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Hypothesis: The saltwater-oil interface is of broad implication in geochemistry and petroleum disciplines.
To date, the main focus has been on the surface contribution of polar, heavy compounds of crude oil,
widely neglecting the role of non-polar hydrocarbons. However, non-polar compounds are expected to
contribute to characteristics of oil-brine interfaces.
Methodology: Utilizing molecular dynamics simulation, we aim to characterize ion behavior adjacent to
hydrophobic organic phases. Concerning natural environments, NaCl, CaCl2 and Na2SO4 electrolytes at
low (5 wt%) and high (15 wt%) concentrations were brought in contact with heptane and/or toluene
which account for aliphatic and aromatic constituents of typical crude oils, respectively. The reproduced
experimental data for interfacial tension, brines density and ions’ diffusivities adequately verify our
molecular calculations.
Findings: Ions accumulate nearby the intrinsically charge-neutral oil surfaces. A disparate surface-
favoring propensity of ions causes the interfacial region to resemble an electrical layer and impose an
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effective surface charge onto the oil surface. Despite absence of any polar site, the effective surface charge
density is hydrocarbon-dependent, with the highest and lowest values observed for toluene and heptane
interfaces, respectively. Due to accumulation of toluene molecules nearby the brines, the interfacial char-
acteristics of heptol (toluene-heptane mixture) is comparable to that of the toluene phase.

� 2020 Elsevier Inc. All rights reserved.
1. Introduction

Interfaces between hydrophilic and hydrophobic substances are
ubiquitous in nature and industry [1,2]. Characterization of
saltwater-oil interfaces has been the subject of broad interest in
numerous investigations, particularly in the area of improving oil
production by low salinity water flooding (LSWF) techniques from
subsurface reservoirs [3]. Yet, driving mechanisms and working
conditions of LSWF remain elusive [4–7]. All suggested mecha-
nisms, except for wettability alteration, are connected with the
fluid-fluid interaction, such as interface viscoelasticity, osmosis,
Marangoni effect, emulsification and change of IFT [8]. Evidently,
brine-oil interface largely impacts the performance of LSWF pro-
cess. However, the interfacial contribution of ions at oil-brine
interfaces is not fully understood [9], due to the difficulty of prob-
ing nanoscopic phenomena at interfaces by direct experimental
observation, and because of the complex chemistry of crude oils
[10–12]. The discrete character of ions becomes especially impor-
tant in the tightly confined medium of porous minerals, where
continuum theory fails to provide a detailed picture of the ions
behavior [13].

As emphasized in recent publications, characterization of the
oil-brine interface requires a hierarchical multi-scale approach,
with atomic- and field-scale studies as opposite ends of the spec-
trum [14,15]. From this perspective, atomistic research is of key
importance for evaluating the role of certain ions in the narrow
space of oil-brine interfaces as well as the thin brine films covering
pore surfaces in the underground petroleum resources [4]. For this
purpose, molecular dynamics (MD) simulation is a promising tool
for gaining knowledge on the physics of substances enclosed
within extraordinary thin spaces [16]. MD simulation facilitates
developing new theories and improving existing models for surface
and bulk properties of fluids by providing insight into the nature
and relative strength of inter- and intra-molecular interactions
[13]. Leveraging the strength of MD simulation, Underwood et al.
studied the salinity dependence of the interfacial tension (IFT) for
decane in contact with aqueous NaCl solutions [17]. They pointed
out that the interfacial thickness decreases upon increasing salin-
ity, resulting in higher IFTs. Later, Zhao et al. expanded that work
by focusing on diluted NaCl solutions and observed a non-
monotonic trend of IFT for n-decane/brine systems [18]. Khiabani
et al. utilized MD simulation to evaluate ion distributions in a CaCl2
solution confined by pure n-hexane. The authors reported forma-
tion of alternating charged layers close to the hydrocarbon surfaces
[19]. By applying dissipative particle dynamics, Remesal et al.
obtained IFT values of aqueous (NaCl or CaCl2)/oil (dedecane or
benzene) and found calcium to be more surface-active ion than
sodium, possibly due to the larger hydration shell of the former
[20].

