
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

1/
26

/2
02

5 
6:

55
:2

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Effect of electric
College of Science, China University of Pe

China. E-mail: wangyd@upc.edu.cn

Cite this: RSC Adv., 2022, 12, 30658

Received 29th July 2022
Accepted 18th October 2022

DOI: 10.1039/d2ra04731d

rsc.li/rsc-advances

30658 | RSC Adv., 2022, 12, 30658–
field on coalescence of an oil-in-
water emulsion stabilized by surfactant:
a molecular dynamics study

Yudou Wang, * Shiyan Li, Yuanwu Zhang, Zhenlei Zhang, Shundong Yuan
and Diansheng Wang

The microscopic understanding of electrocoalescence of oil-in-water (O/W) emulsions stabilized by

surfactant is very important to improve the efficiency of electrical demulsification. The behaviors of the

coalescence of O/W emulsion stabilized by surfactant in the presence of a direct electric field and

a pulsed electric field were explored by nonequilibrium molecular dynamics simulations. According to

the simulated results, an electrical method is feasible to demulsify an O/W emulsion stabilized by

a surfactant. The configuration and movement of the sodium dodecyl sulfate (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. Two droplets will coalesce into one when the strength of

the electric field exceeds 0.4 V nm−1. The SDS group can be broken up by an electric field larger than

0.6 V nm−1. The point when interaction energy between the hexadecane molecules of the two droplets

begins to decrease from zero is consistent with the time when the two oil droplets came in contact. The

coalescence process can be completed if the two droplets have begun to coalesce, even after the

electric field was removed. Otherwise, the coalescence process cannot be completed. To enhance the

efficiency of the electrocoalescence of O/W emulsions, strength, frequency and duty ratio of the electric

field have to be optimized according to the properties of the emulsion. This research will help us to

figure out how electric fields promote the efficiency of electrocoalescence of O/W emulsions with

surfactant.
1. Introduction

Fluid emulsication is a common phenomenon in the petro-
leum industry, whether it is generated articially or naturally.
Water-in-oil (W/O) emulsions and oil-in-water (O/W) emulsions
are the two main types of emulsions that are oen encountered
in the petroleum industry.1,2 Demulsication is needed to
separate oil and water before the petroleum can proceed
further. Electrical technology is considered to be an efficient
method to enhance the demulsication of emulsions and is
attracting more and more attention from environmental
protection and energy consumption3–5 points of view. Generally,
surfactants, which are intentionally added or naturally exist in
oil–water systems, would be adsorbed onto the oil–water inter-
face to enhance the stability of the emulsions.6–8 Understanding
the electrocoalescence performance of emulsions stabilized by
surfactant is very important to improve the efficiency of elec-
trical demulsication.

The mechanisms of the electrocoalescence for W/O and O/W
emulsions are different. In general, the dispersed water droplets
troleum (East China), Qingdao 266580,

30669
in W/O emulsions are easily polarized and attract each other to
coalesce into one larger droplet to achieve demulsication if an
electric eld is applied to the system. And if the dispersed water
droplets are the charged, droplets travel in the electric eld
could collide with each other and coalesce. Electrical demulsi-
cation of W/O emulsions has been studied by many
researchers. The effectiveness and feasibility of electric demul-
sication of W/O emulsion have been proven relevant by
researchers.9–11 The effects of electrical eld parameters and the
properties of the emulsions on the performance of electro-
coalescence of W/O emulsions were investigated by experiments
and numerical simulations.9,10,12–18 Because the continuous
phase is conductive, it is difficult to conduct the method of O/W
emulsion system because of the large current density and water
electrolysis. In addition, O/W emulsion is generally supposed to
be difficult to demulsify by an electrical method because of the
nonpolarity of the dispersed oil droplets. However, results of
experiments proved that electrical method is effective to
demulsify O/W emulsions. Ichikawa et al.4 found that dense O/
W emulsion stabilized with ionic surfactant can coalesce in low-
voltage constant electric eld space. But the O/W emulsions of
the same oil stabilized with nonionic polymer surfactant cannot
be demulsied by a low electric eld. The type of surfactants is
© 2022 The Author(s). Published by the Royal Society of Chemistry
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a key factor to determine the efficiency of the electric demulsi-
cation of O/W emulsion. Ha and Yang9 found that tip-
streaming occurs and drops were broken when the O/W emul-
sion drops are non-uniform. Ren and Kang19 reported that
rotational ow and coalescence of O/W emulsion can be stim-
ulated by a bidirectional pulsed electric eld. Hu et al.20 studied
the inuence of electric eld intensity, frequency and water
content of emulsions on the diameter distribution of the
emulsions using demulsication experiments. All these exper-
iments show that the O/W emulsion with net charges can be
demulsied by electric elds. Therefore, the electrical demul-
sication efficiency of the O/W emulsions stabilized by
nonionic surfactant is not good because of the nonpolarity of
the dispersed oil droplets.4

