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ABSTRACT: In this study, we explore the impact of monovalent (NaCl) and divalent (CaCl2) brines, coupled with sodium
dodecyl sulfate (SDS) surfactant at varying low concentrations, on the detachment and displacement of oil from sandstone rock
surfaces. Employing the sessile drop method and molecular dynamics simulations, we scrutinize the behavior of the brine solutions.
Our findings reveal that both low salinity and low-salinity surfactant solutions induce a gradual shift in rock wettability toward a
more water-wet state. This wettability transformation is not instantaneous but evolves over time, as observed through meticulous
molecular motion analyses. Through contact angle measurements and molecular dynamics simulations, we delve into the molecular
motion at subpore and micropore scales on sandstone/quartz surfaces. The adsorption of surface-active agents from the oil to the
oil−brine interface results in a reduced interfacial tension, significantly contributing to oil displacement. Notably, low salinity
concentrations ranging from 1000 to 10,000 ppm exhibit the lowest contact angles within 30 min across all solutions. However,
higher concentrations deviate from this declining trend, especially with divalent ions like Ca2+, which bridge polar molecules onto the
rock surface, resulting in an increased oil-wetting state. This research unveils the intricate molecular motions involved in employing
low-salinity surfactant solutions for oil detachment from surfaces. Furthermore, it provides valuable insights into the underlying
forces driving oil detachment and wettability alteration.

1. INTRODUCTION
Since George G. Bernard introduced low-salinity water flooding
(LSW) in 1967, it has been considered a promising method to
enhance oil recovery.1 This approach has become one of the
most extensively studied areas, aiming to uncover the underlying
mechanisms and determine the optimal brine composition.2,3

The effectiveness of low-salinity water flooding is highly
contingent on the characteristics of the crude oil−brine-rock
(COBR) system.4−7 Indeed, low-salinity water flooding stands
out as an economical method for enhanced oil recovery (EOR),
notable for its avoidance of toxic and costly materials. In recent
times, there has been an increased emphasis on low-salinity
water research and its synergy with other fluids such as
surfactants, polymers, and so forth.8−11 The primary goal is to
minimize brine−oil interfacial tension, enhancing the efficacy of
the recovery process. This approach has demonstrated superior

outcomes when contrasted with high brine concentrations,
supported by robust field data and academic research.8,11−15

These studies have prominently focused on documenting
wettability alteration in oil reservoirs, acknowledging its crucial
role in attaining successful oil recovery. The phenomenon under
scrutiny, commonly denoted as the low salinity effect (LSE),
entails the unmistakable modification of rock surface wett-
ability.16−18 This alteration plays a vital role in improving the
detachment and flow of oil.
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Bai et al. studied model asphaltene molecules with varied
heteroatoms strategically placed. Their investigation centered
on the application of molecular dynamic simulation techniques
to delve into and analyze the adsorption and desorption
behaviors of asphaltene molecules.19 They observed asphaltene
molecule detachment intricately influenced by the interplay
between asphaltene−silica and asphaltene−water interactions.
Furthermore, the heteroatom type and arrangement in space
were recognized for enhancing interactions between asphaltene
and silica. Notably, sulfur (S) atoms were found to strengthen
van der Waals interactions, thereby impeding the detachment of
asphaltene from the surface. This emphasizes the nuanced role
of heteroatoms, particularly sulfur, in regulating the dynamic
interactions between asphaltene molecules and silica surfaces
during desorption processes.19 Lager et al. suggested a
mechanism wherein polar organic oil molecules form bonds
with the rock surface through bridging by divalent ions.20 Upon
the injection of low-salinity brine, monovalent ions easily
exchanged with the bridging ions, following a multicomponent
ion exchange (MIE) process, ultimately releasing the oil.21−23

This migration of divalent ions aligns with the forecasts of the
DLVO theory, indicating that the addition of a low-salinity
solution triggers the expansion of the electric double layer
(EDL). This EDL expansion serves as the foundation for several
other low salinity effect (LSE) hypotheses.24−26 Hosseinzade et
al. observed that an increase in ionic strength, characterized by
the divalent ion/Na+ ratio ranging from 0 to 0.033, resulted in
conflicting impacts. This led to a reduction in interfacial tension
(IFT), promoting enhanced oil recovery, while there was an
increase in surfactant adsorption, thereby diminishing the
potential for EOR. The predominance of the ionic strength
effect was evident at the 0.0175 Ca2+/Na+ ratio. In essence, while
water-wetness and/or oil recovery commonly decline with
higher CaCl2 concentrations, a detailed atomistic-level under-
standing is crucial in this context.23 Yue et al. observed that oil
film detachment from the sandstone surface was contingent
upon overcoming disjoining pressure. The results highlighted
the interplay of both repulsive and attractive forces. The
repulsion arose from the charges or ions at the interfaces of
brine/oil and brine/rock, preventing the oil from reaching the
rock surface and inhibiting the wetting process.27

These findings account for the crucial milestones in
unraveling the intricate interaction dynamics between crude
oil and brine, as well as the impact of reservoir lithology on
tertiary oil extraction.28 The correlation between fluid−fluid and
fluid−rock interactions and their influence on interfacial tension
(IFT) is paramount, as emphasized in this article through
contact angle measurements and molecular dynamics simu-
lations. Additionally, the study delves into the roles of brine ions
and sodium dodecyl sulfate (SDS) surfactants at the oil−brine
interface, underscoring their critical contributions to oil
displacement. Molecular dynamics (MD) simulations provide
valuable insights into the atomistic interaction paradigm at both
the subpore and pore levels.29,30 These ionic contributions at the
oil−brine and rock interfaces, studied at multiple scales, serve as
a foundation for evaluating the role of brine ions and their
contribution to the removal of adsorbed crude oil and
displacement from rock surfaces.31−34 MD simulations provide
a better understanding of the atomistic interactions occurring at
various scales, while the influence of low salinity on oil−brine
interfaces and wettability alteration is investigated through
contact angle measurements and molecular dynamics anal-
ysis.35−37

