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ABSTRACT: Estimation of the microemulsion dynamic viscosity under reservoir conditions is important as it is directly connected
to the oil recovery predictions and optimization design. The dynamic viscosity of the microemulsion phase depends on not only the
phase behavior but also the microstructure of the phase. Here, we aim to fundamentally understand and quantify the relevance of
microemulsion phase viscosity to the surfactant concentration, water salinity, pressure, and temperature by conducting numerical
design of experiments using molecular dynamics (MD) simulations. We use the Einstein relation, which is a reformulated Green−
Kubo formula, to calculate and track the change in viscosity with the above-mentioned conditions. After our model is validated by
comparing the simulated results with the available experimental data, the viscosity peaks or percolation thresholds are investigated
for a specific range of salinity and surfactant concentrations. The outcome of this research results in achieving optimized rheological
properties of oil−brine interfacial systems for oil recovery operations.

1. INTRODUCTION
Primary recovery of conventional oil reservoirs comprises
reducing the pressure at the production well for oil to flow to
the wellbore following Darcy’s1,2 Ss. In doing so, a certain
amount of oil will be left in the reservoir as residual oil.1 To
recover that amount, injecting fluid from another well can assist
production by displacing the residual oil and mobilizing it.2

Adding surfactant to the displacing fluid, typically water or brine,
further enhances the oil recovery by reducing the interfacial
tension (IFT) of oil and water and consequently results in an
improved displacement efficiency (surfactant flooding).3 This
addition of surfactant to the oil/brine system introduces
additional complexities to the multicomponent multiphase
fluids at the reservoir condition, as it leads to an altered phase
behavior and one (or two) additional liquid phase(s). The newly
formed phase is called the microemulsion phase and it is
thermodynamically stable.4 Surfactant molecules have a dual
structure, with a hydrophilic head and a lipophilic tail, and show
a strong affinity to aggregate on the interface between oil and
water, therefore reducing surface forces at the oil/brine interface
and consequently decreasing the IFT. Depending on the

surfactant type (ionic vs nonionic), mass fraction of surfactant,
temperature, pressure, brine salinity, and type of oil, the
configuration of surfactant aggregates can be different.3,5

Micelles are aggregates of surfactant molecules dispersed in a
liquid colloid. When oil and water are mixed, micelles can form,
and the configuration of these micelles depends on various
conditions.6

Among the reservoir fluid properties, viscosity is directly
related to phase mobility and therefore is a critical parameter in
recovery calculations.7 To this end, microemulsion viscosity
predictions and quantification, along with the viscosity of the oil
and water phases, are required for enhanced oil recovery (EOR)
designs. The microemulsion viscosity and how it varies with
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salinity, pressure, temperature, and other factors have been
experimentally characterized by several researchers, and a few
experimental correlations have also been developed for certain
conditions.8 Considering that the practical reservoir condition is
very dynamic during recovery, reservoir engineers need to
accurately estimate and calculate the viscosity and other
important fluid properties of present phases in the reservoir at
various pressures, temperatures, brine salinity, oil concentration
and composition, and surfactant mass fraction. To do so, several
phase behavior models have been developed, including the
broadly used Hand’s empirical model,9 and other more
advanced phase behavior models, such as the one proposed by
Acosta et al.,10 which is based on the surfactant affinity difference
toward oil or water, or hydrophilic−lipophilic difference
(HLD), and correlating solubility to the micellar characteristic
length. Ghosh and Johns11,12 and later Khorsandi and Johns13

further extended these models and made them work for all
Winsor’s multiphase types. Note that all of these phase behavior
models only provide information about the phase compositions,
number of phases, and IFT.
Viscosity is not only a function of macroscopic thermody-

namic properties of the microemulsion phase but also changes
with the microemulsion microstructure. The viscosity of the
microemulsion phase was calculated and reported to have an M
shape function for the changes in viscosity with salinity.
Typically, by increasing salinity, viscosity increases, and after
reaching a maximum, it drops to a local minimum, increases
again, and decreases as it approaches the oil viscosity, although a
few research studies reported zero local minimum.14,15 It is still
not clear how the viscosity peaks are exactly correlated with
multiple factors, such as salinity, surfactant concentration,
pressure, and temperature. Multiple researchers proposed
different models to predict the surfactant/oil/brine viscosity,
but they could not predict the M shape profile or viscosity
peaks.8 The same is true with the viscosity models of the widely
used simulation tools, such as Computer Modeling Group
(CMG)16 by the oil industry. The only microemulsion viscosity
model that predicts the M shape and magnitude of viscosity
reasonably accurately is the one developed by Khodaparast and
Johns.17 They developed an equation of state (EoS) phase
behavior model known as the net-average-curvature (NAC)
model based on the hydrophilic−lipophilic difference (HLD-
NAC). However, that model did not capture the location of low-
viscosity points. Therefore, they tuned the viscosity peaks by
using the experimental data rather than predicting them.
Scriven18 was the first to come up with the theory that the

microemulsion phase configuration can have a bicontinuous
structure and be represented by interpenetrating subdomains of
water and oil, each of them physically continuous. Khodaparast
and Johns17 explained the viscosity changes with salinity by
analyzing the microemulsion microstructure changes in the
following order: water continuous with oil micelles, water
bicontinuous with partial oil continuous, water and oil
bicontinuous, oil bicontinuous with partial water continuous,
and oil continuous with water micelles. Their rationale was that
micelles act as solid spheres against the flow and consequently
increase viscosity compared to only water or only oil phase,
while the bridge-like connections in the bicontinuous structure
decrease the microemulsion viscosity. Peyrelasse et al.19 called
the onset of bicontinuity, which accurately correlates to the
viscosity peaks as percolation thresholds.
As the next step, researchers searched for a connection

