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Abstract

Abstract

Nanoparticles (NPs) possess great potential in applications to enhanced oil recovery
(EOR) due to their outstanding features of ultra-small size, great surface and interface
effect, high sustainability, etc. The underlying mechanisms of which however remain to
be explored. Especially, revealing the displacement mechanisms of residual oil by NPs
and the transport stability of NPs stabilized Pickering emulsion is of great significance.
In this thesis, the trapped oil displacement in rough channels by nanofluids and the
transport dynamics of NPs stabilized Pickering emulsion across the pore throat have been
investigated by atomistic simulation.

The displacement dynamics of residual oil trapped in rough channels by different
nanofluids are elucidated initially. The results indicate that both hydrophilic nanoparticles
(NPs) and Janus NPs have a highly obvious oil displacement effect. Specifically,
hydrophilic NPs increase the viscosity and enlarge the sweeping scope of injected fluid.
Janus NPs alter the local surface wettability by sliding along the surface and remobilize
the oil by sliding along the oil/water interface. Conversely, hydrophobic NPs further lock
the trapped oil and impede the displacement by entering the oil phase. In addition, the oil
displacement effect is found to be less significant with low pumping force. Yet, Janus
NPs maintain a relatively great effect under low pumping force, thanks to sufficiently
long contact time between Janus NPs and the oil phase. Further analysis of the capillary
number not only verifies the simulation results but also highlights the applied prospect of
Janus NPs in actual oil reservoirs.

Then, the local enlarged surface system is built for elucidation of the displacement
dynamics and mechanisms of Janus NPs. It’s found that Janus NPs with 25% and 50%
hydrophobicity significantly recover more oil from the rough surface. The number,
position, and orientation of adsorbed nanoparticles on the side wall of the groove
determine the final amount of extracted oil. ‘Adsorption invasion process’ dominates the
formation of Janus NPs adsorption structure, which is mainly contributed by the pinning
effect and the collision between NPs. To modify such an ‘adsorption invasion process’,
identification of the residual oil, displacement pressure, and the morphology of the inside
oil-water interface are crucial factors. Furthermore, the effect of rough surface parameters

on such displacement dynamics is studied. The applicable surface for INPs to efficiently
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displace residual oil is neutrally wetted or weakly hydrophobic. For the geometric
parameters, the smaller entry angle and exit angle, the larger aspect ratio of the groove,
and the big enough tip length of the bulge contribute to a considerable EOR effect.
Separately, the tip length of the bulge affects the formation of the adsorption film; A
smaller entry angle means a larger adsorption film area and better local wettability
alteration effect, while a smaller exit angle limits the amount of trapped oil that cannot be
covered at the outlet side; Given the certain JNPs adsorption film, a larger aspect ratio of
the oil trapping grooves can guide the oil-water interface downward to bottom. Among
the four parameters, aspect ratio controls the EOR effect provided the tip length of the
bulge is over the threshold.

Lastly, the nanomechanical property of the Pickering emulsions and their transport
through the nanopore throat are investigated. It’s found that Pickering emulsions are
mechanically robust by the JNP shell and recover from large deformations. Pickering
emulsion is able to rupture on the hydrophobic surface due to the strong interactions
between the oil core and surface. The larger ¢ of the emulsion, the greater deformation
and stress can be withstood at rupture. More importantly, the critical ¢ of the emulsion
determines that the JNP shell can form an ordered quasi-solid structure and act the
effective shielding, while the size of the emulsion decides the weakening rate of such
barrier effect in compression. In addition, Pickering emulsions with varied ¢ share a
similar force response in the transport across the hydrophilic pore throat. While for the
case of hydrophobic pore throat, the Janus NP shell acts as a protection pad, screening
the interaction of the oil core with the residual oil on the surface. Such an effect enables
the transport stability of Pickering emulsion with large ¢ across the pore throat. In
addition, the smaller opening angle of the pore throat is proved to magnify the Jamin
effect and increase the probability of the partial Janus NP shell being captured at the
entrance.

Our research not only uncovers the displacement mechanism of trapped oil by
nanofluids but also reveals the transport dynamics of NPs stabilized Pickering emulsion
in the pores, which is significant for understanding and guiding the nanofluids-enabled

EOR applications.
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Introduction

Chapter 1. Introduction

1.1 Background and motivation

Nowadays, the world’s demand for energy is sharply increasing. In a context where
the application of renewable energy is still immature, petroleum is indispensable as the
most widely used fossil fuel in the world [1, 2]. The aggressive exploration of petroleum
has exhausted most of the worldwide oil fields via primary and secondary oil recovery
and currently calls for new technologies of tertiary oil recovery, also named enhanced oil
recovery (EOR), for extracting the residual and more than 60% of the original oil in place
(OOIP) [1-3]. However, the development effect of three traditional EOR methods
including the thermal method, gas injection method, and chemical flooding is declining
under varied challenges [4, 5]. Due to harsh reservoir adaptation conditions and low
economic benefits, the application of gas injection development and thermal method is
greatly restricted. The effect of conventional chemical flooding (surfactant or polymer
flooding) is also close to the limit due to its high cost and unstable performance [6, 7].
Therefore, there is an urgent need to find more efficient EOR agents or methods.

As the research of nanomaterials in the field of materials engineering is getting
mature, the latest research trend in chemical EOR is gradually turning towards exploring
suitable nanomaterials that can enhance micro- and macro-displacement efficiency [8, 9].
Among them, nanoparticles (NPs) are considered potential substitutes and/or boosters for
traditional chemical EOR materials [10]. NPs have been implemented in EOR in the form

of foams, hydrosols, or organosols to take advantage of the attractive features of NPs,
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including their high surface area and mobility as well as the relative ease of preparation
[11, 12]. So far, NPs have shown a bright EOR future in laboratory experiments [13-15].
While the mechanisms that contribute to the promising results are still under debate
despite the previous great efforts [16]. Wettability alteration is the most accepted
mechanism for NPs in EOR. It's reported that rock surfaces can be changed from oil-wet
to water-wet with the insertion of NPs, which leads to the detachment of the residual oil
[17-20]. Nevertheless, the mechanism of wettability alteration remains controversial [20-
22]. The reduction of interfacial tension is another important mechanism, which has been
witnessed in many studies. Yet, some researchers believe that it hardly contributes to the
effect of EOR [23-25] and some do not even observe the changes in interfacial tension in
their experiments [26, 27]. In 2003, Wasan and Nikolov postulated the structural
disjoining pressure as another mechanism of EOR [28]. They proposed that the NPs can
form a wedge-like structure in the three-phase contact area and exert structural disjoining
pressure to move forward and detach the oil droplets. Although this theory is supported
by static analytical calculation and was used to explain related nanoparticle aggregation
phenomena in experiments, the direct quantification of the pressure distribution resulting
from structured NPs in the small three-phase contact area has not been reported.
Therefore, there is still ambiguity concerning the intrinsic mechanisms of nanofluids for
EOR. More fine-scale work is in desire for elucidating the mechanism of various NPs
under different reservoir conditions.

Atomistic modeling and molecular dynamics (MD) simulations are proven to be
highly suitable for inspecting the basis of EOR in nanoparticle/fluid/rock systems [29,
30]. As a complementary toolset to experiments, MD simulation is very powerful thanks
to its accurate controls on the properties of the nanochannels, oil droplets, and NPs, with
an atomic resolution. As such, MD simulations were able to uncover the characteristics
of the self-assembly of the specific NPs at interfaces and on the droplet [31-34] and were
also utilized in investigating oil droplet displacement by nanofluids [35], offering insights
into the microscopic transportation mechanism for nanofluids in confined capillaries.
Among them, simulation systems with rocks or nanochannels are still sparse due to
computational cost constraints. Numerous questions remain to be addressed regarding the

NP-involved transportation or displacement in the confined channel.
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Thus, with the accurate representation of channels and residual oil in the EOR stage,
mastering the displacement or transport dynamics of NPs and their special phenomena or
mechanisms at the interface or surface will provide a nano-level understanding of the

basic theory of the application of NPs in EOR.

1.2 Research objects

The present thesis is funded by the NTNU - CSC scholarship program. The aim is to
provide atomic insights into a fundamental understanding of the specific mechanisms in
the EOR process with the involvement of NPs. The main objectives in this thesis are

described as follows:

e To clarify the effect and control mechanism of the specific NPs on the
displacement of residual oil from rough surfaces.

e To uncover the dynamics and dominant factors of wettability alteration by Janus
NPs.

e Todiscover the role of Janus NPs in the transport of the Pickering emulsion across
the pore throat.

e To provide guidance to screen and application of NPs for EOR.

1.3 Main contributions

With molecular dynamics (MD) simulations, the thesis presents a systematic study on
the displacement mechanism of NPs for remaining oil in rough channels, the dynamics
of the Janus NP-guided wettability alteration, and the transport characteristics of Janus
NP stabilized Pickering emulsion across narrow pore throats. The main contributions of
this thesis are summarized briefly in the following:

e The specific effects and corresponding dominant mechanisms of NPs with
different wettability on the displacement of residual oil on rough surfaces are
clarified.

e The special wettability alteration dynamic, the crucial ways of its optimization,
and the influence of rough surface topography are proposed for JNPs in displacing

residual oil from the surface.



Introduction

e The effect of NP surface coverage ratio on the mechanical stability of a single
INP-stabilized Pickering emulsion is demonstrated by nanomechanical testing,
which further contributes to the explanation of the transport of the Pickering

emulsion through narrow pore throats.

1.4 Thesis outline

The thesis consists of an introductory section and a collection of four peer-reviewed
papers. The introductory section is decomposed into five chapters. In Chapter 1, the
background and motivation, research objectives, and main contributions are stated. In the
following, Chapter 2 will review the literature on the EOR Mechanisms of NPs. Chapter
3 introduces the overview of MD simulation and the existing studies on NP-enabled EOR
by Molecular Simulations. The main findings are summarized in Chapter 4. Finally,

recommendations for further work are given in Chapter 5.
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Chapter 2. EOR mechanisms of NPs

The application of NPs in EOR process has drawn increasing attention globally. In this

chapter, a short research review is employed on EOR mechanisms of NPs.

2.1 Potential of NPs for EOR application

NPs are small particles that range between 1 to 100 nanometers in size. It may be in
the form of latex, polymer, ceramic particles, metal particles, and carbon particles. Due
to their ultra-small size, NPs have a small size effect, large specific surface area, and
macroscopic quantum tunneling effect. As plotted in Figure 2.1, they have special
physical and chemical properties that conventional materials do not have in magnetic,
thermal, electrical, optical, catalytic, biological, mechanical, and other aspects. Therefore,
they lead to broad application prospects in many fields such as medical treatment,
electronics, material science, and so on [36-38]. With the development of existing oil and
gas development technologies entering a bottleneck period, the application of NPs in the
oil and gas industry has also attracted great attention. Research on nanoparticles in the oil

and gas industry has grown steadily over the past decade.
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Figure 2.1 Properties that are improved as bulk material are produced as nanoparticles, and the respective

applications are derived from them.

The nanoparticles form the nanofluid by suspending in the base fluid. Compared with
traditional sols and surfactant colloidal systems, nanofluids show more attractive features.
Suspensions of NPs display high stability against sedimentation owing to the relatively
high extent of surface forces which preserves the particles against aggregation, allowing
entropic forces to easily against gravity [12, 39]. One major advantage of NPs in EOR
application is their sustainability in harsh reservoir conditions with high temperature, high
pressure, and high salinity. While the commonly used surfactants and polymers are not
as sustainable as NPs because of their early-stage degradation under such conditions [40].
Furthermore, the main characteristics of nanofluids: including optical, stress-strain,
thermal, rheological, magnetic, and electrical properties can be engineered by modifying
the morphology and/or the size of the NPs during the synthesis process for possible
targeted release in the porous media [41, 42]. The major features that enable NPs to be
potential chemicals for EOR are summarized in the following:

e Ultra-small size: which allows effective transport or propagation into the micron-

size pores of the reservoir.
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e High surface effect: which allows it to adsorb strongly on an oil-water interface
hence forming stable interfacial films or networks such as foam and emulsion.

e Surface and interfacial properties: which allows numerous interactions among
different phases such as reduction in oil-water interfacial tension (IFT), altering
the rock wettability and in-situ emulsion generation, or displaying special
interfacial behaviors.

e Dispersion ability: which allows nanoparticles to be dispersed in the injected fluid
throughout the flood.

e High sustainability: which enables them to be stable even in harsh reservoir
conditions where other conventional EOR chemicals start degrading.

e Detectable: which allows detecting the path of the NPs inside the porous media or
Teservoir.

e Tunable: which allows modifying the specific properties of NPs by different
treatments according to the requirement such as hydrophobicity and
hydrophilicity, core-shell arrangement of NPs, Janus NPs, and other tailor-made
NPs, etc. or to deliver the desired chemicals to the target location or zone in the
porous medium.

e Viscosity modifier: which allows increasing the viscosity of the injected fluids.

e Agglomerative nature: which allows forming agglomerate that further increases
the pore-blocking efficiency and contributes to the conformance control which
ultimately helps in improving the subsequent displacement effect.

e Recycling: which allows for the collection and recycling of the injected NPs after
production which can be environmentally friendly and also save the development

cost.

2.2 Interfacial tension reduction by NPs

Interfacial tension is the force of attraction between the molecules at the interface of
two fluids. It could also define the energy creating a boundary between two immiscible
liquids per unit area due to unbalanced forces [10]. As described in the oil/water system
in Figure 2.2, the oil molecules at the top are attracted to each other resulting in a net

attractive force of zero as the oil molecules are pulled in all directions. While the oil
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molecules at the interface between oil/water have a force acting upon them from the water
molecules below resulting in an unbalanced force. It is known that the reduction of oil-
water IFT increases the capillary number (ratio of viscous to capillary forces) which is
one of the essential requirements of EOR [43]. Due to the surface-active properties of the
NPs, they are able to adsorb strongly at liquid-liquid and /or liquid-air interfaces. This
phenomenon has the potential to reduce interfacial tension, owing to the minimized total

system energy.

Nanoparticles &

Water

ol @

Particle adsorption at
the o/w interface

IFT due to Unbalance Forces

Oil and Water 0il and Nanofluid

Figure 2.2 Mechanism of IFT reduction using NPs showing particle adsorption (contact angle) at the oil-
water interface and formation of a monolayer which replaces the existing oil-water interface, reprinted from

Ref. [10].

In fact, it is a long ongoing debate on the reduction of IFT in the presence of NPs [40].
Hendraningrat et al. have reported a decline in the IFT in the presence of hydrophilic
poly-silicone nanoparticles in which solid surfaces get more water-wet [44]. Roustaei et
al. detected that the presence of polysiloxane nanoparticles caused a decrease in the oil-
water interfacial tension from 26 to 2 mN/m [45]. Moghadam and Azizian have confirmed
a significant decline in the interface tension of the surfactant and oil in the presence of
zinc oxide nanoparticles [46]. In addition, a lot of experimental studies have declared the
obvious decrease in IFT with charge-stabilized titania, ethyl cellulose particles, partially
hydrophobic fumed silica particles, carboxyl-terminated carbon black (CB) particles,

cellulosic particles, and gold particles [47-50]. However, some scholars have put forward
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a completely different conclusion. Vignati et al. investigated the effect of different
concentrations and hydrophobicity of silica nanoparticles and showed that no parameters
could alter the IFT [51]. Saleh et al. have reported that highly charged poly(styrene
sulfonate)-grafted silica nanoparticles are very effective in reducing IFT while bare silica
alone cannot reduce IFT [52]. Also, no obvious change in IFT was proposed in the
experiments with functionalized silica particles, ZnO, and hydrophilic silica particles [46,
53]. Considering that such inconsistency might be attributed to chemical contamination
like additions of stabilizers in the experiments, the measurement criteria and indicator
division are urgently needed.

On the other hand, there is a relatively uniform understanding of the mechanism by
which nanoparticles may reduce IFT. Murshade et al. observed that hydrophilic titanium
NPs dispersed in distilled water could reduce the IFT of oil-based solutions by about 20
mN/m. They concluded that the decrease in IFT was due to the adsorption of NPs at the
interface [54]. Similarly, Giraldo reported that SiO2 NPs reduced IFT by adsorption at the
O/W interface depending on their hydrophobicity and the binding energy of NPs to the
interface [55]. Li et al. reported that IFT reduction and adsorption with NPs may be due
to the presence of the hydrophobic and hydrophilic parts of NPs which also exist in the
O/W phase respectively, replacing the existing interface and reducing the friction force
between the two phases [56]. Therefore, the IFT reduction mechanism of NPs starts with
the adsorption of the particles at the O/W interface forming a monolayer that replaces the
existing O/W interface acting as a mechanical barrier or interfacial particle film. There
on, the formed monolayer reduces the interfacial energy between the two phases
depending on the particle’s distribution at the interface and surface energy of the NPs [56,
57].

Overall, most studies support the reduction of interfacial tension as the main
mechanism for nanofluids in EOR, while a few studies did not find the modification of
oil-water interfacial tension by nanoparticles. In more detail, almost all studies using NPs
combined with surfactants or surface-modified NPs claim that reducing interfacial tension
is one of the main mechanisms in NP-enabled EOR. Questions mainly come from the
research with bare NPs. For the case with the same chemical agent, it is speculated that
the conflict of views mainly lies in the chemical contamination caused by the additions

like stabilizers or whether the degree of reduction of the interfacial tension in the
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experiment can be regarded as significant. For this, rigorous detection workflows and
criteria for IFT applied to EOR should be established. In addition, simulation techniques

that can precisely control the specific experimental conditions are the better option.

2.3 Wettability alteration by NPs

Wettability is defined as the spreading or adhering propensity of fluid onto a solid
surface in presence of other immiscible fluids [58]. In EOR context, when water prefers
to stick to the reservoir rock in presence of oil, water, and oil are considered as wetting
phases and non-wetting phases respectively. The rock in reservoirs may be the water-wet,
mixed-wet, neutral-wet, or oil-wet depending upon the initial hydrocarbon deposition
history, interaction between different fluid phases, rock mineralogy, pore structure,
roughness, etc. (Figure 2.3). It is one of the important properties of the reservoir rock

which further affects the efficiency of EOR [59].
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Figure 2.3 Schematic of wettability definition in porous media with oil/water/rock system illustrating
water-wet, oil-wet, and mixed-wet conditions in terms of contact angle and capillary pressure, reprinted

from Ref. [59].

In recent years, wettability alteration has been regarded as a dominating mechanism
for NPs in EOR [60-62]. Many studies reported improvement in EOR using NPs via
wettability alteration [14, 27, 63]. Relying on the surface properties of NPs, they can
adsorb on the rock surface and stabilize a water layer to subsequently alter the wettability
of the rock towards water-wetness. Injection of NPs based fluids into the reservoir leads
to a change of rock wettability from oil-wet to more water-wet which helps remobilize
the adsorbed oil and hence enhances the recovery of residual oil. Moreover, it’s reported
that the wettability alteration of substrates by NPs is sensitive to many factors including
NP size and concentration, initial contact angle, NP charge, the surface wettability of NPs,
charge, and roughness of the substrate surface, stabilizer concentration, type and
concentrations of ions in the nanoparticle-fluids, bulk pressure and temperature, etc [64-
66]. However, some inherent limitations in the contact angle measurements may prevent
studies from concluding the effect and mechanism of wettability alteration by NPs in real
reservoirs. In the current method, the aged substrates are submerged in the NP-fluid for
2-3 hours or 2 days before employing the contact angle measurements. Other unaged or
as-is substrates are exposed to NP-fluid in the cell of the pendant drop apparatus before
the droplet is attached to the surface for measuring the contact angle. That is to say, in all
these cases, the NPs would already exist at the surface before the measurement (Figure
2.4) while the injected NPs would not touch the surface earlier than residual oil under the
reservoir conditions. Focusing on this point, Sofla et al. adopted H+ protected method to
disperse NPs in seawater for measurement. They claimed that the results based on the
apparent contact angle measurement may be skewed and overestimated on the change of
contact angle. Also, silica NPs can significantly reduce the contact angle only when the

initial conditions of the substrates are water-wet.
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Figure 2.4 Nanoparticles at the oil-rock interface during conventional contact angle measurements,

reprinted from Ref. [66].

In addition, the micro mechanism of wettability alteration by NPs remains
controversial. Li et al. observed the adsorption of NPs and adopted it directly as the
explanation for wettability alteration by NPs [21]. A few years later, in their recent study,
Atomic Force Microscopy (AFM) was used to characterize the structure of NPs covering
a glass surface and did research on the impact of roughness on changes in wettability
(Figure 2.5). They found that the adsorption of NPs causes uneven roughness and water
may stay inside these nanostructures and form a thin water film, preventing oil, which
finally induces wettability alteration [67, 68]. Another important point of view was
reported by the group of Wason, their studies indicated that structural disjoining pressure
is the main reason for wettability alteration by NPs [31, 32], which details would be stated
in the following section. Also, the synergic effect of structural disjoining pressure and
capillary pressure reduction is also proposed as the mechanism of wettability alteration
[66]. In a word, the micro mechanism of wettability alteration by NPs needs more
researches to be concluded. Also, like that for IFT, the standard evaluation workflows for

wettability alteration by NPs should be established.
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Figure 2.5 (a, b) Schematic and micrograph showing the oil droplet in contact with the glass substrate with
no nanoparticles. The scale bar is 100um. (¢, d) The nanoparticles are able to stabilize a thin water film
beneath the oil droplet and the droplet is in contact only with the topmost tips of the nanoparticle aggregates,

reprinted from Ref. [67].

