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a b s t r a c t

Shale contains a lot of clay minerals. Clay minerals mainly exist in nano- and micro-meter sized particles,
and the pore structure is complex, which leads to its extremely complex wettability. The surface
wettability of clay minerals significantly affects the oil and gas-bearing capacity of shale reservoirs.
Therefore, studying the wettability of common clay minerals in shale at the nanoscale is of great sig-
nificance for shale hydrocarbon exploration and development. In this study, the wetting behavior of
water in n-hexane and toluene on different clay mineral surfaces at the nanoscale was systematically
studied using Molecular dynamics (MD) simulation. And the influencing factors of wettability were
analyzed. Through the analysis of the morphological changes of water, relative concentration of water,
RDF and interaction energy, it is concluded that the following order of water wettability on the surfaces
of clay minerals: montmorillonite > chlorite > kaolinite > illite. Through the analysis of interaction
energy, it is concluded that the hydrophilicity of four clay minerals is stronger than that of lipophilicity.
And the main interactions between water and oil and the mineral surfaces were van der Waals force and
electrostatic force. In addition, the temperature, liquid hydrocarbon type, and mineralization of water
affected the wettability of clay minerals. The concentration of water on the surfaces of montmorillonite,
kaolinite, and illite decreased with increasing temperature, and the water wettability decreased. At
298 K, the hydrophilicity of the surfaces of the clay minerals in toluene follows the order
montmorillonite > chlorite > kaolinite > illite. The higher the NaHCO3 concentration in water, the weaker
the wettability of the clay mineral surfaces to water. By comparing the previous experimental results
with the MD simulation results, similar wetting characteristics were obtained, and the reliability of the
simulation results was verified. MD simulation was used to explore the water wetting of the surfaces of
four clay minerals in a shale reservoir from the micro level. This makes up for the lack of experimental
means for clarifying the flow and production mechanisms of shale oil and gas and effectively improves
the evaluation technology of shale.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

In recent years, as important types of unconventional oil and
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gas, shale oil and gas account for an increasing proportion in the
global energy structure and have become important alternative oil
and gas resources (Law and Curtis, 2002; Jarvie, 2012; Jin et al.,
2019; Hou et al., 2022; Hu et al., 2022a, 2022b). The estimated
technically recoverable resources of shale oil in China's main basins
amount to (3e6) � 109 t (Zou et al., 2019), showing a good devel-
opment prospect. However, nanopore throat systems are widely
developed in shale oil reservoirs. Although shale oil and gas have
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good reservoir capacities (Liu et al., 2020; Zhang et al., 2021), they
also lead to huge viscous and molecular forces between fluids and
surrounding media, resulting in retention (Li et al., 2020). Thus,
these fluids generally cannot flow freely. Even if the temperature
and pressure conditions are changed, they can only diffuse in the
state of molecules or molecular clusters (Zou et al., 2012), which
seriously affects shale oil and gas development. Therefore, studying
the fluidity of shale oil and gas in nanopore throats is crucial.

Wettability is the key factor affecting the fluidity of shale oil. It
usually refers to the diffusion or adhesion trend of a fluid in the
presence of other immiscible fluids and significantly impacts on the
accumulation process and the production behavior of oil and gas
(Anderson and William, 1986; Morrow, 1990; Yoshimitsu et al.,
2002; Alvarez and Schechter et al., 2016; Singh et al., 2022; Shi
et al., 2022). The stronger the water wettability of minerals, the
more conducive to the exploitation of oil and gas. Shale is mainly
composed of clay minerals and brittle minerals (Boyer et al., 2006;
Zhou et al., 2020; Li et al., 2021). The hydrophilicity of clay minerals
is generally stronger than that of brittle minerals, and the influ-
encing factors of their wettability are complex (Li et al., 2020). The
wettability of organic matter and different mineral components in
rocks varies greatly. The wettability of organic matter is related to
the type, maturity and elemental composition of organic matter.
There are also great differences in the wettability of different
mineral components. Even the same mineral will have different
wettabilities due to different mineral structure, surface properties
and environment (Li, 2021). The mineral composition of rocks in
shale is an important factor affecting wettability (Barclay and
Worden, 2000). Different mineral surfaces have different adsorp-
tion effects on polar compounds, so they may have different
wettability characteristics (Xi et al., 2019). Under normal formation
water conditions, the surface of carbonate minerals is more prone
to oil wetting than that of silicate minerals (Chilingar and Yen,
1983). In silicate minerals, the surface of quartz is preferentially
combined with the hydrogen bond of water molecules, showing
water wetting; Feldspar may show mixed wetting characteristics
(Stumm,1992; Ehrenberg et al., 1995). Clay minerals usually exhibit
different wettabilities due to differences in chemical composition,
morphology and physical structure (Boneau and Clampitt, 1977).
For example, kaolinite with small and dispersed crystals tends to be
wetted by water, while kaolinite with large crystals may be wetted
by oil (Al-Shafei and Okasha, 2009). Illite usually appears as water
wetting (Schmatz et al., 2015). Silicate and carbonate minerals rich
in iron, such as montmorillonite, chlorite, and iron dolomite, may
be prone to oil wetting (Wang and Guidry, 1994). Fassi-Fihri et al.
(1995) found that expansive clay is more lipophilic than non-
expansive clay. In the process of burial, montmorillonite must un-
dergo long-term diagenetic evolution, and the diagenetic reaction
in the reservoir may lead to the change of wettability (Maurice,
1967). Since the surface of solid components may be covered
with minerals such as tar pitch, iron oxide, trace montmorillonite,
chlorite and trace carbonate, some hydrophilic minerals may
become hydrophobic (Lan et al., 2014). Therefore, studying the
wettability of clay minerals in shale reservoirs is of great signifi-
cance to the exploration, resource evaluation, and development
mode of shale oil resources (Gao and Hu, 2018; Yassin et al., 2017).

