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ABSTRACT: This work builds a three-dimensional (3D) simulation model and studies the electrokinetic velocity of a microparticle
adsorbed at a horizontal oil/water interface in an infinite domain. The effects of the interface zeta potentials, the electric field, the oil
dynamic viscosity, and the contact angle between the particle and the oil/water interface are investigated in detail. The results show
that in an infinite oil/water interface system, both the negatively charged mobile oil/water interface and the negatively charged
particle adsorbed to it move toward the positive electrode of the DC electric field, and the particle velocity increases along with the
contact angle, the electric field strength, and the absolute values of negative zeta potential of both the particle and the oil/water
interface. When the oil/water interface is positively charged with a relatively small zeta potential, the negatively charged
microparticle also moves in the opposite direction of the electric field. The larger the oil dynamic viscosity, the smaller the
electrokinetic velocity of the microparticle at the interface. Additionally, the numerical simulation results are compared with the
reported experiment results under the same conditions, and they have good agreement.

1. INTRODUCTION

Electrokinetic phenomena are widely used for manipulating
cells and micro-and-nano-particles for biological or chemical
analysis.1−3 For a charged microparticle absorbed at a
horizontal oil/water interface in an infinite domain, after a
DC electric field is applied to the water domain in a direction
tangent to the interface, owing to the electrokinetic
phenomena produced at the interfaces with charge, the mobile
oil/water interface and the particle at the interface will move,
which can be used to sort and manipulate microparticles at a
liquid−fluid interface. Many potential and valuable applica-
tions, such as water purification and sewage disposal, could be
developed from the above phenomena.
Generally, the surface charges could attract the counterions

in an aqueous solution and engender the electric double layer
(EDL) near the surface. Then, the electrokinetic phenomenon
will be generated in the EDL by an applied electric field.4

Research shows that the liquid−fluid interfaces are usually
charged,5−11 so the EDL can form near an oil/water interface.
When a DC electric field is applied to the water phase in a
direction tangent to the oil/water interface, the electroosmotic
flow (EOF) will form near, and the interface charges will suffer

a force derived from the DC electrical field, causing the
movement of the interface. Gao et al.12 developed a model and
conducted a detailed study on the electrokinetic phenomenon
generated at a charged liquid−fluid interface in a rectangular
microchannel. Subsequently, Lee et al.13,14 experimentally
verified Gao’s model for the two-liquid electrokinetic
phenomenon. Other two-phase electrokinetic phenomenon
studies can be found in refs 15−18.
Owing to the electrokinetic phenomenon formed at the oil/

water interface, a charged microparticle at the interface will be
affected by an electric force from the DC electric field, and two
hydrodynamic forces produced simultaneously by the water
and oil, thereby making the particle move at the interface. Till
date, many published papers report the spontaneous behavior
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of particles at one interface in the absence of the electric
field,19−27 and, however, very few studies present the
electrokinetic behavior of a single microparticle adsorbed at
one interface. Boneva et al.28 experimentally observed the
motion of an individual glass particle adsorbed at the water/
tetradecane interface under an electric field applied to the
tetradecane phase. In the water phase, there is no EOF because
of the inexistence of the electric field. Therefore, the motion
mechanism of the interfacial particle in their study is different
from that in this work. Li and Li29,30 experimentally found that
positively charged nanoparticles absorbed at an oil droplet
surface move toward the negative electrode of the DC electric
field and congregate on one side of the droplet but did not
discuss the effect of the interface electrokinetic phenomenon
on the particle motion in detail.
If the oil/water system is in a microchannel, the motion of

the interface will be influenced by the EOF formed on the
channel wall. In contrast, if the system is infinite, the distance
between the wall EOF and the oil/water interface is so far that
they do not interact with each other. Therefore, the
electrokinetic behavior of a microparticle adsorbed at one
horizontal interface in an infinite domain is quite different from
that in a microchannel. We have previously carried out a
detailed theoretical study on the electrokinetic velocity of a
single microparticle at a horizontal oil/water interface in a
microchannel and found the negatively charged oil/water
interface and microparticle usually all move toward the
negative electrode of the DC electric field applied to the
water.31 Zhang et al.32 carried out an experimental
investigation on the electrokinetic behavior of a polystyrene
particle at the dodecane/water interface with an infinite
domain and found the particle at the interface moves toward
the positive electrode of the DC electric field. However, some
parameters, such as the interface zeta potentials and the
contact angle between the particle and the interface, are hard
to adjust due to the limitation of the experimental conditions
and still need further study and theoretical analysis.
This work develops a theoretical model and numerically

