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ABSTRACT: In oil−water−mineral substrate systems, we show that the contact angle can be tuned by ionic structures in the
water layer confined between an oil droplet and the substrate. We perform molecular dynamics simulations of a complex oil
droplet in a NaCl aqueous solution on a mica surface; the oil is a mixture of n-decane and surfactant molecules. The surfactant
head contains an OH group and an aromatic ring. A thin water layer between the oil droplet and the substrate and ionic
stratification regulate the wetting behavior. The concentration of salt ions in the thin film is nonmonotonic; it first increases, then
decreases, and starts increasing again as the salt concentration in the bulk increases. On the other hand, the surfactant head
adsorption in the thin film first increases as the bulk salt concentration increases. Then, it decreases with further increase in the
bulk salt concentration. The change of contact angle with salt concentration also shows a nonmonotonic behavior; the contact
angle is first nearly constant to a low salt concentration of 0.1 wt % NaCl. Then, it decreases sharply as the salt concentration
increases from 0.1 to 1.1 wt % NaCl. A reverse trend in contact angle follows with further salt concentration increase. The
nonmonotonic trend unlike the monotonic trend of interfacial tension with salt concentration is in line with recent
measurements of contact angle of oil−brine−substrate systems. A sharp increase of surfactant head adsorption in the thin film,
the decrease of ion adsorption, and the minimum of contact angle are all related. This is the first report of such correlations with
change of wetting in the brine−complex oil−mineral substrate predicted from molecular simulations.

From living organisms to geological formations, the oil−
water−substrate contact is ubiquitous in nature and

technology.1,2 Contact angle can be altered by nanopatterns,3

nanostructure deposition,4 electric potentials,5 and chemical
reactions.6 The oil−water−substrate contact angle is relevant in
oil remotion for environmental stewardships,7−9 metabolism of
lipids in living organisms,10 and hydrocarbon oil recovery11

among other areas of science and technology. Wettability is
defined as the tendency of one fluid to adhere to a solid
substrate in the presence of another fluid. Contact angle is a
measure of wettability and is related to the two-phase interfacial
tensions in Young’s equation.12,13 The macroscopic flow
parameters of fluids in porous media, such as capillary pressure
and relative permeability, are affected by the fluid−fluid
interfacial tensions and contact angle.
In hydrocarbon energy production, injection of seawater

(about 4 wt % salt concentration) is used to produce oil from
geological formations.11 In laboratory experiments, it is
observed that oil recovery may increase substantially by using
low salt concentration solutions.14−16 Some of the suggested

mechanisms of improved oil recovery are based on transition of
rock wettability to a state more favorable to oil recovery.17,18

Recent laboratory measurements show that ions from salt
induce wettability changes in oil−water−mineral substrate
systems.19−22 Jones and Ray found that the surface tension of
an electrolyte solution shows a minimum at very low salt
concentration.23−27 According to continuous theories and
second harmonic generation experiments, the minimum of
the electrolyte surface tension is related to a complex balance of
the ionic density at the air−water interface.27−29 In hydro-
carbon−electrolyte systems, most of the salts show a
monotonic increase of the interfacial tension as a function of
the salt concentration;30,31 some salts may lower the interfacial
tension.30 Contact angle may vary nonmonotonically by salt
concentration in a crude oil−aqueous solution−mineral
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substrate system.22 The microscopic mechanisms of the
nonmonotonic wettability by change of the ionic concentration
are neither established nor understood and are the subject of
this paper.
In molecular simulation studies of a vapor−liquid−substrate,

the contact angle variations are due to changes of the fluid−
substrate interaction.32−39 Contact angle changes in liquid−
liquid−solid systems have received less attention40,41 than in
vapor−liquid−substrate systems. In a recent molecular
dynamics study of a model oil−water−mica system, we observe
that the contact angle is regulated by a thin water layer between
the oil droplet and the substrate;42 the contact angle, the water
layer thickness, and the ionic adsorption on the substrate follow
a monotonic trend as a function of the salt concentration. This
work centers on a nonmonotonic trend of contact angle as a
function of the salt concentration in a complex oil−water−mica
substrate. Our results imply that there is a range of salt
concentrations where substrate is in the maximum water
wettable state. Our study is carried out by molecular dynamics
simulations; our results are in agreement with recent laboratory
measurements of the contact angle of petroleum fluids.22

Additionally, the interfacial tension at the oil−water interface
predicted by our model is in agreement with experimental
measurements.

