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Abstract

Surface modification is an effective strategy for extending the application of cellulose
nanofibers (CNFs) under harsh conditions while preserving their sustainable characteris-
tics. Herein, thermally stable modified TEMPO-oxidized cellulose nanofibers (MTCNFs)
were fabricated by free-radical graft copolymerization of 2-acrylamido-2-methylpropane
sulfonic acid (AMPS) and acrylamide (AM) onto the CNF surface. Spectroscopic and micro-
scopic characterizations confirmed the formation of a polymer-grafted shell enriched with
sulfonic acid and amide functionalities. Surface grafting markedly enhanced the thermal
stability of CNFs, while the zeta potential became more negative, indicating improved
colloidal stability. The modified nanofibers effectively inhibited barite sedimentation after
aging, as demonstrated by multiple light scattering and particle size analyses. Mechanistic
investigations revealed that the superior suspension stability originated from the syner-
gistic enhancement of electrostatic repulsion, steric hindrance provided by the grafted
polymer chains, and the formation of a robust three-dimensional nanofiber network. When
incorporated into water-based drilling fluids, MTCNFs significantly improved rheological
stability, reduced filtration loss, and suppressed barite sagging under high-temperature
conditions. Furthermore, the MTCNFs exhibited measurable biodegradation potential un-
der the conditions employed. This work demonstrates that rational surface engineering of
CNFs offers an effective route to simultaneously improve thermal stability and suspension
performance, broadening the applicability of sustainable polysaccharide nanomaterials in
high-temperature colloidal systems.

Keywords: drilling fluid; cellulose nanofibers; surface grafting; barite; high-temperature
stability; biodegradability

1. Introduction
The exploration of deep and ultra-deep oil and gas resources has led to increasingly de-

manding drilling environments characterized by elevated temperatures and pressures [1,2].
Bottomhole temperatures commonly exceed 150 ◦C and may surpass 180 ◦C in ultra-deep
wells [3–5]. Under these harsh conditions, water-based drilling fluids (WBDFs) are required
to simultaneously maintain rheological stability, filtration control, and homogeneous sus-
pension of weighting materials to ensure wellbore pressure balance and drilling safety [6–8].
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Barite is the most widely used weighting material because of its high density, low cost, and
abundant availability [9]. However, prolonged exposure to high temperatures weakens the
structural integrity of drilling fluids, promoting barite aggregation and sedimentation. The
resulting density heterogeneity and rheological deterioration increase the risks of differ-
ential sticking, wellbore instability, and even well-control incidents [10–12]. Developing
environmentally benign suspension stabilizers capable of maintaining colloidal stabil-
ity under high-temperature conditions therefore remains a critical challenge for modern
drilling fluids.

Currently, polymeric suspension stabilizers, e.g., xanthan gum [13] and partially hy-
drolyzed polyacrylamide (HPAM) [14,15], are commonly incorporated into WBDFs to
retard barite settling by increasing the continuous-phase viscosity and constructing inter-
connected network structures. Nevertheless, most polymeric additives suffer from thermal
degradation, hydrolysis, or chain scission under prolonged high-temperature exposure,
resulting in rapid loss of rheological performance and suspension capability [16]. In ad-
dition, petroleum-derived polymers such as HPAM exhibit limited biodegradability and
long environmental persistence, which conflicts with the growing demand for sustainable
drilling-fluid technologies [17]. Consequently, renewable polysaccharide-based nanofibrils
with superior suspending capacity and enhanced thermal stability have attracted increasing
interest as next-generation drilling-fluid additives.

CNFs are renewable carbohydrate nanomaterials possessing high aspect ratios, abun-
dant hydroxyl groups, large specific surface areas, and excellent mechanical proper-
ties [18–21]. These structural characteristics enable CNFs to establish percolated three-
dimensional networks through hydrogen bonding and physical entanglement, thereby
improving suspension stability and rheological behavior in aqueous systems. In recent
years, CNFs have been extensively used as rheology modifiers, fluid-loss control agents,
and suspension stabilizers in WBDFs [22–27]. Among various CNFs, TEMPO-oxidized cel-
lulose nanofibers (T-CNFs) are particularly attractive because surface oxidation introduces
abundant carboxylate groups that improve aqueous dispersibility, electrostatic stabiliza-
tion, and adsorption onto bentonite particles [28,29]. The interconnected T-CNF network
effectively suppresses barite particle sedimentation through a combination of electrostatic
repulsion and network confinement [30]. However, the thermal stability of T-CNFs remains
inadequate for deep-well applications. At elevated temperatures, decarboxylation and
degradation of the oxidized cellulose backbone progressively weaken the hydrogen-bonded
network, resulting in structural collapse and diminished suspension performance.