investigates the electrokinetic velocity of a microparticle at the
horizontal oil/water interface in an infinite domain for the first
time. The influence factors, such as the contact angle between
the particle and the oil/water interface and the interface zeta
potentials, are emphatically studied and analyzed. Furthermore,
to verify the model established in the paper, the numerical
simulation results are also compared with Zhang’s experiment
results.

2. OIL/WATER INTERFACE SYSTEM AND A
THEORETICAL MODEL

Figure 1 displays the infinite oil/water interface system studied
in this work. The center of the horizontal oil/water interface is
set to be the coordinate origin. The heights of the oil domain
and the water domain are the same and denoted by H. A
spherical microparticle with radius R = 5 μm is adsorbed at the
oil/water interface, and θ stands for the contact angle between
the particle and the interface (see Figure 1). The contact angle
(θ) determines the location of the microparticle at the oil/
water interface. θ < 90° means the particle is relatively
hydrophilic, and a hydrophobic particle usually has a larger
value (θ > 90°). In other words, the smaller the contact angle,
the larger the immersion depth (D) of the particle in the water.
ζp is the particle zeta potential, and ζi denotes the zeta
potential of the oil/water interface. The larger the zeta
potential value, the greater the surface charge density.
Additionally, if the zeta potential value is negative, the surface
is negatively charged. As shown in Figure 1,33,34 EDLs will be
generated near the interfaces due to the interaction between
interface charges and ions distributed in the water. After the
DC electric field (E) is applied to the water along the x-axis,
the electrokinetic phenomenon will form near the oil/water
interface, driving the interface and the corresponding particle
to move. Thus, the theoretical model is as follows.
The distribution of the DC electric potential (V) field is

described using the Laplace equation

∇ =V 02 (1)

The relationship between the electric potential and the
electric field strength (E) is as follows

= −∇E V (2)

In the water domain, the right boundary is grounded, and a
voltage that determines the electric field strength is applied on
the left.
Owing to the surface charges and the accumulated

counterions, the net charge density is not zero in EDLs. The
Poisson−Boltzmann (PB) equation35 governs the distribution
of the electric potential (ζ) in EDLs

ζ
ρ

ε ε
∇ = −2 e

0 (3)

where ε0 = 8.85 × 10−12 F/m is the vacuum permittivity, ε =
80 is the relative permittivity of the water, and ρe is the local
net charge density, given by

Figure 1. Schematic diagram of the oil/water interface system.
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where ζ denotes the local electric potential in the EDL; z = 1
(this model assumes the electrolyte in the water phase is KCl)
and e = 1.602 × 10−19 C are the absolute value of ionic valence
and the elementary charge, respectively; n∞ = C0NA (NA =
6.022 × 1023 mol−1 is the Avogadro constant, and C0 = 0.001
mol/m3 is the ionic concentration.) stands for the ionic
number concentration in the water phase; kB = 1.38 × 10−23 J/
K is the Boltzmann constant; and T = 298 K is the absolute
temperature. The corresponding boundary conditions are as
follows

ζ ζ= i (5)

at the oil/water interface marked with red color

ζ ζ= p (6)

at the particle/water interface marked with green color.
The flow field is determined by the well-known Navier−

Stokes (NS) equation and the continuity equation. Their
steady-state expressions are as follows

ρ μ·∇ = −∇ + ∇ +U U U Fp 2
(7)

∇· =U 0 (8)

where ρ and μ denote the density and the dynamic viscosity of
the liquid, respectively; p is the pressure, F is the body force,
and U is the velocity vector.
As the DC electric field applies an electric force to the net

charges in the EDLs, the NS equation in the water phase is
given by

ρ μ ρ·∇ = −∇ + ∇ +U U U Epw w w w
2

w e (9)

where ρw = 1000 kg/m3 and μw = 0.001 Pa.s are the density
and the dynamic viscosity of the water, respectively, and Uw is
the velocity vector of the water.
Since the DC electric field is only applied to water, and the