The experimental evidence show that the electrical demul-
sication is feasible for both W/O and O/W emulsions. But the
mechanisms of electrical demulsication for these two kinds of
emulsion are different. Molecular dynamics (MD) simulation is
a tool to understand the electrocoalescence procedure from the
micro perspective and has been widely used to reveal the
behaviors and microscopic mechanisms of electrical demulsi-
cation. Up to now, the MD simulation method focuses on the
behaviors of coalescence and breakup of water or conducting
droplets in the electric eld. Wang et al.21,22 found that eld
strength determines the coalescence of two conducting droplets
in electric elds using MD simulation method. He et al.23,24

found that the effects of electrical eld strength and the contact
time on coalescence behaviors are related by comparing the
dynamic behaviors of two conducting droplets in various kinds
of electric eld. The ions in dispersed aqueous droplets
enhanced the elongation and coalescence of salty water droplets
and its inuence is related to the strength of electric eld.25–29 Li
et al.30 found the drop–interface electrocoalescence is affected
by the hydration effect and the interactions between the parti-
cles and water molecules. Results of Li et al.31 show that the
coulombic attraction of the droplets is relatively stronger
compared to the van derWaals interaction in an electric eld. In
the above mentioned researches, nitrogen gas was used to
replace the continuous water phase to save computational time,
which may introduce a different effect on electric demulsica-
tion. Li et al.32,33 and Wang et al.34 found that the dispersion
attraction of water–oil is very pronounced compared to the
interactions between water and nitrogen by studying the droplet
electrocoalescence in the oil phase and the gas phase. It should
be pointed out that all the above researches of molecular
simulation are aimed at the electrical coalescence of W/O
emulsion. To the best of the authors' knowledge, only two
paper reported the research on electrocoalescence of O/W
emulsion by using MD method. Liu et al. explored the distri-
bution of charges and the mechanisms of electrocoalescence of
oil droplets.35 Generally, emulsion is a relatively stable system
due to the adsorption of surfactants on the oil–water interface
in the petroleum industry. The existence of surfactants will
greatly affect the behavior and efficiency of electrical demulsi-
cation. Liu et al.36 discussed the effects of concentration of
surfactant on the behavior of O/W emulsion electrocoalescence
under a bidirectional pulsed electric eld. But the effects of
© 2022 The Author(s). Published by the Royal Society of Chemistry
electric eld intensity and the behaviors of droplets aer elec-
tric eld was removed were not discussed.

In this work, we used MD method to study the coalescence
behaviors of O/W emulsion stabilized by surfactant with the
presence of direct electric elds. The O/W emulsion droplets
were generated by molecular dynamics method based on
a system where water, surfactant and oil are uniformly distrib-
uted initially. The deformation and coalescence of two O/W
emulsion droplets were analyzed when uniform electric elds
with different strengths were applied. In order to thoroughly
understand the microscopic mechanism of electrical demulsi-
cation of O/W emulsion, the coalescence behaviors of drop-
lets, the electric dipole moment of surfactant and the
interaction between the components of emulsions were
studied. To study the electrocoalescence of O/W emulsion
droplets in a pulsed electric eld, the behaviors of the droplets
aer the electric eld was removed at different times in the
process of electrocoalescence were further discussed. This work
could help to understand the micro mechanisms of electro-
coalescence and enhance the efficiency of separation of O/W
emulsions by electric method.
2. Simulation model and method

LAMMPS37 (Largescale Atomic/Molecular Massively Parallel
Simulator) code.37 are used to perform the simulations. In the
most previous study on molecular dynamics simulation of
electrocoalescence of water in oil emulsion, the continuous
phase was usually replaced by nitrogen gas. Though electro-
coalescence of dispersed droplets can be reproduced in
nitrogen gas, the interaction of water–oil is very much stronger
than that of water–nitrogen. In addition, surfactant plays a very
important role in the demulsication of O/W emulsions. To
simulate the electrocoalescence of O/W emulsions more accu-
rately, the oil/water/surfactant system was adopted in the
present MD simulations. The SPC/E water molecule model is
used in the simulations, as shown in Fig. 1a. The composition
of oil is very complicated.38 To simplify the simulation, the oil is
represented by hexadecane molecules,39 as shown in Fig. 1b. To
generate the stable emulsions, different kinds of surfactants,
such as cationic, anionic, gemini, etc., were added to the
system.40–42. Anionic surfactant, sodium dodecyl sulfate (SDS),
was widely used in petroleum industry7,43,44 and was added to
the oil/water system, as shown in Fig. 1c.