Surface functionalization offers an effective route to overcoming these limitations
while preserving the intrinsic advantages of TCNFs. Among various modification strate-
gies, graft copolymerization enables the introduction of functional polymer chains without
disrupting the crystalline nanocellulose framework. 2-Acrylamido-2-methylpropane sul-
fonic acid (AMPS) is well known for its outstanding thermal stability, salt tolerance, and
strongly dissociated sulfonic acid groups, which provide persistent surface charges and
improved colloidal stability under harsh conditions [31]. Acrylamide (AM), in contrast,
contributes abundant amide groups that enhance hydrogen bonding, hydration, and inter-
molecular interactions [32]. Synergistic grafting of AMPS and AM onto cellulose nanofibers
is therefore expected to generate a thermally robust polymer shell capable of protecting
the cellulose backbone while simultaneously strengthening electrostatic repulsion, steric
stabilization, and hydration interactions [33]. Despite the widespread use of AMPS-based
polymers in drilling fluids, systematic studies on AMPS/AM-grafted cellulose nanofibers
and the relationship between their surface chemistry, thermal stability, and suspension
behavior remain scarce.
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In this work, AMPS and AM were grafted onto TCNFs through free-radical copoly-
merization to fabricate thermally stable modified cellulose nanofibers (MTCNFs). We
hypothesize that the grafted AMPS/AM polymer shell not only protects the cellulose
framework against thermally induced degradation but also creates a synergistic stabi-
lization mechanism involving enhanced electrostatic repulsion, steric hindrance, and a
reinforced three-dimensional nanofiber network. This synergistic effect is expected to
preserve the colloidal stability of MTCNFs after prolonged exposure to high temperature
and thereby significantly improve barite suspension, rheological stability, and filtration
control in WBDFs. To test this hypothesis, the chemical structure, morphology, thermal
stability, and surface charge of MTCNFs were systematically characterized. Its suspension
performance was evaluated through multiple light scattering, particle-size analysis, and
high-temperature aging tests, followed by drilling-fluid performance evaluation, mecha-
nistic investigation, and biodegradability assessment. The findings establish a structure–
property–performance relationship for surface-engineered cellulose nanofibers and provide
a sustainable strategy for extending the application of carbohydrate nanomaterials to
high-temperature colloidal systems.

2. Experimental Section
2.1. Materials

T-CNFs were supplied by Shengquan Group Co., Ltd. (Jinan, China). The nanofibers
were produced from alkali-treated corn stover (cellulose purity >95 wt%) through TEMPO-
mediated oxidation followed by mechanical fibrillation, during which the C6 primary
hydroxyl groups (–CH2OH) were selectively converted into sodium carboxylate groups
(–COO−). According to the supplier’s specifications, the individual nanofibrils in T-CNFs
possessed widths ranging from 5 to 10 nm and lengths exceeding 10 µm. The nanofibers
carried negatively charged sodium carboxylate groups with Na+ as the corresponding
counter ions. The surface carboxylate density was approximately 0.60 mmol/g. AM, AMPS,
ceric ammonium nitrate (CAN), and sodium hydroxide (NaOH) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) and used as received without
further purification. Sodium bentonite (Na-Bent, API 13A grade) was used as the base
clay for drilling fluid preparation. Potassium chloride (KCl), sodium carbonate (Na2CO3),
calcium carbonate (CaCO3), and barite were of industrial grade. The commercial drilling-
fluid additive DSP-1 was supplied by a local oilfield chemical manufacturer. Deionized
water was used throughout all experiments. The schematic figure was prepared using
Microsoft PowerPoint 2024 and Adobe Photoshop 2021.

