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Abstract:
The influence of brine dilution on interfacial behavior in sandstone reservoirs remains
inadequately understood. In this study, molecular dynamics simulations were conducted to
elucidate the effects of brine dilution on the wetting behavior of three crude oil systems
containing O-, N- and S-bearing heteroatoms. Quartz was adopted as a model sandstone
mineral, and the investigation centered on contact angles, fluid density distributions,
radial distribution functions, interaction energies, and hydrogen-bonding interactions. The
results showed that decreasing brine salinity enhanced quartz hydrophilicity. Contact angles
decreased with dilution in O- and N-bearing oils, while the S-bearing system exhibited a
non-monotonic trend; however, the overall changes were minor. A water film consistently
formed between oil droplets and quartz, thickening with decreasing salinity, which lowered
oil-quartz interaction and crude oil density near the surface. Alkanes tended to deplete near
the interface, while aromatics preferentially accumulated in this region, although a portion
of the aromatics could still migrate into the bulk phase. The relationship between near-
wall non-hydrocarbon density and contact angle varied by oil type – positive for O- and
S-containing oils, negative for N-containing oils. Brine dilution also strengthened water-
quartz interactions through increased hydrogen bonding, further reducing oil adhesion.
Despite these effects, the contact angles in all systems exhibited minimal changes upon
brine dilution and remained within the strongly water-wet state. Thus, in reservoirs with
inherent water-wet conditions, brine dilution alone is unlikely to significantly enhance oil
recovery.

1. Introduction
Given the abundant reserves and widespread distribution

of sandstone reservoirs, their efficient exploitation is critical
for maintaining global oil and gas supply (Cai et al., 2021;
Liu, 2023). Typically, after the primary and secondary recovery
stages, nearly two-thirds of the original oil remains trapped
within the reservoir. Tertiary recovery processes, such as
chemical flooding, rely on the injection of targeted reagents

to mobilize this residual oil (Dordzie and Dejam, 2021;
Javadi and Fatemi, 2022; Oguntade et al., 2024; Wang and
Chang, 2024). Among the various enhanced oil recovery
techniques, low-salinity waterflooding (LSW) has emerged
as a cost-effective, environmentally benign and operationally
simple strategy that significantly enhances oil production in
sandstone reservoirs (Almeida da Costa et al., 2020). Its high
efficacy is largely attributed to its ability to alter reservoir
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wettability toward a more water-wet state (Ghasemi and
Shafiei, 2022; Arain et al., 2024).

With ongoing research, the mechanism by which LSW
technology alters the wettability of sandstone reservoirs has
become an emerging subject. Currently, researchers primarily
explore the underlying mechanisms through macroscopic ex-
perimental methods centered on contact angle measurements
(Bhutto et al., 2022; Alomair et al., 2023; Gómez-Delgado
et al., 2023), and microscopic techniques such as molecular
dynamics (MD) simulations (Koleini et al., 2019; Seyyedattar
et al., 2019; Shi et al., 2023; Cai et al., 2024). However,
this experimental method falls short of providing microscale
insights into the interfacial behaviors of complex fluid-solid
systems (Pan et al., 2024; Fang et al., 2025). In contrast, the
MD method provides real-time tracking of atomic trajecto-
ries, enabling the visual representation of multi-component
dynamic behaviors. Accordingly, it has been widely used to
investigate the influence of brine salinity, ionic composition,
mineral type, and thermobaric conditions on wettability (Cui et
al., 2022; Liu et al., 2023; Chen et al., 2024; Singh et al., 2024;
Tian et al., 2024). On the other hand, quartz – as the primary
mineral type in sandstone – is the most frequently used
mineral in most MD studies. For example, Fang et al. (2020)
employed n-dodecane as a model oil and demonstrated that
LSW enhances oil desorption by thickening the interfacial
water film, with changes in the chemical potential of water
molecules driving wettability alteration. However, their study
was limited to a single crude oil model. Sun et al. (2021)
further explored the effects of ion type using a composite crude
oil model containing stearic acid, demonstrating that calcium-
rich brines promote the adsorption of polar acidic molecules
onto quartz surfaces via cation bridging. Conversely, sodium-
rich brines enhance the water-wetness of the quartz substrate
by displacing calcium ions, thereby reducing oil affinity.
Furthermore, Chen and Singer (2019) employed molecular
dynamics simulations to investigate how changes in the salinity
of sodium chloride brine affect its hydrophilicity. The results
indicated that variations in brine salinity alter the electric
double layer structure on quartz surfaces, thereby influencing
surface properties. However, the simplistic brine model they
used fails to adequately account for critical factors such as
the coexistence of multiple ions and complex compositions
found in reservoir environments, a limitation that restricts the
generalizability of the research conclusions. Recognizing the
complexity of reservoir environments, Wang and Chang (2024)
investigated the combined effects of temperature, pressure and
pore size on the wettability of octane on calcite. Their analysis
of intercomponent adsorption energies revealed that tempera-
ture and mineralogy are dominant factors, whereas pressure
exerts a relatively minor influence. Despite the substantial
progress, most MD-based studies employ overly simplified
crude oil models (Ghasemi et al., 2022), often neglecting the
multicomponent nature of real oil systems. Furthermore, prior
research has largely focused on single or binary salt systems,
limiting the mechanistic understanding of induced change
in wetting behaviors under realistic conditions (Ghasemi et
al., 2022).

