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A B S T R A C T   

For CO2 storage in subsurface reservoirs, one of the most crucial requirements is the ability to remediate the 
leakage caused by the natural fractures or newly generated fractures due to the increasing pore pressure asso-
ciated with CO2 injection. For CO2 Enhanced Oil Recovery (EOR), high conductivity features such as fractures 
and void space conduits can severely restrict the CO2 sweep efficiency. Polymer gels have been developed to plug 
the leakage and improve the sweep efficiency. This work evaluated a CO2 resistant branched self-healable 
preformed particle gel (CO2-BRPPG) for CO2 plugging purpose. This novel CO2-BRPPG can reform a mechani-
cal robust adhesive bulk gel after being placed in the reservoir and efficiently seal fractures. In this work, the 
swelling kinetics, self-healing behavior, thermal stability, CO2 stability, rheology, adhesion property and plug-
ging performance of this novel CO2-BRPPG were studied in the laboratory. Results showed that this CO2-BRPPG 
has good self-healing abilities, and the self-healed bulk gel has excellent mechanical and adhesion strength. Gel 
with a swelling ratio of ten has an elastic modulus of over 2000 Pa, and the adhesion strength to sandstone is 1.16 
psi. The CO2-BRPPG has good CO2 phase stability at 65 ◦C, and no dehydration was observed after 60 days of 
exposure to 2900 psi CO2 at 65 ◦C. Core flooding test proved that the swelled particles could reform a bulk gel 
after being placed in the fractures, and the reformed bulky gel has excellent CO2 plugging efficiency. The su-
percritical CO2 breakthrough pressure gradient was 265 psi/feet (5.48 MPa/m). This work could offer the 
experimental basis for the field application of this CO2-BRPPG in CO2 storage and CO2 enhanced oil recovery.   

1. Introduction 

Global climate change caused by anthropogenic carbon dioxide 
emission is one of the main challenges faced by industrial countries. 
Several methods have been developed to address the significant increase 
in CO2 emissions, such as CO2 capture and sequestration, where CO2 was 
safely stored in saline aquifers, depleted oil and gas reservoirs or other 
underground geological formations with adequate pore space, good 
connectivity, and impermeable caprock [1–9]. Among all these 
methods, CO2 sequestration in depleted oil and gas reservoirs was 
considered the most efficient and economical method because the res-
ervoirs’ geological and petrophysical properties have been well diag-
nosed during the drilling and production process [7,10–12]. In addition, 
the CO2 enhanced oil recovery is highly valued in the petroleum in-
dustry due to its low cost, high efficiency in oil recovery improvement, 
and broad applicability [7,10]. It was estimated that during the CO2 

EOR process, 3 kg of CO2 could be sequestrated with 1 kg of oil being 
produced [13]. 

However, the high conductivity features are a significant challenge 
that threatens CO2 sequestration and CO2 flooding. The existence of high 
conductivity features such as natural fractures and void space conduits 
could substantially deteriorate the CO2 sequestration and flooding effi-
ciency [1,14]. CO2 could flow or leak through these high conductivity 
features and result in early and excessive CO2 production and unsuc-
cessful sequestration treatment. Polymer gel treatment as a cost- 
effective method has been deployed in the oil industry to reduce 
excessive water or gas production and improve oil recovery [15]. In situ 
gel and preformed particle gels (PPG) are two types of gel systems that 
are commonly used in fields. The in-situ gel treatment involves simul-
taneous or sequential polymer and crosslinker solution injection. The 
polymer and crosslinker solution can change to gel under reservoir 
conditions, physically diverting the post-injected water or gas [16]. The 

* Corresponding author. 
E-mail address: baib@mst.edu (B. Bai).  

