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Abstract

The stability of interfaces in the presence of surface-active agents such as surfactants and
nanoparticles (NPs) is imperative in various industrial and environmental contexts. These include
separation processes, enhanced oil recovery, and environmental remediation, highlighting the
significance of interface stability in diverse scenarios. In stabilizing oil-water interfaces,
surfactants and NPs play a vital role, but with different mechanisms in each case. NPs affect
interfacial behavior by reducing the interfacial area, whereas surfactants lead to a reduction in
interfacial tension of the oil-water system. Although many studies have concentrated on
equilibrium conditions without considering fluid flow, industrial applications typically involve
displacing immiscible fluids. Therefore, there is a need to explore the impact of flow conditions
on the properties of the oil-water interface, especially in the context of the presence of surfactants
and NPs. In this thesis, we investigated the effect of anionic surfactant (sodium dodecylsulfate,
SDS) and nonionic surfactant (octaethylene glycol monododecyl ether, C12ES8) on the oil-water
interface by using Dissipative Particle Dynamics (DPD) simulation methods. In particular, SDS
represented the case of a short surfactant molecule on the interface, while C12E8 was a longer
molecule. Surfactants are in conjunction with NPs (homogeneous and anisotropic particles) either
on the flow of oil and water in a narrow channel under Poiseuille or Couette flow conditions.

It is important first to verify the integrity of the computations by comparing the velocity
profile resulting from simulations of Poiseuille and Couette flows to theoretical expectations.
Based on this approach, satisfying the no-slip boundary conditions required the following: (1)
creating frozen solid walls, (2) applying the bounce-back boundary condition, and (3) determining
the DPD parameters necessary for ensuring that the boundary conditions were obeyed, that the oil
and water viscosities were represented correctly. Moreover, the effects of surfactants at the oil-
water interface and the interfacial instability under shear were investigated. A critical shear rate
was found for Poiseuille flow, beyond which the surfactants desorb from the interface, forming
micelles and destabilizing the interface. The surfactant-covered interface remained stable under
Couette flow even at high shear rates. Besides the flat interface of oil and water, the motion of an
oil droplet with and without the presence of surfactants and Janus particles (JPs) under shear was
studied.

In certain cases, oil droplets are observed to be mobilized along a solid surface. To describe

this phenomenon, simulations were conducted that modeled the movement of oil droplets along
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solid walls. The presence of surfactants at the oil droplet surface led to the most considerable
migration velocity and displacement observed under Couette flow. The surfactants affect the
interfacial tension, enhancing the momentum transfer from the water to the oil and reducing the
oil-water slip. When the surfactant concentration is relatively low, the effects of Marangoni stress
are overwhelmed by the flow field. Concerning Janus particles (JPs), they impede the migration
of droplets. This is attributed to a weaker interaction between Janus particles and the solid wall in
the presence of surfactants. Consequently, the coexistence of surfactants and JPs results in a more
significant displacement than in bare oil because of the smaller interfacial tension.

Additionally, the anticipation of fingering is crucial when addressing the displacement of
immiscible fluids, as viscous fingering is prevalent in the oil and gas industry. This phenomenon
occurs when oil and water move together in porous media close to reservoir wells, but water moves
more readily than oil, leading to instabilities and the development of water fingers. While the
viscous fingering phenomenon has been investigated for bare oil-water systems, the effects of
surfactants or particles at the oil-water interface are yet to receive detailed investigation. Our
simulations involve injecting water into an oil-filled channel to displace the oil with different types
of NPs (including homogeneous particles and amphiphilic JPs), surfactants, or both JPs and
surfactants before pushing the oil forward. JPs exhibiting a dual chemistry, with a polar face
featuring a contact angle 6p and an apolar compartment characterized by a contact angle 8,,
inherently possess an amphiphilic nature. The degree of amphiphilicity of JPs, denoted by AG =
(64 — 0p)/2.! is controlled during the computations so that the range is from zero to 47.8°. The
computation results suggest that an oil droplet attached to a channel wall exhibits the greatest
migration distance when only surfactants are presented at the interface. The droplet demonstrates
the least migration in the presence of particles alone, regardless of their wetting characteristics.
The re-arrangement of the surfactant molecules and the NPs at the interface, generating weak
Marangoni stresses, plays a role in the motion of the drop. The instability of the oil-water meniscus
arises from water flow, resulting in fingering phenomena before the eventual full detachment of
the oil drop from the channel wall. The appearance of fingers depends on the presence of NPs or
surfactants, with the particles leading to longer fingers at the same fluid velocity. A critical contact
angle appears to dictate the detachment of the oil droplet from the channel wall, and this remains

constant whether particles are present or not. When the oil drop detaches fully from the channel
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walls, the particles and the surfactant molecules reorient on the interface, modifying the shape of
the droplet.

Last but not least, investigating the desorption energy of NPs at the interface of oil and
water phases in the presence of surfactants and/or NPs is vital for numerous applications across
various industries. The presence of surfactants alters the interfacial properties, potentially
influencing the desorption behavior of NPs. Both surfactants and NP have the potential to influence
the behavior of interfacial properties, which lead to variations in the desorption energy required
for NPs to detach from the interface. In addition, while many studies overlook specific interactions
between particles and surfactants, it is notable that surfactants can indeed interact with the surface
of NPs, potentially influencing desorption energy. Hence, careful consideration of the interplay
between surfactants and NPs is essential in the study of desorption energy. The thesis seeks to gain
insights into the energy needed to detach a NP (including the homogeneous particle and
amphiphilic JP) from the oil-water interface with the presence of NPs, and surfactants, as well as
their coexistence, into one of the homogeneous phases. When examining the desorption energies
of individual particles with the center of NPs as they traverse the oil-water interface, it is observed
that the presence of surfactants can reduce the energy requirement, whereas the presence of NPs
may lead to a challenging trend. Regarding the effect of NP type, hydrophilic NPs are favored in
the water phase due to their lower desorption energy compared to the significantly higher energy
required in the oil phase. Conversely, hydrophobic NPs exhibit an opposite trend. In the case of
Janus NPs, the desorption energy level lies between those of homogeneous NPs.

These findings will be focused on exploring the mechanism of stabilizing the interface
between oil and water using NPs and surfactants, as well as the potential implications for tuning

oil and water interfacial behavior.
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Chapter 1.  Introduction

1.1 Immiscible fluid displacement

The displacement of immiscible fluids is a phenomenon widespread in various natural >3
and engineered systems, with profound implications across numerous scientific disciplines and
industrial applications.* 3> From the migration of oil and water through porous geological
formations to the manipulation of fluids in enhanced oil recovery techniques,® understanding the
dynamics and mechanisms of immiscible fluid displacement is significantly necessary. This
process involves the displacement of one fluid phase by another that does not mix with it, leading
to the complex interaction of fluid behavior at the interface. The study of immiscible fluid
displacement not only clarifies the fundamental principles governing fluid flow but also holds
significant relevance in fields such as environmental remediation,” and biomedical sciences,
especially in petroleum engineering when chemicals and water displace viscous oils.®® In this
thesis, exploring the details of immiscible fluid displacement displays opportunities for optimizing
processes, mitigating environmental risks, and affecting enhanced oil recovery processes.
Therefore, it becomes essential to pay attention to the study of immiscible fluid displacement.

Additionally, most studies have focused on the simple case with only two immiscible fluids
in the system; in practical applications, different types of chemicals are transported with oil and
water, such as surfactants, polymers, and nanoparticles (NPs). Interfacial systems comprising
fluids and surface-active agents find a wide range of applications in drug delivery, food science,
and the chemical industry. These systems commonly incorporate surfactant molecules and/or
colloidal particles. There needs to be a careful examination of additives and impurities that could
act as surface-active agents.
1.2 Surfactants

Surfactants are one of the surface-active agents that typically exhibit amphiphilic

characteristics. This means that each molecule includes both a hydrophilic "water-seeking" group
(the head), and a hydrophobic "water-repelling" group (the tail). When surfactant molecules are
added at the oil-water interface, they tend to orient themselves with their hydrophilic heads facing
toward the water phase and their hydrophobic tails facing toward the oil phase. This arrangement
allows the surfactant molecules to form a monolayer at the interface, effectively shielding the oil
and water from each other. As a result, the surfactant molecules disrupt the interaction forces

between the oil and water molecules at the interface, reducing the interfacial tension (IFT). In



addition, there is a notable reduction in IFT, and the presence of surfactants contributes to the

stabilization of emulsions,!® !

alters the wettability of reservoir rocks, and facilitates the
mobilization of trapped oil. Therefore, surfactants hold significance in both scientific research and
industrial applications, such as the recovery and purification of raw material in the mining and
petroleum sectors to enhance oil recovery (EOR) by improving the oil recovery rate and extending
the productive lifespan of oil reservoirs.

There are several experimental methods to measure interfacial tension in fluid-fluid
systems, such as direct measurement using a microbalance, measurement of capillary pressure,
analysis of the balance between capillary and gravity forces, and analysis of gravity-distorted

drops.!? In this thesis, the IFT values (y) with the interfacial regions arranged along the z-direction

were calculated following the Kirkwood-Buff relation,! expressed as

1 1
ELZ Pzz _E(Pxx + Pyy)

, - (1.1)

where Py, P,, and F,, are the diagonal components of the pressure tensor, and L: is the domain

length in the z-direction.

The Critical Micelle Concentration (CMC) is the concentration of surfactant in a solution
at which micelles begin to form spontaneously.!* At concentrations below the CMC, surfactant
molecules exist as monomers dispersed in the solvent. However, as the concentration of surfactant
molecules increases and exceeds a critical value, micelles begin to form in a solution (see Figure
1.1). Determining the CMC accurately is important for optimizing surfactant formulations, and
selecting surfactant concentrations that maximize performance while minimizing costs, and

reducing environmental impact.

ﬂk
\
\
s CMC poi
S point
@ )
[ = H )
(5} ~
= i~ X
© )
(&) L \
€ || Fluid 1 Fluid 1 Fluid 1 Fluid 1
=
@»
‘ k L LLARRLLELLLARLLOLLLANY LRLLLLLLLLLLALLALLLAY
A A > B
. O AN
Fluid 2 Fluid 2 Fluid 2 Fluid 2
>

log concentration o
Figure 1.1. Surface tension of a surfactant solution with increasing concentration, formation of

micelles



1.3 Nanoparticles

Nanoparticles (NP) also affect interfacial behavior. Because of their size, nanoparticles
have a larger surface area per volume than large-scale materials and high chemical reactivity and
are widely used in different areas such as transportation, medicine, food safety, energy, and
environmental science.!> They are particularly appealing for enhancing oil recovery due to their
distinct properties, including altering wettability, improving the mobility of trapped oil, enhancing
sand consolidation, and reducing IFT.!® Vafaei et al.!” computed the effective gas-liquid surface
tension in the case of nanofluids by solving the Laplace-Young equation. The study reported that
the surface tension is a function of both concentration and particle size. The surface tension
decreases with an increase in the nanoparticle concentration until a saturation phenomenon is
reached. At this point, the surface tension cannot further decrease and an opposite trend starts to
develop. Additionally, NPs are resistant to degradation in oil and gas reservoirs at high salinity
and high temperature.!® These properties make them suitable for various EOR approaches.
Ehtesabi et al.! discovered that the 0.01% anatase TiO» NP solution demonstrated a remarkable
capacity to retrieve 80% of the oil after the injection of two pore volumes. In contrast, water only
succeeded in recovering 49%. The mechanism is attributed to a wettability shift favoring water
wetness. The research in glass micromodel flooding systems conducted by Li et al.?® exhibited that
silica NPs can reduce the IFT between the oil-water interface, resulting in an enhancement in oil
recovery, about 4-5% higher compared to brine flooding. In addition, Li and Torsater?! studied
the transportation and adsorption behaviors of various types of silica NPs through the porous
media. From their results, it was found that the hydrophilic silica nano-structure particles (NSP)
have a better adsorption ability compared to hydrophilic silica colloidal nanoparticles (CNP).
The energetic difference when such a particle (of radius R) transitions from the bulk to the fluid-
fluid interface is expressed as?

AE = nR?*y oy (1 + cosBg)? (1.2)
where R is the radius of the particle, and 8 is the equilibrium contact angle of a particle at a fluid
interface. The sign preceding the cosine is negative when referring to nanoparticle displacement
into the water phase and positive when denoting displacement into the oil phase. From the
thermodynamic aspect, the free energy change due to the adsorption of a nanoscale particle is on

the order of ~ kT (where kg is the Boltzmann constant).??



Janus nanoparticles (JP) are colloidal particles characterized by having two distinct surface
regions or functionalities. These regions can have different chemical compositions, surface
charges, or wetting properties. The name "Janus" comes from the Roman god with two faces,
symbolizing the dual nature of these particles. Their distinctive structure permits selective
functionalization on either side, facilitating customized interactions with diverse surfaces. JPs can
enhance the stability of air-water or oil-water interfaces compared to homogeneous particles, and
indeed, JPs exhibit more efficient adsorption to interfaces.>*> For example, JPs can be used as
effective surfactants owing to their exceptional adsorption at the interface, leading to enhanced
emulsion polymerizations as discussed in the research conducted by Walther et al.* The polar face
of the JP is in contact with the aqueous phase, whereas, an apolar face is entirely in contact with
the oil phase.

Furthermore, the complexity arises from the differing affinities of JPs dual surfaces for
each fluid phase, resulting in complicated behavior at the fluid-fluid interface and differences in
the calculation of adsorption energy compared to the homogeneous nanoparticle. The energy
required to desorb JPs from a flat oil-water interface to a single fluid phase is described as follow:?®

AEy; = —Yow (Sa0c0s56,4 + SppcosOp — S;) (1.3)

AEy; = Yow (Sawcos8, + Spyycos0p + ;) (1.4)
where yo 1s the interfacial tension between oil and water; S0, Spo, Saw, Spw are the area of the
apolar and polar regions on the JP that are in contact with the oil phase (O) or water phase (W); 4
and 6, are the three-phase contact angles of polar and apolar particles; S; is the area of the oil-

water interface occupied by the particle when it is located at the interface.
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Figure 1.2. Equilibrium arrangements of a Janus particle positioned at a fluid-fluid interface 26

The minimization of the free energy depends on the relation between three angles 6y, 6p,

and a, and can have three possibilities as shown in Figure 1.2.
e 0Op <0, < a,the equilibrium angle 8; = 6,
o 0Op < a <8y, the equilibrium angle ; =
o < 0p < by, the equilibrium angle 8y = 6,

For a spherical Janus particle the desorption energy required for NP move from the
interface to the oil phase or water phase is presented by Jiang et al.?*> They assumed that Janus
particles have the wettability separation line parallel to the interface, with no consideration given
to their rotational dynamics. Then, the desorption energy (E;) can be expressed as follows:

o 9p<a<6A

AEy,; = 2nR?*y oy [—cos8,(1 — cosa) + 0.5sin’a] (1.5
AE,; = 2nR?*y oy [cosBp(1 + cosa) + 0.5sin’a] (1.6)
e p<fy<a
AEy,; = —2mtR?*y oy [(1 — cosB)cosB, — 0.5s5in20] (1.7)
AE,; = 2nR?*y o [cosBp(1 — cosa) + 0.5s5in%0; + cosB,(cosOy + cosa)] (1.8)

Several studies have been conducted to compare the analysis of the dynamics of
homogeneous and Janus particles at fluid-fluid interfaces, employing methods not only
experiment?”- 2% but also simulation methods such as molecular dynamics,? dissipative particle
dynamics,*® or Monte Carlo simulations.!

1.4 The coexistence of surfactants and nanoparticles

The coexistence of surfactant and nanoparticles on the fluid-fluid interface is more
complicated than other physical processes, while having a broad range of applications in energy
and environmental areas. Hence, many studies have been developed.*?** While both surfactants
and NPs can stabilize oil-water interfaces, their respective mechanisms vary, with the combined
presence of NPs and surfactants at liquid-liquid interfaces demonstrating enhanced interfacial
properties compared to either component acting alone. There are many studies that have been
conducted regarding the effects of the presence of NPs and surfactants on oil-water interfacial

behavior.



Nourafkan et al.?®

used NPs (TiOy) as carriers for mixtures of anionic and nonionic
surfactants to control the delivery of surfactants to the oil-water interface in EOR applications. As
aresult, the NPs 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 NP surface chemistry on its adsorption onto a flat interface of an oil-surfactant-water system.
They concluded that maintaining a constant surfactant concentration while introducing NPs
resulted in decreased IFT; however, in the absence of surfactant, NPs did not affect the IFT. Tanvir
et al.*” investigated the impact of nonionic surfactants (sorbitan oleate) on the surface tension of
ethanol and n-decane with the presence of nanofluid fuels containing suspended aluminum (Al),
aluminum oxide (Al203), and boron (B) NPs. The experimental results show that at high particle
concentrations, the surface tension will increase with particle concentration for all scenarios
because of the increasing Van der Waals force between the accumulated particles. Luo et al.*
observed that while the interfacial tension between water and trichloroethylene decreases with
higher sodium dodecyl sulfate (SDS) surfactant concentrations, it remains unaffected by changes
in NP concentration. Hence, the surfactants competitively dominate the interface, resulting in the
depletion of NPs from the interfaces. The difference in the effect of NP and surfactant coexistence
on IFT depends on the interaction between surfactant molecules, NPs, and the oil-water interface.
When surfactant molecules are strongly adsorbed onto the NP surface, the surfactant concentration
at the interface decreases, leading to an increase in IFT compared to the surfactant-only case. This
is because of the reduced availability of surfactant molecules at the interface. Conversely, when
NPs are present at the oil-water interface, a decrease in IFT is observed. This occurs because the
NPs occupy space at the interface, reducing the available interfacial area for surfactant molecules
to adsorb. As a result, the concentration of surfactants increases, effectively lowering the IFT.
However, if the NPs settle within either the oil or water phase rather than at the interface, they do
not significantly affect the IFT between the two phases. In this scenario, surfactants are the main
factor influencing the IFT behavior whereas the NPs are not directly interacting with the interface.

Moreover, combining surfactants with NPs can lead to intriguing alterations in the wetting
properties of surfaces, as well as influencing phase behavior and interparticle interactions at the
oil-water interface. For example, NPs can enhance surface hydrophobicity or hydrophilicity,
depending on the specific functional groups attached to their surface, thereby tailoring the wetting
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behavior of the interface. Tang et al.”” investigated the influence of NPs and surfactants on the



stability and rheological behavior of polymeric nanofluids. Their findings show that the addition
of NPs altered the wettability of the reservoir rock, thus changing the distribution and flow of fluid
in the reservoir while the surfactants helped NPs to disperse well in the polymer solution.
Harikrishnan et al.** have performed experiments regarding the spreading dynamics of
nanocolloidal suspensions in the absence and presence of surfactants. They observed that in the
case of combined colloidal systems, the dominance of surfactant-driven spreading dynamics has
been noted despite the presence of both particle and surfactant effects. Zargartalebi et al*!
identified the influence of hydrophilic and slightly hydrophobic silica NPs on the properties of
SDS anionic surfactant solutions, particularly focusing on surfactant interfacial and equilibrium
adsorption behaviors. They found that adding a small amount of SDS resulted in stable NP
suspensions, which could potentially enhance oil recovery processes.

In addition, interparticle interactions at the oil-water interface can also be significantly
modified by the presence of NPs and surfactants. The effects of surfactants on controlling the final
NP self-assembly were discussed in the study conducted by Crivoi et al.*’> The added
hexadecyltrimethylammonium bromide (CTAB) surfactant enlarges the positive surface charge of
particles, so the repulsive force is enhanced and the ring pattern is generated. Surfactants play a
vital role in preventing particle-particle agglomeration, ensuring the well-dispersion of nanofluids.
Therefore, understanding the interplay between surfactants and NPs at the fluid-fluid interface is
essential for designing advanced materials with tailored interfacial properties. This knowledge is
valuable across various fields, where precise control over interfacial phenomena is critical for
product performance and functionality.

1.5 Research Motivation

The behavior of surface-active agents, including surfactants and NPs, at the oil-water
interface under non-equilibrium conditions is expected to exhibit distinct mechanisms compared
to equilibrium conditions. Despite previous research efforts, there is still uncertainty regarding the
interactions between surfactants and NPs at the oil-water interface. This uncertainty likely stems
from the complexity of the systems involved, which include multiple components interacting
simultaneously. Furthermore, we anticipate that the effectiveness of surface-active agents in
stabilizing the interface and promoting emulsification will be influenced by factors such as shear

rate, velocity profile, and composition gradients, highlighting the importance of understanding



their behavior in dynamic environments. Therefore, there are several specific problems that we
aim to address in this thesis.

e Explore the model of non-equilibrium conditions, including Poiseuille and Couette flow
phenomena. Validate simulation parameters by comparing them to theoretical expectations
of bulk phase viscosities and velocity profiles within the multifluid system. The dynamic
behavior of surfactants at the flat oil-water interface is also investigated.

e Investigate the presence of surface-active agents at the oil droplet interface, particularly
within the context of oil droplet transport in nanochannels with solid walls that serve as
rock surfaces. By simulating these processes, the dynamics of oil droplet movement and
the role of surface-active agents in influencing transport behavior were studied.

e [lluminate the individual and combined behaviors of surfactants and/or different types of
NPs at the oil-water interface during the displacement of two immiscible fluids within a
nanochannel. Additionally, elucidates how their combined presence influences interfacial
behavior and the shape of the fluid-fluid interface.

e Explore the role of NP jamming, surfactants, or the combination of NPs and surfactants
located at the fluid-fluid interface on the desorption energy of NPs as they move through
the bulk phase in enhancing oil recovery processes.

In addressing the identified problems related to the effects of surface-active agents on the
oil-water interface under non-equilibrium conditions, we propose to use the Dissipative Particle
Dynamics (DPD) simulations as a computational approach. DPD offers a coarse-grained
representation of molecular systems, allowing for the investigation of dynamic phenomena at the
molecular level. The details of the computational method are described in Chapter 2. The model
of non-equilibrium conditions and simulation parameters for the multifluid system are studied in
Chapter 3. The dynamic interface behavior of oil-water-surfactants is also discussed in this chapter
with the micelle formation at a critical shear rate. The effects of surfactants, NPs and their
concurrent presence at the oil-water interface on the migration of an oil droplet is discussed in
Chapter 4. In Chapter 5, we explore interparticle interactions among NPs positioned at the
meniscus of the oil-water interface under non-equilibrium conditions. We revealed the mechanism
and the behavior of NPs when they rearrange themselves on the oil-water interface when the
detachment occurs. The effect of surfactants, the coexistence of NPs and surfactants, and the

wettability of solid walls on immiscible fluid displacement, resulting in fingering behavior are



studied in detail in Chapter 6. We calculated the lengths of fingers as a function of the Capillary
number (Ca) to predict meniscus stability. The desorption energy of NPs as they move through the

bulk phase is described in Chapter 7. In Chapter 8, the summary and recommendations for future

investigation are presented.



Chapter 2.  Dissipative Particle Dynamics
2.1 Force Field
Instead of individual atoms, DPD models represent clusters of molecules.** By Newton's
equation of motion, it is possible to calculate the position and velocity of each DPD particle, which

is often called a bead. The governing equations are as follows:

dr;
d_tl =v,, (2.1)
dv;
mid—;zfizz"(FiCj+Fg-+F§, (2.2)
JEI!

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 (F{;), dissipative (F[)), and random (Ff;) forces*. The

conservative force F lC] is a soft repulsion acting along the line of the centers and can be calculated

as follows:
a--(l—ﬁ)f'-- for r;; <r
pe =] o\t T3 JFy formy < e (23)

for rij = I.

where a;; is a maximum repulsion between beads i and j which controls the type of fluid

interactions, r;; = |r; —r;|, ¥;;= (r; —r;))/r;, vij =v;—V;, and 1, is the cut-off radius

indicating the distance over which a bead can affect its neighbors.
D,
ly>
Fij = —yw?(ry) (i) - vij )Ry (2.4)

where y represents the friction coefficient, w? is an r-dependent weight function:

wP (1) = {(()

The random force, F

The dissipative or drag force, F;;, on beads i and j, is given by

1- rl'j)z, for rl'j < T (25)
) for rij = I.

R .
ij» can be determined by

FS = O'WR(I'ij)Qijf'ij (26)
where w® is also an r-dependent weight function, o controls the amplitude of random motion 3

and the term 6;; is a Gaussian white noise function that is calculated as
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(0;;(®)) =0, (0;;(®)0k, (t)) = (881 + 6185 )5(t — t') (2.7)
where t is time and &;; is the Kronecker delta and §(t — t') is the Dirac delta function.*®
As Espanol and Warren demonstrate,* the weight functions w? and w® are related to each
other and to the dissipation parameters:
wP (@) = [wR(@)]? (28)
and
0% = 2ykgT (2.9)
where T is the system temperature, and kg is the Boltzmann constant.
2.2 Scaling factors
The particle mass, the temperature, and the cut-off radius (r.) were chosen as the units of
mass, energy, and length within the DPD simulations, so that m = r, = kzT = 1. Further, the
bead number density was selected as p = 5 beads per unit volume. Using these parameters, the
time scale was determined as T = rCW . ¥ For example, five water molecules or six water
molecules were lumped together into one water bead, the mass scale, length scale, and time scale

are shown in Table 2.1.

Table 2.1. Scaling factors for DPD computations

Number of water Temperature

Mass scale Length scale Time scale
Density molecules in one scale
(10~25kg) (107%m) (107 12%s)
bead (K)
5 5 1.5 9.09 298 5.48
5 6 1.8 9.66 298 6.38

2.3 Periodic boundary conditions

In this thesis, we aim to model a macroscopic system through an approximation wherein a
small part of the macroscopic system represents the whole system, thus reducing the number of
atoms in the simulation box. However, this approximation may lead to undesirable effects, with
the edge effect being the most notable. In simulations bounded by finite boundaries, particles near
the edges may experience different interactions compared to those in the bulk due to the absence
of neighboring particles beyond the boundary. To minimize these edge effects, a periodic boundary
condition (PBC),* can be used to ensure that each particle interacts with a consistent environment,
regardless of its position within the simulation box. In detail, the single simulation cell is infinitely

11



replicated in the three Cartesian dimensions once the periodic boundary condition is applied. As a
consequence, when a particle exits the simulation cell, it re-enters from the opposite side,
maintaining a constant total number of particles in each cell (see Figure 2.1). Overall, periodic
boundary conditions are a fundamental aspect of DPD simulations, enabling the study of large-
scale systems while minimizing boundary effects, maintaining the representativeness of the

simulated environment, and reducing the computational cost.

'
A
[

Figure 2.1. Periodic boundary conditions. Applying periodic boundary conditions in one
dimension is equivalent to replicating the simulation cell (displayed in gray) in that dimension.

In the figure, the cell is periodic in two dimensions.

2.4 No-slip boundary condition

The no-slip boundary condition at the walls needs to be obeyed for fluid flow in a nano
channel. The solid walls were created by freezing the DPD wall beads, while bounce-back
boundary conditions were used on the surface of the walls to prevent any fluid (water or oil) beads
from penetrating into the solid domain. Since the soft potential used in DPD does not prevent
penetration, one needs to be aware of this issue. Therefore, 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 coefficient for the solid-fluid interactions to be

twice that of the fluid-fluid.

12



2.5 Umbrella sampling for free energy calculations

The umbrella sampling method, developed by Torrie et al.,* is a powerful technique used
in enhanced sampling methods, to overcome barriers and explore rare events in complex systems.
The fundamental idea behind umbrella sampling is to use a biasing potential to sample different
simulations (windows) along the chosen reaction coordinate. This potential usually takes the form
of a harmonic restraint that guides the system along the desired reaction coordinate.

The external bias potential w; of the window i is added to the simulated system, which
depends only on the reaction coordinate ¢:

EY(r) = E*(r) + w;(§) (2.10)

where E? (1) is the potential energy of the biased simulation, E*(r) is the potential energy of the
unbiased simulation.

