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Abstract: When surfactant is used as emulsifier, the stabi-
lity of emulsion is often greatly reduced with the influence
of reservoir conditions (temperature, pressure, salinity,
etc.), which shortens the validity period of emulsion.
Pickering emulsion has a wide range of applications in
the oil and gas field due to its advantages of good stability
and easy regulation. In this article, the formation, stabili-
zation mechanism, and influencing factors of Pickering
emulsions were introduced, and the application status
and prospects of Pickering emulsions in oil and gas field
were summarized. It was pointed out that Pickering emul-
sion has many advantages and important research value
when applied in deep strata and complicated reservoirs. It
is expected that this article can effectively reflect the appli-
cation value of Pickering emulsion in oil and gas field and
promote the application of Pickering emulsion in petro-
leum industry.

Keywords: Pickering emulsion, influencing factors, petro-
leum industry application, emulsifier

1 Introduction

Emulsion is a dispersion system in which one liquid is
dispersed in the form of liquid beads in another immis-
cible liquid. Pickering emulsion is a special one, which
uses ultrafine solid particles as an emulsifier [1]. Pickering
first found in 1907 that solid particles could be adsorbed
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on the surface of oil droplets to form a stable emulsion [1].
Later, people called this emulsion system as Pickering
emulsion, and the solid particles which can emulsify and
stabilize were called Pickering particles. The biggest
difference between Pickering emulsion and common
emulsion is that emulsifier is solid particles. In addition,
compared with common emulsion, Pickering emulsion has
the advantages of better stability, less emulsifier, recycl-
ability, and environmental friendliness [2-5]. Therefore,
Pickering emulsion has been widely studied and applied
in the fields of food, fine chemical synthesis, medicine,
cosmetics, and so on [6—10]. Pickering emulsion has also
attracted more and more attention in petroleum industry,
such as drilling, enhanced oil recovery (EOR), sand con-
trol, and petroleum wastewater treatment [11-16]. In this
article, the formation, stability mechanism, influencing
factors, and application progress of Pickering emulsion
in oil and gas field will be introduced.

2 Pickering emulsion and its
stability

2.1 Formation of Pickering emulsion

Pickering emulsion is prepared by homogenizing or ultra-
sonic emulsification of aqueous phase (some containing
electrolytes), oil phase (strong polarity, medium polarity,
weak polarity, or non-polarity), and solid emulsifiers. The
droplet size of Pickering emulsion is generally in micron
order, and the smaller the size, the better the emulsifica-
tion ability [17-19]. Solid particles can be divided into
flakes and granular. Flake solid particles mainly include
kaolin, clay, synthetic lithium saponite, montmorillonite,
graphene oxide (GO), and so on [20-22,46]. Granular
solid particles include silicon dioxide, zinc oxide, iron
oxide, titanium silicate, metal sulfate, polystyrene, Janus
microspheres, starch nanocrystals, and so on [23-30].
Pickering emulsion can be classified into oil-in-water
(O/W) and water-in-oil (W/O) types as well as surfactant

8 Open Access. © 2022 Lipei Fu et al., published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 International

License.


https://doi.org/10.1515/ntrev-2022-0003
mailto:liaokaili@cczu.edu.cn
mailto:heyanfeng@cczu.edu.cn

DE GRUYTER

stabilized emulsion. Schematic diagram of classical (sur-
factant based) emulsion and Pickering emulsion are shown
in Figure 1.

Surfactants generally have hydrophilic groups and
hydrophobic groups, belonging to amphiphilic mole-
cules. They are directionally arranged at the oil-water
interface to form common emulsion, and the main per-
formance evaluation parameter is hydrophilic-lipophilic
balance value. Pickering emulsion is mainly formed by the
adsorption of solid particles with certain wettability to the
oil-water interface, which would form a single-layer or
multi-layer film of solid particles. The three-phase contact
angle is the main parameter for evaluating the perfor-
mance of solid particles. When the three-phase contact
angle 0 is less than 90°, the solid particles are hydrophilic.
The wettability of solid particles is lipophilic when the
three-phase contact angle 6 is more than 90° [32]. Rela-
tionship between wettability of particles and emulsion
type is shown in Figure 2.

2.2 Stability mechanisms and influencing
factors of Pickering emulsion

2.2.1 Stability mechanisms

The stability mechanisms of Pickering emulsion mainly
include the following viewpoints: mechanical barrier
mechanism and three-dimensional viscoelastic particle net-
work mechanism [32]. Among them, the mechanism of bar-
rier mechanism has been widely recognized [33-35].

