A \
o
A4

http://pubs.acs.org/journal/acsodf

This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

Effects of Surfactants on Oil Droplet Demulsification in OQil-in-Water
Emulsions under an Electric Field: A Molecular Dynamics Study

Shasha Liu,* Heng Zhang, Shideng Yuan, and Shiling Yuan™

I: I Read Online

Article Recommendations |

Cite This: ACS Omega 2024, 9, 48232-48245

ACCESS | [l Metrics & More | @ Supporting Information

X 03 04 05 06 07 08 09 1 L1 12 13

% )_,1 Electric field strength (Vinm)

ABSTRACT: The application of an electric field to demulsification of oil-in-water (O/W) emulsions has received extensive
attention. However, microcosmic information about the effect of surfactant type on the demulsification of an O/W emulsion under
an electric field is still rare. In this work, the effects of cationic surfactant cetyltrimethylammonium bromide (CTAB) and anionic
surfactant sodium dodecyl sulfate (SDS) on oil droplet demulsification in an emulsion under a pulsed-DC electric field were studied
by molecular dynamics (MD) simulation. The MD simulation results show that oil droplets underwent directional movement under
the action of an electric field. The larger the electric field strength, the shorter the time required for the oil droplets to coalesce.
However, the movement direction of the oil droplets in the electric field was different depending on the type of surfactant.
Compared to oil droplets containing SDS, oil droplets containing CTAB molecules exhibited faster deformation and easier migration
coalescence under low electric field strength. It was mainly attributed to the fact that the deformation of oil droplets will be
accelerated when oil droplets contain asphaltene molecules and surfactant molecules with different electronegativities under an
electric field. During the demulsification of oil droplets containing CTAB molecules, CTAB molecules generated electrostatic
attraction with asphaltene molecules in adjacent oil droplets, strengthened the interaction between oil droplets, and promoted the
demulsification of oil droplets. In the process of oil droplet demulsification containing SDS molecules, the potential energy of the
electrostatic interaction between oil droplets did not change, and the demulsification mainly depended on the van der Waals force
between oil droplets.

1. INTRODUCTION

Due to the strong mixing of the oil phase and water phase
during the extraction, gathering, and transportation of crude
oil, the produced liquid of crude oil often exists in the form of
an emulsion. Crude oil emulsions contain surface-active
components, such as asphaltenes and resins, which naturally
exist in crude oil. In addition, most oil fields produce solid
nanoparticles during the oil recovery process, such as silica,
produced clay minerals,"”” and fine carbonate.”* These natural
surfactants will also promote the stability of the emulsions by
forming highly viscous or rigid interfacial films between the oil
and water. With the maturation of tertiary oil recovery
technology, chemical oil flooding, represented by surfactant
flooding, has become the mainstream oil displacement
technology. The commonly used surfactants for oil recovery
are anionic surfactants [such as sodium dodecyl sulfate (SDS)]
and cationic surfactants [such as cetyltrimethylammonium
bromide (CTAB)], or nanomaterials obtained by combining
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them with other materials to enhance oil recovery efficiency.”®
As a widely used EOR technique, surfactant flooding not only
improves oil recovery but also brings about oil emulsifica-
tion.””'" Meanwhile, the emulsions are very stable in the
presence of the injected surfactants.

At present, there are methods to separate oil and water, such
as chemical, biological, and physical treatment. It is found that
the electric field can evidently influence the morphology of a
microstructure of droplets.“ In water-in-oil (W/Q) emulsions,
the application of an electric field can cause the polarization or
migration of water droplets. The two potential mechanisms
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may promote coalescence between two water droplets, thereby
achieving the demulsification effect.'” Meanwhile, research has
found that AC, DC, pulsed-DC fields, and their combinations
have good demulsification effects on W/O emulsions.*™"” In
addition, Ren and Kang™ applied the pulsed-DC field to
separate O/W emulsions and found that the pulsed-DC field
induced the aggregation of oil droplets. Therefore, the pulsed-
DC electric field is also applicable to the O/W emulsion
demulsification. The electric field method also has the
advantages of environmental friendliness and low energy
consumption.

