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ABSTRACT

As the main factor influencing the flow and preservation of underground fluids, wettability has a pro-
found impact on CO, sequestration (CS). However, the influencing factors and internal interaction
mechanisms of shale kerogen wettability remain unclear. In this study, we used molecular dynamics to
simulate the influence of temperature, pressure, and salinity on wettability. Furthermore, the results
were validated through various methods such as mean square displacement, interaction energy, elec-
trostatic potential energy, hydrogen bonding, van der Waals forces, and electrostatic forces, thereby
confirming the reliability of our findings. As temperature increases, water wettability on the surface of
kerogen increases. At CO, pressures of 10 and 20 MPa, as the temperature increases, the kerogen
wettability changes from CO, wetting to neutral wetting. As the CO, pressure increases, the water
wettability on the surface of kerogen weakens. When the pressure is below 7.375 MPa and the tem-
perature is 298 or 313 K, kerogen undergoes a wettability reversal from neutral wetting to CO, wetting.
As salinity increases, water wettability weakens. Divalent cations (Mg2+ and Ca®*) have a greater impact
on wettability than monovalent cations (Na"). Water preferentially adsorbs on N atom positions in
kerogen. CO, is more likely to form hydrogen bonds and adsorb on the surface of kerogen than H,0. As
the temperature increases, the number of hydrogen bonds between H,0 and kerogen gradually in-
creases, while the increase in pressure reduces the number of hydrogen bonds. Although high pressure
helps to increase an amount of CS, it increases the permeability of a cap rock, which is not conducive to
CS. Therefore, when determining CO, pressure, not only a storage amount but also the storage safety
should be considered. This research method and results help optimize the design of CS technology, and
have important significance for achieving sustainable development.
© 2025 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/).

* Corresponding author.
** Corresponding author.
*xx Corresponding author.

E-mail addresses: chenjq@cup.edu.cn, cjq7745@163.com (J.-Q. Chen), pangxq@
cup.edu.cn (X.-Q. Pang), zhachen@ucalgary.ca (Z.-X. Chen).

https://doi.org/10.1016/j.petsci.2025.03.040

1. Introduction

Carbon capture and geological storage (CCGS) can reduce CO,
emissions by injecting CO, into underground strata with a com-
plete geological structure and good sealing (Kim and Makhnenko,
2023; Deng et al., 2023). CCGS is an important foundation for
achieving carbon neutrality goals and plays a significant role in
promoting sustainable development (Wang et al., 2023; Zhang
et al., 2024). The oil and gas industry greatly benefits from the
development of CCGS. There are several oil reservoirs, depleted gas
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reservoirs, and deep saline layers in large and medium-sized
sedimentary basins worldwide, which can be favorable locations
for carbon storage (Kassa et al., 2022). CCGS can not only achieve
the goal of emission reduction, but also significantly improve oil
recovery (Birkholzer et al., 2015; Famoori et al., 2021; Ali et al.,
2022a). Given the inherent advantages of the hydrocarbon in-
dustry, oil and gas companies are continuously increasing their
research and investment in CCGS (Sun et al., 2023). Shale reservoirs
are widely distributed globally. With the continuous progress of
shale hydrocarbon exploration and development, global shale hy-
drocarbon production has rapidly increased (Hu et al., 2022, 2023,
2024; Wang et al., 2022a, 2022b; Zhang et al., 2023). Therefore, the
study of CO, sequestration (CS) in shale is essential.

Wettability is a key parameter governing the interaction be-
tween underground fluids and shale (Yoshimitsu et al., 2002). It
significantly influences capillary pressure and fluid mobility in
shale, thereby facilitating the successful implementation of CS
projects (Awolayo et al., 2016; Huang et al., 2024). Various methods
have been employed to characterize shale wettability; however, the
factors influencing wettability are very complex, and the experi-
mental results obtained differ significantly. Previously, it was
widely believed that shale reservoirs are hydrophilic (Al-Yaseri
et al., 2021). However, an interaction between functional groups
and their redistribution on surfaces during an interaction between
underground fluids and shale can lead to a transition from water
wetting to CO, wetting (Lu et al, 2021). In general, shale—-
brine—CO; systems often exhibit moderate to strong CO, wetting
under high pressure, low temperature, high salinity, and high TOC
content (Pan et al., 2019; Ali et al., 2023). However, different results
have been reported. According to Gholami et al. (2021), as the
concentration of CaCly increases, its water wetting gradually in-
creases. This may be related to various factors, such as different
maturity, a surface area, surface roughness, and distribution of
organic matter in shale (Yekeen et al., 2021), indicating that a
measured contact angle (CA) varies under different influencing
factors. Particularly in experiments, there are certain limitations
and uncertainties in macroscopic CA measurements (Pan et al.,
2020; Rego et al., 2022; Ali et al., 2024). Thus, microscopic simu-
lation methods should be employed to study shale—brine—CO,
wettability and compare their results with experimental results to
explore the reasons for the discrepancy in reported results (Xue
et al., 2015).