(1) Mechanical barrier mechanism [36]: The compact
arrangement of solid emulsifiers on the surface of the
emulsion hinders the collision and agglomeration between
droplets in space. At the same time, the particle emulsifier
adsorbed on the surface of the droplet increases the
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Figure 2: Relationship between wettability of particles and emulsion
type [36].

repulsive force between the droplets. These two effects
improve the stability of emulsion, as shown in Figure 3(a).

(2) Three-dimensional viscoelastic particle network
mechanism [37]: This theory was proposed by Lagaly
et al. in 1999. As shown in Figure 3(b), the interaction
between particles and particles and between particles
forms a stable three-dimensional network structure, which
increases the viscosity of the continuous phase, prevents
the aggregation of the droplets, and inhibits the delamina-
tion of the emulsion. The ability of resisting deformation
has also been enhanced.

The evaluation methods of emulsion stability mainly
include microscope analysis, particle size analysis, zeta
potential analysis, high-speed centrifugation method,
conductivity method, turbidity method, and rheological
analysis. The microscopic analysis has its own shortcom-
ings, for example improper operation in the process
of sample preparation will destroy the structure of the
sample to a certain extent. The optical particle size ana-
lyzer is only suitable for emulsion with relatively smaller
volume fraction. Zeta potential analysis, high-speed cen-
trifugation method, and conductivity and turbidity method
have requirements on the volume fraction and viscosity of
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Figure 1: Schematic diagram of classical (surfactant based) emulsion and Pickering emulsion [31].
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Figure 3: Stability mechanism of Pickering emulsion [38]. (a)
Mechanical barrier mechanism and (b) three-dimensional viscoe-
lastic particle network mechanism.

emulsion, but they cannot accurately analyze emulsion
with higher volume fraction and viscosity. For rheological
analysis, the influence of other variables on emulsion sta-
bility should be ignored [39].

2.2.2 Influencing factors
2.2.2.1 Wettability of solid particles

The wettability of solid particles plays a decisive role in the
type of emulsion, because it greatly affects the perfor-
mance of the emulsion, and it is one of the most important
factors affecting the properties of the emulsion. Binks et al.
[36] found that most of the surfaces of hydrophilic parti-
cles were adsorbed in polar water rather than in non-polar
phase, and most of the surfaces of hydrophobic particles
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were adsorbed in non-polar air or oil. When the particles
are hydrophobic, W/O Pickering emulsion was formed,
and when the particles are hydrophilic, O/W Pickering
emulsion was formed. Emir et al. [40] studied the influence
of ordinary glass beads (contact angle 48 + 4°) and modified
glass beads (contact angle 93 + 3°) on Pickering emulsion,
and they found that the droplets’ size and distribution width
of emulsion stabilized by modified glass beads were smaller
than those stabilized by ordinary glass beads.

2.2.2.2 Solid particle concentration

The concentration of solid particles influences the droplet
size and stability of Pickering emulsion. Under certain
emulsification conditions, when the concentration of solid
particles increases, the size of the emulsion droplets
decreases, and the stability of the concentrated emulsion
improves. However, when the concentration of solid par-
ticles reaches the critical micelle concentration, the size of
the emulsion droplets will remain unchanged. Aveyard
et al. [41] took monodisperse spherical silica particles
with a diameter of 25 nm as the research object and found
that the viscosity of the emulsion increased with the
increase in the particle concentration, the concentration
of solid particles increased by ten times, and the droplet
size of the emulsion decreased by about eight times. How-
ever, when the particle concentration reached 3%, the
solid particle concentration reached the critical micelle
concentration, the polarity of the particle concentration
increased, and the droplet size of the emulsion was basi-
cally unchanged. When studying the influence of silica
concentration on the stability of emulsions, Justyna et al.
[42] also reached a similar conclusion. As the silica con-
centration increased, the droplet size of the emulsion
decreased gradually until it reached the critical micelle
concentration, and the droplet size remained stable. By
observing the stability of the emulsion, it was found that
no demulsification occurred in 2 years. He et al. [46] used
only GO as stabilizer to prepare Pickering emulsion, and
the effect of GO concentration on emulsion stability was
investigated. It was found that with the increase in GO con-
centration, the average droplet size of emulsion decreased
gradually and the stability improved.

2.2.2.3 Oil-water ratio

The oil-water ratio is an important factor affecting
the stability of the Pickering emulsion. The change in
oil-water ratio may lead to the reverse of emulsion.
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Figure 4: Pickering emulsions stabilized by GO at different pH values: (a) pH =1, (b) pH =3, (c) pH =6, (d) pH =9, and (e) pH = 11 [46].

