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Abstract: To address the challenges of insufficient compatibility between crosslinking agents and
main agents, as well as the shear failure of polymer gels under extreme conditions such as high-
temperature (130°C) and high-salinity (20x104 mg-L-1), molecular dynamics simulations were
employed to study the crosslinking effects of three agents ethyleneimine (EI), phenolic formaldehyde
resin (PF), and N,N’-methylenebisacrylamide (MBA) on Acrylamide (AM) monomer and 2-
acrylamido-2-methylpropane sulfonic acid (AMPS) copolymer systems. The stability of these systems
under high temperature and salt conditions was also examined. By quantitatively evaluating
electrostatic energy, van der Waals force energy, total potential energy, and total kinetic energy in
each cross-linked network, it was found that PF-crosslinked gels exhibit superior stability. These gels
demonstrated not only excellent thermal stability and salt resistance, but also remarkable resilience
against adverse external conditions. To further enhance the material’s potential, a dynamic
crosslinking network based on carboxymethyl cellulose (CMC) and magnetic iron oxide (Fe304)
nanoparticles was introduced. This was combined with a polymer formed by PF crosslinking
PAA@PF, leading to the creation of a double-network gel system that significantly improved the self-
healing capability. The results indicate that the developed composite plugging agent not only rapidly
restores its physical and chemical properties after damage but also maintains high mechanical
strength and toughness. This research provides new insights for developing a next-generation high-
performance self-healing plugging agent and offers significant implications for expanding the
applications of self-healing materials.

Keywords: self-healing; plugging agent; molecular simulation; phenolic resin

1. Introduction

With the continuous advancement of oil and gas field extraction technologies, the importance of
plugging agent materials in enhancing oil recovery [1] and extending the lifespan of oil wells [2] has
become increasingly recognized. Polymer-based plugging agent systems are commonly used in
oilfield operations to plug high permeability zones, adjust water injection profiles, and improve
crude oil recovery [3]. Typically, polymer monomers such as acrylamide (AM) [4] and 2-acrylamido-
2-methyl-1-propane sulfonic acid (AMPS) [5] react with crosslinking agents like phenolic resin [6]and
N,N’-methylenebisacrylamide [7] to form three dimensional network structures under specific
conditions, thereby achieving effective plugging.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.1579.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 May 2025

However, conventional plugging materials often suffer from poor stability and durability when
exposed to extreme geological conditions, such as high temperatures (e.g., 130°C) and high salt
concentrations (e.g., 20x10* mg-L"). [8] These limitations restrict their range of applications and
challenge long-term operational efficiency. [9] To address these challenges, recent efforts have
focused on modifying chemical structures,[10] introducing nanoparticle composite materials [11],
and incorporating natural macromolecules with superior biocompatibility [12] aiming to enhance the
comprehensive performance of plugging agent materials, especially exploring advanced materials
that can adapt to complex underground environments and possess special functionalities [13]

In response to the aforementioned issues of mismatched crosslinking agents and shear failure of
polymer gels under harsh conditions, molecular dynamics simulations have been employed to
systematically investigate the crosslinking effects of three agents (EL, PF, and MBA) on AM monomer
and AMPS copolymer systems, as well as their stability under high temperature (130°C) and high salt
conditions (20 x 10* mg-L-1). This study aims to not only improve the stability of polymer gels under
extreme conditions but also enhance their self-healing and mechanical properties for more efficient
and durable plugging applications.

Furthermore, to further improve the application potential of these materials, a dynamic
crosslinking network based on carboxymethyl cellulose (CMC) and magnetic iron oxide (FesOs)
nanoparticles was introduced. The integration of this network with a PF-crosslinked polymer system
formed a double-network gel, significantly improving the self-healing capabilities of the material.
This approach has promising implications for developing advanced, high-performance, self-healing
plugging agents that can adapt to complex and demanding underground environments.

2. Materials and Methods

Reagents and Instruments:

Polyacrylamide (PAM), Purchased from McLean, 99.0%. 2-acryloyl Amino-2-methyl-1-
propanesulfonic acid (AMPS), McLean, 98%.Phenolic resin (PF), McLean, BR. Sodium carboxymethy]
cellulose (CMC), McLean, viscosity 600-3000 mpa. s. FeCl22H.0O, McLean, AR. Ammonium
persulfate, McLean, AR.

Methods:

Prepare a certain volume of 0.1M FeCl2-4H:O solution and an equal volume of 0.02g/mL CMC
aqueous solution. Stir the FeClz solution while adding CMC solution, adjust the pH to 11, and obtain
CMC @ FesOs dispersion. Weigh 7wt% AM, 3wt% AMPS, 3wt% PF, and 1wt% ammonium persulfate
and add them to the above dispersion to obtain the precursor solution. Place the precursor solution
in a 140°C oven for high-temperature curing to obtain PAA@PF / CMC@Fe:Os Blocking agent.

