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The emulsions formed by conventional surfactants have poor stability in high temperature and high salinity
reservoirs, which limits the fluidity control ability of emulsion flooding systems. Hydroxyl sulfobetaine
surfactants have excellent emulsifying properties and can maintain good activity under high temperature
and high salinity conditions. In this study, an emulsion synergistic-stabilized by hydroxyl sulfobetaine
surfactant LHSB and SiO, nanoparticles was reported for the first time, and the feasibility of its enhanced
oil recovery was investigated. The results show that the stability, temperature and salt resistance of the
emulsion were significantly improved after adding nanoparticles, which positively affected the

exploitation of harsh reservoirs. The synergistic-stabilized mechanism between LHSB and SiO,
Received 23rd May 2023 ficl led by th ts of zeta potential, surface tension and contact angl
Accepted 7th August 2023 nanoparticles was revealed by the measurements of zeta potential, surface tension and contact angle.
Moreover, core flooding experiments reflect the emulsion synergistic-stabilized by LHSB and SiO»

DOI: 10.1039/d3ra03427¢ nanoparticles can effectively enhance oil recovery by 11.41%. This study provides an emulsion flooding
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1. Introduction

Chemical flooding is an important means to enhance oil
recovery in oilfield development. In chemical flooding, the
surfactant-stabilized emulsions can control the mobility of the
oil displacement system to a certain extent, enhance the sweep
efficiency, and play an important role in improving oil
recovery.' However, with the successive exploitation of reser-
voirs with high temperature and high salinity, the formation
conditions are becoming more and more complex. In high
temperature and high salinity environments, the emulsion
formed by conventional surfactants cannot maintain good
stability, which limits the fluidity control ability of the emulsion
system.*” In contrast, emulsions synergistic-stabilized by solid
nanoparticles and surfactants have unique advantages in
solving this problem. The emulsion synergistic-stabilized by
nanoparticles and surfactants through electrostatic adsorption
or repulsion has excellent stability, which is not achieved by
using surfactants alone.*** This synergistic effect enables the
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system with excellent performance for enhanced oil recovery in harsh reservoirs.

emulsion to maintain good fluidity control ability under high
temperature and high salinity conditions. Therefore, the
emulsion stabilized by nanoparticles and surfactants has a good
application prospect for enhanced oil recovery in harsh
reservoirs.

Hydroxyl sulfobetaine is a zwitterionic surfactant with
outstanding emulsifying and foaming properties.*
Compared with conventional surfactants, hydroxyl sulfobe-
taine surfactants have great temperature and salt resistance,
and can maintain good interfacial activity in a wide pH
range."*™” Such excellent performances suggest their poten-
tial application in high temperature and high salinity
formations. Further, if there is a certain effect between
hydroxyl sulfobetaine surfactants and nanoparticles, the
synergistically stable emulsions may be suitable for forma-
tion environments with higher temperature and salinity,
which is of great significance for the exploitation of harsh
reservoirs. However, due to the unique internal salt structure,
these surfactants do not have the ability to accept or release
protons in almost all pH ranges, and generally have a neutral
net charge.’®" Accordingly, there are few reports about
hydroxyl sulfobetaine surfactants and nanoparticles syner-
gistically stabilizing emulsion through electrostatic adsorp-
tion or repulsion to enhance oil recovery.

Interestingly, Baptists and Cuccovia et al. reported that the
presence of opposite charges in zwitterionic surfactants leads to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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large dipole moments in headgroups, which gives rise to
interactions with both cations and anions.?*** Moreover, in the
study of Perttu et al., it was pointed out that zwitterionic sul-
fobetaine lipids have an anionic sulfonate that extends to the
aqueous medium and a cationic amine adjacent to the bilayer,
which has the properties of anionic groups to a certain extent.>
In the zeta potential test, the surface potential of sulfobetaine
lipids was negative even at high cation concentration. Mean-
while, the study of Ji et al. also showed that there was a certain
electrostatic interaction between hydroxyl sulfobetaine and
ions.”® These provide support for the synergistic effect of
hydroxyl sulfobetaine surfactants and nanoparticles. Regarding
the aim of this study, as a surfactant with good activity in high
temperature and high salinity reservoirs, the synergistic effect
of hydroxyl sulfobetaine and nanoparticles may lead to a further
improvement in the temperature and salt resistance of emul-
sions. Therefore, the aim of this study was to investigate the
feasibility of emulsions synergistic-stabilized by hydroxyl sul-
fobetaine and nanoparticles and their potential application for
enhanced oil recovery.

