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a b s t r a c t

CO2 flooding enhanced oil recovery (CO2-EOR) represents a significant technology in the low perme-
ability reservoir. With the fractures and heterogeneity in low permeability reservoirs, CO2-EOR is sus-
ceptible to pessimistic gas channeling. Consequently, there is a need to develop conformance control
materials that can be used in CO2-EOR. Herein, to address the challenges of low strength and poor
stability of polymer gel in high temperature and low permeability reservoirs, a new organic/metal ion
composite crosslinking polymer gel (AR-Gel) is reported, which is formed by low hydrolysis and medium
to high molecular weight polymer (CX-305), organic crosslinking agent (phenolic resin), and aluminium
citrate (Al(III)). The crosslinking of Al(III) with carboxyl group and organic/metal ion double crosslinking
can construct a more complex and stable polymer gel structure on the basis of traditional chemical
crosslinking, to cope with the harsh conditions such as high temperature. The structureeactivity rela-
tionship of AR-Gel was revealed by rheology behavior and micro-morphology. The applicability of AR-Gel
in reservoir was investigated, as was its strength and stability in supercritical CO2. The anti-gas chan-
neling and enhanced oil recovery of AR-Gel were investigated using low permeability fractured cores,
and the field process parameters were provided. The gel can be used to meet supercritical CO2 reservoirs
at 110 �C and 20,000 mg/L salinity, with long-term stability over 60 days. The plugging rate of AR-Gel for
fractured core was 97%, with subsequent CO2 flooding resulting in an enhanced oil recovery by 34.5%. AR-
Gel can effectively control CO2 gas channeling and enhanced oil recovery. It offers a new material with
high strength and temperature resistance, which is particularly beneficial in the CO2 flooding for the
conformance control of oil field.
© 2024 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

Carbon dioxide (CO₂) is readily soluble in crude oil due to its
similar polarity. This property can enhance the recovery rate of
crude oil through dissolution, viscosity reduction, and expansion
(Dogah et al., 2021; Jiang et al., 2024; Kang et al., 2021). CO2
enhanced oil recovery (CO2-EOR) technology not only increases
ng).

y Elsevier B.V. on behalf of KeAi Co
crude oil production, but also sequesters CO2 in the original storage
space, thereby achieving carbon sequestration (Jiang et al., 2021;
Ren and Duncan, 2019; Sharma et al., 2022; Yang et al., 2023). In
low permeability reservoirs, CO2-EOR is demonstrably more ad-
vantageous than water flooding (Cui et al., 2022; Wang et al., 2014;
Yang et al., 2024). The use of CO2 for oil drive in low-permeability
oilfields is becoming increasingly prevalent, in line with the
global environmental governance initiative and the advancement
of carbon capture, utilization and storage (CCUS) technology (Liu
et al., 2022). Kumar et al. (2022) conducted a comprehensive
analysis of the advantages, mechanisms, and potential drawbacks
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of using CO2 for oil recovery. Their findings suggest that CO2 will
likely become a ubiquitous component of oilfield production
enhancement measures. Davoodi et al. (2024) presented recom-
mendations for the implementation and operation of CO2-EOR
projects in a more efficient manner, as well as how to strategy on
the potential opportunities and overcoming the challenges asso-
ciated with such projects. Nevertheless, in low-permeability oil-
fields where there are advantageous seepage channels, such as
fractures, developed by hydraulic fracturing, CO2 will finger along
fractures with high permeability, resulting in serious gas chan-
neling (Zhou et al., 2021, 2022). CO2 gas channeling in oilfields can
be likened to the phenomenon of “arterial bleeding” in humans,
whereby leads to ineffective CO2 circulation, lower crude oil pro-
duction, and poor carbon sequestration efficiency. Therefore, the
anti-CO2 gas channeling in oilfields is a special concern for CO2-EOR
(Hao et al., 2016).