EDL cannot form in the oil, the oil does not suffer the electric
force. Therefore, for the oil, the NS equation is simplified to

ρ μ·∇ = −∇ + ∇U U Upo o o o
2

o (10)

where ρo = 900 kg/m3 and μo = 0.001 Pa.s are the density and
the dynamic viscosity of the oil, respectively, and Uo is the
velocity vector of the oil.
In this model, the water and oil flow are dependent on the

electrokinetic phenomenon, and all boundaries are free from
external pressure. Thus, there should be zero pressure
boundary conditions on the inlet and outlet boundaries of
the oil and water domains.
Since the energy of the EOF is low, the effect of the EOF

becomes weak when the distance from the surface is large
enough. In this work, the domain of the oil/water interface
system is infinite, namely that the distance between the
interface and the bottom boundary is large enough, which
means the EOF generated on the bottom does not affect the
mobile oil/water interface. Thus, the simplified no-slip
boundary condition was applied at the top and bottom
boundaries. At the two side boundaries, the conditions of no
viscous stress should be satisfied. Furthermore, there should be
no flow across the side boundaries.

In this model, the key is the setting of the boundary
condition at the oil/water interface. The impressed DC electric
field exerts the electric force on interface charges, making the
interface move. Furthermore, the movement of the interface is
also affected by the shear stress from the nearby EOF. Owing
to the viscous effect, the oil moves with the movement of the
mobile interface and, meanwhile, applies shear stress to the
interface to prevent the interface from moving. Therefore, at
the oil/water interface, velocity continuum (eq 11a) and shear
stress balance (eq 11b) should be met12,36,37

=U Uw o (11a)

μ μ σ
∂
∂

−
∂
∂

= ⊥
U U

E
n nw

w
o

o
i (11b)

In eq 11b, n denotes the normal direction to the oil/water
interface; the term σiE⊥ is the electric stress acting on the
interface, where E⊥ is the tangential component of the DC
electric field at the interface, and σi stands for the interface
charge density, given by35

σ
κ

ζ
= ∞ i

k
jjjjj

y
{
zzzzz

zen ze
k T

4
sinh

2i
i

B (12)

where κ ε ε= ∞n z e k T2 /2 2
0 B denotes the Debye−Hückel

parameter.
It can be seen from eq 12 that the relative permittivity of the

water (ε) greatly affects the charge density at the oil/water
interface. The larger the parameter ε, the higher the charge
density at the oil/water interface. However, the relative
permittivity of the water is about 80 at room temperature.
Thus, the parameter ε is set to 80, and the effect of the
interfacial dielectric property on the interface charges is not
considered in this work.
The EDL also forms near the particle/water interface, but

compared with the particle size (10 μm in diameter), the EDL
is thin and can be ignored. Therefore, to reduce the
computation, this model does not consider the EDL formed
near the particle surface. Instead, Helmholtz-Smoluchowski
velocity (eq 13)4,38 is adopted to reflect the EDL effect.
Correspondingly, eq 6 is replaced by the zero-charge boundary
condition.

ε εζ
μ

= −U E0 s

(13)

where ζs is the zeta potential of the charged surface.
It should be noted that if the EDL produced at the oil/water

interface also be ignored, the eq 11b will be invalid for the
velocity gradient (∂

∂
U
n
w ) in the EDL becomes zero. Therefore,

the EDL of the oil/water interface should be considered via
adopting the PB equation (eqs 3 and 4) and the NS equation
(eq 9).
For the particle/water interface, the boundary condition is as

follows

ε εζ
μ

= −U U Ew p
0 p

w (14)

where Up stands for the particle translation velocity.
Since no EOF forms in the oil domain, the boundary

condition of the particle/oil interface marked with blue color is
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=U Uo p (15)

Once a DC electric field is applied to the water, the interface
electrokinetic phenomenon drives the water and oil to flow.
Thus, the particle will suffer a hydrodynamic force (Fo) from
the oil and a hydrodynamic force (Fw) from the water.
Meanwhile, the charged microparticle suffers an electric force.
If the particle and the EDL formed around the particle surface
are regarded as a whole object, the object is electrically neutral
and only suffers a hydrodynamic force (Fw) from the water. As
the EDL formed near the particle surface is negligible in this
model, the part of the microparticle submerged in water only
experiences the hydrodynamic force (Fw) mentioned

above.39,40 Therefore, the net force (Fp) that makes the
particle move is described as follows

