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Abstract: The behavior of oil droplets at solid surfaces is a key aspect of oil production and environ-
mental protection. In this paper, the mechanisms of attachment and detachment of oil aggregates are
studied via molecular dynamics simulations. The influence of oil–surface interactions on the shape
and structure of adsorbed clusters is discussed. Using selected shape metrics, we prove quantitatively
that the shape of oil aggregates changes from almost spherical droplets, through multilayer structures,
to monolayer films. The oil detachment from solid surfaces plays a major role in enhanced oil recovery.
Here, we investigated oil droplet detachment from the solid surface immersed in Janus nanoparticle
suspensions. The nanoparticle is modeled as a dimer built of segments that exhibit different affinities
to oil and solvent molecules. Our results indicated that the adsorption of Janus dimers on the surface
of oil droplets played an essential role in the oil removal processes. Stronger adsorption causes faster
detachment of the oil droplet. Based on our findings, suspensions of Janus dimers can be considered
to be high-performance agents in removing oil droplets from solid surfaces.

Keywords: molecular dynamics; wettability; adsorption; Janus nanoparticles; enhanced oil recovery

1. Introduction

The removal of oil droplets from solid surfaces is of great importance in many tech-
nological processes, such as enhancing oil recovery (EOR), the cleaning of metal and
semiconductor surfaces, detergency, microfluidic devices, and so on. Among them, EOR
is a hot topic in the oil industry and is attracting a lot of attention [1]. There are three
stages of completion of crude oil extraction processes: primary, secondary, and tertiary oil
recovery [2]. The primary oil recovery process is caused by the natural driving forces of
the reservoir, namely rock and fluid expansion, solution gas, water influx, gas cap, and
gravity drainage [3]. However, only 10% of oils out of total deposits can be recovered
from the reservoir by means of these traditional extraction methods [4]. In the secondary
recovery process, external fluids like water and immiscible gas are injected to recover more
oil via a volumetric sweep of the original oil in place [5]. The primary and secondary oil
recovery processes mainly target mobile oil in the reservoir. However, the tertiary recovery
method targets immobile oil remaining within the reservoir after the secondary recovery
process is completed. This stage of the process is usually called “enhanced oil recovery
(EOR)” and is generally completed by injecting chemicals, gases, and thermal energy [6].
In EOR processes, injected fluids interact with the rock, oil, and brine system within the
reservoir, altering the system properties and, in turn, oil production efficiency. The major
EOR processes, main mechanisms, and challenges are described in detail in the review [1].

The chemical EOR methods are becoming very popular due to their technical and
economic feasibility [1]. The addition of suitable chemical agents can cause wettability
alteration, interfacial tension reduction, a change in the mobility ratio, and influences on
many other parameters characterizing the system. A key task is to control the wettability
of the reservoir surface. The wettability alteration is carried out to make the rock reservoir
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surface water-wet from oil-wet, leading to easy oil extraction. Several reviews have been
published on different aspects of the wettability alteration [1,7–9]. This is mostly achieved
by chemical flooding, which includes surfactant flooding, injection of polymer solutions,
alkaline flooding, and nanofluid flooding.

In the last few decades, extensive research has been conducted to alter the wetta-
bility by chemical flooding, especially with different surfactants and nanofluids. These
studies showed that surfactants exhibit satisfactory effectiveness in increasing oil recovery
only under mild, low temperature, and low salinity, reservoir conditions. Moreover, the
high costs associated with surfactant flooding make it difficult to use this method on a
large scale [10,11]. To overcome the limitations associated with surfactant flooding, the
application of nanoparticles has been proposed [1]. Nanoparticles, characterized by their
nanometer-scale size and large surface area, have properties that make them well-suited
for application in chemical EOR. In comparison to surfactant flooding, the utilization of
modified nanoparticles can reduce the costs of oil recovery and environmental pollution.

