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Abstract:
Interactions at the oil/brine/rock interfaces play a pivotal role in the mobility of crude oil
within reservoir matrices. Unraveling the microscopic mechanisms of these interactions is
crucial for ion-engineered water flooding in secondary and tertiary oil recovery. In this
study, the occurrence and transport behavior of crude oil in kaolinite nanopores covered
with thin brine films was investigated by molecular dynamics simulation. There is an
apparent interface layered phenomenon for the liquid molecules in slit pores and the
polar oil components primarily concentrate at the oil/brine interfacial region and form
various binding connections with ions. The interfacial interactions between the polar oil
components and brine ions exhibit an inhibitory effect on the transport of crude oil through
nanopores. The interaction mechanism between acetic acid molecules and hydrated ions
was elucidated by interaction modes and interaction intensity, which was proved to illustrate
the flow difference in different brine film systems. Moreover, a strategy of exchanging
the binding sites of divalent cations with acetic acid molecules by monovalent cations
with a higher concentration was proposed. The cation exchange scheme was further
validated, demonstrating an enhancement in the oil mobility within nanopores. These
findings deepen our understanding of oil/brine/rock interfacial interactions and provide
a significant molecular perspective on ion-engineered water flooding for enhanced oil
recovery.

1. Introduction
With the rapid development of global economics, the

demand for crude oil has been increasing year by year as a sig-
nificant fuel and chemical raw material. In recent years, uncon-
ventional oil/gas resources are gradually becoming strategic
alternatives to conventional oil and gas resources for their huge
reserves and wide distribution in the world (Zou et al., 2015;
Feng et al., 2020; Cai et al., 2022). However, unconventional
reservoir contains various micro and nano pores with low
permeability and porosity (Zhang et al., 2020), as shown in
Fig. 1(a). The strong rock/oil interfacial interactions under
confined situations make a poor mobility for crude oil (Jiang
et al., 2018, 2020).

The geological exploring data have proved that the reser-

voir matrixes are filled with formation water before the crude
oil migrates into rock pores (Koleini et al., 2019b). When the
water is drained by crude oil from the rock pores, there is
still a water film spreading onto the rock surfaces because
of the intrinsic water-wet characteristics (Mohammed and
Babadagli, 2015). The water film plays a role in connecting the
oil phase and rock surface, as shown in Fig. 1(b). In addition,
due to the geological interaction and mineral dissolution over
a long period of time (Myint and Firoozabadi, 2015), there
are various types of ions in the formation water, which can
form complicated ionic complex with the polar oil compo-
nents like asphaltene and carboxylic acid in the rock/water/oil
interfacial region (Denton et al., 2019), as shown in Fig. 1(c).
The adsorption of polar components can further enhance the
adhesion of oil on the rock surface, even resulting in the
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Fig. 1. (a) The flow schematic diagram of crude oil in the micro and nano pores, (b) the simplified pore model involved in
oil/brine/rock three phase systems. The blue and black regions represent the brine films and oil phase, respectively, (c) the
binding connection between the polar oil component and hydrated ions at the oil/brine interface.

wettability alteration of rock surface (Shaik et al., 2020). In
recent years, it has been proved that the thin brine film has an
important impact on the rock/oil interfacial interactions (Guo
et al., 2020), including electrical double layer expansion, ion
exchange, pinning point, screening effect and so on (Koleini
et al., 2021). Whatever, the brine films establish a linkage be-
tween the nonpolar components of crude oil and rock surface
through the adsorption of polar components (Mahmoudvand
et al., 2019). In particular, the cations in brine films play
an important role in the adsorption of polar components on
rock surfaces (Underwood et al., 2015). Over the years, ion
binding interactions were widely identified in different oil and
brine samples despite of the fact that the composition of crude
oil, brine and rock surface can bring some uncertainties of
mechanistic study on the oil/brine/rock interaction (Buckley et
al., 1998). Furthermore, four potential interaction mechanisms
for crude oil adsorption on rock surfaces linked with cations
including cation exchange, ligand exchange, cation bridging
and water bridging were proposed (Underwood et al., 2015;
Lin et al., 2018). With the prevalence of low salinity water
flooding technology in the past years, some specific ion
combination of injection brine was proved to be able to weaken
the rock/oil interactions and enhance oil recovery, which is
also denoted as ion-engineered water flooding or smart water
flooding (Kilybay et al., 2017). For example, the combination
of SO2−

4 and Mg2+ or SO2−
4 and Ca2+ can make the carbonate

rock surfaces more hydrophilic and enhance the recovery
efficiency (Moosavi et al., 2019). It was also reported that
Mg2+ can displace the Ca2+ binding with carboxylate from
the surface owing to its more potent affinity to carboxylate (Bai
et al., 2021). Due to the complexity introduced by the injected
multicomponent brine solution, which can disrupt the initial
thermodynamic equilibrium condition at the oil/brine/rock
interface, the mechanisms underlying ion-engineered water
flooding are recognized as a combination of multiple factors
rather than a singular one (Buckley et al., 1998; Koleini et
al., 2021). Among these potential mechanisms, multicom-
ponent ion exchange was widely recognized as one of the

main mechanisms (Bai et al., 2021). Multicomponent ion
exchange mechanism is based on a competitive effect of the
interaction strength among polar oil components, ions and rock
surface (Wang et al., 2023). Thus, the interaction strength
characterization of oil/brine/rock interface is both essential
for whether the mechanistic study on oil/brine/rock interfacial
interaction or enhanced oil recovery.