= +F F Fp o w (16)

where the hydrodynamic forces of Fo and Fw are given by

∫ μ= {− + [∇ + ∇ ]}·F I U U nP S( ) dw w w w
T

w (17a)

∫ μ= {− + [∇ + ∇ ]}·F I U U nP dS( )o o o o
T

o (17b)

where I and n are the second-order unit tensor and the unit
normal vector of the boundary, respectively, and Sw and So

Figure 2. (A) Flow velocity profile along the z-coordinate (see the inset in this figure) and (B) flow field on the center plane in the steady state. P1
and P2 denote the moving velocity of the oil/water interface. P1 to P4 and P2 to P3 are the velocity profiles in the EDL formed at the interface.
Arrows are the vector arrows of the flow field, and the color legend displays the magnitude of the dimensionless flow velocity (z* = z / H; U* = U /
Uref and Uref = 100 μm/s).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c05405
ACS Omega 2022, 7, 4062−4070

4065

https://pubs.acs.org/doi/10.1021/acsomega.1c05405?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05405?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05405?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05405?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05405?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


denote the particle surfaces in the water and the oil,
respectively.
It is well-known that when the net force (Fp) acting on the

particle becomes zero, the particle velocity (Up) will become
steady. As mentioned above, the microparticle at the interface
suffers different hydrodynamic forces, resulting in a torque
acting on the particle. However, because the oil/water interface
has a strong surface tension, the particle is anchored at the
interface, and the torque is counterbalanced. For example,
under the conditions of the particle zeta potential ζp = −25
mV, the interface zeta potential ζi = −50 mV, the particle
radius R = 5 μm, the electric field E = 100 V/cm, and the
contact angle θ = 90°, the two hydrodynamic forces the
particle suffers are in the order of magnitude of 10−11 N. In
contrast, for a typical interfacial tension of 50 mN/m,41 the
interfacial tension force the microparticle suffers is in the order
of magnitude of 10−6 N. Thus, this model does not consider
the rotational motion of the microparticle. In this work, the
Joule heating effect is weak and can be ignored because of the
low electric field strength (≤100 V/cm).42 Additionally, since
the polystyrene particle is very common and has a wide range
of applications, this model takes the polystyrene microparticle
as a typical particle. Considering that the polystyrene density is
close to the water,43 for simplicity, this model neglects the
effect of the particle gravity. For the particle with a large
density (e.g., metal particle), the effect of particle gravity on
the interface should be considered.

3. NUMERICAL SIMULATION

A 3D simulation model is built in the software of COMSOL
MULTIPHYSICS to solve the above theoretical model. Since
mesh quality, especially the surface mesh quality of the oil/
water interface and the surface of the microparticle, greatly
affects the accuracy of the numerical result, the steady velocity
of the particle was calculated by changing the mesh number.
The calculation results indicate that when the mesh number is
larger than 260,000, the particle velocity remains almost
constant (see Figure S1 in Supporting Information). Hence,
the mesh number is set to not less than 260,000 in the
simulations.
As the study just focuses on the steady velocity of the

microparticle absorbed at the interface, a simplified simulation
method is proposed, as following: the particle is kept
stationary, and the net force (Fp) acting on the microparticle
is calculated under different values of Up. Then, software can
plot a figure about the evolution of Fp with Up. In this figure,
the Up that satisfies Fp = 0 is the steady particle velocity.
Compared with the traditional method using the time solver,
the above method using the stationary solver can greatly
reduce the computation and effectively save the calculation
time. The model is also verified to evaluate the accuracy of the
setting of the interface boundary conditions and the numerical
method of the particle velocity used in this work. The details
are shown in the Supporting Information.
In this work, the simulation is based on the method of finite

element analysis. The non-equilibrium molecular dynamics
simulation44 may be a better method to investigate the more
in-depth fundamental microscopic mechanism of the electro-
kinetic behavior of a single microparticle at a liquid−fluid
interface.

