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ABSTRACT: The effects of surface-active nanoparticles and
surfactants on the behavior of oil—water interfaces have implications
for a variety of industrial processes related to multiphase flows
including separation processes, enhanced oil recovery, and environ-
mental remediation. In this work, the migration of an oil droplet in
shear flow is investigated with the presence of surface-active
molecules and nanoparticles at the oil—water interface. Pure oil
(heptadecane) in water and oil with the presence of Janus R
nanoparticles (JPs) and/or octaethylene glycol monododecyl ether, Elow o Ll

a nonionic surfactant, were examined using coarse-grained "
computations. The shear flow field was created utilizing a Couette . N ‘M s

flow, where the top wall of a channel moved with a specified velocity % R Rewsie Ly :
and the bottom wall was kept stationary. The dissipative particle

dynamics (DPD) method was applied. The oil drop was placed on the stationary wall, and its displacement was recorded over time.
When surfactants were added at the oil—water interface, the slip of the water over the oil drop was reduced, leading to a larger
displacement of the drop. Moreover, surfactant molecules tended to concentrate toward the rear side of the oil drop rather than the
front as the drop moved in the flow field. The presence of only JPs on the oil—water interface resulted in slower droplet migration. In
the presence of both JPs and surfactants, the effect of JPs on the oil—surfactant—water system was investigated by changing the
number of JPs on the drop surface while keeping the concentration of the surfactant constant. Under the same shear rate, the
droplet’s migration speed increased in the presence of both surfactants and JPs compared to the case of bare oil. The JPs appeared to
follow a repeated pattern of motion while residing close to the solid substrate—oil drop contact line. These findings elucidate the
contribution of both surfactants and JPs on oil drop displacement for enhanced oil recovery or remediation of an oil-contaminated
subsurface.

1

1. INTRODUCTION active species. For instance, surfactants are conventionally used
The motion of liquid droplets is important to a broad range of for ﬂgshing rejsidl?al oil in hyd.rocarbon reservoirs  through
process industries'  and especially the petrochemical sector, chemical flooding in enhanced oil recovery (EOR) processes.
where oil and water are often produced and transported Surfactants can stabilize droplets by reducing the interfacial
. . . 19,20 .
together.”” Several techniques can be exploited to make tension (IFT) at the oil—water interface. In particular,
droplets move, such as electrostatic actuation,”” surface energy octaethylene glycol monododecyl ether (C12E8) is a common
89 . 10-13 L 21 .
gradient,”” or external forcing by shear flow, and several nonionic surfactant used for EOR.”" In our prior research
studies regarding the transportation of droplets have been studies, this surfactant has been employed to explore the effects
performed either experimentally'”'' or computationally.'>"* of surfactants on flat oil—water interfaces®* in the case of
Notably, most previous studies focused on the ?39?7011 of compression of flat interfaces” and on the behavior of the
droplets or bubbles in a cylindrical capillary. For multiphase flow.”* Nanoparticles also affect interfacial

noncylindrical geometries, Horwitz et al. studied the effect of
the dimensionless parameters (Reynolds number and capillary
number) and of the viscosity ratio between the droplet and the
carrier fluid on droplet deformation in a square duct.'® More
recently, Luo et al."” used a three-dimensional front-tracking
finite-difference method to study the effects of the surfactant,
including the reduced surface tension and the Marangoni
stress, on the motion of a droplet in a square microchannel.
An important aspect that needs examination is the presence
of additives or impurities, which may play the role of surface-

behavior, as prior research has demonstrated that nanoparticles
can stabilize emulsions,” can affect substrate Wettability,z‘s’27
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rate for EOR.*® Janus
class of nanoparticles
shown to impact the
and their response to

and can increase the oil recovery
nanoparticles (JPs), which are a
possessing amphiphilicity, are also
properties of fluid—fluid interfaces
applied stresses.”” >

