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The application of hanotechnology in the oil and gas industry has attracted widespread attention in recent

years. This study aims to develop a nanoemulsion (NE) for use in enhanced oil recovery (EOR). The NE

stabilized by anion amphiphilic copolymer, nonionic surfactant (Brij30) and modified LAPONITE® RD was

prepared by the phase inversion composition (PIC) method. The appearance of the emulsion is

translucent and the average particle size is less than 60 nm. The micromorphology and interfacial

tension (IFT) are examined using transmission electron microscopy (TEM) and a spinning drop IFT meter,
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respectively. The NE possesses good stability evaluated by conductivity and particle size tests. The

absolute value of the zeta potential of NE increases when modified LAPONITE® RD is added. In a core

DOI: 10.1039/d0ra06080a

rsc.li/rsc-advances compared to water flooding.

1. Introduction

In general, a considerable amount of crude oil remains in the
pores of the reservoir after primary and secondary oil recovery.
Through enhanced oil recovery (EOR) technology, the rate of oil
production can be increased.”” Chemical EOR is a widespread
technique that uses chemical additives (such as surfactants,
alkalis, polymers, and mixtures thereof) in water to improve the
efficiency of oil recovery. Chemical flooding can promote oil
production through various mechanisms, such as in situ
emulsification, mobility ratio control, and reduction of the
interfacial tension between the oil and displacement phase.>*

In recent years, the application of nanotechnology has been
the focus of EOR research. A variety of organic and inorganic
nanomaterials have been reported to improve oil recovery.””®
Nanomaterials do not have major effect on the permeability of
the reservoir due to their small particle size. They can improve
oil recovery through wettability alteration, interface tension
reduction, viscosity increment, and other mechanisms.***
Nanosilica is the most widely studied nanomaterial in EOR
research. In particular, various nanofluids containing silica
with different particle sizes and surface properties have been
investigated.'>® The performance of polymer and nanoparticle
mixing systems obtained by polymerization or blending can be
improved by increasing the viscosity, temperature tolerance,

CNPC Nanochemistry Key Laboratory, College of Science, China University of
Petroleum, Beijing 102249, China. E-mail: kyc016@sohu.com

1952 | RSC Adv, 2021, 1, 1952-1959

flooding experiment with an artificial sandstone core, the NE flooding increased oil recovery by 23.53%

and salt resistance.’?* Layered nanoparticles, including nano-
clay**** and grapheme oxide,**® have also been used in EOR.
Emulsion flooding can be a promising EOR method that
increases the macroscopic and microscopic displacement effi-
ciencies.”*° The transport phenomena of displacement fluids
containing chemical additives in porous media are important
for EOR. Nanoemulsions (NEs) contain small particles and are
more stable than ordinary emulsions. Small NE droplets can
penetrate deep pores causing residual crude oil to flow out.
High and low-energy methods are currently used to prepare
NEs. High-energy methods, such as ultrasound, usually have
high energy consumption, and the emulsions have small
droplets and long-term emulsification stability. Low-energy
methods, such as phase transition components (PIC) and
phase transition temperature (PIT) methods, require less energy
and simple preparation equipment.’**¢ Recently, the applica-
tion of NE to EOR has attracted the attention of researchers.
Kumar et al. prepared different NEs using surfactants and
polymeric surfactants.*”-** The properties of the NEs (such as
stability, interface tension, and viscosity) were studied for EOR
applications. They also prepared NEs stabilized by surfactant
with nanoparticle or surfactant-polymer-nanoparticle assem-
blies. The addition of nanoparticles can reduce the size of oil
droplets and improve emulsion stability. The mechanisms of oil
displacement were investigated in terms of wettability and
interfacial activity.**** Zhang et al. investigated oil/water inter-
facial turbulence (the Marangoni effect) in NE to improve water
flooding for heavy-oil recovery. This could help to remove and
emulsify oil from oil sand.** Different NE formulations

© 2021 The Author(s). Published by the Royal Society of Chemistry
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consisting of xylene, Triton X-100, and zirconium oxide nano-
particles were prepared and used for EOR in unconsolidated
porous systems by Jalilian et al.** These studies demonstrate
that NEs have great potential in enhanced oil recovery.

Inspired by previous works, this study investigated NEs
stabilized with random copolymers, surfactant Brij30 and
LAPONITE® ORD for use in EOR. The properties of the emul-
sion, such as the particle size, potential, interfacial tension and
emulsion stability, were measured using different techniques.
On this basis, the application of emulsions in EOR was further
investigated using a core flooding experiment. To our knowl-
edge, such research has not been conducted elsewhere.