A plethora of chemical method anti-CO2 gas channeling tech-
niques has been developed by petroleum scholars through a com-
bination of laboratory experiments and field applications
(Gandomkar et al., 2021; Kang et al., 2019; Pal et al., 2022; Tang
et al., 2020). Massarweh and Abushaikha (2022) provided a
comprehensive overview of the various techniques employed for
anti-CO2 gas channeling, including CO2 water alternating gas in-
jection (CO2-WAG), polymer-assisted CO2 injection, surfactant-
assisted CO2 mobility control (CO2 foam), and nanoparticle-
assisted CO2 flooding. The study indicated that each of the afore-
mentioned methods was capable of addressing multiple problems
associated to conventional CO2 flooding to some extent. Polymer
gel is high-strength material that is capable of long-term stabili-
zation in strata and has recently attracted considerable attention.
Ding et al. (2023) reviewed advances in CO2-responsive gels, where
CO2 acts as a switch to transform low-viscosity liquids into high-
viscosity gels, and discussed future directions for such gel sys-
tems to focus on. Jansen-van Vuuren et al. (2023) reviewed the
development potential of CO2-responsive gels for CO2-EOR and
carbon sequestration. Brattekås and Seright (2023) summarized the
application of polymer gels for the conformance control of CO2 in
the oilfield field. The study noted that despite the success of field
implementation of polymer gels in reducing CO2 fluxes, experi-
mental work in support of laboratory-scale experiments was scat-
tered, with varying results and parameters. The geological
conditions and reservoir environments of different oilfields vary
considerably, necessitating the development of a gel system suit-
able for the anti-CO2 gas channeling. Nguele et al. (2021) developed
a CO2 thermo-responsive gel system using polyvinyl alcohol
(PVOH) and silica (SiO2) nanoparticles, which is effective for anti-
CO2 gas channeling in heterogeneous formations, but not in matrix
formations. Luo et al. (2023) conducted an investigation into the
impact of an in-situ smart surfactant gel on anti-gas channeling
during CO2-WAG. The results demonstrated that the gel effectively
plugged the high permeability layer, thereby mitigating the gas
channeling. Furthermore, the oil recovery rate was found to be 8%
higher than that of the conventional WAG. Song et al. (2022)
evaluated a pre-crosslinked particulate gel (CO2-BRPPG) for anti-
CO2 gas channeling purposes. The particles re-form into a viscous
bulk gel after entering the reservoir, thereby achieving an effective
plugging of the fracture to control gas channeling. The scholars
referenced above have concentrated their efforts on CO2-respon-
sive gel systems, encompassing both polymer-based and
surfactant-based approaches. The transition of these novel mate-
rials from the laboratory to the oilfield requires further validation to
ensure reliability. It is therefore necessary to develop more mature
gel systems for the control of CO₂ gas flushing. Gioia and Ciriello
(2006) developed a non-toxic xanthan gum polymer gel system
utilizing sodium aluminate as a cross-linking agent. However, the
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gel is constrained in its applicability to high-temperature forma-
tions due to the utilization of xanthan gum biopolymers. Zhang
et al. (2020) developed a polyacrylamide gel with a double cross-
linking network formed by Cr(III) and phenolic resin. In comparison
to gels containing only one crosslinking agent, polyacrylamide gels
demonstrate enhanced thermal stability. The incorporation of a
compound crosslinking system has been demonstrated to mark-
edly enhance the temperature resistance of the gel. Bai et al. (2022)
developed a polymer gel system that can withstand ultra-high
temperatures (180 �C) for plugging ultra-deep wells for drilling.
The gel has excellent temperature resistance properties and has
good application prospects in the conventional reservoirs. Never-
theless, the system is susceptible to gel breakdown under acidic
conditions, which is a disadvantage for its application in high-
temperature acidic CO2 flooding reservoirs. Consequently, the
investigation of high temperature resistant (� 100 �C) gel systems
suitable for CO2 acidity represents a pivotal aspect in the man-
agement of CO2 gas channeling in low permeability fractured
reservoirs.

To overcome the high temperature and acidic formation con-
ditions, a polymer gel system named AR-Gel was constructed based
on a lowhydrolysis, medium to highmolecular weight polymer and
a composite crosslinking system (phenolic resin and aluminium
citrate). The gel was evaluated using the JL oilfield in China
(90e100 �C) as the study object. The superiority of AR-Gel over
conventional gels is demonstrated by the constitutive relationship
between gel properties and microforms. The reservoir adaptability
of AR-Gel was clarified by its properties and strength, and its acid
resistance mechanism was revealed. Finally, the anti-CO2 gas
channeling effect of AR-Gel was evaluated by using a core physical
simulation device, and the injection process of the gel was opti-
mized. The research findings provide a high-temperature and acid-
resistant anti-CO2 gas channeling plugging agent material and
construction process for low permeability oilfield.

2. Materials and methods

2.1. Materials

Industrial polymers (CN105, CN125, CX302, CX305, CX079,
NE120, and SD120) and phenolic resin were provided by Qingdao
Changxing Hi-tech Development Co., Ltd. Polyethyleneimine (PEI)
is provided by Qingdao Huizhi Petroleum Technology Co., Ltd.
Aluminum citrate, CaCl2, MgCl2$6H2O, NaHCO3, Na2SO4, and NaCl
were all analytically pure and provided by China National Phar-
maceutical Group Co., Ltd. The artificial cores were provided by
China Marine Natural Core Co., Ltd, and the relevant parameters of
the core are shown in Table S1 in Supplementary Material. N2 and
CO2 (> 99%) were purchased from Qingdao Deyi Gas Co., Ltd. The
crude oil is provided by JL oilfield in China, and its properties are
shown in Table 1. The ionic composition of the simulated formation
water from the JL oilfield is shown in Table 2. Deionized water was
produced by double distillation in the laboratory
(resistivity ¼ 18.4 MU$cm).

2.2. Methods

2.2.1. Preparation of polymer gel
The polymer was slowly dissolved in formation water at pH ¼ 3

with a mechanical stirrer at 150 r/min for 2 h until complete
dissolution. Then, the crosslinking agent was added to the homo-
geneous polymer solution, and N2 was passed into the polymer
solution to create an anaerobic environment. Finally, the gel solu-
tion was transferred to an ampoule, sealed and placed in a
thermostat.



Table 1
Basic properties of crude oil in JL oilfield.

Density @ 100 �C, g/cm3 Viscosity @ 100 �C, mPa$s Mass fraction, %

Saturated hydrocarbon Aromatic hydrocarbon Resin Asphaltene

0.8303 1.16 62.58 23.98 13.16 0.28

Table 2
Composition of simulated formation water in JL oilfield.