The coexistence of surfactants and nanoparticles on the oil—
water interface has broad applications in energy and environ-
mental areas. Hence, many studies have focused on the
synergies of these surface-active substances.”’ —>” Nourafkan et
al. used nanoparticles (TiO,) as carriers for mixtures of anionic
and nonionic surfactants to control the delivery of surfactants
to the oil—water interface in EOR applications.”” As a result,
the nanoparticles reduced the surfactant adsorption on a
sandstone rock surface, leading to increased oil recovery
compared to chemical flooding with surfactants alone. Vu et
al.*" discussed the impact of nanoparticle surface chemistry on
its adsorption onto a flat interface of an oil—surfactant—water
system. However, most studies have focused on equilibrium
conditions when there is no flow in the system.*”* Under
shear flow conditions, computations based on the lattice
Boltzmann method have shown that nanoparticles or
surfactants adsorbed at the droplet interface display exciting
behavior.** In this study, the drops were suspended in the
middle of a channel and the motion of nanoparticles on the
drop interface and their clustering under shear were
investigated. The particles were spherical, neutrally wetting
particles, which did not distribute homogeneously over the
droplet surface and were found to not affect surface tension.
The effects of shear on the migration of drops attached to a
wall have not been investigated when both surfactants and
nanoparticles are present and when the oil—water interface is
modified. In this work, we seek to quantify the behavior of
surfactants when they adsorb on an oil droplet and examine
the displacement of this droplet immersed in water and under
shear flow, with or without the presence of Janus particles. The
dissipative particle dynamics (DPD) coarse-graining computa-
tional method is applied to simulate a shear flow under
controlled conditions. The main research contributions are (a)
to probe the effects of surfactants located at the oil—water
interface on the migration of an oil droplet, (b) to examine the
effects of JPs on the migration process, and (c) to understand
the physical mechanisms of drop motion in the presence of
both surfactants and Janus nanoparticles.

2. COMPUTATIONAL DETAILS

2.1. Dissipative Particle Dynamics. In a DPD model,
point particles represent clusters of molecules rather than
individual atoms.* The position and velocity of each DPD
particle, which is often called a bead, can be calculated by
Newton’s equation of motion as follows

dr,
—i—y
dt (1)
ﬂ—f—Z(FC+FD+FR
m; FP A ij ij ij
j#i ()

where r;, v; are the position and velocity vectors, respectively,
m; is the mass of bead i, and f; is the force vector acting on bead
i. The total force exerted between two DPD particles i and j
includes three components: the conservative (Fj), dissipative
(F}), and random (Fj) forces*® that can be calculated as
follows

6315

pubs.acs.org/JPCB
a,,[l - i]f' forr. <r
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0 for 1 > 3)
E} = —pw"(r) ()8 (4)
Ejf = ow" ()08 (s)
Here, r; = Ir; — r}, ¥; = (r; — 1)) /r;, v; = v, — v, and r_ is the

cut-off radius indicating the distance over which a bead can
affect its neighbors. The coefficient a; is called the repulsion
coeflicient and is related to the repulsion between the beads i
and j. It controls the type of fluid interactions that are present
in the simulated system, while parameter y is related to friction
(and the fluid viscosity) and o is the amplitude of random
motion of the beads.*” The weight functions w” and w® vanish
for r; > r.. They are related to each other and to the dissipation

parameters, as shown by Espafiol and Warren**

wP(r) = [w(r)]? 6)
and
0® = 2yk,T (7)

where T is the system temperature and kg is the Boltzmann
constant.
The dissipative weight function is determined as

2
o (1 =r)7, forr <r,
w (rij) =
0, forr, > 1,

(8)

Finally, the term 0; is a Gaussian white noise function that is
calculated as

0(1)) =0, (G()0u(t)) = (848 + 6:5)5(t—t)

)
where t is the time, §; is the Kronecker delta, and 6(t — t') is
the Dirac delta function.*®