In this paper, a hydroxyl sulfobetaine surfactant (lau-
relamide propyl hydroxyl sulfobetaine, abbreviated as LHSB)
and SiO, nanoparticles stabilized emulsions were studied, and
the oil displacement effect of the emulsions was evaluated. The
corresponding molecular structure of this surfactant is shown
in Fig. 1. Compared with the emulsion stabilized by LHSB, the
emulsion synergistic-stabilized by LHSB and SiO, nanoparticles
has better stability and can also exist stably under high
temperature and salinity conditions, which has a positive effect
on enhancing oil recovery. This study provides an emulsion
flooding system with excellent performance for enhanced oil
recovery in harsh reservoirs.

2. Experimental section

2.1. Materials

Laurelamide propyl hydroxyl sulfobetaine was purchased from
Linyi Lusen Chemical company with a purity of 35%. SiO,
nanoparticles of 99.9% purity were purchased from Shanghai
Xiaoge Nano Material Company, which have a primary particle
diameter of 20 nm according to the supplier. The particle size
distribution determined by dynamic light scattering using
a Zetasizer Nano ZS ZEN3600 instrument is shown in Fig. S1,f
yielding an average particle diameter of 418 nm, attributed to
the nanoparticle agglomeration in aqueous. Liquid paraffin oil
was purchased from Sinopharm Chemical Reagent Co. All other

OH

\15/\)\/ SO,

Fig.1 Chemical structure of the surfactant used.
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chemicals were analytically pure and purchased from Sino-
pharm Chemical Reagent Co.

2.2. Preparation and characterization of emulsions

Firstly, 0.5 wt% SiO, nanoparticles were dispersed in 10 mL
LHSB solution with a certain concentration in a 40 mL glass
bottle. After ultrasonic dispersion for 2 minutes, LHSB/SiO,
dispersions were obtained. Then 10 mL oil phase (liquid
paraffin oil) was added to 10 mL LHSB aqueous solutions or
10 mL LHSB/SiO, dispersions, and homogenized at 15 000 rpm
for 2 minutes to gain emulsions. The particle and surfactant
concentrations were expressed as weight percentage (wt%) and
moles per liter (mol L") relative to the aqueous phase,
respectively.

The method for determining the type of emulsion was as
follows: the type of emulsion was determined by drop test. The
prepared emulsion was dropped into water. If the emulsion
droplets can spread rapidly, it is an O/W emulsion; if it cannot
spread, it is a W/O emulsion.

The stability of emulsions was expressed by the volume
fraction of the water phase, the oil phase and the size of the
emulsion droplets. The appearance photos of the emulsion and
the microscopic photos of the emulsion droplets at different
standing times were recorded by digital camera and optical
microscope.

2.3. Measurements

2.3.1 Zeta potential of particles in water. 0.5 wt% SiO,
nanoparticles were dispersed in 10 mL LHSB solution with
a certain concentration in a 40 mL glass bottle. After ultrasonic
dispersion for 2 minutes, LHSB/SiO, dispersion was obtained.
After the dispersions were placed for 24 h, the zeta potential of
the SiO, nanoparticles was then measured with a Zetasizer
Nano ZS ZEN3600 instrument (Malvern Company). Measured 3
times at 25 °C, take the average.

2.3.2 Surface tension. The air-water surface tensions of
surfactant solutions and dispersions were measured by QBZY
series automatic surface tension meter at 25 °C. Each
measurement was performed at least three times and the
average was recorded.