Recently, owing to the superiority of molecular dynamics (MD)
in microscopic research, it has been widely employed to study the
wettability (Hu et al., 2016). Yu et al. (2020) studied the wettability
changes in graphene—brine—CO, systems under various influ-
encing factors using MD. By comparing their results with previous
studies, they confirmed the reliability of MD simulations. Al-Yaseri
et al. (2023) studied the wettability of sandstone and carbonate
rocks under different conditions through MD to identify the rea-
sons for the differences in experimental results caused by the
measured wettability. Wang and Chang (2024) investigated the
wettability of graphene, quartz, kaolinite, calcite, and illite under
different temperatures, pressures, and mineralization levels
through MD, which deepened our understanding of the petroleum
behavior in the nanopores of shale oil reservoirs. However,
currently, few researchers have used real kerogen to study water
wetting under CO, pressure.

In our previous study, because of the lack of a real kerogen
model, we used graphene instead of organic matter for wettability
research (Shi et al., 2022), which yielded reliable results. However,
graphene still has some differences from kerogen. The influence of
temperature, pressure, and salinity on the wettability of kerogen,
especially microscopic CA measurements and internal interaction,
is unclear. Therefore, we built a real kerogen model (Shi et al,,

2748

Petroleum Science 22 (2025) 2747—2759

2024). Shale wettability is restudied using this real kerogen
model. First, we study the factors influencing the wettability of
organic matter in shale. Our results are then validated through
various methods, such as mean square displacement (MSD),
interaction energy, electrostatic potential energy, hydrogen
bonding, van der Waals forces, electrostatic forces, and compari-
sons with previous simulation and experimental results, thereby
confirming the reliability of our findings. Our findings will not only
help to understand the microwettability mechanisms of shale to
compensate for the shortcomings of experimental methods but
also have important significance for CS.

2. Methodology
2.1. Simulation principle

MD is a method for studying the physical movement of atoms
and molecules, providing detailed insights into the dynamic evo-
lution of systems (Alder and Wainwright, 1957). The interaction
potential between atoms significantly influences the accuracy of
system calculation results, so the potential function is crucial in MD
(Chakraborty et al., 2015). The COMPASS force field is widely used
to study mineral surfaces to study atomic interactions (Sun, 1998;
Chang et al., 2018; Savin and Mazo, 2020; Heydari et al., 2021):
Etotal = Evalence + Enon—bond (1)
where Eqta denotes the total energy, kcal/mol; Eyajence denotes the
bond energy, kcal/mol; Enon-bond denotes the nonbond energy, kcal/
mol.

Nonbond energy includes gravitational and repulsive forces
(Zendehboudi et al., 2018; Al-Raeei and El-Daher, 2019):

Enon—bond = Eij + Ecoulomb (2)
ro\ 9 o\ 6
Ej=> &2 (r'f> -3 <r“> (3)
i ij ij

where Ej; denotes the van der Waals energy, kcal/mol; Ecoulomb
denotes the electrostatic interaction energy, kcal/mol; r;; denotes
the distance between particles i and j, A; &jj denotes the potential
well depth, kcal/mol; r§ denotes the distance between the pairs of
particles with a potential of 0, A.

2.2. Wettability model construction

All models in this study were constructed using Materials Studio
software. First, we prepared individual water molecules (Fig. 1(a)),
CO, molecules (Fig. 1(a)), and kerogen molecules (Fig. 1(a)). Then,
500 water molecules were combined to obtain the initial water
model (Fig. 1(b)). We combined 4000 CO; molecules to obtain the
initial CO, model (7 nm x 7 nm x 5.5 nm) (Fig. 1(b)). We combined
10 two—dimensional kerogen models to obtain the initial kerogen
model (7 nm x 7 nm x 1 nm) (Fig. 1(b)). The initial water, CO;, and
kerogen models were then geometrically optimized and energy
minimized to ensure that their structures were in the most stable
state. Finally, the optimized models were combined using software
and subjected to geometric optimization and energy minimization
to obtain the final initial wettability model (7 nm x 7 nm x 14 nm)
(Fig. 1(c)). When conducting the dynamics of the final wettability
model, it is necessary to fix kerogen, relax the CO, and water
molecules, and add a 5 nm vacuum layer at the top to eliminate
periodic effects.



