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Dual function

ABSTRACT: Ionic liquid as a chemical flooding agent has broad application prospect in
enhancing oil recovery. In this study, a bifunctional imidazolium-based ionic liquid
surfactant was synthesized, and its surface-active, emulsification capacity, and CO, capture
performance were investigated. The results show that the synthesized ionic liquid ‘
surfactant combines the characteristics of reducing interfacial tension, emulsification, and

CO, capture. The IFT values for [C;,mim][Br], [C;,mim][Br], and [C,¢mim][Br] could
decrease from 32.74 mN/m to 3.17, 0.54, and 0.051 mN/m, respectively, with increasing 2
concentration. In addition, the emulsification index values are 0.597 for [C smim][Br], 2
0.48 for [C,4ymim][Br], and 0.259 for [C,,mim][Br]. The surface-active and )
emulsification capacity of ionic liquid surfactants improved with the increase in alkyl

chain length. Furthermore, the absorption capacities reach 0.48 mol CO, per mol of ionic

liquid surfactant at 0.1 MPa and 25 °C. This work provides theoretical support for further
CCUS-EOR research and the application of ionic liquid surfactants.
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1. INTRODUCTION

In the process of chemical flooding, the effect of spontaneous
emulsification and oil—water interfacial tension reduction of
oil-displacing agents with re51dual oil and residual oil can
markedly improve oil recovery.' > As the key component of
oil-dis ?lacmg agents, the surfactant plays an irreplaceable
role.”” Presently, the research of enhanced oil recovery by
ionic liquid surfactants is gaining progressively more attention,
and the understandmg of its mechanism is also advancing
steadily.”” One is that ionic liquid is a new type of green
solvent, which is completely composed of ions.” Second, the
physicochemical properties of ionic liquid surfactants can be
controlled by designing and selecting ionic structures. Ionic
liquids have played an important role in organic synthesis,
catalysis, crude oil dissolution, oil—water interfacial tension
reduction, and so on.” The imidazolium-based ionic liquid
surfactant falls into a cross field of functional ionic liquids and
surfactants, which covers an extensive range and has become
one of the most widely studied surfactants at present.'’

In recent years, various studies have been conducted around
the application of ionic liquids to the oil and gas industry. It
has been proved that ionic liquids have similar surface activity
to surfactants and can form micelles in aqueous solutions." ">
Ionic liquids show favorable interfacial behavior, thus lowering
the oil—water interfacial tension to 2 significant value and
promoting oil—water emulsification."> Low oil—water inter-
facial tension, emulsification, and wettability alteration owing
to adsorption are considered to be important factors for
enhanced oil recovery.'* Evans et al.'® first investigated the
critical micelle concentrations and micellar aggregation
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numbers of ionic liquid surfactants in ethyl ammonium nitrate
by classical and quasi-elastic light scattering. Merrigan et al.'®
synthesized four kinds of imidazolium-based ionic liquid
surfactants containing fluorine atoms, and the results showed
that these imidazolium-based ionic liquid surfactants had the
same molecular aggregation behavior as conventional surfac-
tants. Baltazar et al.'” prepared 18 different monocationic and
dicationic imidazolium-based ionic liquids and tested their
critical micelle concentration (CMC) values and surface
activities. The experimental results showed that the CMC
values of imidazolium-based ionic liquids decreased moder-
ately with the increase in alkyl chain length, and dicationic
imidazolium-based ionic liquids exhibited much higher
efficiencies at lowering the surface tension than monocationic
imidazolium-based ionic liquids. Ao et al.'® explored the
surface activity and thermodynamic properties of a series of
imidazolium ionic liquid surfactants with four-methylene
spacer groups. Results suggested that the surface activity of
gemini imidazolium-based ionic liquid surfactants was higher
than that of their corresponding monomers, and the hydro-
philic groups were unfavorable for micellization, while the
methylene units of the hydrophobic groups benefited
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micellization for imidazolium-based ionic liquid surfactants.
Nandwani et al."” found that when the carbon number of the
alkyl side chain of imidazolium-based ionic liquid surfactants
was consistent with that of traditional cationic surfactants, the
critical micelle concentration of the former was significantly
lower than that of the latter and showed higher adsorption
efficiency, which could better reduce the surface tension. That
is, the surface activity of imidazolium-based ionic liquid
surfactants is superior to that of traditional surfactants.
Manshad et al.”® explored wettability alteration, IFT reduction,
and oil displacement performance by screening four ionic
liquids, namely, [C;,mim][Cl], [C;smim][Cl], [CPy][Cl],
and [C;sPy] [Cl]. The results showed that [C;smim][Cl] was
the optimum ionic liquid, and its oil displacement efliciency
was 13% higher than that of brine flooding. In conclusion,
amphiphilic ionic liquid surfactants, as potential novel types of
cationic surfactants, possess great application prospect in the
field of chemical flooding.