Atomically-resolved understanding of salinity-dependent and
ion-specific effects on brine-hydrocarbon interfaces is much
needed to advance the field of enhanced oil recovery. To date,
the main focus of the experimental, computational and theoretical
literature has been on the surface behavior of polar and heavy
compounds of crude oil, in an attempt to reveal the effects of salin-
ity on the oil-brine interfaces [21,22]. Although aromatics and
aliphatics comprise the major fraction of typical crude oils, there
is a paucity of investigation on the interfacial role of those com-
pounds. Recently, Bonto et al. emphasized the importance of
non-polar hydrocarbons for regulating the surface charge of
water/oil [23]. To address this deficiency, classical MD simulation
was utilized in the present work to resolve the interfacial charac-
teristics of NaCl, CaCl2 and Na2SO4 solutions in contact with the
heptane and/or toluene, as models for the aliphatic and aromatic
fraction of typical crude oil. In the remaining of this paper, the sim-
ulation methodology is explained in details; then numerical results
are verified by comparing against available experimental data for
various bulk and interfacial properties. Next, we thoroughly ana-
lyze the ion specific effects on the charge distribution near
water–oil interfaces. Finally, we conclude by summarizing our
main findings.

2. Simulation methodology

2.1. Model construction

The salt effect on the brine-hydrocarbon interface was investi-
gated by considering NaCl, CaCl2 and Na2SO4 saline solutions con-
fined by heptane and/or toluene nonpolar phase. Brines of 5 and
15 wt% salinity are considered to, respectively, account for low
salinity (LS) brine typical for sea water and high salinity (HS)
under-ground water occupying aquifers [24]. We note that control-
ling the fixed weight percentage of ions in the solution deviates
from controlling the molarity of the solution. The latter would be
the control parameter of choice for example when directly compar-
ing the behavior of different cations, which is not the focus of this
study. The chosen salts are among the main mono- or divalent
cations (Na+, Ca2+) and anions (Cl�, SO4

2�) constituting natural
electrolytes [25]. The hydrocarbon phase was modeled by pure
n-heptane (C7H16), pure toluene (C7H8) and a 50/50 vol% mixture
of both (called heptol). Having equal carbon numbers, heptane
and toluene are common surrogates used in experiments to mimic
aliphatic and aromatic organic compounds comprising crude oil
and fossilized materials in soils [26,27].

The brine-oil system was modeled inside a 4 � 4 � 12 nm3

orthorhombic box, depicted in Fig. S1 (see Supporting Informa-
tion), in which water molecules were placed at middle of the cell
while being enclosed by two identical stacks of hydrocarbon mole-
cules. The biphasic systems were set up in accordance with the
typical thickness of thin brine films found in the oil reservoirs
(1–10 nm) and also configurations adopted by previous research-
ers [4,17–19]. The number of organic molecules in each slab was
set to nearly match the reported densities at ambient conditions
(toluene: 0.862, n-heptane: 0.679, and heptol: 0.775 g.cm�3)
[28]. Also, the number of ions was chosen to achieve the concentra-
tions mentioned before. In addition to the confined conformations,
some complementary cases were built to account for the liquid/va-
por equilibrium state (Fig. S2), and the free saline water (Fig. S3), to
serve as benchmarks for validating simulation results.

2.2. Simulation details

All simulations were carried out using the LAMMPS package
[29]. Periodic boundary conditions were imposed in all directions.



Table 1
Density of NaCl, CaCl2 and Na2SO4 solutions at LS and HS concentrations obtained
from MD simulation at 23 �C. The experimental values reported by Kumar [38] are
included in parentheses. Densities are in unit gr.cm�3.

LS HS

NaCl 1.0264 ± 0.0005 (1.0360) 1.0784 ± 0.0010 (1.1068)
CaCl2 1.0368 ± 0.0007 (1.0382) 1.1155 ± 0.0007 (1.1243)
Na2SO4 1.0477 ± 0.0015 (1.0439) 1.1451 ± 0.0023 (1.1346)
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The all-atom OPLS (OPLS-AA) force field was employed to describe
inter-atomic potentials of toluene and heptane molecules, with
Lennard-Jones (LJ) 12–6 (describing van der Waals, in short vdW)
and Coulombic (or electrostatic) relations. Water molecules were
modeled by the SPC/E parameterization, the best three-point
model for reproducing physical properties of water [30]. The cova-
lent bonds and angles in the rigid water molecules were con-
strained by the SHAKE algorithm with a tolerance of 1 � 10�5.
Intermolecular interaction of ions was described with a LJ potential
and a Coulombic potential, whereas intramolecular interaction of
the sulfate ion was described with a harmonic bond and angle
potential. The corresponding ion parameters were adopted from
[31,32]. The non-bond parameters between dissimilar atoms were
derived using the geometric combining rule.