White et al. [43] prepared the emulsion with a mixture
of modified silica particle, water, and 2,6-lutidine. They
found that slight changes in hydration on the surface
of the particle could lead to the change in emulsion
structure. Reducing particle hydration would transform
the emulsion from lutidine-in-water (L/W) to water-in-
lutidine (W/L). Stilier et al. [44] studied the influence
of different surface-modified titanium dioxides on the
type and stability of the emulsion. They found that the
type of emulsion will change from water/oil to oil/water
with the increase in water volume. With the increase in
the particle hydrophobicity, the long-term stability of
0O/W emulsion decreased, while that of W/O emulsion
increased.

2.2.2.4 Aqueous phase pH value

The change in pH value of aqueous phase will affect
the wettability or electrical properties of the particles,
thereby affecting the adsorption behavior of the particles
at the oil-water interface, and finally affecting the prop-
erties of the Pickering emulsion. Yang et al. [45] used
positively charged lamellar double hydroxide (LDH) par-
ticles as emulsifier and liquid paraffin as oil phase to

prepare emulsion. Their research pointed out that with
the increase in pH value, the zeta potential of LDH parti-
cles decreased, the contact angle increased (only changed
little), and the structural strength of LDHs dispersion
increased, and the stability of emulsion improved. By
adjusting the pH value of LDHs dispersion, the adsorption
capacity of particles on oil-water surface could be regu-
lated. This study proved that by changing the pH value of
the LDHs dispersion, the adsorption of LDHs particles at
the oil-water interface could be controlled, which in turn
affected the stability of the Pickering emulsion. Tang et al.
[3] studied the influence of pH change on the stability of
the Pickering emulsion by using the self-assembly struc-
ture of the Pickering emulsion. They pointed out that the
change in pH value would affect the aggregation and dis-
persion behavior of Janus particles. When pH <7, the sur-
face of Janus particles was acidic and easily protonated,
which made the particles more easily wetted by oil phase,
thus achieving the stability of W/O Pickering emulsion;
When pH >7, acrylic acid would deprotonate to stabilize
the Pickering emulsion. Tang et al. believed that this phe-
nomenon was caused by the strong electrostatic charge
repulsion between the Janus particles under alkaline con-
ditions. He et al. [46] studied the factors affecting the sta-
bility of GO Pickering emulsion. They found that with the
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increase in pH value (Figure 4), the hydrophilicity of GO
increased, the Zeta potential decreased, the surface charge
density increased, and electrostatic repulsion between
GOs increased. This would destroy the accumulation of
GO at the oil-water interface, affect the formation and
strength of the interface film, and be detrimental to the
stability of the emulsion.

2.2.2.5 Salinity

The salinity of the aqueous phase may directly change
the potential of the particle surface, and may also cause
flocculation and sedimentation of the particles, which
may affect the stability of the Pickering emulsion to a
certain extent. Sharma et al. [47] found that adding
appropriate concentration of NaCl to the flocculated
micron-sized silica (SiO,) could achieve long-term sta-
bility and make the nanoparticles (NPs) aggregate, thus
enhancing the coagulation stability of the emulsion dro-
plets. Yu et al. [48] pointed out that when the salinity of
the oil-in-water Pickering emulsion stabilized by Na-mont-
morillonite was too low or too high, it was not conducive
to maintain the viscosity of the Pickering emulsion. The
mechanism is shown in Figure 5.

2.2.2.6 Oil phase

The selection of oil phase also has a great influence on
the Pickering emulsion, and the main influencing param-
eters are viscosity and polarity of the oil phase. Binks and
Lumsdon [49] used more than a dozen different polar oil
phases and hydrophobic particles to prepare emulsions.
They found that for some polar oils (such as esters and
alcohols), W/O emulsions were formed. But for non-polar
oils such as hydrocarbons, even though the particles are
more hydrophobic, O/W emulsions are still formed. The
reason is mainly related to the influence of adsorption
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between oil phase and water phase on the contact angle.
The selection of oil phase also has a great influence on the
Pickering emulsion, mainly the viscosity and polarity of
the oil phase affects the Pickering emulsion. Tsabet and
Fradette [40] found that when the oil phase viscosity was
lower than 485.5 mPas, the droplet diameter of emulsion
remains unchanged with the change in viscosity, and
when the oil phase viscosity is higher than this value,
the droplet diameter increases obviously. Chesters [50]
gave the following explanation for this. When the viscosity
of oil phase is very high, the high viscosity of oil reduces
the fluidity of the droplet interface, prevents the formation
of liquid film and the adsorption of particles on it, and
slows down the adsorption speed, resulting in poor emul-
sion stability and large droplets.