Significantly, ionic liquids have emerged as potential
absorbents for CO, capture and separation due to their
prominent characteristics, such as negligible vapor pressure,
non-corrosiveness, non-toxicity, designability, high thermal
stability, higher CO, solubility, and selectivity.”' ">’ In
particular, imidazolium-based ILs have a strong affinity toward
CO,.** Since Blanchard et al.* first found that CO, can be
effectively dissolved in the ionic liquid 1-butyl-3-methylimida-
zolium hexafluorophosphate ([Bmim][PF]) at 298 K and 40
MPa, a large number of scientific studies on the absorption of
CO, by ionic liquids have been conducted successively,
including conventional ionic liquids with physically adsorbed
and functionalized ionic liquids with chemical adsorption.
According to Henry’s law, physical absorption refers to the
attachment of CO, molecules to the adsorbent in the form of
physical action.

The chemical absorption method refers to the effect of
absorption through the chemical reaction between the
chemical adsorbent and carbon dioxide. Anthony et al*°
found that for ionic liquids with the same anion, the presence
of imidazole cations with longer alkyl chains is conducive to
improving the solubility of CO,. Sharma et al.”’ investigated
the absorption capacities of a series of amino-functionalized
imidazolium cation-based ionic liquids with different anions for
CO,. The results showed that amine-functionalized ionic
liquids exhibited higher CO, absorption capacity, which is
positively correlated with pressure and negatively correlated
with temperature. As a result, the capture of CO, by
imidazolium-based ionic liquids has developed into a
fascinating area of research.

However, a unified study on the CO, capture performance
and surface activity of ionic liquids has not been reported so
far. Combining CO, capture with surfactant flooding can
further improve oil displacement efficiency by injecting ionic
liquid surfactants after CO, capture into the reservoir to take
advantage of the synergistic effect of CO, and ijonic liquid
surface activity (Figure 1). In this work, a series of amine-
functionalized imidazolium cationic ionic liquids with different
alkyl chain lengths were synthesized, and the surface activity,
emulsification ability, and carbon dioxide capture performance
of ionic liquid surfactants were investigated. The purpose is to
lay a foundation for further research and development of high-
efficiency and low-cost bifunctional ionic liquid surfactants
with both surface activity and carbon dioxide capture capability

CO, capture

Figure 1. Oil displacement mechanism of the ionic liquid surfactant.

il displacement

CCUS-EOR

Tonic liquid

and to provide new ideas and strategies for carbon dioxide
capture and oil displacement.

2. EXPERIMENTAL SECTION

2.1. Materials. The structures of imidazolium-based ionic
liquid surfactants with different chain lengths [C,min][Br], n =
12, 14, and 16, which were synthesized in our laboratory, are
shown in Figure 2. N-(3-Aminopropyl)-imidazole (purity,

AN TN _CnHanes
N ® N

HoN Br

n=12  [C;,min][Br]
n=14  [C;;min][Br]
n=16 [C;smin][Br]

Figure 2. Chemical structures of imidazolium-based ionic liquid
surfactants and their monomeric analogs.

>97), 1-bromododecane (purity, >98%), 1-bromotetradecane
(purity, >98%), and 1-bromohexadecane (purity, >97%) were
procured from Sigma-Aldrich Co. The reagents used such as
isopropanol and ethyl acetate were purchased from Tianjin
Kemiou Reagent Co. In all experiments, deionized water was
used to configure the solution. Crude oil was obtained from
one of CQ_oil reservoirs. The viscosity of crude oil was 1.5
mPa-s at a reservoir temperature of 65 °C.

2.2. Methods. 2.2.1. Synthesis of Imidazolium-Based
lonic Liquid Surfactants. According to the literature,”*” this
class of imidazolium-based ionic liquid surfactants was
synthesized by mixing 0.1 mol of N-(3-aminopropyl)-
imidazole and 0.15 mol of brominated n-alkanes (1-
bromododecane, 1-bromotetradecane, or 1-bromohexadecane)
in isopropanol (20 mL) and stirring for 24 h at 70 °C under
nitrogen, and the reaction mechanism is shown in Figure 3.

AN

ChHon+
HoN ) /\/\H/\N/ ntizn+1

\@)(Bre

N IPA
+ Br-C,Hy,. —_ HoN

n=12, 14, 16

Figure 3. Reaction scheme for the synthesis of imidazolium-based
ionic liquid surfactants.

After the reaction was finished, isopropanol and unreacted
brominated n-alkanes were subsequently removed. The
product was purified three times by recrystallization in ethyl
acetate.

2.2.2. Critical Micelle Concentration. First, the aqueous
solutions with different imidazolium-based ionic liquid
surfactant concentrations were prepared. Then, the surface
tension of prepared imidazolium-based ionic liquid surfactants
was measured using an Easy Dyne K20 Tensiometer at 298 K.
The surface tension of each solution was repeated three times,
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and the average value was taken. The surface tension curve vs
concentration of each imidazolium-based ionic liquid surfac-
tant was plotted to determine the critical micelle concentration
(CMC) of the individual imidazolium-based ionic liquid
surfactants.

2.2.3. Interfacial Tension. The interfacial tension (IFT)
between the imidazolium-based ionic liquid surfactant aqueous
solution and crude oil was investigated using a JJ2000B
tensiometer by a spinning drop method with a precision of
0.02 mN/m, and the temperature was maintained at 298 K.