A cut-off radius of 1.9 nm was taken for evaluating short-range
LJ and Coulombic forces. This large cut-off is motivated by previous
studies which suggested that applying long cut-offs, while obeying
the minimum-image convention [33], yields accurate IFTs [34]. The
long-range electrostatic interactions were resolved in the recipro-
cal space by the particle-particle particle-mesh (pppm) scheme
with a precision of 1 � 10�5. The equations of motion were inte-
grated using the velocity-Verlet algorithm with a time step of
1.0 fs. The simulation systems were initially relaxed via the steep-
est descent approach to remove any potential overlap of particles.
They were then equilibrated for 0.5 ns at 296.15 K in the NVT
ensemble using a Berendsen thermostat with a coupling constant
of 0.1 ps. To relax the system density, the system was equilibrated
for an additional 1.5 ns in the NPT ensemble at 296.15 K and 1 atm
by applying a Berendsen barostat with a damping constant of
1.0 ps. Convergence was confirmed by monitoring total energy,
temperature and volume in the course of the simulation, discussed
in Supporting Information, Figs. S4-7.

Next, the simulation was continued for 20 ns in the NPzAT
ensemble, in which the x-y surface plane and the normal pressure
element (Pzz) were fixed, using a Nosé-Hoover thermostat and
barostat at preceding temperature and pressure. It is necessary to
apply this thermostat for the production run, rather than the
Berendsen thermostat, because velocity rescaling algorithms are
prone to simulation artifacts [35]. Particle trajectories were
extracted every 1 ps for post processing. Thermodynamic and
structural properties were obtained by averaging output data over
the second half of the simulation time-span together with the per-
taining uncertainties calculated by block-averaging method [36].
3. Results and discussion

3.1. Model validation and accuracy evaluation

Prior to exploring the nano-structuring features at brine-oil
media, we shall examine the extent to which our simulation setup
can reproduce experimentally measurable properties in a bulk sys-
tem. Because no force field is truly universal, it is essentially a pre-
liminary task to justify the choice of parameterization models and
particularly, their compatibility [37]. For this purpose, a stepwise
approach was followed to ensure the validity of simulations con-
ducted, while paving a safe way for future use of given ion/wa-
ter/hydrocarbon models. First, the density of saltwater solutions
was obtained at 0.1 MPa and 23 �C, presented in Table 1. The com-
puted densities are in agreement with the empirical values
reported in the literature [38]. Further, self-diffusivity of individual
ions was estimated according to the popular Einstein’s relation
[39]. Although the ion force fields that we use were optimized
based on thermodynamic properties at infinite dilution, the diffu-
sion coefficients predicted through MD simulation at finite ion
concentrations are in reasonable agreement with the correspond-
ing experimental data (Table 2).

To this stage, we have verified the ability of the chosen ion force
fields to reproduce two relevant experimental bulk properties.
Now, we take a step ahead to validate the utility of the OPLS-AA
force field for modelling the toluene and heptane molecules in con-
junction with the ions and the water. For this validation, the IFT of
different hydrocarbon-saltwater interfaces were obtained through
the Irving–Kirkwood approach [40]. IFTs reproduced through our
MD simulations, as presented in Table 3, are consistent with the
respective empirical data. In sum, various benchmarks against
experimental data (density, self-diffusivity and IFT) demonstrate
the compatibility of the selected set of force fields for the ions,
water and hydrocarbons. The slight salinity-dependence of oil-
brine’s IFTs, reported in Table 3, arises from the absence of surface
active (functionalized) constituents in the oil phase considered
here. It should be noted that the variation of oil-brine’s IFT is not
the focus of this study; it merely serves for a benchmarking pur-
pose. In the current work, we primarily aim to resolve the interac-
tion of ions and aliphatic/aromatic compounds at atomic-
resolution. To the authors’ knowledge, the utility of potentials
adopted for calcium and sulfate ions have not previously been
explored in the context of electrolyte-oil interfaces.

3.2. Concentration and charge density distribution

To begin our analysis, the distribution of constituting com-
pounds along the direction perpendicular to the interfaces, i.e., z-
axis, was analyzed by counting the presence of these compounds
in parallel bins of 0.1 Å thickness. The same practice was followed
to obtain the charge density profile, altogether displayed in Fig. 1
(heptol/CaCl2 solution), Figs. S8-9 (heptol/NaCl or Na2SO4 solution)
and Figs. S10-12 (toluene or heptane/brine). Two interstitial layers,
termed interfaces, are seen at the junction of water and hydrocar-
bon density profiles where all kinds of components are present.
These interfaces separate the bulk of encompassing aqueous and
hydrocarbon phases, each with densities equivalent to their pure
state at atmospheric condition. By this consideration, the inhomo-
geneous multicomponent system could be essentially divided into
five parts, namely, two interfaces, two bulk hydrocarbons and an
intervening brine, as sketched in Fig. S14.

