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ABSTRACT

CO,-responsive gels, which swell upon contact with CO,, are widely used for profile control to plug high-
permeability gas flow channels in carbon capture, utilization, and storage (CCUS) applications in oil reser-
voirs. However, the use of these gels in high-temperature CCUS applications is limited due to their rever-
sible swelling behavior at elevated temperatures. In this study, a novel dispersed particle gel (DPG)
suspension is developed for high-temperature profile control in CCUS applications. First, we synthesize
a double-network hydrogel consisting of a crosslinked polyacrylamide (PAAm) network and a crosslinked
sodium alginate (SA) network. The hydrogel is then sheared in water to form a pre-prepared DPG suspen-
sion. To enhance its performance, the gel particles are modified by introducing potassium methylsilan-
etriolate (PMS) upon CO, exposure. Comparing the particle size distributions of the modified and pre-
prepared DPG suspension reveals a significant swelling of gel particles, over twice their original size.
Moreover, subjecting the new DPG suspension to a 100 °C environment for 24 h demonstrates that its
gel particle sizes do not decrease, confirming irreversible swelling, which is a significant advantage over
the traditional CO,-responsive gels. Thermogravimetric analysis further indicates improved thermal sta-
bility compared to the pre-prepared DPG particles. Core flooding experiments show that the new DPG
suspension achieves a high plugging efficiency of 95.3% in plugging an ultra-high permeability sandpack,
whereas the pre-prepared DPG suspension achieves only 82.8%. With its high swelling ratio, irreversible
swelling at high temperatures, enhanced thermal stability, and superior plugging performance, the newly
developed DPG suspension in this work presents a highly promising solution for profile control in high-
temperature CCUS applications.
© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

channels in reservoirs, such as fractures and high-permeability
zones [8,9]. It may take a shorter time for CO, to reach producers

Carbon capture, utilization, and storage (CCUS) is one of the
most effective strategies to mitigate climate change issues [1,2].
In CCUS, CO, is captured from industrial sources and injected into
saline aquifers, oil and gas reservoirs, coal beds, and so forth [3,4].
For example, CO, flooding, a typical CCUS application, is a widely
used technique for enhanced oil recovery (EOR) [5,6]. The injected
CO,; can also be stored within reservoirs via solubility trapping and
structural trapping mechanisms [7]. However, early breakthrough
and fingering of CO, may occur if there are high-permeability
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by flowing through those high-permeability channels. As a result,
a large amount of residual oil in the lower-permeability zones can-
not be swept by CO,, and CO, storage performance will be severely
compromised [10,11]. One effective method for mitigating this
issue is profile control, which is injecting plugging agents into
the formations to plug those high-permeability channels [12,13].
In this manner, more CO, can enter the lower-permeability zones
to displace oil and can be trapped by pores and throats of the
lower-permeability zones, which increases both oil recovery effi-
ciency and CO, storage efficiency.

Among different plugging agents, gels are widely used because
their particles can be readily delivered to the deeper parts of
formations and yield in situ plugging [14]. Especially, CO,-
responsive gels gain great attention for profile control in CCUS
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applications since they will swell when being exposed to CO, and
shrink when being removed from CO, [15]. The particles of those
CO,-responsive gels can be injected into reservoirs, followed by
CO, injection. This enables the particles to swell upon contact
with CO,. The particles with increased sizes yield an enhanced
plugging on the pores and throats of the aforementioned high-
permeability pathways [16]. Many researchers devoted great
efforts to developing CO,-responsive gels for profile control in
CCUS. For example, Pu et al. [17] and Du et al. [18] synthesized
a hydrogel sample with an interpenetrating network using the
monomers of N, N-dimethylaminoethylmethacrylate (DMAEMA)
and acrylamide (AAm), in which DMAEMA is the most widely
used monomer to prepare CO,-responsive materials [19-21].
Then, such prepared hydrogel was sheared into a suspension with
an initial median size of 18 pm. After exposure to CO,, the med-
ian size increased to 25.86 pm. Tian et al. [22] prepared a thermal
and CO, dual-responsive hydrogel by polymerizing the monomers
of AAm and DMAEMA with [2-(methacryloyloxy) ethyl]dimethyl-
(3-sulfopropyl) ammonium hydroxide (SBMA). The hydrogel
could swell when CO, was purged or temperature surpassed
65 °C. Raj et al. [23] synthesized a CO,-responsive gel for mobility
control using cotton pulp and nanocellulose. Multiple nanocellu-
loses could aggregate to form a gel when being exposed to CO,,
providing effective plugging on the pores and throats of CO, flow-
ing channels. Zhang et al. [24] prepared a CO,-responsive gel
using N, N-dimethyl octylamide-propyl tertiary amine (DOAPA)
and sodium p-toluenesulfonate (SPTS). The experimental investi-
gations indicated that the sample they prepared had a rapid
CO, responsibility and a promising plugging performance. More
CO,-responsive gel recipes for CCUS were also reported in other
studies [25-29].