2.2.4. Emulsification Capacity. The emulsification capacity
of synthesized imidazolium-based ionic liquid surfactants was
investigated using the high-temperature emulsification charac-
terizer THE-IL>" First, the dynamic emulsified oil ratio (E,)
between ionic liquid surfactants and crude oil was measured by
the high-temperature emulsifying characterizer THE-II. The
typical emulsification process is illustrated in Figure 4. The
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Figure 4. Typical dynamic emulsified oil rate curve.

dynamic emulsified oil ratio curve vs emulsification time was
plotted for the determination of the emulsification index of the
individual imidazolium-based ionic liquid surfactants, as shown
in Figure 4. The emulsification index (EI) refers to the ratio of
area Al surrounded by the dynamic emulsified oil ratio curve
and time axis to area A2 surrounded by the maximum
emulsified oil ratio and time axis, as shown in eq 1. The
emulsification index takes full account of the emulsification
speed and emulsification amount, and the emulsification
capacity has a positive correlation with the emulsification

index.
tE
E (t)dt
Iq1 ‘/(; 0( )

El=—1=20
A2 Eomax X te (1)
2.2.5. CO, Absorption Performance. An ionic liquid
surfactant was prepared as an aqueous solution for CO,
absorption. The CO, absorption performance was investigated
by the devices shown in Figure S. In a specific experiment,
about 10.0 g ionic liquid surfactant solution was loaded into
the absorption chamber, the air in the system was removed by
a vacuum pump, CO, was charged into the absorption
chamber from a CO, reservoir, and the ionic liquid surfactant
solution was stirred. The mass change of ionic liquid surfactant
solution after absorbing CO, was recorded by weighing at fixed
intervals. The sample solution was considered to have reached
absorption equilibrium if the mass of the ionic liquid surfactant
solution remained constant over 1 h. The molar fraction (#) of

Volume rotameter

Pressure |

regulator | Absorption

chamber

Water bath

Gas
Chambe

Magnetic stirrer with heating

Figure S. Schematic diagram of the CO, absorption apparatus.

CO, absorbed by ionic liquid surfactant solution was
calculated by the following eq 2.

_ (m - mo)/44
my/M @)

where my is the initial mass of the absorption system (g), m is
the mass of the absorption system during the adsorption
process (g), M is the molar mass of the ionic liquid surfactant
(g/mol), and m, represents the mass of the ionic liquid
surfactant.

3. RESULTS AND DISCUSSION

3.1. Analysis of Critical Micelle Concentration. In the
field of chemical enhanced oil recovery (EOR), the critical
micelle concentration (CMC) is one of the crucial parameters
for evaluating surface properties since it affects the oil
displacement efficiency of surfactants in the reservoir. In
general, the concentration of the injected surfactant solution is
approximately two or three times the CMC value. Exploring
the aggregation behavior of ionic liquid surfactants in solution
through surface tension studies is highly vital to analyzing how
ionic liquids will participate in complex systems as
components. There are different methods to determine
CMC, but the most common technique is to plot the surface
tension versus surfactant concentration and to identify the
turning point in the evolution curve as CMC.

The surface tension of ionic liquid surfactants was measured
at different concentrations, and the results are shown in Figure
6. As shown in the plot, surface tension values initially decrease
with the increase in ionic liquid surfactant concentration and
do not decrease further after reaching a certain concentration.
This specific concentration at which the surface tension
remains steady is called CMC. Before reaching CMC, the
dissolved ionic liquid surfactant molecules are uniformly
dispersed as monomers, and the adsorption of ionic liquid
surfactant molecules onto the air—water interface is in dynamic
equilibrium. When the CMC of ionic liquid surfactants is
attained, the surfactant molecules begin to aggregate to form
micelles, minimizing free energy. Above CMC, the surface
tension remains constant because the ionic liquid surfactant
solution system is in a balanced state with an adsorbed
monomolecular layer, free monomers, and micellized surfac-
tant. From the surface tension plot, the minimum surface
tension values of 31.02 mN/m for [C;smim][Br], 32.04 mN/
m for [Cy,mim][Br], and 33.19 mN/m for [C,,mim][Br] were
recorded, and the respective CMC values are 0.4, 2, and 9
mmol/L. The CMC value decreases in the order of
[Ci;mim][Br] > [Cymim][Br] > [C,¢qmim][Br]. It is mainly
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Figure 6. Effect of ionic liquid surfactant concentration on surface
tension at 298 K and atmospheric pressure.

due to the increase in hydrocarbon chain length, and the
hydrophobicity of ionic liquid surfactants is enhanced, which is
conducive to the formation of micelles.>' Therefore, the longer
the hydrophobic chain, the lower the CMC. It can be seen
from the above studies that the micelle formation ability of
[C,¢mim][Br] is superior to that of the other two ionic liquid
surfactants.