between the microstructural changes mentioned above and the

percolation thresholds with the microemulsion phase behavior.
Lipgens et al.20 used small-angle neutron scattering to study the
water/c-hexane/Igepal microemulsion percolation transition for
multiple temperatures and concluded that changing temperature
shifts both percolation thresholds, however, it does not broaden
the percolation region. Laurati et al.21 used small-angle neutron
scattering to analyze the transition of water in oil micelles to
droplet clusters and referred to these phenomena as “dynamic
fusion”; however, no information was provided about any
potential correlation between the percolation threshold and
temperature. Jeirani et al.22 applied the design of experiments to
predict the percolation thresholds by using the dynamic
viscosity data. Like the previous research studies that aimed at
quantifying the percolation threshold, this work was also limited
to one variable parameter, which was the water volume fraction.
Although multiple research studies aimed to analyze the

microemulsion phase microstructure and viscosity,21,22 there are
still quite a few unanswered fundamental questions, yet with
practical implications, about the design parameters, and the
viscosity of the water/oil/surfactant system. Previous research-
ers worked on the oil−surfactant−brine viscosity measurement,
focusing on type I or II regions;8,23 however, in the current
viscosity models, the percolation thresholds are adjusted and
tuned to the limited available experimental results.17 It is still
unknown how percolation thresholds differ for different
surfactant concentrations. In this study, we computationally
calculate the viscosity of the brine−surfactant−oil micro-
emulsion phase for different salinities, surfactant concentrations,
pressures, and temperatures. The goal of this research is to
specify the factors that influence the percolation threshold and
consequently predict the viscosity peaks of the microemulsion
phase. Different mixtures of the oil−surfactant−brine system are
modeled by using a computational approach in a range of
practical pressures, temperatures, surfactant concentrations, and
salinity. Therefore, this study offers an understanding of the
transition in microemulsion phase viscosity for a better
prediction accuracy later.

2. METHODOLOGY
2.1. Molecular Dynamics Simulation Method. The

fundamental theory of molecular dynamics (MD) simulations
is to observe the dynamic trajectory of an atomic system and
analyze the atomic interactions among the respective atoms by
solving Newton’s equation of motion.24 Here, in this paper, the
molecular scale study is performed on the oil−water interfacial
system using a Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) software package.25 The microemulsion
systems are made up of decane, sodium dodecyl sulfate (SDS�
an anionic surfactant), and water. The Na+ and Cl− ions are
dissolved in the water phase, and decane represents the oil
component. The simulation box contains a single interface
composed of all components, with the molecular structures
depicted in Figure 1. The interfacial properties are studied at
various temperatures, pressures, concentrations of SDS, and
salinity.
The atomic interactions in the oil and SDS molecules are

described by theOPLS-AA potential, while the SPC/E is used to
model water molecules, which accounts for the internal
vibrations and bond flexibility. These force fields have
undergone extensive testing and have been successfully utilized
in prior simulation works.26,27 All of the force field parameters
for OPLS-AA and SPC/E are collected from the Automated
Topology Builder (ATB) and Repository.28 The Lorentz−
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Berthelot rule29 is used to obtain the potential parameters
between crossing atoms. The harmonic potential is used for
bonded interactions, such as bond stretching, angle bending, and
dihedral angle torsion in intermolecular interactions. For
nonbonded interactions, the short-range van der Waals
(Lennard-Jones interaction) plus the long-range Coulombic
interactions is applied. The Lennard-Jones potential30 and its
parameters (εij and σij) between different atom types are
obtained using geometric combining rules as shown in eqs 1, 2,
and 3.
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In the simulations, all of the atoms are free to adjust their
positions to attain equilibrium structures. Moltemplate is used
to generate the simulation model for the oil−surfactant−water
interfacial system. It is a cross-platform text-based molecular
builder particularly made for LAMMPS. The initial config-
uration and molecule numbers of all of the components are
given in Table 1. Different reservoir and thermodynamic
conditions are considered for this study. The range of pressures,
temperatures, SDS concentrations, and salinities used in our
simulation are listed in Table 2. Note that all of the possible
combinations of temperatures, pressures, SDS concentrations,

and salinities are not considered here. Pressure and temperature
are fixed at 100 bar and 300 K, respectively, for investigating the
effect of SDS concentration and salinity on viscosity. Initially,
the energy of the system is minimized using the steepest descent
minimization method. Then, the number of molecules (N),
pressure (P), and temperature (T) are maintained constant
during the next stage of simulation. This system is equilibrated
using an NPT ensemble for 4 ns with a time step of 2 fs.
Temperature (300 K) and pressure (100 bar) are controlled by a
Nose−Hoover thermostat and Parrinello−Rahman barostat,
respectively. The coupling constants for temperature and
pressure are 1 and 10 ps. There was some vacuum space inside
the box (Figure 1d), which was removed during the
equilibration period (Figure 1e). The temperature and total
energy of the system are properly maintained constant (shown
in Figure 2). After 4 ns, the NPT ensemble changes to the NVT
for further production run on the equilibrated system up to 8 ns.

Figure 1. Simulation system and structures. (a) Decane, (b) sodium
dodecyl sulfate (SDS), (c) water, (d) initial system (yellow: Na− and
red: Cl−), and (e) the interfacial system after equilibration.

Table 1. Initial Configuration and Molecule Numbers of All
of the Components

material
type dimension (Å3) potential number of atoms

decane 240 × 50 × 50 OPLS-AA 9216
SDS OPLS-AA 1032 (0.21 mol L−1)
brine SPC/E 9114 (salinity of

0.18 mol L−1)

Table 2. Simulation Conditionsa

SDS
concentration
(mol L−1)

0.11 0.15 0.18 0.21 0.24 0.27 0.31

salinity
(mol L−1)

0.11 0.13 0.18 0.21 0.25 0.3 0.35

temperature (K) 300 330 360 390 420 450
pressure (bar) 100 130 160 190 230 260
aFor each concentration of SDS and salinity, a series of simulations
are conducted under varying temperature and pressure conditions.

