the slit,
a vacuum space (2 nm) was set outside the pore walls.

In addition to inorganic minerals, shale also contains a certain amount of organic
matter. Based on the molecular structure of kerogen in the studied shales, the kerogen
slit model was established using the excision method, as detailed in Ref. [1]. To clarify
the adsorption discrepancies between inorganic minerals and organic matter in shale, the
adsorption characteristics of methane and water in kerogen and illite nanopore models
were compared.
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Figure 1. Molecular models of slit nanopores in various shale minerals: (a) Quartz; (b) Albite;
(c) Calcite; (d) Dolomite; (e) Illite; (f) Chlorite.

2.2. Simulation Detail of Gas—Water Adsorption

The molecular simulator, LAMMPS [25], was used for the simulation of methane and
water adsorption. The water-bearing models were created by inserting a certain number
of water molecules into the nanopores through grand canonical Monte Carlo (GCMC)
simulation, and the inserted water molecules were then equilibrated using molecular
dynamics (MD) simulation. The number of inserted water molecules is determined by
the number of GCMC steps. Subsequently, the adsorption equilibrium of methane in the
nanopores was simulated by the coupling of grand canonical Monte Carlo and molecular
dynamics (GCMC-MD) algorithms. During the coupling GCMC-MD simulation, the
insertion/deletion of methane was performed by the GCMC algorithm, and the relaxation
of methane, as well as water molecules, was performed by the MD algorithm. Among
the mineral components in shales, the molecular models of quartz, feldspar, illite, and
chlorite were described using the ClayFF force field [26]; the molecular models of calcite and
dolomite were described using the force field fitted by Xiao et al. [27], in which the force field
parameters for Mg in dolomite were described using the ClayFF force field. The molecular
models of kerogen were described using the CVFF force field [28]. Methane and water
were described using the TraPPE united-atom force field [29] and SPC/E force field [30],
respectively. The non-bonded interaction between different atoms was characterized using
the L] 12-6 potential function and the Coulomb potential. The long-range electrostatic
interaction was described by the Ewald summation [31]. The non-bonded parameters for
unlike atoms were obtained using the Lorentz—Berthelot combining rules [32].

The simulation was performed in the canonical ensemble, and the temperature was
regulated using the Nosé—Hoover algorithm [33]. The nanopore structure was fixed during
the simulation. Periodic boundary conditions were used in the x, y, and z directions, and
the cutoff radius in the simulation is 14 A. The simulation time for water equilibrium is up
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to 10 ns with a timestep of 1 fs. Upon water equilibrium, the water content was determined
by the void volume of nanopores reduced by water,

_ _P P o

vd —yw

where S,y is the water content of the model, VS is the pore space in the dry model, V¥ is the

void space in the water-bearing model. Vlgi and V¥ were calculated using the Metropolis
Monte Carlo integration method [34], wherein the probe size was set to be the dynamic
diameter of methane.

The coupling GCMC-MD algorithm for methane adsorption simulation was performed
through the loop iteration of 10,000 MD steps and 2500 GCMC steps until the temperature,
energy, and methane loading achieved equilibrium. The system pressure in methane
adsorption was determined using the input chemical potential. The correlation between
chemical potential and pressure was constructed in our previous work [35],

u =10.78692 x In P — 0.02354 x T — 7.45195 2)

where y is the chemical potential; P is the system pressure; T is the system temperature.
Upon adsorption equilibrium, the number of methane molecules in the nanopore was

ensemble-averaged to determine the total gas amount, the standard error of which was

smaller than 5%. The total gas amount can be converted into the excess adsorption amount,

Ne = Nt — pr 3)

where 7, is the excess adsorption amount; n; is the total gas amount; p is the bulk gas
density; V}, is the void space in the model derived using the methane probe.

The validation of the force field and the simulation settings is the prerequisite for
subsequent simulations. The validations of the chosen force field and simulation settings
have been reported in our previous work [35]. Under the given temperature and chemical
potential, the simulated pressure matches well with the targeted value, and the simulated
density is in good agreement with the National Institute of Standards and Technology
(NIST) database.