Base on the universality of surfactants in emulsions, some
researchers have experimentally studied the coalescence of
emulsion droplets in the presence of surfactants under an
applied electric field. Zhang et al.”' investigated the effect of
surfactants on the deformation and fragmentation of water
droplets in oil by applying an electric field to the emulsion.
They found that the presence of surfactants affected the degree
of deformation and the pattern of fragmentation. Yang et al.””
added a nonionic surfactant to the sunflower seed oil—water
emulsion to explore the effect of the surfactant on the partial
coalescence of water droplets at the oil—water interface under
different electric fields. The results indicate that surfactants can
adsorb at the oil/water interface, reduce interfacial tension, and
improve the deformation ability of coalesced droplets.
Mizoguchi and Muto™ found that surfactants could increase
the size of oil droplets in O/W emulsions and promote
emulsion demulsification under the action of an electric field.
Ren and Kang™ proposed a redistribution model of the surface
charge of oil droplets under a pulsed-DC field and found that
oil droplets containing SDS in the O/W emulsion could
improve the demulsification effect under the electric field.
Some characteristic quantities or physical models from these
works can help researchers understand the effects of the
electric field used by surfactant-stabilized water droplet
coalescence or emulsion demulsification. However, the
mechanism of the effect of surfactant types on the
demulsification of oil droplets in the O/W emulsion system
is not clear, and further systematic study is needed.

Molecular dynamics (MD) simulation is an effective method
for studying microscopic physical phenomena, such as
molecular adsorption and droplet aggregation. In recent
years, many research studies have reported on exploring the
micromechanisms of droplet deformation, fragmentation, and
coalescence in W/O emulsions under an external electric field
through MD simulations.”*~*° However, many work contents
mainly focused on the effects of electric field strength,”**"**
electric field type,”*** and ion concentration®* on droplets’
coalescence behavior. In addition, Qi et al.>® investigated the
inorganic salt concentration and types on electrophoretic
migration of oil droplets in O/W emulsions with MD; the
results show a decrease in the electrophoretic mobility and
deformation of the oil droglets with the increase of ion
concentration. Wang et al. ® studied the demulsification
probability of O/W emulsions stabilized by SDS surfactants
in electric fields and the deformation and coalescence of two
oil droplets under electric fields by using the MD simulation
method. According to the simulated results, the configuration
and movement of SDS were determined by interactions
between SDS molecules themselves and between SDS and oil/
water molecules along with the force exerted by the applied
electrical field. Qi et al.®’ explored the electrophoretic
coalescence behavior of oil droplets containing the SDS

surfactant under a DC electric field based on MD simulations.
Its results show that the appropriate addition of surfactants can
effectively improve the demulsification process of the O/W
emulsion in an electric field. However, the comparative study
on the demulsification behavior of an O/W emulsion under an
electric field between anionic and cationic surfactants at the
molecular level is lacking.

In this article, the MD simulation method was used to
compare the behavioral differences between the oil droplets
adsorbed by SDS molecules and the oil droplets adsorbed by
CTAB molecules in pulsed-DC electric fields. Meanwhile, the
demulsification mechanism of oil droplets composed of oil
molecules, surfactants, and solid particles under the action of a
pulsed-DC electric field was studied. First, we constructed oil
droplets containing SiO, nanoparticles, then constructed two
types of emulsified oil droplets adsorbed by SDS and CTAB
molecules on this basis, and compared the structural
differences of the two emulsified oil droplets. Second, the
behavior and demulsification mechanism of the two types of oil
droplets under a pulsed-DC electric field were studied. This
paper mainly considered the effect of the electric field strength
and surfactant type on oil droplet coalescence. We expect that
this work will be helpful to the practical application in the
petroleum industry and chemical industry.

2. SIMULATION METHOD

2.1. Simulation Force Field and Method. In this study,
we used GROMOSS54a7 force field parameters™ to perform
MD simulation and analysis. We employed Materials Studio
software to construct silica crystals and obtained SiO,
nanoparticle models through cutting. The force field parameter
files and the molecular optimized geometric structures of SiO,
nanoparticles, SDS, CTAB, asphaltenes, resins, and other
hydrocarbons were generated by the Automated Topology
Builder (ATB).””*" The simple point charge model was
selected for the water molecules. The parameters of sodium
ions (Na*) and chloride ions (Cl7) that neutralize the negative
charge have been discussed in the literature.*'

The periodic boundary condition was applied along all
dimensions in all simulations.”” The fastest conjugate gradient
method was the method to minimize the total energy, and the
convergence standard was set to less than 1000 k] mol™-nm™".
In NVT and NPT ensembles, a velocity rescaling thermostat
was used to maintain the system temperature at 298 K with a
coupling constant of 0.1 ps. In the NPT ensemble, the ambient
pressure was executed at 0.1 MPa by the Berendsen method
with a coupling time constant of 1.0 ps for each system. During
our simulations, bond lengths were constrained by the LINCS
algorithm.”’ The van der Waals interaction used a Lennard-
Jones 12-6 potential, and the cutoff was set to 1.4 nm. The
particle-mesh Ewald summation method was used to calculate
the Coulomb interaction.””* Initial velocities were assigned
according to the Maxwell-Boltzmann distribution. The time
step of simulations was set as 1 fs, and the trajectory was saved
every 10 ps. All MD simulations were performed by using the
CROMACS software package. The VMD software was used to
visualize the computational results.”® The expression of the
external pulsed-DC electric field is