Figure 2. Variations in the temperature and energy curves of dynamic
simulation for the initial system at the equilibration state up to 4 ns. (a)
Temperature and (b) total energy.
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The Boltzmann function is used to set an initial velocity
distribution throughout the system according to the respective
temperature. The periodic boundary conditions are used in all
directions of the simulation box. For the equilibration stage,
atom trajectories are recorded every 0.1 ns, then every 0.5 ns for
the production stage, to capture the morphological dynamics of
the microemulsion phase. The LINCS31 algorithm is used to
constrain all bond and angle algorithms. Besides, due to the
significant electrostatic interactions between ions and water
molecules, the particle−particle−particle−mesh (PPPM)meth-
od is used with a 1.2 nm pairwise cutoff distance (for both
electrostatic and van der Waals interactions) to compute the
long-range Coulombic interactions. OVITO32 software is used
to visualize the trajectories of the simulation.

2.2. Radial Distribution Functions (RDFs). The radial
distribution function (RDF), denoted as g(r), represents the
density variation near specific particles. It is commonly used to
describe the local microstructure of fluids. The pairwise
interaction and coordination number between groups of nearest
neighbor atoms are calculated using that function in a bonded
simulated system. It represents the likelihood of finding a
particle at a certain distance (r) from a reference atom in the
molecule.33,34 Specifically, it determines the distribution of
particles surrounding a central particle. The formula for RDF24

is given by

g r
N

V
( )ij

ij

j ij
=

(4)

where i represents the central atom, j represents the atom around
the central atom,ΔNij denotes the number of atoms in the layer,
and ρj is the average number density of atom j. As the distance
increases, g(r) approaches one, indicating that the number
density of atom j is homogeneous and equal to the average
number density. In this context, we focus on the g(r) of S−Na,
S−H, S−O, and S-decane to understand the interfacial
properties of the microemulsion phase.

2.3. IFT Calculation. Here, in this study, the interfacial
tension (IFT)35 is calculated computationally by calculating the
pressure tensors throughout the interface (toward the x
direction) during the NVT simulation. The expression for IFT
is given below:
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where γ is the interfacial tension (mN/m), xhi and xho are the
dimensions in the x direction; pxx, pyy, and pzz are the diagonal
components of pressure tensors in the respected system, and
0.0101325 is the conversion factor.

2.4. Phase Viscosity Calculation. A widely used, Green−
Kubo (GK) formula considers the statistical mechanical
principles to predict the transport property (viscosity) of a
liquid−liquid interfacial system.36 Hence, the MD simulation
generates data on the mechanical properties (velocity, pressure,
and heat flux) of the systems being simulated based on the
underlying principles of statistical mechanics.25 The fluctuations
of those mechanical properties are considered to estimate the
viscosity using GK formulation.36,37 This formulation demon-
strated the coefficients that can be expressed as integrals of
equilibrium time autocorrelation functions (eq 6)

V
k T

t t t( ) ( ) d
B 0

0= { }
(6)

where μ is the viscosity (cP), kB denotes Boltzmann constant, V
represents the volume of the system, T is the temperature (K),
and ταβ represents off-diagonal components of the stress tensor
at the time, t. The component of the stress tensor (for N
particles) is calculated by the following formula and Newton’s
equation as follows:

V m v v r f
i

N

i ix iy
i

N

ix iy
1 1

= +
= = (7)

m r F r r( , ............, )i i i 1 1= (8)

where v is the velocity,m is the mass, ri denotes the radius vector,
and Fi is a force acting on the ith particle.
The calculation of viscosity using the GK formula considers

the integration of correlation functions over a long period
interval (0, ∞). This formula requires the calculation of time
and velocity correlation functions over time, as well as storing
the trajectories of all particles, which increases the simulation
time and cost for many molecules. Then, an equivalent
expression of the GK formula derived by Helfand38 considering
the Einstein-type relations is established as follows:

V
k T

d
dt

G t Glim
2

( ( ) (0))
N V t, , B

2=
(9)

where G t r t P t( ) ( ) ( )
V i

N
i i

1
1= = and Pi is the momentum of

particles for ith particle. The above formula is again revised38 to
overcome the discontinuity caused by the periodic boundary
conditions and expressed as follows:
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This Einstein relation (reformulation of the GK relation) for
viscosity calculation considers the kinetic theory of Brownian
motion (based on the diffusion coefficient) and is much simpler
than the GK formula. Besides, this relation is much more valid
and accurate for the system with many-body interactions and is
found to be less computationally time-consuming and expensive.

2.5. Density Calculation. The density profiles for this
current decane/SDS/brine interfacial system along the direction
normal to the x-axis are shown in Figure 3. This configuration is
shown after the equilibration of the system by using the NPT
ensemble. The oil and brine components are uniformly

Figure 3. Simulated and equilibrated density profiles of the oil,
surfactant, and brine phases at 300 K and 100 bar.
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distributed throughout the x direction with densities of 0.84 and
1.01 g/cm3, respectively, including surfactant molecules in the
middle phase (0.87 g/cm3). The density calculations are done at
a temperature of 300 K and a pressure of 100 bar. The
densities39 of the components are calculated using eq 11:

NM
V

=
(11)

where N is the number of molecules,M is the molecular weight,
V is the total volume of the components, and ⟨·⟩ denotes the
ensemble average. The calculated densities for oil and water
components are in line with the actual reservoir conditions.40

From the density profile, the interface thickness is found around
3 nm with an abrupt transition of the phases, where surfactant
molecules are present. The accompanying change in the
microemulsion density as a function of salinity is shown in
Figure 4. The figure shows that the microemulsion density is