■ MODEL AND SIMULATION METHODS

Fluid−Fluid Interface. First, we simulate the oil−electro-
lyte solution planar interface as part of this investigation. Two
types of oils are studied: (1) simple oil and (2) complex oil.
The simple oil is made of 980 n-decane molecules, and the
complex oil contains 50 surfactant and 980 n-decane molecules;
the surfactant represents the heteroaromatic oil components.43

n-Decane (C10H22) is a 10-bead linear chain modeled by the
united atom model potential for alkanes.44 The surfactant
(nonylphenol C15H24O) is made of a hexagonal aromatic ring
bonded to a nine-carbon linear chain and to an OH group at
opposite sides. CHn (n = 1, 2, 3) groups are modeled as
uncharged spherical particles; the oxygen and hydrogen atoms
forming the OH group in nonylphenol are represented as two
oppositely charged sites; n-decane and nonylphenol are shown
in Figure 1. Water molecules are represented by the simple
charge (SPC) model45 and simulated as rigid bodies, and Na+

and Cl− ions are represented as charged spherical particles
using the OPLS force field.46

The oil phase is built by placing five n-decane layers of 14 ×
14 molecules aligned along the z direction in a box of 7 nm × 7
nm × 7 nm. In the complex oil, 25 surfactant molecules are
placed at each of the two faces perpendicular to the z direction.
The aqueous phase is made of 7625 water molecules, and the
number of Na+ and Cl− ionic pairs in the solution is n+ = n− =
0, 25, 50, 75, 100, and 150 which is equivalent to salt
concentrations of 0, 1, 2, 3, 4, and 6 wt %, respectively. The
aqueous phase is built in a box of 7 nm × 7 nm × 5 nm. The
two fluid boxes are merged to form the fluid−fluid interface.
To equilibrate the system, a 1 ns MD simulation is

performed under 3D periodic boundary conditions at T =
293 K and pz = 1 bar. The pressure and temperature are
controlled using the Berendsen barostat and thermostat with
relaxation times of τT = 0.1 ns and τP = 0.4 ns, respectively. A
10 ns run is performed for acquisition of data at T = 293 K and
pz = 1 bar using the Nose−́Hoover47 thermostat and the
Parrinello−Rahman barostat with relaxation times of τT = 2 ps

and τT = 4 ps, respectively. The interfacial tension is computed
by48,49
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where rij
α is the α-component of the vector rij = rj − ri and f ij

β is
the β-component of the vector fij = fj − fi; rj and ri are the
positions and fi and fj are the forces on particles i and j,
respectively; ρT is the total number density, kB is the Boltzmann
constant, T is the temperature, ⟨...⟩ means the time average, V is
the simulation box volume, Lz is the box length along the
direction perpendicular to the interface (z), and the summation
is carried out over the total number of particles.

Contact Angle. We simulate a complex oil droplet
surrounded by an electrolyte solution on a muscovite mica
substrate. The complex oil droplet consists of 2340 n-decane
and 120 nonylphenol molecules. Cylindrical geometry is
used50,51 to remove the line tension effects.52 The molecular
model and the simulated setup are presented in Figure 1. The
setup preparation method is explained in Figure S1 of the
Supporting Information. The muscovite mica substrate
(K2Al4(Al2Si6)O20(OH)4) is represented by the atomic
coordinates and partial charges.53,54 The molecular structure
of muscovite mica is shown in Figure 1. The mica surface
charge density of −0.3424 C/m2 (equivalent to −2.14 e/nm2; e
is the elementary charge) is neutralized by the K+ ions from the
substrate outermost layer (2.14 K+ ions/nm2). The substrate
atomic layers other than the potassium ions at the outermost
layer are kept fixed. The positions of K+ free ions are nearly
unaltered during the simulations due to the strong electrostatic
interactions; few K+ ions are released to the solution in
agreement with experimental measurements and previous
molecular dynamics simulations.55 Full replacement of K+

ions occurs only in the presence of H+ ions.56 The composition
of the simulated setups is given in Table 1.

