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ABSTRACT

Shale gas development often suffers from wellbore instability due to microfractures in the formation,
posing serious challenges to drilling safety and efficiency. This study presents a functionalized graphene
oxide (GO-PAA) nanomaterial, prepared by grafting hydrophilic polyacrylic acid (PAA) chains onto GO
surfaces to enhance dispersion stability under high salinity, elevated temperature, and wide pH con-
ditions. The results indicate that GO-PAA effectively resists charge-shielding effects under conditions of
high salinity, elevated temperature, and a wide pH range, significantly reducing the risk of particle
aggregation. Even at high salt concentrations, the zeta potential remains below —32.8 mV, demon-
strating good colloidal stability. Plugging performance was evaluated using simulated core experiments.
GO-PAA formed a “band-aid” like barrier on shale microfracture surfaces, reducing permeability by up to
57.53%, nearly twice that of conventional spherical nanoparticles. Scanning electron microscope (SEM)
and elemental analysis confirmed the formation of a dense and uniform plugging layer. The synergistic
interaction between GO’s 2D lamellar structure and the flexible polymer chains facilitated effective
surface adhesion and coverage. This adsorption-adhesion plugging mechanism represents a shift from
traditional bridging theories, enabling reduced material usage and improved efficiency. The findings
provide theoretical and practical support for designing high-performance nanoplugging agents in water-
based drilling fluids, contributing to safer and more sustainable shale gas development.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).

1. Introduction

energy supply (Armor, 2013; Li et al., 2024). However, shale for-
mations contain numerous microfractures (<1 pm), and drilling

Currently, the global energy landscape is undergoing a critical
transition from traditional fossil fuels to renewable energy sour-
ces. As a cleaner fossil fuel with lower carbon emissions, natural
gas has become a crucial “bridge” and “partner” in achieving the
“carbon peak and carbon neutrality” goals (Li et al., 2022;
Melikoglu, 2014; Zou et al., 2024). Shale gas, as one of the natu-
ral forms of natural gas, has gradually gained prominence in global
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fluid, known as the “lifeblood” of drilling operations, not only
supports the wellbore but also plays key roles in cleaning, cooling,
and lubrication (Abdullah et al., 2022; Jiang et al., 2021; Zhao et al.,
2019). During the drilling of shale formations, drilling fluids and
their filtrates are highly prone to invading the formation, leading
to wellbore instability and, consequently, economic losses (Chen
et al., 2023; Liu et al., 2023; Wei et al., 2023; Zhou et al., 2024).
According to statistics from the U.S. oil and gas industry, the total
losses caused by wellbore instability and wellbore stability issues
are approximately $5 billion, not including losses from other
catastrophic events such as blowouts and environmental
contamination (Jiang et al., 2021; Yang et al., 2016). To plug for-
mation microfractures, the addition of nanoplugging agents in

1995-8226/© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:201499010100@swpu.edu.cn
mailto:luopy@swpu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.petsci.2025.09.030&domain=pdf
www.sciencedirect.com/science/journal/19958226
www.keaipublishing.com/en/journals/petroleum-science
https://doi.org/10.1016/j.petsci.2025.09.030
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.petsci.2025.09.030

D.-X. Li, Y. Bai, C. Wang et al.

drilling fluids can effectively plug shale formation microfractures,
preventing the invasion of drilling fluids and their filtrates into the
formation. This is critical for the safe and efficient development of
shale gas.

Early researchers introduced widely sourced and low-cost
inorganic nanoparticles, such as SiO;, CaCOs, and metal oxides,
into drilling fluids as nanoplugging agents. However, the use of
these materials in drilling fluids often results in aggregation and
precipitation. Additionally, most of these nanoparticles are
spherical, and based on the principle of tight packing, they accu-
mulate endlessly within shale microfractures, effectively plugging
them but requiring a large volume of material in the drilling fluid
(Cai et al.,, 2012; Asma et al., 2021; Bai et al., 2024; Moslemizadeh
and Shadizadeh, 2015; Toscano et al., 2016). Organic nanoparticles
possess excellent elastic deformation properties, enabling dense
plugging of shale microfractures, thus gaining considerable
attention from researchers. However, in high-temperature and
high-mineralization environments, organic nanoparticles suffer
from poor thermal stability and low mechanical strength, making
them prone to degradation or failure during high-temperature
drilling operations, which in turn affects their plugging perfor-
mance (An et al., 2023; Liu et al., 2015; Xie et al., 2015). In recent
years, both domestic and international researchers have attemp-
ted to effectively combine inorganic and organic components to
explore composite nanoplugging agents with improved plugging
performance. However, the inorganic and organic components of
these composites may exhibit different chemical or physical
behavior in high-temperature, broad pH environments, leading to
a decline in the overall material performance, particularly in high-
temperature conditions, which impacts the plugging ability.
Additionally, the preparation process of composite materials is
complex, requiring high technical standards and making large-
scale production difficult, thus limiting their industrial applica-
tion (An et al., 2016; Jain et al., 2015; Wu et al., 2017). In light of the
above challenges, the question arises whether it is possible to
develop a simple and efficient preparation method for nano-
materials that are feasible for large-scale production. Such mate-
rials should maintain excellent stable dispersion properties under
high-temperature, high-mineralization, and broad pH conditions.
Furthermore, they should not penetrate shale microfractures upon
addition to the drilling fluid, effectively plugging the fractures to
reduce the amount of nano-materials used, thus addressing
wellbore instability issues during shale gas drilling.

