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ABSTRACT: With the increasing emphasis on green, low-carbon, and sustainable development in shale gas drilling
fluids, the utilization of waste biomass resources to develop high-performance drilling fluid additives has emerged as an
important research direction that balances engineering requirements with environmental responsibility. In this study,
waste cotton—derived polyanionic cellulose (bio-PAC) was employed as the base material, and sulfonate and carboxylate
functional groups were introduced via free-radical graft copolymerization to synthesize a modified cellulose polymer,
PAC-g-(sodium vinyl sulfonate, SVS/sodium methallyl sulfonate, SMAS/methacrylic acid, MAA). Structural charac-
terization confirmed the successful grafting of the target functional groups onto the cellulose backbone. The resulting
polymer exhibited high thermal stability, with a decomposition temperature up to 330°C under a nitrogen atmosphere,
and demonstrated favorable environmental compatibility (ECsy = 73,000 mg/L). Performance evaluation showed that,
in bentonite-based mud systems, the addition of 30 g/L PAC-g-(SVS/SMAS/MAA) followed by aging at 160°C for 16 h
resulted in apparent viscosity (AV) retention rates of 81.3%, 73.6%, and 76.4% in freshwater, saturated brine, and mixed-
salt based muds, respectively, while the corresponding low-temperature low-pressure (LTLP) filtration volumes were all
below 5.0 mL. In shale gas water-based drilling fluid systems, when the dosage was 20 g/L, the drilling fluids maintained
stable rheological structures after high-temperature aging at 160°C-180°C, with AV values of 33.5-42.5 mPa-s and
yield point (YP) values exceeding 8.5 Pa, significantly outperforming commercial hydroxyethyl cellulose (HEC)-
and polyanionic cellulose (PAC)-treated systems. Meanwhile, the high-temperature high-pressure (HTHP) filtration
volumes were reduced to 9.8-18.6 mL, corresponding to reduction rates of 82.2%-91.3%. Scanning electron microscopy
(SEM) observations of the filter cakes revealed that PAC-g-(SVS/SMAS/MAA) promoted the formation of continuous
and compact filtration barrier structures under high-temperature conditions, thereby effectively inhibiting particle
migration and pore connectivity. These results demonstrate that the developed polymer can simultaneously achieve
significant viscosity enhancement and efficient filtration control in high-temperature shale gas water-based drilling
fluids, indicating promising potential for practical engineering applications.

KEYWORDS: Shale gas water-based drilling fluids; cellulose derivatives; graft copolymerization; thermal and salt
resistance; rheological regulation and filtration control

1 Introduction

With the continuous large-scale development of unconventional oil and gas resources, particularly shale
gas, drilling operations are progressively extending toward high-temperature, high-salinity, and geologically

Copyright © 2026 The Authors. Published by Tech Science Press. This work is licensed under a Creative Commons Attribution 4.0 International
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://www.techscience.com/journal/JPM
https://www.techscience.com/
https://doi.org/10.32604/jpm.2026.080437
https://www.techscience.com/doi/10.32604/jpm.2026.080437
mailto:hss250606@163.com

2 ] Polym Mater. 2026;43(2):17

complex formations, thereby imposing increasingly stringent requirements on the overall performance
of water-based drilling fluids [1-4]. Drilling fluids are required not only to provide effective rheological
regulation to ensure adequate hole cleaning and cuttings transport, but also to form dense and stable
filter cakes under high-temperature and high-pressure conditions, so as to control fluid loss and protect
the formation [5,6]. Compared with oil-based drilling fluids, water-based drilling fluids offer advantages
in terms of environmental compatibility and cost effectiveness [7]. However, under high-temperature and
high-mineralization conditions, water-based drilling fluid systems often suffer from severe degradation of
rheological structures and a sharp increase in filtration loss, which substantially limits their engineering
performance and field applicability [8,9].

Modified cellulose-based polymers have long been employed as key additives in water-based drilling
fluids owing to their favorable viscosity-enhancing capability, effective fluid-loss control performance, and
environmental friendliness [10-12]. Among them, carboxymethyl cellulose (CMC), polyanionic cellulose
(PAC), and hydroxyethyl cellulose (HEC) have been extensively applied in field operations [13,14]. In
addition, cellulose nanomaterials, such as cellulose nanofibers (CNFs) and cellulose nanocrystals (CNCs),
have attracted increasing attention in the regulation of rheological properties and fluid-loss control of
drilling fluids due to their high specific surface area, strong hydration capability, and nanoscale structural
features [13,15,16]. For example, Khan et al. [17] reported that mechanically disintegrated CNFs (M-CNFs),
characterized by highly entangled network structures, contribute to the enhancement of rheological prop-
erties, whereas TEMPO-mediated oxidized CNFs (T-CNFs), possessing a higher density of surface negative
charges, can suppress bentonite flocculation by enhancing interparticle electrostatic repulsion, thereby
contributing to fluid-loss control.

However, both conventional cellulose derivatives and unmodified cellulose nanomaterial systems still
face significant challenges under high-temperature and high-salinity conditions [18,19]. On the one hand, the
side-chain structures of these materials are predominantly composed of nonionic or weakly ionizable func-
tional groups. In highly mineralized environments, the presence of large amounts of electrolytes compresses
the electrical double layer surrounding the polymer chains, weakens electrostatic repulsion between chain
segments, and induces chain coiling or even conformational collapse [20,21]. On the other hand, elevated
temperatures markedly intensify the thermal motion of polymer chains, leading to reduced stability of the
adsorption layers on solid surfaces and a higher tendency toward desorption or molecular rearrangement.
This, in turn, diminishes interparticle bridging interactions and weakens the overall structural strength of the
fluid system [22]. As a result, conventional modified cellulose polymers often suffer from severe deterioration
of rheological parameters, loose filter cake structures, and uncontrolled filtration loss in high-temperature,
high-salinity drilling fluid systems, rendering them inadequate for the engineering requirements of deep and
ultra-deep shale gas wells.

In recent years, the introduction of strongly hydrophilic ionic functional groups onto cellulose back-
bones via chemical grafting or copolymerization has been widely regarded as an effective approach to
enhancing thermal and salt tolerance [23]. In particular, sulfonate groups, owing to their strong ion-
ization capability and robust hydration characteristics even under high-salinity conditions, contribute to
maintaining extended polymer chain conformations and improving solution structural stability [24-26].
Nevertheless, most existing studies have focused primarily on the enhancement of single performance
attributes, making it difficult to achieve synergistic optimization between viscosity enhancement and
filtration reduction. Moreover, a systematic understanding of the underlying mechanisms governing their
behavior in complex drilling fluid systems remains insufficient. In this context, sodium vinyl sulfonate
(SVS), sodium methallyl sulfonate (SMAS), and a small amount of methacrylic acid (MAA) were selected
as grafting monomers in this study. SVS, characterized by its simple structure, high reactivity, and strong
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anionic nature, can introduce a high density of sulfonate sites onto the cellulose backbone, thereby enhancing
hydrophilicity, ionization stability, and interchain electrostatic repulsion. This contributes to mitigating
polymer coil contraction induced by electrical double-layer compression under high-salinity conditions and
helps maintain an extended chain conformation [27,28]. SMAS, containing a methyl substituent, provides
steric hindrance that can regulate side-chain conformation and improve thermal stability, while retaining
the hydration and salt-resistance characteristics of sulfonate groups [28,29]. In addition, the incorporation
of alimited amount of MA A introduces carboxylate functionalities, which facilitate adsorption and bridging
interactions between the polymer and bentonite or other solid particles, thereby promoting particle aggre-
gation and pore filling and contributing to improved filtration control [30]. However, in systems containing
multivalent cations such as Ca** and Mg**, excessive carboxylate content may induce unfavorable ionic
bridging effects [31]. Therefore, only a small amount of MAA was introduced to achieve a balance between
adsorption enhancement and salt tolerance. Based on this design, the combined incorporation of SVS, SMAS,
and a limited amount of MAA aims to simultaneously enhance hydration stability in the bulk solution and
adsorption regulation at solid interfaces, thereby enabling synergistic optimization of rheological regulation
and filtration control.