(t = to)*

E(t) = Eexp —T]COS[w(t - ty)]
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Figure 1. (a) Construction process of the oil droplets adsorbed with surfactants. (b) Initial models of the two emulsion systems under an electric

field.
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Figure 2. (a) Process of surfactant adsorption on the surface of oil droplets. (b) Potential energy of the interaction between the oil droplets and
CTAB surfactants. (c) Potential energy of the interaction between the oil droplets and SDS surfactants.

where t; is the maximum time point of the pulse, o is the pulse
width, and @ is the pulse angular frequency. We set o to 0 to
ignore the exponential term and set @ to 0. Meanwhile, based
on the setting of electric field strength parameters in multiple
papers using the MD method to simulate the demulsification
behavior of water droplets or oil droplets under the action of
an electric field,***"*%3073¢ we set E, as 0.3, 07, and 1.2 in
order to explore the effect of electric field strength on oil
droplet demulsification in an O/W emulsion.

2.2. Simulation Model. Crude oil is an extremely complex
multicomponent mixture; its heavy components are composed
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of asphaltenes and resins, and its light components are
composed of benzene, cyclic hydrocarbons, and other
hydrocarbons. Based on the research studies of Zhang et al.
and Song et al,*’~*" we selected three types of asphaltenes and
six types of resins, as well as various hydrocarbons and a small
amount of SiO, nanoparticles, to form our oil droplet model.
The types and quantities of the selected molecules are shown
in Figure S1 and Table SI. In order to compare the effects of
different types of surfactants on the demulsification process of
oil droplets under an electric field, we first constructed
nanoparticles containing oil droplets, then constructed two
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Figure 3. Color schemes and RDF: (a) oil droplet absorbed by CTAB molecules; (b) oil droplet absorbed by SDS molecules; (c) RDF between
CTAB molecules and SiO, nanoparticles, asphaltene molecules, and resin molecules; and (d) RDF between SDS molecules and SiO, silica

nanoparticles, asphaltene molecules, and resin molecules.

new simulated boxes of dimension 13 X 13 X 13 nm?® and
placed the oil droplets in the center of the two boxes. Next, 90
SDS surfactants were added to one box and 90 CTAB
surfactants were added to the other box. After energy
minimization and 60 ns NVT ensemble simulation, we
obtained two kinds of oil droplets adsorbed by SDS and
CTAB molecules. The dynamic formation process of the two
types of oil droplet models is shown in Figure la.

The next step was to construct the system model for the
demulsification of oil droplets under an electric field. It was
worth noting that by comparing the adsorption process and
adsorption results of surfactants on the oil droplet surface, we
found that the adsorption capacity of the SDS surfactant on the
oil droplet surface was 70, which was smaller than that of
CTAB on the oil droplet surface. Therefore, in order to ensure
that the demulsification process of oil droplets was not affected
by the number of surfactants, the oil droplet model of adsorbed
SDS and the oil droplet model of adsorbed CTAB used for
demulsification contained the same number of surfactants and
both were 70. Subsequently, we constructed system models for
demulsification under the action of an electric field using the
two types of emulsified oil droplet models mentioned above.
The first simulation system was to place two oil droplet models
adsorbing CTAB along the z axis in the center of a 15 X 15 X
50 nm?® simulation box, to set the edge distance of the two oil
droplets to 9 nm, and to add 76 CI” to balance the system
charge. Finally, water molecules were randomly added. In the
second simulation system, the two oil droplet models
adsorbing SDS were placed in the center of a 15 X 15 X S0
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nm?® simulation box along the z axis, the edge distance of the

two oil droplets was also set at 9 nm, and 204 Na* was added
to balance the system charge. Finally, water molecules were
added. The initial models of the two emulsion systems under
an electric field are shown in Figure 1b.

3. RESULTS AND DISCUSSION

3.1. Formation Process and Structures of the Oil
Droplets Adsorbed by Surfactants. First, the absorption
process and the final structure models of oil droplets absorbed
by SDS and CTAB molecules were compared. We extracted
the system models of the NVT ensemble process at different
times, as shown in Figure 2a. It was found that both SDS and
CTAB surfactants would adsorb from the aqueous solution to
the surface of oil droplets with the increase of simulation time,
and a small part of the surfactants would self-aggregate and
ultimately exist in the form of micelles. At the same time, we
magnified the surfactant aggregates in the aqueous solutions of
the two systems and found that the amount of surfactant
contained in the two aggregates was different. In order to
facilitate a comparison of the quantities of SDS and CTAB in
aggregates, S and N atoms were represented as spheres. It was
evident that there were more surfactants in the SDS aggregates.
This also indicated that when SDS and CTAB are present in
the aqueous solution, CTAB is more likely to adsorb on the
surface of oil droplets. To verify this conclusion, we calculated
the energy potential of interaction between surfactants and oil
droplets during the interaction process. Figure 2b,c shows that
the van der Waals interaction potential energy and the
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Figure 4. (a) Moving snapshots of the oil droplets absorbed by CTAB molecules under different electric field strengths. (b) Motion trajectory of
CTAB molecules under different electric field strengths. (c) Motion trajectory of asphaltene molecules under different electric field strengths. Cyan
stick models represent CTAB molecules, gray lines represent light oil molecules, red stick models are asphaltene molecules, blue stick models are