There are many factors that affect the Pickering emul-
sion, such as particle type, particle shape and size, dis-
persion mode, dispersion time, temperature, pressure,
etc. [46,51-53]. When preparing or using the Pickering
emulsion, a more detailed experiment should be carried
out to find the best formula.

3 Application of Pickering emulsion
in oil and gas field

3.1 Drilling

The main function of drilling fluid are to clean the bottom
hole, absorb cuttings, cool and lubricate the drill bit and
drill string, form mud cake, and seal the well wall. [54-57].
Drilling fluid is a typical colloidal dispersion system,
which can be divided into water-based drilling fluid, oil-
based drilling fluid, and gas drilling fluid according to the
dispersion medium. Water-based drilling fluid is suitable
for reservoirs with low temperature and low pressure,
while oil-based drilling fluid is suitable for reservoirs
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Figure 5: Pickering emulsion stabilized by clay at very low (a) and very high (b) salinities [48].
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with high temperature and high pressure [58-64]. Oil-
based drilling fluid is a complicated W/O Pickering emul-
sion system, which is stabilized by surfactant and NPs.
Adding solid particles to the drilling fluid can improve
the rheological properties of the fluid, reduce filtration
loss and friction coefficient, and improve heat transfer
rate. With the deep development of exploration and devel-
opment of oil and gas resources, reservoirs are becoming
more and more complex, and the requirements of oil-
based drilling fluid are getting higher and higher. In the
application of oil-based drilling fluid, the stahility of the
drilling fluid emulsion is of great importance. The excel-
lent stability of Pickering emulsion just provides a solution
to improve the stability of oil-based drilling fluid.

Liu et al. [65] developed a Pickering emulsion stabi-
lized by high-temperature-resistant organoclay and mod-
erately hydrophobic nano-SiO, to solve the problems of
poor thermal stability and unsatisfactory application of
the Pickering emulsion in high temperature formation
environment. They pointed out that the Pickering emul-
sion was easy to prepare and friendly to the environment,
and kept good rheological properties after hot rolling
tests at 220°C, which showed great application potential
in high-temperature-resistant drilling fluids. The research
by Ai et al. [66] also got similar results. NP-stabilized W/O
emulsion could increase the viscosity and shear resistance
of the drilling fluid, and greatly improve the stability of the
drilling fluid. The drilling fluid developed by Ai et al. could
be used in shale reservoirs. There are also many patents
related to the preparation of drilling fluid by the Pickering
emulsion [67-69]. Dargahi-Zaboli et al. [70] formed a
stable W/O invert emulsion with hydrophobic nano-SiO,
NPs for drilling, and pointed out that the properties and
content of NPs could be adjusted to improve the perfor-
mance of drilling fluid, so that the emulsion still had good
thermal stability at 120°C. Sharma and Sangwai [71] pre-
pared Pickering emulsion with SiO,, clay, sodium dodecyl
sulfate (SDS), polyacrylamide, and sodium chloride. They
pointed out that the emulsion had good viscoelasticity
under high pressure and high temperature conditions,
and was suitable for drilling fluid at high temperature
and high pressure. Aiming at the damage of oil-based dril-
ling fluid in oil well completion, Huo et al. [72] prepared
bentonite solid particles with different surface wettability
through the in situ activation technology by changing the
concentration of the surfactant cetyltrimethylammonium
bromide (CTAB), and studied the phase transition mechanism
of CTAB inducing bentonite emulsion rotation. The experi-
mental results showed that the wettability of bentonite parti-
cles can be changed by changing CTAB concentration, and
then the bentonite emulsion can be induced to undergo two-
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phase inversion behaviors. The research on application per-
formance indicated that the reversible emulsion oil-based
drilling fluid system has good thermal stability with small
filtration, so as to avoid the damage of traditional oil-
based drilling fluid in oil well completion. Halliburton
Energy Services has developed a Pickering foam drilling
fluid, which can be pumped through a drill string, and
extend the wellbore through the subterranean formation
[73]. Cui et al. prepared Pickering emulsion with nano-
Al,O;5 and diesel oil. This emulsion had strong stability
and could be stored for more than 1year at room tem-
perature. The emulsion could be demulsified by adding a
small amount of cationic surfactant, which had potential
applications in diesel oil transportation and drilling fluid
preparation [74].