From the perspective of raw material selection, textile wastes such as waste cotton represent a high-
purity cellulose biomass resource characterized by high cellulose content (95%-99%), low impurity levels,
and stable availability, making them ideal precursors for the preparation of high-performance cellulose
derivatives [32,33]. In contrast to lignocellulosic materials, waste cotton contains negligible amounts of lignin
and hemicellulose, thereby avoiding complex removal processes and facilitating the acquisition of cellulose
substrates with more uniform structures and higher chemical reactivity [34,35]. Moreover, the high-value
utilization of discarded cotton fibers is consistent with the ongoing trend toward greener oilfield chemical
technologies. Accordingly, the development of environmentally friendly, high-performance drilling fluid
additives based on waste cotton is of both engineering significance and environmental relevance.

Based on these considerations, a novel graft-modified polymer, PAC-g-(SVS/SMAS/MAA), was syn-
thesized via free-radical graft copolymerization using waste cotton-derived bio-PAC as the base material.
The effects of synthesis conditions on material properties were systematically investigated, and the thermal
resistance, salt tolerance, rheological regulation, and filtration control performance of the resulting polymer
were comprehensively evaluated in bentonite-based mud and shale gas water-based drilling fluid systems.
Furthermore, the underlying mechanisms governing its performance under high-temperature conditions
were elucidated through a combination of rheological measurements, filtration tests, and microstructural
characterization of filter cakes. The findings of this work are expected to provide useful insights for
the design and application of high-performance, environmentally friendly cellulose-based additives for
high-temperature shale gas water-based drilling fluids.

2 Materials and Methods

A schematic overview of the research workflow is presented in Fig. 1, including synthesis optimization,
material characterization, performance evaluation, and mechanism analysis of PAC-g-(SVS/SMAS/MAA)
in shale gas water-based drilling fluids.
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Figure 1: Schematic illustration of the overall workflow of this study.

2.1 Materials

Waste cotton fibers were obtained from discarded pure cotton textiles (self-provided) and used as the
cellulose raw material for the preparation of the modified polymer after appropriate pretreatment. Sodium
vinyl sulfonate (SVS), sodium methallyl sulfonate (SMAS), methacrylic acid (MAA), and ammonium
persulfate (APS) were all of analytical grade and purchased from Shanghai Aladdin Biochemical Technology
Co., Ltd., and were used for the graft copolymerization reactions. Sodium hydroxide, isopropanol, ethanol,
glacial acetic acid, sodium chloroacetate, and hydrogen peroxide were of analytical grade and obtained from
Shanghai Macklin Biochemical Co., Ltd.; all chemicals were used as received without further purification.

Sodium bentonite (meeting API specifications) was supplied by Weifang Huawei Bentonite Group Co.,
Ltd. (Weifang, China) and used for the preparation of bentonite-based muds and drilling fluid systems.
Sodium carbonate (Na, CO;), sodium chloride (NaCl), calcium chloride (CaCl,), and magnesium chloride
hexahydrate (MgCl,-6H,0) were of analytical grade and purchased from Shanghai Macklin Biochemical
Co., Ltd., and were employed to formulate freshwater-, saturated brine-, and mixed-salt-based mud systems
with different salinities. In the shale gas water-based drilling fluid formulations, inhibitors, lubricants,
plugging agents, and other functional additives were supplied by Jingzhou Jiahua Technology Co., Ltd. and
added according to a predefined formulation. Commercial hydroxyethyl cellulose (HEC) and commercial
polyanionic cellulose (PAC) were purchased from Feicheng Yutian Chemical Co., Ltd. Deionized water was
used in all experiments.
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2.2 Preparation of PAC-g-(SVS/SMAS/MAA) Graft Copolymer

Biomass-derived polyanionic cellulose (bio-PAC) was prepared from waste cotton textile scraps and
subsequently graft-modified to obtain the PAC-g-(SVS/SMAS/MAA) copolymer. The waste cotton was cut
into small pieces (5-10 mm), thoroughly washed with deionized water, and then treated in a 1.5 wt.% nonionic
surfactant solution at 60°C under stirring for 60 min to remove oils and impurities. After filtration, the fibers
were rinsed with deionized water until the filtrate became clear. The cleaned cotton was then subjected to
alkaline cooking in a 3.0 wt.% NaOH solution at 80°C for 1 h, followed by washing to neutrality. To further
reduce color, the resulting material was treated in a 2.0 wt.% H, O, alkaline solution (pH adjusted to 10.5 with
NaOH) at 60°C for 1 h. The product was washed to neutrality and dried at 60°C to constant weight, yielding
cellulose (bio-CEL).

For the preparation of bio-PAC, 20.0 g of bio-CEL was dispersed in 1 L of an isopropanol/water mixed
medium (volume ratio 80/20) and stirred at room temperature for 15 min. A certain amount of 30 wt.%
NaOH solution was then added, and the mixture was alkalized at 25°C for 60 min to form alkali cellulose.
Subsequently, the temperature was raised to 55°C, and sodium chloroacetate (21.6 g) was added in three
portions. The carboxymethylation reaction was carried out at 60°C for 3 h. After completion, the reaction
mixture was cooled to room temperature and slowly neutralized with glacial acetic acid to pH 7.0-8.0. The
slurry was poured into three times its volume of absolute ethanol to precipitate the product. The precipitate
was collected by vacuum filtration and washed three times with 80% ethanol to remove byproduct salts
and residual alkali. The final product was vacuum-dried at 50°C to constant weight, ground, and sieved
through a 100-mesh screen to obtain polyanionic cellulose (bio-PAC) powder, with a degree of substitution
of approximately 1.05.

The PAC-g-(SVS/SMAS/MAA) graft copolymer was subsequently synthesized using bio-PAC as the
backbone via aqueous free-radical graft copolymerization. Briefly, 8.0 g of bio-PAC was dispersed in 792 mL
of deionized water under mechanical stirring at room temperature for 30 min, followed by heating to
45°C and continued stirring for 60 min to ensure complete hydration. The system was then purged with
nitrogen for 30 min to remove dissolved oxygen and maintained under a nitrogen atmosphere throughout
the reaction. Monomer solutions of SVS, SMAS, and MAA were prepared at predetermined molar ratios,
with MAA being pre-neutralized with NaOH to pH 7.5-8.5. After the bio-PAC solution was heated to 60°C,
a certain amount of APS (30% of the total initiator dosage) was added, and the mixture was stirred for
10 min. The monomer solution was then added dropwise over 90 min, during which the remaining APS was
supplemented in two portions to maintain a stable radical concentration. Upon completion of monomer
addition, the reaction was allowed to proceed at 60°C for an additional 2.5 h. The reaction mixture was
subsequently cooled to below 40°C and poured into three times its volume of absolute ethanol to precipitate
the product. The solid was collected by vacuum filtration, washed three times with ethanol to remove free
copolymers and residual salts, and finally vacuum-dried at 50°C to constant weight. The dried product was
ground and sieved through a 100-mesh screen to obtain the PAC-g-(SVS/SMAS/MAA) graft copolymer
powder, and its schematic molecular structure is shown in Fig. 2.

In this study, the molar ratio of SVS/SMAS/MAA, the mass ratio of total monomers to bio-PAC, the
initiator dosage, and the reaction temperature were systematically varied to obtain graft copolymers with
viscosity-enhancing and filtration-reducing performance suitable for drilling fluid applications.
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Figure 2: Schematic molecular structure of PAC-g-(SVS/SMAS/MAA).

2.3 Characterization of the Prepared Samples

Fourier transform infrared (FT-IR) spectroscopy was employed to characterize the molecular structure
of the prepared PAC-g-(SVS/SMAS/MAA) samples. The polymer was thoroughly mixed with dried potas-
sium bromide (KBr) at a mass ratio of 1:100 and compressed into transparent pellets. FT-IR spectra were
recorded using a Nicolet X700 Fourier transform infrared spectrometer (Thermo Fisher Scientific, USA) over
the wavenumber range of 4000-500 cm™!, with a spectral resolution of 4 cm™! and 32 scans accumulated for
each sample.

