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Abstract:

To construct the in-sifu emulsification and viscosification system that is suitable for low
permeability oil reservoirs characterized by high-temperature and high-salt, the amphiphilic
Janus SiO; nanoparticles and Tween 60/Imidazoline oleate surfactant system were com-
bined. The mechanism of in-situ emulsification and viscosification system was elucidated
from two aspects: The dynamic adsorption and phase conversion of surfactant, and the
unique bridge structure of Janus nanoparticle stabilized emulsion. The successful synthesis
of Janus SiO; nanoparticles with varying degrees of hydrophilicity and hydrophobicity
was achieved through regulating the reaction conditions. Based on emulsion stability,
the optimization of the modification degree of Janus SiO; nanoparticles was achieved.
The in-situ emulsification and viscosification system was constructed by introducing
Tween 60/Imidazoline oleate as dispersion aid agent and emulsifier. Notably, the in-situ
emulsification and viscosification system can be stably dispersed for more than 12 hours
in high-temperature and high-salt. The dispersion stability of the in-situ emulsification
and viscosification system was evaluated qualitatively by visual inspection, Turbiscan
stability index and monitoring particle size. The emulsification ability, emulsion stability
and rheological properties of the systems with different concentrations were evaluated
at 90 °C and a salinity of 35,000 ppm. It was found that the in-situ emulsification and
viscosification system with the concentration of 0.64 wt% shows better profile control and
enhanced recovery performance. This study presents a new approach for profile control
using amphiphilic Janus nanoparticles and provides a promising prospect for applying
nanoparticles in the field of enhanced oil recovery.

1. Introduction

To improve the recovery of crude oil, the application of

impede the movement of fluids through high permeability
layers. Water-in-oil (W/O) emulsions with varying viscosities
can be generated under distinct water containing conditions

long-term water flooding has resulted in a series of problems
such as water cones, water channeling and fingering. This
phenomenon entails the injection water forcefully infiltrating
the oil well through channels with high permeability, thereby
resulting in a decreased efficiency of water flooding (Li et
al., 2020a). Profile control technology is a water control and
oil stabilization technique that has the capability to effectively

through the utilization of in-sifu emulsification and viscosifi-
cation technology (Pang et al., 2018; Chen et al., 2024). The
preparation of a high viscosity W/O emulsion within the high
water cut seepage channel serves to effectively obstruct the
primary channel, control the oil-water distribution, and enlarge
the overall volume of the reservoir’s macroscopic waves. Due
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Table 1. Composition of simulated formation water.

Ton cl- HCO3;~ SO42~ Ca?* Mg** Na*+K* Total salinity
Concentration (mg/L) 19,457 226 1,619 439 1,211 10,686 35,000
R
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Fig. 1. The synthesis process of Janus amphiphilic nanoparticles by Pickering emulsion method.

to its surface activity and capacity to diminish the interfacial
tension (IFT) between water and oil, the system exhibits the
potential to enhance the microscopic oil flooding efficiency
(Cao et al., 2022; Shen et al., 2023).

The stability of the emulsion is the guarantee for the
successful application of this technique. Typically, surfactants,
surface homogenization modified nanoparticles are employed
as emulsifiers and stabilizers for traditional in-situ emulsifi-
cation and viscosification system (Chen et al., 2014; Guo et
al., 2022). However, with the development of the reservoirs
with more extreme conditions, higher requirements are put
forward for the temperature- and salt-resistant properties of
oil displacing agents (Li et al., 2021a; Yang et al., 2023a,
2023b). The emulsion generated by a typical surfactant system
exhibits inadequate emulsification capacity and emulsion sta-
bility when subjected to elevated temperatures and high salin-
ity conditions (Lu et al., 2023a). The irreversible adsorption
of nanoparticles at the water-oil interface, attributed to their
high adsorption energy, contributes to the favorable emulsion
stability observed in Pickering emulsions (Choi et al., 2023).
Nevertheless, research findings indicate that the emulsification
efficacy of individual homogeneous modified nanoparticles is
substandard, resulting in emulsions that demonstrate inade-
quate stability when subjected to the simultaneous influence
of elevated temperature and salinity levels (Krishnakumar and
Elansezhian, 2022; Yarveicy, 2023).

