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ABSTRACT: The technology of water plugging and increasing production
in high water cut reservoirs of low permeability is a common problem in the Injection
industry. Epoxy resin, displaying excellent mechanical properties and
adherent performance, can easily inject a tiny crack, forming a long-term
blocking barrier. This study aimed to investigate an easily injectable
degradable epoxy resin sealing material. The injectable performance, long-
term stability, and mechanical and plugging properties were comparatively
analyzed in the fractured core, and the degradable performance was
discussed in the degrading solution. The result showed that the range of R
(R is the ratio of EOG and MHHPA) from 1 to 1.1 and the mass fraction
range of EMI from 0.01 to 4 wt % are the optimal formulations (EOGM).
The curing time from 1 to 12 h could be regulated by adjusting the dosage
of EMI, as well as the strength being more than 60 MPa. The plugging
agent’s initial viscosity is lower than 100 MPa s at 20 °C and injecting
pressure is lower than 0.1 MPa. After curing for 24 h, compressive strength was more than 72.76 MPa, 3.6 times higher than that of
cement, and the adhesion strength was 4.41 MPa when the contact area was 75.93 cm”®. Breakthrough pressures for sealing 1—5 mm
fractures were all more than 10 MPa, and the breakthrough pressure for 1 mm crack even reached 29.4 MPa. Epoxy resin/acid
anhydride system could be degraded in a mixed solution of phenol—potassium salt—heavy aromatics within 7 days at 60—100 °C,
which reduced the plugging well risk of the epoxy resin plugging agent. These results suggest that an epoxy resin/acid anhydride
plugging agent can be employed effectively and safely for the injection of tiny cracks, which is of great engineering significance.
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B INTRODUCTION advancement of field execution, it was believed that the plugging
agent was critical, and its comprehensive performance plays a
crucial role in the application process.”” Nowadays, the
commonly used plugging materials, such as inorganic gels,

Due to a long period of water injection development, the high
water production rate has hampered the development of the oil
and gas industries in recent years.' > The oil and gas reservoirs

formed the high-permeability regions after the long-term organic gels, and cement, for external sealing of horizontal well
injection of water, resulting in the lower mechanical energy casing channeling, casing damage repair of oil and gas wells, and
utilization rate of the injected water and oil and gas production sealing the high moisture content well during the construction of
rate.”> Moreover, other reasons that caused the high water the repeated fracturing had the following problems:"*~'¢ (1)
production rate included cement sheath failure and channeling The conventional plugging agent was diluted easily by oil or
flow outside the horizontal well tube.””” Globally, the annual formation water to induce the ineffectiveness of water plugging.
water production rate of oil and gas reservoirs increased each (2) The driven water readily broke through the sealing zone for
year, which considerably restricted the stabilization and increase the low adhesion strength agent and the surface layer of casing
in oil field production. About 3—4 tons of water was produced pipes, cement sheaths, and rocks. (3) The long-term plugging

per ton of oil produced, and old oil fields produced more water.
The average water content per ton of oil was usually more than 8
tons."’

The technology of water plugging and increasing production
in high water cut reservoirs of low permeability is a common
problem in the industry.”'" To enormously increase reservoir
production, the composite technology of water plugging and
fracturing by plugging first water breakthrough reservoirs and
then fracturing new fractures was proposed, which is beneficial
to long-term stable production. However, with the continuous

performance was poor due to the easy inorganic gel of the water
loss and likely curing shrinkage cement plugging agent. (4) The
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Figure 1. Optimization of the dosage of curing agent and accelerator. (a) Stress—strain curves with different values of R; (b) rupturing stress; (c) gel
fraction with different values of R; (d)—(f) rheology of resin plugging agents; (g)—(i) stress—strain curves with dosages of different accelerators.

blockage material was hard to remove after the construction
troubles of pipe stuck while injecting cement.”'’”'" A
considerable amount of literature on the application of epoxy
resins is available, such as repairing damaged cement sheaths and
casing damaged wells, treating sand production problems, and
plugging highly permeable passages. However, there are a variety
of challenges associated with the application of resins to
repairing well operation, such as alternating loads from both the
sustained casing pressure and corrosion of the resin by chemicals
could have an impact on the long-term stability of the resin.”’~>*