The van der Waals interaction and electrostatic interaction
were considered in the non-bond interactions among all atoms
in the system. The classical L–J potential model is used to
describe the short-range van der Waals interactions, and the
Coulomb's law is used to describe the electrostatic interactions:

U
�
rij
� ¼ ULJ þUC ¼ 43ij

"�
sij

rij

�12

�
�
sij

rij

�6
#
þ qiqj

4p30rij
; (1)

where r is the distance between two atoms, the subscript i or j
represent the individual atom, q is the partial charges of the
atom, 30 is the dielectric permittivity of vacuum. The L–J
parameter sij and 3ij are calculated by:
RSC Adv., 2022, 12, 30658–30669 | 30659
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Fig. 1 Model of (a) water, (b) hexadecane, (c) sodium dodecyl sulfate, (d) snapshot of initial model of emulsion generation and (e) snapshot of
initial model of electrocoalescence: C, grey; O, red; S, yellow; Na, purple; H, white. Water molecules were omitted in the initial models.

Table 1 L–J parameters and atomic charge

Atom 3 (kcal mol−1) s (Å) q (e)

Water
O 0.1553 3.1660 −0.8476
H 0 0 0.4238

Oil
C/CH3 0.0660 3.5000 −0.180
C/CH2 0.0660 3.5000 −0.120
H 0.0300 2.5000 0.060

SDS
S 0.25006 3.5640 1.284
O/O− 0.17005 3.0004 −0.654
O/S–O–C 0.17005 3.0004 −0.459
C/O–C 0.0660 3.5000 0.017
C/CH3 0.0660 3.5000 −0.180
C/CH2 0.0660 3.5000 −0.120
H 0.0300 2.5000 0.060
Na 0.0005 4.0700 1.000
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sij ¼ si þ sj

2
; (2)

3ij ¼ ffiffiffiffiffiffiffi
3i3j

p
: (3)

The consistent valence force eld (CVFF) is used to describe
hexadecane and SDS molecules. All the L–J parameters and
atomic charges for water, oil, and SDS45–47 are given in Table 1.
The cutoff radius of L–J pair potential is 1.2 nm. The electro-
static interaction is calculated by particle–particle particle–
mesh (PPPM) with convergence value of 10−4.

Before electrocoalescence of O/W emulsions stabilized by
surfactant is simulated, the O/W emulsion droplets have to be
generated by molecular dynamics simulations. According to
previous study, it is possible to form stable W/O emulsions for
a certain amount of oil and water even with the addition of
different amounts of surfactants, and different surfactant
contents in O/W emulsion may result in the different oil/water
interfacial tension and coalescing speed of the droplets.48 In
the work by Liu et al.,39 the droplets of O/W emulsion were
formed by 100 gas switchable surfactants along with 300 hex-
adecane molecules. 100 SDS surfactants molecules and 300
hexadecane molecules were also used in the simulation. To
form the O/W emulsions, these molecules and 28 050 water
molecules were randomly placed in the cubic box with 10 nm
length to maintain the system pressure of 1 atm at temperature
30660 | RSC Adv., 2022, 12, 30658–30669
298 K, as shown in Fig. 1d. The large water oil ratio ensures that
O/W emulsion is formed in this system. The steepest descent
method is used to minimize the system and MD simulation is
performed for 40 ns with a time step of 2 fs to produce the
emulsions. The NPT ensemble with 1 atm and 298 K is used to
generate emulsions.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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The MD simulation of electrocoalescence of O/W emulsion
requires a larger system. Aer the O/W emulsion droplets are
produced, the two droplets, including hexadecane and SDS
molecules, were put in another empty rectangular box (10 × 10
× 40 nm3). The distance of the center of mass of the two
droplets is 10 nm. And 133 700 water molecules were added to
the box. Opposed-conformation is removed by performing
energy minimization. Then, an electric eld is applied to the
system and 3 ns NVT ensemble is used to simulate the process
of electrocoalescence of O/W emulsions. The temperature of the
system is kept constant using the Nose–Hoover thermostat.
Periodic boundary conditions are used for all simulations.
3. Results and discussion
3.1 Structure of emulsion stabilized by surfactant

Before discussion the effect of electric eld on coalescence of O/
W emulsion stabilized by surfactant, emulsication and struc-
ture of the droplets have to be studied. Fig. 2 shows the
formation process of O/W droplets stabilized by surfactant.
Under the interaction of hexadecane molecules, the adjacent
molecules aggregate spontaneously into small droplets at the
beginning of simulation, and the SDS molecules adsorb on the
surface of these oil droplets, as shown in Fig. 2a. As the process
goes on, these small droplets collide with each other and fuse
Fig. 2 Configurations at different times during the generation of O/W e
were omitted.