Figure 1. (a) Rotated view of the simulated setup showing water in the
bulk solution as red points. (b) Molecular representations: n-decane
(C10H22) is a chain of 10 CHn beads (cyan); Na

+ and Cl− ions are
spherical particles colored in blue and green, respectively; water is a
three-site molecule with oxygen represented in red and hydrogen in
white. The components of muscovite mica (K2Al4(Al2Si6)O20(OH)4)
are colored according to the code: Si light blue, Al gray, K yellow, O
red, and H white.
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The simulation box has dimensions of Lx = 18.7 nm and Ly =
18.9 nm in the x and y directions, respectively. The box length
in the z direction Lz is adjusted to keep the average pressure at
∼200 bar. No significant change of results is observed at a
pressure of 100 bar. Periodic boundary conditions are applied
in the x and y directions. In the z direction, the simulation box
is constrained by a virtual wall at z = Lz by means of a 9-3
Lennard-Jones potential given by57 uij

w(z) = 4ϵwπρwσw
3/3[(σw/

z)9/15 − (σw/z)
3/2]; z is the perpendicular distance to the

wall, ρw = 20 atoms/nm3, ϵw = 1.3 kJ/mol, and σw = 0.37 nm.
Newton’s equation of motion is integrated using the leapfrog

algorithm. Intermolecular interactions are taken into account
through the Lennard-Jones and Coulomb potentials. The
Lennard-Jones interactions are truncated at 1.2 nm, and long-
range electrostatic interactions are computed using the smooth
particle mesh Ewald summation in slab geometry.58 Bonded
neighbor atoms and atomic groups in molecules are kept joined
by means of bond constraints at a distance b0. A harmonic
potential around an equilibrium angle θ0 is used among triplets
of neighbor atoms (see the Supporting Information). A torsion
potential as a function of the dihedral angle ϕ is used among
quadruplets of neighbor atoms (see the Supporting Informa-
tion). A Berendsen thermostat is used to stabilize temperature
during the initial 200 ps of simulations with the parameters τT =
0.2 ps followed by an equilibration run using the Nose−́
Hoover47 thermostat with a relaxation time of τT = 2 ps.
Simulations are conducted in the NVT ensemble at T = 298 K
using the open source code Gromacs.59 No appreciable changes
in the shape of the droplet are observed after 28 ns of

simulation, which is established as the equilibration criterion.
Additional 3 ns (at least) runs are performed to calculate the
final average density profiles. The n-decane density profile in
the y−z plane ρd(y, z) is computed using a grid of 200 × 200
nodes. The droplet shape is defined from a contour plot of the
density profile of n-decane CHn beads at ρd(y, z) = 0.5 ρb; ρb =
55 mol/L is the average bulk density of n-decane beads at the
center of the droplet. A circle is fitted to the density contour
plot. The contact angle in the aqueous phase is defined by the
vertical line passing through the circle center and the straight
line from the circle center to the intersection of the circle and
the horizontal plane where the droplet profile deviates from
circular shape (see the bottom panel of Figure 3a). Our contact
angle calculation method is described in the Supporting
Information; it is similar to the methods in refs 33 and 50.
The density contour plots used to determine the contact angle
from our molecular dynamics simulations are provided in the
Supporting Information.

■ RESULTS

Fluid−Fluid Interface. The results for the NaCl brine−n-
decane interface as well as the NaCl brine−complex oil will be
presented here. In the Supporting Information, the interface of
KI brine−n-decane and KCl brine−n-decane will be inves-
tigated. The KI brine due to the size of I− ions results in
interfacial tension reduction. Figure 2 shows the results of our
study of the fluid−fluid planar interface. Figure 2a depicts the
increase of the interfacial tension (γ − γ0) in the n-decane−
electrolyte solution systems as a function of the salt
concentration; γ0 is the salt free and γ is with salt. (γ − γ0)
increases with salt concentration. The MD simulation results of
simple oil are in agreement with the experimental measure-
ments and with previous MD simulations.30,60 The interfacial
tension in the complex oil−electrolyte solution system is lower
than that in the simple oil; γ0 = 49.05 mN/m and γ0 = 44.05
mN/m in the simple oil and complex oil, respectively. The
addition of surfactant lowers the interfacial tension, whereas the
addition of salt increases it.
Figure 2b presents the density profiles of the species forming

the simple oil−electrolyte solution interface. The origin is set at
the middle of the aqueous solution using the 3D periodicity.
The hydrocarbon phase is at both sides of the aqueous phase.
The water−n-decane interfaces are defined by the overlap

Table 1. Simulation Setups

run Nw Nd Nsurf N+ = N− ρs (wt %)

1 108933 2340 120 0 0
2 112262 2340 120 50 0.15
3 114450 2340 120 193 0.55
4 114450 2340 120 393 1.10
5 112235 2340 120 689 1.9
6 112235 2340 120 1189 3.
7 125045 2340 120 2565 6.3

aNw number of water molecules, Nd number of n-decane molecules,
Nsurf number of nonylphenol (surfactant) molecules, N+ and N−

number of sodium and chloride ions, respectively; ρs is the salt
concentration in weight %.