Epoxy resin is a kind of thermosetting material. The free-
flowing polymer solution in conventional form cures and forms
an irreversible rigid solid under reservoir temperature conditions
after being pumped into the formation. Compared to systems
such as cement, organic gels, and inorganic gels, epoxy resin
plugging agents are an excellent solution to repairing well
operation, owing to the low elastic modulus, high compressive
strength, resistance to chemical corrosion, high permeability,
low rheological capacity, excellent mechanical properties, and
adjustable compressive strength and thickening time.”* Epoxy
resin was usually applied to long-term reservoir management
owing to premature curing of the epoxy resin during the
construction process and blockage of the tubing or annulus,

leading to the shutdown of the well. It is necessary to study the
degradation properties of resin-plugging agents to extend the
execution application. The main degradation methods include
heat treatment and chemical degradation.25’26 Chemical
degradation is the use of chemical solvents to degrade epoxy
composites;”” several common chemical solvents include
tetrahydronaphthalene, nitric acid, supercritical/subcritical
alcohols, and supercritical/subcritical water.”>**™*> Liu pro-
posed a chemical degradation method using supercritical water
as a solvent and phenol and KOH as catalysts, where phenol and
potassium ions showed a syner%istic effect and promoted the
degradation rate of the resin.”> Wang proposed a milder
degradation method using phenol as a solvent and K,CO; as a
catalyst to degrade the resin at lower temperatures.*® However,
the long chemical degradation time of epoxy resin and the small
contact area between the plugging agent and the degrading agent
increase the difficulty of degradation of the plugging agent.””
However, the chemical degradation time of epoxy resin is long,
and the contact area between the plugging agent and the
degradation agent is small, which improve the degradation
difficulty of the plugging agent. Besides, chemical solvents under
critical conditions need specific environmental temperatures
and pressure, but nitric acid is corrosive to piping, and
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ACS Omega 2024, 9, 19992-20002


https://pubs.acs.org/doi/10.1021/acsomega.3c10034?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10034?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10034?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10034?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c10034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Curing

Figure 2. Curing mechanism diagram of EOGM.
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tetrahydronaphthalene solvents are expensive. The degradation
methods are harsh to be utilized in oilfield production.

In this work, a low-shrinkage, high-strength epoxy resin
plugging agent was prepared based on a low-viscosity
petroleum-based epoxy resin, and the curing agent and
accelerator dosage were optimized, and the performance of
injectable, mechanical, adhesion, and plugging was evaluated.
According to the curing mechanism of the epoxy resin plugging
agent, a degradation solution was prepared, which can degrade
epoxy resin at a constant temperature in medium- and low-
temperature reservoirs. To further investigate the effect of
temperature degradation of the resin plugging agent in the
degradant, we investigated the degradation effect of the epoxy
resin of potassium salt concentration and temperature and the
curing degradation mechanism of resin by combining with
infrared experiments.

B RESULTS AND DISCUSSION

Optimization and Characterization of Matrix Formu-
lation and Curing Parameters. Optimized Hardener and
Accelerator Concentration. The curing reaction mechanism of
EOGM imidazole-promoted epoxy resin with acid anhydride
has been widely investigated, and the performance of epoxy resin
is inextricably linked to the amount of hardener and accelerator;
therefore, it is necessary to examine the amount of hardener and
accelerator. Samples 1 to 5 in Table 3 were prepared to
investigate the dosage of MHHPA on the performance of
compressive strength and gel fraction, in which the stoichio-
metric ratio of anhydride/epoxy resin (R) is 0.8, 0.9, 1, 1.1, and

1.18, respectively. Figure la shows that the stress—strain
relationship can be divided into three parts. The first part is
the elastic deformation stage. It is the interval from the origin of
the stress—strain curve to the peak point before rupturing that is
approximately linear and indicates that the elastic deformation
occurs under the action of the applied load. The cured resin did
not undergo necking. The second part is the necking stage, with
a more complex force. The compressive strength of this stage
decreases under a uniform load, and the cured resin does not
rupture. The third part is the resin destruction stage, and after
the reverse bending point, the compressive strength increases
with an increase in the applied load, and the cured resin may
rupture during this process.””*® In summary, the maximum
compressive strength should be the first peak of the curve. Figure
1a,b shows that the compressive strength is greater than 60 MPa
when in the interval R = 1 to 1.18, where the compressive
strength at a strain rate of 0.117 is 71.76 MPa when R = 1, which
is mainly due to the high degree of reaction of the epoxy group
with the anhydride.

