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Abstract

Excessive water production remains one of the most intractable challenges threatening the
economic and sustainable development of oil production worldwide. In situ crosslinking
polymer gel systems have been widely adopted as cost-effective chemical solutions for
water shutoff and conformance control in oilfields. However, the excessively fast gelation
kinetics of conventional gel systems at elevated temperatures severely hinders their appli-
cation in deep, high-temperature reservoirs. To address this gap, this work systematically
evaluates a novel Cobalt(II) (Co(II))-crosslinked polymer gel system developed for water
control in high-temperature reservoirs. The effects of polymer type, Co(Il) concentration,
salinity, temperature, and pH on the gelation time, sol-gel transition behavior, and long-
term thermal stability of the system were comprehensively investigated. Compared with
the most widely used Cr(IlI)-crosslinked polymer gel systems, the Co(II)-based gel system
exhibits a significantly prolonged gelation time at 130 °C, and the gelation time is positively
correlated with the molar content of 2-acrylamido-2-methyl propane sulfonate (AMPS) in
the polymer backbone. For instance, the gelation time at 130 °C can be remarkably delayed
to 16 days when using the AMPS-rich polymer SAV-10. A unique and distinguishing
feature of this polymer/Co(Il) gel system is its fully reversible thermoresponsive sol-gel
transition behavior. Unlike Cr(IlI)- and Zr(IV)-crosslinked gels, which form permanent
and irreversible gels once crosslinked, the Co(Il)-based gel system can crosslink into a
robust bulk gel at high temperatures and reversibly switch back to a low-viscosity polymer
solution when the temperature drops. For example, the SAV-28/Co(Il) mixture forms a
stable gel at 130 °C and fully reverts to a flowing polymer solution when the temperature
is reduced to 80-85 °C. Furthermore, the SAV-10/Co(Il) gel exhibits exceptional long-term
thermal stability at 130 °C in both 5% NaCl brine and reservoir formation water, with no
observable gel volume loss or syneresis after 100 days of high-temperature aging. The
combination of tunable delayed gelation, unique thermoreversible sol-gel transition, and
excellent high-temperature stability makes this Co(Il)-based gel system a promising candi-
date for water control in o0il and geothermal reservoirs, particularly for targeted plugging in
the far-wellbore region and other advanced applications requiring dynamic and reversible
fluid diversion.
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1. Introduction

Metal ion-coordinated self-assembling materials have attracted extensive attention in
the fields of chemistry, biology, and materials science, owing to their tunable mechanical
strength, dynamic responsiveness, and facile one-pot preparation route [1-3]. In the oil
and gas industry, in situ crosslinking polymer gels have emerged as the dominant tech-
nology for reservoir conformance control and excessive water production management.
These gels work by plugging high-permeability water channels, diverting injected fluids
to unswept oil-bearing zones, and reducing water cut in production wells. In parallel,
nanofluid flooding is a key enhanced oil recovery (EOR) approach for heterogeneous reser-
voirs, as it modulates reservoir seepage and oil displacement by tuning the thermophysical
properties of displacing fluids. Al-Yaari et al. [4] numerically investigated nanofluid EOR
in heterogeneous porous media, demonstrating that optimized SiO, nanofluid yields a 27%
higher oil recovery factor than water flooding by adjusting nanoparticle volume fraction,
inlet temperature, and flow rate. This technology differs fundamentally from polymer
gel conformance control. Polymer gels physically plug high-permeability channels via in
situ crosslinked networks to realize macroscopic fluid diversion. By contrast, nanofluids
improve microscopic oil displacement efficiency mainly through wettability alteration,
interfacial tension reduction, and viscosity regulation, and their nanoscale size enables
penetration into low-permeability pores unreachable by gels. The two technologies are
highly complementary: gels expand the swept volume of subsequent fluids, while nanoflu-
ids further lift oil washing efficiency in swept zones, delivering better EOR outcomes in
strongly heterogeneous reservoirs when combined.