In each window, a bias function is applied to keep the system close to the reference point

& S of the respective window i. K is a force constant defining the restraint potential. The

harmonic bias potential added to the system is expressed as

K
wil® =5 (- &) (211)

In many cases, a reaction coordinate (§), a continuous parameter that provides a distinction

between two thermodynamic states, can be defined. The probability distribution Q(¢) of the

system a long ¢ can be calculated according to

J8[§(r) — §lexp(—BE)d"r (2.12)
[ exp(—BU)dNr

where E is the potential energy, f = ﬁ
B

Q) =

In order to calculate the unbiased free energy, we need to obtain the unbiased distribution

of the reaction coordinate, according to the following equation:

PH(E) = J 8[&7¢T (r) — Elexp[—-BE(r)]dr (2.13)
l [ exp[=BE(r)]d"r

The unbiased probability P*(£) could be determined by:
P(§) = P (Qexplpw;(Dlexpl-pw; ()] (2.14)

The free energy of the window could be conducted by:
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1
E¥(r)=— <E> lnPib(f) —w; (&) + F (2.15)
with
F; = —kgTIn (exp[—Bw;($)]) (2.16)

Finally, the unbiased free energy could be combined by all the windows to generate the
complete free energy landscape along the reaction coordinate.

In brief, the change in free energy within each window is calculated from the sampled
distribution along the reaction coordinate, with the purpose of creating more uniform probability
distributions, and the construction of histograms to represent the distribution of positions along the
conformational pathway. An illustrative depiction of the umbrella sampling process is presented
in Figure 2.2. If the overlap between their tails is sufficient, the free energy along any path in
conformation space, known as the Potential of Mean Force (PMF), can be determined from these

histograms through a technique known as the Weighted Histogram Analysis Method (WHAM).

Umbrella Sampling
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Figure 2.2. Schematic representation of umbrella sampling algorithm.>°

2.6 Software Package

To perform all calculations, the software package Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS) 3! was used in our study. A visual molecular dynamics (VMD)
software program was used to visualize the system snapshots.>? The three-phase contact angle of

a drop on a flat surface is calculated based on its density profile and using the sphere, ellipse, and
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sphere approximations by using ImageJ software.>® The PMFs are calculated by using the weighted

histogram analysis method (WHAM) as implemented by Grossfield.>*
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Chapter 3. Coarse-Grained Modeling of Multiphase Flows with Surfactants
Abstract”

Coarse-grained modeling methods allow simulations at larger scales than molecular
dynamics, making it feasible to simulate multifluid systems. It is, however, critical to use model
parameters that represent the fluid properties with fidelity under both equilibrium and dynamic
conditions. In this work, dissipative particle dynamics (DPD) methods were used to simulate the
flow of oil and water in a narrow slit under Poiseuille and Couette flow conditions. Large surfactant
molecules were also included in the computations. A systematic methodology is presented for
determining the DPD parameters necessary for ensuring that the boundary conditions were obeyed,
that the oil and water viscosities were represented correctly, and that the velocity profile for the
multifluid system agreed with theoretical expectations. Surfactant molecules were introduced at
the oil-water interface (sodium dodecylsulfate and octaethylene glycol monododecyl ether) to
determine the effects of surface-active molecules on the two-phase flow. A critical shear rate was
found for Poiseuille flow, beyond which the surfactants desorb from the interface, and affecting
the stability of the interface by forming micelles; the surfactant-covered interface remained stable

under Couette flow even at high shear rates, while Couette flow was stable even at high shear rates.

3.1 Introduction

The interfacial behavior of immiscible fluids is important for understanding, predicting,
and controlling systems that involve oil-water or oil-gas flows. Multilayer coating applications,
separation applications, environmental remediation of contaminated regions in the subsurface, and
petroleum engineering applications for oil mobilization are examples where such flow systems are
important.®>>8 In addition to experiments, computations that are focused on the molecular scale,
such as molecular dynamics (MD) simulations, can be used as tools to probe multifluid flows,
flows with large molecules (i.e., polymers or surfactants), particulate flows, and interfacial

3962 However, MD techniques are computationally expensive and even unfeasible

phenomena.
when investigating large-scale systems or systems with very large molecules because of the very

small length and time scales employed (on the order of Angstroms and femtoseconds,

* Material in this chapter has been published in Nguyen, T. X., Vu, T. V., Razavi, S., &
Papavassiliou, D. V. (2022), Polymers, 14(3), 543.
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respectively). In contrast to MD, coarse-grained modeling techniques, such as dissipative particle
dynamics (DPD), can meet the need for larger particle sizes and longer time steps.®® Coarse-
graining can provide a bridge between modeling and real-world applications.®* In DPD, several
atoms or molecules are consolidated in groups called beads that interact with each other based on
Newton’s equation of motion. The forces acting on these beads depend on the type of molecules
in the system. In non-equilibrium computations, when there is a flow, the theoretically expected
behavior (such as the satisfaction of no-slip boundary conditions at the fluid-solid interfaces) and
the fluid physical properties (such as viscosity) should be replicated with fidelity by the
computational results. For flow over a flat plate, a computational protocol has been developed to
satisfy the no-slip boundary condition,*>- 8- 6366 which could not be obtained with DPD unless the
equivalent force between the wall and the fluid DPD beads was adjusted. Additional issues emerge
when considering dynamic behavior for the flow of multiple fluids since the fluid beads interact
with beads of the same fluid and also with beads of the other fluid phase. In multifluid flow cases,
an accurate representation of the viscosity of each fluid is imperative, and a systematic
determination of the DPD model parameters that dictate the macroscopic viscous behavior of the
fluids in such systems is needed.®’ Detailed computational protocols for obtaining these DPD
model parameters are not common in the DPD literature.

In this work, we focus on the velocity distribution of two immiscible fluids (heptadecane
and water) in the presence of surface-active molecules (surfactants). One of the DPD model
parameters, the dissipative parameter, determines the friction between interacting DPD beads,
between beads of the same fluid, between beads of different fluids, and between the fluids and the
solid walls. Poiseuille flow and Couette flow are used to compare fluid velocities to theoretical
expectations and to verify the computational results. In addition, after the model interaction
parameters were obtained, we computed flow fields in the presence of surfactants at the oil-water
interface. Two types of common surfactants were added at the oil-water interface. Nonionic
surfactants exhibit salinity tolerance, and they are often used as co-surfactants with anionic
surfactants.®® Herein, we investigated the effect of sodium dodecylsulfate (SDS, an anionic
surfactant) and octaethylene glycol monododecyl ether (C12ES, a nonionic surfactant) on the oil-
water interface. In particular, SDS represented the case of a short surfactant molecule on the

interface, while C12E8 was a longer molecule. Both of these surfactants have been employed in
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69,70 and they have been employed in

our prior work for oil-water-nanoparticle computations,
industrial oil-water systems such as flooding of oil reservoirs for EOR.”!- 7

The contributions of this chapter are in (a) developing a detailed procedure for the
modeling of the flow of two multiphase flows with a coarse-grained approach, (b) demonstrating
the effects of DPD model parameters on the physical properties of multifluid systems, and (c)
probing the effects of surfactants at the oil-water interface and the interfacial instability under shear

that leads to micelle formation in the bulk of one of the two phases.

3.2 Materials and Methods
3.2.1 Velocity distribution of two immiscible liquids in nanoslits

While a coarse-graining model is a molecular scale model, its results should agree with
theoretical and experimental predictions at larger scales, where the continuum assumption can be
made. The system chosen to model two-phase flow is shown in Figure 3.1. Two immiscible fluids
(fluids I and II) with different viscosities p! and u!, respectively, flow in a nanoslit. One can
assume that u! < u!! and that the flow is in the x-direction between a pair of horizontal plates.
The slit is filled with fluid I and fluid II with h'and h!! are the corresponding heights. These can
be adjusted by changing the ratio of the flow rate of fluid I to fluid II. The slit dimension in the z-
direction is 2h, where h is the distance from the center of the channel to the wall. For the Poiseuille
flow conditions (see Figure 3.1a), the driving force for the flow is a pressure gradient in the x-
direction, while for the Couette flow conditions, the driving force is the shear applied to the fluids

when the top wall of the nanoslit moves in the x-direction with velocity v (see Figure 3.1b).

v

_

Fluid I h! u! Fluid I h!

Fluid IT h!! ul! Fluid II h!!

(@) (b)

Figure 3.1.The flow of two immiscible fluids between a pair of plates under (a) Poiseuille and

(b) Couette flow conditions.
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The theoretical solution for this system in Poiseuille flow conditions, i.e., with Newtonian
fluids, fully developed flow, steady state, h! = h!', and under the driving force of a pressure
gradient has been known.”® In the case of h! # h!l, it is a trivial mathematical exercise to

demonstrate that the fluid velocity profile is given as:

vi=—-=22-——2z4+C
2u! ! 2

C 2

et Lo, (32)

where p is the fluid density, pg is the pressure gradient, which is applied in the DPD simulation
as a body force in the flow direction, g, and the constants of integration C; and C, found with the
application of the no-slip boundary condition at the walls and the application of the continuity of
stresses at the fluid-fluid interface are as follows:

b9 (hI1Y2pd — (rDy2 ! dC = pg Rl B (hI1)2pd —(r1y2 1
1= Hpl_ Ipll an 2___1( + Hpl_ Il
2 utht—=uth 2 u uth!f—uth

In plane Couette flow the upper wall moves at a constant velocity v, whereas the lower

wall is stationary. The fluid velocity profile for Couette flow in a channel is expressed by

C
¢ 4
v“:v(lu—lllzﬁ-Cz) (3.4)
where
_ wlplt _ wlnl!
¢, = Wl R+l pll and C; = I pl +plpll

3.2.2 Simulation details

In this work, five water molecules were lumped together into one water bead (W) when
simulating oil-water systems and oil-water with SDS systems. The oil phase was represented by
heptadecane (C17H36) molecules, and each molecule included three oil beads (O) to represent the
same volume of fluid as each one of the water beads. The first surfactant was SDS, where each
molecule contained one head (H) and two tail (T) beads, while four head and two tail beads were
used for modeling C12ES as the second surfactant. The schematic configuration of each molecule
in the DPD simulations is shown in Figure 3.2. For the simulations of oil-water with C12ES, six

water molecules were lumped in one DPD bead with the purpose of keeping comparable volumes
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of beads in the computations for all molecules. In addition, for the surfactant C12ES, the angle
potentials that were applied between beads need to be considered. Based on the C12E8 molecular
structure, the tail-tail-head angle was fixed at 180° and all other angles were kept at 130° in order

to meet the need for interfacial stability when surfactant was added.®

Water Heptadecane

N N 1

SDS

N P

Figure 3.2. Schematic configuration of heptadecane, water, SDS and C12ES surfactant
molecules as beads of the DPD simulations. Hydrogen, carbon, oxygen, and sulfur molecules are
shown as white, gray, red, and yellow spheres, respectively. The circles represent the DPD beads

that group atoms or molecules together.

Conversion of time and length scales from DPD units to physical units in the case of C12ES8

simulations was conducted using the same approach as for the SDS, and is shown in Table 3.1
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Table 3.1. Scaling factors for DPD computations.

Number of

Length Temperature ~ Time

Type of water Mass scale
Density scale scale scale

Surfactant molecules in  (1072°kg)

(1071%m) (K) (10712%s)

one bead

SDS 5 5 1.5 9.09 298 5.48
CI2E8 5 6 1.8 9.66 298 6.38
None 5 5 1.5 9.09 298 5.48

The details for the selection of the interaction parameters a;; representing the repulsion
between the different types of beads (water, oil, surfactant tail, surfactant head) have been
published previously and are adopted herein.®” Groot and Warren ** have shown that the repulsion
parameters between the fluid-fluid (the same type of beads) should be:

kgT (3.5

a;; = 757

Therefore, when the number density is p = 5 and kzT = 1, the value of the interaction
parameter is a; = 15. All the interaction parameters between oil, water and wall beads are listed
in Table 3.2 for simulations with oil and water only.%

Table 3.2. Interaction parameters (a;;) used in the DPD computations.

W O Wall
W 15 90 15
O 15 20
Wall 15

While the repulsion interactions between beads depend on the type of molecules in the
simulated system, the focus here is on investigating the dynamic behavior of the fluids. Regarding
the DPD beads, there is not a single rule that can be used to determine their size. Instead, the
physical system and the goals of the research project should help to define the size of the beads
and how a molecule should be split into different beads. In the present case, where surfactant
molecules are simulated in the system, the use of separate beads that represent the head and the

tail behavior is needed. The main rule is that the beads for all simulated components should
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represent atoms or molecules that have the same volume in physical dimensions. In prior work,
we have explored the effects of coarse-graining level (i.e., how many water molecules should be
in a bead) on the DPD parameters of a system with water and carbon nanotubes.” We found that
macroscopically observed hydrodynamic behavior (i.e., slip length and drag coefficient) agreed
with findings from molecular dynamics when the interaction parameter appearing in the
conservative force was modified. The procedure was a trial and error procedure, so a general rule
was not obtained. However, a larger level of coarse-graining led to larger lengths and time scales
(for example, in™ the maximum number of water molecules in the largest bead was 273,
corresponding to beads with a diameter equal to the diameter of the carbon nanotubes at 2.5 nm).
In general, increasing the size of the entities that the beads represent could affect the results, and
modifications of the model parameters might be needed.

The experimentally determined micelle aggregation number for SDS and C12ES8 in an
aqueous solution was used to obtain the repulsion parameters for the surfactant interactions
between themselves and water, and the IFT was used to obtain the oil-water interactions. The
surfactant-oil interactions were obtained by matching the IFT in the DPD system at different
surfactant concentrations at the interface with the experimentally obtained values of IFT as a
function of the surfactant interfacial concentration. The key to that approach was to use the
theoretically expected amount of surfactant molecules on the interface at the critical micelle
concentration (CMC) and at fractions of the CMC, in order to obtain the IFT within reasonable
computational time. If the surface concentration was chosen randomly, the high concentration of
surfactant could push some surfactant molecules out of the interface[27]. In DPD units, 1.61 SDS
surfactant molecules per 172 area was used as the number for SDS molecules on the water-
heptadecane interface. Similarly, 1.47 molecules per 1 72 area in DPD units was applied for the
system of C12E8 on a water-heptadecane interface.®® According to this procedure, the repulsion
parameters in the case of SDS at the oil-water interface are listed in Table 3.3, and the repulsion

parameters for C12ES are listed in Table 3.4
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Table 3.3. Set of repulsion parameters used in the water-0il-SDS simulations. H and T

represent the head and tail beads of SDS surfactant, while W and O denote water and oil,

respectively.
H T w O Wall
H 20 42 10 50 35
T 15 25 12 15.5
W 15 90 15
O 15 20
Wall 15

Table 3.4. Details of parameters used in the water-0il-C12E8 simulations. H and T represent the

head and tail of C12ES surfactant, while W and O denote water and oil, respectively.

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

Both Poiseuille and Couette flow simulations were performed in a rectangular box of size
20 x 20 x 21 72, as seen in Figure 3.1. The initial positions of the DPD beads were randomly
selected between two parallel solid plates, and the computational domains were assumed to be
periodic in the streamwise x-direction and the spanwise y-direction, the boundary condition on the
two solid plates is no slip in z-direction. The computational domain consisted of 1,250 wall beads
and 41,600 fluid particles to maintain a density of 5. To determine the viscosity of two immiscible
fluids under the Poiseuille flow condition, a body force was chosen as g, = 0.01, while the
velocity of the walls was set equal to zero. This body force is the way to introduce the pressure
drop that drives the Poiseuille flow. The effect of surfactants on the velocity profile and the critical
shear rate that could create micelles were also examined. Based on the calculations above, the
numbers of surfactant molecules at the oil-water interface at the CMC were approximately 644

and 588 for SDS and CI12ES, respectively, equal to 1,932 and 3,528 surfactant beads. The
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duration of the simulations was 10° timesteps with At = 0.02 in DPD units. Simulations were
performed with 2 X 10%,3 X 10® and 5 x 10° time steps, and the results did not change — the
desorbed micelles were observed to be stable in all computations. Simulations were further
performed for larger box size, with dimensions L, X L, X L, = 20 X 20 X 51 2, to examine the
influence of box size on the velocity profile and the magnitude of critical shear rate for the creation

of micelle.

3.3 Results and Discussion
3.3.1 Single phase flow and determination of fluid viscosity

The results for single fluid flow simulation for water are shown in Figure 3.3, and are
compared to the Poiseuille flow equation for the fluid velocity profile (the dotted lines). First, we
simulated the case with the bounce-back boundary condition and kept the dissipative parameter
between water-water and between water-wall beads the same, y = 4.5. The velocity profile for
water flow (yellow line) is higher than expected when compared to the parabolic Poiseuille flow
solution, resulting in a large slip of the fluid at the walls. From this finding, it can be concluded
that using the same friction coefficients between different types of materials would not result in an
accurate representation of the system if one wanted to prevent fluid particles from entering the
wall domain. If the dissipative parameter for water-wall interactions was reduced by one-half that
of water-water, the velocity profile for water flow (green line) is also greater than expected and a
large slip is still present.

When the dissipative parameter for water-wall interactions was increased to twice that of

water-water (red line), the no-slip condition was satisfied. The normalized error (€;,) can be used

to quantify the difference between the theoretical and the simulation results, calculated as follows:

1
”vtheory_ Vsimulation”L2 B [%Z(vtheory _ Vsimulation)z]E

e, = = (3.6)

1
||Vtheory||L2 [lz(vtheory)z]i
N

where N is the number of observations. From Figure 3.3, the maximum velocity was 2.063, and

the parabolic velocity profile (in DPD units) was
2 2
V, = 28p2 [1 - (E) ] = 2.063 [1 - (i) ] (3.7)

2n 10.4
The viscosity of water can be obtained based on the velocity maximum so that p,,4¢er =

1.31 in DPD units.
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Figure 3.3. Poiseuille flow velocity profile for water with different dissipative parameter

values between the wall and the water beads.

In fact, the dynamic viscosity of water and heptadecane are 8.9 X 10~} (mPa.s) and 4.21
(mPa.s),” which is equivalent to 1.31 and 6.24 in DPD units, respectively. In order to estimate the
correct value of the dissipation parameter for oil flow dynamic simulations, single phase flow
computations for oil in Poiseuille flow were conducted for different values of the body force g,
acting on the oil beads. The maximum velocity of the parabolic profile was found, and from that
the viscosity of the oil phase. Finally, in Figure 3.4a the effect of the dissipative parameter on the
oil viscosity is presented. The results of the simulations are in good agreement with the theoretical
velocity.”® A straight line can be fitted to the simulation results, so that

Woit = 0.21 ¥oj1-on + 1.51 (3.8)

Therefore, the dissipative parameter for oil-oil, which yields the reported dynamic viscosity
of the oil (u,;; = 6.24) is equal to y,i1_oi1 = 22.5 and the dissipative parameter for the oil-wall
interaction is twice that, and equal to y,j—wan = 45.0, since we apply the same rule as for the
water-wall case. The Poiseuille flow velocity profile for oil was also verified with the parabolic
flow theoretical solution, as seen in Figure 3.4b. There is agreement with the theoretical velocity
profile, and we conclude that the dissipative parameters for single phase of oil (y,i—oi;) and water
(Ywater—water) 10 the system of two immiscible fluids should be dissimilar. This is important when

dynamic simulations are conducted instead of computations at equilibrium.
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It is important to comment here on the Newtonian character of the results for the
computations. One would expect a parabolic velocity profile for Poiseuille flow when the fluid is
Newtonian. Long n-alkanes however exhibit non-Newtonian behavior at high shear rates. The

transition to shear-thinning can be estimated based on the inverse of the alkane chain relaxation

time, given as y, = —, where 7 is the characteristic relaxation time from the Rouse model for

T2 pRT’ where M is the molecular mass and R is the ideal

polymer dynamics.”” Specifically, T =

gas constant. Calculations for pure heptadecane show that the relaxation time based on the Rouse
model is 640 ps, meaning that the shear rate for the case of Poiseuille flow was below the critical
shear rate. For Couette flow, when the velocity of the top wall of the narrow slit was 5, the shear
rate was one order of magnitude above the critical shear rate. However, even in that case, a
Newtonian fluid behavior was observed. The reason might be that the Rouse model and the
transition to shear thinning account for the entanglement and disentanglement of the n-alkane
chains. In the present case of coarse graining, the chain of the alkane is represented with three

beads so that disentanglement of chains does not occur.
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Figure 3.4. (a) Relation between the dissipative parameter and computed fluid viscosity, and (b)

Poiseuille flow velocity profile for oil flow when y,;;,_,i; = 22.5 and y,i1—wau = 45.0

3.3.2 The flow of two immiscible fluids
In Figure 3.5 we show the velocity profile across the nano slit when immiscible oil and

water flow through it. The ratio of oil to water flow varied from 100% of water to 100% of oil
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under Poiseuille and Couette flow conditions. The velocity profile shown in Figure 3.5a was
obtained after the Poiseuille flow was fully developed with no boundary condition applied at the
oil-water interface. The result in the case 0f 45.4% of oil was in good agreement with the analytical
solution of Bird et al.” (see equations ( 3.1) and ( 3.2)). For the cases of 0.0%, 28.8%, 65.6%, and
100.0% of oil in the system, the slope and the shape of the velocity profiles are different at the
dividing streamline between the oil and water interface. Moreover, the normalized error €,
between the theoretical and the computational results is shown in Table 3.5. The Couette flow
field was obtained by applying a constant force to the top wall of the nano-slit so that the velocity
of the top wall was equal to 5.0 (in DPD units), while the bottom wall was kept stationary. The
same simulation parameters as for the single phase of oil and water in Poiseuille flow were applied
to satisfy the no-slip boundary conditions. As expected, when the ratio of oil over water increased,

the interface velocities increased (see Figure 3.5b).

1.0 10
0.0%
28.8%
05 4% 1 05 -
65.6%
—100.0%
€00 - ~H 00 —
oo [[10 20 30 0o /10 30 40 50
——0.0%
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| 45.4%
65.6%
i ——100.0%
-1.0 o 1.0 =
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Figure 3.5. Velocity profile for two immiscible fluids with various percentages of oil (0.0%,
28.8%, 48.4%, 65.6%, and 100.0%) under (a) Poiseuille and (b) Couette flow conditions. The oil
flows through the bottom side of the channel and the water through the top side of the channel

since the gravitational effect was not accounted in our simulation.
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Table 3.5. Errors for two-phase flow velocity profile

Percentage of oil 0.0% 28.8% 45.4% 65.6% 100.0%
Normalized error &,

0.024 0.023 0.032 0.029 0.022
(Poiseullie flow)
Normalized error &,

0.007 0.009 0.017 0.021 0.007

(Couette flow)

3.3.3 Dynamic oil-water system with surfactants

The two surfactants, SDS and C12ES8, were selected because of their different molecular
size and characteristics and because they have been commonly used in experiments and
applications. In this work, they are used to probe the interfacial behavior of the oil-water system
under shear. Figure 3.6 is a visual illustration of the SDS and C12ES8 surfactant molecules at the
oil-water interface between two parallel solid plates. The external force g, = 0.01 was applied to
create the Poiseuille flow while the walls were stationary. As can be seen, all the surfactant
molecules stay on the interface with the hydrophilic head beads (green beads) facing toward the

aqueous phase, whereas the hydrophobic tail beads (purple beads) tend to face the oil phase.

Figure 3.6. Snapshots of (a) SDS and (b) C12ES surfactant at the oil-water interface with 50% of
oil and water between two solid walls under Poiseuille flow. The wall, water and oil beads are
shown as ochre, blue, and yellow, respectively. The surfactant tails are purple, while green beads

represent the head beads of the surfactants.
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3.3.3.1 Velocity profile of oil-water system with surfactants

The influence of surfactants located at the oil-wall interface on the velocity profile under
Poiseuille and Couette flow configurations is shown in Figure 3.7a and Figure 3.7b, respectively.
It is seen that the presence of surfactant at the interface leads to a reduction of the water phase
velocity, while it also leads to increased velocity of the oil phase. The most drastic change of
velocity for either Poiseuille or Couette flow conditions was observed when C12E8 was present.
To clarify the contribution of surfactants on the velocity profile, we changed the number of
surfactants (both SDS and C12ES8) for the Poiseuille flow. In such a system, the presence of the
surfactants may affect the viscosity of the oil phase since the surfactant molecules are large. The
surfactants also change the oil-water interfacial tension, but the observation that C12E8, which is
the larger molecule, has a stronger effect on the velocity profile leads to the hypothesis that this
behavior is a viscosity-related effect. For a mixture of fluids, one can define an effective viscosity

(Uesy) that depends on the fluid components and their mole fraction in the mixture. The formula
for pess of liquids incorporates the mole fraction of the fluids in the mixture and a weighted

average of the viscosities,” as follows:

In oy = Ty % In py = In (222 = ax, n (£2) (3.9)

If this is the case here, we would expect a linear function of the logarithm of the effective
viscosity and the surfactant mole fraction in the oil phase and water phase. The effective viscosity
in the oil phase and water phase was determined from the velocity profile and equation ( 3.1) and
( 3.2). The mole fraction x; is the ratio between the moles of surfactant tails and oil or the ratio

between the moles of surfactant heads and water.
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Figure 3.7. Velocity profile of 0il-SDS-water and 0il-C12E8-water in (a) Poiseuille and (b)
Couette flows. The oil flows in the bottom side of the channel (z/h<0) and the water flows

through the top side (z/h>0). The results are for a computational box of size 20 x 20 x 21 3.

As can be seen from Figure 3.8a, with a very high number of SDS, the effective viscosity
of the oil phase decreased significantly. In this figure, results from both the small
(20 x 20 x 21 73) and the large (20 X 20 X 51 ;*) computational box sizes are included. The
most interesting point is that the relationship between the surfactant mole fraction and the natural
logarithm of the ratio of effective viscosity to the viscosity of oil can be represented by a linear

function. When the surfactant mole fraction is zero, the linear fit has to pass through the point

Herf
Hoil

= 1.0 and In (fers/Uou) = 0.0. As the concentration of SDS increased, the effective
viscosity of the oil phase decreased significantly. The investigation of effective viscosity in the
case of C12E8 led to a similar conclusion (shown in Figure 3.8b). In addition, a linear function of
In (efs/twater) and mole fraction of surfactant heads in the water phase was observed in Figure
3.8c and Figure 3.8d. In summary, the presence of surfactants exerts an influence on the behavior
of two immiscible fluids flowing between two parallel plates. The natural logarithm between
effective viscosity and viscosity of oil or water changes linearly with the surfactant tails or heads

mole fraction.
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Figure 3.8. ln(ye £/ uoil) as a function of mole fraction x; of (a) SDS and (b) C12ES8 used to
stabilize the oil-water interface in the case of oil phase. And ln(ue £/ ,uwater) as a function of

mole fraction x; of (¢) SDS and (d) C12ES in the case of the water phase.

3.3.3.2 Micelle formation

Changes in the shear rate applied in the flow fields were obtained by changing the
streamwise body force in Poiseuille flow and by changing the velocity of the moving wall in
Couette flow. The motivation was to investigate the stability of the oil-water interface, and the

results are presented in Figure 3.9. The shear rate, ys, is given as

(3.10)
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For Poiseuille flow, the shear rate is maximum at the top and bottom walls, and it has
different values in the case of multifluid flow because of the difference in the viscosity of the two
fluids. The minimum shear rate is reached at the position corresponding to the maximum velocity
of the water flow, which can be seen in Figure 3.9a and Figure 3.9d. In addition, Figure 3.9c and
Figure 3.9f show the effect of shear rate on creating micelles when the surfactants desorbed from
the oil-water interface and moved into the water phase. In the case of SDS at the CMC, there
appeared to be a critical value of shear rate for the desorption of micelles, which formed when the
value of the body force of Poiseuille flow g, was greater than 0.038. Figure 3.9a showed the
maximum value of the shear rate at the interface was 0.265 (in DPD units), while the critical value
of the shear rate for the oil phase in the case of Couette flow was 0.063 (Figure 3.9b). In the case
of C12E8, the maximum value of the shear rate at the interface was 0.261, the body force of
Poiseuille flow g, = 0.038 was shown in Figure 3.9d, and the critical value of shear rate for the
oil phase under Couette flow was 0. 059 (Figure 3.9¢). This observation is not an initial condition
effect since the system was allowed to reach equilibrium without flow, the body force or the shear

were applied later.
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Figure 3.9. Shear rate and fluid behavior of Poiseuille flow for (a, ¢) oil-SDS-water and (d, f)
0il-C12E8-water, and Couette flow for (b) 0il-SDS-water and (¢) oil-C12E8-water (box size
20 x 20 x 2172). The color code for the DPD beads in (¢, f) follows the colors in Figure 3.6.