K.-Y. Shi, J.-Q. Chen, X.-Q. Pang et al.

v

500 water molecules

(a)

Petroleum Science 22 (2025) 2747—2759

4000 CO, molecules

10 2D kerogen molecules

()
— C
C
IS Ty /;xl:v/ 3w T A
R TR o =N )
LS i
£ }’§§) Jh “%v fr
S — q .:\\1 § 253 ;: -
© 3 ey
1 A
. o sy
R o PSS :f/
A .
%
,\(\A :Qll ; 3 X
¢ /T Y, 3 bl
N e P ;
BT
‘A
e
B 7nm [e]

Fig. 1. The construction process of the wettability model: (a) individual water, CO,, and kerogen molecules, (b) initial water, CO,, and kerogen models, and (c) final wettability

model.

The water molecule model was constructed using the Build
Nanocluster module. The CO, and kerogen models were con-
structed using the Amorphous Cell module. The kerogen molecule
was previously constructed by Shi et al. (2024). The molecular
formula of kerogen is Ci9gH240020NgS2. The shale samples for
constructing kerogen molecules were taken from the Gaoshangbao
area in the northeast of Nanpu Sag in Bohai Bay Basin, China, which
is one of the main onshore oil-producing areas in Nanpu Sag (Fig. 2)
(Chen et al., 2021). The shale sample has a depth of 4108.9 m and
belongs to the third member of the Dongying Formation. R, is
0.63%. The kerogen density is 1.106 g/cm®.

2.3. Simulated parameters

It is necessary to perform geometric optimization on the initial
model, followed by dynamic simulation. Geometric optimization
can eliminate potential non—physical interactions in the structure
and provide a stable foundation for subsequent MD simulations. To
ensure sufficient simulation time, we set the time step for dynamic
simulation to 1 fs and the system simulation time to 2000 ps (Zhu
et al., 2015). In this study, the dynamic simulation time was set to
2000 ps, and the duration was chosen based on the time required
for molecular behavior to reach equilibrium. We confirmed the
equilibrium state of molecular behavior by analyzing the radial
distribution function (RDF) and energy change curve of the system.
Specifically, at the beginning of the simulation, the system energy
fluctuates greatly, but in the following time, the system energy and
RDF tend to stabilize, indicating that the system has reached an
equilibrium state. The simulation steps and conditions are shown in
Fig. 3. A cutoff distance of 12.5 A was used in the simulation to
improve computational efficiency and avoid accuracy loss caused
by short cutoff distance (Zhong et al., 2013; Xia et al., 2016). In order
to maintain the stable temperature state of the system, we adopted
the Andersen thermostat method (Andersen, 1980), which can
effectively achieve temperature control through random mo-
mentum exchange. In the calculation of electrostatic interactions,
the Ewald method was used. This method can accurately handle

2749

long—range electrostatic interactions under periodic boundary
conditions. The simulation conditions are detailed in Table 1.

2.4. Measurement of contact angle

Currently, several scholars have used MD to measure the
microwettability of minerals (Bhattacharjee and Khan, 2019; Pham
and Walsh, 2021). The geometric method is the most intuitive and
commonly used method for measuring microcontact angles (Li and
Wang, 2017). As shown in Fig. 4, when the surface of kerogen is
hydrophilic or hydrophobic, the CA is acute or obtuse, respectively.
When measuring the CA, the first step is to draw a concentration
distribution map of water on the surface of kerogen and then use
the isodensity curve fitting method to calculate the CA of kerogen
(Fig. 4(c)) as follows:

(R—h)? +x* = R? (4)
cosﬁ:lfg (5)

where h denotes the distance from the highest droplet point to the
mineral surface, and R denotes the radius of the sphere.