0.46 g/cm3 for the salinity of 0.18mol L−1, which is decreased by
38.90% for increasing the salinity by 2.5%. The reason is that the
ratio of water to oil is increased for increasing salinity. This can
be illustrated by the previous studies considering the relative
volume4 of the microemulsion phase using eq 12:

V V/ ( )/( )o water oil water= (12)

where Vo/V is the volume fraction of oil. The higher the volume
fraction, the lower the microemulsion density. This is beneficial
for surfactant flooding in enhanced oil recovery since it can
solubilize and mobilize more oil components in the interface.4

3. RESULTS AND DISCUSSION
3.1. Atomic Interactions among the Microemulsion

System. In this decane−SDS−brine interfacial system at 300 K
and 100 bar, the water molecules and counterions are found
closest to the SDS head groups (SO32−). From Figure 5, it can be
shown that the first peaks in the RDF of S−H, S−Na+, and S−O
are near 1, 1.08, and 1.25 nm, respectively. The results are
consistent with previous simulations.34,35 The presence of water
molecules near the SDS head groups is possibly due to hydrogen
bonding. S-decane is farther from the SDS head groups. The
peak in the RDF for S-decane is near 1.45 nm since the SDS
headgroup has weaker interactions with decane with a
magnitude of 5.19. The reason is that the alkyl tails of SDS
strongly interact with the decane molecules. The RDF between
oil molecules and S gives a quantitative evaluation of the effect of
surfactants on the monolayers at the interface. The changing of
salt ions does not affect the chemical potential of the oil

component. Regarding the applied force fields of the molecules
in this study, the molecules are interacting similarly close to the
previous experimental works.35

3.2. Validation�Effect of SDS Concentrations on IFT.
Validation is important to ensure that the model accurately
represents the actual reservoir conditions. The IFT results of our
work on the decane/brine interfacial system in the presence of
SDS as well as the accuracy of the outputs are validated with the
experimental results (considering a 10% percentage error bars in
the experimental results) fromRehfeld41 for the same conditions
(300 K and 100 bar). The IFT results at a salinity of 0.18mol L−1

under different SDS concentrations (0.11−0.31 mol L−1) are
shown in Figure 6. As can be observed, our work’s IFT values are

close to the results of past work. With the increase of SDS
concentrations, the equilibrium IFT gradually goes down. For
the increasing concentration up to 0.21 mol L−1, the IFT
reduction (from 50.7684 to 23.7895 mN/m) is quite sharp due
to the adsorption of SDS in the interface. While the
concentration is increasing toward the critical micelle
concentration (CMC), the negatively charged hydrophilic
headgroup of SDS (SO4−) typically resides in the aqueous
phase (brine) and the positively charged hydrophobic 12-carbon
hydrocarbon chain resides in the oil phase (decane). This
orientation allows SDS to mediate between the two phases by
forming strong interactions with both, resulting in a decrease in
IFT.42 But, after reaching the concentration of 0.21mol L−1, IFT
values remained nearly horizontal for the increasing SDS
concentration up to 0.31 mol L−1. Since the minimum IFT value
is found at 0.21 mol L−1 (23.7895 mN/m), this is the optimum
or critical micelle concentration (CMC) of the SDS for our

Figure 4. Microemulsion density vs salinity at the interface.

Figure 5. RDFs of the decane−SDS−brine microemulsion system.

Figure 6. Effect of SDS concentration onmicroemulsion IFT (at 300 K,
100 bar, and a salinity of 0.18 mol L−1).
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model. At the CMC, the cluster of micelles is shielded from the
aqueous phase, leading to the minimum value of the IFT. When
the concentration is above 0.21 to 0.31 mol L−1, the adsorption
of surfactant molecules gets saturated and stops adsorbing more
SDS molecules. This consequently keeps the IFT values near
constant for increasing surfactant concentrations.
The size and number of micelles increase for the increasing

SDS concentration beyond CMC, but the growing formation of
micelles is not able to significantly reduce the IFT further.43 The
excess of surfactant molecules is present in the bulk phase, and
they do not contribute significantly to the interfacial properties
of the system. The aggregation of the surfactant molecules at
higher concentrations causes the formation of micelles in the
shape of spherical or cylindrical.44 The surfactant molecules still
could maintain their orientation in the microemulsion phase.
However, the IFT reduction inmicroemulsion works as a piston-
like displacement (of the microemulsion phase by water and oil
by the microemulsion phase) for enhancing oil recovery. In
addition, the current results of IFT reduction indicate that
beyond the CMC, surfactant tends to populate the decane−
brine interface, which in turn increases the capillary number and
decreases the residual saturation.45

3.3. Validation�Effect of SDS Concentrations on
Microemulsion Viscosity. The oil continuous phase trans-
forms into a bicontinuous phase system (with surfactant and
brine) and ultimately into a brine continuous system. These
three phases have distinct structural organizations that result in
significant changes in phase viscosity caused by the alteration of
surfactant and salinity concentrations.44,46−51 For micro-
emulsion viscosity calculation and validation in the decane−
brine interface, similar conditions are used as those used for IFT
calculation. The shear rate is considered around 5.6 s−1 for the
calculations of viscosity. Particularly for microemulsion phases,
the viscosity is almost insignificant to the shear rate.8 First, the
viscosity values for a NaCl concentration of 0.18mol L−1 (at 300
K) are calculated, and later, these results are validated with the
previous work (considering a 10% percentage error bar in the
experimental results) for the same conditions done by Nespolo
et al.52 at 300 K. Based on the obtained results (300 K and 100
bar), Figure 7 is plotted, and we have found that the current
results agree with the previous work for the SDS and salinity
conditions.
The microemulsion phase viscosity is affected by the SDS

concentrations. According to Figure 7, the microemulsion
viscosity curve reaches 5.82 cP for the SDS concentration up to