To quantify the effect of surfactant concentration on the critical shear rate for the formation
of micelles under Poiseuille and Couette flows, we modified the concentration of the SDS and
C12ES at the interface. For Poiseuille flow, when the concentration of surfactants located at the
interface was reduced, we still observed the formation of micelles. The reason is that Poiseuille
flow between two parallel plates can be unstable as the fluid is driven by a pressure gradient, and
there is a possibility to generate waves at the interface between two different viscous and
immiscible fluids.?’ At the CMC, micelles can be formed and the micelles partition into the water
phase. However, why do we observe surfactant desorption even when the surfactant concentration
is below the CMC at the interface? The answer is that the concentration increases locally. As can
be seen from Figure 3.10, the waves at the interface between the two fluids generate a change in
the local concentration of the surfactant. The surfactant molecules tend to concentrate downstream
from the crest of the wave; the concentration can locally become comparable to the CMC, and then
micelles can partition in the water phase (see Figure 3.10a and Figure 3.10b) for SDS and C12ES8
behavior, respectively. The formation of micelles below the CMC can also observed from studies
on Micellar-enhanced ultrafiltration (MEUF) on aqueous solution applied in separation
processes.®!: 82 In conclusion, when the interface is unstable, surfactants tend to assemble locally
(see Figure 3.10c and Figure 3.10d). Once the concentration becomes large enough, desorption

and micelle formation will occur even when the surfactant concentration is lower than that at CMC.
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Figure 3.10. Fluid behavior of Poiseuille flow for (a) oil-SDS-water (Csps = 50.3% CMC; g, =
0.09) and (b) oil-C12E8-water (Cc1255 = 55.1% CMC; g, = 0.17). The color code for the DPD
beads follows the colors in Figure 3.6. Water and oil beads have been hidden. Notice the high

local concentration of the surfactants in the circled areas. The contour plots of the density of SDS

surfactant and C12E8 surfactant are presented in (¢) and (d) to show the local increase in

surfactant concentration along the interface.

For Couette flow, we have not found any micelle formation when the concentration of
surfactant was lower than CMC. Plane Couette flow is unconditionally stable based on linear
stability analysis for single phase flows, and it has been found to be stable for multiphase flows as

well. In other words, since the Couette flow is more stable, the waves do not form, and the
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surfactants do not aggregate in one location to create micelles.®® DPD simulation has been
criticized for artifacts, especially in dynamic behavior, as the Schmidt number in standard DPD is
close to 1, ideal for gases. An alternative to standard DPD has been suggested as LA-DPD,3 84
but using the standard DPD does not appear to be the reason for micelle formation below the CMC
observed herein. For no flow or for Couette flow, the surfactants do not aggregate in one location
of the interface to create micelles. However, for Poiseuille flow, the surfactants tend to assemble,
and once the local concentration becomes large enough, desorption in the form of micelles was

observed. Hence, the micelles can appear if the concentration is comparable to the CMC locally.

3.3.3.3 The effect of computational box size

The effects of the computational box size on the fluid velocity were investigated by
increasing the height of the nano-slit. The reason for probing the channel height effects was the
fact that the C12E8 molecule is rather long (6 DPD units) relative to the channel height (20.8 DPD
units) and the number of surfactant beads in the computation affects the viscosity of the oil or the
water. The computational box height was increased from L, = 21 to L, = 51, and oil-water flow
with the presence of surfactants was simulated. The same external body force as in the case of the
small box (L, = 21), gy = 0.01, was imposed on each fluid particle in the x-direction to drive the
Poiseuille flow. The top wall was set to move with velocity v = 5.0 to create the Couette flow. In
Figure 3.11, it can be seen that the shape of the velocity profile looks like the one in the smaller
box.

For Poiseuille flow, there was about a six-fold increase in the value of the velocity at the
interface (at z = 0) in the case of SDS added on the oil-water interface when L, increased from
21 to 51. The maximum velocity of Poiseuille flow depends on the height of the channel, as can
be seen from equation ( 3.1) and ( 3.2). For Couette flow, the bigger size of the box in the z-
direction did not have a significant effect on the magnitude of velocity, as expected from equation
( 3.3) and( 3.4). In addition, the value of velocity in oil phase in the system of 0il-C12E8-water is
higher than the velocity of the oil-SDS-water system, hence, this result is the same as the one we

discussed previously (small box: 20 x 20 x 2172).
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Figure 3.11. Velocity profile of SDS or C12ES8 surfactant at the interface of oil-water flow with
computational box size 20 X 20 X 51 r2 under (a) Poiseuille flow and (b) Couette flow

configurations.

We also investigated the formation of micelles in the big box (20 X 20 x 51r2). SDS
surfactant desorbed from the interface when the shear rate increased up to 0.226 (as shown in
Figure 3.12a) under the Poiseuille flow condition, while Figure 3.12b shows that the shear effect
in Couette flow led to elongated shapes for the micelles, which did not appear in the case of top
wall velocity less than 8.8 (shear rate for oil phase was 0.058). For C12ES, as can be seen from
Figure 3.12c, the critical shear rate was 0.151, equivalent to the external body force g, = 0.008.
In addition, the top wall moved with a velocity of 5.6 (Couette flow), corresponding to a shear rate
of approximately 0.039 for the oil phase, while it increased abruptly at the oil-water interface and
went up slightly within the water phase (see Figure 3.12d). As a result, the formation of micelles

in the water phase was also observed when surfactants were present in the bigger simulation box.
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Figure 3.12. Shear rate and fluid behavior of Poiseuille flow for (a) oil-SDS-water and (c) oil-
C12E8-water, and Couette flow for (b) 0il-SDS-water and (d) oil-C12E8-water (box size
20 x 20 x 51 72). Oil flows through the left side of the channel and water through the right side
of the channel. The inset is a density plot with the y-axis as density of the oil-surfactant-water

system.

3.4 Conclusions

In summary, we have investigated the multi-fluid dynamic behavior for immiscible fluids
during Poiseuille or Couette flow and the interaction of surfactants with the oil-water interface
under shear using the DPD simulation method. While the repulsion interactions between beads
depend on the type of molecules in the simulated system, the focus here is on investigating the

dynamic behavior of the fluids. Regarding the size of the DPD beads, there is not a single rule that
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can be used to determine their size. Instead, the physical system and the goals of a research project
should help to define the size of the beads and how a molecule should be split into different beads.
The no-slip boundary condition was satisfied by using frozen wall particles and the bounce-back
boundary condition. In this way, the fluid-wall interface did not allow any water or oil beads to
penetrate the wall. Moreover, the dissipative parameter for each fluid should be different to model
the difference in the viscosity of the fluids before conducting simulations of the multiphase system
under flow.

Selecting the appropriate dissipation parameters for the DPD model for each fluid was
important. When successful, an accurate model for the viscosity of each of the two different fluids
led to results that were in excellent agreement with the analytical solution of Bird et al.” for the
case of ~50% oil and water. In addition, the results for other cases with different ratios of oil to
water agreed with the theoretical predictions quite well.

Under shear flow, the presence of surfactants located at the oil-water interface affected the
velocity profile. The presence of the surfactants modified the effective viscosity of the oil phase
and water phase and led to a change in fluid velocity for the same pressure drop. Furthermore, it
was demonstrated that the surfactant can desorb from the interface when the shear rate increases
above a critical value. The shear led to an unstable oil-water interface in Poiseuille flow, leading
to local increases in the surfactant concentration followed by surfactant desorption into the aqueous
phase. Plane Couette flow was stable for immiscible fluids, so localized increases in the surfactant
concentration did not occur in that case. The phenomenon of micelle formation below CMC only
occurred in the case of Poiseuille flow because of the appearance of waves and the resulting
increase in local surfactant concentration. Finally, it must be noted that the effects of viscosity and
shear rate in the case of surfactants were confirmed with calculations in a simulation box that was

twice as wide.
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Chapter 4. Janus Nanoparticle and Surfactant Effects on Oil Drop Migration in Water
under Shear
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 environmental 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 nanoparticles (JPs) and/or octaethylene glycol monododecyl ether,
a nonionic surfactant, were examined using coarse-grained computations. The shear flow field was
created utilizing a Couette flow, where the top wall of a channel moved with a specified velocity
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.

4.1 Introduction

The motion of liquid droplets is important to a broad range of process industries,-%7

especially the petrochemical sector, where oil and water are often produced and transported

+ Material in this chapter has been published in Nguyen, T. X., Razavi, S., & Papavassiliou, D. V.
(2022), The Journal of Physical Chemistry B, 126(33), 6314-6323.
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together.3® 3% Several techniques can be exploited to make droplets move, such as electrostatic

9. 91 qurface energy gradient,” ** or external forcing by shear flow,”**7 and several

actuation,
studies regarding the transportation of droplets have been performed either experimentally®* > or
computationally.””- *® Notably, most previous studies focused on the motion of droplets or bubbles
in a cylindrical capillary.”-1°! For non-cylindrical geometries, Horwitz et al. studied the effect of
the dimensionless parameters (Reynolds number and capillary number) and 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 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-active species. For instance, surfactants are conventionally
used for flushing residual oil in hydrocarbon reservoirs through chemical flooding in EOR

processes. In particular, C12E8 is a common nonionic surfactant used for EOR.”? In our prior

research studies, this surfactant has been employed to explore the effects of surfactants on flat oil-

9 3

water interfaces,® in the case of compression of flat interfaces!® and on the behavior of the
multiphase flow.!%* Nanoparticles also affect interfacial behavior, as prior research has
demonstrated that nanoparticles can stabilize emulsions,'% affect substrate wettability,'%® %7 and
increase the oil recovery rate for EOR.!%® JPs which are a class of nanoparticles possessing
amphiphilicity, are also shown to impact the properties of fluid-fluid interfaces and their response
to applied stresses. !> 109-115

The coexistence of surfactants and nanoparticles on the oil-water interface has broad
applications in energy and environmental areas.’?3* However, most studies have focused on
equilibrium conditions when there is no flow in the system.!!'s ''7 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.''8

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
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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 JPs. The dissipative particle dynamics coarse-graining
computational 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 surfactant and

JPs.

4.2 Simulation details

A plane Couette flow was established in a channel with a height of 21 r. (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. The DPD
beads representing water, oil (Ci7Hze), and surfactants (C12E8) were modeled identically to the
description provided in Chapter 3. Regarding the NP, the JPs were considered spherical particles,
consisting of two faces with distinct wetting properties. The distance between neighboring NP
beads was set at 0.30 7., and the diameter of the particles was set to 4.7 7, (~3.64 nm).!% The NP
was crafted to possess hollow structures, with vacant spaces inside. The conversion of time and
length scales from DPD units to physical units is shown in Table 4.1. 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 4.1.
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N N A e A e e

Water Heptadecane

Janus nanoparticle

Figure 4.1. Schematic configuration of water, heptadecane, Janus particle and C12ES8 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
surface of JP beads.

Table 4.1. Scaling factors for DPD computations

Number of ‘
Additive Mass Length Temperature Time
water
on the Density scale scale scale scale
molecules in
interface (1072°kg) (107 1°m) (K) (10712g)
one bead
CI12ES8 5 6 1.80 9.66 298 6.38
C12E8+JPs 5 6 1.80 9.66 298 6.38
JPs 5 5 1.50 9.09 298 5.48
None 5 5 1.50 9.09 298 5.48

When the surfactant surface concentration is high, some surfactant molecules can partition
out of the interface and create micelles in the water phase.!!” Following the procedure detailed in
our earlier work,* the repulsion parameters used in the present study for the case of C12ES at the

oil-water interface and the JPs at the oil-water interface, are listed in Table 4.2.
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Table 4.2. 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 C12ES8 surfactant, while W and O symbolize water and
oil, respectively. The JPs include hydrophobic (Pho) and hydrophilic (Phi) beads.

"0 T

Figure 4.2. 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; (d) oil, Janus
nanoparticles, surfactants, and water system. The wall, water, and oil beads are shown as ochre,
blue, and yellow, respectively. Cyan color represents 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.

The Couette flow simulations were performed in a computational box with dimensions

50 x 30 x 21 72, in the x, y, z directions (see Figure 4.2). The DPD water beads were placed
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between the two parallel solid plates in random locations. The computational domain shown in
Figure 4.2 consisted of 4,788 wall beads and 156,000 fluid beads, the density of the fluid in DPD
units was 5 (i.e., the number of DPD beads per 1 unit volume of the simulation).* The surfactants
and JPs were added to the surface of the oil droplet. The simulation time step was setto 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.

4.3 Verification of Computations: Contact angle and size of oil droplet

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 (8,; < 90°), the surface is
hydrophobic; if the droplet has a large contact angle (6,; > 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 the
Young’s equation as follows:

Ysw — ¥so = Yow €0S0, (4.1)
where ygy, is the solid wall-water surface tension, ys, is the solid wall-oil surface tension, yoyy 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.

Separate DPD simulations were conducted to calculate the surface tensions in equation (
4.1). 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, ¥y, using equation ( 1.1).!° The
solid-fluid surface tensions were not calculated directly, instead their difference shown on the left-
hand side of equation ( 4.1) 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 equation ( 1.1) for each of the cases of wall-oil and
wall-water. The difference between these two, which is the quantity on the left-hand side of
equation ( 4.1), was then calculated. Following the start-up period for each of these simulations,
the interfacial tension values were determined every 100 time steps of the simulation and then

averaged for 1,000,000 steps. These results were converted from the DPD units to real world units

mass scale

using a scaling factor k determined as k = = 4.98 mN/m. As a result, the interfacial

time scale?
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tension value of heptadecane-water was computed as Yoy, = 53.33 mN/m, which compares well
with the experimentally reported value of y,,, = 53.20 mN/m,'?° while gy — Y50 = 8.42
mN/m. Using these values and equation ( 4.1), the contact angle for the oil droplet on the solid

wall was calculated to be 8,;; = 80.9°.
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0 50,000 100,000 —10 -5 0 5 10
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Figure 4.3. Equilibration of an oil drop (1,944 oil molecules) on a solid wall at different stages
of the DPD computation. (a) Drop after 500 time steps, (b) 1,000 time steps, and (c) 10,000
time steps; (d) contact angle of oil droplet in water phase during the simulation time and (e)

contour plot of oil droplet density at equilibrium.

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 4.3a-d). Finally, the contact angle of a
drop on a flat surface was calculated directly from the density profile of the droplet and by using
the sphere approximation and the ellipse approximation using the ImagelJ software.’® As seen in
Figure 4.3¢, the value of the contact angle was found to be 6,; = 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 and a different simulation box
size was also investigated, as shown in Figure 4.4. In Figure 4.4a, the contact angle was 6,;; =
82.0° £ 1.6 for all cases studied with the number of oil molecules increasing from 972 to 6,048
molecules. As shown in Figure 4.4b, the size of the computational box does not affect the contact
angle calculations, as expected when the properties of the fluids and the wall do not change.
Therefore, we chose 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
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angle). The contact angle for this case (6,; = 82.8°) had the smaller difference with that obtained

from Young’s equation.
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Figure 4.4. Dependence of the oil drop contact angle on the solid wall on (a) the number of oil
molecules (box size: x X y X z = 50 X 30 X 21) and (b) the size of the simulation box (1,944
oil molecules).

4.4 Results and Discussion
4.4.1 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
CI12E8 on the heptadecane—water interface, corresponding to the critical micelle concentration
(CMC), is 2.60 x 1071% mol/cm?.'?! In DPD units, this translates to 1.47 molecules per 1 r2 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

2
calculated as Neye = 147 X S = 147 X 2m———

“costn 540 molecules, where Sy is 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 8,;; used here is the equilibrium contact angle for the oil drop in the absence of surfactant

molecules. The interfacial tension Yy, and the three-phase contact angle of the oil droplet in the
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presence of surfactants at interfacial concentrations up to the value corresponding to CMC are
plotted in Figure 4.5a-b, respectively. It was assumed that the number of CI12E8 surfactant
molecules per 1 12 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 hexadecane—water. The IFT for hexadecane-water at CMC of C12E8
was Yo = 3.33 mN/m,'?! which was very close to our simulation result for hexadecane-water
Yow = 3.55 mN/m (see Figure 4.5a). In addition, it is seen that both y,,, and 6,; decreased

significantly with the concentration of surfactant on the oil-water interface. Thus, the droplet

spread more on the solid surface.
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Figure 4.5. (a) Dependence of interfacial tension y,y, and (b) contact angle (8,;;) on the surface

concentration of C12E8 normalized with its value at the CMC.

The drop migration results are provided in Figure 4.6 as a function of y,y,,, where the
concentration of CI2E8 surfactant was increased up to the CMC, and the IFT was reduced
accordingly (Figure 4.5a). 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, Vo, 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 velocity of the drop for the time
duration simulated. The velocity designated as Vw 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

47



as a function of the distance from the stationary channel wall.!?? The velocity Vw 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 (Vo and Vw) 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 4.6a, 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 yow =

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.
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Figure 4.6. Effect of the oil-water interfacial tension (yy,) on the oil drop migration. The y,y,

changes with the addition of more surfactant to the interface; the highest y,y, corresponds to the

case of oil-water with no surfactant in the system, and the lowest y,, 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) The slip velocity

between the oil droplet and the water.

These results can be explained by comparing the slip velocity between the oil droplet and

the water as shown in Figure 4.6b. When the y,;, decreased from 53.33 mN/m (no surfactant) to

3.55 mN/m (at the CMC), the value of Vw went down because the drop shape changed. In order
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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 4.5b). The actual velocity of the droplet Vo 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 y,y, values in the presence of higher surfactant
concentrations. As the Y,y decreased, the transfer of momentum between the two immiscible
fluids became more efficient. Applying a linear fit between the y,y, and the slip velocity AV
between the oil droplet and water, it is found that AV = 0.0006 yow + 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 polynomial fit. The
presence of a local maximum in the displacement as a function of y,y, 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 at the front side and high
concentration at 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 4.7. At high surfactant
concentration (C¢q2gg > 75% CMC), a reduction of the oil droplet displacement occurred (shown
in Figure 4.6a) because the Marangoni stress created fluid motion at the interface. The driving
force towards 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 4.7a). 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
C12E8 was small, the surfactant concentration was more nonuniform on the surface of the oil drop
(see Figure 4.7b); 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.> 123
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Figure 4.7. Color maps for the density of 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. Surfactants did not

adsorb on the surface .

4.4.2 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
surfactant. The number of C12ES8 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 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
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the surface concentration corresponding to the CMC if more than 396 surfactant molecules were
used.

In Figure 4.8 we show the position of JPs relative to the center of mass (COM) of the oil
droplet. The difference 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:

A; = COM;p, — COM,;; (4.2)

When the value of A; is negative, the i-th JP is at front of the oil drop (as seen for JP1 in
Figure 4.8), and when A; > 0, the JP was at the rear of the oil drop (see JP2 in Figure 4.8) and
was set free to rotate. As the drop migrated, the JPs would move on the interface following specific

patterns.

Front side Rear side

Figure 4.8. Position of Janus particles (JPs) compared to center of mass (COM) of oil droplet. A, is the
distance between the COM of JP1 on 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.

The relative position of each JP on the drop interface is plotted in Figure 4.9 as a function
of time. Without 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 towards the drop sides. This
behavior is seen in the top row of Figure 4.9, where all 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. The
surfactant molecules were selected to minimize the Marangoni effect, as mentioned above.

Although surfactant remains in the oil drop, it still causes the interfacial velocity to be reversed
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when it is added. Janus particles and surfactants can move freely under Marangoni flow while
shear flow externally imposed moves in the opposite direction, resulting in periodic movements
for JPs. This is seen in Figure 4.9d-f, where A changed sign periodically. We can speculate that
the reason for this periodic motion is the competition between hydrodynamic effects and
Marangoni effects. 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 motion of surfactants then push the JPs to the front and the cycle is repeated. The ratio
of the projection of a single JP on the direction of the flow over the projection of the oil drop in
the direction of the flow is about 6%, so 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.

52



10

s{) ;\\f‘v'\\:p‘ﬂ' Y -if'w':ﬁ:a-" ‘.-:"_j.,.‘. et T A,
4 18 < | \¢ \ ot & .,-h. ) A
| ! R B@B‘ :
40 RN i IML .N A4
IR il ; alu \W a —_
W 5 10{ ¢ 5 10 LAy, N 10 A
S U N o o YN A — b
5 M.'." . .‘1{3:-.! "v‘- "..?:'. -u‘ '.." '."'\d,,\'i"v - AB
v .s'"~’;'-' A ;::;...A.;'. v '-'-5-:'
-10
Time stepsx10° Time stepsx10° Time stepsx10°
(a) Oil+7%JNP (b) Oil+14%JPs (c) Oil+27%JPs
10
4 '?‘: |
5 b 1 | ¢ :.'.
"‘I ‘ { b
<0 —Tt r —H F
) 5 |4y 10{ 0, 1 15l 10
5 { :-! MMM —— :, "J\W. el r
MWw Murorra | | Yot 4 VY ' TV
-10 2
Time stepsx10° Time stepsx10° Time stepsx10°

(d) Oil+7%JNP+CI2E8 (&) Oil+14%JPs+C12E8 (f) Oil+27%JPs+C12E8

Figure 4.9. Trajectories of each JP relative to the center of mass of the droplet. Top row: No
surfactant present and different JP coverage. Bottom row: 396 molecules of C12E8 present at

the interface and different JP coverage.

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 4.10). 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 are assembled at the three-phase contact line
of the drop with the bottom wall, the friction between them and the wall impedes 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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Figure 4.10. The total average potential energy of Janus particles and the solid bottom wall with
C12ES (blue) or without C12ES8 (orange) at the interface between oil and water. The potential
energy is in the DPD unit.

Finally, the displacement of the oil droplet was calculated for all cases examined under
Couette flow and plotted in Figure 4.11. These included an oil droplet migrating in the water phase
(designated as Oil in Figure 4.11), an oil droplet with surfactant with a 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 droplet-surfactant-
Janus particles at 73% of the CMC and different JP concentrations (designated as
Oil+C12E8+7%JPs, Oil+C12E8+14%JPs, Oil+CI12E8+27%JPs). Each of these drops was
subjected to the same shear flow conditions and for the same duration. It can be 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.
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Figure 4.11. Displacement of the oil droplet in various cases.

4.5 Conclusions

In this study, we have numerically investigated the motion of an oil droplet with and
without the presence of surfactant 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 a
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 in the bare oil case, the co-existence of surfactants and Janus particles leads to higher

displacement than the case of bare oil.

55



Chapter 5.  Effects of Nanoparticle Wettability on Meniscus Stability of Oil-Water
Systems: A Coarse-Grained Modeling Approach

Abstract?

A coarse-grained modeling approach is employed to probe the effect of nanoparticles and
their wettability on the stability of the interface between two immiscible fluids. In this study, pure
oil (dodecane) and water are placed side by side in a nanochannel, forming a meniscus.
Homogeneous hydrophilic nanoparticles, Janus particles, and homogeneous hydrophobic
nanoparticles are placed at the oil-water interface and their dynamics are studied as they rearrange
at the oil-water interface. The results show that when the water is set in motion two instabilities
occur: the formation of fingers and the detachment of water from the channel wall. It is observed
that the formation of fingers is affected by the wettability of the nanoparticles. The second
instability may lead to the formation of a drop that propagates through the channel. However, it is
found that the wetting properties of the nanoparticles do not affect the critical flow rate for the
detachment of the water from the wall. Therefore, detachment occurs at the same three-phase
contact angle, regardless of the nanoparticle wetting properties. These findings can be important
for industrial applications, such as enhanced oil recovery, separation technologies, and

microfluidic and nanofluidic technologies.

5.1 Introduction

In recent years, the applications of nanotechnology have grown in several areas, such as

125-127 128, 129

environmental remediation, pharmaceuticals, and food processing.!*" In the petroleum
exploration and production industry, nanoparticles (NPs) have gained a significant presence in
EOR since they can affect the characteristics of both the rock where oil is found and the residual
oil.!- 131132 The utilization of NPs in EOR techniques has several advantages, such as adjusting
the rheological characteristics of the involved fluids, flexibility in selecting the size and shape of
NPs, and chemical modification of the NP surface in order to tune fluid and interfacial

properties.!3* Several laboratory studies on NP-enabled EOR have taken place during the past

 Material in this chapter has been published in Nguyen, T. X., Razavi, S., & Papavassiliou, D. V.
(2024), The Journal of Physical Chemistry B, 128(12), 3016-3026.
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decade. One area of study revolves around investigating the application of hydrophilic silica
nanoparticles. Ju et al.!** indicated that injecting NPs resulted in their adsorption onto pore
surfaces, changing the surface wettability and significantly improving oil recovery.

In addition to their impact on surface wettability, NPs can influence the rheological
properties of fluid-fluid interfaces depending on their size, shape, surface roughness, and

1 10-115, 135, 136 wwhich can be employed in tuning the stability of emulsions and foams.!'%>

anisotropy,
137 Among different types of NPs, Janus particles (JPs) stand out as they combine surface
anisotropy and amphiphilicity into a single particle. Because one face of the JPs is hydrophilic and
the other hydrophobic, they exhibit special properties at fluid interfaces. For instance, the
desorption energy from the interface is up to three times higher than for homogeneous
nanoparticles.!*® Since the surface anisotropy of JPs can be controlled, the resulting interfacial

properties of the particle network can be tuned. Razavi et al.!!?

showed that the amphiphilicity of
JPs controlled their collapse behavior at the air-water interface under applied compressive stress,
a behavior that was attributed to the orientation of particles and interparticle capillary interactions
as the JP amphiphilicity was modified.!* In addition to experimental investigations, simulations
may offer an opportunity to carry out numerical experiments, allowing systematic changes in NP
properties and leading to significant contributions to the study of NP characteristics.

Immiscible fluid displacement is widely used in industrial applications,? !3% 140

, especially
in the oil and gas industry, where chemicals and water are used in EOR.%° The method involves
injecting a fluid, such as water or gas, into an oil reservoir to displace the oil and push it toward
production wells. The displaced oil is then recovered, which increases the overall production rate.
There is a tendency for water to move more readily than oil, leading to instabilities and the
development of water fingers. The phenomenon is known as viscous fingering or Saffman-Taylor
instability.!#!: 142 The Saffman—Taylor instability occurs when a fluid pushes a more viscous fluid
in a confined space. This is commonly encountered in situations involving porous media or within
the gap between two parallel plates (i.e., Hele-Shaw cell'®®). It is essential to predict fingering
when dealing with immiscible fluid displacement because it can affect the efficiency of any oil
displacement process. However, most studies regarding this instability have been done for two
immiscible liquids, whereas, in reality, a system consists of many components, such as oil, water,
additives, and surface-active species. The establishment of viscous fingering depends on several

factors, such as the viscosity ratio of wetting and non-wetting fluids, the capillary forces, and the
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injection rate.!** Several technologies have been developed to avoid fingering, including the
modification of the rock wettability by injecting low salinity after high salinity water;'** varying
the pressure gradient or the flow rate of the displacing fluid;'#¢ changing the wettability of the
injection fluid by conducting core flood experiments on water-wet and oil-wet cores;'4” and using
surfactants to modify the interfacial tension.!*® Moreover, when viscous fingering occurs, it can
create poor sweep efficiency. Thus, polymers are employed as a viscosity control agent, but often
degrade in a reservoir with harsh conditions.!*” 1° NPs have been proposed to enhance the
viscosity of the polymers in the injection fluid by strengthening the thermal stability of the polymer
solution and reducing degradation. Numerical simulations by the Lattice Boltzmann method have
also been used to investigate viscous fingering, breakthrough times, as well as gravity
considerations.!>!

However, the fundamental understanding of the impacts NPs have on the viscous fingering
phenomenon still needs to be improved. In particular, the effects of NP wettability on immiscible
fluid displacement and resulting fingering behavior have not been investigated in detail. In this
study, we used computations to simulate the flow of water that displaced oil (dodecane) in a
nanochannel using the dissipative particle dynamics (DPD) coarse-graining computational
method. The contributions of this chapter are to (a) probe how homogeneous particles
(hydrophobic or hydrophilic) influence the meniscus at the oil-water interface under equilibrium
and non-equilibrium conditions and compare their behavior to the case when amphiphilic JPs are
employed and (b) examine viscous fingering in the presence of NPs at the interface, where the

low-viscosity fluid (water) displaces the high-viscosity fluid (oil).
5.2 Simulation details
Figure 5.1 is a schematic configuration of all species used in the DPD simulations and

Table 5.1, shows the time and length scales for converting DPD units to physical units.

Table 5.1. Scaling factors for DPD computations.

. Number of Mass Length Temperature Time
Bead density
water molecules scale scale scale scale
(beads/volume) .
inone bead  (1072°kg) (1071%m) (K) (107125)
5 6 1.80 9.66 298 6.38
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Water Dodecane

Janus nanoparticle Hydrophobic nanoparticle Hydrophilic nanoparticle
P (H-AP) (H-P)

Figure 5.1 A schematic representation of the beads generated by simulations of DPD with water,
dodecane, Janus particles, and homogeneous particles (hydrophilic and hydrophobic
nanoparticles). Red, white, and gray spheres represent oxygen, hydrogen, and carbon,
respectively. Cyan color represents the hydrophilic part, while pink is used for the hydrophobic

face of the nanoparticles.

