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ABSTRACT

CO,-responsive fluid (CRF) is a surfactant solution characterized by low viscosity during the injection
stage, and by a viscosity increase after reaction with CO,, which achieves mitigation of CO, channeling.
CRF has been applied in several pilot tests for CO, conformance control in the Xinjiang Oilfield, China.
However, its thickening characteristics (i.e., the viscosity change behavior) are not clearly defined, and
the mechanism of conformance control requires further understanding. In this study, the static thick-
ening behavior and reservoir adaptability (e.g., reservoir temperature and formation water salinity) of
CRF were investigated through viscosity evaluation and microscopic characterization methods.
Combining core displacement experiments and nuclear magnetic resonance (NMR) analysis, the CO,
conformance improvement of CRF in heterogeneous cores was examined. Results indicated that the
viscosity of CRF after reacting with CO, increased with the concentrations of reagent A (tertiary-amine
single-chain surfactants) and reagent B (quaternary ammonium gemini surfactants), reaching a
maximum of 460 mPa-s with the optimal composition of 1.5% reagent A and 0.2% reagent B. A math-
ematical equation for static thickening behavior was established to predict viscosity variation, providing
a basis for rapid screening before oilfield applications. FTIR analysis confirmed that tertiary amine
groups in the CRF molecular structure possessing CO,-responsive functionality, as thickening occurred
through protonation reaction. SEM observation showed that CRF exhibited a lamellar morphology
before reaction with CO,, while three-dimensional (3D) network structures formed after reaction due to
micelle formation. NMR T> spectra demonstrated that CRF had significant plugging and CO, confor-
mance control effects in the three-layer heterogeneous core with the permeabilities of 100/300/
1500 x 103 ym?, effectively delaying CO; channeling. This study provided CO,-responsive thickening
systems and technical guidance for further development and field-scale application of CRF for confor-
mance control during CO,-EOR processes.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).

1. Introduction

be effectively reduced, and fluidity can be improved. Meanwhile,
CO, can be permanently stored in the formation while increasing

CO, enhanced oil recovery (CO,-EOR), as an essential compo-
nent of the integrated technology for enhanced oil recovery (EOR)
and carbon capture and storage (CCS), has received extensive global
attention in recent years (Chen et al., 2022; Yan et al., 2026; Zhu,
2023). By injecting CO, into the reservoir, crude oil viscosity can
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oil production, achieving the dual goals of emission reduction and
production enhancement (Liet al.,2023; Lvetal.,2022; Zhanget al.,
2024). Particularly in mature and low-permeability reservoirs, CO,
flooding exhibits significant economic and environmental benefits
during secondary and tertiary oil recovery stages (Chen et al,
2023a; Huang et al., 2024a). However, severe gas channeling
often occurs in heterogeneous reservoirs during CO, flooding,
which limits the sweep volume and reduces oil recovery (Wang
et al.,, 2023; Zhao et al., 2022). Therefore, how to maintain effi-
cient CO; flooding while improving conformance and enhancing of
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CO; sequestration has become a key scientific and engineering
challenge (Wu et al., 2025; Zhu et al., 2021).

To address the insufficiency of conformance during CO flood-
ing, various strategies have been developed worldwide, including
water-alternating-gas (WAG) injection, CO, foam flooding, and
polymer-gel plugging methods (Zhu et al., 2021, 2025b). WAG in-
jection methods can reduce gas channeling to some extent, but its
strong corrosivity and limited plugging efficiency in high-
permeability channels restrict its application (Fang et al., 2025a;
Zhu et al., 2025c). CO, foam flooding can increase CO, viscosity
and decrease the mobility ratio. However, foam systems usually
exhibit poor stability and limited channeling-control performance
under high-temperature and high-salinity conditions (Bai et al.,
2025). Polymer-gel systems provide strong plugging capability,
yet the high viscosity and poor mobility of in situ crosslinked
polymer gels (ISCPG) lead to poor injectivity and operational dif-
ficulties, making large-scale application in in-depth reservoirs
challenging (Afolabi et al., 2025; Chen et al., 2023b; Sun et al.,
2021; Zhu et al.,, 2026). In contrast, CRFs possess low viscosity
and high mobility close to that of water during the injection stage,
enabling deeper penetration into the in-depth reservoir (Gao et al.,
2024). After reacting with CO; in the reservoir, protonation or
structural self-assembly occurs rapidly, resulting in a significant
increase in viscosity and the formation of a network structure.
Therefore, it achieves in-situ thickening and gas-channeling
plugging in the reservoir (Zhu, 2023). In recent years, such intel-
ligent conformance-control fluids have shown great application
potential. They combine injectivity and responsiveness in
improving the conformance of CO, flooding and delaying gas
channeling. Therefore, the CRF technology has become an impor-
tant research direction for integrated EOR and CCS development.