resin molecules, and linear models are SiO, nanoparticles.

electrostatic interaction potential energy between CTAB
molecules and oil droplets were both smaller than the
interaction potential energy between SDS molecules and oil
droplets, as well as influenced by negatively charged molecules
on the surface of the oil droplets, and the electrostatic
interaction potential energy between SDS molecules and oil
droplets was positive. Through the interaction potential energy
comparison, it is proved that CTAB molecules were more
easily adsorbed on the surface of oil droplets.

We extracted two types of oil droplet models and labeled
different regions of the oil droplet surface obtained from NVT

48236

ensemble simulation with different colors. From Figure 3a,b,
we obtained that CTAB molecules were evenly distributed on
the surface of oil droplets. However, SDS molecules appeared
to be concentrated in parts of the oil droplet. Then, we
extracted the adsorption conformations of CTAB and SDS on
the oil droplet surface and found that CTAB irregularly
adsorbed near asphaltene molecules, while SDS inserted
between asphaltene molecules. In addition, we discovered
that a small number of SDS molecules self-aggregated on the
surface of the oil droplets. Moreover, in order to understand
the differences in the interactions between the two types of

https://doi.org/10.1021/acsomega.4c05623
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Figure S. (a) Moving snapshots of the oil droplets absorbed by SDS molecules under different electric field strengths. (b) Motion trajectory of SDS
molecules under different electric field strengths. (c) Motion trajectory of asphaltene molecules under different electric field strengths. Cyan stick
models represent SDS molecules, gray lines represent light oil molecules, red stick models were asphaltene molecules, blue stick models were resin

molecules, and linear models were SiO, nanoparticles.

surfactants and oil components, we analyzed the radial
distribution function (RDF) between surfactants and oil
molecules during the NVT ensemble equilibrium stage. To a
certain extent, the RDF can reflect the interaction between the
reference atom/molecule and the counted atom/molecule.*
Figure 3¢ shows the RDF between CTAB molecules and SiO,
nanoparticles, asphaltene molecules, and resin molecules.
Figure 3d shows the RDF between SDS molecules and SiO,
nanoparticles, asphaltene molecules, and resin molecules. We
noted that the interaction between CTAB and SiO, nano-
particles, asphaltene molecules, and resin molecules was
stronger than that between SDS surfactants. The difference
in interaction strength between the surfactant and asphaltene
molecules was the largest. We believed that the electrostatic
interaction between positively charged CTAB molecules and
negatively charged asphaltene molecules enhanced the
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interaction intensity between CTAB molecules and asphaltene
molecules. At the same time, compared with the random
adsorption of CTAB around asphaltene, the unique
aggregation mode of SDS molecules on the surface of oil
droplets made part of SDS molecules gather between
asphaltene molecules and part of SDS molecules kept away
from asphaltene molecules, thus reducing the interaction
strength between SDS and asphaltene molecules. Therefore,
the interaction between CTAB molecules and oil droplet
components was stronger than that of SDS molecules.

3.2. Analysis of Oil Droplet Behavior under an
Electric Field. Figure 4a shows the simulation snapshots of
the oil droplets adsorbed by CTAB molecules at different times
under different electric field strengths. First, we found that the
oil droplets changed from a circular shape to an elliptical shape
under the action of the electric field. Second, the oil droplet
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Figure 6. RDF between the CTAB surfactant and some molecules in oil droplets (a—c). RDF between the SDS surfactant and some molecules in

oil droplets (d—f).

moved in the direction of the applied electric field, and the
uniformly distributed CTAB molecules on the surface of the oil
droplet quickly transferred to the head position of the oil
droplet movement. It could be seen that the positively charged
CTAB played a pulling effect on the oil droplet and drove the
oil droplet to move in the direction of the applied electric field.
Meanwhile, with the increase of electric field strength, the time
required for oil droplet coalescence decreased. In addition, we
discovered that CTAB molecules were affected by the electric
field, and part of the CTAB molecules left the oil droplet,
entered the water phase, and moved parallel to the electric field
direction, as shown in the red circle in Figure 4a. Finally, we
enlarged the interface where the two oil droplets just started to
contact, as shown in Figure 4a. It is worth mentioning that
after the CTAB molecules between adjacent oil droplets were
freed from the oil droplet bondage, the oil-phase molecules
were exposed to the water phase, and it was easy to coalesce
with the oil-phase molecules of adjacent oil droplets.