2.4 Structural disjoining pressure of NPs

In 2003, Wason’s research group first presented structural disjoining pressure as the
main mechanism for NPs in EOR [28]. They observed an ordered structure for NPs near
three-phase contact lines in experiments. They proposed that the NPs tend to form a
wedge-like structure in this region and exert extra pressure to push the NPs to move
forward and separate the two surfaces. The extra pressure is named structural disjoining
pressure. Figure 2.6 shows the schematic diagram of structural disjoining pressure.
Structural disjoining pressure was calculated based on statistical mechanics using an
analytical expression by the model of hard sphere particles in a vacuum confined between
two walls [69].

. (h) = I cos (wh + ¥,)e ™ + e 3D Forh>d (2.1)

Mg (h)=—P For0<h<d (2.2)

In eq. (2.1), d is the diameter of the nanoparticle and all other parameters (I1;, V5, o, «)
are fitted as cubic polynomials. In eq. (2.2), P is the bulk osmotic pressure of the
nanofluid. As shown in Figure 2.7, the structural disjoining pressure has an oscillatory

decay with the increasing film thickness and the number of nanoparticles inside the film.
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In addition, such inner lines or extra pressure were not observed in the case without NPs.
Thus, alteration of the structural disjoining pressure by NPs contributes to mobilizing the

adsorbed oil on the surface.
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Figure 2.6 Nanoparticle structuring in the wedge-film resulting in structural disjoining pressure at the

wedge vertex, reprinted from Ref. [69].
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Figure 2.7 Pressure on the walls of the wedge for 0.5° contact angle at the vertex as a function of radial

distance. Particle volume fraction ¢ = 0.36 and particle diameter d = 10 nm, reprinted from Ref. [64].

Furthermore, the influence of different parameters such as curvature of oil drop, NPs
diameter, effective volume, and nanofluid void fraction on disjoining pressure has also
been explored [31,32,91,169]. It has been shown that NPs with higher volume fractions
and smaller sizes were much easier to deform the fluid interface. A schematic
representation of the effect of increasing the concentration of NPs on disjoining pressure
which further leads to wettability alteration has been shown in Figure 2.8. It can be

described how the adsorbed oil on the carbon rock surface separated or start desorbing
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from the rock surface with increasing concentrations of NPs. It may also be seen that as
the NPs concentration increases, the structural disjoining pressure increases. This results
in the desorption of the oil layer from the rock surface, and the rock surface becomes

water-wet from the oil-wet state.
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Figure 2.8 Schematic representation of the effect of increasing concentration of NPs on contact angle and

disjoining pressure, reprinted from Ref. [70].

Since it is unrealistic to directly testify whether structure disjoining pressure exists by
current experiment conditions, some researchers proved it by theoretical calculation or
other auxiliary proof of experimental phenomena. Most scholars just quote this view as
the dominating mechanism for NPs-enabled EOR without verifying it. However, there is
still certainly a possible weakness in the statement. For example, two contact lines could
also occur in other cases of interfacial wetting. What’s more, even if the ordered structure
was observed, the structure may be like a new wetting phase compared to an oil droplet,
so the detachment process is more like the process of the wetting phase replacing the non-
wetting phase. That’s decided by capillary force rather than structural disjoining pressure.
To perfect such a theory, more direct experiments or nanoscale simulations should be

further conducted in future studies.
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2.5 NP-stabilized Pickering emulsion

A Pickering emulsion is an emulsion that is stabilized by solid particles (such as clays
as well as synthesized particles) which adsorb onto the interface between the two phases
[12]. Compared with the classical emulsions stabilized by surfactant, the Pickering
emulsion may display high stability under harsh reservoir conditions owing to the
irreversible adsorption of the particles at the interface (Figure 2.9) [71]. The proliferating
application of NPs in EOR also brings NP-stabilized Pickering emulsion into the field of
view [72]. One is the in-situ formation of Pickering emulsion in NPs EOR process, which
results from the snap-off of oil droplets into nanofluids [73, 74]. The viscosity of the
emulsions is highly dependent on temperature and the water fraction in the emulsion.
Once forming within reservoirs, emulsions confine the flow in highly permeable zones,
which forces the injected fluid into lower permeability zones leading to more effective
recovery of trapped oil [12]. On the other hand, a Pickering emulsion can be directly
adopted as a displacing chemical agent in EOR. Not only because it has better stability
despite harsh conditions, but also because it can effectively control the fluidity ratio
during the displacement [75, 76]. Kumar and Mandal compared the performance of
emulsions stabilized with and without NPs [77]. The NPs stabilized emulsions showed
improved wetting behavior, kinetic stability, and incremental oil recovery of 8.54%
compared to the case without NPs. Jalilian et al. explored the application of emulsions
for EOR using nine different mixtures of solvent, surfactant, and ZrO2 NPs synthesized
using high energy [78]. The results reported an outstanding EOR effect compared to
waterflooding due to viscous pressure-drive and other possible EOR mechanisms such as
IFT reduction, oil viscosity reduction, and wettability. Hence, the systematic
understanding of the movement behavior and physical properties of Pickering emulsions

is urgently evoked.
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Figure 2.9 Comparison of Pickering emulsion and traditional emulsion, reprinted from Ref. [71].

In fact, much fundamental work has been done on the stability mechanism of NPs
stabilized Pickering emulsion. In general, NPs irreversibly adsorb at the oil/water
interface in form of a densely packed layer which protects the droplets against
flocculation and coalescence via a steric mechanism to generate stable emulsions [79].
Three main steps of conventional adsorption of NPs have been identified as (1) Particle
collision with free newly created interfacial areas during droplet formation. (2) Adhesion
of particles to the interface and (3) Oil displacement of water from the particle surface
[80]. The adsorption position on the interface is decided by particle hydrophobicity while
the duration of absorbance at the interface is controlled by the surface energy [81, 82].
Although homogenous/bare NPs are surface-active, they are not amphiphilic like
surfactants and are considered too hydrophobic or hydrophilic to stably adsorb at the
interface. Thus, the partial coating is needed to attain the heterogeneous or ‘Janus’ NPs
which are both surface-active and amphiphilic for adsorption kinetics. Apart from the
stability mechanism, as shown in Figure 2.10, the properties of Pickering emulsions (such
as emulsion type, droplet size, bulk viscosity, and interfacial characteristics) and the
influencing factors (covering the NP type, particle concentration, salt concentration, pH
of the aqueous phase, and the type of oil) on the emulsion properties have been elucidated

in the areas of chemical engineering and materials science [83, 84].
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Figure 2.10 The research topic around Pickering emulsion, reprinted from Ref. [85].

In terms of the EOR application background, the transport of Pickering emulsion in
the porous medium should also be focused on. However, such detailed research has not
been carried out widely. The related researches on the traditional emulsion are mainly
around the plugging performance and fluidity of the emulsion [86, 87]. As depicted in
Figure 2.11, three mechanisms are proposed for the plugging phenomena: a single large
droplet trapped at the pore throat, multiple small droplets trapped at the pore throat, and
narrowing caused by droplet adsorption [86, 88]. The recent work in visualized pore-scale
models also verified the above three transport mechanisms [89] and was carried out with
some influencing factors like emulsion quality, droplet size, and oil viscosity [90, 91]. In
addition, some researchers developed mathematical models to describe the flow

behaviors of Pickering emulsions in the porous medium [87, 92].
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Figure 2.11 Capture mechanisms of emulsion droplets with different sizes in pore throats: (a) d. > d;, (b)
di/2< d. <ds, (c) de < dy2, (d) dc < dy/3, reprinted from Ref. [86]. R is the radius of an emulsion droplet, R,
and R» are the curvature radii of the front and the end of an emulsion droplet when it is pushed to move
through a pore throat, respectively, and d. and d; (not shown) are the diameters of an emulsion droplet and

a pore throat, respectively.

Nevertheless, the obtained theories for the transport behaviors of the emulsion cannot
be perfectly applied to that of the Pickering emulsion considering the special role of the
NPs in the process. Because of the size limitation, the current experiments can only
provide the overall characterization parameters of the Pickering emulsion flooding
system, such as permeability change, pressure response, and oil recovery, which are
usually the product of the combined influence of multiple factors or processes. While the
specific flow properties and effects of Pickering emulsions are missed. Also, the existing
theoretical model faces the challenges of difficulty in collecting certain parameters and
model applicability. Thus, detailed information on the interaction of Pickering emulsions
with fluids and pore throats is highlighted and warrants further study. Specifically, the
nanoscale behaviors of NPs shells of the Pickering emulsion in the transport process are

quite eye-catching.
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2.6 Modification in viscosity and preventing asphaltene precipitation

Different NPs are found to increase the viscosity of injected fluids or decrease the
viscosity of heavy oil. A key indicator in the displacement process, the mobility ratio is

defined as follows:

Ki

2= 2.3)
-t
M= (2.4)

Where K; is the absolute permeability of porous media, y; is the displacing fluid
viscosity, M is the mobility ratio, Ap is displacing fluid and A, is displaced fluid. In any
displacement process, the mobility ratio affects both the area sweep efficiency and the
volume sweep efficiency. For a given injected fluid volume, the sweep efficiency
decreases as M increases. At the same time, the mobility ratio also greatly affects the
stability during the displacement process. If the viscosity of the injected fluid is higher
than that of the oil in the reservoir, a more piston-like displacement process and a more
uniform displacement front can be obtained. Conversely, poor mobility control due to the
lower viscosity of the injected fluid can result in a low recovery due to viscous fingering.

Researchers have reported a tremendous increase in fluid viscosity using NPs. For
example, Nguyen et al. reported that the viscosity of Al2O3 and water increased by 5.3
times [93]. Abdullah et al. even claimed an increase of up to 329 times by using NPs [96].
They explained that NPs dispersion increases the injection fluid viscosity by reducing the
mobility of the adjoining fluid molecules within the dispersion. NPs create a resistance in
the dispersion fluid thereby reducing the original flow properties of the surrounding
molecules due to particle collision. On the other hand, NPs have been proved to be a great
viscosity reducer for heavy oil (Figure 2.12) [97]. The possible oil viscosity reduction
mechanisms including asphaltenes adsorption, disruption of asphaltene aggregates and
heavy oil viscoelastic network, and recombination of hydrogen bonds for different
nanoparticles. However, some of these mechanisms have not been confirmed by

experimental characterization.

20



EOR mechanisms of NPs

Viscosity
reducers

Heavy oil with
viscosity reducer

Heavy oil

——— SiO, nanoparticles

——— Metal oxide nanoparticles

— Carbon nanotubes

Modified nanoparticles
and nanocomposites

Figure 2.12 Schematic diagram of nanoparticles as a great viscosity reducer for heavy oil, reprinted from

Ref. [97].

Therefore, further research should be done to study the oil microstructure alteration
in the presence and absence of NPs by advanced instruments such as X-ray photoelectron
spectroscopy and scanning electron microscope. On the other hand, with the rapid
development of computational chemistry, it is crucial to explore the interaction between
NPs and components of the oil at the molecular level and targeted design NPs for
adjustment of viscosity.

In addition, asphaltene precipitation is a process whereby asphaltene molecules leave
the crude oil as a detached solid particle [98]. It is one of the major problems in oil
recovery mainly caused by changes in the crude oil pressure, temperature, composition,
and variations in the mixture of the injected fluid and crude oil. Deposition of the
precipitated asphaltene can occur at various locations in the reservoir or production
systems which leads to permeability reduction, pore blocking, pipeline transport
problems, jamming, and damaging subsurface equipment [40]. It has been found that,
with the injection of NPs, the asphaltene can adsorb onto the surface of NPs and prevents
it to adsorb onto the pore surface [10]. As shown in Figure 2.13, NPs surround and break
down the asphaltene molecules, thus reducing the viscosity and preventing aggregation,

precipitation, and deposition onto the rock surface. It is worth noting that the most
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efficient NPs in preventing asphaltene precipitation reported in the literature are Fe>O3,
AL O3, nickel oxide, and cobalt oxide [99-101]. However, the effect of asphaltene
adsorption on other oil displacement mechanisms of NPs remains to be studied. It is
expected that in specific cases, the adsorption of asphaltenes may hinder the NPs from

exerting their excellent surface-interface effects.
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Figure 2.13 Mechanism of oil viscosity reduction and asphaltene precipitation prevention (a) in the absence
of NP, asphaltenes precipitation occurs which may lead to deposition, pore blockage, and wettability
through rock adsorption (b) in the presence of Nanofluids, NPs prevent asphaltene precipitation by

adsorbing onto the asphaltene molecules, reprinted from Ref. [10].

In summary, six main mechanisms of EOR by NPs have been summarized, namely,
the interfacial tension reduction, the wettability alteration of the rock surface, structural
disjoining pressure, NP-stabilized Pickering emulsion, modification of viscosity, and
preventing asphaltene precipitation. Apart from that, there are some other proposed EOR
mechanisms for using NPs, such as core plugging, and alteration of the heat transfer
coefficient. However, there is still ambiguity concerning the intrinsic mechanisms of NPs
for EOR. The nanoscale behaviors and atomistic mechanism of NPs in oil displacement
need to be elucidated to get a comprehensive understanding of the EOR mechanism for

NPs
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Chapter 3. NPs-enabled EOR by MD Simulation

Due to the limitation of scale, the current experiments cannot fully elucidate the complex
mechanisms in the EOR process of nanoparticles. We need nanoscale information to
explain the fundamental mechanisms. Molecular dynamics (MD) simulations are proven
to be highly suitable for inspecting the basis of EOR in nanofluid/oil/rock systems. As a
complementary toolset to experiments, MD simulation is very powerful thanks to its
accurate controls on the properties of the nanochannels, oil droplets, and NPs, with an
atomic resolution. Specifically, the MD simulation could not only provide the
fundamental molecular interactions or the motion pattern but also could contribute to the
fine-tuning of the parameters for microscale experiments or simulations. In the chapter,
the basic theories about MD simulations, the application potential of molecular modeling

in EOR, and simulations related NPs in EOR application will be presented respectively.

3.1 Overview of MD simulation

With the development of computer applications in scientific research, the molecular
simulation technique is a combination of computer science and basic science. It relies on
the software simulation platform and adopts the theory method to simulate the motion
behavior of molecules [102]. The main methods of molecular simulations are Quantum
Mechanics (QM), Molecular Mechanics (MM), Monte Carlo (MC), and Molecular
Dynamics (MD). The research scales for these specific methods are plotted in Figure 3.1.

Our focus in the study is the MD simulation. In the following parts, the basic principle
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and workflow of MD simulation, and the most important ingredient to MD simulations

(namely, the force field) are introduced.
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Figure 3.1 Time and length scales in which atomistic MD simulations, lattice Boltzmann, kinetic Monte
Carlo, macroscopic continuum fluid model, and multiple modeling approaches are used. The approach
identified as “multiscale” seeks to reconcile the results from the different methods toward describing fluid
transport both precisely (e.g., taking into consideration molecular phenomena) and effectively (e.g.,

achieving length scales relevant for the applications), reprinted from Ref. [103].

Molecular dynamics is a technique that dates back to the 1950s and has been widely
used ever since. The principle behind MD is to investigate what happens in a system of
atoms and molecules on the basis of Newton’s laws of motion. The individual atoms are
considered as point masses with a given potential which describes how they will interact
with other atoms in the system. The purpose is to as accurately as possible determine how

a system behaves by asking the atoms in the system to find a low-energy state.
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For the implementation, MD simulation starts with the integration of Newton’s
second law. Applying appropriate integral methods, such as the Gear finite-difference
algorithm or the Verlet method, the basic dynamics parameters such as position, velocity,
and interaction force can be decided. The macroscopic physical properties such as
pressure, mean velocity, temperature, particle number density, etc. can subsequently be
determined via statistical mechanics.

Here, take the fluid system in the channel as an example, through the MD method, the

Newtonian equation for each fluid molecule is expressed as:

dr? > N,
m =YW F]+Z

i3 = Xt jm1 Fip + )i o1 Fijy + Fooul (3.1)
where the subscript i represents particle i, and 7 is the unit vector in the x-coordinate. The
first term of the right-hand side of eq. 3.1 is the molecular force due to Lennard—Jones
(LJ) potential between particle i and other fluid molecules j. The second term is the
molecular force between particle i and all the solid wall particles jw. The last term in the
equation represents the external force, which makes the fluid deviate from the
equilibrium, such as electric force or pressure. When a two-body potential model is

applied, the interaction force between a pair of molecules comes from the following

relation:

0p;i

ary;
The LJ potential ¢ () is given by:

o(r) = 4¢[(D)"? — O] (3.3)
where r is the distance between two atoms or molecules, ¢ is the molecular length scale,
and ¢ is the interaction strength parameter. The choice of cutoff distance has to be very
careful. Beyond such distance, it is assumed that the molecules do not interact. If the value
is too short, the atoms will not be able to see their neighbors. And even if set slightly
higher than this, physical properties like pressure may not be accurate. The values of the
parameters ¢ and € are determined by the type of wall and fluid molecules. They are
named as 0, and &, when eq. 3.3 is applied for the potential interaction between fluid
particles and solid wall particles.

Finally, combining eq. 3.3 and eq. 3.2 with eq. 3.1 and applying the shifted potential

and shifted force, we obtain the basic equation for each fluid particle. The shifted force
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technique ensures that the molecular force between fluid particle i and other fluid

particles or other solid wall particles is reduced to zero once the distance between such

fluid particle and other particles reaches or is beyond the cut-off distance. The main

advantage of doing so is to save a lot of computational time for force integration.
2423 ml20)7 - Q) =207 + QIR+

242 T2 = GO = 2GR + GO IR + Foul = mid; - (34)

Thus, the movement of the fluid particles will be predicted by these basic physics
laws and the dynamics of the systems will be finally obtained.

The main steps to set up and run an MD simulation are provided in Figure. 3.2. First,
the built simulation box contains all molecules that can be described by the selected force
field parameters and that are compatible with each other. The preliminary simulation box
may contain conflicts between atoms that must be removed before running the MD
simulation. These collisions are energetically unfavorable due to the steep gradient of the
repulsive part of the LJ potential. The most recommended method is to run an energy
minimization, i.e., an algorithm that, through a series of steps, optimizes the positions of
each atom based on the potential terms. Among the existing different minimization
methods, a gradient descent optimization algorithm is the most widely used. After the
energy of the system has been minimized, MD simulations can be run.

To further apply control on the physiological conditions of the simulation, the MD
integrator must be run with additional tools that restrain the system. a so-called thermostat
and/or a barostat must be applied. Another boundary condition that must be applied
concerns how to treat the edges of the simulation box, which has a finite size. For
example, surface effects can be minimized by replicating the simulated box in all the
dimensions, and applying the so-called periodic boundary conditions. Then, an additional
period is mandatory to equilibrate the whole system. When the key thermal dynamics
properties of the system have reached a plateau, the system can be considered at
equilibrium and all the analyzes should be done on the equilibrated part of the trajectory,

which is often referred to as the production part of the MD simulation.
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Figure 3.2 Workflow of an MD simulation, as described in Sect. 2.3. The sequential steps are reported

together with the associated main points that need specific attention. In the inset, an example of a simulation

box for LHCII embedded in a model membrane is reported with water in cyan, lipid membrane in gray,

protein in magenta, Chls in green, and Cars in orange, reprinted from Ref. [104].

For the whole MD simulation process, the most important ingredient is the force field.

As mentioned, each molecule is approximated as a system of classical point particles,
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or interaction sites. Depending on the chosen resolution, such particles may represent
atoms or groups of atoms. The motions of the particles are obtained by solving the
classical Newton equations for the system. The forces acting on the particles are
computed over time and depend on the particle positions and the total potential energy of
the system (Vo). Electrons are treated adiabatically which means that electronic degrees
of freedom are not explicitly taken into account. The particles represent the properties of
nuclei evolving on a Born—Oppenheimer potential energy surface. This also implies that
molecules are studied in their electronic ground state. Vio of the simulated system
contains the bonded and non-bonded potential energies:

Viot = Vbonded + Vnon-bondead (3.5)
Voonded 18 the sum of the potential energy associated with chemical bonds, bond angles,
and torsional angles (dihedrals) between groups of, respectively 2, 3, and 4 particles. The
mathematical description of the bonded potentials can be slightly different for the
different models which are available, but typically, the bonded potentials are modeled
either via harmonic potentials (Vond and Vangle) or via cosine-based functions (Vinedral),
as described by the following equations:

Vbonded = Vbond + Vangte + Vainearar + Vimproper (3.6)

Vnon-bonded describes the interaction between any pair i,j of particles. It is the sum of van
der Waals, often modeled as a Lennard Jones (LJ) potential (V1y), and Coulomb (Vcoulomb)
interactions:

Viy(r) = 4e;[(CH12 - (D] (3.7)

qi4;
AT EYEYT

(3.8)

Veoutomp =
Where ¢;; is the depth of the potential well of V;;, and 0;; is the distance between the pair
of particles at which the potential is zero. In Veoulomb, qi and gj are the charges of two
different particles, while ¢y and &, are vacuum permittivity and the relative dielectric
constants, respectively. In both potential terms, r is the distance between the two atoms
or molecules.
Thus, the set of all the information needed to build up the potential energy terms of a
system of particles is the force field. It consists of the list of functional forms and
parameters for all bonded potentials as well as for the non-bonded terms. Having a correct

or suitable force filed for the system is always the most crucial thing to MD simulations.
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3.2 Application potential of MD simulations in EOR

As mentioned in section 3.1, with a reliable force field choice, MD simulations can
accurately determine the physic and chemical properties of fluids, solids, and their
interfaces under realistic and operational conditions. However, MD simulations require a
significant computational effort to model the oil & gas industry systems. Usually, these
phenomena involve longer dynamic processes, slow aggregation regimes, and fluids
composed of large molecules with tens or hundreds of atoms. In this context, the research
within the molecular modeling framework applied to EOR has benefited from the
significant advances in computational hardware technology. In particular, with the recent
development of molecular modeling on graphics processing units (GPU) which can
accelerate the calculations tens of times. Recent advances in parallel computing allow
tackling problems involving the understanding of molecular-level interaction effects
under realistic conditions of reservoirs [105].