Among various crosslinking systems, polyvalent metal ions including Cr(III), Zx(IV),
and AI(III) are the most widely used crosslinkers, as they can chelate with the carboxylate
groups on hydrolyzed polyacrylamide (HPAM) chains to form three-dimensional viscoelas-
tic gel networks [5-7]. Polyacrylamide (PAM)-based polymers are the preferred polymer
matrix for these systems due to their high chain flexibility, abundant reactive functional
groups, low cost, tunable gelation kinetics, and good mechanical strength of the formed
gels [7-11]. The PAM/Cr(Ill) system is the most extensively studied and commercially
applied gel system for conformance control to date. Early formulations used Cr(VI), which
is inert to polymer chelation but can be reduced to reactive Cr(Ill) in situ via reducing
agents to initiate crosslinking [12]. However, the high toxicity and carcinogenicity of Cr(VI)
have led to its global phase-out in oilfield operations. This limitation was subsequently
addressed by the development of Cr(III) /acetate/malonate delayed crosslinking systems,
where carboxylate ligands temporarily chelate Cr(III) ions to slow down the crosslinking
reaction between Cr(Ill) and polymer chains [13,14]. Further delay in gelation can be
achieved by using PAM with an ultra-low hydrolysis degree: Sydansk [15] reported that
gelation time can be extended to several days or even weeks using PAM with a hydrolysis
degree below 0.1%. Additionally, the PAM/Cr(Ill) system exhibits good compatibility
with formation water and can be formulated in brines with high salinity and a wide pH
range (4-12.5) [16,17]. Aluminum(III) is another common crosslinker, which is mainly used
to prepare colloidal dispersion gels (CDG) with low polymer concentrations. For CDG
preparation, the PAM concentration is typically below 800 ppm, with a PAM-to-Al(III)
weight ratio ranging from 10:1 to 100:1 [18]. At such low concentrations, intramolecular
crosslinking dominates over intermolecular crosslinking, preventing the formation of bulk
gels. While some field applications have reported enhanced oil recovery with CDG technol-
ogy, its practical application remains controversial: numerous studies have demonstrated
that CDG cannot effectively penetrate into the deep reservoir, and its injectivity is severely
limited by premature aggregation [19]. Furthermore, Al(III)-crosslinked gels are extremely
sensitive to pH variations, and their thermal stability is inferior to Cr(IlI)-based systems,
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with a maximum applicable temperature typically below 80 °C, requiring freshwater with
a narrow pH range of 5-8 for gelant preparation. Zirconium(IV), titanium(IV), and borate
crosslinkers are primarily used in hydraulic fracturing fluid formulations, owing to their
rapid gelation kinetics, excellent self-healing properties, and superior rheological perfor-
mance under shear [10]. However, these crosslinkers have an even faster gelation rate than
Cr(IIl) and Al(III), and are highly pH-dependent: borate is only effective in the pH range of
8-11, while Zr(IV) requires acidic conditions and undergoes unavoidable self-hydrolysis
even under mild acidic environments [20-22]. These inherent drawbacks severely restrict
the application of the above gel systems in deep reservoir in-depth fluid diversion, tar-
geted plugging of high-temperature zones, and other complex oilfield operations requiring
dynamic control of gel formation and dissociation.

Beyond these conventional metal crosslinkers, cobalt (Co) has been widely used to
fabricate self-healing polymer gels for flexible electrodes and strain sensors, leveraging
the dynamic and reversible nature of Co-ligand coordination bonds [23]. However, the
application of Co-crosslinked polyacrylamide gels in the oil and gas industry has been
rarely reported in the literature. Conway et al. [10] early reported that Co ions can crosslink
polysaccharide polymers, while Hassan et al. demonstrated that high concentrations of
Co(II) can crosslink low-molecular-weight polyacrylamide at temperatures above 130 °C,
with stronger gel strength formed under alkaline conditions than acidic conditions [6].

Recently, we found that the Co(II)-crosslinked gel formed at 130 °C can revert to a
partially flowing gel at low temperatures, a phase transition behavior that is completely
absent in Cr(III), AI(IT), and Zr(IV)-crosslinked irreversible gel systems. This unique ther-
moreversible sol-gel transition property, combined with the delayed gelation performance
at high temperatures, unlocks a series of previously unachievable application scenarios in
oil and gas development and geothermal energy exploitation:

(1) In-depth conformance control in ultra-deep high-temperature reservoirs: For deep
reservoirs with temperatures of 120-130 °C, conventional gel systems suffer from premature
gelation in the wellbore or near-wellbore region, even with additional delaying ligands. The
Co(II)-based system in this work achieves a gelation time of up to 16 days at 130 °C without
any additional chelating agents, enabling the gelant to penetrate into the far-wellbore deep
formation before crosslinking, achieving in-depth profile modification and water channel
plugging that conventional systems cannot accomplish.

(2) Selective plugging in reservoirs with temperature gradients: Many oil reservoirs
exhibit significant temperature differences between the near-wellbore and far-wellbore
regions, or between oil-bearing zones and water-producing zones (e.g., low-temperature
oil-producing intervals at <90 °C and high-temperature water channels at >120 °C). The
thermoreversible nature of the Co(Il)-based system allows it to remain as a low-viscosity so-
lution in low-temperature oil zones, avoiding formation damage and accidental plugging of
productive intervals, while only crosslinking into a solid gel in the target high-temperature
water channels to achieve precise, selective water shutoff.

(3) Reversible fluid control in geothermal reservoirs: Geothermal reservoirs are char-
acterized by high temperatures and complex fluid flow paths, where permanent plugging
with conventional gels can hinder subsequent reservoir stimulation and production ad-
justment. The reversible sol-gel transition of the Co(II)-based system enables temporary
plugging of lost circulation zones or high-permeability fluid short-circuit channels during
geothermal well operations; after the operation, cold fluid can be injected to reduce the
formation temperature, converting the gel back to a flowable solution that can be easily
flowed back, achieving non-damaging, reversible reservoir control without the need for
additional gel breakers.
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(4) Dynamic water shutoff in multistage fractured horizontal wells: Horizontal wells
often have uneven temperature distribution along the wellbore, with water-producing
intervals typically at higher temperatures than oil-producing intervals. The Co(Il)-based
system can realize targeted plugging of high-temperature water-producing sections with-
out affecting low-temperature oil-producing sections. Moreover, if the water channeling
direction changes during production, the gel can be reversibly dissociated by temperature
regulation, allowing for repeated adjustment of the plugging interval, which is impossible
with irreversible gel systems.