2.3.3 Contact angle. The wettability of SiO, nanoparticles
modified by different concentrations of LHSB was measured by
contact angle experiment. @ Preparation of test samples: the
glass slides were washed with acetone, deionized water and
absolute ethanol in turn for 10 min under the action of water
bath ultrasound. After cleaning, the glass slides were dried in
the air for backup use. The LHSB/SiO, dispersion was uniformly
sprayed onto the treated glass slides using a spray gun with
a nozzle diameter of 0.5 mm. After spraying, it was placed in the
oven to dry, and the modified particle surface was obtained. @
Measurement of contact angle: keep the surface of the test
sample flat and dry, and use the JY-82B Kruss DSA contact angle
test instrument to measure the contact angle. The test liquid
was deionized water, and about 5 uL of water droplets hanging
in the needle naturally fell to the surface of the test sample.
Each sample was measured for 3 times and averaged.
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Fig. 2 Digital photos and micrographs of emulsions stabilized by LHSB solely. (a) Taken 24 h, and (b) taken 3 days after preparation. The

concentration of LHSB from left to right: 0.01, 0.03, 0.06, 0.1, 0.3, 0.6 and 1 mmol L%

2.4. Core flooding tests

In order to evaluate the effect of emulsion enhanced oil
recovery under reservoir conditions, core flooding tests were
carried out. First, the dry core was vacuumized for 6 h, and
then saturated with water and oil. After aging at 70 °C for 24 h,
water injection was started. When the water cut was higher
than 98%, emulsion flooding would be carried out (0.5 PV).
Finally, water flooding was carried out again until the water
cut was greater than 98%. The temperature of the whole
displacement process was 70 °C.

3. Results and discussion

3.1. Emulsions stabilized solely with LHSB

Firstly, the surface tension of surfactant LHSB was measured, as
shown in Fig. S2.f It can be seen that the critical micelle
concentration (cmc) of LHSB and the surface tension at cmc
were about 1.8 x 10~ mol L™" and 36.8 mN m ™, respectively.
Then the stability of LHSB stabilized emulsions was investi-
gated. A series of LHSB surfactant solutions with different
concentrations were selected, and liquid paraffin oil was used
as the oil phase to prepare O/W emulsions stabilized by LHSB
(Fig. 2). As shown in Fig. 2a, demulsification occurred in the
emulsion with LHSB concentration less than 0.3 mmol L™ " after
24 h of preparation. As the standing time was extended to 3
days, only the emulsions with LHSB concentrations of 0.6 mmol
L' and 1 mmol L' remained stable (Fig. 2b). From the

25520 | RSC Adv, 2023, 13, 25518-25528

(c) Selected micrographs of emulsions in (a).

microscopic image shown in Fig. 2c¢, it can be seen that the
diameter of the emulsion droplets decreased with increasing
surfactant concentration. This is because LHSB molecules can
be adsorbed on the oil-water interface to form an interface film,
which has a protective effect, so that the emulsion droplets are
not easy to coalesce when they collide with each other. With the
increase of surfactant concentration, the adsorption amount of
LHSB molecules at the oil-water interface raised, which meant
that the strength of the interface film enhanced, and the diffi-
culty of emulsion droplets coalescence increased, resulting in
smaller diameters. In addition, for ionic surfactants, the
increase of concentration led to more charges being adsorbed at
the interface film. The increase of electrostatic repulsion
between the droplet-droplet inhibited coalescence of the
emulsion droplets, which also led to a decrease in the droplet
diameters. It is accepted that the emulsion droplets were more
uniform and smaller, indicating emulsions were more
stable.®* Among them, the droplet diameters stabilized by
0.6 mmol L' and 1 mmol L' LHSB were much smaller than
that of 0.3 mmol L™, but the difference between 0.6 mmol L™*
and 1 mmol L ™" was not obvious. It can be concluded that when
the concentration of LHSB was low, emulsions could not be
formed in the system. When the LHSB concentration increased
to 0.6 mmol L™, stable emulsions could be obtained, and the
average droplet diameter was about 66.15 um. The particle size
distribution of emulsion stabilized by 0.6 mmol L ™" LHSB is
shown in Fig. S3.1

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Digital photos and micrographs of emulsions synergistic-stabilized by LHSB and SiO, nanoparticles (0.5 wt%). (a) Taken 24 h, and (b) taken
3 days after preparation. The concentration of LHSB from left to right: 0.01, 0.03, 0.06, 0.1, 0.3, 0.6 and 1 mmol L. (c) Selected micrographs of

emulsions in (a).