The research on CRFs originates from the field of intelligent
fluids and stimuli-responsive materials. The main principle is to
introduce functional groups into the molecular or micellar struc-
ture of the fluid that can chemically react with CO, or self-
assemble physically. For example, tertiary amine, quaternary
ammonium salt, or carbonate precursors (Deng et al., 2025; Zhou
et al., 2025; Zhu et al., 2023). CO,-responsive polymer (CRP) or in
situ crosslinked polymer gel (ISCPG) systems commonly adopt
protonatable amino or amide structures. Through intermolecular
electrostatic interactions and hydrogen bonding, 3D networks can
be formed. Therefore, they maintain low viscosity during injection
and increase viscosity after reacting with CO, (Huang et al., 2024b;
Wang et al., 2019). Studies showed that the viscosity enhancement
of CO,-responsive polymers is significant under low salinity con-
ditions, but the structural stability decreases in high-salinity en-
vironments. Deng et al. (2025) introduced vinyl silica
nanoparticles into the conventional preformed particle gel (PPG)
composition to prepare CO,-responsive preformed particle gels
(CR-PPGs). They exhibit high plugging strength under the CO; at-
mosphere. However, due to the large molecular weight of CRP or
CR-PPGs, injectivity remained limited, particularly in heteroge-
neous reservoirs with high permeability contrast, making deep
conformance control difficult to achieve.

Compared with CRP, CO,-responsive surfactants (CRS) exhibit
more advantages in terms of injectivity. Their molecules consist of
a hydrophilic head and a hydrophobic tail. By introducing reactive
groups such as tertiary amines or quaternary ammonium salts at
the hydrophilic end, when CO; dissolves in the aqueous phase to
form carbonic acid or bicarbonate, the reactive groups are pro-
tonated. It leads to the intermolecular electrostatic interactions.
This transformation converts the micellar structure from linear to
a 3D network, thereby significantly increasing the solution vis-
cosity (Chen et al., 2023b; Fu et al., 2025; Luo et al., 2025). Su et al.
(2013) reported that sodium octadecyl sulfate and 2-
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(dimethylamino)ethanol can form wormlike micelles in the pres-
ence of CO,. Fang et al. (2025b) prepared a CO;-responsive
hydrogel (HXB-2) using sodium 2-chloropropionate (CHPW-Na)
and propyl dimethyl tertiary amine (EAPKO) at a molar ratio of
1.5:1. After reacting with CO,, the viscosity increases by 4.53 times.
Core displacement experiments showed that the oil recovery in-
creases by 23.53 percentage points after using HXB-2. Shen et al.
(2021) screened ten surfactants containing tertiary amino groups
and found that N,N-dimethyl erucamide tertiary amine (DMETA)
exhibited the best CO,-responsive performance. Upon contact
with CO,, DMETA forms wormlike micelles, and the viscosity
reaches up to 605,700 mPa-s. The responsive viscosity can be
adjusted by changing the CO, concentration in the system. They
possess strong structural designability, rapid viscosity response,
and good temperature and salinity resistance. In recent years, CRS
has attracted increasing attention in petroleum engineering
research (Afolabi et al.,, 2025). Reported studies indicate that,
during CO, displacement experiments on core samples from Well
Block 530 of the Xinjiang Oilfield, CRS can effectively delay gas
channeling, improve conformance, and provide a stabilizing effect
for reservoir CO, sequestration (Chen et al., 2023b).

However, the research on CRFs has mainly focused on system
synthesis, surfactant design, and basic performance testing. Sys-
tematic assessments of their thickening characteristics under
actual reservoir conditions (e.g., temperature, salinity, pH, and
other factors) are still lacking. Meanwhile, the conformance con-
trol mechanism of CRF during CO5 flooding remains incomplete. In
particular, studies of flow behavior and plugging processes in
heterogeneous porous media have rarely been visualized or
quantitatively investigated. For example, quantitative models
describing static thickening behavior are still immature, and pre-
dictive design parameters are absent for field implementation. The
3D network morphology and flow-path evolution formed after
viscosity enhancement reactions in 3D pore structures still need to
be clarified.

In this study, tertiary-amine single-chain surfactants and qua-
ternary ammonium gemini surfactants were selected as CO»-
responsive fluids (CRFs). A multiscale comprehensive investigation
was conducted on the thickening performance and CO, confor-
mance control mechanism of CRFs. Viscosity evaluations and
characterizations by FTIR, SEM, and TG/DSC were performed to
systematically analyze the static thickening features of CRFs under
varying component, temperature, salinity, and pH value. Core
displacement experiments were used to quantitatively evaluate
the plugging and CO; conformance control of the system in het-
erogeneous reservoirs. The distribution variation of fluids during
displacement were analyzed by NMR T, spectra. The results will
reveal the microscopic mechanism of the CRF reaction-induced
viscosity enhancement and its adaptability to reservoir condi-
tions. The findings will further provide a theoretical basis, meth-
odological reference, and data support for the oilfield optimization
and large-scale application of CRFs for CO, flooding.