Characterization:

SEM: support PAAA@PF /| CMC@Fe:Os Freeze dry the blocking agent, spray gold for 15
minutes, and characterize its microstructure under scanning electron microscopy.

FTIR: Freeze dry the blocking agent, grind it, and use infrared spectroscopy for chemical
characterization.

Rheological characterization: The plugging agent was tested using an Anton Paar rheometer to
obtain its storage modulus and loss modulus, and its self-healing properties were tested.

TG: Use a thermal analyzer to test the plugging agent from room temperature to 300 degrees
Celsius, obtain the weight loss curve, and evaluate the temperature resistance performance.

3. Results

This section may be divided by subheadings. It should provide a concise and precise description
of the experimental results, their interpretation, as well as the experimental conclusions that can be
drawn.

3.1. Molecular Simulation Results

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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e In this study, we selected AM and AMPS as the primary constituent units of the polymer,
forming AM/AMPS polymer chains as the main agent. To enhance the strength, stability, heat
resistance, and chemical corrosion resistance of the polymer, we introduced various crosslinking
agents, specifically MBA, PF, and EI. As shown in Figure 1, the molecular dynamics models of
AM/AMPS binary polymers with different crosslinking agents were compared to identify the
optimal AM/AMPS&X crosslinked polymer, which would be further investigated in subsequent
experiments. To assess the stability of the AM/AMPS&X crosslinked polymers, we constructed
a full atomic molecular model for dynamic simulation. This simulation was designed to mimic
the high-temperature (140°C), high-salt (20 x 10 mg/L), and high-calcium/magnesium-ion (1.0 x
10* mg/L) environments, which are relevant to real-world applications. Additionally, the
quantities of other molecules, such as H20, Ca?*, Mg?, Na*, and Cl-, were carefully determined
to ensure the accuracy of the system. As shown in Figure 1, the molecular structures before and
after simulation are represented at 0 ns and 2 ns, respectively.

e  The simulation results revealed that, compared to the AM/AMPS&EI system, the structural
changes in the AM/AMPS&MBA and AM/AMPS&PF polymers were minimal, and no
significant molecular curling was observed. This suggests that MBA and PF provide stronger
crosslinking effects, which contribute to greater stability of the molecular structure. However,
structural changes alone are insufficient to assess the stability of crosslinked polymers under
high-temperature and high-salt conditions. It is generally accepted that a lower overall energy
corresponds to a more stable system. Therefore, we further analyzed energy parameters,
including electrostatic energy, van der Waals energy, total potential energy, and total kinetic
energy, to compare the stability of the different systems during the simulation.

e  Asdepicted in Figure 2, the differences in van der Waals energy and total kinetic energy between
the three systems were not significant. However, a distinct distinction was observed in the
electrostatic energy and total potential energy, particularly in the AM/AMPS&PF crosslinked
polymer system, where the energy was consistently the lowest. The PF system, with its multiple
phenolic hydroxyl groups capable of forming hydrogen bonds, and its rigid benzene ring
structure, demonstrated exceptional stability, which was less affected by high-temperature and
high-salt conditions. Based on these findings, it can be concluded that the AM/AMPS&PF
crosslinked polymer system exhibits superior stability under harsh environmental conditions.

¢ In summary, molecular simulations were employed to investigate the crosslinking effects of
three crosslinking agents (EI, PF, and MBA) on the AM and AMPS monomers. Quantitative
calculations of electrostatic energy, van der Waals force energy, total potential energy, and total
kinetic energy were performed to evaluate the stability of each system. The results indicated that
the PF system, which demonstrated the lowest energy and best stability, outperformed the other
systems under high-temperature and high-salt environments.

e  Furthermore, to enhance the performance of the polymer, CMC@Fe;O, was incorporated into
the system. This modification introduced multiple hydrogen bonding and metal coordination
bonds, allowing for dynamic crosslinking of the network. As a result, the PAA@PF/CMC@Fe;O4
system exhibited self-healing properties, reducing the fracturing behavior of the plugging agent
under shear force. This innovation improves both the service life and the plugging efficiency of
the agent, providing a promising theoretical and practical approach for developing advanced
plugging agents that can significantly save time, labor, and resources.
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Figure 1. (a) Molecular formula and synthesis process; (b) 3D molecular model.

Ca?*,Mg?*

(0) B B 2 »\
B R 6 0 ©

AM/AMPS&MBA

&

AM/AMPS&PF

Figure 2. Molecular model and dynamic simulation process.
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Figure 4. FTIR and Rheological characterization.
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Figure 5. (a) Stage time scanning. (b)TG and DTG.
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Figure 6. Self-healing property of PAA@PF/CMC@Fe3Oa.