Pickering emulsion can also be used to cool the drill
bit. As the specific surface area of drilling fluid molecules
increases, the heat exchange rate increases. The NPs
have a very high specific surface area just to improve
the ability of the drill bit to transfer heat. Farshad et al.
[75] used nano titanium dioxide and carbon nanotubes to
change the thermal properties of the drilling fluids. They
pointed out that the ratio of convection heat transfer and
conduction heat transfer of the drilling fluid containing
carbon nanotubes was about 30% higher than that of the
drilling fluid containing titanium dioxide NPs. The convec-
tive heat transfer coefficient increased from 2,950 W/m?-°C
to 3,360 W/m?-°C by decreasing the average size of the
carbon nanotubes from 76 to 54 nm. Their research showed
that Pickering emulsion could improve the thermal effi-
ciency of the liquid as the transport fluid.

3.2 Enhanced oil recovery
3.2.1 Oil displacing agent

Traditional emulsion flooding is to inject the emulsion
formed by emulsifier (surfactant or polymer with surface
activity) and crude oil under high-speed stirring into the
formation to displace the residual oil after water flooding.
Indoor and on-site practice have shown that emulsion
flooding can effectively reduce the amount of residual
oil in the formation [76-78]. However, the traditional
emulsion cannot be widely used in oil displacement
because of its poor long-distance migration performance
and not good enough thermal stability. Pickering emulsion
formed by NPs as emulsifier can overcome the above diffi-
culties and be used as oil displacement agent. Because
nano-SiO, and nano-clay are relatively easy to prepare
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and cheap, there were many reports about the use of nano-
Si0, and nano-clay as emulsifiers when studying the use
of Picketing emulsion in oil fields.

Pickering emulsion with solid particles as emulsifier
provides more options for emulsion to enhance oil recovery.
The NP-stabilized solvent-based emulsion studied by Kumar
et al. [79] can easily pass through the pore throat size of the
reservoir, which is helpful to improve the recovery of heavy
oil. Jia et al. [80] studied multiple O/W/O Pickering emul-
sions stabilized by amphiphilic Janus-SiO2 NPs (Janus-C12),
which showed excellent EOR performance in core displace-
ment experiments, which can improve oil recovery by 27.2%.
Mo et al. [81] modified kaolinite with dimethyl sulfoxide
(DMSO) and 3-aminopropyltrimethoxysilane (APTMS) and
used it as emulsifier to prepare Pickering emulsion, which
can maintain stability for at least 60 days and has great
potential application in oil recovery in the field. Wang
et al. [82] pointed out that Pickering emulsion stabilized
by cellulose nanocrystals (CNCs) has good stability at
100°C. They believed that this emulsion could reduce costs
and facilitate field applications of emulsion flooding in
heavy oil recovery. Li et al. [83] studied Pickering emulsion
with clay particles (sodium montmorillonite) as emulsifier,
which can be used for development of high salinity reser-
voirs. The experimental results show that after Pickering
emulsion flooding, the recovery ratio increased from 67%
(water flooding) to more than 80%. Radnia et al. [84] pre-
pared a stable Pickering emulsion with GO, and studied
the effects of GO concentration, salinity of aqueous phase,
asphaltene concentration of organic phase on emulsion
stability, and the interfacial tension between the organic
phase and the aqueous phase, and explored its potential
application in enhancing oil recovery. The results showed
that the concentration of GO and asphaltene were inver-
sely proportional to the interfacial tension. And compared
with the O/W emulsion, the O/W emulsion was more suita-
ble for enhanced oil recovery (EOR). W/O emulsion was
stabilized when the asphaltene concentration was 1.5% or
higher. And an increase in the water/oil ratio caused the
inversion in the emulsion type yielding an O/W emulsion.
When the salinity was greater than 1wt%, some droplets
would change into W/O/W type multiple emulsion. When
the concentration of GO was 1 mg/mL and the concen-
tration of asphaltene was 0.05 wt%, the droplet size of
the emulsion was the smallest. Chen et al. [85] modified
the prepared high crystalline a-zirconium phosphate
(a-ZrP) nanometers with octadecyltrichlorosilane (OTS) to
obtain hydrophobic nanosheets, and prepared Pickering
emulsion using this material as an emulsifier. The droplet
diameter of the Pickering emulsion was inversely propor-
tional to the concentration of NPs. When the concentration
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was greater than 100 mg/L, the change in nanosheets’ con-
centration had almost no effect on the droplet diameter;
after the core wettability changed, the viscosity of the Pick-
ering emulsion increased, which reduced the fluidity ratio
and improved the sweep efficiency, so as to improve the
recovery.