CO,-responsive hydrogels contain functional groups that are
sensitive to CO,, such as amines, amidines, guanidines, and car-
boxylic acids [30]. CO, can react with water to form a weakly
acidic environment. Such acidic environment allows for proto-
nation reactions between CO, and these functional groups
[31], adding protons (H*) to the polymer chains [32]. The pro-
tons will repel each other because they have the same positive
electric charges. As a result, the distances between polymer
chains will increase, enabling more water to enter the structure
of the gel particles [33]. Therefore, the gel particles will swell.
Meanwhile, some small molecules with negative electric
charges will also enter the gel particles to balance the charge,
which further causes the swelling of the gel particles. The swol-
len gel particles yield a stronger effect on plugging the high-
permeability gas migration channels. However, there are some
drawbacks when using those CO,-responsive gels in high-
temperature CCUS applications. First, the protonation reactions
between protons and CO,-responsive functional groups are
reversible at high temperatures [34]. For example, deprotona-
tion reactions will occur for some widely used CO,-responsive
gels when reservoir temperatures exceed 65 °C [35,36], leading
to a decrease in their particle size [37]. As a result, the plugging
efficiency of those gel particles will be significantly decreased.
Second, the CO,-responsive gel particles are easily to be ther-
mally degraded at high temperatures, failing to form stable
plugging on high-permeability channels. It is worth noting that
some researchers developed irreversible CO,-responsive hydro-
gels to improve the stability of plugging the CO, channeling
pathways. Fang et al. [38] developed an intelligent CO,-
responsive hydrogel for profile control in CCUS applications.
This new material was irreversible and didn’t revert to solution
phase after being N, bubbling. Moreover, its viscosity remained
four times higher than that of the initial solution upon heating,
showing a certain degree of irreversibility at high temperatures.
Wu et al. [39] developed a nonreversible hydrogel for profile
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control in CCUS applications by grafting poly(dimethylamino-
propyl methacrylamide) onto the backbone of sodium car-
boxymethyl cellulose. The new hydrogel can be formed in the
presence of CO,, but cannot revert to copolymer solution after
bubbling N, at 60 °C. However, we are still lacking such irre-
versible CO,-responsive gels to enhance the profile control per-
formance. Therefore, it is necessary to develop a new dispersed
particle gel (DPG) product for profile control in high-
temperature CCUS applications. The new DPG product is
expected to exhibit a strong high-temperature resistance, and
its particles can irreversibly swell at high temperatures.

In this study, a novel DPG suspension containing modified par-
ticles of a double-network hydrogel is prepared for profile control
in high-temperature CCUS applications. The double-network
hydrogel consists of a PAAm network and a sodium alginate
(SA) network. Then, a DPG suspension is prepared by shearing
the synthesized double-network hydrogel in water. Finally, the
new DPG suspension is developed by modifying the gel particles
of the prepared DPG suspension by adding PMS and purging CO,.
Herein, PMS is a water-soluble organic silicate that is widely used
as a waterproof reagent to enhance water repellency to the build-
ing surfaces. Compared to the un-modified DPG suspension, the
particle size of the new DPG suspension is significantly increased
by over two times. Moreover, heating the new DPG suspension at
100 °C for 24 h will not decrease its particle size, suggesting that
the swelling is irreversible at high temperatures. Besides, the
coating layer generated on the gel particles by the modification
has a good thermal insulation ability, thus improving the thermal
stability of the gel particles. Core flooding experiments suggest
that the new DPG suspension can offer a stronger plugging effi-
ciency in blocking porous media with ultra-high permeabilities
than the un-modified DPG suspension.

2. Experimental section
2.1. Materials

Acrylamide (99%), N,N’-methylenebisacrylamide (MBAA; 99%),
potassium persulfate (KPS; 99%), ferric chloride (FeCls; 97%), and
SA are purchased from Sigma-Aldrich, Germany. Aqueous potas-
sium methylsilanetriolate (PMS) solution with a solid content of
42 wt% is purchased from BOC Sciences, USA. All chemicals are
used as received. Distilled water is made in-house. Quartz sands
(diameter < 0.3 mm) used for core flooding experiments are pur-
chased from Target Product Ltd., Canada.

2.2. Preparation of double-network hydrogel and gel particle
suspension

We add 0.3 g of SA into 15 mL of distilled water and slowly stir
the solution using a magnetic stirrer for 6 h to allow the complete
dissolution. Then, 1.5 g of AAm and 0.001 g of MBAA are sequen-
tially dissolved into the solution. Following this, 0.0057 g of KPS
is added to the solution. Subsequently, nitrogen gas is continuously
purged into the solution for 10 min to remove oxygen. Next, the
solution is transferred to an oven and heated at 65 °C for 12 h to
form the bulk hydrogel. Finally, the bulk hydrogel is immersed in
an aqueous FeCls solution with a concentration of 0.6 mol-L~! for
24 h. As such, the bulk double-network hydrogel is obtained and
coded as PAAm/SA-Gel. To prepare a DPG suspension of the
double-network hydrogel, the bulk hydrogel is mixed with water
at a gel-to-water mass ratio of 2%. Then, the mixture is sheared
using a blender (NINJA, 1400 W) for 30 min. This DPG suspension
containing the double-network hydrogel particles is coded as
PAAm/SA-DPG.
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2.3. Development of the novel DPG suspension

The novel DPG suspension for profile control in high-
temperature CCUS applications is developed by modifying the
PAAmM/SA-DPG particles. We add 0.48 g of PMS solution to
200 mL of PAAm/SA-DPG suspension to obtain a mixture of PMS
and PAAm/SA-DPG. The mixture is stirred for 10 min to become
a homogenous solution with a PMS-to-SA mass ratio of 2:3. The
solution is then transferred into a closed container, followed by
continuous injection of CO, to remove air in the solution. Finally,
the closed container is heated in an oven at 50 °C for 24 h to allow
for the complete modification of the PAAm/SA-DPG particles. The
new suspension containing the modified hydrogel particles is
coded as PAAm/SA-PMS,/SA;-mDPG.