In recent years, the wettability has beenmeasured using various
technologies. These include the Amott wettability index (Amott,
1958), USBM wettability index (Donaldson et al., 1969), contact
angle measurement (Lu et al., 2003; Edward, 2018; Li et al., 2021),
spontaneous imbibition method (Morrow, 1990), Atomic force
microscopy (Pan et al., 2020; Zhang et al., 2022), micro-computed
tomography (mCT) imaging method (Scanziani et al., 2017; Arif
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et al., 2020; Guo et al., 2022), and nuclear magnetic resonance
(NMR) T2 method (Al-Garadi et al., 2022). However, the measure-
ment of clay mineral contact angles is affected by many factors,
including surface roughness, temperature, surface heterogeneity,
swelling, and the existence of ions (Scanziani et al., 2017; Arif et al.,
2020; Al-Garadi et al., 2022). Thus, previous studies obtained very
different results using different experimental techniques (Shang
et al., 2010; Yin et al., 2012; Pan et al., 2020). At present, wetting
angle method is a common method to measure wetting angle (Pan
et al., 2020). However, under actual geological conditions, the
wettability is related to the complexity and heterogeneity of min-
eral composition (Omidi et al., 2017). Thewettability measured on a
single plane under the experimental conditions will be different
from that under the actual underground conditions (Pan et al.,
2020). Therefore, in order to truly measure the wetting angle of
underground conditions, the temperature and pressure similar to
the underground conditions should be set. This is very difficult and
expensive for macroscopic experimental measurement. Therefore,
finding a feasible method for studying the inherent wettability of
different clay minerals in shale on the nanoscale has guiding sig-
nificance for shale oil exploitation (Salehi et al., 2008; Xue et al.,
2015). MD is a method used in the computer simulation of matter
at the atomic or molecular level. It has been developing for a long
time, and its application range continues to widen (Hu et al., 2016;
Pham et al., 2021). MD simulation has been developed to study the
inherent wettability of nanosolid surfaces. For instance, Zhang et al.
(2016) studied the interactions between clay minerals and closed
pore fluid using MD simulation. They revealed the effects of surface
groups, layer charges, and salts on the wettability. Chang et al.
(2018) systematically studied the wetting of nanoscale water on
different rock surfaces. Yi et al. (2018) calculated the adsorption
energy between a montmorillonite surface and water molecules
using MD simulation. They qualitatively characterized the wetta-
bility of the montmorillonite surface affected by surface charge and
ions. Mohammed and Gadikota (2020) studied the self-assembly
and related wettability changes of asphaltene on illite at 20 MPa
and 313 K by using classical MD simulation. Chen et al. (2020)
studied the wettability of modified clay using the MD simulation.
Their results were similar to those obtained using the solid drop
method, verifying the accuracy of this method. Therefore, molec-
ular dynamics simulation is a powerful tool for studying nanoscale
wettability. At present, for MD methods, the previous work mainly
focuses on mineraleH2OeCO2/CH4 or mineraleH2Oeair, and there
are few manuscripts specially studying the wettability of clay
minerals using MD (Pan et al., 2019, 2020; Al-Yaseri et al., 2022;
Hou et al., 2022). Therefore, the clay mineraleH2Oeliquid hydro-
carbon we studied is very necessary.

The above contents show a lack of systematic research on the
surface wettability of clay minerals in shale, especially in micro
measurement research. In this paper, the inherent wettability of
clay minerals in shale was systematically studied on the nanoscale
using MD simulation. First, based on MD simulation, the water
wettability of four common clay minerals (montmorillonite,
kaolinite, chlorite, and illite) in different liquid hydrocarbons (n-
hexane and toluene) was simulated, and the effects of temperature,
pressure and salinity on the wettability were analyzed. Then, by
comparing MD simulation results with the previous experimental
results, similar wetting characteristics were obtained, and the
reliability of the simulation results was verified. The research
methods and results of this paper made up for the lack of experi-
mental means, and provide important practical significance for
clarifying the flow and production mechanisms of shale oil and gas.



Table 1
Unit cell parameters of clay minerals.