Figure 1c shows that the gel fraction is 98.87% when R=1 and
at the maximum gel density of the resin plugging agent. The peak
value of the compressive strength decreases when the R value is
lower than or higher than 1 because a lower anhydride dosage
results in inadequate curing. In addition, a higher anhydride
dosage occupies some of the reaction sites. Both of these lead to
a decrease in the reaction efficiency of the epoxy groups, as
reflected in Figure 1c, which shows that either too low or too
much anhydride dosage results in a reduction of the gel
fraction.”

https://doi.org/10.1021/acsomega.3c10034
ACS Omega 2024, 9, 19992-20002


https://pubs.acs.org/doi/10.1021/acsomega.3c10034?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10034?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10034?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10034?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c10034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Due to the construction conditions in various oilfields
needing different curing times, it is necessary to examine the
viscosity change during the injection process.*’ Figure 1d—f
shows the viscosity—time curves of different accelerator dosages
at 60, 80, and 100 °C. The initial viscosities of the solutions are
all lower than 100 mPa s. Curing time could be controlled in 1—
12 h by adjusting the concentration of the accelerator under the
conditions of the reservoir temperature. Figure 1g—i shows the
maximum compressive strength of the resins measured at 60, 80,
and 100 °C after curing for 24 h with different accelerator
dosages. The compressive strength could be regulated by
adjusting the reaction accelerator dosage at 60 to 100 °C.*' To
summarize, high compressive strength properties can be realized
in the reservoir environment of 60—100 °C when the range of R
is from 1 to 1.1 and the mass fraction range of the accelerator is
from 0.01 to 4 wt %.

Characterization of the Solidification and Degradation
Mechanisms. Figure 2 shows the curing and degradation
processes. The curing reaction of the nucleophilic accelerator—
anhydride—epoxy system is commonly regarded as a two-stage
reaction. The first stage of the reaction is the formation of a
carboxylate anion from the binding reaction of the promoter
with the epoxy group. The second stage of the reaction is the
reaction of the alkoxide anion with the epoxy group to form the
carboxylic acid anion again. Finally, a three-dimensional
polyester structural material with degradable properties is
formed.”® As shown in Figure 2, the synergistic effect of phenol
and K" favors the degradation of the ester bond to an oligomeric
solution, which increases the rate of plugging agent degradation
and provides the possibility of low-temperature degradation of
EOGM.

Figure 3 shows the infrared spectrum of the EOGM reaction
solution, EOGM, and the EOGM degradation solution. In the

Reaction solution
—— EOGM
Degradation solution|

Transmittance(%)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber(cm™)

Figure 3. Infrared spectra of EOGM reaction solution, EOGM, and
EOGM degradation solution.

infrared spectrum, 3270.2 and 1781.34 cm™" are the absorption
characteristic peaks of —COOH; 1218.75 and 829.51 cm™! are
the absorption characteristic peaks of the epoxy group; and
1735.1 cm™" is the absorption characteristic peak of C=0. In
the infrared spectrum of EOGM, the characteristic peaks of
absorption of ~COOH at 3270.2 and 1781.34 cm™" and that of
epoxy groups at 1218.75 and 829.51 cm™" disappeared, and the
characteristic peak of C=0 at 1740.1 cm™" enhanced, which

indicated that the epoxy resin reacted with the anhydride to form
the polyester structure of the EOGM resin. The infrared
spectrum of the EOGM degradation solution showed an
enhancement of the characteristic peak of —OH at 3354.23
cm™' and a significant decrease in the intensity of the
characteristic peak at 1722.89 cm™} indicating the degradation
of the polyester structure. In conclusion, the reaction of the
epoxy resin with MHHPA produced an EOGM plugging agent
and degraded under the action of a degradation agent.””*>**