(5) Removable temporary plugging for well workover and stimulation: During
workover, acidizing, or fracturing operations, the Co(ll)-based gel can be used as a tem-
porary plugging agent: it forms a gel at the high temperature of the target formation to
protect the pay zone or isolate thief zones, and can be fully converted back to a solution and
flowed back by injecting cold fluid after the operation, eliminating the risk of formation
damage caused by residual gel or incomplete gel breaking.

In recent years, for conformance control in high-temperature reservoirs, AMPS-based
copolymers have gradually replaced N-Vinylpyrrolidone (NVP)-based polymers as the
preferred polymer matrix, due to their low cost, excellent thickening performance, out-
standing hydrolysis resistance, and long-term thermal stability under high-temperature
and high-salinity conditions [24,25]. However, there is still a lack of systematic research on
the gelation behavior, thermoreversible transition performance, and long-term stability of
AMPS-rich polymer/Co(II) gel systems, as well as the influence of key reservoir parameters
(temperature, salinity, pH) on the system performance. To fill this gap, this work systemati-
cally investigates the gelation behavior of AMPS-rich polymer/Co(Il) crosslinking systems.
The effects of AMPS content, temperature, salinity, pH, and Co(II) concentration on the gela-
tion time, gel strength, sol-gel reversibility, and long-term thermal stability of the system
were comprehensively evaluated. A series of commercial high-molecular-weight polymers
were tested to determine the critical Co(Il) concentration and temperature threshold for
gel formation, with the aim of providing experimental basis and theoretical guidance for
the field application of this novel thermoreversible gel system in the above-mentioned
high-temperature reservoir water control scenarios.

2. Experimental Section
2.1. Materials

Cobalt(II) chloride hexahydrate was purchased from Sigma-Aldrich (St. Louis, MO,
USA). The acrylamide/ AMPS copolymers used in this study, including AN-105, AN-125,
SAV-55, SAV-37, SAV-28, and SAV-10, were kindly donated by SNF Floerger. The detailed
molecular parameters of these polymers are listed in Table 1.

Table 1. Polymers used in this study.

Polymer Name MW/Million Dalton AM Mole% AMPS Mole%
AN-105 6-8 95 5
AN-125 6-8 75 25
SAV-55 4-5 50-70 30-50
SAV-28 4-5 30-50 50-70
SAV-10 5-6 <10 >90

2.2. Gelation Test

The bottle test method, widely recognized as the standard method for gelation time
determination and gel strength evaluation, was adopted in this study [17]. The pH of the
polymer solution was adjusted using dilute HCI and NaOH solutions, and to avoid prema-
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ture gelation, the gelant solution pH was decreased to below 5.5 by dilute HCl solution.
High-temperature and high-pressure resistant glass tubes were used to characterize the
crosslinking behavior of the gelant. The brine was boiled at 100 °C for 30 min to remove the
dissolved oxygen, and the gelant was prepared in a glove plastic bag under the protection
of argon. The gelation time was defined as the time required for the gelant to reach gel
code D according to the Sydansk gel strength coding system. The test temperatures ranged
from 80 °C to 130 °C.

2.3. Thermal Stability Test

The gelant was prepared using 5% NaCl brine and Ekofisk formation water, respec-
tively (EFW, TDS 76324 ppm, with 2319 ppm of MgCl, and 4059 ppm of CaCl,, with NaCl
as the main salt). The thermal stability test was conducted at temperatures ranging from 80
to 130 °C. The changes in gel volume, gel strength code, and appearance of the gel samples
were recorded periodically during the aging process. The gel lifetime was defined as the
aging time when the syneresis ratio of the gel reached 10%.

2.4. Core Flooding Test

To evaluate the in situ gelation capacity and dynamic plugging performance of the
developed SAV-28/Co crosslinked gel system, a core flooding test was conducted using a
high-permeability sandstone core with an effective length of 10 cm and an absolute brine
permeability of 1175 mD. The experimental procedure was performed as follows: the core
was first fully saturated with 2% KCI brine to establish the initial permeability baseline;
subsequently, 3.5 pore volumes (PV) of gelant (consisting of 3 wt% SAV-28, 0.5 wt% Co
crosslinker, dissolved in 2% KCl brine) was injected into the core at a constant flow rate
of 1 mL/min. After injection, the core was sealed and aged at 130 °C for 10 days to allow
complete in situ gelation. Post curing, 2% KCl brine was reinjected at 1 mL/min to measure
the water breakthrough pressure and subsequent pressure evolution behavior.

