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Abstract: Low-salinity water flooding of formation water inalo cores is, potentiallya
promising technique for enhanced oil recovery (EQRY),details of the underlying mechanism
remain unclear. The salinity effect on the interfaeeveen water and oil was investigated here
using the Molecular Dynamics (MD) simulation methauDecane was selected as
representative oil component, SPC/E water and OPLSefe® fields were used to describe the
water/oil/ionc interactions for salt water and n-decane molec@gsilibrium MD simulatios
were firstly conducted to study the n-decane/vapodisalt-water/vapour interface systems at six
different NaCl concentrations (0 M, 0.05 M, 0.100\20 M, 0.50 M and 1.00 M). The water/oil
interface was then investigated by calculating bddinsity distribution, radial distributio
function, interface thickness and water/oil inteidh tension (IFT). Sufficiently long MD
simulations of water/n-decane/vapour were perfornf@tbwed by an analysis of the effect of
salinity on the water/oil/vapour interface. The IW&@lues for the water/vacuum interface, n-
decane/vacuum interface and water/n-decane ingevi@ce obtained from the pressure tensor
distribution after system equilibration, with vaduef 71.4, 20.5 and 65.3 mN/m, respectively,
which agree well with experimental and numericalits reported in the literatur&n optimal
salinity of ~0.20 M was identified corresponding to a maximum intedhthickness between
water and oil phase, which resultsaiminimum water/oil IFT value and maximum value for

the oil/water contact angle, a condition benefifdalenhanced oil recovery.
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1. INTRODUCTION

Enhanced oil recovery (EOR) is becoming more and more important to maximize
recovery from existing oil fields to meet the increasing global energy demand and to mitigate
environmental impact [1]. Low salinity flooding, i.e. injecting lower-salinity water (usually
specified as having a 1:1 electrolyte concentration of less than about 5,000 ppm) into formation
water, has been of interest as an EOR technigyesf@ce the publication of the first
experimental evidence by Jadhunandan and Morrow [3]. It was soon found that an
enhancement is not observed consistently but is dependent on a number of factors, including
connate water saturation, the salinity of connate water, injection water salinity, and wettability
[4]. No less than seventeen recovery mechanisms behind the low-salinity EOR process have
been proposed in the literature, but many of them are related to one another [5]. Due to the
complexities of oil components and reservoir rock formations, the recovery mechanisms
underpinning the low-salinity EOR process are still unclear. Two physical properties which,
when manipulated, are influential on low-salinity EOR phenomena are substrate wettability
and the interfacial tension (IFT) between the oil and brine (when reduced) [6]. The interfaces
between immiscible liquids are therefore fundamental in understanding EOR mechanisms
Interfaces are, by definition, discontinuities in nature but it must also be recognised that there
is a fundamental difference between a single interface considered in isolation, e.g. between tw
immiscible liquid components in the bulk, and two or more interfaces in very close proximity
for example having two solid-surfaces separated by a thin liquid-layer comprised of two

immiscible liquid-components such as aqueous electrolyte and a hydrocarbon.



The interfacial tension (IFT) between oil and water is one of the key properties
determining the mobility of trapped oil in reservoir rocks [7-10]. Experimentally the effect of
sals on IFT and consequently on oil recovery efficiency has been investigated for several
decades, but with contradictory results. For instance, Aveyard et al. [11] first reported that the
IFT increased linearly for the dodecane-water system as the molality of electrolyte of different
kinds is increased except in the case of potassium iodide, whicleglogdecreasing trend.

Later, lkeda et al. [12] measured the IFT of water/hexane as a function of sodium chloride
concentration using the pendant drop method and showed an increase of IFT when increasing
the salt concentration from O to 1 molar, which is consistent with results from Badakshan et al.
[13] and Cai et al. [14]. In contrast, Serrano et al. [15] observed fluctuations in IFT values for
oil/brine at different salt concentrations, and Alotaibi et al. [16] indicated that low salinity did
not always reduce the IFT of water/n-dodecane. After reaching equilibrium atifiuges of
elapsed time, the IFT of the 5 wt% NaCl solution decreased in contrast with two other
concentrations 2 and 10 wt% respectively [16]. The exact causes of such contradictory
observations regarding the effect of salts on IFT remain unclear and require fundamental
insights at the molecular level. To this end, a few experimental studies at the molecular scale
have been carried out at liquid/solid interfaces, e.g., by X-ray crystallography, to umdlersta
the properties of water molecules located next to hydrophobic surfaces, including the
orientation of water molecules and their hydrogen bonding interactions [17, 18]. However,
experimental measurements for liquid-liquid interfaces at nanoscale are still very difficult to
achieve because such interfaces are diffuse in comparison with solid/liquid interfaces.
Consequently, experimental measurements at liquid/liquid interfaces are often associated with
large uncertainties, and the detection of the influence of structural propertiesabfttoal

interface is challenging.