The application advantages of molecular simulation in EOR are mainly reflected in
unraveling the interaction details of different bulk phases and their interfaces. This
information is critical to the upstream oil and gas industry, as improved oil recovery
efficiency in oil wells depends on brine-rock-oil interface properties, including
wettability, viscosity, and specific interactions between rock and fluid. Molecular
dynamics can characterize the physicochemical properties of these geologically relevant
interfaces at the molecular scale. Not only that, MD simulations can help us visualize the
laws of molecular motion and even the distribution of ions or hydrogen bonds. This
contributes to fundamentally understanding the scientific mechanism of a specific oil
displacement process. For example, the oil recovery by fluid injection into the dome
above the oil zone can be favored by modifying the interfacial tension between the
immiscible fluids. In this context, de Lara et al. investigated the interface wettability,
diffusivity, and molecular orientations between crude oil and different fluids by molecular
dynamics [106]. These findings indicate an increase in the salt concentration and pressure
lead to an increase in the interfacial tension, which may enhance the mechanical contact
between the fluids.

At present, molecular simulations have many successful cases in the research of EOR.

The main content is the molecular simulation study of the interfacial properties of
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oil/water systems involving surfactants, polymers, foams, and nanoparticles [107]. In
these topics, MD simulation can analyze the aggregation behavior at the interface from a
microscopic point of view, predict and supplement the experiment, and also provide a
theoretical basis for many phenomena that cannot be explained by the experiment. It has
great potential to bridge the gap between pure theoretical research and practical
experiment.

Although molecular modeling technology has attracted a lot of attention in the
petroleum field, it is still in the development stage in reservoir analysis. There are several
aspects that need to be improved, and that require further study to make this technology
a commonly used tool in EOR. That includes the use of MD simulation to design
generally acceptable models and procedures to represent complex reservoir fluids and
heterogeneous porous media, develop fluid and rock property prediction toolboxes, and
further improve the fundamental understanding of the mechanism and the efficiency
prediction of EOR technology, especially for less mature EOR methods such as the NP-
enabled EOR studied in this work.

In fact, for the topic of NP-enabled EOR, many scholars have applied MD study.
According to atomic modeling, it is usually divided into two categories: NPs in the system
with or without the involvement of a solid surface. In the following sections, the literature

review will be conducted separately.

3.3 NPs in liquid/liquid system

The study of the interactions between the chemical agent and oil and water is key to
the understanding of the EOR mechanism. Due to the limited system composition, the
nanofluid/oil system is the most efficient one for exploring the behaviors and properties
of NPs at the liquid interface in EOR. So far, a lot of molecular dynamics (MD) simulation
and dissipative particle dynamic (DPD) simulation works have been reported on the
oil/water system in the presence of NPs. A series of thermodynamic and structural
properties such as three-phase contact angle, IFT, diffusion coefficient, and interfacial
structure, have been explicitly studied [108-112].

Frost et al. employed MD simulation to observe the NPs’ microscopic process of
diffusion and migration to the interface [113]. It was found that when the interface is in

an equilibrium state, hydrocarbon NPs are more likely to aggregate in hydrophobic media.
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Cheung et al. studied the influence of NP size on transport properties using MD
simulation [114]. It was reported that the larger the radius of the nanocluster, the greater
the difference in diffusion coefficient between the interface and the bulk phase. Moreover,
the influence of the charged ability of NPs on the interface properties was considered. Dai
et al. studied the movement process of hydrocarbon nanoparticles from the water to the
water/trichloroethylene interface, and the effect of charged nanoparticles on its migration
and assembly process by MD simulation. It was concluded that pure hydrocarbon
nanoparticles could migrate to the interface but could not exist stably at the interface. To
some extent, they gathered into clusters in the trichloroethylene phase. When the electric
charge is applied to the nanoparticles, the nanoparticles become more and more stable at
the water/trichloroethylene interface with the increase of the charged amount [115]. Song
et al. studied the oil/water interface and investigated the effect of the charge ability of
hydrocarbon nanoparticles on the stability of the interface and get similar results to Luo
et al [116]. They also presented that because of the electrical properties of water
molecules, as the charge is increased to a certain value, all hydrocarbon nanoparticles will

be immersed in water as plotted in Figure 3.3.
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Figure 3.3 The state of nanoparticles with the different charges at the interface. (a) No charge (b) 4 negative
charges (c) 6 negative charges (d) 8 negative charges, reprinted from Ref. [116]. The nanoparticle is in the
red sphere, the water phase is in blue, and the PDMS phase is in green.

With this type of system, another important research topic is the effect of NPs on IFT.
Interestingly, the conclusions drawn by scholars with different systems are not consistent.
Gao et al. explored the effect of the shape of Janus NPs on their interfacial activity at
fluid/fluid interfaces via MD simulations [117]. It’s found that changes in the shape of
Janus particles strongly influence the IFT at the fluid-fluid interface. Lara et al. adopted
all-atom MD to study the behavior of functionalized silica NPs at crude oil/brine

interfaces with the influence of salt, brine concentration, temperature, and NP surface
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functionalization [110]. For the first time, a multicomponent model for light crude oil has
been employed to study this brine/NP/oil interface. The results show that the IFT is
obviously reduced by adding NPs and the highest contact angles occur at higher salt
concentrations. Fan et al. studied the effects of modification methods and modification
concentration on the adsorption morphology of single silicon nanoparticles at the
decane/water interface by all-atom MD simulations [118]. It was found that the ability of
half-edge modified nanoparticles to reduce IFT was higher than that of uniformly
modified nanoparticles, and the ability to reduce interfacial tension is the best when the
modified concentration reached 50%. This is due to the different contact angles and
desorption energies of nanoparticles at the oil/water interface by different modification
methods. With the larger simulation scale, Alberto Striolo et al. used the dissipative
particle dynamics (DPD) simulation method to study the interfacial behaviors and
properties of NPs [32, 119]. It is also proved that the modification of nanoparticles and
the three-phase contact angle of nanoparticles at the interface affect the self-assembly
morphology of the interface. Based on this, they further uncovered the influence of the
aspect ratio of ellipsoidal nanoparticles and the hydrophilic/lipophilic ratio of
nanoparticles on their self-assembly behavior at the interface. They concluded that NPs
can effectively reduce the IFT at a sufficiently high surface coverage. However, other
researchers using MD simulation claimed that the oil-water IFT is independent of the
presence of NPs and their concentration [110, 111]. Especially, Li et al used MD
simulations to investigate the effects of NPs (hydrophilic, hydrophobic, and Janus NPs,
respectively) and salt concentration (NaCl and CaClz) up to ~11 wt% on the oil-brine IFT
and other interfacial properties under typical oil reservoir conditions (Figure 3.4) [120].
Although oil-brine IFT increases as the salinity increases in their simulations, the three-
phase contact angle is independent of the salinity and cation types. And also, the presence

of NPs leads to a negligible influence on the oil-water IFT.
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| Oil Oil |

NP #1(Hydrophilic) NP #2 (Hydrophobic)
Figure 3.4 Initial configuration of the system and various NPs. The blue and green spheres in the brine are

Na* and CI". NPs are at both sides of the brine, reprinted from Ref. [120].

3.4 NPs in oil/water/surface system

More than in the fluid/fluid system, the nanoscale dynamics of NPs in oil trapping
channels directly reveal the mechanisms of nanofluids in EOR, which is challenging to
capture with the current experimental conditions. Due to the high computational expense,
only a small number of studies have been carried out on the NPs involved in
displacement/transport in the channel. Wang and Wu established a simulation model of
two immiscible fluids confined in a slit between two solid walls to analyze the effect of
the bulk concentration of NPs on the motion of the three-phase contact line [121]. It’s
found that larger volume concentrations resulted in more pronounced NP adsorption on
the solid surface. This further leads to a propulsive displacement of the contact line
compared to the case without the NPs. Further, they investigated the detachment of oil
droplets by charged NPs from solid surfaces (Figure 3.5) [122]. The results show that the
charged nanofluids can significantly improve the oil removal efficiency. Only if the
charge of the NPs exceeds a threshold, the oil droplets can spontaneously detach. Also,
the surface wettability of NPs plays a crucial role in the oil removal process. Wu et al.
simulated the flow behavior of nanofluids in confined channels filled with oil and focused
on the displacement pressure change in the process [123]. It’s reported that the
displacement pressure increases with the propelled displacement without NPs while the
pressure decreases with the displacement with the appearance of NPs in the system. Wang
et al. systematically uncover the transport of nanofluid in the ultra-confined oil-filled

channel with such nanofluid/oil/surface system. A representative system can be seen in
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Figure 3.6. The series of works first uncovered the influence of NPs on spontaneous water
imbibition into ultra-confined channels and proposed a competitive mechanism of NP
effect on spontaneous imbibition [124]. Then spontaneous and pressure-induced water-
oil displacement processes controlled by surface wettability of NPs were investigated
respectively [125-127]. The dominating mechanism and the optimal types of NPs were
provided.

O O nanofluids
O

charged
nanoparticle

Figure 3.5 The detachment of the oil droplet from the solid surface by charged NPs, reprinted from Ref.
[122].
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Figure 3.6 The system for studying the displacement of nanofluid in the oil-filled channel, reprinted from

Ref. [125]. The bottom one is the side view of the simulation system containing a water-based nanofluid
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(green and pink) laden with well-distributed spherical NPs, an oil phase (blue and purple), and a capillary
(purple). The right top is the displacement of nanofluids into the capillary as a function of time.

Even though notable atomistic investigations considering the effects of rock surface
properties have been done, it’s still far from fully revealing the mechanism of NPs in the
EOR process. The reported simulations were all based on a smooth solid surface, which
cannot fully reflect the flow characteristics of nanofluids on rough rock surfaces in a
realistic [128-130]. Apparently, the motion pattern and the roles of NPs in EOR in the
rough channel are different from the ideally smooth surface adopted in the previous
studies. Also, the fluid inside the confined channel in these systems was only oil, which
cannot represent the residual oil characteristics in most pores in the EOR stage. Thus,
more MD systems can be designed and simulated to provide a better understanding to

perfect the theory of NPs in EOR applications.
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Chapter 4. Main Results

The main results obtained from MD simulations about nanofluids displacement and

mechanisms in the channel are briefly summarized in this chapter.

4.1 Displacement of trapped oil in rough channels by nanofluids

Firstly, the displacement mechanisms of trapped oil in the rough channel by
injection of nanofluids using MD simulations are uncovered (as described in Figure
4.1). The study indicates that hydrophilic and Janus NPs are able to drive significantly
more trapped oil out of rough channels, while hydrophobic NPs have the lowest
potential in trapped oil displacement with endangering probability of channel blockage.
Specifically, hydrophilic NPs dispersed in water increased the viscosity of the injected
fluid and disturbed the original stream field. This enhances the friction to the oil phase
at the oil-water interface and enlarges the sweeping scope of the displacing phase. Janus
NPs can adsorb not only at the oil-water interface to reduce the interfacial tension but
also onto the rough surface. Driven by the injected flow, surface wettability, and
possible structural disjoining pressure, Janus NPs can migrate along the solid surface
and into the trapped oil phase, and further can exclude oil out of the trapping pockets
and alter the local surface wettability. Meanwhile, the slippage of Janus NPs at the
interface also contributes to the EOR effect. In contrast, hydrophobic NPs disperse into
the oil phase and further form clusters, which shows a negligible displacement effect.

Moreover, the effect of pumping force on oil displacement is clarified. Higher

pumping force leads to better oil displacement in all the systems. Particularly, Janus
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NPs show outstanding EOR potential with low pumping force. The low force allows
for more contact between Janus NPs and trapped oil, which is beneficial for the EOR
effect. Such phenomena are supported by the analysis of the capillary number, which

suggests the EOR application potential of Janus NPs in actual reservoir conditions.
Rock
NP-FREE Residual Oil JANUS

2

Figure 4.1 Displacement of trapped oil in rough channels by NPs.

Highlights:

e Hydrophilic and Janus NPs are able to drive more trapped oil out of rough
channels, while hydrophobic NPs hold the lowest displacement potential and
can even block the channel.

e The main mechanism for the hydrophilic NPs to displace the residual oil is to
increase the viscosity of the injected fluid. Janus NPs are able to remobilize
residual oil by altering the local surface wettability. While the hydrophobic NPs
further lock the trapped oil.

e With the displacement pressure reduce and close to the reservoir conditions,

Janus NPs lead the best displacement effect on the residual oil.

4.2 Oil displacement on the rough surface by Janus nanoparticles

In order to elucidate the displacement dynamics and mechanisms of Janus NPs, the
oil extraction from the rough surface by Janus NPs (JNP) is investigated using the local
enlarged surface systems (Figure 4.2). It’s found that Janus NPs with larger polar faces
(25JNPs and 50JNPs) achieve the notable oil extraction effect, compared to 75 JNP and
free-NP. The structure of adsorbed NPs on the side wall of the groove closely affects
the oil extraction. Altering the solid wall to be more hydrophilic by adsorbed Janus NPs

can lead to deeper migration of the NPs into the nano-pocket and more oil extraction.
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Moreover, the ‘adsorption invasion process’ is observed in the formation of the
adsorption structure of Janus NPs and also in the dynamics of wettability alteration by
Janus NPs. Specifically, by identifying the oil-water interface, NPs adsorb on the
surface. Constrained by the pinning effect, the adsorbed NPs slide at the oil-water
interface and stay on the edge of the surface. Under the impetus of local water flow, the
NPs embed into the groove along the surface. With the collision and pushing by other
NPs, the embedded NPs continue to deepen inside the pocket until the lack of driving
force. Besides, identification of the residual oil, displacement pressure, and the
geometry of the inside oil-water interface are proposed as the controlling factors of the
‘adsorption invasion process’. Ultimately, the optimization case with huff-n-puff as the

work mode gains outstanding effect and verifies our viewpoints.
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Figure 4.2 Oil displacement on the rough surface by Janus NPs.

Furthermore, as shown in Figure 4.3, the effects of the surface geometric parameters
in oil displacement by JNPs are analyzed. It’s reported that only when the surface is
neutrally wetted or weakly hydrophobic, JNPs can form an effective adsorption film
through the ‘adsorption invasion process’ and obtain the great oil displacement effect.
For the rough surface with a given wettability, the four geometric factors have specific
effects on the displacement process and EOR results. The tip length of the bulge
determines the amount of JNPs that can accumulate on the surface. The more JNPs on
the plane can accelerate the formation of the adsorption film. As the tip length of the
bulge reaches a threshold, the final properties of the adsorption film and the EOR effects

maintain stable while the required displacement time decreases with the enlargement
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of length in a certain range. Although the selectivity on EOR of entry angle and exit
angle is similar (the smaller value is the preference). The different entry angles
correspond to various areas of adsorption film and the contribution of adsorption film
in wettability alteration while the exit angles master the amount of uncovered trapped
oil at the exit side. Lastly, the aspect ratio has a huge impact on the morphology of the
oil-water interface. The oil-water interface can reach the bottom of the surface under
the case with a large aspect ratio, which brings an excellent displacement effect. Based
on it, the shallow grooves are highly welcomed for JNPs’ displacement. Among the
four parameters, the aspect ratio will play a leading role in the final EOR effect as long

as the tip length of the bulge reaches the threshold.

EOR

Geometric Parameters

Figure 4.3 The effect of the geometric parameters in oil displacement on the rough surface by Janus

NPs.

Highlights:

e The local wettability alteration dynamics of Janus NPs are proposed, that is, the
'adsorption invasion process'.

e To enhance the ‘adsorption invasion process’, identification of the residual oil,
displacement pressure, and the morphology of the inside oil-water interface are
crucial factors.

e The applicable surface for INPs to efficiently displace residual oil is neutrally

wetted or weakly hydrophobic.
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e For the process of Janus NPs displacing the residual oil, the aspect ratio of the
oil-trapping grooves dominates the EOR effect among the key surface geometry

parameters.

4.3 Deformation and rupture of Pickering emulsion in transport

Lastly, the nanomechanical property and the transport mechanism of Janus NPs
stabilized Pickering emulsions with different JNP coverage ratios (¢) across the pore
throat are studied. Through the compression test on the solid surface, Pickering
emulsions are found to be mechanically robust by the JNP shell and recover from large
deformations. Also, ¢ has little effect on the deformation of the Pickering emulsion on
the hydrophilic surface. While on the hydrophobic surface, emulsions rupture after
deformation because of the strong attraction between the oil core and surface. The
larger ¢ of the emulsion, the greater deformation and stress can be withstood at rupture.
More importantly, as long as the ¢ of the emulsion reaches the critical value, the JNP
shell can form an ordered quasi-solid structure and act as an effective protection pad.
The increased droplet size of the emulsion retards the weakening of such barrier effect
in compression, allowing greater deformation on hydrophobic surfaces.

In transport, different emulsions have similar force response patterns through the
hydrophilic pore throat. Although the one with larger ¢ experiences relatively less
resistance at the entrance. The varied interaction of the specific emulsion with water, to
some extent, narrows the gap in resistance. In addition, the smaller opening angle of
the pore throat (B) induces a larger Jamin effect and promotes the interaction between
the emulsion and the pore throat, which increases the retention of JNPs at the pore
throats on the emulsion. On the other hand, for the transport across the hydrophobic
pore throat, the difference in resistance at the entrance between groups is more
pronounced. This originates from the different shielding effects of JNP shells on the
interaction between the oil core and the residual oil. More importantly, the effective
enough shielding role of the JNP shell in the transport ensures the smooth entering of

emulsion inside the pore throat.
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Figure 4.4 The transport dynamics and force response of Pickering emulsion across the nanopore throat.

Highlights:

Using tensile and compression simulations, the nanomechanical properties of a
single Pickering emulsion are explored for the first time at the nanoscale.

INP surface coverage (¢) has little effect on the deformation of the Pickering
emulsion on the hydrophilic surface, while the larger ¢ of the emulsion, the
greater deformation and stress can be withstood at rupture.

There is a critical ¢ that controls the formation of the ordered quasi-solid
structure of JNP shell, which can act the effective shielding.

Pickering emulsions with different ¢ exhibit similar mechanical properties
through hydrophilic pore throats.

During the transport of Pickering emulsion through the hydrophobic pore throat,
the JNP shell acts as a protective cushion, shielding the oil core from the

interaction of residual oil at the surface.

Our researches shed light on the displacement dynamics and mechanisms of trapped

oil displacement in rough channels by types of nanofluids and provide fundamental

insight into the mechanical stability and transport dynamics of Pickering emulsion,

which is significant for the understanding and application of the nanofluids in EOR

process.
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Chapter 5. Recommendations for further studies

Some interesting and important findings about the displacement of nanofluids and
transport of Pickering emulsion have been achieved in this study. However, the work
in this thesis has also given rise to some extensional key topics needed to solve in future
work. There are still several crucial issues that should be explored to get a
comprehensive and deep understanding of nanofluids-enabled EOR applications from

a nanoscale point of view.

e More effect of factors/parameters to the displacement. In our simulations,
only the effect of surface wettability of NPs, surface roughness, and
displacement pressure is studied. A large number of parameters remain to be
investigated to perfect the systematic theory of trapped oil displacement by
NPs. Such as properties related to NPs (diameter, shape, charge on NP, etc.),
properties related to fluids (crude oil components, water salinity, etc.),
properties related to the rock surface, and other environmental factors.

¢ Design of intelligent NPs. NPs have the potential to be modified the specific
properties by different treatments according to the requirement. Thus, an
intelligent NP would be the future focus, which could deliver the desired
chemical agents to the target locations or zones in the porous medium.

Similarly, the nano-robot has been a hot topic in the drug delivery field.
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e Extension of the single channel to the porous medium. First, the
displacement dynamics and mechanisms of nanofluids for several other types
of residual oil systems should be complemented. So that a systematic
understanding of residual oil displacement by NPs under a single pore channel
can be formed. Subsequently, the results for the single channel with different
residual oil distributions should be extended to the multi-channels even to the
porous medium. Given the sheer volume of data, increasingly sophisticated
machine learning would be an effective tool. Lastly, the bridge between the
simulation results and that of experiments can be established.

e The theoretical model for NPs involved in EOR. With the appearance of the
NPs, the model adopted in the continuum scale may break down. The
theoretical analysis or equations to elucidate the multi-phase behavior or
interactions should be introduced. Such models are beneficial for guiding the
application of NPs in EOR.

e Combination of machine learning and molecular modeling. This may
result in an essential toolbox to correlate physical and chemical properties
exhibited by the complex and heterogeneous systems observed on the porous
media (Figure 5.1). This approach may be particularly important to model the
physical and chemical processes influencing interfacial properties, and that
can involve several variables. Also, it would also be a promising tool to extend

the laws of fluid in a single pore to that in the porous media.