3. Results
3.1. Influence of temperature on wettability

The variation characteristics of the CA of the surface of kerogen
at 298, 313, 323, and 343 K were simulated via MD. By the distri-
bution pattern of water on the surface of kerogen at the last
moment of simulation (2000 ps), which can directly reflect kerogen
wettability. With an increase in temperature, the contact area be-
tween water and the surface of kerogen increases, resulting in
enhanced water wettability. To quantitatively characterize the
changes in wettability, we used geometric methods to measure the
CA on the surface of kerogen (Fig. 5).
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Fig. 2. (a) Global shale oil basin distribution (modified after Shi et al., 2024), (b) regional structural map of the Nanpu Sag area, and (c) comprehensive stratigraphic column of

Nanpu Sag (modified after Chen et al., 2021).

We can observe that at CO; pressures of 10 and 20 MPa and
temperatures of 298 and 313 K, the CA on the surface of kerogen is
greater than 105°, indicating that the kerogen is wetted with CO,.
The CA between 105° and 180° was CO, wetting (Fanchi, 2005). At
CO; pressures of 10 and 20 MPa and temperatures of 323 and 343 K,

the CA on the surface of kerogen is between 75° and 105°, indi-
cating kerogen neutral wetting; at CO, pressure of 5 MPa and
temperatures of 298, 313, 323, and 343 K, the CA on the surface of
kerogen is between 75° and 105°, indicating neutral kerogen wet-
ting (Fanchi, 2005). The above conclusions are roughly the same as
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Fig. 3. Simulation calculation steps and simulation conditions.

those obtained by Yu et al. (2020) and Shi et al. (2022) through MD.
We also compared the above conclusions with the experimental
results of Pan et al. (2018), and the results were very similar, con-
firming the accuracy of the results obtained through simulation
(Fig. 5).

We also plotted the relative concentration curves of water on
the surface of kerogen at 5 MPa and different temperatures (Fig. 6).
When the pressure is constant, the relative concentration increases
with temperature, indicating an enhanced interaction between
water and kerogen and enhanced water wettability.

3.2. Influence of CO, pressure on wettability

We used MD to simulate the variation characteristics of the CA
of the surface of kerogen at 5, 10, and 20 MPa. From Fig. 5, when the
temperature remains constant, with a gradual increase of CO,
pressure, the CA gradually increases and the water wettability
gradually weakens. The influence of supercritical pressure on the
wettability is crucial. At pressures below 7.375 MPa (critical pres-
sure), water at 298, 313, 323, and 343 K is neutral wetting on the
surface of kerogen (Fig. 7). When the pressure exceeds 7.375 MPa
and the temperature is 298 and 313 K, the surface of kerogen
changes from neutral wetting to CO, wetting, resulting in a wetting
reversal. The critical pressure of CO, is 7.375 MPa (Bachu, 2000). In
the supercritical state, CO, exhibits properties similar to both gas
and liquid. Near the critical point, the physical properties of CO;
undergo significant changes. These changes will affect the in-
teractions between CO,, kerogen, and surrounding fluids. Specif-
ically, when the pressure exceeds the critical point, the density of
CO, approaches that of the surrounding liquid phase, thereby
reducing interfacial tension and altering the adhesion force at the
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Fig. 5. CA on kerogen surface obtained from experiments and simulations at different
temperatures.

Table 1
Simulation parameters.
Simulation modules Parameter Input Unit
Amorphous cell-packing Density of water box 1.000 g/cm?
Density of CO, box 1.101 g/cm?
Density of kerogen 1.106 g/cm?
Density of the entire system 0.521 g/cm®
Loading steps 1000 /
Geometry optimization Maximum number of iterations 500 /
Algorithm Steepest descent /
Dynamics Time step 1 fs
Ensemble NVT /
Total simulation time 2000 ps
Number of steps 2000000 /
Thermostat Andersen /
Frame output every 500 steps
Initial velocities Random /
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solid—liquid interface. This phenomenon explains the observed
changes in wettability and highlights the importance of the critical
pressure point in understanding CS behavior. The above conclu-
sions are roughly the same as those obtained by Yu et al. (2020) and
Shi et al. (2022) through MD. We also compared the above con-
clusions with the experimental results of Pan et al. (2018), and the
results were very similar.