3.2. LHSB and SiO, nanoparticles synergistic-stabilized
emulsions

Due to the strong hydrophilicity of SiO, nanoparticles, emul-
sions could not be formed in the system when they were used as
emulsifiers independently (see the first photo in Fig. 3a). This is
as reported in most studies.'®"**** Based on the above results,
it can be seen that the LHSB alone could not stabilize the
emulsion well at low concentrations (less than 0.6 mmol L™%).
However, when both LHSB and SiO, nanoparticles were used as
emulsifiers, stable O/W emulsions can be formed at a surfactant
concentration of 0.3 mmol L™". As shown in Fig. 3a, after adding
0.5 wt% SiO, nanoparticles to the surfactant aqueous solution,
the stability of the emulsion was significantly better than that of
the emulsion stabilized by LHSB solely. Even at low concen-
trations of LHSB (0.01-0.1 mmol L™ '), the emulsions after 3
days of homogenization were not completely demulsified, and
only part of the oil phase was released. When the concentration
of LHSB was 0.3 mmol L™}, stable emulsions could be obtained.
Meanwhile, there was little change in the appearance of the
emulsions after 3 days of preparation (Fig. 3b), which could not
be achieved using LHSB alone. The micrographs of the emul-
sions synergistic-stabilized by 0.5 wt% SiO, nanoparticles and
LHSB were shown in Fig. 3c. It can be seen that as the surfactant
concentration increased from 0.3 mmol L™ to 1 mmol L7, the
average droplet diameter of the emulsion also decreased from
48.40 pm to 29.12 pm. Compared with the emulsion stabilized
by LHSB, the droplet size of the emulsion containing SiO,

© 2023 The Author(s). Published by the Royal Society of Chemistry

nanoparticles was significantly smaller, indicating that the
emulsion was more stable. This is mainly attributed to the
synergistic effect between SiO, nanoparticles and LHSB which
increased the stability of the emulsion. Moreover, there may be
some SiO, nanoparticles in the aqueous phase in the emul-
sions. The electrical repulsion between particles can increase
the inter-droplets spacing and thus hinder coalescence of the
emulsion droplets.”” It can be seen from Fig. S4f that the
emulsions still did not occur demulsification after 1 month of
preparation, but the droplet diameters increased slightly, which
reflected that the emulsions prepared by LHSB and SiO,
nanoparticles had outstanding stability.

The effects of the dosage of SiO, nanoparticles on the
stability of the emulsions were investigated, as shown in Fig. 4,
where the concentration of LHSB was 0.3 mmol L™, As shown
in Fig. 4a, the emulsions with different concentrations of
nanoparticles did not break after 24 h of preparation, and there
was no obvious difference in water separation rate. With the
increase of SiO, nanoparticle concentration, the water phase
gradually became turbid, especially when the concentration was
0.7 wt% and 1.0 wt%. When the particle concentration is too
high, a large number of nanoparticles will be dispersed in the
continuous phase, and then enter the aqueous phase with the
creaming.” It can be seen from Fig. 4b that the dosage of SiO,
nanoparticles had obvious effects on the droplet size. With the
increase of nanoparticles concentration from 0.1 wt% to
1.0 wt%, the average size of emulsion droplets gradually

RSC Adv, 2023, 13, 25518-25528 | 25521
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Fig. 4 Digital photos (a) and micrographs (b) of emulsions synergistic-stabilized by LHSB (0.3 mmol L™ and SiO, nanoparticles taken 24 h after
preparation. The concentration of SiO, nanoparticles from left to right: 0.1, 0.3, 0.5, 0.7, and 1.0 wt%.

decreased from 91.59 pm to 36.76 um. When the concentration
of nanoparticles increased to 0.5 wt%, the droplet diameters
were less affected by particle concentrations. It indicates that
most of the added nanoparticles can cooperate with surfactants
to stabilize the emulsion at this concentration. These nano-
particles may act on the oil-water interface or the continuous
phase, but no matter what mechanism, this synergy has the
maximum effect. When the particle concentration continues to
rise, the synergistic effect between the added particles and
surfactants gradually weakens, which leads to a small change in
the droplet diameters.>” Considering the practical application
in engineering, when the concentration of LHSB is 0.3 mmol
L', the appropriate concentration of SiO, nanoparticles is
0.5 wt%.