Multiscale Optimized
Molecular Molecular System Machine Molecular
Model Modeling Features Learning Model

1

Figure 5.1 Schematic representation of the computational protocol combining multiscale molecular

modeling with data science tools. Such an approach can lead to optimized systems with fine-tuned

properties, reprinted from Ref. [105].
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Abstract

It is well accepted that nanofluids have great potential in enhanced oil recovery (EOR).
However, the EOR mechanisms by nanofluids largely remain elusive. In the study, the
displacement dynamics of residual oil trapped in rough channels by different nanofluids
under varied injection pumping forces are investigated by atomistic modeling. Our
results indicate that both hydrophilic nanoparticles (NPs) and Janus NPs have highly
obvious oil displacement effects. Specifically, hydrophilic NPs increase the viscosity
and enlarge the sweeping scope of injected fluid, while Janus NPs favor either staying
at the oil-water interface to reduce the interfacial tension or adsorbing onto the convex
surface. Under the drag of the injecting flux, Janus NPs displace trapped oil molecules
and alter the local surface wettability by sliding along the surface. In contrast,
hydrophobic NPs are prone to migrate into the oil phase, which not only reinforces the
trapping effect of the oil molecules by the rough surface but also poses a risk of channel
blockage. Despite that the oil displacement effect of all the injection fluids is found to

be less significant with low pumping force, the Janus NPs are able to maintain a stable
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oil displacement performance under low pumping force thanks to their sufficiently long
contact time with the oil phase. Furthermore, analysis on capillary number indicates
that Janus NPs have outstanding application potentials in reservoirs under realistic
flooding conditions. Our findings provide atomistic insights into the mechanism of

nanofluids in EOR and shed light on the selection and optimization of NPs.

Keywords: enhanced oil recovery; displacement mechanism; nanoparticles; trapped oil;

molecular dynamics;

1. Introduction

Being the most widely used fossil fuel in the world, petroleum is the most important
raw material in the modern industrial society [1, 2]. The aggressive exploration of
petroleum via primary and secondary oil recovery has exhausted most of the oil fields
global wide. Currently, there are urgent calls for new technologies of tertiary oil
recovery, i.e. the enhanced oil recovery (EOR), for extracting the residual and more
than 60% of the original oil in place (OOIP) [3, 4]. There are mainly three types of
conventional EOR methods, namely thermal methods, gas injection, and chemical
flooding [5]. Despite the ample research devoted to the thermal methods and gas
injection, the corresponding applications are yet limited due to the harsh reservoir
adaptation conditions and low economic benefits [6, 7]. The traditional EOR methods
also encounter many challenges of high energy and chemicals cost and formation
damage [8, 9]. Recently, EOR with nanofluids has attracted great attention and interest,
thanks to the application potentials of nanoparticles (NPs), especially the high

efficiency at low cost and their compatibility with environmental protection [10-12].
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Compared with traditional chemical flooding ingredients, NPs have obvious
advantages in improving both sweep efficiency and displacement efficiency. On the
one hand, their small size allows them to transport into the small channels. On the other
hand, their high surface energy and reactivity are conducive to modify the properties of
fluids and rock surfaces, thereby improving oil displacement [13, 14]. So far, NPs have
achieved highly encouraging results in both laboratory and field experiments [12].
There are multiple NPs-enabled EOR mechanisms proposed, including interfacial
tension reduction [15], wettability alteration [16-18], viscosity adjustment [19, 20],
pore channel plugging [21], and appearance of structural disjoining pressure [22-25].
Depending on specific experimental parameters (NPs properties, core properties,
flooding rate, residual oil, etc.), different mechanisms may dominate EOR [26]. The
multiple mechanisms proposed also indicate that EOR by NPs is a complex process,
with many nanoscale behaviors remaining unclear. More fine-scale work is in desire
for elucidating the mechanism of various NPs under different reservoir conditions.

Molecular dynamics (MD) simulations have been proven to be extremely effective
tools for revealing the fundamentals of EOR mechanisms [27-29]. Firstly, MD
simulations are able to decipher the key interactions among the chemical agent and oil
and water that are key to the understanding of the EOR mechanism. MD simulations
have been utilized to systematically unravel the interfacial activities and molecular
interactions between crude oil components (mainly asphaltenes) and different types of
surfactants [30-34]. For NPs specifically, MD simulations are widely used for
clarifying their interfacial behaviors and characteristics in oil-water systems studied [25,
35-37]. Moreover, MD simulation can provide nanoscale dynamics of NPs in oil
trapping channels and the underlying mechanisms of nanofluids in EOR, which is

challenging to monitor with current experimental capability.
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There are notable atomistic investigations considering the effects of rock surface
properties on the transportation of NPs in the confined channels using MD simulations.
Wau et.al simulated the flow behavior of nanofluids in confined clay channels filled with
oil [38]. Wang et.al studied the spreading of nanofluids and the detachment process of
the oil droplet [39, 40]. Wang et.al investigated the imbibition and displacement
mechanism of NPs transportation [41-43]. The reported simulations were however all
based on smooth channels, which cannot fully reflect the flow characteristics of
nanofluids on rough rock surfaces in the reservoir [44-47]. Apparently, the motion
pattern and the roles of NPs in EOR in the rough channel are different from the ideally
smooth surface adopted in the previous studies. Furthermore, the displaced phase in
previous studies consisted of only pure oil phase, which cannot present the residual oil
distribution in most channels in the EOR period.

To reveal the realistic displacement dynamics of trapped oil, MD simulations of
injecting various nanofluids into rough channels were carried out in this work, aiming
to elucidate the EOR mechanisms enabled by different NPs (hydrophilic, hydrophobic,
and Janus NPs). The displacement phenomena of trapped oil driven by nanofluids were
compared, with the specific role of each NP type in EOR uncovered. Moreover, the
influence of the injection driving force underlying the EOR effect is clarified. The
results rationalize the basis of the EOR mechanism by NPs and provide guidance of

NPs optimization in petroleum engineering.

2. Model and simulation details
2.1 Model systems
The aim of the modeling is to uncover the effects and mechanisms on the

displacement of trapped oil in rough channels by nanofluids. Even at the nanoscale,
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such a system might require scales in length and time beyond the limit of all-atom
modeling. For example, a single nanoparticle with a diameter of 5Snm already contains
thousands of atoms, which needs an extremely large amount of computer resources for
the corresponding simulations. In order to build a sufficiently large system containing
a good number of nanoparticles, and at the same time achieve a meaningful time scale
of oil displacement, approximations in the interatomic potentials are critically
important. As such, coarse-grained model systems including inlet, channel, and outlet
parts were constructed to feature injection of nanofluids in the EOR process, as shown
in Fig. 1. For the sake of simplicity, all the model systems were built as semi-2D with
awidth of 25.34 A in the y-axis (Fig. 1). The boundary conditions applied in the systems
were periodic. The channel part contained residual oil/water/rough surfaces, mimicking
the important characteristics of channels in the oil reservoir. The rough surface in the
system consisted of pillars separated by even intervals, as dimensions given in Fig. 1.
With the given hydrophobicity of the surface (atomistic parameters given in the
following text), residual oil was trapped on the rough surface structure of the channel
after primary water flooding. The detailed process to obtain the channel part with
residual oil was given in the supporting information S1. The channel block in Fig. 1
consisted of 939 oil molecules and 9482 water molecules in total, with a volume size
0f 200.97 x 25.34 x 120.82 A®,

The inlet of the systems included the displacing phase and the piston, with a length of
181.95 A in the injection direction. There were four kinds of displacing phases: water
(NP-free) and three types of nanofluids (with fifty hydrophilic, hydrophobic, or Janus
NPs). The density of oil and water was correspondingly kept as 659 kg/m? and 1003
kg/m?, which are in excellent agreement with their experimental values[48, 49]. The

rough surfaces and NPs shared the same diamond cubic crystalline lattice structure with
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a lattice constant of 5.43 A. The diameter of NPs was 7 A. With the 50 NPs in each
nanofluid, the NPs volume concentration was ~1.73% in the systems. To enable the
injection of the nanofluids into the channel, a piston was placed on the left side of the
displacing phase (Fig. 1). The driving force was applied on the piston to mimic the
applied pressure. The piston had the same cross-section area of the channel and a
thickness of 10.86 A, which was larger than the cutoff distance (10 A) of non-boned
interactions to avoid mutual interference of possible interactions on both sides of the
piston. The outlet part was built as the buffering space at the exit of the channel, and

initially had a length of 50.12 A as indicated in Fig. 1.
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Figure 1. Representative of model systems containing inlet, channel, and outlet parts.
The colors for different phases: piston (grey), water (cyan), rough surface (red), oil
(yellow), hydrophobic NP (orange), hydrophilic NP (green), Janus NP (orange and

green). The grey arrow indicates the direction of the applied force.

The choice of atomistic interaction parameters was the same as in the former study
[25]. The mW water model was chosen for the water phase, while the Transferable
Potentials for Phase Equilibria united-atom (TraPPE-UA) description of hexane was used

for oil [49, 50]. The coarse-grained mW water model is famous for its accuracy,
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including featuring hydrogen bonding, at less than 1% of the computational cost of
other all-atom water models, while the TraPPE-UA force field has outstanding
performances in realizing the appropriate properties of phase equilibrium of different
materials, especially alkanes including hexane. The interaction of the water model mW

followed the form of the Stillinger—Weber potential:

E =325 02(rij) +XiXxi 2k>j 3 Tiks Oijic) (1
a 4 a
@,(rij) = 7.049556277¢ [0.602245584 (—) - 1] exp( ) )
Tij rij—1.80'
° 1.2 1.2
@313, i, Oijxc) = 1.2€[cosf — c0s109.47 ]Zexp(rij_fga)exp(rik_fga)
A3)

with characteristic interaction size ¢ = 2.3925 A, and characteristic energy &, =
6.189 kcal/mol. The pairwise non-bonded interactions in TraPPE-UA followed the
Lennard-Jones (LJ) potential:

Uy = 425 [GH = GH) )
where the energy well depths for oil-oil and oil-water were &,, = 0.0914 kcal/mol
and €,,, = 0.1191 kcal/mol, respectively. A characteristic energy well &, of 0.2
kcal/mol was given to the surface-oil interaction to enable the hydrophobic
characteristic of the surfaces, as details provided in Fig. S2. A weak interaction
0.01 kcal/mol was applied between the piston and other types of molecules to
minimize the influence of the piston on the flooding process. The overall interaction
potentials between the NPs were provided in Table S1 [43]. All the atoms in the systems
were free of charge.

2.2 Computational details
The LAMMPS package was adopted to carry out all the simulations [51]. First, all
the systems were energy-minimized using the steepest descent method and then
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equilibrated for 3 ns in the NVT ensemble using a simulation timestep of 3 fs. It should
be noted here that the timestep with coarse-grained models like the mW coarse-grained
water can be up to 10 fs [49, 50, 52]. In order to conserve the total energy of a large
system stably and save the calculation costs, a timestep of 3 fs was chosen for all the
simulations in this work. The temperature was controlled at 300 K by the Nosé—Hoover
thermostat with a damping coefficient of 100 fs [53, 54]. As can be seen from Fig. S3,
the total potential energy of the systems quickly reached a plateau in the equilibration.
For enabling nanofluid injection, a constant force of 10* kcal/mol/A along the x-axis
was applied on the piston, as depicted in Fig. 1. The displacement process in each
simulation ended as the whole injected fluid volume was pushed into the channel,
namely the piston was in close contact with the channel. The NPs were treated as rigid
bodies to maintain the spherical shape. Meanwhile, the rough surfaces were fixed in
position to speed up the simulation process. Ovito software was employed for the

visualization and analysis [55].

3. Result and discussion
3.1 Displacement process
3.1.1 Displacement phenomenon

The surface properties of NPs determined their transportation behaviors, which
subsequently influenced the displacement of the trapped oil. As the snapshots of the
displacement process at different stages shown in Fig. 2, the trapped oil was partially
moved toward the outlet section by different extent as time increased in all the systems,
including the reference NP-free system. In all the nanofluids, different types of NPs
entered and passed through the rough channels efficiently from 0.6 to 2.3 ns.

Nevertheless, there were differences in the behavior patterns of the three NPs during
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the displacement. Particularly, Janus NPs were more likely to adsorb at the oil-water
interface or stay near the top of the pillars, while most hydrophobic NPs were prone to
enter and stay inside the oil, forming aggregated clusters. All the hydrophilic NPs
stayed in the injected water phase, with the majority being displaced out of the

channeling along with oil molecules.

NP-free

Janus

Hydrophilic

Hydrophobic

Time (ns)
Figure 2. Representative snapshots of the displacement process in the four systems. The

colors for different molecules can be found in Fig. 1.

The trapped oil in the four systems was displaced in different amounts by nanofluids.
To further evaluate the flooding efficiency, residual oil molecules in the channel were
recorded as shown in Fig. 3. In all the systems, the total amount of trapped oil molecules
in the channel started to show a decreasing pattern at 1.5 ns and maintained such a trend
to the end of the simulations (Fig. 3(a)). By comparing the number of oil molecules in
the channel at the end of the simulations, the hydrophilic NPs had the best displacement
effect (853 oil molecules left), followed by the Janus NPs (876 oil molecules left).
Surprisingly, pure water flooding (905 oil molecules left) showed a better effect than
that of the hydrophobic NPs (915 residual oil molecules). In detailing the displacement
process, the channel was divided into three regions as indicated in Fig. 3 (b), with the

change of the oil molecule number plotted in Fig. 3(c). It is known that it is difficult for
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the trapped oil to be further extracted by pure water after initial water flooding, mainly
due to the formation of the fixed water flow channels in reservoirs [56, 57]. Here, the
pure water flooding (the NP-free system) still supplied the lateral friction on the trapped
oil phase and enabled motions of certain oil molecules close to the oil-water interface.
As showed in Fig. 3(c), the displacement effect was observed in each region of the NP-
free system, signified by the decreasing number of oil molecules until the end of the
simulation. For injection with nanofluids, there were obvious differences in the
displacement effect owing to the different properties of NPs, especially in the region I
and III as showed in Fig. 3(c). Particularly, nanofluids with Janus and hydrophilic NPs
showed a great outperforming displacement effect in the region I and III, respectively.
In contrast, injection of hydrophobic NPs yielded the least displaced oil molecules in
all three regions of the channel, with nearly no effect at all in region I. This interesting
result strongly suggests the application of Janus or hydrophilic NPs in the formulation
of nanofluids. The motion behaviors of different NPs underlying this result were further
analyzed in the following.
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Figure 3. Displacement of trapped oil in the rough channel. (a) Oil molecules inside the
whole channel in the displacement process; (b) The schematic diagram of different
regions of the channel for displacement effect comparison; (c) Changes in the number

of trapped oil molecules in the three regions of the channel in the displacement process.

3.1.2 Flow characteristics of the injection fluids

The atomic velocity of individual trapped oil molecules and the effective flow
volume of injection fluids in the channel are the key factors to reflect the EOR effect.
Taking the average of continuous 2-ps simulation trajectories with stable injection flux
at 2 ns, the distribution of the instant atomic velocity of the oil molecules along the
injection direction (velocity along X-axis), was shown in Fig. 4(a). In each case, the
instant velocity distribution centered around zero speed. Because of the drag from the
injecting flux, all four distributions showed an almost negligible right-skew pattern.
Nevertheless, the oil molecules had the highest and the lowest average velocity with
hydrophilic and hydrophobic NPs, respectively, as shown by the inset of Fig. 4(a). That
is, oil in the hydrophilic case migrated fastest, while the presence of hydrophobic
nanoparticles significantly hindered the flow of oil. The collective velocity of oil
molecules, namely the total displacement in a certain period normalized by the
corresponding time, further clarifies this difference. As shown by the collective velocity
of a 20-ps period in Fig. S4, the collective velocity distribution of the oil molecules
with the injection of hydrophobic NPs showed a second unique and distinctive peak at
low velocity, which can be attributed to the oil molecules tightly bound to the
hydrophobic NPs. The properties of the injected NPs indeed had profound effects on

the displacement of the trapped oil molecules.
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The effective flow volume (Vnow) of the injection fluids characterizes the mobile
volume of molecules in the channel. The absolute change of Vow is thus approximately
equal to the difference between the volume of fluids entering into (Vin) and exiting from
(Vour) the rough channel, namely AVgoyw = Vip — Vour. The AVpgw quantifies the
change in the effective flow volume of the channel during the displacement process,
which at the same time determines the difficulty of subsequent fluid injection. As
shown in Fig. 4(b), the nanofluids with hydrophilic and Janus NPs, as well as the pure
water (NP-free) injections increased the effective flow volume in the rough channel,
with the hydrophilic NPs showing the best results. In contrast, the injection of
hydrophobic NPs significantly decreased the effective flow volume, meaning it narrows
the channel for the injection fluid in the displacement process. That is to say, injection
of hydrophobic NPs into rough channels leads to an increase of injection pressure or

even blockage of nanopores.
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Figure 4. Flow characteristics of the injection fluids. (a) Atomic velocity distribution of
the trapped oil under stable flux in the four systems along the direction of injection. The
dotted lines in different colors represent the corresponding average value of the four
distributions. (b) The effective flow volume of the injection fluids during the

displacement process.
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3.2 Mechanism of trapped oil displacement by NPs

The above results indicated that the occurrence of NPs directly affects the oil
displacement in the rough channel. In the following sections, the displacement
mechanism of different NPs on the trapped oil is analyzed by inspecting the specific
micro behaviors of NPs.
3.2.1 Mechanism by hydrophilic NPs

The hydrophilic NPs had led to the best displacement effect on trapped oil. Previous
studies indicated that hydrophilic NPs cause the rearrangement of water molecules and
affect the diffusion and properties of water molecules [41]. Here, all the hydrophilic
NPs were found to disperse in the water phase during the displacement process, as
shown in Fig. 2, which suggested that the hydrophilic NPs had altered the properties of
the injected fluid. As the comparison of streamlines of water molecules depicted in Fig.
5, the hydrophilic NPs had a significant impact on the dynamics of their neighboring
water molecules. In the pure water flooding, the main fluid streamline ran laterally,
showing limited disturbances caused by the friction at the oil-water interface. With the
occurrence of the hydrophilic NPs, water molecules closely bound to and migrated with
the NPs due to the strong interaction forces. The diffusion of the hydrophilic NPs in the
nanofluid led to disturbances of the local flow field and deviation of the streamlines
from the main flow direction. This resulted in the strong friction to the oil at the oil-
water interface and strengthening of the displacement effect. As the lowest mean square
displacement (MSD) of water during the displacement shown in Fig. S5, the
hydrophilic NPs obviously impeded water diffusion in the channel if compared with
the three other systems. Since the viscosity of the injection fluids was negatively
correlated with diffusion speed, the viscosity of the injected water was increased by

hydrophilic NPs [58]. Consequently, the mobility ratio (the mobility of displacing fluid
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divided by that of the displaced fluid) decreased as the viscosity of the injection phase
increased [59]. As a result, the sweep efficiency increased, which led to the

improvement of the EOR effect.

(2)

Figure 5. The streamlines of water at the stable injection state without NPs (a) and with
hydrophilic NPs (b). The system snapshots were taken at 1.5 ns, where the injection
fluid speed was stable. The black arrows in (a) and (b) showed the average running
speed of water molecules for visualization effects. The inset in (b) showed the typical

streamline distribution around a certain NP.

3.2.2 Mechanism by Janus NPs

In the flooding process, Janus NPs partially dispersed in the water phase and
partially adsorbed at the oil-water interface. The impact of Janus NPs on the water
diffusion was negligible, as indicated by the MSD results in Fig. S5. It is known that
Janus NPs adsorbed at oil-water interfaces modify the interfacial tension [42]. The
calculated interfacial tension for oil/water and Janus NPs/oil/water were 56.01 and
49.51 mN/m in this work, as the detailed modeling and calculation method listed in the
Supporting information S6, which agreed with the known reduction of interfacial
tension [60].

Given their amphiphilic surface properties, Janus NPs were able to strongly interact

with different components in the channel, especially with the pillars of the rough solid
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surface. At the end of the displacement process, the interfaces of oil-solid-water were
populated with Janus NPs, as shown in Fig. 2 and 6. Interestingly, Janus NPs actively
tangled with the pillar structure and altered the residence of the trapped oil. As the
representative snapshots shown in Fig. 6, Janus NPs adsorbed on the backside of the
pillar against the injection direction (Fig. 6(a)) in the displacement progresses, and
gradually penetrated into the trapped oil along the surface. At the same time, water
molecules entered the oil-trapping pocket with Janus NPs and drove the oil molecules
outside by volume exclusion. In the process, the NPs migrated inward into the oil-
trapping pocket along the solid wall, thanks to the injection flow and the interaction
between the NPs and the surface. Meanwhile, the intrusion of water further forced Janus
NPs to constantly adjust their orientation on the surface owing to their surface
wettability characteristics. Because the hydrophilic parts of Janus NPs were exposed to
the fluid, the local wettability of the total surface was thus altered to be more
hydrophilic, highly beneficial for oil displacement [61]. Given the higher concentration
of Janus NPs and the longer contact in reservoirs, it is expected that the accumulation
of more Janus NPs at the three-phase contact area also has the potential to exert the
structural disjoining pressure to detach the trapped oil from the surface [23, 25].

Janus NPs could also adsorb on the side of pillars facing the injection fluid. In such
a situation, the position of Janus NPs was not stable, as illustrated in Fig. 6(b). Driven
by the injected fluid, Janus NPs were pushed to slide over the pillars to the backside
against the injection. In such a process, oil molecules were mobilized by the NPs, as
depicted in Fig.6 (b) (T1-T5). Similarly, Janus NPs reached the top of the pillars were
prone to be pushed forward by flooding, and eventually ended up on the backside of
the pillars. The results were consistent with observations in experiments [62, 63],

namely most NPs were found on the backside of the surface rough landscape against
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injection fluid after displacement. Although the amount of oil carried by the movement
of Janus NPs was limited, their associated effect on the trapped oil (extrusion,
wettability alteration, and possible structural disjoining pressure) was intriguing. It is
reasonable to speculate that in case the geometry of the oil-water interface becomes
more abrupt, namely thin oil film covering rougher surface landscape, Janus NPs can
be the right choice for their strong interactions with the three-phase contact area and
their promising mechanism. Further verification certainly requires more atomistic

modeling and experimental studies.