2.2. Simulation Details. The software package Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS)*’
was used to perform all computations herein. A plane Couette
flow was established in a channel with a height of 21r, (in
dimensionless DPD units). The driving force for the flow was
applied by moving the top wall of the channel with a constant
relative velocity v, while the bottom wall did not move. Using
this process, a well-controlled shear flow field was generated.
The no-slip boundary condition at the walls needed to be
obeyed, while periodic boundary conditions were applied in
the other two directions. Based on previous ﬁndings,24 the no-
slip boundary condition was obtained by satisfying three
conditions: (1) freezing the DPD beads of the walls relative to
each other to create solid walls, (2) applying bounce-back
boundary conditions not exactly at the walls but at a distance
of 0.1 DPD unit away from the walls to prevent fluid beads
from moving through the solid domain, and (3) increasing the
friction coeflicient for the solid—fluid interactions to be twice
that of the fluid—fluid.

Each water bead (W) was generated by lumping together
five water molecules. The oil phase was represented by
heptadecane (C,;Hy;) molecules. In the DPD formulation,
each heptadecane molecule was constructed by three equal oil
beads (O), as designated in Figure 1. For the computations
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Figure 1. Schematic configuration of water, heptadecane, Janus
particle, and CI12E8 surfactant molecule as beads of the DPD
simulations. Oxygen, hydrogen, and carbon are shown as red, white,
and gray spheres, respectively. Cyan is the hydrophilic and pink is the
hydrophobic surfaces of Janus particle beads.

with surfactants, the number of water molecules per bead
increased to six, to ensure that the volume of the beads in all
substances was comparable. The C12E8 surfactant molecule
was represented by two hydrophobic tail (T) beads and four
hydrophilic head (H) beads. Based on the C12E8 molecular
structure, the tail—tail—head angle was fixed at 180° and all
other angles between the beads were kept at 130° to meet the
need for interfacial stability (see ref 22 for details). In the
simulations, the JPs were considered spherical particles,
consisting of two faces with distinct wetting properties. The
JP beads were arranged with the distance between two
neighboring beads set to 0.307. and the JP diameter was set at
4r. (~3.64-nm-diameter particles because the length scale (r.)
of the computations was calculated to be 0.91 X 107 m). The
conversion of time and length scales from DPD units to
physical units is shown in Table 1. The NVE ensemble was
used with temperature rescaling every 200 time steps and the
Mach number for the computations was always less than 0.12.
The schematic configuration of all species used in the DPD
simulations is shown in Figure 1.

When the surfactant surface concentration is high, some
surfactant molecules can partition out of the interface and
create micelles in the water Pha\se.SO Following the procedure
detailed in our earlier work,>” the repulsion parameters used in
the present study for the case of CI12E8 at the oil—water
interface, and the JPs at the oil—water interface, are listed in
Table 2.

The Couette flow simulations were performed in a
computational box with dimensions 50 X 30 X 2177, in the
x, y, and z directions (see Figure 2). The DPD water beads
were placed between the two parallel solid plates in random
locations. The computational domain shown in Figure 2
consisted of 4,788 wall beads and 156,000 fluid beads, and the
density of the fluid in DPD units was S (i.e, the number of
DPD beads per 1 unit volume of the simulation).* The

Table 2. Details of the Various Repulsion Parameters (a,-]-)
Used in the Simulations”

H T w O Pho Phi Wall
H 15 25 14 25 54 15 35
T 15 54 14.5 15 54 15.5
w 15 100 54 15 25
O 15 15 54 20
Pho 15 54 15.5
Phi 15 35
Wall 15

“H and T represent the head and tail of the C12E8 surfactant, while
W and O symbolize water and oil, respectively. The JPs include
hydrophobic (Pho) and hydrophilic (Phi) beads.

surfactants and Janus particles were added to the surface of the
oil droplet. The simulation time step was set to At = 0.02 in
DPD units, and the total number of steps was 1,000,000 with
an additional 10,000 time steps for the start-up period to reach
equilibrium with no flow. Snapshots of the system were
visualized by the visual molecular dynamics (VMD) software.>"

2.3. Verification of Computations: Contact Angle and
Size of Oil Droplets. The contact angle of a droplet is
typically used to quantify the wetting of a solid by a liquid.
Here, we present the contact angle for the oil droplet on the
solid substrate; therefore, when the contact angle for the oil
and the solid is smaller than the right angle (6,; < 90°), the
surface is hydrophobic; if the droplet has a large contact angle
(6.5 > 90°), the oil droplet does not wet the solid wall and the
surface is hydrophilic.