Contents lists available at ScienceDirect 

Chemical Engineering Journal 

journal homepage: www.elsevier.com/locate/cej 

https://doi.org/10.1016/j.cej.2022.136635 
Received 7 March 2022; Received in revised form 23 April 2022; Accepted 25 April 2022   

mailto:baib@mst.edu
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2022.136635
https://doi.org/10.1016/j.cej.2022.136635
https://doi.org/10.1016/j.cej.2022.136635
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2022.136635&domain=pdf


Chemical Engineering Journal 444 (2022) 136635

2

in-situ gel systems have good performance in blocking high permeability 
matrix and tiny fractures [17,18]. Martin reported that the gel composed 
of 3.6% of polymer and 0.07% of dichromate, 0.21% of sodium thio-
sulfate has a CO2 plugging efficiency of 84.1% in the first cycle of CO2 
flooding at 40.6 ◦C under 1500 psi [19]. Seright reported that a gel 
system composed of 1.39% of polymer and 0.0212% of Cr (III) could 
efficiently decrease CO2 permeability in the first cycle of CO2 injection. 
However, the plugging efficiency gradually decreased with the increase 
of water alternative gas (WAG) cycles. The plugging efficiency under 
900 psi of CO2 in the first, second and third cycles of WAG was 99.98, 
99.8 and 92.8%, respectively [15]. Taabbodi evaluated two kinds of Cr 
(III)-based gel systems, one is 0.72% of high molecular weight polymer 
and 0.03% of Cr (III), and the other is 5% low molecular weight polymer 
and 0.42% of Cr (III) at 40 ◦C under 1200 psi. Results showed that both 
gel systems could reduce the CO2 permeability to over 100 times, and 
the CO2 plugging efficiency can reach up to 99.7% at 40 ◦C under 1200 
psi [20]. Preformed particle gels (PPG), a kind of superabsorbent poly-
mers, are gel particles prepared at a surface facility. They can swell a few 
to several hundred of their original volume in brine. PPG can be selec-
tively placed in fractures due to the controllable particle size and 
deformable characteristics. It can significantly enhance the conformance 
of fractured reservoirs by filling and blocking off the high conductivity 
paths [21–23]. However, only a few publications have reported the 
application of PPG in CO2 flooding projects. For example, One field 
application in the Cowden Unit in Texas showed that the PPG could plug 
the high permeability thief zone for five months [24]. Ze et al. reported 
the application of CO2 responsive PPG in plugging open fractures [25]. 
This water-swellable CO2 responsive PPG could further swell by 
approximately two times in supercritical CO2 conditions, and the CO2 
breakthrough pressure can reach up to 437.2 psi. 

However, for reservoirs with large fractures or void space conduits, 
the effectiveness of in-situ gel and PPGs is usually very limited [26–28]. 
David Smith mentioned that the early field application in Anton Irish 
Clearfork proved that the in-situ gel could not alleviate the excessive 
CO2 production due to the existence of void space conduits and the low 
mechanical strength of the HPAM/Cr (III) gel [27]. The final gel strength 
can be enhanced by increasing the polymer and crosslinker concentra-
tion, but the maximum polymer concentration is usually below 10%. 
This is because the injection pressure increases exponentially with 
polymer concentrations, raising injectivity issues. Too high injection 
pressure might generate new fractures at the near-wellbore regions, 
further aggravating the reservoir heterogeneity. Furthermore, the 
crosslinked gel has a half-decent long-term thermal and phase stability 
under CO2 conditions in matrix plugging treatment, where the in-situ gel 
has a limited contact area with CO2 [29]. However, the stability of the 
in-situ gels decreases precipitously with the increase of gel and CO2 
contact areas, which makes it a poor candidate for CO2 plugging in 
fractured reservoirs, where the polymer gel is directly exposed to CO2 
[30]. In the case of PPG treatment, field application in the West Sak field 
of Alaska proved PPG’s inability to treat reservoirs with void space 
conduits [26]. The gel particles were found in the production separators, 
indicating that the PPG was produced from the void space conduits over 
time because of the lack of particle–particle association and particle rock 
adhesion. In addition, the particle–particle and particle-rock interfaces 
could act like tiny fractures to water and gas if the gel particles were not 
well packed. Furthermore, traditional PPG products are crosslinked 
polyacrylamide, which is unstable under CO2 or supercritical CO2 con-
ditions, and severe dehydration can be observed after long-term CO2 
exposure [31]. The failure mechanism was attributed to the low pH 
condition created by the CO2 [32,33]. 