Injection Properties. Injection properties are the key of
EOGM to plug microholes and microcracks. Figure 4a shows the
initial viscosities of 5679, 384, 96, and 48 mPa s, respectively, for
different diluent dosages at the temperature of 25 °C. The initial
viscosities of sample 8 decreased with the increase in the dosage
of the diluent. The test temperature was increased to 60 °C
within 10 min, and the viscosity stabilization time is more than
60 min after heating up to 60 °C, indicating EOGM has excellent
flow properties. The effect of diluent dosage on the injection
properties was investigated using a steel crack core with 1 mm
width, and the injection stabilization pressures of the samples
with different diluent dosages were 0.28, 0.12, 0.10, and 0.07
MPa, respectively. With the increase of the diluent dosage, the
liquid flow performance was enhanced, the injection pressure
was reduced, and the tiny cracks could be easily immersed.
Figure 4 shows that with the increase in the diluent dosage, the
longer the low-viscosity period, the better would be the injection
stability. The initial viscosity of ES1 is 98 mPa s, and the diluent
ratio is 10:2; the stabilization interval is greater than 60 min; and
the stabilization of the injection pressure is 0.1 MPa. The
viscosity—temperature curve of Figure 1d—f also conforms to
this rule, which indicates that EOGM has excellent fluidity and
injection properties.

Analysis of Adaptive Plugging Performance. Stability
Performance of EOGM. The plugging agent needs to have
excellent thermal stability due to the high temperature in the
reservoir. Hence, the thermal gravity of EOGM was investigated
in Figure Sa. It shows that the EOGM decomposes in the
temperature range of 150—500 °C. The thermal decomposition
of EGOM was categorized into two stages. According to the TG-
DTG curves, the first stage was in the temperature interval from
147.59 to 262.08 °C with a mass loss of 9.83%; the second stage
was in the temperature interval from 262.08 to 600 °C with a
mass loss of 86.54%. In the temperature interval from 147.59 to
262.08 °C, the low-molecular components of the plugging agent
were separated by heat, and the temperature interval from
262.08 to 600 °C is the decomposition stage of the EOGM
plugging agent. When the temperature was 600 °C, the
remaining mass of the plugging agent was 3.63%. Figure Sa
shows that the EOGM plugging agent has excellent thermal
stability at 30—140 °C, which satisfies the needs of oilfield
plugging. Figure Sb,c shows the mass retention of the EOGM
after 30 days of one-sided immersion in 10% hydrochloric acid,
alkaline fracturing fluid at pH 9—10, and simulated formation
water (salinity is 6 X 10* mg/L). The mass loss after 30 days of
immersion was 0.049 and 0.237%, respectively, and its weight
loss was considered negligible, indicating that EOGM has
excellent long-term stability of blocking performance in harsh
formation environments.****

Mechanical Performance of EOGM. The plugging agent is
mainly affected by the flooding pressure and fracture closure
pressure when the formation is plugged. Hence, the curing
shrinkage and compression rupture of the plugging agent are the
main reasons for the failure of plugging in the reservoir.”

https://doi.org/10.1021/acsomega.3c10034
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Figure 6a shows the increase in compressive strength of
EOGM with increasing curing time at 80 °C. The compressive

19996

strengths after 24, 36, and 72 h of curing were 72.76 76.38, and
81.9 MPa, respectively. Figure 6b shows the compressive
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Figure 7. Effect of contact area on the adhesion properties of EOGMs under curing for 24 h. (a) Load—displacement curve. (b) Relationship between
the cemented area and adhesion strength.
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Figure 8. Plugging performance of the EOGM. (a) Plugging performance on different fracture widths; (b) breakthrough pressure and breakthrough
pressure gradient for plugging with different fracture widths.