2. Experimental materials and methods
2.1. Experimental materials

Sodium chloride (purity 99.5%), hydrochloric acid (purity 37%),
and sodium hydroxide (purity 99%) were purchased from Shanghai
Macklin Biochemical Technology Co., Ltd., China. CRF reagents,
including reagent A (tertiary-amine single-chain surfactants) and
reagent B (quaternary ammonium gemini surfactants), with mo-
lecular structures shown in Fig. 1, were made by China University
of Petroleum, Beijing. Crude oil (viscosity 7.5 mPa-s, provided by
Xinjiang Oilfield, China), formation water (salinity 24,000 mg|/L,
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Fig. 1. Molecular structures of CRF reagents. (a) Reagent A (tertiary-amine single-
chain surfactants); (b) reagent B (quaternary ammonium gemini surfactants).

NaHCOs3 type, provided by Xinjiang Qilfield), CO, (purity 99.9%,
supplied by Zhongke Gas Co., Ltd., Karamay, China), and deionized
water (prepared in the laboratory) were also used.

The core samples were three-layer heterogeneous artificial
sandstone cores, with a length of 6.98 cm and a diameter of
2.50 cm. The three layers had permeabilities of 100 x 1073,
300 x 1073, and 1500 x 103 pm? respectively, with thickness
ratios of 1/3, 1/2, and 1/6. This core model was designed to
simulate the reservoir conditions of Well Block 530 of the Xinjiang
Qilfield (Zhang et al., 2026; Zhu et al., 2025a).

2.2. Preparation of COy-responsive fluid

Formation water (100 g) was weighed and placed on a magnetic
stirrer. With a stirring speed maintained at 500+50 r/min, pre-
determined masses of reagents A and B were added dropwise in
sequence, followed by continuous stirring for 5 min to obtain the
prepared CRF solution. The dosage range of reagent A was
0.5%-1.5%, and that of reagent B was 0.1%-0.2%.

For CRF solutions of different pH values, hydrochloric acid and
sodium hydroxide solutions were diluted to 1 mol/L. CRF solutions
were titrated to target pH values (3, 5, 7,9, 11, and 13) to obtain CRF
solutions with different pH conditions. In addition, for CRF solu-
tions of different salinities, 100 g of deionized water and pre-
determined masses of sodium chloride were weighed to prepare
brine samples with salinities of 0, 5000, 10,000, 12932.5, 15,000,
and 20,000 mg/L. Reagents A and B were then added in sequence
to prepare CRF solutions with corresponding salinities.

2.3. CRF viscosity measurement

CO, at 5 MPa was introduced for 10 min into the reaction vessel
containing the CRF solution, as shown in Fig. 2. After the solution
had fully reacted with CO,, the valve was opened slowly. After
pressure release, the rotation speed was set to 6 r/min for viscosity
measurement by a viscometer (DV-C, Brookfield, USA).

2.4. Infrared spectroscopy testing of CRF

CRF samples (prepared with 1.5% reagent A and 0.2% reagent B)
before and after CO, reactions were frozen with liquid nitrogen
and vacuum-dried for one week. The dried samples were then
mixed with potassium bromide and pressed into pellets. Trans-
mittance was measured using a Fourier transform infrared spec-
trometer (IRTracer-100, Shimadzu, Japan). The instrument
resolution was 4 cm ™, the scan range was 400-4000 cm ™', and the
number of scans was 16.

2.5. Microstructure characterization of CRF

CRF samples before and after reaction with CO, were freeze-
dried with liquid nitrogen to form powders. Microstructure char-
acterization was performed using a scanning electron microscope
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(a) co,

e
Before reaction

After reaction

Fig. 2. Schematic diagram of high-temperature and high-pressure reaction device. (a)
HTHP reaction vessel; (b) photograph of the CO, responsive fluid (CRF) after reaction
with COy; (c) photographs of the CRF before and after reaction.

(Nova NavoSEM 230, FEI, USA). The magnification ranged from
1000x to 10000x , and the accelerating voltage (HV) was 5.00 kV.

2.6. Thermal stability analysis of CRF

Thermal stability of the freeze-dried CRF samples after reaction
with CO, was tested using a DSC/TG analyzer (TGA/DSC 3+, Met-
tler Toledo, Switzerland). The test temperature range was
20-800 °C. The atmosphere was air and the heating temperature
range was 30-400 °C. The heating rate was 10 °C/min. The crucible
was an alumina crucible.