Figure 5.1 shows that each water bead (W) consisted of six water molecules, and each
dodecane molecule (C;,H,¢) contained two oil beads (O). The dimensions of the nanochannel
were 90 X 10 X 31 72 (using dimensionless DPD units in the X, y, z directions), with the fluid
density set as 5 in DPD units (i.e., 5 DPD beads per unit volume of the simulation).** Therefore,
138,600 fluid beads in the computational domain and 2,938 wall beads were added to the system.
The interaction parameter between oil and water was determined based on the IFT between these
two fluids achieved by aligning the simulation results with experimental findings. The dodecane-
water IFT was calculated with separate calculations utilizing a system with two flat oil-water
interfaces. The simulation box size was 90 X 10 X 31 2 (using dimensionless DPD units in the
x, y, and z directions). Instead of using two solid walls in the z-direction, periodic boundary
conditions in all directions were applied. Over a period of 500,000 steps, the interfacial tension
values were averaged during 100 time steps of the simulation. The final interfacial tension was

calculated by averaging these values further. With the interaction parameter of dodecane and water
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ao_w = 129, the value of interfacial was computed as IFT = 52.64 + 0.9 mN/m which compares
well with the experimentally reported value of IFT = 52.55 mN/m.!>?

The dynamic viscosity of water and dodecane are 8.9 X 10~ (mPa.s) and 1.36 (mPa.s),'*3
which is equivalent to 1.31 and 1.97 in DPD units, respectively. Based on the results of previous
research,!® the velocity profile of the water phase can be shown in Figure 5.2. The no-slip
condition was satisfied when the dissipative parameter for interactions between water and walls

was raised to twice the value of water-water interactions.
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Figure 5.2.Poiseuille flow velocity profile for water flow when ¥, 4ter—water = 4.5 and

Ywater-wail = 9.0
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Figure 5.3. (a) Relation between the dissipative parameter and computed fluid viscosity, and (b)

Poiseuille flow velocity profile for oil flow when y,;;_,i; = 6.4 and y,i1—wau = 12.8
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Moreover, the relationship between viscosity and dissipative parameter y is linear. For the

case of dodecane, this relationship is to be:
Moit = 0.15 Yoi1—oi1 + 1.02 (5.1)

Therefore, the dissipative parameter for oil-oil, y,i_oi1 = 6.4, and the dissipative parameter
for the oil-wall interaction equals to Ygi—wan = 12.8. Figure 5.3a presents the effect of the
dissipative parameter on the oil viscosity. The Poiseuille flow velocity profile for oil was also
verified by comparing it to the parabolic flow theoretical solution, as seen in Figure 5.3b. There
is an agreement with the theoretical velocity profile. Therefore, we chose these dissipative
parameters for two immiscible fluids and applied them to all simulations.

By adjusting the interaction coefficient a;;, different types of NPs can be generated,

ijs
including hydrophilic or hydrophobic nanoparticles and JPs with hydrophilic and hydrophobic
phases. The NPs were placed on the oil-water interface. The interaction parameters used in the
present study are listed in Table 5.2 and Table 5.3. In the case of JPs, our study simulates a
particular JP type where one facet corresponds to an amidine polystyrene latex (APSL) surface,
while the opposing facet represents the wettability of a gold surface. The interaction parameters
with the oil and the water have been determined by matching the available experimental data on

103 This case was marked as the

the three-phase contact angle of particles at the oil-water interface.
nanoparticle F; for the rest of the JP cases, the interaction parameter between each face of the Janus
particle and the fluid phases was altered in order to simulate JPs with different degrees of
amphiphilicity.'>* The hydrophobic NPs (type A) and hydrophilic NPs (type G) used in our
simulation represent APSL and gold, respectively, exhibiting the surface characteristics
corresponding to JP type F.

Table 5.2. Values of the repulsion parameter (a;;) used in the simulations”

O W Phi Pho Wall

0 15 129 a” ¢ 20
w 15 b* d” 30
Phi 15 25 35
Pho 15 15.5
Wall 15

*W and O represent water and oil, respectively, while the NPs include hydrophilic (Phi) and
hydrophobic (Pho) beads.

61



**The values of a, b, ¢, and d that represent the interaction parameters of hydrophilic-oil (Phi—O),
hydrophilic-water (Phi—W), hydrophobic-oil (Pho—0), and hydrophobic-water (Pho—W) beads,
are provided in Table 5.3.

Table 5.3. Values of the repulsion parameters (a;;) for different types of nanoparticles.

. Phi-O Phi-W Pho-O Pho-W
Type of nanoparticle
(a) (b) (c) (d)
A (Hydrophobic nanoparticle) 15 50
B (3528-2530) 35 28 25 30
C (3530-2540) 35 30 25 40
Janus
. D (5530-2540) 55 30 15 40
nanoparticle
E (5530-2580) 55 30 25 80
F (2520-1550) 25 20 15 50
G (Hydrophilic nanoparticle) 25 20

The configuration of JPs and their corresponding alignment at the interface was
investigated by measuring the angle between the orientation alignment vector and the interface.!%?
The polar angle («) is defined as the angle between the normal vector k that is perpendicular to
the oil-water interface and the vector 7 connecting the particle center and a selected bead (top or
bottom) on the surface of the particle (see Figure 5.4). This angle could take values from 0 (i.e., a

Janus NP with its cap up) to 180°(i.e., Janus cap down).

(b)

Figure 5.4. (a) Schematic illustrating the polar angle («) between the vector 71 perpendicular to

the Janus cap and vector k normal to the oil-water interface. The three-phase contact angle
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formed by the oil droplet on a solid flat surface that exhibits the same wetting behavior as the

hydrophilic facet of the JP is referred to as 8py; and is shown in (b). The three-phase contact
angle formed by the oil droplet on a solid flat surface that exhibits the same wetting behavior as
the hydrophobic facet of the JP is referred to as 8p, and is shown in (c). Color code is the same

as that in Figure 5.1, the water beads are removed for clarity.

The difference in wettability between the two surfaces determines the degree of
amphiphilicity of a JP. It is defined as 40 = @, where 0pp,; and Opy, describe the contact

angle between an oil droplet and a flat surface with the same wettability as the hydrophilic and the
hydrophobic faces of the Janus particle, respectively, as seen in Figure 5.4b-c.!'? As was shown
in previous research,'> the three-phase contact angle of the oil droplet on a flat surface; i.e., Opp;
or Opp,, can be determined from the density profile of the droplet. The amphiphilicity of the Janus
particle can be tuned by modifying the wetting behavior of the two opposing JP facets. In our
simulations, this adjustment was achieved by enhancing the affinity of each JP facet for the water
phase, resulting in the modification of A8, which in turn impacted the polar angle a, seen in Figure
S5.4a. For example, a homogeneous particle (zero amphiphilicity) has 46 = 0°, while an
anisotropic JP with strong amphiphilicity is expected to align its equator with the interface, and
result in a polar angle @ = 0°.

To set up the computations in the nanochannel, first, a viscous fluid (oil) was placed in the
channel, surrounded by a lower-viscosity fluid (water), so a meniscus was formed across the
nanochannel (see Figure 5.5a). After reaching equilibrium, a body force was applied to the lower
viscosity fluid so that it might displace the higher viscosity fluid in the channel (see Figure 5.5b).
In this study, a Poiseuille flow was used, driven by a pressure gradient applied in the DPD
simulation as a body force in the x—direction. No-slip boundary conditions had to be applied at the
inner solid surface of the channel (z—direction ) and periodic boundaries were applied in the other
two directions (x and y—directions).

The system was initially run with the NVE ensemble (i.e., constant number of particles,
volume, and energy) to attain thermal equilibrium before further analysis. This was applied for
10,000 time steps. Recognizing the possibility of temperature fluctuations under non-equilibrium

conditions, we employed a direct temperature rescaling thermostat for the subsequent time steps
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by rescaling the velocities of the particle every 200 time steps. This rescaling affected only the
translational degrees of freedom. As a result, the temperature remained constant at T=1, employing
the DPD units of temperature. The simulation time step was set to At = 0.02 in DPD units. The
total number of time steps was 1,000,000.

zﬁ ()

X

Figure 5.5. Two snapshots of the DPD model depict the oil and water meniscus located between
two solid walls under (a) no flow and (b) a Poiseuille flow. The color scheme remains consistent

with Figure 5.1.

5.3 Results and Discussion
5.3.1 Characteristics of nanoparticles and their behavior at the oil-water interface

In order to verify that the computations accounted for the physical behavior of the system,
the NP behavior at the oil-water interface was investigated first. The rotation of JPs when placed
at a flat interface with different initial conditions is shown in Figure 5.6. The NPs were initially
placed at the oil-water interface with various orientations denoted by the angle a. At time step t =
0, the polar angle a was set to the value of @ = 0° (Figure 5.6a); 0° < a < 180° (Figure 5.6d),
and o = 180° (Figure 5.6g). Over the simulation time, a single NP commenced rotating (Figure
5.6b,e,h) until it rested in its preferred position at equilibrium (Figure 5.6c,f,1). It is thus confirmed
that the hydrophilic side of the JP tends to be in contact with the water phase, whereas the
hydrophobic face exhibits an affinity for the oil phase, regardless of the initial orientation of a

particle at the interface.
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a = 180°

Polar angle (a)
0° < a < 180°

a=0°

time step

Figure 5.6. Janus particle type F (see Table 5.4) with different initial a-angle residing on the flat
interface and the progression of its configuration during the DPD simulation. (a-c) representing
the scenario where @ = 180° through time steps from 0 to 10,000. (d-f) illustrating the condition
where 0° < a < 180° across time steps from 0 to 10,000, respectively. (g-1) depicting the case of

a = 0°at time steps from 0 to 10,000. The color scheme is consistent with Figure 5.1.

Measurements of the three-phase contact angle of oil droplets in the water phase were
carried out to evaluate the wettability of hydrophilic and hydrophobic surfaces of NPs on solid
surfaces mimicking the JP faces. Using the example of the JP (Case F), it was determined that the
average droplet contact angle on the surface of a solid wall was Op; = 95.6 + 2.6° on the

hydrophilic side, whereas oil was spreading on the hydrophobic surface corresponding to 8y, =

0°. The degree of amphiphilicity can be estimated as 46 = @ ~ 47.8°. The results for each
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Janus particle are summarized in Table 5.4. Altering the interaction parameter between the faces
of the Janus particle and the fluid phases results in a change in the JP amphiphilicity. Two types
of homogeneous nanoparticles (i.e., no amphiphilicity) were considered, in addition to five types

of JPs where the degree of amphiphilicity was altered.

Table 5.4. The amphiphilicity of different types of nanoparticles.

Type of nanoparticle Af

A (Hydrophobic nanoparticle) 0°

B (3528-2530) 10.7 £1.0°

C (3530-2540) 13.9 + 1.5°
Janus

D (5530-2540) 17.3 £ 1.5°
nanoparticle

E (5530-2580) 31.0 £ 1.0°

F (2520-1550) 47.8 + 1.3°
G (Hydrophilic nanoparticle) 0°

The change in the orientation of JPs at the interface with their amphiphilicity can be
examined by placing the particles at a flat oil-water interface to study the effect independent of the
curvature of the meniscus. The meniscus curvature might be affected by the width of the
nanochannel and/or the wetting behavior of the channel walls. It is clearly shown in Figure 5.7
that the particle configuration at the flat interface depends on the difference in amphiphilicity when
no flow is present. The homogeneous particles rotated freely at the interface with large fluctuations
in orientatin angle («); in contrast, the rotational freedom of JPs is limited (Figure 5.7a). These
results agree with previous findings that JPs of high amphiphilicity are expected to have limited
orientational freedom.!!'? There is a slight decrease in the angle a as the amphiphilicity of the JPs
is enhanced, while there is no preferred orientation angle as the homogeneous particles are freely
rotating at the interface, as displayed in Figure 5.7b. Moreover, this trend is observed regardless
of the number of particles present at the interface. A minor variation in orientation degree is shown
for the case of NPs that cover 65% of the interface area and when only one NP is present at the

interface. This is likely a result of the interaction between NPs. The percentage of NP coverage at

. . . R3 .
the oil-water interface (cyp) was determined as follows: cyp = n X ”XTNP where n is the total
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number of NPs, Ry p is the radius of NP, and S is the total interfacial area between the oil and water

phases.
150 (a) (b)
e Single NP ] —o- B65%NP
120 +
®
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Figure 5.7. The impact of particle amphiphilicity on its orientation alignment at the interface for
(a) a single nanoparticle and (b) 65% nanoparticle coverage. The error bars represent two

standard deviations obtained in each case.

Next, the impact of NPs on the stability of the oil-water interface and the role of
amphiphilicity was examined. 65% of the interfacial area was covered by the NPs at the oil-water
interface. The initial finger length at equilibrium, L, is the maximum distance between the apex
of the meniscus and the 3-phase point of contact at the nanochannel wall in the x-direction (see
Figure 5.8). The contact angle 8., is the three-phase contact angle between the oil phase and the
solid wall (Figure 5.8a). If the contact angle 8., is altered, the length of the finger will change.
Assuming that the meniscus is the arc of a circle, the three-phase contact angle and the L, are

related as follows:
H
2

T
Oca = 57 arctan (5.2)

0

where H is the height of the channel, and r is the radius of the water droplet forming the meniscus,

H

2

r= Sin(g-i-QCA).
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Figure 5.8b-c depicts a snapshot of the oil-water system without and with NPs in a channel,
respectively. The change of the length of the meniscus at equilibrium, L, as a function of particles
amphiphilicity is plotted in Figure 5.8d. There were no significant changes observed due to the
fact that the oil-water IFT does not change (see Figure 5.9), in accordance with the findings of
previous studies.’® 136 157 This indicates that the length of the meniscus is not influenced by the

presence of NPs at equilibrium.
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Figure 5.8. (a) Schematic illustration of simulation geometry for an oil-water meniscus confined
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between two solid walls. Equilibration of an oil droplet on a solid wall at different stages of the
DPD computation for a system with (b) oil and water, and (c) oil, water, and nanoparticles at
equilibrium. (d) Comparison of the finger length between different cases. The color scheme

corresponds to that of Figure 5.1.
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Figure 5.9. Change in the oil-water IFT as a function of nanoparticle coverage at the interface
calculated for different types of nanoparticles. A, B, C, D, E, F, and G were represented for
different types of NPs as shown in Table 5.3

5.3.2  Meniscus stability under flow

Fingering. Water is a low-viscosity fluid compared to oil. When water displaces a higher
viscosity fluid, fingering may be observed, depending on the flow conditions. In the simulations,
the velocity of the water phase was increased up to the point at which droplets appeared, to allow
for the determination of finger length. The development of fingering instabilities at the meniscus

can be characterized by dimensionless numbers, typically the Capillary number, expressed as Ca =

%, where u is the dynamic viscosity of the displacing fluid (water), V is the velocity of water,

and IFT is the interfacial tension between the oil and water phases. Although the IFT did not
change when NPs were added at the oil-water interface, the Ca was affected by viscosity, velocity,
and the different wetting properties of NPs. In this study, the maximum velocity of water was
increased by changing the external body force, which created the Poiseulle flow, resulting in the

rise of Ca number.
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Figure 5.10. Illustration of the finger pattern (a) Lo at 10,000%" time step in the absence of flow,
and (b) L; at 34,000%" time step in the presence of a Poiseuille flow with a body force of g, =
0.0057. The wall and water beads are depicted using ochre and blue, respectively. (c) The ratio

of finger lengths (ll:—l) as a function of the Capillary number (Ca) with different nanoparticle
0
amphiphilicity.
As shown in Figure 5.10a, the equilibrium finger length (Ly) is determined by a
computation without flow, whereas Figure 5.10b illustrates the dynamic finger length (L;)

calculated in the presence of flow. The instability of the meniscus is influenced by the presence of

NPs located at the oil-water interface, resulting in a change in 2—1 ratio. Figure 5.10c is a plot of
0

the dependence of the finger length ratio, 2—1 , on the Capillary number. As expected, an increase
0

in the Ca leads to a corresponding increase in the length of the finger. A straight line can be fitted
to the simulation data for different cases, providing an equation of the following form:

L
Z=—mxCa+n (5.3)
Lo

The slope of the line (m), the y-intercept (n), and the coefficient of determination (R?) for all

different cases simulated are listed in Table 5.5.
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Table 5.5. The coefficients appearing in equation ( 5.3) and the coefficient of determination

(R?)

Case m n R?
Hydrophobic NP 68.4 0.4 0.97
All types of JPs 59.8 0.5 0.93
Hydrophilic NP 60.1 0.4 0.97
No NPs 44.0 0.5 0.98

In Table 5.5, it can be seen that when NPs are present in the system, there is a higher slope
of the line compared to the case with no NPs. Therefore, the presence of particles at the fluid
interface, either JPs or homogenous NPs, has an impact on the fingering phenomenon. The
deformation of the meniscus exhibits variation depending on the type of nanoparticles. The bigger
difference is observed for homogeneous NPs, particularly in the case of hydrophobic NPs with
m = 68.4, while for hydrophilic NPs the slope is m = 60, driven by disparities in their surface
wetting characteristics. The JP amphiphilicity, however, does not appear to affect the slope of the
line, as seen in Figure 5.10 and Table 5.5. The effects of NPs on the stability of the oil-water

interface are also examined by comparing the Ca at the point of significant fingering, identified as

the point at which the length of finger L, is at least twice the value of Ly; i.e., the ratio of 2—1 is
0

greater than 2. As seen in Figure 5.11, if the NPs are present in the oil-water system, the Ca needed
to reach the same finger length was smaller when compared to the bare oil-water system. This
phenomenon occurs because NPs lead to a change in the shape of the deformed meniscus when
adsorbed onto the oil-water interface. Therefore, the oil-water meniscus is more stable in a system
without NPs. In other words, a much higher water velocity is required to observe the same ratio of

finger length when NPs are not present.
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function of the NP wettability.

Detachment. As the water velocity increases, a second instability occurs. Water detaches
from the walls, and a water droplet forms in the center region of the nanochannel. Hydrophobic
solid walls were used in this study, causing the oil phase to attach to the walls, leading to the water
droplet creation at the center of the channel. The values of the three-phase contact angle at which
the detachment of the water phase from the solid wall occurs are provided in Figure 5.12. Despite

the different types of NPs, there appears to be a critical three-phase contact angle that is consistent

at O, = 48.9 + 2.7°.
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Figure 5.12. Three-phase contact angle (8.,4) through the oil phase when the detachment of the

water occurs. The same number of nanoparticles were located at the oil-water interface,
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corresponding to 65% particle surface coverage. The error bars were calculated by the standard

deviation of three contact angle measurements.

After the detachment occurs, the form of the water droplet resembles the formation of a
Taylor bubble in classical two-phase flow cases. This elongated bubble remains slender and
occupies nearly the entire cross-section of the channel as it moves through it. A Taylor bubble
consists of four main components:!>® (1) a nose that resembles a hemisphere, (2) a central region
encompassed by a developing film, (3) a developed film, and (4) a tail wake (see Figure 5.13).
The value of the body force required to get to the critical contact angle for the detachment of water
to create a droplet is shown in Figure 5.13a. The required critical body force does not display
significant differences whether NPs are present or not (it is within 4%, with no systematic trend).
The behavior of NPs once a drop is formed was examined in detail to gain a better understanding
of how different types of NPs impacted the droplet shape in the channel. In principle, the water
droplet tends to move forward, whereas the oil phase around the water droplet moves under the
push of water, creating a slip velocity. Besides, as the water droplet moved to the center of the
channel under the Poiseuille flow, NPs rearranged at the oil-water interface. It is seen that the NPs
migrated to the rear side of droplets for all cases (Figure 5.13b-¢). Similar observations have been
reported for surface-active species (i.e., surfactants) by Luo et al.”” It was shown that the surfactant
exhibits a tendency to move across the surface of the droplet, traversing from the front to the rear.
Distinct from the surfactants used in the study carried out by Luo et al., the surface-active species
in our simulation are NPs, but those findings provide qualitative evidence to support the reliability
of our results.

In the present computations, the formation of a second water droplet after detachment was
not observed. Additional computations (not presented here) with a computational box twice as
long, or twice as wide, did not reveal the formation of a second droplet. While droplet breakup has
been observed in different situations with many-body DPD (MDPD),!>% 160 the primary focus in
the present work is to examine the behavior of a meniscus with the presence of NPs at the oil-
water interface and the detachment of water droplets from the walls. The standard DPD technique

serves well for investigating this issue.
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Figure 5.13. (a) Critical body force at which the water droplet detachment occurs. Simulation
snapshot of a water droplet with nanoparticles located at the oil-water interface, including (b)
hydrophobic nanoparticles, (c) hydrophilic nanoparticles, and Janus nanoparticles with (d) 40 =
10.7°, and (e) 40 = 47.8°. The color scheme reflects that of Figure 5.1.

Next, we examined how NPs were arranged when the droplet shape took its final form,
since the NP arrangement can affect the final shape, size, and behavior of the resulting droplets.
As seen in Figure 5.13b-¢, the NPs mostly remained at the oil-water interface. In a few instances,
some of the NPs migrated into one of the two fluid phases, depending on the particle wetting
properties. To determine which phase might be preferred by the NPs when they were forced to
partition into one of the fluids, the NP interaction energy between a single NP and either oil or
water was calculated in a separate set of computations. The NPs were placed in the simulation box
with only one fluid phase (only oil or only water), and the interaction energy was calculated
starting from the 10,000t time step and then averaged over the next 1,000,000 time steps. As

can be seen from Figure 5.14, each type of NP exhibits different interaction energies. This can be
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explained as follows: A higher interaction energy when a NP is in the oil phase than when it is in
the water phase indicates a stronger attraction between NPs and the oil phase. In other words, the
NPs are more likely to partition into the oil phase than in the water phase. The cause of this
behavior could be attributed to variations in the surface chemistry of the NPs, which are determined
by the interaction parameters used in the simulations. Table 5.6 presents the changes in the average
interaction parameters between the hydrophilic or hydrophobic substrate of the NPs and the oil or
water phase. The favored phase is also indicated in Table 5.6, where it is confirmed that the
preferred phase is the one where the average repulsion is the lowest. Particles of type B, where the
affinity for either fluid phase is similar, tend to remain at the interface as they modify the shape of
the drop (see Figure 5.14d). In other cases, such as particles of type F seen in Figure 5.14¢, a few

particles migrate to the oil phase instead of modifying the drop shape.
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Figure 5.14. The interaction energy of one nanoparticle with oil or water is plotted as a function

of the different NP amphiphilicity.

75



Table 5.6. Average interaction parameters for the oil phase and water phase applied for different

types of NPs.
. AG Ap_ot+ Asp_o Ap-w t Aup—w  Favored Phase
Particle Type > 2 .
for partition
A (Hydrophobic nanoparticle)  0° 7.5 25 Oil
B (3528-2530) 10.7° 30 29 Oil-Water
C (3530-2540) 13.9° 30 35 Oil
Janus
. D (5530-2540) 17.3° 40 35 Water
nanoparticle
E (5530-2580) 31.0° 40 55 0Oil
F (2520-1550) 47.8° 20 35 0Oil
G (Hydrophilic nanoparticle) 0° 12.5 10 Water

5.4 Conclusions

In summary, we investigated the influence of different types of NPs on the meniscus of oil
and water in the channel, including homogeneous nanoparticles (hydrophobic or hydrophilic) as
well as amphiphilic Janus nanoparticles with or without flow using coarse-graining simulation
methods. At equilibrium, the Janus particle's hydrophilic face reoriented to be in contact with the
water phase, while its hydrophobic surface exhibited a tendency to face the oil, regardless of the
JP's initial orientation at the interface. From the calculated oil-water IFT values for the case of NPs
located at the oil-water interface, it can be concluded that NPs do not affect the IFT in any
significant way, leading to minimal change in the equilibrium meniscus length, L.

Under an applied Poiseuille flow, a linear relationship appears to apply between the finger
length and the Capillary number. The wettability of the NPs affects meniscus stability, while the
presence of hydrophobic particles increases finger-like protrusions of water in oil. In contrast,
detachment of the water droplet occurs only when the three-phase contact angle reaches the critical
value of 48.9° &+ 2.7°, which is independent of the type of particles. Furthermore, the fluid velocity
is also important. We have found that the pressure difference is more important for detachment
from the wall and droplet formation, as low viscosity fluid displaces another fluid, than the
properties of the particles, specifically when NPs are introduced into an oil and water mixture.
Finally, once a drop is formed, the NPs do not distribute uniformly across the droplet surface but

instead, they form more densely packed patches on the rear side of the drop. The NPs rearrange

76



themselves on the oil-water interface and they might even partition into the oil or water phases at

the rear of the drop. The phase to which they might partition depends on their surface chemistry.
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Chapter 6. Effect of Nanoparticles and Surfactants on The Interfacial Behavior of

Immiscible Fluids under Non-Equilibrium Conditions

Abstract

The anticipation of fingering is crucial when addressing the displacement of immiscible fluids.
This phenomenon occurs quite often when a low viscosity fluid (e.g., water) displaces a high
viscosity fuid (e.g., oil) in porous media, but water moves more readily than oil, leading to
instabilities and the development of water fingers. While viscous fingering phenomenon has been
investigated for bare oil-water systems, the impacts of nanoparticles and surfactants presence at
the oil-water interface have not been investigated in detail. The driving hypothesis is that the
presence of interfaceially active molecules in synergy with nanoparticles will have an effect on the
development of fingering instabilities and that the wetability behavior of the particles will also
play an important role in the resulting behavior. This study is a comprehensive comparison of the
effects of two different types of nanoparticles (homogeneous and surface anisotropic particles) in
conjunction with nonionic surfactants on the oil-water interface under Poiseuille flow conditions
using dissipative particle dynamics (DPD) simulation methods. At equilibrium, a meniscus is
formed at the oil-water interface, depending on the wetting properties of the channel walls. The
oil phase would move when water was injected into the channel, causing finger-like instabilities,
characterized by the critical driving force for the flow, the three-phase contact angle, and the
deformation of the oil droplet. The full detachment of the oil drop from the solid walls of the
channel, when the oil-water meniscus becomes unstable due to the water flow, was found to
depend on the driving force for the flow. In presence of surfactants, the instability was found to
develop at smaller pressure drops compared to the bare oil-water case. When both surfactants and
nanoparticles were present, a larger driving force was required to detach the water or oil drop
compared to either bare oil-water system or the surfactant-only case. A critical contact angle
dictated the detachment of the oil droplet from the channel wall. These findings elucidate the
mechanism of stabilizing the interface between oil and water using nanoparticles and surfactants,

and have potential implications for tuning oil-water interfacial behavior.
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6.1 Introduction

It is common in the industry to use immiscible fluid displacement,> 3% 140 especially in
secondary and tertiary oil recovery when chemicals and water displace viscous oils.®? There is a
tendency for water to move more readily than oil, which produces viscous fingers. The

phenomenon is known as Saffman-Taylor instability.!4!- 142

In the work of Saffman and Taylor,
they developed a theoretical analysis that examined how a finger of a low viscosity fluid evolves
and grows as it displaces a more viscous fluid. They obtained a one-dimensional mathematical
expression for the growth of the fingers.

More recently, Jamaloei et al.'®! analyzed experimentally viscous fingers, their lengths, widths,
and how the number of fingers grows with time and front position. A five-point injection scheme
for hydrocarbon reservoirs was replicated at a lab scale by injecting water or polymer into a micro
model, mimicking a commonly applied production scheme. For the case of high interfacial tension
(IFT), i.e., when water displaced heavy oil, it was found that the flow rate did not affect the number
of fingers. When polymer displaced the heavy oil, which is a case of low IFT, the number of fingers
depended on the flow rate of the polymer. In addition to experiments, computational studies using
the Lattice Boltzmann method have been applied to describe the viscous fingering phenomenon of
two immiscible fluids.!>!- 162 Several factors that impacted the morphology of viscous fingers were
considered, including the wettability of the walls, the capillary number, and the viscosity ratio
between the two fluids. Results indicated that the viscosity ratio significantly impacts finger
formation, but finger length does not increase monotonically with the viscosity ratio. The Capillary
number (Ca) determined the degree of bending at the interface between two immiscible fluids; a
large Ca caused the interface to form fingers. Furthermore, the Ca also affected the three-phase
contact angle and the moving contact line.