3.3. The effects of temperature and salinity on emulsions

3.3.1 Temperature. Temperature is an important factor
affecting the stability of emulsion, because most reservoirs have
high temperature characteristics.?® The stability of emulsions at
different heating temperatures was investigated, as shown in
Fig. 5. With the increase of temperature, the two emulsions
showed different demulsification. Firstly, for the emulsion
stabilized by LHSB solely, the increase of temperature had
a great influence on its stability. The demulsification speed of

25522 | RSC Adv, 2023, 13, 25518-25528

emulsion accelerated obviously with the increase of tempera-
ture. After heating for 120 min, about 10% of oil in the emulsion
was released at 35 °C, and then raised to 50% at 45 °C. When the
heating temperature further raised to 55 °C and 65 °C, the
emulsion completely broke after 60 min, and the time required
for complete phase separation shortened with the increase of
temperature. It can be seen that the emulsion stabilized by
LHSB independently was sensitive to temperature changes. On
the one hand, the collision probability between droplet-droplet
caused by Brownian motion increased at high temperatures,
which led to the coalescence of emulsion droplets; on the other
hand, with the rise in temperature, the solubility of surfactant
LHSB in the continuous phase increased, and the LHSB mole-
cules adsorbed at the oil-water interface reduced, which led to
the decrease of interfacial film strength and the deterioration of
emulsion stability.”® In contrast, the demulsification speed of
the emulsion stabilized by LHSB and SiO, nanoparticles was
significantly slower. When the temperature rose to 35 °C and
45 °C, the emulsion did not appear demulsification after heat-
ing for 120 min, and no oil was released. When the temperature
rose to 55 °C and 65 °C, only 5% and 10% of oil in the emulsion
was released, respectively. The emulsion was relatively insen-
sitive to temperature changes. It is attributed to the synergistic
effect between the SiO, nanoparticles and LHSB, whether elec-
trostatic adsorption or repulsion, which increased the strength

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Time dependence of released oil for emulsions at different temperatures:

SiO, nanoparticles).

of the oil-water interface film at high temperatures. Compared
with LHSB stabilized emulsion, the emulsion prepared by LHSB
and SiO, nanoparticles exhibited better temperature resistance,
which indicated that it was more suitable for high temperature
reservoirs.

3.3.2 Salinity. In fact, the water in the reservoirs has high
salinity and conventional emulsions are difficult to maintain

0 20 40 60 80 100 120

Time (min)

() 35, (b) 45, (c) 55 and (d) 65 °C (0.3 mmol L™ LHSB, 0.5 wt%

stability under high salinity conditions.***" In the formation,
the ion components of high salinity water are mainly sodium
ions and chloride ions. Therefore, the stability of the emulsion
under different salinity conditions was further investigated by
preparing aqueous solutions with different concentrations of
NaCl (Fig. 6). As shown in Fig. 6a, when the NaCl concentration
in the system was 0.01 mol L™, the emulsion could not be

Fig. 6 Effects of naCl on emulsion stability. (a) Digital photo of emulsion stabilized by 0.3 mmol L~ LHSB taken 2 h after preparation. (b) Digital
photos of emulsions synergistic-stabilized by 0.3 mmol L™ LHSB and 0.5 wt% SiO. nanoparticles were taken 24 h after preparation. (c) Selected

micrographs of emulsions in (b).
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Fig. 8 Surface tension of LHSB aqueous solutions (), LHSB/SiO,
dispersions (@) and the supernatant of LHSB/SIiO, dispersions after
standing for 48 h (A), as a function of LHSB concentration.