Amphiphilic Janus nanoparticles are characterized by hy-
drophilic and oleophilic properties on both sides of the
nanoparticles (Jia et al., 2021). The unique architecture of
Janus nanoparticles enables their spontaneous adsorption, lead-
ing to the development of a dense adsorption layer at the
oil-water interface. Hence, amphiphilic Janus nanoparticles
exhibit enhanced emulsifying characteristics and improved
stability of emulsions. The experimental findings indicate that
emulsions stabilized by Janus nanoparticles exhibit character-
istics of both kinetic and thermodynamic stability. In con-
trast, Pickering emulsions stabilized by homogeneous modified
nanoparticles primarily demonstrate kinetic stability (Kumar
et al.,, 2013). The enhanced interfacial activity exhibited by
Janus nanoparticles, along with their superior stability in
W/O emulsions, renders them suitable for utilization in in-situ

emulsification and viscosification systems.

In this study, an in-situ emulsification and viscosification
system was established by combining the Janus SiO;, nanopar-
ticles with nonionic/zwitterionic surfactants surfactant. Based
on dispersion stability, the in-situ emulsification and viscosifi-
cation system is constructed to ensure its stable performance
at high-salinity and high-temperature conditions. In particular,
the controllable adjustment mechanism of Janus nanoparticles
and in-situ emulsification mechanism are described in detail,
which provides a theoretical basis for the subsequent design of
in-situ emulsification and viscosification systems. This study
introduces a novel approach for utilizing amphiphilic Janus
nanoparticles in reservoir profile control.

2. Materials and methods

2.1 Materials

Janus SiO; nanoparticles (15 nm, Laboratory preparation)
was prepared according to previous work (Wu et al., 2020).
Polyoxymethylene sorbitol anhydride monostearate (Tween
60, AR) and Imidazoline oleate (IO, with purity of 97%) were
both purchased from Shanghai Maclean Biochemical Technol-
ogy Co., LTD. The viscosity of crude oil applied is 33 mPa-s
at 90 °C. The composition parameters of simulated formation
water are shown in Table 1. The diameter of the cores used
in the core-flooding experiment was 4.5 x 4.5 x 30 cm>. The
water permeability of three cores used in the experiment were
38, 72 and 189 mD.

2.2 Characterization and optimization of the
modification degree

The Janus SiO, nanoparticles were synthesized using the
Pickering emulsion method. The preparation process consists
of two distinct stages: amino acid modification and lauric
acid modification. Additionally, two steps were undertaken to
regulate the degree of surface modification, as depicted in Fig.
1. The degree of surface modification of Janus SiO, nanopar-
ticles was regulated during the synthesis process through the
manipulation of various parameters, including reaction time,
concentration of reactants, pH value, and reaction temperature.
The changes in the specific reaction parameters are illustrated
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Table 2. Experimental conditions for control of the degree of
amino modification.

Time (h)  Temperature (°C) KHS550 (g)

Amino group

modification 2,4,6,8

30, 40, 50 2,4,6,8

Table 3. Control experimental conditions for the degree of
lauric acid modification.

Time (h) Lauric acid (g) pH EDC (g)
Modification
by lauric ?’8]2’ 15, 30, 40, 50 6,8 2,4,6,8
acid

in Tables 2 and 3.

The acid-base titration method and sessile drop method
measuring contact angle were adopted for amino and lauric
acid modified characterization.

Acid-base titration was performed according to method
reported by Li et al. (2021b). The amount of 0.2 g amino
modified Janus SiO, nanoparticles was dissolved in the mix-
ture of absolute ethanol and 20% NaCl aqueous solution for
subsequent experiments. The Janus SiO, nanoparticles were
uniformly dispersed in the water using ultrasound until the
nanoparticles were evenly dispersed. The pH value of the
mixed solution was adjusted to 4 by 0.01 mol/LL HCI solution.
Once the pH value reached 4, no substantial alterations were
observed within one minute. Subsequently, the concentration
of a 0.01 mol/L NaOH solution was incrementally introduced
through dropwise addition. The Janus SiO, nanoparticle mix-
ture system was titrated by 0.01 mol/LL NaOH solution until
the pH of the system reached a value of 9 and remained
constant for a duration of 1 minutes. The quantity of NaOH
consumed was determined by the quantity of silica hydroxyl
groups present of SiO, nanoparticles. Accordingly, the degree
of modification could be reflected by the amount of NaOH
consumed.