These simulations offer valuable insights that contribute to
the refinement of existing models for fluid flow on surfaces and
the associated intermolecular interactions. Moreover, molecular
dynamics facilitates the observation and microscopic detection
of the liquid wetting behavior on rock surfaces. This capability
enables a detailed analysis of the characteristic behavior through
molecular dynamics analysis, thereby advancing our compre-
hension of these complex systems.35,38,39 Underwood and
Greenwell investigated the salinity dependence of interfacial
tension (IFT) for decanes in contact with aqueous NaCl
solutions. They observed a decrease in boundary layer thickness
with increasing brine salinity, resulting in higher IFTs.40 This
phenomenon needs to be explained in terms of molecular
motion. Zhao et al. expanded on related work by focusing on
diluted NaCl solutions and observed a nonmonotonic trend in
IFT for n-decane/brine systems, which contributes to improved
oil recovery.41 Remesal et al. investigated the effect of
monovalent and divalent brines (NaCl and CaCl2) on oil
dodecane and benzene and found that calcium ions were more
surface-active than sodium ions due to their larger hydration
shell.42

Understanding the behavior of polar compounds in crude oil
and their interaction with brine cations at the interface is crucial
for comprehending the effect of salinity on oil−brine interfaces,
which is a focus of this study. The wetting condition on rock
surfaces is greatly influenced by the adsorption of organic
components from the oils, either through physical or chemical
alteration of the rock texture, thereby affecting oil flow,
detachment, storage, and recovery.43 Asphaltenes and resin
fractions present in crude oil strongly adsorb onto clean rock
surfaces and alter their wettability.44 However, the extent of this
effect may vary depending on the type of rock and oil used.45

Studies on the adsorption of oil on different rock types have
shown that quartz/sandstone rock adsorbs carboxylic acid (2.76
± 0.19 μmol/m2), kaolinite (3.14 ± 0.25 μmol/m2), and calcite
(7.35 ± 0.15 μmol/m2), with calcite exhibiting the highest
adsorption among the three considered. Nevertheless, the
impact on other less attractive rock samples may still be
significant for wettability alteration and should not be
underestimated.44,46 The surface charge density on rocks varies
depending on the rock type and pH of the environment, which is
an important aspect to consider in this study. It plays a
significant role in the interaction between low-salinity ions and
nonpolar hydrocarbons at the brine−oil interface. Therefore, it
is crucial to focus on the interfacial tension behavior of brines
such as NaCl and CaCl2 in the presence of sodium dodecyl
sulfate (SDS) based on this criterion. Nezhad et al. investigated
the effects of interfacial tension for different brine solutions
(Na2SO4, CaCl2, MgSO4, KCl, CaSO4, NaCl, and MgCl2) with
crude oil and observed the changes in interfacial tension and
contact angles when interacting with acidic crude oil. Under-
standing these phenomena requires the application of molecular
dynamics (MD) simulation.47

Despite the wealth of existing research in this field, our study
aims to provide additional insights into the molecular displace-
ment occurring at both pore and subpore levels during oil
displacement using a brine−surfactant solution. Our specific
focus of this work is on elucidating the influence of cationic
charges on contact angle alterations through a comprehensive
analysis of relative concentration, with a particular emphasis on
oil displacement on the quartz surface. Significantly, our
observations reveal heightened adherence of polar oil beneath
the surface, with more displacement occurring on the upper side
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of the oil−brine interface, primarily attributed to the reduction
in interfacial tension. The dynamic movement of oil molecules
initially spreads on the rock surface under NaCl−SDS, as
evidenced by prominent radial distribution peaks, diminishing as
they are pulled off the surface. In contrast, the behavior observed
with CaCl2−SDS is the opposite. This contrast is attributed to
the high charge on Ca2+, leading to strong attachments to the
quartz surface. In contact angle measurements, NaCl−SDS
exhibited a reduction to 4−5° for concentrations ranging from
500 to 5000 ppm within 30 min, whereas CaCl2−SDS showed a
reduction to 4−6°. Notably, our investigation reveals that the
cationic charge effect, polar oil, and brine−surfactant
interactions have not been thoroughly explored in the context
of oil detachment under low salinity conditions.

2. CHARGE CREATION ON SANDSTONE/QUARTZ
SURFACE AND THEIR SIGNIFICANCE IN
ELECTROSTATICS

The sandstone/quartz surface is composed of silanol groups
(−Si−OH), which interact with hydroxyl (OH−) or hydronium
(H+) ions from water via two processes: (i) when protons are
adsorbed on the Si−OH surface under acidic conditions to form
a positively charged surface, while under (ii) alkaline conditions,
the surface of Si−OH deprotonates to form a negatively charged
surface, as in eqs 1 and 2.48

Si OH H O Si OH H O3 2 2+ ++ +
(1)

Si OH OH Si O H O2+ + (2)

where SiOH , SiOH, and SiO2
+ represent the proto-

nated surface, neutral, and deprotonated surface sites. The
presence of more than one type of surface species implies that
multiple reaction mechanisms can occur on the quartz surface
during dissolution. However, the overall reactivity of the quartz
surface depends on the relative distribution of the three
species.48,49 The chemistry of the quartz surface and the origin
of negative charge are very important in the physical and
chemical interactions of quartz with hydrophilic and hydro-
phobic molecules at all length scales for research and field
engineering applications. This is the property that dictates the
applicability of the quartz material for surface wettability studies.
The adhesion and cohesion forces between the fluids of interest
and the quartz surface depend on the surface charge density and
fluids in contact.48,50,51 The creation of negative charges is
initiated by the deprotonation of silanol groups (�Si−OH) on
the surface of silica through a series of steps initiated as shown in
eqs 3−5.49

SiOH SiO HS+ +V (3)