Figure 2. Oil−electrolyte solution planar interface. (a) Interfacial tension increase (γ − γ0) as a function of the NaCl concentration in wt % (pz = 1
bar and T = 293 K). Black and blue diamonds are from MD simulations in simple oil and complex oil, respectively; the dashed line represents the
measured interfacial tension in n-decane−aqueous phase.30 The interfacial tensions at zero salt concentration from MD simulations are γ0 = 49.05
mN/m and γ0 = 44.05 mN/m in the simple oil and complex oil, respectively; the experimental value in n-decane is γ0 = 52.81 mN/m. (b) Density
profiles of Na+ and Cl− ions, water-oxygen (Ow), and n-decane carbon atoms (Cd) in the simple oil−electrolyte solution interface at ρs = 4.2 wt %.
The left scale is for the ions, and the right scale is for water-oxygen and n-decane.
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between the oil and water oxygen density profiles. Away from
the interface, the densities are nearly constant. The Na+ and
Cl− density profiles are overlapped and show that the ions are
not found at the interface.
To further validate the predictions of MD simulations, we

computed the interfacial tension of the simple oil−electrolyte
solution interface of KI and KCl; MD simulation results are in
agreement with experimental measurements (see the Support-
ing Information).
Contact Angle. Our study focuses on the droplet shape and

contact angle, the thickness, and structure of the fluid confined
between the droplet and the substrate. We first analyze the
results from the NaCl salt concentrations ρs = 0, 1.1, and 3.4 wt
%.
Instantaneous snapshots and complex oil average density

contour profiles (ρd(y, z) ≈ 0.5ρb) at ρs = 0, 1.1, and 3.4 wt %
NaCl are shown in parts a, b, and c of Figure 3, respectively.

The snapshots and the average density contour profiles show
that the oil droplets are rugged at the region close to the
substrate (bottom) and circular away from the substrate. The
droplet rugged section is used to define the contact plane and

the contact angle. Different droplet geometries are observed at
the three salt concentrations; the contact angles are θ = 26,
14.3, and 21° corresponding to droplet rugged section widths
of 3, 1.8, and 2.5 nm at ρs = 0, 1.1, and 3.4 wt % NaCl,
respectively. The separation distance between the droplet and
the substrate is established at equilibrium; the density contour
profiles at 0 and 1.1 wt % NaCl are at about the same distance
to the substrate, whereas the profile at 3.4 wt % is farther from
the substrate.
The oil−water interface close to the substrate at 0 wt % NaCl

is analyzed in Figure 4. Figure 4a is a snapshot of a section of
the simulation box comprising the bottom part of the droplet,
the substrate, and the water liquid layer between the droplet
and the substrate. The surfactant molecules (Figure 4a) affect
the bottom oil−water interface and the contact angle; they
appear mostly aligned upward while their heads are in contact
with the aqueous phase. The reduced density profiles of water
oxygen atoms, the surfactant head oxygen atoms, and carbon
atoms from n-decane as a function of the perpendicular
distance to the substrate are depicted in Figure 4b. The reduced
density profiles (Figure 4b) are computed within the region
comprising a droplet horizontal planar section of approximately
3 nm and are normalized with respect to the bulk densities of
53.5 and 55 mol/L for water and n-decane, respectively. The
reduced density profile of n-decane (see Figure 4a) increases
from zero in the water layer to a bulk value in the oil droplet.
The surfactant head oxygen density profile exhibits an
unsymmetrical distribution extending from z ≈ 0.3 to 1.4 nm
and a maximum at z ≈ 0.82 nm. The density profile of water
oxygen (see Figure 4b) shows a sharp peak at z ≈ 0.26 nm and
a small hump at z ≈ 0.20 nm, indicating the location of the two
water layers adsorbed on the substrate. A secondary peak is
seen close to the oil phase at z ≈ 0.5 nm and a hump at z ≈
0.62 nm. The peaks may be from shielding the surfactant OH
group; we will come back to this point later when we discuss
the structure of water around the surfactant head. The water
layer thickness δe is measured from the sharp peak at z ≈ 0.26
nm to the point where the reduced density profile is 0.5 at z ≈
0.76; it is δe ≈ 0.5 nm. In Figure 4c, three selected surfactant
molecules and the water molecules surrounding the head OH
group are shown.
The oil−water interface at the bottom part of the droplet at