Our group has recently developed a new CO2-resistant hyper-
branched self-healable PPG (CO2-BRPPG) composed of a high concen-
tration of CO2-resistant monomers. This novel CO2-BRPPG can swell in 
brine solutions and self-healing to form a robust adhesive bulk gel. The 
bulk gel could adhere to the fractures or void space conduits and be 
stable in CO2 and supercritical CO2 conditions. In this paper, we 

systematically evaluated this CO2-BRPPG. First, the effect of salinity and 
pH on the swelling kinetics of CO2-BRPPG was studied. Then, the gel 
strength, tensile and adhesion properties of the CO2-BRPPG to sandstone 
and carbonate were evaluated. Third, the thermal stability and CO2 
stability of the CO2-BRPPG were assessed by monitoring strength 
changes of the self-healed gels at 65 ◦C. Besides, a fractured sandstone 
model was employed to test the plugging efficiency of the CO2-BRPPG to 
supercritical CO2. 

2. Experimental section 

2.1. Materials and a brief description of the CO2-BRPPG 

All chemicals and reagents were purchased from Sigma-Aldrich (St. 
Louis, MO) except as noted. Acrylamide (AM), Ammonium cerium(IV) 
nitrate (CAN), Zirconium acetate solution (16%), L-lysine monohydro-
chloride (Lys-HCl), N,N′-Methylenebisacrylamide (MBA) were used as 
received. 2-acrylamido-2-methylpropanesulfonic acid (AMPS) was 
neutralized to generate AMPS-Na before using. The AMPS-Na prepara-
tion method was listed in the previous work [29]. The CO2-BRPPG 
commercial product provided by Daqing Xinwantong Company was 
used as received without further purification. Cylindrical Berea Sand-
stone core was used for the core flooding test. As shown in Fig. 1, the 
swelled gel has excellent self-healing properties. The two bulk gels can 
re-form a bulk gel after curing for four days at ambient temperatures. 

2.2. Hydrogel synthesis 

CO2-BRPPG hydrogels were prepared by aqueous free-radical poly-
merization, as shown in Fig. 2. A typical synthesis procedure is as fol-
lows: AMPS-Na (12.17 g, 53.14 mmol), AM (34.00 g, 478.87 mmol), 
MBA (0.003 g, 0.019 mmol), Lys-HCl (0.6 g, 3.28 mmol), and Zirconium 
acetate solution (15 g) were dissolved in DI water (105 g). The solution 
pH was adjusted to 3.5 with dilute nitric acid. The solution was trans-
ferred into a kettle reactor and sparged with Argon for 30 min before 
adding initiators. The polymerization was triggered by adding CAN (0.3 
g, 0.55 mmol), and the reaction was continued for 48 h at ambient 
temperature. The resulting bulk gel was cut into cubes, dried at 65 oC 
and crushed into particles. 

Spectroscopic analysis was carried out on the CO2-BRPPG. The gel 
sample was freeze-dried before measurement. Fourier transform 
infrared spectroscopy (FT-IR) spectra was recorded between 4000 and 
400 cm− 1 using Nicolet iS50 FT-IR spectrometer (Thermo Fischer 
Scientific). 

2.3. Swelling kinetics 

The dynamic swelling kinetics was evaluated by immersing the gel 
particles into different brines. A vibrating shaker was used to simulate 
the dynamic swelling process. The volume of CO2-BRPPG was recorded 
periodically. In addition, the effect of salinity and pH on the swelling 
kinetics was studied. The swelling ratio was calculated using equation 
(1), where Vt is the volume of CO2-BRPPG at different time, Mo is the 
weight of the dried CO2-BRPPG. 

SR = Vt/Mo (1)  

2.4. Self-healing test 

The effect of salinity and swelling ratio on the self-healing time was 
studied. The precise evaluation methods were listed in our previous 
work [34]. The beginning time was when a weak association occurred 
between different particles, and the ending time was when the gel 
strength did not increase with time. 
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2.5. Rheological, tensile and adhesion test 

The rheological properties of the CO2-BRPPG were tested using the 
Haake MARS III rheometer (Thermo Scientific Inc.). The spindle used in 
this process was P35Ti L, and the gap was set at 1 mm. The test was 
selected as the oscillation time-dependent experiments model with a 
fixed frequency of 1 Hz and a controlled strain of 1% to obtain elastic 
modulus (G’) and viscous modulus (G’’). G’ was used to evaluate the 
strength of the gel. 