2.2. Preparation of MTCNFs

MTCNFs were prepared through ceric ion-initiated free-radical graft copolymerization
of AM and AMPS onto the surface of TCNFs. Briefly, 5.0 g of dried T-CNFs were dispersed
in 150 mL of deionized water and stirred at 300 rpm for 30 min to obtain a homogeneous
suspension. Subsequently, 1.5 g of CAN was introduced as the redox initiator and allowed
to react with the hydroxyl groups on the cellulose surface under continuous stirring for
20 min. AM (2.10 g) and AMPS (4.14 g) were then sequentially added, and the suspen-
sion pH was adjusted to 8.0 using 1 mol/L NaOH solution. The graft copolymerization
was conducted at 65 ◦C for 3 h under a nitrogen atmosphere. After completion of the
reaction, the suspension was cooled to room temperature and centrifuged at 8000 rpm
for 15 min. The resulting solid was washed three times with deionized water to remove
unreacted monomers and soluble by-products, followed by one washing step with absolute
ethanol. The purified product was vacuum-dried at 50 ◦C to constant weight, ground, and
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sieved to obtain the MTCNFs. A schematic illustration of the preparation procedure is
presented in Figure 1.

Figure 1. Schematic illustration of the synthesis of MTCNFs.

2.3. Preparation of Barite Suspensions and WBDFs

To evaluate the suspension-stabilizing performance of cellulose nanofibers before and
after surface modification, barite suspensions and WBDFs were prepared.

For the barite suspension, 100 g of barite was dispersed in 400 mL of deionized
water, followed by the addition of 1 wt% T-CNFs or MTCNFs. The mixtures were
stirred at 10,000 rpm for 20 min using a high-speed mixer until homogeneous suspen-
sions were obtained.

The WBDFs were prepared by sequentially dispersing 3 wt% Na-Bent, 0.07 wt%
Na2CO3, 5 wt% KCl, 5 wt% CaCO3, and 1 wt% DSP-1 in 400 mL of deionized water under
continuous stirring at 10,000 rpm for 30 min. Barite was subsequently added to adjust the
drilling-fluid density to 1.5 g/cm3. Finally, T-CNFs or MTCNFs (1 wt%) were incorporated
into the formulated drilling fluid, and mixing was continued at 10,000 rpm for an additional
20 min until a uniform dispersion was achieved. The prepared drilling fluids were then
subjected to subsequent rheological, filtration, suspension stability, and high-temperature
aging evaluations.

2.4. Characterization of T-CNFs and MTCNFs

The chemical structures of T-CNFs and MTCNFs were characterized by Fourier-
transform infrared spectroscopy (FT-IR, IRTRacer-100, SHIMADZU, Kyoto, Japan). Prior
to analysis, the samples were vacuum-dried, finely ground, thoroughly mixed with KBr
powder, and compressed into transparent pellets. FT-IR spectra were collected over the
wavenumber range of 4000–400 cm−1.

The morphology of the T-CNFs and MTCNFs was examined using transmission elec-
tron microscopy (TEM, JEM-1400, JEOL Ltd., Tokyo, Japan). A dilute aqueous suspension
(0.05 wt%) was ultrasonicated for 15 min and allowed to stand for 30 min to remove large
aggregates. A drop of the supernatant was deposited onto an ultrathin carbon-coated
copper grid and negatively stained with 2 wt% phosphotungstic acid for 2 min. The grid
was subsequently rinsed with deionized water, air-dried, and observed by TEM.

The thermal stability of the T-CNFs and MTCNFs was evaluated by thermogravimetric
analysis (TGA, TGA2, Mettler-Toledo GmbH, Greifensee, Switzerland) under a nitrogen
atmosphere from 25 to 600 ◦C at a heating rate of 10 ◦C/min. In addition, MTCNFs
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recovered after dynamic aging at 180 ◦C were subjected to the same TGA procedure to
evaluate the retention of thermal stability after high-temperature exposure.

The surface charge of the T-CNFs and MTCNFs was determined using a zeta
potential analyzer (Zetasizer Nano Z, Malvern, UK). Measurements were performed
on 0.01 wt% aqueous dispersions at 25 ◦C, and each value represents the average of
three independent measurements.