Remarkable in each heptol-brine system, the density profile of
toluene exhibits a maximum near the interfaces, indicating accu-
mulation of toluene molecules nearby the water phase. This accu-
mulation is also visible in the final snapshots of heptol-brines,
Figs. 1 and S8-9. In this circumstance, the heptol density at the bulk
region (confined roughly within 0 nm < z < ~4 nm and ~ 8-
nm < z < 12 nm) is slightly lower than the value expected for the
pure state, 0.753 against 0.775 g.cm�3, respectively. This discrep-
ancy is caused by the partial depletion of organic bulk phase by
toluene due to its loading adjacent to the aqueous solution. It
seems that toluene effectively plays the role of a surfactant-like
component in the presence of heptane, whereas it is dormant at
the pure state, for example compare Figs. 1 and S10. As an incen-
tive to the current study, Kunieda et al. pointed out the enhanced
concentration of benzene at the interface of a light oil and water



Table 2
Self-diffusion coefficient of cations and anions constituting binary electrolyte solutions of NaCl, CaCl2 and Na2SO4 at ambient conditions. The experimental data are presented in
parentheses. All values are in unit 10�9 m2.s�1.

LS HS

Cation Anion Cation Anion

NaCl 1.152 (1.236a, 1.247b) 1.306 (1.806a) 0.839 (1.088a, 1.061b) 1.208 (1.532a,*)
CaCl2 0.685 (0.709a) 1.366 (1.665a) 0.692 (0.560a) 1.244 (1.420a)
Na2SO4 1.394 (1.082c) 0.579 (0.859c) 0.537 (0.790c,*) 0.461 (0.570c,*)

a Reported by Mills and Lobo [41].
b Adopted from Mills [42].
c Presented by Weingiirtner et al. [43].
* Interpolated value.

Table 3
IFT of Hydrocarbon (toluene, heptane or heptol)/brine interphases predicted by MD simulation at 23 �C. Values inserted in parentheses are results of experiment presented by
Kumar [38]. Surface tension, in second column, refers to the liquid/vapor interface of hydrocarbon.

Surface tension
(mN/m)

Interfacial tension (mN/m)

Pure water NaCl CaCl2 Na2SO4

LS HS LS HS LS HS

Toluene 26.6 ± 0.2(28.3) 36.7 ± 0.7(36.1) 36.6 ± 0.4(36.36) 39.1 ± 0.6(39.40) 38.0 ± 0.7(35.30) 42.1 ± 0.5(37.73) 37.8 ± 0.3(35.01) 40.7 ± 0.6(36.95)
Heptane 17.0 ± 0.4(19.8) 51.9 ± 0.4(50.1) 50.8 ± 0.6(50.95) 53.5 ± 0.3(53.35) 53.9 ± 0.8(50.46) 56.1 ± 0.9(NA)a 51.5 ± 0.6(49.83) 52.1 ± 0.7(50.88)
Heptol 23.5± 0.2(22.36) 40.2 ± 0.5(40.3) 41.5 ± 0.8(39.44) 44.1 ± 0.5(42.95) 42.0 ± 0.6(39.85) 45.2 ± 0.5(42.47) 41.3 ± 0.5(40.53) 42.6 ± 0.5(41.40)

a Experimental value is not available.

Fig. 1. Distribution profiles of water, toluene, heptane, chloride and calcium across the heptol-brine biphasic system at low (left-hand panel) and high (right-hand panel)
salinity state of CaCl2. The embedded snapshots are taken at last frame, with color-code toluene: orange, heptane: gray, calcium: green, and chloride: purple. The water
molecules are hidden for clarity. The ion concentration is presented in molar units multiplied by ion’s valence. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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[44]. They argued that the self-accumulation of aromatics at the
oil–water interface is driven by their greater surface affinity than
paraffinic components. This much-less-understood virtue of aro-
matics is well mirrored microscopically in the lower IFT of
toluene-water (36.1 mN.m�1) compared to heptane-water (50.1
mN.m�1). Also, the IFT of heptol, 40.3 mN.m�1, is lower than the
algebraic average of those of heptane and toluene, 43.1 mN.m�1.
Altogether, we infer the non-ideality of the heptol phase, so that
its micro- and macroscopic properties cannot be interpolated
through a simple linear mixing rule. This fact was also pointed



Fig. 2. Interfacial thickness of toluene-, heptane- and heptol-brine systems
containing CaCl2 low (LS) and high (HS) salinities. The interfacial width of
hydrocarbon-deionized water (DW) are shown for comparison.
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out by Kunieda et al., who observed that the heptol’s surface ten-
sion and density did not follow a linear relationship against the
compounds’ mole fraction [45]. The non-ideality associated with
the heptol mixture hints us to the complicacy in modelling surface
and thermodynamic properties of crude oil, which is a complex
mixture of numerous aliphatic, aromatic and polar compounds.