3. Effects of Shale Constituents
3.1. Differences between Inorganic Mineral Compositions

Figure 2 shows the methane gas amount in different shale mineral models. The order of
the methane gas amount between the mineral models varies for different units of methane
gas amount. The methane gas amount, expressed per unit mass of mineral, is related to the
pore wall thickness. As the pore wall thickness increases, the specific surface area per unit
mass of the mineral decreases, thus reducing the adsorption capacity of the mineral. By
contrast, the methane gas amount, expressed per surface area of mineral, is not affected by
the pore wall thickness once the pore wall thickness is larger than the cutoff radius in the
simulation. In this work, the adsorption capacity of mineral models with the same pore
size was compared at a molecular scale, which can be properly described with the methane
gas amount per unit of mineral area.
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Figure 2. Methane amount in different shale minerals (150 °C): (a) Total gas amount; (b) Excess
adsorption amount.

Figure 2a shows a consistent mineral order of total gas amount at both shallow-
zone low pressure (20.4 MPa) and deep-zone high pressure (92.1 MPa). The total gas
amount is largest in chlorite, followed by illite, and is basically consistent in carbonate
minerals and detrital minerals. The total methane amount at 20.4 MPa is 0.021 mmol/m? in
chlorite, 0.010 mmol/m? in albite, and 0.010 mmol/m? in dolomite. As pressure increases
to 92.1 MPa, the total methane amount rises to 0.057 mmol/m?2, 0.027 mmol/m?, and
0.024 mmol/m? in chlorite, albite, and dolomite, respectively. At low pressure in the
shallow zone and high pressure in the deep zone, the total amount of methane in chlorite
is twice that in albite and dolomite. The total methane amount is dependent on the pore
volume per unit mineral area (specific pore volume), and the mineral order of total methane
amount is basically consistent with the mineral order of specific pore volume (Table 3). The
simulation results of the regular slit-shaped pores in minerals at a molecular level may
differ from the mineral order of adsorption capacity in subsurface shale reservoirs, which is
governed by multiple factors such as the specific surface area of minerals, surface chemistry,
and pore structure. Compared to low pressure, the total methane amount is higher in high
pressure. As pressure rises, both the free gas density in the nanopore and the adsorbed gas
density on the pore surface increase (Figure 3), leading to the increasing total gas amount.
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Figure 3. Methane density profile in the slit of different shale minerals (150 °C): (a) 20.4 MPa;
(b) 92.1 MPa.
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Table 3. Pore structure parameters of shale mineral models.

Skeleton Accessible Accessible Specific Specific Pore
Mineral Molecular Surface Pore Surface pVolume /
Model Weight/ Area/ Volume/ Area/ (10-10 m)
(g/mol) (10-20 m?) (10-30 m3) (m?2/g)

Illite 97,024 4155 87,370 257.8 21.0
Chlorite 89,208 2018 70,033 136.2 34.7
Quartz 70,464 4030 73,099 344.3 18.1

Albite 100,608 7902 136,880 472.8 17.3
Calcite 85,520 4867 88,119 342.7 18.1
Dolomite 79,240 5550 84,738 421.7 15.3

Figure 2b shows positive excess adsorption amounts of methane in minerals at
20.4 MPa, which is largest in calcite and smallest in illite. At 92.1 MPa, the excess ad-
sorption of all minerals except chlorite is negative. The excess adsorption of illite is the
smallest. The excess adsorption amount of methane is jointly dominated by the adsorbed
gas amount on the pore surface and free gas density in pores. Figure 3 shows the methane
density profiles in the slits of different minerals. The simulated methane density at the
pore center matches well with the bulk methane density, which validates the force field
and simulation settings. The mineral order of the adsorbed phase peak density on the
pore walls is similar at 20.4 MPa and 92.1 MPa; calcite shows the largest density and illite
shows the smallest. Despite the discrepancies in methane adsorption capacity between
different minerals, the microscopic adsorption characteristics of methane in the mineral
nanopores are basically consistent. At shallow-zone low pressure, methane is adsorbed
in a single layer on the pore wall of each mineral, and the adsorption phase density has
a certain correlation with the excess adsorption amount. Excess adsorption is defined as
the absolute adsorption minus the amount of free gas that can be stored in the adsorption
volume. The free gas density is consistent among the minerals in the same temperature
and pressure conditions. Thus, the excess adsorption is mainly affected by the adsorption
density and adsorption volume. At deep-zone high pressure, a concavo-convex transition
zone occurs near the adsorption layer on the pore walls, which affects the adsorption vol-
ume of methane. Consequently, the excess adsorption at high pressure (Figure 2b) presents
no pronounced correlation with the corresponding adsorption density (Figure 3b). The
concavo-convex transition zone may be attributed to the disordered molecular arrangement
in the adsorption layer, the attraction of methane molecules in the transition zone by pore
walls, and the repulsion of methane molecules in the transition zone by the molecules in
the adsorption layer.