Results from many nanoparticle flooding experiments have shown improved oil re-
covery using different types of nanoparticles [1]. However, relatively few studies have
been conducted to understand its mechanism and the performance-affecting parameters
for EOR. In the literature, various mechanisms such as wettability alteration, reduction in
interfacial tension, increased viscosity of flooding solution, viscosity reduction in reservoir
oil, and log jamming are found to be responsible for nanofluid-assisted EOR. Among them,
the wettability alteration is considered to be the most important mechanism. Nanofluids
effectively transform the oil-wet reservoir into more water-wet. The experimental studies
showed that disjoining pressure is an underlying phenomenon for the alteration of wettabil-
ity by nanofluids [12]. Disjoining pressure can be defined as the required pressure gradient
to remove the fluid adhered to the reservoir surface due to the adhesion force between the
fluid and the solid surface. During a disjoining process, nanoparticles in the fluid create
a wedge film structure at the three-phase contact area that spreads further on the rock
surface and changes its wettability. Another phenomenon that affects the wettability is the
adsorption of nanoparticles at a rock surface [13,14]. Moreover, the effect of nanoparticles
on interfacial tension (IFT) has been receiving attention from many researchers [15].

Although experimental studies can provide quantitative data on the effects of nanopar-
ticles in enhancing oil recovery, they do not give a picture of the process at the microscopic
level. To investigate the mechanism underlying these processes, molecular simulation can
be a well-chosen tool. Recently, molecular simulations have been applied to study the
systems involving surfactants and nanoparticles in the chemical EOR field [16–20]. The
synergistic effects of surfactants and nanoparticles on oil–water interfacial behaviors were
studied using molecular simulation [16]. Moreover, Vu and Papavassiliou [17] showed that
Janus nanoparticles had the capability to reduce the IFT of the oil–water systems containing
surfactants. Although the synergy between nanoparticles and surfactants offers the poten-
tial to reduce surfactant usage in EOR, the presence of surfactants still poses environmental
concerns. A very promising class of solid-active agents are Janus particles that can be
treated as nanosurfactants because their surfaces have both hydrophilic and hydrophobic
patches [21]. Liang et al. [18] compared the oil displacement properties of nanoparticles
with grafted hydrophobic, hydrophilic, and a combination of hydrophilic and hydropho-
bic chains. They showed that all considered nanoparticle fluids exhibited enhanced oil
droplet detachment. The nanoparticles with mixed hydrophilic and hydrophobic chains
had optimal EOR capability. Chang and his co-workers [19] studied the displacement
mechanism of trapped oil in a rough channel by injecting different nanofluids. Their results
proved that hydrophilic and Janus nanoparticles enhance the oil displacement efficiency
by different mechanisms; Janus nanoparticles were capable of reducing the interfacial
tension and altering the surface wettability. Zhou et al. [20] employed molecular dynamics
simulations to explore the impact of modified SiO2 nanoparticles on oil–water interfacial
behaviors and the detachment of oil droplets from an oil-wet surface. They analyzed
the mechanism of oil detachment and discovered the formation of water channels that
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support this process. Moreover, their comparative analysis indicated that in terms of oil
displacement efficiency, the thickness of the interfacial layer has a more significant impact
than interfacial tension reduction.

Despite intensive research on oil recovery, the mechanism of this process is still un-
clear. The basic issue is the adsorption of oil on solid surfaces and the behavior of attached
droplets or layers under various conditions. In this work, we present the results of system-
atic research on the formation of droplets on various surfaces. We employed molecular
dynamics simulations which are a powerful tool for the molecular-scale understanding
of the wettability of solids. The behavior of oil aggregates on surfaces is discussed in
detail. Moreover, we studied the detachment of oil droplets from the surface caused by the
addition of Janus nanoparticles. The effect of the interactions of Janus dimers [22–24] with
the solvent on the performance of oil detachment is discussed. This study may provide
some insight into the design of Janus nanoparticles with the desired properties for EOR
applications and environmental pollution improvement.