Many scholars have studied the stability of the Pickering
emulsion by using solid particles and surfactants. The
research shows that the emulsion formed by solid particles
and surfactant shows excellent stability, which is not
available by using solid particles or surfactant alone
[86,87]. When solid particles and surfactant are used as
emulsifiers at the same time, the surfactant can change the
surface properties of the NPs through electrostatic adsorp-
tion or repulsion, resulting in synergy, thus improving the
stability of the emulsion. In recent years, Pickering emul-
sion, which is co-stabilized by particles and surfactants,
has been actively studied in the field of EOR. Akshit et al.
[88] compared the emulsion stabilized by hydrophilic
silica NPs with emulsion that was stabilized by surfactant
at 80°C. They found that the nanofluid containing only
NPs is easier to form emulsion than the surfactant aqueous
solution and nanoparticle/surfactant nanofluid, and the
required concentration of NPs is lower than that of the
surfactant. Kim et al. [89] studied emulsions stabilized
by different types of surfactants and nano-SiO, particles.
They found that the emulsion stabilized by cationic sur-
factant and nano-SiO, has the best stability, and have a
good mobility control effect on water flooding reservoirs.
Pei et al. [90,91] applied the emulsion stabilized by nano-
SiO, and cetyl trimethyl ammonium bromide to develop
heavy oil with viscosity of 325 mPas (50°C), which can
improve oil recovery by more than 30%. Their research
showed that the emulsion has a good potential to improve
the recovery of heavy oil by water flooding.

Some researchers have also studied the application
potential of Pickering emulsion stabilized by particles,
surfactants, and/or polymers in improving oil recovery.
Sharma et al. [11] prepared stable emulsion with nano-
Si0,, SDS, polyacrylamide, and lubricating oil. Using this
emulsion, Berea core flooding was carried out for heavy
oil with viscosity of 161 mPas, and the results showed
that the recovery efficiency was increased by more than
23%. Khalil et al. [92] functionalized superparamagnetic
nanoparticles (SPN) with oleic acid and polyacrylamide
(PAM), and compared the effects of the particles before
and after surface functionalization on improving the sec-
ondary or tertiary recovery capacity of the sand layer. The
results showed that the concentration of NPs and the
types and structure of surface modifiers had significant
effects on the viscosity and mobility of the Pickering
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emulsion. The hydrophilicity of NPs depends on the type
and structure of surface modification. If the suspended
SPN-PAM can be used as a fluidity control and wettability
modifier, it can promote the formation and separation
pressure of Pickering emulsion, and thus increase the oil
recovery. Kumar et al. [13] prepared stable O/W surfactant-
polymer nanopatrticles (surfactant—polymer—nanoparticles
(SPN)) Pickering emulsion by using light mineral oil, car-
boxy methyl cellulose (CMC) and SiO, NPs, and anionic
surfactant. The emulsion had good thermal stability
and its viscosity was relatively stable in the range of
30-100°C. After conventional water flooding, additional
recovery of more than 24% was observed by Pickering
emulsion.

Some studies have applied stimuliresponsive Pickering
emulsion to oil production. Liang et al. [93] used Fes0,
NP and poly[2-(dimethylamino)ethyl methacrylate] as
raw materials, and synthesized Pickering emulsion which
was responsive to pH and magnetism by ultrasonic-assisted
in situ precipitation. Pickering emulsion could be rapidly
emulsified/demulsified for more than six cycles, which had
great application prospects in intelligent oil recovery. A
summary on Pickering emulsion for enhanced oil recovery
is given in Table 1.

To sum up, Pickering emulsion is an effective method
for developing high temperature, high salinity, and heavy
oil reservoirs.

3.2.2 Profile modification agent
The problem of production of associated water from the

oil wells is common in the oilfield development. It is

Table 1: Pickering emulsion as oil displacement agent for EOR

Application of Pickering emulsion in oil drilling and production

— 33

necessary to implement water plugging in production
wells and adjust the water injection profile of water injec-
tion wells. It is more difficult to profile control and water
shutoff after the oilfield enters the period of high water
cut or ultra-high water cut stage. Pickering emulsion based
on nanomaterials shows good application prospects.

Xu et al. [95] reported that injecting O/W emulsions
stabilized with NPs or surfactants is a promising option
for (EOR) in harsh-condition reservoirs. They used micro-
fluidic experiments to confirm that interaction between
droplets caused by NPs in the thin liquid film between
neighboring oil/water interfaces is enhanced, so the flow
of emulsions stabilized by a NP/surfactant mixture shows
droplet accumulation in high permeability regions, which
was denser than the region stabilized by surfactant alone.
Li et al. [83] prepared Pickering emulsion with clay parti-
cles as emulsifier, and tested its performance for water flooding
under high salinity conditions. The results showed that clay
particles were good emulsifiers, and stable emulsions could be
formed at low concentrations. After water flooding in
sandpack with higher permeability, the injection of Pick-
ering emulsion mobilized more than 10% residual oil. The
oil recovery ratio could be increased from 67% (water
flooding) to over 80% by using Pickering emulsion for
oil displacement. The emulsified gel system (Pickering
emulsion) studied by Saikia et al. [96] could be effectively
used in high temperature reservoir. The Pickering emul-
sion could maintain good stability at 105°C and provide
required water flow resistance, and allow easy production
of diesel oil in the core flooding experiment. The above
research indicates that Pickering emulsion can be applied
to harsh reservoirs such as high temperature and high salt
to adjust water-sucked section.