2.7. Evaluation of conformance control performance of CRF for
CO,-EOR

To investigate the conformance control effect of CRF during
CO,-EOR process in heterogeneous reservoirs, a CRF was prepared
using 1.5% reagent A and 0.2% reagent B. A displacement experi-
ment was conducted with an injection rate of 0.1 mL/min. The
injected volume of the CRF was 1 pore volume (PV). Three-layer
heterogeneous cores with permeabilities of 100/300/
1500 x 10~ pm? were used for CO, conformance control experi-
ments. The experiment was performed in three stages: primary
CO, flooding (GF), injection of CRF, and secondary CO, flooding
(2nd GF). The core was saturated only with water and not with oil,
that is, the effect of crude oil was not considered. Pressure varia-
tions and gas production rates were recorded in real time to
analyze the plugging and CO, conformance control performance
during the displacement process. The schematic of the experi-
mental setup and procedure is shown in Fig. 3.

To investigate the differences in displacement characteristics of
CRF inside cores at the microscopic scale, nuclear magnetic reso-
nance (NMR) analysis of T, relaxation spectra was conducted using
a SPEC-RC035 instrument (SPEC, Beijing). The NMR T, spectrum
was selected for analysis rather than the T; spectrum. The main
reasons are that T» testing and analysis are faster, have minimal
effect on pore analysis results, and are more commonly used (Zhu
et al., 2025a). The experimental parameters were set as follows:
pulse interval (TAU) of 100 ps, sampling interval (DW) of 4 ps,
number of scans (SCAN) of 32, and signal gain (RG) of 5 dB. Tests
covered both the original saturated oil state and core samples after
displacement. By analyzing changes in the T, relaxation time
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ent A

ISCO pump

Six-way valve

Fig. 3. Schematic of the displacement experimental setup.

distribution, the microscopic oil mobilization effectiveness of the
CRF and its CO, conformance control characteristics could be
quantitatively evaluated.

3. Results and discussion
3.1. Static thickening performance of CRF

After the reaction of the CRF solution with CO,, micelles could
be formed. Structural viscosity was generated, which affected the
thickening effect. Under 65 °C (to simulate the target reservoir
temperature), CRF solutions were prepared with reagent A at
0.5%-1.5% and reagent B at 0.1%-0.2%. Viscosities of different
groups of CRF solutions before and after reaction with CO, were
measured, as shown in Figs. 4 and 5.

From the curves of viscosity versus concentrations of reagents
A and B before reaction with CO in Fig. 4, the initial viscosities of
different CRF solutions with different concentration ratios were all
in the range of 1.1-1.5 mPa-s. This indicated good injectivity of the
CRF before reacting with CO,. In addition, with increases in con-
centrations of reagents A and B in the composition of CRF, the
viscosity increased slightly. The main reason was that the con-
centrations of the two surfactants were low, and the molecules
could be fully extended in water. Because the concentration of

20

I:' 0.50% reagentA I:I 0.75% reagent A :l 1.00% reagent A
I:I 1.25% reagent A I:I 1.50% reagent A

0

Viscosity, mPa‘s

0.5 -

0.100 0.125 0.150 0.175 0.200

Reagent B concentration, %

Fig. 4. Variation of solution viscosity with system concentration before reaction with
CO,.
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Fig. 5. Cubic-equation fitting plots under different system concentrations.

reagent B was very low, weak van der Waals forces were dominant
between surfactant molecules.

From Fig. 5, after reaction of the CRF with CO», at 0.5% reagent
A, the viscosity of the reacted CRF solution increased with the
increase in reagent B concentration. The change in the viscosity
curve was small, and the viscosity reached 89 mPa-s. This indicated
that reagent A in the CRF composition contributed more strongly
to CO,-triggered thickening than reagent B. The main reason was
that only when the concentration of reagent A was sufficient could
a certain number of worm-like micelles be formed to build a
strong network structure. When the concentration of reagent B
was fixed, the viscosity of the reacted CRF increased with the in-
crease in reagent A concentration. When the concentration of re-
agent A was 1.5%, the viscosity growth after reaction increased
markedly with the increase in reagent B concentration. The
maximum viscosity was measured at 460 mPa-s for the CRF
composed of 1.5% reagent A and 0.2% reagent B.

Furthermore, by comparing the viscosities of the CRF before
and after reaction, a strong thickening effect was observed. Before
exposure to CO,, the CRF was a spherical micelle solution
composed of two surfactants, and the viscosity was low. After
reaction with CO,, bicarbonate formed by dissolved CO; proton-
ated the tertiary amine group in reagent A and made it positively
charged, as shown in Fig. 6. The micelles transitioned to worm-like
structures. The worm-like micelles became entangled and formed
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After reaction with CO,: high viscosity gel

Entangled worm-like micelles forming 3D network

£l
% Aectrostatic
2 X repulsion

e 5 2000

Quatemary ammonium
gemini surfactant

‘q«« Protonated cation

High viscosity thickening

Fig. 6. Chemical reaction of CRF with CO, and micelle transformation schematic diagram.

a 3D network. This was manifested as an increase in viscosity of
the CRF after reaction with CO,.