Sessile drop method was employed for measuring contact
angle. Powder of nanoparticles with various lauric acid chain
grafting degrees was fabricated into thin slices using the
powder pelleting machine. Surface contact angles of Janus
SiO, nanoparticles thin slices were characterized at 25 °C
using Teclis interface rheometer (Traker-S, France). The liquid
phase used in the experiment is deionized water.

The selection of suitable amphiphilic Janus SiO, nanopar-
ticles for the in-sifu emulsification and viscosification system
was determined by evaluating the stability of W/O emulsions
stabilized using various hydrophilic and hydrophobic Janus
Si0O; nanoparticles.

2.3 Performance and mechanism of in-situ
emulsification and viscosification system

To enhance the effectiveness of Janus nanoparticles, the
surfactant IO and Tween 60 are chosen as the emulsifier. The
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construction of the in-situ emulsification and viscosification
system was based on the principle of dispersive stability of the
system. The assessment of dispersion stability was conducted
using three distinct methodologies, including visual observa-
tion, particle size measurement, and the turbiscan stability
index (TSI).

To determine the stability of nanofluids, the TSI values
were determined using software in Turbiscan Lab Expert
Stability Analyzer (Formulaction, France) (Li et al., 2019,
2020b). The TSI value can be achieved by:

La|Ti(h) —Ti 1 ()]
TSI = Z 7 (1)
where i represents the number of scannings, % is the height of
scanning, T;(h) is the transmission at height of & and i is the
number of scanning, and H stands for the total height of the
liquid in the sample cell. Thereby, lower TSI value suggests
a more stable nano fluid.

The stability of the dispersion was observed by recording
the volume of the oil phase separated out within 12 h in
the oven. The viscosity was determined using a Brookfield
viscometer (model DV2TLV, manufactured in the United
States) at 25 °C and shear rate of 7 rad/s. The evolution
of oil phase volume over time was recorded to assess the
emulsifying capacity and emulsion stability . The microscopy
was used to assess the agglomeration degree and droplet size
of the emulsion droplets. The rheological characteristics of
the emulsions were assessed using the HAAKE rheometer
(MARS III, Germany) at 25 °C. The variations in the viscous
modulus and elastic modulus as functions of the shear rate
were determined.

2.4 Profile control effect of in-situ emulsification
and viscosification system

To ascertain the efficacy of the enhanced oil recovery
(EOR) effect and profile control effect, a series of experi-
ments involving single-core and double-core flooding were
conducted. The experimental protocol and procedures were
outlined as follows:

The experimental setup involved the injection of an in-situ
emulsification viscosification system with the concentration
of 0.16 wt%. This concentration included 0.04 wt% Janus
SiO, nanoparticles, 0.056 wt% Tween 60, and 0.064 wt%
I0O. The experiment was conducted using 50 mD core. An in-
situ emulsification and viscosification system was injected in
real time, with a total concentration of 0.16 wt%. The system
consisted of 0.04 wt% Janus SiO; nanoparticles, 0.056 wt%
Tween 60, and 0.064 wt% IO, respectively. The experiments
were carried out using cores with permeabilities of 189 and
72 mD.

The dry weight of the core, measuring 4.5 x 4.5 x 30
cm?, was first recorded. The square core was subsequently
evacuated and saturated with simulated formation water. The
pore volume and porosity were afterwards calculated. The core
was subjected to the injection of simulated formation water at
a flow rate of 0.5 ml/min. The core’s permeability was assessed
by measuring the injection pressure and speed once the inject-
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Fig. 2. Relationship between hydrophilic and hydrophobic
degree of Janus nanoparticles and emulsion type.

ion pressure stabilized. For optimal distribution of oil and
water in the core, crude oil should be introduced at a rate of
0.5 ml/min. This process should continue until bound water
state. At this point, the pump should be stopped, and the
cumulative water output should be recorded. After ageing
for a period of one week, the core can be utilized for the
following experiment. The injection rate for water flooding
was established at 0.5 ml/min, the distribution and corre-
sponding differential pressure were simultaneously recorded
during this time interval. The pump was halted once the
core water content reached 95%. The in-situ emulsification
and viscosification system was initially injected with 0.5 pore
volumes (PV) from the outlet with 0.5 ml/min. In the post
water flooding experiment, the liquid production, oil produc-
tion and corresponding differential pressure were recorded.
The displacement experiment was halted once the water cut
came to 98%, at the moment when the ultimate recovery was
assessed.. The experiment was carried out at 90 °C and salinity
of 35,000 ppm.