Fig. 3 Number density distribution of components with respect to cent

© 2022 The Author(s). Published by the Royal Society of Chemistry
into larger ones. We can see that four droplets are generated at
6.0 ns, as shown in Fig. 2b. And nally, two O/W droplets were
formed in the box at about 22.0 ns of the simulation, as shown
in Fig. 2c. In fact, there are 51 SDS molecules and 170 water
molecules in droplet at the lower le of Fig. 2c. And there are 49
SDS molecules and 130 water molecules in droplet at the upper
right of Fig. 2c. To show the O/W emulsion system reaches
a relative stable status, the system is continuously simulated for
40 ns. The positions and distance between the two droplets
remain almost unchanged from 22.0 ns to 40.0 ns simulation
time. And the researches on electrocoalescence of O/W emul-
sion can be conducted using this system.

The distributions of some atoms of water, SDS and hex-
adecane molecules with respect to the center of mass of the
droplet are shown in Fig. 3a. Here, the distribution of oil can be
represented by the distribution of C atoms of hexadecane
molecules. And the distribution of water can be represented by
O atoms of water molecules. The hexadecane molecules are
mainly distributed in the core of the droplets due to the
aggregation behavior of them, and the water molecules are
mainly distributed around the droplets. Because the droplet is
not an ideal sphere, the oil and water distribution curves over-
lap to some extent. And the position of the intersection point
can be dened as the average radius of the emulsion droplet.
The radii of these two emulsion droplets are 2.85 nm and
mulsion: (a) 0.5 ns; (b) 6.0 ns; (c) 22.0 ns; (d) 40.0 ns. Water molecules

er of mass of the droplets: (a) droplet 1 and (b) droplet 2.

RSC Adv., 2022, 12, 30658–30669 | 30661
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2.60 nm, respectively, which is comparable to the droplet sizes
in other similar MD simulations. In the experimental studies,
the radii of droplets were generally in the range of 0.3–0.6
mm.15,49,50 That is, the droplet sizes used in MD simulations are
about ve orders of magnitude smaller than those used in the
experiments. This is because current computing power is not
yet capable of performing MD calculations for the enormous
number of water molecules in actual droplets. The SDS mole-
cules has a long chain structure, as shown in Fig. 1. The head of
chain is negatively charged and shows strong polarity due to the
ionization of sodium ions. And tail of the chain with 12 carbon
atoms shows strong hydrophobicity. The SDS molecules are
adsorbed on the interface of droplets because of the amphi-
philic properties of its structure. The negative charged heads of
SDS molecules have strong interactions with water and the tails
of SDS molecules enter the hexadecane group. Therefore, the
density distribution of C atoms of tail chains of droplet 1 has
a peak at 2.60 nm, which is in oil phase of droplet. And the
density distribution of O atoms of head of chains of droplet 1
has a peak at 3.10 nm, which is in continuous phase of the
system. And the droplet 2 has a structure similar to droplet 1.
The nal negatively charged and hydrophilic shell helped to
prevent the coalescence of two droplets and stabilize O/W
emulsions.
3.2 Effect of direct current electric eld on coalescence of
oil-in-water emulsion stabilized by surfactant

We will rst discuss the dynamic evolutions of electro-
coalescence of two O/W emulsion droplets at different times
when direct current electric elds are 0.4 V nm−1, 0.5 V nm−1,
0.6 V nm−1 and 0.7 V nm−1, respectively. The direction of the
electric elds is along the z axis. When the electric eld is
applied to the system, the charged SDS molecules are subjected
to a force opposite to the electric eld's direction, which drives
the surfactants to move or to have a movement trend to the le
end of the emulsion droplets thus deforms and elongates the
droplets along the z axis. At the same time, the SDS molecules
Fig. 4 Dynamic evolutions of the electrocoalescence: (a) 0.4 V nm−1; (b