2. Results and Discussion
2.1. Description of the Systems Studied

We consider two types of model systems, oil droplets adsorbed on solid surfaces from
pure solvents and the solvents containing suspended Janus nanoparticles. In all systems,
the density of polymer molecules (oil) is very low in comparison to the density of solvent
molecules (solvent-rich mixtures).

The behavior of the system depends on the strengths of interactions between all single
entities: polymer segments, segments of Janus dimers, solvent molecules, as well as their
interactions with a solid surface.

In this work, we assume that self-interactions between fluids (oil–oil and solvent–
solvent) are attractive with ε∗WW = 1.0, ε∗OO = 1.5 (r∗cut(WW) = r∗cut(OO) = 2.5), while
the cross-interactions are repulsive and ε∗WO = 1 (r∗cut(WO) = 1.0). Under the considered
conditions (temperature and oil concentration), we observed a phase separation in the bulk
oil–solvent mixtures. The oil molecules form droplets surrounded by solvent molecules.

Moreover, we assume the solvent W is inert with respect to the substrate (ε∗WS = 1,
r∗cut(WS) = 1.0) and changes the interactions of oil (O) with the surface from inert (ε∗OS = 1,
r∗cut(OS) = 1.0) to more and more attractive: ε∗OS = 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, and 2.0
(r∗cut(OS) = 2.5).

Firstly, we studied systems involving pure solvents and carried out simulations for
different oil–surface interaction parameters, ε∗OS, and the remaining parameters were fixed.
The behavior of polymers on surfaces depends also on the nature of the solvent, which, in
turn, depends on many parameters such as pH, salinity, the presence of active compounds,
and many others. Our approach can model aqueous solutions with various additives.

However, in the second series of simulations, Janus nanoparticles were suspended in
the solvent adsorbed on the inert surface. We study how the oil–Janus dimer interactions
affect the detachment of oil droplets from the substrate.

2.2. Attachment of Oil Droplets on Solid Surfaces

We focus on the effect of oil–surface interactions on the behavior of oil droplets at
the surface. The interaction of the surface with oil molecules depends on the nature of
the substrate, its heterogeneity, the presence of various admixtures, active groups, etc.
The location and shape of the oil cluster result from a complex competition between the
interactions of polymers with the solvent and the surface. In this study, the affinity of oil
to the surface is determined by the Lennard–Jones parameter ε∗OS (see Equation (2)). Our
approach enables very good quantitative characterization of the adsorbed droplet and a
qualitative description of changes in the contact angle.

We have monitored the snapshots of configurations and determined how the oil–
surface interactions affect the behavior of the system under consideration. Figure 1 shows
examples of equilibrium configurations for different values of ε∗OS. As the solid surface



Int. J. Mol. Sci. 2024, 25, 11627 4 of 15

is inert with respect to oil molecules (a), the droplet is adsorbed on the surface due to
hydrophobic interactions. Contacts with the surface are energetically more profitable than
contacts with the surrounding solvent molecules. In this case, the droplet has the shape of
a truncated and vertically elongated ball, with a contact angle of approximately 135◦. For
attractive surfaces (b–i), with the increasing strength of the OS interactions, the shape of
the droplet gradually changes. The droplet becomes flatter and flatter, the oil spreads on
the substrate, and islands of multilayer (f,g) and, finally, monolayer (i) films are formed on
the surface. Then, the contact angle decreases to 0◦. This reflects a change in the surface
wettability, from water-wet to oil-wet.