Figure 6. Migrations of Janus NPs in the channel. (a) A representative Janus NP
(marked as A) adsorbed on the backside of the pillar against the injection direction. The
location of the local oil-water interface in (a) is marked by the solid red line. (b) A
representative Janus NP (marked as B) adsorbed on the front side of the pillar facing
the injection fluid. Oil molecules migrated with Janus NP in (b) are highlighted in red.
Sequential snapshots of the representative NPs over time are given and labeled with

T2-5 in both (a) and (b).

3.2.3 Mechanism by hydrophobic NPs
As discussed above, hydrophobic NPs were likely to enter and stay in the trapped

oil phase and yield the lowest displacement efficiency. The occurrence of hydrophobic
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NPs in trapped oil after the displacement process was summarized in Table 1. Dispersed
hydrophobic NPs can be immersed completely in the trapped oil phase or adsorbed on
the pillar surface near the oil-water interface. Strikingly, the hydrophobic NPs could
also aggregate tightly together in clusters on the solid surface. Due to the similar
hydrophobicity, oil molecules also firmly adsorbed on hydrophobic NPs, as snapshots
showed in Fig. S7. The average adsorption time of oil molecules on hydrophobic NPs
was found to depend on the location of the NPs. For the hydrophobic NPs near the oil-
water interface, oil molecules showed a relatively short adsorption time of 0.24 ns. In
contrast, oil molecules were closely bound to the hydrophobic NPs immersed in the oil
phase for a doubling average time of 0.43 ns. The adsorption time of oil molecules on
aggregated NPs clusters was not high (0.29 ns), but when a cluster was taken as the
calculation unit, there was a larger value (0.48 ns). Although the flow instability near
the oil-water interface can decrease the oil molecule adsorption time, the addition of
hydrophobic NPs reduced the mobility of the trapped oil phase, as the atomic velocities
of the oil molecules shown in Fig. 4. The formed hydrophobic NP clusters potentially
narrowed the flow channel. Slight displacement effect on the trapped oil was only
observed close to the inlet region of the channel, owing to the limited volume exclusion
effect of the hydrophobic NPs immersed in the trapped oil. For enhancing the
displacement effect, a sufficient driving force was needed to separate the bound oil
molecules from the hydrophobic NPs and the NP clusters. Furthermore, the
hydrophobic NPs had the possibility to form channel blockage, suggesting their
application potential in conformance control.

Table 1. Distribution of hydrophobic NPs after displacement processes. Three
representative adsorption states are given, with the number of NPs and clusters as well

as the adsorption time of oil molecules on the NPs and NP clusters.
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3.3 Effect of the pumping force

The injection pressure, controlled by the pumping force in this work, is known to
have a crucial impact on the displacement process [43]. The pumping force was also
found to influence the interaction of NPs with the trapped oil here. Although the major
features of the final occurrence of NPs after displacement remained similar, increased
pumping force can significantly reduce the contact of hydrophobic and Janus NPs with
the trapped oil, as shown in Fig. S8. Higher pumping force led to a more obvious
displacement effect, which was quantified by the ratio of the number of remaining oil
molecules after the displacement to the total amount of the initial state in the channel,
termed as EOR percentage in Fig. 7. By sampling pumping force covered two orders
of magnitude ranging from 0.00005 to 0.001 kcal/mol/A, all the injection fluids used in
this work yielded a higher EOR percentage with high pumping force. This result was
different from the findings on the displacement of oil in smooth channels in the previous
study [43]. The reason was that the force used in this study was sufficiently low, which
guaranteed the stability of the displacing front to achieve piston displacement like in
the reservoir. Especially, the oil phase focused here was trapped in the surface
roughness landscape of the channel rather than that filled the whole channel. The
displacement effect observed relied on the drag at the oil-water interface between the

trapped oil and the injection fluids, namely increased external pressure led to enhanced

71



Appendix A Appended papers

interface squeezing. Because higher pumping force led to shorter displacement time,
the probability of NPs contacting with the oil and the solid surface was also reduced.
The change in the micro behaviors by hydrophobic and Janus NPs also had a significant
impact on the displacement effect. Under higher pumping force, the hydrophobic NPs
were more likely to rush through the channel with water instead of sticking into the oil
phase (as shown in Fig. S9), which improved the EOR percentage as shown in Fig. 7.
Interestingly, as the pumping force at the low level dropping from 0.0001 to 0.00005
kcal/mol/A, the EOR percentage by Janus NPs remained steady and even surpassed
hydrophilic NPs. In the light of the above analysis on Janus NPs, their displacement
effect on trapped oil greatly depended on the interactions with the oil and surface. Under
the low external force, the elongated displacement time and thus the enhanced contact
probability had contributed to the positive impact of Janus NPs on the displacement

effect.
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Figure 7. The EOR percentage by flooding with varied pumping forces.

The influence of pumping force on displacement effect can also be explained by the

well-known capillary number [64]:
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where N, is the capillary number, v is displacing velocity, p,, is the viscosity of the
displacing phase, g,,, is interfacial tension between trapped oil and nanofluids, and 8 is
the water contact angle. The capillary number reflects the relative range of the driving
force and resistance in the oil displacement effects [65] and relates residual oil
saturation into three force-dominated regions. As capillary number increases, the
residual oil saturation decreases and the three regions of oil displacement in sequence
are capillary dominated, viscous-capillary coupling, and viscous dominated. Although
the absolute quantitative results can differ under specific reservoir conditions, the
qualitative description of the three oil displacement effect regions remains the same
[64]. As the pumping force decreases, the displacing rate declines, and the capillary
number drops. As a result, the EOR percentage lowers while the dominance of capillary
force in the displacement gradually enhances[65, 66]. This phenomenon was well
reproduced by Janus NPs under low pumping force, as their role in modifying the
capillary force gradually became prominent. The results in this work were thus
consistent with macroscopic conclusions. More importantly, almost all the reservoirs
after water flooding are currently in a viscous-capillary coupling region or capillary
force-dominated region [64, 67], which highlights the great EOR application potential

for Janus NPs, compared to other types of NPs.

4. Discussion

This study provides nano-level information including the motion patterns of various
NPs and the detailed interaction between components in a complex nanofluid system,
which is formidable to obtain in large-scale oil displacement experiments. Such
findings are essential for deepening the understanding of the mechanisms of EOR by

NPs. In order to simulate a sufficiently large system at optimal computational costs, a
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coarse-grained modeling approach was adopted for the fast sampling dynamics with a
reduced degree of freedom of the different components in the system. The selected
force field has been proven to successfully reproduce the nature of the components in
nanofluid systems [25, 42, 49, 50]. The rough surface was represented by the
rectangular groove as in the previous studies [68]. Thus, the designed model is
simplified from real rough surfaces but is eligible for trapping a stable oil phase to be
displaced by various NPs.

The oil displacement effect obtained by the lowest external force in this work is
comparable with results by experiments. Although the Janus NPs are not as good as
hydrophilic ones in EOR effect under external force larger than 10 kcal/mol/A (Fig.
7), their outperforming oil displacement results at low external force (5x107
kcal/mol/A) is striking. According to the previously known effect of the external force
on the EOR, the results clearly suggested that the level of the lowest applied force in
this work was close to the real conditions, where the EOR effect of Jauns gradually
became prominent. In other words, Janus NP, with their major oil displacement
mechanism that relies on the interactions with both the oil phase and the solid surface,
could have great potentials in recovery oil film on rock surfaces in the application.

It is important to note that the oil phase consisting of only hexane used in this work
is a simplified model of the real crude oil. The purpose of such an oil phase model is
only for the demonstration of the differences in the movement patterns and EOR
mechanisms among various NPs. According to the previous studies [69], the polar
molecules in crude oil, such as pyridine, asphaltene, prefer to accumulate at fluids
interface and solid surface, which leads to the variation of the oil properties and could
hinder the efficiency of the oil displacement process. However, the detailed chemical

properties of different oil molecules do not counteract the EOR mechanism of different
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NPs. Nevertheless, considering all the crude oil components in a single study, despite
the foreseeable difficulty, could result in a more realistic oil phase in the reservoir,
which would be an interesting step in future work. Moreover, only one single channel
volume is considered in the work, which could potentially limit the possible contact
between the NPs with the oil phase and the solid surface. It is thus highly beneficial to
establish cyclic displacement simulation in different channel models for Janus NPs in
future work for the in-depth analysis of EOR by nanofluids. Apart from that, water
salinity, rock properties, both the size and concentration of NPs, and the system
temperature and pressure, still await intensive investigations to establish the systematic

theory for nanofluid EOR.

5. Conclusion

This work revealed the displacement mechanisms of trapped oil in the rough
channel by injection of nanofluids using MD simulations. The results completed the
missing puzzle in the current literature that is dominated by modeling of oil
displacement in smooth channels. The study indicated that hydrophilic and Janus NPs
were able to drive significantly more trapped oil out of rough channels, while
hydrophobic NPs had the lowest potential in trapped oil displacement with endangering
probability of channel blockage. Specifically, hydrophilic NPs dispersed in water
increased the viscosity of the injected fluid and disturbed the original stream field. As
a result, the friction to the oil phase at the oil-water interface was enhanced and the
sweeping scope of the displacing phase was enlarged. Janus NPs adsorbed not only at
the oil-water interface to reduce the interfacial tension but also onto the roughness
landscape (at two sides of the pillars). Driven by the injected flow, surface wettability,

and possible structural disjoining pressure, Janus NPs can migrate along the solid
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surface and into the trapped oil phase, and further exclude oil out of the trapping pockets
and alter the local surface wettability. Moreover, the slippage of Janus NPs at the
interface also contributed to the EOR effect. In contrast, hydrophobic NPs dispersed
into the oil phase and further formed clusters, showing a negligible displacement effect.
Higher pumping force was found to result in better oil displacement in all the systems.
It's worth noting that Janus NPs showed outperforming EOR potential with low
pumping force. Low force allowed for sufficient contact time between Janus NPs and
trapped oil, which was beneficial for the EOR effect. Such phenomena were supported
by the analysis of the capillary number, which suggested the EOR application potential
of Janus NPs in actual reservoir conditions. The microscopic insights provided by this
study are of great importance for the understanding of the oil displacement mechanism

of different nanofluids and for the optimization and design of NPs in EOR.
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S1. The acquisition of trapped oil/water/rough surface system

In order to model the rough channel with trapped oil, a channel filled with oil phase
was used to simulate the primary water flooding process. The initial system can be seen
in Fig. S1(a). The size of the channel and the detailed structural parameters were given
in the main text. A constant force (10 kcal/mol/A) along the x-axis was applied on the
piston for realizing the primary flooding. The simulation parameters of the primary
flooding were the same as that of displacement simulations in the main text, as given
in the Method section. The primary flooding ends as the injected water volume excludes
the easy oil out of the channel, leaving the trapped oil in the rough channel, as shown
in Fig. S1(b). The central channel part, as indicated by the dash-lined area, was used to
build the simulation systems shown in Fig .1.

© b
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5 173 Water phase Oil phase
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Fig. S1 Primary flooding and preparation of trapped oil in the rough channel. (a) The side view of the

initial displacement system with oil-filled channel and (b) the snapshot after primary flooding and 1-ns
equilibration. The colors for different phases: piston (grey), water (light blue), rough surface (red), and
oil (yellow). The dash-lined box represents the channel part of the system used for this study.

S2. Atomistic interaction parameter validation
For maintaining stable trapped oil in the channel after the primary water flooding,
a pre-test was carried out to determine the suitable atomistic potential parameters for
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the hydrophobic surface. A smooth channel filled with oil was first built (Fig. S2(a)),
with three flooding simulations carried out subsequently using different characteristic
energy between surface and water (from 0.05 kcal/mol to 0.2 kcal/mol). In performing
the simulations, all the other parameters are the same as given in the main text. The
flooding simulations ended as the injected water volume was driven into the channel.
All the simulations were equilibrated in the NVT ensemble for 3 ns. As the resulting
system snapshots plotted in Fig. S2(b), the surfaces showed enhanced attraction to oil
molecules with increasing characteristic energy eso. With &0 reaching 0.1 kcal/mol, the
surface starts to have residual oil molecules after flooding. As &5, reached 0.2 kcal/mol,
there is the oil film left in the channel and the surface under this condition can be
regarded as the hydrophobic channel. Therefore, characteristic energy €s,=0.2 kcal/mol
was chosen for the research.

(@) )
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Fig. S2 Atomistic parameter validation by flooding simulations. (a) The side view of the initial oil-filled
system and (b) the snapshots after displacement and 1-ns equilibration. The x-axis represents the
different characteristic energy.

S3. The total potential energy of the systems in equilibration simulations
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Fig. S3 The total potential energy of the systems in the 3 ns equilibration simulation. The total potential
energy of all the three systems quickly reached a plateau state and maintained stable till the end of the

simulations.

S4. The force fields parameters for NPs
Based on the previous study, the force field parameters for NPs with water, oil,
surface, and itself are listed in Table S1 [1].



Appendix A Appended papers

Table S1 Force fields parameters for NPs

Characteristic energy, Water Qil Surface | Itself
kcal/mol
Hydrophilic NPs 0.6 0.05
Janus NPs (hydrophilic part) 0.01 0.2
i 0.7 0.01
Janus NPs (hydrophobic 0.4 0.01
part)
Hydrophobic NPs 0.05 0.6

SS. Collective velocity distribution of trapped oil along the x-axis
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Fig. S4 Collective velocity distribution of the trapped oil in four systems along the direction of injection
in a period of 20 ps.

S6. The mean square displacement (MSD) of water molecules
The mean square displacement (MSD) curves of water molecules in the four
systems calculated using a 1-ns equilibrium trajectory, as shown in Fig. S5.
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Fig. S5 MSD of water molecules in the four systems.

S7. The modeling and calculation of interfacial tension

The oil/water/Janus NPs simulation system (Fig. S6(b)) containing four Janus NPs
(the diameter is 7 A) was built for obtaining the interfacial tension alteration by the
appearance of Janus NPs. For comparison, the oil/water simulation system (Fig. S6(a))
was also constructed. All the simulation parameters and atomistic interaction potentials
were the same as given in the main text. To obtain the surface tension, 5 ns equilibration
was carried out in the NPT ensemble followed by another 5 ns equilibration in the NVT
ensemble. Finally, an extra 1 ns trajectory of equilibration simulation in the NVT
ensemble was performed for the interfacial tension calculation.

(a)

°

90.77 A

Fig. S6 Systems build for characterization of interfacial tension, namely the water/oil system (a) and the
water/oil/Janus NPs system (b).

The interfacial tension of the systems (Fig. S6) consisting of two interfaces was
calculated by subtracting mean tangential stress tensors from the normal one [2].

1 1
Y= ELz[pzz 3 (Pxx + pyy)] (1)
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Where y represents the interfacial tension, L, is the length of the simulation box in the
Z-axis; Pxx, Pyy» Pzz are the stress tensors in the x-axis, y-axis, z-axis, respectively.

S8. Adsorption of oil molecules on hydrophobic NPs

Bound oil molecules on a hydrophobic NP during the displacement process were
recorded in Fig. S7. During the displacement process, these oil molecules were closely
bound to and diffused with the NP.

Fig. S7 The representative snapshots for hydrophobic NPs in the displacement. The region in the dotted
box included a hydrophobic NP with bound oil molecules. The corresponding sequential snapshots of
the NP are given as insets, marked by T1-4. The bound oil molecules are highlighted in red to track their
movement.

S9. System snapshots after displacement under the varied applied force

After displacement with varied external force, system snapshots are collected and
shown in Fig. S8. Compared to the results shown in the main text, the micro behavior
pattern of the three types of nanofluids keeps similar. Specifically, Janus NPs were
more likely to adsorb at the oil-water interface while hydrophobic NPs penetrated into
the oil phase. With increasing pumping force, more Janus and hydrophobic NPs stayed
in the water. The occurrence state of hydrophilic NPs in the system was not obviously
affected by the increasing pumping force and kept staying in the water after the
displacement.
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Fig. S8 System snapshots after displacement under varied pumping force. The x-axis indicated the
external force and the y-axis represents the types of injection fluids.

S10. Oil sweeping by hydrophobic NPs under high pumping force

As detailed snapshots shown in Fig. S9, the movement of the two marked
hydrophobic NPs was tracked under high pumping force applied on the injection fluid.
The two NPs first migrated to the top of one pillar structure where oil molecules on the
pillar bound to the NPs and subsequently being transported away.

Fig. S9. The representative snapshots for hydrophobic NPs under high pumping force. The region in the
dotted box includes the NPs of interest, with insets showing the sequential snapshots over time. The two
NPs as the observation object are marked as A and B in the figure.
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Abstract

Janus nanoparticles (NPs) hold great potential in enhanced oil recovery (EOR),
although the mechanism remains unclear. In the study, the displacement dynamics of
trapped oil in the rough channel by Janus NPs are unraveled through atomistic modeling.
The results indicate that Janus NPs with large polar faces significantly recover more oil
from the nano-pocket (nano groove of the surface). The structure of adsorbed NPs on
the wall of oil-trapping nano-pockets strongly causes the local wettability alteration,
which ultimately determines the oil recovery. The crucial events in oil recovery by
Janus NPs, termed ‘adsorption invasion process’, are identified, which comprise of
anchoring onto the surface, pinning at the edge, and entering inside the pocket. The
controlling factors are further detailed, including identification of the residual oil,
displacement pressure, and the geometry of the oil-water interface inside nano-pockets.
With the proposed analysis, the “huff-n-puff” mode is verified as the optimized
application method for Janus NPs. For the first time, our results bring to light the
dynamic wettability alteration on the rough surface by Janus NPs from atomistic
insights. The findings reveal the intrinsic EOR mechanism of Janus NPs, which could

guide the design and application of Janus NPs in EOR.
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Abbreviations

Term

25JNP

50JNP

75JNP

DPD

EOR

IFT

JNP

LJ

mW

MD

NEMD

PMF

SW

TraPPE-UA

1. Introduction

Meaning

Janus nanoparticle with nonpolar beads covering 25%
Janus nanoparticle with nonpolar beads covering 50%
Janus nanoparticle with nonpolar beads covering 75%
Dissipative particle dynamics

Enhance oil recovery

Interfacial tension

Janus nanoparticle

Lennard-Jones

Monoatomic water

Molecular dynamics

Non-equilibrium molecular dynamics

Potential of mean force

Stillinger—Weber

The Transferable Potentials for Phase Equilibria united-atom

It is expected that global energy consumption will increase by 30% or more by 2040,

led mainly by fossil fuels [1]. Owing to the aggressive exploration of easily recoverable

oil by the primary and secondary flooding, the current high cost and low efficiency in
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oil recovery have been calling for the new generation of economical and effective
enhanced oil recovery (EOR) technologies, for the purpose of extracting the huge
amount of remaining oil in the available reservoirs [2-4]. Such desires are greatly driven
by the huge challenges encountered by the traditional oil recovery methods, including
but not limited to high energy and chemicals cost, gravity override, fingering and early
breakthrough, formation damage, etc. [5-7]. On addressing the challenges,
nanoparticles (NPs) are believed to possess promising potentials, thanks to their ultra-
small size, high surface-to-volume ratio, low costs, and environmental friendliness [8-
10]. Utilizing nanofluids, namely flooding liquids with NPs, has been a focus of interest
in petroleum research and applications starting from the end of the last century [11-14].

The promising EOR effect of nanofluid flooding has been confirmed in multi-scale
experiments [15, 16], and also in a number of field trials in Colombia, Saudi Arabia,
and China [17-19]. Accordingly, multiple possible mechanisms for the nanofluid EOR,
including wettability alteration, interfacial tension (IFT) reduction, structural disjoining
pressure, and viscosity adjustment, have been proposed in different studies [9, 20].
However, because of the lack of knowledge on atomistic interactions among NPs,
fluids, and rock surfaces, the intrinsic nanoscale basis for deciphering the nanofluid
EOR mechanism is still missing. Furthermore, the published conclusions were obtained
based on various experimental schemes, which complicated the understanding of the
NP function in EOR [19]. Hence, more fundamental research inputs are urged to
accelerate the wide-ranging oilfield applications for nanofluid EOR.

It is well accepted that the chemistry and distribution of functional groups on the
surface determine the behavior of NPs [21, 22]. With the unique characteristic
properties (polarity of two distinct hydrophobic and hydrophilic parts on the surface),

Janus NPs were found to play a crucial role in EOR, with application potential proven
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to significantly exceed unmodified NPs [23-27]. Particularly, there are a good number
of studies devoted to uncovering the excellent performance of Janus NPs at the oil-
water interface [27-32]. Janus NPs were proved to be more effective in the reduction of
IFT if compared with other NPs with similar sizes [32]. Using dissipative particle
dynamics simulations (DPD), A. Striolo et al. presented that the reduction of the IFT
was determined by the surface coverage, shape, and ratio of polar/nonpolar beads of
Janus NPs [29-31]. To the best of our knowledge, Wang X et al carried out the only
reported molecular study on the interactions between Janus NPs, fluids, and solid
substrate [28]. Their results indicated that Janus NPs were able to hinder the oil
displacement and capillary pressure was found to be the crucial factor of the process.
Nevertheless, the above results were obtained in smooth channels, which could
potentially be deviating or even invalid in channels with rough surfaces in real
reservoirs [33-35]. Elucidating the EOR mechanisms of displacing trapped oil on rough
surfaces is highly desired [36], especially with the injection of Janus NPs.

Herein, molecular dynamics (MD) simulations were employed to investigate the
displacement of residual trapped oil in the rough channel by Janus NPs. Specifically,
oil recovery efficiency of Janus NPs with varied fractions of nonpolar beads on the
surface was presented. The detailed motion characteristics of Janus NPs on anchoring
onto the solid surface, sweeping trapped oil, pinning, and entering oil trapping pockets
were revealed. Crucial parameters for optimizing the EOR effect of Janus NPs were
proposed. The findings of the study open out the residual oil recovery mechanism on
the rough surface and are thus desired by the design and application of Janus NPs in

EOR.