2.4. Characterizations

2.4.1. Morphology

A scanning electron microscopy (SEM; Zeiss EVO M10) is used
to characterize the microscopic structures of PAAm/SA-Gel, as well
as the PAAm/SA-DPG and PAAm/SA-PMS,/SAs-mDPG particles. The
element mappings of a PAAm/SA-PMS,/SAs-mDPG particle is
obtained by SEM testing with energy dispersive X-ray (EDX) anal-
ysis testing. The PAAm/SA-Gel sample used for SEM scanning is
prepared by freeze-drying its bulk hydrogel. The PAAm/SA-DPG
and PAAmM/SA-PMS,/SAs-mDPG particles used for SEM scanning
and EDX testing are prepared by diluting the DPG suspensions in
ethanol and then drying the diluted solution at room temperature.

2.4.2. Fourier transform infrared (FTIR) spectroscopy

The FTIR spectra of the PAAm/SA-DPG and PAAm/SA-PMS,/SAs-
mDPG particles are measured to determine the presence of specific
bonds. The FTIR covers a wavenumber range of 4000 to 400 cm™.
The samples used for the spectral measurements are prepared by
centrifuging PAAm/SA-DPG and PAAm/SA-PMS,/SAs-mDPG sus-
pensions, followed by freeze-drying the centrifuged products.

2.4.3. Mechanical tests

The mechanical properties of PAAm/SA-Gel are measured at
room temperature using an AGS-X universal tensile test machine
(Shimadzu, Japan). The PAAm/SA-Gel sample is processed into
stripes with a length of 20 mm, a width of 6.25 mm, and a thick-
ness of 3.87 mm. These samples are stretched at a speed of
10 mm-min~' during the tests. First, a tensile test is conducted
on a sample until it is broken into two parts to obtain its nominal
tensile stress, fracture stress, and toughness. Besides, several load-
ing-unloading tensile tests are performed on other samples to
investigate their energy dissipation characteristics. In these tests,
strength, toughness, and dissipated energy of the hydrogel samples
can be determined to gauge the mechanical properties of the
hydrogel sample. Strength, corresponding to the peak stress in
the stress-strain curve, is the maximum stress the sample can
withstand before failure. Toughness can be determined by inte-
grating the area under the stress—strain curve up to the fracture
point. In loading-unloading tests, the dissipated energy can be
obtained by calculating the area of the hysteresis loop being
enclosed by the loading and unloading curves.

2.4.4. Rheology tests

We use an AR-G2 rheometer (TA Instruments) to measure the
rheological properties of a cylindrical PAAm/SA-Gel sample with
a thickness of 600 pm. The storage modulus (G’) and loss modulus
(G”) of this sample are measured over the angular frequency of 0.
1-100 rad-s~! at a fixed oscillation strain of 1%. In addition, the
dynamic strain sweep is performed on this sample with strains
varying from 1% to 10000% at a fixed frequency of 10 rad-s™'.
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2.4.5. Thermogravimetric analysis (TGA)

TGA tests are performed on the freeze-dried PAAm/SA-DPG and
PAAmM/SA-PMS,/SA3-mDPG particles to measure their weight loss
when they are heated from 25 to 500 °C with a heating rate of
10 °C-min~".

2.4.6. Particle size distribution measurement

The particle size distributions of PAAm/SA-DPG and PAAm/SA-
PMS,/SA3-mDPG are measured using a particle size analyzer
(Mastersizer 3000, Malvern Panalytical, UK; 0.1-1000 pum).

2.4.7. Plugging tests

Two plugging tests are performed to investigate the perfor-
mances of PAAm/SA-PMS,/SAs-mDPG and PAAm/SA-DPG in plug-
ging high-permeability porous media. The detailed procedure of
the plugging tests is given as follows. First, two sandpacks coded
as #1 and #2 are prepared by compacting sand particles into two
sandpack tubes (1 m in length and 0.05 m in diameter). Then,
water is injected into the sandpacks to measure their physical
properties, including pore volume (PV), porosity (¢), and perme-
ability (K). The equations for calculating those properties can be
found in Eqgs. (S1)-(S3) in Appendix A. For sandpack #1, we inject
1 PV of PAAm/SA-DPG with a gel-to-water mass ratio of 5.26%, fol-
lowed by 2.75 PV of chasing water. For sandpack #2, we inject 1 PV
of a mixture containing 600 mL of PAAm/SA-DPG and 3.57 mL of
PMS. In this mixture, the gel-to-water and PMS-to-SA mass ratios
are 5.26% and 2:3, respectively. Next, CO, is injected into sandpack
#2 to reach a pressure of 60 psi (1 psi ~ 6894.76 Pa). Once this
pressure is reached, this pressure is kept for 48 h. Finally, 2.75
PV of chasing water is injected into sandpack #2. In these two tests,
the pressures at the two locations are recorded along the sand-
packs (i.e., 5 and 80 cm respectively away from the inlet). Herein,
the pressure at 5 cm is used instead of the inlet pressure, since a
reticular filter is mounted to the inlet of the sandpack tube, which
generates additional pressure when fluid flows through the filter.
The pressure at 80 cm is recorded to assess the performance of
the DPG suspensions in plugging the deeper parts of the sandpack.
The reduced permeabilities of the two sandpacks, plugging effi-
ciencies, and residual resistance factors of the two DPG suspen-
sions, can be determined based on the pressures recorded (Eq.
(S4) in Appendix A).