Materials Particles References
Particles Sio, [78]
Amphiphilic Janus-SiO, NPs [79]
Modified kaolinite with dimethyl sulfoxide (DMSO) and 3-aminopropyltrimethoxysilane [80]
(APTMS)
Cellulose nanocrystals (CNCs) [81]
Sodium montmorillonite [82]
Graphene oxide [83]
High crystalline a-ZrP nanometers with OTS [84]
Particles + surfactant Si0, and anionic surfactant [87]
Si0,, AIOOH, and TX-100 [86]
SiO, and cethyltrimethylammonium bromide [90,91]
Particles + polymer Fe304 NP and poly[2-(dimethylamino)ethyl methacrylate] [93]
Functionalized SPN with OA and PAM [92]
Particles + surfactant + Light mineral oil, CMC, SiO, NPs, and anionic surfactant [13]
polymer Si0,, clay, SDS, and PAM [94]
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3.2.3 Fracturing fluid

Emulsion fracturing fluid is a kind of fracturing fluid
system developed in the 1970s which can be divided into
W/O fracturing fluid and O/W fracturing fluid [97-99].
Among them, the water-in-oil emulsion fracturing fluid
is suitable for the fracturing with water sensitive, low pres-
sure, and low-permeability reservoirs [100-104]. Because
of its high viscosity, strong sand suspension ability, low
filtration loss, less residual sand, and low cost, it has
developed rapidly in recent decades [103]. Compared
with W/O emulsion fracturing fluid, Pickering emulsion
has better temperature resistance and better stability
when injected. In addition, if fracturing is performed
in unconventional reservoir, the solid particles carried
by Pickering emulsion can be adsorbed in the formation,
which may achieve the effect of proppant [104].

Roberts et al. [105] studied the fracturing conditions
and three different two-phase flow models of Pickering
emulsion stabilized by surface-modified nanomaterials in
Pickering emulsion fracturing, and conducted fracturing
experiments in Boise block, and achieved certain results.
Yang et al. [106] used Pickering emulsion stabilized by
Si0, nanomaterials for fracturing construction. It was
found that proppant can be better suspended and the
conductivity after fracturing is also more stable. Acid
fracturing treatment is usually more successful and effec-
tive than hydraulic fracturing [107]. Pickering emulsion
can also be used as an emulsified acid for acid fracturing.
Emulsified acids have been used to improve the recovery
of oil and gas in carbonate reservoirs through acid frac-
turing. Huang et al. [108] pointed out that very small
particles, such as colloidal clay particles and/or NPs,
can increase the stability of the emulsified acids over
an elevated temperature range.

3.3 Sand control

Sand production in the reservoir has been acknowledged
as a critical problem related to oil and gas fields’ exploi-
tation for many years because it causes many serious
problems in oil and gas production [109]. Sand produc-
tion not only easily leads to production reduction and
shutdown of oil wells, but also aggravates the wear
of ground and downhole equipment, and even causes
casing damage and oil well scrapping in severe cases.
In order to ensure stable and high production in oil fields,
some effective measures must be taken to solve the sand
production of oil wells. Resin sand control technology is
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one of the common technical means for chemical sand
control [110,111]. Although the commonly used sand-
fixing resin of resin sand control has high consolidation
strength, compared with Pickering emulsion resin, it
has higher density, higher cost, poor permeability of
the solidified body, and cannot meet the demand of the
heterogeneous reservoir. Wang [112] selected nano-SiO,
as emulsifier, amino resin solution as aqueous phase,
and kerosene as oil phase, and preferred a Pickering
emulsion resin system. This emulsion sand consolidation
system is especially suitable for silt fine sand reservoirs at
60°C. After being solidified at 60°C for 12 h, the strength
of the consolidated core could reach 4.61-5.82MPa,
and the permeability could reach 3.12-5.34 pm? This
Pickering emulsion resin system had excellent water
resistance, oil resistance, alkali resistance, and salt resis-
tance. Ikem et al. [113] added nonionic surfactant and
dispersant to premade Pickering emulsions that were sta-
bilized by OA-modified SIO, particles. They believed that
this emulsion as an alternative to gravel packing can
prepare void-free and mechanically sound permeable
barriers in subterranean formations. Wang et al. prepared
the low-temperature-emulsified sand consolidating agent
with SIO, NPs as emulsion stabilizer, cementing agent
(melamine formaldehyde resin solution), curing agent
(ammonium chloride), and coupling agent (silane cou-
pling agent KH-550) as water phase and kerosene as oil
phase. The sand consolidation agent could not only meet
the sand control requirements of low-temperature forma-
tions, but also had the characteristics of high temperature
resistance. It had a wide range of applications in sand
control [114].