The thermal stability of the materials was evaluated by thermogravimetric analysis (TGA) using a TGA
2 thermal analysis system (Mettler Toledo, Switzerland). Measurements were conducted under a nitrogen
atmosphere with a flow rate of 50 mL/min. The samples were heated from room temperature to 600°C at a
constant heating rate of 10°C/min.

To assess the potential environmental impact of the synthesized samples, their biotoxicity was evaluated
using the luminescent bacteria assay, which is a widely applied rapid method for biological toxicity
assessment [36]. The experimental procedures and toxicity classification were based on the half-maximal
effective concentration (ECs) as the evaluation criterion, and the relevant testing protocols and assessment
standards were conducted in accordance with the Chinese national standard GB/T 15441-1995 [37,38].

2.4 Preparation of Bentonite-Based Muds and Shale Gas Water-Based Drilling Fluids
2.4.1 Preparation of Bentonite-Based Muds

Freshwater-based mud: A total of 400 mL of deionized water was measured, into which 1.20 g of Na, CO;
and 20.00 g of sodium bentonite were sequentially added. The mixture was subjected to high-speed stirring
for 30 min and then aged at room temperature for 24 h to obtain the freshwater-based mud.

Saturated brine-based mud: A total of 400 mL of deionized water was taken, and 144.00 g of NaCl and
2.40 g of Na, CO; were sequentially added, followed by high-speed stirring for 10 min. Subsequently, 40.00 g
of sodium bentonite was added, and the mixture was further stirred at high speed for 30 min. The resulting
slurry was aged at room temperature for 24 h to obtain the saturated brine-based mud.

Mixed-salt-based mud: A total of 400 mL of deionized water was used as the base liquid. Then, 16.00 g
of NaCl, 4.28 g of MgCl,-6H,0, 2.00 g of CaCl,, and 2.40 g of Na, CO; were sequentially added, followed by
high-speed stirring for 10 min. Subsequently, 40.00 g of sodium bentonite was added, and the mixture was
stirred at high speed for an additional 30 min. The prepared mud was aged at room temperature for 24 h to
obtain the mixed-salt-based mud.
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2.4.2 Preparation of Shale Gas Water-Based Drilling Fluids

According to the shale gas water-based drilling fluid formulation listed in Table 1, all components were
sequentially added into a high-speed mixing cup under continuous stirring at 8000 r/min. The interval
between successive additions was maintained at 5-10 min, and the feeding time for each component was
controlled within 10-30 s. After the addition of the final component, the drilling fluid was further stirred for
30 min to obtain a homogeneous shale gas water-based drilling fluid.

Table 1: Formulation of shale gas water-based drilling fluid and functions of additives.

No. Drilling Fluid Additive Dosage Function

70 mL freshwater-based mud +

Provides basic rheol d initial
1 Bentonite-based mud 280 mL deionized water (total rovides basic ricology and initia

filter cak
volume: 350 mL) er cake
2 Sodium hydroxide 1.05¢g pH adjustment
3 Lubricant 35.00g Reduces fr1ct101.1 :clnd improves
lubricity
4 Encapsulating agent 070 g Enhances shale cuttings integrity
I inhibiti inst shal
5 Inorganic salt 2100 ¢ mproves in 1b1t19n against shale
hydration
6 Inhibitor 700 g Strengthens dispersion inhibition
7 Organic salt 1750 g Antioxidation
8 Modified cellulose As required Rheology regulation and filtration
control
9 Plugging agent 1050 g Enhances plugging performance

As required, to achieve the drilling

1 Bari
0 arite fluid density of 1.80 g/cm’

Density control

2.5 Performance Evaluation of Bentonite-Based Muds and Drilling Fluids
2.5.1 Rheological Property Evaluation

The rheological properties of the bentonite-based muds and drilling fluids were characterized in
accordance with the American Petroleum Institute recommended practice (API RP 131, 2004) using a six-
speed rotational viscometer (ZNN-D6B, Qingdao Chuangmeng Instrument Technology Service Co., Ltd.,
China). Dial readings were recorded at rotational speeds of 600, 300, and 3 rpm and denoted as 6600,
0300, and 03, respectively. Each sample was measured three times, and the average value was taken as
the final result. Based on these measurements, the apparent viscosity (AV), plastic viscosity (PV), yield
point (YP), and gel strength (GS@10s and GS@10m) were calculated according to the Bingham model
using Eqs. (1)-(5). Furthermore, the ratio of YP to PV (YP/PV) was calculated to evaluate the velocity
distribution characteristics of the fluid in the annular space of the wellbore. A higher YP/PV ratio generally
corresponds to a flatter velocity profile, which is beneficial for enhancing cuttings suspension and transport
efficiency [39].
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AV = 0.5 x 6600 (mPa - s) ey
PV = 0600 — 0300 (mPa-s) (2)
YP =0.511 x (6300 — PV) (Pa) (3)
GS@10s = 0.511 x 63s(Pa) (4)
GS@10m = 0.511 x 63m(Pa) (5)

GS@10s and GS@10m denote the gel strengths after static periods of 10 s and 10 min, respectively,
expressed in Pa. 03s and 63m represent the corresponding maximum dial readings at 3 rpm. The value 0.511
is the instrument calibration constant in Pa per dial unit, used to convert dial readings into shear stress.

2.5.2 Filtration Control Performance Evaluation

The filtration control performance of drilling fluids was evaluated by measuring the volume of
filtrate passing through a filter medium under specified pressure, temperature, and time conditions. Low-
temperature low-pressure (LTLP) filtration tests were conducted in accordance with the American Petroleum
Institute standard (API RP 13B-1, 2009). In this method, a differential pressure of 100 psi was applied
at room temperature, and the filtrate volume was collected over a period of 30 min [40]. To further
characterize the filtration behavior of drilling fluids under high-temperature and high-pressure conditions,
high-temperature high-pressure (HTHP) filtration tests were performed using an HTHP filter press (GGS71,
Qingdao Chuangmeng Instrument Technology Service Co., Ltd., China). The filtration volume was measured
over 30 min under a differential pressure of 500 psi at the specified test temperature [41]. All experiments
were performed in triplicate, and the data are presented as mean + standard deviation.

2.6 Filter Cake Surface Morphology Characterization

The surface morphology of the filter cakes was examined using a field-emission scanning electron
microscope (FE-SEM, SU8000, Hitachi, Japan). The observations were carried out at an accelerating voltage
of 1.0 kV and a working distance of 8.0 mm. Images were acquired at magnifications of x50 and x250 using
the low-magnification secondary electron imaging mode (LM(L)).

2.7 Zeta Potential Measurement

The zeta potential of the shale gas water-based drilling fluid systems was measured using a Zetasizer
Nano Z (Malvern Instruments, UK) to evaluate the effect of PAC-g-(SVS/SMAS/MAA) on system stability.
Prior to measurement, the drilling fluid samples were diluted tenfold with deionized water. All measurements
were performed at room temperature. Each sample was tested in triplicate, and the results are presented as
mean =+ standard deviation.

3 Results and Discussion
3.1 Optimization of Synthesis Conditions

To elucidate the influence of synthesis parameters on the performance of PAC-g-(SVS/SMAS/MAA),
mixed-salt-based mud was selected as the evaluation system. At a fixed additive dosage of 20 g/L, the
rheological retention and filtration control performance of products synthesized under different conditions
were systematically compared after aging at 160°C for 16 h, and the results are summarized in Fig. 3.
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Figure 3: Effect of synthesis parameters on the performance of PAC-g-(SVS/SMAS/MAA): (a) monomer composition,
(b) monomer/PAC mass ratio, (c) APS/bio-PAC mass ratio, and (d) reaction temperature.