30662 | RSC Adv., 2022, 12, 30658–30669
have to align with the direction of the eld under the action of
the electric eld force. The facing ends of the two droplets
attract each other because of the polarization of the droplets.
The two droplets do not contact and coalesce during the
simulation time of 3000 ps due to the slight deformation of
them when electric eld is at 0.4 V nm−1, as shown in Fig. 4a.
When electric elds are at 0.5 V nm−1, 0.6 V nm−1 and 0.7 V
nm−1, the distance between the facing ends of the two emulsion
droplets becomes closer and begin to coalesce into one droplet
because of the forces mentioned above and the interaction
between the hexadecane molecules and the tails of the surfac-
tants. The higher the electric eld intensity, the earlier the two
droplets begin to contact. With the extension of time, the coa-
lesced droplet became more and more slender. SDS molecules
move faster on the surface of droplet under the larger forces
exerted by a higher electric eld. Therefore, the droplet becomes
slender with the increase of electric eld strength. The surfac-
tant molecules move on the surface of the droplets along the
opposite direction of the electric eld when the electric eld is
applied. Therefore, the number of surfactant molecules on the
le end of the droplet increases, while the molecules number of
right end decreases as time goes on. The surfactant molecules
of the right droplet continue to move to the le through the
surface of the le droplet when the two droplets coalesce
together. A daughter group of SDS molecules will be generated
from the le end of the coalesced droplet at 3000 ps when the
electric eld is at 0.6 V nm−1. When the electric eld increases
to 0.7 V nm−1 however, a daughter group of SDS molecules was
generated at 3000 ps. The effects of electric eld on electro-
coalescence are also related to the size of the droplet along with
the concentration and distribution of SDS. The critical electric
eld has to be evaluated for a specic system.

The coalescence of the droplets is mainly determined by
their deformation. The degree of deformation is calculated by:51

D ¼ d1 � d2

d1 þ d2
; (4)
) 0.5 V nm−1; (c) 0.6 V nm−1; (d) 0.7 V nm−1.

© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04731d


Fig. 5 The degree of droplet deformation induced by electric field.
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where d1 and d2 are the lengths of the droplet along the parallel
and perpendicular direction to the electric eld, respectively.
Due to the drag force acting on the hexadecanemolecules by the
movements of the surfactants and the polarizing effect of the
two droplets, the droplet exhibits a quick deformation with the
application of an electric eld at the beginning, as shown in
Fig. 5. And the degree of deformation of droplets becomes
slower and slower as the progress went on. Clearly, the droplet
exhibits an increase in the degree of deformation with the
growth of the eld strength, which means that the droplet is
becoming slenderer with the increase of the electric eld
strength.

The changes of electric dipole moments of surfactants and
hexadecane molecules with time are shown in Fig. 6. The
average dipole moments of a molecule along the electric eld
direction are calculated by

me ¼
1

N

XN
i¼1

me;i; (5)

where N is the number of SDS or hexadecane molecules, me,i is
the component of the direction of electric eld of dipole
Fig. 6 Time evolutions of average of z-component of electric dipole m

© 2022 The Author(s). Published by the Royal Society of Chemistry
moment of the ith molecule. The dipole moments of SDS
increase rapidly from zero and the increase speed slows down
with time when electric eld is applied. It reached an equilib-
rium value aer 1000 ps. In addition, the dipole moments of
surfactant molecules increase with the electric eld intensity, as
shown in Fig. 6a. We can see that the electric dipole moments of
hexadecane molecule decrease with the duration of the electric
eld. In fact, there is a sharp increase of the electric dipole
moments of hexadecane molecules at the beginning when the
electric eld was applied because of the displacement polari-
zation of them under the action of an electric eld, which is not
clear in Fig. 6b due to the large time scale of it. To show the
details of the changes of electric dipole moment of hexadecane
molecules at the beginning, 1 fs of time step was used to rerun
the electrocoalescence process and the statistics interval of data
is 50 fs, as shown in the inset of Fig. 6b. The electric dipole
moment of hexadecane molecule increases from zero to
a maximum value in a very short time. As the electric eld
strength increases, the polarization becomes stronger. But the
electric dipole moment of hexadecane molecule is much
smaller than that of surfactant molecule. Because the direction
of electric eld induced by polarization of SDS molecules is
opposite to the direction of external electric eld, the total
electric eld that superimposed by the external electric eld and
the polarized electric eld induced by polarized SDS molecules
decreases with time. Therefore, the electric dipole moment of
hexadecane molecule decreases slowly with time, as Fig. 6b
shows.

