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ABSTRACT: Pickering emulsions stabilized by surfactant-modi- *

Article Recommendations

*T e (e
fied SiO, nanoparticles demonstrate good stability against droplet ‘,‘,‘. T : “ﬁ‘ a0
coalescence, showing application potential for enhanced oil S 23 }
recovery in high-temperature and high-salinity environments. * et %o
Adjusting the adsorption ratio of surfactant on the nanoparticles 5. persed Bridging-Structure Conventional emulsion

significantly affects the wettability of nanoparticles and therefore
regulates the microstructure and properties of Pickering emulsions.
In this study, a saturated monolayer adsorption occurs at a
surfactant-to-nanoparticles ratio of 0.1:1.0%, where an optimal
hydrophilic—hydrophobic balance is achieved. However, below or above this ratio, the SiO, nanoparticles become more hydrophilic
with the decreasing or increasing surfactant concentration. Pickering emulsions stabilized by the intermediate wet nanoparticles
exhibit the best stability and highest viscosity. Laser confocal scanning microscopy and cryo-scanning electron microscopy reveal that
the SiO, nanoparticles can form a bridge-structure network among the droplets of these emulsions. Microfluidic experiments and
sand pack experiments show that Pickering emulsions provide greater permeation resistance than conventional emulsions stabilized
solely by surfactant solely. In addition, microscopic experiments show that Pickering emulsions enhance oil recovery by 20% after
second waterflooding, compared to a 12% recovery rate with conventional emulsions. It is found that the Pickering emulsions with
bridge-structures may be accumulated in and plug channels much larger than their droplets, which results in higher properties of
conformance control.

Water Oil CI6E20 L nanoparticle

1. INTRODUCTION

Emulsions are mixtures of immiscible or slightly miscible liquid
phases where one liquid is dispersed as droplets within another
continuous liquid phase. Typically involving an aqueous phase
and an oil phase, emulsions are thermodynamically unstable due

injecting chemicals such as surfactants, polymers, alkaline
substances, and their combinations into the reservoir to recover
more oil after waterflooding. This method enhances oil recovery
by altering wettability, reducing interfacial tension (IFT), and
improving the mobility ratio, potentially increasing recovery by

to the large interface between the two phases. This instability can
lead to issues such as creaming, sedimentation, coalescence, and
Ostwald ripening.' ~ In many applications, such as enhanced oil
recovery (EOR) in oilfields,” stable emulsions are essential.
However, conventional emulsions stabilized by surfactants or
polymers often fail under harsh reservoir conditions, such as
high temperatures and high salinity. To address these challenges,
recent research works have focused on using nanoparticles to
improve emulsion stability.”~” These advancements have shown
promise in enhancing the properties of emulsions, potentially
broadening their applications in the oilfield.

No more one-third of the original oil in place (OOIP) can be
recovered through primary and secondary methods, which
depend on natural reservoir energy and waterflooding,
respectively.” To enhance oil production, various EOR methods,
such as thermal recovery,()’10 miscible ﬂooding,11 and chemical
flooding,'”"* have been employed in oilfield development.
Among these, chemical flooding has yielded notable results over
the past two decades, such as Pelican Lake oilfield in Canada and
Daging oilfield in China.'*"> Chemical flooding involves
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10—20%.'°~"® The formation of emulsions has been shown to
be crucial in this process.'”*’ Laboratory experiments indicate
that oil recovery can decrease by 5% if no emulsions were
formed during chemical flooding.”' For example, emulsions can
be formed between crude oil and water in the presence of
surfactants or polymers during chemical flooding. These
emulsions improve displacement efficiency through the
emulsification and carrying mechanisms.”*>* More importantly,
they can increase the sweep efliciency by plugging water
channels. As emulsion droplets pass through pore throats, they
deform and create additional capillary pressure differences,
known as the Jamin effect.”* This resistance to water flow
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redirects the aqueous phase to oil-rich, low-permeability zones.
In some instances, emulsions are prepared on the ground and
injected into the system as oil displacement agents. However,
the mentioned chemical flooding methods face significant
challenges in high-temperature and high-salinity reservoirs. For
example, the viscosity of polymer solutions decreases dramat-
ically with increasing temperature and salinity, directly reducing
their effectiveness in mobility control. Consequently, polymer
flooding is typically limited to reservoirs below 70 °C.***°
Although many temperature- and salt-resistant surfactants have
been developed in recent years, using a single surfactant solution
without polymers remains less effective for EOR due to its poor
water-to-oil mobility ratio. Additionally, the harsh reservoir
conditions also reduce the stability of the emulsions, manifested
as droplet coalescence, which limits their effectiveness in tertiary
oil recovery.