When the CRF was applied to actual reservoir for CO, confor-
mance control, a mathematical equation was established to pre-
dict the solution viscosity of CRF for different reservoir application
requirements.

n= 1600(232 Cg.SS (1 )
where 75 is the solution viscosity of CRF after reaction with CO»,
mPa-s; Ca and Cg are the concentrations of reagents A and B, %. The
Pearson correlation coefficient (Pears) of the equation reached
0.9522.

It was found from the above equation that the viscosity of CRF
after reaction with CO, exhibited a significant exponential rela-
tionship with the concentrations of reagents A and B in the system,
with a greater influence from reagent B. As shown in Fig. 5,
particularly when the concentration of reagent A exceeded 1.25%,
the viscosity of CRF after reaction with CO, was most affected by
the concentration of reagent B. When the concentration of reagent
B reached 0.2%, the viscosity of the system after reaction with CO,
reached its maximum. Therefore, the optimal formulation of CRF
was selected as 1.5% reagent A and 0.2% reagent B.

3.2. Reservoir adaptability analysis of CRF

3.2.1. Effect of reservoir temperature on the thickening
performance of CRF

To evaluate the effect of temperature on the thickening per-
formance of the CRF, the solution viscosity after reaction with CO;
was tested at 25, 45, 65, 85, and 105 °C for the optimal CRF
formulation (1.5% reagent A and 0.2% reagent B). The results are
shown in Fig. 7.

From Fig. 7, at 25 °C, the solution viscosity of CRF after reaction
with CO; reached 460 mPa-s. With increasing temperature, the
viscosity decreased continuously. The decrease from 25 to 85 °C
was small; at 65 °C, the viscosity was 365 mPa-s. When the tem-
perature exceeded 85 °C, the drop in viscosity increased signifi-
cantly. At 105 °C, the viscosity reached a minimum of 77 mPa-s.
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Fig. 7. Viscosity change curves of CRF solutions at different temperatures after re-
action with CO,.

This behavior was attributed mainly to the fact that reagent A
(tertiary-amine single-chain surfactant) and reagent B (quaternary
ammonium gemini surfactant) were long-chain surfactants. Their
long-chain groups were prone to scission at high temperatures,
resulting in very weak strength after reaction with CO,. As the
reservoir temperature increased, the solution viscosity of CRF after
reaction with CO, became lower, mainly because the intermicellar
interactions weakened. The stability of the formed structure
deteriorated.

Fig. 7 also presents the tongue phenomenon of the solutions
after reaction with CO; under different temperatures. At 25 °C
(ambient), the micellar strength of the CRF solution was the
greatest, and the formed tongue width was the widest. With
increasing temperature, the micellar strength decreased, the
colloidal network weakened, and the tongue width narrowed. At
105 °C, the micellar strength was the smallest, and the tongue
phenomenon almost disappeared. Therefore, to obtain a high-
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strength responsive material, the suitable temperature range was
below 80 °C. Therefore, the CRF was suitable for the reservoir
temperature (65 °C) of the CO, conformance control process in
Block 530, Xinjiang Oilfield.

3.2.2. Effect of formation-water (makeup water) pH on thickening
performance of CRF

To evaluate the effect of different formation-water (makeup
water) with different pH values on the thickening performance of
the CRF, viscosities were tested for the CRF with composition (1.5%
reagent A and 0.2% reagent B) at pH values of 3, 5, 7,9, 11, and 13,
before and after reaction with CO,. The results are shown in Fig. 8.

As shown in Fig. 8, before reaction with CO,, the CRF at the pH
value of 3 exhibited the maximum viscosity, up to 3050 mPa-s. The
viscosity decreased as the solution pH value increased. When the
pH value increased to 5, the decrease was small. This was mainly
because reagent A (tertiary-amine single-chain surfactant) needed
acidic conditions for protonation of the tertiary amine (bearing a
positive charge) to form wormlike micelles. Therefore, stronger
acidity produced more positive charges and led to higher viscosity
after reaction. When the pH value increased to 7, the viscosity
decreased markedly. When the pH value exceeded 7, little change
was measured, and the viscosity was about 2.0 mPa-s.