1.1 wt % NaCl is examined in Figure 5. Figure 5a shows a
snapshot of the water liquid layer between the droplet and the
substrate. In the y direction, the bottom oil−water interface is

Figure 3. Complex oil droplet in aqueous solutions at (a) ρs = 0, (b)
ρs = 1.1, and (c) ρs = 3.4 wt % NaCl; instantaneous droplet snapshot
equilibrated by 30 ns molecular dynamics simulations (top) and time
averaged contour profile at ρd(y, z) = 0.5ρb (bottom). Density
averaged contour profiles are computed from an additional 4 ns of MD
simulations.

Figure 4. Oil−water layer−substrate at 0 wt % NaCl: (a) Closeup view of the region comprising the bottom part of the droplet, the water liquid
layer, and the substrate. The region occupied by n-decane molecules is colored transparent-cyan, whereas water molecules are semitransparent and in
the background; the color code is the same as that in Figure 1. (b) Reduced density profiles of water oxygen atoms (Ow), n-decane carbon atoms
(Cd), and the surfactant head oxygen atoms (Os) in the region between the droplet and the substrate at 0 wt % NaCl. The scales along the z
direction in parts a and b match. The origin of the perpendicular distance to the substrate is placed above the outermost layer of oxygen atoms from
the substrate. (c) Rotated view of the bottom part of the droplet showing three selected surfactant molecules and the water molecules through which
they associate with the substrate.
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narrower at 1.1 wt % NaCl (<2 nm) than in pure water (∼3 nm
at 0 wt % NaCl), whereas the water layer thickness is similar at
both salt concentrations (δe ≈ 0.5 nm). Due to the strong
electrostatic interactions, K+ ions stay nearly at their initial
positions, forming aligned rows even though they are free to
move. Away from the droplet, Na+ and Cl− ions stratify into
two layers; Na+ ions adsorb on the outermost oxygen atoms of
mica next to K+, while Cl− ions form a secondary layer above
the cations (Na+ and K+) layer. The middle region under the
droplet is nearly depleted from Na+ and Cl− ions; these ions are
only found close to the lateral entries of the liquid layer.
Figure 5b portrays the reduced density profiles of Na+ and

Cl− ions, the water oxygen atoms (Ow), the surfactant head
oxygen atoms (Os), and the carbon atoms from n-decane (Cd)
as a function of the perpendicular distance to the substrate at
the oil−water bottom interface. The reduced density profile of
n-decane increases monotonically from zero in the water layer
to a bulk value inside the oil droplet. The reduced density
profile of the water oxygen is similar to that at 0 wt % NaCl; it
has a sharp peak at z ≈ 0.26 nm, a hump at z ≈ 0.20 nm, and a
secondary peak at z ≈ 0.5. Similarly to the 0% NaCl, the
surfactant heads are found between z ≈ 0.3 and 1.5 nm and are
nearly symmetrically distributed around the maximum located
at z ≈ 0.82 nm.

The reduced density profile of Na+ has a sharp peak at z ≈
0.1 nm, whereas the Cl− density profile has a peak at z ≈ 0.45
(see Figure 5b). Integration of density profile peaks gives 0.031
Na+ and 0.025 Cl− ions/nm2 adsorbed in the water layer under
the droplet. These values reflect the ionic depletion mentioned
above. Away from the droplet, there are 0.4 Na+ ions/nm2

adsorbed on the substrate and the Cl− ions are distributed in a
diffuse layer. Ionic depletion occurs during the droplet
equilibration; at the start of our simulation, it is placed at a
separation distance of 0.9 nm from the substrate and a uniform
distribution of Na+ and Cl− on the whole substrate is observed
from the pre-equilibration runs. Despite strong affinity by the
substrate, some Na+ and Cl− ions are displaced by the oil
droplet from the liquid layer region under the droplet. At 0 and
1.1 wt % NaCl, the water layer thickness is δe ≈ 0.5 nm and the
surfactant head distribution is centered at z ≈ 0.8 nm.
Figure 5c portrays a rotated view of the region under the

droplet (1.8 nm width in the y direction). Three selected
surfactant molecules are shown with the water molecules
through which the surfactant head associate with the substrate.
The substrate−surfactant association is mediated through
hydrogen bonded water. In the thin water layer, the surfactant
OH group and the Cl− ions are found separated by water
molecules; a typical Cl−−OH separation distance is about 0.5
nm. We will come back to this point below when we discuss the