2. Experimental section

2.1. Materials

Lauryl polyoxyethylene ether (Brij 30), sodium p-styrenesulfo-
nate hydrate (SSS) and dodecyl methacrylate (LMA) were
purchased from Aladdin Reagent Corporation. Azobisisobutyr-
onitrile (AIBN) was purchased from Xiya Chemical Industry Co.
Ltd. Gemini surfactant G16-2-16 (50 wt% in water) was received
from Daochun Chemical Technology Co. Ltd. LAPONITE® RD
was purchased from BYK Additives and Instruments. Liquid
paraffin was obtained from Tianjin Fuchen Chemical Reagents
Factory. Sodium chloride (NaCl) was purchased from Sino-
pharm Chemical Reagent Co., Ltd. Crude oil was obtained from
Panyu, Guangdong. The crude oil had viscosity of 9.0 mPa s, as
measured by a Brookfield DV3T viscometer at 25 °C, and the
density was 0.846 g cm™>. Deionized water was used in this
study.

2.2. Preparation of organically modified LAPONITE® RD

First, 1.0 g of LAPONITE® RD was dispersed in 100 mL of
deionized water in a three necked flask. Then, the mixture was
stirred for 30 min and sonicated for 10 min. A given amount of
intercalation agent G16-2-16 was dissolved in 25 mL of deion-
ized water, and the solutions were added to the LAPONITE® RD
dispersion and stirred at 80 °C for 8 h. The modified
LAPONITE® RD samples were named ORD1, ORD2, and ORD3
according to the mass (0.1 g, 0.3 g, and 0.7 g) of the modifier.

2.3. Synthesis and characterization of amphiphilic
copolymer

Amphiphilic copolymer was synthesized with SSS and LMA
monomers using free radical polymerization with AIBN as the
initiator. The synthesis and evaluation of the copolymer were
presented in our previous work.*® The ratio of hydrophilic and
hydrophobic groups affects the properties of the copolymer. In
this study, a copolymer of SL75 (feed ratio of hydrophilic to
lipophilic of 7 to 5) was selected based on the interfacial activity
and emulsifying ability.

2.4. Nanoemulsion preparation

The NE preparation method was described in our previous
work.*® The emulsifiers (SL75, Brij30 and ORD) were dissolved
in an oil phase (liquid paraffin) under magnetic stirring before

© 2021 The Author(s). Published by the Royal Society of Chemistry
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emulsification, and the oil/emulsifier ratio was fixed at 1: 1.
The SL75 dosage was 0.24 g, and the Brij30 dosage was 0.54 g.
The ORD concentrations were 0, 4.2 X 10 2% w/v, and 8.4 x
10~2% w/v. Then, 20 mL of deionized water was added dropwise
into the oil phase in a 70 °C water bath with magnetic stirring.
After preparation, the samples were cooled to room temperature
(approximately 20 °C).

2.5. Characterization and measurement

The infrared spectrum was analyzed using a Tensor II Fourier
infrared spectrometer (BRUKER, USA). Thermal gravimetric
analysis was conducted using a Diamond TG/DTA synchronal
thermal analyzer (PerkinElmer, USA). The heating rate was
10 °C min ", and the maximum temperature was 800 °C. The
microstructure images of the NE was observed using a JEM-2100
(JEOL, Japan) transmission electron microscope. The diluted
NE was dripped onto a carbon membrane, and 3 wt% phos-
photungstic acid solution was added to the dried samples for
negative dyeing. After drying, the samples were measured by the

—— ORD3
—— ORD2
—— ORD1
—RD
:\O\ M
@
[$]
=%
8 m/\/\/
w
=
o
= m
T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber /cm”
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Fig. 2 TGA of LAPONITE® and modified LAPONITE®.
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Fig. 3 Photos of NEs stabilized by SL, Brij30, and (A: without ORD, B:
ORDl1a, C: ORD1b, D: ORD2a, E: ORD2b, F: ORD3a, G: ORD3b).

TEM. The interfacial tension (IFT) between the crude oil and NE
was determined using a TX-500C (POWEREACH, China) IFT
meter through spinning drop method. The outer phase was NE,
and the test was conducted at a rotation speed of 6000 rpm. The
change in conductivity with temperature was measured by DDS-
307A (Leici, China) conductivity meter. The particle size and
zeta potential of the emulsions were measured using a Zetasizer
Nano ZS (Malvern Instruments, UK).