Parameters Montmorillonite Kaolinite Chlorite Illite

a/Å 5.192 5.149 5.336 5.223
b/Å 13.523 8.934 9.240 9.018
c/Å 20.046 7.384 14.370 20.143
a/� 90.000 91.930 90.000 90.000
b/� 95.735 105.042 96.930 95.665
g/� 90.000 89.791 90.000 90.000

a, b, and c are the lengths of the unit cell. a, b, g are the angles of the unit cell.
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2. Models and methods

2.1. Molecular model

MD was used to simulate the wettability of different clay min-
eral surfaces. First, the “watereliquid hydrocarboneclay mineral”
model was established. In this model, kaolinite (Al4[Si4O10](OH)8)
was derived from the database of the Materials Studio, and mont-
morillonite (K2[Si4O8]6[Al10Mg2O12(OH)12]) (Heinz et al., 2005),
chlorite (Mg12[Si8O20](OH)16) (Lister and Bailey, 1967), and illite
(K4[Al8Si4O20](OH)4) (Gualtieri, 2000) were derived from the
American Mineralogist Crystal Structure Database. We have
uploaded the Materials Studio files of montmorillonite, kaolinite,
chlorite, and illite as supplementary materials. Montmorillonite is a
2:1 structured clay mineral with an O layer sandwiched between
two T layers (Yi et al., 2016; Zhao et al., 2017; Pan et al., 2020).
Isomorphous substitutions often occur in these layers, e.g. Al3þ

substitution by Mg2þ in the O layer and Si4þ substitution by Al3þ in
the T layer. Illite is a class of trilayer silicates with varying degrees of
lattice substitution (Si4þ is substituted by Al3þ in the T layer).
Therefore, cations are often attracted to the mineral surface to
compensate for the negative surface charge (Zheng and Zaoui,
2017; Pan et al., 2020). Shale oil is mainly composed of saturated
hydrocarbons, aromatic hydrocarbons, non-hydrocarbons and
asphaltenes, of which saturated hydrocarbons account for about
30%e70% and aromatic hydrocarbons account for about 25%e60%
(Xiong et al., 1965; Lu and Xue, 2021). In this study, n-hexane was
chosen to represent saturated hydrocarbon and toluenewas chosen
to replace aromatic hydrocarbon. The most common montmoril-
lonite, kaolinite, chlorite, and illiteminerals in the clayminerals (El-
Shater et al., 2021; Li et al., 2021) were used for the simulation. The
specific cell structure and cell parameters are shown in Fig. 1 and
Table 1.

In establishing the model, we first established an oil box
(60 Å � 60 Å � 40 Å) filled with liquid hydrocarbons (Fig. 2a) and
then a water box containing 300 water molecules
(20.8 Å � 20.8 Å � 20.8 Å) (Fig. 2b) and a clay mineral with a
horizontal surface (Fig. 2c). The basis for selecting the number of
water molecules is to try to choose according to one-third of the
size of the oil box and mineral surface, because if there are too
many water molecules, the water molecules will not spread on the
mineral surface, and if the water molecules are too small, it will
affect the observation of water wettability. Then, the rock surface
was fixed and the periodic boundary conditions were applied in the
X, Y, and Z directions. Second, the shale oil box, water box, and clay
Fig. 1. Crystal structure of the clay minerals. (a) mon
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mineral structure were respectively optimized. Finally, the opti-
mized oil box, water box, and clay minerals were combined into
one using the Materials Studio software to obtain the wettability
model (Fig. 2d), and the combined wettability model was opti-
mized. A vacuum layer with a thickness of 40 Å was added to the Z-
axis to prevent the periodic influence of this axis.
2.2. Simulation force field and parameters

The accuracy of molecular simulation results depends on the
reasonable setting of force field and simulation parameters (Chang
et al., 2018; Heydari et al., 2021). The setting of force field and
simulation parameters needs to match the actual geological con-
ditions. In this study, COMPASS force field is selected for simulation.
The COMPASS force field is the first high-quality force field inte-
grating organic and inorganic material parameters (Tavakoli and
Tarighat, 2016). It can deal with organic and inorganic molecular
systems, effectively solve covalent bond model, ion model, quasi
ion model and metal model, and simulate various small and large
molecules, including organic molecules, gaseous molecules and
inorganicmolecules. The COMPASS force field, which has been used
in many molecular simulations involving mineral surfaces, was
selected to study the interaction between atoms (Sun, 1998; Chang
et al., 2018). In recent years, it has been used by most people to
study the interface simulation of clay minerals and organic matter.
Wei et al. (2009) used the COMPASS force field to simulate the
movement of cetyltrimethylammonium bromide in montmoril-
lonite. Babatunde et al. (2021) used the COMPASS force field to
simulate the adsorption of CO2 and CH4 on the surface of mont-
morillonite and illite. Zhang et al. (2021) simulated the adsorption
of xanthate and polyacrylamide on kaolinite surface under compass
force field. The following are the settings of various simulation
parameters. The Andersen thermostat method was used to keep
tmorillonite; (b) kaolinite; (c) chlorite; (d) illite.



Fig. 2. Establishment process of the wettability model. (a) Shale oil; (b) water; (c) montmorillonite minerals; (d) initial model of the oilewater wettability of montmorillonite
minerals.
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the temperature unchanged (Andersen, 1980), the high-precision
Ewald method was used to calculate the electrostatic interaction
(Zhong et al., 2013), and the steepest center methods optimized the
structure of the initial model (Chang et al., 2018). The cut-off dis-
tance was set as 12.5 Å is set to improve the calculation efficiency
(Xia et al., 2016). The main input parameters in the balancing
process during the simulation are shown in Table 2. All simulations
were repeated with 1 fs (Zhu et al., 2015). The system was simu-
lated at 1000 ps under the canonical ensemble (NVT), which
ensured the accuracy of the simulation.
Table 2
Main parameters in the simulation process.