To address the above gaps, the present study developed a

representative sandstone reservoir model incorporating quartz
substrates and three multicomponent crude oil models. Nonane
and toluene were used to represent alkanes and aromatics,
while mercaptan, pyridine and acetic acid served as non-
hydrocarbon functional groups. To capture the full image of
salinity effects, realistic formation water and its serial dilutions
at various concentrations were included. Through MD simu-
lations, the interfacial behavior and wettability mechanisms
were systematically investigated across crude oil-brine-quartz
systems. The paper is structured as follows: Section 2 details
the simulation methodology, Section 3 presents and interprets
the results based on density distributions, radial distribution
functions, interaction energies, and hydrogen bonding analysis,
and Section 4 summarizes the key conclusions.

2. Simulation methodology

2.1 Model construction
Quartz, as the dominant mineral constituent in sandstone

reservoirs, is widely employed as a model substrate for in-
vestigating surface wettability via molecular simulation (Deng
et al., 2023; Kobayashi and Firoozabadi, 2024; Cheng et
al., 2025; Khovental et al., 2025). To more accurately repli-
cate reservoir conditions and capture interfacial interactions
at the mineral-fluid interface, a hydroxylated α-quartz slab
was constructed by expanding a unit cell to dimensions of
approximately 3.3 nm × 17.1 nm × 1.6 nm along the x, y
and z directions, respectively.

To develop a realistic representation of light crude oil,
nonane and toluene were selected as representative alkane
and aromatic components, respectively, while mercaptan (S-
containing), pyridine (N-containing) and acetic acid (O-
containing) were incorporated as key non-hydrocarbon con-
stituents (Kunieda et al., 2010; Tang et al., 2018; Aljamali
and Salih, 2021). Three distinct polar crude oil models were
formulated at a 40:10:3 molar ratio, derived from mass fraction
analysis of typical crude oil compositions. To minimize the
influence of line tension, the crude oil droplet was modeled as
a cylindrical structure oriented along the x-axis and positioned
near the quartz surface (Liu et al., 2024). Brine was placed
surrounding the oil phase, with formation water salinity set at
58,746 mg/L, comprising primarily Na+, Ca2+ and Cl– ions
(Cheng et al., 2024).

For systematic analysis, S-containing crude oil systems
under original, 5-fold and 20-fold dilution conditions were
labeled as S, S5 and S20, respectively. The same naming
convention was applied to the remaining systems. The specific
molecular compositions of the oil phases and the correspond-
ing ion concentrations in each brine condition are summarized
in Table 1, where X represents the crude oil system containing
S, N, and O.

A total of nine systems were constructed for this study. As
an illustrative example, the configuration of the O-containing
crude oil-formation water-quartz system is presented in Fig.
1. To enable the application of reflective wall boundary con-
ditions, a 2.6 nm vacuum layer was introduced above the fluid
domain.
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Table 1. Molecular and ionic composition of crude oil and brines.

System
Number of molecules or ions

Alkane Aromatic Non-hydrocarbon H2O Na+ Mg2+ Ca2+ Cl− SO4
2− HCO3

−

X 15871 230 5 40 310 2 6

X5 200 50 15 15871 46 1 8 62 0 2

X20 15871 12 0 2 16 0 0

17.1 nm

1.6 

nm

9.4 

nm

2.6 

nm

Ca2+H2O Mg2+ Na+

Cl− SO₄²⁻ HCO₃⁻

Aromatic

Brine components

Crude oil 

components

Mercaptan

Acid

Alkane

Pyridine

Fig. 1. Schematic illustration of the brine ionic composition,
crude oil components, and quartz-(O-containing crude oil)-
formation water system.

2.2 Simulation settings
All MD simulations were performed using the LAMMPS

software package (Plimpton, 1995). The quartz substrate was
modeled using the Interface force field developed by Heinz et
al. (2013), which has been extensively validated for gas/liquid-
solid interfacial behavior. Water molecules were described
using the SPC/Fw model (Khalkhali et al., 2017; Tian and
Wang, 2017; Zhan et al., 2020), while the OPLS-AA force
field (Dastjerdi et al., 2024; Mohammed et al., 2025; Wang et
al., 2025) was employed for both the oil molecules and the
dissolved ions. These force fields have been widely adopted in
previous investigations of interfacial wettability and fluid-solid
interactions (Tian et al., 2019). The non-bonded interaction
parameters for all species, including crude oil components,
ions and quartz atoms, are summarized in Table 2.