The experimental setup for the core flooding experiment
mainly included positive displacement pump (ISCO, America),
slug cylinder, core holder, and collector for displaced fluids.
The pore volume of the core was measured before the experi-
ment. The NE flooding process consisted of the following steps.

View Article Online
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(1) The core was placed in the core holder and the pressure was
set to 2 MPa, then degassed crude oil was injected at a speed of
0.2 mL min~" until no water was produced at the outlet. (2)
Brine water was injected at a constant rate of 0.2 mL min ™" for
water flooding until no oil was produced at the outlet. (3) NE

flooding was injected at a constant rate of 0.2 mL min .

3. Results and discussion

3.1. Characterization of LAPONITE® RD

The Fourier transform infrared (FT-IR) spectra of LAPONITE®
RD and the modified LAPONITE® RD are shown in Fig. 1. The
peak at approximately 1000 cm™ ' corresponds to the Si-O
stretching vibration absorption peak, and the peak at
3500 cm " is related to the stretching vibration absorption
peaks of AI-OH and Si-OH. The peaks at 2850 and 2920 cm ™"
correspond to the -CH,- stretching vibration of G16-2-16. After
the intercalation reaction, the LAPONITE® RD was mixed with
the modified agent G16-2-16. When more of this agent was
added, the -CH,- peak became stronger. Fig. 2 shows the
thermal gravimetric analysis (TGA) curves for LAPONITE® RD
and modified LAPONITE® RD. It is clear that the mass of
LAPONITE® lost at high temperatures increased when the
modifier was added. Moreover, ORD3 lost more weight than the
other samples at high temperatures because it contained more
of modifier. The FT-IR and TGA analyses indicate that

Fig. 4 TEM image of NEs formed from SL, Brij30, and (a) ORD1a, (b) ORD1b, (c) ORD2a, (d) ORD2b, (¢) ORD3a, (f) ORD3b.
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Table 1 Average particle size and zeta potential of NEs
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Sample NE NE ORD1a NE ORD1b
d (nm) 50.45 55.1 48.2

PDI 0.141 0.275 0.155

Zeta (mV) —14.7 —-18.3 —-16.6

LAPONITE® RD was achieved to be modified by an intercalation
agent.

3.2. Appearance and morphology of nanoemulsion

The nanoemulsion was successfully prepared using the PIC
method stabilized by emulsifiers (SL75, Brij30, and/or ORD) at
constant temperature. As shown in Fig. 3, all the NEs are
translucent, which corresponds to the small size of the droplets.
The addition of ORD will result in the reduction of light
transmittance. For convenience, the samples with 4.2 x 10~ %%
w/v and 8.4 x 10 2% w/v of ORD are denoted a and b,
respectively.

The micromorphology of the NE was observed using TEM. As
shown in Fig. 4, the NEs with ORD have an average droplet size
of less than 60 nm. The layered structure can be seen clearly on
the surface of the NE droplets in Fig. 4 (a) and (c). When 8.4 X
107?% w/v of ORD was added, the droplets in the NE were
smaller than when ORD 4.2 x 10~ 2% w/v of ORD was added.
This could be a result of extrusion by the ORD lamellar layers
distributed in the droplet inter-space during water evaporation.
A black coating around the droplets can be seen clearly in
Fig. 4(b) and (d), which may be due to the modified LAPONITE®
covering the surface.

3.3. Particle size and zeta potential of nanoemulsion

The average particle size and polydispersity index (PDI) of the
NEs are shown in the Table 1. At first, the particle size and PDI
both increased, then they both decreased when ORD was added.
The average particle sizes ranged from 48.2 to 58.01 nm, which
corresponds to the TEM results. The emulsion with nanoscale
droplets can enter smaller pores in the oil reservoir than an
ordinary emulsion, which is helpful for oil recovery. The zeta
potential of the NE is also shown in Table 1, and all of the
samples were negatively charged. For the NEs with ORD1, the
absolute value of the zeta potential reached a maximum when
the amount of ORD1 was 4.2 x 10 2% w/v. For the NEs with
ORD2 and ORD3, the absolute values increased with the
increase of the amount of nanoparticles. The absolute values of
the zeta potential for all of the NEs increased, in comparison to
the original NE stabilized by the surfactant and polymer when
ORD was added. This increase in the zeta potential could
enhance the electrostatic repulsion of NE droplets, which will
improve the stability of the emulsion. Furthermore, the addi-
tion of nanoparticles could increase the absolute value of zeta
potential, as reported in other studies.***°

© 2021 The Author(s). Published by the Royal Society of Chemistry
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30°C, 45°C, 60 °C, 90 °C.