Compared with conventional nanoparticles, 2D nanomaterials
exhibit ultrathin thickness and large lateral dimensions. This raises
the possibility of endowing them with interfacial adhesion capa-
bilities, allowing them to attach to shale microfracture surfaces
like a “band-aid” and thereby prevent the infiltration of drilling
fluids and their filtrates into the formation. Such a mechanism not
only overcomes the limitations of traditional nanoparticles, which
rely solely on continuous accumulation for fracture plugging, but
also addresses the root cause of wellbore instability induced by
filtrate invasion during shale gas drilling. The discovery of gra-
phene in the early 21st century marked a historic breakthrough in
the study of 2D nanomaterials, owing to its unique structure and
excellent physicochemical properties (Huang et al., 2018). 2D
nanomaterials have demonstrated immense potential in fields
such as electronics, energy storage, catalysis, and biomedicine,
driving revolutionary developments in science and technology
(Novoselov et al., 2004; Verma and Yadav, 2024; Wang et al., 2024).
Among these 2D nanomaterials, GO, a derivative of graphene, has
become a research hotspot in recent years due to its rich surface
functional groups and excellent chemical reactivity (Arun et al.,
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2024; Cao et al., 2024). However, GO also has certain limitations
as a nanoplugging agent for water-based drilling fluids. Firstly,
although GO surfaces contain hydrophilic functional groups that
can interact with water molecules, the electrostatic and van der
Waals interactions between GO particles may still lead to aggre-
gation under high concentration and long-term storage conditions
(Jirickovaet et al., 2022). Secondly, in high-temperature environ-
ments such as shale formations, the oxygen-containing functional
groups on the surface of GO may undergo thermal degradation or
chemical changes, leading to a decrease in its dispersion stability
(Chen et al., 2022; Lee et al., 2024). Additionally, shale formations
are typically in high-mineralization environments, where ions in
the water molecules compress the charge layer on the surface of
GO, weakening its interaction with water. This results in particle
aggregation, which negatively impacts the plugging performance
(Pandey and Sharma, 2024; Pedico et al., 2024; Tang et al., 2024;
Zhang et al., 2024). Therefore, to improve the stability, disper-
sion, and plugging performance of GO in drilling fluids, it is
essential to modify its dispersion properties and structure,
enhancing its effectiveness in complex environments.

This study presents a simple and scalable preparation method
for functionalized GO composite materials, aiming to impart
excellent adaptability under high temperature, high salinity, and
wide pH conditions. Furthermore, molecular dynamics (MD)
simulations were used to further validate the stable dispersion
ability of the nanoparticle dispersion system. Based on this, the
plugging performance of the functionalized GO composite mate-
rial in shale gas formations was evaluated through “simulated
core” experiments. Additionally, various characterization tech-
niques, such as SEM and elemental analysis, were used to deeply
investigate the plugging mechanism, revealing the important
contribution of the synergistic effect between the 2D sheet
structure and modified polymer chains in fracture plugging. This
research provides an innovative solution for water-based shale gas
drilling fluid systems, offering a simple preparation process with
both efficient plugging ability and environmentally friendly char-
acteristics. It aims to overcome the technical bottlenecks caused by
wellbore instability during shale gas formation development, and
to promote the practical engineering application of functionalized
2D nanomaterials in drilling fluids.

2. Experimental section
2.1. Materials

GO was synthesized in the laboratory following the Hummers'
method (material characterization is shown in Figs. ST and S2). N,
N-dimethylacetamide (DMAc), 4,4'-diaminodiphenyl ether (ODA),
pyromellitic dianhydride (PMDA), sodium carbonate (Na;CO3),
and nano-calcium carbonate (nano-CaCO3, 300 nm) were obtained
from Beijing Yan Cheng Technology Co., Ltd.; bentonite (BT), sul-
fonated lignite (SMC), sulfonated phenolic resin (SMP-II), and
barite (BaSO4) were obtained from Sichuan Shida Jinniu Technol-
ogy Co., Ltd. All chemicals were used as received.

2.2. Material characterization

Fourier-transform infrared spectroscopy (FT-IR, Thermo Fisher
Scientific Nicolet iS20) was used to identify the functional groups
of GO and GO-PAA, with a testing range of 4000 to 400 cm™ . This
was performed to observe the changes in characteristic absorption
peaks such as carboxyl group (-COOH), hydroxyl group (-OH), and
amide group (N-C=0) before and after PAA grafting. X-ray
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photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha) was
used to examine the surface chemical structure of GO and GO-PAA.
Monochromatic Al Ka radiation (1486.6 eV) was employed to
analyze the elemental composition of the sample surfaces in a
vacuum environment. Transmission electron microscopy (TEM,
JEOL JEM-2100, Japan) was used to observe the microscopic
morphology of GO and GO-PAA at an accelerating voltage of
200 kV. The samples were prepared by allowing drops of ultra-
sonic dispersion to naturally evaporate on copper grid carbon
films. Atomic force microscopy (AFM, Bruker Multi Mode 8) was
used to measure the thickness changes of the samples. Tapping
mode was employed to scan the thickness differences at the edges
of GO and GO-PAA samples to determine the increase in thickness
after modification.