However, most studies have focused on the simple case with only two immiscible fluids in the
system; in practical applications, different types of chemicals are transported with oil and water,
such as surfactants, polymers, and nanoparticles (NPs). There needs to be a careful examination
of additives and impurities that could act as surface-active agents. Among the nonionic surfactants
commonly used for EOR is octaethylene glycol monododecyl ether (C12E8)? which is used in the
present study. In addition, NPs have been noted to stimulate the oil recovery!®* when they are
injected into the reservoir The addition of NPs to oil-in-water emulsions can provide

stabilization.!% However, the presence of colloidal particles does not affect the IFT, which can be
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reduced when surfactants are used.!® !! In the energy and environmental sectors, synergies of
surfactants and NPs, both present at the oil-water interface, have been studied.*?-3* In our previous
research, we sought to investigate the migration and adsorption behavior of surfactants on an oil
droplet attached to a wall, and the displacement of this droplet immersed in water with or without
surface anisotropic; i.e., JPs.!>> However, it has yet to be quantified what impact NPs and/or
surfactants have on interfacial deformation in fluid displacement problems. Therefore, this work
is focused on investigating the effect of surfactants, NPs, and the coexistence of surfactants and
NPs on the oil and water displacement under flow.

The wettability of a solid surface is a key factor influencing the ultimate oil recovery.'®* 165 In
general, the more water-wet the solid surface, the less oil will adhere to it, and oil droplets will be
more likely to be removed. Therefore, it is important to consider the wettability of surfaces in order
to understand oil expulsion. This study involves two types of solid wall properties: water-wet
(hydrophilic) and oil-wet (hydrophobic).

A controlled flow is simulated using the DPD coarse-graining computational approach. We
present a comprehensive study to compare the effect of different types of NPs with or without
surfactants on the oil-water interface under non-equilibrium conditions. Both homogeneous
(hydrophilic or hydrophobic) particles and amphiphilic JPs are examined. Janus particles are
anisotropic particles since their surface has areas of different wettability, where one particle side
is hydrophilic and the other is hydrophobic. The displacement process consists of three phases: (1)
the equilibrium phase before the flow is applied, (2) the stable phase after the flow is introduced,
followed by (3) the formation of droplets.

6.2 Simulation details

The schematic configuration of all species used in the DPD simulations is shown Figure 6.1,
while the conversion of time and length scales from DPD units to physical units is seen in Table
5.1. As designated in Figure 6.1, six water molecules were combined into each water bead (W),
and dodecane molecules (C,,H,¢) represented the oil phase with each dodecane molecule divided
into two oil beads (O). The surfactant chosen is C12E8, which were represented by two
hydrophobic tail beads (T) and four hydrophilic head beads (H). For the Janus nanoparticle,
amidine polystyrene latex and gold domains were used as the hydrophobic and hydrophilic sides,

respectively. The DPD model for this type of JP has been developed and validated previously.'??
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Water beads were randomly distributed between two parallel solid plates that created a
nanochannel. Next to the water, oil beads were also distributed from one side of the nanochannel
to the other, while surfactants and/or NPs were added at the oil-water interface depending on the
experiment to be run. As seen in Figure 6.1b-1, a meniscus was formed at the oil-water interface.
To reach equilibrium without flow, the system runs for 10,000 computational steps. During the
computations, an NVE ensemble (constant volume, constant energy) was used with temperature
rescaling every 200 time steps. The simulation time step was set to At = 0.02 in DPD units, and

the total number of steps after equilibration was 1,000,000.
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Figure 6.1. (a) A schematic representation of the beads employed by DPD simulations with
water, dodecane, Janus particle (JP), homogeneous particles (hydrophobic-AP and hydrophilic-P
nanoparticle), and C12E8 surfactant molecules. Red, white, and gray spheres represent oxygen,
hydrogen, and carbon, respectively. Modeling the oil layer in the hydrophilic channel (b-¢) and
hydrophobic channel (f-1) for various systems studied: (b, f) oil, water; (c, g) oil, water, and

surfactant; (d, h) oil, water, and JPs; (e, 1) oil, water, surfactants, and JPs system. The wall,
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water, and oil beads are shown as ochre, blue, and yellow, respectively. Cyan color represents
the hydrophilic part, while pink is used for the hydrophobic face of the NPs. Purple and green

represent the tail and head beads of the surfactant, respectively.

After equilibrium was established, a constant body force was applied to the water beads to
generate a Poiseuille flow. In this way, we simulated a lower viscosity fluid that was continuously
moving along the x-direction of the channel. The channel dimensions were established as
90 x 10 x 31 3, (dimensionless DPD units in the x, y, z directions). There were 2,938 wall beads
and 138,600 fluid beads within the computational domain, and the fluid density in DPD units was
set as 5 (i.e., 1 DPD bead per unit volume of the simulation) **. Additional computations were
conducted with a bigger simulation box 120 x 10 x 31 2 in order to verify the position of fully
detached oil drops in the presence of NPs and surfactants at the Critical Micelle Concentration
(CMC). There were 3,900 wall beads, 72,2000 oil beads, and 104,261 water beads used in those
simulations. No-slip boundary conditions had to be enforced at the channel walls, while periodic
boundaries were applied in the two other directions. To prevent the formation of micelles, the
surfactant concentration was carefully controlled. If the concentration of surfactant molecules at
the interface exceeded the CMC, surfactants would partition out to the water and create micelles.!!
Thus, for this study, the maximum surfactant concentration is set at the CMC. The repulsion
parameters for the case of C12E8 and/or NPs at the oil-water interface with two types of wall

properties (hydrophilic and hydrophobic walls) are listed in Table 6.1 and Table 6.2, respectively.

Table 6.1. Details of the repulsion parameters (a;;) used in the simulations for the channel with

hydrophilic walls®

H T W 0) AP P Wall
H 15 25 14 25 25 15 25
T 15 30 14.5 15 25 35
w 15 129 50 20 15
O 15 15 25 20
AP 15 25 35
P 15 15.5
Wall 15
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Table 6.2. Details of the repulsion parameters (a;;) used in the simulations for the channel with

hydrophobic walls”

H T W 0) AP P Wall
H 15 25 14 25 25 15 35
T 15 30 14.5 15 25 25
w 15 129 50 20 30
O 15 15 25 20
AP 15 25 15.5
P 15 35
Wall 15

" H and T represent the head and tail of C12ES8 surfactant, while W and O symbolize water and
oil, respectively. The NPs include hydrophobic (AP) and hydrophilic (P) beads.

6.3 Results and Discussion

The immiscible viscous fingering process can be divided into three different stages. The
first stage is the equilibrium phase, which occurs before introducing any flow. During this stage,
the fluids are in equilibrium, and no flow conditions are imposed. The second stage includes two
scenarios: the stable phase, which occurs after applying the Poiseuille flow, and the finger
formation process until the breakthrough. During this stage, the fluids start to move as the external
body force increases. The meniscus starts to deform and looks like a finger that grows and
propagates. Finally, the last stage is the formation of droplets, which occurs when one liquid phase
detaches from the wall and droplets of one phase are dispersed in the other.
6.3.1 The case of equilibrium and no flow

To verify the integrity of the computations, the dodecane-water IFT was calculated for a
flat oil-water interface at equilibrium, following the procedure outlined in the ref 3¢ for heptadecane
and water. The oil and water beads were distributed initially in three continuous regions as water-
oil-water. Because of the periodic boundary conditions in all directions, there were two oil-water
interfaces. Following the start-up period for each of these simulations, the IFT values were
determined every 100 time steps of the simulation and then averaged for 1,000,000 steps. The

number of surfactant molecules added to the oil-water interface was determined as follows: The
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interfacial concentration of C12E8 on the dodecane-water interface, corresponding to the critical
micelle concentration (CMC), is 2.67 X 1071% mol/cm?.'?! In DPD units, this translates to 1.49
molecules per 1 r2 of interfacial area for the system of C12ES at the oil-water interface. Thus, the
surface concentration of C12E8 at CMC was calculated as Ny = 1.49 X S, where S, is the
interfacial area between oil and water. The IFT of the oil-water interface is plotted in Figure 6.2
using the flat interface. In Figure 6.2a there were no NPs, and the IFT is plotted as a function of
the surfactant concentration ranging from zero to beyond the CMC. In Figure 6.2b there are only

NPs present, and in Figure 6.2c there are both surfactants and NPs present at the interface. The

2
NP coverage of the interface was calculated as ¢ = nm I;—, where n is the total number of NPs at
0

the interface and R is the NP radius. The experimental data for dodecane-water interfacial tension
(IFT) with the presence of C12E8 at CMC was found to be IFT ~ 3.10 mN/m,'?! which was close
to our simulation result for dodecane-water IFT = 2.03 mN/m (see Figure 6.2a). In addition, it is
seen that the value of IFT decreased significantly with the concentration of surfactant on the oil-
water interface. Whereas, the NPs do not have a noticeable impact on the interface tension (see
Figure 6.2b), as already shown in previous studies.?% 136 157. 166, 167 However, the presence of NPs
reduces the effective interfacial area, causing an increase in surfactant concentration when
compared to the case when only surfactants were in the system. Consequently, the IFT between
oil and water decreases when the number of NPs increases with the same number of surfactant
molecules. The most significant observation is that Janus and hydrophilic (P) nanoparticles display
similar behaviors, while hydrophobic (AP) nanoparticles demonstrate a decrease in the IFT. This
effect is demonstrated in Figure 6.2c. The difference in the IFT for the same coverage can be
attributed to the fact that the hydrophobic NPs used in this study occupy a smaller surface area of
the oil-water interface in comparison to other NPs. The hydrophobic particles are mostly in the oil

phase, so the interfacial area available to the surfactants is higher and the IFT is also higher.
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Figure 6.2. The IFT of oil and water with (a) the nonionic surfactant C12E8, (b) NPs (Janus,
hydrophilic (P) and hydrophobic (AP) nanoparticles) without surfactant, and (c) surfactant with

Cc12e8 = 35% CMC and different types of NPs located at the interface.

When the oil-water interface took the shape of a meniscus, the arc length of the meniscus
and the width of the channel were used to calculate the interfacial area. In Figure 6.4a-b, a sketch
of the finger in the channel is shown, in which the arc length L, can be found during a static
calculation, i.e., when no flow is present. 8., indicates the three-phase contact angle of oil
surrounded by water and the solid walls, and it was determined after the system reached
equilibrium at 10,000 steps after the total energy reached a plateau (see Figure 6.3). The arc length
changed as the contact angle changed, depending on the wettability of the channel solid walls. If
the surface is hydrophobic, the contact angle for the oil and the solid will be 8., < 90°; otherwise,
if the surface is hydrophilic, the contact angle will be greater than 90°. As a result, the three-phase
contact angles for the hydrophilic wall and the hydrophobic wall are 6., = 116.6 + 1.0° and
Oca = 63.9 £ 0.3°, respectively. Then the calculated surface areas for hydrophilic and
hydrophobic surfaces are found to be S, ~ 319.6 7,2 for the hydrophilic surface and S, ~ 319.2 r;2
for the hydrophobic surface.
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Figure 6.3. The total energy of various systems during the first 20,000 DPD simulation time
steps for (a) hydrophilic wall and (b) hydrophobic wall. OW: Oil-Water; OWS: Oil-Water-
CI12ES8; OWP: Oil-Water-NPs and OWPS: Oil-Water-NPs-C12ES.

As can be seen in Figure 6.4c, when nonionic surfactants were added to the oil-water
interface, the effect of the surfactant concentration on the three-phase contact angle can depend on
the properties of the solid wall. C12E8 nonionic surfactant has a relatively small hydrophobic tail,
making the solid surface more hydrophilic. The contact angle of the oil phase with the wall
increases for hydrophilic walls (6.4 = 189.6 *+ 0.8°) and decreases for hydrophobic walls (6.4 =
15.9 £ 2.2°) at the critical micelle concentration of the surfactant. A larger contact angle indicates
more wetting, indicating that the water has a greater affinity for the surface. This results in the
water spreading out more extensively over the surface, leading to a longer meniscus arc length in
the channel. Conversely, a smaller contact angle indicates weaker attraction between the water and
the surface, resulting in reduced spreading of the water and a shorter arc length of the meniscus
for hydrophilic walls. Whereas, the hydrophobic wall exhibits a longer meniscus arc length when
the three-phase contact angle becomes smaller as the surfactant concentration reaches the CMC
value.

The three-phase contact angle for the case of NPs present at the oil-water meniscus
interface is shown in Figure 6.4d. The effect of NP coverage is shown. The contact angle remained
constant at f-4 =~ 118.3 £ 2.3° for the case of the hydrophilic wall. The NPs can adsorb at the oil-
water interface instead of interacting with the solid walls. It is already discussed that the NPs

themselves did not remarkably affect the IFT. Furthermore, for the case of the hydrophobic wall,
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6.4 remained constant at around 61.0 £ 3.2°, and this is the same values measured for the pure
system (no particles, no surfactant). This result is in good agreement with our previous research
findings '%8. In conclusion, the number of NPs considered in this study does not affect the value of
the three-phase contact angle.

As surfactants were added to the system with NPs at a concentration of 35% of the CMC,
they caused a significant effect in the three-phase contact angle (see Figure 6.4¢). The surfactant
concentration value of 35% of the CMC was selected because this corresponds to the critical
micelle concentration when 65% of the interface is covered by JPs. In Figure 6.4¢, for hydrophilic
walls, when the number of NPs goes up, the three-phase contact angle increases dramatically,
especially in the case of 65% of NPs located at the oil-water interface. The contact angle changes
from 6,4 = 116.6 + 1.0° (oil-water) to 8.4 = 152.2 £+ 2.3° (oil-water-JP 65%), 0.4 = 146.6 +
2.6° (oil-water-P 65%), and 6.4 =~ 148.5 £ 4.1° (oil-water-AP 65%). As discussed earlier, the
role of surfactants in reducing the contact angle is related to their ability to lower the surface
tension at the interface between oil and water. However, NPs do not significantly affect the three-
phase contact angle but decrease the effective interfacial area, reducing the IFT between oil and
water, as illustrated in Figure 6.2. The CMC will be created with 65% coverage of NPs in the
system, generating the lowest IFT and the highest three-phase contact angle. Also, for hydrophobic
walls, an increase in hydrophobicity was observed as more NPs were added to the oil-water-
surfactant system. The three-phase contact angle went down dramatically between 6.4 = 63.9 +
0.3° (oil-water) and 8.4 = 37.9 + 2.8° (oil-water-JP 65%), and 8., =~ 41.8 + 1.0° (oil-water-P
65%), and 6.4 = 45.1 £+ 1.5° (oil-water-AP 65%).
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Figure 6.4. Schematic illustration of simulation geometry for (a) hydrophilic wall and (b)
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surfactant concentrations, (d) different types and percentage cover areas of NPs, and (e)
coexistence of surfactant and NPs on the three-phase contact angle for hydrophilic and
hydrophobic solid walls. The error bars were calculated by the standard deviation of three

contact angle measurements.

The presence of surface-active species can impact the wetting behavior of the fluids on the
channel walls, which can, in turn, affect the three-phase contact angle. From the contact angle, the
length of the finger can be determined by a mathematical formula and validated with the
computation results that are reported and shown in Figure 6.5. Our simulation model agrees well
with these equations, which shows only an average relative deviation of 6.7% and 8.0% for
hydrophilic and hydrophobic walls, respectively. The arc length of the meniscus depended on the
three-phase contact angle for the oil drop, which can be described by equation (6.1) and (6.2), as

follows:
Hydrophilic walls
T H/2 6.1
Oca = 5 + arctan <r _/Lo) (6.1)
Hydrophobic walls
T H/2 (6.2)
Ocq = 57 arctan <r — Lo)
(a) (b)
20.0 20.0
15.0. DPD 15.0 DPD
~ 10,0 10.0
5.0 5.0
0.0 0.0
Contact angle (6.4) Contact angle (6.4)

Figure 6.5. Comparison of the simulation and mathematical results regarding L, as a function of
the three-phase contact angle, 8.4, in the case of a channel with (a) hydrophilic walls and (b)

hydrophobic walls.
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6.3.2  The stable phase after the flow is introduced

To better understand how surfactants and NPs affect the shape of an oil-water interface, a

Poiseuille flow is applied to create non-equilibrium conditions. In the context of the oil and water

system, Ca is used to consider how the finger length will be affected. The dimensionless Ca is

calculated using the viscosity of the displacing fluid (water) and the maximum fluid velocity at the

channel center. Simulation results are generated by changing the initial velocity of water as the

displacing fluid and IFT to generate different Ca. As illustrated in Figure 6.6a-b and Figure 6.7a-

b, a finger of length L, can be observed during flow; the difference AL = L; — L, shows how the

finger length changes over time. This difference, denoted as 4L, signifies the deformation of the

finger shape and is calculated based on the distance between the head and the tail of the finger

(from the farthest point of the interface to the nearest point to the water drop center).
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Figure 6.6 This schematic diagram displays the hydrophilic walls under two circumstances: (a)
no water flow and (b) water flow applied. Capillary number as a function of the ratio of finger's
length for the system includes (c) oil and water; (d) oil, water, and surfactants; (e) oil, water, and
NPs; and (f) oil, water, NPs, and surfactants. In (f), the surfactant concentration is 35% of the
CMC, while the JP, P and AP cases for 16% NP coverage are plotted with the same color, as are

the 33% NP coverage cases.

The change in finger length is plotted as a function of Ca in Figure 6.6¢c-f. In general, AL
increased with increasing Ca, but it reached a plateau in the case of the presence of surfactants at
the interface (as seen in Figure 6.6d). In Figure 6.6c and Figure 6.6¢, the IFT remains unchanged
but there is an increase in the velocity of water and the length of the finger. With increasing Ca,
the curvature of the meniscus increases. Thus, a finger is formed. While experimental data for the
conditions of the current simulations are not available, there are observations of similar finger
patterns observed in Lattice Boltzmann simulations for a bare oil and water system.!6? Distinct
from the bare oil-water study carried out by Kang et al.,'%? we include surface-active species in our
simulation (NPs and surfactants), but those findings provide qualitative evidence to support the
reliability of our results, as follows: The physical parameters applied in our simulation differ from
those in their works (for example, the viscosity ratio between the displaced and displacing fluids
was M =1, M = 3, and M = 10 while in our current simulation, a viscosity ratio of M = 1.5 is
used) the qualitative behavior is similar for the curvature of the meniscus. They showed that fingers
are observed for all viscosity ratios examined, given that the fluid velocity was higher than a
threshold value. In Figure 6.6d, the finger length jumped sharply at low Ca (Ca < 0.05) in the
presence of only surfactant in the system. However, at high Ca, the finger length gradually
increased and rose slowly with increasing surfactant concentration. This is because when the water
flow was applied, the interface area of the oil-water expanded, causing the surfactant to dilute and
gather at the tip of the forming finger. Thus, IFT at that point of high surfactant concentration
decreased, which could cause the finger to grow longer. When higher surfactant concentration was
used under the same conditions for water flow, the IFT between the oil and water phases still
decreased, but surfactant molecules spread out on the interface at higher surfactant concentrations

instead of gathering at the tip of the finger, which tended to reduce the meniscus curvature.
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Therefore, the finger length still increased with an increase in the Ca, despite the fact that the
growth rate was slower.

Finally, when both NPs and surfactants were present at the oil-water interface, the same
trend was observed. The finger length increased with the increase in the Ca, as illustrated in Figure
6.6f. When the coverage of NPs was low (¢ < 33%), the surfactant concentration was below the
critical micelle concentration (CMC), resulting in a significant increase in the growth rate of the
finger length. At 65% NP coverage, hydrophobic NPs followed a trend comparable to that
observed with smaller coverage areas of NPs, but Janus and hydrophilic NPs showed a slower
increase. This was due to the addition of surfactants in the system, coupled with the presence of
NPs, which significantly reduced the IFT in the case of Janus and hydrophilic NP presence. The
IFT changed to IFT)p ~ 6.18 mN/m and IFTp ~ 5.14 mN /m, respectively, but the coexistence
of surfactant and NPs had a minimal impact on the IFT when hydrophobic NPs was used, which
remained at [FT,p = 24.53 mN /m. This happened because the hydrophobic NPs occupied a
smaller area of the interface as discussed earlier in Section 6.3.1.

A similar trend was noticed in the case of hydrophobic channel walls, where the length of
fingers grew as the value of Ca rose for all combinations of fluids (see Figure 6.7c, ¢). In Figure
6.7d, when the surfactant was added into the system in the presence of water flow, the reduced
surface tension allowed water to penetrate deeper into the channel and push through the oil phase,
and the meniscus deformed more, as described above. Hence, surfactants play a vital role in
significantly extending the length of the finger with a higher Ca, as compared to situations where
only bare oil or only NPs are present in the system. Additionally, when both surfactant and NPs
are present in the system, the rate of finger length increase is higher for low coverage of NPs. This
linear relationship between AL and Ca can be observed in Figure 6.7f. Specifically with the same
number of surfactant molecules and NPs, only for the 65% Janus and hydrophilic NPs coverage,
the value of Ca exceeds 0.04, and the growth rate is less compared to other cases where both
surfactant and NPs were present in the system. These findings agree well with the case of the
hydrophilic walls; the main reason is the IFT. At high NP coverage (65% NP coverage),
hydrophobic NPs demonstrate a similar trend to other scenarios with a lower percentage of NP
coverage, where both surfactant and NPs were present in the system. Moreover, longer fingers
were observed in the presence of hydrophobic walls compared to the case of hydrophilic walls

under the same Ca for all scenarios, including those with no NPs and surfactants, only surfactants
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or NPs, and the coexistence of NPs and surfactants. An example of this phenomenon can be seen
when considering a system of oil and water with surfactants (see Figure 6.6d and Figure 6.7d).
AL increases up to 7.39 in the presence of hydrophobic walls (Ca = 0.043), whereas it only

reaches 3.16 in the presence of hydrophilic walls when the number of surfactant molecules is the

same.
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Figure 6.7 A schematic diagram of hydrophobic walls (a) without water flow and (b) with water

flow was applied. The correlation between the capillary number and the ratio of finger length for

the system includes (c) oil and water; (d) oil, water, and surfactants; (e) oil, water, and NPs; and

(f) oil, water, NPs, and surfactants. In (f), the surfactant concentration is 35% of the CMC, while
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the JP, P and AP cases for 16% NP coverage are plotted with the same color, as are the 33% NP

Contact Angle (6¢a)

Contact Angle (6¢a)

Contact Angle (6¢a)

Figure 6.8. Three-phase contact angle at the interface of hydrophilic and hydrophobic solid

coverage cascs.
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error bars correspond to the standard deviation for three contact angle measurements.

At high enough water velocity, the fluid-fluid interface can be severely distorted to the

point of detachment from the wall, leading to the formation of drops. We investigate the critical
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three-phase contact angle and the fluid velocity at which this detachment from the wall occurs. As
illustrated in Figure 6.8, the three-phase contact angle is important for the formation of droplets.
For all cases considered, including a hydrophilic channel wall or a hydrophobic channel wall, the
mechanism of detachment from the wall is quite consistent. When hydrophilic walls are involved,
the critical three-phase contact angle for fluid detachment was calculated as 142.5 + 3.3°, while
for hydrophobic walls, the angle was 48.3 + 3.8°. In conclusion, the detachment occurred when
the three-phase contact angle was equal to a critical value, regardless of the number of particles,
the properties of the particles, and the concentration of surfactants.

Our results showed that the detachment of fluid from the wall occurred when the driving
force for the flow (i.e., the body force propelling the flow in the simulation, which is proportional
to the pressure drop for the flow) increased beyond a critical value. There were two possible
outcomes at the point of detachment: either partial detachment, where fluid is detached from one
wall of the channel while remaining attached to the other, or full detachment, which refers to the
elongation into a slag extending from one wall to the other and eventually breaking off to form a
drop in the middle of the channel. In most cases, a partial detachment can appear at small body
force (see Figure 6.9a-d), while a full detachment is observable under higher body force conditions
instead of the partial detachment. The full detachment requires a higher driving force than partial
detachment because partial detachment involves the creation of a new interface within the water
and does not necessarily require breaking the contact between the oil droplet and both solid walls
of the channel. Partial detachment is displayed in Figure 6.9a-d for the case of JPs 65% — 35%
CMC of C12ES8 with hydrophilic walls and a body force g, = 0.0052. This process is observed
starting from equilibrium (time step t = 10,000), with the development of fingering becoming
evident at time steps t = 24,000 and t = 49,000. Subsequently, the partial detachment appears
until the end of the simulation. However, with an increase in body force to g, = 0.0053, the full
detachment is recorded (shown in Figure 6.9h), while the remaining steps, including the
equilibrium (Figure 6.9¢) and fingering formation stages (Figure 6.9f-g), remain unchanged.
Regarding channels with hydrophilic walls, the case with surfactant concentration at 35% of the
CMC was selected as an example (Figure 6.9i-1). A full detachment is observed at g, = 0.0071.
the presence of oil droplets is observed in the case of hydrophilic walls, whereas in the case of
hydrophobic walls, a water droplet is created. More information about partial detachment can be

found in Figure 6.10 and Figure 6.11.
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Figure 6.9. The illustration of droplet deformation within the channel in the designated scenario
of (a-d) JP 65% — 35% of the CMC of surfactant with hydrophobic walls and the body force
9x = 0.0052; (e-h) JP 65% — 35% of the CMC of surfactant with hydrophobic walls and the

body force g, = 0.0053; (i-1) 35% of the CMC of surfactant with hydrophilic walls and the
body force g, = 0.0071. The arrow indicates the progression of the simulation over increasing

time steps. The color scheme is consistent with the one in Figure 6.1.

The process to create the partial detachment in the case of NPs 65% — 35% CMC of
CI12E8 with hydrophilic walls is illustrated in Figure 6.10a-e. JPs 65% — 35% CMC of C12E8
at the body force g, = 0.0069 is utilized as a case in point for this particular phenomenon. In this
case, the length of the meniscus is extended significantly (time step t = 609,000 and t =
777,000) because of the existence of surfactant in the system. The top of the oil droplet can interact

with the tail of the oil droplet, resulting in the generation of a small water droplet that adheres to
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the wall (time step t = 998,000). The occurrence can be attributed to the limitations in the
simulation box size. More precisely, the length of the simulation box, which exhibits periodicity
along the x-direction, may not provide enough space for the movement of the droplet, thereby
facilitating the merging of the oil droplet's components and subsequent creation of the attached
water droplet on the channel wall. To verify this point, a simulation with an extended simulation
box was conducted, with L, = 120 7, (DPD units). As shown in Figure 6.11, the oil droplet was
generated by detaching from the walls (L,, = 120 r,.) with the same body force g, = 0.0069 as for
the case of a small simulation box L, = 90 r,. In this scenario, the front part of the oil droplet is
unable to connect with the rear section, preventing the formation of smaller droplets (time step t =
42,000). As can be seen in Figure 6.10f, the partial detachment occurs as high NP coverage, which
requires a smaller driving force compared to the cases shown in Figure 6.12¢ (the simulation box
is Ly X Ly X L, = 90 x 10 x 3172). The critical body force was reduced when the NP coverage

reached the 65% mark when the effective surfactant concentration approached the CMC value.
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Figure 6.10. (a-e)The visual depiction of the droplet deformation at g, = 0.0069 within the
channel in the specified instance of JP 65% — 35% of the CMC of surfactant, and (f) the body
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force needed to create the partial detachment with different types of NPs. The arrows indicate the
direction of the developmental process over increasing time steps. The color scheme is consistent

with Figure 6.1.
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Figure 6.11. The visual depiction of the droplet deformation at g, = 0.0069 within the length of
channel L, = 120 7, in the specified instance of NPs 65% — 35% of the CMC of surfactant. The
direction of the developmental process over increasing time steps is highlighted by the arrow.

The color scheme is consistent with Figure 6.1.
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Figure 6.12. The critical body force that led to a full detachment from the wall for
different cases simulated. (a) Oil-water with only surfactant at the interface, (b) only NPs at the
oil-water interface, and (c) both surfactants and NPs at the interface. Values for channel walls

with different wetting behavior are shown.