3. Results and discussions

3.1 Regulating principle of amphiphilicity for
Janus SiO; nanoparticles

The amphiphilicity of Janus SiO, nanoparticles was ad-
justed to optimize the stability of the emulsion, and realize
in-situ emulsification and viscosification. When nanoparticles
exhibit stable adsorption on the interface, they tend to retain
a significant portion of their surface within the external phase
of the emulsion. This phenomenon arises from the varying
surface wettability of the nanoparticles, enabling the formation
of diverse emulsion types (Miyasaka et al., 2023). The larger
the area occupied by nanoparticles is, the greater the energy
requires for their desorption, which will affect the emulsion
stability (Paternina et al., 2023). Emulsion type correlates with
the hydrophilic and hydrophobic degree of Janus nanoparti-
cles, see Fig. 2. Therefore, a series of nanoparticles exhibiting
various degrees of hydrophilicity and hydrophobicity were
synthesized, followed by an optimization for the modification
degree based on emulsion stability.
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Fig. 3. Titration data of hydroxyl content on the surface of
Janus SiO; nanoparticles.

The amino modification degree is characterized mainly
by acid-base titration (see Fig. 3). The quantity of hydroxyl
groups on the SiO, nanoparticle surface diminished as the
extent of surface modification increased with longer reaction
times across the four samples analyzed. With an increase in
the KH550 addition amount, the quantity of hydroxyl groups
on the SiO, surface rises, resulting in a diminished degree
of modification. This is mainly attributed to the effect of the
change in synthesis conditions on the hydrolysis-condensation
equilibrium of the silane coupling agent KH550. In the lauric
acid modification experiment, it is recommended to employ
amino modified nanoparticles with 8 g KH550 and a reaction
duration of 2 h.

The experimental results of SiO, modification degree by
laurate amidation are located in Figs. 4(a)-4(b). The successful
synthesis of Janus SiO; nanoparticles with varying degrees
of modification was achieved through the manipulation of
reaction time, addition of lauric acid, pH value adjustment, and
catalyst addition. The observed water contact angle on Janus
Si0, nanoparticles thin slices with surface water ranged from
96.2° to 130.8°. This is mainly attributed to the adjustment of
the grafting density of lauric acid chain segments achieved
by the change of synthesis conditions. When the contact
angle of surface water exceeds 90°, Janus SiO, nanoparticles
tends to stabilize the W/O emulsion. However, the strength
of W/O emulsion stability and modification degree is not
directly proportional to the contact angle. Later, the degree
of modification will be optimized.

Nanofluids were synthesized through the dispersion of
Janus SiO, nanoparticles in deionized water under ambient
conditions. The nanofluid was mixed with crude oil in order
to create a W/O emulsion. The emulsion morphology at 0
and 24 h was observed under room temperature conditions,
as depicted in Fig. 5(a)-5(b). In Fig. 5(a)-5(b), the light
brown region represents for the emulsion itself, while the
dark brown region indicates the quantity of oil phase that
has been released from the emulsion through the process of
demulsification. At 0 h, Janus SiO, nanoparticles with varying
degrees of modification are all capable of effectively pro-
ducing W/O emulsions. Furthermore, the resulting emulsion
exhibits a uniform appearance. A significant difference in
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Fig. 4. Surface water contact angles on amphiphilic Janus SiO, nanoparticles thin slices prepared under various reaction
conditions. (a) Reaction time, (b) lauric acid addition, (c) pH value and (d) amount of catalyst added.
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Fig. 5. Amphiphilic Janus SiO; nanoparticles stabilized W/O emulsions at (a) O h and (b) 24 h. (Water contact angles of Janus
Si0; nanoparticle surface (1) 99.5°, (2) 112 °, (3) 116.1 °, (4) 112.7°, (5) 123.8°, (6) 101.1 °, (7) 99.4° and (8) 96.2°).
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Fig. 6. (a) Dispersion stability of the system composed of 0.05% Janus SiO, nanoparticles and 0.15% Tween 60/ IO surfactant
at various Tween 60/ IO molar ratios in aqueous phase at 90 °C and 35,000 ppm salinity ((1) 1:9, (2) 2:8, (3) 3:7, (4) 4:6 and
(5) 5:5), (b) particle size test results at 0 and 12 h of in-situ emulsion and viscosification system and (c) change in TSI value

of in-situ emulsification and viscosification system within 2 hrs.