formed by LHSB solely. When SiO, nanoparticles were added to
the system, even at a NaCl concentration of 0.5 mol L™, the
emulsion after one day of preparation only showed a slight
demulsification, as shown in Fig. 6b. This indicates that the
addition of SiO, nanoparticles greatly improved the salt resis-
tance of the emulsion. The reason is that NaCl can promote the
adsorption of SiO, nanoparticles at the oil-water interface. With
appropriate addition of NacCl, the potential on the surface of
SiO, nanoparticles decreased, the repulsion between particles
weakened, and the particles exhibited a micro-flocculation
state, which greatly promoted the adsorption of particles at
the oil-water interface.”®** At this point, the stability of the
emulsion was determined by the attached SiO, nanoparticles
and surfactant adsorbed at the oil-water interface. In addition,
it is found in Fig. 6b that the aqueous phase was clear and
transparent, which indicated that the SiO, nanoparticles grad-
ually entered the emulsion layer from the aqueous phase.
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Generally, the stability of emulsions decreases with the increase
of NaCl concentration.'™** As shown in Fig. 6c, the droplet
diameters increased with increasing NaCl concentration, indi-
cating that the stability of the emulsion was weakened. It is
worth noting that when the NaCl concentration was 0.1 mol L™ ",
the average droplet diameter was about 50.03 pm, which was
similar to that without NaCl (48.40 pm). This means that when
NaCl concentration was less than 0.1 mol L™}, the emulsion was
almost unaffected by NaCl and still maintained good stability.
As the NaCl concentration further rose to 0.3 mol L™' and
0.5 mol L', the droplet size gradually increased, and the
average droplet diameters were 79.32 pm and 219.13 um,
respectively. Correspondingly, in Fig. 6b, the water separation
rate of emulsions containing 0.3 mol L™ and 0.5 mol L™ * NaCl
was higher than that of other emulsions, further indicating that
the stability of emulsions was reduced. On the one hand, when
the salt concentration was high, the diffused double layer of the
hydrophilic group of LHSB would be excessively compressed,
resulting in a low activity and a tendency to diffuse into the
dispersed phase. Subsequently, the adsorption of LHSB mole-
cules at the oil-water interface decreased, resulting in the coa-
lescence and stratification of the emulsion, and thus the water
separation rate increased.*® On the other hand, the addition of
excessive NaCl led to the decrease of interfacial adsorption of
SiO, nanoparticles, because the particles flocculation was
aggravated greatly, which facilitated desorption of the particles
at the interface.*

In a word, the emulsion synergistic-stabilized by LHSB and
SiO, nanoparticles exhibits superior temperature and salinity
tolerances, which is expected to be applied in unconventional
reservoirs with high temperature and high salinity.

3.4. Synergistic-stabilized mechanism

Most studies have shown that the interaction between surfac-
tants and nanoparticles and the activity of surfactants at the oil-
water interface are mainly controlled by electrostatic adsorption

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 The synergistic-stabilized mechanism of emulsion by LHSB and SiO, nanoparticles.

or repulsion.®*>** In order to reveal the synergistic-stabilized
mechanism between LHSB and SiO, nanoparticles, the zeta
potential, surface tension and contact angle were monitored. It
is known that the measured zeta potential of SiO, nanoparticles
dispersed in deionized water was —29.9 mV (Fig. S5t). As shown
in Fig. 7, the zeta potential of SiO, nanoparticles dispersed in
LHSB aqueous solutions rose slightly with the increase of LHSB
concentration. When the concentration of LHSB was 0.03 mmol
L™, the zeta potential was —29.7 mV, which was similar to that
without LHSB. However, when the concentration of LHSB
increased to 1 mmol L™, the zeta potential was —25.4 mV. This
indicates that there was a weak adsorption between LHSB and
SiO, nanoparticles at relatively high concentrations. When
surfactants are adsorbed on the surface of the nanoparticles,
the electrostatic repulsion between the particles is weakened,
and the absolute value of the zeta potential decreases.***® The
reason is that there are only three carbon atoms between the
positive and negative charges in the LHSB head group, which
cannot form a ring structure to achieve mutual neutralization.*”
Therefore, LHSB molecules can adsorb negatively charged SiO,
nanoparticles to a certain extent through the positively charged
quaternary ammonium group in the head group. On the whole,
this adsorption was very weak, almost only when the concen-
tration of LHSB was high. It is attributed to the zwitterionic
structure of LHSB molecules in aqueous solution. The electro-
static attraction between quaternary ammonium groups and
SiO, nanoparticles was significantly weakened due to the pres-
ence of negatively charged sulfonic acid groups, resulting in
aweak adsorption of LHSB on the surface of SiO, nanoparticles.
Moreover, it can be seen from Fig. 7 that the zeta potential
difference of SiO, nanoparticles was only 2.6 mV before and
after adding 0.3 mmol L™" LHSB. Obviously, the adsorption
amount of 0.3 mmol L' LHSB on the surface of SiO, nano-
particles was too small, and it was difficult to form a tight