The point at which the driving body force became strong enough to cause detachment was
defined as the critical threshold value, shown in Figure 6.12. In Figure 6.12a, the case of a system
with surfactant only is displayed. The critical body force was roughly constant g, = 0.007 up to
surfactant concentration at 78% of the CMC, when the critical driving force started to decrease in

channels with hydrophilic walls. When the surfactant concentration reached approximately the
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CMC value, a significant decrease was observed to g, = 0.0057 compared to g, = 0.0072 for
the bare oil case (this is about 26% reduction in the driving force needed to detach the oil from
the hydrophilic wall). Hydrophilic walls have a high affinity for water, which can result in the
formation of stable water layers on the surface of the walls, whereas the surfactant molecules can
create a layer of molecules at the oil-water interface, reducing the surface tension between the oil
and water. Thus, adding surfactant molecules to the oil-water interface could lead to droplet
formation. At the point of detachment, an oil droplet is formed in the middle of the channel by
breaking the contact between the oil and the surface of the channel (see Figure 6.91). In addition,
full detachment appears for hydrophobic walls when the surfactant concentration is increased, and
the effect of reduced IFT to detachment becomes more noticeable. At low IFT, the three-phase
contact angle grows, leading to a reduced interaction of the oil and the wall and a reduction of the
pressure difference required to overcome the surface tension and initiate the detachment of droplets
compared to the case of bare oil with no surfactants. Moreover, the reduction in IFT can make the
drop of oil elongate in the water phase rather than in the case of bare oil. The droplet behavior and
the effect of surfactants in the case of hydrophobic walls can be different than in hydrophilic walls.
A noticeable reduction in critical body force was observed (from 0.0058 to 0.0035, about 40%
reduction in needed driving force) when the surfactant concentration reached the CMC value,
compared to the system of bare oil with no surfactant present. A full detachment occurs with
hydrophobic walls regardless of the concentration of surfactants.

The case of oil-water and NPs only is examined in Figure 6.12b. In comparison to bare oil
without NPs, when NPs were present in the system, the critical external body force increased by
24% (from g, = 0.0072 to g, = 0.0089) for hydrophilic walls but did not change much for
hydrophobic walls (ranging from g, = 0.0058 to g, = 0.0061). The NPs at the oil-water
interface tend to accumulate at the interface when the drop moves and this accumulation alters
drop deformation compared to the case with bare oil-water (see Figure 6.13). At low
concentrations of NPs, NPs do not fully cover the oil-water interface, leading to a reduced impact
on fingering. As a result, the critical body force remains similar to the scenario without NPs.

Figure 6.12c illustrates the synergisms between the surfactant and the NPs on the oil-water
interface. For the scenario involving hydrophilic walls, the critical body force required to create
the detachment increased with 35% CMC of C12E8 molecules added to the system. While

surfactants have the potential to decrease the body force required for full detachment, the surfactant
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concentration, in this case, remains below the CMC. The key factor contributing to the slight
increase in body force is the coverage of NPs. This implies that with an increased quantity of NPs
introduced into the system, the body force necessary for full detachment would be further enhanced
in comparison to the case of bare oil.

When hydrophobic solid walls were introduced, adding surfactants reduced the stabilizing
impact of NPs, as seen when one compares Figure 6.12b and c. The critical force appears to be
the same irrespective of particle coverage (Figure 6.12c). This behavior is similar to the situation
where only NPs were introduced into the system with hydrophobic walls (Figure 6.12b).
Essentially when surfactants are present, the effect of NPs is weakened, reducing the critical body
force needed for the phase separation. This is supported by measurements showing g, = 0.0054,
gx = 0.0054, and g, = 0.0056 for the coexistence of surfactants with Janus, hydrophilic, and
hydrophobic NPs, respectively, compared to g, = 0.0061, g, = 0.0061, g, = 0.006 for systems
containing only Janus, hydrophilic, and hydrophobic NPs, respectively, with an NP coverage area
of 65%. Therefore, it can be inferred that there are competing effects when surfactants and NPs
are present at the interface. In particular, surfactants can act as stabilizing agents for NP
dispersions, effectively preventing agglomeration. This stabilization effect not only improves the
dispersibility and uniformity of NPs within the system but also has the potential to alter their

interactions with other NPs present.

No NPs Janus NPs

Hydrophobic NPs Hydrophilic NPs

Figure 6.13. The visual representation of NPs accumulated at the oil-water interface. The

number of NPs coverage is 65%. The color scheme is similar to that in Figure 6.1.
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6.3.3 Phase separation and formation of droplets

This section focuses on surfactant and NP transport on a drop surface under an applied
Poiseuille flow. Figure 6.14 is a presentation of two possible cases: an oil droplet was created by
detachment from the hydrophilic walls (seen in Figure 6.14a), and a water drop might form
flowing in the center of the channel when the solid wall is hydrophobic (seen in Figure 6.14b).
The aim here is to gain further insight into the physical mechanisms that affect the arrangement of
surfactants and NPs at the drop surface in hydrophilic and hydrophobic channels. Therefore, we
created contour plots of the different velocities of surfactants, NPs, and oil relative to the velocity

of the center of mass of the oil or water droplet.
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Figure 6.14. The fully detached drop is illustrated in these simulation snapshots of (a) the
hydrophilic walls and (b) the hydrophobic walls, demonstrating the simulation geometry. The

102



color scheme is consistent with Figure 6.1. The contour of slip velocity of (c) JPs

(AVyp phitic waus)» (d) C12E8 (AVe1288 phitic wauis)> (€) Ol (AVo phitic waus)> (f) Water
(AVy phitic waus) 1n hydrophilic solid walls with L, = 1207, g, = 0.0069; (g) JPs

(AVNP,Phobic waits)> () C12E8 (AV¢12E8 phobic waits)> (1) Oil (AVO,Phobic waits)> and (j) Water
(AVw phobic waus) for Oil-Water-NPs 65%- 35% CMC of C12ES8 system with hydrophobic

walls (L, = 901;). The body force g, = 0.0054.

The case of NPs and surfactants coexisting on the oil-water interface is presented in Figure
6.14c-j. The case when only NPs are present in the system is presented in Figure 6.15, and the
case of surfactants only is presented in Figure 6.16. These plots were constructed by dividing the
computational domain into 180 X 62 bins in the xz plane. The total surfactant molecules in each
bin were counted and averaged over 1,000,000 time steps. The oil or water droplet migration
velocity, Veou—o or Veom—w respectively, was calculated based on the velocity at the center of
mass of the droplet at a specific time step. The velocities designated as Vi, Vy, Vyp, and Viqags
represent the carrier fluid (water), oil phase, NPs, and surfactants, respectively. For the case of
hydrophilic walls, the differences between two velocities are designated as follows:
AV pritic waus = Yw — Veom-05 AVo phitic waus = Vo = Veom-0; AVwp phitic waus = Ve —
Veom-o0; and AVeiagg phitic waus = Veizes — Veom—-o- For hydrophobic walls, the subscript
COM — O is substituted with COM — W

As seen in Figure 6.14c, several NPs migrated to the rear side of the oil drop, where the
oil-water interface is rather flat. The NPs exhibit movement toward the left, as the AVyp ppiric waus
velocity arrows depict. In Figure 6.14d, the surfactant concentration was higher at the rear side of
an oil droplet than on the front side when only the surfactant was present in the oil-water system.
This observation was made during the oil droplet formation at the center of the channel in the case
of hydrophilic solid walls. Only a very small number of NPs and surfactant molecules adhere to
the front cap of the oil droplet. The reason for this observation was explained by the existence of
a stagnation ring near the edge of the front cap, coupled with a quite weak surface flow on the
front cap directed from the stagnation ring to the front cap center.”®- 1® The velocity vectors for
the oil phase, AVy pritic wais» are shown in Figure 6.14¢, where a circulation pattern inside the oil
drop is noted. A clockwise circulation is observed at the lower half of the drop, near the bottom

wall, and an anticlockwise pattern is seen close to the top wall, showing that the oil phase moves
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outward from the center to the border of the oil droplet. Consequently, surfactant molecules are
anticipated to move to the rear side of the droplet instead of the front side. Notably, the relative
velocity of the water next to the drop interface, AVy, ppitic waus, Was also contributing to the
migration of surfactants to the rear of the drop, as depicted in Figure 6.14f. Moreover,
AViy phitic waus close to the solid walls shows a small counterflow in the negative x-direction. As
mentioned above, a drop of water was created when the walls were hydrophobic. In this scenario
(see Figure 6.14g-j), both surfactant and NPs generally migrated toward the rear of the droplet's
entire surface, assembling into densely packed surface structures. As a result, the strong
interactions among nanoparticles could reduce the local surface tension. The relative velocity
arrows display the direction of NPs movement (Figure 6.14g) and surfactant motion (Figure
6.14h), which tends to shift right to the left, opposing the direction of the water droplet. The
presence of two circulation patterns within the drop is seen Figure 6.14j. The water movement
inside the droplet occurs from the center to the outside, indicating that the water beads at the
periphery move in the opposite direction to those at the center. Consequently, the water flow can
drag the oil layer in a direction opposite to the direction of the water drop motion, toward the left,
as illustrated in Figure 6.14i. The interfacial jamming of the closely packed surfactant and NPs
caused by their specific distribution at the rear side of the oil or water droplet leads to a difference
in the drop shape between the front and the rear part, as shown in Figure 6.14a-b. This
phenomenon could lead to the surface becoming immobilized and deforming into a bulletlike
shape. Our findings demonstrated droplet deformation similar to findings reported within a

microchannel.?”- 170: 171

104



O 20 40 60 8 0 20 40 60 8 0 20 40 60 80
X X X

Figure 6.15. The contour of slip velocity of (a) JPs (AVyp phitic wais)> (b) Oil (AVy phitic wairs)s
(c) Water (AViy phitic waus) 1n hydrophilic solid walls, g, = 0.0085; (d) JPs (AVyp probic waiis)>
(e) Oil (AVy probic waus)» and (f) Water (AVyy probic waus), for Oil-Water-NPs 65% system in
the hydrophobic walls, g, = 0.0061.

The trend observed in Figure 6.14c-j is replicated in Figure 6.15 and Figure 6.16, where
the presence of NPs or surfactants at the oil-water interface follows the same pattern. For different
wettability of solid walls, NPs or surfactants settle at the droplet's rear. There are two circulation
patterns created within the oil droplet for hydrophilic walls, and within the water droplet for
hydrophobic walls. These circulation patterns indicate the movement direction of surface active

agents under the influence of Poiseuille flow.
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Figure 6.16. Contours of the relative velocity of (a) C12E8 (AV¢12ks phitic waus)» (b) Oil
(AVo phitic waus) (¢) Water (AViy ppitic waus) 1n hydrophilic solid walls with the body force
gx = 0.0071; (d) C12E8 (AV(1288 phobic wais)> (€) Oil (AVo probic wans), and (f) Water
(AViw phobic waus)» for Oil-Water-35% CMC of C12E8 system in the presence of hydrophobic
walls. The body force g, = 0.005.

6.4 Conclusions

In this study, we have numerically investigated the motion of an oil droplet with and
without the presence of surfactant and Janus particles under non-equilibrium conditions by using
the DPD simulation method. NPs covered the oil-water interface at 0 — 65% and contained
surfactants at 0 — 100% of the interfacial surfactant concentration corresponding to the CMC. At
equilibrium, the surfactant made an outstanding contribution to the three-phase contact angle
formed between the oil droplet and the walls, while the wettability of solid walls significantly
influenced this interaction. Additionally, the IFT was reduced by the presence of surfactants in the
system, either when only surfactants were present or when a combination of surfactants and NPs

was present. However, NPs alone did not have an effect on the IFT. For hydrophilic walls, the
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introduction of surfactants resulted in a larger contact angle and a longer curve length within the
channel as the surfactant concentration reached the CMC value. On the other hand, a longer curve
length was exhibited with hydrophobic walls, significantly reducing the three-phase contact angle.

When the fingering phenomenon appeared, the fingering length increased with an increase
in the Capillary number, but the growth rate depended on the type of surface active species added
to the system, affecting the stability of the oil-water interface. The presence of NPs enhanced the
stability of the oil-water interface by creating additional barriers to deformation and interacting
with the surfactant layer at the interface. The fluid-fluid interface can undergo significant
instability leading to droplet formation when exposed to a sufficiently high driving force. It is
demonstrated that the oil or water droplet could detach from the walls, depending on the Poiseuille
flow's driving force and the solid walls' wettability. The occurrence of deformation was
independent of the number and properties of NPs and occurred at a critical three-phase contact
angle. As the pressure drop increased, droplets were formed in the center of the channel — water
droplets for hydrophonic walls and oil droplets for hydrophilic walls. In the presence of
surfactants, the NPs demonstrated a more uniform distribution at the interface, and as a result, a
higher driving force was needed to generate the drops relative to the case of bare oil and water and
the case of surfactant present in the system alone.

Finally, the relative velocity of surfactant molecules and NPs against the droplet center of
mass was shown to explain the transport of surfactant and/or NPs on the surface of a droplet, as

well as their arrangement at the drop surface within hydrophilic and hydrophobic channels.
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Chapter 7.  Influence of Surface-Active Agents on The Transport Behavior of
Nanoparticles Between Fluid Interfaces

Abstract

The energy required for the migration of single nanoparticles (including homogeneous and
amphiphilic NPs) between the oil and water phases was investigated using Dissipative Particle
Dynamics (DPD) simulation methods, considering the presence of only nanoparticles (NPs),
surfactants, or their coexistence. Our simulations determined the free energy of the system as NPs
transitioned between the immiscible liquids, with surfactants reducing the energy requirement for
desorption. However, the formation of an NP layer presented challenges for individual NP
movements. NPs exhibited lower desorption energy in the water phase compared to the
significantly higher energy required in the oil phase. Furthermore, the combined presence of
surfactants and NPs at the interface was analyzed to assess their impact on the desorption energy
necessary for NP transport to the bulk phase.

The insights gained from this research enhance our understanding of the adsorption and desorption
processes at the oil-water interface, particularly in the presence of surface-active agents, which has

implications for applications in enhanced oil recovery and other fluid interface engineering fields.

7.1 Introduction

In recent years, there has been an increasing interest in the behavior of nanoparticles (NPs)
and surfactants adsorbed at the fluid interfaces. The behavior of colloidal particles near interfaces
is important in a host of industrial and environmental applications'’? such as emulsion
stabilization'”® and oil recovery processes.!”*

As evidenced extensively in studies by Binks et al.,!3% 175

solid nanoparticles have the
potential to stabilize emulsions. Particularly, Janus nanoparticles (JPs), characterized by two
distinct surface regions with different wettabilities, have emerged as superior emulsion stabilizers.
This characteristic is credited to the increased desorption energy needed to detach JPs from the
interface, compared to homogeneous nanoparticles. Despite advancements in recent experimental

techniques,? 176177

studying the properties of nanoparticles (NPs) at oil-water interfaces through
experiments remains challenging. To complement experimental approaches, simulation methods
are increasingly utilized to explore the free energy associated with NPs positioned near the

interface of two immiscible liquids. A computational approach offers valuable insights into the
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behavior and interactions of NPs at complex interfaces, enhancing our understanding of their
fundamental properties and applications. Using Molecular Dynamics simulation, Fan et al.!’®
found that the energy required to remove JPs from the interface typically exceeds that needed for
the corresponding homogeneous nanoparticles. For most NPs considered, desorption into the
aqueous phase is favored over desorption into the organic phase. Furthermore, Razavi et al.!”
compared simulation findings with experimental results to investigate the force exerted on the
particle, and the free energy of the system as a function of the particle's distance from the interface.
However, the dynamics of NP adsorption to an interface, particularly in the context of complex
interfaces containing surface active agents, have not been sufficiently addressed. Most studies have
focused on the case with only two immiscible fluids in a system with no surface agent, therefore,
the understanding of the interaction between NPs and surfactants at interfaces remains limited.
This underscores the necessity for further research and attention in this area.

It is common knowledge that surfactants and NPs can stabilize oil-water interfaces, !> 6 105
10115 'Tn this study, nonionic surfactant octaethylene glycol monododecyl ether (C12E8) and
different types of NPs including homogeneous and amphiphilic nanoparticles were used to
represent the surface-active agents commonly found in oil recovery processes. The nonionic
C12ES is employed in enhanced oil recovery (EOR) operations to displace residual oil from
hydrocarbon reservoirs through chemical flooding.”? Often, NPs in suspension can stimulate oil
recovery through modification of the contact angle at the substrate,!%® 197 increasing the oil
recovery rate.'%®

Our research aims to gain insights into the energy required for individual NPs as they
transition between two immiscible liquids, employing Dissipative Particle Dynamics (DPD)

simulation methods. The properties of the interface will be modified by added surfactants, NPs, or

the concurrent presence of both surfactants and NPs.
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7.2 Simulation details

The schematic configuration of all species used in the DPD simulations is shown in Figure
7.1a, while the conversion of time and length scales from DPD units to physical units is seen in
Table 5.1.

YA

Water Dodecance C12E8 JP Silica Gold

@) Nanoparticle

. ®)
Figure 7.1 (a) A schematic representation of the beads generated by DPD simulations with
water, dodecane, C12ES8 surfactant molecules, a Janus particle (JP), and homogeneous particles
(silica and gold nanoparticle). Red, white, and gray spheres represent oxygen, hydrogen, and
carbon, respectively. A nanoparticle bead's silica surface is cyan, while its gold surface is pink.
(b-d) The process of JP transfer from the water phase to the oil phase with the coexistence of

surfactant and JPs at the oil-water interface.

Six water molecules were lumped into each water bead (W), while the oil phase was
represented by dodecane molecules (C;,H,g) with each dodecane molecule represented by two oil
beads (O). The selected nonionic surfactant, C12E8, was previously employed in our research,¢:

104,155, 168 wwhich was represented by two hydrophobic tail beads (T) and four hydrophilic head
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beads (H). The maximum surfactant concentration used in this research is set at the critical micelle
concentration (CMC) or below, to prevent the formation of micelles. ' About the NPs, the radius
of each NP was set to 2 7. (DPD unit) with 1 7, = 9.66 X 1071%m, as presented in Table 5.1. The
NP was crafted to possess hollow structures, with vacant spaces inside. The hydrophilic and
hydrophobic sides of the JP used in this study are silica (SiO2) and gold (Au), respectively. In a
previous study, Vu et al.!® illustrated the validation of the wetting behavior of the two faces of the
Janus particles, characterized by one hydrophobic hemisphere and the other hemisphere as
hydrophilic, using amidine polystyrene latex and gold. The computations were verified against
experimentally measured contact angles.'®® In this study, we employ identical interaction
parameters for the gold surface of NPs as employed by Vu et al. The DPD parameters for the silica
surface of JPs were adjusted to match experimental results as shown in Figure S 1 in the
Supporting Information. A single silica NP (S) was placed at the oil-water interface. The
interaction parameters for a silica surface with oil and water (a,_g and ay,_s) were adjusted to
align with the experiment findings!®! based on the measured three-phase contact angle values. The
determination of the value of the contact angle within the water phase was found to be dependent
on the distance between the center of the NP and the position of the oil-water interface, 65 =
67.8 *+ 3.6°. Moreover, the contact angles for the gold NPs (G) and JPs were 6, = 81.4 + 3.4°
and 0;p = 79.9 + 3.3°, respectively. The interaction parameters for the surfactant head with the
silica surface (ay_s) and surfactant tail with silica surface of JP (ar_g) were determined based on
experimentally obtained adsorption isotherms for C12E8 in an aqueous solution onto silica %2 (see
Figure S 2b). The amount of surfactants adsorbed on the silica surface was determined by
measuring the distance between the surfactant molecule and the surface in the computational
results. If the distance was less than 57, the surfactant molecule would be considered adsorbed
(see Figure S 2a). The repulsion parameters for the case of C12E8 and/or NPs at the oil-water

interface are listed in Table 7.1.

111



Table 7.1. Details of the repulsion parameters (a;;) used in the simulations

H T \% O G S
H 15 25 15 25 15 28
T 15 38 14.5 25 15
\% 15 129 20 20
O 15 25 55
G 15 25
S 15

" H and T represent the head and tail of C12ES8 surfactant, while W and O symbolize water and
oil, respectively. The NPs include gold (G) and silica (S) beads.

The computational box was established as 20 X 20 X 40 7,2, (dimensionless DPD units in
the x, y, z directions). Periodic boundary conditions were applied in all three dimensions. There
were 80,000 fluid beads within the computational domain to keep the fluid density in DPD units
at 5 (i.e., 5 DPD bead per unit volume of the simulation).** More specifically, 39,916 oil beads
were randomly arranged in layers of 20 7, thickness along the z-direction. The number of water
beads varied depending on the quantity of NPs and/or surfactant molecules introduced into the
system. The NP coverage at the interface was kept between 0 — 0.77. Consistent with earlier

reports’183, 184

surfactants, and NPs were positioned at the oil-water interface to reduce
computational time. Furthermore, one targeted NP, chosen for movement analysis, was inserted at
the oil-water interface at the beginning of the simulation. To reach equilibrium, the system was set
to run 200,000 computational steps. The NVT ensemble (constant number of beads, volume, and
temperature) was used during the computations. The temperature remained constant at T = 1,
with periodic relaxation of the temperature every 100 time steps, employing the DPD units of
temperature.

The process of NP transfer from the bulk of phase 1 (water) to phase 2 (oil) was employed
using the steered molecular dynamics (SMD) algorithm to display the adsorption and desorption
process in addition to calculating the free energy differences. Upon achieving equilibrium, the

center of mass of the targeted NP was moved into the water phase, as shown in Figure 7.1b, and

then allowed to equilibrate for an additional 100,000 time steps. A fictitious spring with a force
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constant of 500 kT /7, was used to pull the NP from the water phase to the interface (Figure
7.1c) and then the oil phase (Figure 7.1d) at a constant relative velocity of 0.0005 7, per timestep.
At the same time, other NPs and surfactants were free to move across the oil-water interface. The
simulation time step was set to At = 0.02 in DPD units, and the total number of steps required for
the pulling process was 2,000,000. The data of the potential of mean force (PMF) for the system
can be determined using SMD through the application of Jarzynski's equality (e="/kBT) =
e ~AF/ksT 185 In this study, the potential of mean force (PMF) provides valuable insights into the
energetics and barriers encountered by a targeted NP as it goes through various stages, such as
adsorption, desorption, and migration at the interface, in the presence of surface-active agents such

as surfactants and NPs, given that the PMF reflects the free energy difference between two states

during a non-equilibrium process.

7.3 Results and Discussion
7.3.1 NP movement across the oil-water interface

In Table 7.2, the difference in energy, expressed in kT, for absorbing single homogeneous
or Janus NP into the oil-water interface, as determined by equation ( 1.7) and equation ( 1.8), is
presented. The energy difference was also obtained directly from simulations, as illustrated in

Figure 7.2.

Table 7.2. The energy required when NP comes into the water, AE,, 4., Or 0il, AE;; calculated

from the three-phase contact angle, 85 using equation ( 1.7) and equation ( 1.8).

JP S G
0, 79.9 + 3.3° 67.8 + 3.6° 81.4 + 3.4°
AE,arer (kgT) 107.5 + 15.4 57.8+ 115 107.5 + 15.4
AE,; (kgT) 26424203  2822+241 1964+ 204

In Figure 7.2, the necessary energy for the translation process is shown as a function of
distance from the interface for both phases and the center of the NP. State (I), illustrates the single
NP completely immersed in Fluid 1 (water), positioned far from the interface. This state was
chosen as the reference state for all three particle types due to the absence of any interaction

between the NP and the interface. As the particle approaches the interface, the free energy remains
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constant, denoted as state (I-II). As the particle approaches the oil-water interface, there is a
decrease in energy, reaching its minimum at the interface (III) when the nanoparticle finds its
preferred position. Finally, the energy experiences a sharp increase (III-IV) denoting the
desorption energy, reaching a plateau as the NP transports away from the interface and enters
deeper into Fluid 2 (oil phase) (IV-V). The potential of mean forces collected along the coordinate
is shown in Table 7.3.
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Figure 7.2. The energy required for different types of NP to transition from the water phase to
the oil phase.

The behavior of NPs at oil-water interfaces involves intricate dynamics, as evidenced by
observed phenomena upon NP contact with the interface. Variations in the energy required to pull
different types of NPs from the aqueous phase to the interface suggest distinct interactions dictated
by NP properties. As can be seen from Figure 7.2, JP requires the highest energy to approach the
oil-water interface from the water phase compared to the homogeneous NPs. Moreover, a
protective water shell around the NP upon interface approach is shown in Figure 7.3b, resulting
in a bulged interface due to water molecule accumulation. Subsequently, an oil bridge was
observed when NP moved continuously close to the interface (Figure 7.3c), attributed to the
stronger interaction of NPs with the oil phase at this point.

Furthermore, silica NPs require the most energy for transitioning from the interface into
the oil phase, whereas gold NPs display the lowest energy difference, with Janus particles
occupying an intermediate position. In all cases, the energy required to remove one NP from the

interface into the water phase is observed to be lesser than that required to displace it into the oil
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phase. The reason for this is that both silica and gold used in this study tend to favor the water
phase over the oil phase (6, < 84p < 90°). However, silica NPs still demand higher additional
energy to transition into the oil phase because of the larger surface area coverage of silica NPs in

water compared to gold NPs.

t=149,300 t=170,400 t=170,500 t=200,000

Figure 7.3. Snapshots of the oil-water when JP approach the interface during the

simulation time steps from t = 149,300 to t = 200,000. The color code is similar to Figure

7.1.

Table 7.3. Difference energy when NP entered the water, AE,, 4., o1 0il, AE,;; determined from

the simulation results.

JP S G
AE,gter (kgT) 113.9 523 95.7
AE,; (kgT) 426.7 477.6 351.6

When comparing the energy difference values (AE,;) obtained from the simulations
(Table 7.3) with the desorption energy calculated using the equations provided in Table 7.2, a
disparity is observed. The discrepancy might originate from differences in the equilibrium three-
phase contact angle used in the energy calculation equation. The position of the center of mass of
the NP changes as the NP moves at the interface, which in turn leads to fluctuations in the contact
angle values during the simulation. Although the deviation in the three-phase contact angle is
small, even slight variations can result in significant fluctuations in the desorption energy (shown
in Table 7.2). Another possibility is from hydrodynamic dissipation effects, which are not included

in the calculation of desorption energy calculations by applying theoretical models.!”® The position
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of the three-phase contact line was assumed to align with the liquid-liquid interface and ignore the
small meniscus that may form near the NP. In addition, the capillary bridge (with the oil-water
interface, and the oil bridge (Figure 7.3) or water bridge (Figure 7.4) that appeared when NP
approached or detached the interface) is considered a contributing factor to these observed
differences. Observation of simulation snapshots illustrates the formation of a capillary bridge
during the desorption of NPs into the oil phase, notably forming a water bridge as shown in Figure
7.4. This phenomenon occurs because even in the oil phase, water molecules may still be attracted
to the silica part of NPs, forming a thin layer of water behind them. At this point, the water bridge
extends farther into the oil phase, leading to surface deformation and a non-flat oil-water interface.
These findings are consistent with previous studies.!”® 17 This differs from the assumption of a
flat interface in the desorption energy equation used to measure the contact angle, leading to
variations in the values of the free energy. In general, despite these differences, both methods agree
that all NPs, exhibit a preference for approach into the aqueous phase from the interface rather
than desorption into the oil phase. The corresponding free energy differences for the translation
process are also calculated by the Umbrella Sampling method. The comparison between the
Steered Molecular Dynamics and Umbrella Sampling method is shown in Figure 7.5. The two

methods are consistent, indicating that the SMD model with the calculation of the PMF is reliable.

Janus Silica Gold

Figure 7.4. Snapshot depicting the formation of a capillary bridge between (a) Janus NP, (b)
Silica NP, (¢) Gold NP, and the oil-water interface. The color scheme is similar to that used in

Figure 7.1. The oil phase is omitted for clarity.
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Figure 7.5. Umbrella sampling method to compute the free energy (compared with SMD
method) for single nanoparticles of varying surface properties: (a) Janus nanoparticles, (b) silica

nanoparticles, and (c) gold nanoparticles. The range of the reaction coordinate was divided into

180 windows with the harmonic force constant set to 500 kgT.

7.3.2 NP movement across the oil-water interface in the presence of surfactants

The addition of nonionic surfactants to the oil-water interface serves as a crucial aspect in
exploring the dynamics of single NP movement between two immiscible fluids. This section
discusses the energy requirements associated with the motion of a single NP across the interface
between oil and water, as well as the influence of surfactant concentration on the necessary energy.