The charge density distributions, shown in Figs. 1 and S8-12,
compare the likelihood of cations and anions to occur nearby the
hydrocarbon phases. At first glance, we notice an electrical double
layer (EDL) consisting of two alternating charged layers immedi-
ately next to the hydrophobic surface. Although charge density
profiles appear irregular, an EDL is clearly distinct adjacent to each
confining oil phase. This is because the charge density attenuates
just beyond the interfaces toward the brine center. Depending on
the dissolved electrolyte, either negatively (for NaCl and CaCl2
solutions) or positively (for Na2SO4) charged layer appears closer
to the organic medium. Note that charge density profiles shown
in Fig. 1 were derived by valence-weighted averaging of ion distri-
bution profiles in corresponding panels. Due to statistical virtue of
atomistic problems and also the finite number of ions in consider-
ation, the ions distribution and consequently, the charge density
profiles are not perfectly symmetric. Considering this un-even dis-
tribution, all interface-related analyses were performed by averag-
ing quantities over both oil–water interfaces.

To ensure that our analyses are not subject to finite-size effect, a
complementary simulation was carried out with a thicker (8 nm)
LS solution of CaCl2 confined by heptol mixtures, shown in
Fig. S13. The general trends of charge density and species distribu-
tion in this larger system agree with the data shown in Fig. 1. Fur-
thermore, the IFT of the larger heptol-CaCl2 solution was found to
be consistent with the corresponding value for the smaller system,
reported in Table 3. Altogether, we conclude that our brine-oil sys-
tems are large enough to avoid plausible interaction between the
interfaces.

Inherent to the charge-neutrality and the absence of any polar
functionality of the hydrocarbon phases considered, there is no
apparent adsorption site for selective capturing of ions. With this
in mind, we should interpret the EDLs by thinking of the different
affinity of the anions and cations for approaching the organic sur-
face. In comparison to typical mineral-brine systems, hydrocarbon
phases considered here are weakly ion favoring. For instance,
Koleini et al. reported a charge density of a calcite-brine system
at a similar salinity, which was three orders of magnitude greater
than the value presented for LS NaCl in Fig. S8 [46]. According to
the magnified pictures taken at the marked interfaces, one will find
out a biased distribution of cations and anions in CaCl2 and NaCl
solutions adjacent to the oil phases. In the case of Na2SO4 brine,
Fig. S9, the cations and anions do not penetrate equally into the
hydrocarbon interface, with sodium appearing ~0.2 nm ahead of
sulfate.

Particular to the concentrated NaCl and Na2SO4 solutions, a dip
is observed in the water density profiles in the center of the brine
phases, Figs. S8-9. At the same place, there is a hump-like distribu-
tion of ionic concentration. The simulation snapshots shown in
Figs. S8-9, demonstrate the formation of ionic aggregates in con-
centrated NaCl and Na2SO4 solutions. One should distinguish such
ionic clusters from the solid crystals forming upon precipitation,
because the salinities considered here are sufficiently below the
saturation concentration of the electrolytes, NaCl: 35.89, CaCl2:
74.5, and Na2SO4: 19.5 wt% at 20 �C [47].

Increasing the salinity level generally intensifies the EDL layers
[48]. This effect is much more pronounced for CaCl2 solutions and
to lesser extent for NaCl. In contrast, the interfacial ion accumula-
tion is attenuated in concentrated Na2SO4 brine, shown in Fig. S9.
This peculiarity is ascribed to the lower number of free ions caused
by drastic complexion at concentrated Na2SO4 solution. In this
respect, Sherman and Collings stated that the effective ionic
strength at a high salinity level may not be as much as the
expected value for an otherwise fully dissociated salt [49].

3.3. Interface thickness

The degree of miscibility of two fluids could be evaluated in
terms of the thickness of their delimiting interface. From a physical
perspective, the interfacial width is a qualitative measure for the
relative strength of interactions betweenmolecules of two meeting
phases compared to self-interactions inside each medium [50]. The
interfacial width, D, in each brine-hydrocarbon system was
obtained through fitting density profiles of oil and water, qo and
qw, to the following expression [17]:

qðzÞ ¼ qo þ qw

2
þ qo � qw

2
tanh

z� z0ffiffiffi
2

p
D

� �
ð1Þ

with z0 denoting the interface location along the z-axis, as marked
in Fig. S14.

It is a matter of interest to evaluate the dependence of the inter-
facial thickness on the salinity and also the identity of confining
organic molecules, presented for CaCl2 in Fig. 2 and for other solu-
tions in Fig. S15. First, the interfacial width of the de-ionized water
(DW)-hydrocarbon drops upon introducing salts into the system.
Further, it slightly decreases, on average 0.2–0.3 Å, upon increasing
the salinity from LS to HS in all solutions. This behavior signifies
the diminished miscibility of brine and hydrocarbons upon
increasing the salt concentration, well reflected by the higher IFT
of HS solutions than LS ones (see Table 3). Similarly, the decrease
in interface thickness was also pointed out in prior studies for salt
solution-vapor systems [51]. In concentrated solutions, the strong
electrostatic forces induced by ions encourages polar water mole-
cules to interact preferably with the interior hydrophilic bulk,
rather than meeting the hydrophobic compounds at the interface.
In light of this conceptual explanation, prior studies pointed out
that the interface width of both vapor/liquid and liquid/liquid sys-
tems is inversely proportional to the amount of dissolved salt
[17,18].