3.2. Analysis of Interfacial Tension. Interfacial tension
(IFT) reduction between crude oil and oil-displacing agents
affects the oil recovery mechanism by causing a prominent
increase in the capillary force that plays a crucial role in
residual oil trapping in oil reservoirs.”” In chemical flooding, a
larger capillary force is conducive to additional oil mobilization
and lower residual oil saturation by reducing IFT. As an
important parameter for the effective application of oil-
displacing agents in EOR, many efforts have been made to
further reduce the oil—water interfacial tension. Current
technology can achieve very low IFTs (107" to 107> mN/m)
or even ultra-low IFTs (510_3mN/m).

In this study, the IFT of the crude oil—water system was
investigated, and the experimental results are shown in Figure
7. From Figure 7, it can be seen that the IFT values for
[C;,mim][Br], [C,ymim][Br], and [C,smim][Br] decreased
from 32.74 mN/m to 3.17, 0.54, and 0.051 mN/m,
respectively, with increasing concentration. When the CMC
of the ionic liquid was achieved, the IFT remained almost
constant, and the IFT value rose slightly with the further
increase in concentration. Therefore, the minimum IFT was
obtained around the CMC of the ionic liquid surfactant. This
is mainly because the IFT is related to the adsorption/
desorption behavior of ionic liquid surfactant molecules at the
oil—water interface. At CMC, the adsorption/desorption of the
surfactant maintains a dynamic balance, resulting in a
minimum value. It was also observed that the capacity of
ionic liquid surfactants to reduce IFT became stronger with the
increase in alkyl chain length. The reason is that the increase of
methylene group in the cation structure leads to the increase in
hydrophobicity, and the adsorption capacity of surfactant
molecules at the oil—water interface is enhanced.” As a result,
even a small amount of surfactant can significantly reduce the
oil—water interfacial tension. Hezave et al.’* also reported a
similar conclusion in their study, that is, the capacity of the
ionic liquid surfactants to reduce the oil—water interfacial

Concentration, mmol/L

Figure 7. Effect of ionic liquid surfactant concentration on IFT
between oil and water.

tension increases with increasing chain length, and the longer
tails will result in a lower IFT at the same concentration.

3.3. Analysis of Emulsification Capacity. Emulsification
of oil-displacing agents with crude oil constitutes was believed
to be an important contribution to producing more oil.>> One
result of the emulsification is that the remaining oil and
residual oil become more easily captured and displaced.
Second, the in situ-formed emulsions enable the seal of the
high-permeability areas efficiently, thus improving the oil
displacement efficiency. In practical chemical flood, the
emulsification capacity of crude oil—water mixture plays an
essential role in remaining oil and residual oil displacing within
porous media. Therefore, emulsification capacity is considered
to be a vital parameter for screening surfactants for EOR
application.

To explore the emulsification capacity of the synthesized
ionic liquid surfactants, the dynamic emulsified oil ratio curves
of each ionic liquid surfactant with crude oil were plotted
respectively. The dosage of each ionic liquid surfactant was 0.5
mmol/L, and the corresponding emulsification experimental
results are presented in Figure 8 and Table 1. As can be seen

100
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Figure 8. Dynamic emulsified oil ratio curves of ionic liquid
surfactants.
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Table 1. Emulsification Results of Ionic Liquid Surfactants
with Crude Oil

ionic liquid emulsification time, emulsified oil

surfactant min ratio, % EI
[C;,mim][Br] 6 30.5 0.259
[Ci4mim][Br] 6 54.9 0.48
[C,mim][Br] 8 69.4 0.597

from Figure 8 and Table I, the emulsified oil ratio increases
gradually with the extension of emulsification time until
reaching the emulsification equilibrium. Furthermore, the
maximum equilibrium emulsified oil ratio and the emulsifica-
tion speed of three ionic liquid surfactant solutions were
different. Among them, the emulsification speed of [C;smim]-
[Br] is slower than those of [C;,mim][Br] and [C,,mim][Br],
but its maximum equilibrium emulsified oil rate is the largest.
In addition, although [C ,mim][Br] and [C,;mim][Br] reach
their maximum emulsified oil ratio at approximately the same
time, [C,,mim][Br] with longer carbon chains has a greater
maximum emulsified oil ratio. At the same emulsification
speed, the surfactant with a higher equilibrium emulsified oil
ratio has a stronger emulsification capacity. While the
equilibrium emulsified oil ratio is the same, the surfactant
with faster emulsification speed has stronger emulsification
capacity. However, the emulsification speed and equilibrium
emulsified oil ratio of ionic liquid surfactants are both different,
and the emulsification capacity cannot be compared by using
the emulsification speed or equilibrium emulsified oil ratio
alone. Based on the emulsified oil ratio curves, the
emulsification index values of 0.597 for [C;smim][Br], 0.48
for [C,ymim][Br], and 0.259 for [C;,mim][Br] were
calculated. The emulsification index can accurately quantify
the emulsification capacity of the oil—water system regardless
of the emulsification speed and equilibrium emulsified oil ratio.
By comparing the emulsification index of the ionic liquid
surfactants, it can be clearly seen that the emulsification
capacity is enhanced in the order of [C;,,mim][Br] <
[Cyymim][Br] < [C;smim][Br].