3.3. Influence of salinity on wettability

The salinity of underground fluids can affect the interaction
between liquids and minerals, thereby affecting the wettability of
minerals. We used a solution containing Na*, Ca®*, and Mg?* to
study the effect of salinity. As the CaCl; solution concentration in-
creases, the CA increases (99°+2°, 104°+2°, and 114°+2°) (Fig. 8),
and the hydrophilicity gradually weakens. As the salinity increases,
kerogen wettability in NaCl and MgCl, solutions also changes
similarly (Fig. 8). The above conclusions are roughly the same as
those obtained by Yu et al. (2020) and Shi et al. (2022) through MD.
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Fig. 7. CA on kerogen surface obtained from experiments and simulations under
different pressures.
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The ion type also significantly influences changes in the CA on
the surface of kerogen (Fig. 8). MgCl, and NaCl solutions, respec-
tively, have the greatest and smallest impact on kerogen wetta-
bility. The effect of CaCl, solution on kerogen wettability is
moderate. Divalent cations (Mg?* and Ca®*) have a greater impact
on wettability than monovalent cations (Na™). This is consistent
with the conclusions drawn by previous researchers using zeta
potential experiments (Kasha et al., 2015; Alroudhan et al., 2016).

4. Discussion
4.1. Influence of CO,—brine—kerogen wettability on CS

In this section, we discuss how to improve the efficiency of CS
technology in field applications using the factors influencing
wettability in CO,—brine—shale systems. When the pressure in-
creases to above 7.375 MPa or the temperature decreases, the shale
becomes more CO, wetting, indicating a stronger interaction be-
tween CO, and shale (Chiquet et al., 2007). In addition, we simu-
lated the wettability of kerogen without CO; and compared it with
that of kerogen with CO,. We found that the presence of CO, can
weaken the hydrophilicity of the surface of kerogen (Fig. 9). Huang
et al. (2018) reported that when the pressure increased to
7.375 MPa, the amount of CO, adsorbed on the surface of kerogen in
shale reached its maximum. Later, experiments proved that the
reason for this phenomenon was the affinity between CO, and
kerogen. This affinity can effectively increase the adsorption ca-
pacity of CO,. Therefore, in the early stages, higher pressure should
be used. As the pressure rises to 7.375 MPa and the temperature
decreases, the CS capacity reaches its maximum. Moreover, with an
increase in salinity, wettability weakens. Therefore, when pres-
surizing, the salinity of underground fluids can also be appropri-
ately increased to improve the CS capacity.

Storage safety is also controlled by the ability of the cap rock to
retain CO;, for a long time. The injected CO, will rise to the reservoir
top through buoyancy and accumulate below the cap rock (Fig. 10).
The pressure increase and temperature decrease caused by
continuous CO, injection not only transform shale from water
wetting to CO, wetting but also increase the permeability of the cap
rock, which is not conducive to CS (Qin et al., 2022). When the CO,
pressure rises above the breakthrough pressure, CO, leakage will
occur. The breakthrough pressure is the maximum CS pressure in
the reservoir. Therefore, when determining CO; pressure, not only
the storage amount but also the storage safety should be
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(b)
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=

Enhanced hydrophilicity
of kerogen

Fig. 9. Comparison of wettability between kerogen containing CO; and those without
COz.

considered. There is a complex relationship between ion concen-
tration, pressure, and storage risk in the study of CS safety. High ion
concentration contributes to mineral sequestration, but may cause
salt precipitation or pore blockage, increasing reservoir uncertainty
(Pruess and Miiller, 2009). High pressure can increase the density of
CO,, reduce the required storage space, but at the same time may
pose a risk of reservoir rupture or crack propagation (Song and
Zhang, 2012). Therefore, the selection of ion concentration and
pressure needs to strike a balance between storage efficiency and
safety. This study proposes a strategy for appropriately reducing
pressure in high salinity reservoirs through a combination of ex-
periments and simulations, in order to reduce the risk of salt pre-
cipitation while ensuring storage efficiency. This provides
comprehensive analysis and optimization suggestions for the safe
sequestration of CO,.

In the practical application of CS technology, there are various
potential challenges, including the long-term stability of wetta-
bility under extreme conditions, the need for experimental verifi-
cation of simulation results, the economic feasibility of technology
implementation, and the potential impact on the environment. For
example, although this study investigated the effects of factors such
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as temperature, pressure, salinity, and ions on wettability, further
research is needed to determine whether wettability can maintain
consistency and stability under extreme conditions such as ultra-
high pressure, strong acidity, or prolonged operation. Economic
costs and environmental impacts are also key factors, and the
widespread application of CS technology requires a balance be-
tween cost-effectiveness and environmental protection, balancing
the short—term investment and long—term benefits of technology
implementation (Ali et al., 2022b; Davoodi et al., 2024). To address
these challenges, we suggest combining multi—scale simulations
and experimental validation, utilizing theoretical models and
experimental results from different scales to complement each
other, in order to enhance the comprehensiveness and practical
guidance of the research. At the same time, material optimization
design, such as developing functional nanomaterials or surface
modification technologies, can be used to improve the tolerance
and performance of storage systems under extreme conditions. In
addition, policy support and cost optimization analysis are also
important directions. By formulating relevant incentive policies,
promoting research and development investment, and imple-
menting full lifecycle cost analysis, CS can ensure good economic
feasibility and environmental sustainability (Alphen et al., 2010;
Stechow et al., 2011; Wu and Wang, 2022). Through these mea-
sures, it is expected to overcome existing technological bottlenecks
and further promote the practical application and promotion of CS
technology.