3. Results and discussion
3.1. Fabrication of hydrogel and modification of gel particles

A double-network hydrogel containing a crosslinked PAAm net-
work and a crosslinked SA network is pre-synthesized to develop
the new DPG suspension. Fig. 1(a) schematically illustrates how
to synthesize the hydrogel. The skeletal formulae of chemicals used
are presented in Fig. 1(b). As shown in Fig. 1(c), the PAAm network
is developed by the free radical polymerization of AAm with MBAA
as the crosslinker. The SA network is formed by crosslinking SA
chains through the interactions between Fe(Ill) ions and carboxyl
groups. Hydrogen bonds that exist between the amide groups of
AAm and the hydroxyl groups of SA link the two networks.
Figs. 1(d) and (e) display the digital images of PAAm/SA-Gel before
and after the crosslinking of the SA chains, respectively.

Fig. 2 shows the synthesis process of the new DPG suspension
(PAAmM/SA-PMS/SA-mDPG). As depicted in Fig. 2(a), PAAm/SA-
PMS/SA-mDPG is obtained by modifying the PAAm/SA-DPG parti-
cles using PMS and CO,. Figs. 2(b)—(d) illustrate the modification
mechanisms. The dissolution of CO, provides an acidic
environment in PAAm/SA-DPG, which will facilitate the hydrolyza-
tion of PMS. The hydrolyzation will generate methylsilanetriols
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Fig. 1. Fabrication of PAAm/SA-Gel: (a) schematic showing the gelation process; (b) skeletal formulae of the chemicals used; (c) structure of PAAm/SA-Gel; (d) digital image
of the PAAmM/SA-Gel sample before the crosslinking of SA chains; (e) digital image of the PAAm/SA-Gel sample after the crosslinking of SA chains.

(Fig. 2(b)). The silicon hydroxyl groups of methylsilanetriols can
react with the hydroxyl groups of the gel particles through conden-
sation reactions (Fig. 2(c)). Then, a coating layer can be generated
on the surface of gel particles through the self-condensation reac-
tions between silicon hydroxyl groups (Fig. 2(d)) [40]. In this man-
ner, we can obtain the PAAm/SA-PMS,/SAs;-mDPG suspension.
Fig. 2(e) displays the digital images of PAAm/SA-DPG and PAAm/
SA-PMS,/SA;-mDPG suspensions.

3.2. Characterizations

The FTIR spectra of the PAAm/SA-DPG and PAAm/SA-PMS,/SAs-
mDPG particles are revealed in Fig. 3(a). The adsorption peaks at
3324 and 3187 cm™! are attributed to N-H stretching and O-H
stretching, respectively [41]. The adsorption peaks in the range of
1600-1670 cm™! indicate the C=0 stretching [42]. The adsorption
peaks ranging from 1400 to 1450 cm™' correspond to the stretch-
ing vibrations of —~CHs, —~CH,, and -CH groups, while those ranging
from 1000 to 1150 cm™! are attributed to the stretching vibrations
of C-0, C-C, and C-N groups. All these adsorption peaks can be
found in the spectra of the PAAm/SA-DPG and PAAm/SA-PMS,/
SA3-mDPG particles, suggesting that PAAm/SA-Gel is successfully
developed. Additionally, we can observe a new peak at
1271.22 cm™! in the spectrum of the PAAm/SA-PMS,/SAs-mDPG
particles. This peak is the result of the Si-CHj stretching, indicating
the presence of PMS in the modified gel particles [43]. Fig. 3(a) also
shows that the intensity of the peaks ranging from 1000 to
1150 cm™! of the PAAm/SA-PMS,/SAs-mDPG particles is signifi-
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cantly improved compared to that of the PAAm/SA-DPG particles.
This indicates the presence of Si-O-C in the PAAm/SA-PMS,/SAs-
mDPG particles as the adsorption peak of the stretching of Si-O-
C s also detected in this region [44], which proves that PMS is suc-
cessfully grafted to the PAAmM/SA-DPG particles. Meanwhile, two
adsorption peaks at 767.44 and 485.94 cm™' emerging in the spec-
trum of the PAAm/SA-PMS,/SA3;-mDPG particles result from the Si-
0-Si stretching [45,46]. This suggests the occurrence of the self-
condensation reactions between silicon hydroxyl groups. The FTIR
characterizations indicate the successful modification of the
PAAm/SA-DPG particles.

Fig. 3(b) presents the particle size distributions of PAAm/SA-
DPG and PAAm/SA-PMS,/SA;-mDPG. It can be seen that PAAm/
SA-DPG has two peaks at 0.23 and 92.05 pm, respectively, and
PAAmM/SA-PMS,/SA3-mDPG has two peaks at 0.33 and 197.99 pum,
respectively. After the modification, the proportion of the particles
smaller than 1 pum is greatly decreased, and a large number of par-
ticles with sizes ranging from 10 to 40 pum and from 200 to 700 pm
appear. These findings suggest that the modification causes
remarkable swelling of the PAAm/SA-DPG particles.

Fig. 3(c) depicts the microscopic pore structure of PAAm/SA-
Gel, showing a dense structure with few small pores. Figs. 3(d)
and (e) show the microstructures of a PAAm/SA-DPG particle
and a PAAm/SA-PMS,/SA3-mDPG particle, respectively. It can be
observed that the PAAm/SA-PMS,/SAs-mDPG particle has a
rougher surface than the PAAm/SA-DPG particle. A more detailed
comparison of the surface roughness of two gel particles can be
found from Fig. S2 in Appendix A. Figs. 3(f) and (g) display the
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Fig. 2. Synthesis of the new DPG suspension: (a) experimental procedure; (b) hydrolyzation of PMS; (c) condensation reaction between methylsilanetriols and a gel particle;
(d) formation of a coating layer through self-condensation reactions between silicon hydroxyl groups; (e) digital images of PAAm/SA-DPG and PAAm/SA-PMS,/SA3;-mDPG. L:
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SEM image of a PAAm/SA-PMS,/SAs-mDPG particle and the ele-
ment mappings of this gel particle, respectively. The uniformly
distributed Fe and Si elements imply the formation of the SA net-
work and the successful development of the new DPG
suspension.