Simulation Modules Parameter

Amorphous Cell-Packing Density of water box
Density of n-hexane box
Loading steps

Geometry Optimization Maximum number of iterations
Algorithm

Dynamics-NVT Density of the whole system (montm
Density of the whole system (kaolinit
Density of the whole system (chlorite
Density of the whole system (illite)
Time step
Total simulation time
Number of steps
Thermostat
Initial velocities
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2.3. Measurement of contact angle in MD

In this paper, geometric methods are used to extract key phys-
ical quantities to calculate the contact angle (Fan and Cagin,1995; Li
and Wang, 2017; Dong et al., 2021; Shi et al., 2022). When the
mineral interface is hydrophilic, the contact angle between the
corresponding droplet and the interface is an acute angle (Fig. 3a),
whereas the hydrophobic surface exhibits an obtuse angle (Fig. 3b).
The contact angle can be derived from the following geometric
equations:
Input Unit

1.000 g/cm3

0.660 g/cm3

1000 /

500 /
Steepest descent /

orillonite) 0.787 g/cm3

e) 0.567 g/cm3

) 0.729 g/cm3

0.820 g/cm3

1 fs
1000 ps
1000000 /
Andersen /
Random /



Fig. 3. The contact angle is (a) acute angle, (b) obtuse angle, (c) three-dimensional view.
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cos q¼ 1� h=R (1)

ðR� hÞ2 þ r2 ¼R2 (2)

S ¼ pr2 (3)

Based on above-mentioned equations, the contact angle is
described by:

q ¼ arccos
S� ph2

Sþ ph2
(4)

where h represents the height from the center of the liquid circle to
the surface of the solid mineral; R represents the radius of the
sphere corresponding to the droplet; q is the contact angle; S de-
notes droplet bottom area.

The value of S is obtained by the lattice method. The water-
mineral interface is divided into 1 Å � 1 Å lattice and S is the
sum of all the lattices, h is obtained by measuring the height from
the center point of the water droplet to the mineral surface. After
obtaining the meshed differential model of the water droplets, the
contact angle of the water droplets on the mineral surface can be
obtained based on Eq. (4).
3. Results

The wettability of water in n-hexane and toluene on different
clay mineral surfaces (montmorillonite, kaolinite, chlorite, and
illite) was simulated using molecular dynamics. Under NVT, the
temperature was set to 298 K, and MD simulation at 1000 ps was
conducted for eight “oilewatereclay mineral” wettability models.
Model screenshots at different simulation times (100, 250, 600,
800, and 1000 ps) were taken to analyze and compare the change
process of the water droplets. The oilewater concentration on the
surface of clay minerals, radial distribution function (RDF) and
interaction energy, and the wettability characteristics of each
mineral were obtained and finally comparedwith the experimental
results. When calculating the relative concentration and distance
parameters, first click the Forcite module in the MS software, and
then select the concentration profile in the Analysis to obtain the
relative concentration curve. After that, the distance betweenwater
or liquid hydrocarbon and the mineral surface can be obtained by
subtracting the thickness of the mineral from the abscissa value of
the relative concentration curve.
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3.1. Study on the wettability of clay minerals in n-hexane

This simulation adopted the montmorillonite structure, where
the charge is balanced by potassium ions between layers. With
increasing simulation time, water droplets were rapidly adsorbed
to the montmorillonite surface. When the simulation reached
about 100 ps, the water droplets were completely tiled on the
surface of montmorillonite, and the water molecules exhibited
directional arrangement characteristics (Fig. 4a). When studying
the difference between hydrogen bond and van der Waals force,
Steiner and Desiraju (1998) proposed that when the adsorption
distance is less than 3 Å, the bonding type between adsorbent and
adsorbate is hydrogen bond, and vice versa is van der Waals force.
The main forms of judging the existence of hydrogen bond are
energy method and geometric judgment method. In this paper, the
geometric judgment method is used to judge the hydrogen bond,
that is, hydrogen bond occurs when the adsorption distance is less
than 3 Å. It can be seen from Fig. 5a that water molecules are close
to the mineral surface, indicating that in the process of montmo-
rillonite adsorbing watermolecules, oxygen inwater molecules and
hydrogen atoms on the surface of kaolinite form hydrogen bonds.
This leads to the directional arrangement of water molecules on the
surface of montmorillonite. The water molecules were adsorbed in
about four layers on the surface of montmorillonite. Oil molecules
were also adsorbed in obvious layers. The first water layer was close
to themontmorillonite surface and had a higher concentration than
that of the first oil layer (Fig. 5a), indicating that the hydrophilicity
of the montmorillonite surface was stronger than that of oil. We
found that the negatively charged montmorillonite surface had a
strong electrostatic attraction for exchangeable cations. These
exchangeable cations had very strong hydration capacities, which
endowed the clay minerals with their overall hydrophilicity (Yi
et al., 2018).

Kaolinite is a kind of dioctahedral clay mineral, which is formed
by 1:1 arrangement of silica tetrahedron and alumina octahedron.
Water molecules will not be attached between layers. Therefore,
the adsorbed water of kaolinite only exists on the surface of
kaolinite crystal. In order to determine the hydrophilic surface and
hydrophobic surface of kaolinite, Solc et al. (2011) analyzed the
diffusion behavior of water droplets on different surfaces of
kaolinite by means of molecular dynamics simulation. The results
show that the contact angle of water droplets on O surface (alumina
octahedral surface) is 0�, while the contact angle on T surface (silica
tetrahedral surface) is 105�, indicating that O surface is hydrophilic
surface and T surface is hydrophobic surface (Pan et al., 2020).