Overall, monomer composition, grafting intensity, initiator dosage, and reaction temperature exerted
significant effects on the comprehensive performance of the material in high-temperature mixed-salt
environments; however, their underlying mechanisms differed markedly. First, the influence of monomer
molar ratio was primarily associated with the balance of synergistic effects among hydrophilic ionic
functional groups (Fig. 3a). As the MAA content increased from 5% to approximately 10%, both the
AV retention and LTLP filtration control performance improved simultaneously, with the composition
SVS/SMAS/MAA = 70:20:10 exhibiting the best overall performance. In contrast, a further increase in MAA
content to 15% led to a pronounced deterioration in stability under mixed-salt conditions. This behavior
suggests that an appropriate amount of carboxyl groups enhances polymer adsorption onto particle surfaces
and facilitates network reconstruction, whereas excessive carboxylate content may induce unfavorable ionic
bridging effects in Ca®*- and Mg**-containing systems, thereby compromising structural stability after
high-temperature aging.

Based on the optimized monomer composition, the regulatory role of grafting intensity on material
performance became more evident (Fig. 3b). As the mass ratio of total monomers to bio-PAC increased from
0.6 to 1.4, the AV retention increased continuously, while the LTLP filtration volume decreased significantly,
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indicating that a moderate increase in grafting density is beneficial for enhancing chain extension and film-
forming capability. However, when the mass ratio was further increased to 1.6, a decline in performance
was observed. This deterioration is likely attributable to structural heterogeneity or an increased proportion
of free copolymers caused by excessive grafting, which is unfavorable for the formation of a stable and
continuous polymer—particle network.

The initiator dosage also played a critical role in determining grafting efficiency (Fig. 3c). At low
APS/bio-PAC ratios, insufficient initiation efficiency limited effective graft formation. Conversely, excessive
APS promoted radical-induced degradation of the polysaccharide backbone and intensified side reactions,
resulting in reduced high-temperature stability. In comparison, an APS/bio-PAC ratio of 0.50% provided an
optimal balance between grafting efficiency and backbone integrity, enabling the material to achieve both
high AV retention and low LTLP filtration loss.

The effect of reaction temperature reflects a combined balance among radical generation rate, monomer
reactivity, and cellulose backbone stability (Fig. 3d). Within the temperature range of 50°C-65°C, material
performance improved markedly with increasing temperature. When the temperature was further increased
to 75°C, however, thermally induced backbone degradation became dominant, leading to a deterioration in
overall performance. Therefore, a moderately elevated reaction temperature is more favorable for obtaining
graft copolymers with uniform grafting and stable structures.

Based on the results shown in Fig. 3, the optimal synthesis window for PAC-g-(SVS/SMAS/MAA)
was determined as follows: SVS/SMAS/MAA molar ratio of 70:20:10, monomer/bio-PAC mass ratio of 1.4,
APS/bio-PAC mass ratio of 0.50%, and a reaction temperature of 65°C. Under these conditions, the material,
when added at 20 g/L to mixed-salt-based mud and aged at 160°C for 16 h, maintained an AV retention
of 81.3% and reduced the LTLP filtration volume to 4.6 mL. These results demonstrate that the optimized
PAC-g-(SVS/SMAS/MAA) achieves a synergistic enhancement of rheological stability and filtration control
performance under high-temperature and high-salinity conditions.

3.2 Characterization of PAC-g-(SVS/SMAS/MAA)
3.2.1 FT-IR Analysis

The FT-IR spectrum of PAC-g-(SVS/SMAS/MAA) prepared under the optimized conditions is shown
in Fig. 4, revealing characteristic structural features of both the polysaccharide backbone and the grafted
side chains. The broad absorption band centered at 3430 cm™' is attributed to the stretching vibration of
—-OH groups originating from the cellulose backbone and its derivatives. This feature also indicates strong
hydrophilicity and hydrogen-bonding capability, which are essential for effective hydration and rheological
regulation in drilling fluid systems. The absorption peak at 2928 cm™! can be assigned to the stretching
vibrations of aliphatic C-H bonds (-CH,-/-CHj3), suggesting that the introduction of grafted side chains
does not disrupt the fundamental carbon-hydrogen framework of the polysaccharide backbone. The bands
observed at 1606 and 1421 cm™' correspond to the asymmetric and symmetric stretching vibrations of
—-COO™ groups, respectively, confirming the successful incorporation of carboxylate functionalities. The

absorption peak at 1326 cm™!

is associated with the deformation vibrations of -CH; and —~CH,- groups,
which originate from the alkyl structures introduced by MAA and sulfonate-containing monomers, further
indicating the successful construction of grafted side chains. The characteristic peak at 1123 cm™! is attributed
to the stretching vibration of S=O bonds in sulfonate groups, while the band at 1013 cm™ corresponds
to the characteristic C-O-C stretching vibration of the cellulose ether backbone. The incorporation of
sulfonate groups endows the material with enhanced salt resistance and hydration stability, providing a

critical structural basis for maintaining rheological performance in high-salinity and mixed-salt drilling fluid
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environments. In addition, the absorption band observed at 614 cm™! can be assigned to the bending vibra-
tions of C-S or S—O bonds, further confirming the presence of sulfur-containing functional groups. Overall,
these results demonstrate that the PAC backbone retains the characteristic features of the polysaccharide
structure while being successfully grafted with both carboxylate and sulfonate functional groups.

Transmittance (%)

-OH

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 4: FT-IR spectrum of PAC-g-(SVS/SMAS/MAA).

3.2.2 Thermogravimetric Analysis

The TG-DTG curves of the synthesized PAC-g-(SVS/SMAS/MAA) are presented in Fig. 5, and the ther-
mal decomposition process can be divided into three main stages. The first stage occurs in the temperature
range of 30°C-330.7°C, with a mass loss of approximately 9.6%. This weight loss is mainly attributed to the
evaporation of physically adsorbed moisture and a small amount of low-molecular-weight components, and
no obvious degradation of the polymer backbone is observed during this stage. The second stage, located
between 330.7°C and 370.1°C, corresponds to the primary mass-loss region in the TG curve. The onset
and end temperatures of decomposition were determined using the tangent method applied to the TG
curve [36]. A maximum decomposition rate peak appears at 357.9°C in the DTG curve, indicating rapid
thermal decomposition of the polymer near this temperature. When the temperature reaches 370.1°C, the
residual mass decreases to 57.7%, and the cumulative mass loss in this stage is approximately 32.7%. This
mass loss is mainly associated with the cleavage of grafted side chains and the thermal decomposition of
sulfonate groups [42]. The third stage occurs above 370°C, with a mass loss of approximately 5.9%, which
can be attributed to further thermal degradation and carbonization of the polymer backbone. Overall, the
TG-DTG results indicate that PAC-g-(SVS/SMAS/MAA) maintains high mass stability below 330°C under
a nitrogen atmosphere, demonstrating good thermal stability. This behavior can be primarily ascribed to the
three-dimensional network structure constructed on the cellulose backbone through graft modification, as
well as the incorporation of sulfonate functional groups, which effectively enhance the thermal stability of
the polymer chains. These features provide a solid thermal stability basis for the application of the material
in high-temperature water-based drilling fluid systems.
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Figure 5: TG and DTG curves of PAC-g-(SVS/SMAS/MAA).

3.2.3 Biotoxicity Analysis

To evaluate the potential environmental impact of the synthesized PAC-g-(SVS/SMAS/MAA), biotox-
icity tests were conducted to characterize its acute toxicity, with the half-maximal effective concentration
(ECs0) used as the evaluation metric. ECs( represents the sample concentration that induces 50% of the
maximum effect in the test organism within a specified exposure period. The results indicate that PAC-
g-(SVS/SMAS/MAA) exhibits an ECsy value of 73,000 mg/L, which is significantly higher than both the
non-toxic classification threshold (ECsy > 25,000 mg/L) and the regulatory discharge requirement (ECsy >
30,000 mg/L) [43]. This favorable biotoxicity performance is closely related to the structural characteristics
and raw material origin of the material. On the one hand, the PAC backbone is derived from natural cellulose,
whose biocompatibility and environmental friendliness have been extensively validated. On the other hand,
the grafted sulfonate and carboxylate functional groups are water-soluble anionic moieties that are not prone
to bioaccumulation or persistent toxic effects in aquatic environments, thereby satisfying environmental
safety requirements for drilling fluid additives.