0.18 mol L−1, followed by decreasing sharply to 2.35 cP for the
increasing concentration of 0.24 mol L−1. The viscosity values
remain almost unchanged when the SDS concentrations further
increase to 0.31 mol L−1. After the threshold concentration of
SDS (0.18 mol L−1), the viscosity is independent of the
surfactant concentrations. SDS molecules form small and
spherical micelles at low concentrations, but as the concen-
tration increases, the micelles grow and become elongated or
rod-like and ultimately become entangled. This entanglement
increases the viscosity of the microemulsion phase by hindering
the movement of micelles.53,54 The micelles become more
compact and tightly packed for the concentration of SDS from
0.18 to 0.24 mol L−1. This change in micelle structure, from a
more dispersed state to a more compact state, influences the
microemulsion’s flow behavior.55,56 This phenomenon reduces
the available space for the movement of micelles and leads to a
decrease in the phase viscosity.
However, the interfacial system moves into the equilibrium

phase when the micelle formation reaches a state of saturation.
Further additions of SDS molecules do not lead to any
significant change in micelle structure or intermolecular
interactions. Due to this maximum packing density and
stabilization of micelles, the microemulsion phase results in
little change in viscosity. The microemulsion phase viscosity is
influenced by hydrophilic and hydrophobic interactions of the
surfactant molecules.17 The addition of salinity affects this
interaction by changing the solubility of the surfactant in the
aqueous phase.49 In Figure 8, the microemulsion viscosity

changes over SDS concentrations under different salinity
conditions are shown. The changing trends in viscosity at 300
K and 100 bar are similar for other salinity conditions (0.21−
0.30 mol L−1).

3.4. Effect of Simulation Time. A reasonable and justified
simulation time is a crucial factor in increasing the accuracy and
reducing computational costs. Figure 9 shows the changes in
viscosity values over a simulation time considering the
equilibration of the system. Here, the oil/water interfacial
model has run with different SDS concentrations (from 0.11−
0.31mol L−1) for the simulation time (0−8 ns) to investigate the
effect of time on microemulsion viscosity. All of the computa-
tional processes are done here at the start of NVT integration
(production phase). The viscosity curves go through the same
trend of changes for different SDS concentrations. Initially, for
all cases, the system reaches the minimum microemulsion
viscosity, then it remains constant for a prolonged simulation
time for the SDS concentrations. For example, at the early stage

Figure 7. Effect of SDS concentrations on microemulsion viscosity (at
300 K, 100 bar, and a salinity of 0.18 mol L−1).

Figure 8. Effect of SDS concentrations on microemulsion viscosity at
different salt concentrations (at 300 K and 100 bar).

Energy & Fuels pubs.acs.org/EF Article

https://doi.org/10.1021/acs.energyfuels.3c04902
Energy Fuels 2024, 38, 7746−7757

7751

https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c04902?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c04902?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c04902?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c04902?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c04902?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c04902?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c04902?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c04902?fig=fig8&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.3c04902?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


of the simulation (for SDS of 0.11 mol L−1), the viscosity is
found around 7.14 cP, followed by a minimum value of 3.26 cP
at 5.6 ns. Then, this value remains nearly the same for continuing
the simulation (up to 8 ns). The noticeable thing is that this
colloidal dispersion system achieves the minimum point of
viscosity earlier for increasing SDS concentrations due to the
faster formation of sphere-like droplets. The higher SDS
concentration usually initiates the self-microemulsion process57

system faster for having a higher oil−water ratio in the
microemulsion phase. This can be understood by studying the
diameter and surface area of the formed droplets from previous
studies.58 The diameter (D) and surface area (A) of those
droplets58 can be calculated using eqs 13 and 14:

D
N6 w3= × ×

(13)

A D2= (14)

where ρ is the density of the water andNw is the number of water
molecules. The changes in microemulsion droplets over time
can be divided into two parts. The first part is for indicating the
evolution of the microemulsion droplet until it reaches the
minimum viscosity value. On the contrary, the second part
indicates the stabilization of those droplets after the equilibrium
state.59 From Figure 9, the viscosity remains higher initially due
to the small size and nonuniform distribution of the micro-
emulsion droplets throughout the interface. The free water
molecules not fully coated by SDS head groups (SO32−) diffused
in the oil phase, contributing to the increasing droplet sizes
according to the droplet coalescence theory. With increasing
simulation time, the droplet size increases and its distribution
becomes uniform. The required time for droplet size evolution
decreases with an increasing SDS concentration because of the
faster coalescence of droplets. The velocity distribution and
morphology of the interface are not necessarily affected by the
speed of the faster droplet formation.58,59 It is worth noting that
the interface becomes narrower with time also.57 After reaching
stabilization of the droplet formation in the equilibrium state, a
longer simulation time cannot change the energy state and phase
separation phenomena of the droplets. In terms of surface area,
the longer simulation time lowers the surface area of the
microemulsion droplets, which is favorable for the stabilization
of the system. Again, this can be illustrated by a recent study
done by Li et al.,60 which observed that initially, the surfactant
molecules dispersed in the aqueous water and slightly bent
down, which creates a repulsion between the head groups. The

head−head repulsion (αHH) caused by SO32− groups showed a
value of 22. As the simulation time passed, small droplets formed
and eventually started merging to become stable droplets (αHH
reduced to 14).60 As a result, the end-to-end distance between
the hydrophilic SO32− group and the hydrophobic long-chain
alkyl group of the surfactant molecules increases caused by the
Na+ concentrations from aqueous water. This reduced the
electrostatic repulsion and allowed more extended surfactant
molecules at the oil−water interface. This phenomenon
continues until the system reaches the equilibrium state; after
that, this repulsion neutralizes for the increasing adsorption of
surfactant molecules in the oil−water interface. To further
validate these phenomena, the interfacial emulsification rate
(R)61 of this system is calculated using the following expression:

R
x x

x x

( )d

( )d
x

x

x

x
SDS

sys

1

2

1

2
=

(15)

where ρSDS(x) is the density of SDS (g/cm3) and ρsys(x) is the
density of all components in the x direction, x1 and x2 define the
positions, where the SDS start to appear at the interface and
completely disappear, respectively. R is a unitless parameter. By
integrating the density distribution along the x direction, the
changes in interfacial emulsification rate are calculated using eq
15 and shown in Figure 10 over a prolonged simulation time.