The behaviors of droplets electrocoalescence of O/W emul-
sion can be explained by the interactions of the two droplets
which include the electrostatic energy of the surfactant mole-
cules on the surface of the two droplets, the interaction energy
of oil molecules between the two droplets and the interaction
energy between SDS molecules of one droplet and the oil
molecules of another droplet. Fig. 7a shows the interaction
energy between the oil groups of two droplets in the electro-
coalescence process with different electric eld strengths. The
hexadecane molecule is electrically neutral, therefore, the
interaction between oil groups of two droplets can be regarded
as a short-range interaction though it has a very small electric
oment of (a) SDS molecules and (b) hexadecane molecules.
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Fig. 7 Time evolutions of (a) interaction energy between oil groups of two droplets and (b) distance of two oil droplets.
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dipole moment induced by electric eld. The interaction energy
is almost zero before the two oil groups begin to contact. The
interaction energy decreases as soon as the hexadecane mole-
cules of the two droplets begin to make contact with each other.
And the interaction energy value continues to decrease as the
electrocoalescence process went on. The higher the electric eld
intensity, the better the droplets coalesce and the lower the
interaction energy. The interaction energy value is always equal
to zero in the case of 0.4 V nm−1 because of the noncoalescence
of the two droplets. The time when the interaction energy
decreases from zero corresponds to the time that the two
droplets begin to collide. Fig. 7b shows the time evolutions of
distance of the two oil droplets. The two droplets quickly
approach each other when the electric eld just is applied to the
system. As time goes on, the rate at which the droplets
approaches slows down. The distance of the two oil droplets
remains relatively stable aer 900 ps in the case of 0.4 V nm−1,
which is consistent with the results that the two droplets do not
coalesce, as Fig. 4a shows. The times when the distance of the
two oil droplets is zero for the case of 0.5 V nm−1, 0.6 V nm−1,
and 0.7 V nm−1 are at 1150 ps, 740 ps and 610 ps, respectively.
Fig. 8 Time evolutions of (a) interaction energy between surfactantmole
SDS molecules of right droplet and the oil molecules of left droplet.

30664 | RSC Adv., 2022, 12, 30658–30669
They are consistent with the time that the interaction energy
decreases from zero, as Fig. 7a shows.

Fig. 8a shows the interaction energy between surfactant
molecules of the right droplet and the oil molecules of the le
droplet in the electrocoalescence process with different electric
elds. The interaction between SDS and hexadecane molecules
gradually becomes stronger as the two droplets slowly approach
each other because of the long-range interaction of these two
kinds of polarized molecules. When the SDS molecules contact
with oil molecules, the weak interaction begins to work and the
interaction energy begins to decrease rapidly. The interaction
energy continues to decrease as the molecules make better
contact. This is consistent with the time evolutions of distance
of SDS molecules of the right droplet and the oil molecules of
the le droplet, as shown in Fig. 8b. It is clear that surfactant
molecule of one droplet comes into contact with the oil of
another droplet earlier than the oil molecule. The two droplets
aggregate more and interact stronger as electric eld increases.
The interaction energy value is almost constant in the case of
0.4 V nm−1 because of the noncoalescence of the two droplets.

Fig. 9 shows the electrostatic energy of the surfactant mole-
cules on the surface of the two droplets during the
cules of right droplet and the oil molecules of left droplet (b) distance of

© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04731d


Fig. 9 The electrostatic energy of the surfactant molecules of the two
droplets.
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electrocoalescence process. The interaction of SDS molecules
between the two droplets is a long range force because the
molecule is negatively charged. It is determined by the shape
and distance of the two droplets and the distributions of the
SDS on the surface of the droplets. At the beginning, the elec-
trostatic energy increases rapidly due to the rapid approach of
two droplets. The electrostatic effect remains almost unchanged
as time going on. The stronger the electric eld, the stronger the
electrostatic effect.

Ichikawa et al.5 regarded charged O/W emulsion droplets as
metal particles with approximately innite number of charges
Fig. 10 The instantaneous configurations of SDS molecules when (a) n
touch in electric field, and (d) two droplets has coalesced in electric fiel