Whereas a suitable continuum model may be sufficient to model the interface between
water and oil components in the bulk, and its sensitivity to the aqueous electrolyte
concentration, an atomistic modelling approach can yield significant insights into the effect of
a reduction in the smallest length-scale which defines the separation distance between two solid
surfaces when modelling a pore in an oil-reservoir rock. An appropriate atomistic approach to
explore effects associated with confinement and small length-scales is classical Molecular
Dynamics (MD), which has been recently adopted to provide fundamental information on the
molecular interactions and fluid flow at nanoscafefew MD studies have been conducted
for EOR applications [19, 20], including the prediction of thermo-physical properties such as
viscosity and thermal conductivity [21-23]. On the interfacial properties, Jungwirth et]al. [24
investigated the effect of inorganic ions on the air/water interface by MD simulation, and found
that the simulation results were consistent with experimental evideikeria et al [25, 26
carried out both dissipative particle dynamics (DPD) and classical MD simulations of aqueous
solutions of sodium chloride at two different concentrations using polarizable and standard
additive force fields, showing that the presence of chloride ions at the air-solution interface is
reconcilable with the classical thermodynamics results of Gibbs absorption theory. Sun et al.
[27] investigated surface tension and structure of salt solutions and clusters and showed that
the van der Waals interactions had a large impact on the distribution of the halide anions and
that conventional force field parameters needed to be optimized to increase the accuracy of IFT
prediction. Buuren et al. [28] performed MD simulations on the sensitivity of surface properties
to the van der Waals parameters for the decane/ water interface, followed by Zeppieri, Jang,
and Mitrinovic et al. [29-3]L Kunieda et al. [32, 33] investigated the spreading of multi-
component oils on water with MD simulations, and predicted the IFTs between water and oil-
mixture components including decane, toluene and hepifameg et al. [34] investigated the

structural and dynamical properties of the NaCl soldtiaiecane interface, and found that



NaCl salts did cause an increase in the surface tension but did not affect the molecular
orientation significantly.These studies showed that properly used, MD could provide
fundamental information, inaccessible via experimental measurements, into the structure
properties of interfacial systems. The currbtid studies, however, have been exclusively
focused on two-phase equilibrium between water and a single oil component, the presence of
substrate and the vapour phase, which could have significant influence on the interfacial

properties, has not been considered explicitly.

Four interface systems were investigated by MD simulations in this paper, namely n-
decane/vapour interface, water/vapour interface, salt-water/n-decane interfdcsalt
water/decane/vapour interface systems, respectively. The purpose of this contribution is
twofold, firstly to demonstrate the suitability of the choice of interatomic force field and
calculation set-up by applying MD to model the bulk interface between vapour and liquid
phases (water, containing varying concentrations of sodium chloride, and n-decane); and
secontly to apply the approach to the more complex cases of the salt water/n-decane interface
and salt water/n-decane/vapour interface systems. The influences of aqueous NaCl ablutions
six different concentrations from, 0.00 M (deionized water) to 1.00 M, were examined to
investigate salinity effectat the interface. The speciesadial distribution function (RDF)
density distributions, interface thickness, contact angle and the IFT were calculated and
analysed in each system to reveal the fundamental influence of salts for low-salinity EOR

application.

2. METHODOLOGY

The details about model construction are presented in this section. The MD simulation

technique is described along with details of how the molecular pressure tensors, density



profiles, interfacial tension and interfacial thickness were extracted from the simulation

trajectory files.
2.1 Model Construction

To investigate the salinity effect on the water/oil/vapour interfacial equilibrium, n-
decangCi0H22) molecules were considered as representative of the oil phase, decare being
typical component of petroleum, and one presented frequently in the literature as a kerosene
surrogate, or as the main component of diesel surrogatpeous NaCl solutions were
selected as a representative 1:1 electrolyte with six different salt concentrations, which were

0.00 M (deionized[®l) water), 0.05 M, 0.10 M, 0.20 M, 0.50 M, and 1.00 M, respectively.

Figure 1 shows the simulation procedure and the initial configurations of systems: (a)
the validation of our simulations is firgtdemonstrated by a careful benchmark of the approach
on smaller systems representing n-decane/vapour and salt-water/vapour interfaces. In Section
3.1: both the n-decane/vapour interface system and salt-water/vapour system were constructed
by building one n-decane or water slab in the middle of a cubic box with two vapour spaces
either side(b) to investigate the salt-water/n-decane interface in Section 3.2, two rectangular
aqueous electrolyte blocks were built, separated by a distance of 4.0 A, and the intervening
volume element was filled with randomly orientated n-decane moledale$or the salt-
watevn-decane/vapour interface system reported in Section 3.3, a three-phase system was
established to visualise the contact angle directly by initially inserting an n-decan¢ oinbple
a water slab, with a separation distance of 4.0ltAis notable that this salt-water/n-
decane/vapour three-phase system was made as an apparent two-dimensional system. The
advantages of such an approach comgbawith a fully 3D model are as follows: i)
computational time can be saved since a small length in the depth direction can be taken; ii)

effects caused by droplet size on the contact angle can be ignored, since the catuasdwoe



is infinity on the straight three-phase contact lifke Packmol [35] package was used to
construct all the initial configurations for the simulations with both water and n-decane

molecules randomly distributed and orientated in the simulation box initially.