In order to observe the migration of charged molecules in oil
droplets under the electric field more intuitively, we extracted
the motion trajectory of CTAB and asphaltene molecules of
one oil droplet, as shown in Figure 4b,c, where the blue dots
represent the molecular movement position over time. It was
not difficult to see that the CTAB molecules moved in the
direction of the applied electric field. The negatively charged
asphaltene molecules near the head of the oil droplet were
pulled by the CTAB molecules, which were consistent with the
direction of the applied electric field. The asphaltene molecules
far from the head of the oil droplet were greatly affected by the
electric field, and their migration direction was opposite to that
of CTAB molecules, which was to move in the opposite
direction of the applied electric field. This simulated
phenomenon is similar to the experimental phenomenon and
conclusion of Wang et al;”! that is, the negatively charged oil
droplets started to migrate toward the anode under a DC
electric field. The application of a DC electric field destabilized
the charge structure on the surface of the oil droplet, causing

an unbalanced charge distribution on the surface of the oil
droplet and resulting in the directional migration of the oil
droplet.

Figure Sa shows the simulation snapshots of the oil droplets
adsorbed by SDS molecules at different times under different
electric field strengths. Similar to the above phenomenon, the
oil droplets undergone deformation and changed from a
circular shape to an elliptical shape under the influence of an
electric field. The motion trajectories of SDS and asphaltene
molecules in the oil droplet are shown in Figure Sb,c. It was
obvious that the movement direction of SDS and asphaltene
molecules was opposite to the direction of the electric field.
This is consistent with the results obtained by Wang et al. and
Qi et al.***” in simulating the movement behavior of the oil
droplets adsorbed by SDS molecules in an electric field.
Therefore, the negatively charged SDS and asphaltene
molecules jointly pulled the oil droplet to move in the
opposite direction of the electric field. In addition, it was worth
noting that the oil droplets adsorbed by SDS molecules did not
come into coalescence under low electric field strength (0.3V/
nm). Compared with the oil droplets adsorbed by CTAB
molecules, under the 0.7 V/nm electric field strength, the
coalescence time between two oil droplets absorbed by SDS
molecules was longer, while, under the 1.2 V/nm electric field
strength, the coalescence time of the two types of oil droplets
was similar. Therefore, compared to the oil droplets adsorbed
by CTAB molecules, the low electric field strength was not
conducive to the coalescence of the oil droplets absorbed by
SDS molecules. Furthermore, we locally magnified the
interface between the two oil droplets in Figure S5a and
found that compared to CTAB molecules, SDS molecules did
not quickly transfer to the head of the oil droplet and freed
from oil droplet bondage under the action of the electric field.
Instead, they migrated together with asphaltene molecules in
the opposite direction of the electric field.

Based on the behavioral difference of SDS, CTAB, and
asphaltene molecules in the oil droplet under the action of the
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Figure 7. RDF between the asphaltene and resin molecules of the two types of oil droplets before coalescence under an electric field strength of 0.7
V/nm. (a)b) Oil droplet absorbed by CTAB molecules and (c,d) oil droplet absorbed by SDS molecules.

electric field, we calculated the RDF between SDS and some
component molecules of the oil droplet, as well as CTAB and
some component molecules of the oil droplet. The statistical
results are shown in Figure 6. As shown in Figure 6—c, the
greater the applied electric field strength, the weaker the
interaction between CTAB molecules and the components of
the oil droplet. We thought that the movement rate of CTAB
molecules increased under higher electric field strength, which
weakened the interaction between CTAB molecules and the
molecules of the oil droplet. Figure 6—f shows the RDF
between SDS and some component molecules of the oil
droplet under different electric field strengths. Similarly, the
interaction between SDS molecules and SiO, nanoparticles
and resin molecules in oil droplets decreased with the increase
in electric field strength. However, the RDF curves between
SDS and asphaltene molecules were similar under different
electric field strengths. In other words, there was no significant
change in the interaction between SDS and asphaltene
molecules. This was attributed to the fact that SDS molecules,
which aggregated between asphaltene molecules, moved in the
same direction as asphaltene molecules under an electric field.
This also explained why the SDS molecules on the surface of
the oil droplet did not quickly transfer to the moving head of
the oil droplet and free from oil droplets in the electric field.