At present, there are several prevailing experimental meth-
ods to measure the interaction strength of brine/oil inter-
face such as surface tension measurement (Chakravarty et
al., 2015), atomic force microscope measurement (Hu et
al., 2021). Nevertheless, discrepancies persist in the literature
regarding the interfacial interaction between distinct brine
films and oil (Umadevi and Senthilkumar, 2014; Chakravarty
et al., 2015). Furthermore, the molecular-level interaction
mechanisms between brine ions and polar components in
nanopores remain inadequately understood. In recent years,
the molecular dynamics simulation has emerged as a robust
and effective tool in the field of material and interface science
(Wang and Wu, 2013; Chu and Zhang, 2023; Wu et al., 2024).
Concurrently, there has been significant growth in atomic-
level investigations of oil/brine/rock interfacial interactions,
driven by the surge in secondary and tertiary oil recovery
technologies such as gas injection and chemical injection (Guo
et al., 2022; Fan et al., 2024). Molecular dynamics simulation
has revealed that salinity exerts a significant influence on rock-
/oil interactions. In low-salinity systems, an electric double
layer with repulsion effect forms at the rock/brine interface,
whereas high-salinity ions tend to aggregate, assuming an
anchoring role in oil adhesion to the carbonate surface (Koleini
et al., 2020). Interestingly, it was found that adsorbed ion
layers could have a screening effect on the adsorption of
hydrocarbons onto the calcite surface (Chen et al., 2015).
The disparity depends on the composition of the brine and
oil components.

The focus of these studies primarily centered on the
oil/brine interfacial interaction on carbonate surfaces, which
have deepened our understanding to the microcosmic in-
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Fig. 2. (a) The simulation model of a kaolinite nanopore containing brine films and oil mixture and (b) the molecular models
of kaolinite crystal, water, ions, octane and acetic acid molecules. The black, red, white, yellow, brown, pink, green spheres
represent the carbon, oxygen, hydrogen, silicon, aluminum, sodium and chlorine atoms, respectively.

teraction behavior between ions and oil components within
carbonate nanopores covered by brine films. Noticeably differs
from carbonate minerals in terms of the chemical bonding
mechanisms between polar oil components and surface chem-
ical groups, clay minerals have stronger adsorption capability
to polar oil components on the rock surface (Lin et al., 2018).
Although there have been studies on the adsorption of oil com-
ponents on clay surfaces with brine films (Zhang et al., 2019a),
they mainly adopted an interfacial model consisting with aque-
ous solution and rock surface to study the static mechanism
of oil/brine/rock interactions (Wei et al., 2017), neglecting the
confined effect of nanopores and the dynamic flow behavior
of crude oil. In fact, whether the spontaneous migration of
crude oil under the pressure difference or miscible-phase
oil displacement process by gas flooding or water flooding
corresponds to a dynamic mechanism (Guo et al., 2020).
The fluid properties such as density and viscosity can be
influenced in the flow state, and the sticky and slippage effect
can be pronounced (Zhang et al., 2019b; Liu et al., 2022).
Consequently, greater attention should be directed towards the
dynamic flow behavior of crude oil in nanopores covered with
thin brine films. Furthermore, a comprehensive investigation
covering interfacial interactions of oil/brine/rock and confined
transport of crude oil in clay nanopores is fundamental both
to oil/brine/rock interaction mechanisms and ion-engineered
water flooding technology.

In this work, the static distribution characteristics and dy-
namic transport behaviors of oil mixture in kaolinite nanopores
covered with different thin brine films are investigated by
molecular dynamics simulation. The differences of the inter-
action modes between acetic acid molecules and ions at the
oil-water interface are analyzed, and the interaction strength
of acetic acid molecules with different ions is quantitatively
calculated. The relationship between the interaction strength
of single acetic acid molecules and ions is proved to be able
to extend to illustrate the difference of oil flow behavior in
nanopores. Furthermore, a strategy of displacing the binding
sites of divalent cations with carboxylic acid by monovalent
cations of a higher concentration is proposed. The feasibility
of improving the oil mobility via cation exchange is further
validated.