All the tensile stress–strain measurements were performed on an 
Instron 3400 (max load 5 kN). Samples were cut into rectangular sheets 
(25*15*5 mm). The loading rate of the tensile test was 100 mm/min. 
The adhesion strength between rock and gel was studied by testing the 
detaching strength. A hook was glued at one side of the rock using epoxy 
glue, and the other side was attached to the self-healed CO2-BRPPG. A 
spring scale was used to test the detach force after four days of curing at 
45 ◦C, and the adhesion strength was calculated using equation (2), 
where F (N) is the maximum strength during the detach test, A (m2) is 
the interaction area between gels and rock. 

Padhesion =
F
A

(2)  

2.6. Thermal and CO2 stability evaluations 

The long-term thermal stability evaluation was carried out using 

ampoules. After adding the gel slurry into the ampoule, argon was 
purged into the slurry to remove oxygen for 20 min before sealing. The 
volume of the gel was monitored during the long-term thermal stability 
test. High temperature and high-pressure stainless-steel vessels were 
deployed to evaluate the CO2 stability of the CO2-BRPPG. A pump and 
an accumulator were employed to fill the vessel with CO2. A typical CO2 
exposure experiment is as follows: 15.0 g of fully reassembled gel was 
placed in the vessel. Then the vessel was connected to an accumulator 
pre-filled with CO2 (1300 psi). After that, we use a pump to transfer the 
CO2 from the accumulator to the vessel till the vessel pressure reachs 
1300 psi. Next, we seal the vessel, stop the pump, and put the vessel in a 
pre-heated 65 ◦C oven. After 12 h of aging, we release some CO2 to let 
the pressure drop to 2900 psi. 

2.7. Core flooding test 

Core flooding experiments were carried out to test the plugging ef-
ficiency of this novel CO2-BRPPG to supercritical CO2. A round sand-
stone core was cut through the center to create an artificial fracture, and 
two stainless-steel strips were used to support the fracture. The core was 
precoated with epoxy glue to prevent the CO2-BRPPG from penetrating 
into the matrix. The parameters of the core and experiment setup are 
shown in Fig. 3. 

The CO2-BRPPG injection and supercritical CO2 flooding were per-
formed with a system pressure of 1100 psi, and a backpressure regulator 

Fig. 1. Self-healing behavior of the CO2-BRPPG.  

Fig. 2. General synthetic scheme for CO2-BRPPG hydrogel synthesis.  
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was employed to maintain the system pressure. The experiment pro-
cedure is as follows. First, the dried gel particle was swelled in 1% NaCl. 
Then, the gel particle slurry was placed in the fracture with an injection 
rate of 0.5 mL/min. After that, the core was aged at 45 ◦C for four days to 
cure the gel slurry fully. Next, a stepwise breakthrough test was per-
formed to test the breakthrough pressure using supercritical CO2. The 
breakthrough pressure was the pressure when the first drop of fluid 
came out of the core outlet. Finally, after breakthrough, the injection 
rate was sequentially changed to different flow rates and the stable 
pressure for each flow rate was recorded to calculate the residual 
resistance factor, Frr, using the following equation 3–5. 

Frr =
kinitial

kafter
(3)  

kinitial =
h2

12
(4)  

kafter =
q × μ × L
A × ΔP

(5)  

Where kinitial is the initial permeability of the fracture and kafter is the 
fracture permeability after gel treatment. kinitial and kafter were calculated 
using the above equations, h is the height of the fracture (µm), q is the 
flow rate (cm3/s), µ is the viscosity of the liquid (cp), L is the length of 
the core (cm), A is the cross-sectional area (cm2) of the fracture, and ΔP 
is the pressure change (atm). 

The self-healing property of the CO2-BRPPG was studied by pushing 
the bulky gel through a slotted disk model. The experiment setup is 
shown in Fig. 4. The bulky gel was compressed by a piston with different 
pressure, and the self-healing behavior and dehydration volume were 
recorded. 

3. Results and discussion 

3.1. CO2-BRPPG preparation 

The CO2-BRPPG is a crosslinked branched poly AM-co-AMPS, which 
can re-crosslink/re-assemble through the association between the 
polymer chains and the pre-embedded Zr (IV). Fig. 5 shows the FT-IR of 
the CO2-BRPPG. The peaks around 3190 and 3334 cm− 1 are identified as 
the absorption band of amine groups from AM, AMPS and Lys-HCl. The 
peaks around 1186 and 1041 cm− 1 are assigned to the absorption band 
of sulfonic groups. 

