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ABSTRACT: Phase separation of microemulsions occupies a key
position in many applications, such as oil recovery, nanomaterial z """z 5 ==
synthesis, and chemical reactions. Achieving an intelligent response is
crucial to microemulsion development and application. For this
reason, in this study, CO,-responsive superamphiphilic molecules
were developed as rapidly switchable oil-in-water microemulsions.
These superhydrophilic molecules with linear structures were
produced by electrostatic interaction of stearic acid and amino-
trimethyltriazine COSM-1 in a 1:1 molar ratio. The introduction of
n-butanol as a cosurfactant in the CO,-responsive microemulsion
system resulted in the spontaneous formation of stable micro- . = v : 3
emulsions. The effect of the addition of n-butanol on the carbon
dioxide-responsive microemulsion system was investigated, and the

optimum amount of n-butanol was determined by optimization. After exposure to CO, for 30 s, the superhydrophilic molecules
decomposed into inactive components at the interface, leading to a complete phase separation of the microemulsion into oil and
water phases. The system was purged with N, at 60 °C for 10 min to remove the CO,, and the phase separation system was
transformed into a clear microemulsion, which was then evaluated for its properties. The rapid response and complete
demulsification of these surface CNES superamphiphiles to CO, suggest that they have promising applications in product separation,
microemulsion recovery, and enhanced crude oil recovery.

1. INTRODUCTION emulsion system is called surfactant-based microemulsion
(SBME).* Through the continuous research of microemulsion
systems, more and more scholars found that surfactant is not a
necessary component for microemulsion formation.” This led to

Microemulsions are optically isotropic dispersions that consist
of at least two immiscible liquids capable of coexisting in a
single-phase region due to the presence of amphiphilic

compounds.’ Surfactants are commonly required to stabilize the introduction of surfactant-free microemulsions (SEMESs),
microemulsions.” Surfactant-based microemulsions (SBMEs) which, as the name suggests, are transparent and stable
have been recognized for their numerous advantages as reaction dispersions of oil, water, and “amphiphilic solvents” rich in
media.’? nanodroplets.'® CO,-stimulated response is essentially a form of

Microemulsions possess attributes such as small size, pH adjustment, but unlike traditional acid—base adjustment
bidirectional wetting, and high surface activity, providing unique mechanisms, CO, can be removed by simple bubbling of inert
advantages in increasing the volume of micronanovoids, gases such as nitrogen/helium or air. ! CO,-stimulated
enhancing permeability, and improving efficiency in the responsive microemulsions are also essentially a form of pH
mechanism of micronanovoid displacement.” This technology adjustment, but unlike traditional acid—base adjustment
shows promising potential in enhancing oil and gas recovery.” mechanisms, CO, can be removed by simple bubbling of inert

Currently, both domestic and international research on
microemulsion oil displacement technology has made signifi-
cant progress, leading to the development of various micro-
emulsion systems tailored to different reservoir characteristics.’

At present, there have been many advances in the research of
microemulsion formulation in foreign laboratories, and micro-
emulsion systems applicable to various oil fields have been
prepared.” In order to pursue ultralow interfacial tension, a large
amount of surfactant and cosurfactant is usually required in the
formation process of a microemulsion system, so the micro-

gases such as nitrogen/helium or air, and there are no acid—base
neutralization products left in the system.'” They fall into two
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main categories, depending on the system composition: CO,-
responsive SBME and CO,-responsive SEME. "