2. Model and simulation details
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All the MD simulations were carried out using the LAMMPS package [37]. The
visualization and analysis were implemented with the OVITO software [38]. As shown
in Fig. 1, the atomic system representing the important feature of trapped oil on the
rough surface was constructed. It had periodic boundaries and contained residual
trapped oil in a nano-pocket and nanofluids. The grooved surface, namely the nano-
pocket with the dimensions of 100 x 70 x 51 A3, was created by removing the atoms in
the solid substrate of silicon crystals. In order to eliminate periodic effects, the
minimum height of the surface was set as 11 A, which was larger than the cutoff distance
(10 A). The height of residual oil film on the upper surface was around 5 A. A number
of 1004 hexane molecules were absorbed on the solid surface and in the nano-pocket
to mimic the residual trapped oil after initial water flooding and had an oil density same
as experiments. For the flooding phase, 48 spherical Janus NPs with a diameter of 10
A and 21399 water molecules were used for constructing the nanofluid with an NP
concentration of 3.9%. The initial pressure was around 24.6 MPa. Three systems, with
Janus NPs of the varied ratio of nonpolar beads covering 25%, 50%, and 75% of the
surface areas, were built, respectively. The three corresponding Janus particle types were
termed the 25JNP, the SOJNP, and the 75JNP in the following text if not otherwise

specified.
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Fig. 1. The initial structure of the simulation system. The white arrow shows the flooding direction. The
colors for different components: water (green), oil (orange), surface (white), the hydrophobic part

(yellow), and the hydrophilic part of Janus NP (blue).

The mW water model was employed for the water molecules while the Transferable
Potentials for Phase Equilibria united-atom (TraPPE-UA) description of hexane is
chosen for oil molecules. The mW is able to reproduce the important properties of water
(like energetics, density, and structure) with better accuracy than most other water
models, at an extremely low computational cost [39]. The TraPPE-UA is well suitable
for the phase separation process involving alkanes by using pseudo-atoms [40]. To be
specific, the mW water model used the Stillinger—Weber (SW) potential to feature the
many-body non-bonded interactions, while the water-oil and oil-oil non-bonded
interactions adopted the standard pairwise 12-6 Lennard-Jones (LJ) potential. In our
simulation, the main purpose is to study the displacement dynamics of the residual oil by
JNPs on the oil-wet surface, rather than demonstrating a designed material of JNPs or the
influence of the specific surface. Therefore, materials for the surface and JNPs were not

specified in the work. Based on our previous study [41], the characteristic energy &,,¢
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(water-surface) was set as 0.3 kcal/mol to form a hydrophobic surface. The characteristic
energy for interactions involved by Janus NPs was selected with reference to other
previous studies [28, 42], with the specific values listed in supporting information Table
S1.

In carrying out simulations, the systems were first energy-minimized using the
steepest descent method and followed by a 0.5-ns equilibrium stage in the NVT
ensemble at 350 K. The Nosé—Hoover thermostat with a coupling coefficient of 100 fs
was used to maintain the aimed temperature [43, 44]. In order to mimic the nanofluid
flooding process, another 60-ns non-equilibrium MD simulation (NEMD) was
conducted in each system. A constant force along the x-axis (0.01 kcal/mol/A in the
reference system) was applied to each atom of water molecules. Besides, to speed up
the simulation, Janus NPs were treated as the rigid body and the rough surface was
positionally fixed. Five independent simulations were run for each system to improve

the accuracy of results.

3. Result and discussion
3.1. Displacement of residual oil in nano pockets

The inclusion of Janus NPs into the flooding significantly affected the displacement
of the trapped oil in the nano-pocket. As the snapshots of residual oil in the nano-pocket
shown in Fig. 2, pure water flooding (JNP-free) led to an almost non-observable
displacement effect. In contrast, Janus NPs actively interacted with the solid substrate
and the trapped oil during the flooding, not only adsorbing on the rough surface but
also invading into the oil pocket depending on the surface nonpolar bead ratio. 25JNPs
adsorbed on the solid substrate and were able to enter the nano-pocket along the solid

wall. Thanks to the large area of the polar bead on the surface, 25JNPs also brought
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water molecules into the nano-pocket and extracted a significant amount of oil
molecules out of the pocket. The SOJNP also featured the behavior of the 25JNP in oil
recovery. Furthermore, S0JNPs greatly altered the oil-water interface tension in the
nano-pocket by stably dwelling at the oil-water interface [26]. 75JNPs entered the oil-
trapping nano-pocket by immersion into the oil phase, thanks to the large portion of
surface nonpolar beads. As such, a certain amount of oil molecules was displaced by

75JNPs due to volume exclusion in the nano-pocket.

50JNP 25JNP JNP-free

75JNP

15 30 45 60 Time (ns)

Fig. 2. System snapshots of the displacement process with different flooding. The x-axis indicates the
simulation time, and the y-axis represents the types of injected Janus NPs. For better visualization, only

the area near the nano-pocket was shown in the snapshots.

Because of the different behaviors of Janus particle types detailed above, the final
performance of oil recovery varied correspondingly. The recovery efficiency defined
by the percentage of oil molecules displaced out of the nano-pocket at the end of the
simulations was shown in Fig. 3(a). The 25JNP and the SOJNP possessed the most

obvious displacement effect, yielding a recovery efficiency of ~34.7% and ~36.9%,
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respectively. In comparison, the 75JNP showed a much lower recovery efficiency of
~8%. Pure water flooding resulted in the lowest recovery efficiency (~1.7%) as
expected given that the mobility of residual trapped oil was known to be highly limited
after primary and secondary flooding [45, 46]. The surface properties of the Janus NPs
determined their final distribution in the nano-pocket after flooding. As shown in Fig.
3(b, left panel), all the Janus NPs favored accumulating on the left-side wall of the
nano-pocket. Both 50 JNPs and 75JNPs appeared in the center of the nano-pocket, as
they either adsorbed at the oil-water interface or immersed into the oil phase. In contrast,
there were almost no 25JNPs in the center of the nano-pocket. The three kinds of Janus
NPs also exhibited varied migration depth into the nano-pocket, as depicted in Fig. 3(b,
right panel). The bigger the surface nonpolar area, the deeper invasion of the NPs into
the nano-pocket, given the same flooding condition. Obviously, the distinct motion
patterns and adsorption positions of Janus NPs underlay the displacement mechanism
and subsequently the recovery efficiency, which will be discussed in detail in the

following sections.
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Fig. 3. Oil recovery efficiency and NPs distribution. (a) Recovery efficiency with different types of Janus
NPs; (b) Distribution of NPs, quantifying by the density profiles of the atoms belong to the Janus NPs
along the flooding direction (x-axis, left panel) and the depth of the nano-pocket (z-axis, right panel),
respectively. The position of the walls and the entrance of the nano-pocket were marked in the figure.

Representative system snapshots were shown as the inset with different perspectives for visualization.

3.2. Migration characteristics of Janus NPs
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3.2.1 The structure of adsorbed NPs on the wall of the nano-pocket

The migration of Janus NPs into the nano-pocket along the solid wall underpinned
recovery of trapped oil, either by leading invasion of water, alteration of the oil-water
interface, or simply volume exclusion as discussed above. Hence, it is of great
importance to further characterize the linkage between the dynamic oil recovery,
illustrated by the real-time oil molecule numbers in Fig. 4(a), and the change in the
distribution and the behavior of the NPs in the nano-pocket in Fig. 4(c). Three quantities
were adopted here for the analysis of the NPs’ structure, namely the surface coverage
¢ of the pocket wall, the average centroid depth D, and the ratio of hydrophilicity
Rpyaropnitic- The detailed definitions of the three quantities were given below, with the

sketch given by the snapshot in Fig. 4(b).
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Fig. 4. Oil recovery and the underpinning behaviors of Janus NPs. (a) The number of oil molecules inside
the nano pocket during the displacement. (b) Adsorption and migration of NPs on the wall of the nano-
pocket and sketch of the Vi,yarophobic definition. The snapshot on the left indicated the specific NPs of
interest for the analysis, and the example on the right indicated the volume of hydrophilic beads in a
Janus NP used for the calculation; (c) Changes in three important quantities of the Janus NPs migrating
into the nano-pocket, namely @ surface coverage, @ average centroid depth, and @ the ratio of

hydrophilicity from top to bottom.
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The surface coverage ¢ reflects the adsorption quantity of the NPs on the wall of the
nano-pocket (Fig. 4(c, @)), which is calculated as:

Nxmd?
4A

¢ = (1
where N is the number of adsorbed NPs, d is the diameter of NPs and A4 is the surface
area of the wall (dotted area in Fig. 4(c)). The higher the ¢ value, the more NPs
adsorbed and migrated on the solid wall inside the nano-pocket. For all the Janus NPs,
¢ featured an obvious increasing pattern during the displacement process, with the
50JNP being the most outperforming in reaching a saturated plateau and in the number
of absorbed NPs (Fig. 4(c, @)). The depth of the adsorbed NPs directly quantifies the
migration of the NPs along the solid wall into the nano pocket, which was characterized
by the average centroid depth D. As shown by Fig. 4(c, @), all the Janus NPs gradually
moved down inside the nano-pocket during the displacement. SOJNPs were able to

migrate the deepest distance at the end of the displacement. Interestingly, the SOJNP

took the shortest time to reach the deepest position in the nano-pocket (Fig.4 (c, @))
and the highest ¢ value (Fig. 4(c, D)), which directly resulted in the highly effective

oil displacement (Fig. 4(a)). The orientation of the NPs adsorbed on the solid wall
directly caused the local surface wettability alteration. The solid substrate was
parameterized to be relatively hydrophobic in this work. As such, adsorbed Janus NPs
with their polar faces toward the liquid phase resulted in an increase of hydrophilicity
of the surface, namely making the surface more water-like. The contribution of the
Janus NPs in wettability alteration was indicated by the ratio of hydrophilicity
Ruyarophitic» which is defined as:

Vhydrophilic Q)

Rhydrophilic = Vhatr
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As sketched in Fig. 4(b), Vi,yarophitic accounts for the volume of the hydrophilic (polar)
beads in the half of NPs, V},;f , away from the solid wall. Taking the 50JNP for
example, the Rpyaropnitic would have a value of 0 or 1 if the polar and nonpolar faces
cross-section surface was parallel to the solid wall and the polar faces were facing to or
against the solid wall, respectively. Otherwise, the Rpy4ropnitic had a value between 0
and 1. Given that the 25JNP and the 75JNP were not symmetric in surface polarity like
the S0JNP, the absolute value of Rpyaropnitic Was not the only focus of interest for
comparison but also the pattern of changes. As shown in Fig 4(c, ®), the adsorbed
25JNPs had the highest Ry qropniiic as expected, given their highest portion of polar
beads in the NP. 50JNPs also exhibited a high value of Rp,ygrophitic, indicating their
effectiveness in converting their adsorbing surface area into hydrophilic. Both the
25JNP and the 50JNP featured a common slowing increase pattern of Ruyaropnitic
during the displacement. Despite that the SOJNP yielded an obvious lower Ryyarophitic
(0.68) than the 25JNP (0.95), their oil recovery efficiency was still superior (Fig. 4(a)),
which could be attributed to more adsorbed SOJNPs on the sidewall (i.e. higher ¢ and
lower D). The 75JNP had the lowest and a decreasing pattern of Rpyarophitic in the
three Janus NPs, owing to their relatively small polar faces. As a result, the 75JNP did
not show significance in surface wettability alteration, which could be a reason for their

low oil recovery (Fig. 2).

3.2.2 Motion pattern of adsorbed Janus NPs
The motion pattern of Janus NPs on the surface is the key to elaborate the mechanism
of oil recovery. The Janus NPs were able to slide on the substrate and spontaneously

invade into the nano-pocket, which suggested an underlying special energy landscape.
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To verify this phenomenon, the potential of mean force (PMF) was calculated using
umbrella sampling. The PMF quantified the energy differences of one adsorbed Janus
NP at different positions on the surface with the oil film without external flooding force,
as the calculation system can be seen in Fig. S1. Similar to the umbrella sampling in
other studies [28], the NP was anchored to positions with constant interval distances
along the oil film plane by a harmonic potential for sampling in equilibration
simulations. The displacement distance of the NP from its original position and the
corresponding force from the harmonic potential were recorded and processed using
the WHAM algorithm [47, 48]. Due to the symmetry of the system, the calculation only
covered the first half of the system in the x-direction. As shown in Fig. 5(a), the PMF
featured fluctuations at different positions on the solid substrate and flatted out at the
oil-water interface over the nano-pocket. The fluctuations of the PMF were attributed
to the lattice structure effect of the substrate, namely the matching atomic structure
between the Janus NPs and the surface. Good matching can lead to low energy valley
of the PMF. If the atomic radius of the solid substrate increased, thus smoother surface,
the amplitude of fluctuation decreased, as confirmation results showed in Fig. S2.
Interestingly, there was the minimized energy at the entrance of the nano-pocket, and a
subsequent high energy barrier for the Janus NPs to directly migrate along the oil-water
interface over the nano-pocket, as highlighted in Fig. 5(a). Correspondingly, as indicated
in Fig. 5(a), the Janus NP was stably pinned at the edge of the solid substrate. Taking the
applied flooding force into consideration, such pinning effect enabled the further
downward invasion of the Janus NPs into the nano-pocket and oil recovery. Without the
pinned Janus NPs, the flow direction of pure water displacement at the edge of the
surface didn’t change much from the flooding direction. In comparison to the local

streamlines of water plotted in Fig. 5(b), the adsorbed Janus NPs at the edge of the
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substrate altered the local wettability and resulted in the transformation of the
waterflood direction. In other words, adsorbed Janus NPs on the plane solid surface and
slid by the external flooding force were highly likely to stay at the rough edges of the
surface and further migrate into the rough structures, which has been observed and

confirmed in the experiments [49, 50].
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Fig. 5. Motion pattern of adsorbed Janus NPs. (a) The PMF of an NP transporting from the left side of
the surface to the middle of the nano-pocket along the oil-water interface. The energy well resulting in
pinning effects of Janus NPs is highlighted in the figure. (b) Local streamlines of water molecules around
adsorbed Janus NPs. The red arrows indicated the motion of Janus NPs at the entrance of the nano-pocket

for better visualization.

With the above analysis, the key events in the motion of Janus NPs adsorbed on the
solid surface can be summarized as Fig. 6. There were four stages involved in the
‘adsorption invasion process’, namely oil-water interface identification and surface
adsorption, edge pinning, invasion, and collision and pushing. More specifically, the
Janus NPs were able to identify the oil-water interface and further adsorbed on the solid
surface relying on their hydrophobic face. Driven by the flooding flow, the Janus NP
slid on the surface and pinned stably at the edge of the substrate owing to the local deep
energy well, termed pinning effect. Impelled by the local flooding currents, the NP
initially invaded into the entrance of the nano-pocket along the solid wall. With given

more Janus NPs adsorbing on the substrate and following the above route, multiple
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Janus NPs entered the nano-pocket and pushed the NPs in front to move down inside
the nano-pocket. Owing to the unique surface wettability polarity, the Janus NPs can
rotate and adjust their position in this process and alter the wettability of the solid wall.
Such motion pattern resembled the appearance and growth of climbing film observed
in the previous experiment [27], and provided atomistic details for a better

understanding.

Oil-water Interface

@-@\/L\@_\Q/_,.\ @v

Fig. 6. Schematic diagram of the ‘adsorption invasion process’ of Janus NPs in the flooding. From left
to right are @ oil-water interface identification and surface adsorption, @ edge pinning, ® invasion, and

@ collision and pushing.

3.3. Controlling factors analysis

The representative motion pattern of Janus NPs on the solid surface can be
specifically termed the ‘adsorption invasion process’ here (Fig. 6), which determined
the arrangement of NPs inside the nano pocket and greatly influenced the amount of
extracted oil. For a given rough surface of similar nature, three factors dominate the
‘adsorption invasion process’: identification of the residual oil, the driving force for
migration, and geometry of oil-water interface inside the pocket.

The 25JNP and the S0JNP behaved effectively in oil displacement, as indicated by
Fig. 4, and were taken for illustrating the “adsorption invasion process” in detail.
Firstly, the more Janus NPs adsorbed onto the flat substrate, the higher probability of

gathering of NPs inside the nano-pocket and the higher the oil recovery. As the surface
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coverage of Janus NPs on the flat substrate monitored in Fig. 7(a), SOJNPs were able to
adsorb and populate swiftly at the beginning of the displacement process, namely to
fast identify the residual oil, which led to the fast recovery of a large number of oil
molecules from the nano-pocket (Fig. 4(a)). In comparison, the 25JNP took a much
longer time to populate the flat substrate area, which resulted in slower oil recovery
(Fig. 4(a)). The fast adsorption of the SO0JNP can be attributed to the strong interaction
potential of their nonpolar faces with the oil molecules, as shown in Fig. S3. Adsorption
of the S0JNP resulted in the fast decrease of the system's total energy, which was
energetically favorite. In contrast, adsorption of the 25JNP led to a much less obvious
contribution of system energy minimization owing to the much smaller nonpolar faces
on NPs. Sufficient surface coverage of the 25JNP only happened in the later stage of
displacement and subsequently the effective ongoing events of the “adsorption invasion
process”. Nevertheless, the high surface coverage of NPs either by the 25JNP or the
50JNP increased the collision and pushing of the fourth stage in Fig. 6, and so forth oil
recovery. The encouraging result of residual oil recovery highlighted the importance of

the identification of the residual oil by the Janus NPs.
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Fig. 7. Key factors determining oil recovery. (a) Dynamic surface coverage @ by the 25JNP and the
S0JNP on the flat substrate in the displacement. (b) The recovery efficiency by the varied applied force.

The sketch solid line in the plot is for visualization.
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The main driving force interplayed with other factors for the migration of Janus NPs,
i.e., the displacement force, was also essential to oil recovery. There was an optimal
threshold range of driving force, neither monotonically high nor low, for the highest oil
recovery efficiency. The relationship between the applied external force and the
recovery efficiency (ratio of the reduced oil molecules to the total) was recorded in Fig.
7(b), with the final system snapshots under the corresponding forces provided in Fig.
S4. Under low driving forces, the Janus NPs diffused slowly and had a sufficient time
to adsorb on the flat substrate. Meanwhile, the Janus NPs gained low pushing force at
the pinning position at the edge of the substrate to enter the nano-pocket. On the other
hand, the excessive driving force was more likely to overpower the pinning effect and
forward push the NPs over the nano-pocket, in addition to decreasing the possibility of
NPs adsorbing on the flat substrate. This was highly detrimental to the accumulation of
NPs on the solid wall of the nano-pocket. As such, only the suitable displacement force
enabled the promotion and acceleration of the ‘adsorption invasion process’ (Fig. 7(b)).

The alteration of the oil-water interface in the nano-pocket by the Janus NPs is worth
further noting. As presented in Fig. 2, the SOJNP led to the tilted oil-water interfaces
inside the nano-pocket, of which the 25JNP resulted in horizontal ones. Given the same
invasion depth of Janus NPs, the horizontal oil-water interface means more oil
recovery. By the analysis shown in Fig. 4(c), the most obvious wettability alteration by
25JNPs also contributed to the horizontal oil-water interface, as the large polar faces of
the invaded 25JNPs encouraged more water molecules to enter the nano-pocket. It is
also important to mention that the SOJNP could potentially raise NPs jamming effect in
the nano-pocket. There were a considerable number of 50JNPs stably adsorbed at the
oil-water interface and even at the exit edge of the nano-pocket. The accumulation of

50JNPs could further prevent the intrusion of the nearby water molecules into the nano-
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pocket. The less stability of the 25JNP at the oil-water interface greatly eliminated such

effects.

3.4. Optimization demonstration

The results and analysis above opened rational avenues for the optimization of oil
recovery. Taking the 25JNP for example, enhancing the initial adsorptions of Janus NPs
on the flat substrate can improve their performance in oil recovery under the previously
applied force. For demonstration, a new displacement process with the 25JNP was
carried out with a 30-ns equilibration simulation for adsorption of as many 25JNPs onto
the flat substrate as possible prior to applying external force. The reason for employing
no external driving force in the initial stage (equilibrium stage) was that low to no
displacement force contributed to the increased recognition probability of residual oil
by NPs. In other words, the displacement working mode of the simulation changes from
constant flooding to a cycle of “huff-n-puff”’. Following such an optimized flooding

approach, the oil recovery effect was greatly elevated, as results shown in Fig. 8.
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Fig. 8. The optimization approach for outperforming oil recovery. (a) The number of residual oil
molecules in the nano-pocket with the injection of 25JNPs with the optimized displacement process.

Performance by the 25JNP and the S0JNP in the original displacement process is shown (grey curves)
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for comparison. (b) System snapshots of oil exaction after optimized displacement process; (c) Dynamic
surface coverage @, centroid depth D, and the ratio of hydrophilicity Rpyaropnuic following the

optimized flooding.

As shown by the change in the amount of residual oil in the nano pocket in Fig. 8(a),
the optimized flooding approach promisingly increased the final oil recovery efficiency
to almost 70%. For the same given flooding time under the same driving force, the
optimized approach also extracted more oil than the original flooding cases. Besides
the excellent oil recovery effect, the system snapshots during the displacement process
shown in Fig. 8(b) further confirmed more NPs adsorbed on the flat substrate after the
equilibrium simulation. Furthermore, the optimized flooding resulted in higher values
of ¢ and Rpyaropnitic and at the same time, lower value of D by adsorbed Janus NPs
(Fig. 8(c)) if compared with the original flooding (Fig. 4(c)). The results suggested that
the introduction of an extra equilibration was highly beneficial for promoting the
‘adsorption invasion process’, which made the solid wall in the nano-pocket more
hydrophilic and led to more oil recovery. The demonstration carried out using the
25JNP should apply to other Janus NPs. The “huff-n-puff” flooding approach could be
a favorite operating mode for such trapped residual oil in the reservoir. As such
enhancing the ‘adsorption invasion process’ can be a key consideration in the design of

Janus NPs and the modification of flooding working mode.