3.3 Performance Evaluation of PAC-g-(SVS/SMAS/MAA) in Bentonite-Based Muds
3.3.1 Thermal Resistance Evaluation

To systematically evaluate the rheological stability and filtration control capability of PAC-g-
(SVS/SMAS/MAA) under high-temperature conditions, the polymer was added to mixed-salt-based mud
at a dosage of 30 g/L. The samples were subjected to rolling aging at temperatures ranging from 25°C to
160°C for 16 h, after which their rheological parameters and LTLP filtration performance were measured.
The results are presented in Fig. 6. All retention and increase ratios were calculated with reference to the data
obtained at 25°C.

As shown in Fig. 6a-c, the AV, PV, and YP of the system gradually decreased with increasing aging tem-
perature; however, the overall attenuation remained moderate. When the aging temperature was increased
from 25°C to 120°C, the retention of the main rheological parameters remained at relatively high levels. Even
after aging at 160°C, the retention rates of AV, PV, and YP were still 75.3%, 80.0%, and 66.7%, respectively.
Meanwhile, the YP/PV ratio exhibited a slight decrease with increasing temperature, but its retention rate
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remained as high as 83.3% at 160°C, indicating that high-temperature aging exerted a relatively limited
influence on the flow behavior characteristics of the system. With respect to filtration performance (Fig. 6d),
the LTLP filtration volume increased gradually with increasing aging temperature, rising from 2.4 mL at
25°Cto 3.6 mL at 160°C, corresponding to an LTLP increase rate of 50.0%. Although high-temperature aging
led to a certain increase in filtration volume, its absolute value remained at a low level throughout the tested
temperature range. This observation suggests that the material can still effectively participate in filter cake
formation and maintain satisfactory filtration control under high-temperature conditions.

18
(A)sl o L_lav {100 (b) B YPoo 4100
Treeell [ Jpv T --#-- YP retention
. B, s --@-- AV retention 16| I
;:;&:;\ --A-- PV retention
40 [ N 1% & 14 - =9 — 490
I~ A < o
I e = 12k S
RN =} <
[ RS E oA = =
E3H A 480 § £ 10l . 180 .5
é’ I ) 2 5
S 2 7 8r 2
2 20+ {70 8 170 &
> 2 6r - ”
>
4
10 - 60 - 60
2 F
O 50 0 1 1 1 1 1 50
25 100 120 140 160 25 100 120 140 160
Temperature (°C) Temperature (°C)
(c) 0.6 P S [ Jyerpv - 4100 (d) 50 - LTLP fluid loss - 100
_ - | R ===~ YP/PV retention --@-- LTLP fluid loss increase rate .
0.5 TS <
' N LY 180 2
> X I b
¢ < g )
£ 04t o s _ 4
g S 2 460 8
£ 180 € 230} | 3
3] g ¥ R=
& 2= T I < =
=03 © 5 . 2
z > = T 140 2
S 170 & 5 20f A )
~ 02t £ 5 & &
420 %
4 L o] &
o1 b 60 1.0 =
<" 40
00 1 1 1 1 1 50 00 1 1 1 1
25 100 120 140 160 25 120 140 160
Temperature (°C) Temperature (°C)

Figure 6: Thermal resistance of PAC-g-(SVS/SMAS/MAA) in composite brine-based mud: (a) AV and PV with
corresponding retention, (b) YP with retention, (c) YP/PV with retention, and (d) LTLP fluid loss with increase rate.

Opverall, these results demonstrate that PAC-g-(SVS/SMAS/MAA) exhibits good thermal resistance in
mixed-salt-based muds. Even after high-temperature aging, the system retains relatively high rheological
parameters and controllable filtration levels, reflecting the structural stability and promising application
potential of this graft copolymer in high-temperature and high-salinity environments.

3.3.2 Performance Evaluation in Freshwater-Based Muds

Under fixed aging conditions of 160°C for 16 h, the effects of different dosages (0-30 g/L) of PAC-g-
(SVS/SMAS/MAA) on the rheological behavior and filtration performance of freshwater-based muds were
investigated. The results are shown in Fig. 7. All increase and reduction ratios were calculated with reference
to the untreated system (0 g/L).
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Figure 7: Effect of PAC-g-(SVS/SMAS/MAA) dosage on the performance of freshwater-based mud after aging at 160°C
for 16 h: (a) AV and PV with increase rate, (b) YP with increase rate, (c) YP/PV with increase rate, and (d) LTLP fluid
loss with reduction rate.

Asillustrated in Fig. 7a-c, the rheological parameters of the freshwater-based muds after aging at 160°C
for 16 h exhibited a pronounced enhancement with increasing PAC-g-(SVS/SMAS/MAA) dosage from 0
to 30 g/L. The AV, PV, and YP increased markedly with dosage, with particularly significant improvements
observed in the low-dosage range (<20 g/L). At a dosage of 20 g/L, AV, PV, and YP increased to 33.0 mPa-s,
22.5 mPa-s, and 10.7 Pa, corresponding to increase rates of 450.0%, 350.0%, and 950.0%, respectively.
Meanwhile, the YP/PV ratio showed an overall upward trend with increasing dosage and remained at
relatively high levels in the medium-to-high dosage range. This behavior indicates that, while substantially
enhancing system viscosity, the polymer also effectively strengthens the structural integrity and improves
the flow characteristics of the drilling fluid. As the dosage was further increased to 25-30 g/L, the rheological
parameters continued to increase; however, the rate of improvement gradually diminished, suggesting that
the system was approaching an effective upper limit for rheological enhancement.

In terms of filtration performance (Fig. 7d), the LTLP filtration volume decreased significantly with
increasing PAC-g-(SVS/SMAS/MAA) dosage. At 20 g/L, the LTLP filtration volume was reduced from
27.6 mL for the untreated system to 4.3 mL, corresponding to an LTLP reduction rate of 84.4%. When the
dosage was further increased to 30 g/L, the LTLP value decreased only slightly to 3.1 mL, indicating that the
filtration control performance tended to level off at higher dosages.
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Overall, PAC-g-(SVS/SMAS/MAA) exhibits a pronounced synergistic effect on viscosity enhancement
and filtration reduction in freshwater-based muds. With increasing dosage, both rheological parameters
and filtration performance are significantly improved; however, the performance enhancement gradually
plateaus beyond 20 g/L, suggesting the existence of a reasonable and effective dosage window for this material
in freshwater-based mud systems.

3.3.3 Performance Evaluation in Saturated Brine-Based Muds

To assess the salt tolerance of the synthesized material, the effects of different dosages of PAC-g-
(SVS/SMAS/MAA) on the rheological behavior and LTLP filtration performance of saturated brine-based
muds were further investigated under identical high-temperature aging conditions. The results are presented

in Fig. 8.
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Figure 8: Effect of PAC-g-(SVS/SMAS/MAA) dosage on the performance of saturated brine-based mud after aging at
160°C for 16 h: (a) AV and PV with increase rate, (b) YP with increase rate, (c) YP/PV with increase rate, and (d) LTLP
fluid loss with reduction rate.

As shown in Fig. 8a,b, the rheological parameters of the saturated brine-based muds exhibited a
continuous increase with increasing PAC-g-(SVS/SMAS/MAA) dosage; however, their absolute values
remained lower than those observed in the freshwater-based mud system, reflecting the inhibitory effect of
high salinity on polymer hydration and structural development. Nevertheless, the material still demonstrated
a pronounced viscosity-enhancing effect. At a dosage of 20 g/L, AV, PV, and YP increased to 25.0 mPa-s,
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18.5 mPa:s, and 6.6 Pa, corresponding to increase rates of 525.0%, 428.6%, and 1200.0%, respectively. With
further increases in dosage, all rheological parameters continued to rise, although the rate of improvement
gradually diminished.

Meanwhile, the YP/PV ratio of the system exhibited an overall increasing trend with increasing dosage
(Fig. 8c) and remained at relatively high levels in the medium-to-high dosage range. This behavior indicates
that, even in saturated brine environments, PAC-g-(SVS/SMAS/MAA) not only enhances viscosity but also
effectively strengthens the structural integrity and improves the flow behavior of the system.