4. RESULTS AND DISCUSSION

4.1. Flow Field in the Oil/Water Interface System. The
steady flow field of the oil/water interface system under
different interface zeta potentials (ζi) is displayed in Figure 2
(the DC electric field E = 100 V/cm). As shown in Figure 2A,
the negative value U* ( U* = U / Uref, Uref = 100 μm/s)
indicates that the liquid flows toward the positive electrode of
the DC electric field, and the P1 and P2 are the moving
velocities of the oil/water interface. P1 to P4 and P2 to P3 are
the velocity profiles in the EDL formed at the interface.
It is clear that the negatively charged oil/water interface and

the oil move toward the positive electrode of the electric field.
The water outside the EDL, in contrast, flows toward the
negative electrode. It could be understood as follows: it is well
known that for the EOF generated near a solid surface, its
velocity starts from zero at the surface and reaches the
maximum at the EDL outer edge. However, different from a
solid surface, the DC electric field could exert electric stress on
the negatively charged oil/water interface, thereby dragging the
mobile interface to move. Meanwhile, the EOF formed near
the interface drives the water to flow to the negative electrode
of E (see Figure 2B), hence, applies viscous stress to the
interface. The moving oil/water interface drags the oil to flow
with the interface via the viscous effect. Then, the flowing oil
applies another viscous stress to the interface to prevent the
interface from moving. The three stresses mentioned above are
counterbalanced at the interface (eq 11b). Finally, the EOF is
fully developed, and the flow field reaches steady. Compared
with the two viscous stresses produced by the water and oil,
the electric stress acting on the negative charge at the oil/water
interface is greater, so the interface and the oil all move toward
the positive electrode of E. As the interface moving velocity is
smaller than the EOF theoretical velocity (eq 13), the water
outside the EDL still flows in the same direction as E.
Based on eq 12, the larger the zeta potential value, the

greater the interface charge density and, correspondingly, the
higher the electric stress the interface suffers. Therefore, the
oil/water interface moves faster under a higher interface zeta
potential, as shown in Figure 2A; meanwhile, the water driven
by the EOF generated near the interface also has a higher
velocity (see eq 13). In addition, when the absolute values of ζi
and E remain unchanged, the sign of ζi and the direction of E
just affect the flow direction and do not affect the flow velocity
(see Figure S4 of the Supporting Information and Figure 2).
When a negatively charged microparticle is adsorbed at the

negatively charged interface, the particle will suffer an electric
force (opposite direction as E) from the electric field.
Meanwhile, a hydrodynamic force (opposite direction as E)
from the oil and a hydrodynamic force (same direction as E)
from the water are also exerted on the particle (see “Abstract
Graphic”), resulting in the motion of the particle at the
interface. Therefore, the particle motion is greatly affected by
the interface zeta potentials, the electric field, and the contact
angle between the particle and the interface. In the following
sections, the above key factors will be discussed in detail.

4.2. Effects of Interface Zeta Potentials on the
Particle Velocity. Figure 3 shows the influence of the zeta
potential of the oil/water interface (ζi) on the microparticle
motion under the conditions of E = 100 V/cm, ζp = −25 mV,
and θ = 90°. Obviously, in an infinite oil/water interface
system, the negatively charged microparticle at the negatively
charged interface moves toward the positive electrode of E,
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and its velocity rises with the absolute value of ζi. When the
oil/water interface is positively charged with a relatively small
zeta potential, the negatively charged microparticle also moves
toward the positive electrode of E, and its velocity decreases
with ζi. The results could be understood as follows.
It can be observed in Figure 2 that the magnitude of the oil

velocity is a little larger than that of the positive water velocity
near the interface. Accordingly, the net hydrodynamic force,
originated from the electrokinetic phenomenon generated at
the interface, acting on the microparticle, is negative. Besides,
under the effect of the DC electric field, the negatively charged
microparticle is subjected to an electric force. Thus, the
particle moves toward the positive electrode of the electric
field. In Figure 2A, when the parameter ζi increases from −20
to −50 mV, the absolute value difference between the largest
oil velocity and the largest water velocity rises from about 0.05
(the difference between absolute values of P2 and P3, as shown
in Figure 2A) to about 0.26 (the difference between absolute
values of P1 and P4, as shown in Figure 2A), engendering the
increase in the abovementioned net hydrodynamic force. Thus,
the particle moving velocity increases with the absolute value
ζi. When ζi becomes positive, the net hydrodynamic force
mentioned above also becomes positive and increases with ζi,
resulting in the decline of the net force (opposite direction as
E) acting on the particle. Accordingly, the particle moving
velocity (opposite direction as E) decreases with the positive
ζi, as shown in Figure 3.
If the DC electric field and the interface zeta potential