£, (b) water/n-decane interface system

50A

2,

%

50 A

(a) Benchmark cases: n-decane/vapor interface
system and water/vapor interface system

(c) water/n-decane/vapor interface system

100 A

Figure 1 Initial configurations of the simutatsystems

To remove any high strain for the initial configurations, energy minimization was
performed using the steepest descent method before the equilibrium MD simulations were
carried out. Periodical boundary conditions were used in all systems with different spatial
dimensions as shown in Figurgx) with a total density of 1.00 g/cifor the water phase and

0.73 g/cni for the oil phase.

2.2 Force Fidds

In these simulations, n-decane interactions were described using the all-atom model of

the OPLS-AA force field [21], and the SPC/E force field was used for watpri[22 sodium



and chloride ions were modelled as charged Lennard-Jones paj86]eby also using
parameterizations of the OPLS-AA force fielthese force fields were tested extensively and
successfully used in previous simulations [8, 3)-F8e total energy is given by Equation 1,

including both the intra- and intermolecular interactions:
Etotal = Ebond"' Eangle"' Edihedral+ Etorsion"' Evdw + Ecoulombic (1)

where Eotal, Epond, Eangla Edinedral Etorsion, Evaw and Eoulombicare the total energy, bond-stretching,
angle-bending, dihedral-energy, torsion energy, van der Waals and electrostatic components,
respectivelyThe Lennard-Jones potential parametarafids;) between different atom types,

were obtained using geometric combining rules as shown in Equations 2 and 3
0ij = 4/ 0iiTjj 2)
€ij = 4/ Cii€jj (3)

In the simulations, Iathe atoms were free to adjust their positions to attain equilibrium

structures.

2.3 Equilibrium molecular dynamics simulation details

All equilibrium MD calculations were performed using the DL_POLY molecular
simulation package [40]. The Leapfrog integration algorithm was used with a time step of 1.0
fs in all simulationsThe potential energy was evaluated with a 10.0 A cut-off distance for the
short-range van der Waals interaction, and a comparison with further simulations using a larger
cut-off distance of 12.0 A was conducted to check that the simulations employing a 10.0 A cut-
off were energy converge@he Ewald summation for the Columbic interactions (Smoothed
Particle Mesh Ewald in DL_POLY) was calculated with a precision of £xA0Berendsen

thermostat with a relaxation time of 0.1 ps was used to control the system temperature. To



remove initial strain, energy minimization (steepest descent) was performed on the initial
configuration for1x10* steps. The MD simulation was subsequently started in the NPT
ensemble with an equilibration period of 50 ps at 0.10 MPa and with initial velocities taken for
a Maxwellian distribution at 300 K and meanwhile coupling the system to an external heat bath
at 300 K with a constant time step of 0.001 ps. After equilibration, the volume of the system
was then kept fixed, and another 5 ns of NVT ensemble simulation was conducted with all
covalent bond lengths, as well as the water bond angle, constrained by the procedure SHAKE

(tolerance 1x18 nm).

2.4 Calculation Methods

Here, the pressure tensor for the interface system was obtained by using the virial

equation, Equation 4,
1 -
Pop = 5 (ZiLimivigvipg + XI5 Xiv1 Fijarijp) (4)

where, By is an element in the pressure tena@ndg are the directioal components; Vs the
volume, mis the mass of particle i,\s its velocity in thex direction, F, is thea component

of the total force on particle i due to particle j, apgis thef component of the vector; (rr;).

The kinetic contribution to the pressure is given by the first term in this equation, and the virial
contribution is given by the second. The three diagonal elements in the pressure tensor

represent the relevant pressure components.

The interfacial tensiop of the salt-water/n-decane interface normal to the z-axis can be
calculated from the pressure tensor distribution after equilibration using the mechanical

definition [41, 42] as Equation 5

y=—J'(2)—-p)dz (5)



where p(z) is the lateral pressure, p is the bulk pressure, and the integral is defined over the
boundary layer. With two interfaces perpendicular to the z axis, this gives the following

relationship, Equation 6, for the interfacial tension

y=_%(Px‘;'_Py_pz)LZ (6)

in which p, = P.. (@ =X, Y, z) and Lis the box length in the z direction used for the calculation.