2.3. Performance testing

2.3.1. Stability and dispersion performance

The hydrophilicity of the sample surfaces was evaluated
through the contact angle test using a contact angle measuring
instrument (Data Physics OCA Series). A 2 uL droplet of pure water
was automatically applied, and the contact angles of GO and GO-
PAA were measured to analyze the changes in hydrophilicity
before and after PAA grafting on the GO surface. Thermogravi-
metric analysis (TG-DSC, Mettler TGA/DSC1) was used to deter-
mine the organic content and thermal stability of GO and GO-PAA.
The samples were tested in the range of 40-800 °C at a heating rate
of 10 °C/min, and the mass loss was analyzed to study the impact
of PAA modification on the thermal decomposition behavior of GO.
The zeta potential reflects the surface charge density of particles
and their ability to attract surrounding ionic layers, serving as a
key indicator of colloidal dispersion stability. It is generally
accepted that when the absolute value of the zeta potential ex-
ceeds 30 mV, sufficient electrostatic repulsion exists between
particles to prevent aggregation and maintain good dispersion. To
evaluate the effect of PAA grafting on the dispersion stability of GO,
a zeta potential analyzer (Malvern Zeta Sizer Nano ZS) was used to
measure the zeta potential of both GO and GO-PAA under varying
pH conditions (5-9) and different salt concentrations (10,000,
50,000, and 100,000 ppm). The salt solutions were prepared by
dissolving NaCl and CaCl; at a 1:1 mass ratio in deionized water to
simulate the influence of highly mineralized environments on
dispersion performance (Bhattacharjee, 2016; Huang et al., 2023).
The mixed monovalent cation (Na*) and divalent cation (Ca®")
were used to simulate the actual mineralized water environment
present in shale formations. Divalent cations exert a more signif-
icant effect on the electric double layer compression, providing a
more realistic representation of the material’s dispersion behavior
under complex formation conditions. In addition, the dispersion of
GO and GO-PAA in deionized water was observed visually. The
dispersion was placed in a static container and left to stand at
120 °C for 48 h. The uniformity and sedimentation status were
then observed to evaluate the improvement effect of PAA modifi-
cation on dispersion.

2.3.2. MD simulation

MD simulations were used to study the molecular structure and
interactions of GO and GO-PAA. The models of GO and GO-PAA were
constructed using Materials Studio (Figs. S4 and S5). The Gaussian
16 program was used to optimize the four side-chain structures of
GO-PAA using the B3LYP-D3 functional and 6-31G(d) basis set. The
force field parameters for GO were derived from previous studies
(Almarzooqi et al, 2024). Full-atom MD simulations were per-
formed using the GROMACS software package (version 2021.5),
employing the OPLSAA force field and the SPC/E water model to
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describe the molecules. In the simulation, 20 GO molecules were
randomly inserted into a 10 nm x 10 nm x 10 nm cubic box, filled
with water molecules, and Na*, Ca**, and Cl~ ions were added to
simulate the dispersion behavior of GO at a salt concentration of
50,000 ppm, thereby constructing a pure GO simulation system.
The construction of the GO-PAA simulation system was similar to
that of the GO simulation system, but its cubic box size was
15 nm x 15 nm x 15 nm. To avoid large influences of the molecules
on the simulation results, both systems were simulated and pro-
cessed in subsequent MD simulations. After energy minimization
using the steepest descent method, short 500 ps simulations were
carried out using the NVT and NPT ensembles. Subsequently, the
NPT ensemble was used for data generation over a period of 50 ns.
During the simulation, the Parrinello-Rahman barostat was used to
maintain a pressure of 1.0 bar, and a velocity-rescaling thermostat
with a coupling constant of r = 0.1 ps was used to control the
temperature at 298.15 K. Non-bonded interactions were calculated
with a cutoff value of 1.2 nm, and long-range electrostatic in-
teractions were computed using the particle mesh Ewald summa-
tion method. All hydrogen bond constraints were implemented
using the linear constraint solver (LINCS) algorithm, with a simu-
lation step size of 2 fs and neighbor lists updated every 10 steps.
Periodic boundary conditions were applied in all three directions.
Finally, molecular visualization was performed using PyMOL-3.0.3
(http://www.pymol.org/pymol) to analyze the stable dispersion
ability of GO and GO-PAA systems in formation environments. To
further quantify their aggregation behavior, we calculated the radial
distribution function (RDF) of a single randomly chosen GO or GO-
PAA molecule with the other 19 nanosheets during the 40-50 ns
equilibrium phase of the system. The RDF is one of the most
important functions in describing the structure of fluids, and its
definition is given by Eq. (1):

_ 1 [dNaﬁ(r)]
o 4ﬂ:p/,r2 dr

gaﬁ(r) (1 )

where pj is the number density of g particles; N,s(r) represents the
average number of 3 particles within a sphere of radius r centered
around an « particle. The peaks of the RDF reflect the binding
strength and local density between particles. The higher the peak,
the stronger the binding and the higher the local density.

2.3.3. Plugging performance

Shale, as one of the most typical low-permeability rocks, usu-
ally has a very low permeability, typically below 10~ mD, with
some shales reaching nanoscale levels (Hu et al., 2024; Safaei and
Tavakoli, 2017). To test the plugging ability of nanomaterials on
microfractures in shale formations, a “simulated core” was pre-
pared to mimic low-permeability shale. The plugging performance
of the nanomaterials was evaluated by the reduction in perme-
ability, microscopic morphology, and changes in elemental
composition before and after plugging in the “simulated core”.