remain constant, the flow field distribution and the
corresponding net hydrodynamic force the microparticle
suffers are fixed. Furthermore, the electric force the micro-
particle suffers increases linearly with the particle zeta potential
(ζp), for the particle surface charge increases linearly with ζp.

35

Thus, one can easily understand that the particle velocity is
proportional to the particle zeta potential (see Figure 4).
Comparing Figures 3 with 4, it can also be found that

although the interface zeta potential has a great impact on the
two-phase flow field (see Figure 2), its influence on the net
hydrodynamic force is weak, as discussed above. Therefore, the
effect of interface zeta potential on the particle velocity is
weaker than that of the particle zeta potential.
Additionally, considering that one surface zeta potential will

change with the concentration in reality,45−47 and the effect of
the concentration on the particle electrokinetic velocity is

mainly reflected in its influence on the surface zeta potential,
this work just focuses on the effect of the zeta potentials of the
particle and the water/oil interface and does not carry out the
study of the effect of the concentration under fixed surface zeta
potentials.

4.3. Effect of DC Electric Field on the Particle
Velocity. The dependence of the DC electric field (E) on
the particle velocity under different contact angles between the
particle and the interface is shown in Figure 5A. Clearly, the
microparticle velocity linearly increases with E. First, with the
increase in E, the velocities of both the water and the oil
increase linearly because of the linear increase in the EOF
velocity (see eq 13) and the electric stress (see eq 11b),
resulting in the linear increase in the net hydrodynamic force
exerting on the microparticle. Second, the electric force the
particle suffers also linearly rises with E. Therefore, the results
are easily understood in Figure 5A.
The particle material and the liquid are two key factors that

determine the contact angle between the microparticle and the
interface.48,49 This work takes 60° (hydrophilic), 90°, and 120°
(hydrophobic) as three typical examples. As this work
considers that the oil/water interface remains horizontal, the
relationship between the immersion depth (D) and the contact
angle (θ) is D = (1 + cos θ)R. Thus, the corresponding
immersion depths of the contact angle 60, 90, and 120° are
1.5R, R, and 0.5R, respectively.
As shown in Figure 5A, when the electric field remains

constant, the particle velocity increases with the contact angle
(θ). The reasons are as follows. The higher the contact angle
(θ), the larger the contact area of the microparticle with oil and
the corresponding force Fo (opposite direction as the electric
field E) from the oil to the microparticle (see Figure 5B). The
variation of the force (Fw) acting on the particle/water
interface with θ is a little complicated. With the increase in θ,
the contact area of the microparticle with water and the
corresponding hydrodynamic force (positive direction as E) of
the water to the microparticle will decline, while the electric
force (negative direction as E) acting on the particle also
decreases. From Figure 5B, it can be seen the direction of the
force Fw is different under different contact angles, but the net
force Fp remains in the opposite direction as E and increases
with θ. Therefore, the microparticle moves faster with θ under
the same electric field.

Figure 3. Dimensionless particle velocity as a function of the zeta
potential of the oil/water interface. The negative value Up* (Up* = Up
/ Uref, Uref = 100 μm/s) means the particle moves toward the positive
electrode of the DC electric field, the same below.

Figure 4. Dimensionless particle velocity as a function of the particle
zeta potential.
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4.4. Effect of Oil Dynamic Viscosity on the Particle
Velocity. In the above sections, the dynamic viscosities of the
water and the oil are set to be the same value (μw = μo = 0.001
Pa.s). If the dynamic viscosities are different, what will happen?
Figure 6 displays the relationship between the oil dynamic

viscosity and the microparticle moving velocity. It can be found
that with the increase in the oil dynamic viscosity μo, the
particle velocity declines and finally approaches zero. This
phenomenon mentioned above could be explained as follows.
When the dynamic viscosity of the oil (μo) is large enough,

the flow resistance of the oil will become quite large; as a
result, it is hard for the electrokinetic phenomenon generated
at the interface to drive the interface and the corresponding oil.
Accordingly, the microparticle seems to be fixed and almost
cannot move at the interface. Therefore, it is not difficult to
understand the result, as shown in Figure 6.