Recent advancements have been made by adding nano-
particles to improve emulsion stability, expanding the
application limit of emulsions.””*® In 1903, Ramsden found
that solid particles can stabilize emulsions, and subsequently,
Pickering conducted a more systematic study in 1907. It was
discovered that solid particles, when possessing the appropriate
wettability, can adsorb at the oil/water interface and stabilize
emulsion droplets. Emulsions stabilized by solid particles are
known as Pickering emulsions. The stability of these emulsions
is heavily dependent on the adsorption of particles at the oil—
water interface. The desorption energy of spherical particles at
the oil—water interface can be expressed as

E = 2r’y(1 — cos 0)* (1)

Here, E represents the energy required for a single particle to
detach from the oil-water interface into the water phase,
typically measured in units of kg T>" ™" (where ky is Boltzmann’s
constant, 1.38 X 1072 J/K; and T is the absolute temperature in
Kelvin). Besides, r is the radius of the particles in nanometers, y
is the oil—water interfacial tension in mN/m, and @ is the three-
phase contact angle between oil, water, and solid at the surface of
the particle. Typically, the desorption energy of these particles
ranges from hundreds to thousands of kT, significantly higher
than the desorption energy of surfactant molecules, which is
usually a few kzT. Consequently, Pickering emulsions are much
more stable against coalescence than conventional emulsions.
Various solid particles can fulfill this role by meeting three key
requirements: (a) being significantly smaller than the droplet
size, (b) being partially wetted by both oil and water phases, and
(c) exhibiting a degree of particle flocculation. Recently, there
has been increasing interest in nanoparticles as stabilizers for
Pickering emulsions, driven largely by their ability to tailor
hydrophilic and hydrophobic properties with ease. Various
nanoparticles are reported to prepare Pickering emulsions,
including nano-SiO,, nano-Al, O3, nano-TiO,, montmorillonite,
and lithium saponite.***° Besides, organic particles,”*”~*’ such
as polystyrene microspheres, nanocellulose, protein micro-
spheres, and graphene oxide, are also reported. Binks et al.*'~*
have investigated the preparation and stability mechanism of
Pickering emulsions stabilized by surfactant-modified SiO,
nanoparticles. The natural SiO, nanoparticles are strongly
hydrophilic and exhibit weak interfacial activity so that they
should be wetting modified by mixing with a nonionic surfactant
or cationic surfactant. These surfactants adhere to the
nanoparticles surface through hydrogen bonding or electrostatic
interactions, rendering the nanoparticles moderately wettable
and capable of adsorbing at the oil—water interface. Beside of the

adsorption mechanism, the electrostatic repulsion between the
nanoparticles and the surfactant is found to be benefit for
emulsion stability. Recently, Xu et al.**** introduced a novel
approach to stabilize emulsions by using nanoparticles with the
same charge as the surfactant. They prepared n-decane-in-water
emulsions using the cationic surfactant hexadecyltrimethylam-
monium bromide (CTAB) as the emulsifier. It was observed
that a surfactant concentration of >0.6 mmol/L was necessary to
stabilize the emulsion. However, upon adding 0.5 wt % Al,O,
nanoparticles, which are also positively charged, the critical
surfactant concentration was significantly reduced from 0.1
mmol/L to 0.001 mmol/L, resulting in stable emulsions that
remained intact for over a month. Further experiments indicated
that the Al,O; nanoparticles predominantly dispersed in the
aqueous phase, where they prevented the emulsion droplets
from coalescing through electrostatic repulsion. However, the
stability of these electrostatically stabilized emulsions in
response to salinity and its potential chromatographic separation
in the reservoir has not yet been validated.

Overall, Pickering emulsions have shown excellent potential
for EOR in an oilfield. The main advantage is their high
efficiency in preventing droplets from coalescence under harsh
reservoir conditions. Midmore*® found that stable emulsions
could be obtained even the coverage rate of the SiO,
nanoparticles on the oil—water interface was 29%. In Vignati’s
study,”’ the coverage rate was only 5%. Maurya®® prepared
Pickering emulsions that could endure the temperature of 90 °C,
which is satisfied for most chemical flooding in oilfield. Murray*’
investigated the effect of electrolyte on the stability of Pickering
emulsions and found that the addition of NaCl improved the
hydrophobicity of nanoparticles. In other words, the in situ
modification of the surfactant on the nanoparticles is enhanced
at higher salinity. Besides their stability, Pickering emulsions
exhibit excellent rheological properties,””*" including high
viscosity and thixotropy, which are beneficial for conformance
control applications.