After reaction with CO,, the CRF viscosity at the pH value of 3
reached a maximum of 1850 mPa-s. It was mainly because the
acidity was weakened after introducing CO, (the pH value of water
saturated with CO, was about 4). Alternatively, other water sour-
ces could be used for the preparation of the CRF solution. As the
solution pH value increased, the viscosity of the CRF decreased
gradually. When the pH value was around 7, the decrease was most
obvious. However, when the pH value increased from 7 to 9, the
decrease was small. In addition, when the pH value was greater
than 9, the viscosity was about 2.0 mPa-s. The reason was that the
alkalinity was too strong; even after a short CO, purge, acidic
conditions could not be achieved, protonation could not occur,
wormlike micelles could not be formed. Therefore, the viscosity
after reaction showed almost no change. It was noted that acidic
solutions should not be selected for solution preparation. In
particular, when produced water after CO, flooding was used to
prepare CRF solutions, the pH value needed to be monitored and
adjusted to an appropriate value.

3500

—O— Before reaction
—{ "}~ After reaction

3000 A

2500 A

2000 -

1500 -

Viscosity, mPa-s

1000 -

500 A

Fig. 8. Viscosity change curves of solutions before and after reaction with CO, at
different pH values.
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Fig. 8 also showed the tongue-like flow of the solutions after
reaction with CO, at different pH values. At the pH value of 3, the
CRF exhibited the highest viscosity, and the tongue width was the
widest. As the pH value increased, the viscosity decreased, and the
tongue width narrowed. At the pH value of 9, the viscosity
decreased significantly, and the tongue became filament-like.
When the pH value exceeded 9, the viscosity was about
2.0 mPa-s, and the tongue appeared water-like. Therefore, to
obtain a high-strength CO,-responsive material, the suitable pH
value was around 7. At this pH value, the viscosity before reaction
was low, which facilitated injection into the formation; after re-
action, the viscosity was higher, which enabled plugging with a
certain strength.

3.2.3. Effect of formation-water salinity on the thickening
performance of CRF

The effect of different formation-water (makeup water) salinity
on the thickening performance of the CRF was evaluated. In this
study, the concentration of sodium chloride was used to represent
the level of salinity, mainly because the salinity in the Xinjiang
Oilfield is relatively low and the content of other ions is minimal
(Chen et al., 2023b). The viscosity of the CRF (1.5% reagent A and
0.2% reagent B) after reaction with CO, was tested at salinity from
0 to 20,000 mg/L, as shown in Fig. 9.

Before reaction with CO,, at 0 mg/L salinity, a viscosity of
290 mPa-s was observed for the CRF solution. It was mainly
because no ions were present in the solution. The repulsion be-
tween micelles was strong (not compressed by other strong elec-
trolytes). Wormlike micelles were easily formed. Thus, a high
viscosity was generated. The initial viscosity decreased gradually
with increasing salinity. When the salinity reached 5000 mg/L, the
viscosity changed little, at about 1.0 mPa-s. Therefore, for this
system, the use of fresh water (salinity lower than 5000 mg/L) to
prepare the initial solution should have been avoided; otherwise,
injection difficulties might have been caused.

After reaction with CO,, the solution viscosity first increased
and then decreased with increasing salinity. When the salinity
reached 10,000 mg/L, the maximum viscosity of 527 mPa-s was
obtained. It was mainly because, at low salinity, compression of
the micellar double layer by Na' ions was limited, and greater
internal friction was produced, so the viscosity increased. When
the salinity reached 20,000 mg/L, the viscosity decreased to a
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Fig. 9. Viscosity change curves of solutions before and after reaction with CO, at
different salinity levels.
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minimum of 85 mPa-s. At that time, excess Na™ compressed the
micellar double layer, repulsion was significantly weakened, the
entanglement of wormlike micelles decreased. Therefore, a sig-
nificant reduction in viscosity was observed macroscopically.

3.3. Analysis of the thickening mechanism of the CRF

3.3.1. Infrared structural analysis of the CRF

Infrared spectroscopy tests were performed on CRF samples.
The characteristic frequency distribution of molecular groups was
observed. The main functional groups and absorption peaks of the
CRF were analyzed, as shown in Fig. 10.

From Fig. 10, before reaction with CO,, the main functional
groups and absorption peaks of the CRF were as follows. The ab-
sorption peak near 3320 cm~! was attributed to N-H stretching
vibration. The absorption peak at 2850 cm~! was caused by the
antisymmetric stretching vibration of -C-H (methylene). The ab-
sorption peak at 2950 cm~! was caused by the symmetric
stretching vibration of -C-H (methylene). The absorption peak
near 1650 cm~! was caused by —-C=0 stretching vibration. The
characteristic peaks at 1550 and 1460 cm~! were due to the in-
plane bending vibration of -N-H. The absorption peak around
1050 cm~! was due to —C-N stretching vibration. The absorption
peak near 710 cm~! was caused by the out-of-plane deformation
vibration of -N-H.