The amount of all the silanol groups per surface area, ΓT (1/
m2), is ΓT = ΓSiOH + ΓSiO−, where ΓSi− OH is the amount of −Si−
OH per surface area and ΓSi−O− is the amount of SiO− per
surface area. The surface charge density, σ (C/m2), is σ = eΓSiO−,
where e is the elementary charge. According to the law of mass

action, K 10
a pKH

s
SiO

SiOH
= =+

, where K or 10−pK is the

dissociation constant and aH
s

+(mol L−1) is the activity of protons
adjacent to the surface.
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where aH+ is the activity of proton in bulk solution, Ψ0 is the
surface potential (V); kB is the Boltzmann constant, and T is the
absolute temperature. The surface charge density is given by the
following equations: σ = Cs (Ψo − Ψd)
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where CS is the Stern layer capacitance (F/m2); Ψd is the
potential at the outer surface of the Stern layer (the diffuse layer
potential); ε is the permittivity of the solvent (water) (F/m); κ is
the Debye−Hückel parameter (m−1); and σd is the charge
density in the diffuse layer (C/m2).50,52,53 Studies have shown
that three main interactions are possible when the polar
components of crude oil are on rock surfaces, whereas acid−
base and ion-binding interactions occur.21,54−56 Due to these
interactions, polar molecules are adsorbed on silicate rock
surfaces by van der Waals forces or hydrogen bonding (negative
disjoining pressure), thereby altering the hydrophilic original
rock surface state to oil-wet.57 Furthermore, the negatively
charged acidic components cannot be adsorbed onto the
negatively charged silicate rock because of electrostatic
repulsion (positive disjoining pressure), which is helpful for oil
recovery. The high-valent cations are found to bind the acidic
components and rock surfaces via ion-binding interactions,
taking advantage of the negatively charged rock surface exhibited
by most sandstone rocks.58−60 The increase in brine
concentration of NaCl and CaCl2 resulted in a decrease in
negative zeta potentials for quartz/brine and oil/brine
interfaces. Hua et al. showed that the highest negative charges
were observed with rock/deionized water and oil/deionized
water interfaces due to the dissociation of silanol groups on rock
surfaces and carboxyl groups in oil. Increasing salinity of the
NaCl solution resulted in compression of the electrical double-
layer, which decreased the negative charges of the two interfaces.
While with calcium ions, the effect of charge on two interfaces
was more strongly attracted to the rock than that of Na+ at the
same ionic strength, a weak positive charge at the rock/brine
interface and a weak negative charge at the oil/brine interface
were observed at 63,603 ppm of CaCl2 solution.

61 These results
suggest that the ion composition and salinity are very important
in determining the interactions between the rock/brine and oil/
brine interfaces because they can strongly affect the electrical
charge at both interfaces.61 The influence of adhesion and
cohesion forces on the solid−liquid interface was high-
lighted.62−64 Oil−brine−rock systems, where brine films are
confined between rocks and oil droplets, are found to depend on
the characteristics of the rock surface, brine composition, and
chemical properties of the oil droplets.39 It is with the interest of
this work to

1. Explore the low-salinity surfactant ion’s interaction with
oil on the charged quartz surface

2. Show low-salinity brine−surfactant hybrid interaction
with the hydrophobic quartz surface at the atomistic level
and subpore by contact angle and molecular simulations

3. Investigate the forces responsible for molecular oil
adsorption and displacement using the sessile drop
method and molecular dynamics simulation

4. Understand the low-salinity ranges which can be applied
for research in a particular sandstone reservoir as a guiding
principle since reservoirs are highly heterogeneous

To understand the molecular motion and dynamics of the
decanoic acid/dodecane oil mixture on the quartz surface,
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molecular dynamics (MD) simulations were conducted. These
simulations played a crucial role in studying the interaction
between brine, crude oil, and rock systems, which affect
wettability by causing the dynamic adsorption of active
components on the rock surface, leading to an oil-wet
state.8,65,66 Over the past few decades, MD simulations have
emerged as a powerful tool for investigating complex
interactions at a microscopic level, providing detailed
information on the dynamic, energetic, and structural properties
of these systems at the molecular scale. One of the applications
of MD simulations is the study of oil interaction with quartz
surfaces and detachment mechanisms.67 Studies conducted by
Mabudi et al. demonstrated that increasing the ionic
concentrations of brine in the presence of n-decane resulted in
decreased free energies and an increased wetting state of
sandstone rocks.68 Similar research by Jia et al. showed that the
oil-wet quartz surface became more water-wet after removing
adsorbed crude oil molecules using mixed surfactants. Contact
angle measurements were performed to assess the effect of
wettability alteration.69 MD simulations offer valuable insights
into the molecular-level behavior and interactions involved in
low-salinity surfactant brine systems on quartz surfaces,
providing a deeper understanding of wettability and detachment
mechanisms in sandstone reservoirs.

3. MATERIALS AND METHODS
3.1. Materials.Chemicals used were sodium chloride (NaCl

> 99.5%), calcium chloride anhydrous (CaCl2, 99.99%), and
sodium dodecyl sulfate (C12H35OSO3Na > 99.6%) purchased
from Aladdin Chemical Reagent Company. All the chemicals
were of analytical grade and used as received. Deionized water
was used in all the experiments. Crude oil was obtained from the
Shengli oilfield, whose composition and that of synthetic brine
are given in Tables 1 and 2.

3.2. Experimental Procedure. The wettability alteration
and oil displacement from the quartz surface were considered
based on the interactions between the oil−brine−quartz/solid
system using low-salinity surfactant application in two fronts:
(1) based on contact angle variation by sessile drop experiment
with varying low-salinity surfactant concentrations; (2)
molecular dynamics simulation to study the dynamic displace-
ment of (dodecanoic-dodecane) oil from the quartz surface
using brine−surfactant. The dodecanoic-dodecane total acid
number has a TAN value of 1.4 mg KOH/g) and crude oil has a
TAN value of 1.1 mg KOH/g.70

3.2.1. Contact Angle Measurements.

1. Sandstone slices were cleaned with toluene, saturated
with formation water, and aged in crude oil at 90 °C.71,72

2. Drops of brine−surfactant solutions of approximately 0.3
μL were delivered using a Hamilton syringe and carefully
deposited on the surface of the oil-aged sandstone slices
immersed in light crude oil for clear vision. Contact angle
measurements were taken using the sessile drop method,
and pictures were taken and recorded. Three readings
were taken for each angle to obtain the average, and the
procedure was repeated for other brine concentrations of
500, 1000, 10,000, 30,000, and 50,000 ppm. This was
carried out for NaCl and CaCl2.

3. Sodium dodecyl sulfate (8.2 Mm), which was of critical
micelle concentration (CMC), was used.73,74 The aged

sandstone slices were placed in a vessel containing a
dodecane−dodecanoic oil mixture, as shown in Figure 1.

The images of the droplets were taken with a camera, and the
contact angles were measured to ascertain the decreased angle at
room temperature (25 °C) and pressure (1 atm).