2. Molecular model and simulation methods
The simulation model is a slit pore constructed by two

parallel substrates apart from a certain distance. The oil
mixtures were located in the center of the pore and a brine
film with a thickness around 0.55 nm were preplaced near the
surfaces of both sides of the pore to simulate the formation
water on the rock surfaces, as shown in Fig. 2(a). To simulate
the high salinity solution environment of formation water in
reservoir, the molarity of thin brine films is set as about 7.65
mol/L for the NaCl brine film system. When assessing the
effect of individual ions, the corresponding counter ions are
the same. The shale reservoir in Gulong area is abundant in
clay minerals like kaolinite, montmorillonite and illite and so
on. Considering the montmorillonite and illite crystals both
contain free ions, which may influence the composition of
brine films. Thus, the kaolinite was selected as the surface
of the nanopore in this work, which is also widely existing
in the sandstone and claystone reservoirs. In addition, the
aluminol layer and siloxane layer of kaolinite are both typical
base elements of clay minerals (Greathouse et al., 2017).
Although the organic matter is also a significant composition
of shale rock and has a strong interfacial adsorption for oil
components, it is not suitable to be discussed in this work
because of its intrinsic hydrophobicity. Crude oil is usually
consisting of nonpolar and polar component. Nonpolar com-
ponent is mainly hydrocarbon compound and polar component
contains various heteroatom compound like carboxylic acids,
phenols and amides (Lin et al., 2018). Generally, the molecular
modeling of oil mixture can be based on the SARA model.
However, considering the content of heavy fractions of shale
oil in Gulong area is extremely low, and the oil density is
also much lower than others. If oil mixture is constructed
according to SARA model, the molecular model would be very
large. On the other hand, considering the pivotal role of polar
components in oil/brine/rock interactions, saturate aliphatic
and carboxylic acid were selected as the representative of
nonpolar and polar components of crude oil. Octane, as a
common saturate aliphatic molecule, which was widely used
as a representative components of shale oil (Wang et al., 2016),
was selected as the nonpolar component of crude oil in this
work. Carboxylic acid is a typical organic polar component
in crude oil, which has been also confirmed as one of the
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main polar components altering the surface wettability of
minerals by experimental characterization methods such as
X-ray diffraction spectroscopy and atomic force microscope
(Pedersen et al., 2016). Herein, acetic acid, a simple carboxylic
acid, was chosen to represent the polar oil component (Mah-
moudvand et al., 2019). The oil mixture model constructed
by saturate aliphatic and carboxylic acid molecules were also
widely used in previous simulation studies (Underwood et
al., 2016; Tian et al., 2018). In this work, the density of
oil mixture is calculated as 0.775 g/cm3 under the condition
of 323 K and 30 MPa, which is also consistent with the
characteristic of low density (< 0.8 g/cm3) of shale oil in
Gulong area (Sun et al., 2021, 2023; He et al., 2023). The
molecular model of kaolinite surface, water, ions, and oil
molecules are displayed in Fig. 2(b).

To attain the initial model with a proper liquid density,
an equivalent force to a typical reservoir pressure of 30 MPa
along the direction perpendicular to surface is exerted on the
atoms of the top kaolinite substrate. Once the system reached
equilibrium, the top substrate was fixed at the equilibrium
position, which is calculated by averaging the position in the
last 1 ns. The pore height is defined as the distance between
the nearest atoms of the top and bottom substrate, and the
height of the slit pore in this work is 4.5 nm. Then equilibrium
molecular dynamic simulation with duration of 15 ns were
performed. After that, the non-equilibrium molecular dynamic
simulation was carried out. The pressure gradient derives
from the pressure difference of the two ends of nanopores.
A simple method to achieve a pressure gradient is by setting
two reservoirs with different pressure at the two ends of the
nanopores (Jin et al., 2015). However, our work just employed
a routine by exerting an equivalent constant acceleration to
each atom of octane and acetic acid molecules along the Y
direction to simulate a flow driven by pressure gradient (Chen
et al., 2017; Yu et al., 2017). The system temperature was set
at 323 K, which is in a representative reservoir temperature
range and widely adopted in other studies (Fang et al., 2017).
The temperature was controlled by the canonical ensemble
and only the velocity components perpendicular to the flow
direction was applied for the temperature thermostat. The time
step for the velocity integration is 1 fs. The periodic boundary
conditions were applied in the X and Y directions.