For the CRF after the addition of CO,, the main functional
groups and absorption peaks were consistent with those of the CRF
befiore reaction. The transmittance of the main absorption peaks
decreased. It was because the tertiary amine-based surfactant in
the CRF underwent protonation after reaction, which enhanced
micellar interactions. Irregular changes in molecular bond vibra-
tions occurred, which affected the shape of the infrared spectrum.
These analyses verified from the chemical structure that no new
functional groups were formed during the reaction of the CRF with
CO,. Protonation of tertiary amine groups rendered the micelles
positively charged, which led to the formation of wormlike mi-
celles. The wormlike micelles intertwined to form a 3D network
structure.

3.3.2. Microstructural changes before and after reaction with CO,
To further verify the thickening mechanism of the CRF (for-

mation of a 3D network structure), a CRF prepared with formation

water using 1.5% reagent A and 0.2% reagent B was used. The
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Fig. 10. Infrared spectra of the CRF before and after reaction with CO,.
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microstructures of CRF samples before and after reaction with CO,
are shown in Fig. 11.

As seen in Fig. 11, before reaction with CO,, the microstructure
of the CRF presented an irregular blocky structure. Molecular
particles and salt crystals exhibited a stacked lamellar arrange-
ment. The overall structure was loose. It was likely caused by the
charge characteristics of the quaternary ammonium salt groups in
reagent B of the CRF. It also verified at the microscopic scale, the
reason for the low viscosity of the CRF before reaction with CO».

After the addition of CO,, the molecular structure of the solu-
tion showed a distinct network structure. It mainly resulted from
the protonation of the tertiary amine groups in reagent A, which
increased the positive charge of the micelles and led to the for-
mation of wormlike micelles. The wormlike micelles formed high-
viscosity aggregates with a 3D structure through van der Waals
forces. Fig. 11(c, d) verified the existence of this 3D network
structure at the microscopic scale. The mesh size was 10-30 pm,
and a relatively dense mesh structure was observed.

3.3.3. Thermal stability analysis of CRF

A CRF prepared in formation water with 1.5 wt% reagent A and
0.2 wt% reagent B was freeze-dried to obtain a powder sample. The
thermal stability of the high-viscosity aggregates formed after the
CRF reacted with CO; was tested, as shown in Fig. 12.

From Fig. 12, it was observed that the mass of the CRF decreased
continuously as the temperature increased. The range of 26-200 °C
was the first stage of thermal degradation, with a 4% weight loss,
which indicated that the CRF remained stable below 200 °C with
almost no thermal degradation. The range of 200-300 °C was the
second stage, during which most degradation occurred, with a 32%
weight loss. The range of 300-510 °C was the third stage, during
which minor additional degradation occurred, with an 11% weight
loss. This indicated that the molecular structure of the CRF had
good thermal stability in the range of 0-200 °C. The heat-flow
curve first decreased, then increased, and then decreased again.
An exothermic event was observed at 0-50 °C, possibly due to
solute crystallization of the CRF. The heat-flow curve rose at
50-100 °C with an endothermic peak, possibly a low-temperature
melting peak caused by incomplete solute crystallization. An
exothermic peak appeared at 100-150 °C, possibly due to sec-
ondary crystallization of the solute. An endothermic peak
appeared at 150420 °C, possibly due to the melting of the solute.
Therefore, when the temperature exceeded 100 °C, changes in the
chemical structure of the CRF occurred, which affected its
responsive properties. Macroscopically, the viscosity after reaction
with CO; decreased significantly when the temperature exceeded
100 °C (see Fig. 7). Therefore, when the CRF was employed to
reservoir development, the application was suitable for reservoirs
below 100 °C. When the reservoir temperature was below 50 °C,
better performance was achieved.

3.4. Analysis of the conformance control effect of CRF in CO»
flooding

During oilfield CO, flooding processes, reservoir heterogeneity
was one of the primary causes of gas channeling. To evaluate the
CO; conformance control performance of CRF in heterogeneous
reservoirs during CO; flooding, laboratory displacement experi-
ments in heterogeneous cores were conducted. A CRF formulated
with 1.5% reagent A and 0.2% reagent B was injected into three-
layer heterogeneous cores for gas channeling plugging tests.
Fig. 13 illustrates the dynamic changes of pressure difference and
gas production rate during the displacement process.