Fig. 4. Simulation screenshot of the oilewater wettability of clay minerals in n-hexane. (a) montmorillonite; (b) kaolinite; (c) chlorite; (d) illite.
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Therefore, in this study, the 001 surface of kaolinite is cut to make
the O surface of kaolinite directly contact with water and oil,
regardless of the influence of T surface. With increasing simulation
time, water droplets were adsorbed to one side of the kaolinite
surface, and a directional rehearsal of the water molecules
occurred. The reason for the directional arrangement is that the
oxygen atoms of the water molecules faced the hydrogen atoms on
the kaolinite surface (Fig. 4b), and the eOH groups on the kaolinite
surface tended to form multiple stable hydrogen bonds with the
water molecules. About five adsorption layers were observed on
the surface of kaolinite. Layered adsorption of oil molecules was
also noted. The first adsorption layer of water was close to the first
adsorption layer of oil from the kaolinite surface (Fig. 5b). There-
fore, we considered that the kaolinite surface had strong water and
oil wettability, which could be explained by the existence of surface
hydroxyl groups. It could provide a large number of hydrogen bond
sites and promote the formation of strong hydrogen bonds (Du and
Miller, 2007). This is consistent with the result obtained by Luo
et al. (2019) using a self-priming experiment, where kaolinite is
hydrophilic.

With increasing simulation time, water droplets were adsorbed
on the chlorite surface. When the simulation reached 100 ps, the
water droplets were completely tiled on the chlorite surface
(Fig. 4c). Moreover, a directional arrangement of the water mole-
cules was occurred on the chlorite surface because the hydrogen
atoms of the water molecules form hydrogen bonds with the oxy-
gen atoms on themineral surface, so that the hydrogen atoms in the
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water molecules gradually adsorb to the mineral surface. From the
oil and water concentration distribution of the chlorite wettability
system, we can see that the chlorite surface was completely
covered with water molecules, whereas the oil molecules were not
distributed at the place closest to the chlorite surface (Fig. 5c). It is
considered that the water wettability of the chlorite surface is
much stronger than its oil wettability, consistent with previous
research results (Zhang et al., 2020).

For the wettability model of illite, with increasing simulation
time, water droplets were gradually adsorbed to the mineral sur-
face. The shape of the water droplets gradually changed from
square to oblate sphere and presented a certain angle with the
mineral surface. Although there are oxygen atoms on the surface of
illite minerals, and the hydrogen atoms in water molecules can
form hydrogen bonds with the oxygen atoms on the mineral sur-
face, in illite, because the cohesion energy of water molecules
(9237.03336 kcal/mol, Eq. (5)) is stronger than the interaction force
between water molecules and mineral surface (2089.46767 kcal/
mol, see the section of 3.3 for detailed calculation), the water
molecules can not be fully spread on the mineral surface and can
not be aligned on the illite surface (Wu, 2018). The cohesion energy
of a liquid can be used to measure its intermolecular cohesion. The
greater the cohesion energy, the stronger the intermolecular
cohesion, and the less prone to deformation. When the simulation
reached 800 ps, the angle between the water droplets and the
mineral surface hardly changed (Fig. 4). Using the geometric
method (Fan and Cagin,1995; Li andWang, 2017; Dong et al., 2021),



Fig. 5. Distribution of the oil and water concentrations in clay mineral wetting systems in n-hexane. (a) montmorillonite system; (b) kaolinite system; (c) chlorite system; (d) illite
system.
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we measured the water-side contact angle formed by the nano
water droplets on the illite surface to be about 39.8�, similar to the
results obtained by Arif et al. (2020) using MD simulation. Ac-
cording to the relative concentration distribution characteristics,
the first water adsorption layer was closer to the hydroxylated
quartz surface than the first oil adsorption layer and had a higher
concentration (Fig. 5d). This indicates that the hydrophilicity of the
illite surface is stronger than its lipophilicity, which is due to the
high layer charge on the illite surface. These results are the same as
those obtained by Zhang et al. (2016) using MD simulation to study
the contact of “illiteewaterealkane”.

EC ¼nEA � EB (5)

where EC is cohesive energy; n is the number of molecules of the
system; EA is the energy of a single molecule; EB is the energy of the
system.

The stronger the water wettability of a rock surface, the higher
the relative concentration of surface water (Chang et al., 2018).
According to the wetting process of the water droplets and the
relative concentration curves of water on different mineral surfaces
(Figs. 4 and 5), we can conclude that at 298 K, the hydrophilicity of
the surfaces of the clay minerals in n-hexane follows the order
montmorillonite > chlorite > kaolinite > illite. Moreover, most clay
minerals showed strongwater wettability. This is becausemost clay
minerals are polar minerals, and there is a strong interaction be-
tween clay minerals and polar water molecules. In comparison,
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alkanes in shale oil are mostly nonpolar molecules. There is a weak
van der Waals force between alkanes and reservoir minerals; thus,
the interaction force between them is weak (Siddiqui and
Chaudhry, 2018).
3.2. Radial distribution function (RDF)

We calculated the RDF between atoms in the structure of clay
minerals and H2O (Fig. 6) to explore possible high-energy adsorp-
tion sites on the surface of minerals. RDF usually refers to the spatial
distribution probability of other particles given the coordinates of a
particle, which can be used to describe the correlation of electrons
and the affinity between two particles (Trokhymchuk et al., 2006;
Amirhossein et al., 2021).