emulsion stability, influenced by nanoparticles with differing
modification levels, was observed after 24 h. One notable
observation is that the emulsion exhibited superior stability
when the Janus SiO;, nanoparticles performed a surface water
contact angle of 116.1°, resulting in the lowest amount of
oil leaching. The experimental findings indicate that a weakly
oil-wet surface wettability of the nanoparticles leads to the
stabilization of a water-in-oil emulsion by the nanoparticles.
To optimize interface activity and emulsion stability of Janus
Si0, nanoparticles, a surface modification degree of 116.1° is
selected for system construction.

3.2 In-situ emulsion and viscosification system
build and performance testing

The dispersion stability of the in-siru emulsion and vis-
cosification system is improved under high-temperature and
high-salt. Fig. 6(a) displays the results of the assessment
of dispersion stability for the in-situ emulsification and vis-
cosification system through the visual method. The in-situ
emulsification and viscosification systems exhibited favorable
dispersion stability when the molar ratio of Tween 60 to 10
exceeded 3:7. Figs. 6(b)-6(c) displays the measured results
of particle size and TSI data for the in-sifru emulsification
and viscosification system. The particle size of the in-situ
emulsification and viscosification system changed little within
12 hours, and the overall dispersion stability nearly unchanged
as is reflected by the TSI value.

A robust adsorption layer of Tween 60 and IO formed
on the surface of Janus SiO, nanoparticles is largely respon-
sible for the system’s remarkable dispersion stability. The
adsorption layer enhances the quantity of surfactant adsorbed,
resulting in a stable system structure after adsorption (Kumar
et al., 2020; Venancio et al., 2020). As a consequence of the
solubility issue, a portion of IO undergoes dissolution in water
and subsequent hydrolysis, while another portion remains
suspended in water in the form of min droplets, as depicted
in Figs. 7(a)-7(b). There are three types of surfactants exist in
aqueous solutions, including IO molecule in its unhydrolyzed

state and the hydroxyethyl IO compound that is formed after
hydrolysis, as well as the anionic surfactant oleate. These
three surfactants and the week electro-positive Tween 60
are co-adsorbed on the surface of Janus SiO; nanoparticles
through hydrophobic interactions, electrostatic interactions ,
and hydrogen bonding. This results in the formation of a
compact adsorption layer consisting of Tween 60 with hy-
drophilic groups, which in turn creates a solvation layer on
the surface of the nanoparticles (Nazari et al., 2019; Xie et
al., 2020; Xu et al., 2023). The overlapping of solvation layers
between particles gives rise to repulsive forces, resulting in the
improved stability and dispersion of nanoparticles, as depicted
in Fig. 7(c). The process of adsorption, wherein surfactant
molecules adhere to particles, serves to enhance the stable
dispersion of the surfactant in an aqueous solution, thereby
preventing precipitation.

Figs. 8(a)-8(b) depict the stability of emulsions that were
prepared using various concentrations of in-sifu emulsification
and viscosification systems. For all concentrations, in-situ
emulsification and viscosification systems have the capability
to generate W/O emulsions. Furthermore, these emulsion
systems can sustain their stability for a duration of 12 hrs
without any noticeable demulsification. In Fig. 8(c) of the
emulsion viscosification effect test, it is observed that the
in-situ emulsion and viscosification concentration system at
0.64 wt% exhibits the most favourable viscosification effect.
Specifically, the W/O emulsion stabilized by 0.64 wt% system
displayed the viscosity of 4,960 mPa-s.

In order to further validate the variation in emulsification
effects among various concentration systems, microscopy was
utilized to examine the microscopic structure of the emulsion.
The experimental findings are depicted in Figs. 9(a)-9(e).
When the concentration of the in-situ emulsification and
viscosification system is 0.64 wt%, the resulting emulsion
droplet exhibits the smallest particle size and a high packing
density, indicating enhanced emulsion viscosity and stability.