3.2. Discrepancies between Illite and Kerogen

The adsorbed state of shale gas is mainly stored in the organic matter and clay miner-
als owing to their abundant nanopores and huge specific surface areas. Illite is the most
common clay mineral in shale reservoirs, and it can capture the typical microscopic dis-
tribution trend of methane among different mineral pores (Figure 3). Thus, illite can be a
representative mineral for the comparison of adsorption characteristics and mechanisms
with kerogen. The adsorption data in shale kerogen [1] and shale illite [35] is integrated to
compare the adsorption discrepancies between shale kerogen and illite toward methane.
Figure 4 shows the methane amount in the nanopore of shale kerogens and illite. Different
from the illite model with a slit-shaped pore, the kerogen model contains both a slit-shaped
pore and numerous inter-molecule pores. Owing to the differences in pore structures, the
discrepancies in adsorption capacities between kerogen and illite are properly described
by the methane amount per unit mass of adsorbents. As shown in Figure 4, kerogen
and illite pores present similar adsorption characteristics toward methane. The total gas
amount monotonically increases with pressure. Although the increase is smaller under high
pressure, the total gas amount is still not saturated under 90 MPa. According to Figure 3,
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the increased total gas amount is composed of free gas in the middle of the pore and the
adsorbed gas on the pore surface. At high pressure, the increase in free and adsorbed gas
density decreases, causing the increase in the total gas amount to decrease. The excess
adsorption amount of methane increases first and then decreases with increasing pressure,
reaching the maximum at about 20 MPa. The difference between the free and adsorbed
gas densities peaks at the excess adsorption maximum. The total gas amount and excess
adsorption amount are greater in the kerogen model compared to the illite model. The
total gas amount in kerogen is 7.14 mmol/g at 90 MPa, which is over 2 times the total gas
amount in illite (2.52 mmol/g). The excess adsorption maximum (1.68 mmol/g) in kerogen
is 5 times that in illite (0.33 mmol/g).

8 1.8
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Figure 4. Methane amount in the nanopores of shale kerogen [1] and illite [35] (120 °C): (a) Total gas
amount; (b) Excess adsorption amount.

Figure 5 shows similar trends and values for the peak density of the methane adsorp-
tion phase on the slit pore walls in the illite and kerogen models. The peak density of
the methane adsorbed phase was averaged from the two adsorption peaks on the two slit
surfaces based on the methane density profile. The methane density profile was determined
by averaging the last 500 snapshots, and the standard error was less than 3%. The peak
density increases with pressure, but the rate of increase becomes small at high pressure. At
pressures higher than 20 MPa, the peak density of the adsorbed phase on the kerogen slit
surfaces is slightly lower than that on the illite slit surfaces, resulting in a greater decrease
in the excess adsorption amount in the kerogen pores at high pressure. Figure 5 shows that
kerogen and illite slit pores do not differ significantly in terms of their intrinsic adsorption
capacity for methane. The higher adsorption capacity of kerogen than illite shown in
Figure 4 can be attributed to the lower molar mass and large intermolecular porosity of
the kerogen skeleton. The intermolecular pores, which are mainly ultra-micropores with
pore diameters <0.7 nm, have large specific surface areas and could provide abundant
adsorption sites in the kerogen model.
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Figure 5. Peak density of the methane adsorbed phase on the slit surfaces of shale kerogen [1] and
illite [35] (120 °C).
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4. Effects of Water in Shale Nanopores
4.1. Microscopic Distribution of Water