5. Discussion

Atomic modeling and MD simulation provide nano-level information, especially the
detailed interaction between components in the complex nanofluid system, which is
formidable to obtain in large-scale oil displacement experiments. Such knowledge is

essential for the design and application of JNP in nano-enabled petroleum engineering.
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This work adopts the coarse-grained modeling approach to achieve faster sampling by
reducing the degree of freedom of the system. The selected force field has been proven
to successfully reproduce the nature of the components in nanofluid systems, including
physical characteristics of the fluid, the amphiphilicity of NP, and the hydrophobicity
of the surface. The modelled topography of the rough surface, here represented by the
rectangular groove as in the previous studies, is able to serve the purpose of stably
trapping residual oil. The periodic boundaries of the simulation systems enable an
infinitely long rough surface with the trapped oil film, which is beneficial to the
continuous capture and investigation of the displacement behavior of JNPs. Thus, the
designed model is eligible to be a basic case for the study of the displacement of nano-
scale trapped oil by JNPs, which corresponds to the nanoscale locations in the rough
throats or in the internal channel of nanopores in the actual reservoir.

Unlike the previous atomistic simulations focusing on smooth channels [28], the
result is more relevant to the experimental results [23-25] on deciphering the excellent
EOR effect of JNP. Regarding the understanding of the EOR mechanism of JNP,
previous experiments have confirmed the IFT reduction and wettability alteration
caused by JNP without evaluating their contributions in the process. Giraldo et al.
believe that reducing IFT is the decisive factor in this process rather than the wettability
alteration [25, 26]. The present work further details the dominating contribution of
wettability alteration in the nanoscale oil film displacement effect. The simulations
provide atomistic resolution for observing key steps of INPs dynamics in the process
of the oil-film type of residual oil displacement. Such resolution is obviously missing
in the experiment where it is impossible to distinguish the specific role played by JNP
for various remaining oil types (clustered, columnar, droplet, etc. [S1]). As such,

simulations of this kind provide the possibility for the refined interpretation of the EOR
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mechanism of JNP. Furthermore, this work reveals the dynamics of wettability
alteration (ie, the 'adsorption invasion process'), which is highly valuable to
nanoparticle design in EOR. Interestingly, the 'adsorption invasion process' observed in
this work features the previous proposed 'climbing film' of Janus nanosheets [27].
However, the intrinsic mechanisms of the two are different. As the so-called Marangoni
stress is the key to ‘climbing film’, the pinning effect driven by local energy minimum
governs the 'adsorption invasion process' in the migration of JNP on the solid surface
and into the nano-pores.

It should be noted that this work focuses on the displacement of oil film by JNPs on
a rough surface with simplified parameter sets. Key factors such as oil type properties,
water salinity, rock properties, the concentration of JNPs, pore geometries and size, and
system temperature and pressure, await intensive investigation and discussion.
Nevertheless, it is foreseeable that some of these factors have their synergy to the
‘adsorption invasion process’ of JNP on the EOR. Further extensive atomistic modeling
and simulations are needed for answering such questions. Lastly, upscaling the results
and eventually bridging them to the reservoir scale is the ultimate goal in future work.
It’s undeniable that the obtained motion pattern and the optimal fraction of hydrophilic
parts for JNP can qualitatively guide the design and fabrication of JNP in EOR. What’s
more, the results can provide a design basis of the bottom layer parameters for the final
effect prediction at the reservoir scale. As illustrated in the framework of the multiscale
EOR research method (Fig. 9), the work contributes to the fine-tuning of the parameters
for microscale experiments or fluid simulations such as roughness and JNP properties.
Based on this, the microscopic study can verify the displacement effect of JNP and
further extend the displacement characteristics to the core scale. Finally, the prediction

of the displacement effect of JNP under actual reservoir conditions is carried out in the
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reservoir numerical simulation with the help of the evaluation of the performance of
JNP in core flooding. Besides, combined with the increasingly mature machine learning
technology, a large number of MD simulation results can also be adopted to construct
a screening chart of JNP properties and displacement effects, which can be directly
utilized in the design of EOR applications.
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Fig. 9. The framework of the multiscale EOR research techniques. The CFD is short for Computational

Fluid Dynamics.

6. Conclusions

Oil recovery from the rough surface by displacement of Janus NPs was investigated
using atomistic modeling and MD simulations. The study found that Janus NPs with
larger polar faces (25JNPs and 50JNPs) achieved a more notable oil recovery effect
than those with smaller polar faces (75JNPs) or pure water (JNP-free). The structure of
adsorbed NPs on the wall of the nano-pockets strongly affected oil recovery efficiency.
Altering the solid wall to be more hydrophilic by adsorbed Janus NPs can lead to deeper
migration of the NPs into the nano-pocket and more oil recovery. Furthermore, an
‘adsorption invasion process’ was identified in this work, highlighting the key
mechanism of the oil recovery effect of Janus NPs. Specifically, Janus NPs adsorbed
on the solid surface by first identifying the oil-water interface. Constrained by the

pinning effect, the adsorbed Janus NPs slid and stayed on the edge before entering oil
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trapping nano-pockets. Under the impelling local water flow, the pinned Janus NPs
were forced into the nano-pocket along the solid wall. With the continuous collisions
and pushing, more Janus NPs could further migrate deep into the nano-pockets.
Moreover, controlling factors, including identification of the residual oil, displacement
pressure, and the geometry of the oil-water interface inside nano-pockets, were
proposed for the ‘adsorption invasion process’. Utilizing the new results and analysis,
an optimization flooding approach, namely the “huff-n-puff” working mode, was
proposed, which yielded outstanding oil recovery performance. The findings of this
work directly correlated critical factors with oil recovery on the rough surface by Janus
NPs for the first time and shed light on the intrinsic EOR mechanism of Janus NPs. The
results provided guidance not only for designing the suitable Janus NPs, but also for

modifying the targeted displacement strategy in the practical applications of EOR.
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Atomistic Insight into Oil Displacement on Rough Surface by
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Table. S1. Energy well depth (characteristic energy, kcal/mol) of interaction Lennard-
Jones potential between the hydrophilic/hydrophobic parts of the Janus NPs with the
other components of the simulation systems.

Characteristic energy, kcal/mol Water Qil Surface
Hydrophilic part of NPs 0.4 0.01
0.7
Hydrophobic part of NPs 0.01 0.2
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Fig. S1. The side view of the calculaﬁo.ﬁ system ‘fér the ‘f)oieﬁtial of mean force. The Janus NP was
anchored by a harmonic potential at different positions with constant interval distances along the water-
oil interface. The force constant of the harmonic potential is 2 kcal/mol/A%. The displacement distance
of the NP from its original position and the experienced force from the harmonic potential were recorded
and analyzed by the WHAM algorithm. The colors for different components: water (green), oil (orange),

surface (white), hydrophobic part of Janus NP (yellow), and hydrophilic part of Janus NP (blue).
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Fig. S2. The potential of mean force of a Janus NP transporting from the left side of the surface to the
middle of the system with the smoother substrate surface. The atoms comprising the surface had atom
sizes, namely a larger sigma value of 7 A. The result from this system is only for comparison with PMF

given in the main text, and for clarifying the effect of atomic structure on the fluctuation of the PMF.
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Fig. S3. Interaction potential between the two Janus NPs (25JNP and 50JNP) with the oil phase during

the flooding.
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Fig. S4. The final system snapshots of displacement varied external forces ranging from 0.005 to 0.05

kcal/mol/A.

118



Appendix A Appended papers

Paper 111

A.3 Paper 111

Unraveling the Influence of Surface Roughness on

Oil Displacement by Janus Nanoparticles

Authors: Yuanhao Chang, Senbo Xiao, Rui Ma, Zhiliang Zhang and Jianying He

Petroleum Science, 2023.02.

119



Appendix A Appended papers

Unraveling the Influence of Surface Roughness on
QOil Displacement by Janus Nanoparticles

Yuanhao Chang ?, Senbo Xiao *!, Rui Ma ?, Zhiliang Zhang ?, Jianying He **

? Department of Structural Engineering, Norwegian University of Science and

Technology (NTNU), 7491 Trondheim, Norway

Abstract

Janus nanoparticles (JNPs) possess great potential in recovering the residual oil from
reservoirs, however, the fundamental interaction mechanisms among nanoparticles, the
oil, and reservoir wall characteristics remain to be elucidated. In this work, models of
oil trapping grooves with different geometric features are subjected to molecular
dynamics simulations for investigating the influences of roughness parameters on oil
displacement dynamics by JNPs. Four key surface geometry parameters and different
degrees of surface hydrophobicity are considered. Our results indicate that JNPs hold
an outstanding performance in displacing residual oil on weakly to moderately
hydrophobic surfaces. Overall, smaller entry and exit angles, the larger aspect ratio of
the oil trapping grooves, and a bigger tip length of the rough ridges lead to superior oil
recovery. Among the key geometric parameters, the aspect ratio of the oil trapping
grooves plays the dominant role. These insights about the interaction of surface
properties and JNPs and the resulting trapped oil displacement could serve as a
theoretical reference for the application of JNPs for targeted reservoir conditions.
Keywords: Janus nanoparticles; oil displacement; enhanced oil recovery, molecular

dynamics simulation; rough surface

1. Introduction

Being the greatest part of global energy, the demand for fossil fuels will grow by
more than 30% in 20 years (Qian and Li, 2018). Since most oil fields have reached the
economic limit of the secondary oil recovery stage, the implementation of enhanced oil

recovery (EOR) measures is the key to meeting the oil consumption demand (Jia, 2020;
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Li et al., 2000). Taking Norway as an example, a merely 1% recovery increase in the
EOR stage will translate into more than 300 billion Norwegian kroner in revenue.
Currently, the traditional EOR technology has entered a bottleneck period due to
challenges like high cost, eco-unfriendliness, and gravity override (Chang et al., 2016;
Kang et al., 2020; Sun et al., 2015). In the meanwhile, nanoparticles have been widely
accepted to have great potential to be a breakthrough in EOR (Liang et al., 2021; Sun
et al., 2021; Zhang et al., 2022). In particular, there is growing interest in the EOR
application of Janus nanoparticles (JNPs) whose surfaces have two distinct wettability
(Jia et al., 2021; Shi et al., 2019; Wu et al., 2020b).

There is a bulk of encouraging results indicating that JNPs exhibit significantly better
performance and greater application potentials than conventional homogeneous
nanoparticles in the EOR process (Giraldo et al., 2019; Li et al., 2020; Liang et al.,
2017; Liu et al., 2020; Luo et al., 2016; Wu et al., 2020a; Yin et al., 2019). Through
experimental studies, JNPs were found to contribute to water viscosity increment
(Giraldo et al., 2019), interfacial tension reduction (Wu et al., 2020a; Yin et al., 2021),
and surface wettability alteration (Giraldo et al., 2019; Wu et al., 2020a) in the EOR
process. Moreover, JNPs exhibited a special dynamic displacement mechanism of
climbing film growth and slug-like displacement that was not observed in other
homogeneous nanoparticles (Luo et al., 2016). What’s more, the simulation study
provides the theoretical fundamentals of JNPs in EOR technology (Ahmadi and Chen,
2021; Zhao et al., 2019), which effectively compensates for the current limitation of
experimental conditions at the nanoscale. For example, the interfacial activities of JNPs
at the oil-water interface were explored by dissipative particle dynamics (DPD)
simulations, yielding results for the design of the Pickering emulsion (Luu and Striolo,
2014). The self-assembly and characteristics of JNPs at the oil-water interface were
studied by molecular dynamics (MD) simulations, which supplied the basis of JNP
applications in practice (Xiang et al., 2017). Due to the size limitation of these
simulation systems, only a limited number of nanofluid flooding systems involving
solid surfaces exist. Unexpected results of JNPs impeding oil displacement were
observed in capillary pressure-dominated smooth nano-channels (Wang et al., 2019).
The great potential of JNPs in displacing residual oil from rough channels was also
newly reported (Chang et al., 2022a). Moreover, the outstanding performance of JNPs
and their unique dynamics of the wettability alteration process (namely, the ‘adsorption

invasion process’) were revealed (Chang et al., 2022b). Obviously, these limited works
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are far from the complete understanding of displacing trapped oil in reservoir pores and
throats with JNPs.

It is worth noting that the significantly different results in smooth and rough
nanochannels highlight the influence of roughness in oil displacement dynamics (Niu
and Tang, 2014; Wang et al., 2019; Zhang, 2016). Besides, differences in flow and
wetting characteristics of nanofluids on smooth and rough surfaces have been
confirmed in studies in varied research fields (Durret et al., 2018; Savoy and Escobedo,
2012; Wang et al., 2017). Hence, only by taking into account the roughness effect of
solid surfaces (the actual reservoir situation), the motion law of JNPs, the oil
displacement effect, and the EOR mechanism can be more truly manifested.
Considering the size limitation of molecular simulation systems, it is nevertheless
challenging to construct the real rough topography in the oil reservoir. Generally,
surface roughness is featured by grooves with regular shapes in MD simulations (Fang
etal., 2019; Yaghoubi and Foroutan, 2018). By modifying the geometric parameters of
the grooves, the influence of the surface roughness on fluid dynamics or wetting can be
effectively elucidated (Fang et al., 2019; Song et al., 2018; Xie and Cao, 2016).
Regrettably, there are seldom molecular simulation studies on the influence of
nanochannel roughness on oil displacement.

Herein, the effects of surface geometric parameters on displacing oil from nano-
pockets are investigated. Specifically, the tip length of the ridge (S), entry angle (a),
exit angle (B), and the aspect ratio (A) of the groove width (L) to depth (H) (that is,
A=L/H), as shown in Fig. 1, are chosen as the focused roughness parameters. As the
most common geometric parameters in research on the rough surface (Fang et al., 2019;
Lalegani et al., 2018), their combinations are able to cover almost all the rough surface
geometry. By monitoring the formation of JNPs adsorption film on the sidewall of the
grooves and comparing the final oil displacement results, the EOR effect of each
surface geometric parameter is quantitatively analyzed and clarified. Moreover, an in-
depth discussion on the possible interactive influence among the geometric parameters
and the limitation of this work is conducted. The results broaden the understanding of
the adaptability of INPs in displacing residual oil on rough surfaces and are thus desired

by the application of INPs in EOR.

2. Model and simulation details

2.1. Molecular model
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The model systems are constructed with the aim to capture the key features of rough
surfaces with trapped oil for displacement by the injection of JNPs, as one
representative example shown in Fig. 1. Following previous studies and for the sake of
simplicity(Chang et al., 2022b), the model systems hold a dimension of 100 x 70 x 151
A® with periodic boundary conditions. The rough surface is created by removing atoms
from an initially smooth silicon crystal to result in a groove, as represented by a
rectangular groove in Fig. 1. The hydrophobicity of such surface is controlled by its
inter-atomic interactions with the water and oil phase, namely the force-field
parameters, which could capture the wetting features of common types of rocks found
in actual reservoirs (Harrison et al., 2014; Kondratyuk et al., 2005). To avoid artificial
molecular interactions across the solid surface because of the periodic boundary
condition, the minimum height at the bottom of the groove in the surface (11 A) is set
to be larger than the cutoff distance of the non-bonding interactions (10 A). The crucial
geometric parameters of the surface roughness, namely the tip length of the ridge (S),
entry angle (a), exit angle (B), and the aspect ratio of the groove (A) as depicted in the
figure, are altered in surface modeling, with the chosen values listed in Table 1. As
such, multiple systems with varied rough surfaces are obtained for the oil displacement
simulations. It is worth noting here that the system containing a rough surface with S =
50 A, @ =270°, B =270° and A = 1.25 is taken as the reference for result comparison,
as highlighted in the bold text in Table 1. For the fluid of the model systems, hexane
(model density 640 kg/m?), water, and spherical INPs with diameters of 10 A (d = 10
A) are used. As an example, the reference system contains 1001 oil molecules, 21400
water molecules, and 48 JNPs with a nanoparticle volume concentration of 3.9%. The
JNPs are evenly distributed in the solution before flooding simulation in an equilibrium

state.
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Fig. 1. Representative structure of the simulation system. The white arrows indicate the flooding
direction in the periodic simulation box. The colors for different components in the system: water (light
blue), oil (pink), surface (grey), hydrophobic part (orange), and hydrophilic part (green) of Janus NPs.
The key geometric parameters, the tip length of the ridge (S), entry angle (a), exit angle (B), groove width
(L), and depth (H) are illustrated in the figure.

Table 1. The selected geometric values in modeling the rough surfaces. The bold values are the

parameters of the reference model.

Geometric Parameters Designed Value
Tip Length of the Ridge (S) (=10A) 2.5d 3d 4d 5d 7.5d 10d
Entry Angle (o) 210° 225° 240° 270° 300° 315°
Exit Angle () 210° 225° 240° 270° 300° 315°
Aspect Ratio of the groove (A) 0.625 1.250 1.875 2.500 3.125 3.750 5.000

2.2. Force field
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The atomistic interaction parameters are selected following previous studies.
Specifically, the monoatomic water (mW) model is adopted for the water phase, while
the Transferable Potentials for Phase Equilibria united-atom (TraPPE-UA) description of
hexane is employed for oil (Martin and Siepmann, 1998; Molinero and Moore, 2009).
The mW water models interact via the 3-body Stillinger—Weber (SW) potential to
account for the hydrogen bonding in water. The water-oil and oil-oil non-bonded
interactions follow the standard pairwise 12-6 Lennard-Jones (LJ) potential. The
combination of the water and oil models is found to appropriately capture the fluid
properties at minimal computational costs (Chang et al., 2021). The interactions between
the surface with water and oil are also parameterized by LJ potentials, with the oil droplet
contact angle on the surface controlled by the characteristic energy &,,; (water-surface),
as depicted in Fig. S1. Since the focus is the influence of the morphology of rough surface
rather than the specific materials of the surface, the choice of the g, is to guarantee the
oil phase is trapped in the groove on the surface for flooding, as detailed in the follow
sections. The characteristic energy for interactions involved the JNPs is selected from the
previous studies (Chang et al., 2022b), with the values given in the supporting
information (Table S1). Although the atoms in the systems are free of charge, the effect
of coulombic interactions in the system, especially among the water molecules, are

implicitly accounted for by the adopted water model and the force field.

2.3. Simulation strategy and process

All the MD simulations are performed with the LAMMPS package (Plimpton, 1995)
and visualized with OVITO software (Stukowski, 2009). In our simulations, the
systems are first energy-minimized using the steepest descent method and followed by
a 5-ns equilibrium stage in the NVT ensemble at 350 K. The simulation time step is 3
fs. The Nosé—Hoover thermostat with a coupling coefficient of 100 fs is adopted in the
simulations (Hoover, 1985). After then, another 60-ns non-equilibrium MD simulation
(NEMD) is carried out to simulate the NP flooding process, with a constant force (0.01
kcal/mol/A) applied on each of the water molecules along the x-axis of the simulation
box. To speed up the simulation of such big systems, rigid JNPs are chosen. As such,
any result obtained here in this work applies to relatively rigid nanoparticles used in
EOR. At the same time, the rough surface is positionally fixed. Five independent

simulations are carried out for the flooding process in each system.
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3. Results
3.1. Oil displacement dynamics on the rough surface by JNPs

It is known that local wettability alteration is one of the major mechanisms in
residual oil displacement by JNPs. Especially, the dynamic ‘adsorption invasion
process’ in wettability alteration was identified to be the main motion pattern of the
JNPs in the oil displacement (Chang et al., 2022b), as schematically illustrated in Fig.
2. Because of their special surface wettability, JNPs are prone to adsorb at the oil-water
interface and onto trapped oil films on rough surfaces. Under the shear flow of the
flooding water, JNPs slide on the surface and then linger at the edge of oil trapping
grooves because of the pinning effect. Driven by the local water currents, the
accumulated JNPs at the edge of the groove are able to invade the entrance of the groove
along the sidewall of the groove to displace the trapped oil. The sequential events of
JNPs adsorption and invasion result in many JNPs progressing into the deeper position
of the groove, forming a JNP adsorption film along the sidewall of the groove and
altering the local wettability to be more hydrophilic. The above whole process
contributes to the outstanding performance of JNP in displacing residual oil. It is
obvious that the important properties of the adsorption JNP film, for instance, the height
of the film and the orientation of the adsorbed JNPs, determine the final EOR effect.

Oil-water Interface

OIL OIL OIL OIL

I I I v

Fig. 2. Schematic diagram of the ‘adsorption invasion process’ of INPs in the flooding. From left to right
are I oil-water interface identification and surface adsorption, II edge pinning, III invasion, and IV

formation of adsorption film.