A CO,-stimulated ringing SBME system containing 1-butyl-3-
methylimidazole triazolium salt, cyclohexane, 1-hexadecyl-9-
methylimidazolium salt, and n-decanol has been used previously,
with 1-butyl-3-methylimidazole triazolium salt as the polar
phase and 1-hexadecyl-9-methylimidazolium salt as the
surfactant.'* After continuous passage of CO, into the system
for 5 min, the absorption of CO, by the triazole led to an increase
in the anionic volume, which in turn induced changes in
molecular rigidity and interactions, resulting in the formation of
a turbid emulsion, and the turbid emulsion was restored to a
clear and transparent microemulsion after passage of N, at 50 °C
for 1 h."> However, CO, could only induce the transformation of
the SBME into a clear emulsion and did not show any obvious
phase separation.'® Dodecyl tertiary amine (C;,A) was then
introduced as a cosurfactant to stabilize the microemulsion
properties, and heptane/sodium dodecyl sulfate (SDS)-n-
butanol/water was introduced to form the O/W micro-
emulsion."” Upon the introduction of CO,, C},A reacted with
carbonic acid dissolved in water to form ammonium bicarbonate
and combined with SDS through electrostatic interaction to
form an oil-soluble ion pair C;,AH + C,H,;SO,", resulting in
the inability of SDS in the system to maintain an ultralow
interfacial tension, and the microemulsion was thus demulsified.
After the introduction of N, at 50 °C for 1 h, C;,AH" returned to
the deprotonated state, releasing SDS back to the oil—water
interface, and the microemulsion was formed again.18 The
microemulsion can be obtained by alternating CO,/N, several
times, and the droplet size is maintained at 15—20 nm, showing
good reversibility and recyclability."” Tonic liquid surfactants
have also received extensive attention as surfactant components
in the formation of microemulsion systems, mainly including N-
alkyl-N,N-dimethylethylamine cations and nitrogen-containing
heterocyclic anions such as imidazolium, triazolium, and
pyrazolium with n-pentanol and water to construct micro-
emulsions. When CO, was introduced, the nitrogen-containing
heterocyclic anions reacted with CO, to form ammonium
bicarbonate and carbamate to increase the ionic strength of the
system, and the salting-out effect destabilized the SBMEs,
resulting in complete separation of oil and water and achieving
efficient chemical reaction, product separation, and micro-
emulsion recovery.”’

Superamphiphiles were formed as a CO,-responsive sub-
stance by mixing two environmentally friendly and inexpensive
commercial reagents: oleic acid (HOA) and poly(propylene
glycol)-bis(2-aminopropyl ether) in a molar ratio of 1:1.18.>
The resulting responsive amphiphiles were used as a novel
surfactant for the preparation of CO,-responsive micro-
emulsions by mixing them with 1-butanol, heptane, and
water.”” After 20 s of bubbling CO, gas at room temperature,
the amphiphile dissociated into a surfactant-free component,
and the stable microemulsion underwent complete phase
separation.”” This phase separation can be easily reversed by
drumming in N,N,N-tributylpentylamine at 60 °C, and stable
O/W microemulsions can be regained within 10 min, with three
cycles having no significant effect on the rate of response to CO,
or the stability of the microemulsions.”* Another switchable
hydrophilic solvent, N,N,N-tributylpentylamine (TBPA), which
is practically immiscible with water but hydrophilic and miscible
with water in the presence of CO,, was used to prepare SEFMEs
using N,N-dimethylcyclohexylamine (DMCHA) as the oleo-
phile and N,N-dimethylethanolamine (DMEA) as the amphi-

philic solvent, and the CO,/N, hydrophilicity switching
property of DMCHA was successfully exploited to prepare
CO,-responsive O/W microemulsions.”> The CO,-responsive
SFME was successfully prepared by using DMCHA with CO,/
N, hydrophilicity switching.”® It is proposed that a conversion
system from SBME to SEME can be prepared by mixing sodium
oleate (NaOA), isopropanol (IPA), oleic acid (HOA), and
water under CO, stimulation.”” When the concentration of the
amphiphilic solvent IPA is low, CO, can induce the emulsion
breakage of SBME by inducing the conversion of sodium oleate
to oleic acid; when the concentration of the amphiphilic solvent
is high, the SBME is not emulsified but converted to the
SEME.*® A microemulsion system based on ionic liquids also
exhibits such a change due to the formation of stable SEME
when the concentration of cosurfactant in the system is high.
The study of the CO,-responsive SFME system is still in its
infancy, and its in-depth mechanism of action and practical
application are still involved,” so there are still many issues that
deserve to be investigated. It is easy to see that the pH change
due to the introduction of CO, is very narrow, and the molecules
that can achieve CO, response are weak acids and bases.™

In addition, multi-responsive microemulsion systems for
combinations of CO, with other stimuli have not yet been
investigated, providing an opportunity for future research into
CO,-stimulation-responsive microemulsion systems.”’ The
most pressing consideration is to reduce the cost of micro-
emulsions.”” Currently, the concentration of microemulsions
applied in the field is high, which makes the amount of surfactant
large, and it must also be considered that the microemulsion has
a certain degree of adsorption on the surface of the rock after
entering the formation, both of which increase the cost of
extraction significantly.”® How to construct the microemulsion
system with the appropriate ratio and make the synergistic effect
of each component is the key to reducing the cost.”* Stearic acid
is a kind of fatty acid widely found in nature; almost all fats and
oils have varying content of stearic acid, which is higher in
animal fats and more widely available and has a certain degree of
economic practicality.” Stearic acid is used in the cosmetics
industry to emulsify two types of skin care products, snow
creams and cold creams, to form stable microemulsion
sys.tems.36