Ion content, mg/L Salinity, mg/L

Ca2þ Mg2þ Naþ HCO3
� Cl� SO4

2�

29.34 11.86 3641.66 2289.59 3852.71 703.16 10528.32
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2.2.2. Water loss rate and gel strength test
The variation of gel strength with time was observed using the

inversion method (Yang et al., 2019), and the relationship between
gel code and strength description is shown in Table S2 in Supple-
mentary Material. The gel water loss rate was used to evaluate the
long-term stability of the polymer gel. The gels were placed in a
thermostat at 100 �C for an extended period of time, and the
amount of water loss was recorded at different ageing times. The
water loss rate (S) of the polymer gels was calculated using Eq. (1).

S¼V � Vt

V
� 100% (1)

where S is the water loss rate, %; V is the volume of the gel at
gelation, mL; and Vt is the volume of the gel after aging for time t,
mL.

2.2.3. Pressure resistance value test
A vacuum tester was used to determine the pressure resistance

value of the polymer gel (Lashari et al., 2018). One end of the U-tube
was inserted 1 cm below the polymer gel, the vacuum pump was
activated and the pressure at which the polymer gel was drawn
from the U-tube into the conical flask was recorded as the pressure
resistance value.

2.2.4. Microscopic morphology test
An environmental scanning electron microscope (ESEM) (PHI-

LIPS, Holland) was employed to observe the microscopic
morphology of polymer gels in the aqueous state. A high-speed
electron beam emitted by an electron gun filament is focused by
a mirror system and directed towards the area of the gel to be
measured. The gel's microscopic morphology is then processed by
the instrument's electronic system. The working distance is
11.084 mm and the magnification is 100 times. The accelerating
voltage of the electron beam is 10 kV.

An atomic force microscope (AFM) (BRUKER, America) was used
to test the apparentmorphology of polymer gels. A small amount of
gel was covered with a clean mica sheet and freeze-dried. The mica
sheets were placed on a sample stage for characterization. For
testing, the TESP probe and tap mode were selected and the
experimental temperature was 25 �C.

2.2.5. Rheology performance test
A micro-rheometer (FORMULACTION, France) was used to test

the rheological properties during the gelation process. Tracer par-
ticles with a radius size of 50 nmwere added to the gel solution and
their trajectory directly reflects the gelling and rheological prop-
erties. The sample is loaded into a 20-mL cuvette and the sample
height is controlled to be 2/3 of the cuvette. Backscattered light is
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formed when the light from the laser source strikes the tracer
particles in the sample. Due to the differing distances traversed by
the tracer particles, a phase difference is observed, resulting in the
diffraction of light of different phases, thereby forming light and
dark scattering. A multi-pixel detector is employed to detect the
fluctuations in the scattering in real time, with the velocity and
mean square displacement (MSD) of the tracer particles subse-
quently calculated (Yang et al., 2018).

The macroscopic viscosity index (MVI) indicates the magnitude
of the viscosity of the polymer gel system, while the elasticity index
(EI) indicates the magnitude of the elasticity of the polymer gel
system. The values of MVI and EI are calculated by Eqs. (2) and (3),
respectively (Yang et al., 2016).

MVI¼1=kMSD (2)

EI¼1=MSD (3)

where kMSD is the slope of the MSD curve during the third part of
the de-correlation time; MSD is the MSD value in the central
plateau region of the non-linear phase.

The flat plate system of the MCR301 rheometer (Anton Paar,
Austria) with a PP43 rotor was employed to assess the viscoelas-
ticity of polymer gels. The storage modulus (G0) is the amount of
energy stored by the elastic deformation of the gel in the oscillatory
mode and characterizes the magnitude of elasticity. The loss
modulus (Gꞌꞌ) is the energy lost by the polymer gel due to viscous
deformation and thus characterizes the magnitude of viscosity
(Ramos et al., 2021). The test temperature was maintained at 25 �C,
while the oscillation frequency ranged from 0.01 to 10 Hz.

The reversibility of the gel's creep behavior is also evaluated
using the cone plate system. The phenomenon whereby a gel ex-
periences a gradual deformation over time in the presence of a
constant applied stress is known as creep. Upon the removal of the
external force, the process of the gel returning to its initial state is
referred to as recovery (Meharthaj et al., 2020). The temperature
was set to 25 �C, the normal stresswas 0.5 N, and the constant shear
stress was 1 Pa. The dynamic testing process was divided into two
steps. In the first step, the applied stress was maintained for 100 s,
and in the second step, the withdrawal of the shear stress was
recorded for 100 s. The change in strain over time was measured
throughout the entire process.
2.2.6. Anti-CO2 gas channeling and enhanced oil recovery test
To investigate the anti-CO2 gas channeling ability of AR-Gel,

cores with varying fracture widths were utilized. The experi-
mental flow chart is depicted in Fig. 1. Initially, the core was satu-
rated with formationwater, and CO₂was injected at a constant flow
rate of 0.5 mL/min. Subsequently, a specific volume of gel solution



Fig. 1. Experimental device flow chart of anti-CO2 gas channeling and enhanced oil recovery.
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was injected following the stabilization of the gas drive pressure.
The gel was then placed in a thermostat at 100 �C to facilitate the
complete gelation process. Then, CO₂ was injected at a constant
rate, and the change in pressure with the injected volume was
recorded throughout the entire process. The confining pressure of
the core holder was maintained at 15 MPa, while the back pressure
was set at 7.6 MPa. The effect of anti-gas channeling was quantified
by the plugging rate (h), which was calculated in accordance with
Eq. (4).

h¼ k1 � k2
k1

� 100% (4)

where h is the plugging rate, %; k1 is the permeability of the CO2

flooding before gel injection,10�3 mm2; k2 is the permeability of the
CO2 flooding after gel injection, 10�3 mm2.