From Figure 10, the emulsification rate, R, increases linearly first
and then plateaus, indicating that the aqueous and oil phases
become more miscible as time increases. For example, the R-
value is found at 0.17 (SDS of 0.11 mol L−1) at nearly 5.5 ns and
then plateaus up to 8 ns. The reason is that when more
surfactants are added, they begin to cover the interface more and
more. This is also known as interfacial coverage.61 After reaching
the maximum interfacial coverage, the microemulsion has
achieved a stable state, where the uniform distribution of
aqueous and oil components is not changed by adding more
surfactants.61 In addition, the emulsification rate is found to be
higher for higher SDS concentrations. The peak of the
emulsification rate (0.33) is observed at 3.2 ns (for SDS of
0.30 mol L−1), whereas it takes approximately 5.3 ns for SDS of
0.15 mol L−1. This is a result of an enhanced emulsification
mechanism. As the number of SDS molecules increases, the
value of the hydrophilic−lipophilic balance also increases,
indicating a greater affinity for the aqueous phase. This rapidly

Figure 9. Changes in microemulsion viscosity over the simulation time
for different SDS concentrations at 300 K, 100 bar, and a salinity of 0.18
mol L−1.

Figure 10. Effect of simulation time on the emulsification rate for
different SDS concentrations at 300 K, 100 bar, and a salinity of 0.18
mol L−1.
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Figure 11. Effect of salinity on microemulsion viscosity for different SDS concentrations at 300 K and 100 bar: (a) 0.11 mol L−1, (b) 0.15 mol L−1, (c)
0.18 mol L−1, (d) 0.21 mol L−1, (e) 0.24 mol L−1, (f) 0.27 mol L−1, and (g) 0.3 mol L−1.
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increases the dispersion and molecular weight of the droplets in
the interface with the simulation time.

3.5. Effect of Salinity Concentrations on Micro-
emulsion Viscosity. The microemulsion viscosity exhibits
varying behavior for different SDS concentrations at 300 K and
100 bar across different salinity levels. The viscosity results are
listed in Figure 11. The obtained microemulsion viscosity curve
is like a unique “M” shape and shows two peaks (meaning that it
increases to maximum values twice) as salinity increases due to
the phase changes from oil to brine. This phase transition occurs
from a lamellar structure (oil domain separated by a bilayer of
surfactant molecules) to a bicontinuous structure (oil and water
domains are interconnected) and again to a lamellar structure
(brine domain separated by a bilayer of surfactant molecules).62

Usually, for Winsor microemulsion types I and II (typically 2
phases), only one maximum exists since the microemulsion
phase is either oil-rich or water-rich. But forWinsor type III (of 3
phases), the microemulsion phase forms in the middle with
higher surfactant molecules.7 When the salinity is high enough
for the three phases to coexist, the microemulsion phase exhibits
a shear-thinning behavior. As salinity approaches the lower limit,
the microemulsion’s viscosity becomes extremely high, and its
shear-thinning behavior becomes more pronounced. Again,
both the viscosity and its shear-thinning behavior decrease as
salinity increases toward the upper limit.8 However, when the
salinity increases subsequently, the ratio of oil to water also
remains higher in the middle phase and microemulsion viscosity
curves experience two deeper peaks. Besides, the first peak gets
even sharper than the second one. The reason is that the
microemulsion phase is merely intense near the boundaries.
This case is also proved by performing the light scattering
experiments in past works.62 The growth of surfactant molecules
in the microemulsion phase initiates the first peak to shift at
lower salinities and the second peak to higher salinities, which
deepens the valley between the two peaks (Figure 11). For
instance, according to Figure 11a,g, the two peaks are observed
for the SDS concentration of 0.11 mol L−1 at the salinity values
of 0.28 mol L−1 (4.379 cP) and 0.31 mol L−1 (4.275 cP),
whereas the peak values are found at the salinity values of 0.21
mol L−1 (4.773 cP) and 0.24 mol L−1 (3.916 cP), respectively,
for the SDS concentration of 0.31 mol L−1. This is due to the
phase separation at higher concentrations of SDS for increasing
salinity.17 When the salinity and SDS concentrations increase,
the whole system moves to the middle phase (Winsor type III)
much faster than at lower concentrations. This is achieved by
compressing the diffusive double-electronic layer of charged
particles in water and altering the ionization balance state of the
ionic surfactant.52 The salt ions enter the interface membrane
and adjust the hydrophile and lipophile deviation (HLD) value
of the SDS by charging the interfacemembrane. Currently, some
micelles change shape from spheres to hemispheres or ovals.
The interface membrane begins to elongate and gradually
becomes more lipophilic. This causes the oil and water phases to
agglomerate and form a bicontinuous network earlier. With
increasing salinity, the HLD remains at an equilibrium state,
however, the alignment of the micelles is more packed, and the
phase becomes more stable.46