3.2.2. Molecular Dynamics Simulation to Study Oil
Removal by Low Salinity Water. In this simulation calculation,
the condensed-phase optimized molecular potentials for
atomistic simulation studies (COMPASS) force field in
Materials Studio 2017 software was used for molecular dynamics
simulation under the NVT ensemble at 303.1 K. The
COMPASS force field is the first molecular force field that
unifies organic and inorganic molecular systems and has been
successfully utilized for asphalt and minerals such as
quartz.42,75−77 The α-quartz surface used was of dimension
3.93 × 6.81 × 2.0 nm3, perpendicular to the z-axis from the
surface. The silica surface is generated by cleaving the α-quartz
structure along its 001 orientation and hydroxylated using
hydroxyl with a density of 7.64 nm−2 to demonstrate the water-
saturated rock. This was consistent with the results (5.9−18.8
nm−2) calculated by Koretsky et al.78 The amorphous cell was
then constructed of 97 dodecane and 33 dodecanoic acid
molecules geometrically optimized and combined with an
optimized silica surface to form an adsorbed complex polar oil−
quartz surface. Amorphous brine cells were constructed with 56
salt molecules for bothNaCl and CaCl2. They represented 1% of
the total molecules in the cell of 5450. Higher concentrations

Table 1. Brine Compositions of Ions (ppm)

no Na+ Ca2+ SDS total salinity

1 49,750 49,750 250 50,000
2 29,750 29,750 250 30,000
3 9750 9750 250 10,000
4 4750 4750 250 5000
5 1750 1750 250 2000

Table 2. Crude Oil Composition

components percentage (%)

aromatic hydrocarbons 31.13
resins 22.42
saturated hydrocarbons 36.12
asphaltenes 10.33

Figure 1. HARKE-SPCA schematic diagram of the experimental setup
for contact angle measurement.
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were considered too for 5, 10, and 25% with 273, 545, and 1363
salt molecules, respectively. The brine cells were each added 20
molecules of sodium dodecyl sulfate (SDS) and water molecules
to make a total of 5450 in a cell.35 The amorphous cells built

were all geometrically optimized and relaxed by 2 ps of NPT
before MD simulation at 303.1 K and 1 atm. Each low-salinity
surfactant cell was combined with an oil−quartz surface and
vacuum slab added to eliminate the effect of periodic boundary

Figure 2. (a) Contact angles for low-salinity brine: (a) NaCl−SDS and (b) CaCl2−SDS. (b) Contact angles of variable concentrations of brine: (a)
NaCl−SDS and (b) CaCl2−SDS (magnified brine section for better vision).

Figure 3. Histograms of initial and final contact angles of variable brine concentrations: (a) sodium chloride and (b) calcium chloride.
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conditions and geometrically optimized. Each cell underwent a 2
ps NPT MD simulation to remove bad contact between water
and brine molecules. Then, varying NVT MD simulations were
performed for every built slab at 303.1 K, with the silica surface
being fixed in all calculations with a cutoff of 12.5 Å and a time
step of 1 fs. Periodic boundary conditions were applied in all
three dimensions. The optimization process involved utilizing
the steepest descent method to optimize the atoms, cells, and
quartz surface cells. Subsequently, a sequence of equilibrium
molecular dynamics simulations spanning 1, 2, 4, and 10 ns was
conducted to attain the equilibrium desorption configuration
under the NVT ensemble at 303.1 K. This comprehensive
procedure was executed for both low-salinity brine, with and
without the surfactant. Following the NVT simulations, NPT
simulations were performed at four distinct reservoir points
characterized by varying temperatures and pressures: (303.14 K,
10MPa), (323.14 K, 15MPa), (343.14 K, 20MPa), and (373.14
K, 30 MPa). The simulation parameters for the NPT were
consistent with those employed in the NVT simulations.

4. RESULTS AND DISCUSSION
4.1. Graphs Showing the Rate of Change of Contact

Angles for NaCl and CaCl2 with Varying Ionic Concen-
trations. The results show the effects caused by decreased
salinity, surfactant addition, and the residence time needed for
wettability alteration to occur. It can clearly be seen that the
increased salinity of brines causes a corresponding increase in
contact angles on the sandstone surface. However, the addition
of SDS surfactant to brines caused a highly noticeable reduction
in contact angles compared to pure brines shown in Figures 2
and 3.

It is an illustration of how contact angles altered with varying
concentrations for a period of 30min for brines with and without
the SDS surfactant. The influence of brine concentration on
contact angle change was found to be more pronounced at
higher concentrations (30,000−50,000 ppm) compared to the
range of 1000−10,000 ppm. In Figure 2b, a section of the graph
was enlarged to ensure better visualization of the data. When
surfactants were added to the system, the contact angles
decreased proportionally across all brine concentrations,
indicating a consistent wetting behavior. However, relying
solely on the macroscopic observations of contact angle
reduction on the sandstone surface is insufficient for a
comprehensive understanding of the wetting behavior of low-
salinity brines. To gain a more realistic and detailed under-
standing, it is necessary to investigate atomic-level interactions
and motions at the molecular level. This technique was used by
Chang et al. to understand trapped oil in channels.79 Molecular
dynamics simulation has been proved to be an invaluable tool, as
it provides a platform to study the wetting behavior of low-
salinity surfactant flooding in conditions that closely resemble
the experimental setup. By employing molecular dynamics
simulation, we can examine the intricate dynamics of brine
droplets on the sandstone surface, allowing a thorough analysis
based on specific brine types and the influence of surfactants.
The simulations considered variations in brine salinities and
time frames, enabling a comprehensive investigation of the brine
interaction with the sandstone surface and facilitating a more
accurate analysis of the results. This approach helped in
eliminating ambiguities that could occur in sessile drop
experiments and significantly enhanced our understanding of
various factors, including ion interactions with crude oil,

Figure 4. Synthetic polar oil displacement from quartz by 1% sodium chloride in (NaCl−SDS) brine.