The microscopic distribution of water in the shale illite and kerogen models was
performed by MD simulation at 120 °C. Three water-bearing illite models were established
based on the common water distribution patterns in clay mineral pores. Figure 6 shows
the microscopic distribution of water molecules in illite nanopores. The water content of
7.17% corresponds to an unsaturated state of monolayer adsorption on the slit-shaped pore
wall; the water content of 29.53% corresponds to a nearly saturated state of monolayer
adsorption; and the water content of 63.54% corresponds to an over-saturated state of
monolayer adsorption. Water molecules are mainly adsorbed on the high-energy sites of
the slit wall at a water content of 7.17%. Numerous high-energy adsorption sites remain
unoccupied on the wall since the adsorption layer is not saturated. As the water content
rises to 29.53%, the thickness of the water adsorption layer increases. The high-energy sites
on the wall are basically filled by the water molecules, and part of the water molecules
accumulate on the water adsorption layer. At the water content of 63.54%, the high-
energy adsorption sites on the wall surface are completely occupied. The excess water
molecules are adsorbed on the water adsorption layer, blocking part of the slit pore space.
The microscopic distribution characteristics of water in the illite pores confirm the strong
hydrophilic nature of illite. At low water contents (Figure 6a,b), water molecules are
preferentially adsorbed on the illite surfaces due to the strong attraction interaction.
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Figure 6. Water distribution in illite nanopores (2 nm): (a) Water content of 7.17% (side view);
(b) Water content of 29.53% (side view); (¢) Water content of 63.54% (side view); (d) Water content of
7.17% (top view of pore wall); (e) Water content of 29.53% (top view of pore wall); (f) Water content
of 63.54% (top view of pore wall).
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Figure 7 presents the microscopic distribution of water molecules in kerogen nanopores.
At the low water content (11.10%), water molecules are adsorbed and accumulated near
the polar functional groups on the slit wall. With the increase in water content, the cluster
structure of water molecules enlarges, and a small amount of water molecules are dissolved
in the kerogen matrix. At the higher water content (32.23%), the small water clusters are
attracted to the large water clusters, merging into a larger molecular cluster. At the high
water content (64.28%), most of the pore space in the kerogen model is occupied by the
water molecules. Different from the illite model, the microscopic distribution characteristics
of water in the kerogen pores indicate a mixed wettability of kerogen.

Wi SVSAD
=B
X

&
%

%
b

¢! H ® o [ I\ S LZ

Figure 7. Water distribution in kerogen nanopores (2 nm): (a) Water content of 11.10% (side view);
(b) Water content of 12.17% (side view); (c¢) Water content of 32.23% (side view); (d) Water content of
64.28% (side view).

4.2. Water Effects on Methane Amount

As shown in Figures 6 and 7, water can reduce the effective pore space for methane
storage and occupy the high-energy sites for methane adsorption, thus affecting the oc-
currence behavior of methane. Figure 8 shows the amount of methane in the illite models
under different water contents. The pressure in Figure 8 refers to the system pressure for
methane adsorption in the water-bearing models. With the increase in water content, the
total gas amount and excess adsorption amount of methane in the illite pores decrease
monotonously. Compared with the dry illite pores, the total methane amount decreases by
50.8% and the maximum excess adsorption decreases by 60.6% in the illite pores with a
water content of 63.54%. As the water content increases, the slope of the ascending portion
of the excess adsorption curve decreases and the adsorption rate decreases, indicating
water molecules gradually occupy the high-energy adsorption sites on the illite surfaces. At
the water content of 63.54%, the pressure corresponding to the maximum excess adsorption
decreases and the coverage of the water layer on the illite surfaces reduces the affinity
of the illite pores for methane. As the water adsorption layer occupies part of the pore
volume, the calculation of methane content in the water-bearing pores needs the correction
of the effective pore volume. Figure 8 shows that the pore volume without the correction
of the water effect greatly underestimates the excess adsorption of methane, and its effect
increases with increasing pressure.
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Figure 8. Methane amount in illite nanopores with different water contents (Sw) (120 °C): (a) Total
gas amount; (b) Excess adsorption amount.

Figure 9 shows the methane amount in the kerogen models under different water
contents. The total methane amount decreases with increasing water content at 17.1 MPa
and 89.2 MPa because water molecules gradually occupy the effective pore space in kerogen
(Figure 7). As the water content in the dry model increases to 32.23%, the total gas amount
decreases by 27.9% at 17.1 MPa and 28.7% at 89.2 MPa. The excess adsorption amount
of methane decreases with increasing water content at 17.1 MPa. At 89.2 MPa, the excess
adsorption amount in the water-bearing kerogen is lower than that in the dry kerogen,
but the excess adsorption difference between different water contents is not significant.
Different from the spread of water molecules on the illite surfaces, water molecules on the
kerogen surfaces are preferentially accumulated into a water cluster structure. The water
cluster expands gradually with increasing water content, which can exert a larger influence
on the effective pore space than on methane adsorption.
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Figure 9. Methane amount in the kerogen models with different water contents (120 °C): (a) Total gas
amount; (b) Excess adsorption amount.