The energy demands for different types of single NP transitioning between two immiscible
fluids, comparing scenarios with and without surfactants at the interface are shown in Figure 7.6.
The presence of surfactants alters the interfacial properties, potentially lowering the energy barrier
for NP movement by reducing the interfacial tension significantly at the CMC value (IFT 1355 =
4.7 mN /m). This reduction in interfacial tension facilitates the movement of NPs across the
interface by minimizing the energy barrier they encounter. Therefore, the value of energy required
to remove the NP from the interface decreases rapidly upon the addition of surfactants, regardless
of the NP type, in contrast to scenarios where no surfactants are present. A silica NP still needs the

most energy to migrate to the oil phase, then Janus NP, and finally gold NP.
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Figure 7.6. The potential of mean force (PMF) profile of the system when (a) Janu, (b) Silica,
(c) Gold NPs moving toward oil and water phases, with and without the presence of surfactants.

OW: bare oil-water interface, OWS: oil-water interface with surfactants.

When surfactants are present, NPs demand more energy for absorption to the interface
compared to being situated in the water phase; however, in the absence of surfactants, they still
exhibit a preference for remaining at the oil-water interface. Notably, silica NPs exhibit a higher
energy demand in this context (see Figure 7.6b). This is due to the silica NP displaying a
preference for being situated deeper within the water phase rather than at the interface (see Figure
7.7c-d). Regarding Janus and gold NPs, they tend to remain at the interface, although mostly
submerged in the water due to their stronger interaction properties with the oil phase compared to

silica NP.
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Figure 7.7. Density profiles whena single NP and surfactants are located at the oil-water
interface (a, c, e); the position between the center of the NP and the oil-water interface (b, d, f) as

a function of simulation time. The NP is (a-b) a Janus NP; (c-d) a silica NP, (e-f) a gold NP.

The effect of surfactant concentration on the energy necessary to displace a single NP from
the water phase to the interface and into the oil phase is demonstrated in Figure 7.8. The
concentration of surfactants was increased from 0 CMC (no surfactant) to the CMC value and JP
was selected as the subject of investigation. As can be seen from Figure 7.8a, at lower
concentrations of surfactant, the desorption energy from the interface to the oil phase remains

comparatively elevated but decreases notably as the interfacial surfactant concentration
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approaches the CMC. This reduction can be attributed to the decrease in interfacial tension as

shown in Figure 7.8b.
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Figure 7.8. (a) Potential energy differences as a function of the NP position when a JP transports
from the water phase to the oil phase within the presence of surfactants at the interface. (b) The

interfacial tension between oil and water at varying concentrations of surfactants.

The presence of the capillary bridge is also noted during the desorption of the NP particle
from the interface to the oil phase, but in this case, it seems that a surfactant bridge is formed. The
surfactant bridge can influence the release kinetics of NPs from the interface by increasing the

necessary energy.

Janus Silica Gold

(a) - (b)

Figure 7.9. Snapshots illustrating the formation of a surfactant bridge between (a) Janus, (b)
Silica, (¢) Gold NP, and the oil-water with surfactant interface. The color scheme aligns with that

utilized in Figure 7.1. The oil phase is omitted for clarity.
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7.3.3 NP movement across the oil-water interface in the presence of NPs

Because the NPs do not have a noticeable impact on the interface tension, as evidenced by
prior research,3% 156 157,166, 167 the absorption energy needed for the single NPs absorbed on the
interface closely resembles the scenario in which no NPs are present at the interface, as illustrated
in Figure 7.10, except in the instance of JP transport (or silica NPs), where a 0.77 coverage area
of JP or silica NPs is observed at the oil-water interface.

While IFT remains unchanged, the presence of NPs at the interface still creates a barrier
that impedes the transport of one other NP from the water phase to the oil phase. Consequently,
the energy required for desorption from the interface to the oil phase is higher than the case without
NPs located at the oil-water interface. The NPs at the interface form a layer that needs to be
penetrated by the moving NP. The more the surface cover area increased (from 0.36 to 0.77) by
the presence of NPs, the more the desorption energy increased from the interface. When comparing
various types of NPs, the silica NP demands the highest energy for transportation to the interface

(Figure 7.10a), whereas the gold NP exhibits the lowest energy requirement (Figure 7.10c¢).
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Figure 7.10. Potential energy variations for the distance of the NP as it transitions from the water
phase to the oil phase within the layer of similar NP types at the interface, different types of NPs
including (a) Janus, (b) Silica, (c) Gold NP. The percentage of NP coverage changed from 0 (no

NP at the oil-water interface), to 0.36, 0.56, and 0.77 coverage of interface area.

There are some abnormal cases observed in Figure 7.10a and Figure 7.10b, where a large

number of NPs are distributed on the surface (0.77 coverage area of the oil-water interface by NPs

121



or 0.56 coverage area of JP). Although we expected that when the number of NPs increased, the
movement of the target NP became difficult as mentioned above, the shape of the increment should
be the same when the distribution of NPs rose from 0.56 to 0.77. But this significant high PMF
value can come from something that happens at the interface when NPs approach the interface. To
validate these results, snapshots of the simulation process were collected and shown in Figure
7.11.

In Figure 7.11a, the absorption process of JP to the oil-water interface is depicted step-by-
step, with a JP coverage of 0.77 in the oil-water interface area. A notable increase in energy
requirement was observed as the JP approached the oil-water interface, particularly when
attempting to locate a vacant space within the clustered JPs. This high energy demand is due to the
requirement of moving through the interaction zone of neighboring NPs (highlighted by the red
circle). At this point, additional energy was required to break the interaction between NPs,
resulting in the observation of heightened energy levels. Once the preferred position is determined,
the target NP can establish interactions with neighboring NPs, thereby maintaining stability at the
interface, with energy levels remaining unchanged. The residual desorption process from the
interface to the oil phase follows the same pattern as in other scenarios, demanding significant
energy. Compared with Figure 7.11b, this phenomenon did not appear. In this case, the gold NP
found the vacant space without the clustered JPs when it came closer to the interface, eliminating

the need for additional energy to overcome the NP barrier.
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Figure 7.11. The process of NP transfer from the water phase to the oil phase, includes (a) a
single JP occupying 0.77 of the interface area and (b) a single JP with 0.36 coverage surface

area. The color scheme is similar to that used in Figure 7.1. The oil phase is omitted for clarity.

The snapshots of NP distribution on the oil-water interface are shown in Figure 7.12a-c
and the final simulation steps before the detachment of a single NP from the NP layer to the oil
phase are depicted in Figure 7.12d-f. No capillary bridge was observed due to the NP layer,
instead, the reason causing the growth of desorption energy to the oil phase is the interaction
between NP-NP. When a single NP attempted to transition to the oil phase, extra energy was

needed to distract its interaction with neighboring NPs and force it to leave its favorite position.

123



(@) @ )
Figure 7.12. The distribution of (a) Janus NP, (b) Silica NP, and (c) Gold NP covers 0.77 the

area of the oil-water interface. Snapshots before detachment of (d) Janus, (e) Silic, and (f) Gold
NP from the NP layer. The color scheme is similar to that used in Figure 7.1. The oil phase is

omitted for clarity.

7.3.4 NP movement across the oil-water interface with the coexistence of NPs and surfactants
To explore the impact of the coexistence of NPs and a surfactant layer on the absorption or
desorption energy required for NP transport, a single NP was introduced to transition between two
immiscible liquids. The interface comprised 0.4 CMC surface concentration, with NP coverage of
0.56 (see Figure 7.13). The presence of NPs reduces the effective interfacial area, leading to a
higher concentration of surfactants compared to scenarios where only surfactants are present.
Consequently, the active concentration of C12ES in this case matches the CMC value observed in

systems without NPs.
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(b)

Figure 7.13. The interface comprised 0.4 CMC surface concentration and 0.56 coverage of (a)

Janus, (b) Silica, and (c¢) Gold NP coverage of 0.56. The color scheme is similar to that used in

Figure 7.1. The oil phase has been left out for clarity.

The plot of the potential of mean force as a function of the distance of NP movement,
shown in Figure 7.14 was utilized to compare the effects of the presence and absence of surfactant
at the interface on NP movement. During the absorption process from the aqueous phase to the
interface, wherein NPs and surfactants coexist, NP-NP interactions persist as individual NPs
approach the interface. This leads to a higher energy requirement for absorption compared to
scenarios where only surfactants are present at the interface. Once a single NP enters the interface,
it prefers to remain there due to the attractive NP-NP interactions. Detaching a single NP from the
interface into the water phase is more difficult when only surfactants are present at the interface
relative to only surfactants present at the interface. Furthermore, compared to the scenario where
only NPs occupy the interface, the presence of both NPs and surfactants at the interface lowers the
absorption energy required at the interface. This reduction can be attributed to the decrease in IFT
when surfactants were added to the system. Figure 7.13 illustrates the distribution of the NPs at
the interface, indicating that surfactants can disperse NP clusters. This action decreases the NP-
NP interactions, consequently lowering the absorption energy when a single NP absorbs into the
interface. The same trend was noted when NPs detached from the interface and migrated to the oil
phase. The desorption energy was smaller when NPs and surfactants coexisted at the interface
compared to scenarios where only NPs occupied the interface, but higher than when only

surfactants were present at the interface.
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Figure 7.14. The potential of mean force (PMF) profile of the system when (a) Janus, (b) Silica,

and (c) Gold NP migration from the oil phase to the water phase considering the presence or

absence of surfactants and the coexistence of NPs and surfactants.

7.4 Conclusions

In this study, we have numerically investigated the process of particle translation through an
interface of two immiscible liquids with and without the presence of surfactant and Janus particles
at the interface. NPs covered the oil and water interface at 0 — 0.77 coverage interface area and
contained surfactants up to the critical micelle concentration of C12E8. We find that when required
to detach from the interface, all NPs tend to prefer the water phase rather than the oil phase. The
formation of a capillary bridge is initiated by the NP desorption into the oil phase, significantly
increasing the energy demand due to the challenging task of disrupting the interactions between
the NPs and the surrounding water or surfactant molecules. In addition, in the scenario where only
NPs cover the oil-water interface, an increase in desorption energy is observed compared to when
only oil and water are present. Additional energy is required to disrupt the interactions between
neighboring NPs and force the single NP to leave its preferred position when transitioning to the
oil phase. Finally, the desorption energy was lower when NPs and surfactants coexisted at the
interface compared to only NPs occupying the interface, but higher than when only surfactants

were present at the interface.
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8.1

Chapter 8. Summary and Future Works

Summary

This thesis focuses on exploring how surface-active agents including surfactants and nanoparticles

influence the properties of two immiscible fluids under non-equilibrium conditions. The primary

conclusions can be outlined as follows:

We focused on investigating the dynamic behavior of immiscible fluids in Poiseuille or
Couette flow and the interaction of surfactants with the oil-water interface using DPD
simulations. The no-slip boundary conditions with frozen wall particles and bounce-back
conditions to prevent penetration of fluid beads into the wall was implemented.
Additionally, adjusting the dissipative parameter for each fluid accurately models
differences in fluid viscosity in multiphase flow simulations. Under shear flow conditions,
the presence of surfactants at the oil-water interface significantly influenced fluid dynamics
by modifying the velocity profile and the effective viscosities of both phases. The observed
desorption of surfactants at higher shear rates highlighted the dynamic nature of these
interfaces, particularly in unstable Poiseuille flow where local surfactant concentrations
varied due to wave formation. Micelle formation below the CMC was only observed in the
Poiseuille flow. The effects of viscosity and shear rate induced by surfactants were further
substantiated through robust calculations in a simulation box of increased width, affirming
the importance of these factors in understanding and predicting complex fluid behaviors.
These findings contribute valuable insights into the interplay between dissipation
parameters, surfactant behavior, and fluid dynamics, with implications for diverse
applications.

Regarding the movement of oil droplets, it is significantly influenced by the presence of
surfactants and Janus particles in Couette flow. Surfactants at the oil droplet surface
enhance migration velocity by affecting interfacial tension, which improves momentum
transfer from water to oil and reduces oil-water slip. There is a linear relationship between
slip velocity and interfacial tension. However, Marangoni stresses can counter this motion
by generating oil movement opposite to the shear flow direction, slowing overall drop
motion. Furthermore, JPs gather at the drop-solid contact line, boosting friction between

the drop and the wall, and thereby decelerating drop migration. When comparing
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displacement, oil droplets with the coexistence of JPs and surfactants displace more than
bare oil droplets.

Concerning the behavior of NPs at the oil-water meniscus, our analysis of oil-water IFT
values with NPs positioned at the oil-water interface revealed that NPs had minimal impact
on IFT, resulting in a negligible change in the equilibrium meniscus length (Ly). Under
Poiseuille flow, we observed a linear relationship between finger length and Capillary
number. The wettability of NPs influenced meniscus stability, with hydrophobic particles
promoting finger-like water protrusions in oil. Droplet detachment occurred when the
three-phase contact angle reached a critical value, independent of NP type. Fluid velocity
was crucial, as pressure differences played a more significant role in detachment and
droplet formation than particle properties, especially in oil-water mixtures containing NPs.
After droplet formation, NPs did not distribute uniformly on the droplet surface; instead,
they tended to form densely packed patches on the rear side of the droplet. NPs rearranged
themselves at the oil-water interface and could even partition into the oil or water phases
at the droplet's rear, depending on their surface chemistry.

Added surfactants to the system reduced the oil-water IFT, leading to a significant
difference in the movement of two immiscible fluids compared to the case of only NPs
located at the meniscus. Firstly, at equilibrium, the surfactant played a crucial role in
determining the three-phase contact angle between the oil droplet and the walls, with the
wettability of the solid walls exerting a notable influence on this interaction. When the
walls were hydrophilic, the presence of surfactants led to a larger contact angle and
increased curve length within the channel, particularly as the surfactant concentration
approached the CMC. Conversely, on hydrophobic walls, the introduction of surfactants
resulted in a longer curve length but significantly reduced the three-phase contact angle.
Secondly, when observing the fingering phenomenon, the length of fingering increased
with a higher Capillary number, with the growth rate influenced by the type of surface-
active species present, affecting the stability of the oil-water interface. NPs contributed to
enhancing interface stability by impeding deformation and interacting with the surfactant
layer at the interface. Under sufficient driving force, the fluid-fluid interface became
unstable, leading to droplet formation. In the presence of surfactants, NPs distributed more

uniformly at the interface, requiring a higher driving force for drop generation compared
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to scenarios with bare oil/water or surfactants alone. Lastly, the relative velocity between
surfactant molecules/NPs and the droplet's center of mass explains their transport and
arrangement on droplet surfaces within hydrophilic or hydrophobic channels.

— Regarding the energy required for the migration of single nanoparticles (including
homogeneous and amphiphilic NPs) between the oil and water phases, based on our
fidings, the formation of a capillary bridge is created by the desorption of NPs into the bulk
phase, resulting in a significant increase in energy demand. When considering scenarios
where NPs exclusively cover the oil-water interface, the desorption energy increases
compared to situations involving only oil and water. This increase is attributed to the
additional energy required to disrupt interactions between neighboring NPs and to displace
a single NP from its preferred position during the transition to the oil phase. Furthermore,
when NPs coexist with surfactants at the interface, the desorption energy is lower than that
observed when only NPs occupy the interface, but higher than when only surfactants are
present. This indicates a complex interplay of interactions at the interface, affecting the

energy required for NP absorption/desorption into the interface of two immiscible fluids.

8.2 Suggestions for Future Research
Expanding on the methodology and discoveries of this thesis, several areas for future research can
be developed:

— Effect of hydrodynamic dissipations on various aspects of NP behavior, including their
motion, stability, and interactions with other particles or surfaces.

— Effect of NPs shape and size on the movement of two immiscible fluids when used
separately or combined with surfactants.

— Calculate the parameters G’ (storage modulus) and G (loss modulus) for bulk phase
since they are key components in the characterization of viscoelastic materials,
including polymer solutions, and complex fluids like colloidal suspensions.

— Apply the many-body Dissipative Particle Dynamics (DPD) to study the behavior of
NPs and surfactants. This method required higher-order interactions, enabling a more
detailed representation of complex systems, leading to improved accuracy in predicting

behaviors of surface-active agents.
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Supporting Information
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Figure S 1. The single (a) Janus NP, (b) Silica NP, and (c) Gold NP located at the oil-water

interface. The color scheme is similar to that used in Figure 7.1.
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Figure S 2. (a) Contour of surfactant’s density adsorb at the silica interface. (b) Adsorption
isotherm for C12E8 on the silica surface with different values of interaction parameter of ay_p

and ar_p, respectively.

130



References
(1) Correia, E. L.; Brown, N.; Razavi, S. Janus particles at fluid interfaces: Stability and interfacial
rheology. Nanomaterials 2021, 11 (2), 374.
(2) Tsuji, T.; Jiang, F.; Christensen, K. T. Characterization of immiscible fluid displacement
processes with various capillary numbers and viscosity ratios in 3D natural sandstone. Advances
in Water Resources 2016, 95, 3-15.
(3) Zhang, N.; Wei, M.; Bai, B. Statistical and analytical review of worldwide CO2 immiscible
field applications. Fuel 2018, 220, 89-100.
(4) Lei, T.; Luo, K. H. Pore-scale simulation of miscible viscous fingering with dissolution reaction
in porous media. Physics of Fluids 2021, 33 (3).
(5) Prokopev, S.; Vorobev, A.; Lyubimova, T. Phase-field modeling of an immiscible liquid-liquid
displacement in a capillary. Physical Review E 2019, 99 (3), 033113.
(6) Chen, X.; Li, Y.; Liu, Z.; Tang, Y.; Sui, M. Visualized investigation of the immiscible
displacement: Influencing factors, improved method, and EOR effect. Fuel 2023, 3317, 125841.
(7) Alamooti, A.; Colombano, S.; Glabe, Z. A.; Lion, F.; Davarzani, D.; Ahmadi-Sénichault, A.
Remediation of multilayer soils contaminated by heavy chlorinated solvents using biopolymer-
surfactant mixtures: Two-dimensional flow experiments and simulations. Water Research 2023,
243, 120305.
(8) Salmo, I.; Sorbie, K.; Skauge, A.; Alzaabi, M. Immiscible Viscous Fingering: Modelling
Unstable Water—Oil Displacement Experiments in Porous Media. Transport in Porous Media
2022, 1-32.
(9) De Castro, A. R.; Oostrom, M.; Shokri, N. Effects of shear-thinning fluids on residual oil
formation in microfluidic pore networks. J. Colloid Interface Sci. 2016, 472, 34-43.
(10) Ahmadi, M. A.; Zendehboudi, S.; Shafiei, A.; James, L. Nonionic surfactant for enhanced oil
recovery from carbonates: adsorption kinetics and equilibrium. Industrial & engineering chemistry
research 2012, 51 (29), 9894-9905.
(11) Vu, T. V.; Papavassiliou, D. V. Modification of Oil-Water Interfaces by Surfactant-Stabilized
Carbon Nanotubes. The Journal of Physical Chemistry C 2018, 122 (48), 27734-27744.
(12) Drelich, J.; Fang, C.; White, C. Measurement of interfacial tension in fluid-fluid systems.
Encyclopedia of surface and colloid science 2002, 3, 3158-3163.

131



(13) Kirkwood, J. G.; Buff, F. P. The statistical mechanical theory of surface tension. The Journal
of Chemical Physics 1949, 17 (3), 338-343.

(14) Deodhar, S.; Rohilla, P.; Manivannan, M.; Thampi, S. P.; Basavaraj, M. G. Robust method to
determine critical micelle concentration via spreading oil drops on surfactant solutions. Langmuir
2020, 36 (28), 8100-8110.

(15) Kazemzadeh, Y.; Shojaei, S.; Riazi, M.; Sharifi, M. Review on application of nanoparticles
for EOR purposes: A critical review of the opportunities and challenges. Chinese Journal of
Chemical Engineering 2019, 27 (2), 237-246.

(16) Rezvani, H.; Panahpoori, D.; Riazi, M.; Parsaei, R.; Tabaei, M.; Cortés, F. B. A novel foam
formulation by A1203/Si02 nanoparticles for EOR applications: A mechanistic study. Journal of
Molecular Liquids 2020, 304, 112730.

(17) Vafaei, S.; Purkayastha, A.; Jain, A.; Ramanath, G.; Borca-Tasciuc, T. The effect of
nanoparticles on the liquid—gas surface tension of Bi2Te3 nanofluids. Nanotechnology 2009, 20
(18), 185702.

(18) Cheraghian, G.; Rostami, S.; Afrand, M. Nanotechnology in enhanced oil recovery. Processes
2020, 8 (9), 1073.

(19) Ehtesabi, H.; Ahadian, M. M.; Taghikhani, V. Enhanced heavy oil recovery using TiO2
nanoparticles: investigation of deposition during transport in core plug. Energy & Fuels 2015, 29
(1), 1-8.

(20) Li, S.; Hendraningrat, L.; Torsaeter, O. Improved oil recovery by hydrophilic silica
nanoparticles suspension: 2 phase flow experimental studies. In IPTC 2013: International
Petroleum Technology Conference, 2013; European Association of Geoscientists & Engineers: pp
cp-350-00212.

(21) Li, S.; Torseter, O. The impact of nanoparticles adsorption and transport on wettability
alteration of intermediate wet berea sandstone. In SPE Middle East Unconventional Resources
Conference and Exhibition, 2015; OnePetro.

(22) Zeng, C.; Bissig, H.; Dinsmore, A. Particles on droplets: From fundamental physics to novel
materials. Solid state communications 2006, 139 (11-12), 547-556.

(23) Jiang, S.; Granick, S. Janus balance of amphiphilic colloidal particles. The Journal of
chemical physics 2007, 127 (16).

132



(24) Walther, A.; Hoffmann, M.; Muller, A. Emulsion polymerization using Janus particles as
stabilizers. ANGEWANDTE CHEMIE-INTERNATIONAL EDITION IN ENGLISH- 2008, 47 (4),
711.

(25) Park, B. J.; Lee, D. Equilibrium orientation of nonspherical Janus particles at fluid—fluid
interfaces. Acs Nano 2012, 6 (1), 782-790.

(26) Ondarguhu, T.; Fabre, P.; Raphaél, E.; Veyssié, M. Specific properties of amphiphilic
particles at fluid interfaces. Journal de Physique 1990, 51 (14), 1527-1536.

(27) Fernandez-Rodriguez, M. A.; Rodriguez-Valverde, M. A.; Cabrerizo-Vilchez, M. A_;
Hidalgo-Alvarez, R. Surface activity of Janus particles adsorbed at fluid—fluid interfaces:
Theoretical and experimental aspects. Advances in Colloid and Interface Science 2016, 233, 240-
254.

(28) Kumar, A.; Park, B. J.; Tu, F.; Lee, D. Amphiphilic Janus particles at fluid interfaces. Soft
Matter 2013, 9 (29), 6604-6617.

(29) Koplik, J.; Maldarelli, C. Molecular dynamics study of the translation and rotation of
amphiphilic Janus nanoparticles at a vapor-liquid surface. Physical Review Fluids 2019, 4 (4),
044201.

(30) Fan, H.; Striolo, A. Nanoparticle effects on the water-oil interfacial tension. Physical Review
E 2012, 86 (5), 051610.

(31) Cheung, D. L.; Bon, S. A. Stability of Janus nanoparticles at fluid interfaces. Soft Matter
2009, 5 (20), 3969-3976.

(32) Eskandar, N. G.; Simovic, S.; Prestidge, C. A. Interactions of hydrophilic silica nanoparticles
and classical surfactants at non-polar oil-water interface. Journal of colloid and interface science
2011, 358 (1), 217-225.

(33) Wang, W.; Zhou, Z.; Nandakumar, K.; Xu, Z.; Masliyah, J. H. Effect of charged colloidal
particles on adsorption of surfactants at oil-water interface. J. Colloid Interface Sci. 2004, 274 (2),
625-630.

(34) Nwidee, L. N.; Lebedev, M.; Barifcani, A.; Sarmadivaleh, M.; Iglauer, S. Wettability
alteration of oil-wet limestone using surfactant-nanoparticle formulation. Journal of colloid and
interface science 2017, 504, 334-345.

(35) Nourafkan, E.; Hu, Z.; Wen, D. Nanoparticle-enabled delivery of surfactants in porous media.
Journal of colloid and interface science 2018, 519, 44-57.

133



(36) Vu, T. V.; Papavassiliou, D. V. Synergistic effects of surfactants and heterogeneous
nanoparticles at oil-water interface: Insights from computations. Journal of colloid and interface
science 2019, 553, 50-58.

(37) Tanvir, S.; Qiao, L. Surface tension of nanofluid-type fuels containing suspended
nanomaterials. Nanoscale research letters 2012, 7, 1-10.

(38) Luo, M.; Dai, L. L. Molecular dynamics simulations of surfactant and nanoparticle self-
assembly at liquid-liquid interfaces. Journal of Physics: Condensed Matter 2007, 19 (37), 375109.

(39) Tang, W.; Zou, C.; Peng, H.; Wang, Y.; Shi, L. Influence of nanoparticles and surfactants on
stability and rheological behavior of polymeric nanofluids and the potential applications in
fracturing fluids. Energy & Fuels 2021, 35 (10), 8657-8671.

(40) Harikrishnan, A.; Dhar, P.; Gedupudi, S.; Das, S. K. Effect of interaction of nanoparticles and
surfactants on the spreading dynamics of sessile droplets. Langmuir 2017, 33 (43), 12180-12192.

(41) Zargartalebi, M.; Barati, N.; Kharrat, R. Influences of hydrophilic and hydrophobic silica
nanoparticles on anionic surfactant properties: Interfacial and adsorption behaviors. Journal of
Petroleum Science and Engineering 2014, 119, 36-43.

(42) Crivoi, A.; Duan, F. Amplifying and attenuating the coffee-ring effect in drying sessile
nanofluid droplets. Physical Review E 2013, 87 (4), 042303.

(43) Hoogerbrugge, P.; Koelman, J. Simulating microscopic hydrodynamic phenomena with
dissipative particle dynamics. EPL (Europhysics Letters) 1992, 19 (3), 155.

(44) Groot, R. D.; Warren, P. B. Dissipative particle dynamics: Bridging the gap between atomistic
and mesoscopic simulation. The Journal of chemical physics 1997, 107 (11), 4423-4435.

(45) Pivkin, I. V.; Karniadakis, G. E. A new method to impose no-slip boundary conditions in
dissipative particle dynamics. Journal of Computational Physics 2005, 207 (1), 114-128.

(46) Espanol, P.; Warren, P. Statistical mechanics of dissipative particle dynamics. EPL
(Europhysics Letters) 1995, 30 (4), 191.

(47) Groot, R. D.; Rabone, K. Mesoscopic simulation of cell membrane damage, morphology
change and rupture by nonionic surfactants. Biophysical journal 2001, 81 (2), 725-736.

(48) Wu, W.; Owino, J.; Al-Ostaz, A.; Cai, L. Applying periodic boundary conditions in finite
element analysis. In SIMULIA community conference, Providence, 2014; pp 707-719.

134



(49) Torrie, G. M.; Valleau, J. P. Monte Carlo free energy estimates using non-Boltzmann
sampling: Application to the sub-critical Lennard-Jones fluid. Chemical Physics Letters 1974, 28
(4), 578-581.

(50) Rog, T.; Girych, M.; Bunker, A. Mechanistic understanding from molecular dynamics in
pharmaceutical research 2: lipid membrane in drug design. Pharmaceuticals 2021, 14 (10), 1062.
(51) Plimpton, S. Fast parallel algorithms for short-range molecular dynamics. Journal of
computational physics 1995, 117 (1), 1-19.

(52) Humphrey, W.; Dalke, A.; Schulten, K. VMD: visual molecular dynamics. Journal of
molecular graphics 1996, 14 (1), 33-38.

(53) Rasband, W. S. National Institutes of Health, Bethesda, Maryland, USA. http.//imagej. nih.
gov/ij/ 2011, version 1.53a.

(54) Grossfield, A. WHAM: the weighted histogram analysis method. version: 2012.

(55) Soares, E. J.; Thompson, R. L. Flow regimes for the immiscible liquid-liquid displacement
in capillary tubes with complete wetting of the displaced liquid. Journal of Fluid Mechanics 2009,
641, 63-84.

(56) Zhao, H.; Ning, Z.; Kang, Q.; Chen, L.; Zhao, T. Relative permeability of two immiscible
fluids flowing through porous media determined by lattice Boltzmann method. Infernational
Communications in Heat and Mass Transfer 2017, 85, 53-61.

(57) Li, J.; Sheeran, P. S.; Kleinstreuer, C. Analysis of multi-layer immiscible fluid flow in a
microchannel. Journal of Fluids Engineering 2011, 133 (11).