However, the application limit of Pickering emulsions in an
oilfield is still not clear. Referring to the EOR mechanism of
Pickering emulsions, most of the previous studies contributed to
their high viscosity, but the effect of the unique microstructure of
Pickering emulsions was ignored. This work explores their
suitability for oilfield applications through experiments focused
on system preparation, stabilization mechanisms, and rheo-
logical properties. In particular, the effectiveness of Pickering
emulsions for EOR is examined across a visually microscopic
model.

2. MATERIALS AND METHODS

2.1. Materials. Colloidal SiO, (Ludox SM-30) was procured
from Sigma-Aldrich at a concentration of 30%. The nano-
particles exhibited a specific surface area of 220 m*/g and a
manufacturer-reported pH of 12. The size of nanoparticles was
characterized by dynamic light scattering using Malvern Nano-
ZS90 (Malvern Company, England). It was measured that the
median diameter of the nanoparticles was 14 nm and the size
distribution ranged from 6 to 30 nm. The isoelectric point of the
nanoparticles was measured to be approximately pH = 2.3. A
nonionic surfactant, cetyl polyoxyethylene ether (20)
(C16E20), was obtained from Alfa Aesar and was of analytical
purity. The chemical formula of CI16E20 is
Cy6H33(OCH,CH,),,OH, and its structure is displayed in
Figure 1. The surfactant C16E20 is a white solid with a
molecular weight of 545.49 g/mol. Prior to experiments, the
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Figure 1. Chemical formula of C16E20.

critical micelle concentration of C16E20 was measured to be 5 X
107% wt %, obtained from its surface tension curve. Besides, 1%
C16E20 solutions were found to be transparent at 120 °C,
indicating that its cloud point is high enough for EOR. Liquid
paraffin, sourced from Acros, was used as the oil phase in the
emulsions. Before use, the liquid paraffin underwent purification
by being passed through an alumina column three times to
remove dissolved polar substances. Hydrochloric acid (HCI)
and sodium chloride (NaCl), purchased from Sinopharm
Chemical Reagent and meeting analytical purity standards,
were employed for pH adjustment and to control the salinity of
the solutions and emulsions during the experiments.

2.2. Measurement of Contact Angle. The contact angle
of a captive paraffin oil drop in 0.1% C16E20 solutions on a
SiO,-based quartz was measured by Drop Shape Analyzer 100
(Kruss, Germany). First, the quartz was immersed in the
C16E20 solution for 12 h. Second, the oil drop was added under
the quartz. Third, the value of the contact angle was obtained
from the software.

2.3. Preparation of Emulsions. The majority of the
emulsions in our study were prepared using a 1% NaCl solution.
Initially, a solution containing a surfactant and nanoparticles was
prepared. The concentration of C16E20 ranged from 0.001 to
1.0%, while the concentration of SiO, nanoparticles was fixed at
1.0%. Subsequently, the pH of these solutions was adjusted to 6
using a diluted HCI solution. We observed that the adsorption
efficiency of C16E20 on SiO, nanoparticles decreased with
increasing pH. At pH < 6, the adsorption efficiency was as high
as 98%.*' Therefore, all of the emulsions were prepared at pH 6.
To prepare the emulsions, 6 mL of liquid paraffin and 24 mL of
the above-prepared mixture (resulting in an oil—water
volumetric ratio of 1:4) were combined in sample vials and
stirred for 2 min at 15,000 rpm using a T18 high-speed
homogenizer (IKA, Germany). The resulting emulsions were
then placed in an oven and aged at 80 °C.

2.4. Stability of Emulsions. Emulsion stability was assessed
using the released oil fraction (ROF) and droplet radius change
(DRC), calculated as follows:

Vi
ROF = —£ X 100%

V. @)
DRC = R
Ry 3)

where ROF refers to the ratio of the released oil to the total oil,
%; V., is the volume of the released oil phase, mL, obtained by
visual inspection method; V, is the total volume of the oil phase
in the emulsion, mL; DRC is the ratio of the droplets radius to
the initial average radius; R is the average radius of the emulsion
droplets, ym; R, is the initial average radius of the emulsion
droplets, ym, and it was measured in 10 min after preparation of
the emulsions. The average radius of the emulsions was
measured by an OLYMPUS CX33 microscope (Olympus
company, Japan). The measurements of ROF and DRC were
repeated three times, and the error bars are listed in the figures.