For the three-phase water/n-decane/vapour systems, by assuming that the local interfaces far
from the three phase contact line are parallel to xy-plane, the local pressure distributions were
used over the range of 40 < x <60 A and 20 < x < 60 A when calculating the water/decane

interfacial tension, which can be expressed as:

yz_(pxzﬂ_pz)l'z (7)

The planar density profisgfor the simulations can be used to describe the probability

of finding an atom within a planar elemend dliong a Cartesian axis, using Equation 8
p(fe) = e/ Ndfe . (8)

where the value N is the number of total atoms ansl the number of atoms within a planar

element df

To characterize the thickness of the vapour/liquid interface in the simulatiofi$Qthe
90” interfacial thicknesss t, are obtained by fitting each of the two equilibrium molecular

density profils, p(z), to a hyperbolic tangent function of the form given in Equation P [43

p(2) =5 (o + py) — 5 (py, — py)tanh(=22) (9)

t

wherepL andpy are the liquid and vapour densities, respectivelis the location of the Gibbs
dividing surface, and the interface thickness t is calculated as the distance between two

positions where the density varies from 10% to 90% of the density of the bulk phase. As a



result, this thickess is known as the “10-90” interfacial thickness. A frequently used
alternative thickness is the "10-50" interfacial thickness which is defined analogously. To be
more specific,te “10-90” interfacial thickness criterion was adopted by defining the interfacial
thickness to be the distance along the interface over which the density changes from a value of
10% to 90% of the total density change between the bulk, i.e., the spatial extent over which the
density varies froms+0.1(18 — p\8) t0 p\ve+0.9(L8 — p\B), Wherepws and pis are the vapour

and liquid bulk densities, respectively.

For systems exhibiting liquid-liquid equilibrium, the thickness of the water/n-decane
interface was calculated using the criteria proposed by Senapati and Berkowitz [44]. The

density profile of each component is fitted to an error function form given by Equations 10 and

11,
1 1 —{Zw)
pw(z) = >Pws — ;PWBerf[Z \/Eic ] (10)
1 1 —(zp)
pp(z) = SPps + EPDBeFf[%] (11)

wherepw(z) andpp(z) are the density profiles of water and decane, respectmelyind pos

are the water and decane bulk densities, respectivelsy; azd <p> are the average positions

of the individual Gibbs dividing surfaces for each interface; and erf is the error function. The
contribution from the intrinsic width to the interfacial thicknessstdetermined from the
difference between the positions of the fitted interfaces=dszb>-<zn>|; the contribution of
thermal fluctuations to the interfacial width is determined by the value of the “10-50”

interfacial thicknessct The total interfacial width is then given by Equation 12,

t2 =t2 +t2 (12)

3. RESULTS AND DISCUSSION



Section 3.1 discusses the validity of the choice of interatomic force field and calculation
set-up through applying MD to model two validation cases (n-decane/vapour and salt-
water/vapour interfacial equilibrium systems). Sections 3.2 and 3.3 report the salinity effect on
the salt-water/decane interface and salt-water/decane/vapour interface at sodytdec

concentrations.

3.1 Benchmark cases for validation: (a) n-decane/vapour interfacial equilibrium and (b)

effects of salinity on the salt-water/vapour interfacial equilibrium simulations

The validation of our simulationis demonstrated by a careful benchmarking of the
approach on simpler systemamely n-decane/vapour and salt-water/vapour interfaces as
reported in this section. After 5 ns of simulation time for both systems, the energy, pressures
and temperatures of all components were considered to be equilibrated. This was checked in
one case by extending the simulation time by a further 3 ns with no significant changes
observed in the relevant parameter values. It should be noted that the calculated densities of
the n-decane phase in the n-decane/vapour system (0.728 + 0.063) and water phase in each salt
water/vapour systems (0.998 + 0.027) agree well with those of the pure bulk phases (373 g/cm
for n-decane and 1.00 g/érfor water). This shows that the simulations are sufficiently long

for studying a realistic interface between two bulk phases.
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water/vapour interface systems [45-47]

The radial distribution function (RDF) of molecules in both n-decane/vapour and DI-
water/vapour interface systems were sampled as shown in Figure 2: (1) The interaction between
two n-decane molecules can be seen from the RDF profiles in Figure 2(a), wreranat
inter-molecular correlations are mixed. As far as the intermolecular correlations are concerned,
it is clear that the oscillations around g(r) = 1 are close to the cutoff radius. Trans (T) and
Gauche (G) conformation positions of carbon atom neighbours in a molecule can also be
observed, followed with successive GT and TT conformations as marked in Figure 2(a). To
characterize the conformations of n-decane molecules in the n-decane/vapour interface system,
the probability density functions (A distribution for the n-decane molecules as a function
of the internal dihedral angtéc.c.c.cwas calculated as shown in Figure 2(a), where the peaks
observed atbc.c.c.c= 0° and®c.c.c.c=+120° correspond respectively to trans (T) and gauche
(G" and G) conformations. The magnitudes of the€ @nd G peaks are very close,
corresponding with the symmetry of the dihedral potential energy. (2) TheliRBfeen water
molecules are presented in Figure 2(b). It can be observed that g(r) equals 0 at short distance,