4.2. System stability

4.2.1. Changes in kinetic energy

In MD simulations, kinetic energy can be used to describe sys-
tem stability (Shi et al., 2023). The final equilibrium simulation can
obtain the trajectory information of the velocity and position of
each particle with time, which is the basis for subsequent data
processing and analysis. It is necessary to analyze the system en-
ergy variation curves over time during the simulation process. If the
energy fluctuation range is within 5%, the system is considered to
have reached a stable state. By selecting the curves of kinetic energy
with time in four temperature-simulated systems, it is clear that
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the simulated time is sufficient to achieve a stable state of the
studied system (Fig. 11).

4.2.2. RDF analysis

The RDF typically represents the probability of finding other
particles at a certain distance from a reference particle, given the
position of that particle (Trokhymchuk et al., 2006). RDF is a
function often used to judge whether a system is balanced. RDF is
particularly suitable for liquids. With an increase in simulation
time, the peak gradually decays and eventually equals 1 to judge
whether the system reaches equilibrium; otherwise, the simulation
time should be extended. Our system reached a stable state, and
our simulation time was sufficiently long (Fig. 12).

RDF can also describe the affinity between atoms (Firooz et al.,
2021). A higher peak value in the RDF indicates a stronger the
interaction between H;O and atoms on the surface of kerogen
(Wang and Huang, 2019). Fig. 12 shows the RDF between water and
single atoms in kerogen at the same temperature and pressure. The
RDF between H,0 and N atoms in kerogen is higher than that be-
tween H,0 and other atoms, indicating that the substitution sites
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Fig. 12. RDF between H,0 and atoms in kerogen at 5 MPa and 298 K.
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around N atoms in kerogen are high-energy sites for H,O. This
finding aligns with the conclusions of Lawal et al. (2020), who
employed the B3LYP/Def2-TZVP theoretical level. It can be inferred
that the interaction between H,0 and N in kerogen is stronger than
those between H,0 and C, H, O, and S. Under these temperature and
pressure conditions, water preferentially adsorbs at N atom posi-
tions in kerogen.

4.3. MSD and self-diffusion coefficient (D) analysis

Because MSD and D can be used to analyze the motion state of
molecules, we used Materials Studio software to calculate the MSD
and D of water in the system after running the kinetic model (Firooz
et al.,, 2021; Tirjoo et al., 2019). As the simulation progressed, MSD
gradually increased while D gradually decreased and then
approached equilibrium (Fig. 13). This phenomenon can be attrib-
uted to the adsorption dynamics during the early stages of the
simulation, where a significant amount of H,O adsorbed onto the
kerogen surface, leading to a high diffusion coefficient (D). As the
simulation progressed, only the remaining H,O suspended in CO;
continued to diffuse, causing D to naturally decrease. In addition,
the influence of temperature on D is very significant (Firooz et al.,
2021). As the temperature increases, the diffusion of H,O on the
surface of kerogen gradually strengthens and the adsorption be-
comes faster, resulting in a larger D. The D value of H,0 is 343, 323,
313, and 298 K. This is consistent with the previously obtained
results through MD (Zhao and Jin, 2020).

N
MSD = 1 Z [ri(t) — 1;(0)]? (6)
1:1
D—_\ fim " L9 )
6Nr—> dtz[’ *6 MSD

where N denotes the number of diffusion molecules, r(t) and r(0)
denote the position vectors of molecules at t and t = 0 respectively,
and Kysp denotes the slope of the MSD curve.

4.4. Interaction energy

In the simulation process, the interaction energy can reflect the
interactions between molecules. After the MD simulation, we
analyzed the difference between the interaction energies between
CO, and kerogen (Ec.k) and between H,O and kerogen (Ew.g)
(Fig. 14) (Ma et al., 2019).
Ec x =Ecix —Ec — Ex (8)
where Ec, denotes the energy of CO, and kerogen surface, kcal/
mol; Ec denotes the energy of CO,, kcal/mol; Ex denotes the energy
of kerogen surface, kcal/mol.
Ew x = Ewyx — Ew — Ex (9)
where Ew ,x denotes the energy of H,O and kerogen surface, kcal/
mol; Ew denotes the energy of H,0, kcal/mol.