2.3.3.1. Preparation method of the “simulated core”

(1) Preparation of the experimental slurry: Under high-speed
stirring conditions, BT (6%) and NayCOs; (0.3%) were
sequentially added to deionized water at 75 °C, stirred, and
sealed to rest for 24 h. Under low-speed stirring conditions,
SMC (5%), SMP-II (5%), and BaSO4 (10%) were successively
added, ensuring uniform dispersion of each additive. After
all components were added, the slurry was transferred to a
high-speed stirring cup and mixed for an additional 20 min.
Finally, the slurry was aged at 105 °C for 16 h to prepare the
experimental slurry for the “simulated core”.
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(2) A high-temperature, high-pressure filtration experiment
was conducted using a high-temperature high-pressure
filtration apparatus, as shown in Fig. S6, under conditions of
105 °C and 3.5 MPa. After the experiment, the high-
temperature high-pressure filtration apparatus was cooled
to room temperature, and the “simulated core” was
removed. Deionized water was used to wash off the residual
experimental slurry from the surface of the “simulated core”
to obtain the “simulated core”. The “simulated core” was
placed back into the filtration apparatus, and deionized
water was passed through the “simulated core” at a pressure
differential of 3.5 MPa and a temperature of 105 °C. During
the experiment, after applying pressure, the filtrate was
immediately collected, and then filtrate was collected every
5 min. The volume of the filtrate was recorded until the
experiment ended after 30 min. After the experiment, the
apparatus was cooled to room temperature, and the
“simulated core” was removed. Using a vernier caliper, the
thickness of the “simulated core” was measured at multiple
randomly selected points on its surface, and the average
value was calculated as the thickness of the “simulated
core”.

The original permeability ko of the “simulated core” was
calculated using Darcy’s law, as shown in Eq. (2):

QuL
k= AAP (2)
where k is the permeability of the “simulated core”, mD; Q is the
filtration rate, and the volume of the collected filtrate versus time
is used to obtain a straight line with a slope corresponding to the Q
value, cm?/s; u is the viscosity of the filtrate at 25 °C, 1 cP; L is the
thickness of the mud cake, mm; AP is the total pressure drop,
3.5 MPa; A is the cross-sectional area through which the fluid

flows, 23.8 cm?.

2.3.3.2. Evaluation of plugging performance. Based on the prepa-
ration of the “simulated core”, the plugging performance of
nanomaterials for microcracks in shale formations was investi-
gated. Nano-dispersion liquids with different mass concentrations
(0.25%, 0.50%, and 0.75%) were prepared. The nano-dispersion
liquids were then added to the high-temperature, high-pressure
filtration apparatus, where they were passed through the “simu-
lated core” under a pressure differential of 3.5 MPa and a tem-
perature of 105 °C. During the experiment, the filtrate was
immediately collected after pressurization, and then filtered every
5 min, with the volume recorded until the experiment was
terminated after 30 min. After the experiment, the apparatus was
removed and cooled to room temperature. The “simulated core”
was then extracted from the apparatus and cleaned of any
remaining nano-dispersion liquid. Using a caliper, multiple
random points on the surface of the “simulated core” were
measured for thickness, and the average value was calculated to
determine the thickness of the “simulated core”. The permeability
(k1) of the “simulated core” after treatment with the nano-
dispersion liquid was also calculated using Eq. (2). Therefore, the
permeability reduction rate (K;) of the “simulated core” after the
addition of the nano-dispersion liquid was calculated using Eq. (3):

ko—l

K = . 100% 3)
ko
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where K; represents the permeability reduction rate of the
“simulated core” after treatment with the nano-dispersion liquid;
ko denotes the original permeability of the “simulated core”, mD;
k1 is the permeability of the “simulated core” after treatment with
the nano-dispersion liquid.

The surface morphology of the “simulated core” before and
after treatment with the nano-dispersion liquid was observed
using a scanning electron microscope (SEM, Hitachi SU8010). The
tests were conducted under high vacuum mode with an acceler-
ation voltage of 15 kV, to analyze the blockage structure formed by
the nano-dispersion liquid on the crack surface, as well as the
density and uniformity of the blockage layer. Energy-dispersive X-
ray spectroscopy (EDS, Oxford X-Max 20) was used in conjunction
with SEM to analyze the elemental composition of the surface of
the “simulated core” after treatment. After GO-PAA blocking, the
distribution of C and O elements was primarily analyzed to verify
that the GO-PAA sheets mainly stayed on the crack surface. For the
samples treated with nano-dispersion of CaCOs, the distribution of
Ca element was primarily analyzed to assess the blocking mech-
anism through particle physical filling. By comparing the distri-
bution of elements on the surface and cross-section, the unique
mechanism of interaction between GO-PAA and the crack surface
during the blocking process was further investigated.

3. Results and discussion
3.1. Preparation of GO-PAA

As shown in Fig. 1(a), the nanocomposite material GO-PAA was
prepared using a two-step process. In the first step, under nitrogen
(N3) protection as shown in Fig. 1(b), ODA and PMDA were dis-
solved in a DMACc solution, and a specific amount of catalyst was
added to promote the polycondensation reaction, resulting in a
PAA solution. In the second step, under N, protection, the PAA
solution was blended with GO, and an initiator and catalyst were
added to facilitate the chemical reaction between the -COOH and
N-C=0 of PAA and the oxygen-containing functional groups (such
as —-COOH and —-OH) on the GO surface, forming stable chemical
bonds and ultimately generating the GO-PAA as shown in Fig. 1(c),
with a median particle size of 321 nm (Fig. S3).