In terms of filtration performance (Fig. 8d), the LTLP filtration volume decreased significantly with
increasing additive dosage, dropping rapidly from 98.8 mL in the untreated system to 4.5 mL at a dosage
of 20 g/L, corresponding to an LTLP reduction rate of 95.4%. When the dosage was further increased to
25-30 g/L, the filtration volume decreased only slightly and tended to stabilize, indicating that a dense and
stable filter cake structure had already been established at higher dosages.

Overall, the results in Fig. 8 demonstrate that, although the saturated brine environment markedly
weakens the baseline rheological properties of the system, PAC-g-(SVS/SMAS/MAA) still exhibits excellent
viscosity enhancement and filtration reduction capabilities. Notably, at dosages of 20 g/L and above, the
material can substantially improve the rheological structure and filtration control performance of saturated
brine-based muds, highlighting its good adaptability to high-salinity conditions.

3.3.4 Performance Evaluation in Mixed-Salt-Based Muds

Mixed-salt-based muds contain not only high concentrations of Na* but also divalent cations such as
Ca** and Mg**, which impose more stringent requirements on polymer hydration, conformational stability,
and adsorption-induced film formation. Under fixed aging conditions (160°C for 16 h), the regulatory
effects of different dosages of PAC-g-(SVS/SMAS/MAA) on the rheological behavior and LTLP filtration
performance of mixed-salt-based muds were investigated, and the results are shown in Fig. 9.

As illustrated in Fig. 9a,b, compared with freshwater and single-salt systems, the mixed-salt envi-
ronment exerts a more pronounced inhibitory effect on polymer hydration and structural development.
Nevertheless, the material still exhibits a strong viscosity-enhancing capability. At a dosage of 20 g/L, AV,
PV, and YP increased to 26.0 mPa-s, 18.5 mPa's, and 7.7 Pa, respectively. Although these absolute values
are lower than those obtained in freshwater systems, they represent a substantial improvement relative
to the untreated base mud, indicating that the material retains effective hydration and structural support
capabilities even under strong electrolyte conditions. In addition, the YP/PV ratio of the system increases
overall with increasing dosage (Fig. 9c) and remains within a reasonable range at medium-to-high dosages,
suggesting that the enhancement in viscosity does not lead to severe deterioration of flow behavior and
remains favorable for stable fluid transport in the wellbore annulus.

With respect to filtration control (Fig. 9d), the LTLP filtration volume of the mixed-salt-based mud
reaches as high as 126.6 mL in the absence of additives, indicating that the system is almost incapable of
forming an effective filter cake under conditions where multivalent ions coexist. Upon the introduction of
PAC-g-(SVS/SMAS/MAA), the filtration volume decreases markedly with increasing dosage. At 20 g/L, the
LTLP filtration volume is reduced to 4.8 mL, corresponding to an LTLP reduction rate of 96.2%. When the
dosage is further increased to 25-30 g/L, the filtration volume changes only slightly and tends to stabilize,
indicating that a dense and stable filtration-control structure has already been established.

Overall, even in complex systems containing multiple inorganic salts, PAC-g-(SVS/SMAS/MAA) is
capable of simultaneously enhancing rheological parameters and effectively suppressing filtration loss. These
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results demonstrate the excellent salt-tolerance adaptability and promising application potential of this
material under complex high-salinity conditions.
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Figure 9: Effect of PAC-g-(SVS/SMAS/MAA) dosage on the performance of composite brine-based mud after aging at
160°C for 16 h: (a) AV and PV with increase rate, (b) YP with increase rate, (c) YP/PV with increase rate, and (d) LTLP
fluid loss with reduction rate.

3.4 Performance Evaluation of PAC-g-(SVS/SMAS/MAA) in Shale Gas Water-Based Drilling Fluids

In the aforementioned bentonite-based mud systems, PAC-g-(SVS/SMAS/MAA) has demonstrated
excellent thermal resistance, salt tolerance, and rheology-filtration regulation capability. However, practical
shale gas water-based drilling fluids are typically composed of multiple functional additives, resulting in a
more complex system in which performance is governed by the synergistic and competitive interactions
among different components. To further assess the application potential of this material under engineering-
relevant conditions, its dosage-dependent performance and comparative behavior relative to commercial
modified cellulose products were investigated using a shale gas water-based drilling fluid formulation.

3.4.1 Effect of Dosage on Rheological and Filtration Performance

Under the specified shale gas water-based drilling fluid formulation, the effects of PAC-g-
(SVS/SMAS/MAA) dosage on rheological behavior and filtration control performance were systematically
evaluated after aging at 160°C for 16 h, with the aim of identifying a reasonable and effective dosage range
for practical applications. The results are shown in Fig. 10.
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Figure 10: Effect of PAC-g-(SVS/SMAS/MAA) dosage on the performance of shale gas water-based drilling fluid after
aging at 160°C for 16 h: (a) AV and PV with increase rate, (b) YP with increase rate, (c) YP/PV with increase rate, and
(d) LTLP and HTHP fluid loss with reduction rate.

As illustrated in Fig. 10a—c, in the absence of PAC-g-(SVS/SMAS/MAA), the drilling fluid exhibits
a certain level of baseline rheological properties, but its structural strength remains limited. With the
introduction of the polymer, the AV, PV, and YP are all significantly improved, indicating that PAC-g-
(SVS/SMAS/MAA) can further reinforce the existing rheological framework of the system. When the dosage
is increased from 0 to 20 g/L, the enhancement of all rheological parameters is most pronounced. At
higher dosages, although the parameters continue to increase, the rate of improvement decreases markedly,
suggesting that the system is gradually approaching an effective upper limit for structural development.

Meanwhile, the YP/PV ratio exhibits an overall upward shift with increasing dosage (Fig. 10¢), indicating
that, while enhancing the viscosity level, PAC-g-(SVS/SMAS/MAA) also contributes to improved flow
behavior and enhanced shear-thinning characteristics. Such changes are beneficial for cuttings transport
and annular stability in shale gas drilling operations. The filtration control results further support these
observations (Fig. 10d). In the absence of the additive, both LTLP and HTHP filtration volumes of the drilling
fluid remain at relatively high levels. Upon the addition of PAC-g-(SVS/SMAS/MAA), the filtration volumes
decrease significantly and exhibit a clear inflection point at approximately 20 g/L. Further increases in dosage
result in only marginal improvements in filtration performance, indicating that a stable and compact filter
cake structure has already been established.
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Based on these results, PAC-g-(SVS/SMAS/MAA) achieves an optimal balance between rheological
regulation and filtration control at a dosage of approximately 20 g/L in shale gas water-based drilling fluid
systems. Considering both engineering applicability and material utilization efficiency, this dosage was
selected for subsequent comparative evaluations against commercial modified cellulose products.

3.4.2 Performance Comparison with Commercial Modified Cellulose Products

Based on the above results, a systematic comparison was conducted at the optimized dosage (20 g/L)
to evaluate the effects of different cellulose-based additives on the rheological behavior and filtration perfor-
mance of shale gas water-based drilling fluids under high-temperature aging conditions. The comparative
results as a function of aging temperature are summarized in Fig. 11.

As shown in Fig. 11, distinct differences are observed among the cellulose-based additives in their
ability to maintain drilling fluid performance under high-temperature aging conditions. With increasing
aging temperature, the rheological structure of the drilling fluid without modified cellulose deteriorates
rapidly. After aging at 180°C, its AV, PV, and YP decrease to 10.5 mPa-s, 10.0 mPa-s, and 0.5 Pa, respectively,
corresponding to retention rates of only 35.0%, 40.0%, and 10.0%. Under these conditions, the system
nearly loses its effective load-bearing capacity. Upon the addition of commercial HEC, the drilling fluid can
maintain a certain level of rheological performance at 160°C; however, at 180°C, its AV and YP decrease to
14.0 mPa-s and 2.0 Pa, respectively, with retention rates of only 33.3% and 22.2%, indicating limited thermal
adaptability. In comparison, commercial PAC exhibits relatively better stability at elevated temperatures;
nevertheless, after aging at 180°C, its AV and YP still decrease to 16.5 mPa-s and 2.6 Pa, respectively, with
retention rates below 40%.