It should be emphasized that the interface thickness strongly
depends on the identity of confining hydrocarbons, with the widest
and narrowest ones detected for the toluene and heptane phases,
respectively. Unsurprisingly, the IFT (Table 3) correlates with the
interface thickness, which in turn is directly connected to the aro-
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matic content of the hydrocarbon phase. One may generally
deduce that toluene, as a representative of aromatics in crude oil,
exhibits larger surface activity with water, compared to the alipha-
tic compounds, herein modeled by heptane.

3.4. Interfacial concentration of ions

To further examine ions’ localization near the hydrophobic sur-
face, interfacial ion concentrations were computed, for CaCl2 in
Fig. 3 and for other solutions in Fig. S16. Interfacial concentration
of a certain ion type was acquired by counting and averaging num-
ber of ions entered into the interface regions (sketched in Fig. S14)
throughout the simulation. To compare surface charge densities,
the concentration difference of cations and anions at the oil-
water surface are marked in the corresponding figures.

At first glance, one notices the ions’ concentrations at the inter-
faces are lower than the bulk values set by adding salt to the aque-
ous solutions. This translates to a preference of the ions to stay in
the interior of the bulk brine, which has been historically explained
under a continuum picture in the literature [52]. In both CaCl2 and
NaCl, chloride is more populated at interfaces than its counter-
ions, Ca2+ or Na+, rendering a negatively charged layer near the
oil phases. This effect is stronger in concentrated solutions, though
both cations (Ca2+ and Na+) and anions (Cl�) are of higher surface
contribution at high salinity level. Particular to Na2SO4 electrolyte,
we notice the diminished potential of Na+ and SO4

2� ions for meet-
ing the interface at the HS state. Noteworthy, the surface charge
density is weakened by increasing the Na2SO4 concentration
(Fig. S16b). Such apparently surface-fearing inclination is undoubt-
edly explained by the formation of interior ionic aggregates, which
severely holds ions in the bulk of concentrated solution. The charge
density profiles (Fig. S9) show a positively charged layer formed at
the interface of the hydrocarbon-Na2SO4 solution. It seems that the
sodium cations penetrate somewhat further into the interfacial
region, owing to the smaller cation size compared to the sulfate
anion.

Analogous to the hydrocarbon-brine systems considered here,
ion segregation also happens in case of brine-vapor interface
[52]. Greater surface propensity of anions (herein Cl�) than alkali
cations has been attributed to their relative abilities for structuring
water molecules [53]. Anions and cations are typically classified as
kosmotrope (order-making) or chaotrope (order-breaking) [54]. In
this notion, anions tend to disturb hydrogen bonding of surround-
ing water molecules; hence, they are likely to approach the inter-
Fig. 3. Interfacial concentration of calcium and chloride in CaCl2 electrolyte
contacting hydrocarbon media at low (LS) and high (HS) salinity levels. The charge
densities (difference in concentrations of anion and cation) are marked by the
arrows.
face. On the contrary, cations can better organize their peripheral
water molecules and as a result, it is more favorable to stay in
the interior of the bulk solution [55].

In all saline solutions, the toluene interface exhibits greatest
capability for ions accommodation. This could be partly explained
by the thicker interface of toluene-brine systems, already notified
in Figs. 2 and S15. In the same way, the ion concentration corre-
lates with the identity of the touching hydrocarbon in the order:
toluene > heptol > heptane. Broadly speaking, we may hypothesize
that aromatic components enhance the ionic concentration nearby
a non-polar hydrocarbon. The same ascending trend holds for the
surface charge density of NaCl and Na2SO4 (Fig. S16). Exceptionally,
the concentrated CaCl2 solution shows greater surface charge den-
sity at the heptane-water interface (Fig. 3). This point will be ana-
lyzed by further evidence in following.
3.5. Residence time

Residence time is a useful quantity for evaluating the kinetics of
ion capturing by an interface [39]. It serves as a measure to assess
the rate of ion swapping between bulk and interface regions. Sup-
pose N(t0) ions came into an interface at time t0 and N(t0, t0 + t)
ions retained in that place until instant t + t0. By this definition,
the residence time over T initial steps is defined as [56]:

sR ¼ lim
t�!1

Zt�

0

1
T

XT
t0¼1

N t0; t0 þ tð Þ
N t0ð Þ dt ð2Þ

The residence times calculated for each ion type are presented
for CaCl2 in Fig. 4 and for other brines in Fig. S16. Unlike the typical
crude oil-brine, there is no potential site (charged or strong polar
group) in hydrocarbon phases for capturing ions. Therefore, as
implied by residence times in Fig. 4, ions are loosely held nearby
the hydrocarbon-water surfaces, unwilling to stay within the inter-
face regions.