In this article, stearic acid is used to form CO,-stimulation-
responsive superamphiphilic molecules with aminotrimethyl-
triazine compounds, which can form CO,-responsive micro-
emulsion systems with crude oil. The formulation preference,
microemulsion properties, and CO, stimulation response
mechanism of the formed microemulsion systems are
investigated. In this work, stable O/W emulsions are formed
from CNEFS superamphiphiles, which undergo complete
demulsification after a few seconds of CO, administration.
Considering the potential applications in thick oil extraction and
pipeline transport, emulsions were prepared using simulated oils
of crude oil mixed with paraffin as the oil phase. It is noteworthy
that CO, removal by N, bubbling resulted in the reformation of
stable microemulsions. We further demonstrate that emulsifi-
cation and demulsification are mainly due to the reversible
assembly and disassembly of CNEFS by the removal of CO, or
bubbling. We also investigated the emulsifying effect of CNFS
superamphiphiles on different fractions of crude oils, and the
results showed that the stability of the microemulsion system
formed by CNFS superamphiphiles varied among different
fractions of oil phases, which further demonstrated that our
developed superamphiphile CNES had a certain degree of
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Figure 1. Synthetic route.

GG

emulsifying effect on crude oils with fractions of Cg—C,,. The
rapid response of the CNFS superamphiphiles to CO, and their
complete emulsion breakage make them potentially useful for
separation of reaction products and recycling of micro-
emulsions, as well as for enhancing crude oil recovery.
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Figure 2. FTIR spectra of COSM, CNFS, and stearic acid.

2. EXPERIMENTAL SECTION

2.1. Materials. The purity of the aminotrimethyltriazine
used in this study was >99.99% (HPLC). It was developed in-
house in the laboratory and named COSM-1. The stearic acid
(HPLC > 98%), n-butanol (ACS grade), and heptane (ACS
grade) used were supplied by Aladdin Biochemical Technolo-
gies Ltd. The gas products used in this study were carbon
dioxide (HPLC > 99.99%) and nitrogen (HPLC > 99.99%)
supplied by Wuhan Zhongxin Ruiyuan Gas Co. The deionized
water collected by the purification equipment had a resistivity of
more than 18.2 MQ cm and a conductivity of less than 0.055 us/
cm. The aromatic content of the aviation kerosene used was less
than 20%, with the content of bicyclic aromatic hydrocarbons
(BAHs) not exceeding 3%. The olefin content was less than 2—
3%, and the crystallization point of the n-alkane content of the
fuel oil used was not higher than —50 °C ~ —60 °C. A mixture of
crude oil with a viscosity of 9.6 mPa s at 45 °C provided by
Daging Oilfield and aviation kerosene was used for the
experiments. The water used was simulated formation water

with a mineral content of 6778 mg/L, which was configured in
the laboratory.

2.2. Preparation of CO,/N,-Responsive Switchable
Surfactant. The CO,/N,-responsive supramolecular amphi-
philic molecule CNFES was formed by self-assembly through
electrostatic interaction between carboxyl and amine groups
using stearic acid mixed with the amine-based triazine
compound COSM-1 in the ratio of 1:1. The synthetic route is
shown in Figure 1. The product was a viscous light yellow liquid
at room temperature. The products obtained from the
preparation were characterized by three means: FTIR (Nicolet
iS20 FTIR, Thermo Fisher Scientific, Waltham, MA, USA),
"HNMR (picoSpin 45, Thermo Fisher Scientific, Waltham, MA,
USA), and mass spectrometry (Agilent 7850 ICP—MS, Agilent
Technologies China Ltd., Beijing, China).

2.3. Conductivity Method for Determining the
Emulsion Type. The ratios of CNFS to heptane were fixed
as 1:1, 7:3, 8:2, and 9:1, respectively; water was added dropwise
to the system, and the change in conductivity was recorded to
obtain a plot of conductivity of the microemulsion system as a
function of the mass fraction of water in the system; and the
single-phase zones of the microemulsions were divided into
three microzones, W/O, B.C., and O/W, based on the results of
the conductivities at different ratios of the emulsifiers and oil
phases.