2.5. Suspension Stabilization Performance of T-CNFs and MTCNFs

The prepared barite suspensions containing 1 wt% T-CNFs or MTCNFs were trans-
ferred into glass measuring cylinders. The cylinders were then placed either vertically or at
a 45◦ inclination angle and allowed to stand undisturbed for 24 h. After the static period,
fluid samples were carefully extracted from the top and bottom sections of each cylinder,
and their densities were measured to calculate the sag factor (SF). For post-aging evalua-
tions, the suspensions were dynamically aged in a roller oven at 180 ◦C for 16 h, cooled
to room temperature, and subjected to the same static sag tests. The SF was calculated
using Equation (1).

SF =
ρbottom(

ρbottom + ρtop
) (1)

where ρbottom is the density of the sample taken from the bottom of the cylinder (g·cm−3),
ρtop is the density of the sample taken from the top of the cylinder (g·cm−3).

Dynamic light scattering (DLS) was employed to determine the hydrodynamic par-
ticle size and evaluate the influence of T-CNFs and MTCNFs on the dispersion state of
barite particles.

The suspension stability of the barite systems in the presence of T-CNFs and MTCNFs
was further investigated using a multiple light scattering (MLS) analyzer, which continu-
ously monitored particle migration, aggregation, and sedimentation without disturbing
the suspension, thereby enabling quantitative evaluation of colloidal stability. All static sag
tests and suspension stability evaluations were performed in triplicate. The experimental
data are presented as the mean values ± standard deviations to ensure reproducibility.

2.6. Performance of WBDFs Containing T-CNFs and MTCNFs

To simulate the high-temperature conditions encountered in deep and ultra-deep
wells, the prepared WBDFs containing TCNFs and MTCNFs were dynamically aged in
sealed stainless-steel aging cells at 180 ◦C using a roller oven. After aging, the samples
were naturally cooled to room temperature before subsequent characterization. All subse-
quent performance characterizations, including suspension stability, rheological properties,
and filtration tests, were conducted three times. The results are reported as the mean
values ± standard deviations.

2.6.1. Suspension Stability

The suspension stability of the drilling fluids was evaluated by measuring barite
sag after static aging. The prepared fluids were transferred into graduated cylinders and
allowed to stand undisturbed for 1 h. Samples were then collected from the top and bottom
of the cylinders for density measurements. The SF was calculated using Equation (1),
as well.

2.6.2. Rheological Properties

The rheological properties of the drilling fluids were measured using a six-speed
rotational viscometer (Model ZNN-D6, Qingdao Haitongda Special Instrument Co., Ltd.,
Qingdao, China) at room temperature. The dial readings were recorded for six rotational
speeds of 600, 300, 200, 100, 6, and 3 rpm that corresponded to shear rates of 1022, 511,
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341, 170.3, 10.22, and 5.11 s−1, respectively. All parameters were measured and calcu-
lated according to the American Petroleum Institute Recommended Practice API RP 13-1
(2009) [34]. The apparent viscosity (AV), plastic viscosity (PV), and yield point (YP) were
described according to the Bingham fluid model as follows:

AV =
θ600

2
(2)

PV = θ600 − θ300 (3)

YP = 0.511(θ300 − PV) (4)

where AV is the apparent viscosity (mPa·s), PV is the plastic viscosity (mPa·s), YP is the
yield point (Pa), and θ600 and θ300 are the viscometer dial readings at 600 rpm and 300 rpm,
respectively. The gel strengths after 10 s and 10 min of static aging were determined from
the 3 rpm dial readings.

2.6.3. Filtration Properties

Filtration performance was evaluated using a standard API low-pressure filtration
apparatus (Model SD-3, Qingdao Haitongda Special Instrument Co., Ltd., China) under
a differential pressure of 100 psi for 30 min. The filtrate volume was recorded as the API
fluid loss.

2.6.4. Biodegradability

The environmental compatibility of the cellulose nanofibers and drilling-fluid systems
was assessed using the BOD5/CODCr ratio. The biochemical oxygen demand (BOD5)
measured after five days was determined using a respirometric BOD measuring system
(Model OxiTop-i, WTW, Weilheim, Germany). The BOD5 tests were conducted at a constant
incubation temperature of 20 ◦C. Prior to the measurements, the samples were inoculated
with a microbial seed to initiate the biodegradation process. The chemical oxygen demand
(CODCr) was determined using the dichromate method with a COD reactor and a benchtop
spectrophotometer (Models DRB200 and DR3900, Hach Company, Loveland, CO, USA).