Figure 1. Examples of the equilibrium configurations of oil aggregates adsorbed on the surfaces
of different strengths of oil–substrate interactions—(a) inert surface, (b–i) attractive surfaces, ε∗OS:
(b) 0.25, (c) 0.5, (d) 0.75, (e) 1.0, (f) 1.25, (g) 1.5, (h) 1.75, and (i) 2.0. The yellow spheres represent the
polymer segments (O), the light blue spheres correspond to the solvent (W), and the gray spheres
represent the solid. For greater clarity of the drawing, the solvent molecules have been reduced.
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To confirm our observations, we computed selected physical quantities characterizing
these systems: the density profiles, the thickness of oil layers, and shape metrics defined by
means of the gyration tensor [25].

In Figure 2, we present the density profiles of polymer segments along the z-direction
(vertical to the substrate) plotted for the systems from Figure 1. To present even very subtle
changes in the density profiles, the density axis is scaled logarithmically. It is visible that
an increase in the parameter ε∗OS causes a marked change in the density profiles. For the
inert surface (black line), the density profile rapidly increases to an almost constant value
(at z∗ = 2.24) and slowly decreases to zero (at z∗ = 10.74). Moreover, we see here five
low maxima corresponding to subsequent layers of polymer segments which are visible
in Figure 1. As ε∗OS changes from 0.25 to 2.0, these maxima become more pronounced and
the density drops to zero closer to the surface. The profiles show a liquid-like structure
of the adsorbed droplet. In the case of ε∗OS = 1.25, we see three peaks that indicate the
existence of a three-layer structure of polymer segments (see Figure 1f). However, for the
strongest surfaces, the profiles have two maxima: the first at z∗ = 2.48 and the much lower
one at z∗ = 3.28. This reflects the formation of two adsorption layers. The second layer is
gradually disappearing (see Figure 1i).

2 4 6 8 10

z
*

0.001

0.01

0.1

1

ρ
O*

Figure 2. Density profiles of the polymer segments on the surfaces with different strengths of oil–
substrate interactions—inert surface (black), ε∗OS: 0.25 (red), 0.5 (green), 0.75 (blue), 1.0 (orange), 1.25
(brown), 1.5 (magenta), 1.75 (purple), and 2.0 (light blue). The abscissa is scaled logarithmically.

We confirmed that our systems achieved equilibrium by considering the changes
in the average z-coordinate of the oil drop center of mass over time, z∗com. Indeed, this
parameter fluctuates around a constant value (see Figure 3). One can see that with the
increasing energy of oil–surface interactions, the distance z∗com decreases. Moreover, the
fluctuation amplitude becomes smaller. On the inert surface, the droplet behaves as a
slightly “bouncing ball”.

We have also analyzed the thickness of the polymer layer h∗ (defined by Equation (4))
and the number of segments in contact with the surface (N) for all discussed systems.
The effect of oil–surface interactions on these characteristics is shown in Figure 4. As the
energy parameter ε∗OS increases, the thickness h∗ decreases almost linearly and achieves a
plateau: h∗ = 1 for ε∗OS = 1.5. Conversely, in the case of stronger adsorbents, the number
of segments in close proximity to the surface increases, and eventually all segments are
located on the substrate. A view from the top of the latter system is presented in Figure 5.
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To show the bonds, the segment diameters have been reduced. We see that the chains are
lying on the surface. There are no ordered structures; the chains are chaotically distributed.
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Figure 3. The average z-coordinate of the center of mass of polymer segments (O) as a function of
time for the surfaces with different strengths of oil–substrate interactions. The results correspond to
the systems from Figures 1 and 2. Line colors as in Figure 2.
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Figure 4. The height (thickness) of the polymer layer (top panel) and the number of segments in
contact with the surface (N) (bottom panel) as functions of the energy parameter characterizing the
oil–substrate interactions, ε∗OS.
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Figure 5. A view from above of the system (i) from Figure 1. The yellow spheres represent the
polymer segments (O), the light blue spheres correspond to the solvent (W), and the gray spheres
represent the solid. For greater clarity of the presentation, the solvent molecules and segments have
been reduced, and the bonds between the segments have been drawn.