2.5. Microstructure of Emulsions. The emulsion’s micro-
structure was examined using confocal laser scanning micros-
copy (CLSM) and cryo-scanning electron microscopy (cryo-

SEM). For CLSM analysis, nanoparticles were fluorescently
labeled with a 107 mol/L Rhodamine B solution prior to
emulsion preparation. Before the experiments, the emulsion
samples were diluted by distilled water. Imaging was conducted
using a Fluo ViewTM FV1000 system (Olympus company,
Japan), with the CLSM laser operating at a 560 nm wavelength
to induce red fluorescence from Rhodamine B under laser
irradiation. Cryo-SEM observations were performed using a
Hitachi Regulus 8220 (Hitachi company, Japan). Initially,
samples were rapidly frozen under vacuum conditions at —100
°C for 2 min and then fractured. The temperature was
subsequently reduced to —120 °C, and a thin layer of 2 nm
platinum particles was deposited on the fractured samples.
Finally, the samples were imaged under SEM at an accelerating
voltage of 3.0 kV to examine their detailed microstructure.

2.6. Rheology of Emulsions. Rheological experiments on
the emulsions were performed using an Anton Paar MCR 92
rheometer (Anton Paar Company, Austria). The viscosity of the
emulsions was measured by using a CP39 coaxial cylinder. The
shear rate was varied logarithmically from 1 to 100 s~', with a
total of 25 data points taken and a shear time of 20 s for each
point.

2.7. EOR Properties of Emulsions. EOR properties of the
Pickering emulsions were characterized through three flow
models, including the microfluidics model, the sand pack model,
and the visual two-dimensional (2D) model. Thus, the
migration and retention properties of the emulsion droplets,
the conformance control of the emulsions, and the oil
displacement properties of the emulsions were investigated,
respectively. The parameters of the models and the experimental
details were introduced as follow:

The structure of the microfluidics model is illustrated in
Figure 2. The oil and water phases were injected into the model

inlet 1
pressure tap pressure tap
T junction(fiii |- - ____
T !
1 I
1 P e | | | 1
continuous pore-throat
inlet 2 inlet 3

W=100pm

|
1
1
i
|
Wp=400pum |
1
|
|
|
|

Droplet generator Continuous pore-throat

Figure 2. Structural diagram of a continuous pore-throat micromodel.

by an injection pump through inlets 1 and 2, respectively. The T-
zone was a droplets generator, where the nonwetting oil phase
was sheared into droplets by the wetting water phase, and
emulsions was prepared. The parameters such as oil—water ratio
and flow rate were adjusted through the injection rate of three
inlets. Consequently, the droplet size can also be adjusted by the
above parameters. The depth of each channel in this model was
100 pm. In a continuous pore-throat structure, the width of the
main channel was 400 ym, and the width of the pore throat was
100 gm. AE2000 inverted microscope (Motic, China) was used
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Figure 3. Dispersed state of 1% nanoparticles in 0.001—1.0% C16E20 solutions after aging for 12 h at room temperature.

to observe the migration and retention characteristics of
emulsions in porous media under a double objective lens, and
the pressure difference between the two ends of porous media
was recorded.

Sand pack models with permeabilities of about 1000 mD were
prepared in this study. The diameter and length of the sand
packs were 2.0 and 10.0 cm, respectively. The sand packs were
first saturated by injecting distilled water with resistivity of 182
at 0.1 mL/min. Thus, the permeability was determined from
Darcy’s equation, and the porosity was determined by the weight
difference. Second, about 2 pore volumes (PV) of emulsions
were injected into the sand pack at 0.1 mL/min. Finally, distilled
water was injected again at a rate of 0.1 mL/min until the
injected pressure became stable.

Oil displacement experiments were performed on a visual 2D
model in size of 40 X 40 mm. The model was made of glass and
relatively homogeneous porous medium etched in depth of
about 40 ym. A crude oil with initial viscosity of 2.3 X 10* mPa-s
was diluted by kerosene and was used as the simulated oil. The
viscosity of the simulated oil was 83 mPa-s, and the mixture was
filtered to remove solid particles before experiments. During the
experiments, the simulated oil, water, and emulsions were
successively injected into the model by an injection pump, with a
flow of 0.05 mL/min. The total process of the experiments was
recorded with a digital microscope.

3. RESULTS AND DISCUSSION

3.1. Interaction between Surfactant and Nanopar-
ticles. Figure 3 illustrates the mixture solutions containing SiO,
nanoparticles and a surfactant. The dispersion state of SiO,
nanoparticles undergoes a process of dispersion, flocculation,
and redispersion with increasing C16E20 concentration. At
concentrations below 0.01%, the nanoparticles remain dispersed
in the mixture solution. In a weakly acidic environment, the
oxygen vinyl groups on C16E20 molecules may form hydrogen
bonding with —Si—OH groups of the nanoparticles. Therefore,
the surfactants are absorbed on the nanoparticles, exposing their
alkyl chain on the surface of the nanoparticles.”” Consequently,
the wettability of the nanoparticles is shifted from hydrophilic to
hydrophobic states with the C16E20 concentration. As the
C16E20 concentration reaches 0.05%, significant flocculation
can be observed. However, when the C16E20 concentration is
higher than 0.1%, the flocculation is weakened with the C16E20
concentration, indicating that the hydrophilic property of the
nanoparticles is increased.”"** As Binks et al.*’~** reported,
when the surfactant concentration exceeds the saturation
amount for monolayer adsorption, the alkyl chains of the excess
surfactant and the adsorbed ones may associate with each other
via hydrophobic effect. As a result, the oxygen vinyl groups of the
surfactant are exposed, and the nanoparticles become hydro-
philic again.