Figure 5. Oil−water layer−substrate at 1.1 wt % NaCl: (a) Closeup view of the region comprising the bottom part of the droplet, the water liquid
layer, and the substrate. The region occupied by n-decane molecules is colored transparent-cyan, whereas water molecules are semitransparent and in
the background; the color code is the same as that in Figure 1. (b) Reduced density profiles of Na+ and Cl− ions, water oxygen atoms (Ow), n-decane
carbon atoms (Cd), and the surfactant head oxygen atoms (Os) in the region between the droplet and the substrate at 1.1 wt % NaCl. The horizontal
scale at the top is for water-oxygen, surfactant oxygen, and n-decane; the scale at the bottom is for the ions. The scales along the z direction in parts a
and b match. The origin of the perpendicular distance to the substrate is placed above the outermost layer of oxygen atoms from the substrate. (c)
Rotated view of of the region under the droplet showing three selected surfactant molecules and the water molecules through which they associate
with the substrate.

Figure 6. Oil−water layer−substrate at 3.4 wt % NaCl: (a) Closeup view of the region comprising the bottom part of the droplet, the water liquid
layer, and the substrate. The region occupied by n-decane molecules is colored transparent-cyan, whereas water molecules are semitransparent and in
the background; the color code is the same as that in Figure 1. (b) Reduced density profiles of Na+ and Cl− ions, water oxygen atoms (Ow), n-decane
carbon atoms (Cd), and the surfactant head oxygen atoms (Os) in the region between the droplet and the substrate at 3.4 wt % NaCl. The horizontal
scale at the top is for water-oxygen, surfactant oxygen, and n-decane; the scale at the bottom is for the ions. The scales along the z direction in parts a
and b match. The origin of the perpendicular distance to the substrate is placed above the outermost layer of oxygen atoms from the substrate. (c)
Rotated view of the region under the droplet showing three selected surfactant molecules and the water molecules through which they associate with
the substrate.
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surfactant OH−Cl− interaction. Because the water layer
thickness (z direction) is about 0.5 nm, this separation distance
occurs only in the x and y directions. The Cl−−OH association
in the z direction would imply the unfavorable release of
intermediate water molecules. The surfactant molecules
associate to the substrate without intermediate Cl− ions (see
Figure 5c). The surfactant heads and Cl− ions compete for the
space close to the substrate. At 1.1 wt % NaCl, the competition
is balanced by reducing the droplet−substrate contact area and
the ionic adsorption in the confined region under the droplet.
The result is a reduction of the oil contact angle.
The liquid layer between the droplet and the substrate at 3.4

wt % NaCl is examined in Figure 6. Figure 6a shows a snapshot
of a section of the simulation box at the bottom region of the
droplet at equilibrium; the water layer thickness of 0.76 nm and
the lower planar oil−water interface width is about 2.5 nm. At
3.4 wt % NaCl, ions are found distributed within the whole
confined water layer. Na+ ions adsorb on the substrate
outermost oxygen atoms close to the K+ ion rows, whereas
Cl− ions form a secondary layer above Na+ and K+ ions.
Figure 6b presents the reduced density profiles, as a function

of the perpendicular distance to the substrate, of Na+ and Cl−

ions, the water oxygen atoms (Ow), the surfactant head oxygen
atoms (Os), and the carbon atoms from n-decane (Cd). For the
reduced density profiles of water oxygen, the hump at z ≈ 0.20
nm, the sharp peak at z ≈ 0.26 nm, and the secondary peak at z
≈ 0.5 nm are common at all of the salt concentrations. The half
bulk density value of Ow is at z ≈ 1.02 nm, giving a water layer
thickness of δe = 0.76 nm. The ion density profiles are
normalized to a bulk number density of 0.6 mol/L. The
reduced density profile of Na+ has a sharp peak at z ≈ 0.2 nm
and a small peak at z ≈ 0.42 nm. The Cl− reduced density
profile shows a peak at z ≈ 0.4 nm and decreases to zero
toward the oil droplet. The number of ions in the water layer is
significantly higher at 3.4 wt % NaCl (0.4 Na+ and 0.27 Cl−