The surface tension between the fluids and the solid is
related to the contact angle with Young’s equation as follows

Yow ~ Yso = Yow <08 bh (10)

where ygy is the solid wall-water surface tension, ysq is the
solid wall—oil surface tension, ygyw is the oil—water surface
tension, and 6, is the equilibrium three-phase contact angle of
the oil drop on the solid substrate surrounded by water.

The fluid—fluid interfacial tensions, yow, can be computed in
the DPD computations based on the Kirkwood—Buff virial
pressure method and the following formula®

1 1

Tow = ELZ Pzz - Z(ch + Pyy) (11)

Separate DPD simulations were conducted to calculate the
surface tensions in eq 10. Layers of oil and water were
distributed in a periodic box, thus two oil—water interfaces
were employed to calculate the surface tension between oil and
water, yow, using eq 11."7 The solid—fluid surface tensions
were not calculated directly, instead their difference shown on
the left-hand side of eq 10 was calculated. Two simulations
were conducted for this purpose, one with the oil phase only
and another with the water phase only between two solid walls,
to obtain the quantity shown on the right-hand side of eq 11

Table 1. Scaling Factors for DPD Computations

additive on the number of water molecules in one

interface density bead
C12E8 S 6
CI12E8 + JPs S 6
JPs N N
none S N

mass scale

length scale time scale

temperature scale

(107 kg) (107'° m) (K) (1072s)
1.80 9.66 298 6.38
1.80 9.66 298 6.38
1.50 9.09 298 5.48
1.50 9.09 298 5.48
6316 https://doi.org/10.1021/acs.jpcb.2c03670
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(Y

Figure 2. Snapshot of the oil droplet in the channel for various systems studied: (a) oil in water; (b) oil, water, and surfactant; (c) oil, water, and
Janus nanoparticles; and (d) oil, Janus nanoparticles, surfactants, and water system. The wall, water, and oil beads are shown as ocher, blue, and
yellow, respectively. Cyan color is representing the hydrophilic part of the JP, while pink is used for the hydrophobic face. Purple and green
represent the tail and head beads of the surfactant, respectively.
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Figure 3. Equilibration of an oil drop (1944 oil molecules) on a solid wall at different stages of the DPD computation. (a) Drop after S00 time
steps, (b) 1000 time steps, and (c) 10,000 time steps; (d) contact angle of the oil droplet in the water phase during the simulation time and (e)
contour plot of oil droplet density at equilibrium.

for each of the cases of wall—oil and wall-water. The 100 90

difference between these two, which is the quantity on the left- @ I ()
hand side of eq 10, was then calculated. Following the start-up '%90 ] 280 % :
period for each of these simulations, the interfacial tension %80 | e il %

values were determined every 100 time steps of the simulation g 270

and then averaged for 1,000,000 steps. These results were 870 g

converted from the DPD units to real-world units using a g S 60

scaling factor k determined as k = ﬁ = 498 mN/m. As ®

a result, the interfacial tension value of heptadecane—water was 20 1 3000 4000 WG B %0 30x30x21 40x30x21 S0x30%21
computed as yow = 53.33 mN/m, which compares well with Number of il molecules Box size

the experimentally reported value of yow = 53.20 mN/m,**
while 75y — 750 = 8.42 mN/m. Using these values and eq 10, Figure 4. Dependence of the oil drop contact angle on the solid wall
the contact angle for the oil droplet on the solid wall was on the (2) number of oil molecules (box size: x Xy Xz=50X30X
calculated to be 6, = 80.9°. 21) and (b) size of the simulation box (1944 oil molecules).