strength of EOGM and G-grade cement slurry, respectively. The Plugging Performance of EOGM. The plugging perform-
compressive strength is 2.25 times that of G-grade cement after ance of EOGM in fractures was investigated by steel fracture
curing for 24 h. Besides, the compressive strength of EOGM core displacement experiments. Figure 8a shows the sealing
gradually increased with the extension of curing time. The above performance of EOGM for steel cores with different fracture
results show that the EOGM has an excellent compressive widths; the fracture width is between 1 and S mm, and all
strength. Effective sealing zones and long-term stable sealing fracture breakthrough pressures were more than 10 MPa; the
zones can be formed quickly during the formation. narrower the fracture, the greater is the sealing strength. The
The adhesion performance of the EOGM can be charac- breakthrough pressure of the 1 mm fracture is 29.5 MPa,
terized by its interfacial bond strength (Figure 10). Figure 7 approximately 2.04 times higher than 2 mm fracture, indicating
shows the load—displacement curves for different contact areas that the EOGM has excellent plugging performance for tiny
of the EOGM with the wall, and the adhesion strength was fractures. Figure 8b shows the plugging performance of steel
obtained by eq 2 calculations. The load increases with the cores with 3 mm fracture width for different EOGM injection
increase of the contact area between the resin and the wall, and volumes (PV), which indicates that the greater the PV volume,
the adhesion strength and adhesion strength gradient are the greater is the strength of the blocking and the smaller the
consistent with the change rule of the load. When the adhesive breakthrough pressure gradient. When the injected PV volume is
area was 75.93 cm’, the adhesion strength was 4.41 MPa, which higher than 0.5 PV, the breakthrough pressure gradient
shows excellent resistance to the uniaxial force of water—flood decreases with the increase in PV volume, and the breakthrough

displacement and injected fracturing fluids. pressure gradient ranges from 200 MPa/m to 400 MPa/m.
19997 https://doi.org/10.1021/acsomega.3¢10034
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Figure 9. Degradation performance. (a) Effect of potassium carbonate solution concentration; (b) effect of temperature.

Table 1.

Diagram of EOGM Degradation in Degradation Solution with Different K,CO; Concentrations

The concentration of aqueous solutions of K;CO3(%)

Time(h)

72

160

Figure 1d—i shows that EOGM has a stable low-viscosity stage
in the range of 60—100 °C, with the resin viscosity below 100
mPa s and compressive strength greater than 60 MPa, and
Figure 5 indicates EOGM resin solution below 100 mPa s,
exhibiting excellent injectable performance. Figures 5—8 show
that EOGM has excellent mechanical, long-term stability, and
plugging properties, which can be suitable for low-permeability
reservoirs with high water content well plugging.

Unblocking Performance. The cured plugging agent in the
wellbore at the end of construction is a major safety hazard
affecting subsequent construction. In this study, the degradation
liquid system was prepared based on the epoxy/acid anhydride
system, 10 wt % K,COj; solution +45 wt % phenol +45 wt %
heavy aromatic hydrocarbons. The degradation of EOGM can
be divided into two processes: the EOGM plugging agent is first
swelled in a heavy aromatic solution and fragmented into small
pieces of EOGM,; then, the pieces of EOGM are further split into
micrometer-sized particles and rapidly degraded to oligomers by
the promotion of oxonium anions. The oxonium anion is formed
by the synergistic formation of potassium salts with phenol

19998

under certain temperature conditions, and therefore the
potassium salt concentration affects the degradation rate of
the resin.”®*’ In addition, the reservoir temperature affects the
degradation rate of resin-plugging agents. Therefore, this paper
investigated the effects of the potassium salt concentration and
reaction temperature on the degradation properties of resin-
plugging agents.