3.3. Properties of PAAm/SA-Gel

To effectively plug the high-permeability channels, the gel
materials used for preparing DPG suspensions are expected to be
mechanically strong. The mechanical and rheological properties
of PAAm/SA-Gel are measured and shown in Fig. 4. Fig. 4(a) shows
the stress—strain curve of PAAm/SA-Gel and the digital image cap-
tured when this sample is stretched at a strain of ~400%. It can be
found that the stress of this sample gradually increases when the
strain increases. Then, the stress suddenly drops when the strain
increases to 525%. At this point, the sample is broken into two parts
with a maximum stress of 0.259 MPa. The toughness of this sample
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is calculated to be 1.17 MJ-m~2 (Fig. 4(b)). The large strength and
toughness values suggest that the PAAm/SA-Gel has a high
mechanical strength. To further understand the energy dissipation
characteristics of PAAm/SA-Gel, several loading-unloading tensile
tests are performed. Figs. 4(c) and (d) show the stress-strain
curves and dissipated energies of a PAAm/SA-Gel sample when it
is stretched by five successive loading-unloading cycles with a
constant strain of 200%. It is demonstrated that the sample exhibits
a large hysteresis loop with a high dissipated energy of
168.04 k]-m~2 in the first cycle. However, the areas of the hystere-
sis loops and the dissipated energies significantly decrease in the
subsequent four cycles. These results indicate that the polymer
chains and networks of PAAm/SA-Gel sample are broken and can-
not recover to their original status in a short time. Figs. 4(e) and (f)
present the stress—strain curves and dissipated energies of the
PAAm/SA-Gel sample when it is stretched for five cycles with max-
imum strains of 100%, 200%, 300%, 400%, and 500%, respectively. It
can be found that the hysteresis loop becomes larger, and the
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Fig. 3. Characterizations of PAAm/SA-Gel and the PAAm/SA-DPG and PAAmM/SA-PMS,/SA;-mDPG particles: (a) FTIR spectra of the PAAm/SA-DPG and PAAmM/SA-PMS,/SAs-
mDPG particles; (b) particle size distributions of PAAm/SA-DPG and PAAm/SA-PMS,/SA3-mDPG; (c) SEM image of PAAm/SA-Gel; (d) SEM image of a PAAm/SA-DPG particle;
(e) SEM image of a PAAm/SA-PMS,/SA3-mDPG particle; (f) SEM image of a PAAm/SA-PMS,/SA3-mDPG particle during the EDX testing; (g) element mappings of a PAAm/SA-

PMS,/SA;-mDPG particle.

dissipated energy gradually increases as the maximum strain
increases. The results suggest that a larger strain imposed on the
gel sample yields a more severe damage to its network structures.

Fig. 4(g) presents the measured storage modulus (G’) and loss
modulus (G”) of PAAm/SA-Gel in an angular frequency range of
0.1-100 rad-s™'. The results illustrate that the G’ and G’ of the sam-
ple increase to some extent as the frequency increases. At higher
frequencies, the gel sample will be hardened because it becomes
more difficult for the polymer networks to rearrange themselves
quickly. Meanwhile, G’ is consistently higher than G’ throughout
the frequency sweep range, implying that the gel maintains its
elasticity. Moreover, Fig. 4(h) displays the measured moduli (G’
and G’) of the sample over the strain range of 1%-2000% and those
in a time sweep (300 s) at a strain of 1%. These tests can determine
its linear viscoelastic region and the recovery ability. We can find
that the sample maintains its elastic behavior when the strain is
lower than 689.6% because G’ is consistently higher than G”. G”
becomes higher than G’ when the strain is larger than 689.6%,
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revealing that the networks of this sample are ruptured due to
the severe dislocation of crosslinking points. The time sweep
results show that G’ becomes larger than G’ again, indicating that
the sample recovers its elasticity after being damaged at high-
strain conditions. These findings reveal that the gel has a good
stability.

3.4. Properties of PAAm/SA-PMS/SA-mDPG

Another new DPG suspension is prepared by changing the PMS-
to-SA mass ratio to 2.0:7.5 for investigating the effect of PMS con-
centration on the modification of the PAAm/SA-DPG particles. This
new DPG suspension is coded as PAAm/SA-PMS,/SA;s-mDPG.
Fig. 5(a) shows the particle size distributions of PAAm/SA-DPG,
PAAm/SA-PMS,/SA7 5s-mDPG, and PAAm/SA-PMS,/SA3;-mDPG. Due
to non-uniform shearing, PAAm/SA-DPG has a wide size distribu-
tion ranging from 0.1 to 153 pum with two peaks at 0.33 and
81 um. When being modified by PMS with a PMS-to-SA mass ratio
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Fig. 4. Mechanical and rheological properties of PAAm/SA-Gel: (a) recorded stress-strain curve and the digital image of PAAm/SA-Gel when being stretched at a strain of
~400%; (b) strength and toughness of PAAm/SA-Gel; (c) five cycles of loading-unloading tests performed on PAAm/SA-Gel at a fixed strain of 200%; (d) dissipated energies in
the loading-unloading tests; (e) five cycles of loading-unloading tests performed on PAAm/SA-Gel at different strains; (f) dissipated energies in the loading-unloading tests;
(g) measured G’ and G of PAAmM/SA-Gel in a frequency sweep test; (h) strain sweep and time sweep performed on PAAm/SA-Gel.