By increasing the salinity, ions comprising CaCl2 and NaCl elec-
trolytes tend to stay longer at the interface. In contrast, the salinity
level adversely impacts the residence time of Na2SO4 ions, despite
the decreased diffusivity (Table 2). Noteworthy, the salt-
dependence of the residence time is analogous to that already
observed for the interfacial concentrations of ions, Fig. 3. Similarly,
the residence time of ions at the interface depends on the compo-
sition of the confining hydrocarbon. Motivated by the longest res-
idence times belonging to the toluene-brine interphases, one may
speculate that aromatic compounds promote the ions’ willingness
for remaining at a hydrocarbon surface.
Fig. 4. Residence time of ions for staying at the interface of hydrocarbons- CaCl2
solution at LS and HS conditions.
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3.6. Interaction energy of ion-hydrocarbon

Thus far, we realized the existence of an ion-specific effect,
which discriminates the propensity of ions for entering into the
hydrocarbon interface. To scrutinize the ion-specific segregation
at interface regions, the mean potential energy felt by the ions
due to interacting, both through vdW and Coulombic forces, with
the organic molecules in the confining hydrocarbon phases was
calculated for CaCl2, Fig. 5, and for other electrolytes, Fig. S18.
The data show that the confining hydrocarbons exert attractive
force on chloride and sulfate ions but repel sodium and calcium,
indicated by the negative and positive interaction potentials,
respectively. These interactions could enhance or weaken the
chance of ions to access the interface zone. Despite surface-
favoring interactions between sulfates and hydrocarbon phases,
Fig. S18, the sodium ions are more prevalent at the interface, as
previously inferred by the positively charged interface of Na2SO4,
Fig. S9. The surface paucity of SO4

2� underlines the paramount
influence of the solvation in the bulk aqueous solution, which
strongly offsets the surface-favoring interactions arisen by contact-
ing organic phases.

Electrostatic (Coulombic) force is naturally the main kind of
interaction felt by ions. Its relative contribution to each corre-
sponding total interaction energy is presented in Figs. 5 and S18.
Due to having an imperfect quadruple moment [57,58], the pure
toluene phase exerts the strongest electrostatic and thus, the most
powerful interaction energy on ions. Interestingly, the interaction
energy belonging to ions-heptol are comparable to that arisen by
toluene, both prominently greater than that of ion-heptane. It
could be attributed to the accumulation of toluene molecules adja-
cent the aqueous solution, as corroborated by density profiles,
Fig. 1. This implies the major ion-hydrocarbon interactions in
brine-heptol system is induced by surface-loaded toluene mole-
cules. To summarize, the magnitude of interaction energy per each
ion is related to the essence of contacting hydrocarbon, following
the order: toluene > heptol > heptane. This sequence recalls the
dependence of ions interfacial concentrations on the hydrocarbon
identity, discussed in section 3.4.
Fig. 5. The average potential energy felt by each ion type due to interacting with hydro
states. The values written below and above the bars denote the relative contribution (i.
3.7. Radial distribution function

Radial distribution function (RDF) was employed for revealing
the spatial structuring at the oil interface. To this goal, the RDF pro-
file was obtained for water-hydrocarbon and ion-hydrocarbon
(with respect to the center of toluene ring and central carbon of
n-heptane), shown for CaCl2 in Fig. 6 (for NaCl and Na2SO4 refer
to Fig. S19).

Two dominant peaks are seen in the RDF of water-toluene, the
inset in Fig. 6 (also see Figs. S20-21 for the whole set of profiles),
which signifies water structuring at toluene and heptol interfaces.
In agreement with former studies, Kunieda et al. figured out a sim-
ilar RDF profile for water-benzene [44]. The appearance of such
structuring was ascribed to the tendency of water molecules for
establishing a weak H-bond interaction with aromatic compounds.
Through this scheme, as sketched in Fig. S20, a water molecule
stays at the interface by orienting its hydrogen atoms towards
the toluene ring [44]. Following previous investigations [58–60],
the first peak at around 3.2 Å in the water-toluene RDF, Fig. S20,
belongs to axial H-bonding and second peak at 5.2 Å (amounts to
twice length of oxygen-hydrogen bond) is due to self-structuring
of farther water molecules. To further assess the impact of
toluene-water interaction, an additional simulation was performed
in which pure water was enclosed by heptol mixtures, following
the protocol explained earlier in section 2. The resulting density
profiles, shown in Fig. S22, are identical to those obtained for saline
solutions confined by heptol phase, Figs. 1 and S8-9. Thus, toluene
accumulation at the brine interfaces is driven by affinity for estab-
lishing weak H-bonds with contacting water molecules. Unlike
toluene, the broad hump in the RDF of water-heptane, inset of
Fig. 6b, implies a fairly negligible water structuring at the interface.