Figure 9a and Table 1 show the degradation of the EOGM in
degradation solutions with different concentrations of K,COj at
80 °C. The degradation rate of the resin accelerates with an
increasing K,CO; concentration. When the concentration of
K,COj solution is 7.5 to 10 wt %, the EOGM was dissolved and
fragmented into small pieces after 72 h and degraded into
solution after 160 h. The larger the concentration of K,COj; was,
the smaller was the volume of the split resin pieces. Figure 9b
shows the effect of temperature on the degradation rate of the
EOGM plugging agent, which investigates the degradation rate
of EOGM in degradation solution with 10 wt % K,CO;
concentration at 60, 80, and 100 °C, respectively. The results
showed that the EOGM mass residue ratio was 2.09, 1.13, and

https://doi.org/10.1021/acsomega.3c10034
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Table 2. Ion Composition of Formation Water from Oil Field CQ-1

ion content (mg/L)
K*/Na* Ca** Mg** ClI SO,
21,682 2931 653 39,982 426

HCO;™
368 66,042 1 CaCl,

total salinity(mg/L) viscosity (mPa s) water type

0.89 wt % after 160 h, respectively; the higher the temperature,
the more rapid was the degradation. The residual EOGM
particles were small in size and could be discharged back to the
ground with the degradation solution.

Figures 2 and 3 show that the oligomer undergoes mainly
ester bond depolymerization to form low-molecular acids and
alcohols. K,COj; and phenol can form oxonium anion with the
ability to accelerate the decomposition of polyester structure,
which can accomplish the degradation of the resin within 6—7
days after plugging the well and is beneficial to guarantee the
production efficiency of the oilfield. Table 1 also shows that the
resin degradation process is divided into the swelling and
degradation stages.

B CONCLUSIONS

This work developed the low-viscosity and high-strength resin
plugging agent using EOG, MHHPA, and EMI. The range of R
(R s the ratio of EOG and MHHPA) from 1 to 1.1 and the mass
fraction range of EMI from 0.01 to 4 wt % are the optimal
formulations (EOGM). The curing time from 1 to 12 h could be
regulated by adjusting the dosage of EMI in the range of 60—100
°C, as well as the strength was more than 60 MPa. The width of
the crack is 1 mm, and the injection pressure of EOGM is 0.1
MPa, which can easily enter into the microseam and micropore
to realize effective sealing. EOGM has excellent thermal stability
in the range of 30—140 °C and long-term stability in simulated
formation water, 10% hydrochloric acid, and alkaline fracturing
fluids. The compressive strength of EOGM after curing for 24 h
was 72.76 MPa, the adhesive strength was 4.41 MPa/0.00759
m?, and the plugging strength of 1—S mm cracks was more than
10 MPa. The smaller cracks with more excellent sealing
performance can be suitable for low-permeability reservoirs
with high water content well plugging. Degradation experiments
indicate that the EOGM can be completely degraded into a
solution to be discharged back to the ground after 160 h, which
can avoid accident treatment caused by faulty operation.
Therefore, this low-viscosity, high-strength resin plugging
agent can be used in a variety of applications, such as wellbore
management, sand cementing, and annular leakage.

B EXPERIMENTAL DESCRIPTION

Materials. The epoxy resin (ES1), n-butyl glycidyl ether, and
methylhexahydrophthalic anhydride (MHHPA) were produced
by Runxiang Co., Ltd. in Changzhou, China. Oilwell cement
(class G cement) was purchased from Jiahua Special Cement
Co,, Ltd., Leshan, China. The Aromatics solvent was purchased
from Shengli Oilfield Shengli Chemical Co., Ltd. in Shandong,
China. 2-Ethyl-4-methylimidazole (2,4-EMI), sodium dodecyl
sulfate (SDS), toluene, potassium oxalate, potassium carbonate,
sodium carbonate, potassium chloride, potassium hydroxide,
and phenol were purchased from Sinopharm Group Chemical
Reagent Co., Ltd,, China. All chemicals were used without
further purification. The ion composition of the simulated
formation water is shown in Table 2. All concentrations in this
research are on a weight basis.

Sample Preparation. The EOG low-viscosity epoxy resin is
made of ES1 and n-butyl glycidyl ether with a mass ratio of 10:2.

At 25 °C, the epoxy value of the EOG epoxy main agent is from
0.49 to 0.52, viscosity from 79 mPa s, and its specific gravity from
1.12 tol.14 g/cm’ The epoxide equivalent weight was
determined via titration (hydrogen bromide method) and was
198 [g/eq].