To further prove the adsorption of surfactant on the
nanoparticles, the contact angle is measured”’ with the
concentration of C16E20, as showed in Figure 4. When the

100

80F

D
(=}
T

ey
(=}
T

contact angle/°

BS

20

10° 10° 107! 10°
C16E20 concentration/%

Figure 4. Contact angle of 1% nanoparticle solutions with C16E20
concentration ranging from 0.001 to 1.0%.

C16E20 concentration is lower than 0.005%, the contact angle is
32° meaning that the SiO, nanoparticles are strongly hydro-
philic. Subsequently, the contact angle is increased with the
C16E20 concentration and reaches the maximum value 78° at
0.1% CI16E20. It is indicated that the wettability of the
nanoparticles is alerted from hydrophilic to near-neutral wetting.
According to the mechanism of the formation of the Pickering
emulsions, the near-neutral wettability is a benefit for the
nanoparticles to adsorb on the oil—water interface. As the
C16E20 concentration is higher than 0.1%, the contact angle is
decreased and reaches 30° at 1.0% C16E20 concentration. In
conclusion, the wettability of the SiO, nanoparticles may be
adjusted by the adsorption the surfactant. During monolayer
adsorption, the hydrophobicity of the nanoparticles is enhanced
with the surfactant concentration.

Figure § illustrates both conventional emulsions stabilized by
C16E20 and Pickering emulsions stabilized by modified SiO,
nanoparticles, in which the emulsions are aged for 12 h at room
temperature after preparation. Conventional emulsions stabi-
lized solely by C16E20, ranging in concentration from 0.001 to
1.0%, exhibit stability without phase separation of the oil
component. The emulsion volume remains consistent across
surfactant concentrations, constituting approximately one-third
of the total volume for all samples. In contrast, Pickering
emulsions exhibit a distinct behavior dependent on surfactant
concentration, similar to the nanoparticle dispersion observed in
Figure 3. At C16E20 concentrations between 0.001 and 0.01%,
the emulsions are predominantly found in the upper layer of the
samples, with the lower layer consisting of aqueous phase. As
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Figure S. Emulsions stabilized by (a) 0.001—1.0% C16E20 alone and (b) 1.0% SiO, nanoparticles and 0.001—1.0% C16E20 after aging for 12 h at

room temperature.

surfactant concentration increases, the volume of emulsions in
the upper layer expands, while turbidity in the lower aqueous
phase diminishes. This trend correlates directly with the
nanoparticles’ wettability: below the saturation adsorption of
nanoparticles, a significant number of nanoparticles remain
dispersed in the aqueous phase. At C16E20 concentrations
between 0.05 and 0.1%, typical Pickering emulsions are
observed where the emulsion volume dominates the liquid
phase. However, further increases in C16E20 concentration lead
to a gradual reduction in emulsion volume, accompanied by
increased separation of water phase.

3.2. Stability and Rheology of Pickering Emulsions.
Figure 6 presents the stability of Pickering emulsions under
reservoir conditions, characterized by ROF and DRC. Unlike
conventional emulsions, the stability of Pickering emulsions
shows a nonlinear relationship with surfactant concentration.
Initially, during the early aging stage (10 days), all emulsions
exhibit stability with minimal oil phase coalescing, and the

—8—1.0% —®—1.0% (without SiO,)
-—0—0.5%

—A—0.1%

2 60 F—v—0.05%
I —0—0.01%
o) 0.005%
= 30F —0.001%

90

0 30 60 90 120 150 180

aging time/day

Figure 6. ROF and DRC of the emulsions with 0.001-1.0% C16E20
and 1.0% SiO, nanoparticles aging at 80 °C.