© 2022 The Author(s). Published by the Royal Society of Chemistry
and explained the behavior of O/W emulsion electrocoalescence
theoretically. In fact, the charged surfactant molecule not only
moves on the interface of the droplet but also deforms under
the actions of the electric eld. Fig. 10 shows the instantaneous
congurations of SDS molecules at the edge of the droplets
when electrical eld is 0.5 V nm−1. At the initial state, all
surfactant molecules adsorb on the surface of hexadecane
droplets. The chain of the surfactant molecules is almost
perpendicular to the surface of the droplet and the total electric
dipole moment is zero without the presence of a electric eld, as
shown in Fig. 10a. When the electric eld is applied, all SDS
molecules have a tendency to align with the external electric
eld. But the conguration and movement of the SDS are
determined by interactions between surfactant molecules along
with interactions between surfactant molecules and oil/water
molecules and the force exerted by the applied electrical eld.
The negatively charged surfactant headgroup of the SDS is
subject to a force opposite to the direction of the electric eld,
while the tail remains in the oil phase. Therefore, this molecule
is bent and begin to move to the le end of the droplet, as
shown by marked molecule in Fig. 10b. At this moment, the
electric dipole moment of this molecule begin to decrease.
When the two droplets are close enough to each other to make
contact, the headgroup on the facing end of the right droplet is
bent because of the repulsion from the oil phase of another
droplet, though the headgroup is still subject to a force exerted
by the electric eld. It means the headgroup of surfactants on
the facing end is pushed aside by the repulsion from the oil
phase of another droplet, as shown by marked molecule in
o electric field, (b) in electric field, (c) two droplets is close enough to
d.
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Fig. 10c. The main interaction that linked the two droplets
together is the interaction between the hexadecane molecule
and the tail of the SDS. Finally, the two droplets coalesce
together and the surfactants redistribute gradually on the
surface of it, as shown in Fig. 10d.
3.3 Behaviors of oil-in-water emulsion droplets stabilized by
surfactant aer electric eld is removed during electro-
coalescence process

From the results above, we know that the merged droplets will
further elongate in the presence of an electric eld. If the electric
eld is strong enough, the droplets will break up and become
small droplets, which could reduce the coalescence efficiency.
Pulsed electric eld is an effective alternative for overcoming this
phenomenon. Experiments have shown that a pulsed electric eld
could drive oil droplets to form oil-droplet chains and coales-
cence.5,19,20 But the microscopic mechanisms of the demulsica-
tion of O/W systems is not clear when the electric eld is removed
or changed. To study the effects of pulsed electric eld on coa-
lescence of O/W emulsion, the behaviors of the droplets are
studied in some cases which the electric eld is removed at
different times during the electro-coalescence process in the 0.5 V
nm−1 electric eld. Electric eld is removed at 600 ps in case 1
when the two droplets obviously do not contact each other. Case 2
is that the electric eld is removed at 1000 ps when the oil groups
of two droplets will contact immediately. Case 3 is that the electric
eld is removed at 1200 ps that the oil groups just touch each
other at that time. And the case 4 is that the electric eld is
removed at 1800 ps when the oil groups are fully coalesced. Fig. 11
shows the dynamic evolution of two O/W emulsion droplets aer
the electric eld is removed in the four cases. The timemarked on
the le is calculated from the time when the electric eld is
removed. Aer the electric eld is shut down, the droplets in case
Fig. 11 Dynamic evolution of two O/W emulsion droplets after the electr
ps; (c) case 3: 1200 ps; (d) case 4: 1800 ps.

30666 | RSC Adv., 2022, 12, 30658–30669
1 do not continue to deform and approach each other. And its
shape gradually returns to a sphere under the interactions among
SDS, hexadecane and water molecules. The droplets become
almost spherical at 500 ps aer the electric eld is removed, as
shown in Fig. 11a. The surfactant molecules gradually become
evenly distributed over the surface again. Fig. 11b shows the
simulation snapshots of the two O/W emulsion droplets in case 2.
The behaviors of the two droplets are similar to that of Fig. 11a.
The interaction energy of oil molecules between the two droplets
and the interaction energy between SDS molecules of one droplet
and oil group of another droplet are both zero still, though they
likely made contact, as shown in Fig. 7a and 8a. The droplets do
not continue to deform and approach each other. The two drop-
lets gradually return to a sphere aer the electric eld is shut
down. Fig. 11c shows the simulation snapshots of the two O/W
emulsion droplets in case 3 where the two droplets just coa-
lesce. The corresponding interaction energy of oil molecules
between the two droplets and the interaction energy between SDS
molecules of one droplet and oil group of another droplet are
both less than zero. Because of the interactions between hex-
adecanemolecules of the two oil groups and interactions between
SDS and hexadecane molecules, the two droplets continue to
merge even aer the electric eld has been shut down. And
merged droplet eventually becomes a sphere 3000 ps aer the
electric eld has been removed, as Fig. 11c shows. This
phenomenon is helpful to avoid the oil chain formation in direct
current electric elds. Fig. 11d shows the results of the two O/W
emulsion droplets in case 4 where the electric eld is removed
at 1800 ps when the oil groups were fully coalesced. There is no
doubt that the merged droplet gradually becomes a sphere aer
the electric eld is removed. Therefore, these droplets can grow to
a certain size to be separated by gravity aer one or several cycles
of applying and removing the electric eld.
ic field is removed at different time: (a) case 1: 600 ps; (b) case 2: 1000

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 The degree of droplet deformation after electric field is
removed.