4.3. Competitive Adsorption between Water and Methane

In order to study the effect of methane adsorption on water distribution in water-
bearing pores, the water density profiles in the illite and kerogen pores before and after
methane adsorption were compared (Figure 10). As seen from Figure 10a, water molecules
are preferentially adsorbed on the pore walls of illite before methane adsorption. The
adsorption layer density of water molecules gradually increases with increasing water
content. At the water content of 63.54%, the water adsorption layer is over-saturated, and
part of the water molecules escape to the middle pore spaces. By comparing the water
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density profiles before and after methane adsorption (Figure 10a,b), methane adsorption
is observed to have little effect on water distribution in illite. This indicates that illite is
strongly hydrophilic and the interaction of pore walls with water molecules is greater
than that with methane molecules. Methane molecules cannot replace water molecules
preferentially adsorbed on the illite walls.
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Figure 10. Water density profiles in shale nanopores before and after methane adsorption (120 °C):
(a) Before methane adsorption in illite; (b) After methane adsorption in illite (89.2 MPa); (c) Before
methane adsorption in kerogen; (d) After methane adsorption in kerogen (89.2 MPa).

Figure 10c,d show the water density profiles before and after methane adsorption in
the kerogen pore. At a low water content (11.10%), the water distribution in the kerogen
pore is basically not affected by methane adsorption. Abundant high-energy sites for
methane adsorption remain unoccupied on the kerogen surfaces. With the increase in water
content, methane adsorption promotes the fusion of water clusters, and the water clusters
on the pore walls aggregate to form a larger cluster structure. At the high water content
(32.23%), methane adsorption reduces the peak densities and extends the peak widths
of the water adsorption layers, indicating that methane adsorption inhibits the spread of
water clusters along the kerogen surfaces and promotes the growth of water clusters in the
vertical direction of kerogen surfaces.

Figure 11 shows the density profiles of methane and water in shale illite and kerogen
nanopores. Compared with the methane adsorption layer, the water adsorption layer
is closer to the illite pore walls, indicating that the affinity of illite surfaces to water is
stronger than that to methane. In the illite pores, the methane adsorption layers are located
between the water adsorption layers. As the water content increases, the effective pore
space decreases and the number of methane adsorption layers decreases. At a low water
content, the illite surfaces are not fully covered by water molecules and there is a gas—
solid interaction between the methane and illite walls. At a high water content, methane
molecules are adsorbed on the water adsorption layers due to the steric hindrance effect of
water adsorption. Methane adsorption is governed by gas-liquid interaction.
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Figure 11. Density profiles of methane and water in shale nanopores (120 °C, 89.2 MPa): (a) Water
content of 7.17% in illite; (b) Water content of 29.53% in illite; (c) Water content of 11.10% in kerogen;
(d) Water content of 32.23% in kerogen.

Figure 11c,d shows that methane and water molecules are competitively adsorbed
on the kerogen pore walls at a low water content, and methane molecules dominate in
the intermolecular pores of the kerogen matrix. At a high water content, water clusters
fuse on the kerogen pore walls. The peak density and peak width of the water adsorption
layer on one side of the wall increase. Water clusters grow along the direction parallel to
and perpendicular to the wall. Accordingly, the methane density in the water adsorption
phase decreases. In addition to methane molecules, the intermolecular pores of the kerogen
matrix contain numerous dissolved water molecules.

5. Conclusions
(1) Despite the discrepancies in methane adsorption capacity, the microscopic adsorption
characteristics of methane in different mineral nanopores are basically consistent.
At low pressure, methane is adsorbed in a monolayer form on the pore wall of
each mineral. At high pressure, a concavo-convex transition zone forms close to
the methane adsorption layer, complicating the correlation of the adsorption phase
density with the excess adsorption amounts between minerals.

Kerogen and illite slit pores do not differ significantly in terms of their intrinsic
adsorption capacity for methane. The adsorption capacity per unit mass of kerogen is
greater than that of illite due to the smaller molar mass of the kerogen skeleton and
its large intermolecular porosity. The intermolecular pores of the kerogen matrix can
accommodate part of the methane molecules in a dissolved state.

In the illite pores, water molecules gradually occupy the high-energy adsorption sites
of the pore wall and spread along the wall to form an adsorption layer. The affinity of
the illite wall towards water is greater than that towards methane, and the methane

@)

®)
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adsorption layers are between the water adsorption layers on the pore walls. Methane
adsorption has little effect on water adsorption characteristics.

(4) In the kerogen pores, water molecules are preferentially aggregated on the polar
functional groups to form clusters. At a high water content, methane adsorption can
promote the fusion of the water clusters and inhibit the spread of the water clusters
along the wall. Part of the water molecules can be dissolved in the kerogen matrix.
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