average droplet size increases by only 10% compared to fresh
emulsions. However, with prolonged aging, emulsion stability
varies significantly with the surfactant concentration. For
instance, at a C16E20 concentration of 0.001%, the oil phase
coalesced begins after approximately 20 days, reaching an ROF
of 45% after 180 days. The DRC curve forms an S-shaped
pattern, indicating initial droplet aggregation within the first 20
days, followed by a gradual increase in droplet size, which triples
after 45 days. The lag observed in the ROF curves compared to
the DRC curves suggests that the oil phase coalesced results
from droplet aggregation and accumulation. In the C16E20
concentration range of 0.001—0.1%, increasing surfactant
content enhances emulsion stability. At a concentration of
0.1%, no oil phase coalescing occurs over 180 days, and the
droplet size increases by only 1.6 times the initial value. This
enhanced stability is attributed to nanoparticles adsorbing
irreversibly at the oil—water interface, reinforcing the emulsion’s
resistance to coalescence even under challenging conditions of
inorganic salts and high temperatures.*"** Conversely, emulsion
stability diminishes significantly at surfactant concentrations of
0.5 and 1.0%. Emulsions with 1.0% C16E20 exhibit a higher
ROF compared to those with 0.001% C16E20, indicating that
strongly hydrophilic nanoparticles may weaken the emulsion
stability.

Further experiments explored the impact of the salinity on
nanoparticle-stabilized emulsions. Pickering emulsions with
0.1% C16E20 were prepared by using saline solutions ranging
from 1 to 4% NaCl. It is crucial to note that nanoparticles tend to
flocculate in brine solutions with salinities exceeding 4%, making
it impractical to prepare emulsions under these conditions. As
observed, all the prepared emulsions exhibit zero ROF for at
least 120 days. However, Figure 7 illustrates that the DRC curves
of the Pickering emulsions are affected by the salinity. As
observed, the DRC at different salinities is increased with the
aging time, implying that oil coalescence occurs even when no
oil is released. Besides, the DRC is increased with the salinity.
For example, the DRC and 1—4% NaCl is 1.78, 2.03, 2.97 and
3.35, respectively after aging for 120 days. To explain the above
result, the contact angle was measured at different salinity. It is
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Figure 7. DRC of the emulsions with 0.001—-1.0% C16E20 and 1.0%
SiO, nanoparticles aging at 80 °C.

found that the contact angle gradually decreased from 78 to 47°,
with the NaCl concentration ranging from 1 to 4%. It indicates
that the added salt may compress the diffused double layer of the
surfactant and the nanoparticles. Therefore, the efficiency of in
situ modification is weakened. Overall, the results presented
above indicate that the stability of these Pickering emulsions
remains consistent across this salinity range. In conclusion,
Pickering emulsions are adaptable to salinities below 4%, which
adequately meet the requirements for chemical flooding
applications at the current stage.

The viscosity of the emulsions is predominantly determined
by the viscosity of its continuous phase and the concentration of
the dispersed phase. When the concentration of the dispersed
phase is low, the emulsions are considered to be diluted,
meaning that the droplets within the emulsions are isolated from
each other. Diluted emulsions typically exhibit Newtonian fluid
behavior, where the viscosity remains constant, regardless of the
shear rate. This behavior is described by Einstein’s law:

n(e) = n,(1 + 2.5¢) (4)

where 7 is the viscosity of emulsion, mPa-s. 7, is the viscosity of
the continuous phase, mPa-s. ¢ is the volume fraction of the
dispersed phase.

Figure 8 illustrates the rheological behavior of Pickering
emulsions containing varying concentrations of C16E20. At a
low concentration of 0.001% C16E20, the emulsions demon-
strate typical characteristics of a diluted emulsion, maintaining a
nearly constant viscosity of 2 mPa-s across shear rates ranging
from 1 to 100 s7', slightly higher than predicted by Einstein’s
law. As the concentration of C16E20 increases, the viscosity of
the emulsion markedly rises, displaying non-Newtonian fluid
behavior where viscosity decreases with the increasing shear
rate. For instance, at 0.05% C16E20, the viscosity ranges from
180 mPa-s at 157" to 10 mPa-s at 100 s™'. Emulsions containing
0.1% C16E20 exhibited peak viscosity. However, higher
concentrations of C16E20 lead to reduced nanoparticle
adsorption at the interface, resulting in a gradual decrease in
emulsion viscosity with surfactant content. Furthermore,
emulsions containing 1.0% CI16E20 demonstrate higher
viscosity than those with 0.5% C16E20 at low shear rates,
while their viscosities converge at high shear rates.

Based on previous studies of nanoparticle-stabilized emul-
sions, the role of nanoparticles dictates their microstructure,
thereby influencing their macroscopic properties. Microstruc-

1 10 100

shear rate/s’!