EOGM was used as prepared to investigate the curing and
degradation mechanism, stability, and strength performance in
oil and gas reservoirs. MHHPA, EOG, and 2,4-EMI were added
to the sample bottle, respectively, and the mixture was stirred
with an electric agitator (JB-80SH, Shaoxing Xiniu Instrument
Technology Co., Ltd.) until the solution was mixed uniformly.
To transform the mixture solution of uncured EOGM into a
curable resin, it was heated up to 60—100 °C. The amounts of
2,4-EMI and MHHPA were varied systematically in order to
evaluate the optimum mixing ratio. Details of the composition of
the prepared samples are given in Table 3.

Table 3. Composition of the EOG, MHHPA, and 2,4-EMI
(Low-Viscosity Epoxy Resin: Methylhexahydrophthalic
Anhydride + 2-Ethyl-4-methylimidazole, mgy; = (mgog +
Myapa) X wt %) Resin Samples

EOG: stoichiometric ratio R temperature EMI
sample MTHPA [anhydride/epoxy] °C] [wt %]
1 100:100 1:1.18 80 0.5
2 100:93 1:1.1 80 0.5
3 100:85 1:1 80 0.5

4 100:77 1:0.9 80 0.5
S 100:68 1:0.8 80 0.5
6 100:85 1:1 60 0.5
7 100:85 1:1 60 1

8 100:85 1:1 60 2

9 100:85 1:1 60 3

10 100:85 1:1 60 4
11 100:85 1:1 80 0.1
12 100:85 1:1 80 0.5
13 100:85 1:1 80 1.0
14 100:85 1:1 80 1.5
15 100:85 1:1 80 2.0
16 100:85 1:1 100 0.01
17 100:85 1:1 100 0.05
18 100:85 1:1 100 0.1
19 100:85 1:1 100 0.15
20 100:85 1:1 100 0.2

Methods. Gel Fractions. The swelling behavior of the
samples was studied using a solvent impregnation method. The
samples were immersed in toluene at room temperature for 48 h
to dissolve the non-cross-linked parts. After being dried at 80 °C
for 48 h, the weight of the dried sample was measured as W,. The
gel fraction (Gy) of the samples was determined by eq 1:

W
G = —L X 100%
Wo (1)
where Gis the sample gel fraction; W, is the initial weight of the
sample; and W) is the weight of the dried sample.
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Figure 10. Mechanical properties' measurement diagram of the EOGM system: (a) Analysis of plugging agent force; (b) adhesion strength
measurement; (c) compressive strength test; (d) displacement device; (e) steel fracture cores.

Characterizations. The infrared spectra (FT-IR) were
recorded on a Thermo Nicolet 6700 spectrometer (Thermo
Fisher Nicolet, America), and the absorbance mode was used.
Thermogravimetric analysis (TGA) was performed by using a
NETZSCH STA 449F3 thermogravimetric analyzer. Approx-
imately 16 mg of the EOGM samples was placed in a nitrogen
atmosphere of the velocity of SO mL min™, and the temperature
was raised from 50 to 600 °C at a heating rate of 10 °C min™".

Curing Time and Injection Properties. The viscosity—time
curves of EOGM were measured by a DV-II digital viscometer
(Brookfield, America). Weighted 50 g of EOGM solution was
poured into 50 mL of a standard sample bottle and tested at
predetermined temperatures (60, 80, and 100 °C). The shear
rate was 50 r/min ", and the heat time was set as 10 min. Details
as to the composition of curing time samples (Samples 6 to 20)
are given in Table 3. The injection sample was prepared based
on sample 8 (Table 3), and the dosage of n-butyl glycidyl ether
was 0, 10, 20, and 30% of ES1 of sample 8, respectively.

Long-Term Stability Measurements. The long-term stability
refers to the performance of EOGM of acid, alkaline, and salt
tolerance in a simulated reservoir environment. S g samples were
weighed, put into ampules, and cured at 100 °C. Then, 10 g
solutions, which were 10 wt % HCI solution, alkaline fracturing
fluid (the range of pH is from 8 to 9), and formation water (6 X
10* mg/L), respectively, were added to those ampules, The
long-term stability of EOGM could be directly reflected by the
sample mass retain rate which is calculated based on the starting
weight and the different aging time weights. The starting weight
of all samples is designed as S g. The mass retention ratio was
calculated by the mass ratios of different observation times on
the initial mass.