The CO2 resistance was achieved by introducing anionic monomer 

AMPS, which is insensitive to the acidic condition created by the CO2. 
Both field and lab tests have proved the poor stability of PAM and HPAM 
under CO2 conditions, and the addition of AMPS could improve the gels’ 
stability under CO2 conditions [30,33,35]. The self-healing ability was 
attributed to the association between the pre-embedded Zr (IV) ions and 
polymer chains. Several ions such as B, Fe, Co, Al, Cr, and Zr have been 
applied to generate self-healing materials [36–39]. These ions could 
interact with the polymer chains through electrostatic attraction and 
endow the polymer gels with self-healing ability. 

3.2. Swelling kinetics 

CO2-BRPPG dry particles with the size of 2–4 mm were used for the 
swelling kinetic evaluations. The swelling kinetic assessment was con-
ducted in NaCl and CaCl2 brine solutions and simulated Oman seawater. 
Fig. 6 (a) demonstrates the effect of salinity on the swelling kinetic and 
equilibrium swelling ratio. The CO2-BRPPG took around 5 h to reach the 
equilibrium swelling ratio. The equilibrium swelling ratio in 1% NaCl, 
1% CaCl2 and Oman seawater (Total dissolved solid 42280 mg/L, Ca2+

and Mg2+, 1902 mg/L) were 42, 35 and 34, respectively. The swelling 
rate of a polymer gel is mainly affected by the osmatic pressure and 
elastic retractive force applied to the polymer network [40]. The os-
motic pressure decreases as the number of ions diffuse into the polymer 

Fig. 3. Schematic of core flooding setup.  

Fig. 4. Schematic of breakthrough experiment setup.  
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network. Meanwhile, the polymer chains change from an un-strained 
state to an elongated configuration. Eventually, a state of equilibrium 
swelling is achieved in which the net force applied to the polymer 
network is zero. In addition, high salinity could delay the swelling rate 
and reduce the equilibrium swelling ratio. The polymer chains in high 
salinity solutions were highly compressed, and the electric repulsion 
between polymer chains was also hindered [41,42]. Fig. 6 (b) shows the 
effect of temperature on the swelling rate and equilibrium swelling ra-
tios. The swelling rate gradually increases with temperature and the 
equilibrium swelling ratio increases from 34 to 38.5 as the temperature 
increases from 23 to 45 ◦C. 

The effect of solution pH on the equilibrium swelling ratio was also 
studied as shown in Fig. 7. Again, 1% NaCl solution was used, and the pH 
was adjusted by adding dilute HCl or NaOH solution. Fig. 5 demon-
strates that solution pH does not significantly affect the equilibrium 
swelling ratio. 

3.3. Self-healing behavior evaluation 

The effect of salinity and swelling ratio on the self-healing time was 
evaluated in this section. As indicated in Fig. 8 (a), the starting time 

decreased as the swelling ratio and salinity increased. However, the 
ending time decreased with the increase of the swelling ratio. For 
example, in 1% of NaCl solution, the gel particles began to self-heal after 
2.5 h with a swelling ratio of 10, and the gel strength became constant 
after curing at room temperature for four days. However, the ending 
time decreased to two days when the swelling ratio increased to 30. It 
should also be mentioned that high salinity can delay the swelling 
process and hinder the self-healing speed because of the charge 
screening effect [43]. High salinity, especially the divalent cations, can 
compress the polymer chains and reduce the reactivity of the carbox-
ylate groups by generating sodium/calcium carboxylate [42,44,45]. In 
addition, the diffusion rate of the secondary crosslinker/reassembling 
agent in the high salinity solutions was also hindered because of the less 
stretched polymer network structure and charge screening effect. Fig. 8 
(b) shows the self-healing behavior at different temperatures. The self- 
healing time gradually decreased as the increase of temperature. The 
self-healing starting time decreased from 3 h to 80 mins as the tem-
perature increased from 23 to 45 ◦C. 

A fracture model was deployed to study the extrusion and self- 
healing behaviors of the CO2-BRPPG. As shown in Fig. 9, the CO2- 
BRPPG began to be produced from the fractures at 20 psi, and the 
extrudate formed a thick gel cake at 40 psi. After extruding through the 
fractures, the normal stresses perpendicular to the flow direction are 

Fig. 5. FT-IR spectrum of CO2-BRPPG, crosslinked copolymer of AM and AMPS.  