3. Results and Discussions
3.1. Rheological Properties of Polymers with Different AMPS Contents

The rheological properties of gelants prepared with polymers having AMPS molar
ratios ranging from 5% to 90% were investigated at room temperature. The gelant for-
mulation consisted of 3 wt% polymer, 0.5 wt% Co(II), and 5 wt% NaCl. The viscosity of
the gelants as a function of shear rate is presented in Figure 1. All gelant samples exhibit
typical shear-thinning behavior, where the apparent viscosity decreases with increasing
shear rate, which is characteristic of flexible polymer solutions in aqueous media.

Among all tested samples, AN-105 shows the highest apparent viscosity across the
entire shear rate range, while SAV-10 exhibits the lowest viscosity. This phenomenon can be
attributed to the difference in the functional group composition of the polymers. AN-105
has the lowest AMPS content (5 mol%) and the highest acrylamide (AM) content (95 mol%).
The amide groups on the AM units undergo partial hydrolysis in aqueous solution, gen-
erating negatively charged carboxylate groups. The electrostatic repulsion between these
carboxylate groups causes the polymer chains to adopt a more extended conformation in
solution, resulting in a larger hydrodynamic volume and thus higher apparent viscosity.
In contrast, SAV-10 has an AMPS content exceeding 90 mol%. Although the sulfonate
groups on AMPS units are also negatively charged, the bulky 2-methylpropane sulfonic
acid side groups of AMPS units create significant steric hindrance, limiting the extension
of the polymer backbone. Meanwhile, the ultra-high AMPS content reduces the number
of hydrolyzable amide groups, leading to a lower density of carboxylate groups on the
polymer chain, and a more compact molecular conformation.
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Figure 1. Gelant viscosity as a function of shear rate.

3.2. Gelation Behavior
3.2.1. Effect of Temperature

The effect of temperature on the gelation time of different gelant systems was investi-
gated. The gelant was formulated with 3 wt% polymer, 0.5 wt% Co(Il), and 5 wt% NaClL
For all tested polymer systems, no gel formation was observed over a 50-day aging period
at 65, 80, and 90 °C, regardless of the Co(II) concentration, with all samples remaining at
gel code A after 50 days of aging.

The gelation time of different gelant systems at 100, 110, 120, and 130 °C is shown
in Figure 2. For all polymer systems, the gelation time decreases monotonically with
increasing temperature, as elevated temperatures accelerate the hydrolysis of AM and
AMPS units to generate carboxylate groups, as well as the coordination crosslinking reaction
between Co(Il) ions and carboxylate groups. In addition, increasing AMPS content inhibits
gelation at lower temperatures (100 and 110 °C). For instance, AN-105- and AN-125-based
gelants can form gels across all tested temperatures, while SAV-55 can only form gels at
110 °C and above, and SAV-10 and SAV-28 can only form gels at 120 °C and above.

The gelation time of AN-105/AN-125 gelants at 100-130 °C ranges from 8 h to 4.5 days,
while the gelation time of SAV-55/5SAV-28/SAV-10 gelants at 110-130 °C ranges from 4 to
25 days. SAV-10, with the highest AMPS content, exhibits the longest gelation time at both
120 °C and 130 °C, with gelation times of 25 days and 16 days, respectively. In comparison,
SAV-55 has the shortest gelation time among the three SAV polymers, with gelation times
of 18 days, 9 days, and 4 days at 110 °C, 120 °C, and 130 °C, respectively; the gelation time
of SAV-28 is 13 days and 7 days at 120 °C and 130 °C, respectively.

The significantly delayed gelation behavior of AMPS-rich polymers can be explained
by the gelation mechanism of the polymer/Co(II) system. Gelation is driven by the
coordination association between Co(Il) ions and carboxylate groups generated by the
hydrolysis of amide groups, while the sulfonate groups on AMPS units are inert to Co(II)
crosslinking under the test conditions [6]. AMPS units can undergo hydrolysis at high

https://doi.org/10.3390/pr14152435


https://doi.org/10.3390/pr14152435

Processes 2026, 14, 2435

7 of 17

temperatures, but their hydrolysis rate is much slower than that of AM units in the initial
stage, and gradually accelerates as the content of acrylate groups on the polymer chain
increases [26,27]. Only after sufficient hydrolysis of AM and AMPS units to generate
a critical concentration of carboxylate groups can effective intermolecular crosslinking
between Co(ll) and polymer chains occur to form a bulk gel. Furthermore, previous
studies have demonstrated that the hydrolysis resistance and thermal stability of AMPS-
based polymers increase dramatically when the AMPS content exceeds 70 mol% [26,27].
Therefore, SAV-10, with an AMPS content over 90 mol%, requires a longer aging time at
high temperatures to generate enough carboxylate groups to initiate crosslinking, resulting
in a significantly prolonged gelation time compared to other polymer systems.

1L J100c[__ J110C 5% Nacl, pH 5.2
1 | 120C| |130C  Polymer: 3%, Co (II): 0.5% =
. i _
=
10 - ES
] I T

Gelation time/d

0.1
AN-105 AN-125 SAV-55 SAV-28 SAV-10

Figure 2. Gelation time of different AMPS-based polymers.