3.4. Analysis of CO, Capture Performance. Carbon
dioxide capture, EOR utilization, and storage (CCUS-EOR) is
the most practical and feasible large-scale carbon reduction
technology.”® When CO, is injected into the reservoir, the
fluid properties under oil reservoir conditions are improved by
IFT reduction, crude oil viscosity reduction, oil expansion, and
extraction effect on lighter hydrocarbon components. Today,
the CCUS-EOR technology can not only greatly improve the
recovery of low-permeability oil fields but also balance the CO,
concentration and achieve higher economic efficiency. There-
fore, CCUS-EOR is an important part to achieve the “net” zero
goal. Previous studies have shown that CO, can be captured by
ionic liquids including physical adsorption, chemical absorp-
tion, etc. In this study, the amine-functionalized imidazolium
cation-based ionic liquid surfactants were investigated as
potential absorbents for CO, capture.’”!

The capacities of CO, absorptions by [C,¢mim][Br]
solution of different concentrations (10, 30, and 50%) at 0.1
MPa and 25 °C were investigated, and the results are displayed
in Figure 9. Here, as the solvent of the ionic liquid surfactant,
water can reduce the viscosity of the absorption system and
promote the CO, absorption process. It was found from Figure
9 that the lower the concentration of [C;¢mim][Br], the faster
the rate of CO, absorption. The main reason is that the
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Figure 9. CO, absorption by the aqueous solution of ionic liquid
surfactants.

absorption rate of CO, is closely related to the viscosity of the
absorption system. For CO, absorption systems, the viscosity
depends primarily on the concentration of [C;smim][Br], and
the higher concentration leads to higher viscosity and,
consequently, slower absorption. At absorption equilibrium,
the solution with [C,¢mim][Br] concentrations of 10, 30, and
50% respectively presented molar CO, uptake capacity values
of 0.481, 0.464, and 0.450. Although CO, capture capacity at
all concentrations was close to 0.5 mol per mol [C,smim][Br],
there was a slight tendency for molar capacity to decrease as
[C;smim][Br] concentrations increased. This is due to the
high viscosity of the absorption system and the subsequent
absorption products inhibiting the absorption of CO,.

According to the above research, the synthesized ionic liquid
surfactant combines the characteristics of reducing interfacial
tension, emulsification, and CO, capture. This study also
provides theoretical support for further CCUS-EOR research
and the application of ionic liquid surfactants. Therefore, the
development of ionic liquid surfactants with stronger
absorption capacity and more cost-effectiveness is an urgent
follow-up work. In addition, the relationship between the
molecular structure of the ionic liquid surfactant and its
emulsifying capacity, the ability to reduce interfacial tension,
and CO, capture capacity is the point of the research,
especially the research on the oil-displacement mechanism of
ionic liquid surfactants after absorbing CO, under reservoir
conditions.

4. CONCLUSIONS

The present study focused on the development and perform-
ance analysis of ionic liquid surfactants for their application to
CCUS-EOR. The synthesized imidazolium-based ionic liquid
surfactants were evaluated for their surface-active, emulsifica-
tion capacity, and CO, capture performance. It was found that
the surface-active and emulsification capacity of ionic liquid
surfactants improved with the increase in alkyl chain length.
The IFT values for [C;,mim][Br], [C,,mim][Br], and
[C;smim][Br] could decrease from 32.74 mN/m to 3.17,
0.54, and 0.051 mN/m, respectively, with increasing
concentration. Moreover, the emulsification index values are
0.597 for [C,¢mim][Br], 0.48 for [C,,mim][Br], and 0.259 for
[C;,mim][Br]. Meanwhile, the synthesized ionic liquid
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surfactants exhibited good CO, capture performance. The
absorption capacities reach 0.48 mol CO, per mol of ionic
liquid surfactant at 0.1 MPa and 25 °C. Experimental results
demonstrate the potential of the imidazolium-based ionic
liquid surfactant as a bifunctional oil displacement agent for
CO, capture and oil displacement.

B AUTHOR INFORMATION

Corresponding Author

Minglu Shao — State Key Laboratory of Shale Oil and Gas
Enrichment Mechanisms and Effective Development, Beijing
100083, China; Research and Development Center for the
Sustainable Development of Continental Sandstone Mature
Oilfield by National Energy Administration, Beijing 102206,
China; School of Petroleum Engineering, School of Energy,
ChangZhou University, Changzhou 213164, China;

orcid.org/0000-0003-1249-0601; Email: minglushaol@

163.com

Authors

Youqi Wang — State Key Laboratory of Shale Oil and Gas
Enrichment Mechanisms and Effective Development, Beijing
100083, China; Research and Development Center for the
Sustainable Development of Continental Sandstone Mature
Oilfield by National Energy Administration, Beijing 102206,
China

Ping Liu — State Key Laboratory of Shale Oil and Gas
Enrichment Mechanisms and Effective Development, Beijing
100083, China; Research and Development Center for the
Sustainable Development of Continental Sandstone Mature
Oilfield by National Energy Administration, Beijing 102206,
China

Lipei Fu — School of Petroleum Engineering, School of Energy,
ChangZhou University, Changzhou 213164, China

Tongyu Zhu — Production Optimization Business Division of
China Oilfield Services Limited, Tianjin 300459, China

Xijaoxiao Li — Production Optimization Business Division of
China Oilfield Services Limited, Tianjin 300459, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.3c02053

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work is supported by 2022’s Open Project Foundation
from the Research and Development Center for the
Sustainable Development of Continental Sandstone Mature
Oilfield by the National Energy Administration and Natural
Science Foundation of Jiangsu Province (BK20220622).