which indicates strong repulsive forces between two water molecules in the short range. The



first peak occurs at 2.8 A with g(r) arriving around a value of 3, which can be interpseted a
indicating that it is three times more likely to find two oxygen atoms in different water
molecules at this separation. At l@ngistances, g(r) between two water molecules approaches
a value of one indicating there is no long-range order. The RDF profiles of both n-degtane an

water components are in good agreement with previous MD simulations and experimental

results with no shifts for the two main peaks [45-47].
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Figure 3 Z-density profiles for the various components of the six aqueous NaCl solution systems

A series of 5 ns MD simulations of aqueous NaCl solutions at different concentrations
(0.00 M, 0.05 M, 0.10 M, 0.20 M, 0.50 M and 1.00 M) were also performed for investigating
the salinity effect on the water/vapour interface. The structure of the salt-water/vapoaciterf
was investigated by calculating the mass density profiles along z direction perpendicular to the

interfacial plane xy, as shown in Figure 3. The results show that the ion concentration has little



effect on the bulk water density, with a stable overall value around 1.8, @esidesalthough

ions move thermodynamically within the water phase as shown in Figure 6, both sodium and
chloride ions are repelled from the water/vapour interface, leaving an almost ion-free interface
layer, as shown in the ion density distribution profiles in Figure 3. This phenomenon behaves
in accord with the standard theory of the air/water interface for electrolytes [48] afidated
experimentally by an increase in the measured surface tension. When the water salinity is lower
than 0.20 M, the chloride ions penetrate towards the interface next to the ion-free layer, and
exhibit a concentration peak, followed &gubsurface depletion. The repulsion of counter-ions

and the subsurface neutrality requirement demonstrates the fact that the sodium cations are
dragged by the anions and consequently exhibit a subsurface peak. However, this effect

becomes weakened when the water salisitgrger than 0.20 M.

To further confirm that an equilibrated system had been obtained in the simulations, the
IFT between salt water and the vapour phase was calculated from the molecular pressure tensor
with 1 ns of time averaging, as displayed in Figuréht “block averaging approach, firstly
reported by Flyvbjerg and Petersen [49], was adopted in this work to determine the property
value for a give variable, which has been identified as a simple, relatively robust procedure for
estimating statistical uncertainty [B0The standard error for the interfacial tension was
calculated from 10 interfacial tension values by using the pressure tensor, for which each value
was obtained from 0.2 ns length of the local pressure distribution data following equilibration.
The typical equilibrated n-decane/vapour Bridvater/vapour IFT values of 20.54 + 1.87 mN/m
and 71.43+0.57 mN/m are obtained by averaging the last 2 nstadjdwatory with an averaging
step of 10 psin previous MD simulations, even here conflicting water/vapour IFT values are
reported despite the use of the same SPC/E potential in the simulations, values varying from

55.4 to 72 mN/m, as summarized in Table 1 below.

Table 1. SPC/E-water/vapour IFT from different MD simulations (Unit: mN/m)



Our | Neytet| Underwood | Vega et| Chen et| Shi et Lvet | Ismail et | Alejandre
result | al. [5]] etal.[36] | al.[52] | al.[53] | al. [54] | al. [55 | al. [56] et al. b7
SPC/E| 71.43| 62.4 61.8 63.6 65.3 72.0 70.1 55.4 71.5

The conflicting values of surface tension for the SPC/E water system cay st

traced to a variety of numerical issues, resulting from the use of: different size-dependent

systems, different ensembles (NPT or NVT), different thermostats (Nooser-Hoover or

Berendsen), combining different methodologies for determining the electrostatic interactions

(e.g., PPPM and PME), or using alternatively the SHAKE or SETTLE algorithm to constrain

the water molecule geometry, etc.. Our calculated value of 71.43 mN/m using the SPC/E water

model at 300 K appears to be in good agreement with three studies of the surface tension of

SPC/E water Alejandre et al. [57], Shi et al. [54], Lv et al. [55], and Jungwirth et al. [58]

respectively, and also compares well to the experimental value of 71.3~71.6 imdNcating

the validity and stability of our calculation setup.
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Figure 4 The salinity effect on the interfacial tension of the water/vacuum interface