ions/nm2) than at 1.1 wt % NaCl (0.031 Na+ and 0.025 Cl−

ions/nm2). A larger number of ions in the water layer
contribute to a thicker water layer; Cl− ions are shielded by
7.3 water molecules, whereas Na+ ions adsorbed to the
substrate have between 2 and 3 water molecules in their
hydration layer. The reduced density profile of n-decane in
Figure 6b is shifted upward compared to the profile in Figure
5b as a consequence of the thicker water layer at higher NaCl
concentration. The surfactant heads are found between z ≈ 0.4
and 1.8 nm, and the maximum of the distribution is located at z
≈ 1 nm.
Figure 6c is a rotated view of the region under the droplet

and shows surfactant molecules shielded by intermediate
hydrogen bonded water. Surfactant molecules are adsorbed
above the Cl− secondary layer (see the molecules at the left and
right sides). The association between the Cl− ions and the
surfactant head is carried out through intermediate water
molecules; the surfactant OH group may form hydrogen bonds
with water molecules around the Cl− ions. The 0.76 nm thick
water layer allows the association between OH groups and Cl−

ions in the z direction.
The interaction between the surfactant head and the thin

liquid layer is analyzed by means of the radial distribution
functions with respect to the surfactant oxygen atom. The
calculation (presented in Figure 7) is based on 10 surfactant
molecules located at the droplet bottom region in an interval of
1 ns. The radial distribution functions g(r) of the water oxygen
(Ow), water hydrogen (Hw), and Na+ and Cl− ions at 0.5, 1.1,

and 3.3 wt % NaCl are presented in parts a, b, and c of Figure 7,
respectively. The positions of the water peaks are the same at
the three concentrations; for oxygen, there is a peak at r ≈ 0.28
nm and there are two peaks for hydrogen at r ≈ 0.18 and r ≈
0.31 nm. The Na+ radial distribution functions have no peaks,
indicating a negligible Na+−OH association. The Cl− radial
distribution function at 0.5 wt % NaCl has a small peak at r ≈
0.5 nm, at 1.1 wt % NaCl it has a maximum at r ≈ 0.5 nm, and
at 3.3 wt % NaCl it has a sharp peak at r ≈ 0.31 nm and a
broader peak at r ≈ 0.75 nm. The positions of the main peaks
imply that the surfactant head oxygen atom is surrounded by
water molecules. The Cl− sharp peak at 3.3 wt % NaCl
indicates an association between the surfactant OH group and
Cl− mediated by water molecules. This association likely
contributes to the droplet spreading on the ions at the 3.3 wt %
NaCl as we mentioned in the discussion of Figure 6.
The contact angles θ from MD simulations as a function of

the salt concentration for the model n-decane oil and complex
oil are plotted in Figure 8a. A monotonically decreasing trend is
observed in the contact angle of the n-decane model oil.42 The
complex oil shows a nonmonotonic behavior as a function of

Figure 7. Radial distribution function of oxygen water (Ow) and Na+

and Cl− ions with respect to the surfactant head oxygen at (a) 0.5, (b)
1.1, and (c) 3.3 wt % NaCl.
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the salt concentration; the contact angle is about 25° in the
range from 0 to 0.15 wt % NaCl, from 0.03 to 1 wt % NaCl it
decreases to 14.3°, and then it increases to θ ≈ 24° at 6.3 wt %
NaCl. The nonmonotonic behavior and the location of the
minimum are in agreement with recent measurements in a
crude oil−brine−mica system.22 The water layer thickness δe as
a function of the salt concentration is portrayed in Figure 8b.
The water layer thickness of the n-decane model oil42 increases
monotonically from δe ≈ 0.5 nm at 0 wt % NaCl to δe ≈ 1.3 nm
at wt % 7.7 NaCl. For the complex oil, the water layer thickness
remains constant at δe = 0.5 nm from 0 to 1.1 wt % NaCl; a
steep increase is seen to about 1.1 nm at 6.6 wt % NaCl.
The adsorption of species i is defined as