It is worth noting that the SAV-10/SAV-28/Co(Il) systems achieve this long delayed
gelation without the addition of any organic ligands (such as acetate or malonate), which
are commonly used in Cr(III) gel systems to temporarily chelate metal crosslinkers and
delay gelation. In contrast, the gelation time of conventional Cr(IlI)-based gelants at 130 °C
is usually less than 1 h without the addition of organic chelating ligands. This inherent
delayed gelation property of the Co(ll)-based gel system, without the need for additional
delaying additives, greatly simplifies the field formulation design and improves the stability
of the gelant during injection and placement in deep high-temperature reservoirs.

3.2.2. Effect of Co(II) Concentration

The effect of Co(II) concentration (ranging from 50 ppm to 10,000 ppm) on the gelation
behavior of different gel systems at 100, 120, and 130 °C is presented in Figure 3. The
lowest critical (LC) Co(II) concentration required for bulk gel formation is approximately
100 times higher than that of commonly used Cr(III) and Zr(IV) crosslinkers. The LC value
increases with increasing AMPS content in the polymer, and decreases with increasing
temperature. As shown in Figure 3a, none of the gelants formed bulk gels when the Co(II)
concentration was below 1500 ppm, regardless of the test temperature. For example, the
LC of the AN-105 gel system at 100 °C is between 1500 and 2000 ppm, while that of the
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AN-125 gel system increases to 2500-3000 ppm, and the LC of the SAV-10 gel system
reaches 3500 ppm at 130 °C, nearly twice that of the AN-105 system. This is consistent with
the delayed gelation mechanism: higher AMPS content results in fewer carboxylate groups
available for crosslinking, thus requiring a higher concentration of Co(Il) ions to achieve
effective intermolecular crosslinking and form a three-dimensional gel network.

£

2. 6k - 20 —a— SAV-55 (b)
£ [Emtecc : : P @ —o— SAV-28

o 5k I 120°C | 1 I 16_—0—SAV-10
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Figure 3. (a) The critical Co concentration for the gelation, (b) effect of Co(II) concentration on the
gelation time.

When the Co(Il) concentration is above the LC value, further increasing the Co(II)
concentration slightly reduces the gelation time, as shown in Figure 3b. For instance, the
gelation time of the SAV-10 gelant at 130 °C decreases from 17.5 days to 14 days as the
Co(II) concentration increases from 4000 ppm to 10,000 ppm. This is because a higher
concentration of Co(II) ions provides more crosslinking sites, accelerating the formation of
the gel network, but the effect is not significant, as the gelation rate is mainly controlled by
the hydrolysis rate of AM and AMPS units at high temperatures.

Notably, all SAV-based gels with high AMPS content can fully revert to viscous
polymer solutions when the temperature drops below certain degrees, regardless of the
Co(II) concentration. To be more precise, the critical sol-gel transition temperatures upon
cooling of SAV-55/28/10 were 70-75, 80-85, and 90-95 °C, respectively. In contrast, for
polymers with low AMPS content (AN-105/AN-125), the gels lose their sol-gel transition
behavior when the Co(II) concentration reaches 1 wt%, accompanied by severe syneresis
and dehydration. The excellent phase stability and reversible transition performance of
SAV series polymer gels are attributed to their high AMPS content. The steric hindrance of
AMPS side groups delays the excessive hydrolysis of amide groups, thereby avoiding or
delaying the syneresis caused by over-crosslinking of the gel network [28,29].

In addition, as shown in Figure 4a, the gelation time in the second heating cycle
is significantly shorter than that in the first cycle. For example, the gelation time of
SAV-28 at 130 °C is 7 days in the first cycle, while it takes less than 4 h to re-form a
bulk gel in the second heating cycle. This is because sufficient carboxylate groups are
generated via the hydrolysis of AM and AMPS units during the first high-temperature
aging cycle, eliminating the rate-limiting hydrolysis step in the second cycle, and allowing
the coordination crosslinking between Co(II) and carboxylate groups to occur rapidly at
130 °C. The color change of the sample during the gelation process is related to the change
in the hybridization and complexation state of the cobalt ions [30].
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130 °C-4 hours

130 °C
30h 2 days 6 days
AN-125, 3%, 5% NaCl, Co (II) 1%

SAV-28, 3%, 5% NaCl,
Co (II) 0.5%, 130 °C, 10 days

Figure 4. (a) The sol—gel transition of SAV-28/Co(II) gel, (b) syneresis behavior of the AN-125/Co(1I) gel.

We further studied the viscosity changes during the sol-gel transition process using
Haake Mars rheometer, with magnet connection to avoid water evaporation. As shown
in Figures 5 and 6, gelants with high AMPS content need more time re-gel and the critical
re-gel temperature also increases with AMPS content. For example, SAV-55, which cannot
gel under 70 °C, could re-gel under 75 °C within 2 h, while SAV-10, which cannot gel under
90 °C, needs around 4 h to re-gel at 95 °C. Additionally, the re-gel time decreases with the
increase of re-gelation cycle. SAV-55, which needs 2-3 h to re-gel in the first cycle only,
needs less than 1.5 h to re-gel in the second and third cycle.