AE =Ec_x — Ew_k (10)

Previous studies have shown that when 4E is negative, CO,
adsorption on the kerogen is stronger than H,O adsorption and
kerogen is more CO,-friendly (Zhong et al.,, 2013). 4E values are
negative at different temperatures, indicating that kerogen is CO,
wetted (Fig. 14). In addition, as the temperature increases, 4E
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Fig. 13. MSD and D of H,0 on kerogen surface under 5 MPa.

gradually decreases, and CO, wettability on the surface of kerogen
gradually weakens. The results above align with those obtained by
Tao et al. (2024) using MD simulations and with the conclusions
drawn in Section 3.1. Under actual reservoir conditions, the inter-
action between CO, and H,O molecules significantly affects the
wettability transition and reservoir pore structure. CO; tend to
adsorb on the surface of kerogen, while H,O is more likely to
aggregate in hydrophilic regions. This distribution change will alter
the wettability of the reservoir surface, thereby affecting the
permeability and distribution stability of CO,. And under high
pressure and high water content conditions, CO, adsorption may
lead to chemical dissolution or precipitation on the surface of
reservoir pores, which can change the porosity and permeability of
the reservoir, thereby affecting long—term stability.

4.5. Electrostatic potential energy

Throughout the MD simulation, electrostatic potential energy
serves as an indicator of the interactions between molecules and
the overall charge distribution within the system (Tao et al., 2024).
The position and strength of hydrogen bond formation can be
predicted by the electrostatic potential energy of molecules.
Therefore, electrostatic potential energy analysis is crucial for
studying the interaction between kerogen and H,0 (An et al., 2019).
The molecular electrostatic potential energy was calculated using
the DMol3 module (Tabari and Farmanzadeh, 2020). By analyzing

Temperature, K

298 313 323 343
o : ; A
~400
©
-800
£
[\
o
"o
W -1200
<
~1600
B ae
~2000

Fig. 14. AE at different temperatures.
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the electrostatic potential energy of kerogen, its wetting mecha-
nism was clarified. Fig. 15 shows the electrostatic potential energy
distribution of H,0, CO,, and kerogen. The blue area in the
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Fig. 15. Electrostatic potential energy spectra. (a) H,0, (b) CO,,

and (c) kerogen.
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Table 2
Maximum electrostatic potential energy of H,0, CO,, and kerogen.

Molecule type  Maximum positive potential ~Maximum negative potential

H,0 0.08715 au —0.06766 au
CO, 0.04943 au —0.01030 au
Kerogen 0.1471 au —0.1149 au

electrostatic potential energy diagram indicates negative charge,
and the electron pairs in this area easily form hydrogen bonds. The
red region is opposite to the blue region, and hydrogen bonds can
be formed by accepting electrons (Gan et al., 2023). The maximum
surface electrostatic potentials of various molecules are listed in
Table 2. The maximum negative potential (—0.06766 au) of H,O is
located around the oxygen atom, and the maximum positive po-
tential (0.08715 au) is distributed around the hydrogen atom
(Fig. 15(a)). The maximum negative potential (—0.01030 au) of CO;
is located around the oxygen atom, and the maximum positive
potential (0.04943 au) is distributed around the carbon atom
(Fig. 15(b)). In the kerogen model, the blue region is mainly
distributed near the oxygen atom (Fig. 15(c)). A larger difference in
electrostatic potential energy between molecules indicates stron-
ger molecular interactions (Zhao et al., 2023). CO, is more likely to
form hydrogen bonds on the surface of kerogen and absorb them
than H,0, which is consistent with the results obtained in Section
44,

4.6. Hydrogen bond analysis

The strongest interaction between H,O and kerogen is pro-
moted by hydrogen bonds, in which H,O0 is the donor and hetero-
atoms (N, O, and S) in kerogen are the acceptors (Zhou et al., 2022).
To further reveal the change of water wettability of the surface of
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kerogen with temperature, we analyzed the number of hydrogen
bonds formed between H;0 and the surface of kerogen at different
temperatures and pressures. Using the geometric criterion pro-
posed by Kumar et al. (2007), if the distance between the donor and
receptor is less than 0.3 nm, and the angle between them is be-
tween 90° and 180° (O—H-O0), there is a hydrogen bond.