B REFERENCES

(1) Guo, Y.-B;; Yue, X-A,; Fu, J. Y.; Zhang, B. Relevance between
Emulsification Capability and Interfacial Tension of Chemical
Flooding Agents. Energy Fuels 2018, 32, 12345—12350.

(2) Li, X; Yue, X. A; Wang, Z; Yan, R; Guo, Y. Role of
Emulsification and Interfacial Tension of a Surfactant for Oil Film
Displacement. Energy Fuels 2021, 35, 3032—3041.

(3) Zhao, X.-Z.; Liao, G.-Z.; Gong, L.-Y.; Luan, H.-X;; Chen, Q.-S;
Liu, W.-D,; Liu, D.; Feng, Y.-J. New insights into the mechanism of
surfactant enhanced oil recovery: Micellar solubilization and in-situ
emulsification. Pet. Sci. 2022, 19, 870—881.

(4) Korolev, M.; Rogachev, M.; Tananykhin, D. Regulation of
filtration characteristics of highly watered terrigenous formations

using complex chemical compositions based on surfactants. J. Appl.
Eng. Sci. 2020, 18, 147—156.

(5) Li, X; Liu, D.; Sun, H; Li, X. Effect of Oil-Displacing Agent
Composition on Oil/Water Interface Stability of the Asphaltene-Rich
ASP Flooding-Produced Water. Langmuir 2022, 38, 3329—3338.

(6) Pillai, P.; Kumar, A.; Mandal, A. Mechanistic studies of enhanced
oil recovery by imidazolium-based ionic liquids as novel surfactants. J.
Ind. Eng. Chem. 2018, 63, 262—274.

(7) Pillai, P.; Mandal, A. Synthesis and characterization of surface-
active jonic liquids for their potential application in enhanced oil
recovery. J. Mol. Lig. 2022, 345, No. 117900.

(8) Goutham, R;; Rohit, P.; Vigneshwar, S. S.; Swetha, A.; Arun, J;
Gopinath, K. P.; Pugazhendhi, A. Ionic liquids in wastewater
treatment: A review on pollutant removal and degradation, recovery
of ionic liquids, economics and future perspectives. J. Mol. Liq. 2022,
349, No. 118150.

(9) El Seoud, O. A.; Keppeler, N.; Malek, N. L; Galgano, P. D. Ionic
Liquid-Based Surfactants: Recent Advances in Their Syntheses,
Solution Properties, and Applications. Polymer 2021, 13, 1100.

(10) Yan, X.; Anguille, S.; Bendahan, M.; Moulin, P. Ionic liquids
combined with membrane separation processes: A review. Sep. Purif.
Technol. 2019, 222, 230—-253.

(11) Farahani, R. K; Bagheri, A. The interaction of the surface active
ionic liquid with nonionic surfactants (Triton X-100 and Triton X-
405) in aqueous solution by using tensiometry method. J. Mol. Lig.
2022, 345, No. 118260.

(12) Padsala, S; Patel, V. L; Ray, D.; Aswal, V. K; Bahadur, P.
Mixed micelles of sodium perfluorooctanoate and imidazolium based
ionic liquids in aqueous solution: A SANS and Tensiometric study. J.
Mol. Lig. 2021, 322, No. 114558.

(13) Nandwani, S. K;; Malek, N. L; Chakraborty, M.; Gupta, S. A
Comprehensive Study Based on the Application of Different Genre of
Surface-Active Ionic Liquid and Alkali Combination Systems in
Surfactant Flooding. Energy Fuels 2020, 34, 9411—9425.

(14) Behera, U. S.; Sangwai, J. S. Nanofluids of Kaolinite and Silica
in Low Saline Seawater (LowSal) with and without Surfactant:
Interfacial Tension and Wettability Alteration of Oil-Water-Rock
System for Low Salinity-Enhanced Oil Recovery. Ind. Eng. Chem. Res.
2021, 60, 291-313.

(18) Evans, D. F.; Yamauchi, A,; Wei, G. J.; Bloomfield, V. A.
Micelle size in ethylammonium nitrate as determined by classical and
quasi-elastic light scattering. J. Phys. Chem. 1983, 87, 3537—3541.

(16) Merrigan, T. L.; Bates, E. D.; Dorman, S. C,; Davis, J. H,, Jr.
New fluorous ionic liquids function as surfactants in conventional
room-temperature ionic liquids. Chem. Commun. 2000, 20, 2051—
2052.

(17) Baltazar, Q. Q.; Chandawalla, J.; Sawyer, K.,; Anderson, J. L.
Interfacial and micellar properties of imidazolium-based monocationic
and dicationic ionic liquids. Colloids Surf, A 2007, 302, 150—156.