CHARMM-36 force field (MacKerell et al., 1998) was used
to describe the intramolecular (bonds, angles and torsions)
and intermolecular interactions among oil molecules, while
the kaolinite surface was modeled by the CLAYFF force field
(Cygan et al., 2004). The potential parameters of ions are
derived from previous literature (Smith and Dang, 1994; Li
and Merz, 2014; Williams et al., 2014), which were widely
adopted in the study on oil/brine/rock interactions (Koleini and
Badizad, 2019a). The TIP3P water model with a long-range
Coulombic solver (Price and Brooks, 2004) was applied in
our simulations, and the water molecules were set as rigid
molecules. The non-bonding interactions were calculated by
the 12-6 Lennard-Jones (LJ) and Coulomb potential (MacK-
erell et al., 1998):

Ei j = S(ri j)×4εi j
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where E represents the potential energy between two single
particles, which were denoted as i and j; δ and ε is the zero-
crossing distance and the LJ potential well depth; r is the dis-
tance between two particles; q is the particle charge; ε0 is the
vacuum dielectric constant and S(r) is denoted as the energy
switching function. The inner (rin) and outer (rout ) cutoffs for
the calculation of van der Waals and coulomb interactions are
8 and 12 Å, respectively. The long-range interactions were
treated by the particle-particle particle-mesh solver with a
precision of 10-4. The description of interactions between
different types of particles was based on the Lorentz-Berthelot
mixing rules. All of our simulations were run through Large-
scale Atomic/Molecular Massively Parallel Simulator (Plimp-
ton, 1995) and OVITO software (Stukowski, 2009) was used
for the visualization and post-processing of simulation results.

3. Results and discussion

3.1 Density distributions
To investigate the effect of individual ions on the oc-

currence state and transport of crude oil in nanopores, four
brine film systems was calculated, which are denoted as NaCl,
CaCl2, MgCl2 and MgSO4 brine film system according to
the ion composition of brine films covered on the kaolinite
surfaces. In general, interfacial adsorption phenomena occur
for liquid molecules in nanopores due to their strong interfacial
interactions (Hong et al., 2023). The disparity in interfacial
adsorption is contingent upon the interaction strength between
the liquid molecules and pore surfaces (Hong et al., 2022).
Notably, a distinct interfacial layering phenomenon is ob-
served among water, octane, and acetic acid molecules in
the slit pores. Water molecules predominantly occupy the
regions near the top and bottom surfaces, whereas octane
molecules concentrate in the central area of the slit pores.
Acetic acid molecules are primarily situated in the interfacial
region between water and octane, assuming a linking role
between the two phases, depicted in Figs. 3(a)-3(d). For
different brine film systems, two structured hydration layers
are formed on the kaolinite surface and the first density peak
is much higher than the second layer, indicating a compact
water monolayer are adsorbed on the kaolinite surface. The
position and magnitude of density peak of water in four
brine film systems is almost the same, indicating the ionic
composition in brine films cannot disturb the hydration layers
on the surfaces, which is consistent with the previous studies
(Koleini and Badizad, 2019a). Turn to the density distribution
of oil molecules, the octane molecules tend to be away the
water molecules due to their hydrophobicity, and the disparity
of density distribution in different brine film systems is small.
It can be inferred that it is mainly because of the weak
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Fig. 3. (a)-(d) The density distributions and the simulation snapshots of oil components and water in NaCl, MgCl2, CaCl2 and
MgSO4 brine film systems, respectively; purple, black and red solid lines represent the density distribution profiles of water,
octane and acetic acid, respectively, (e)-(h) the number density profiles of ions in NaCl, MgCl2, CaCl2 and MgSO4 brine film
system, respectively. To compare the distribution difference of cation and anion quantitatively, the number density has been
normalized according to the molar concentration. Herein, the number density of sodium ion is the half of its actual number
density for the comparison of cations, and the number density of sulfate ion is 2 times to its actual number density for the
comparison of anions.

interactions between the ions in the brine film and octane
molecules. Turning to the acetic acid, it can be seen that
they are mainly adsorbed at the oil/brine interface, with the
nonpolar methyl groups towards the side of octane molecules
and polar carboxyl groups facing the side of brine films. In
addition, when focused on the shape of density peaks, the
density peak of MgCl2, CaCl2 and MgSO4 brine film systems
was found to be flatter and broader compared with that of the
NaCl brine film system. Unlike the single peak of NaCl brine
film system, the three brine film systems with divalent ions
show a feature of weak double peaks, which is considered
that there may be more than one interaction modes (Koleini
et al., 2021) between acetic acid molecules and divalent ions.

Comparing the ion density profiles with the water density
profiles, the distribution of monovalent sodium ions is also
different from the brine film systems with divalent cations,
shown in Figs. 3(e)-3(h). The density profile of sodium ions
manifests three adsorption layers and the first Na+ adsorption

layer is in the first hydration layer, which means that the
sodium ions have strong affinity to the kaolinite surface and
some of them can penetrate the water monolayer. For the
NaCl brine film system, the density peak of chloride ions in
Fig. 3(e) is between the two density peak of sodium ions,
implying that the absorption of chloride ions was dependent
on the Na+ adsorption layers (Badizad et al., 2021). Different
from monovalent sodium ions, the divalent cations in CaCl2
and MgCl2 brine film systems are distributed in the region
beyond the first hydration layer, which can be attributed to
their more compact hydration shells for divalent cations than
monovalent cations (Chen et al., 2015), displayed in Figs. 3(f)
and 3(g). Accordingly, the monovalent chloride ions are more
proximal to the kaolinite surface than divalent cations. By the
comparison of the MgCl2 and MgSO4 brine film systems, the
peak of sulfate ions is about 1.5 Å beyond that of chloride
ions, which is possibly due to the larger size of polyatomic
sulfate anion. In addition, the density peaks of sulfate ions and
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magnesium ions in Fig. 3(h) are similar, which indicates the
sulfate ions are inclined to adsorbed besides the magnesium
ions rather than above them.