RDF ¼ ½nðrÞ �
4prr2Dr

¼ V
N2

2
4X

i

XN

jsi
d
�
r � rij

�
3
5 (6)

In this equation, r is a pair of radial distances from clay mineral
molecules (Å); V is the capacity of the spherical shell (m3); N is the
number of particles; [n(r)] is a function of the thickness of calcu-
lating the number of particles in a shell; and r is the average
number density of particles (N/v).

As shown in Fig. 6a, the close contact peak between H2O and K
atoms in montmorillonite is sharper than that between H2O and
other atoms. This indicates that the substitution site around the K



Fig. 6. RDF between H2O and the atoms in the clay minerals. (a) montmorillonite; (b) kaolinite; (c) chlorite; (d) illite.
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atoms in montmorillonite is the high-energy site of H2O molecules.
In Fig. 6b, the close contact peak between H2O and Al atoms in
kaolinite is sharper than that between H2O and Si atoms. This in-
dicates that the substitution site around the Al atoms in kaolinite is
the high-energy site of H2O molecules. In Fig. 6c, the close contact
peak between H2O and Si atoms in chlorite is sharper than that
between H2O and Mg atoms. This indicates that the substitution
site around the Si atoms in chlorite is the high-energy site of H2O
molecules. In Fig. 6d, the close contact peak between H2O and Si
and Al atoms in illite is sharper than that between H2O and K atoms.
This indicates that the substitution sites around the Si and Al atoms
in illite are the high-energy sites of H2O molecules.

The higher the peak in RDF, the stronger the interaction be-
tween hydrocarbonmolecules and claymineral surfaces (Wang and
Liang, 2019). Fig. 6 shows the following hydrophilicity order of
water in n-hexane on the surfaces of clay minerals:
montmorillonite > chlorite > kaolinite > illite.
3.3. Interaction energy

We took the last moment of the MD simulation (1000 ps) to
calculate the interaction energy between n-hexane and water and
the clay mineral surfaces and the difference between them to
quantitatively evaluate the interaction between liquid hydrocarbon
and water and clay mineral surface (Fig. 7). The interaction energy
(EOeS) between the n-hexanemolecule and the claymineral surface
can be defined as follows (Chang et al., 2018; Zhong et al., 2013; Ma
et al., 2019):
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EO�S ¼ EOþS � EO � ES (7)

EOþS is the total energy of the n-hexane molecule and the clay
mineral surface (kcal/mol), EO is the energy of the n-hexane
molecule (kcal/mol), and ES is the surface energy of clay minerals
(kcal/mol).

The interaction energy (Ew-s) between the clay mineral surface
and the water molecules can be defined as follows:

EW�S ¼ EWþS � EW � ES (8)

EWþS is the total energy of the water molecules and clay mineral
surface (kcal/mol), EW is the energy of the water molecules (kcal/
mol).

The interaction energy difference (DE) between EO-S and EW-S
described by the following equation:

DE ¼ EO�S � EW�S (9)

Fig. 7a shows the interaction energy of water and oil on different
clay mineral surfaces. The greater the interaction energy between
water and the clay mineral surface, the stronger the water wetta-
bility of the mineral (Chang et al., 2018). Therefore, it can be
concluded from Fig. 7a that the hydrophilicity of the clay minerals
is as follows: montmorillonite > chlorite > kaolinite > illite. The
results show that DE on the surface of a water-wet rock is positive
(Chang et al., 2018; Zhong et al., 2013). Fig. 7b shows the interaction
energy difference (DE) between EO-S and EW-S of the different clay
minerals in the steady state. It can be seen that DE is positive,



Fig. 7. Difference in interaction energy (a) between liquid hydrocarbons and water and the clay mineral surfaces and (b) between Eo-s and Ew-s of the different clay minerals in the
steady state.
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indicating that the interaction energy between thewater molecules
and the surfaces of the four clay minerals is greater than that be-
tween n-hexane and the surfaces of the clay minerals. The above
discussion shows that EW-S and DE can well explain the different
wettabilities of the clay mineral surfaces studied.
4. Discussion

4.1. Stability analysis

4.1.1. Change in kinetic energy
Kinetic energy is generally characterized the equilibrium state of

a system (Zhong et al., 2013). The “montmorillonite, kaolinite,
chlorite, and illiteewateren-hexane” wettability model and the
evolution of kinetic energy in “montmorillonite, kaolinite, chlorite,
and illite-water-toluene” are shown in Fig. 8. When the simulation
reached 10 and 20 ps, each group of simulations attained balance
(Fig. 8). This shows that the studied “oilewatereclay mineral”
system stabilized.
4.1.2. Mean square displacement (MSD) and self-diffusion
coefficient (D)

In this study, the movement characteristics of water molecules
on the mineral surfaces were analyzed by calculating the MSD and
D of water (Chakraborty et al., 2015; Tirjoo et al., 2019).
Fig. 8. Kinetic energy change diagram of each clay miner
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N is the number of diffusion molecules, ri(t) and ri(0) are the
position vectors of the molecules at t and t ¼ 0, respectively, and
KMSD is the slope of the MSD curve.