In addition, taking the 0.7 V/nm electric field strength
applied to each system as an example, the mean square
displacement (MSD) of surfactants, asphaltenes, and SiO,
nanoparticles in oil droplets during the electric field application
stage (Figure S2), as well as the potential energy changes of
interaction between SiO, nanoparticles and asphaltenes and
between SiO, nanoparticles and surfactants, was analyzed

(Figure S3). It is found that the motion of SiO, nanoparticles
in the electric field is mainly affected by asphaltene molecules.

3.3. Reasons for the Behavioral Difference of the Two
Types of Oil Droplets under an Electric Field. The oil
droplets moved in a directional direction under the action of
an electric field and gradually deformed. Meanwhile, the
density of the droplets gradually decreased during this process.
In the oil droplet, the aromatic region of asphaltene molecules
easily forms face-to-face and face-to-edge stacking structures
with the resin molecules with the same aromatic region. With
the deformation of the oil droplet, the stacking structures are
bound to change. To verify this process, we analyzed the RDF
between the asphaltene and resin molecules of the two types of
oil droplets at different time periods under the action of an
electric field strength of 0.7 V/nm (Figure 7). From Figure
7a,c, we found that the interaction strength between asphaltene
and resin in the two types of oil droplets decreased with the
extension of time of applying the electric field, and the change
of oil droplets containing CTAB was more obvious. This
showed that the stacking structures of the oil droplets changed
and gradually weakened under the action of the electric field.
We calculated the peak value of RDF between asphaltene and
resin in different time periods and found that the peak value of
RDF between the asphaltene and resin molecules of oil
droplets containing CTAB decreased faster than that of oil
droplets containing SDS, as shown in Figure 7b,d. This
indicated that the oil droplet containing CTAB became loose
faster under the electric field than the oil droplet containing
SDS. At the same time, the stacking structure changes of oil
droplets under the electric field strength of 0.3 and 1.2 V/nm
were analyzed in the same way, as shown in Figure S4. We
discovered that under the action of an electric field strength of
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Figure 8. Central distance of the two oil droplets and the average degree of deformation of the two oil droplets under different electric field
strengths. (a) Central distance of the two oil droplets absorbed by CTAB molecules. (b) Central distance of the two oil droplets absorbed by SDS
molecules. (c) Degree of deformation of the two oil droplets under an electric field of 0.3 V/nm. (d) Degree of deformation of the two oil droplets
under an electric field of 0.7 V/nm. (e) Degree of deformation of the two oil droplets under an electric field of 1.2 V/nm.

0.3 V/nm, the stacking structures of the oil droplet containing
CTAB loosened faster than that of the oil droplet containing
SDS. However, when an electric field strength of 1.2 V/nm was
applied in O/W emulsion systems, the two types of oil droplets
had similar structural loose speed. This was consistent with the
statistical results of coalescence time of the two types of oil
droplets under different electric field strengths. We thought
this was due to the fact that the positively charged CTAB
molecules and the negatively charged asphaltene molecules
move in opposite directions, causing the oil droplets to loose
faster at low electric field strengths compared to the oil
droplets containing SDS.

In order to further explain the difference in the coalescence
behavior of the two types of oil droplets in an electric field, we
measured the central distance of the two types of oil droplets
before coalescence under an electric field. Figure 8a shows the
central distance of the oil droplets adsorbed by CTAB
molecules under the action of electric fields with different
strengths, and Figure 8b shows the central distance of the oil
droplets adsorbed by SDS molecules under the action of
electric fields with different strengths. We discovered that the
central distance of the two types of oil droplets was always
around 18 nm. From this, it could be seen that the two oil
droplets moved almost at the same speed in the z-direction
under the action of an electric field. However, it should be
noted that under the 0.3 V/nm electric field strength, the
central distance between the two CTAB-absorbed oil droplets
gradually decreases after 700 ns, which was consistent with the
deformation behavior of CTAB-emulsified oil under the 0.3 V/
nm electric field strength in Figure 4a. We found that the head
of the oil droplet was close to the tail of the other oil droplet
under the electric field, but due to the spatial hindrance of the

48240

front oil droplet, the moving direction of the rear oil droplet
was shifted under the guidance of CTAB, and as a result, the
central distance of oil droplets gradually decreased. In addition,
we took the electric field strength of 0.7 V/nm applied to the
systems as an example to analyze the change of the central
distance of oil droplets in the systems and the change of the
deformation length of oil droplets under the action of electric
fields, as shown in Figure SS. The results show that the central
distance between oil droplets is always about 18 nm, and the
deformation length of oil droplets increases with time. In other
words, when the adjacent oil droplets move under the action of
the electric field, the length of the oil droplets increases along
the direction of movement, and at some moment, the moving
tail of the oil droplets in the front and the moving head of the
oil droplets in the back coalesce; that is, the oil droplets of the
systems migrated and coalesced under the action of the electric
field.