Figure 8. Viscosity curves versus shear rate of the Pickering emulsions
with 0.001% C16E20 and 1.0% nanoparticles.

tural observations were conducted using CLSM and cryo-SEM.
Specifically, the fluorescent dye Rhodamine B was employed to
label SiO, nanoparticles in CLSM, leveraging its positive charge
for electrostatic interaction and detection. Figure 9 illustrates the
microstructures of Pickering emulsions prepared at C16E20
concentrations of 0.01, 0.1, and 1.0%, representing systems with
varying stability. For the emulsions with 0.01% C16E20, CLSM
reveals red fluorescence signals at both the oil/water interface
and within the continuous phase. Cryo-SEM images depict
tightly stacked oil droplets that are isolated from each other, with
slight surface roughness indicating adsorbed nanoparticles.
However, nanoparticle distribution on droplet surfaces is
nonuniform, with some dispersed in the continuous phases. In
contrast, the emulsions with 0.1% C16E20 show strong
fluorescence at the oil—water interface and throughout the
continuous phase in CLSM, indicating extensive nanoparticles
adsorption. Cryo-SEM images depict tightly stacked droplets
bridged by a complex network structure, and rough surfaces
confirm uniform nanoparticles adsorption. This adsorption
configuration, characterized by high desorption energy, confers
significant antiaggregation stability to Pickering emulsions, with
excess nanoparticles forming a three-dimensional network. This
microscopic structure enhances the emulsion’s mechanical
properties, i.e., highest viscosity. Conversely, in the emulsions
with 1.0% C16E20, CLSM reveals minimal nanoparticle
distribution at the oil—water interface, suggesting double-layer
surfactant adsorption on nanoparticles, rendering them strongly
hydrophilic. Cryo-SEM images show smooth droplet surfaces
and bridging structures between droplets, likely due to
surfactant association. This high surfactant content impedes
nanoparticle adsorption at the interface, resembling conven-
tional surfactant-stabilized emulsions rather than Pickering
emulsions. In summary, nanoparticle-stabilized emulsions
exhibit varying microstructures and stability, depending on
surfactant concentration. Optimal stabilization and rheology
occur at intermediate C16E20 concentrations where nano-
particles adsorb uniformly at the oil—water interface, forming a
robust bridge-like structure.

3.3. EOR Properties of Pickering Emulsions. To illustrate
the permeation characteristics of different emulsion systems in
porous media, we prepared four types of emulsions. The oil
phase constituted 20% of the total volume, and the water phase
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Figure 9. CLSM and cryo-SEM images of the Pickering emulsions with 1.0% nanoparticles and different C16E20 concentrations.
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Figure 10. Image of different emulsion systems flowing in the microfluidics model at 104.15 ym-s™".

was composed as follows: (a) 1.0% C16E20, (b) 0.01% C16E20 40F 10415 s
and 1.0% SiO, nanoparticles, (c) 0.1% C16E20 and 1.0% SiO, 5 '
nanoparticles, and (d) 1.0% C16E20 and 1.0% SiO, nano- E 0r
particles. In addition, the droplet sizes of all the emulsions are 820}
150 um for comparison. When the droplets flow steadily & w0l
through the pore throats, the number of droplets in the model .
reaches equilibrium. As shown in Figure 10, at a flow rate of 0 :
104.15 ym-s™, the conventional emulsions (A and D) stabilized 5 40T 20830 s
with C16E20 had 22 and 23 droplets, respectively. In contrast, E30f
the Pickering emulsions (B and C) exhibited greater retention at % 20k
the pore throats, with 31 and 40 droplets, respectively, leading to 721 ol
a higher flow resistance. A

Further experiments revealed that the differences in 0
permeation characteristics caused by the composition of 5 40T 416.60 pms™
emulsions diminish as the flow rate increases. Figure 11 E30}
illustrates the number of droplets in the model at flow rates of z
104.15, 208.30, and 416.60 m-s~". At a flow rate of 104.15 ym- 3201
s”!, significant differences in the number of droplets are £10 .—._._-—.
observed. At 208.30 ym-s™", the number of droplets in systems 0

o(mN-m™): 1821  19.05 19.84 18.68  37.23

A and D remained almost unchanged, while the number of
E(mN-m™"): 19.35 18.71 32.09 108.26  33.37

droplets in systems B and C decreased significantly. When the
flow rate increased to 416.60 ym-s~', the number of droplets in

all systems decreased to around 1S5. These results suggest that
high flow rates overcome the additional permeation resistance

Figure 11. Droplet numbers of emulsions at flow rates of 104.15,
208.30, and 416.60 um-s™".
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Figure 12. Injection pressure of the sand pack experiments for (a) conventional emulsions and (b) Pickering emulsions.
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Figure 13. Images of the model after (a) waterflooding, (b) second waterflooding of the conventional emulsions, and (c) second waterflooding of the
Pickering emulsions
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Figure 14. Microscopic images of the plug property for large pores of (a) conventional emulsions and (b) Pickering emulsions.