According to Fig. 13, under heterogeneous conditions, the in-
jection pressure difference during water flooding and primary CO,
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Fig. 11. SEM images of the CRF. Before reaction with CO,, magnified 5000 (a) and 10,000 (b) times; after reaction with CO,, magnified 5000 (c) and 10,000 (d) times.
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Fig. 12. TG-DSC plots of the CRF.

flooding exhibited small variations. When the CRF was injected,
the pressure gradually increased, showing an upward trend with
more significant fluctuations. After complete gas channeling
occurred, the injection pressure difference tended to stabilize.
After injection of the CRF followed by secondary CO; flooding,
the pressure difference increased to 0.85 MPa, with a pressure
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Fig. 13. Core displacement process of CO, flooding with CRF treatment.

gradient of 0.27 MPa/cm. The gas breakthrough time during the
secondary CO; injection stage was 0.38 PV, and the plugging effi-
ciency at breakthrough was 70%. Thus, during the CRF injection
stage in heterogeneous cores, the injection climbing pressure was
not high. The plugging efficiency at gas breakthrough was
approximately 70%, indicating a good injectivity of the system.
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This suggested that the system effectively extended gas break-
through time and exhibited good CO, conformance control
performance.

To further investigate the microscopic CO, conformance con-
trol effect of CRF in heterogeneous cores, nuclear magnetic reso-
nance (NMR) T, tests were performed on the cores at different
displacement stages. Fig. 14 compares T, spectra after water
flooding, primary CO5 flooding, and secondary CO5 flooding. Fig. 15
presents comparisons of peak areas of small pores, medium pores,
and large pores in T, spectra at different displacement stages. In
Fig. 14, three regions are shown in the T, peaks. In this study,
peaks below 1 ms were defined as small pores, peaks among 1-10
ms were defined as medium pores, and peaks above 10 ms were
defined as large pores.

As shown in Fig. 15, in the heterogeneous core with perme-
abilities of 100/300/1500 x 10~3 um?, after secondary CO,
flooding compared with primary CO; flooding, the peak area of
small pores (below 1 ms) increased from 22.44 to 65.68, an in-
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Fig. 14. Changes in T, spectra of the heterogeneous core at different stages.

10000

[:] Water flooding
l:l Primary CO; flooding
l:] Secondary CO; flooding

1000 4

T, peak area, a.u.

100 -

Small pores Medium pores Large pores

Pore type

Fig. 15. Comparison of T, spectral peak areas of the heterogeneous core at different
displacement stages.
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crease of 43.24. The peak areas of medium and large pores (above
1 ms) decreased from 17371.64 to 3692.39, a reduction of
13679.25. Therefore, after secondary CO; flooding in the het-
erogeneous core, an increase in the peak area of small pores and a
decrease in the peak areas of medium and large pores were
observed. This indicated that the CRF provided good CO,
conformance control in medium- and high-permeability zones
and further enhanced plugging in large pore spaces. The mech-
anism was similar to other plugging materials used for improving
CO, flooding conformance, mainly by further plugging high-
permeability channels and enhancing CO, displacement effi-
ciency in large pores. Conformance control (or mobilization) in
small pores might require modification of the CO,—formation
fluid properties, such as pressurization to enhance CO, diffusion
and mass transfer (Zhu, 2023).

4. Conclusions

The thickening performance of the CO, responsive fluid (CRF)
and its influencing factors were systematically analyzed in this
study. Combined with displacement experiments and NMR tech-
nology, the CO, conformance control mechanism of CRF in het-
erogeneous cores was revealed. The main conclusions were as
follows.

(1) The concentrations of reagents A and B affected the viscosity
of CRF solution. The maximum viscosity of 460 mPa-s was
obtained when CRF was prepared with 1.5% reagent A and
0.2% reagent B.

(2) CRF exhibited good thickening performance under medium-
and high-temperature conditions. At 105 °C, the minimum
solution viscosity reached 77 mPa-s. Below 80 °C, CRF
showed excellent viscosity enhancement, mainly due to the
stability of its chemical structure.

(3) CRF demonstrated good thickening performance under low
to medium salinity conditions (0-10,000 mg/L). At a salinity
of 10,000 mg/L, the maximum viscosity reached 527 mPa-s.
High salinity compressed the double layer of worm-like
micelles and reduced their entanglement effect.

(4) When the pH value of the make-up water was 7, CRF pre-
sented the best thickening performance. Excessively low pH
value caused injectivity issues, while excessively high pH
value inhibited the formation of worm-like micelles.

(5) SEM and TG/DSC tests confirmed that the CRF structure
exhibited sheet-like surfaces before reacting with CO,. It
transformed into an obvious 3D network structure after
reaction. Below 100 °C, the chemical structure displayed
good thermal stability.

(6) A static thickening mathematical equation of CRF was
established to predict viscosity variation, enabling rapid
screening under different reservoir conditions.

(7) Core displacement tests and NMR T, spectral analysis indi-
cated that CRF exhibited good plugging and CO, confor-
mance control in heterogeneous formations. The gas
breakthrough time was extended to 0.38 PV, improving the
CO;, flooding performance.
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