(18) Ao, M,; Xu, G.; Zhu, Y.; Bai, Y. Synthesis and properties of
ionic liquid-type Gemini imidazolium surfactants. J. Colloid Interface
Sci. 2008, 326, 490—495.

(19) Nandwani, S. K; Malek, N. L; Lad, V. N.; Chakraborty, M.;
Gupta, S. Study on interfacial properties of Imidazolium ionic liquids
as surfactant and their application in enhanced oil recovery. Colloids
Surf, A 2017, 516, 383—393.

(20) Manshad, A. K; Rezaei, M.; Moradi, S.; Nowrouzi, I;
Mohammadi, A. H. Wettability alteration and interfacial tension
(IFT) reduction in enhanced oil recovery (EOR) process by ionic
liquid flooding. J. Mol. Lig. 2017, 248, 153—162.

(21) Chai, S. Y. W.; Ngu, L. H.; How, B. S. Review of carbon capture
absorbents for CO, utilization. Greenhouse Gases: Sci. Technol. 2022,
12, 394—427.

(22) Jiang, W.; Li, X.; Gao, G.; Wu, F.; Luo, C.; Zhang, L. Advances
in applications of ionic liquids for phase change CO2 capture. Chem.
Eng J. 2022, 445, No. 136767.

(23) Nematollahi, M. H.; Carvalho, P. J. Green solvents for CO2
capture. Curr. Opin. Green Sustainable Chem. 2019, 18, 25—30.

https://doi.org/10.1021/acsomega.3c02053
ACS Omega 2023, 8, 21113-21119


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Minglu+Shao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1249-0601
https://orcid.org/0000-0003-1249-0601
mailto:minglushao1@163.com
mailto:minglushao1@163.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Youqi+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ping+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lipei+Fu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tongyu+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoxiao+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02053?ref=pdf
https://doi.org/10.1021/acs.energyfuels.8b03110?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.8b03110?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.8b03110?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.0c03383?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.0c03383?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.0c03383?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.petsci.2021.11.014
https://doi.org/10.1016/j.petsci.2021.11.014
https://doi.org/10.1016/j.petsci.2021.11.014
https://doi.org/10.5937/jaes18-24542
https://doi.org/10.5937/jaes18-24542
https://doi.org/10.5937/jaes18-24542
https://doi.org/10.1021/acs.langmuir.1c02466?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.1c02466?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.1c02466?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jiec.2018.02.024
https://doi.org/10.1016/j.jiec.2018.02.024
https://doi.org/10.1016/j.molliq.2021.117900
https://doi.org/10.1016/j.molliq.2021.117900
https://doi.org/10.1016/j.molliq.2021.117900
https://doi.org/10.1016/j.molliq.2021.118150
https://doi.org/10.1016/j.molliq.2021.118150
https://doi.org/10.1016/j.molliq.2021.118150
https://doi.org/10.3390/polym13071100
https://doi.org/10.3390/polym13071100
https://doi.org/10.3390/polym13071100
https://doi.org/10.1016/j.seppur.2019.03.103
https://doi.org/10.1016/j.seppur.2019.03.103
https://doi.org/10.1016/j.molliq.2021.118260
https://doi.org/10.1016/j.molliq.2021.118260
https://doi.org/10.1016/j.molliq.2021.118260
https://doi.org/10.1016/j.molliq.2020.114558
https://doi.org/10.1016/j.molliq.2020.114558
https://doi.org/10.1021/acs.energyfuels.0c01331?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.0c01331?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.0c01331?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.0c01331?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.0c04853?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.0c04853?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.0c04853?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.0c04853?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100241a035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100241a035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/B005418F
https://doi.org/10.1039/B005418F
https://doi.org/10.1016/j.colsurfa.2007.02.012
https://doi.org/10.1016/j.colsurfa.2007.02.012
https://doi.org/10.1016/j.jcis.2008.06.048
https://doi.org/10.1016/j.jcis.2008.06.048
https://doi.org/10.1016/j.colsurfa.2016.12.037
https://doi.org/10.1016/j.colsurfa.2016.12.037
https://doi.org/10.1016/j.molliq.2017.10.009
https://doi.org/10.1016/j.molliq.2017.10.009
https://doi.org/10.1016/j.molliq.2017.10.009
https://doi.org/10.1002/ghg.2151
https://doi.org/10.1002/ghg.2151
https://doi.org/10.1016/j.cej.2022.136767
https://doi.org/10.1016/j.cej.2022.136767
https://doi.org/10.1016/j.cogsc.2018.11.012
https://doi.org/10.1016/j.cogsc.2018.11.012
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c02053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

(24) Akhmetshina, A. I; Petukhov, A. N.; Gumerova, O. R,
Vorotyntsev, A. V.; Nyuchev, A. V.; Vorotyntsev, I. V. Solubility of
H2S and CO2 in imidazolium-based ionic liquids with bis(2-
ethylhexyl) sulfosuccinate anion. J. Chem. Thermodyn. 2019, 130,
173—182.