provided by the microstructure of the Pickering emulsions. C). To ensure optimal injection performance, both emulsions
Therefore, the application of Pickering emulsions requires low were diluted 4-fold, resulting in a 5% oil phase volume fraction.
flow rates to fully demonstrate their advantages. The sand pack models used have permeabilities of approx-
Figure 12 presents the injection pressure curves for conven- imately 1000 mD, with an equilibrium pressure difference of
tional emulsions (system A) and Pickering emulsions (system 0.0033 MPa during water injection. During the injection of
48434 https://doi.org/10.1021/acsomega.4c06834
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conventional emulsions, the pressure initially increases and then
decreases. At an injection volume of 2 pore volumes (PV), the
pressure reaches 0.0074 MPa, resulting in a resistance factor of
2.24. In the subsequent water injection stage, the pressure
equilibrates at 0.0046 MPa, with a residual resistance factor of
1.39. This indicates that conventional emulsions flow well
through the sand packs but provide weaker conformance
control. In contrast, the injection process of Pickering emulsions
shows a sharp increase in the pressure. At an injection volume of
2 PV, the pressure reaches 0.098 MPa, resulting in a resistance
factor of 29.70. During the subsequent water injection stage, the
equilibrium pressure difference is 0.058 MPa, and the residual
resistance factor is 17.6. These results suggest that Pickering
emulsions exhibit significantly higher conformance control
properties compared with conventional emulsions.

Oil displacement experiments were conducted to demon-
strate the EOR properties of the emulsions. The typical oil
displacement process includes four steps: (a) saturating the
porous medium of the model with simulated oil, (b) injecting
water until the water content of the produced liquid reaches
98%, known as waterflooding, (c) injecting about 0.3 pore
volumes (PV) of chemical agents, and (d) injecting water again
until the water content reaches 98%, known as the second
waterflooding. The simulated oil and injected water were dyed
red and blue, respectively. Figure 13a shows the oil—water
distribution after waterflooding, revealing a water channel
connecting the inlet (bottom left) and the outlet (top right)
diagonally. During waterflooding, about 46—48% of the
simulated oil is displaced. However, oil-rich zones that were
not swept by the injected water remain beside the water channel,
and isolated oil is trapped within the water channel. Emulsions
have been used as EOR agents due to their conformance control
properties. As the droplets of emulsions pass through the porous
medium, the Jamin effect may create additional differential
pressure if the droplets match the size of the pore throats.
Consequently, the injected water bypasses the predominant
pathways and accesses unswept oil-rich zones. Figure 13b,c
displays the oil—water distribution after the second water-
flooding, following the injection of conventional emulsions
(system A) and Pickering emulsions (system C), respectively.
The distribution of dyed water indicates that Pickering
emulsions exhibit superior conformance control properties
compared to conventional emulsions. As a result, approximately
12% of simulated oil is recovered using conventional emulsions,
while about 20% is recovered with Pickering emulsions.

To illustrate the mechanism of the disparity in EOR
efficiencies between these two emulsions, Microscopic details
are displayed in Figure 14. According to the Jamin effect, the size
of the droplet should be larger than the throat, so that the droplet
is deformed when passing through the throat and provides
additional pressure. In this case, conventional emulsions are not
able to plug pores larger than them. As shown in Figure 14a,
Droplets of conventional emulsions tend to migrate into and
retain within larger pores. Although the droplets accumulate, the
interaction between them is weak, allowing the large pores filled
with emulsions to remain as predominant pathways for injected
water. Referring to the Pickering emulsions, the modified
nanoparticles can absorb on the oil—water interface and form a
complex network. As shown in Figure 14b, the bridge structure
is robust enough to resist the flow of injected water.
Subsequently, the water flows into smaller pores and displaces
the trapped and unswept oil. As a result, both the macroscopic
and the microscopic sweep efficiency are improved since the

Pickering emulsions can plug much larger pores, leading to
greater oil recovery.

4. CONCLUSIONS

(1) To prepare Pickering emulsions, the hydrophilic SiO,
nanoparticles should be modified by surfactant. In this
work, optimal hydrophilic—hydrophobic balance is
achieved by mixing the surfactant C16E20 and nano-
particles in ratios of 0.1 and 1.0%. The resulting emulsions
are stable for at least 180 days in salinities below 4% NaCl
at 80 °C, which meet the demand of EOR at harsh
reservoirs. Besides, these emulsions also exhibit much
higher viscosity than conventional emulsions.

(2) Pickering emulsions offer superior conformance control
properties compared to conventional emulsions. Micro-
fluidic and flow experiments reveal that Pickering
emulsions tend to be retained in pore throats and require
a higher additional injection pressure. Additionally, oil
displacement tests in a 2D model demonstrate that
Pickering emulsions can effectively block much larger
than the droplet size and improve oil recovery by
approximately 20%, compared to a 12% increase with
conventional emulsions.
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