To validate the computations, the contact angle of the oil
droplet was also determined from the steady-state results of the
DPD. The contact angle value for the oil drop reached
equilibrium within 10,000 time steps in the computations (see
Figure 3a—d). Finally, the contact angle of a drop on a flat

82.0° + 1.6 for all cases studied with the number of oil

molecules increasing from 972 to 6,048 molecules. As shown

surface was calculated directly from the density profile of the in Figure 4b, the size of the computational box does not affect
droplet and by using the sphere approximation and the ellipse the contact angle calculations, as expected when the properties
approximation using the Image] software.”* As seen in Figure of the fluids and the wall do not change. Therefore, we chose

3e, the value of the contact angle was found to be 8,; ~ 82.8°
+ 1.1, in good agreement with the value of the contact angle
determined from Young’s equation (i.e., 80.9°).

The contact angle when using a larger or smaller oil drop

the biggest box for our simulations, while the number of oil
molecules was set at 1,944 molecules (i.e., twice the number of
oil molecules required to measure the contact angle). The

and a different simulation box size was also investigated, as contact angle for this case (6, = 82.8°) had a smaller
shown in Figure 4. In Figure 4a, the contact angle was 0 = difference than that obtained from Young’s equation.
6317 https://doi.org/10.1021/acs.jpcb.2c03670
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3. RESULTS AND DISCUSSION

3.1. Effect of Surfactants Located at the Oil-Water
Interface. Surfactants lower the IFT between oil and water,
stabilizing the drop interface. To study the effect of their
presence at the interface on drop migration, we added C12E8
molecules to the oil—water interface and subjected the drop to
shear flow. The number of molecules added to the oil—water
interface in these studies was determined as follows: The
interfacial concentration of C12E8 on the heptadecane—water
interface, corresponding to the critical micelle concentration
(CMC), is 2.6 X 107'° mol/cm®>® In DPD units, this
translates to 1.47 molecules per 1r? of interfacial area for the
system of C12E8 on an oil—water interface. Since we did not
observe surfactant adsorption on the solid surface, the surface
concentration of C12E8 at CMC was calculated as Ngyc =

2
147 X So = 1.47 X Z”JTQH
the area of the spherical cap that constitutes the oil—water
interface. The drop interfacial area calculation was based on
the measurement of the distance, h, from the solid wall to the
highest point of the oil drop, and 6, used here is the
equilibrium contact angle for the oil drop in the absence of
surfactant molecules. The interfacial tension ¥y and the three-
phase contact angle of the oil droplet in the presence of
surfactants at interfacial concentrations up to the value
corresponding to CMC are plotted in Figure Sa,b, respectively.

~ 540 molecules, where S is

60 90
. (a) (b)
* q’: 80
F40 1 e ..
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£ o %0 70 4 .
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Figure 5. (a) Dependence of interfacial tension yoy and (b) contact
angle (0,;) on the surface concentration of C12E8 normalized with its
value at the CMC.

It was assumed that the number of C12E8 surfactant molecules
per 1r% for the case of heptadecane—water and hexadecane—
water is approximately the same;*” hence, the IFT at CMC for
the case of C12E8 with hexadecane—water can be used for
comparing with the case of heptadecane—water. The IFT for
hexadecane—water at CMC of C12E8 was yow =~ 3.33 mN/
m,>> which was very close to our simulation result for
heptadecane—water yow ~ 3.55 mN/m (see Figure Sa). In
addition, it is seen that both y,w and 6, decreased
significantly with the concentration of the surfactant on the
oil—water interface. Thus, the droplet spread more on the solid
surface.