In contrast, the drilling fluid treated with PAC-g-(SVS/SMAS/MAA) exhibits the highest rheological
retention throughout the entire tested temperature range. Even after aging at 180°C, its AV, PV, and YP
remain at 33.5 mPa-s, 25.0 mPa-s, and 8.7 Pa, respectively, corresponding to retention rates of 69.1%,
71.4%, and 63.0% (Fig. 11a—c), which are markedly higher than those of the commercial HEC- and PAC-
treated systems. Further comparison of the YP/PV ratio (Fig. 11d) reveals that the flow behavior of the
untreated and commercial HEC-treated systems deteriorates substantially after high-temperature aging. By
contrast, the PAC-g-(SVS/SMAS/MAA)-treated system maintains a YP/PV ratio in the range of 0.35-0.43
at 160°C-180°C, with retention rates close to or exceeding 90%. This behavior is favorable for maintaining
flow stability and eflicient cuttings transport under high-temperature conditions.

As shown by the gel strength results (Fig. 11e,f), the structural recovery capability of different systems
exhibits pronounced differences after aging at elevated temperatures. The GS@10s and GS@10m values of
the blank system decrease rapidly with increasing aging temperature and both drop to 0 Pa after aging at
180°C, indicating a complete loss of static structural support under severe thermal aging conditions. The
system containing commercial HEC shows measurable gel strength at lower aging temperatures; however,
its GS values also decrease to 0 Pa after aging at 180°C, suggesting limited ability to maintain structural
recovery after high-temperature aging. In comparison, the system with commercial PAC retains finite gel
strength after aging (GS@10s and GS@10m of 0.26 and 0.51 Pa, respectively); however, the overall values
remain low, indicating that its structural stability is still considerably weakened under high-temperature
aging conditions. In contrast, the system containing PAC-g-(SVS/SMAS/MAA) maintains relatively high
gel strength over the entire aging temperature range. Even after aging at 180°C, the GS@10s and GS@10m
values reach 2.56 and 4.09 Pa, respectively, which are notably higher than those of the other systems. This
indicates that the modified polymer is capable of sustaining a robust three-dimensional network structure
and structural recovery ability after thermal aging, which is beneficial for suspending solid particles and
preventing sedimentation under static conditions. Meanwhile, the GS@10m values are consistently higher
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than the GS@10s values, reflecting effective structure-building capability. In addition, a moderate increase
in gel strength (i.e., the difference between initial and final gel strength) helps avoid excessive structural
rigidity that may lead to high startup resistance, thereby achieving a balance between suspension stability
and flow recovery.
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Figure 11: (Continued)
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Figure 11: Performance comparison of PAC-g-(SVS/SMAS/MAA) with commercial modified celluloses in shale gas
water-based drilling fluid: (a) AV, (b) PV, (c) YP, (d) YP/PV, (e) GS@10s, (f) GS@10m, (g) LTLP fluid loss, and (h) HTHP
fluid loss. The dosage of each modified cellulose was 20 g/L.

With respect to filtration control (Fig. 11g,h), the drilling fluid without modified cellulose exhibits a
sharp increase in filtration after aging at 180°C, with LTLP and HTHP filtration volumes rising to 26.8
and 212.6 mL, respectively, indicating an almost complete loss of effective filtration control. Although the
commercial HEC- and PAC-treated systems can suppress filtration to some extent, their LTLP values remain
above 10 mL and their HTHP filtration volumes exceed 60 mL. In contrast, under the same conditions, the
PAC-g-(SVS/SMAS/MAA)-treated drilling fluid exhibits LTLP and HTHP filtration volumes of only 3.8 and
18.6 mL, respectively, demonstrating a pronounced advantage.

Opverall, at the same dosage, PAC-g-(SVS/SMAS/MAA) simultaneously achieves high levels of rheolog-
ical retention and excellent filtration control in high-temperature shale gas water-based drilling fluids. Its
thermal stability is clearly superior to that of commercial HEC and PAC, highlighting its strong potential for
practical engineering applications.

3.5 Mechanism of PAC-g-(SVS/SMAS/MAA)
3.5.1 Microstructural Analysis of Filter Cakes

Fluid loss in drilling fluids is essentially governed by the structural integrity of the filter cake and
the connectivity of its pore network. After aging at 180°C, the HTHP filter cake formed by the drilling
fluid without modified cellulose exhibits a rough surface with numerous irregular pores and localized
collapse features (Iig. 12al,a2). This observation indicates that, under high-temperature conditions, the
system fails to establish a continuous and effective solid—polymer framework, resulting in interconnected
pores and abundant seepage pathways. Consequently, an extremely high HTHP filtration volume of 212.6 mL
is observed.

Upon the addition of commercial PAC, the overall continuity of the filter cake is improved, and both
the size and number of pores are markedly reduced (Fig. 12b1,b2). Correspondingly, the HTHP filtration
volume decreases to 68.8 mL, suggesting that PAC can promote solid particle packing and pore filling
through adsorption and bridging interactions. Nevertheless, dispersed micropores and localized cracks are
still evident at 180°C, indicating that the compactness and thermal stability of the filter cake formed by
commercial PAC remain limited under such severe conditions.
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Figure 12: SEM images of HTHP mud cakes formed from shale gas water-based drilling fluids under different
treatments after aging at 180°C: (a) without modified cellulose, (b) with 20 g/L PAC, and (c) with 20 g/L PAC-g-
(SVS/SMAS/MAA). (al-cl) and (a2-c2) correspond to magnifications of 50x and 250x, respectively.

In contrast, the filter cake formed in the presence of PAC-g-(SVS/SMAS/MAA) exhibits a much
smoother and more continuous surface morphology at low magnification (Fig. 12cl). At higher magnifica-
tion, the pores are significantly reduced in number and tend to become isolated (Fig. 12c2). These features
demonstrate that PAC-g-(SVS/SMAS/MAA) effectively promotes dense packing of solid particles and the
formation of a more stable polymer-particle composite structure under high-temperature and high-pressure
conditions, thereby efficiently disrupting seepage pathways for filtrate flow under differential pressure.
Consistent with these observations, the corresponding HTHP filtration volume is further reduced to 18.6 mL,
which is markedly lower than that of the commercial PAC-treated system.

Overall, these results indicate that the advantage of PAC-g-(SVS/SMAS/MAA) lies not only in its
viscosity-enhancing effect, but more importantly in its ability to construct dense, low-permeability filter
cakes under high-temperature conditions.
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3.5.2 Zeta Potential Analysis

The zeta potential results of the shale gas water-based drilling fluid systems at different aging tem-
peratures are presented in Fig. 13. It can be observed that, with increasing aging temperature, the absolute
values of zeta potential for all systems gradually decrease, indicating a progressive weakening of electrostatic
stabilization under high-temperature conditions.
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Figure 13: Zeta potential of shale gas water-based drilling fluid systems with different additives before and after aging
at various temperatures.

For the blank system, the zeta potential decreases sharply from —32.3 mV before aging to —2.1 mV after
aging at 180°C, indicating a significant reduction in electrostatic repulsion between particles. As a result,
the system tends toward instability, leading to particle aggregation and structural collapse. This trend is
consistent with the pronounced deterioration in rheological properties and the substantial increase in fluid
loss observed under high-temperature conditions. After the addition of commercial PAC, the zeta potential
values of the system remain lower (i.e., larger in absolute value) than those of the blank system over the
entire temperature range, suggesting an improvement in particle dispersion. However, the absolute values
still decrease noticeably with increasing aging temperature (from —40.6 to —9.8 mV), indicating that the
electrostatic stabilization provided by PAC is still weakened to some extent under high-temperature and
high-salinity conditions. In contrast, the system containing PAC-g-(SVS/SMAS/MAA) maintains relatively
high absolute zeta potential values even after high-temperature aging, with the zeta potential decreasing
only slightly from —53.8 to —45.2 mV. This small variation indicates that strong electrostatic repulsion is
effectively preserved within the system. This behavior can be attributed to the grafted sulfonate groups,
which exhibit strong ionization capability and stable charge characteristics, making them less susceptible to
complete screening in high-salinity environments. As a result, a stable hydration layer around the polymer
chains and a well-dispersed particle state can be maintained.