5. COMPARISON AND VERIFICATION
Zhang et al.32 experimentally investigated the electrokinetic
velocity of a polystyrene microparticle attached at a dodecane/
water interface in a large container. The dynamic viscosity of
dodecane used in their study is about 0.00136 Pa.s at room
temperature. Their observations display that the contact angle

between the polystyrene microparticle (10 μm in diameter)
and the dodecane/water interface is about 140°. In their work,
the reported zeta potentials of the polystyrene particle and the
dodecane/water interface are −98 and −70 mV, respectively.
To verify the theoretical model established in this paper, the

numerical simulation results obtained from this model are
compared with Zhang’s experiment results under the same
conditions, as shown in Figure 7. The numerical study shows

that the negatively charged particle moves toward the positive
electrode of the electric field at a negatively charged interface,
which matches Zhang’s experiment results. Furthermore, the
numerical simulation results for the electrokinetic velocity of a
microparticle at the interface also agree with Zhang’s
experiment results. It should be pointed out that the electric
field strength utilized in Zhang’s experiment is weak (less than
10 V/cm). As the electric field strength increases, the Joule
heating effect will become stronger, affecting the interface
electrokinetic phenomenon and the particle velocity. Thus,
when a strong electric field is applied, it is necessary to
consider the Joule heating effect.

Figure 5. Dimensionless particle velocity as a function of electric field strength (A) and forces acting on the particle (B) under different contact
angles.

Figure 6. Dimensionless particle velocity as a function of oil dynamic
viscosity.

Figure 7. Comparison between the numerical results and Zhang’s
experiment results.32 Reprinted from Journal of Colloid and Interface
Science, 509, Zhang, J.; Song, Y.; Li, D, Electrokinetic Motion of a
Spherical Polystyrene Particle at a Liquid−Fluid Interface, 432−439,
Copyright (2018), with permission from Elsevier.
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Additionally, this work considers that the microparticle is
lowly charged with a relatively small zeta potential (−5 ∼ −25
mV), so the impact of the microparticle surface charge on the
oil/water interface is ignored. In the case of a strong electric
field, the interaction between a highly charged particle and the
interface may become strong and should be considered.
Overall, the model is verified qualitatively and can be further
improved to satisfy different situations.

6. CONCLUSIONS
This work investigates the electrokinetic velocity of a charged
microparticle at a horizontal oil/water interface in an infinite
domain via a 3D simulation model. When a DC electric field is
applied to the water along with the oil/water interface, the
electrokinetic phenomenon formed at the charged interface
drives the mobile interface to move, dragging the particle at the
interface to move. The zeta potential, as well as the electric
field, greatly affects the electrokinetic phenomena generated on
a charged surface, and the contact angle between the particle
and the interface determines the contact area of the
microparticle with water and hence affects the microparticle
motion. Thus, the impacts of these parameters on the particle
velocity are emphatically studied and analyzed in this paper.
The results show that (1) for a negatively charged

microparticle absorbed at a negatively charged oil/water
interface in an infinite domain, the microparticle moves
toward the positive electrode of the electric field, and its
velocity increases along with the absolute values of zeta
potential of both the particle and the oil/water interface, but
the effect of interface zeta potential is quite weaker than that of
the particle zeta potential; (2) if the oil/water interface is
positively charged with a relatively small zeta potential, the
negatively charged microparticle also moves toward the
positive electrode of the electric field, which means that the
direction of particle motion mainly depends on the sign of the
particle zeta potential and the direction of the DC electric
field; (3) the larger the contact angle, the faster the negatively
charged microparticle moves at the negatively charged
interface; and (4) the particle velocity declines with the rise
of the oil dynamic viscosity. This study helps understand the
electrokinetic behavior of microparticles at a liquid−fluid
interface, which could be used in particle manipulation and
material fabrication.
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