The total non-covalent interactions between particles com-
prise short-range van der Waals forces and long-range electro-
static interactions. The short-range forces are represented by
the 12-6 Lennard-Jones (LJ) potential (Lyu et al., 2024), while
the electrostatic contributions are modeled using Coulomb in-
teractions, as described in Eq. (1). Both interactions employ a
cutoff radius of 1.2 nm. The LJ potential includes standard tail
corrections, and long-range electrostatics are computed using
the particle-particle particle-mesh method with a precision of
0.0001:

Ei j = 4εi j

[(
σi j

ri j

)12

−
(

σi j

ri j

)6
]
+

qiq j

4πε0ri j
(1)

εi j =
√

εiε j, σi j =
√

σiσ j (2)

where Ei j, εi j, σi j, ri j, ε0, qi, and q j represent the total non-
covalent interactions, the Lennard-Jones well depth, distance
parameter, interparticle distance, vacuum permittivity, and the
partial charges of particles i and j, respectively. The non-
bonded interactions between dissimilar particles were evalu-
ated using the geometric mixing rule, as given in Eq. (2). εi and
ε j represent the energy values of particles i and j, respectively,
while σi, σ j denote the distances between particles i and j in
Eq. (2).

Periodic boundary conditions were applied along the x
and y directions of the simulation box, while fixed bound-
aries with reflective walls were imposed along the z axis
to prevent molecular escape. In addition, a 2.6 nm vacuum
layer was introduced above the system to construct an open
system exposed to vacuum, a commonly adopted approach
in interfacial molecular simulations (Tian and Wang, 2017;
Tian et al., 2019; Arboleda-Lamus et al., 2024). To constrain
the quartz substrate, silicon and oxygen atoms were fixed in
place, allowing only the surface hydroxyl hydrogen atoms to
move freely (Tian and Wang, 2017; Fang et al., 2020). Prior
to production runs, energy minimization was performed to
eliminate unfavorable atomic contacts. The system was then
equilibrated in the canonical ensemble at a reservoir tempera-
ture of 323.15 K, regulated by a Nosé-Hoover thermostat. MD
simulations were conducted with a 1 fs time step over a total
duration of 40 ns. The first 35 ns were used for equilibration,
and the final 5 ns were allocated for data collection. System
configurations were sampled every 1 ns to analyze molecular
density profiles, radial distribution functions, intermolecular
interaction energies, and related properties. Atomic trajectories
were post-processed and visualized using the OVITO software
(Stukowski, 2009).

Furthermore, to validate the reliability of our molecu-
lar simulations, they were performed for the water-decane
interfacial tension as well as the contact angles of water-
air-quartz and water-decane-quartz systems. These simulation
results were compared with experimental data, confirming the
accuracy of our force-field parameters and simulation setup.
Detailed information can be found in the Supporting Materials.

2.3 Data post-processing
This section outlines the quantitative methods used to

evaluate contact angles and hydrogen bonding. Based on the
obtained atomic trajectories, two-dimensional density distribu-
tion maps of the oil phase were constructed, as illustrated in
Fig. 2.
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Table 2. Non-bonding interaction parameters for the crude
oil-brine-quartz system.

Type Atoms ε (kcal/mol) σ (Å) q (e)

Na+ Na 0.0005 4.0700 +1.0000

Cl− Cl 0.7100 4.0200 -1.0000

Ca2+ Ca 0.4497 2.4120 +2.0000

Mg2+ Mg 0.8750 1.6445 +2.0000

SO4
2− S 0.2000 3.5500 +2.0000

O 0.1553 3.2500 -1.0750

HCO3
−

O1 0.1553 3.2500 -1.0750

C 0.0700 3.5500 +0.4970

O2 0.1700 3.1200 -0.5708

H 0.0000 0.0000 +0.3723

H2O
Hw 0.0000 0.0000 +0.4100

Ow 0.1554 3.1655 -0.8200

C9H20
C 0.0696 3.5 -0.1790

H 0.03 2.5 +0.0891

C7H8

C1 0.0660 3.5000 -0.2390

C2 0.0660 3.5000 -0.1794

H1 0.0300 2.5000 +0.0883

H2 0.0300 2.5000 +0.1210

C3H8S

C 0.0660 3.5000 -0.1838

S 0.4250 3.6000 -0.2675

H1 0.0300 2.5000 +0.1259

H2 0.0000 0.0000 +0.1449

C 0.0700 3.5500 -0.2042

C5H5N

C 0.0700 3.5500 -0.3350

N 0.1700 3.2500 -0.3350

H 0.0300 2.4200 +0.1629

C2H4O2

C1 0.0660 3.5000 -0.3389

C2 0.0700 3.5500 +0.4630

O1 0.2100 2.9600 -0.3967

O2 0.1700 3.1200 -0.5589

H1 0.0300 2.5000 +0.1263

H2 0.0000 0.0000 +0.4525

Quartz

Oc23 0.0540 3.0914 -0.5500

Si 0.0930 3.6972 +1.1000

Oc24 0.1220 3.0914 -0.6750

Ho 0.0150 0.9667 +0.4000

x

z

Periodic

boundary

Reflective wall
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
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Fig. 2. Contact angle measurement in crude-oil-brine-quartz
system with Zones 1-3 for local fluid properties.
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Fig. 3. Equilibrium contact angles of the crude oil-brine-quartz
system under various conditions.