Figure 5. Synthetic polar oil displacement from the quartz surface by 1% sodium chloride (NaCl) brine.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c00562
ACS Omega 2024, 9, 20277−20292

20282

https://pubs.acs.org/doi/10.1021/acsomega.4c00562?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00562?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00562?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00562?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00562?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00562?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00562?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00562?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


detachment, and displacement from the rock surface, as well as
changes in wettability and improvements in oil recovery. The
insights gained through molecular dynamics simulation play a
crucial role in advancing our knowledge of these complex
processes and can contribute to the development of more
effective oil recovery techniques.

4.2. Effect of Cation Charge and Concentration on
Contact Angles. In a study conducted by Wei et al. on the
wettability of brine on quartz surfaces, it was observed that the
wettability ranged from an intermediate wet state to a water-wet
state. However, as the salt concentration was increased, the
contact angles decreased to a nearly constant value. Moreover,
further increases in the salt concentrations led to an increase in
contact angles. These observations suggest that the quartz
surface transitions to an oil-wet state at higher salt concen-
trations.80 Different affinities were observed on quartz surfaces
with the order of brine cation charge as follows: NaCl > MgSO4
> CaCl2 > MgCl2. At high concentrations of brine, divalent
cations such as Ca2+ and Mg2+ induce negative charges on the
quartz surface. This phenomenon leads to the adsorption of
these cations and the bridging of polar compounds present in the
crude oil on the surface, as illustrated in Figure 5. The adsorption
and bridging process is facilitated by the electrostatic effect,
resulting in the adherence of organic species to the quartz
surface.
The extra-high concentrations exhibited by the salt brines

resulted in turning the quartz surface to be more oil-wet which
increased the contact angles.80

These show that contact angles initially decreased and then
increased as a result of an increased oil-wetting state on the
quartz surface. The angle adjustment can be explained based on
ionic strength and brine double-layer adjustment with
expressions related in eqs 6 and 7.80

I C Z1
2 j

j J
2=

(6)

where C is the molar concentration (mol/L) and z is the valence
of ions. At low concentrations (<0.1 M), the thickness of the
double layer, as measured by the Debye length (λ), is related to
the ionic strength (I) of an electrolyte
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where kB is Boltzmann’s constant (J/K), T is the temperature
(K), ε is the permittivity of vacuum (F/m), NA is Avogadro’s
number (mol−1), and e is the charge on an electron. From the
above two equations, the relationship between the brine

thickness and ionic charge can be drawn. The thickness of an
electrical double layer (λ) is inversely proportional to the ionic
strength (I), and the decrease in ion strength is expected to
produce a more water-wet surface. This is in line with double-
layer expansion (DLE), suggesting a decrease in the contact
angle. The ionic strength is inversely proportional to the double-
layer thickness, i.e., higher attraction is encountered with higher
ionic strength and cation charge. This double-layer expansion
can be noticed by periodic changes in oil densities along the Z
direction, which are found to vary according to concentrations
and cation charge.

4.3. Investigation of Oil Detachment and Displace-
ment from Quartz Surface by Sodium Chloride (NaCl)
and Sodium Chloride−Surfactant (NaCl−SDS).During the
simulation, in Figures 4 and 5, the oil displacement in the
systems occurred under sodium chloride (NaCl) and sodium
chloride with SDS surfactant (NaCl−SDS) brines. These
molecular motions help us to understand the effect of ions
and surfactant molecules on the removal of oil over time. The
behavior of oil removal in these systems was observed by
analyzing the distribution and concentration of oil molecules
during the simulation.81

In the presence of NaCl, the interactions between Na+ and
Cl− ions with the oil molecules and the surface of the system
influenced the displacement of the oil. The presence of NaCl
altered the interfacial tension and capillary pressure, leading to
changes in the oil distribution within the system. This
interaction between NaCl ions and oil molecules resulted in
the migration and removal of oil from the system. Furthermore,
the addition of SDS surfactant to the NaCl solution (NaCl−SDS
system) had an additional impact on oil displacement. The
surfactant molecules interacted with both the oil and the NaCl
ions, modifying the interfacial properties and promoting the
detachment of oil molecules from the system’s surface. The
presence of SDS surfactant enhanced the effectiveness of oil
removal by reducing the interfacial tension and facilitating the
dispersal of oil in the aqueous phase. Throughout the simulation,
the changes in oil distribution and concentration were
monitored to analyze the progress of oil displacement. The
behavior of oil removal in the NaCl and NaCl−SDS systems was
compared to understand the influence of the surfactant on the
efficiency of oil removal. These findings provide valuable
insights into the mechanisms underlying oil displacement in the
presence of NaCl and SDS surfactants and can contribute to the
development of strategies for enhanced oil recovery and
reservoir management.

4.4. Investigation of Oil Detachment and Displace-
ment from the Quartz Surface by Calcium Chloride

Figure 6. Synthetic polar oil displacement from the quartz surface by 1% calcium chloride in CaCl2−SDS brine.
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(CaCl2) and Calcium Chloride−Surfactant (CaCl2−SDS).
The displacement of oil in the systems of calcium chloride
(CaCl2) and calcium chloride with the SDS surfactant (CaCl2−
SDS) is influenced by the presence of ions and surfactant
molecules, as shown in Figures 6 and 7. In the system with
calcium chloride alone, the ions play a crucial role in oil
displacement.
Calcium ions (Ca2+) have a higher affinity for the quartz

surface compared to sodium ions (Na+), which results in a
stronger electrostatic attraction. This attraction between the
calcium ions and the quartz surface enhances the detachment of
oil molecules from the surface, leading to oil displacement.82−84

Additionally, the presence of calcium ions can modify the

interfacial tension between the oil and brine, facilitating the
movement of oil through the system.When the SDS surfactant is
introduced into the calcium chloride system (CaCl2−SDS), the
surfactant molecules interact with both the oil and brine phases,
further influencing oil displacement. The surfactant molecules
can adsorb onto the oil−brine interface, reducing the interfacial
tension and promoting the formation of oil-in-water emulsions.
This emulsification process aids in breaking down the oil into
smaller droplets, making it easier for the oil to be dispersed and
displaced by the brine. The presence of SDS surfactant can alter
the wettability of the quartz surface. This renders the surface
more water-wet, increasing the spreading of the brine and

Figure 7. Optimum low-salinity brine of 1% CaCl2 interaction with synthetic polar oil adsorbed on a quartz surface.

Figure 8. Relative concentration of dodecane (polar model oil) displacement from the quartz surface using NaCl−SDS.