The CO2 enhanced recovery experiment, which follows the same
procedure as the anti-CO2 gas channeling experiment, differs from
the latter in that the core usedmust be saturatedwith crude oil. The
crude oil at the outlet is collected at regular intervals during the
dynamic replacement process.
3. Results and discussion

3.1. Development and characterization of AR-Gel

Polymer is the most important component in the anti-CO2 gas
channeling polymer gel system. The probability of crosslinking
with the crosslinking agent is higher for longer molecular chains,
resulting in a higher crosslinking speed and density for the polymer
gel. However, the use of polymers with an excessive molecular
weight will impede the injection of the polymer gel system. The
higher the degree of hydrolysis, the more carboxyl groups (eCOOH)
and the less amide groups (eCONH2) in the polymer chain. In
general, an increase in the degree of hydrolysis of a polymer, which
is reflected in an increase in the number of carboxyl groups, results
in a faster gel formation time and a stronger gel. Conversely, a
reduction in the degree of hydrolysis of a polymer, which is re-
flected in a reduction in the number of carboxyl groups, inhibits the
hydration process of polymer molecules, resulting in a longer gel
formation time (Liu et al., 2024). It should be noted that the acidic
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environment created by the supercritical CO2 flooding will cause
the carboxyl group to hydrolyze and break, causing the polymer
chain to shrink and lose a lot of water, leaving the gel susceptible to
degradation and other adverse phenomena that will affect its
plugging performance. As can be seen from the data for the gels in
Fig. 2, polymer gels made from the medium to high molecular
weight, low hydrolysis CX305 polymer have superior strength and
ageing stability.

The properties of polymer gels produced with different cross-
linking agents also vary. According to the preferred polymers with
low degree of hydrolysis, the main organic crosslinking agents
selected include polyethyleneimine (PEI) and phenolic resin (PR).
Considering that there is still a part of carboxyl group in the poly-
mer chain, a small amount of inorganic crosslinking agent can be
added and aluminium citrate (AC), which has better acid resistance,
is selected to form an organic/inorganic composite crosslinking
agent to improve the temperature and acid resistance of the gel
system (Fraga et al., 2020). As shown in Fig. 3, the composite
crosslinking system formed by PR/AC has the best gel strength and
aging stability. AC crosslinking agent with a small number of
carboxyl groups on the polymer chain to form a preliminary
network structure, and the gel strength formed by crosslinking is
weak due to the low content of AC and carboxyl groups. On the
other hand, the hydroxymethyl group (eCH2OH) on the PR and the
amide group (eCONH2) in the polymer undergo a condensation
reaction to make the polymer molecular chain form a solid spatial
network structure, so the gel strength formed by this composite
crosslinking system of organic and inorganic is the highest and the
stability is the best.

Fig. 4 shows an environmental scanning electron microscope
image of the AR-Gel at 30 days. It can be seen that the cluster-like
three-dimensional network structure is clearly visible after 30 days
of polymer gel aging, and the polymer chains are interwoven by
crosslinking agents to form the skeleton of network pores, and
these network pores are uniformly distributed and mutually sup-
portive, which makes AR-Gel maintain high strength and stability
in high-temperature acidic environments.

Fig. 5 shows the morphology of AR-Gel and phenolic resin gel
observed under AFM. The peak heights of AR-Gel and phenolic
resin gel are 893.8 and 538.7 nm, respectively, and the peak density
of AR-Gel is larger than that of phenolic resin gel, indicating that the



Fig. 2. Acid resistant gels prepared from different polymers: (a) polymer properties; (b) gel states.

Fig. 3. Acid-resistant gels prepared with different crosslinking agents: (a) polymer properties; (b) gel states.

Fig. 4. Microscopic morphology of AR-Gel after 30 days of aging.
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strength of the AR-Gel network is higher than that of phenolic resin
gel, and the introduction of aluminium citrate increases the
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network structure of the gel, so that the gel strength and stability
was improved (Neto et al., 2024).

Based on the microrheological experiments during the polymer
gelation process, the kinetic properties of the gels were studied and
the results are shown in Fig. 6. The EI and MVI values of both gels
increase and then stabilize over time due to the crosslinking reac-
tion between the polymer and crosslinking agent, resulting in the
appearance of a reticulated structure and gradual densification of
the gel. This leads to a reduced range of motion of the tracer par-
ticles, which is reflected in the increased EI values on the images. At
the same time, the resistance of the tracer particles also increases,
which is reflected in an increase in the MVI value on the image. In
terms of viscoelastic strength, the MVI and EI values of the AR-Gel
are greater than that of the traditional phenolic resin gel, indicating
that the addition of aluminium citrate improves the viscoelastic
properties of the gel system, resulting in an increase in the strength
and stability of the gel.