A custom MATLAB script was developed to identify three
characteristic points (A, B and C) along the outer contour
of the oil droplet for geometric fitting. In this procedure, the
line connecting the intersection points between the outermost
oil contour and the solution-substrate interface was defined as
the three-phase contact line (BC line), ensuring the accurate
calculation of the contact angle using Eq. (3). The length of the
BC line is denoted as b. Finally, the average contact angle over
the final 5 ns of the simulation was taken as the representative
value for each system:

θ = arctan
b/2√

R2 − b2

4

(3)

where θ denotes the contact angle, BC represents the distance
between the two contact points of crude oil and the substrate,
and R is the radius of the oil droplet. Hydrogen bonding was
identified and quantified using the Hydrogen Bonds plugin in
the VMD software package based on the geometric criteria
established by Luzar and Chandler (1996).

3. Results and discussion

3.1 Change in contact angle
Using the contact angle calculation method described pre-

viously, the crude oil density distributions at varying dilution
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levels were analyzed and the average contact angle for each
system was determined, as shown in Fig. 3. The mean contact
angles for the S-containing systems S, S5 and S20 were 31.9◦,
17.1◦ and 26.2◦, respectively. For the N-containing systems N,
N5 and N20, the corresponding values were 26.3◦, 21.3◦ and
20.7◦, while the O-containing systems O, O5 and O20 exhib-
ited contact angles of 28.4◦, 27.6◦ and 25.7◦, respectively.

With increasing dilution, all three oil types exhibited a
general decrease in contact angle, with the most pronounced
change observed in the S5 system. Furthermore, the vari-
ation in contact angle among the different crude oil types
at identical brine concentrations suggests that wettability is
influenced not only by brine salinity but also by the po-
larity of crude oil components. Specifically, acetic acid in
the O-containing system, which contains highly polar car-
boxyl groups, exhibited stronger polarity than pyridine (N-
containing) and mercaptan (S-containing) molecules. In prin-
ciple, stronger polarity enhances interactions with the quartz
surface, promoting adsorption and thus increasing the contact
angle. However, this expected trend was not clearly manifested
in the results, which may stem from the inherently strong
hydrophilicity of the quartz substrate that could override the
effects of molecular polarity. Furthermore, the simplified crude
oil models employed may not fully capture the complexity
of real crude oils, as they lack high-molecular-weight species
such as resins and asphaltenes. To more comprehensively
elucidate the role of polarity, future studies incorporating more
chemically diverse oil components are warranted. Nonetheless,
the observed contact angles, ranging from 15◦ to 35◦, were
consistent with the strong water-wet characteristics of quartz
(Liu et al., 2024).

3.2 Fluid density distribution
To describe the interfacial distribution characteristics of

fluid components and their impact on contact angles across
various crude oil-brine systems, the fluid density along the
z-axis was analyzed in three representative regions (Fig. 2).
To represent the distribution near the quartz surface, the brine
density in Regions 2 and 3 was averaged.

3.2.1 Water density

The density distribution of water molecules on the wall
surface provides a direct reflection of changes in the hy-
drophilicity of the quartz substrate before and after brine
dilution. Fig. 4 presents the average density profiles of water,
consistent with prior findings by Zhan et al. (2020), where
all systems exhibit distinct layering of water molecules near
the quartz surface due to strong surface-fluid interactions.
Two pronounced peaks appear at 2.8 Å and 5.8 Å from the
surface, with corresponding densities of approximately 1.18
g/cm3 and 1.00 g/cm3, respectively. Beyond 8.8 Å, water
molecules transition into the bulk phase, where the density
stabilizes at ∼ 0.97 g/cm3, indicating diminished quartz-water
interactions. Notably, under undiluted brine conditions, all
systems exhibit reduced water densities, particularly in the
bulk region. This reduction can be attributed to the high
ionic strength of the formation water, which disrupts hydrogen

bonding between water molecules and increases intermolecular
distances. Interestingly, while 20-fold dilution results in a
higher bulk water density than 5-fold dilution, the near-surface
water densities remain similar. This observation suggests that
the adsorption of water molecules onto the quartz surface may
reach saturation at the 5-fold dilution level.

The atomic trajectory analysis of fluid configurations
across systems reveals the formation of a thin water film
beneath the oil droplet, which plays a key role in mediating
surface wettability (Drummond and Israelachvili, 2004). As
shown in Fig. 5, the water density distributions exhibit sharp
peaks at ∼ 1.8 Å from the quartz surface under all brine
conditions. For S-containing crude oil systems, the water film
exhibits maximum density (0.51 g/cm3) and thickness (8.8 Å)
under 5-fold dilution. In contrast, the undiluted system yields
a lower peak density (0.33 g/cm3) and a thinner water film (5.8
Å), while the 20-fold dilution condition results in intermediate
values. These findings align with the minimum contact angle
observed for the S5 system (Fig. 3), confirming that maxi-
mum water film development corresponds to enhanced water-
wetness. For N-containing crude oil, the water film reaches
its greatest density (0.58 g/cm3) and thickness (9.8 Å) at
the 20-fold dilution, compared to 0.41 g/cm3 and 6.8 Å in
the undiluted case. Similarly, in the O-containing crude oil
system, water film density and thickness increase from 0.32
g/cm3 and 5.8 Å (undiluted) to 0.53 g/cm3 and 6.8 Å (20-fold
dilution), again reflecting stronger water affinity at lower brine
concentrations.