The total number of hydrogen bonds gradually increases with
increasing temperature (Fig. 16(a)) and decreases with increasing
pressure (Fig. 16(b)). At 298 K, 5 MPa, the number of hydrogen
bonds between donor and receptor lengths of 1.68—1.76 A is the
largest (Fig. 16(c)). When the hydrogen bond length is less than
2.3 A, the first layer of water forms a hydrogen bond interaction
with kerogen. When the hydrogen bond length is greater than
2.3 A, the second layer of water forms a hydrogen bond interaction
with kerogen. The shorter the hydrogen bond length, the stronger
the interaction between H,0 and the surface of kerogen. At 298 K,
5 MPa, the number of hydrogen bonds between the donor and
receptor at an angle of 150°—170° is the largest (Fig. 16(d)). The
results showed that the hydrophily of the surface of kerogen
increased with temperature (Fig. 16). In addition, with an increase
in pressure, the hydrophily of the surface of kerogen gradually
weakens, which is conducive to CO, storage.

4.7. Force analysis

The van der Waals force is an electronic attraction that occurs
between molecules with different electronic configurations and
becomes significant when atoms or molecules are in close prox-
imity (Seyyedattar et al., 2019; Ebrahimi, 2014; Lennard-Jones,
1924; Klein, 1974). The fluctuation of the atomic electron cloud
makes an atom have an instantaneous electric dipole moment. This
dipole moment can induce neighboring atoms to develop their own
dipole moments, leading to attractive interactions between these
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induced dipoles (Visser, 1989). While van der Waals forces are
commonly associated with interactions between nonpolar mole-
cules, they can also occur between polar molecules. These forces
arise from temporary dipole moments in nonpolar molecules and
contribute to the overall intermolecular interactions. The van der
Waals force between H20 and kerogen is greater than that between
water molecules; thus, H,O will gradually approach the surface of
kerogen with increasing simulation time (Fig. 17).

Electrostatic force acts between two charged particles, with like
charges repelling each other and opposite charges attracting each
other (Cao et al,, 2021). In the MD simulation process, the charge
between kerogen and H;O remains constant, so distance is an
important factor influencing the electrostatic force. As the tem-
perature increases, the hydrophilicity of kerogen increases, the
distance between kerogen and H,0 decreases, and the electrostatic
force gradually increases (Fig. 17).

5. Conclusions

(1) Supercritical conditions are crucial for determining of
wettability. The kerogen surface becomes more hydrophilic
as temperature rises. At CO, pressures of 10 and 20 MPa, with
an increase in temperature, kerogen changes from CO,
wetting to neutral wetting. When the CO; pressure is 5 MPa,
kerogen is neutral wetting. When the temperature remains
constant, with a gradual increase in pressure, the hydrophily
on the surface of kerogen gradually weakens. At pressures
below 7.375 MPa, the wettability on the surface of kerogen is
neutral wetting. When the pressure exceeds 7.375 MPa and
the temperature is 298 and 313 K, the water wettability on
the surface of kerogen changes from neutral wetting to CO,
wetting, resulting in a wetting reversal. lon concentration
has a certain effect on kerogen wettability. Divalent cations
have a greater impact on wettability than monovalent cat-
ions. With an increase in salinity, hydrophily decreases.

(2) Through RDF, we determined that water is preferentially
adsorbed at N atom positions in kerogen. The interaction
energy between CO, and the kerogen is greater than that
between H,0 and the surface of kerogen. The greater the
electrostatic potential energy difference between molecules,
the greater the interaction between molecules, and CO;
forms more hydrogen bonds on the surface of kerogen and is
adsorbed than Hy0. The surface of kerogen is CO, wetting.
The number of hydrogen bonds between H,0 and kerogen
gradually increases with increasing temperature and de-
creases with increasing pressure. The van der Waals force
between H,0 and kerogen is greater than that between H,0
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molecules; thus, the hydrophilicity of the surface of kerogen
increases with simulation time.

(3) At an early stage, a higher CO, pressure should be used.
When the pressure rises to 7.375 MPa and the temperature is
low, the CO, storage capacity reaches its maximum. When
pressurizing, the salinity of underground fluids can also be
appropriately increased to improve CS. Notably, when
determining CO, pressure, not only the storage amount but
also storage safety should be considered.
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