Now, we turn out to analyze the shape of the polymer droplets adsorbed on different
surfaces. We begin with the discussion of the radius of gyration calculated for clusters of
adsorbed polymer segments. In Figure 6, the radius of gyration in directions parallel to
the surface (top panel), the component of the radius of gyration in the z-direction (middle
panel), and the total radius of gyration (bottom panel) are shown as functions of the
energy parameter ε∗OS. The radii of gyration R∗

gxy and R∗
g increase to certain fixed values.

Conversely, the radius R∗
gz decreases to a plateau for ε∗OS > 1.5. The oil droplets spread on

stronger surfaces. Note that R∗
g >> R∗

gz and R∗
gxy >> R∗

gz.
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Figure 6. The radius of gyration in directions parallel to the surface (top panel), the component of the
radius of gyration in the z-direction (middle panel), and the total radius of gyration (bottom panel)
as functions of the energy parameter ε∗OS.
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Other shape metrics are shown in Figure 7: the shape anisotropy (top panel) and
prolateness (bottom panel). For inert surfaces, κ ≈ 0; this means that the droplet is almost
spherical. Then, the asphericity increases to 0.25 for ε∗OS > 1.25 indicating the existence
of an almost two-dimensional cluster. We see in Figure 7 that for an inert surface, the
prolateness, S, is close to zero and decreases gradually to −0.25. This additionally confirms
the change in shape, from an almost spherical droplet to a flat aggregate.

0 0.5 1 1.5 2

0

0.1

0.2

κ

0 0.5 1 1.5 2

ε
OS

*

−0.2

−0.1

0

S

Figure 7. The shape anisotropy (top panel) and prolateness (bottom panel) as functions of the energy
parameter ε∗OS.

It is interesting to discuss the density profiles of the solvent near the surface (see
Figure 8). With increasing energy ε∗OS, the solvent density decreases, while the oil density
increases (compare Figure 2). This quantitatively confirms the competitive adsorption of
oil from the solution.
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Figure 8. Density profiles of the solvent on the surfaces with different strengths of oil–substrate
interactions—inert surface (black), ε∗OS: 1.0 (orange) and 2.0 (light blue).
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Our simulations give a molecular picture of the attachment of oil aggregates on
different solid surfaces.

2.3. Nanoparticle-Enriched Detachment of Oil Droplets on Solid Surfaces

In this section, we report the results associated with systems involving Janus particles.
We study the detachment of oil droplets from solid surfaces under static Janus nanoparticle
suspension interactions. We performed simulations for the system (a) from Figure 1, to
which we inserted Janus nanoparticles. Thus, we assume that the surface is inert with
respect to both segments (ε∗AS = ε∗BS = 1.0, r∗cut(iS) = σij, i = A, B). Moreover, we assume
that segments A are inert with respect to water and segments B are inert with respect to oil
(ε∗AW = ε∗BO = 1 and r∗cut(AW) = r∗cut(BO) = 1.0). In the studied systems, the concentration
of Janus particles is the same: ρ∗JP = 0.0151.

We focus on the role of the interactions of Janus particles with the molecules of two
liquids, O and W. The behavior of Janus particles at the fluid–fluid interface has been the
subject of extensive studies [22,23,26]. In this context, Janus particles can be divided into
two groups, taking into account the interactions of the two sides of the Janus particles
with both fluids: the particles with (i) symmetrical and (ii) non-correlated interactions [26].
In the first case, the segments A attract apolar molecules O with the same strength that
the segments B attract polar molecules W; ε∗AO = ε∗BW . This means that the two sides
of the particle have identical deviations of apolarity and polarity from neutral wetting
(the so-called supplementary wettability condition) [26]. For the second kind of particles,
ε∗AO ̸= ε∗BW .

In this work, we deal with the symmetrical Janus dimers and consider two values of
the parameter characterizing interactions of Janus dimers with W and O: ε∗AO = ε∗BW = 2.0
and 3.0.