—&— SAV-55@70C
s —O0— SAV-55@75°C
10”1 —=&— SAV-28@75°C
% ] —O— SAV-28@80°C
o ] —<— SAV-10@90°C
E ] —4— SAV-10@95°C
."? ) Cyclic gelation test
8 shear rate 10s™"
(&)
N
>
3]
10°- —o—o—+o ® °
| i
L L L] L] L]
0 6 12 18 24

Time/h

Figure 5. Viscosity changes during the cyclic gelation test (pre gelled at 130 °C).
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Figure 6. Cyclic gelation process of SAV-55 polymer gel system.

3.2.3. Effect of Salinity

The effect of salinity on the gelation behavior of SAV-based gelants was investigated at
130 °C. The polymer and Co(II) concentrations were fixed at 3 wt% and 0.5 wt%, respectively.
Gelants were prepared using 5 wt%, 10 wt%, and 15 wt% NaCl brines, as well as Ekofisk
formation water (EFW), the detailed ionic composition of which can be found in previous
work (TDS 76324 ppm, with 2319 ppm of MgCl, and 4059 ppm of CaCl,) [31].

As shown in Figure 7, the gelation time of all tested gelants fluctuates within a narrow
range under different salinity conditions at 130 °C, indicating that the system has good
salinity tolerance. For example, the gelation time of SAV-28 increases slightly from 7 days
to 8 days as the NaCl concentration increases from 5 wt% to 15 wt%. This slight delay can
be attributed to the charge screening effect of high-concentration Na+ ions, which reduces
the electrostatic repulsion between carboxylate groups on the polymer chain, leading to
a more compact molecular conformation and a slightly reduced probability of effective
collision between Co(II) ions and carboxylate groups.

In addition, Ekofisk formation water (containing 0.2 wt% divalent cations Ca*/Mg?*)
has a more pronounced effect on delaying gelation than NaCl brine. For instance, the
gelation time of SAV-28 is 7 days in 5 wt% NaCl brine and increases to 8.5 days in Ekofisk
formation water. A plausible explanation for this phenomenon is that divalent cations
(Ca2* /Mg?*) compete with Co(II) ions for chelation with carboxylate groups on the polymer
chain [32]. This competitive chelation reduces the number of carboxylate groups available
for crosslinking with Co(Il), thus requiring a longer aging time to generate sufficient
carboxylate groups to form a bulk gel.

3.2.4. Effect of pH

Previous studies have shown that pH has a significant impact on the gelation time of
HPAM /metal crosslinker systems, as the hydrolysis and complexation state of the metal
crosslinker is strongly pH-dependent. For example, as the pH increases from 4 to 6.4,
the structure of the chromium(IIl) acetate complex gradually changes from a stable cyclic
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chromium trimer to a more reactive linear trimer with one or two bridging acetate groups,
significantly accelerating the crosslinking reaction [33].

In this section, the effect of pH on the gelation behavior of AMPS-rich polymer/Co(II)
gel systems was investigated within the pH range of 5.2-7.4, which covers the pH range of
most oil reservoir formation waters. The gelant was formulated with 3 wt% polymer and
0.5 wt% Co(Il), with the original pH of the gelant ranging from 5.1 to 5.3. Consistent with
Cr(Ill)-based gel systems, increasing the pH accelerates the gelation rate of the Co(II)-based
system. For example, the gelation time of the SAV-28 gelant decreases from 7 days to
4.5 days as the pH increases from 5.2 to 7.4, as shown in Figure 8a.

e

20

—
(o2}
1

>

1+

NS

m -—

= 12

= |

.‘l= 8 = ’—‘—_//0/+

T

(¢}

o ./—./+
49 1. 130 °g, —=— SAV-55

Polymer: 3%, Co (ll): 0.5% —e— SAV-28

o LpHS5.2 —a— SAV-10

5% NaCl 10% NaCl 15% NacCl EFW

Figure 7. Effect of salinity on the gelation time.

20 T:130 °C, 5% NaCl —=— SAV-55 (a)
Polymer: 3% —e— SAV-28
Cor(ll): 0.5% —a— SAV-10
16 1
>
©
L,
o -
E 12
S
= 8-
T
Q
O
4 -
0 L] L] L] T L]
5.0 5.5 6.0 6.5 7.0 7.5

pH

Figure 8. (a) Effect of pH on the gelation time, (b) gel formed at room temperature with a pH value
of 10.5.
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It should be emphasized that dilute NaOH solution cannot be added directly to the
gelant to adjust the pH to a high value at room temperature. The pink gelant reacts rapidly
with NaOH, forming a blue gel or precipitate at room temperature within 1 min when
the pH reaches 10.5, as shown in Figure 8b. This is because Co(II) ions react with OH™
ions to form Co(OH),, CoOH*, and Co(OH)42~ species as the pH increases [34]. These
hydrolysis species are less stable and more reactive than hydrated Co(Il) ions, and can
rapidly chelate with the anionic groups on the polymer chain to initiate crosslinking at
room temperature [35,36]. In addition, previous studies have shown that the adsorption
of cobalt ions onto clay minerals increases with increasing pH, as the hydrolyzed species
CoOHY* has a stronger interaction with anionic groups (sulfonate and carboxylate) on the
polymer chain, further enhancing the association between Co(ll) and polymer chains [37].