3.2 Impacts of brine ions on the oil flow
Taking account of the distinction between dynamic flow

and static adsorption behavior of crude oil, our attention was
turned to investigating the impact of brine films covering the
kaolinite surface on the transport of oil through nanopores.
Therefore, a pressure-driven flow was performed to investi-
gate the flow behavior of oil components in nanopores with
different brine films. There are five simulation systems in our
simulation, named pure water film system, NaCl brine film,
CaCl2 brine film, MgCl2 brine film and MgSO4 brine film
systems, respectively. The oil molecules in nanopores form a
directional flow driven by the pressure gradient. The velocity
profiles of oil molecules in five simulation systems are all
parabolic, agreeing with the characteristics of Poiseuille flow.
The oil velocity in the central region of the nanopores is
followed by the order of pure water > NaCl > CaCl2 >
MgCl2 > MgSO4. Compared with four brine film systems, the
oil velocity of pure water film system is much higher, which
indicates that the ions in the brine film play an important
role in the oil transport through nanopores. In addition, the
impact of different ions in brine film on the oil flow is
disparate, as displayed in Fig. 4(a). Especially, the velocity
distribution at the oil/water interfacial region also varies in
different systems. Because of the ion enrichment in the vicinity
of surface, there is no interfacial slip happening at the oil/brine
interface, which is similar with the sticky layer effect reported
by the surface adsorption of heavy oil component (Hong et
al., 2022). Inversely, the liquid/liquid slip at the oil/water
interfacial region occurs in the pure water film system. This
is because the first highly ordered water monolayer is tightly
adsorbed on the hydrophilic kaolinite surface for the hydrogen
bond interactions. The oil/water interaction is much weaker
compared with oil/brine interaction and can even provide
a lubrication effect (Guo et al., 2020). Hence, it can be
concluded that the oil flow velocity in the proximity of the
surface is contingent upon the interaction strength of oil/brine
interface.

Considering that the polar acetic acid molecules are
mainly concentrated at the oil/water interfacial regions, the
oil molecules in close vicinity to the surfaces is thought to be
affected most seriously by the brine film and also most difficult
to move. Therefore, the velocities of oil molecules near the
surfaces under different pressure gradient ranging from 0.01-
9.7 MPa/nm were calculated to study the interfacial flow
behavior of oil molecules. Herein, the oil molecules located
within a 1 nm distance from the surface in the Z direction
were considered to be in proximity to the surfaces. The oil
velocity is determined by calculating the slope through linear
fittings of the displacement (along the Y direction) versus time.
Considering the thermal disturbance at the ultralow pressure
gradients, when the oil velocity is below zero, the oil in
the proximity to the surface was considered to have been
not driven and its velocity was regarded as zero accordingly.

With the augment of pressure gradient, the oil molecules at
the oil/brine interface began to flow. The threshold pressure
gradient refers to the minimum pressure required to drive
the fluid to flow in low-permeability reservoirs, which can be
measured by flow experiments (Hao et al., 2008) but its def-
inition is still ambiguous at nanoscale, where the solid/liquid
interface effect is predominant and there is a surface adsorption
layer of liquids (Zhao, 2012). Herein, it was supposed that
if the oil velocity in the vicinity of the surface is always
more than zero above a pressure gradient, the corresponding
pressure gradient was considered as the threshold pressure
gradient. The threshold pressure gradient is a bit different for
several simulation systems, depending the interaction intensity
of oil/brine interface. The oil molecules near the surface in
pure water film system begin to flow at the pressure gradient of
about 0.1 MPa/nm and show a higher flow velocity than other
brine film systems, as shown in Fig. 4(b). Comparatively, the
oil in MgCl2 and MgSO4 brine film systems started to flow
with requirement of a larger pressure gradient. Specifically, the
oil velocities near the surfaces for brine film systems are in
the order of VNaCl > VCaCl2 >VMgCl2 >VMgSO4 , which implies
there is a consistent correlation between the oil velocity at the
oil/brine interface and the central region in nanopores.

3.3 Interaction mechanisms
According to the preceding analysis, it was found that

the acetic acid molecules are mainly residing at the oil/brine
interfacial region, playing a linkage role between the nonpolar
alkane and brine films, shown in Fig. 5(a). The acetic acid
molecules can form various binding modes with the hydrated
ions, which was also reported in previous studies (Underwood
et al., 2015; Koleini and Badizad, 2019a). According to
whether the acetic acid molecules bond with the ions directly
or not, the binding modes between acetic acid molecules and
ions can be mainly divided into two types: Direct binding and
hydration bridging, displayed in Figs. 5(b)-5(e). It is worth
noting that the donor atom of acetic acid molecule is different
for cations and anions. The former tends to bond with carbonyl
oxygen atom and the latter is inclined to hydroxyl hydrogen
atom, which is derived from the charge difference of cations
and anions.