The excellent displacement effects on the trapped oil from the rough surface by
JNPs thus call for the further unfolding of the influences of the surface morphology
parameters. In order to effectively probe the surface wettability and the resulting
trapping strength of oil in the grooves of the rough surface, equilibration simulations of
oil droplets adsorption on surfaces with varied LJ interaction characteristic energy with
water are carried out, as shown in Fig. S1. The surfaces with &sw in the range of 0.1 to

0.5 kcal/mol cover the wettability being strongly hydrophobic to weakly hydrophilic.
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Within this wettability range, trapped oil displacement from the groove on these
surfaces by JNP is then performed, with the resulting system snapshots of each
simulation collected in Fig. 3a. Clearly, varied surface wettability (esw) leads to
differences in the amount of retained residual oil and the adsorption JNP film formed
on the sidewall of the groove. In order to quantify the oil displacement effect, the
percentage of displaced oil molecules (EOR), averaged JNP invasion depth into the
groove (D, that is the averaged absolute coordinate of the adsorbed JNP), and the
hydrophilic ratio of adsorbed JNP facing off the sidewall of the groove (as shown in
Fig. 82, Ryyaropnitic 1s defined as the ratio of the volume of the hydrophilic beads in
the half of NPs away from the surface, representing the degree of surface wettability
alteration by individual JNP), are calculated and shown in Fig. 3b. For surfaces &sw in
the range of 0.25 ~ 0.40 kcal/mol, which approximately corresponds to weak to
moderate hydrophobicity, EOR is found to maintain at a higher level. The Rpyarophitic
shares a similar trend with that of the EOR effect, which suggests the differences in the
orientation of the JNPs in the adsorption film on the sidewall of the groove correlate
and underpin the different EOR effects. For both the low- and high-end values of &sw,
low EOR is associated with high values of D, meaning JNPs cannot effectively invade
the groove. When the surface is strongly hydrophobic (low &sw), oil is firmly trapped in
the groove owing to the hydrophobic effect making it difficult for INPs to adsorb and
invade the groove along the surface; when the surface is hydrophilic (high &sw), the
adsorption of JNPs at the entrance cannot efficiently form an adsorption film to guide
water entering into the groove. Therefore, INPs are suitable for displacing residual oil
on rough surfaces with weak to moderate hydrophobicity. To clarify the rough
geometric effects, surfaces with &sw of 0.3 kcal/mol (i.e. weak hydrophobic surface) are

selected for further simulations.
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Fig. 3. The effect of surface wettability on oil displacement. (a) The final system snapshots after oil
displacement on surfaces with varied €. (b) The resulting EOR, D and R,y qyophitic Obtained after the
simulations. The error bar indicates the standard deviation of 5 independent simulations. The inset

indicates the definition of the Ryy4ropnitic Of the INPs on the sidewall of the groove.

3.2. Effects of the surface geometric parameters

In the simulation, the rough surface is simplified as a combined unit of the groove
and the ridge. The rough surfaces with different geometric characteristics can thus be
designed by modifying the four key geometric parameters (tip length of the ridge (S),
entry angle (a), exit angle (P), and aspect ratio of the groove (A)). Based on the oil
displacement dynamics by JNPs, it can be expected that varied geometric parameters
will affect the specific process of INP's ‘adsorption invasion process’. Therefore, apart
from the EOR effect, the quality of the JNP adsorption film on the sidewall (the amount,
depth, and orientation of the adsorbed JNPs) should also be the focus of the following
study.
3.2.1 Tip length of the ridge (S)

In the ‘adsorption invasion process’, JNPs obtain the initial contact with the surface
by identifying the oil film on the plane surface, namely loading on the ridges of the
rough surface topography. As such, the larger S, the more adsorbed JNPs on the surface.

Subsequently, there can be possibly more JNPs entering inside the groove along the
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sidewall and a stronger driving force for the deepening of the progressing adsorption
film. Indeed, as shown in Fig. 4a, a small value of S (2.5d) leads to the few adsorbed
JNPs on the sidewall and low oil displacement performance of the JNPs (the snapshots
are shown in Fig. S3). With the tip length slightly increasing from 2.5d to 3d, obvious
JNPs adsorption film gradually penetrates downward into the groove with significant
oil being displaced outside the groove. However, both EOR and D confirm that the
change in oil displacement effect weakens when S is over 3d. Such results imply that
there is a threshold of S for the massive adsorption of JNPs onto the rough surface.
Once S reaches this length threshold, the average depth of invading JNPs adsorption
film as well as the subsequent EOR effect will reach stable results. In our case, the
threshold of S is three times the diameter of the JNPs (3d). The above results suggest
that rough surfaces with sharp ridges could be unfriendly for JNPs in EOR in the real
reservoir. What’s more, the S also has an obvious influence on the time cost for
obtaining the final EOR effect. As exemplified by the systems with the similar EOR
effect (S ranging from 4d to 10d) shown in Fig. 4b, larger S generally requires a shorter
time of the displacement process. The high value of S, meaning long plane surface, is
a favorite for speeding up the acquisition of the high level of EOR. Of course, if S is
extremely long, the sliding distance of the adsorbed JNPs will increase, which may slow
down the EOR process to a certain extent. As such, the system with S of 104 shows an

increase in needed displacement time to its counterpart with S of 7.5d (Fig. 4b).
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Fig. 4. The effect of the tip length of the ridge, S, on the oil displacement. (a) The EOR and the depth of
adsorption film, D, obtained in systems with varied S. (b) The time needed for reaching the final stable
EOR effect in the system with varied S. The error bars in the figures are the standard deviation of 5

independent simulations.

3.2.2 Entry angle (a)
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The effect of a on oil displacement is obvious by comparing the final simulation
system snapshots, as shown in Fig. 5a. It should be noted here that to ensure the same
width of the groove (L), the depth of the groove (H) reduces if the a reaches a low
value. For example, the H in the system with a of 210° is smaller than that in other
systems (Fig. 5a). Considering that the sidewall area is no longer the same among the
systems, the surface coverage ratio (¢) of adsorbed JNPs on the sidewall (that is, the
ratio of the area covered by the adsorbed JNPs) is chosen to characterize the
effectiveness of the adsorption film here. As the results of EOR, ¢ and Ryyarophitic
shown in Fig. 5b, lowering the a generally leads to a better oil displacement effect. The
resulting ¢ and Ryyarophitic Share a highly similar trend at varied a, suggesting a strong
correlation. In conclusion, a affects the amounts and the orientation of the adsorbed
JNPs on the groove sidewall. Favorite properties of the adsorption film, namely high

values of ¢ and Rpygrophiiic l€ad to a preferable oil displacement effect.
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Fig. 5. The effect of entry angle on oil displacement. (a) The final system snapshots of oil displacement
in grooves with varied entry angles. (b) The EOR, the surface coverage ratio, ¢, and Ry grophitic With
varied entry angles. Two snapshots of two representatives of adsorption films on the sidewall of the
groove are shown as insets. Error bars are standard deviations of 5 independent simulations. (c)
Progressing snapshots of JNPs at the entrance of grooves with three different entry angles. (d) The
schematic of forces on the JNPs at the entrance of grooves. The black arrows represent component forces
while red arrows indicate the resultant forces. F represents the collision force asserted on the JNPs. F,
is the resisting force of JNPs interacting with the oil molecules. F3 represents the attraction force from

the surface to the JNP. F; is the net driving force on the JNP to enter the groove.

The above results obviously indicate that a affects the dynamics of JNPs pinned at

the entrance of the groove and is about to slide onto the groove sidewall. As the
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representative JNPs at the entrance of the groove with three different @ monitored and
shown in Fig. Sc, the JNPs are similar in orientations but subjected to the different
driving forces in collision with other adsorbed JNPs. Because of the different a, the
directions of forces applied to the JNPs at the entrance of the groove are different. As
shown in Fig. 5d, the effective force driving JNPs into the groove (F:, Fig. 5d) is more
in-line with the important collision force (F1, Fig. 5d) at lower a. F; increases as a
decreases, which enhances JNPs to enter and invade the groove. This explains the
change in the coverage ratio of NP shown in Fig. 5b. Although the JNPs can adjust the
orientation through self-rotation during the simulation under the influence of the
interactions between surface, water, and oil, the improvement of the Ruyarophitic 1S
limited in the whole displacement process, giving the same results as previous studies
(Chang et al., 2022b). The initial orientation of the pinned JNP at the entrance of the
groove largely reflects the final Rpygropnisic of the adsorption film. In summary,

smaller a leads to the favorite initial orientation of the pinned JNPs, and the final larger

Riyaropnitic-

3.2.3 Exit angle (B)

The exit angle of the groove, B, is also crucially important to the oil displacement
results. Compared to the entering sidewall of the groove, the other sidewall facing the
flooding direction (the outlet side) has very limited action with the JNPs during the oil
displacement process. As the snapshots shown in Fig. S4a, the uncovered trapped oil at
the outlet side increases. Specifically, the increase of p leads to a decrease in the
recovery efficiency of the oil phase given adsorption JNPs film with similar
effectiveness in the groove, as shown in Fig. S4b. In addition, it should be mentioned
that the increase of B also eliminates the possibility of INP adsorption on the sidewall
of the groove facing the direction of flooding, which is not conducive to the expansion

of the oil-water interface morphology inside the oil-trapping groove.

3.2.4 Aspect ratio of the groove (A)

The aspect ratio of the groove, A, was found to be an important roughness factor in
oil extraction by gas flooding (Fang et al., 2019). Here, the width of the groove changes
from 2.5 to 20 times the diameter of JNPs, while the height of the grooves is constant.

The corresponding A of the grooves in the system ranges from 0.625 to 5. The varied
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A of grooves leads to significant differences in the final oil displacement results, as the
EOR, ¢ and Rpygropnitic Shown in Fig. 6a (the snapshots are plotted in Fig. S5).
Overall, an increase of A leads to an increase in EOR in the systems. Although varied
A has a limited effect on the orientation of adsorbed JNPs, it results in the changes in
adsorption film coverage, ¢, showing a pattern of positive correlation (blue curve, Fig.
6a). As verified already by results in former studies (Chen et al., 2017; Fang et al.,
2019), the water flow pattern at the oil-water interface can be more concave with the
enlargement of the groove width, as shown by the schematics in Fig. 6b. The larger the
aspect ratio, the deeper the downward thrust of the water flows over the groove. The
curved oil-water interface on the groove with large A is a favorite for the local fluid
flow to exert a driving force on the pinned JNPs at the entrance of the groove, enhancing
the invasion of JNPs into the groove along the sidewall and forming the JNPs
adsorption film. Nevertheless, the EOR still witnesses significant changes in the periods
of stable coverage ratio (A = 1.25~2.5 or A =3.125~3.75). This implies that the impact

of the aspect ratio of the groove is not only in the coverage area of the adsorption film.
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Fig. 6. The effect of the aspect ratio of the groove, A, on oil displacement. (a) The EOR, the surface
coverage ratio, ¢, and the hydrophilic ratio of JNPs adsorption film, Ry, qropnitic, With varied aspect
ratios. The error bars are the standard deviation of 5 independent simulations (b) The schematics of the
influence of aspect ratio on streamlines at the oil-water interface monitored in previous studies. The blue

ones are the water streamlines at the interface while the light green ones are that in the bulk water. (c)
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The EOR of the designed systems with various aspect ratios. The inset snapshot shows the sketch of the
designed system. The green part of the designed surface is hydrophilic while the grey part is hydrophobic.
(d) The morphology of the oil-water interface at the end of oil displacement simulations on grooves of
different aspect ratios in the designed systems (left) and the reference systems (right). Inset snapshots are

the representatives of the morphology of the oil-water interface in the two systems.

It’s can be inferred that once the formation of a JNP adsorption film on the sidewall
of the groove, namely the local wettability of the sidewall is altered, the influence of A
on the oil-water interface can be even more complicated. In order to clarify the impact
of the wettability alteration of the sidewall, a design system with a hydrophilic sidewall
is used to further explore the effect of A on oil recovery results and the morphology of
the oil-water interface. As the schematic diagram shown in Fig. S6, the sidewall in
systems is modified to be partially water wet and share the same properties as the
hydrophilic face of the INPs before the displacement. The hydrophilic parts of the
sidewalls in these designed grooves have a fixed height, namely 30 A on the entering
sidewall representing altered wettability and 3 A on the exiting sidewall also mimicking
coverage of INPs. Meanwhile, the rest of the groove remains hydrophobic, with a &g,
of 0.3 kcal/mol. The hydrophilic parts of the grooves in the designed systems are then
considered to have been covered by JNP adsorption film. The designed systems are
then subjected to a flooding test by pure water to probe the effect of altered wettability
in the grooves, with the EOR results shown in Fig. 6¢c and resulting final system
snapshots after oil displacement in Fig. S7. Interestingly, as A increases, the EOR
slightly decreases first with a minimum near A = 2.5 and further followed by a
significant increase with large A values. Such a result is coincident with the EOR results
obtained in the reference group (using JNPs) and shown in Fig. 6a. As the morphology
of the oil-water interface in the designed systems after oil displacement is shown on the
left side of Fig. 6d, obviously, the larger A, the more curved the oil-water interface
towards the bottom of the groove. Combined with the results shown in Fig. 6c, it can
be seen that the dramatic concave of the oil-water interface in grooves with A > 2.5
underlies the high EOR performance in these systems. The designed system shed light
on the understanding of the results obtained using JNPs. As the corresponding
morphology of the oil-water interface obtained by JNPs for comparison shown on the
right side of Fig. 6d, the general pattern of the oil-water interface in the reference

systems is the same as that in the designed systems. The results significantly confirm

133



Appendix A Appended papers

the function of surface wettability alteration of INPs, which is an important contributing
factor to consider in EOR materials design.

To be concluded, the change of the initial streamline at the oil-water interface
caused by varied A affects the coverage of the adsorption film on the sidewall of the
groove. Also, the formation of the adsorption film transforms the morphology patterns
of the oil-water interface in the groove with different A. The synergy of the two effects

defines the final oil displacement efficiency.

4. Discussion

The above results elaborate on the influence of four important geometric parameters
of rough surface on the residual oil displacement by JNPs separately. The resulting
EOR and the underlying function of each geometric parameter are summarized in Table
2. Inevitably, there is synergy among the four parameters in their EOR effect. Since S
characterizes the area size for the adsorption of JNPs on the surface and further
determines the formation of the adsorption film inside the groove, the small value of a
(close to 180°) can contribute to the effect of S, given that the entrance of the groove
with small a partially can serve as an extension of the JNPs adsorption area. Namely,
the entrance of the grooves with small a features the flat surface plane of the ridge with
a low thickness of the trapped oil, where JNPs can be directly adsorbed at this entrance
area of the groove by identifying the oil-water interface. As such, the lower threshold
of S is needed for the obvious EOR effect by INPs in grooves with smaller a. Moreover,
there is the interplay of @ and A because different properties of the adsorption film on
the sidewall of the groove may induce different morphology of the oil-water interface
in the groove and further lead to different EOR effects. To gain an overview of oil
displacement effects, the EOR, ¢ and Rpyg4ropnitic in grooves with three entry angles
of varied aspect ratios are organized in Fig. 7a. Being consistent with the results of
single-parameter analysis, the system with smaller a and larger A holds better EOR.
For any A and e, the properties of the JNPs adsorption film, namely ¢ and Rpyqrophitics
determine the resulting EOR. Interestingly, for the groove with a = 300° and large
aspect ratio A, although the ¢ and Rpyuropnitic Show very low value due to the
influence of a, the corresponding EOR can still achieve a high value. This highlights
the dominating effect of the meniscus of the oil-water interface in those grooves with

large A. As shown in Fig. S8, the oil-water interface in grooves with an extraordinarily
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large aspect ratio can even reach the bottom of the groove. The obvious influences in
the EOR effects by the exit angle are only observed in grooves with sufficiently small
A. For grooves with a large aspect ratio A, the effect exit angle can become negligible
since the adjacent area to the exit of the groove for trapping oil decreases proportionally.
Hence, the outstanding oil displacement effect by JNPs is expected on the rough surface
dominated by shallow grooves if only the tip length of the ridge exceeds a size
threshold. For highly dense and deep grooves, the smaller a and p are crucial for high
oil recovery efficiency by JNPs. It should be noted that if a and B are infinitely close to
180° (the surface is close to smooth), the displacement effect of JNP will be poor
because of the lack of pinning effect. Once the surface roughness is extremely low,

results obtained in smooth channels can be applied (Wang et al., 2019).

Table 2. The EOR effects and the underlying functions in oil displacement of the four rough geometric

parameters.
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complex roughness.
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It is worth noting that the actual topography of rough surfaces is far more
complicated than the modeled groove system in the study. For example, the tip of the
ridge can be a slope rather than the plane surface (I or IV, Fig. 7b); the sidewall of the
groove can have a rough landscape (II, Fig. 7b); the surface is curved instead of being
flat (1II, Fig. 7b), and so on. However, the influence of the roughness in EOR can be
deciphered using the four geometric parameters discussed above. Taking the tip of the
ridge as an example, JNPs are able to land and pin on the top area of the ridge because
of the hydrophobic attraction of the top oil film. In this study, the tip of the ridge is a
plane surface with an inclination angle of 0°, which yields results indicating the size of
the tip of the ridge should exceed the threshold to enable effective adsorption of JNPs
for a favorable EOR effect. For ridges with an inclination angle lower than 0° in reality
(I, Fig. 7b), the effect of a small groove entry angle can be applied, which also could
reduce the size threshold of the ridge for the EOR effect. In contrast, once the
inclination angle is greater than 0° (IV, Fig. 7b), the EOR effect monitored in grooves
with a large entry angle can be applied, namely difficulty in forming JNP adsorption
film and inadequate driving force for the JNP to invade into the groove. In the extreme
case where ridges are sharp tips, in other words with zero S, INPs can directly adsorb
on the sidewall of the groove, which is greatly beneficial to the formation of the JNPs
adsorption film and the optimal EOR effect.

It should be emphasized that this work is only the first step in understanding the
complex JNPs displacement behavior on the rough surface. In future work, more
influencing factors affecting such displacement process should be studied, such as the
displacement velocity, surface properties, size, the zeta potential of INPs, etc. Also, all-
atom simulations using real solid surface structures will reveal more detailed
mechanisms (Liu et al., 2022). Moreover, machine learning could be an effective tool
to clarify the complicated oil displacement effect under the combination of various
rough surface parameters. What is even more challenging is to quantitatively link the
surface roughness parameters of the actual reservoir with the displacement effect and
explore the macro influencing factors in the reservoir like porosity, permeability, and
the remaining oil saturation. So that the precise screening can be realized in the

application of NP in EOR.

5. Conclusions
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MD simulations are employed to study the effects of surface roughness on oil
displacement by JNPs. The results provide an improved understanding of the previously
reported ‘adsorption invasion process’ of JNPs in displacing trapped oil. The weakly to
moderately hydrophobic surface facilitates the progress of dynamics local wettability
alteration and is thus suitable for efficient displacement.

The four geometric factors play specific roles in the oil displacement process and the
subsequent EOR results. The tip length of the ridge determines the amount of JNPs
accumulated on the surface, and further the formation of the JNPs adsorption film in
the groove. As the tip length of the ridge reaches a threshold, the properties of the
resulting JNPs adsorption film and the EOR effects stabilize, while the required oil
displacement time decreases. Although the EOR effect of entry and exit angle of the
groove is found similar (small value is the preference), the underlying mechanisms are
different. The entry angle of the groove affects the size of the INPs adsorption film and
thus the wettability alteration on the sidewall of the groove, while the exit angle affects
the amount of un-recovered trapped oil at the exit side of the groove.

Lastly, the aspect ratio of the groove exerts a huge impact on the morphology of the
oil-water interface in the groove. The oil-water interface can curve to reach the bottom
of the groove with a large aspect ratio, which results in an excellent oil displacement
effect. High oil displacement performance by JNPs is expected in shallow grooves on
rough surfaces. Moreover, compared to the entry and exit angle, the aspect ratio of the
groove plays a dominating role in the overall EOR effect as long as the tip length of the
rough ridge approaches an effective threshold. Our findings deepen the understanding
of the displacement of residual oil on the rough interface by injection of nanofluid with
JNPs. This study not only guides the application of JNPs in EOR but also serves as an
inspiration to the related research on the two-phase flow phenomena on the rough

surface.

Appendix A. Supplementary data:

Supplementary data to this article can be found online.

Abbreviations
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Term Meaning

JNPs Janus nanoparticles

EOR Enhance oil recovery

DPD Dissipative particle dynamics

MD Molecular dynamics

S Tip length of the ridge

a Entry angle

B Exit angle

A Aspect ratio of the groove

W Groove width

H Groove depth

d Diameter of INPs

mW Monoatomic water

TraPPE-UA The Transferable Potentials for Phase Equilibria united-atom
SW Stillinger—Weber

LJ Lennard-Jones

NEMD Non-equilibrium molecular dynamics

D Averaged absolute coordinate of the adsorbed JNP
Rhuydrophitic Area of surface wettability alteration by individual JNP
[0)] Surface coverage ratio
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Supporting Information

Unraveling the Influence of Surface Roughness on

Oil Displacement by Janus Nanoparticles

Yuanhao Chang ?, Senbo Xiao ®!, Rui Ma ?, Zhiliang Zhang ?, Jianying He **

? Department of Structural Engineering, Norwegian University of Science and

Technology (NTNU), 7491 Trondheim, Norway

Table S1. Energy well depth (characteristic energy, kcal/mol) of interaction Lennard-
Jones (L]) potential between the hydrophilic/hydrophobic parts of the Janus NPs with
the other components in the simulation systems.

Characteristic energy (kcal/mol) Water Oil Surface
Hydrophilic part of NPs 0.4 0.01
0.7
Hydrophobic part of NPs 0.01 0.2
1 L L i 1 L
0.1 0.2 0.3 0.4 05 E,, kecal/mol

Fig. S1. Oil droplet morphologies after 20-ns equilibration on the surfaces with varied characteristic

energy &,,s (kcal/mol) of LJ potential between surface and water.
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Fig. S2. The sketch of the Ryy,aropnobic definition.
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Fig. S7. The final system snapshots of the designed systems with varied groove aspect ratios after

flooding by water.
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Deformation and rupture of Janus nanoparticle stabilized
Pickering emulsion on the solid surface

Authors: Yuanhao Chang, Senbo Xiao, Rui Ma, Yuequn Fu, Zhiliang Zhang, and
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To be submitted.

This paper is awaiting publication and is not included in NTNU Open
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