3.4 Petroleum wastewater treatment

Petroleum wastewater or oilfield wastewater refers to the
water produced from oil wells with crude oil, including
oilfield-produced water, sewage generated during dril-
ling, and other forms of oily sewage. Oilfield-produced
water is produced in the process of water flooding, which
contains a large number of refractory organic pollutants
and high concentration ions. If it fails to meet the stan-
dards of reinjection and direct discharge, it needs to be
treated until it reaches the discharge standard [115,116].
The produced water of sulfur-containing oil fields con-
tains hydrogen sulfide, which has corrosive effects. If the
produced water of sulfur-containing oil fields is directly
connected to the produced water treatment unit of oil
field, it will cause corrosion of pipelines and equipment,
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and cause hidden dangers to safety production [117].
Meanwhile, the volatilization and precipitation of hydrogen
sulfide will seriously affect personal safety. Therefore, it is
necessary to remove sulfur from the produced water of
sulfur-containing oil fields before treatment to ensure safe
production. Dou and Wang [118] prepared an amphiphilic
catalyst for oxidative desulfurization by loading the phos-
photungstic active component (PW;,025) on the bi-compo-
nent carbon-organosilica Janus particles, and investigated
its desulfurization ratio. The results showed that the final
desulfurization ratio of the stable Pickering emulsion in
the n-octane/acetonitrile system was 99.86%. This emul-
sion exhibited the best desulfurization performance, and
compared with the conventional bi-phase system using
HsPW,0,0 as catalyst the desulfurization ratio increased
sharply.

Pickering emulsion can also be used for oily sewage
treatment. Some studies have pointed out that the switching
Pickering emulsion has super stability, which can achieve
rapid demulsification, recovery of internal phase, and the
recycling of oil phase by triggering mechanism [119]. He
et al. [120] prepared magnetically responsive Janus NPs by
using hydrophobic ethyl cellulose, hydrophilic CMC, and
Fes0, NPs as raw materials. This material could effectively
separate emulsified water from water-in-crude oil emul-
sions and the oil from oily wastewater under an external
magnetic field, and can be reused for five times. Shang et al.
[121] prepared a cationic emulsion water clarifier by emul-
sion polymerization method using diallyl dimethyl ammo-
nium chloride as cationic monomer, styrene and butyl
acrylate as hydrophobic monomers, hexadecyl trimethyl
ammonium bromide and polyoxyethylene octyl phenol
ether as emulsifiers, and ammonium persulfate as initiator.
The prepared Q20 emulsion water clarifier had good oil
removal effect. When the concentration was 30 mg/L, the
oilfield wastewater could be reduced from 295mg/L to
13 mg/L. Zhang et al. [122] prepared the dual-responsive
Pickering emulsion by using negatively charged Fe;0,
NPs in combination with 1-dodecyl-1H-imidazole (C;;mim)
as stabilizers. This Pickering emulsion was CO,/N, and
magnetic responsive, and could be used for oily sewage
treatment.

4 Conclusion

In the petroleum industry, Pickering emulsion has many
advantages and has great research value in the application
of harsh reservoirs. Pickering emulsion has been effec-
tively used in drilling, oil displacement, profile control
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and water shutoff, fracturing, sand control, petroleum
wastewater treatment, efc. However, Pickering emulsion
is still a relatively new field for the petroleum industry,
which has not been widely used and still has great devel-
opment potential. With the development of nanomaterial
technology and in-depth study of Pickering emulsion, the
application scope of Pickering emulsion in the petroleum
industry will be expanded.

Pickering emulsion has good stability, which is not
conducive to demulsification. In order to make it fully
and widely used in the petroleum field, the demulsifica-
tion technology of Pickering emulsion will be an important
research direction. For example, the environmentally
responsive Pickering emulsion will better promote the
application of Pickering emulsion in the oil field.

In addition, developing a cheap and efficient Pickering
emulsifier, which can better control the rheological property
of the emulsion, will be the key to the wide application of
Pickering emulsion in the oil and gas field. When Pickering
emulsion is used in petroleum industry, the cost control
is an important consideration. From laboratory research
results to final field application, researchers need to make
joint efforts.
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