of 2.0:7.5, gel particles smaller than 10 pm almost disappear.
Meanwhile, gel particles larger than 153 pwm appear because of
the swelling of gel particles. However, the peak value slightly

decreases from 81 to 71 pum. In contrast, PAAm/SA-PMS,/SAs-
mDPG contains gel particles with much larger sizes. Compared to
PAAmM/SA-DPG, the proportion of gel particles smaller than
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Fig. 5. Particle size distributions of PAAm/SA-DPG and PAAm/SA-PMS-mDPG and thermal stabilities of their particles: (a) particle size distributions of PAAm/SA-DPG, PAAm/
SA-PMS;/SA; 5s-mDPG, and PAAm/SA-PMS,/SA3-mDPG; (b) particle size distributions of PAAm/SA-DPG, PAAm/SA-PMS,/SA3-mDPG (CO,), PAAm/SA-PMS,/SA3-mDPG (N,),
and PAAm/SA-PMS,/SAs-mDPG (air); (c) particle size distributions of PAAmM/SA-PMS,/SA3-mDPG and PAAm/SA-PMS;/SA3;-mDPG (100 °C); (d) TGA results of the PAAm/SA-
DPG and PAAmM/SA-PMS,/SA3-mDPG particles; (e) digital image of the PAAm/SA-DPG particles after being heated to 500 °C; (f) digital image of the PAAm/SA-PMS,/SA3-mDPG
particles after being heated to 500 °C; (g) schematic showing how SS coating protects the PAAm/SA-DPG particles.

81 pum is significantly decreased. Meanwhile, the peak value of gel
particle with larger sizes remarkably increases from 81 to 224 pum,
with a large swelling factor of 2.77. Therefore, from the perspective
of plugging high-permeability pathways for profile control, using
PMS with a PMS-to-SA mass ratio of 2:3 is the optimal scheme
for modifying the PAAmM/SA-DPG particles.

To clarify the role of CO; in gel particle modification, the parti-
cle size distributions of several PAAm/SA-PMS-mDPG suspensions
modified by different gases (including CO,, N,, and air) are com-
pared. These suspensions are coded as PAAm/SA-PMS,/SAs-mDPG
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(CO,), PAAM/SA-PMS,/SA;-mDPG (N,), and PAAm/SA-PMS,/SAs-
mDPG (air), respectively. Fig. 5(b) shows such comparison. We
can see that CO,, Ny, and air can contribute to the swelling of the
PAAmM/SA-DPG particles to different extents. Compared to PAAm/
SA-DPG, the peak values of larger particles (> 10 pum) in PAAm/
SA-PMS,/SAs-mDPG (CO,), PAAm/SA-PMS,/SA;-mDPG (N,), and
PAAmM/SA-PMS,/SA3;-mDPG (air) increase from 81 to 118, 153,
and 224 pm, respectively. This indicates that CO, exhibits the most
promising effect, while N, has the least effect on swelling gel par-
ticles. The distinct swelling effects arise from the different abilities
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of these gases to contribute hydrogen ions (H"). Specifically, the
dissolution of CO, in PAAm/SA-DPG can provide the largest
amount of H*, which can facilitate the hydrolysis of PMS and
strengthen the reactions shown in Figs. 2(b)-(d). In contrast, the
dissolution of air can only provide a much smaller amount of H*,
and the dissolution of N, cannot provide H" at all. Thus, it can be
concluded that the modification of the PAAm/SA-DPG particles is
strongly responsive to CO,, which is a particularly favorable mech-
anism in CCUS applications.

As aforementioned, we hope that the swelling of the particles
used for profile control upon exposure to CO, is irreversible at high
temperatures. PAAm/SA-PMS,/SA3-mDPG is heated at 100 °C for
24 h to examine the effect of high temperatures on the size of
the PAAm/SA-PMS,/SA3-mDPG particles. The aged sample is coded
as PAAm/SA-PMS;/SAs;-mDPG (100 °C). Fig. 5(c) compares the par-
ticle size distributions of PAAm/SA-PMS;/SA3-mDPG and PAAm/
SA-PMS,/SAs-mDPG (100 °C). This figure proves that the gel parti-
cle swelling will not be reversed after being heated at 100 °C for
24 h. It is interesting to observe that the peak value of gel particle
size distribution further increases from 224.95 to 425.89 um. This
result indicates that the new DPG suspension developed in this
study can be used for profile control in high-temperature CCUS
applications. Furthermore, the effect of water salinity on the gel
particle swelling is also examined, as shown in Fig. S3 in Appendix
A. In the experiments, the gel particles are modified in distilled
water and saline water with a salinity of 2.5 x 10° parts per million
(ppm), respectively. In the saline water, the concentration of diva-
lent cations is 0.4 x 10 ppm. From the testing results, it can be
concluded that a high salinity environment will inhibit gel particle
swelling. Despite this, the modification enables the gel particles to
swell about twice their original size in the saline water.