(25) Blanchard, L. A;; Hancu, D.; Beckman, E. J.; Brennecke, J. F.
Green processing using ionic liquids and CO,. Nature 1999, 399, 28—
29.

(26) Anthony, J. L.; Anderson, J. L.; Maginn, E. J.; Brennecke, J. F.
Anion Effects on Gas Solubility in Ionic Liquids. J. Phys. Chem. B
2005, 109, 6366—6374.

(27) Sharma, P; Park, S. D.; Park, K. T.; Nam, S. C.; Jeong, S. K;
Yoon, Y. L; Baek, I. H. Solubility of carbon dioxide in amine-
functionalized ionic liquids: Role of the anions. Chem. Eng. J. 2012,
193-194, 267-275.

(28) Zhang, J.; Jia, C; Dong, H.; Wang, J.; Zhang, X.; Zhang, S. A
Novel Dual Amino-Functionalized Cation-Tethered Ionic Liquid for
CO2 Capture. Ind. Eng. Chem. Res. 2013, 52, 5835—5841.

(29) Pillai, P.; Pal, N.; Mandal, A. Synthesis, Characterization,
Surface Properties and Micellization Behaviour of Imidazolium-based
Tonic Liquids. J. Surfactants Deterg. 2017, 20, 1321—133S.

(30) Guo, Y.; Yue, X; Yang, C. New method to quantitatively
characterize the emulsification capability of chemical flooding agents.
J. Pet. Sci. Eng. 2021, 196, No. 107810.

(31) Niy, R. X;; He, J. Y.; Long, B.; Wang, D. Q.; Song, H.; Wang,
C; Qu, G. M. Adsorption, wetting, foaming, and emulsification
properties of mixtures of nonylphenol dodecyl sulfonate based on
linear alpha-olefin and heavy alkyl benzene sulfonate. J. Dispersion Sci.
Technol. 2018, 39, 1108—1114.

(32) Cao, H,; Hu, Y,; Xu, W.; Wang, Y.; Guo, X. Recent progress in
the assembly behavior of imidazolium-based ionic liquid surfactants. J.
Mol. Lig. 2020, 319, No. 114354.

(33) Asadabadi, S.; Saien, J. Effects of pH and salinity on adsorption
of different imidazolium ionic liquids at the interface of oil-water.
Colloids Surf, A 2016, 489, 36—45.

(34) Hezave, A. Z.; Dorostkar, S.; Ayatollahi, S.; Nabipour, M,;
Hemmateenejad, B. Effect of Different Families (Imidazolium and
Pyridinium) of Ionic Liquids-Based Surfactants on Interfacial Tension
of Water/Crude Oil System. Fiuid Phase Equilib. 2013, 360, 139—145.

(35) Niu, R;; Wang, D.; Long, B.; Song, H.; Wang, C.; Wang, J.; He,
J. Salinity tolerance, adsorption, and emulsification properties of
nonylphenol alkyl sulphonates derived from bi-component linear
alpha olefin. Can. J. Chem. Eng. 2017, 95, 2073—2077.

(36) Yuan, S.; Ma, D; Li, J.; Zhou, T.; Ji, Z.; Han, H. Progress and
prospects of carbon dioxide capture, EOR-utilization and storage
industrialization. Pet. Explor. Dev. 2022, 49, 955—962.

21119

https://doi.org/10.1021/acsomega.3c02053
ACS Omega 2023, 8, 21113-21119


https://doi.org/10.1016/j.jct.2018.10.013
https://doi.org/10.1016/j.jct.2018.10.013
https://doi.org/10.1016/j.jct.2018.10.013
https://doi.org/10.1038/19887
https://doi.org/10.1021/jp046404l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cej.2012.04.015
https://doi.org/10.1016/j.cej.2012.04.015
https://doi.org/10.1021/ie4001629?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie4001629?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie4001629?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11743-017-2021-1
https://doi.org/10.1007/s11743-017-2021-1
https://doi.org/10.1007/s11743-017-2021-1
https://doi.org/10.1016/j.petrol.2020.107810
https://doi.org/10.1016/j.petrol.2020.107810
https://doi.org/10.1080/01932691.2017.1383267
https://doi.org/10.1080/01932691.2017.1383267
https://doi.org/10.1080/01932691.2017.1383267
https://doi.org/10.1016/j.molliq.2020.114354
https://doi.org/10.1016/j.molliq.2020.114354
https://doi.org/10.1016/j.colsurfa.2015.10.021
https://doi.org/10.1016/j.colsurfa.2015.10.021
https://doi.org/10.1016/j.fluid.2013.09.025
https://doi.org/10.1016/j.fluid.2013.09.025
https://doi.org/10.1016/j.fluid.2013.09.025
https://doi.org/10.1002/cjce.22836
https://doi.org/10.1002/cjce.22836
https://doi.org/10.1002/cjce.22836
https://doi.org/10.1016/S1876-3804(22)60324-0
https://doi.org/10.1016/S1876-3804(22)60324-0
https://doi.org/10.1016/S1876-3804(22)60324-0
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c02053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