Fig. 5. AFM morphology of AR-Gel (a) and phenolic resin gel (b).

Fig. 6. Gelation kinetic properties of AR-Gel and phenolic resin gels: (a) EI; (b) MVI.
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3.2. Rheological properties of AR-Gel

The rheological properties of AR-Gel were investigated and
compared with traditional phenolic resin gel (C-Gel) to reflect the
viscoelasticity and compression recovery properties. The results of
the viscoelasticity after gelation 30 days are shown in Fig. 7(a). The
viscoelasticity of the AR-Gel was improved by the introduction of
aluminium citrate, which enabled AR-Gel to maintain its high
strength and stability. The results of the creep-recovery were
shown in Fig. 7(b). Under the same force, the two gel systems
deform rapidly at the creep stage, but the degree of deformation of
the AR-Gel is smaller than that of the C-Gel at the same time,
indicating that the AR-Gel is more capable of maintaining its gel
properties under the action of external force. After the force is
removed, the recovery ability of the AR-Gel is stronger and the
stress has almost no effect on the structural properties of the gel
system itself.
3.3. Reservoir adaptability of AR-Gel

AR-Gel has higher strength properties than C-Gel, and further
study of its strength changes under different influencing factors is
beneficial to clarify its adaptability in harsh reservoirs.
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3.3.1. Temperature
Table 3 and Fig. 8 show the gel properties and strength of AR-Gel

at different temperatures. At 110 �C, the water loss rate of AR-Gel
reached 30% after 30 days, and the pressure resistance value and
gel strength decreased significantly. At 115 �C, AR-Gel showed a
large amount of water loss after 10 days, and could not even be
formed into gel at 120 �C. There are two reasons for the weakening
of AR-Gel strength above 110 �C. Firstly, the prolonged high tem-
perature causes hydrolysis of the polymermolecules and hydrolysis
of the amide groups to carboxyl groups, which hinders the cross-
linking action of the phenolic resin. Secondly, theweak crosslinking
effect formed by the carboxyl group and aluminium citrate is easily
destroyed at high temperatures, and the carboxyl group undergoes
a dehydration and condensation reactionwith the amide group and
hydroxymethyl group on the molecular chain, causing the molec-
ular chain of the polymer gel to curl, the reticulation structure to
shrink and the strength to decrease. The effect of temperature
shows that at reservoir temperatures below 110 �C, AR-Gel has high
strength and stability and can be effectively applied.
3.3.2. Salinity
Table 4 and Fig. 9 illustrate the gel properties and viscoelasticity

of AR-Gel under different salinity formation water. The data pre-
sented in the table indicates that as the salinity increased to



Fig. 7. Strength (a) and creep-recovery properties (b) of AR-Gel and C-Gel.

Table 3
AR-Gel properties at different temperatures.

Temperature, �C Gelation time, h Gel strength Aging time, day Water loss rate, % Pressure resistance value for 30 days, MPa

80 40 H 30 0 0.070
90 40 H 30 0 0.071
100 36 H 30 0 0.068
105 34 H 30 0 0.062
110 30 H 30 30 0.038
115 28 I 10 35 e

120 No gelation e e e e

Fig. 8. Viscoelasticity of AR-Gel at different temperatures.

Table 4
Gel properties of AR-Gel at different salinity.

Salinity, mg/L Gelation time, h Gel strength Aging time, day Water loss rate, % Pressure resistance value for 30 days, MPa

12500 36 H 30 0 0.062
15000 36 H 30 0 0.058
17500 30 H 30 10 0.051
20000 28 G 30 30 0.040
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Fig. 9. Viscoelasticity of AR-Gel at different salinity.
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15,000 mg/L, the gelation time exhibited a decreasing trend,
accompanied by a water loss phenomenon and a concomitant
decline in the pressure resistance value of the gel. The viscoelas-
ticity of the gels exhibited a notable declinewith increasing salinity,
with a pronounced reduction occurring at a salinity of 17,500 mg/L.
The acceleration of the gelation time with the salinity increase is
attributed to the rise in the concentration of inorganic salt ions,
which makes the compression of the diffuse bilayer of ionic groups
in the polymer molecular chain more severe. Therefore, the chains
of polymer molecules are less repulsive and curl around each other.
The proximity of the crosslinking groups to each other makes it
easier for crosslinking reactions to occur between the molecular
chains, resulting in faster cross-linking. At this stage, the hydro-
dynamic volume occupied by the polymer molecules is minimal,
and excessive crosslinking between molecules results in a highly
dense mesh structure, which causes the original water-wrapped
spatial mesh structure of the gel to extrude, leading to a serious
loss of water within the gel. This subsequently results in a decline in
the stability and viscoelasticity of the gel. Therefore, AR-Gel is
suitable for reservoir environments below 20,000 mg/L salinity.
3.3.3. Shear action
Table 5 and Fig. 10 illustrate the properties and viscoelasticity of

AR-Gel following shearing for 3 min at varying shear rates.
Following the shear forces at varying rates, the gelation time of the
gels exhibited a corresponding increase with the rise in shear rate.
Furthermore, the viscoelastic curve indicates that the viscoelas-
ticity of the gel diminishes with an augmenting shear rate. This
phenomenon can be attributed to the entanglement of polymer
molecular chains in the gel solution at low shear rates. External
forces then act upon these chains, resulting in movement and
relaxation, which leads to an increase in the intermolecular gravi-
tational force. As the shear rate is increased, the polymer molecular
chain is damaged by shear, resulting in the phenomenon of shear
Table 5
Gel properties of AR-Gel at different shear rates.