Table 1 Summary of chemical flooding in core flooding tests

monolayer on the surface of the particles to significantly
improve the surface activity of the particles. Combined with the
above experimental phenomena, it is considered that the weak
adsorption between LHSB and SiO, nanoparticles was not the
main factor for synergistic stabilization of emulsion. Therefore,
we speculated that LHSB and SiO, nanoparticles may cooperate
to stabilize the emulsion through electrostatic repulsion.

In order to verify this conjecture, the change of the surface
tension of the system with the concentration of LHSB was
investigated, as shown in Fig. 8. Compared with LHSB aqueous
solution, the surface tension of the system was obviously
reduced after adding 0.5 wt% SiO, nanoparticles. It indicates
that there was a repulsion effect between LHSB and SiO,
nanoparticles. Under the effect of electrostatic repulsion, the
rate of surfactant migration to the interface increased and thus
the surface tension decreased.*® With the increase of LHSB
concentration, the difference of surface tension between LHSB/
SiO, dispersion and LHSB aqueous solution reduced gradually.
When the concentration was higher than 3 mmol L™, the
difference was almost non-existent. The reason is that there
were both electrostatic repulsions and adsorption between
LHSB and SiO, nanoparticles. When the concentration of LHSB
was high, the LHSB molecules adsorbed on the surface of SiO,
nanoparticles increased, which weakened the repulsion effect
between the particles and the surfactant, and thus reducing the
difference of surface tension. The change curve of the surface
tension of the supernatant in Fig. 8 also proves this view. When
LHSB/SiO, dispersions with different LHSB concentrations were
standing for 48 h, the surface tension of the supernatant was
measured. The results show that with the increase of LHSB
concentration, the surface tension of the supernatant was more
than that of LHSB aqueous solution to a certain extent, which
was evident at high concentrations such as 3 mmol L™ ". The
reason is that some LHSB molecules were adsorbed on the

Permeability/(10~° Initial oil Emulsion flooding

Oil recovery/(%)

pum?) saturation/(%) system Water flooding Chemical flooding Final recovery
602 79.53 LHSB 46.51 4.79 54.87
557 77.25 LHSB/SiO, 47.03 11.41 61.74
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Fig. 11 The results of emulsion flooding: (left) LHSB stabilized emulsions, (right) LHSB/SiO, stabilized emulsions.

surface of SiO, nanoparticles and then settle to the bottom of
the dispersion, so that the LHSB molecules in the supernatant
decreased and the surface tension increased. Moreover, it can
also be seen from Fig. 8 that the adsorption effect was obvious
only when the concentration of LHSB was relatively high, which
was consistent with the zeta potential measurement results. In
consequence, LHSB molecules and SiO, nanoparticles can
synergistically stabilize the emulsion at low concentrations
mainly through electrostatic repulsion.

In order to further determine that the weak adsorption
between LHSB and SiO, nanoparticles is not the dominant
factor in stabilizing the emulsion, the change in the wettability
of SiO, nanoparticles modified with LHSB was investigated. The
modified particle surface was obtained on the glass slide by
spraying method, and then the water contact angle of the
surface at different LHSB concentrations was measured, as
shown in Fig. 9. The results show that there was almost no
difference in the contact angle at different LHSB concentration,
especially when the concentration was less than cmc. This
indicates that the presence of LHSB hardly changed the
hydrophobicity of SiO, nanoparticles. Therefore, there was no
obvious adsorption behavior between LHSB and SiO, nano-
particles at low LHSB concentrations, which was consistent with
the results of zeta potential and surface tension measurements.