Fig.1(d) shows infrared spectra of GO and GO-PAA. The GO-PAA,
grafted with PAA, shows absorption peaks at 1576 and 1227 cm™},
corresponding to the characteristic peaks of N-H and C-N bonds in
the N-C=0, confirming the presence of the N-C=0. The absorption
peak at 1736 cm™! represents the C=0 characteristic peak in the
N-C=0, indicating the success of the amide reaction. These data
confirm the successful grafting of PAA on the GO surface.

Fig. 1(e) shows full XPS spectra of GO and GO-PAA. The spectra
indicate the presence of nitrogen (N) in GO-PAA, which is absent in
the GO spectrum. The N element originates from the PAA. Addi-
tionally, as shown in Fig. 1(f), the C 1s peak of GO-PAA was decon-
voluted into five peaks at 284.3 eV (C-C), 285.2 eV (C-N), 286.7 eV
(C-0), 287.7 eV (N-C=0), and 288.2 eV (C=0). The peak at 287.8 eV
corresponds to the binding energy of the -N-C=0 in the N-C=0.
Moreover, as shown in Fig. 1(g), the N 1s spectrum of GO-PAA was
also fitted, revealing two peaks with binding energies at 399.6 and
401.2 eV. After grafting with the initiator, a new peak appeared at
399.6 eV, representing the binding energy of nitrogen in the N-C=0,
further confirming the successful grafting of PAA onto the GO sur-
face through the amide reaction, resulting in the GO-PAA.

As shown in Fig. 2(a), GO exhibits a typical 2D layered structure,
with some wrinkles and stacking at the edges. This structure results
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Fig. 1. Preparation process and material characterization of GO-PAA. (a) Preparation process of GO-PAA. (b) Schematic of the chemicals and products used during the preparation
of GO-PAA. (c) GO-PAA product. (d) Infrared spectra of GO and GO-PAA. (e) Full spectra of GO and GO-PAA. (f) C element peak fitting. (g) N element peak fitting.

from the van der Waals forces between the GO sheets. After grafting
PAA onto its surface, a large number of chain-like structures are
observed on the GO surface in Fig. 2(b) due to sample deposition,
confirming the chain morphology of the grafted polymer. The TEM
images further confirm the successful grafting of PAA molecules,
which not only significantly enhances the surface chemical reactivity
of GO but also improves its hydrophilicity and dispersion in aqueous
systems by forming long-chain structures. This modification tech-
nique significantly improves the hydrophilicity and environmental
adaptability of GO, laying a solid foundation for its practical appli-
cation as an efficient plugging material in drilling fluids.

Fig. 2(c) and (d), as observed through AFM analysis, further
reveal the morphological changes before and after the grafting of
PAA molecules onto the GO surface. After PAA was grafted onto the
GO surface, chain-like or protruding structures appeared at the
edges of the layers, reflecting the uniform distribution and suc-
cessful attachment of PAA molecular chains on the GO surface.
Additionally, as shown in Fig. 2(e) and (f), the thickness of GO is
primarily around 2 nm, indicating that it consists of few-layer
graphene oxide and exhibits a good 2D layered structure. The
thickness of the GO-PAA sample increased to 3 nm after PAA
grafting, which is attributed to the attachment of PAA chains to the

GO surface. This increase in thickness not only verifies the success
of the grafting modification but also indicates that the modified
GO-PAA possesses greater physical structural stability.

3.2. Stability and dispersion performance of GO-PAA

Through contact angle measurements, thermogravimetric
analysis (TGA), and zeta potential characterization, we explored
the application potential of the GO-PAA in water-based drilling
fluids. The contact angle measurements indicate that the contact
angle of GO shown in Fig. 3(a) is 41.67°, while the contact angle of
the GO-PAA grafted with PAA, as shown in Fig. 3(b), significantly
decreases to 10.51°, indicating a substantial increase in the hy-
drophilicity of GO-PAA. This change is mainly attributed to the
introduction of hydrophilic functional groups, such as -COOH and
—OH, on the PAA molecular chains, which significantly enhance the
interaction between GO-PAA and water molecules. Additionally,
the flexible structure of the PAA molecular chains covers the sur-
face of the GO sheets, creating a more uniform hydrophilic inter-
face, thereby significantly reducing the contact angle (Zhao et al.,
2025). The enhanced hydrophilicity makes GO-PAA more easily
dispersed and stable in water-based drilling fluids, which is crucial
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Fig. 2. TEM images of GO (a) and GO-PAA (b). AFM images of GO (c) and GO-PAA (d). Thicknesses of GO (e) and GO-PAA (f).

for improving its plugging performance in complex strata
environments.

A comparison of the TGA results of GO and GO-PAA reveals a
significant enhancement in the thermal stability of GO after PAA
grafting. As shown in Fig. 3(c), the mass loss of GO is primarily
concentrated in the rage of 100-200 °C, attributed to the thermal
desorption of surface oxidized groups such as -COOH and -OH,
accompanied by the release of water molecules and carbon diox-
ide. In 300-500 °C, the carbon backbone of GO further de-
composes, leading to a significant increase in the mass loss rate,
which limits its application under high-temperature conditions. In
contrast, as shown in Fig. 3(d), GO-PAA exhibits only a slight mass
loss around 150 °C, primarily due to the desorption of some free
groups from the PAA molecular chains, indicating that PAA grafting
effectively reduces the desorption of active groups at low tem-
peratures. Moreover, as the temperature increases, the mass loss
rate of GO-PAA significantly slows down, indicating that the
introduction of PAA molecules delays the decomposition of the
carbon backbone due to their high-temperature stability and long-
chain structure. The enhanced effect of PAA grafting can be
attributed to the thermal protective effect provided by the poly-
mer chains and the stability of the chemical bonds, which signif-
icantly improve the overall thermal stability of the material (Yu
et al., 2024). In summary, PAA grafting not only imparts higher
surface chemical activity to GO but also enhances its structural
integrity under high-temperature conditions, significantly
improving the application potential of GO-PAA in complex strata
environments and providing theoretical support and performance
assurance for its application in water-based drilling fluids.