∫ ρΓ = z z( ) di

z

i0

1

(3)

where ρi(z) is the density profile of species i within the fluid
region confined between the substrate and the oil phase and z1
is a distance along the z direction comprising the adsorbed
molecules in the confined region.
The adsorption of the surfactant head and the Na+ and Cl−

ions in the confined region under the droplet is examined in
parts a, b, and c of Figure 9, respectively. The density profile of
the surfactant head oxygen (Os) is used to compute the
surfactant head adsorption. The three species (surfactant, Na+,
and Cl−) exhibit a nonmonotonic behavior as a function of the
bulk salt concentration. The surfactant adsorption has a
maximum at ρs = 1.1 NaCl wt %, and then, it decreases. The
adsorption of the Na+ and Cl− ion first increases, then
decreases at ρs = 1.1 NaCl wt %, and then increases again at
higher salt concentration. The adsorption of Na+ and Cl− ions
under a droplet of simple oil (without surfactant, Figure 9b and
c) increases monotonically as a function of the bulk salt
concentration. The nonmonotonic adsorption is also observed
in the reduced density profiles in Figure S8 in the Supporting
Information. The contact angle in the complex oil shows a
nonmonotonic trend similar to the Jones−Ray effect.23−27

Wettability alteration in oil−rock systems is often modeled as
the interaction between two charged interfaces. The charges at
the oil−water interface are attributed to the dissociation of
chemical species in the oil. The interaction between two
charged interfaces is described by the DLVO theory of the
double layer.11,62,63 According to that theory, the equilibrium
thickness of the water layer increases as the characteristic
Debye length increases (κ−1), namely, as the salt concentration
decreases. Even though the double layer screening length in our

simulations is similar to the Debye length, the DLVO theory is
not applicable because the oil phase does not have an effective
charge. In our molecular simulation, hydration forces and ionic
adsorption play a fundamental role.64 The oil−substrate
association is through hydrogen bonds and the ions provide a

Figure 8. (a) Contact angle θ of complex oil as a function of salt concentration in the aqueous phase; measurements and molecular dynamics
simulations for n-decane are included from refs 21, 42, and 61. (b) Confined water layer thickness under the complex oil droplet (black bullets) and
n-decane droplet (diamonds) as a function of salt concentration. Straight lines join points to guide the view.

Figure 9. Adsorption as a function of the bulk salt concentration in the
confined thin layer: (a) surfactant, (b) Na+, and (c) Cl−; bullets
represent the results from the complex oil droplet and diamonds from
the n-decane droplet.
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water solvation shell. The disruption of hydrogen bonds has a
significant free energy cost. In the low salt concentration
regime, the surfactant−substrate association maintains a thin
liquid layer at the expense of reducing the contact area and
expelling ions from the thin liquid layer. Above a certain salt
concentration, the water layer region under the droplet expands
and ions penetrate to the thin film. The overall behavior is that
the water layer thickness increases in a stepwise manner as the
salt concentration increases while the contact angle follows a
nonmonotonic trend.

■ CONCLUSIONS

In our simulations, a thin liquid water layer between the
substrate and the oil droplet regulates wettability. Ions are
adsorbed to the substrate through electrostatic attraction,
whereas the surfactant−substrate association is through hydro-
gen bonds between the OH-headgroup and intermediate water
molecules. Association between the Cl− ions and the surfactant
head OH group is through intermediate water molecules.
In the low salt concentration regime (<1.1 NaCl wt %), we

observe the following in the thin water layer: (1) The water
layer thickness is constant at about 0.5 nm. (2) Ionic
adsorption may decrease as a function of the bulk salt
concentration. (3) The Cl−−OH association along the z
direction does not occur due to the small film thickness. (4) As
the bulk salt concentration increases, the Cl− ions occupy a
larger area next to the substrate and surfactant is constrained to
a smaller area; the result is a reduction of the oil droplet contact
angle.
At salt concentrations above 1.1 NaCl wt %, we observe the

following in the thin liquid layer: (1) The water layer thickness
is δe > 0.78 nm, and the oil droplet moves away farther from the
substrate. (2) Ionic adsorption increases as a function of the
bulk salt concentration. (3) Cl−−OH association in the z
direction occurs due to a thicker water layer. (4) The droplet
spreads on the Cl− ionic layer; the contact angle begins to
increase as a function of the salt concentration.
The nonmonotonic contact angle is correlated with the

nonmonotonic behavior of the surfactant head and ion
adsorption in the confinement and with the step increase of
the water layer thickness. In a simple oil without polar
molecules, the ionic adsorption and the water layer thickness
increase monotonically while the contact angle decreases
monotonically as a function of salt concentration. The
hydrocarbon−water interfacial tension from our MD is in
agreement with experimental measurements. Furthermore, the
nonmonotonic behavior of the complex oil droplet contact
angle as a function of the bulk salt concentration from our MD
simulations is in line with recent measurements in petroleum
fluids.22
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