Let us consider the nanoparticle-enriched detachment of the oil droplet from the inert
surface (see Figure 1a). In this case, the oil droplet is adsorbed on the surface. Figure 9
shows the time evolution of the system for Janus dimers strongly interacting with the
droplet. We see that Janus particles are adsorbed on the oil droplet, with the segments
B directed outwards. Initially, only single dimers are adsorbed on the top of the droplet.
Then, Janus particles gradually cover the surface of the oil droplet exposed to the solvent.
Finally, Janus particles displace oil molecules on the solid surface. They squeeze between
the droplet and the surface, which leads to its deformation and a gradual detachment of oil
molecules, as shown in parts d–f. The segments B attract solvent molecules. In this way, a
kind of wedge is created which causes the droplet to detach from the surface. Moreover,
the solvent molecules penetrate into the oil droplet and propagate onto the substrate. The
water channels are observed in previous simulations [20]. Under appropriate conditions,
droplet disruption can occur.

In Figure 10, we show how the average z-coordinate of the center of mass of the droplet
(top panel) and the number of oil segments on the surface (bottom panel) change over
time. We see that at any moment, z∗com increases rapidly, and the drop breaks away from
the surface. Obviously, at the same time, the parameter N decreases to zero. The moment
of detachment of the drop is marked with a vertical dashed line. As interactions of Janus
particles with oil molecules are stronger (red lines), the droplet is removed considerably
earlier than for weaker interactions (black lines).
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Figure 9. The time evolution of the system involving Janus dimers. The simulation time: 0 (a), 2 · 106

(b), 8 · 106 (c), 1.2 · 107 (d), 1.5 · 107 (e), and 2 · 107 (f). The substrate is inert with respect to water
and oil (compare Figure 1a). Janus dimers strongly interact with both fluids; ε∗AO = ε∗BW = 2.0. The
green spheres represent sebments B, red spheres represent sebments A, yellow spheres represent the
polymer segments (O), the light blue spheres correspond to the solvent (W), and the gray spheres
represent the solid. For greater clarity of the drawing, the solvent molecules have been reduced.
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Figure 10. The average z-coordinate of the center of mass of the droplet (top panel) and the number
of oil segments on the surface (bottom panel) as functions time. The substrate is inert with respect to
oil, and ε∗AO = ε∗BW = 2.0 (black lines) and 3.0 (red lines). The moments of detachment of the drop
are marked with vertical dashed lines.
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3. Methods
3.1. Model

Therein, we consider a system containing polymers and solvent molecules in contact
with a solid surface. The polymers mimic oil molecules (O). Under the assumed thermody-
namic conditions, the oil droplets are immersed in a polar solvent (W). Moreover, we study
systems with Janus particles (JP) suspended in the solvent. A simple coarse-grained model
is used to represent all species.

We assume that polymer segments and solvent molecules have the same diameters, σ.
All polymer chains consist of M segments. The chain connectivity is assured by imposing a
finitely extensible nonlinear elastic (FENE) segment–segment potential

UFENE = − k
2

R2
0ln

[
1 −

(
r

R0

)2
]

(1)

where r denotes the separation distance between the segments, k is the spring constant, and
R0 is the maximum possible length of the spring. The standard parameters of the binding
potential (1) are assumed to be k = 30 and R0 = 1.5.

The Janus particle is a dimer composed of two spheres (segments) A and B. These
spheres have the same diameters (σJP) [22,23,26]. The solid is modeled as “atoms” (S) of
diameters σS = σ, arranged on an fcc lattice. The crystalline plane (0 0 1) is considered an
exposed surface.