In agreement with experimental measurements, results from the MD simulations shown

in Figure 4 indicate that, (a) the interfacial tension of the NaCl solutions is greater than that of



pure water, and (b) increasing the NaCl concentration increases the surface tension of the
solution/vapour interface. It may be noted that when computing the surface tension from the
pressure tensor distribution the increase in salt-water/vapour IFT appears not to be a linear
function of the water salinityStarting from a salinity around 0.10 ~ 0.20 M, the rate of increase

in the simulated IFT becomes less (though continuoinshgasing, there is an “inflection

point” of IFT at the salt concentration ~ 0.20M.). This phenomenon has been mostly neglected

in previous experiments /simulations by simply concluding that surface tensions of inorganic
electrolyte aqueous solutions were often summarized to be linear functions of salt
concentration. However, these simple linear relationships may not be sufficient to explain
observations at the nano-scale, where deviations of water/vapour IFT from the monotonic
linear increase exist, e.g., (i) the MD results from Bhatt et al. [59]; (ii) MD results also using
SPC/E water model by Wang et al. [60], and (iii) those determined by the DKA approphch [61
Using the same MD simulation method and calculaetnp, the interface systems between salt

water and the n-decane phase were simulated anelsthies are reported in the next section.

3.2 Effects of salinity on salt-water/n-Decane Interfacial Equilibrium

The salinity effect on the water/n-decane interface system is reported in this section at
six electrolyte concentrations of 0.00 M, 0.05 M,00M, 0.20 M, 0.50 M and 1.00 M,

respectively.
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Figure 5 presents the final equilibrium-configuration snapshots of the salt-water/n-
decane interface system after 5 ns simulations representing different NaCl concentrations,
along with the number density profiles of each system along the x-axis direction, perpendicular

to the water/n-decane interface. It is clear that in every case the salt-water/n-decane system



consists of two phases with two, well-defined interfaces, as can be deduced from the
representation of the water and organic phase molecular density along the direction
perpendicular to the interface, representing the immiscibility of salt water and organic phases.

In addition, an almost ion-free layer can also be observed at the salt water/n-decane interface.
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Figure 6 Planaryg) density profiles(fc) as a function of the box length system and the definition
of “10-50” interfacial thickness for the salt water/n-decane system

To characterize the salt water/n-decane interface thickeess|]10-50” interfacial
thickness criterion, derived from the density profiles, of both salt water and n-decane phases
along the x-axis direction in the salt water/n-decane interface system are illustrated if6 Figure
for salt concentration of 0.00 M and 0.20 M. Bulk density values for the water and n-decane

phases are observed with values around 1.00 and 0.73 géspectively, with the interface

density transition profiles in between.
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Table 2 Interfacial thickness and IFT between n-Decane and DI-water at 300 K for the water/n-decane

system
Interfacial thickness t, A Interfacial tensiory, mN/m
Our calculated value 4.5+0.7 65.33+£0.12
Experimental Result [31] 4.6+0.2 51.72
MD simulation value [21] 6.5 58.32
MD simulation value [30] 3.90 66+4

Figure 7 shows the salinity effect on both the interfacial thickness and IFT for the salt-
water/n-decane interface systems. With an incrieasalt concentration from 0 M to 1.0 M, the
salt-water/n-decane interfacial thickness has a maxiwvalue when the salt concentratis@.2
M, as shown in Figure 7(a). Through averaging the IFT fluctuation proftleeiperiod of the
last 1 ns with an averaging time step of 10 ps, the corresponding IFT betltereater and n-
decane is shown in Figure 7(b). The result indicates avs@pprend in the variation of interfacial
thickness with an increase of water salinity. A minm water/decane IFT value of 61.8 mN/m is
predicted at an electrolyte concentration of 0.20Tkk typical calculate®I-water/n-decane

interfacial thickness value of 4450.7 A and IFT of 65.33+0.12 mN/m are obtained, which is



comparable with published experimental and simulation results [21, B@s3dresenteth
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Figure 8 The radial distribution functions for salt-water/n-decane interface system



To identify the mechanism by which monovalent ions affect the salt water/oil interface,
the radial distribution functi@for each component in the salt-water/n-decane bsystems are
analysed in Figure 8. It can be observed from tharEi8(a) that the presence of ions has little
effect on the interactions between n-decane mascinl the oil phase. This is due to the
insolubility of ions in the decane phase, whigindicated in Figure 8(b) where no dominant
peak appeared in the RDF profile, and the ions remdlre water phase. The solubility of the
electrolyte ions in the water phase explains the first peak in the RDF profile between ions and
water molecules, as shown in Figure 8(c), which represents the hydration structure of the ions.
The effect of salinity on the molecular structure of the water phase is displayed in Figure 8(d).