Based on the above results, the mechanism of LHSB coop-
erating with SiO, nanoparticles to stabilize the emulsion can be
revealed. Firstly, there is a large dipole moment in the head
group of LHSB molecule, which makes it exhibit a certain
electronegativity as a whole, thus repelling each other with SiO,
nanoparticles.”®** Under the effect of electrostatic repulsion, the
migration rate of LHSB molecules to the oil-water interface is
increased, and the adsorption of LHSB at the interface is
promoted, which makes the oil-water interfacial tension
significantly reduced, and the emulsion droplets are electro-
negative. Secondly, when similarly charged SiO, nanoparticles
are added, they disperse evenly in the aqueous phase in the
emulsions, each being surrounded by an electrical double layer.
The electrical repulsions between the droplet-droplet, particle-
droplet, and particle-particle inhibit flocculation and coales-
cence of the emulsion droplets. Furthermore, double-layer

25526 | RSC Adv, 2023, 13, 25518-25528

repulsion between particles and between particles and
charged droplets leads to a thick aqueous lamellae, which
increases the inter-droplets spacing and thus reduces the van
der Waals attraction between the droplets.*® Finally, there is
a weak adsorption between some LHSB molecules and SiO,
nanoparticles, which can also enhances the stability of the
emulsion to some extent. Fig. 10 shows the synergistic-
stabilized mechanism.

3.5. Core flooding studies

In order to explore the potential of the emulsions in enhanced
oil recovery, core displacement experiments were carried out.
The basic parameters of artificial core and oil displacement
results are shown in Table 1, and the dynamic flooding curve is
shown in Fig. 11. The temperature of the whole experimental
process was 70 °C, and the injected volume of the emulsions in
the chemical flooding stage was 0.5 PV. After injecting emul-
sions stabilized by LHSB, the effect of chemical flooding to
enhance oil recovery was not well, only 4.79%. The reason is
that the LHSB stabilized emulsions could not remain stable
under high temperatures, and the demulsification occurred
during the displacement process. After demulsification,
surfactant solution alone could not sweep to the large remain-
ing oil area due to the high mobility ratio, and then a serious
fingering phenomenon occurred during the flooding process.
This means that the sweep efficiency of the oil displacement
was low, which led to a limited increment in the oil recovery
rate. When injected with LHSB/SiO, stabilized emulsions, the
oil recovery was significantly increased by 11.41%, which
should be ascribed to the outstanding stability of the emulsions
at high temperatures. As shown in Fig. 11, the injection pres-
sure rose dramatically in the emulsion flooding stage, which
was attributed to the fact that the O/W emulsions blocked the
high permeability channel through the Jamin effect and thus
increased the flow resistance. Accordingly, the continuously
injected emulsion turned to the unswept area, improving the
sweep efficiency and thus enhancing oil recovery. In addition,
the prepared emulsions can be dissolved in heavy oil and
reduce the viscosity of heavy oil, which is conducive to enhance
oil recovery.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusion

In summary, we studied an emulsion stabilized by hydroxyl
sulfobetaine surfactant LHSB and negatively charged SiO,
nanoparticles. The surfactant LHSB has excellent emulsifying
properties and can maintain good activity under high temper-
ature and high salinity conditions. However, compared with the
emulsion stabilized by LHSB independently, the emulsion
synergistic-stabilized by LHSB and SiO, nanoparticles had
better stability and temperature and salt resistance. By
exploring the synergistic-stabilized mechanism, it was found
that the electrostatic repulsion between LHSB molecules and
SiO, nanoparticles and between SiO, nanoparticles was crucial
to the stability of the emulsion. In addition, in the core flooding
test, the emulsion flooding system stabilized by LHSB and SiO,
nanoparticles effectively improved the displacement efficiency
and sweep efficiency, and enhanced oil recovery by 11.41%. This
study proved the feasibility of hydroxyl sulfobetaine surfactant
in collaboration with nanoparticles to stabilize the emulsion,
and provided a promising emulsion flooding system for
enhanced oil recovery in harsh reservoirs.
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