Zeta potential analysis indicates that the surface charge of GO-
PAA exhibits significant dynamic responses to changes in pH and
salt concentration. As shown in Fig. 3(e), under different pH
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conditions, the zeta potential of GO-PAA gradually increases as the
pH value rises from 5 to 9, primarily due to the dissociation
behavior of the surface -COOH after PAA grafting. Under acidic
conditions, the -COOH groups do not fully dissociate and remain in
their neutral form, resulting in a lower surface negative charge
density; whereas, under alkaline conditions, the -COOH largely
dissociate into negative charges (-COO-), significantly enhancing
the electrostatic repulsion between particles, thus improving the
dispersion and stability of GO-PAA in alkaline environments (Hu
et al,, 2024; Yagura et al., 2021). Additionally, the extension of
the flexible PAA chains not only provides a steric hindrance effect,
effectively preventing particle aggregation, but also further am-
plifies the change in zeta potential through the stability of the
electrical double layer. This dual effect significantly improves the
dispersion performance of GO-PAA under alkaline conditions.
However, as the salt concentration increases from 10,000 to
100,000 ppm, the zeta potential of GO-PAA gradually decreases,
reflecting the effect of the charge screening in high salinity envi-
ronments on GO-PAA. Under high salinity conditions, the cations
in the solution neutralize the negative charge on the GO-PAA
surface and compress the electrical double layer on the particle
surface, leading to a reduction in electrostatic repulsion between
particles, thereby increasing the likelihood of particle aggregation.
However, the presence of the flexible PAA chains plays a significant
buffering role in this process. The steric hindrance effect of the PAA
chains, along with the interaction between its polar groups and
cations, effectively reduces direct contact between particles,
thereby partially offsetting the negative impact of increased salt
concentration on dispersion (Sawada and Nogami, 2004). There-
fore, despite the decrease in zeta potential at high salinity con-
centrations, the surface charge of GO-PAA remains below —30 mV,
which is sufficient to ensure its dispersion stability in water-based
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centration conditions. Top view (f) and front view (g) of GO dispersion. Front view (h) and top view (i) of GO-PAA dispersion.

drilling fluids, indicating that it can still meet the application re-
quirements under high salinity conditions.

After being placed at 120 °C for 48 h, the GO dispersion and GO-
PAA dispersion show significant differences in the top view (Fig. 3
(f) and (i)), while no significant differences are observed in the
front view (Fig. 3(g) and (h)). From the top view, it can be observed
that after high-temperature exposure, the GO dispersion un-
dergoes significant sedimentation, with particles concentrated at
the bottom of the bottle, indicating poor stability under high-
temperature conditions, where the weakening of electrostatic
repulsion between particles leads to aggregation. In contrast, the
top view of the GO-PAA dispersion shows that even after 12 h of
high-temperature exposure, its particles remain suspended
without significant sedimentation. This difference is attributed to
the grafting effect of the PAA chains, which effectively suppress
particle aggregation and sedimentation through the hydration
layer and electrostatic repulsion of the flexible chains. The results
indicate that the dispersion performance of GO-PAA under high-
temperature conditions is significantly better than that of un-
modified GO, providing reliable evidence for its application in
high-temperature environments.

Combining the experimental results of contact angle, TGA, and
zeta potential, the excellence of GO-PAA is attributed to its unique
microstructure and surface chemical characteristics. PAA grafting
not only enhances the hydrophilicity and dispersion of GO but also
significantly improves its functionalization ability in water-based
drilling fluids. The chain structure of the grafted PAA effectively
blocks microfractures in shale formations, preventing the intru-
sion of drilling fluid and filtrate, thereby improving the stability of
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the wellbore. Although the charge shielding effect under high
salinity concentrations may impact the dispersion of GO-PAA,
through reasonable formulation adjustments and further modifi-
cation measures, GO-PAA can still exhibit outstanding perfor-
mance in high-temperature, high-salinity, and wide pH
environments.

3.3. MD simulation

The MD simulation results from Fig. 4 and videos (Multimedia
components 1 and 2) clearly show significant differences in the
dispersion behavior of GO and GO-PAA in the system. By
comparing the structural evolution of the two systems over
different time scales, we can draw the following conclusions. In
the GO simulation system (Fig. S7 and Fig. 4(a)), the GO sheets are
initially evenly dispersed in the system. However, as time pro-
gresses (10-50 ns), the GO sheets quickly undergo direct stacking
and ultimately form dense aggregates. The enlarged image at 50 ns
(Fig. 4(a)) shows that the GO nanosheets are primarily held
together through van der Waals forces and =-n stacking in-
teractions, forming sheet aggregates. This rapid aggregation in-
dicates that the interactions between the GO sheets are strong,
making it difficult for them to maintain a stable dispersion in the
solution. In contrast, the GO-PAA simulation system (Fig. S8 and
Fig. 4(b)) exhibits better dispersion throughout the simulation
process. At 0 ns, the GO-PAA sheets are similarly dispersed evenly
within the system, like the GO system. However, during the period
of 10-50 ns, the GO-PAA system maintains a better dispersion
state, and compared to the GO system, the aggregation between its
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nanosheets during the simulation period of 40-50 ns.

sheets is significantly reduced. The enlarged image at 50 ns (Fig. 4
(b)) shows that a more dispersed network structure forms be-
tween GO-PAA, rather than the tight stacking of sheets seen in the
GO system. This suggests that the grafting of PAA effectively dis-
rupts the strong interactions between the GO sheets, improving
their dispersion stability.