3.3. Thermal Stability

The long-term thermal stability of the crosslinked gels was evaluated by monitoring
the changes in gel volume, gel strength, and appearance during high-temperature aging in
different brine solutions at 130 °C, with the results presented in Figure 9.

(a) (b)
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Figure 9. Stability of AMPS-rich polymer gels in (a) 5% NaCl; (b) Ekofisk formation water.

AN-105/AN-125-based gels exhibit poor thermal stability at 100-130 °C. For example,
the AN-105 gel degrades completely to a viscous polymer solution (gel code A) after
11 days of aging at 100 °C, and the AN-125 gel shows severe degradation after 20 days of
aging at 100 °C. Both gels degrade completely within 6 days at temperatures above 110 °C.
The SAV-55-based gel has moderate thermal stability at 130 °C, with severe syneresis
observed after 40 days of aging in 5% NaCl brine and after only 10 days of aging in Ekofisk
formation water.

In contrast, both SAV-10 and SAV-28-based gels exhibit excellent long-term thermal
stability in 5% NaCl brine at 130 °C. After 100 days of aging, the gel strength code of
SAV-10 and SAV-28 remains at code I and code H, respectively, with no significant syneresis.
However, the SAV-28 gel is unstable in Ekofisk formation water, with severe syneresis
observed after 20 days of aging. SAV-10, with an AMPS content exceeding 90 mol%, is the
only gel system that maintains excellent long-term stability in both 5% NaCl brine and
Ekofisk formation water throughout the 100-day aging test at 130 °C, with no observable
volume loss or syneresis. This outstanding thermal and chemical stability is attributed to
the ultra-high AMPS content, which provides excellent hydrolysis resistance and tolerance
to high salinity and divalent cations under high-temperature conditions.

https:/ /doi.org/10.3390/pr14152435


https://doi.org/10.3390/pr14152435

Processes 2026, 14, 2435

13 of 17

Injection pressure/Mpa

3.4. Core Flooding Test

The injection pressure profile during post water injection is presented in Figure 10. The
injection pressure increased rapidly once brine injection was initiated, and reached a peak
breakthrough pressure of 1.3 MPa, corresponding to a breakthrough pressure gradient of
13 MPa/m. This result directly demonstrates that the SAV-28/Co gelant achieved effective
in situ gelation in the pore space of the high-permeability sandstone core under 130 °C,
forming a robust three-dimensional (3D) gel network that created a strong barrier for water
flow, thus delivering excellent plugging performance at high reservoir temperatures.

1.5

Water . oo Injection : o 1.3 MPa Core length: 10 cm
injection. : o . Permeability: 1175 mD
1.2 i : Brine injection under 130°C SAV-28: 3%, Co: 0.5%
: . 2% KCI
0.9 - : : 2
' {
! §
0.6 - : $
0.3 - :
f Fo 9
0-0 ] T L] L] L T 1
0 2 4 6 8 10 12 14

PV

Figure 10. Dynamic plugging performance of SAV28/Co gel system.

After reaching the breakthrough pressure, the injection pressure exhibited a continu-
ous, gradual decrease with the injection of additional brine. As brine injection proceeded
to ~14 PV, the injection pressure stabilized at a near-zero baseline, and the final residual
resistance factor (Frr) of the core was calculated to be nine. The residual resistance factor,
defined as the ratio of initial brine permeability to the final brine permeability after gel
treatment, quantifies the long-term flow resistance of the core after the plugging process.
The significant decline in injection pressure and the relatively low final F;; indicate that
the initially formed gel structure in the core pore space was gradually disrupted, and the
flow capacity of the core was substantially restored. This thermally reversible gel system
developed in this work addresses a key limitation of conventional permanent gel systems
for conformance control operations. Conventional covalently crosslinked gels form irre-
versible plugging in the formation, which carries the risk of over-plugging of hydrocarbon
pay zones and requires additional chemical breakers for gel removal if needed. In contrast,
the SAV-28/Co system achieves efficient plugging at high reservoir temperatures, and can
realize spontaneous gel degradation and permeability recovery via temperature reduction
without additional chemical additives. The final residual resistance factor of nine indi-
cates that the system maintains moderate flow resistance after reverse transition, avoiding
complete loss of conformance control effect while eliminating the risk of permanent for-
mation damage. This unique performance makes the developed system highly promising
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for temporary water shutoff, fracturing fluid diversion, and other conformance control
applications in high-temperature oil and gas reservoirs, where reversible and controllable
plugging performance is required.