Figure 9. Relative concentration of dodecane (polar model oil) displacement from the quartz surface using NaCl.
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facilitating its penetration into the porous media, leading to
enhanced oil displacement.85

4.5. Oil Detachment and Displacement from the
Quartz Surface by NaCl and NaCl−SDS Solutions. The
study investigated the impact of surfactant molecules,
specifically NaCl−SDS, on the process of oil detachment
compared with systems without surfactants. The amount of oil
displaced from all of the systems was observed to be dependent
on the residence time. Systems with longer residence times
exhibited greater oil displacement, as shown in Figures 8 and 9.
The region of the oil−brine interface in the systems displayed

a notable oil shift in the upper z direction from the surface.
Notably, the NaCl−SDS interface demonstrated a higher degree
of oil displacement compared with the CaCl2−SDS interface.
The NaCl system also exhibited more oil displacement
compared to that of the CaCl2 system. The method of relative
concentrations was used by Mohammadali et al.38 and Liu et
al.76 The inclusion of surfactants had a notable impact on the
relative displacement of oil, leading to a more uniform shift
compared with systems without surfactants. Figures 8 and 10
specifically illustrate the influence of the surfactant SDS at the
interface between the two systems. These graphs are magnified
at the top sides, indicating a pronounced bell-shaped pattern of
oil displacement with NaCl−SDS. This behavior can be
attributed to the reduction in interfacial tension caused by the
presence of the surfactant. The surfactant enhances the
viscoelasticity of the oil, resulting in a more significant
displacement compared with low-salinity conditions alone, as
shown in Figures 8 and 9. The molecular concentration analysis

obtained from the simulations reveals that monovalent ions have
the capability to detach oil molecules from the quartz surface. To
simulate the presence of NaCl salt in low-salinity water, Na+, and
Cl− ions were incorporated into the brine molecules, creating a
brine layer within the simulation. A mass fraction of 1% w/w
NaCl was utilized, involving the addition of 56 NaCl molecules
to a total of 5450 molecules in the simulation cell. The
equilibriummolecular distribution on the quartz surface and the
relative concentrations of the molecules were examined to gain
insights into the process of oil detachment from the rock surface.
Initially, the molecular configurations of the models were
equilibrated after the introduction of monovalent Na+ ions. This
process involved the displacement of oil molecules from the
quartz surface by water molecules, leading to the formation of a
water film between the quartz surface and the oil molecules to be
detached.

4.6. Oil Detachment and Displacement from the
Quartz Surface by CaCl2 and CaCl2−SDS Solutions.
Based on the calculations conducted using the models and the
analysis of results in simulation cells, it can be concluded that the
presence of Ca2+ ions contributed to the oil detachment process,
although this occurred over an extended period of time. Figures
10 and 11 illustrate the equilibrium molecular distributions and
the corresponding relative concentration profiles. The final
molecular configurations observed at equilibrium after a certain
duration in the models exhibited trends similar to those of the
monovalent NaCl brine. In both cases, water molecules
displaced the preadsorbed oil molecules from the quartz surface,

Figure 10. Relative concentration of dodecane (polar model oil) displacement from the quartz surface using CaCl2−SDS brine.

Figure 11.Relative concentration/density profile of dodecanoic acid−dodecane (polar model oil) variation from the quartz surface using CaCl2 brine.
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resulting in the accumulation of a water film between the oil
molecules and the quartz surface.
The synthetic polar crude oil molecules in the models were

gradually displaced by saline molecules and saline surfactant
solutions, as indicated by the relative concentration distribution
profiles shown in Figures 8−11. The process of detachment is
slow, requiring longer residence times for significant oil
detachment and displacement to occur. Promising results were
observed from 20 ps onward for both NaCl and CaCl2 brine
systems, as well as for the NaCl−SDS and CaCl2−SDS
surfactant combinations. During the dynamic simulation of
low-salinity conditions, the layered oil phase remained stable on
the quartz surface, although the displacement of molecules
varied depending on the type of brine and the duration of the
simulation. The amount of displaced oil differed according to
the brine type and the addition of surfactants. From the
aforementioned figures, it can be observed that the SDS
surfactant caused greater oil displacement in NaCl−SDS
compared with the CaCl2−SDS brine mixture. This can be
attributed to the varying sizes of cations present in the two salts,
which lead to different packing structures at the interface. The
packing structure of the underlying oil layers exhibited slight
changes that became more pronounced at lower brine
concentrations. Mahmoudvand et al. also observed cation
adsorption at the hydrocarbon−water interface, where the
surface excess concentration was higher at low brine
concentrations. Conversely, increased salt concentrations
resulted in a higher bulk salt concentration and a reduction in
surface excess, leading to an increase in interfacial tension.86

The analysis based on the Gibbs adsorption isotherm revealed
that the top layer of the oil phase, which directly interacts with
water molecules, undergoes more significant transformations
during the simulation. The configuration of the top layer of
dodecane, which represents the model oil, was observed to
change according to studies conducted by refs 26,87,88
However, this trend exhibited variations at higher concen-
trations of CaCl2−surfactant brine, primarily due to an increased
rate of attraction between the oil layer and the surface.

4.7. Analysis of Results Using Radial Distribution
Function (RDF). 4.7.1. Effect of Concentration on RDF of Oil
in Different Brines. The radial distribution function (RDF) is
defined as the ratio of the density of a particular atom in the
distance of r to the bulk density. In other words, the variation of
density of a particular atom with a change in distance with
reference molecules over the bulk density represents RDF.
Therefore, it can be used to demonstrate a density distribution
around a givenmolecule, and it is mathematically expressed as in
eq 841

g r V
N N

n b r
r r

( )
( )

4ab
a b i

N
i

1
2

a

=
=

i
k
jjjjjj

y
{
zzzzzz (8)

where Na and Nb represent the total numbers of atoms a and b,
respectively,V stands for the simulation box’s volume, and nib(r)
denotes the number of atoms b at the radial distance of r from
atom a for the peak closest to the rock surface. This is illustrated
in Figures 12 and 13.

Figure 12. Radial distribution function of oil under varying NaCl concentrations at 303.1 K and 1 ns on the quartz surface.