Fig. 13 Distance of oil droplets in case 1 and 2.
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From the above results, it can be concluded that the coa-
lescence process can continue even aer the electric eld is
removed if the two droplets have already begun to coalesce.
Otherwise, the coalescence process cannot be completed. To
enhance the efficiency of electrocoalescence of O/W emulsion,
Fig. 14 Time evolutions of z-component of electric dipole moment of
removed.

© 2022 The Author(s). Published by the Royal Society of Chemistry
strength, frequency and duty ratio of electric eld have to be
optimized together according to the properties of emulsion.

Fig. 12 shows the degree of deformation of the droplet in the
above four cases. The droplets slowly change from an ellipsoid
to a sphere under the interaction of hexadecane, surfactant and
water molecules whatever they are coalesced or not when elec-
tric eld is shut down. Therefore, the degree of deformation of
the droplet of case 1 and 2 decreases with time and is equal to
zero at about 1300 ps aer the electric eld is removed. But for
case 3 and 4, because the coalesced droplet slowly becomes
a sphere, the isolated droplets before coalescence become
hemispherical. Therefore, the degree of deformation of the
droplet of case 3 and 4 eventually becomes negative.

Fig. 13 shows distance of two oil droplets in case 1 and 2
when electric eld is removed. The case 3 and 4 are omitted
because the droplet is always coalesced during the simulation
time. Because the droplets slowly change from ellipsoid to
sphere when electric eld is removed, the distance of two oil
droplets increases with the time for case 1 and 2. The distance
becomes relatively stable at about 1000 ps aer the electric eld
is removed. And the nal distances of the two oil droplets are
almost same for case 1 and 2.

With the removal of electric eld, the SDSmolecules begin to
redistribute on the oil/water interface under the interactions
between SDS and oil–water system whatever they are coalesced
or not. The chain of the molecule is almost perpendicular to the
surface of the droplet with the negative charged head of SDS
molecule in the water phase. Therefore, the dipole moments of
SDS decrease to zero gradually, as shown in Fig. 14a. The
displacement polarization of hexadecane molecules dis-
appeared and the dipole moments of hexadecane molecules
decrease to zero rapidly with the removal of electric eld, as
shown in Fig. 14b. As the results of Section 3.1, the structure of
droplet with a negative charge and hydrophilic shell helps to
prevent the coalescence of two droplets and stabilize O/W
emulsions. Electric eld has to be applied to the system for
further demulsication. Optimizations of strength, frequency
and duty ratio of electric eld have to be done to efficiently
demulsify the emulsions.
(a) SDS molecules and (b) hexadecane molecules after electric field is
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4. Conclusions

To explore the demulsication probability of O/W emulsions
stabilized by surfactant in the presence of electrical elds by
using MD simulation method, the deformation and coalescence
of two O/W emulsion droplets are analyzed when a uniform
electric eld is applied and removed. And the electric dipole
moment of surfactant, the interaction between surfactant and
oil molecules and the deformation of surfactant are studied
thoroughly to understand the microscopic mechanism of elec-
trical demulsication of O/W emulsion. The main conclusions
are as follows.

(1) The method of electrical demulsication is feasible for O/
W emulsions stabilized by ionic surfactants.

(2) The O/W emulsion droplets deform and elongate along
the direction of electric eld because of the forces acted on the
surfactant molecules by the external electric eld. For the
system discussed above, two droplets will coalesce into one
within 3 ns when the strength of electric eld exceeds 0.4 V
nm−1. A daughter group of SDS molecules will be generated
from the coalesced droplet when electric eld is larger than 0.6
V nm−1.

(3) SDS molecules have a tendency to align with the external
electric eld. The conguration and movement of the SDS are
determined by interaction between SDS molecules, interaction
between SDS and oil/water molecules and the force exerted by
the applied electrical eld. The point that interaction energy
between the hexadecane molecules of the two droplets begin to
decrease from zero is consistent with the time when the two oil
droplets begin to make contact. The interaction energy between
the hexadecane molecules of one droplet and SDS of another
droplet is similar to this.

(4) The coalescence process can continue aer electric eld
is removed if the two droplets have begun to coalesce. Other-
wise, the coalescence process cannot be completed. To enhance
the efficiency of electrocoalescence of O/W emulsion, strength,
frequency and duty ratio of electric eld have to be optimized
together according to the properties of emulsion.
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