The interactions between all “atoms” (solvent molecules, chain segments, and solid
molecules) are described via the shifted-force Lennard–Jones potential [24]

u =

{
4εij

[
(σij/r)12 − (σij/r)6 ]

− ∆u(r), r < rcut(ij),
0, otherwise,

(2)

where
∆u(r) = u(rcut(ij)) + (r − rcut(ij))∂u(rcut(ij))/∂r, (3)

and rcut(ij) is the cutoff distance, σij = 0.5(σi + σj), (i, j = O, W, A, B, S), and εij denotes the
parameter that characterizes the interaction strengths between spherical species i and j.
The indices O, W, A, B, and S correspond to oil, a polar fluid, the segments of Janus dimer,
and the solid, respectively. We use the cutoff distance to switch on or switch off attractive
interactions. For attractive interactions, rcut(ij) = 2.5σij, while for repulsive interactions,
rcut(ij) = σij.

3.2. Definitions and Formulas Used

We introduce the standard units commonly used in coarse-grained simulations. The
diameter of solvent atoms is the distance unit, σ, the mass of a solvent atom is the mass
unit, mW = m, while the solvent–solvent energy parameter, εWW , is the energy unit. The
basic unit of time is τ = σ(ε/m)1/2. The gravity effect is assumed to be negligible.

Moreover, we use the reduced quantities, reduced distances l∗ = l/σ, and reduced
energies E∗ = E/ε, and the reduced temperature is T∗ = kBT/ε, where kB is the Boltzmann
constant.

We define also the reduced density of the kth component as ρ∗k = ρkσ3
k , where

ρ = Nk/V is its number density, Nk is a total number of “atoms” k, and V is the vol-
ume of the system. During simulations, we have estimated the reduced density profiles of
all species.

To characterize the behavior of oil chains adsorbed on the surface, we also calculated
the average z-coordinate of the center of mass of oil segments (zcom), the number of oil
segments which “touch” the surface, that is, those that are located at a distance from the
surface smaller than 0.7 (N), the average height (thickness) of the adsorbed layer (h), and
the selected shape metrics of the oil aggregate (droplet) [25].
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It has been a widespread practice to define the height of the adsorbed polymer layer,
h, from the first moment of the total segment density profile [27]

h = 2

∫
dzzρO(z)∫
dzρO(z)

(4)

We use the shape characteristics defined by means of the gyration tensor [25]

Gαβ =
1

N′

〈 N′

∑
i=1

(ri,α − r0,α)(ri,β − r0,β)
〉

(5)

where ri,α and r0,α are the α component (α, β = x, y, z ) of the ith segment and the center of
mass of the segment aggregate (droplet), respectively.

Diagonalization of the gyration tensor yields its eigenvalues λi (i = 1, 2, 3), which
we order as λ1 ≥ λ2 ≥ λ3. Then, three invariants can be obtained: I1 = λ1 + λ2 + λ3,
I2 = λ1λ2 + λ1λ3 + λ2λ3, and I3 = λ1λ3λ3. We use these values to define the shape
descriptors of the segment aggregate [25].

The radius of gyration of the aggregate of the segments is given as

R2
g = I1 =

1
N′

〈 N′

∑
i=1

r2
i0

〉
(6)

where ri0 = ri − r0, and ri and r0 are positions of the ith segment and the center of mass,
respectively, and N′ is the number of segments in the cluster.

We resolved the vectors ri0 in Equation (6) into components parallel to the axes x,
y, and z, and calculated the corresponding radii of gyration labeled R2

gα (α = x, y, z), the
sum of which is equal to R2

g. Moreover, we computed the radius of gyration in directions
parallel to the solid surface, R2

gxy = R2
gx + R2

gy.
The relative shape anisotropy is defined as

κ = 1 − 3⟨I2/I2
1 ⟩. (7)

The relative shape anisotropy takes values between 0 (perfectly spherical objects) and
1 (rigid rods). However, for a regular planar array, κ = 0.25 [25].

The prolateness is given by

S = ⟨(3λ1 − I1)(3λ2 − I1)(3λ3 − I1)/I3
1 ⟩ (8)

with its value varying from 0.25 to 2, where the negative values indicate oblate shapes,
whereas the positive ones correspond to prolate objects [25].