Figure 13. Radial distribution function of oil under varying CaCl2 concentrations at 303.1 K and 1 ns on the quartz surface.
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Considering Figures 12 and 13, it can be observed that at low
concentrations of NaCl and CaCl2, the peaks in the radial
distribution function of oil exhibit higher magnitudes. This
phenomenon can be attributed to the intensified interactions
between the oil molecules and the ions present in the low-
concentration brine. In the case of low NaCl and CaCl2
concentrations, the ionic species (Na+ and Ca2+) have a
relatively lower number density in the solution. Consequently,
these ions can approach the oil molecules more closely, resulting
in more attractive interactions. The enhanced attractive forces
between the oil molecules and the brine ions lead to higher RDF
peaks, indicating an increased probability of oil desorption and
potentially improved oil recovery. However, as the concen-
tration of NaCl and CaCl2 increases, the number density of the
ionic species in the solution also rises. This higher concentration
of ions causes the average distance between the oil molecules
and ions to increase, thereby weakening the strength of the
attractive interactions. As a result, the intensity of the RDF peaks
decreases, suggesting a reduced likelihood of oil desorption and
potentially lower oil recovery.
The observation of higher RDF peaks in the radial distribution

function of oil at low concentrations of NaCl and CaCl2 suggests
the presence of stronger attractive interactions between the oil
and ions, which may enhance the likelihood of oil desorption
and potentially lead to improved oil recovery. Conversely, as the
concentration of NaCl and CaCl2 increases, the weaker
interactions contribute to lower RDF peak magnitudes,
indicating a decreased probability of oil desorption and
potentially lower oil recovery. At the highest concentration of

>1% NaCl and CaCl2, it is observed that the RDF exhibits the
highest peaks. This can be attributed to the relatively lower
number density of the ionic species (Na+ and Ca2+) in solution
at this concentration. As a result, the ions can approach the oil
molecules more closely, leading to stronger attractive inter-
actions. These intensified interactions result in higher RDF
peaks, indicating a greater likelihood of oil desorption and
potentially improved oil recovery. On the other hand, as the
concentrations of NaCl and CaCl2 increase to 5, 10, and 25%,
the number density of the ionic species in the solution also
increases. This higher concentration of ions results in a larger
average distance between the oil molecules and ions, weakening
the strength of the attractive interactions. Consequently, the
intensity of the RDF peaks decreases for these higher
concentrations, suggesting a reduced probability of oil
desorption and a potentially lower oil recovery.

4.7.2. Influence of Simulation Time and Surfactant on RDF
of Oil in Brine and Brine−Surfactant Systems.The variation in
peaks observed in the radial distribution functions (RDFs) of
NaCl, NaCl−SDS, CaCl2, and CaCl2−SDS reflects the different
molecular arrangements and interactions in the systems.89,90

These peaks indicate the probability of finding oil molecules at
specific distances from the brine and brine−surfactant
molecules. The observation of higher peaks in a short time for
NaCl and NaCl−SDS systems compared to a lengthy time can
be attributed to the dynamics of molecular interactions and the
kinetics of oil detachment processes.

In the early stages of the simulation, when the NaCl and
NaCl−SDS systems are introduced, there is a rapid exchange of

Figure 14. RDF of oil on a quartz surface under different simulation times with 1 wt % NaCl−SDS at 303.1 K.

Figure 15. RDF of oil on a quartz surface under different simulation times with 1% w/w NaCl at 303.1 K.
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ions and the establishment of an equilibrium state between the
oil and the brine and surfactant molecules for low-salinity brine.
This initial exchange and equilibration process can lead to the
formation of closer molecular arrangements and stronger
interactions between the oil and brine/surfactant molecules.
As a result, higher peaks are observed in the radial distribution
functions (RDF) at shorter distances. This phenomenon is
reported as the orientation and change in distance for oil
molecules on the quartz surface.91

In the early stages, the repulsive forces between the brine/
surfactant molecules and the oil may dominate, leading to a
more efficient detachment of oil from the quartz surface and
resulting in higher peaks in the RDF. However, as time
progresses, an equilibrium between attractive and repulsive
forces may be established, leading to a decrease in the amplitude
of the peaks, as shown in Figures 14 and 15.
On the contrary, the behavior of CaCl2 and CaCl2−SDS

systems in terms of the variation in peaks of RDFs and their
influence on oil detachment from the quartz surface can differ
from NaCl and NaCl−SDS systems. The longer oil radial
distribution peaks were obtained for CaCl2 and CaCl2−SDS
systems in 10 ns of 80 g/cm3 and 70 g/cm3 for 1 ns with the
surfactant and varied in the absence of surfactant. This could be
attributed to the complex interactions between the oil molecules
and the surrounding brine/surfactant molecules. The divalent
cations (Ca2+) and the surfactant molecules can form stronger
associations with the oil molecules compared with monovalent
systems. These associations can result in the formation of larger
aggregates or clusters of oil molecules surrounded by the brine/

surfactant molecules. over a longer time, and these aggregates or
clusters of oil molecules have more opportunity to stabilize and
reach a state of equilibrium. This leads to the persistence of the
oil radial distribution peaks for a longer duration, indicating a
longer range correlation between the oil and the surrounding
molecules. Therefore, the longer oil radial distribution peaks
observed in CaCl2 and CaCl2−SDS systems after a longer time
indicate a more persistent and stable arrangement of the oil
molecules with the brine/surfactant molecules, as shown in
Figures 16 and 17.

4.8. Effect of Brine−Surfactant Ions on Oil Movement
and Detachment from Pores. 4.8.1. Utilizing Total
Disjoining Pressure in Low Salinity to Determine Oil
Desorption and Adsorption. The two brines calcium chloride
and sodium chloride exhibit different forces under different
concentrations on the quartz surface. The dynamic motion of oil
between quartz−brine and brine between quartz−oil was
investigated by Wu et al. using two brines, sodium chloride
and calcium chloride, at the same conditions. They observed
that brines at different concentrations encountered varying
attractive and repulsive forces as a result of intermolecular forces
which comprised primarily of van der Waals, electrical, and
structural forces.86

The molecular motion within the simulation box happens
depending on whether the total disjoining pressure is positive or
negative. When low concentrations of sodium chloride and
calcium chloride concentrations of 1 wt % were considered,
positive disjoining pressure occurred as explained above during
theMD simulation. The results analyzed can be compared to the

Figure 16. RDF of oil on the quartz surface under different simulation times with 1% w/w CaCl2−SDS at 303.1 K.