The drop migration results are provided in Figure 6 as a
function of yay, where the concentration of the CI2E8
surfactant was increased up to the CMC and the IFT was
reduced accordingly (Figure Sa). The displacement of the drop
was measured as the distance traveled by the drop center of
mass (COM) during the simulation. The oil migration
velocity, V, was calculated based on the drop displacement
and the time of the simulation (1,000,000 time steps after
reaching equilibrium). Thus, it is the average migration

6318
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Figure 6. Effect of the oil—water interfacial tension (7o) on the oil
drop migration. The Yy changes with addition of more surfactant to
the interface; the highest yoy corresponds to the case of oil—water
with no surfactant in the system, and the lowest yoy represents the
case with surfactants at the CMC. (a) Displacement of the oil droplet
for the duration of the simulation. Error bars indicate the standard
deviation around the average value. (b) Slip velocity between the oil
droplet and the water.

velocity of the drop for the time duration simulated. The
velocity designated as Vi is the carrier fluid (water) velocity at
a distance from the channel wall equal to the z location of the
drop center of mass. The velocity profile for a plane Couette
flow of a Newtonian fluid (water) is also known from theory to
be changing linearly as a function of the distance from the
stationary channel wall.>® The velocity Vyy was calculated from
the DPD data at the z location that corresponds to the center
of mass of the oil drop. Any difference between these two
velocities (Vi and Vi) indicates that the oil is lagging the
surrounding water, and this difference is a measure of the slip
between the two phases. As can be seen from Figure 6a,
increasing the surfactant concentration (and decreasing the
interfacial tension) led to an increase in the oil droplet
displacement. For the case when the velocity of the top wall
was 1.0, the displacement reached a maximum when the
interfacial tension was Yoy =~ 20.84 mN/m. This interfacial
tension corresponded to surfactant concentration at the
interface equal to 73.33% of CMC. Increasing the surfactant
concentration further led to a slight decrease in the oil
displacement until the concentration reached the CMC. The
same trend was observed for the case of the top wall velocity v
= 0.8.

These results can be explained by comparing the slip velocity
between the oil droplet and the water, as shown in Figure 6b.
When the yqyy decreased from 53.33 mN/m (no surfactant) to
3.55 mN/m (at the CMC), the value of Vi, went down
because the drop shape changed. In order words, the center of
mass of the droplet moved closer to the stationary channel wall
in the z direction, as the drop spread out on the surface and the
three-phase contact angle of the oil droplet reduced (see
Figure Sb). The actual velocity of the droplet V, was found to
increase up to a point and then it remained almost constant as
the surfactant concentration reached CMC. The slip velocity
AV decreased with a reduction in ¥4y values in the presence of
higher surfactant concentrations. As the yq, decreased, the
transfer of momentum between the two immiscible fluids
became more efficient. Applying a linear fit between the yqy
and the slip velocity AV between the oil droplet and water, it is
found that AV = 0.0006ygy + 0.0083. Although the value of
the coefficient of determination is not extremely high (R* ~
0.94), it is accepted to use a simple linear relationship since
there is no physical justification for using a high-order
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Figure 7. Color maps for the density of the surfactant at various times during the simulation for the case of surfactant concentrations at (a) CMC
and (b) 26.67% CMC when the top wall moved with velocity v = 1.0. The start-up period is included in the time steps.