To a certain extent, the interaction strength of the oil/brine
interface directly influences the flow velocity of oil in
nanopores. The interfacial interaction is mainly contingent
on the strength of the interaction between the interfacial
molecules in oil phase and brine phase. Considering the
insensitivity of the alkanes to ion type (Cai et al., 1996), it can
be speculated that the interaction strength of oil/brine interface
primarily depends on the interactions between the acetic acid
molecules and hydrated ions in brine films. Therefore, the
calculation of the interaction strength between a single acetic
acid molecule and a single hydrated ion was undertaken. In
this computational model, the hydrated ion was immobilized
at the central region of the kaolinite surface with a thin water
film, while the acetic acid molecule was positioned directly
above the ion. The initial distance between the donor atom
(carbonyl oxygen or hydroxyl hydrogen) and the ion was
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Fig. 5. (a) Simulation snapshot of manifesting the binding modes between the acetic acid molecules and ions at the oil/water
interface. Direct binding mode for acetic acid molecules with (b) cations and (c) anions and hydration bridging mode for acetic
acid molecules with (d) cations and (e) anions.

determined by the first peak of the radial distribution function.
Subsequently, a spring force was applied to the methyl carbon
atom of the acetic acid molecule, initiating its movement
along the Y direction. To ensure a linear trajectory of the
acetic acid molecule toward the ion, the degrees of freedom
of the methyl carbon atom in the X and Z directions were
constrained. This constraint aimed to allow the acetic acid
molecules some freedom to adopt various binding modes with
ions. The periodic boundary in the Y direction facilitated
the repetitive interaction between acetic acid and ions. The
total simulation time spanned 100 ns, during which the total
force acting on the acetic acid molecule and the spring force
were calculated over time. Correspondingly, the tangential
force (Fy) along the Y direction of the acetic acid molecule
was determined according to the total force and spring force.
The distribution of tangential force of acetic acid molecules
exhibits a general consistency with a Gaussian distribution.

This Gaussian profile is not solely attributable to the random
thermal motion of atoms but serves as an indication of more
than one interaction mode, including both direct binding
and hydration bridging. Typically, the interaction strength of
direct binding exceeds that of hydration bridging, leading
to the dominance of direct binding in the rightmost region
of the force distribution profile, while the region near the
peak is primarily contributed by hydration bridging. The
force distribution of acetic acid molecules with divalent ions
displays a broader span compared to that with monovalent
ions, signifying a higher interaction intensity of direct binding
with divalent ions than with monovalent ions, as illustrated
in Fig. 6(a). Calculation of the average tangential force for
acetic acid molecules with different cations and anions reveals
a force hierarchy among cations: Mg2+ > Ca2+ > Na+, and
among anions: SO4

2− > Cl−, as depicted in Fig. 6(b), which
is also consistent with previous experiment (Umadevi and
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Senthilkumar, 2014) and first-principles calculations (Cui et
al., 2023). This observation further substantiates the earlier
assumption that the interaction intensity of the oil/brine in-
terface is contingent on the binding strength between single
acetic acid molecules and hydrated ions.

3.4 Feasibility analysis of cation exchange
strategy

The interaction intensity between acetic acid molecules and
different hydrated ions varies. When acetic acid molecules are
coexisting with two different ions, a phenomenon of compet-
itive binding between acetic acid and ions can occur. The ion
with a stronger affinity for acetic acid exhibits preferential
binding capabilities. Consequently, polar oil molecules tend
to form binding structures with divalent or higher valence
cations in the formation water system (Taylor and Chu, 2018).
Furthermore, considering that a higher ion concentration can
offer more ion binding sites for carboxylic acid, increasing the
concentration of monovalent ions in the brine film can be a
viable approach to replace divalent ions bound to carboxylic
acid. To validate the aforementioned assumption, an ion ex-
change model to examine the competitive binding of Mg2+ and
Na+ cations with acetic acid molecules was constructed. An
acetic acid film, consisting of 200 acetic acid molecules, was
situated above the kaolinite surface along with a brine film.
The composition of brine films was meticulously designed,
giving rise to four distinct sets of brine film systems. Among
these, two were brine film systems with both Na+ and Mg2+

cations, featuring ion concentration ratios of (Mg2+/Na+ =
1) and (Mg2+/Na+ = 1/4), respectively. The other two brine
films, each containing exclusively Mg2+ or Na+ cations, were
computed for comparative analysis. Additional Cl− anions
were added to keep the system charge neutral in four brine
film systems (MgCl2/NaCl = 1, MgCl2/NaCl = 1/4, MgCl2
and NaCl systems).