Figs. 10(a)-10(b) display the elastic and viscous modulus
of emulsions that have been prepared using various concen-
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Fig. 7. (a) Sketch of IO hydrolysis in the water, (b) the present form of unhydrolyzed IO in water and (c) schematic diagram
of the dispersing mechanism for the in-situ emulsion and viscosification system.
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Fig. 8. (a) and (b) Emulsion morphology of in-situ emulsification and viscosification system with various concentrations, (c)
the viscosification effect of the prepared emulsions with different concentration systems.
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Fig. 9. For the preparation of emulsion concentration system microstructure: (a) 0.16 wt%, (b) 0.32 wt%, (c) 0.48 wt%, (d)
0.64 wt% and (e) 0.80 wt%.
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Fig. 10. (a) and (b) The elastic and viscous modulus of W/O
system with various concentrations.

trations. The data presented in Figs. 10(a)-10(b) demonstrate
a positive correlation between the system concentration and
both the viscous modulus and elastic modulus. The higher
viscous modulus facilitates improved flowability, allowing
the emulsion to flow until the channel becomes obstructed
by emulsion droplets. When the emulsion droplets obstruct
the pore roar and impede the flow, they demonstrate elastic
behavior, thereby augmenting the strength of plugging. As
the shear rate increases, both the viscous modulus and elastic
modulus exhibit an increase trend.

To clarify the mechanism of in-situ emulsification and
viscosification system, the dynamic adsorption process and
phase transformation process of surfactant were analyzed from
the perspective of emulsification. The unique bridge structure
of Janus nanoparticle stabilized emulsion was analyzed from
the perspective of emulsion stability.

Firstly, Janus SiO, nanoparticles with surfactants adsorbed
on the surface and small IO droplets will spontaneously adsorb
at the interface during the water-oil collision (Fainerman et
al., 2020). Since the solubility of 1O surfactant in oil is greater
than that in water, the dynamic adsorption-desorption behavior
of surfactant occurs between the oil-water interface and the
oil phase (Yang et al., 2020; Paternina et al., 2023), and the
concentration of surfactant in the oil phase increases signifi-
cantly, as shown in Figs. 11(a)-11(b), which is important for
the generation of in-situ W/O emulsion in the formation. The
observed outcomes result from the synergistic interaction be-
tween surfactants and Janus SiO, nanoparticles. The increased
interfacial activity and enhanced adsorption of Janus SiO»
nanoparticles at the interface result from their amphiphilic
structure and the adsorption of surfactants onto their surface.
(Sircar et al., 2022; Vu et al., 2022).In the formation, the crude
oil emulsifies to prepare a W/O/W emulsion with an outer
layer stabilized by Tween 60 and an inner layer stabilized by
Janus SiO, nanoparticles and 10 (Wei et al., 2020; Nafisifar
et al.,, 2023). When droplets collide with each other, the oil
phase between different droplets will coalesce with each other
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emulsions prepared by in-situ emulsification and viscosification

due to the poor stability of the emulsion stabilized by Tween
60 (Farooq et al., 2019). The inner droplets stabilized by Janus
Si0, nanoparticles and IO, due to the irreversible adsorption
of particles (Lu et al., 2020) and the formation of dense
adsorption layer (Cui et al.,, 2023) between surfactant and
nanoparticles at the interface, the interfacial layer is stable,
and the inner phase water droplets will not agglomerate. The
irreversible adsorption of Janus nanoparticles is mainly since
its maximum adsorption energy at the interface is three times
that of isotropic particles at the interface, which enables it to
be strongly fixed at the interface (Gao et al., 2014; Boréwko
et al., 2023). As shown in Fig. 11c, the emulsion viscosity will
be significantly greater than the crude oil due to the mutual
extrusion and friction between the droplets after the droplet
oil converges and merges (Lu et al., 2023b).