polynomial fit. The presence of a local maximum in the
displacement as a function of ygy is also important to probe;
therefore, we investigated the distribution of surfactant
concentration on the droplet surface. Under the applied
shear flow, the surfactant molecules moved from the front side
(receding) to the rear side (advancing) on the drop surface,
which results in low concentration on the front side and high
concentration on the rear side. This migration generated a
concentration gradient and a subsequent interfacial tension
gradient on the oil drop—water interface, leading to Marangoni
effects. The gradient in surfactant concentration can be
observed clearly by examining snapshots of the surfactant
distribution on the drop surface, as depicted in Figure 7. At
high surfactant concentration (Ccpps > 75% CMC), a
reduction of the oil droplet displacement occurred (shown in
Figure 6a) because the Marangoni stress created fluid motion
at the interface. The driving force toward achieving a uniform
surfactant distribution at the interface generated an interfacial
velocity on the oil drop that was in the opposite direction to
the shear flow (Figure 7a). Thus, the oil droplet tended to
resist the flowing water, due to the interfacial flow from high to
low surfactant concentration, causing a smaller displacement.
In contrast, when the concentration of CI2ES8 is small, the
surfactant concentration was more nonuniform on the surface
of the oil drop (see Figure 7b); meanwhile, the influence of
shear flow on the migration of the droplet was dominant.
Hence, the effect of Marangoni flow was overwhelmed by the
increase in momentum transfer and decrease in slip velocity.
The main driving force of the oil movement was the impact of
the water flow. This result agrees with previous reports.””*
3.2. Effects of Janus Particles and Surfactants on the
Oil-Water Interface. To gain further insights into the
physical mechanisms underlying the combined effects of the
presence of Janus particles and surfactants on the drop motion
in the microchannel, we conducted a detailed analysis of the JP
particle motion on a drop surface with and without the
surfactant. The number of C12E8 surfactant molecules was
chosen to correspond to 73% of the CMC for the oil—water
interface (i.e., 396 surfactant molecules added). There were
two reasons for this choice. First, this concentration
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corresponded to the maximum drop displacement, as
described in the previous section, while mitigating the
Marangoni effects. The second reason was to prevent
surfactant molecules from desorbing from the oil—water
interface to the aqueous phase and to avoid the creation of
micelles. Such surfactant desorption could happen since the
presence of JPs at the drop interface would decrease the
interfacial contact area between oil and water.*' Taking this
into consideration, the effective surfactant concentration at the
interface could exceed the surface concentration corresponding
to the CMC if more than the 396 surfactant molecules were
used.

In Figure 8, we show the position of JPs relative to the
center of mass (COM) of the oil droplet. The difference

Front side %\ i

Figure 8. Position of Janus particles (JPs) compared to the center of
mass (COM) of the oil droplet. A, is the distance between the COM
of JP1 in the front side, while A, is the distance between the COM of
the drop and the COM of JP2 on the rear side of the drop.

between the COM of a Janus particle i and the COM of the oil
drop, A, was calculated as a function of simulation time as
follows

Ai = COM_]R - COMoil (13)

When the value of A, is negative, the i-th JP is in front of the
oil drop (as seen for JP1 in Figure 8), and when A, > 0, the JP
was at the rear of the oil drop (see JP2 in Figure 8).
Animations of the JP motion on the drop surface as a function
of simulation time are provided in the Supporting Information
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Figure 9. Trajectories of each JP relative to the center of mass of the droplet. Top row: No surfactant present and different JP coverages. Bottom
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Figure 10. Total average potential energy of Janus particles and the solid bottom wall with C12E8 (blue) or without C12E8 (orange) at the

interface between oil and water. The potential energy is in DPD units.

section. As the drop migrated, the JPs would move on the
interface following specific patterns.

The relative position of each JP on the drop interface is
plotted in Figure 9 as a function of time. Without the
surfactant, the JPs would end up either at the front or at the
rear of the drop and would remain close to each other because
of the JP—JP interactions. The preferred location was close to
the wall, at the oil-water—solid contact line, since JPs
extending out of the drop experienced a hydrodynamic drag
and moved away from the top of the drop and toward the drop
sides. This behavior is seen in the top row of Figure 9, where
all of the JPs are seen to settle at either negative or positive A.
In marked contrast, when surfactants were also present at the
interface, JPs tended to move from the front to the rear of the
droplet and come back again in a periodic motion. This is seen
in Figure 9d—f, where A changed sign periodically. We
speculate that the reason for this periodic motion is the
competition of hydrodynamic effects and Marangoni flow. The
surfactant molecules move toward the front of the drop, but
they also keep the JPs separated from each other. When JPs are
at the front side of the drop, hydrodynamic resistance moves
the JPs to the rear side of the drops (as was the case when the
JPs were present without surfactants). When the JPs arrive at
the rear side of the drop, the surfactants between the JPs cause
them to stay separated from each other and to be at locations
away from the hydrodynamic stagnation point at the rear side
of the drop. The hydrodynamic forces and the Marangoni-

driven motion of surfactants then push the JPs to the front and
the cycle is repeated. The ratio of the projection of a single JP
in the direction of the flow over the projection of the oil drop
on the direction of the flow is about 6% so that smaller JPs
relative to the oil drop would experience smaller hydrodynamic
forces. However, as the number of JP coverage increases, the
periodic motion is manifested more clearly, indicating that the
surfactants keep the JPs separated and away from the
stagnation point at the rear side of the oil drop.