Fig. 5(d) presents the TGA results of the PAAm/SA-DPG and
PAAmM/SA-PMS,/SAs-mDPG particles. We can observe that the
decomposition onset temperatures of the PAAm/SA-DPG and
PAAmM/SA-PMS,/SA3-mDPG particles are 200 and 240 °C, respec-
tively. The PAAm/SA-DPG particles lose their weight by 12.97%
when being heated to 200 °C and further lose their weight by
35.34% when temperature reaches 500 °C. In contrast, the weight
losses of the PAAm/SA-PMS,/SAs-mDPG particles at 240 and
500 °C are 13.68% and 35.95%, respectively. The elevated decompo-
sition onset temperature and reduced mass loss of the PAAm/SA-
PMS,/SA3-mDPG particles demonstrate that they exhibit a stronger
thermal ability than the PAAm/SA-DPG particles. In addition, Figs.
5(e) and (f) show the digital images of the two samples after being
heated to 500 °C. It can be seen that the PAAm/SA-DPG particles
crumble into pieces when being slightly touched by a tweezer.
However, the PAAm/SA-PMS,/SA3;-mDPG particles are quite hard
and can be easily clamped by a tweezer. This comparison further
indicates  that the PAAm/SA-PMS,/SAs-mDPG  particles
have a much stronger high-temperature resistance than the
PAAm/SA-DPG particles. This is attributed to the silsesquioxanes
(SS, CHsSiO;5) coating generated in the modification process,
which has a good thermal insulation ability [47]. It can protect
the internal PAAm/SA-DPG particles from being decomposed at
high temperatures, as schematically illustrated in Fig. 5(g). This
property is very useful because it helps gel particles effectively
plug high-permeability channels in high-temperature reservoirs.
In addition, the SS coating is widely used for fabricating waterproof
materials due to its hydrophobic property [48]. In our work, we
drop a water droplet on the surface of the PAAm/SA-PMS,/SAs-
mDPG particles to determine their wettability (Fig. S4 in Appendix
A). The measured contact angle is around 138, indicating that the
particles are hydrophobic. This observation further proves the suc-
cessful generation of the SS coating.

Furthermore, some modified DPG suspensions with PMS-to-SA
mass ratios of 2:1.875, 2:1.5, and 2:1.25 are prepared. It is interest-
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ing to find that some precipitate-like substances appear in these
suspensions (Fig. 6(a)). In contrast, there are no precipitate-like
substances in PAAm/SA-PMS,/SA;s-mDPG and PAAm/SA-PMS,/
SA;-mDPG (Fig. 6(b)). One possible ingredient of the precipitate-
like substances is iron(Ill) hydroxide (Fe(OH)s3), since the hydroly-
sis of PMS may produce hydroxyl ions (OH™) which can react with
the Fe(III) ions. To determine the compositions of the precipitate-
like substances in PAAmM/SA-PMS;/SAs75-mDPG, we first cen-
trifuge the suspension and freeze-dry the centrifuged sample.
Then, the FTIR spectrum of the precipitate-like substances is
obtained and compared with that of the PAAmM/SA-PMS,/SAs-
mDPG particles, as shown in Fig. S5 in Appendix A. The trends of
the two spectra are almost identical, indicating that they contain
similar functional groups. One way to determine whether the
precipitate-like substances contain Fe(OH); is to remove Fe*" in
the modification process. Thus, a new hydrogel is prepared follow-
ing the same procedure used for preparing PAAm/SA-Gel, without
immersing the bulk hydrogel in FeCl; solution. As a result, the
PAAm network in this gel is crosslinked by MBAA, but the SA net-
work is un-crosslinked by Fe3*, leading to the so-called semi-
interpenetrating network [49]. This gel is coded as PAAm/unSA-
Gel. The structure of PAAm/unSA-Gel is schematically given in
Fig. S6 in Appendix A. A PAAm/unSA-DPG suspension is prepared
by shearing PAAm/unSA-Gel in water. Then, the PAAm/unSA-DPG
particles are modified by adding PMS with different PMS-to-SA
mass ratios and purging CO,. The modified PAAm/unSA-DPG sus-
pensions with PMS-to-SA mass ratios of 2:7.5, 2:3, 2:1.875, 2:1.5,
and 2:1.25 are coded as PAAm/unSA-PMS,/SA; s-mDPG, PAAm/
unSA-PMS,/SA;-mDPG, PAAm/unSA-PMS,/SA; g75-mDPG, PAAm/
unSA-PMS;/SA;5s-mDPG, and PAAm/unSA-PMS,/SA;,5-mDPG,
respectively. Fig. S7 in Appendix A provides the images of these
DPG suspensions. As seen in Fig. S7, precipitate-like substances still
appear when the PMS-to-SA mass ratio is higher than 2:1.875.
These observations prove that the precipitate-like substances are
the re-crosslinked gel particles rather than Fe(OH); precipitates,
as PAAm/unSA-DPG does not contain iron(Ill) ions. Therefore, we
can conclude that there are two modes of gel particle modification
when varying the PMS-to-SA mass ratio. When the PMS-to-SA
mass ratio is lower than 2:1.875, multiple SS coating layers can
be formed on the gel-particle surfaces, as illustrated in Fig. 6(c).
In this case, the gel particles swell without forming the
precipitate-like substances (Fig. 6(b)). When the PMS-to-SA mass
ratio exceeds 2:1.875, the precipitate-like substances will appear,
as evidenced by Fig. 6(a). This phenomenon is caused by the exces-
sive PMS which acts as a re-crosslinker to congregate the sus-
pended gel particles (Fig. 6(d)).