3.4. Interfacial tension of nanoemulsion

Interfacial tension is an important factor for oil displacement.
The variation curves for crude oil/NE IFT over time were
measured using the spinning drop method at 45 °C, as shown in
Fig. 5. Overall, ORD only had a small effect on the oil-water IFT
because the ORD dosage was small. Among the NEs with ORD
systems, the IFT of NE with ORD1 showed the obvious change
and crude oil/NE IFT decreased from 2.7 to 2.4 mN m ™" when
4.2 x 10~2% w/v of ORD1 was added. When 8.4 x 10>% w/v of
ORD1 was added, the IFT increased to 2.9 mN m'. Based on
these results, the 4.2 x 1072% w/v NE with ORD1was selected
for the further study of displacement experiment. The IFT
measurements were repeated at 30 °C, 60 °C, 90 °C using the NE
containing ORD1a. The test time was 3600 s, and the images for
the spinning drop IFT analysis were incorporated. As depicted
in Fig. 6, the IFT decreased from 2.6 mNm ' to 1.9 mN m™ " as
the temperature increased, but the change was not substantial
overall.

3.5. Emulsion stability

The relationship between the conductivity of the NE and
temperature is shown in Fig. 7. In all cases, the conductivity
increases as the temperature increased, which was due to the
increase in the thermal motion of the particles. There was no
abrupt transition in the conductivity during the heating process
(25-92 °C), which indicates that no phase transitions occurred.
The results also show that the emulsion possessed good
temperature resistance.

The change in the size of the NE particles over time is shown
in Fig. 8. The particle size distribution changed little after
standing for 30 days, which indicates that the NE had good
long-term stability. Some layer particles might be dispersed in
the aqueous or oil phases, except for the oil/water interface.
When left for a long time, interactions between particles or
between particles and the emulsion droplets might affect the
average particle size and distribution of the emulsion.

1956 | RSC Adv, 2021, 11, 1952-1959
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3.6. Core flooding experiment

The EOR performance was evaluated using a core flooding
experiment. The NE containing ORD1 formulation was selected
to further study according to above research. Considering the
practicalities of its application, the NE was prepared using
0.02 M of NaCl solution instead of distilled water, and it was
diluted five times before displacement. As shown in the Fig. 9,
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temperature.
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the average particle size of the NE did not change significantly
after preparation with NaCl aqueous solution and dilution. The
average diameter of the NE droplets decreased from 55.1 to
40.77 nm after dilution, which was more favorable for trans-
portation into the pores. As shown in Fig. 10, the IFT increased
from 2.4 to 4.7 mN m ™" after dilution. The zeta potential value
changed from —18.3 to —13.1 mV due to dilution. The change of
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Fig. 8 Diameter variation of NEs storing for 1 and 30 days.
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IFT and zeta potential may result from the decreasing of
surfactant concentration of NE. Overall, the NE properties did
not change substantially.

The gas permeability of the artificial sandstone core was 209
mbD and the pore volume was 4.88 mL. The pressure difference
and accumulated oil recovery curves for the core are presented
in Fig. 11. The pressure difference decreased slightly and then
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20 gradually increased as the NE was injected into the core. The
—=— NE ORD1a : : :
o NE ORD1a with NaCl curves show that Fhe accumulated oil recoyery increased rapidly
164 as the pressure difference changed. The oil recovery from water
flooding was 47.06%, which increased to 70.59% for NE flood-
12 ing. Thus, oil recovery was significantly enhanced by approxi-
< 12
SN mately 23.53%.
2
‘@
5 8 .
e 4. Conclusion
44 A nanoemulsion was successfully prepared using an amphi-
philic copolymer, Brij30, and modified LAPONITE® RD as co-
0+ emulsifiers through phase inversion composition (PIC)
e e e method. The NE possessed good long-term and thermal
1 10 100 1000 10000 stability. The appearance of NE was translucence and the
Diameter /nm droplets were less than 60 nm in diameter. The absolute value of
the zeta potential of the NE increased when modified

Fig. 9 Particle size distribution of NE ORD1a and NE ORD1a diluted . .
with NaCl aqueous solution. LAPONITE® RD was added, and the average particle size and

PDI first increased and then decreased. The recovery of crude oil
was significantly increased by 23.53% compared with water
flooding when the NE was used in an EOR test with an artificial
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