RDF analysis further validates the dispersion advantage of the
GO-PAA system. RDF is an important metric for measuring the
particle interactions and structural characteristics in fluid systems,
with the height of its peaks reflecting the binding strength and
local density between particles. As shown in Fig. 4(c), the RDF peak
of the GO system is higher, indicating stronger interactions be-
tween the GO sheets, resulting in a higher density of aggregates.
This indicates that the GO system is prone to sheet stacking,
making it difficult to maintain a well-dispersed state. In contrast,
the RDF peak of the GO-PAA system is significantly lower than that
of the GO system, indicating weaker binding forces between its
sheets and reduced local density. This means that the grafting of
PAA effectively reduces the attractive interactions between GO
sheets, enhancing the dispersion of the system and reducing the
formation of aggregates.

The differences in aggregation behavior between the GO and
GO-PAA systems are primarily caused by the following factors.
First, the n-n stacking interactions between GO sheets are strong,
causing them to easily stack directly and form aggregates. How-
ever, in GO-PAA, the grafting of PAA molecules disrupts the n-n
interactions, reducing the aggregation capability between GO
sheets. Second, the introduction of PAA in GO-PAA leads to more
negative charges on the surface of the sheets, enhancing electro-
static repulsion and thus reducing the binding strength between
the sheets, which improves dispersion. Additionally, the PAA side
chains in the GO-PAA system may form more hydrogen bonds with
water molecules, enhancing the system’s hydration capacity and
making the GO-PAA sheets more stable in solution.

3.4. GO-PAA plugging performance

Through “simulated core” plugging performance tests, the
plugging effectiveness of GO-PAA and nano-CaCO3 was systemat-
ically evaluated (experimental data are shown in Table S1). As
shown in Fig. 5(a)-(c), after adding 0.25%, 0.50%, and 0.75% nano-
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CaCOs, the permeability reduction rates were 17.71%, 24.23%, and
25.49%, respectively. The plugging effect slightly improved with
increasing concentration but tended to saturate. In contrast, as
shown in Fig. 5(d)-(f), after adding 0.25%, 0.50%, and 0.75% GO-
PAA, the permeability reduction rates significantly increased,
reaching 44.15%, 54.41%, and 57.53%, demonstrating superior
plugging performance. The filtration loss curves in Fig. 5 further
indicate that the plugging effect of nano-CaCO3; mainly relies on
the physical filling effect of the particles. The filtration loss volume
and rate decrease with increasing concentration, but the overall
effect is limited by the compactness of particle packing and the
irregularity of crack morphology. In contrast, GO-PAA demon-
strated significantly better filtration loss control compared to
nano-CaCOs at all concentrations, especially at 0.75% concentra-
tion, where the filtration loss volume and rate were at their lowest,
being twice that of conventional materials. Its outstanding per-
formance can be attributed to the unique 2D nanosheet structure
of GO-PAA and the synergistic effect of the grafted PAA chains. The
GO nanosheets can cover the crack surfaces, forming a “band-aid”
barrier that effectively prevents the intrusion of drilling fluid and
filtrate. The flexible PAA chains form a dense and stable plugging
layer through physical filling and chemical adsorption. Addition-
ally, the high hydrophilicity and chemical stability of PAA enhance
the dispersion and environmental adaptability of GO-PAA in
water-based drilling fluids, further improving the plugging per-
formance (Ma et al., 2022).

The SEM results combined with elemental composition analysis
reveal significant differences in the surface blocking performance of
GO-PAA and nano-CaCOs on the “simulated core,” providing clear
evidence for the blocking mechanisms of the two materials. SEM
images show no significant differences in the “simulated core” before
treatment with either material (Fig. 6(a) and (d)). After treatment
with GO-PAA, the surface structure of the “simulated core” is uniform
and compact, indicating its ability to form a continuous and stable
blocking layer (Fig. 6(e)). In contrast, the “simulated core” treated
with nano-CaCO3 exhibits loose particle aggregation, making it
difficult to effectively fill cracks and pores. Its blocking ability is
clearly limited by the simple physical filling effect of inorganic par-
ticles (Fig. 6(b)). Elemental composition analysis shows that signifi-
cant Ca element signals are detected on both the surface and cross-
section of the “simulated core” after treatment with nano-CaCOs3
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(Fig. 6(b) and (c)), further proving that the blocking mechanism of
nano-CaCOs mainly relies on particle physical accumulation. How-
ever, this blocking method requires a large amount of material, and
under conditions with high crack irregularity, the particle accumu-
lation efficiency significantly decreases, leading to limited blocking
performance. In contrast, the surface of the simulated core treated
with GO-PAA shows a significant increase in the C element content,
while the change in C element content on the cross-section is
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minimal, indicating that the blocking action of GO-PAA mainly occurs
on the surface of the cracks (Fig. 6(d)-(f)). The layered structure of
GO-PAA can cover the crack surface like a “band-aid”, and its grafted
PAA chains further enhance the material’s adhesiveness, allowing it
to adapt to the irregularities of the crack shapes. This results in effi-
cient blocking through the synergistic effect of physical coverage and
chemical adhesion. Furthermore, GO-PAA demonstrates excellent
environmental adaptability. Under extreme conditions (such as high
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mineralization, high temperature, and alkaline environments), GO-
PAA can still maintain the bonding ability of its layered structure
and the chemical stability of the PAA chains. This performance is
derived from its layered-chain synergistic blocking mechanism.
Compared to nano-CaCOs3;, GO-PAA exhibits higher efficiency in
blocking shale microcracks, providing an efficient and innovative
material solution to address issues caused by wellbore instability
during shale gas development.