The present core flooding test provides preliminary proof of in situ gelation and
plugging performance, but it was conducted on a single high-permeability homogeneous
sandstone core under one formulation, one temperature, and 100% brine-saturated condi-
tions. These simplifications mean the results cannot be directly extrapolated to field-scale
conformance control, heterogeneous reservoirs, or geothermal applications. Specifically, the
homogeneous core cannot represent permeability heterogeneity and preferential channeling
in real reservoirs; the absence of crude oil omits potential wettability and pore-scale interfer-
ence effects; and the reversible plugging performance under cyclic heating—cooling was not
verified in porous media. Furthermore, core-scale tests cannot capture wellbore shear degra-
dation, long-distance transport effects, and interwell-scale flow dynamics. Accordingly,
the application scenarios outlined in the introduction represent technical prospects rather
than proven field performance. Future work will include heterogeneous/layered core tests,
oil-brine two-phase flooding experiments, cyclic temperature core flooding, and numerical
upscaling to bridge the gap between laboratory observation and field deployment.

4. Further Discussion

HPAM/Cx(IlI) gels represent the industrial benchmark for in situ conformance control
with decades of field validation. A systematic comparison helps define the application
boundaries of the proposed Co(II) system [18,38]. Mechanistically, Cr(III) forms thermo-
dynamically stable coordination networks with polymer carboxylate groups that do not
dissociate under typical reservoir temperature fluctuations, and require dedicated chemical
breakers for removal. In contrast, Co(Il)-carboxylate coordination is intrinsically dynamic
and thermally responsive: crosslinking activates above 100-120 °C and reverses below the
critical transition temperature. For gelation delay, Cr(IlI) systems rely on organic chelating
ligands (acetate, malonate) to retard crosslinking, and still gel within hours at 130 °C
without optimized additives. The Co(Il) system achieves ultra-long delay inherently via
hydrolysis-resistant AMPS units on the polymer backbone, reaching 16 days at 130 °C with
no additional delaying agents. Environmentally, both are heavy-metal systems subject to
discharge regulations, but the reversible nature of Co(II) gels allows intentional dissociation
and flowback after temporary plugging operations, reducing subsurface metal retention
relative to permanent Cr(III) gels. Overall, Cr(IlI) gels remain the cost-effective choice for
water shutoff and profile control in moderate-temperature reservoirs. The Co(Il) system
does not aim to replace Cr(IIl) but fills technical gaps in scenarios requiring ultra-long
gelation delay, temperature-selective plugging and fully reversible fluid diversion. Cobalt
is a regulated heavy metal with ecotoxicity concerns, and its release in produced water
requires careful assessment. Co(Il) ions exhibit strong adsorption on clay minerals and
quartz, especially at neutral to slightly alkaline pH, which reduces leaching into produced
water but also causes crosslinker loss during deep reservoir placement. Notably, gel dissoci-
ation upon cooling may mobilize released Co(II) and elevate its concentration in produced
fluid. In this work, effluent Co(II) concentration during core flooding was not quantitatively
monitored, which is a recognized data gap. Follow-up studies will include cobalt mass
balance analysis in core effluents under both gel plugging and post-dissolution conditions.
For field application, high clay formations may cause excessive cobalt adsorption and
possible fines migration; carbonate formations may alter local pH and cobalt speciation
via mineral dissolution. Performance in non-sandstone reservoirs remains to be validated.
Operationally, the system has stricter pH limits than Cr(III) gels: premature precipitation or
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gelation occurs at room temperature when pH exceeds 10, requiring inline pH monitoring
and control during field mixing.

5. Conclusions

This work systematically investigates the gelation behavior, thermoreversible sol-gel
transition performance, and long-term thermal stability of AM-AMPS copolymer/Co(II)
crosslinking systems. The effects of temperature, Co(II) concentration, salinity, pH, and
AMPS content on the gelation kinetics and gel properties were comprehensively evaluated.
The main conclusions are as follows: The gelation time of the polymer/Co(ll) system
decreases with increasing Co(II) concentration, solution pH, and temperature, while in-
creasing AMPS content in the polymer backbone can significantly delay the gelation time
from hours to weeks at 130 °C. The gelation time of the SAV-10/Co(Il) system can reach
16 days at 130 °C without any additional delaying additives, which is far longer than that
of conventional Cr(Ill)-based gel systems. The system forms a robust bulk gel at high
temperatures and reversibly reverts to a low-viscosity polymer solution upon cooling, with
the transition temperature tunable from 70 to 95 °C by adjusting the AMPS content of the
polymer. The lowest critical Co(Il) concentration for gel formation is 100 times higher than
that of conventional Cr(III) crosslinkers, and increases with increasing AMPS content and
decreasing temperature. The system has good tolerance to high salinity, with gelation time
only slightly affected by NaCl concentration up to 15 wt% and reservoir formation water.
The thermal stability of the crosslinked gel increases significantly with increasing AMPS
content. The SAV-10/Co(II) gel, with an AMPS content over 90 mol%, exhibits exceptional
long-term thermal stability at 130 °C, with no syneresis or degradation observed after 100
days of aging in both 5% NaCl brine and Ekofisk formation water. The combination of
tunable ultra-long delayed gelation, unique thermoreversible sol-gel transition, excellent
high-temperature stability, and good salinity tolerance makes this Co(II)-based gel system a
promising candidate for a wide range of applications, including in-depth conformance con-
trol in deep high-temperature reservoirs, selective water shutoff in temperature-gradient
reservoirs, reversible fluid control in geothermal reservoirs, and removable temporary
plugging for well operations.
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