(58) Gaddam, A.; Garg, M.; Agrawal, A.; Joshi, S. S. Modeling of liquid—gas meniscus for textured
surfaces: effects of curvature and local slip length. Journal of Micromechanics and
Microengineering 2015, 25 (12), 125002.

(59) Tang, X.; Xiao, S.; Lei, Q.; Yuan, L.; Peng, B.; He, L.; Luo, J.; Pei, Y. Molecular dynamics
simulation of surfactant flooding driven oil-detachment in nano-silica channels. The Journal of
Physical Chemistry B 2018, 123 (1), 277-288.

(60) Fan, J. C.; Wang, F. C.; Chen, J.; Zhu, Y. B.; Lu, D. T.; Liu, H.; Wu, H. A. Molecular
mechanism of viscoelastic polymer enhanced oil recovery in nanopores. Royal Society open
science 2018, 5 (6), 180076.

(61) Karaborni, S.; Van Os, N.; Esselink, K.; Hilbers, P. Molecular dynamics simulations of oil
solubilization in surfactant solutions. Langmuir 1993, 9 (5), 1175-1178.

135


http://imagej/

(62) Smit, B.; Schlijper, A.; Rupert, L.; Van Os, N. Effects of chain length of surfactants on the
interfacial tension: molecular dynamics simulations and experiments. Journal of physical
chemistry 1990, 94 (18), 6933-6935.

(63) Karniadakis, G.; Beskok, A.; Aluru, N. Microflows and nanoflows: fundamentals and
simulation; Springer Science & Business Media, 2006.

(64) Rezaei, H.; Modarress, H. Dissipative particle dynamics (DPD) study of hydrocarbon—water
interfacial tension (IFT). Chemical Physics Letters 2015, 620, 114-122.

(65) Xu, Z.; Meakin, P. A phase-field approach to no-slip boundary conditions in dissipative
particle dynamics and other particle models for fluid flow in geometrically complex confined
systems. The Journal of chemical physics 2009, 130 (23), 234103.

(66) Soares, J. S.; Gao, C.; Alemu, Y.; Slepian, M.; Bluestein, D. Simulation of platelets
suspension flowing through a stenosis model using a dissipative particle dynamics approach.
Annals of biomedical engineering 2013, 41 (11), 2318-2333.

(67) Backer, J.; Lowe, C.; Hoefsloot, H.; Iedema, P. Poiseuille flow to measure the viscosity of
particle model fluids. The Journal of chemical physics 2005, 122 (15), 154503.

(68) Belhaj, A. F.; Elraies, K. A.; Mahmood, S. M.; Zulkifli, N. N.; Akbari, S.; Hussien, O. S. The
effect of surfactant concentration, salinity, temperature, and pH on surfactant adsorption for
chemical enhanced oil recovery: a review. Journal of Petroleum Exploration and Production
Technology 2020, 10 (1), 125-137.

(69) Vu, T. V.; Papavassiliou, D. V. Oil-water interfaces with surfactants: A systematic approach
to determine coarse-grained model parameters. The Journal of chemical physics 2018, 148 (20),
204704.

(70) Vu, T. V.; Razavi, S.; Papavassiliou, D. V. Effect of Janus particles and non-ionic surfactants
on the collapse of the oil-water interface under compression. Journal of Colloid and Interface
Science 2021.

(71) Green, D. W.; Willhite, G. P. Enhanced oil recovery; Henry L. Doherty Memorial Fund of
AIME, Society of Petroleum Engineers ..., 1998.

(72) Shah, D. O. Improved oil recovery by surfactant and polymer flooding; Elsevier, 2012.

(73) Bird, R. B.; Stewart, W. E.; Lightfoot, E. N. Transport phenomena; John Wiley & Sons, 2006.
(74) Vo, M.; Papavassiliou, D. V. Interaction parameters between carbon nanotubes and water in

Dissipative Particle Dynamics. Molecular Simulation 2016, 42 (9), 737-744.

136



(75) Doolittle, A. K. Studies in Newtonian flow. II. The dependence of the viscosity of liquids on
free-space. Journal of Applied Physics 1951, 22 (12), 1471-1475.

(76) Pan, D.; Phan-Thien, N.; Khoo, B. C. Dissipative particle dynamics simulation of droplet
suspension in shear flow at low Capillary number. Journal of Non-Newtonian Fluid Mechanics
2014, 212, 63-72.

(77) Mondello, M.; Grest, G. S. Viscosity calculations of n-alkanes by equilibrium molecular
dynamics. The Journal of chemical physics 1997, 106 (22), 9327-9336.

(78) Doi, M. SF Edwards The theory of polymer dynamics. Clarendon, Oxford 1986.

(79) Nissan, A.; Grunberg, L. Mixture law for viscosity. Nature 1949, 164 (4175), 799.

(80) Charru, F.; Fabre, J. Long waves at the interface between two viscous fluids. Physics of Fluids
1994, 6 (3), 1223-1235.

(81) Grzegorzek, M.; Majewska-Nowak, K. The use of micellar-enhanced ultrafiltration (MEUF)
for fluoride removal from aqueous solutions. Separation and Purification Technology 2018, 1935,
1-11.

(82) Yenphan, P.; Chanachai, A.; Jiraratananon, R. Experimental study on micellar-enhanced
ultrafiltration (MEUF) of aqueous solution and wastewater containing lead ion with mixed
surfactants. Desalination 2010, 253 (1-3), 30-37.

(83) Prhashanna, A.; Khan, S. A.; Chen, S. B. Micelle morphology and chain conformation of
triblock copolymers under shear: LA-DPD study. Colloids and Surfaces A: Physicochemical and
Engineering Aspects 2016, 506, 457-466.

(84) Yaghoubi, S.; Shirani, E.; Pishevar, A.; Afshar, Y. New modified weight function for the
dissipative force in the DPD method to increase the Schmidt number. EPL (Europhysics Letters)
2015, 110 (2), 24002.

(85) Seemann, R.; Brinkmann, M.; Pfohl, T.; Herminghaus, S. Droplet based microfluidics.
Reports on progress in physics 2011, 75 (1), 016601.

(86) Wegener, M.; Kraume, M.; Paschedag, A. R. Terminal and transient drop rise velocity of
single toluene droplets in water. AIChE journal 2010, 56 (1), 2-10.

(87) Liu, K.; Jiang, L. Bio-inspired self-cleaning surfaces. Annual Review of Materials Research

2012, 42,231-263.

137



(88) Yilbas, B. S.; Ali, H.; Al-Sharafi, A.; Al-Ageeli, N.; Abu-Dheir, N.; Demir, K. Mobility of A
Water Droplet on Liquid Phase of N-Octadecane Coated Hydrophobic Surface. Scientific reports
2018, 8 (1), 1-13.

(89) Angeli, P.; Hewitt, G. F. Drop size distributions in horizontal oil-water dispersed flows.
Chemical Engineering Science 2000, 55 (16), 3133-3143.

(90) Datta, S.; Das, A.; Das, P. Uphill movement of sessile droplets by electrostatic actuation.
Langmuir 20185, 31 (37), 10190-10197.

(91) Luo, X; Yin, H.; Ren, J.; Yan, H.; Lii, Y.; He, L. Electrocoalescence criterion of conducting
droplets suspended in a viscous fluid. The Journal of Physical Chemistry C 2019, 123 (32), 19588-
19595.

(92) Lazar, P.; Riegler, H. Reversible self-propelled droplet movement: A new driving mechanism.
Physical review letters 2005, 95 (13), 136103.

(93) Sommers, A.; Brest, T.; Eid, K. Topography-based surface tension gradients to facilitate water
droplet movement on laser-etched copper substrates. Langmuir 2013, 29 (38), 12043-12050.

(94) Guido, S.; Preziosi, V. Droplet deformation under confined Poiseuille flow. Advances in
colloid and interface science 2010, 161 (1-2), 89-101.

(95) Fan, J.; Wilson, M.; Kapur, N. Displacement of liquid droplets on a surface by a shearing air
flow. Journal of colloid and interface science 2011, 356 (1), 286-292.

(96) Ding, H.; Spelt, P. D. Onset of motion of a three-dimensional droplet on a wall in shear flow
at moderate Reynolds numbers. Journal of Fluid Mechanics 2008, 599, 341-362.

(97) Luo, Z. Y.; Shang, X. L.; Bai, B. F. Marangoni effect on the motion of a droplet covered with
insoluble surfactant in a square microchannel. Physics of Fluids 2018, 30 (7), 077101.

(98) Liu, X.; Li, Y. Tian, S.; Yan, H. Molecular dynamics simulation of
emulsification/demulsification with a gas switchable surfactant. The Journal of Physical
Chemistry C 2019, 123 (41), 25246-25254.

(99) Lac, E.; Sherwood, J. Motion of a drop along the centreline of a capillary in a pressure-driven
flow. Journal of Fluid Mechanics 2009, 640, 27-54.

(100) Nath, B.; Biswas, G.; Dalal, A.; Sahu, K. C. Migration of a droplet in a cylindrical tube in
the creeping flow regime. Physical Review E 2017, 95 (3), 033110.

(101) Huang, C.-H.; Lee, E. Electrophoretic motion of a liquid droplet in a cylindrical pore. The
Journal of Physical Chemistry C 2012, 116 (28), 15058-15067.

138



(102) Horwitz, J.; Kumar, P.; Vanka, S. Three-dimensional deformation of a spherical droplet in
a square duct flow at moderate reynolds numbers. International journal of multiphase flow 2014,
67,10-24.

(103) Vu, T. V.; Razavi, S.; Papavassiliou, D. V. Effect of Janus particles and non-ionic surfactants
on the collapse of the oil-water interface under compression. J. Colloid Interface Sci. 2022, 609,
158-169.

(104) Nguyen, T. X.; Vu, T. V.; Razavi, S.; Papavassiliou, D. V. Coarse grained modeling of
multiphase flows with surfactants. Polymers 2022, 14 (3), 543.

(105) Chevalier, Y.; Bolzinger, M.-A. Emulsions stabilized with solid nanoparticles: Pickering
emulsions. Colloids and Surfaces A: Physicochemical and Engineering Aspects 2013, 439, 23-34.
(106) Dehghan Monfared, A.; Ghazanfari, M. H.; Jamialahmadi, M.; Helalizadeh, A. Potential
application of silica nanoparticles for wettability alteration of oil-wet calcite: a mechanistic study.
Energy & Fuels 2016, 30 (5), 3947-3961.

(107) Al-Khafaji, A.; Neville, A.; Wilson, M.; Wen, D. Effect of low salinity on the oil desorption
efficiency from calcite and silica surfaces. Energy & Fuels 2017, 31 (11), 11892-11901.

(108) Yang, W.; Wang, T.; Fan, Z.; Miao, Q.; Deng, Z.; Zhu, Y. Foams stabilized by in situ-
modified nanoparticles and anionic surfactants for enhanced oil recovery. Energy & Fuels 2017,
31(5),4721-4730.

(109) Tu, F.; Park, B. J.; Lee, D. Thermodynamically stable emulsions using Janus dumbbells as
colloid surfactants. Langmuir 2013, 29 (41), 12679-12687.

(110) Lenis, J.; Razavi, S.; Cao, K. D.; Lin, B.; Lee, K. Y. C.; Tu, R. S.; Kretzschmar, I. Mechanical
stability of polystyrene and janus particle monolayers at the air/water interface. Journal of the
American Chemical Society 2015, 137 (49), 15370-15373.

(111) Lan, Y.; Choi, J.; Li, H.; Jia, Y.; Huang, R.; Stebe, K. J.; Lee, D. Janus particles with varying
configurations for emulsion stabilization. Industrial & Engineering Chemistry Research 2019, 58
(46), 20961-20968.

(112) Razavi, S.; Lin, B.; Lee, K. Y. C.; Tu, R. S.; Kretzschmar, I. Impact of surface amphiphilicity
on the interfacial behavior of Janus particle layers under compression. Langmuir 2019, 35 (48),

15813-15824.

139



(113) Qiao, Y.; Ma, X.; Liu, Z.; Manno, M. A.; Keim, N. C.; Cheng, X. Tuning the rheology and
microstructure of particle-laden fluid interfaces with Janus particles. Journal of Colloid and
Interface Science 2022, 618, 241-247.

(114) Kozina, A.; Ramos, S.; Diaz-Leyva, P.; Castillo, R. Out-of-equilibrium assembly of colloidal
particles at air/water interface tuned by their chemical modification. The Journal of Physical
Chemistry C 2016, 120 (30), 16879-16886.

(115) Carrasco-Fadanelli, V.; Castillo, R. Measurement of the capillary interaction force between
Janus colloidal particles trapped at a flat air/water interface. Soft Matter 2020, 16 (25), 5910-5914.
(116) Kirby, S. M.; Anna, S. L.; Walker, L. M. Effect of surfactant tail length and ionic strength
on the interfacial properties of nanoparticle—surfactant complexes. Soft Matter 2018, 14 (1), 112-
123.

(117) Katepalli, H.; John, V. T.; Bose, A. The response of carbon black stabilized oil-in-water
emulsions to the addition of surfactant solutions. Langmuir 2013, 29 (23), 6790-6797.

(118) Frijters, S.; Glinther, F.; Harting, J. Effects of nanoparticles and surfactant on droplets in
shear flow. Soft Matter 2012, 8 (24), 6542-6556.

(119) Li, Y.; Guo, Y.; Bao, M.; Gao, X. Investigation of interfacial and structural properties of
CTAB at the oil/water interface using dissipative particle dynamics simulations. J. Colloid

Interface Sci. 2011, 361 (2), 573-580. DOI: https://doi.org/10.1016/].jcis.2011.05.078.

(120) Rehfeld, S. J. Adsorption of sodium dodecyl sulfate at various hydrocarbon-water interfaces.
The Journal of Physical Chemistry 1967, 71 (3), 738-745.

(121) Rosen, M. J.; Murphy, D. S. Effect of the nonaqueous phase on interfacial properties of
surfactants. 2. Individual and mixed nonionic surfactants in hydrocarbon/water systems. Langmuir
1991, 7 (11), 2630-2635.

(122) Bird, R. B. Transport phenomena. Appl. Mech. Rev. 2002, 55 (1), R1-R4.

(123) Bazhlekov, I. B.; Anderson, P. D.; Meijer, H. E. Numerical investigation of the effect of
insoluble surfactants on drop deformation and breakup in simple shear flow. Journal of colloid
and interface science 2006, 298 (1), 369-394.

(124) Sharan, P.; Postek, W.; Gemming, T.; Garstecki, P.; Simmchen, J. Study of Active Janus
Particles in the Presence of an Engineered Oil-Water Interface. Langmuir 2020, 37 (1), 204-210.

140


https://doi.org/10.1016/j.jcis.2011.05.078

(125) Bakshi, M. S. Nanoshape control tendency of phospholipids and proteins: protein—
nanoparticle composites, seeding, self-aggregation, and their applications in bionanotechnology
and nanotoxicology. The Journal of Physical Chemistry C 2011, 115 (29), 13947-13960.

(126) Kaur, S.; Roy, A. Bioremediation of heavy metals from wastewater using nanomaterials.
Environment, Development and Sustainability 2021, 23, 9617-9640.

(127) Nguyen, V. T.; Pham, N. H.; Papavassiliou, D. V. Aggregation of nanoparticles and
morphology of aggregates in porous media with computations. J Colloid Interface Sci 2023, 650
(Pt A), 381-395.

(128) Shaltiel, L.; Shemesh, A.; Raviv, U.; Barenholz, Y.; Levi-Kalisman, Y. Synthesis and
Characterization of Thiolate-Protected Gold Nanoparticles of Controlled Diameter. J. Phys. Chem.
C 2019, /23 (46), 28486-28493.

(129) Kim, M.; Jeon, K.; Kim, W. H.; Lee, J. W.; Hwang, Y.-H.; Lee, H. Biocompatible
amphiphilic Janus nanoparticles with enhanced interfacial properties for colloidal surfactants. J.
Colloid Interface Sci. 2022, 616, 488-498.

(130) Yang, T.; Paulose, T.; Redan, B. W.; Mabon, J. C.; Duncan, T. V. Food and beverage
ingredients induce the formation of silver nanoparticles in products stored within nanotechnology-
enabled packaging. ACS Applied Materials & Interfaces 2021, 13 (1), 1398-1412.

(131) de Lara, L. S.; Rigo, V. A.; Miranda, C. R. Controlling clay swelling—shrinkage with
inorganic nanoparticles: a molecular dynamics study. The Journal of Physical Chemistry C 2017,
121 (37), 20266-20271.

(132) Lashari, N.; Ganat, T.; Elraies, K. A.; Ayoub, M. A.; Kalam, S.; Chandio, T. A.; Qureshi,
S.; Sharma, T. Impact of nanoparticles stability on rheology, interfacial tension, and wettability in
chemical enhanced oil recovery: A critical parametric review. Journal of Petroleum Science and
Engineering 2022, 110199.

(133) Miranda, C. R.; de Lara, L. S.; Tonetto, B. C. Stability and mobility of functionalized silica
nanoparticles for enhanced oil recovery applications. In SPE international oilfield nanotechnology
conference and exhibition, 2012; OnePetro.

(134) Ju, B.; Fan, T.; Ma, M. Enhanced oil recovery by flooding with hydrophilic nanoparticles.
China particuology 2006, 4 (1), 41-46.

141



(135) Ruhland, T. M.; Gréschel, A. H.; Ballard, N.; Skelhon, T. S.; Walther, A.; Miiller, A. H.;
Bon, S. A. Influence of Janus particle shape on their interfacial behavior at liquid—liquid interfaces.
Langmuir 2013, 29 (5), 1388-1394.

(136) Correia, E. L.; Razavi, S. Janus particle amphiphilicity and capillary interactions at a fluid
interface. AIChE Journal 2023, €18241.

(137) Brown, N.; de la Pena, A.; Razavi, S. Interfacial rheology insights: particle texture and
Pickering foam stability. Journal of Physics: Condensed Matter 2023, 35 (38), 384002.

(138) Binks, B.; Fletcher, P. Particles adsorbed at the oil— water interface: A theoretical
comparison between spheres of uniform wettability and “Janus” particles. Langmuir 2001, 17 (16),
4708-4710.

(139) Lei, T.; Luo, K. H. Pore-scale simulation of miscible viscous fingering with dissolution
reaction in porous media. Physics of Fluids 2021, 33 (3), 034134.

(140) Soares, E. J.; Thompson, R. L.; Niero, D. C. Immiscible liquid-liquid pressure-driven flow
in capillary tubes: Experimental results and numerical comparison. Phys. Fluids 2015, 27 (8),
082105.

(141) Saffman, P. G.; Taylor, G. I. The penetration of a fluid into a porous medium or Hele-Shaw
cell containing a more viscous liquid. Proceedings of the Royal Society of London. Series A.
Mathematical and Physical Sciences 1958, 245 (1242), 312-329.

(142) Saffman, P. Viscous fingering in Hele-Shaw cells. Journal of Fluid Mechanics 1986, 173,
73-94.

(143) Paterson, L. Radial fingering in a Hele Shaw cell. Journal of Fluid Mechanics 1981, 113,
513-529.

(144) Zhang, C.; Oostrom, M.; Wietsma, T. W.; Grate, J. W.; Warner, M. G. Influence of viscous
and capillary forces on immiscible fluid displacement: Pore-scale experimental study in a water-
wet micromodel demonstrating viscous and capillary fingering. Energy & Fuels 2011, 25 (8),
3493-3505.

(145) Khalilnezhad, A.; Simjoo, M.; Hamidian, N. Insights into viscous fingering effect induced
by wettability alteration processes: a fractional flow study. Journal of Petroleum Science and
Engineering 2021, 201, 108491.

(146) Doorwar, S.; Mohanty, K. K. Viscous-fingering function for unstable immiscible flows. SPE
Journal 2017, 22 (01), 019-031.

142



(147) Zhao, B.; Mohanty, K. K. Effect of wettability on immiscible viscous fingering in porous
media. Journal of Petroleum Science and Engineering 2019, 174, 738-746.

(148) Tsuzuki, R.; Ban, T.; Fujimura, M.; Nagatsu, Y. Dual role of surfactant-producing reaction
in immiscible viscous fingering evolution. Physics of Fluids 2019, 31 (2), 022102.

(149) Ramsden, D.; McKay, K. The degradation of polyacrylamide in aqueous solution induced
by chemically generated hydroxyl radicals: Part [I—Autoxidation of Fe2+. Polymer degradation
and stability 1986, 15 (1), 15-31.

(150) Ramsden, D.; McKay, K. Degradation of polyacrylamide in aqueous solution induced by
chemically generated hydroxyl radicals: Part [—Fenton's reagent. Polymer degradation and
stability 1986, 14 (3), 217-229.

(151) Dong, B.; Yan, Y.; Li, W.; Song, Y. Lattice Boltzmann simulation of viscous fingering
phenomenon of immiscible fluids displacement in a channel. Computers & Fluids 2010, 39 (5),
768-779.

(152) Zeppieri, S.; Rodriguez, J.; Lopez de Ramos, A. Interfacial tension of alkane+ water systems.
Journal of Chemical & Engineering Data 2001, 46 (5), 1086-1088.

(153) Dymond, J.; O/ye, H. Viscosity of selected liquid n-alkanes. Journal of physical and
chemical reference data 1994, 23 (1), 41-53.

(154) Correia, E. L.; Winter, H. H.; Razavi, S. Two-dimensional glass transition—like behavior of
Janus particle—laden interface. Rheologica Acta 2023, 62 (4), 239-251.

(155) Nguyen, T. X.; Razavi, S.; Papavassiliou, D. V. Janus Nanoparticle and Surfactant Effects
on Oil Drop Migration in Water under Shear. The Journal of Physical Chemistry B 2022, 126 (33),
6314-6323.

(156) Fernandez-Rodriguez, M. A.; Ramos, J.; Isa, L.; Rodriguez-Valverde, M. A.; Cabrerizo-
Vilchez, M. A.; Hidalgo-Alvarez, R. Interfacial activity and contact angle of homogeneous,
functionalized, and Janus nanoparticles at the water/decane interface. Langmuir 2015, 31 (32),
8818-8823.

(157) Drelich, A.; Gomez, F.; Clausse, D.; Pezron, I. Evolution of water-in-oil emulsions stabilized
with solid particles: Influence of added emulsifier. Colloids and Surfaces A: Physicochemical and

Engineering Aspects 2010, 365 (1-3), 171-177.

143



(158) de Azevedo, M. B.; dos Santos, D.; Faccini, J. L.; Su, J. Experimental study of the falling
film of liquid around a Taylor bubble. International Journal of Multiphase Flow 2017, 88, 133-
141.

(159) Tiwari, A.; Abraham, J. Dissipative particle dynamics simulations of liquid nanojet breakup.
Microfluidics and Nanofluidics 2008, 4, 227-235.

(160) Zhang, K.; Fang, W.; Ye, S.; Yu, Z.; Chen, S.; Lv, C.; Feng, X.-Q. Drop collision analysis
by using many-body dissipative particle dynamics and machine learning. Applied Physics Letters
2023, 723 (20), 201601.

(161) Jamaloei, B. Y.; Babolmorad, R.; Kharrat, R. Correlations of viscous fingering in heavy oil
waterflooding. Fuel 2016, 179, 97-102.

(162) Kang, Q.; Zhang, D.; Chen, S. Immiscible displacement in a channel: simulations of
fingering in two dimensions. Advances in water resources 2004, 27 (1), 13-22.

(163) Ehtesabi, H.; Ahadian, M. M.; Taghikhani, V.; Ghazanfari, M. H. Enhanced heavy oil
recovery in sandstone cores using TiO2 nanofluids. Energy & Fuels 2014, 28 (1), 423-430.

(164) Hou, B.; Wang, Y.; Cao, X.; Zhang, J.; Song, X.; Ding, M.; Chen, W. Mechanisms of
enhanced oil recovery by surfactant-induced wettability alteration. Journal of Dispersion Science
and Technology 2016, 37 (9), 1259-1267.

(165) Yadali Jamaloei, B.; Kharrat, R. Analysis of microscopic displacement mechanisms of dilute
surfactant flooding in oil-wet and water-wet porous media. Transport in porous media 2010, 81,
1-19.

(166) Luu, X.-C.; Yu, J.; Striolo, A. Nanoparticles adsorbed at the water/oil interface: coverage
and composition effects on structure and diffusion. Langmuir 2013, 29 (24), 7221-7228.

(167) Moghadam, T. F.; Azizian, S.; Wettig, S. Synergistic behaviour of ZnO nanoparticles and
gemini surfactants on the dynamic and equilibrium oil/water interfacial tension. Physical
Chemistry Chemical Physics 2015, 17 (11), 7122-7129.

(168) Nguyen, T. X.; Razavi, S.; Papavassiliou, D. V. Effects of Nanoparticle Wettability on the
Meniscus Stability of Oil-Water Systems: A Coarse-Grained Modeling Approach. The Journal of
Physical Chemistry B 2024.

(169) Ma, S.; Sherwood, J. M.; Huck, W. T.; Balabani, S. On the flow topology inside droplets
moving in rectangular microchannels. Lab on a Chip 2014, 14 (18), 3611-3620.

144



(170) Johnson, R. A.; Borhan, A. Pressure-driven motion of surfactant-laden drops through
cylindrical capillaries: effect of surfactant solubility. Journal of colloid and interface science 2003,
261 (2), 529-541.

(171) Borhan, A.; Mao, C. F. Effect of surfactants on the motion of drops through circular tubes.
Physics of Fluids A: Fluid Dynamics 1992, 4 (12), 2628-2640.

(172) Kaur, S.; Roy, A. Bioremediation of heavy metals from wastewater using nanomaterials.
Environment, Development and Sustainability 2021, 23 (7), 9617-9640.

(173) Gavrielatos, 1.; Mohan, R.; Shoham, O. Effect of intermediate wettability nanoparticles on
oil-water emulsion stability. Journal of Petroleum Science and Engineering 2017, 152, 664-674.
(174) Zeng, M.; Mi, J.; Zhong, C. Wetting behavior of spherical nanoparticles at a vapor—liquid
interface: a density functional theory study. Physical Chemistry Chemical Physics 2011, 13 (9),
3932-3941.

(175) Binks, B. P.; Lumsdon, S. Influence of particle wettability on the type and stability of
surfactant-free emulsions. Langmuir 2000, 16 (23), 8622-8631.

(176) Smits, J.; Vieira, F.; Bisswurn, B.; Rezwan, K.; Maas, M. Reversible adsorption of
nanoparticles at surfactant-Laden liquid-liquid interfaces. Langmuir 2019, 35 (34), 11089-11098.
(177) Maestro, A.; Guzman, E.; Ortega, F.; Rubio, R. G. Contact angle of micro-and nanoparticles
at fluid interfaces. Current opinion in colloid & interface science 2014, 19 (4), 355-367.

(178) Fan, H.; Resasco, D. E.; Striolo, A. Amphiphilic silica nanoparticles at the decane— water
interface: Insights from atomistic simulations. Langmuir 2011, 27 (9), 5264-5274.

(179) Razavi, S.; Koplik, J.; Kretzschmar, 1. The effect of capillary bridging on the Janus particle
stability at the interface of two immiscible liquids. Soft Matter 2013, 9 (18), 4585-4589.

(180) Isa, L.; Lucas, F.; Wepf, R.; Reimhult, E. Measuring single-nanoparticle wetting properties
by freeze-fracture shadow-casting cryo-scanning electron microscopy. Nature communications
2011, 2 (1), 438.

(181) Ozkan, O.; Erbil, H. Y. Interpreting contact angle results under air, water and oil for the
same surfaces. Surface Topography: Metrology and Properties 2017, 5 (2), 024002.

(182) Gellan, A.; Rochester, C. H. Adsorption of n-alkylpolyethylene glycol non-ionic surfactants
from aqueous solution on to silica. Journal of the Chemical Society, Faraday Transactions 1:

Physical Chemistry in Condensed Phases 1985, 81 (9), 2235-2245.

145



(183) Nguyen, T. X. D.; Vu, T. V.; Razavi, S.; Papavassiliou, D. V. Coarse Grained Modeling of
Multiphase Flows with Surfactants. Polymers 2022, 14 (3), 543.

(184) Nguyen, T. X. D.; Razavi, S.; Papavassiliou, D. V. Janus Nanoparticle and Surfactant Effects
on Oil Drop Migration in Water under Shear. The Journal of Physical Chemistry B 2022, 126 (33),
6314-6323. DOI: 10.1021/acs.jpcb.2c03670.

(185) Jarzynski, C. Nonequilibrium equality for free energy differences. Physical Review Letters
1997, 78 (14), 2690.

146