Collectively, these results reveal that both water film den-
sity and thickness increase as brine salinity decreases, due
to the reduced disruptive effect of ions on water molecule
mobility and hydrogen bonding. This facilitates the formation
of a continuous water layer beneath the oil droplet, enhancing
the hydrophilicity of the quartz surface. Correlation with
contact angle data confirmed that thicker and denser water
films lead to more water-wet surfaces.

3.2.2 Crude oil density

Wettability behavior is fundamentally influenced by the
competitive adsorption of oil and water molecules on the
substrate surface. To investigate the variation in crude oil
adsorption strength before and after brine dilution, the one-
dimensional density distributions of the three crude oil com-
ponents along the z-axis under different brine dilution levels
were determined, as shown in Fig. 6. Across all systems,
three distinct adsorption peaks are observed in proximity to
the quartz surface, with the first and second peaks located at
3.8 Å and ∼ 7.8 Å, respectively, and a markedly reduced third
peak appearing at ∼ 12.8 Å. Beyond this value, the oil phase
enters the bulk region where molecular distributions become
insensitive to brine concentration. Notably, oil molecules ac-
cumulate predominantly at the first peak, directly above the
interfacial water layer, as indicated by the density profiles.

For S-containing crude oil, the density of molecules ad-
sorbed onto the quartz surface decreases significantly upon 5-
fold dilution, coinciding with the maximum water film density.
The formation of a robust water layer inhibits oil-surface
interactions, displacing oil molecules further from the surface.
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Fig. 4. One-dimensional average density distribution of water molecules along the z-axis in Regions 2 and 3 for crude oil
systems containing (a) sulfur, (b) nitrogen and (c) oxygen under different brine dilutions.
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Fig. 5. One-dimensional density distribution of water film along the z-axis in Region 1 for crude oil systems containing (a)
sulfur, (b) nitrogen and (c) oxygen under different brine dilutions.

In contrast, under undiluted conditions, limited water film
formation allows for stronger oil-surface adhesion, resulting
in a higher local oil density. A similar trend is observed in N-
containing crude oil systems, where brine dilution enhances
water adsorption onto the quartz surface, gradually displacing
oil molecules. However, the extent of this displacement is not
significant, reflected in only slight reductions in oil density. For
O-containing crude oil, the highest oil density occurs under
undiluted conditions, consistent with the largest contact angle.
In the 20-fold diluted case, oil density is minimized, coinciding
with the highest water film density and the smallest contact
angle, reaffirming the inverse relationship between water film
formation and oil-surface affinity.

To investigate the spatial distribution of oil components,
the one-dimensional density profiles of alkanes were depicted
in Fig. 7. In all crude oil systems, alkanes display two primary
peaks near the quartz surface. The peak intensity difference is
small in S- and N-containing systems, whereas O-containing
systems exhibit a second peak that exceeds the first, indicating
that alkanes are depleted near the wall. This suggests that
interactions with the interfacial water film or other components
inhibit alkane adsorption onto the mineral surface.

The density distributions of the aromatic components are
further presented in Fig. 8. The aromatics consistently ex-
hibit unimodal density profiles, indicating their preferential
accumulation at the interface region. The insets with red
circles reveal that some aromatic molecules are dispersed
into the bulk oil phase as monomers or small aggregates,

consistent with previous MD simulations (Sedghi et al., 2013).
In S-containing crude oil, aromatic density peaks at 2.8 Å
– beneath the alkane density maxima—implying competition
for adsorption sites that contributes to alkane depletion near
the surface. Meanwhile, in N-containing systems, the position
of the aromatic peak shifts with brine dilution, suggesting
unstable adsorption behavior. For O-containing systems, the
aromatic peak migrates away from the quartz surface under
dilution. Overlaying Fig. 7(c) further confirms the partial
overlap between aromatic and alkane densities between 3.8 to
5.8 Å; however, no clear correlation between aromatic density
and contact angle is evident, corroborating earlier findings
(Khovental et al., 2025).

Non-hydrocarbon components represent the most polar
constituents in the crude-oil model used in this study, whose
one-dimensional density distributions under different brine
dilution conditions are presented in Fig. 9. The three insets
depict the spatial distributions of non-hydrocarbon molecules
within the aqueous phase. To clearly visualize the spatial
correspondence between non-hydrocarbon species and water
molecules, the latter are shown with a blue background.
Combining the insets with the one-dimensional density pro-
files, it is evident that these species are also predominantly
concentrated in the interfacial region. Pyridine forms the
thickest adsorption layer among the three, attributed to its
higher interfacial activity and ability to form strong inter-
actions with water. In contrast, mercaptan molecules in S-
containing systems exhibit a lower peak density due to their



20 Cheng, Z., et al. Capillarity, 2026, 18(1): 14-26

0 9 1 8 2 7 3 6 4 50 . 0
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0
1 . 2

Cru
de 

oil
 de

nsi
ty 

(g/
cm

3 )

z  ( Å )

  S  S 5  S 2 0

( a ) Q u a r t z  l o c a t i o n  =  2 . 2  Å

0 9 1 8 2 7 3 6 4 50 . 0
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0
1 . 2