3.3. Simulation Method

In this work, all molecular dynamics (MD) simulations were carried out using the
LAMMPS package [28,29]. The reduced temperature was maintained at T∗ = 1 using the
Nosé–Hoover thermostat. The time step was set to 0.002.

Simulations were carried out in a rectangular box of reduced dimensions equal to
L∗

x = L∗
x = 40 and L∗

x = 28 along the axes x, y, and z, respectively. Standard periodic
boundary conditions in the x and y directions were assumed. The box was closed by a
reflective wall. The distance L∗

z was large enough not to influence the behavior of the drop.
The solid was located at the bottom of the box. We placed here 4873 “atoms” S to form
an fcc lattice. We considered an ensemble of 28,000 solvent molecules (W) and 60 decan
molecules (M = 10) that mimic oil (O). The reduced density of the solvent was ρ∗W = 0.7.

Firstly, we performed simulations for the bulk system (without interactions with the
solid surface). Under the assumed conditions, we observed the formation of the oil droplet.
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This configuration was used as the initial configuration in the simulation of the behavior of
the oil droplet on different surfaces.

In the second series of simulations, we added NJP = 100 Janus dimers to the system
with the oil droplet attached to the surface and observed its time evolution. The reduced
diameters of the segments of Janus dimers were set σ∗

A = σ∗
B = 1.5.

The simulated systems comprised 33,473 or 33,673 “atomic units”. We equilibrated
each system for at least 107 time steps until its total energy reached a constant level, at which
it fluctuated around a mean value. The production runs were for at least 106 time steps.

The visualization was implemented by the OVITO 3.0.0 software [30].

4. Conclusions

Adopting the molecular dynamic simulation method, the deposition of oil droplets on
the solid surfaces and the detachment performance were investigated. Simulations show
how oil–substrate interactions affect the behavior of oil aggregates on different surfaces.
These interactions control the wettability of the surface. Simulations demonstrate that the
surface wettability can change from water-wet to oil-wet. Using selected characteristics,
the structure of the adsorbed aggregates was analyzed. For oil clusters, we calculated the
radius of gyration and its components, asphericity, prolateness, and the average thickness
of the adsorbed layer.

In the case of the solid surface that is inert with respect to oil molecules, the droplet
resembles a truncated sphere. For attractive surfaces, however, with the increasing strength
of the OS interactions, the droplet becomes flatter and flatter, the oil spreads on the sub-
strate, and islands of multilayer and, finally, monolayer films are observed on the surface.
The density profiles of the oil and solvent reflect these changes and confirm a competi-
tive character of adsorption in oil–aqueous solvent mixtures. On the surface of a strong
adsorbent, polymers that mimic oil molecules are lying on the surface.

Moreover, we studied the nanoparticle-enriched detachment of the oil droplet from
the surface. Janus dimers (AB) with supplementary wettability of segments [22] were used
as the active agent. We discussed the time evolution of the system after inserting these
particles. The Janus dimers were adsorbed on the oil droplet with the segments B directed
outwards and they gradually covered the surface of the oil droplet exposed to the solvent.
Then, the Janus particles displaced the oil molecules on the solid surface. The segments
B attracted the solvent molecules that also replaced the oil molecules on the surface and
penetrated the oil droplet. As a result, the droplet was detached from the surface. As the
interactions of the Janus particles with the oil molecules were stronger, the detachment
process was faster.

The proposed method can be used to study oil detachment from strongly attractive sur-
faces by various active agents like surfactants, Janus nanoparticles, and hairy nanoparticles.
Such systems are currently under study in our laboratory.

Our simulations provide a picture of the attachment and detachment of oil droplets
on different solid surfaces at the molecular level. The discussion of the results gives an
in-depth understanding of the underlying mechanisms of these processes.
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