Shear rate, r/min Gelation time, h Gel strength Aging time, d

4000 36 H 30
6000 40 H 30
8000 48 G 30
10000 48 G 30
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dilution. This leads to a deterioration in the performance of the gel
and a reduction in its viscoelasticity after the gelation. AR-Gel ex-
hibits superior shear resistance and is capable of maintaining its
plugging performance after shear.

3.3.4. Oil content
After AR-Gel is injected into the formation, the gel solution will

preferentially enter into gas channeling channels such as fractures
with little crude oil content, so the effect of crude oil on AR-Gel gel
properties and viscoelasticity was explored by adding a small
amount of crude oil. The effects of varying crude oil contents on the
gel properties and viscoelasticity of AR-Gel are presented in Table 6
and Fig. 11. The gel properties and viscoelasticity of AR-Gel
exhibited minimal variation when the crude oil content was low.
The polymer and crosslinking agent are dispersed in the gel solu-
tion. The gel solution and the oil phase are separated from each
other due to the low density of the crude oil and the different po-
larity of the aqueous phase. The presence of crude oil does not
affect the crosslinking reaction of polymers and crosslinking agents
in the aqueous phase during the gelationprocess. Consequently, the
crude oil remains in the form of two phases even after gelation. As
the proportion of crude oil in the AR-Gel solution increases, the gel
properties remain satisfactory, although the gel strength is
observed to decrease.

3.4. Performance of AR-Gel under supercritical CO2

The prepared gel solutionwas placed in an acid-resistant ageing
stability container. A CO2 pressure of 7 MPa was then passed into
the container and placed in a 100 �C thermostat to simulate a su-
percritical CO2 environment. The rheological properties of the gel
were then tested at 10, 30, and 60 days of gel formation, respec-
tively (Sun et al., 2018). The viscoelastic of AR-Gel at different times
are shown in Fig. 12. The viscoelasticity of the gel was high at day
ay Water loss rate, % Pressure resistance value for 30 days, MPa

0 0.062
0 0.063
5 0.059
10 0.052



Fig. 10. Viscoelasticity of AR-Gel after different shear rates.

Table 6
AR-Gel properties at different crude oil contents.

Crude oil content, % Gelation time, h Gel strength Aging time, day Water loss rate, % Pressure resistance value for 30 days, MPa

0 36 H 30 0 0.068
10 36 H 30 0 0.063
20 40 G 30 5 0.049

Fig. 11. Viscoelasticity of AR-Gel at different oil contents. Fig. 12. Viscoelasticity of AR-Gel at different times in supercritical CO2 environment.
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10. However, this decreased and remained stable with increasing
ageing time, with little difference observed at 30 and 60 days.
Comparing the viscoelasticity of AR-Gel at atmospheric pressure in
Fig. 7(a), it can be seen that the viscoelasticity of the gel is slightly
reducedwhen it is aged under supercritical CO2 environment for 10
days, but the gel still maintains its performance with basically no
water loss. After pouring out a part of the gel, the whole was
dragged out quickly, and the overall performance was good enough
to maintain long-term stability under supercritical CO2

environment.
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3.5. Double crosslinking and acid resistance mechanism

Based on the observation results of rheology and bottle test
method, the gelation and acid resistance mechanism of AR-Gel is
summarized as shown in Fig. 13. Firstly, aluminium citrate is an
inorganic crosslinking agent suitable for acidic conditions. It un-
dergoes ionization in aqueous solution to produce citrate ions and
trivalent aluminium ions (Al(III)). In solution, citrate ions form a
diffuse double layer, with hydrogen ions acting as counter ions
around the citrate. This prompts the ionization of the carboxyl



Fig. 13. Gel formation and acid resistance mechanism of AR-Gel.

Table 7
Plugging effect of AR-Gel in fractured cores with different seam widths.

Core number Fracture width, mm CO2 injecting before the gel CO2 injecting after the gel Plugging rate, %

Differential pressure, MPa Permeability, 10�3 mm2 Differential pressure, MPa Permeability, 10�3 mm2

D-1 0.05 0.011 154.4 0.393 4.32 97.2
D-2 0.10 0.010 169.9 0.396 4.29 97.5
D-3 0.15 0.009 188.7 0.369 4.60 97.6
D-4 0.20 0.007 242.6 0.353 4.81 98.0
D-5 0.30 0.005 339.7 0.323 5.26 98.5
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groups on the polymer molecular chains. The Al(III) is formed
through hydrolysis and a hydroxyl bridge reaction, resulting in the
formation of a strong, positively charged polynuclear hydroxyl
bridge complex ion. Al(III) is then able to crosslink with the nega-
tively charged carboxyl group on the polymer molecular chain,
thereby forming the first layer of gel (Fraga et al., 2020). Then, the
polymer CX305 has a lower degree of hydrolysis and fewer carboxyl
Fig. 14. Differential pressure curves (a) and gel state
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groups in its molecular chain. Furthermore, the aluminium citrate
crosslinking agent reacts more rapidly with the polymer, thereby
reducing the distance between the phenolic resin and the polymer
molecular chain. The collision frequency of the phenolic resin with
the amide group on the polymer chain is increased, thereby
enhancing the likelihood of a crosslinking reaction. In conclusion,
the gel mesh structure that was formed following the process of
s (b) in the fracture core with different widths.