The enhanced electrostatic stabilization not only suppresses particle aggregation but also influences
particle packing behavior during filter cake formation, promoting more uniform arrangement and denser
packing of particles, thereby reducing pore connectivity. This observation is consistent with the SEM results,
which show a more continuous and compact filter cake structure, as well as significantly reduced fluid loss.
These findings further support, from the perspective of interfacial electrostatic properties, the proposed
mechanisms involving polymer bridging, pore filling, and the formation of a dense filter cake.
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3.5.3 Mechanism Analysis

Based on the combined results of rheological behavior, filtration performance, and filter cake SEM
characterization, the performance advantages of PAC-g-(SVS/SMAS/MAA) in high-temperature shale gas
water-based drilling fluids do not originate from a single mechanism. Instead, they arise from the synergistic
contribution of solution-scale structural stabilization and interfacial-scale particle regulation. A schematic
illustration of the proposed mechanism is shown in Fig. 14.
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Figure 14: Schematic illustration of the working mechanisms of PAC-g-(SVS/SMAS/MAA) in shale gas water-based
drilling fluids.

(1)  Solution-scale structural stabilization: enhanced hydration and resistance to salt screening by strongly
hydrophilic ionic groups

Commercial PAC mainly relies on carboxymethyl groups along the cellulose backbone to provide
hydrophilicity and limited electrostatic repulsion. Under high-salinity conditions, however, effective charge
screening by electrolytes markedly compresses the polymer coils, reduces the thickness of the hydration
layer, and accelerates conformational collapse of polymer chains at elevated temperatures. As a result, the
viscosity and structural strength of the system deteriorate rapidly. In contrast, PAC-g-(SVS/SMAS/MAA)
introduces a high density of sulfonate groups (SVS/SMAS) together with carboxylate groups (MAA) onto
the cellulose backbone via graft copolymerization. Among these functionalities, sulfonate groups exhibit
stronger ionization capability and a more stable charge state, making them less susceptible to complete
electrostatic screening in high-salinity environments. Consequently, a thicker and more stable hydration
layer can be maintained around the polymer chains. Moreover, the distributed multivalent ionic groups along
the polymer backbone significantly enhance interchain electrostatic repulsion and solvation effects, allowing
the polymer chains to retain a relatively extended conformation even under high-temperature and high-
salinity conditions. This structural feature effectively mitigates the combined compressive effects of salt ions
and temperature on polymer coils, enabling PAC-g-(SVS/SMAS/MAA) to maintain high yield point and gel
strength values after aging at 160°C-180°C. Such solution-scale stabilization provides a robust rheological
foundation for stable solid suspension and overall structural integrity of the drilling fluid.

(2) Interfacial adsorption and bridging: multifunctional groups promoting particle cohesion and pore fill-
ing,
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In complex shale gas water-based drilling fluid systems containing multiple solid phases and functional
additives, drilling fluid performance depends not only on bulk rheological behavior but also critically on
polymer adsorption at solid surfaces and its ability to regulate particle packing structures. For commercial
PAC, adsorption mainly arises from limited interactions associated with hydroxyl and carboxymethyl
groups. Under high-temperature conditions, the stability of the adsorption layer and the bridging capa-
bility tend to deteriorate due to polymer desorption or conformational collapse, resulting in loose filter
cake structures and increased pore connectivity. By contrast, PAC-g-(SVS/SMAS/MAA) simultaneously
possesses hydroxyl groups on the cellulose backbone as well as carboxylate and sulfonate groups on the
grafted side chains, enabling multipoint and multiform cooperative adsorption onto bentonite platelets,
weighting materials, and other solid surfaces. At the particle scale, this multifunctional architecture facilitates
effective “bridging—cementation” interactions between adjacent particles, thereby enhancing interparticle
connectivity and the stability of the spatial network. During filter cake formation, polymer chain bridging
further restricts fine particle migration and promotes progressive pore filling and closure. In particular, under
high-temperature conditions, the thermal stability and strong hydration capability of sulfonate groups help
preserve the integrity of the adsorption layer and suppress localized “erosion-rearrangement” phenomena
during filter cake buildup, resulting in a more continuous and homogeneous filter cake structure.

3.6 Limitations and Future Perspectives

Although the present study demonstrates that PAC-g-(SVS/SMAS/MAA) exhibits promising rheo-
logical regulation, filtration control, and thermal-salt resistance in shale gas water-based drilling fluids,
several limitations should be recognized. First, the evaluation was conducted under controlled laboratory
conditions, which may not fully capture the complexity of field operations, including dynamic flow, pressure
variations, and formation heterogeneity. Second, while the macroscopic performance and interfacial electro-
static behavior were systematically analyzed, the underlying interactions among polymer chains, dissolved
ions, and solid particles at the molecular level remain insufficiently clarified. In addition, the molecular
weight characteristics of the grafted polymer were not determined, which may limit a deeper understanding
of its structure-performance relationship. Furthermore, the long-term stability of the material under
prolonged high-temperature conditions has not been fully assessed.

Future work should focus on addressing these limitations. Field-scale validation and compatibility
evaluation with more complex drilling fluid formulations are necessary to confirm practical applicability.
Advanced characterization techniques, together with molecular simulation approaches, are expected to
provide further insight into the interaction mechanisms governing system stability and performance. In
addition, molecular weight characterization should be incorporated to better establish correlations between
polymer structure and functional properties. Optimization of monomer composition and grafting architec-
ture may also enable improved performance under more extreme conditions. Finally, systematic evaluation
of environmental impact, biodegradability, and economic feasibility will be important for facilitating the
practical application of such biomass-derived polymer additives.

4 Conclusions

In this study, a high-temperature- and salt-resistant modified polymer, PAC-g-(SVS/SMAS/MAA), was
synthesized using biomass-derived polyanionic cellulose (bio-PAC) as the backbone via free-radical graft
copolymerization, in which sulfonate and carboxylate functional groups were introduced. Its rheological
regulation and filtration control performance were systematically investigated in bentonite-based muds and
shale gas water-based drilling fluid systems. The main conclusions can be summarised as follows:
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(1) Through optimization of synthesis conditions, the optimal preparation parameters were determined
to be an SVS/SMAS/MAA molar ratio of 70:20:10, a monomer/bio-PAC mass ratio of 1.4, an APS/bio-
PAC mass ratio of 0.50%, and a reaction temperature of 65°C. Structural characterisation confirmed
the successful grafting of sulfonate and carboxylate functional groups onto the cellulose backbone. The
resulting polymer exhibits favorable thermal stability as well as good environmental compatibility.

(2) In bentonite-based mud systems, PAC-g-(SVS/SMAS/MAA) demonstrates excellent thermal resis-
tance and salt tolerance under freshwater, saturated brine, and mixed-salt conditions, maintaining
effective rheological properties and significantly reducing filtration loss after aging at 160°C. In shale
gas water-based drilling fluid systems, an optimal dosage of approximately 20 g/L enables a favorable
balance between viscosity enhancement and filtration control. Moreover, under high-temperature
aging at 160°C-180°C, the drilling fluids treated with PAC-g-(SVS/SMAS/MAA) exhibit markedly
superior rheological retention and filtration suppression compared with those treated with commercial
HEC and PAC, indicating good engineering adaptability.

(3) Based on the combined analysis of rheological behavior, filtration performance, zeta potential, and
filter cake SEM characterization, the performance advantages of PAC-g-(SVS/SMAS/MAA) can be
attributed to two primary mechanisms. First, strongly hydrophilic ionic groups enhance hydration
and stabilize the spatial network structure, thereby improving the viscosity and structural integrity of
the system. Second, the multifunctional architecture promotes particle cementation and pore filling,
leading to the formation of dense filter cakes and effective reduction of fluid loss. These characteristics
endow PAC-g-(SVS/SMAS/MAA) with promising application potential in high-temperature shale gas
water-based drilling fluids.
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