Then, we analyzed the deformation degree of oil droplets
under the action of an electric field. The coalescence of oil
droplets under the action of an electric field is realized on the
basis of the deformation of oil droplets. Statistics on the
deformation degree of the two types of oil droplets in the
electric field can further explain the reason for the difference in
the coalescence time of the two types of oil droplets. The
deformation degree D is calculated by the formula

d,
D=—
d,
where d; represents the length change of oil droplets stretched
under the electric field, similar to the elliptical long axis, and d,
represents the width change of oil droplets perpendicular to
the electric field direction after being stretched, similar to the
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Figure 9. Behavior snapshots of the two oil droplets in the O/W emulsion of removing the electric field. (a) Oil droplets absorbed by CTAB

molecules. (b) Oil droplets absorbed by SDS molecules.

Figure 10. Enlarged views of the junction of the oil droplets at different times after removing the electric field. (a) Oil droplets absorbed by CTAB

molecules. (b) Oil droplets absorbed by SDS molecules.

elliptical short axis. The greater the deformation degree of the
oil droplet, the longer the stretching length of the oil droplet
along the z-axis and the smaller the width of the oil droplet
perpendicular to the z-axis. Meanwhile, the length of the oil
droplets in the z-direction is larger, which is more conducive to
coalescing between the two oil droplets. From Figure 8¢,d, it
could be seen that the deformation degree of the two types of
oil droplets was significantly different under the action of
electric fields (0.3 and 0.7 V/nm). The deformation degree of
the oil droplet absorbed by CTAB molecules during the same
time was higher than that of the oil droplet absorbed by SDS
molecules. It could also be said that the stretching length of
CTAB-adsorbed oil droplets in the z-direction changed faster
under the action of electric fields, so the coalescence time
required under the electric field of oil droplets absorbed by
CTAB molecules was shorter than that required under the
electric field of oil droplets absorbed by SDS molecules. Under
the electric field strength of 1.2 V/nm, the deformation degree
of the two types of oil droplets was similar, as shown in Figure

8e. This indicates that the deformation length of the two types
of oil droplets was similar, and the coalescence time required of
oil droplets was similar, which was consistent with the
snapshot statistical results of the coalescence time of the two
types of oil droplets in Figures 4a and Sa. Figure 8c—e proved
that the deformation degree of the oil droplets absorbed by
CTAB molecules than that of the oil droplets adsorbed by SDS
molecules at low electric field strength, which was more
conducive to coalesce between oil droplets. It also further
explained the reason for the difference in the behavioral
changes and coalescence time of the two types of oil droplets
under low electric field strength.

3.4. Change of the Behavior of Coalesced Oil
Droplets after Removing the Electric Field. The purpose
of demulsification of the O/W emulsions under an electric field
is to aggregate dispersed oil droplets and achieve oil—water
separation. Some researchers have found that the pulsed-DC
electric field can be used to achieve higher coalescence
efficiency.””*” Therefore, we chose the conformations of the
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Figure 11. (a) Interaction of potential energy during demulsification of the oil droplets absorbed by CTAB molecules and (b) interaction of
potential energy during demulsification of the oil droplets absorbed by SDS molecules.

moment when the oil droplets in the two systems began to
coalesce under the action of 0.7 V/nm electric field strength as
the initial model to simulate the behavioral changes of the oil
droplets after removal of the electric field (Figure 9a,b). We
found that oil droplets absorbed by CTAB molecules continue
to aggregate after coalescing, even in the absence of an electric
field. During the demulsification process of the two oil
droplets, the oil droplets gradually changed from an elliptical
shape to a spherical shape, forming a dumbbell shape and
eventually melting into a whole. In addition, during the
demulsification process of the two oil droplets absorbed by
SDS molecules, the oil droplets also gradually changed from an
elliptical shape to a spherical shape, forming a dumbbell shape
and eventually melting into a whole. However, it should be
noted that the demulsification process of the oil droplets
absorbed by SDS molecules took longer than that of the oil
droplets absorbed by SDS molecules.

In order to explore the behavioral differences during the
demulsification process of the two types of oil droplets, we
extracted structural snapshots of the interface at different times
during the demulsification of oil droplets, as shown in Figure
10. From Figure 104, it was found that the headgroup of CTAB
molecules at the oil droplet interface formed binding
conformations with the negatively charged asphaltene
molecules in the adjacent oil droplet, which enhanced the
interaction between the two oil droplets. With the increase of
simulation time, the asphaltene molecules and CTAB
molecules of the oil droplet junction penetrated into the
water phase, and a channel for other components of the oil
droplet was formed to coalesce. For the oil droplets adsorbed
by SDS molecules, as shown in Figure 10b, after removing the
electric field, the SDS molecules at the oil droplet interface
gradually penetrated into the water phase. The junction of the
oil droplets formed a bridge structure made of asphaltene and
resin molecules. With the extension of the simulation time, the
hydrophilic asphaltene molecules migrated to the surface of the
oil droplet junction, providing a channel for other oil
molecules to coalesce.