3.6. Effect of Temperature and Pressure. Temperature
and pressure have a significant impact on the microemulsion
viscosity since they can change the structure and formation of
the surfactant molecules.63,64 Figure 12 shows the impact of
increasing temperature on the variation in microemulsion
viscosity for increasing salinity (at 100 bar and SDS of 0.21

mol L−1). As the temperature increases from 300 to 450 K, the
viscosity decreases by 23.47% for a salinity of 0.11 mol L−1 and
by 26.69% for a salinity of 0.35mol L−1. For all salinity levels, the
temperature increases consistently. The middle phase viscosity
experiences a significant reduction upon the release of excess oil
until reaching a specific temperature, after which it remains
constant. The reason is that when a specific salinity
concentration goes to an optimum salinity during the increasing
temperature, then the microemulsion phase has significant
stability at high temperatures.23 Increasing the temperature
beyond that causes a change in the microstructure of the
microemulsion by expelling oil and water into two separate
phases.23,65 This can be interpreted by a change in spontaneous
curvature (Co) value, which depends on the interrelationship of
the geometrical alkylic chain and SO4− of the surfactant. This
value decreases with increasing temperature since it is
interrelated with the hydration number of the SO4− groups,
and the hydration number decreases at high temperatures.51,63

The microemulsion phase’s temperature dependency can be
attributed to the interplay between Arrhenius behavior and
micellar aggregation. As the temperature increases, thermal
energy causes the hydrogen bonds to weaken, resulting in
micellar aggregation and interchain association. Consequently,
this causes surfactant heads to become less soluble in water and
slightly can change the viscosity values in the microemulsion
phase at higher temperatures.66

Increasing pressure on a microemulsion results in a phase
transition, a decrease in the optimum solubilization ratio, and a
shift of the optimum salinity to a higher value.65,66 The
increasing pressure causes the molecules to move closer,
increasing hydrophilic and lipophilic interaction due to more
oil compressibility.64 This proposed model is investigated for a
range of increasing pressure (from 100 to 260 bar) at specific
salinity conditions. The calculated results at 300 K and SDS of
0.21 mol L−1 are shown in Figure 13. The viscosity data indicate
that there is a continuous increase in microemulsion viscosity
across all salinity levels as pressure increases from 100 to 260 bar.
This trend is distinct from the effect observed when the
temperature increases. When pressure is increased from 100 to
260 bar, the viscosity of the microemulsion phase increases by
73.89% at a salinity of 0.11 mol L−1 and by 52.04% at a salinity of
0.35 mol L−1. Increasing pressure tends to decrease the size of
microemulsion droplets, leading to an increase in the interfacial
area and potentially affecting the oil−water solubilization ratio.
These smaller microemulsion droplets and the wider interfacial

Figure 12. Temperature dependence of oil−water microemulsion
viscosity at different salinities (100 bar and SDS of 0.21 mol L−1).
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area between oil and water phases can exhibit higher viscosities
due to increased interfacial interactions and surfactant layer
thickness. This phenomenon can be illustrated by the
experimental work of Skauge and Fotland,65 where the authors
examined the impact of pressure on the optimum solubilization
ratio for themicroemulsion system using the following equation:

S
V
V

o

s
=

(16)

where Vo and Vs are the volume fractions of oil and surfactant in
the middle phase. The definition of water solubilization was
considered analogous here. The authors found a change in the
optimal salinity and solubilization ratio with increasing pressure.
That means the viscous oil will see a greater change in optimal
salinity conditions for increasing pressure.

4. CONCLUSIONS
We, for the first time, predicted the viscosity peaks or
percolation threshold for the oil−brine−surfactant micro-
emulsion phase at varying conditions. The microstructural
changes in microemulsion phase viscosity are studied by using
the MD simulation by examining an oil−water interface with
varying concentrations of surfactant and salinity. The simulation
work has been validated with previous experimental work in
terms of IFT and viscosity. The results of this work are
summarized as follows:

• The microemulsion phase viscosity is affected by SDS
concentrations, with a sharp decrease in viscosity from
5.82 to 2.35 cP as the concentration increases from 0.18 to
0.24 mol L−1 and remains unchanged until 0.31 mol L−1.
The increasing SDS concentration (above 0.24 mol L−1)
increases the entanglement of the micelles, which hinders
the movements of micelles in the microemulsion phase
and hence increases the phase viscosity slightly.

• The hydrophilic−hydrophobic interaction of the SDS
molecules and the increased salinity affects the viscosity
peaks of the microemulsion phase by changing the
solubility of SDS in the aqueous phase. The obtained
viscosity curves are like a unique “M” shape and show two
peaks as salinity increases due to the phase changes from
brine to oil continuous phase. At high salinity conditions,
the three phases (oil, surfactant, and brine) coexist, and
the microemulsion phase exhibits shear-thinning behav-
ior. On the contrary, when the salinity approaches the
lower limit, the phase viscosity becomes extremely high

and its shear-thinning behavior becomes more pro-
nounced. Besides, the growing surfactant molecules in
the middle phase cause the first peak of viscosity to move
toward lower salinities and the second peak toward higher
salinities, resulting in a deeper valley between the two
peaks.

• Increasing temperature (from 300 to 450 K) reduces the
phase viscosity continuously, with a decrease of 23.47%
for a salinity of 0.11 mol L−1 and 26.69% for a salinity of
0.35 mol L−1. The middle phase is surrounded by the
release of excess oil until it reaches a specific temperature,
after which it remains constant. On the contrary, as
pressure increases from 100 to 260 bar, the viscosity of the
microemulsion phase consistently increases for all salinity
levels. The reason behind this is the decrement in the
droplet size, which leads to an increase in interfacial area
and potentially affects the oil−water solubilization ratio.
The increasing pressure also resulted in a phase transition,
a decrease in the optimum solubilization ratio, and a shift
of the optimum salinity to a higher value.

Our extended work following this study will be generating
sufficient data using a molecular dynamics simulation approach
to develop a physics-based viscosity model to predict phase
viscosity and percolation threshold of the oil−surfactant−brine
microemulsion system as a function of salinity, surfactant
concentration, temperature, and pressure for different types of
surfactants and reservoir fluids.