Figure 17. RDF of oil on the quartz surface under different simulation times with 1% w/w CaCl2 at 303.1 K.
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relative oil concentrations displaced along the Z-direction.
However, negative total disjoining pressure is expected at high
concentrations and ionic attraction, which occurs in the stern
layer next to the rock surface. For NaCl−SDS and CaCl2−SDS
brines, the surfactant gets adsorbed at the oil−brine interface
resulting in decreased interfacial tension. This phenomenon has
been reported by other scholars. The surface-active compounds
from crude oil such as asphaltenes and naphthenic acids attract
cations at the interface, leading to a reduction in the surface
excess concentration and interfacial tension at low brine
concentrations.92 This adsorption reaches a minimum, followed
by desorption, and ions start getting deposited in the brine bulk,
leading to the quartz surface getting oil-wet. This results in a
positive total disjoining pressure.16,30,93 The negative and
positive disjoining pressures represent contractive and repulsive
forces, respectively.56 This positive total pressure resulted in oil
displacement and, consequently, oil molecules getting detached
from the rock surface, as shown by molecular simulation.

4.8.2. Effect of Reduction in Interfacial Tension at the Oil−
Brine Interface. Oil displacement occurs within the simulation
cell when the brine percolates to the rock surface, creating a thin
film that interacts with the oil adsorbed on the rock surface. This
film responds electrostatically according to the total disjoining
pressure. If the total disjoining pressure is positive, it exerts a
repulsive force, pushing the oil away from the rock surface and
causing oil displacement. Conversely, a negative total disjoining
pressure leads to the adsorption of oil on the rock surface. The
observed oil displacement over time at various brine
concentrations, as depicted in Figures 4−7, demonstrates the
presence of a repulsive force originating from the quartz surface.
As time progresses, interactions between crude oil and brine
result in the transfer of ions to the crude oil−brine interface,
leading to changes in ion concentration both in the bulk solution
and at the interface. This phenomenon is known as the
concentration of the free surface energy. Increasing the brine
concentration gradually results in a decrease in contact angles
until a certain salinity limit is reached, beyond which the contact
angles begin to increase. At minimal interfacial tension, the
contact angles are reduced. This behavior aligns with the
principles of the Gibbs adsorption isotherm, which describes the
relationship between the changes in interfacial tension and
alterations in the chemical activity of solution components,
including ions in the bulk solution and at the interface, as
described by eq 994,95.

RT ad dlnn n= (9)

where dγ is the change in interfacial tension, R presents the
universal gas constant, T denotes the absolute temperature, and
Γn and an stand for the surface excess concentration and the
chemical activity of the nth component in the solution,
respectively.94

The decrease in NaCl concentration causes expansion of the
electrical double layer and greater repulsive forces between oil/
brine and rock/brine; this is due to the more negative surface
charge created on the rock surface which repels the co-ions
associated with low-salinity brine, creating a favorable surface for
oil detachment. For higher brine concentrations like in
formation water, cations in this brine get attracted to negatively
charged sites on the rock surface and negatively charged polar
groups at the oil−water interface, which causes electrostatic
attraction to occur. The bridge is created between the rock
surface and the oil−water interface, and as a consequence, the

rock surface becomes more oil-wet. However, low salinity helps
to dislodge the adsorbed oil, leading to detachment and
increased oil recovery.

4.8.3. Effect of Low-Salinity Brine pH on Oil Desorption.
The pH of injected low-salinity water significantly impacts the
protonation of sandstone rock surfaces in brine with varying ion
compositions, thereby influencing the surface charges of
minerals and organic compounds. Silica surface charges are
notably pH-dependent, being negatively charged at higher pH
(7.5−10) due to silanol group ionization. In the pH range of 3−
7.5, surface charges exhibit slight pH dependence, with positive
charges resulting from H+ ion adsorption below pH 3.95.
Reservoir brines, typically above the isoelectric point (pH = 2−
2.5) on silicates, lead to negatively charged surfaces. The pH of
injected water is pivotal in determining the surface chemical
group composition and organic compound polar group
distribution. In crude oil, diverse forces like van der Waals,
hydrogen bonds, Coulombic, and surface forces interact
intricately with the rock surface and organic compound groups.
Consequently, attraction between polar groups and rock
surfaces weakens, with hydrogen-bond interactions inducing
electrostatic repulsion, while Coulombic forces strengthen,
leading to organic compound desorption and enhanced rock
surface hydrophilicity. Adsorption and desorption sensitivity to
pH changes brought by low-salinity brine are particularly
pronounced on clay mineral surfaces.

5. CONCLUSIONS

1. Low-salinity brine ranging from 500 to 5000 ppm resulted
in the most notable reduction in contact angles, indicating
significant wettability alteration after 30min. In alignment
with molecular dynamics simulations, low-salinity brines
exhibited the highest radial distribution curves, high-
lighting stronger adhesion forces compared to cohesion at
lower salinities, consequently leading to a higher rate of
radial diffusion for both NaCl and CaCl2 brines.

2. The dynamic movement of oil molecules initially spreads
on the rock surface under NaCl−SDS, as indicated by
prominent radial distribution peaks, and subsequently
diminishes as they are pulled off the surface. In contrast,
the behavior observed with CaCl2−SDS is the opposite.
This discrepancy is attributed to the high charge on Ca2+,
which forms strong attachments to the quartz surface.

3. At the oil−brine interface, the interaction between oil
molecules and the surfactant (sodium dodecyl sulfate)
resulted in a distinctive bell-shaped curve shift, as evident
from the relative concentration curves. This phenomenon
was notably less pronounced in pure brines without the
presence of the surfactant.

4. The mechanism of low-salinity enhanced oil recovery
(EOR) is proposed to illustrate the process wherein polar
oil adheres to the rock surface. However, in the presence
of low salinity, oil desorption occurs, resulting in
improved oil displacement and enhanced oil recovery.

5. Low-salinity surfactant solutions are very important in
reducing interfacial tension, and penetration potential
into the thin film by the electrokinetic potential gradient
results in increased detachment by positive disjoining
pressure at low salinity.
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