The MSD changes of the water molecules on the clay minerals
are shown in Fig. 9. The relatively stable simulation data of the first
400 ps were selected for analysis (Yuan et al., 2021). With
increasing simulation time, the value ofMSD increases, but its slope
decreases. This is because in the early stages of the simulation, the
adsorption capacity of minerals for water was very large. Thus, the
self-diffusion coefficient was also high. In the later stages, only a
small part of the nonadsorbed water molecules moved, and the
natural self-diffusion coefficient was small (Amirhossein et al.,
2021). Fig. 9 shows that the self-diffusion coefficient of water in
n-hexane and toluene on the surface of different clay minerals
remained unchanged after about 300 ps. This indicates that the
studied “oilewatereclay mineral” system stabilized.
al wettability model in (a) n-hexane and (b) toluene.



Fig. 9. Variation curve of the mean square displacement of the water molecules on the surfaces of clay minerals in (a) n-hexane; (b) toluene.
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4.2. Force analysis

MD simulation is mainly based on the atomic force field model
(Seyyedattar et al., 2019), which calculates the potential energy of
the system through the functional form provided by the force field
(Ebrahimi, 2014). The Lennard-Jones potential produced by the van
der Waals and repulsive force interactions has been widely used
Fig. 10. Relative concentration of water in n-hexane on the surfaces of clay minerals a
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because of its simple calculation (Lennard-Jones, 1924). When the
distance is infinite, the potential of two particles is zero, which
means that they do not interact. When the van der Waals force
produces a rather weak gravitational force, the two particles may
approach each other with the smallest energy. When the potential
energy passes through zero, the atom reaches equilibrium. With
the overlap of atomic electron clouds, the distance between two
t different temperatures. (a) montmorillonite; (b) kaolinite; (c) chlorite; (d) illite.



Fig. 11. Simulation screenshot of the oilewater wettability of clay minerals in toluene. (a) montmorillonite; (b) kaolinite; (c) chlorite; (d) illite.
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particles is further reduced, resulting in strong repulsion. Conse-
quently, the potential energy of the system suddenly increases
(Ebrahimi, 2014; Seyyedattar et al., 2019).

The peak concentration of the adsorption layer gradually de-
creases with the increase of the distance from the mineral surface,
and there is no obvious adsorption layer outside the distance of
10 Å from the mineral surface (Figs. 5 and 7). This shows that the
intermolecular force between molecules dominates at a long dis-
tance from the mineral surface.

In 1873, Johannes Diderik van der Waals first introduced the
concept of the van der Waals force (Klein, 1974). This force is
meaningful only when atoms or molecules are very close. The
fluctuations in atomic electron clouds allows atom to have
instantaneous dipole moments, which induce nearby atoms to
produce dipole moments, resulting in attractive dipole interactions
(Visser,1989). In addition to distance, the van derWaals force is also
affected by polarity. Toluene has a high molecular weight in the
liquid hydrocarbons, giving it a high van der Waals force. This may
be the reason why the concentration of toluene on the surfaces of
the clay minerals was higher than that of n-hexane.

The electrostatic force occurs between two charged particles,
repels particles with the same charge and attracts particles with the
opposite charge (Cao et al., 2020). The charge varies with the
composition of clay minerals and liquid hydrocarbons, resulting in
different electrostatic forces in different models. In our study, the
charges of the clay minerals and the liquid hydrocarbon compo-
nents were fixed. Thus, the distance became the main factor
determining the electrostatic force, which increased with the
decreasing distance between clay minerals and oil.
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4.3. Analysis of the influencing factors on wettability

The clay mineral wettability is affected by many factors,
including temperature, pressure, type of liquid hydrocarbon, and
water salinity. Among these, small changes in pressure almost
negligibly change the wettability (Seyyedi and Sohrabi, 2015; Najafi
et al., 2016).

4.3.1. Effect of temperature on wettability
MD was used to simulate the relative concentration of water in

n-hexane on the surface of different clay minerals at 298 K and
355 K to characterize the effect of temperature on wettability
(Fig. 10). The concentration of water on the surfaces of montmo-
rillonite, kaolinite, and illite decreased with increasing tempera-
ture, and the water wettability decreased. The concentration of
water on the surface of chlorite increased with increasing tem-
perature, and the water wettability increased. These results show
that temperature changes have a certain effect on the wettability of
clay minerals and are similar to the experimental results measured
using the capture method (Alyaseri et al., 2017; Yekeen et al., 2021).