The significant peaks in RDF profiles of Cl�-toluene, Figs. 6a and
S19a-b, indicate that the chloride anions are prone to localize
around the toluene molecules at the hydrocarbon interface. It
seems that localization of any chloride near the toluene ring is
mediated by at least one water molecule, as inferred by the coinci-
dence of the peak of Cl�-toluene RDF and the second peak of water-
toluene, Fig. 6. Furthermore, the significant peak in the RDF profile
carbon molecules in the confining organic phases at low (LS) and high (HS) salinity
e., percentage) of due to electrostatic interactions.



Fig. 6. Ion-toluene and ion–heptane RDF profiles at the interface of CaCl2 solution and different hydrocarbons: (a) toluene or heptol, and (b) heptane phase. Insets show RDF
of water structuring around the toluene ring and central carbon of heptane at low (dashed line) and high (solid line) salinity states.
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of CaCl2 solution indicates the presence of calcium ions around the
toluene molecules. This might be due to the fairly strong hydration
shell of Ca2+ [61,62], which ties that ion to water molecules cover-
ing the surface of toluene molecules at the interface. The stronger
interface affinity of Ca2+ than Na+ could also be interpreted on the
basis of cation-p interaction, i.e., the favoring association of cations
with bare plane of aromatic rings [57]. It has been demonstrated by
first principle computations that divalent cations are of greater
propensity to aromatic entities than monovalents [63–66].
Although hydration of ions and toluene drastically suppresses the
cation-p effect, it still seems to promote Ca2+ access to the interface
region. The stronger aromatic-loving tendency of Ca2+ is also
noticed in the lower interfacial charge density of toluene-brine
compared to the heptane-brine system, shown in Fig. 3.
4. Conclusions

In many geo- and petro-chemical processes, biphasic oil-brine
systems are subjected to drastic salinity alteration; for example,
improving oil production by injecting sea water into the sub-
surface reservoirs [67]. Characteristics of the oil-saltwater inter-
face have been traditionally investigated by focusing on the role
of polar (functionalized) compounds of the crude oil [9,11,15,49],
whereas the impact of aromatic and aliphatic species (major
non-polar constituents of typical crude oils) has been largely
neglected in former investigations.

In this study, classical atomistic simulation was employed to
provide a molecular-level view on the behavior of ions within
the contact region of various hydrocarbon-brine systems. We
focused specifically on the non-polar fraction of crude oil (aliphatic
and aromatic) to analyze their interplay with ions in an electrolyte
solution. To this end, toluene, heptane and their mixture, called
heptol, were considered in a biphasic system encompassing dilute
(5 wt%) and concentrated (15 wt%) NaCl, CaCl2 and Na2SO4 solu-
tions. The reliability of simulation outputs was verified by bench-
marking salt solutions densities, ions’ diffusivities and IFTs of
hydrocarbon-brine at varying salinities against experimental data.

Ions accumulate at the intrinsically charge-neutral
hydrocarbon-brine interface, despite the fact that the non-polar
hydrocarbons lack any privileged site, like functional group, for
ion accumulation. A disparate propensity of anions and cations
for approaching the organic phases results in alternating positively
and negatively charged fluid layers, resembling an electrical double
layer (EDL). Due to an excess of Cl� ions at the interface, hydrocar-
bon surfaces seem as if they are positively charged when exposed
to NaCl and CaCl2 solutions, whereas they look negatively charged
by surface paucity of sulfate anions in Na2SO4 brine. This indicates
that unlike typical crude oils, the strength, and even the sign, of
charged layers nearby non-polar hydrocarbons are regulated by
the composition of contacting electrolytes. The interfacial charge
density is regulated by the composition of contacting hydrocar-
bons, following the general trend toluene > heptol > heptane. Nota-
bly, the heptol phase exhibits interface characteristics closer to
that of pure toluene, because of toluene accumulation at the aque-
ous interface. Motivated by results in this work, we shall differen-
tiate the behavior of aromatic and aliphatic compounds once
contacting a saline solution. Future work will explore the syner-
getic impact of polar and non-polar hydrocarbons and also, the
variation of surface charge at broader salinity ranges.
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