Whether for the Mg2+ or Na+ cation, there are both two
binding modes for the acetic acid molecule, as mentioned in
Fig. 5, that is hydration bridging and direct binding. Therefore,
the number of hydration bridging and direct binding for Mg2+

or Na+ cation in four brine film systems are calculated,
shown in Fig. 7. The interaction mode of Mg2+ cations
with acetic acid is predominantly characterized by hydration
bridging. This arises from the compact hydration shell of
Mg2+ cations, making it challenging for acetic acid molecules
to penetrate. For Na+ cations, possessing a more loosely
structured hydration shell, acetic acid molecules can readily
penetrate and engage in direct binding with Na+ cation. As a
result, both hydration bridging and direct binding are observed
in abundance. When the concentration of Na+ ions is the
same as the Mg2+ ions, there are even more Mg-hydrated
bridging number for (MgCl2/NaCl = 1) system compared with
MgCl2 system shown in Fig. 7(a), indicating that the Na+

cations cannot displace the binding sites of the acetic acid
molecules with Mg2

+ cations. Inversely, whether the Na+-
hydrated bridging mode or the Na+-direct binding mode for
NaCl system is reduced compared with the (MgCl2/NaCl = 1)
system, displayed in Fig. 7(b).

It shows that the binding sites of Na+ cations with the
acetic acid molecules can be replaced by Mg2+ cations. Thus,
it can be inferred that the competitive binding depends on the
interaction strength with acetic acid when the concentration
of two types of ions is the same. Once the concentration
of Na+ cations is raised to 4 times to the Mg2+ cations,
the number of Mg-hydrated bridging modes in (MgCl2/NaCl
= 1/4) system decreased substantially compared with MgCl2
system, while the number of Na-hydrated bridging modes
and Na-direct binding have been greatly enhanced than NaCl
system. It indicates that some binding sites of Mg2+ cations
with acetic acid molecules were replaced by Na+ cations when
the concentration of Na+ cations is far higher than Mg2+

cations.
Therefore, a cation exchange mechanism can be inter-

preted, whose diagram schematic was displayed in Fig. 8.
Initially, when the concentration of divalent cations is nearly
equivalent to that of monovalent cations, the carboxylic acid
molecule exhibits a preference for binding with the divalent
cation due to its stronger adsorption capability, as depicted
in Fig. 8(a). As more monovalent cations are introduced into
the brine film, resulting in a significantly higher concentration
of monovalent cations compared to divalent cations, as shown
in Fig. 8(b), there are now more binding sites available for
monovalent cations than divalent cations. During this phase,
monovalent cations have a higher probability of binding with
the carboxylic acid molecule and displacing the binding site
of divalent cations, shown in Fig. 8(c). Once the carboxylic
acid molecule binds with a monovalent cation, the divalent
cations previously binding with carboxylic acid molecule are
released from the surface, and the entire cation exchange
process concludes, as displayed in Fig. 8(d).

3.5 Validation of cation exchange scheme
When the binding sites of divalent cations with acetic acid

molecules are replaced by monovalent cations, the binding
strength between the acetic acid molecule and hydrated ion
can be weakened, thus the mobility of oil molecules should
be enhanced. To further elucidate the relationship between
the interaction strength of oil/brine interface and oil mobility
through nanopores, a series of pressure-driven dynamic trans-
port simulations were performed in the kaolinite nanopores
with brine films containing varying Na+ displacement ratios
to Mg2+ ions. The Na+ displacement ratio is defined as the
difference between the initial system’s Mg2+ number and the
present system’s Mg2+ number, divided by the initial system’s
Mg2+ number.

With the increasing Na+ displacement ratios, the volume
flux of oil through nanopores has correspondingly increased,
as depicted in Fig. 9(a). This indicates a rise in the amount
of recoverable oil in nanopores, suggesting the potential for
enhanced oil recovery. To quantitatively evaluate the impact of
cation exchange on oil transport, the displacement efficiency
η was defined by:

η =
V1 −V0

V0
(3)

where V0 is the oil velocity of MgCl2 brine film system, and
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Fig. 6. (a) The frequency distribution histogram of tangential force of acetic acid molecule with different hydrated ions. The
solid lines are the Gaussian fitting curves of the force distribution, where the Na+, Ca2+, Mg2+, Cl− and SO4

2− are colored
by the grey, red, blue, green and purple columns (lines), respectively and (b) the average tangential force of the acetic acid
molecule to different hydrated ions, and the inset are molecular configurations of acetic acid molecule interacting with the
hydrated ions, the left light orange region are three types of cations (Na+, Mg2+, Ca2+) and the right light blue region are
two types of anions (Cl−, SO4
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Fig. 8. The diagram schematic of using higher concentration monovalent cations to exchange the divalent cations binding
with carboxylic acid. (a) Preferential binding of carboxylic acid with divalent cations when the concentration of monovalent
cations is the same as the divalent cations, (b) More binding sites of monovalent cations compared with divalent cations after
introducing monovalent cations with a higher concentration, (c) Monovalent cations are displacing the divalent cations binding
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Fig. 9. (a) The volume flux and (b) the displacement efficiency of crude oil through kaolinite nanopores with different Na+

displacement ratios at the pressure gradient of 7.3 MPa/nm.

the V1 is the oil velocity of system after Na+ cations displace
the Mg2+ cations with different ratios.