4.3.2. Effect of liquid hydrocarbon type on wettability
We established four “tolueneewatereclay minerals”wettability

models and made their oil-water concentration distribution dia-
grams to study the wettability in different liquid hydrocarbon
components (Figs. 11 and 12). First, according to the wetting pro-
cess of water droplets and the relative concentration curve of water
on different mineral surfaces, we can conclude that at 298 K, the
hydrophilicity of the surfaces of the clayminerals in toluene follows



Fig. 12. Distribution of the oilewater concentration in each clay mineral wetting system in toluene. (a) montmorillonite; (b) kaolinite; (c) chlorite; (d) illite.
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the order montmorillonite > chlorite > kaolinite > illite, which is
the same as that of the clay minerals in n-hexane. Second, Fig. 11
shows that the water in toluene is not completely paved on the
surfaces of montmorillonite, kaolinite, chlorite, and illite. Fig. 12
shows that the relative concentration of water on the surfaces of
the clay minerals decreased and the relative concentration of oil
increased. These indicate that the water in toluene had weaker
water wettability and stronger oil wettability than those of the
water in n-hexane on the surfaces of the clay minerals. Therefore,
the liquid hydrocarbon type also has a certain influence on the
wettability of clay minerals (Chang et al., 2018).
4.3.3. Effect of water salinity on wettability
Illite with relatively poor water wettability was selected to

establish a wettability model to more intuitively observe the
changes in water with different mineralization on the surface of
clay minerals. Three different concentrations of NaHCO3 in water
droplets were established using the molecular dynamics method:
300 water molecules at 10, 20, and 40 NaHCO3, respectively. We
established the “illiteen-hexaneeNaHCO3” wettability model,
simulated it at 1000 ps under the NVT and at 298 K, and took
screenshots of themodels at different simulation times (Fig.13).We
found that with increasing NaHCO3 concentrations, the adhesion of
water on the mineral surfaces lessened (Fig. 13), gradually
becoming miscible with n-hexane, and the relative concentration
on the mineral surface continuously decreased (Fig. 14). Therefore,
the higher the NaHCO3 concentration in water, the weaker the
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wettability of the clay mineral surfaces to water. Therefore, the
salinity of water also has a certain impact on the wettability of clay
minerals (Chang et al., 2018).

During the extraction of shale oil, the changes of temperature,
pressure and fluid properties will affect the wettability. The influ-
ence of temperature and pressure on wettability is very complex.
Generally, in the process of shale oil exploitation, the formation
energy will gradually decrease, the pressure and temperature will
gradually decrease, the crude oil viscosity will increase, the oil
wettability will increase, and the water wettability will weaken (Li,
2021).
4.4. Shortcomings and deficiencies

Because most clay minerals in shale have strong hydrophilicity,
the water molecules completely spread on the mineral surface
during the simulation (Figs. 4 and 11). Thus, measuring the specific
value of the contact angle using the contact angle measurement
method for wettability comparisons is impossible. Only indirect
parameters can be used for wettability evaluation.

Alkanes cannot fully represent shale oil. We tried to simulate
shale oil with molecular dynamics before, but found that the
complexity of shale oil componentsmakes the simulationworkload
and difficulty very large.We investigated the relevant literature and
found that in recent years, many scholars have used the high
content of alkanes in shale oil to represent shale oil for molecular
simulation (Wang et al., 2016; Cao et al., 2020; Dong et al., 2022;



Fig. 13. Wettability model of illite with different NaHCO3 concentrations. (a) 300 H2O and 0 NaHCO3; (b) 300 H2O and 10 NaHCO3; (c) 300 H2O and 20 NaHCO3; (d) 300 H2O and 40
NaHCO3.

Fig. 14. Relative NaHCO3 concentrations of water droplets with different concentra-
tions on the surfaces of illite.
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Sang et al., 2022). Therefore, this manuscript uses two hydrocarbon
components (n-hexane and toluene) with high content in shale oil
to study the wettability of clay minerals. Although shale oil simu-
lation is a difficulty, it will be the main task of our future work.
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We used the MD simulation method to comprehensively
analyze the change form and relative concentration of water on the
surfaces of different minerals, the RDF of water and clay mineral
surface atoms, and the interaction energy between water and the
clay minerals surface. Finally, the wettability of four common clay
mineral surfaces in shale were obtained, which are of breakthrough
significance. However, this still cannot represent the actual
wettability situations of underground clay minerals. Thus, we must
obtain the relative content of each clay mineral component in shale
through X-ray diffraction analysis, accordingly give each mineral a
certain proportion, simulate actual underground temperatures,
pressures, mineral surface roughness and fluid mineralization, and
finally conduct comprehensive analyses. Only in this way can we
really simulate the wettability of clay minerals in underground
shale, which will be the main direction of our future research.
5. Conclusions

(1) In this paper, using MD simulation, we microscopically
analyzed the changing morphology and relative concentra-
tion of water on the surfaces of different clay minerals. The
RDF of water and clay mineral surface atoms, the interaction
energy betweenwater and the clay mineral surfaces, and the
inherent wettability of the montmorillonite, kaolinite, chlo-
rite, and illite surfaces at the nanoscale was obtained. The
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results show the following order of the water wettability of
the clay minerals: montmorillonite > chlorite > kaolinite >
illite. The simulation results are consistent with the experi-
mental results, which well proves the accuracy of the MD
simulation.

(2) It is concluded that the temperature, type of liquid hydro-
carbon, and mineralization of water all have a certain influ-
ence on wettability. The water wettability of
montmorillonite, kaolinite, and illite decreased with
increasing temperature. In contrast, the water wettability of
chlorite increased with increasing temperature. The water in
toluene had weaker water wettability and stronger oil
wettability than that in n-hexane on the surfaces of the clay
minerals. The higher the NaHCO3 concentration, the weaker
the wettability of the clay mineral surface to water.
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