Compressive Strength Measurements. According to Sample
8, 12, and 17 formulas (Table 3), samples were weighted and
configured. 25 g samples were added in 40 X @25 mm standard
sample molds and cured for 1, 6, 12, 18,24, 48,and 72 h at 80 °C,

respectively. The standard sample was tested by a universal
testing machine (UTM) to obtain the stress—strain curve.

Adhesive Strength Measurements. According to Sample 12
(Table 3), samples were weighted and configured. 84, 70, 56,
and 42 g samples were added in 80 X @40 mm standard
sandstone mold, respectively. Piston test samples of 30, 40, 50,
and 60 mm thickness were cured and prepared at 80 °C. The
piston samples were tested by a UTM to obtain the load—time
curve. The adhesive strength was calculated by eq 2.**

F  10F,

P=¢= zhD (2)

where p is the adhesive strength of the resin—rock interface,
MPa; Fg is load force, kN; S. is the surface area of the cylinder,
cm?; h is the height of the resin, cm; D is the outer diameter of
resin, cm.

Injectivity and Plugging Experiments. The core flooding
experiment could reflect the plugging performance and afford a
credible and scientific experimental basis for water blocking in
the oil field. Figure 10d shows a schematic diagram of the core
flooding experiment device. The steps of the experiments were
as follows: (1) The simulated formation (Table 2) was used as
the displacement of the fractured core; (2) Steel fractured core
preparation. SO mm X @25 m cylindrical steel blocks were
processed into fractured steel cores of different crack widths (the
crack widths are 1, 2, 3, 4, and S mm, respectively). The steel
core parameter is given in Table 4. Core flow research was
conducted in a simulated reservoir condition at 80 °C. The
fractured core was placed in a core clamper, and the
experimental device was installed as shown in Figure 10d. The
brine can be loaded into the intermediate storage container and
energized by a plunger pump through the heating loop to the
core clamper. Loading annulus pressure by the hand pump
inspected the tightness of the device. The confining pressure
should remain 2 MPa more than the setting drive pressure.

https://doi.org/10.1021/acsomega.3c10034
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Table 4. Basic Parameters of Fractured Steel Cores”

core code H; (mm) L; (mm) W; (mm) FV (mL)
1# 19.69 49.94 1.03 1.012
2# 19.87 50.00 2.04 2.026
3# 20.07 4991 3.02 3.025
4# 20.09 49.98 4.09 4.107
S# 20.05 49.97 5.03 5.040

“Hﬂ fracture height; Ly fracture length; Wy fracture width; FV,
fracture volume.

Subsequently, the core gripper remained in an oven at 80 °C to
simulate the reservoir temperature. A stable flow velocity of
brine was set as 1 mL min~'. After stabilizing differential
pressures, the displacement pressure and the liquid volume
produced were recorded, respectively. The pressure difference
between the two faces of the core was the measured data of the
stable drive pressure. The injection speed of EOGM of Sample 2
(Table 3) steadily remained at 1 mL min~". The system was shut
in for 24 h for the completion of the curing reaction at 80 °C.
Then, the water injection direction was reversed. The flow
velocity was set at 1 mL/min to displace the core. When the
brine was displaced to another end, the displacement pressure
was recorded.

Degradation Performance. According to Samples 8, 12, and
18 in Table 3, samples were weighted and configured, and 10 g
samples were added in a 40 mm X @25 m mold. Then, the
prepared samples were transferred to 100 mL silk mouth bottles
and degraded at 60, 80, and 100 °C, respectively. The mass
retention ratio change over time was recorded. The mass
retention ratio was calculated by eq 3

My — M
R, =" x 100%
mg 3)
where R, is the mass retention ratio for different observation
times, %; m; is the residual mass at the observation time, g; m is
the initial mass, g.
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