2.4. Pseudoternary Phase Diagram. The phase vanishing
points of the microemulsion regions of the proposed ternary
system of CNFS + n-butanol + heptane + distilled water with the
mass ratios of CNFES to n-butanol of 1:1, 1.5:1,2:1,2.5:1,and 3:1
at 60 + 1 °C were determined, the phase diagrams of the
microemulsion regions of the proposed ternary system were
plotted, and the relative areas of the microemulsion regions of
the proposed ternary system for the different mass ratios of
CNES to n-butanol were calculated from the plotted phase
diagrams. The relative areas of the microemulsion regions for
different mass ratios of CNFS to n-butanol were calculated from
the plotted phase diagram of the proposed ternary system. Based
on the three-phase diagram, the 15% CNFS + 10% n-butanol +
60% water + 25% heptane microemulsion was selected for
further investigation of physicochemical properties and
applications.

2.5. CO,-Responsiveness of the Microemulsion. The
CO,-sensitive microemulsion was formulated as 15% CNFS
+10% n-butanol +60% water +25% simulated oil and emulsified
using a digital high-speed homogenizer with stirring at 12,000
rpm for 30 s. The microemulsion was stabilized for 10 min, and
the appearance of the emulsion was observed. The emulsion was
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Figure 3. '"H NMR spectra of COSM, CNES, and stearic acid.

stabilized for 10 min to observe the appearance of the
microemulsion; CO, was passed into the microemulsion at a
rate of 100 mL/min for 30 s and then allowed to stand for 10 min
to observe the appearance of the emulsion, which was emulsified
using a digital high-speed homogenizer at 60 °C, and then N,
was passed into the system for 10 min at 100 mL/min. The
operation was repeated 3 times according to the above steps to
investigate the CO, switching performance of water/simulated
crude oil emulsions, and CO, was continued to be introduced
into the system until complete emulsion breakage in the final
cycle; photographs were taken at the end of each step to record
the results. The surface tension (DCAT2S, DataPhysics), pH,
conductivity (CM-41X, Halcion Testing Technology, Tianjin,
China), and contact angle (OCA2S, DataPhysics Instruments,

Baden-Wiirttember, Germany) of the system when CO, was
introduced or removed were measured for 3 cycles. The change
in particle size (Zetasizer NanoZs90, Malvern Panalytical, UK)
before and after the response of the microemulsion system was
analyzed using a laser particle sizer.

2.6. Microemulsion Stability Measurement. The par-
ticle size change and migration phenomenon of emulsion
droplets can be analyzed by using the multiple light scattering
technique to clarify the stability and emulsion breakage process
of the CO,-responsive microemulsion system. The emulsifica-
tion speed was fixed at 1000 rpm, the emulsification time was 30
s, and the emulsification temperature was 60 °C. The
microemulsions were prepared using oil phases with different
carbon chain lengths, and the microemulsions were removed

44296 https://doi.org/10.1021/acsomega.4c04779
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from the sample bottles and analyzed using a stability analyzer,
which outputs backscattered light intensity curves and stability
kinetic indices (Turbiscan Lab, Formulaction, France), to
investigate the effects of oil phases with different carbon chain
lengths on the stability of the microemulsions.

3. EXPERIMENTAL RESULTS AND DISCUSSION

3.1. Structure Characterization. In this work, novel
superamphiphilic CO,-responsive molecules were formed by
electrostatic interactions between the carboxyl group of stearic
acid and the amine group of triazine compound COSM-1. The
self-assembled superamphiphiles were structurally characterized
by FTIR and 1H NMR. Figure 2 shows the FTIR spectra of the
assembled superamphiphiles and the responsive precursor
component COSM-1. Upon interaction with the amine group
of the triazine-chemically synthesized COSM-1, the carboxyl
peak at 1912 cm™" in stearic acid was shifted to 1800 cm ™", while
the hydroxyl group at 1093 cm™" disappeared, and the surface
neutral acid was completely converted into its ionized
counterpart, forming an ideal superamphiphilic molecule. For
the superamphiphilic molecule constructed by mixing stearic
acid with COSM-1 in a 1:1 molecular ratio, -NH, in COSM-1 is
expected to accept a proton from —COOH to form —NHj;",
which generates a new vibrational absorption peak of -NH;" at
1532 cm™.