It can be seen that the second peak in the watkcole pair correlation function gradually
disappears with increasing electrolyte concentration, indicating that the mresemas forces

water molecules to occupy interstitial positions and thus, no well-defined second hydration
shell is found around a central water molecule. For the interaction between aquéamnsi Na

Cl- ions, shown in Figure 8(e), the first peaks at around 3 A show the presence of contact ion
pairs in the solution. The second peak, at around 5.2 A, corresponds to the presence of solvent
separated ion pairs in NaCl solutions. With the increase of electrolyte concentration, the
probability of contact ion pair formation increases and that of solvent separated ion pair
formation decreases for the solution. The effect of salinity on the interaction between water
and the decane phase can be observed from the RDF profile between water and decane
molecules, as shown in Figure 8(f). No significant peaks can be observed here, kat only
continuously increasing trend, which is consistent with the immiscibility of water and n-decane
phases. Howeveanapparent curvature change is manifested along the increasing RDF profile
between 3 and 6 A, indicating adsorption interactions between water and the n-decane phase
at the salt-water/n-decane interface. It can be seen that the weakest adsorptionveatereen

and n-decane occurs when the electrolye concentration is 0.20 M, demonstrating the loosest of



the interface structure$his phenomenon also correspomal¢he calculated equilibriurml 0-
50” interfacial thickness variations with water salinity, which is caused by the combination of
attractive interactions between the water/ions and repulsive interactions between the n-

decane/ions, which controls the IFT between salt water and n-decane phase.

3.3 The effect of the salinity on the n-Decane/water /vapour three phase system

MD simulation results concerning the effect of salinity on the n-decane/water/vapour
three phase system are presented in this section. As the initial simulation configurations,
outlined in Section 2.1, the rectangular n-decane phase and water slab systems were created
with a minimum distance of 4 A. The final snapshots of an n-decane/water/vapour interface
unit cell with different salinities, after 5.0 ns of simulation time, are shown in Figlirezh
be observed that the n-decane molecules have relaxed to form a 2D cylindrical shape,
approaching a lens on the water slab surface caused by attractive interactions due to the van
der Waals and Columbic forces between the constituent moleAftesspreading of the n-
decane droplet on the water surfécienally forms an elliptically shaped droplet on the water
slab surface. After equilibration, the n-decane droplet keeps its shape apart from the effect of

thermal fluctuations, as shown in Figure 9.

60 ' ) ! ! 60 80

() O M (b) 0.05 M (c) 0.10 M



0 20 40 60 80 20 40 60 80 100

(d) 0.20 M (€) 0.50 M () 1.00 M

Figure 9 Series of snapshots of decane-salinity water-vacuum three phase system

During the MD simulation, the three-phase system remains continuous in z-axis
direction, as shown in Figure 10. To investigate the detail of the shape of the n-decane/salt-
water/vapour three-phase system, the Gibbs dividing surface was calculated from the density
profiles of n-decane and water phases along the z-axis direction, as presented inFiGuee 1
contact angles were thus obtained from the directions of the upper and lower sides of the n-
decane droplet [33], which were fitted as a sphere alg#hst squares methotlo quantify the
fluctuation effect in the error analysis, using the block averaging approach, density
distributions of each component were calculated over separate 0.2 ns time intervals for the last
2 ns of simulation of the equilibrated trajectory. In tiep, atotal of 10 density distributions
were obtained, resulting in 10 values of contact angle. Further, the equilibrium density
distribution and contact angle value were averaged over the last 2 ns. The variance between the
averages for these 10 valuepresented as the uncertaintyhe contact angle variation with
water salinity for the three-phase system is presented in Figure 12(a), which indicates a
maximum contact angle value of 64.88aaglinity of 0.20 M. The corresponding interfacial
tension variations between salt water and n-decane phases shown in Figure 12(b) have an
opposite trend to the contact angle variations. An optimal minimum water/n-decane IFT occurs

at a salt concentration of 0.20 M, and such a minimum is considered optimal for enhanced oil



recovery. Qualitatively such a trend is consistent with some experimental studies at the

macroscale [40].