Considering the different interaction relationships between
CTAB molecules and SDS molecules with the components of
oil droplets during the demulsification process, we calculated
the interaction potential energy during the demulsification
process of oil droplets in the two systems. From Figure 11a,b,
it was found that the van der Waals interaction potential
energy significantly decreased during the demulsification
process between oil droplets adsorbed by CTAB molecules;

meanwhile, the electrostatic interaction potential energy
between oil droplets decreased. This was attributed to the
electrostatic attraction between CTAB molecules and
asphaltene molecules. Compared to the oil droplets adsorbed
by CTAB molecules, during the demulsification process of the
two oil droplets adsorbed by SDS molecules, the van der Waals
interaction potential energy significantly decreases, while the
electrostatic interaction potential energy did not change
significantly. In other words, the two oil droplets containing
SDS molecules were mainly demulsified by the van der Waals
interaction between oil droplets, while the oil droplets
containing CTAB molecules were demulsified by the electro-
static attraction between CTAB and asphaltene in addition to
the van der Waals interaction between oil droplets. At the same
time, it can be determined that the main force of the oil droplet
demulsification process is van der Waals.

Based on the above analysis, it can be concluded that the oil
droplets adsorbed by CTAB molecules are more likely to
coalesce under a low electric field strength than the oil droplets
absorbed by SDS molecules. At the same time, when the
electric field of the two oil droplets was removed, the
interaction between the CTAB molecule and asphaltene
molecule could enhance the demulsification speed of oil
droplets. To further determine that it is not accidental for the
oil droplets absorbed by CTAB molecules to coalesce more
easily under low electric fields, we measured the time required
for oil droplet coalescence between the two types of oil
droplets under multiple electric field strengths. The statistical
results are shown in Figure 12. It was noted that oil droplets
containing CTAB molecules could coalesce when the electric
field strength was above 0.3 V/nm, while oil droplets
containing SDS molecules could coalesce only when the
electric field strength was above 0.5 V/nm. However, after an
electric field strength greater than 0.8 V/nm, the difference in
coalescence time between the two types of oil droplets under
the electric field gradually decreased. It could be seen that
under low electric field strength, the oil droplets with CTAB
molecules have a better demulsification effect than the oil
droplets with SDS molecules.

4. CONCLUSIONS

In this work, MD methods were used to study the behavioral
changes and demulsification mechanism of oil droplets
adsorbed by different surfactants under the action of an
electric field. First, the adsorption differences and adsorption
structures of CTAB and SDS surfactants on the surfaces of oil
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Figure 12. Coalescence time required for the two types of oil droplets
under different electric field strengths.

droplets were compared. According to the potential energy
analysis of the interaction between surfactants and oil droplets,
it was found that CTAB molecules were more easily adsorbed
on the surface of oil droplets than SDS molecules, and CTAB
molecules were evenly distributed on the surface of oil
droplets.

In the process of exploring the effects of electric field
intensity and surfactant type on the demulsification behavior of
oil droplets, it was found that after the electric field was applied
to the O/W emulsion systems, SiO, nanoparticles and oil
molecules in the oil droplets moved directionally under the
traction of charged molecules, and the coalescence time
between oil droplets decreased with the increase of electric
field intensity. Compared with the oil droplets adsorbed by
SDS molecules, the motion direction of CTAB molecules and
asphaltene molecules in the oil droplets adsorbed by CTAB
molecules was opposite under the action of the electric field,
resulting in oil droplets adsorbed by CTAB molecules in faster
deformation and loose speed under low electric field intensity,
which accelerated the coalescence between oil droplets.

Finally, at the stage of stopping the output electric field, the
coalesced oil droplets could spontaneously coalesce into a
whole to complete oil droplet demulsification. During the
demulsification process, at the interface of the two oil droplets
adsorbed by CTAB molecules, electrostatic attraction was
generated between CTAB molecules and asphaltene molecules
in adjacent oil droplets, which accelerated the interaction
between oil droplets and promoted the demulsification of oil
droplets. For the oil droplets adsorbed by SDS molecules, the
asphaltene and resin molecules between the oil droplets first
established a bridge structure for the two oil droplets to
demulsify; however, the potential energy of the electrostatic
interaction between the oil droplets did not change, and the
demulsification process mainly depended on the van der Waals
force between the oil droplets.
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