The electrostatic adsorption between stearic acid and COSM-
1 shown in the FTIR spectra was further confirmed by 1H NMR,
as shown in Figure 3. When a —NH, group in COSM-1 receives
a proton and is converted to —NH"; in the resulting
supramolecule, a new nitrogen-on-activated proton peak
appeared at 8.31 ppm, reflecting the unreacted 1.50 ppm —
NH, peak and the average chemical shift of the new —NH"; peak
in the 8—10 ppm range. This single peak becomes broader due
to the reduced exchange rate of unstable protons in the
superamphiphile. Due to the positive charge of the quaternary
ammonium cation, which reduces the local electron density, the
'H chemical shift of the adjacent alkyl group in the super-
amphiphile molecule is shifted toward the lower field, indicating
protonation of the terminal ammonia site. Conversely, the peak
position of the methylene group close to the carbonyl group in
the superamphiphile molecule is shifted upward due to the
increase in local electron density. In addition, the expected
amide peaks were not found in the full spectra. In summary, the
transfer of H* from stearic acid to COSM-1 was confirmed,
resulting in the conversion of —COOH to —COO™ and one of
the amide groups to —NHY;. This result confirms that the
superamphiphilic molecule is formed by an electrostatic
interaction.

The relative molecular masses of the CNFS were calculated to
be about 865, and the peaks with the highest abundance were all
[M — 2H* + 2H*4]"; the fragmentation of the mass spectra is
shown in Table 1. The relative molecular mass of the CNFS
molecule decreased by about 2 after the loss of two H*, and the
relative molecular mass of the CNFS molecule increased by
about 1 after the gain of one H' fragment, which was in

Table 1. Fragmentation Analysis of CNFS

products mass-to-charge ratio (m/z) corresponding ion peaks
CNEFS 273.1709 [M + 2H]*
282.3715 [M — 2H]"
892.5453 [M — 2H + 2H]*

accordance with the expected structure. The mass spectra are
shown in Figure 4, and the elemental analyses are shown in
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Figure 4. Mass spectra of CNFS.

Table 2. Elemental analysis shows that product CNFS contains
65.24% carbon, 10.72% hydrogen, 12.95% nitrogen, and 11.09%
oxygen, as expected.

Table 2. Elemental Analysis of CNFS

elemental analysis (%)

C H N (6]
65.24 10.72 12.95 11.09

3.2. Conductivity Method for Determining the
Emulsion Type. The shift in the microenvironment of the
system can be inferred using the change in conductivity, and
therefore, the method can be used to classify the type of
microemulsion. The mass ratio of CNFS and heptane was fixed
as (a) 1:1, (b) 7:3, (c) 8:2, and (d) 9:1, respectively, and water
was added dropwise to the system, and the change of
conductivity was recorded. Figure 5 shows the relationship
between the conductivity of the CNFS/n-butanol/oleic acid/
heptane/water microemulsion system and the change of the
mass fraction of water in the system under the conditions of
different emulsifiers and the ratio of the oil phase. Taking
CNES:heptane = 8:2 as an example, the conductivity grows very
slowly when the water content is initially low, and the
conductivity of the system at this time originates from the
percolation phenomenon of the reverse-phase microemulsion
droplets. When 20% < f,, < 50%, the conductivity appeared to
have a linear and rapid increase; this is because with the increase
of water content in the system of microemulsion droplets
increasing in number, frequent viscous collisions between each
other to form a water channel for charge transfer, which led to an
increase in conductivity, continued to increase the water
content, that is, 50% < f,, < 65%, and the conductivity was
again a nonlinear growth. At this time, due to further increase in
water content, the droplet number continued to increase, and
the system conductivity originated from the phenomenon of
reverse phase microemulsion droplet filtration. The number of
droplets continues to increase, so that the small, narrow water
channel expansion, conductivity enhancement, and the system
in the oil and water are continuous phases of an intermediate

https://doi.org/10.1021/acsomega.4c04779
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Figure S. Conductivity of the CNFS/n-butanol/heptane/water system varies with the mass fraction of water, where the masses of fixed CNFS and

heptane are (a) 1:1, (b) 7:3, (c) 8:2, and (d) 9:1, respectively.

transition-state structure for the B.C.-type microemulsion.
Finally, when f,, > 65%, conductivity with the increase in
water content continues to decline, the water becomes a
continuous phase, and the O/W microemulsion droplets are
gradually diluted; the collision frequency decreases, leading to a
decrease in the value of the conductivity this time. The system is
an O/W microemulsion. According to the conductivity results
under different emulsifier and oil phase ratios, the single-phase
zones of microemulsions can be divided into three microzones:
W/0O, B.C., and O/W.