Fig. 6. Dynamic swelling kinetics of CO2-BRPPG in different (a) brine solutions, (b) temperatures.  

Fig. 7. Effect of pH on the equilibrium swelling ratio.  
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relieved, and the extrudate begins to swell and expand. Therefore, the 
strip-shaped gels formed at the beginning gradually transformed into 
disc-shaped gels. The boundary between the extrudates disappeared, 
and a uniform bulky gel was re-formed after curing at room temperature 
for 20 h. In addition, no dehydration was observed during the test. 

3.4. Gel strength responding to salinity and swelling ratio 

Factors affecting gel strength were studied in this section. Elastic 
modulus was deployed to evaluate the gel strength. All tests were per-
formed in linear viscoelastic regions, as shown in Fig. 10. The gel 
strength gradually decreases with the increase of the swelling ratio. For 
example, the CO2-BRPPG with a swelling ratio of 3 forms a solid rubber- 
like bulk gel after self-healing, which also has potential application in 
wellbore leakage control. Fig. 11 shows the effect of salinity and tem-
peratures on the gel strength. The salinity has a negative impact on the 
gel strength. For example, the gel strength in 1% NaCl, CaCl2 and Oman 
seawater at 23 ◦C were 2194, 1951 and 1865 Pa, respectively. It should 
be noted that the gel strength increases precipitously with temperature. 
The elastic modulus at 65 ◦C increased to 2776 Pa, which is 1.27 times 
stronger than the gel at 23 ◦C for the sample prepared in 1% NaCl with a 
swelling ratio of 10. 

Fig. 8. Effect of (a) salinity and swelling ratio (b) temperature on the self-healing time.  

Fig. 9. Self-healing phenomena of the CO2-BRPPG.  Fig. 10. Elastic modulus of the CO2-BRPPG.  

Fig. 11. G’ as a function of salinity and temperature.  
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3.5. CO2 and thermal stability evaluations 

The thermal stability of CO2-BRPPG has been evaluated at 65 ◦C in 
1% NaCl for more than 200 days with variable swelling ratios. As shown 
in Fig. 12, the CO2-BRPPG with swelling ratios of 10, 20 and 30 
remained stable so far after being aged for more than 200 days. The fully 
swelled gel becomes partially flowable after 200 days of aging. How-
ever, it is noteworthy that no syneresis/dehydration was observed 
during the aging test. 

Fig. 13 shows the CO2 stability test results. The testing temperature 
was 65 ◦C, and the testing pressure was 750, 1300, and 2900 psi. The gel 
strength gradually increases with the extension of CO2 exposure time 
and the increase of CO2 pressure. For example, the gel strength increased 
by almost 20% after 60 days of aging under 2900 psi. The polymer gels 
expanded and changed to a porous foam gel during the degassing pro-
cess, as depicted in Fig. 14. When the gels were removed from vessels, 
we checked whether there existed water in the vessels due to gel 
dehydration, and we did not observe any water left in the vessel. 
However, there is a tiny increase in the gel strength after exposure. One 
possible reason is that during the degassing process, the highly com-
pressed dissolved CO2 expands and flows out from the gel phase and 
generates a lot of tiny bubbles in-situ, resulting in an extremely porous 
structure. Therefore, the dense porous network further enhances the 
elasticity and strength of the polymer gels. 

We also characterized the microstructure of the self-healed CO2- 
BRPPG before and after CO2 exposure. Fig. 15 shows the gel network 
structure after 60 days of exposure to 2900 psi CO2 at 65 ◦C. The 
polymer gel network structure collapsed slightly after exposure, but it 
still maintained its network integrity. This also confirmed that the CO2- 
BRPPG was stable in supercritical CO2 conditions. 

3.6. Supercritical CO2 plugging test 

The plugging performance was mainly controlled by two factors: the 
mechanical strength of the gel plugs and the adhesion strength between 
the gel plugs and rocks. A fractured sandstone model was deployed to 
evaluate the plugging performance of the CO2-BRPPG. 