Cru
de 

oil
 de

nsi
ty 

(g/
cm

3 )

z  ( Å )

 N  N 5  N 2 0

( b ) Q u a r t z  l o c a t i o n  =  2 . 2  Å

0 9 1 8 2 7 3 6 4 50 . 0
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0
1 . 2

Cru
de 

oil
 de

nsi
ty 

(g/
cm

3 )

z  ( Å )

  O  O 5  O 2 0

( c ) Q u a r t z  l o c a t i o n  =  2 . 2  Å

Fig. 6. One-dimensional density distribution of crude oil along the z-axis in Region 1 for crude oil systems containing (a)
sulfur, (b) nitrogen and (c) oxygen under different brine dilutions.
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Fig. 7. One-dimensional density distribution of alkanes along the z-axis for Region 1 for crude oil systems containing (a)
sulfur, (b) nitrogen, and (c) oxygen under different brine dilutions.

long hydrophobic alkyl chains and weak polarity, making them
preferentially soluble in the hydrocarbon phase. The inset
in Fig. 9(a) shows that some mercaptan molecules migrate
into the bulk oil phase, highlighting their weak and unstable
adsorption onto the hydrophilic quartz surface. In N-containing
systems (Fig. 9(b)), brine dilution leads to increased pyridine
adsorption, with density peaks shifting closer to the quartz
surface. However, these remain above the water film layer, as
verified by the water density profiles. Acetic acid molecules
in O-containing crude oil (Fig. 9(c)) exhibit strong surface
affinity due to their high polarity, consistently forming a stable
adsorption peak at 2.8 Å. Unlike pyridine, the location of this
peak remains unchanged across dilution conditions. However,
the peak intensity declines with increasing dilution, nearly
vanishing under 20-fold dilution. This trend is driven by com-
petitive adsorption: as the interfacial water film thickens with
brine dilution, water molecules increasingly occupy available
adsorption sites, displacing acetic acid into the aqueous phase,
as seen in the inset. This complete solubilization of acetic acid
into the brine corresponds with maximal quartz hydrophilicity.

A comparative analysis of Figs. 9(b) and 9(c) reveals that
acetic acid adsorption is more sensitive to brine dilution than
pyridine. This is due to the stronger polarity and higher affinity
of acetic acid for both quartz and water, resulting in a stronger
competition with water molecules for adsorption sites. Lastly,
a correlation is observed between non-hydrocarbon density
and contact angle: in S- and O-containing systems, greater
non-hydrocarbon adsorption corresponds to higher contact

angles, while in N-containing systems, an inverse relationship
is observed.

3.3 Radial distribution function
The radial distribution function, described by g(r), quan-

tifies the probability of locating a target particle at a specific
distance from a reference particle, providing critical insights
into the strength of intermolecular interactions and thus the
underlying mechanisms governing wetting behavior changes
upon brine dilution. In this study, g(r) was computed between
hydroxyl groups on the quartz surface and selected crude
oil components (aromatics and non-hydrocarbons), as alkanes
exhibited negligible wall interactions and lacked pronounced
adsorption structures across all conditions. The corresponding
results are presented in Fig. 10. Fig. 10(a) illustrates that
aromatic molecules in S-containing crude oil exhibit stronger
interactions with surface hydroxyl groups. A comparison with
the density distributions of aromatic and non-hydrocarbon
molecules in Figs. 8(a) and 9(a) indicates that this behavior can
be attributed to their spatial proximity to the quartz surface.
The g(r) peak of aromatic molecules progressively diminishes
with increasing dilution, indicating a weakening interfacial
interaction. Fig. 10(b) depicts that in N-containing crude oil,
the radial distribution function g(r) peaks for both aromatic
and non-hydrocarbon molecules increase with brine dilution,
albeit with no distinct peaks formed, reflecting relatively
weak adsorption. Notably, the trend of g(r) changes for non-
hydrocarbon molecules upon dilution is consistent with the
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Fig. 8. One-dimensional density distribution of aromatics along the z-axis in Region 1 for crude oil systems containing (a)
sulfur, (b) nitrogen and (c) oxygen under different brine dilutions.
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corresponding density distributions shown in Fig. 9(b) and
exhibits a negative correlation with the observed contact-
angle variations. In the O-containing crude oil system (Fig.
10(c)), non-hydrocarbon molecules exhibit strong adsorption
onto quartz, with g(r) peaks declining upon dilution, consistent
with the reduction in non-hydrocarbon density on the surface.
This observation also explains the gradual decrease in the
density peak of acetic acid molecules with brine dilution,
as shown in Fig. 9(c). Aromatics exhibit lower g(r) values
across all dilution levels. Notably, even at 20-fold dilution,
acetic acid molecules retain a weak interaction with the quartz
surface, corroborated by the density profiles in Fig. 9(c).
These g(r) trends align with the spatial density variations in
aromatic and non-aromatic molecules discussed in Section 3.2.
Overall, in various systems, the comparable magnitudes of
g(r) for aromatics and non-hydrocarbons suggest competitive
adsorption on the quartz surface.