3.3. Pseudoternary Phase Diagram. The addition of
alcohol can change the hydrophilic and lipophilic equilibrium
values of surfactant and adjust the polarity of water and oil.”’
However, when the addition of alcohol in the system is not the
more, the better; from Figures 6 and 7, we can see that with the
change of the ratio of CNFS and n-butanol, the relative area of
the microemulsion region has a significant change, and with the
gradual increase of the ratio of CNFS and n-butanol, the relative
area of the microemulsion region first increases and then
decreases. The addition of cosurfactant is involved in supporting
the distribution ratio and arrangement of surfactant molecules in
the oil—water interfacial film, thus changing the interfacial
properties of the system.”®
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The addition of alcohol also plays the role of softening the
oil—water interfacial membrane, which is conducive to the
formation of the microemulsion region. Through the exper-
imental analysis that can be obtained in the system of n-butanol
added to the existence of the optimum ratio, when the CNSF/n-
butanol = 1.5:1, the relative area of the microemulsion region is
the largest, so the system formulation of the CNSF/n-butyl mass
ratio selected is 1.5:1, so this proportion of the formulated
system is considered for the subsequent study.

3.4. CO,-Responsiveness of the Microemulsion. In
order to study the switching response performance of the system
for research, at 25 °C, the CNFS/n-butanol/water/simulated oil
system is homogenized to form a stable emulsion, and then to
the system at a rate of 100 mL/min, CO, 30 s passes through the
system after standing 10 min and can be found in the oil and
water two-phase relayered; the oil—water interface is gradually
clear, as shown in Figure 8. It is proven that the response of
CNES to CO, is more sensitive; the initial protonation generates
an amine-group cation, which will be bonded with another
molecule or its own carboxylate anion by electrostatic action to
achieve the intermolecular or intramolecular salt bridge bond,
and the hydrophobicity of the surfactant becomes greater, which
makes it transfer to the oil phase. When N, is introduced into the
oil—water mixture at 60 °C for 230 min, it can be observed that
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Figure 6. Phase diagram of the microemulsion region of the proposed ternary system with different CNFS/n-butanol mass ratios: (a) 1:1, (b) 1.5:1, (c)

2:1, (d) 2.5:1, and (e) 3:1.

the oil—water boundary is no longer regular, and the oil—water
two-phase mixing can be used to form an emulsion again with
the use of a homogenizer. The introduction of N, accelerates the
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release of CO,, and the amine group ions are deprotonated and
separated from the hydrophilic carboxylate anion, so that their
water solubility becomes larger and the surfactant transfers back
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to the aqueous phase. The above process of breaking the
emulsion can be repeated several times.*”

CNES is an effective CO,-switching surfactant that exhibits
good reversibility of stimulus response in terms of surface
tension, pH, conductivity, and contact angle during CO,
application and removal. The surface tension of the CNFS
aqueous solutions all showed a significant increase after the
passage of CO,, as shown in Figure 9, indicating that the surface
activity of the surfactant deteriorated after the passage of CO,.
The initial pH was 8.5; with the passage of CO, into the solution,
the pH changed to 6.36 with the increase in aeration time, as
shown in Figure 10; the conductivity decreased significantly
with the passage of CO,, and the conductivity value returned to
the initial state after the passage of N, to remove CO,. The
contact angle of the droplets on the surface of the oil-wet core
discs increased significantly from 45° to 120° with the passage of
CO,, and after the passage of N, to remove CO,, the contact
angle would return to close to the initial state. All three cycles
showed the same trend of change.

This is because, before and after the introduction of CO,,
there is such a big difference in water solubility. After all, CNFS
has a hydrophilic carboxylate group, and its water solubility is
better; however, after the introduction of CO, into the aqueous
solution, due to the fact that the tertiary amine group is more
sensitive to CO,, the quaternary ammonium catlon is generated
by the protonation of the tertiary amine group,*’ which will be
connected with another molecule or its carboxylate anion by
electrostatic interaction to achieve the inter- or intramolecular
salt bridge connection. Therefore, the hydrophilicity of
surfactant molecules is greatly reduced, and the water solubility
of CNES is reduced, which makes the aqueous solution of CNFS
turbid or even viscous. When N, was poured into the solution at

Number of cycles

Figure 9. Changes of surface tension and the pH value of CNFS
solution before and after the passage of CO,/N,.