Fig. 16 shows the core-flooding test of the CO2-BRPPG. The super-
critical CO2 breakthrough pressure was 265 psi/feet (5.48 MPa/m). 
After the supercritical CO2 breakthrough, as the injection rate increased 
from 1 to 100 feet/day, the Frr decreased from 107 to 105, and the 

plugging efficiency reached over 99.99%. As shown in Fig. 16 c, we can 
still find a large amount of sticky gel remaining on the fracture surface 
even after the supercritical CO2 breakthrough and Frr tests. In contrast, 
the breakthrough pressures of the conventional PPG are usually less than 
50 psi/feet (1.03 MPa/m), and large amounts of gel particles were 
pushed out from the fracture after the water breakthrough [46]. This is 
because PPG lacks particle–particle association and particle rock adhe-
sion. There is no strong physical or chemical interaction between 
different gel particles that could enhance the particle association. 

According to coating chemistry, the adhesion strength between 
polymers and rocks increased with the increase of the flexibility and 
polarity of the polymer gels [47,48]. For this novel CO2-BRPPG, the 
primary network built by the MBA is loose. Thus, it is much easier for the 
CO2-BRPPG to penetrate into the micro-pores of the rock surface with 
the external pressure, and the adhesion was further enhanced by me-
chanical interlocking, as shown in Fig. 17 [48]. Besides, the polarity of 
the CO2-BRPPG was greatly enhanced by adding the ionic re-assembling 
agent. Thus the polymer gels can better interact with the polar groups on 
the rock surface, such as hydroxyl groups. Therefore, the polymer gel 
and rock adhesion behavior are greatly enhanced. 

3.7. Tensile and adhesion tests 

Most publications only emphasized the importance of mechanical 
strength in the fracture plugging treatment, but the adhesion behavior of 
the gels should be treated equally. This is because the adhesive force is 
another crucial factor determining the residual volume of polymer gels 
in the fracture after the water or gas breakthrough. 

Therefore, to better explain the core flooding result, we studied the 
tensile and adhesion behavior of this CO2-BRPPG. Fig. 18 shows the 
tensile behavior of the CO2-BRPPG. The maximum load pressures of 
CO2-BRPPG with swelling ratios 3, 5, 10 and 20 were 4.7, 2.8, 1.3 and 
0.5 N, respectively. Besides, the CO2-BRPPG with a swelling ratio of 10 
did not break during the test. Therefore, we demonstrated that the CO2- 
BRPPG has excellent mechanical strength and elasticity through gel 
strength and tensile tests. 

The adhesion strength of the CO2-BRPPG was evaluated by 
measuring the detaching strength. Gels with swelling ratios of 10, 20, 
and 30 were used for the adhesion strength test. As depicted in Fig. 19, 
the adhesion strength decreased with the increase of the swelling ratio. 
In the case of sandstone, the adhesion strength gradually reduced from 
1.156 to 0.289 psi as the swelling ratio increased from 10 to 30. This is 
because the polymer concentration decreases with the increase in the 
swelling ratio. The increased swelling ratio caused a dilution of the Fig. 12. Gel appearance after 200 days of aging at 65 ◦C.  

Fig. 13. Gel strength changes during the CO2 stability tests.  
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entanglement structure, excessively lowering the modulus and making 
the material too fluid-like, leading to a decrease in adhesion [49]. In 
addition, the CO2-BRPPG has better adhesion behavior to sandstone 
over carbonate. This is because the sandstone is mainly composed of 
quartz, and the surface is usually negatively charged with abundant -Si- 
OH groups which facilitate the association between positively charged 
Zr (IV), and –NH3

+ [50]. However, the carbonate rocks are composed of a 
full Ca/Mg chemical gradient from limestone to dolomite, and the car-
bonate rock is usually positively charged because of the adsorbed Ca/Mg 
ions on the rock surface [51–53]. Furthermore, the adsorbed Ca/Mg ions 
on the rock surface could compete with Zr (IV), and –NH3

+for the hy-
droxyl groups, which impairs the association strength between polymer 
gels and rock surfaces. Therefore, the polymer gels have better adhesion 
behavior to sandstone over carbonate. CO2-BRPPG with a swelling ratio 
of 10 has the highest adhesion strength, which is around four times 
higher than the gel with a swelling ratio of 30. The results demonstrated 

that this novel CO2-BRPPG has excellent adhesion to rocks, proving the 
plugging mechanism mentioned above. 