4.1. SEM

The microstructure of PAA@PF/CMC@FesOs was characterized using scanning electron
microscopy (SEM), as shown in Figure 2a. The SEM images reveal that the sample exhibits a porous
structure with uniformly distributed pores. Under the crosslinking effect of PF, the sample surface
displays a lamellar structure. This lamellar structure not only enhances the mechanical strength of
the material but also provides improved thermal stability and salt resistance. Furthermore, the
incorporation of CMC@Fe3Os further optimizes the microstructure, beneficial for the material to self-
heal through a dynamic crosslinking network after mechanical damage. The SEM images also show
the presence of small granular particles on the sample surface, which are likely aggregates of FesOa
nanoparticles. These nanoparticles not only enhance the mechanical properties of the material but
also impart magnetic responsiveness, broadening its potential applications.

4.2. FTIR

The FTIR of the prepared PAA@PF/CMC@FesOs was characterized as shown in Figure 2b-c. The
FTIR analysis confirms the crosslinking reaction and the formation of a stable gel structure. Under
the crosslinking effect of PF, the absorption peak of the amide II band (1550-1500 cm™) significantly
decreases, indicating that the -NH:2 groups participated in the dehydration condensation reaction,
forming a crosslinked network. Additionally, the characteristic peaks of CMC are observed in the
fingerprint region (1600-1200 cm™), confirming the successful incorporation of CMC@FesOs into the
system. The introduction of CMC not only enhances the dynamic crosslinking ability of the material
but also provides self-healing properties. A broad peak around 3400 cm™ is attributed to the
stretching vibrations of -OH and -NH groups, indicating the presence of abundant hydroxyl and
amino groups in the sample. These groups provide numerous hydrogen bonding sites, further
enhancing the stability and self-healing capability of the material. Moreover, the peak near 1650 cm!
corresponds to the stretching vibration of C=0O, confirming the polymerization of AM monomers.

4.3. Rheological Characterization

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The rheological of PAA@PF/CMC@FesOs was systematically investigated through strain sweep
and step frequency sweep tests, as shown in Figure 2d-e. Under low shear strain (0.001-0.1 %), the
sample exhibits typical linear viscoelastic behavior, with the storage modulus (G’) and loss modulus
(G”) remaining almost constant. This indicates that the material maintains a stable network structure
under low strain. As the strain increases to a critical value (yield point), the sample enters a nonlinear
transition region, where G” and G” begin to decrease significantly, indicating the onset of structural
breakdown. When the strain further increases (>1 %), the sample enters a fully flowing state, with G’
approaching zero and G’ dominating, suggesting that the material primarily exhibits viscous flow.
This behavior demonstrates that the material possesses good deformability under high strain while
maintaining stable solid-like properties at low strain. In the step frequency sweep test, the sample
exhibits remarkable self-healing behavior. After applying high strain to disrupt the material structure,
reducing the strain to the initial level allows G’ to recover to approximately 83 % of its original value.
This indicates that the material has excellent self-healing properties and can quickly restore its
mechanical performance after external damage. This self-healing behavior is primarily attributed to
the dynamic crosslinking network introduced by CMC@FesOs, including the reversibility of
hydrogen bonds and metal coordination bonds. The rheological results demonstrate that the
PAA@PF/CMC@FesOs possesses a stable network structure under low strain, while exhibiting good
deformability and self-healing properties under high strain. This unique rheological behavior makes
it highly promising for applications in reservoir environments.

4.4. Thermal Stability

The thermal stability of the PAA@PF/CMC@Fe:Os plugging agent was investigated using
thermogravimetric analysis (TG) and derivative thermogravimetry (DTG), as shown in Figure 2f-g.
Within the temperature range of room temperature to 300°C, the mass loss of the sample occurs in
two main stages. First stage was around 80°C, showing a mass loss of approximately 40 %, primarily
attributed to the evaporation of adsorbed water. Second stage was around 150°C, showing a
significant mass loss which corresponds to the breakdown of polymer chains and the decomposition
of the crosslinked network. The DTG curve further reveals the thermal decomposition behavior of
the sample at different temperatures. Two distinct peaks are observed at ~80°C and ~150°C,
corresponding to the two mass loss stages in the TG curve. The peak temperature in the DTG curve
indicates that the primary thermal decomposition of the material occurs around 150°C, which is
closely related to the thermal stability of the PF crosslinking agent.

5. Conclusions

In conclusion, the molecular simulation study has provided valuable insights into the stability
and performance of AM/AMPS-based crosslinked polymers in high-temperature and high-salt
environments. Among the various crosslinking agents tested, PF demonstrated the best overall
stability, making it a promising candidate for future polymer systems in harsh conditions. The
integration of CMC@Fe3Os further enhances the self-healing performance of the polymer, suggesting
potential for improved service life and plugging effectiveness. This study opens new avenues for the
development of more efficient and durable polymer-based materials for industrial applications.
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