3.5. Plugging performance

Two core flooding experiments are conducted to test the abili-
ties of PAAm/SA-DPG and PAAm/SA-PMS,/SA;-mDPG in plugging
high-permeability sandpacks. The apparatus used in the experi-
ments is displayed in Fig. 7(a). Fig. 7(b) shows the pressures
recorded at 5 and 80 c¢m respectively of sandpack #1 during three
stages: initial water flooding, PAAm/SA-DPG injection, and chasing
water flooding. At the end of the initial water flooding, the initial
permeability, porosity, and pore volume of sandpack #1 are mea-
sured to be 20.52 um?, 31.47%, and 618 mL, respectively. The sub-
sequent PAAm/SA-DPG injection leads to increases in the pressures
at the two locations, suggesting that the PAAm/SA-DPG particles
form plugging within the sandpack. The pressures at 5 and
80 cm gradually decrease with the injection of chasing water and
finally stabilize at 5.6 and 0.6 psi, respectively. Fig. 7(c) displays
the pressures recorded at the same locations of sandpack #2 dur-
ing three stages: initial water flooding, mixture (PAAm/SA-DPG
and PMS) injection, and chasing water flooding. The measured
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initial permeability, porosity, and pore volume of sandpack #2 are
30.78 pum? 30.56%, and 600 mlL, respectively. The pressures
increase during the mixture injection due to the plugging effect
yielded by the PAAm/SA-DPG particles. CO, is subsequently
injected and retained in sandpack #2 for 48 h, followed by chasing
water flooding. The pressures at the two locations experience a
remarkable increase at the earlier stage of the chasing water flood-
ing. Further injection of chasing water decreases the pressure pro-
files. Finally, the pressures at 5 and 80 cm reach 22.5 and 9.8 psi,
respectively. We can also see from Figs. 7(b) and (c) that the pres-
sure difference between the location at 80 cm and the outlet loca-
tion at 100 cm in sandpack #2 reaches 9.8 psi; this is much higher
than that achieved in sandpack #1 (0.6 psi). Correspondingly, the
permeabilities over the 80-100 cm section of the two sandpaks
are 16.41 and 24.62 D (1 D ~ 0.9869 x 10712 m?), respectively. After
being plugged by the gel particles in PAAm/SA-DPG and the mod-
ified gel particles, the permeabilities of over the same section of
the two sandpaks are reduced to 8.21 and 0.50 D, respectively. This
reveals that the deeper part (80-100 cm) of sandpack #2 is much
more effectively plugged. To effectively plug the deeper part of a
reservoir is essential for achieving in-depth profile control [50].
Using the above experimental data, the reduced permeabilities
of the two sandpacks and the plugging efficiencies of the two DPG
recipes can be calculated (Fig. 7(d)). The permeability of sandpack
#1 is reduced from 20.52 to 3.69 um? due to the injection of the
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PAAmM/SA-DPG particles. The plugging efficiency of PAAm/SA-DPG
is calculated to be 82.8%. In contrast, the use of the PAAm/SA-
PMS,/SA3-mDPG particles in sandpack #2 reduces the permeability
from 30.78 to 1.45 um?, providing a much higher plugging effi-
ciency of 95.3%. Moreover, the residual resistance factors of the
PAAmM/SA-DPG and PAAm/SA-PMS,/SAs-mDPG suspensions are
determined to be 5.56 and 21.23, respectively. These results reveal
the promising performance of the PAAmM/SA-PMS,/SA3-mDPG sus-
pension in plugging the ultra-high permeability porous media.
Fig. 7(e) schematically illustrates how this new recipe works in
the pore spaces. The PAAm/SA-DPG particles are distributed in
the pores, forming mild plugging after the mixture injection. The
particles are then modified to become PAAmM/SA-PMS,/SAs-mDPG
particles due to the exposure to CO, in the presence of PMS. The
modified particles have much larger sizes than the unmodified par-
ticles, thereby providing a much stronger plugging performance.

4. Conclusions

In this work, a novel DPG suspension for profile control in high-
temperature CCUS applications is developed. This new DPG sus-
pension is developed by modifying the particles of a strong
double-network hydrogel using CO, and PMS with a PMS-to-SA
mass ratio of 2:3. The modification swells the double-network

PAAM/SA-PMS,/
SA,-mDPG

PAAM/SA-PMS,/
SA, ~-mDPG

Particles re-crosslinking

PAAmM/SA-Gel particle

(d)

Fig. 6. Digital images of DPG suspensions and different modes of gel particle modification: (a) digital images of PAAm/SA-PMS,/SA1 s75-mDPG, PAAmM/SA-PMS,/SA; s-mDPG,
and PAAmM/SA-PMS,/SA; »5-mDPG; (b) digital images of PAAm/SA-PMS,/SA75s-mDPG and PAAm/SA-PMS,/SA3-mDPG; (c) schematic illustrating the mode of gel particle
modification when the PMS-to-SA mass ratio is lower than 2:1.875; (d) schematic illustrating the mode of gel particle modification when the PMS-to-SA mass ratio exceeds

2:1.875.
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hydrogel particles by over two times, and such swelling is irre-
versible at high temperatures. Meanwhile, the modification greatly
improves the thermal stability of the double-network gel particles
by forming SS coating layers on their surface. These two properties
enable the new DPG particles to be more favorable for high-

138

temperature CCUS applications than the conventional CO,-
responsive gel particles. Interestingly, the suspended gel particles
can be re-crosslinked if the PMS-to-SA mass ratio is further
increased, since PMS can act as a re-crosslinker at higher concen-
trations. In addition, modifying the double-network gel particles
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within porous media helps yield a high plugging efficiency of
95.3%, whereas the plugging efficiency of the unmodified gel parti-
cles is only 82.8%. The unique characteristics of high swelling ratio,
irreversible swelling at high temperatures, improved high-
temperature stability, and high plugging efficiency of the new
DPG suspension allow it to be a promising candidate for profile
control in high-temperature CCUS applications.
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