. e Ow B i e Ow A
: )
e C e C e C
H 4 H i H i
® Na x200 e Na x200
s CI x200 ) e CI x200
'ii’i;.: \ ] \
lO“ﬂ'...”.. g ' . 10F‘.... \ 4
0.00 0. Iﬂl o ‘Dl 0 Im U,(IH o ;)5 01’)6 0,'07 0.08 0‘:}0 0.;)1 0.‘02 lll‘).1 0‘;)4 0,;)5 0.‘36 0.(‘!7 0.08 OJIJO D.EJI 0.:31 U‘lﬂi 0.‘04 01‘]5 0.;]6 O.IOT 0.08
Number Density Number Density Number Density
() 0.00 M (b) 0.05 M (c) 0.10 M
50 * Ow J 90 e Ow B 60 - * Ow J
Hw Hw Hw
e C e C s C
‘ H J H | H J
y s Na x 100 Na x 50 s Na x20
\ e Cl %100 o Cl x50 \) s CIx20
0.00 ﬂ“ﬂl 0"(? D.Iﬂi ﬂ‘lﬂvl D.IDS ﬂ‘lﬂﬁ O,Fl 0.08 0.00 i O.IOI (LIOE 0.;’3 0,(‘31 D‘;)ﬁ ) 0.(‘36 ﬂ‘;)? 0.08 0.00 0‘:11 O‘lnl O.IOS n‘llu O.IOS 0.06 1_0;)" 0.08
Number Density Number Density Number Density
(d) 0.20 M (€) 0.50 M () 1.00 M
Figure 10 Number density along z-axis direction of decane-salinity water-vacuum three phase system
RTRIT f T T 0 T US>y : T T
« DI Water 1 + DI Water |
0.045 . ot B
+ 005M 0.0304 7% Hﬁtﬂ;ﬁ < 005M A
om0 o ; « 010M ] \ ‘*'L*a.i +000M
ater Oxygen i - o ‘
0035 ] \ 3 020M ] pa5 \ i, 020M
- : : - 050M ] = . 050 M
Z 0.030 - i . 100M - Z Water Oxygen 1 1.00 M
‘;‘3 | g 0.020 +Jﬂ' B
E 0.025 - : . B b hy
£ o020 H ) : - g Pt 5 i Iy
1 ? ]' E} *4 514 55
< n-Decane Carbon 4 £ g SEFEFiErEET
0.015 { s 00104 Foy 43 v i
f 2 ) £ 20 \
+# ]
0.010 - j 1 P g \
4 0.005 #1° "4 n-Decane Carbon
0.005 - 4 q_i 1,
.,4 it iy
0.000 - 0.000 daeaauuy .L.L.I‘t—i ; ;‘Iti..n‘. uy
10 30 35 40 45 50
L (&) L&)

Figure 11 z-density distribution of water oxygen and n-decane carbon at differemtiect
concentrations



68

(=3
(=1

Contact Angle (degree)

N
=

i
(o))
1

@

)
n wn
< i
1 !

s
n
1

Interfacial Tension (mN/m’

|

® ]

0.0

02

0.4 0.6
Salinity (M)

0.8 1.0

Figure 12(a) “10-50” interfacial thickness, and (b) surface tension as afunction of salinity for n-
decane/water/vapour three-phase interface system
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Figure 13 Radial distribution function for water/n-decane/vapour system with differeitysali

The radial distribution function profiles for salt-water/n-decane/vapour system are
shown in Figure 13. The salinity effects on the water-water, water-ions interaction profiles of
salt-water/n-decane/vapour three phase interface system is similar to that for théesait-wa
decane interface system, as shown in Figure 13(a, b). Both the sodium and chloride ion
hydration effect can also be observed as presented in Figure 13(c, d). Figure 13(®ridemac
the sodium ion and n-decane molecule interactions as a function of electrolyte concentration.
No dominant peaks are observed in the RDF profile between ions and molecules of n-decane
in the organic phase, which indicates that all ions remain in the water slab phase instead of
transferring to the n-decane phase. Combining the hydration effect of the ions and the repulsion
effect between ions and the oil phase, the overall water-oil interaction is shown in Figure 13(f)
which suggests that the lossenterface structure between water and n-decane phases is
manifested when the electrolyte concentration is around 0.20 M. Qualitatively such trends are

consistent with experimental studies at the macroscale [62



4. Conclusions

As part of increasing our understanding of the rapidm that underpins experimental
observations of a benefit in injecting low-salinityater for enhanced oil recovery, otherwise
known as ‘the salinity effect molecular dynamics simulation have been perfortoechodel

interfaces between water and oil . The resultaedd simulations can be summarised as follows:

(1) The interfacial tension (IFT) of the water/vapanterface, n-decane/vapour and water/n-
decane interfaces were calculated from the pregsmsor distribution after the simulations
reached an equilibrated statéth valuesof 7143, 20.54 and 65.33 mN/m, respectively. The

calculated IFT values show a good agreement withique experimental and simulation results.

(2) An optimal water salinity value is observed aroun200M for the equilibrated water/olil
interface system which has the maximum interfacimktiess between water and oil phase,

correspondingo the minimum water/oil IFT value.

(3) An optimal water salinity condition at aroun@@M is also predicted by investigating the
equilibrium water/oil/vapour interface system whie maximum contact angle between the water
and oil phase, contributing to the minimum saltas/ail IFT value, which is a condition beneficial

for enhanced oil recovery.

The presented work indicates that, the moleculael lensight into salt-water/oil/vapour

interactions and interfacial equilibrium properties feitherto un-accessed resolution for EOR
applications by using atomistic MD simulation meth&uture work shall investigate the salt-
water/oil/vapour interactions in a mineral nand gire. Both the salinity effect and mineral

surface substrate on the oil wettability and recpl@ctor during EOR shall be modelled.
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