Fig. 15. Production dynamic of AR-Gel plug with different injection time: (a) just
seeing gas; (b) gaseoil ratio 20 m3/m3; (c) gaseoil ratio 100 m3/m3.

Table 8
Crude oil recovery with different injection time.

Core number Injection time (gaseoil ratio) Extraction degree of oil, % Enhanced oil recovery, %

Front CO2 flooding AR-Gel slug Subsequent CO2 flooding

D-8 0 2.0 5.0 33.5 31.5
D-9 20 5.0 7.0 36.5 31.5
D-10 100 7.0 8.0 40.0 33.0

Fig. 16. Production dynamics of AR-Gel plug at different injection rates: (a) 0.5 mL/
min; (b) 1.0 mL/min; (c) 2.0 mL/min.
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Table 9
Crude oil recovery with different injection rates.

Core number Injection rate, mL/min Extraction degree of oil, % Enhanced oil recovery, %

Front CO2 flooding AR-Gel slug Subsequent CO2 flooding

D-11 0.5 8.0 9.0 39.5 31.5
D-12 1.0 7.0 8.5 37.0 30
D-13 2.0 8.5 10 35.5 27

Fig. 17. Production dynamic of AR-Gel plug at different injection volumes: (a) 0.6 PV;
(b) 0.8 PV; (c) 1.0 PV.

H.-B. Yang, H.-Z. Jiang, Z. Xu et al. Petroleum Science 22 (2025) 724e738

735
double crosslinking exhibited greater density, enhanced strength
and stability, and was thus able to maintain long-term stability in a
supercritical CO2 acidic environment.

3.6. Anti-CO2 gas channeling effect in fracture core

As demonstrated in Table 7, the anti-CO2 gas channeling effect of
AR-Gel in fractured cores with varying fracture widths was evalu-
ated. When the CO₂ injection rate was maintained at a constant
level, AR-Gel demonstrated the capacity to effectively plug frac-
tured cores with fracture widths of 0.05e0.30 mm, exhibiting a
plugging rate of approximately 98% and a pronounced anti-CO2 gas
channeling effect.

To further investigate the plugging stability of AR-Gel in frac-
tured cores, variable flow rate injection experiments were carried
out to investigate the plugging performance of the gel under the
dual effects of different fracture widths and injection rates, and the
results are shown in Fig. 14(a). In the 0.1-mm width fracture core,
the pressure increased with the increase in injection speed, and the
pressure was relatively stable, indicating that the high-speed gas
flow did not result in excessive deformation and transport of the
gel, and that the gel plugging performancewas excellent. In the 0.3-
mm width fracture core, following an injection rate exceeding
3 mL/min, the pressure initially declines before stabilizing. This
indicates that the gel is subjected to deformation and transport
under the influence of high-speed airflow, resulting in a certain
degree of gas channeling. Consequently, the plugging performance
of the gel is compromised. Therefore, when utilizing AR-Gel for the
construction of anti-CO2 gas channeling, it is imperative that the
gas injection rate be regulated to a maximum of 3 mL/min. Alter-
natively, in micro-fractured reservoirs with a fracture width of less
than 0.1 mm, the AR-Gel may be employed. Fig. 14(b) illustrates the
schematic diagram of the gel state when CO₂ passes through large
and small fractures. It can be observed that the gel is relatively
resistant to deformation in small fractures and exhibits high impact
strength. In the case of a large fracture, the middle section of the gel
is particularly susceptible to erosion by the high-speed gas, which
can lead to a deterioration in the gel plugging efficacy.

3.7. Process optimization of anti-CO2 gas channeling for AR-Gel

3.7.1. Injection time
By changing the segment plug size of the front CO2 flooding, the

effect of different injection time on the recovery enhancement of
CO2 flooding after AR-Gel plugging was investigated. Bymonitoring
the production gaseoil ratio to control the injection timing, AR-Gel
was injected when the gas was just seen at the extraction end and
the gaseoil ratios were 20 and 100 m3/m3, respectively, and the
production dynamic curves are shown in Fig. 15, and the recovery
rates of each stage are shown in Table 8. With the increase in gas
content at the outlet end, the injection volume of the front CO2
flooding increases, and its maximum differential pressure also in-
creases. When the gas was just seen at the outlet end with the
gaseoil ratio of 20 m3/m3, the front CO2 flooding was not yet fully
stabilized, at which time the recovery rates were 33.5% and 36.5%,



Table 10
Crude oil recovery with different injection volumes.

Core number Injection volume, PV Extraction degree of oil, % Enhanced oil recovery, %

Front CO2 flooding AR-Gel slug Subsequent CO2 flooding

D-14 0.6 6.5 8.0 38.5 32.0
D-15 0.8 7.5 9.0 42.0 34.5
D-16 1.0 8.5 10.5 43.0 34.5

Fig. 18. The mechanism of AR-Gel for anti-CO2 gas channeling and CO2 enhanced oil recovery.
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respectively. When the gaseoil ratio reaches 100 m3/m3, the front
CO2 flooding has driven out the crude oil in the dominant channel,
the pressure is stable. At this time, the injected AR-Gel can
completely plug the fracture, and the subsequent CO2 flooding can
drive more crude oil from the matrix. Accordingly, the decision has
been taken to inject AR-Gel when the gaseoil ratio reaches 100 m3/
m3.