Because of how JPs moved with or without the presence of
surfactants, they had different JP-bottom wall potential energy.
The total potential energy of all JPs relative to the bottom wall
was calculated and averaged over 1,000,000 time steps (shown
in Figure 10). For every single case with the same number of
JPs present, it is seen that the total JP-bottom wall potential
energy in the case of only JPs is larger than the case when JPs
co-existed with surfactants. Therefore, the motion of the
droplet would become more difficult in the case of only Janus
particles present at the oil—water interface. Furthermore, when
particles assembled at the three-phase contact line of the drop
with the bottom wall, the friction between them and the wall
would impede the drop displacement. In comparison,
surfactants can move freely, which helps to prevent the
aggregation of JPs. As a result, the presence of surfactants aided
the motion of Janus particles and resulted in a decrease in
particle interaction with the wall.
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Finally, the displacement of the oil droplet was calculated for
all cases examined under Couette flow and is plotted in Figure
11. These included an oil droplet migrating in the water phase
(designated as Oil in Figure 11), an oil droplet with the
surfactant with concentration at 73% of the CMC (designated
as Oil+C12E8), oil droplets with Janus particles at three
different concentrations (designated as Oil + 7%JPs, Oil + 14%
JPs, Oil + 27%JPs), and oil droplets—surfactants—Janus
particles at 73% of the CMC and different JP concentrations
(designated as Oil + C12E8 + 7%]JPs, Oil + C12E8 + 14%]Ps,
Oil + C12E8 + 27%]Ps). Each of these drops was subjected to
the same shear flow conditions and for the same duration. It
can be clearly seen that the drop migrated farther in the
presence of both surfactants and Janus particles at the interface
compared to the case of a bare oil droplet under shear. This
was the case for both cases of top wall velocity in the Couette
flow channel. Moreover, the more Janus particles were added
to the oil droplet, the less the drop displacement. In addition,
JPs experience lower water velocity around them when they
assemble close to the oil—solid contact line, leading to a
decrease in the speed of the particles.”” Therefore, when more
Janus particles were added, the displacement decreased.

4. CONCLUSIONS

In this study, we have numerically investigated the motion of
an oil droplet with and without the presence of surfactants and
Janus particles under shear flow conditions (Couette flow) by
using the DPD simulation method. Under Couette flow, the
presence of surfactants at the oil droplet surface leads to the
largest migration velocity and displacement observed. The
surfactants affect the interfacial tension, enhancing the
momentum transfer from the water to the oil and reducing
the oil—water slip. A linear relationship appears to apply
between the slip velocity and the interfacial tension. Marangoni
stresses tend to generate a motion of oil in the direction
opposite to the direction of the shear flow, thus retarding the
drop motion as a whole. However, with relatively small
surfactant concentration, the effects of Marangoni stress are
overwhelmed by the flow field.

It is demonstrated that Janus particles assemble at the drop—
solid contact line, increasing the friction between the drop and
the wall and increasing the potential energy for the interactions
between the Janus particles and the wall. Hence, JPs slow
down the drop migration. Finally, the displacement of the oil
droplet in the presence of both Janus particles and surfactants
at the interface was compared to the case of a bare oil droplet.
Since Janus particles have less interaction with the solid wall in
the presence of surfactants, and since the interfacial tension, in
this case, is smaller than the bare oil case, the coexistence of
surfactants and Janus particles leads to higher displacement
than the case of bare oil.
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Animation of the case of a migrating oil drop with 8 JPs
only, where the motion of the JPs toward the rear side of
the drop is evident (MOV)

Animation of the case of a migrating oil drop with 8 JPs
and surfactants on the oil—water interface, where the
periodic motion of the JPs from the rear to the front of
the drop is seen (MOV)
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