Furthermore, as depicted in Figs. 10(d)-10(f), the g(r) peak
between hydroxyl groups and water molecules reaches its
maximum at the 5-fold dilution in the S-containing system,
reflecting the strongest surface hydration under this condition
and explaining the previously observed water density increases
across the interfacial regions. In the N- and O-containing
systems, the g(r) peak between surface hydroxyl groups and
water molecules increases with brine dilution, consistent with
the trend of water density peaks near the substrate shown in
Figs. 4(b)-4(c), indicating enhanced quartz hydrophilicity. This
also explains the decrease in contact angle observed for N- and

O-containing crude oils upon dilution (Fig. 3). In contrast, the
corresponding g(r) peak for acetic acid declines, reflecting
competitive adsorption that favors water molecules as the
brine becomes more dilute. Finally, Figs. 10(g)-10(i) reveal the
hydration behavior of ions, following the order Ca2+ > Na+

> Cl– , consistent with previous studies (Tian et al., 2015).
Divalent Ca2+ forms two distinct hydration shells, with water
molecules in the primary shell displaying greater order and
stronger binding. In contrast, hydration shells around Na+ and
Cl– are looser, highlighting the superior hydration strength
of Ca2+. Upon 20-fold dilution, a slight increase in ion-water
g(r) peaks is observed, likely due to the increased interionic
spacing that enables more stable hydration structures. Impor-
tantly, no evidence is found for strong ion adsorption onto
the quartz surface. Overall, the g(r) analysis indicates that the
wettability of the crude oil-water-quartz interface is primarily
governed by interactions between surface hydroxyl groups and
water molecules. Across different conditions, the variations in
hydroxyl-water g(r) closely mirror the trends observed in the
contact-angle measurements shown in Fig. 3.

3.4 Interaction energy
The interaction energy variation between system compo-

nents can reflect the strength and nature of intermolecular
interactions: negative values correspond to attractive interac-
tions, with larger magnitudes indicating stronger adsorption,
while positive values signify repulsive forces. As illustrated
in Fig. 11, the brine-quartz interaction exhibits remarkable
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Fig. 12. Number of hydrogen bonds formed (a) between water molecules, (b) between water molecules and hydroxyl groups
on the quartz surface, and (c) between heteroatoms and quartz surface hydroxyl groups across different systems.

adsorption energy across all systems, primarily due to the
strong hydrophilicity of the quartz surface and the extensive
contact area between brine and quartz under the simulated
conditions. Specifically, Fig. 11(a) shows that the largest
adsorption energy for brine-quartz corresponds to the 5-fold
dilution condition. This enhanced interaction leads to the
formation of the densest water film at the solid-liquid interface,
which in turn weakens the adsorption of crude oil molecules
onto the quartz surface by occupying favorable adsorption
sites. As a result, the interaction energy between crude oil
and quartz becomes less negative, consistent with the observed
reduction in crude oil density near the wall surface. In contrast,
Figs. 11(b)-11(c) reveal that while the brine-quartz interaction
energy shows a slight increase with further dilution in the
N- and O-containing crude oil systems, the overall variation
is minimal. This also results in only minor modulation of
the crude oil-quartz interaction energy, indicating that in
these systems, the effect of brine on oil adsorption is not
pronounced.

A broader analysis reveals an inverse relationship of the
adsorption energy between the brine and crude oil and that
between the crude oil and quartz. This inverse trend can be
attributed to the competitive nature of interfacial interactions,
wherein enhanced brine adsorption diminishes the availability
of quartz surface sites for crude oil attachment. Notably, this
behavior aligns with the relatively small variations in contact
angle observed across different dilution conditions, suggesting
that the adsorption energy between brine and crude oil is
primarily modulated by structural changes in the underlying
water film.

3.5 Analysis of hydrogen bonds
Hydrogen bonding plays a critical role in modulating inter-

facial interactions, particularly through bonds formed between
water molecules and more electronegative atoms. To elucidate
these effects, the number of hydrogen bonds was calculated
under various conditions: that between water molecules, that
between water molecules and surface hydroxyl groups of
quartz, and that between quartz hydroxyl groups and non-
hydrocarbon components of crude oil (see Fig. 12). As shown
in Fig. 12(a), the number of hydrogen bonds between water
molecules increases significantly with brine dilution. This

trend arises from the reduced ionic strength, which lessens
the disruption of the hydrogen-bond network by dissolved
ions and thereby promotes the formation of a more extensive
and coherent H-bonded water structure. Fig. 12(b) reveals
that in N- and O-containing crude oil systems, brine dilution
enhances the formation of hydrogen bonds between quartz
surface hydroxyl groups and water molecules. This indicates
stronger interfacial interactions between water and the quartz
surface, leading to increased water adsorption, greater surface
hydrophilicity, and a corresponding reduction in the contact
angle. In the S-containing crude oil system, the number of
hydrogen bonds with water also increases upon 20-fold dilu-
tion. However, the most pronounced increase occurs at 5-fold
dilution, coinciding with the lowest observed contact angle.
This suggests that a moderate dilution level optimally enhances
interfacial hydration and displaces crude oil from the surface
more effectively. In contrast, the increase in H-bond formation
upon dilution is relatively modest in the N- and O-containing
systems, consistent with the smaller reductions in contact angle
observed for these systems. As depicted in Fig. 12(c), the
number of hydrogen bonds between quartz hydroxyl groups
and non-hydrocarbon molecules is significantly lower, which is
due to the limited proportion of such components in the crude
oil. Among the non-hydrocarbon species, acetic acid forms
more hydrogen bonds with the quartz surface than pyridine,
attributed to its higher polarity and stronger hydrogen-bonding
capacity. Notably, in the S-containing crude oil system, the
low number of hydrogen bonds is partly due to the migration
of hydrophobic mercaptan molecules into the bulk oil phase,
thereby reducing their interaction with the quartz surface.