Furthermore, the simultaneous co-adsorption of nanoparti-
cles and surfactants at the interface leads to a large packing
density of the interfacial film. The substantial interfacial
adsorption energy exhibited by nanoparticles prevents desorp-
tion from the interface. Consequently, nanoparticles assume
a prominent role in maintaining the emulsions stability (Hu
et al., 2018; Tran et al., 2022). Additionally, as the oil phase
undergoes gradual separation, the proximity of the droplets
leads to the formation of a distinctive structure wherein Janus
SiO, nanoparticles contribute to the reduction of IFT and
enhance surface wettability. This structure facilitates the bridg-
ing of oil droplets between nanoparticles, which significantly
contributes to the high stability of the W/O emulsion during
subsequent processes. The difference in wettability between
the two hemispheres of Janus SiO, nanoparticles leads to
distinct bending curvatures of the interface. The oil contact
angle of the hydrophilic hemisphere is larger than that of the
hydrophobic side (a > B, see Fig. 11(e)). This phenomenon
is observed when the Janus SiO; nanoparticles simultaneously
stabilize two emulsion droplets, as depicted in Figs. 11(d)-
11(e).
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Fig. 11. Emulsification and stabilizing mechanism enabled by the in-sifu emulsification and viscosification system. (a) The
stable state of in-situ emulsification and viscosification system in water, (b) adsorption and mass transfer of surfactants and
Janus nanoparticles at interface, (c) emulsification and droplet coalescence, (d) the interface formed dense adsorption layer and

(e) the oil droplets are bridged by nanoparticles.
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Fig. 12. Experiment results of 38 mD single core physical
model.

3.3 Profile control effect of in-situ emulsion and
viscosification system

As depicted in Fig. 12, the single core physical model
experiment was conducted using core with a permeability of
38 mD. Following the introduction of an in-sifu emulsification
and viscosification system, the displacement pressure and oil
recovery rate exhibited significant improvements. Specifically,
the recovery rate experienced a notable increase of 16.71%,
while the injection pressure rose from 1.05 to 1.48 MPa.
The in-situ emulsification and viscosification system exhibited
a notable plugging effect and oil displacement effect. The
utilization of the in-situ emulsification and viscosification
system improved oil recovery.

The experimental results of the double-core physical model
experiment are shown in Fig. 6(b). The experiment was
conducted using square cores measuring 189 and 72 mbD.

Following the injection of 0.5 PV of an in-situ emulsification
and viscosification system, the injection pressure experienced
a substantial increase, rising from 0.05 to 0.35 MPa. This
increase in pressure effectively initiated the low permeability
layer. Following the regulation of in-situ emulsion and vis-
cosification system, the high permeability layer experienced a
notable increase of 12.98%, while the oil recovery efficiency
of the low permeability layer also exhibited a significant
improvement of 12.86%.

Janus SiO, nanofluid flooding is acknowledged as an ef-
fective method for enhancing oil recovery in low-permeability
reservoirs. (Li et al., 2023). The enhanced oil recovery mech-
anisms include structural separation pressure, IFT reduction,
emulsification, and emulsion stability (Jia et al., 2021). This
work reveals a new mechanism of Janus SiO; nanofluids
in EOR process from a new perspective. By complexing
Janus SiO, nanoparticles with surfactants, in-situ emulsifica-
tion was achieved via generation of high-viscosity W/O emul-
sion. Through droplet plugging, droplet bridging and high-
viscosity W/O emulsion slug, achieved profile control and the
macroscopic sweeping volume was increased. The plugging
mechanism of the in-situ emulsification and viscosification
system within the hyperosmotic channel is shown in Fig. 14.

4. Conclusions

In current work, an in-situ emulsification and viscosifica-
tion system utilizing Janus SiO; nanoparticles and surfactants
was proposed. The profile control effect through in-situ emul-
sification and viscosification can be attributed to synergistic
effect between Janus SiO; nanoparticles/surfactant system.
The primary findings can be summarized as follows:
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Fig. 14. Profile control and EOR mechanism of in-situ emulsification and viscosification system.
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By manipulating the modification degree, amphiphilic
Janus SiO, nanoparticles with varying hydrophilic and
hydrophobic properties were synthesized. The W/O emul-
sion stability was the highest when the contact angle of
amphiphilic Janus SiO, nanoparticles with the surface
water reached 116.1°.

The in-situ emulsification and viscosification system con-
sisting of 10, Tween 60, and amphiphilic Janus SiO»
nanoparticles were proposed. The mechanism of in-situ
emulsification and viscosification system was elucidated
from two aspects: The dynamic adsorption and phase
conversion of surfactant, and the unique bridge structure
of Janus nanoparticle stabilized emulsion.

The profile control performance of the system were eval-
uated by core flooding experiments with both single-core
and double-core configurations. The in-situ emulsification
and viscosification system showed an enhanced profile
control efficacy in low permeability.
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