140 450
30 —*— Contact angle
- —=— Conductivity 400
120 | hi
ol . - 350 e
& 100 :
i <
E - 300 é
e 90+ 2
=
S <250 "3
Q 80F g
b= 200 'g
£ | N
g m 8
60 - - 150
50 "
* 4100
40
30 1 L I L L L L 50
0 1 2 3 4 5 6

Number of cycles

Figure 10. Changes in the contact angle and conductivity of CNFS
solution before and after passing CO,/N, into the solution.

60 °C to remove CO,, the quaternary ammonium cation was
first deprotonated back to tertiary amine and disconnected from
the hydrophilic carboxylate anion, the water solubility of CNFS
was restored, and the aqueous solution returned to the
transparent state again.

Microstructures of the microemulsions after the bubbling of
CO, were investigated by DLS, as shown in Figure 11. For
example, the DLS result showed that the droplet size of the
initial CNFS microemulsion was about 28.91 nm. Upon
injection of CO,, the droplet size increased to 2359.47 nm
due to the destruction of the W/O microemulsion. When the

2
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Figure 8. CNFS/n-butanol/water/simulated crude oil emulsion system CO,/N, stimulation in response to emulsification/breaking processes.
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introduction of CO,/N,.

W/O microemulsion was formed again by bubbling with N, at
60 °C, the droplet size decreased to 30.93 nm, which is very close
to its original value. Thus, the CO,-responsive microemulsion
system can be reversibly destroyed and reformed by alternating
between bubbling and CO, removal.

3.5. Microemulsion Stability Measurement. The crude
oil component is an important factor affecting the degree of
emulsification, and the degree of emulsification of CNEFS varies
for oil phases with different carbon chain lengths.*' In order to
evaluate the effect of the carbon chain length of the oil phase on
the stability of the CNES microemulsion system, the micro-
emulsion stability of three oil phases, Cg/C,4/Ci, was
determined. While the TSI value can quantitatively characterize
the advantages and disadvantages of the emulsion stability, the
larger TSI value indicates that the fluctuation of the average
value of the backscattered light intensity during each scan is
larger and that the system is more unstable. As can be seen from
Figure 12, the TSI values of the three systems are comparable at
the beginning of the test, and the three TSI curves basically
overlap, and the TSI values of the C 4 and C,, systems start to
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Figure 12. Changes in TSI values of microemulsion systems with
different carbon chain lengths.

increase after 700 s. The TSI value of the C,, system is 7.41, that
of the C 4 system is 5.95, and that of the Cg system is 2.70, which
proves that the CNFS has a certain emulsifying effect on the
three types of crude oil. As the number of carbon chains
increases, the TSI value gradually increases, which proves that
CNES has the best emulsifying effect on the light component
crude oil.

4. CONCLUSIONS

In summary, we have developed a CO,-responsive super-
amphiphilic molecule CNFES assembled on the basis of
protonation-driven electrostatic adsorption, which can form
CO,-responsive microemulsion systems with crude oil. It is
found that the microemulsion can be reversibly switched
between single phase and complete phase separation under the
alternating action of CO, and N, and that the microemulsion
can still maintain good stability, and the switching action can still
be effectively maintained after multiple alternating passes. The
designed superamphiphilic molecule has a lower CMC value,
and the solubilizing ability is improved after the addition of the
cosurfactant n-butanol, and the optimum quality fraction of n-
butanol addition is derived from the experimental results. The
CNES is aliquid at room temperature, and the CNFS system can
be switched to respond to CO, within a few seconds compared
to other CO, switching systems. Emulsification and demulsifi-
cation experiments with simulated oils showed that rapid phase
separation of crude oil from emulsions can be achieved by CO,
injection. The stability of the microemulsion system formed by
different components of crude oil was determined by the TSI
value, and the experimental results showed that the CNFS
system has a certain emulsifying effect on crude oils within the
range of Cg—C, carbon fractions; however, the effect with light
fraction crude oils is relatively better, and at the same time, the
separation of products and the recycling of the components of
the microemulsion were integrated. The fast response to CO,
and complete emulsification of CNFS superamphiphiles make
them potentially useful for separation of reaction products and
recycling of microemulsions as well as for improving crude oil
recovery.
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