3.8. Further discussion 

In the case of rock matrix treatment, in-situ gel systems are often 
used to alleviate reservoir heterogeneity. In-situ gel treatment involves 
injecting low concentration polymer (0.1 ~ 3 wt%) solution and cross-
linker solution, and the hybrid solution could change to gels under 
reservoir conditions. Under the scenario of no CO2 breaking through the 
gel phase, the crosslinked polymer gels have good CO2 plugging effi-
ciency and long-term stability because of limited contacting areas with 
supercritical CO2 [20,54]. However, after the CO2 breakthrough, the 
plugging efficiency decreased dramatically, and severe degradation and 
syneresis can be observed. This is because, after the CO2 breakthrough, 
one or several channels were created in the gel phase, which resulted in 

Fig. 14. High pressure-resistant stainless-steel vessels and gel appearance after long-term CO2 exposure.  

Fig. 15. The microstructure of the CO2-BRPPG (a) before, (b) after two months of exposure to 2900 psi CO2.  
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the increased contacting area between the polymer gels and CO2. 
Therefore, chain degradation and hydrolysis are significantly acceler-
ated under this scenario [55,56] In the case of fracture or void space 
conduits treatment, where polymer gels have more contact area with 
CO2, most gel systems can not provide good CO2 plugging efficiency and 
long-term stability. Moreover, for the in-situ polymer gels, the polymer 
gel can not provide enough resistance to the high-pressure CO2 due to 
the weak gel strength [54]. In addition, conventional PPG products 
suffer severe hydrolysis under supercritical CO2 conditions. Field 
treatment in Cowden Unit in Texas showed that the PPG could plug a 
high permeability thief zone initially, but the treatment was only 
effective for five months [24]. Our group has already done some work 
evaluating the CO2 stability of PPG products. For example, the cross-
linked poly(acrylamide-co-acylate) based PPG is not stable under su-
percritical CO2 conditions, and the dehydration ratio ranges from 7 to 
55% depending on the salinity and exposure duration [31]. On the other 

hand, the CO2 stability of PPG can be improved by introducing CO2- 
resistant monomers such as 2-acrylamido-2-methylpropanesulfonic acid 
and Sodium 4-vinylbenzenesulfonate [25]. The PPG with CO2-resistant 
monomers has excellent supercritical CO2 stability, and the swelling 
ratio and elastic modulus remained constant during the 6-month aging 
test. 

Compared with these gel systems, current CO2-BRPPG is a unique 
product with self-healing ability, high mechanical strength and adhesion 
behavior, which could be a potential candidate for the CO2 plugging and 
CO2 sequestration in reservoirs with fractures and void space conduits. 

4. Conclusions 

A novel branched self-healable preformed particle gel system was 
systematically evaluated in this work to see whether it can be used to 
plug fractures in CO2 flooding and CO2 storage reservoirs. The effect of 

Fig. 16. Fractured core flooding test (a) injection and breakthrough test, (b) Frr as a function of injection rate, (c) Fracture surfaces after flooding test.  

Fig. 17. The adhesion property of the CO2-BRPPG.  
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pH and salinity on the CO2-BRPPG swelling behavior was studied. CO2- 
BRPPG has an equilibrium swelling ratio of 42 in 1% NaCl solution at 
room temperature. This novel particle gel can re-form a bulky adhesive 
gel in different brine solutions, and the bulky gel also has self-healing 
properties. The self-healed bulk gel has an elastic modulus up to 2194 
Pa with a swelling ratio of 10. The self-healed gel has good thermal and 
phase stability in supercritical CO2 conditions. No syneresis was 
observed during the long-term stability tests. In addition, the CO2- 
BRPPG has good plugging efficiency in the fractured model, and the core 
flooding test showed that the supercritical CO2 breakthrough pressure 
could reach up to 265 psi/feet (5.48 MPa/m). The tensile and adhesion 
tests further explained the excellent plugging efficiency. CO2-BRPPG 
with a swelling ratio of 10 has a maximum load of 1.3 N, and the 
adhesion strength reaches 1.16 psi. The superior mechanical, adhesion 
strength and thermal/phase stability make this CO2-BRPPG a good 
candidate as a plugging material for CO2 storage and CO2 flooding 
projects. 
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