■ AUTHOR INFORMATION
Corresponding Author

Akash Talapatra − Department of Mining and Minerals
Engineering, Virginia Tech, Blacksburg, Virginia 24061,
United States; orcid.org/0009-0008-0386-4468;
Email: takash@vt.edu

Author
Bahareh Nojabaei − Department of Mining and Minerals

Engineering, Virginia Tech, Blacksburg, Virginia 24061,
United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.energyfuels.3c04902

Author Contributions
A.T.: Methodology, investigation, validation, writing�original
draft. B.N.: Conceptualization, supervision, writing, review, and
rditing.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was financially supported by the ACS PRF grant
2022. The authors also thank the ARC at Virginia Tech for the
allocation of computing time on the TinkerCliffs cluster.

■ REFERENCES
(1) Wang, Y.; Chen, C. C. Enhanced Oil Production Owing to Sand
Flow in Conventional and Heavy-Oil Reservoirs. SPE Reserv. Eval. Eng.
2001, 4 (5), 366.
(2) Shi, L.; Liu, P.; Shen, D.; Liu, P.; Xi, C.; Zhang, Y. Improving
Heavy Oil Recovery Using a Top-Driving, CO2-Assisted Hot-Water
Flooding Method in Deep and Pressure-Depleted Reservoirs. J. Pet. Sci.
Eng. 2019, 173, 922−931.

Figure 13. Pressure dependence of oil−water microemulsion viscosity
at different salinities (300 K and SDS of 0.21 mol L−1).

Energy & Fuels pubs.acs.org/EF Article

https://doi.org/10.1021/acs.energyfuels.3c04902
Energy Fuels 2024, 38, 7746−7757

7755

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Akash+Talapatra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0008-0386-4468
mailto:takash@vt.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bahareh+Nojabaei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c04902?ref=pdf
https://doi.org/10.2118/73827-PA
https://doi.org/10.2118/73827-PA
https://doi.org/10.1016/j.petrol.2018.10.088
https://doi.org/10.1016/j.petrol.2018.10.088
https://doi.org/10.1016/j.petrol.2018.10.088
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c04902?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c04902?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c04902?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c04902?fig=fig13&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.3c04902?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(3) Bashir, A.; Haddad, A. S.; Rafati, R. A Review of Fluid
Displacement Mechanisms in Surfactant-Based Chemical Enhanced
Oil Recovery Processes: Analyses of Key Influencing Factors. Pet. Sci.
2022, 19, 1211−1235.
(4) Bera, A.; Ojha, K.; Mandal, A.; Kumar, T. Interfacial Tension and
Phase Behavior of Surfactant-Brine-Oil System. Colloids Surf., A 2011,
383 (1−3), 114−119.
(5) Pal, S.; Mushtaq, M.; Banat, F.; Al Sumaiti, A. M. Review of
Surfactant-Assisted Chemical Enhanced Oil Recovery for Carbonate
Reservoirs: Challenges and Future Perspectives. Pet. Sci. 2018, 15, 77−
102.
(6) Seng, L. Y.; Al-Shaikh, M.; Hascakir, B. Intermolecular Interaction
between Heavy Crude Oils and Surfactants during Surfactant-Steam
Flooding Process. ACS Omega 2020, 5 (42), 27383−27392.
(7) Bera, A.; Mandal, A. Microemulsions: A Novel Approach to
EnhancedOil Recovery: A Review. J. Pet. Explor. Prod. Technol. 2015, 5,
255−268.
(8) Tagavifar, M.; Herath, S.; Weerasooriya, U. P.; Sepehrnoori, K.;
Pope, G.Measurement ofMicroemulsion Viscosity and Its Implications
for Chemical Enhanced Oil Recovery. SPE J. 2018, 23, 66−83.
(9) Jin, L.; Jamili, A.; Li, Z.; Lu, J.; Luo, H.; Ben Shiau, B. J.; Delshad,
M.; Harwell, J. H. Physics Based HLD-NAC Phase Behavior Model for
Surfactant/Crude Oil/Brine Systems. J. Pet. Sci. Eng. 2015, 136, 68−77.
(10) Acosta, E. J.; Bhakta, A. S. The HLD-NACModel for Mixtures of
Ionic and Nonionic Surfactants. J. Surfactants Deterg. 2009, 12 (1), 7−
19.
(11) Ghosh, S.; Johns, R. T. Dimensionless Equation of State to
Predict Microemulsion Phase Behavior. Langmuir 2016, 32 (35), 8969.
(12) Ghosh, S.; Johns, R. T. AModified HLD-NAC Equation of State
to Predict Alkali/Surfactant/Oil/Brine Phase Behavior. SPE J. 2018,
23, 550.
(13) Khorsandi, S.; Qiao, C.; Johns, R. T.; Torrealba, V. A. In

Simulation of Surfactant-Polymer Floods with a Novel Microemulsion
Equation of State, SPE − DOE Improved Oil Recovery Symposium
Proceedings, 2016.
(14)Microemulsions; Robb, I. D., Ed.; Springer US: Boston, MA, 1982.
(15) Quemada, D.; Langevin, D.A Viscosity Model of Winsor
Microemulsions. In Surfactants in Solution; Springer, 1989; p 123.
(16) Khurpade, P. D.; Nandi, S.; Jadhav, P. B.; Kshirsagar, L. K. In

CMG-Based Simulation Study of Water Flooding of Petroleum Reservoir,
Proceedings of the 7th International Conference on Advances in
Energy Research, 2021.
(17) Khodaparast, P.; Johns, R. T. A Continuous and Predictive
Viscosity Model Coupled to a Microemulsion Equation of State. SPE J.
2020, 25 (3), 1070.
(18) Scriven, L. E. Equilibrium bicontinuous structure. Nature 1976,

263, 123−125.
(19) Peyrelasse, J.; Moha-Ouchane, M.; Boned, C. Viscosity and the
Phenomenon of Percolation in Microemulsions. Phys. Rev. A 1988, 38
(8), 4155.
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