The above analysis primarily focuses on the changes in
the average number of hydrogen bonds after different sys-
tems reach equilibrium. Given that hydroxyl-water hydrogen
bonding is the dominant factor governing differences in con-
tact angle, the present study further analyzed the dynamic
evolution of hydrogen bonds between hydroxyl groups and
water molecules throughout the entire simulation. The results
indicated that hydrogen bonds form within a very short time
and their number exhibits only minor fluctuations over the
course of the simulation, showing limited dependence on brine
composition or simulation time. In addition, hydrogen-bond
lifetime analyses were performed, revealing that brine dilution
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alters interfacial molecular coverage, aggregation and disag-
gregation dynamics, and solute-water interactions, thereby af-
fecting both the number of hydrogen bonds and their formation
dynamics. Notably, hydrogen-bond lifetime does not correlate
directly with the instantaneous number of hydrogen bonds.
Detailed analyses are provided in the Supporting Materials.

3.6 Further implications
The findings of this study provide important insights for

the practical implementation of low-salinity water injection
techniques in enhanced oil recovery. First, our results suggest
that in water-wet reservoirs, brine dilution may exert limited
influence on wettability alteration, which helps to explain
the inconsistent performance of low-salinity water injection
observed in laboratory experiments (Bartels et al., 2019).
Notably, the response of contact angle to dilution is not
universally monotonic: while N- and O-containing crude oils
exhibit a consistent decrease in contact angle with dilution,
S-containing systems display a non-monotonic trend. This
observation offers a mechanistic explanation for the existence
of an optimal salinity in various experimental and field con-
ditions. Second, under certain conditions, such as the 20-fold
dilution scenario (O20), non-hydrocarbon species are almost
completely absent from the oil-quartz interface, highlighting
the capacity of brine dilution to modulate the interfacial
distribution of O-containing molecules, particularly small po-
lar compounds. This suggests that in oils dominated by O-
containing non-hydrocarbons, tuning interfacial tension via
salinity control may be an especially effective strategy. Third,
the complexity of crude oil composition introduces additional
challenges. For systems rich in heavy polar fractions, such
as resins and asphaltenes, further investigation is required
to assess how brine dilution influences interfacial structure
and wettability. This is especially relevant for unconventional
reservoirs, where interactions with clay minerals and nanoscale
pore surfaces could significantly alter interfacial behavior.
A comprehensive understanding of these interactions will
be essential to optimize low-salinity water injection in such
reservoirs.

4. Conclusions
Using MD simulations, this study elucidates the micro-

scopic mechanisms by which brine dilution alters interfacial
behavior in crude oil-brine-quartz systems, focusing on the
roles of S-, N- and O-containing polar components. The key
findings are summarized as follows:

1) Brine dilution generally enhances system hydrophilicity.
For N- and O-containing crude oils, the contact angle de-
creases monotonically with increasing dilution, whereas
S-containing systems exhibit a non-monotonic variation.
Nonetheless, the overall changes in contact angle are
minor across all cases.

2) A water film separates the oil phase from the quartz
surface. As brine is diluted, the film becomes thicker,
which lowers the crude oil density near the surface,
weakens the oil-quartz interactions, and thereby reduces
the contact angle.

3) The spatial distribution of crude oil components near the
interface varies by molecular type: alkanes are depleted
from the quartz surface, aromatics preferentially local-
ize at the interface, and in S-containing oils, they are
positioned closer to the surface than non-hydrocarbons.
Importantly, the correlation between non-hydrocarbon
surface density and contact angle differs by oil type: it is
positive in O- and S-containing systems but negative in
N-containing systems.

4) Brine dilution increases water adsorption on the quartz
surface, as evidenced by higher g(r) peaks, stronger inter-
action energies, and increased hydrogen bond formation.
This effect is most pronounced in the 5-fold dilution of
S-containing oil, which also exhibits the largest contact
angle reduction. In contrast, other dilution levels result in
weaker responses.

In summary, brine dilution promotes water-quartz inter-
actions and suppresses oil-quartz adhesion, collectively en-
hancing surface water wettability and slightly reducing the
contact angle. However, because the initial system is already
strongly hydrophilic, the extent of contact angle change re-
mains limited. This constraint may reduce the effectiveness of
low-salinity water injection in improving oil recovery in water-
wet reservoirs, underscoring the need for targeted application
strategies based on oil composition and initial wetting condi-
tions.
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