3.7.2. Injection speed
The injection speed of the gel solution not only affects the

transport pattern in the formation pore, but also changes the shear
effect on the gel and affects its gelation time. A faster injection rate
will allow the gel solution to reach the formation faster for cross-
linking and plugging, thus reducing the time and cost, but it will
also reduce the gel strength. The AR-Gel injection rates were 0.5, 1,
and 2 mL/min, and the production dynamics are shown in Fig. 16,
and the recovery rates at each stage are shown in Table 9. With the
increase in injection rate, the pressure of the gel plug rises faster,
the gel solution is subjected to strong shear, and the gel strength in
the core becomes lower. This results in a decrease in the plugging
ability of the gel, which in turn reduces the improvement level in oil
recovery rate. The gelation time of the AR-Gel is at 40 h, and the gel
solution can be transported to a more distant target formation for
plugging at an injection rate of 0.5 mL/min, so it is preferred that
the injection rate of the AR-Gel is 0.5 mL/min.

3.7.3. Injection volume
An increase in injection volume will result in an expansion of

the plugging area of the gel, with a corresponding increase in the
plugging effect. Nevertheless, an injection volume that is exces-
sively high may result in the plugging of oil-bearing pores or the
direct flow of the gel solution out of the outlet end, thereby
increasing the associated costs. The injection volume of AR-Gel was
selected as 0.6, 0.8, and 1.0 PV, and the production dynamics are
shown in Fig. 17, and the recovery rates of each stage are shown in
Table 10. The oil recovery from the subsequent CO2 flooding can
reflect the effect of the injection volume of AR-Gel, when the in-
jection volume was increased to 0.8 PV, the recovery increased by
2.5%, while the improved recovery when the injection volume was
continued to be added to 1.0 PV did not continue to increase, which
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indicated that the extra gel could not increase the anti-CO2 gas
channeling performance, so the injection volume of AR-Gel was
selected to be 0.8 PV.

In summary, the optimal injection parameters for AR-Gel are
injection when the gaseoil ratio at the outlet end reaches 100 m3/
m3, the injection rate is 0.5 mL/min, and the injection volume is
0.8 PV, at which time the enhanced recovery of CO2 flooding is
34.5%.

3.8. Anti-CO2 gas channeling mechanism

The anti-CO2 gas channeling mechanism of AR-Gel was pro-
posed through CO2 flooding plugging and enhanced oil recovery
experiments. Fig. 18(a) shows the front CO2 flooding enhanced oil
recovery process. The presence of fractures makes CO2 undergo gas
channeling, which only flows along the high permeability channels
such as fractures and large pores, and is unable to reach the residual
oil in other pore channels which are low permeability. In Fig. 18(b),
the gel solution preferentially is transferred into the oil-free
dominant channel (fracture) formed after CO2 flooding, and un-
dergoes subsurface crosslinking to form a high-strength AR-Gel at
reservoir temperature. The spatial network structure of the gel is
sufficiently tight to firmly adsorb in the fracture, which can adapt to
high temperature and acidic supercritical CO2 environment, plug-
ging the fracture completely, and improving the heterogeneous of
the reservoir. Fig. 18(c) shows the process of subsequent CO2
flooding after AR-Gel plugging, as the dominant channel is blocked,
the gel can remain stable under CO2 scouring. CO2 is diverted to the
oil-bearing pores that are not blocked by the gel, forming a new
gas-drive channel, and the gas flow distribution ratio in the matrix
core rises, which increases the swept volume of the CO2, and then
plays a role in the effect of anti-CO2 gas channeling and enhanced
oil recovery.

4. Conclusions

Aim to the CO2 gas channeling problem in the JL oilfield in China,
a new temperature resistance and acid resistant gel plugging sys-
tem named AR-Gel was developed. This newmaterial is intended to
provide a solution for the anti-CO2 flooding channeling and
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conformance control in oilfields.

(1) A gel named AR-Gel formed from a medium to high molec-
ular weight, low hydrolysis polymer CX305 with a composite
crosslinking system (phenolic resin/aluminium citrate) was
developed. The gel strength reached H with a pressure
resistance value of 0.066 MPa at 100 days.

(2) AR-Gel has excellent reservoir adaptability to meet super-
critical CO2 reservoirs at 110 �C and 20,000 mg/L salinity,
with strong shear resistance and long-term stability of more
than 60 days.

(3) The first layer network gel is composed of Al(III) and carboxyl
group. Phenolic resin forms a second network gel with
higher strength by crosslinking with amide groups. The
tightly packed dual network gel enables AR-Gel to maintain
superior performance under acidic conditions.

(4) The best construction parameters of AR-Gel were selected,
and the plugging rate of the gel under this process reached
97%. Subsequent CO2 flooding increased the oil recovery rate
by 34.5%, and the AR-Gel effectively controlled the CO2 gas
channeling and enhanced oil recovery.
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