It is observed that the displacement efficiency increases
with the enhancement of Na+ displacement ratios, shown in
Fig. 9(b), indicating an improvement in the mobility of crude
oil in nanopores. In other words, the replacement of divalent
cations binding with carboxylic acid by monovalent cations
can weaken the interaction intensity of the oil/brine interface,
leading to an enhanced mobility of oil in nanopores.

3.6 Further discussions
Our study has provided valuable molecular insights into

low salinity water flooding for kaolinite nanopores rich in
acidic components. Previous studies have recognized both
multicomponent ion exchange (Lager et al., 2008) and electri-
cal double layer expansion (Ligthelm et al., 2009) as potential
mechanisms of low salinity water flooding. In our study, when
the concentration of Na+ is equal to that of Mg2+, there
is no effective cation exchange to displace the binding sites
of Mg2+ with carboxylic acid molecules, leading to a poor
enhancement of oil recovery. This observation may appear
contradictory to the multicomponent ion exchange mechanism
of low salinity water flooding. However, it’s essential to note
that low salinity brine contains not only Na+ and Cl− but
also several potential determining ions such as Ca2+, Mg2+,
and SO4

2−. Previous experiments have demonstrated that brine
containing only NaCl cannot significantly alter rock wettability
or increase an additional oil recovery (Moosavi et al., 2019;
Koleini et al., 2021). Furthermore, it has been established
that the injection of high salinity brine can greatly enhance
oil recovery in secondary recovery processes (Al-Saedi et
al., 2019). In addition, a previous study also introduced a
direct correlation between oil-brine interfacial viscoelasticity
and oil recovery from waterflooding, which further proved
that high salinity brine has higher displacement efficiency than
low salinity brine in smart waterflooding (Kar et al., 2022).
These experimental findings align well with our simulations,

emphasizing that for the cation exchange mechanism to be
effective, a group of specific ions with competitive effect are
required, rather than just a low salinity NaCl solution. How-
ever, it is important to note that rock/oil interactions and rock
wettability are influenced by multiple comprehensive factors
such as rock type, salt type and the composition of crude oil.
Limited to the computation cost, this study specifically focuses
on inorganic nanopores represented by kaolinite nanopores
containing acidic oil components. Even so, it is believed that
multi-component ion exchange mechanism exists widely in
various reservoirs including carbonate and sandstone (Guo
et al., 2020). The extent of the detailed mechanism varies,
depending on the differences of interaction strength among
polar oil components, rock surfaces and ions. Tailored to
the specific reservoir characteristics, a scientifically designed
injection brine is feasible for achieving additional oil recovery
in ion-engineered water flooding.

4. Conclusions
In this study, the influence of brine films on the occurrence

state and dynamic transport behavior of crude oil in kaolinite
nanopores was examined. Polar acetic acid molecules exhibit
a tendency to adsorb at the oil/brine interface, serving as a
linking agent between the nonpolar alkane and brine films.
The presence of brine films on kaolinite surfaces imparts an in-
hibitory effect on the transport of crude oil through nanopores.
This inhibition can be attributed to the robust interfacial
interaction between acetic acid molecules and hydrated ions at
the oil/brine interface. The interaction modes between acetic
acid molecules and ions was further analyzed, identifying both
direct binding and hydration bridging modes for acetic acid
molecules with cations and anions. The disparity between
cations and anions was characterized by the difference in the
donor atom of the acetic acid molecule. Calculations of the
interaction intensity between a single acetic acid molecule
and hydrated ions enabled the establishment of a relationship
between interfacial interaction intensity and oil mobility in
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nanopores. Additionally, a strategy involving the displacement
of binding sites of divalent cations with carboxylic acid by
monovalent cations of higher concentration was proposed. The
feasibility of improving oil mobility through cation exchange
was validated in independent oil transport cases. Our study
not only demonstrates the effectiveness of the cation exchange
mechanism in high salinity water flooding during secondary
oil recovery from a molecular perspective but also offers
crucial insights for low salinity water flooding. Specifically,
our results suggest that a pure NaCl injection brine may not
effectively exchange the divalent cations binding with polar oil
components. It is believed that through the scientific design of
injection brine, the multicomponent ion exchange mechanism
can be harnessed to achieve additional oil recovery in ion-
engineered water flooding whether in carbonate or sandstone
reservoir.
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