3.5. Discussion on the blocking mechanism

The exceptional performance of GO-PAA composites in block-
ing shale microfractures stems from the synergistic effect of the 2D
GO sheet structure and the surface-grafted PAA chains. The 2D
sheet structure of GO has an extremely high specific surface area
and flexibility, allowing it to cover the surface of shale micro-
fractures like a “band-aid”, blocking the intrusion of drilling fluids
and filtrate through a physical barrier, while adapting to the
irregular shapes of the fractures (Fig. 7). In contrast, the blocking
effect of traditional spherical nanoparticles (such as CaCOs, SiO»,
etc.) mainly relies on the physical filling of particles. Although
their filtration loss decreases with increasing concentration of
nano-dispersions, the overall effect is limited by the packing
density of the particles and the irregularity of the fracture shapes,
making it difficult to form a uniform, dense blocking layer in
complex fractures. In contrast, GO-PAA overcomes these limita-
tions through its unique 2D structure and surface modification.

Structurally, GO-PAA utilizes GO nanosheets as the framework,
characterized by large lateral dimensions and ultrathin thickness.
These sheets attach to the fracture surfaces via planar adhesion
rather than volumetric filling, enabling the formation of a
continuous, stable, and dense barrier that effectively prevents fluid
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invasion. This “band-aid-like interfacial plugging” model repre-
sents a departure from conventional particle-stacking approaches.
Moreover, the grafted PAA chains substantially enhance the
dispersion stability and interfacial activity of the nanocomposite.
Under harsh downhole conditions such as high temperature, high
salinity, and broad pH ranges, pristine GO tends to aggregate due
to charge shielding and reduction of surface functional groups. In
contrast, PAA is a hydrophilic polymer rich in -COOH and -OH,
which enhances hydration through hydrogen bonding with water
molecules and provides steric hindrance via its flexible chains,
thereby minimizing interlayer aggregation. The introduction of
PAA also improves the chemical stability of GO in aqueous systems,
allowing it to remain well-dispersed and suspended in water-
based drilling fluids (Chen et al., 2022; Lee et al., 2024). This sta-
ble dispersion is critical for maintaining effective plugging
behavior over time. More critically, the PAA chains act as molecular
“adhesive tentacles,” significantly enhancing the nanosheets'
adhesion to fracture surfaces. These flexible chains conform to the
topography of the microfractures and establish multiple contact
points with the shale matrix through hydrogen bonding, electro-
static interactions, and van der Waals forces (Hu et al., 2023; Zhao
et al.,, 2025). This multipoint interaction secures the GO-PAA at the
fracture entrance, reinforcing the stability of the sealing layer. As a
result, GO-PAA remains stably anchored to the fracture surface
even under the high hydrostatic pressure of drilling fluid columns.
Additionally, the in-plane mechanical strength of the GO nano-
sheets imparts excellent compressive resistance and structural
integrity to the sealing layer.

In summary, GO-PAA offers a synergistic sealing mechanism
that integrates the flexibility of polymeric side chains with the
structural advantages of 2D nanosheets. This approach not only
adapts effectively to irregular fracture morphologies but also

Fig. 7. Schematic diagram of the plugging of microfractures in shale formations by functionalized graphene oxide GO-PAA in drilling fluids.
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reduces material consumption and enhances plugging efficiency
under complex formation conditions. It represents a promising
and innovative solution to wellbore instability in shale gas
development.

4. Conclusions

In conclusion, we have developed a functionalized GO com-
posite material with a simple preparation process and large-scale
production feasibility. This is the first time that 2D nanomaterials
have been applied in drilling fluids as efficient nanoplugging
agents to address the issue of borehole instability in shale gas
formations. Significant modification effects were achieved by
grafting PAA polymer chains onto the surface of GO. GO-PAA ex-
hibits excellent dispersion and stability under conditions of high
salinity, high temperature, and wide pH range. Further MD simu-
lation results indicate that the introduction of PAA side chains in
the GO-PAA system enhances electrostatic repulsion and hydra-
tion effects, reduces layer bonding forces, and significantly im-
proves dispersion stability. In terms of blocking performance, GO-
PAA, through the synergistic action of its 2D sheet structure and
flexible chains, forms a uniform and dense “band-aid” type plug-
ging barrier on the surface of shale microfractures. Simulation core
experiments show that the blocking efficiency of GO-PAA is
significantly superior to that of traditional spherical particle
plugging materials, with a permeability reduction rate of 57.53%,
twice that of conventional materials. Furthermore, the modified
structure of GO-PAA allows it to adapt to the irregular shapes of
fractures and reduce the amount of material required. This inno-
vative strategy successfully achieves the efficient application of 2D
nanomaterials in drilling fluids, providing an effective solution to
the borehole instability issue in shale gas development, and also
opens up new directions for the application of 2D nanomaterials in
complex formation environments.
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