3. Results and Discussion
3.1. Characterization of MTCNFs
3.1.1. FTIR Analysis

FTIR spectroscopy was employed to investigate the chemical structure of T-CNFs
before and after surface grafting and to verify the successful incorporation of AM and AMPS.
As shown in Figure 2, both T-CNFs and MTCNFs exhibited the characteristic absorption
bands of the cellulose backbone. The green shaded region (3000–3600 cm−1) highlights the
broad stretching-vibration region associated mainly with O–H groups of cellulose and, after
grafting, the overlapping N–H stretching vibrations introduced by AM and AMPS. The
broad band centered at approximately 3448 cm−1 is assigned to the stretching vibration of
hydroxyl groups (–OH), while the peak near 2900 cm−1 corresponds to the C–H stretching
vibration of aliphatic groups [35–37]. The absorption band at 1612 cm−1 originates from
the bending vibration of adsorbed water associated with the hydrophilic cellulose surface,
whereas the band at 1062 cm−1 is attributed to the C–O–C stretching vibration of the
β-(1→4)-glycosidic linkage and the C–O stretching vibration of hydroxyl groups [38].
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Figure 2. FTIR spectra of T-CNFs and MTCNFs.

Compared with T-CNF, MTCNF displayed several new absorption bands that provide
clear evidence of successful surface functionalization. A distinct peak at approximately
1672 cm−1 is assigned to the stretching vibration of amide carbonyl groups (C = O), con-
firming the incorporation of polyacrylamide segments onto the cellulose surface [39].
In addition, the appearance of a band at 1041 cm−1, corresponding to the asymmetric
stretching vibration of sulfonate groups (–SO3

−), together with a weak absorption at
630 cm−1 attributed to C–S/S–O vibrations, demonstrates the successful introduction of
AMPS-derived sulfonic acid functionalities [40]. These newly formed functional groups
significantly increase the density of hydrophilic ionic and amide moieties on the nanofiber
surface, which is expected to strengthen electrostatic repulsion and hydration interactions
in aqueous media.

Importantly, no obvious changes were observed in the characteristic cellulose ab-
sorption bands after modification, suggesting that the free-radical graft copolymerization
selectively introduced polymer chains onto the nanofiber surface while preserving the
intrinsic cellulose framework. Such a surface-grafted architecture is advantageous because
it combines the mechanical robustness of the cellulose core with the thermal stability and
functional responsiveness of the AMPS/AM shell, thereby providing a structural basis for
the enhanced colloidal stability and high-temperature suspension performance discussed
in the following sections.

3.1.2. Morphological Analysis

The morphology of T-CNFs and MTCNFs was examined by TEM, and the representa-
tive micrographs are presented in Figure 3a,b. As shown in Figure 3a, T-CNFs consist of
well-individualized nanofibers with smooth surfaces and relatively uniform diameters. The
nanofibers are highly interconnected through physical entanglement, forming a loose three-
dimensional network in agreement with previous reports on TEMPO-oxidized CNFs [41].
Such a network is facilitated by the abundant surface carboxylate groups generated during
TEMPO oxidation, which promote nanofiber dispersion through electrostatic repulsion
while preserving extensive interfibrillar interactions [42].
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Figure 3. Morphology and physicochemical properties of T-CNFs and MTCNFs: (a) TEM micrograph
of T-CNFs, (b) TEM micrograph of MTCNFs, (c) TGA curves, (d) zeta potential values.

After graft copolymerization with AM and AMPS, the overall fibrous morphology
of cellulose was well retained, indicating that the modification process did not damage
the intrinsic nanofiber framework (Figure 3b). In contrast to T-CNFs, MTCNFs exhibit
a noticeably larger fiber diameter and a rougher surface texture. More importantly, a
continuous low-contrast layer surrounding the cellulose core can be clearly distinguished,
suggesting the formation of a polymer-grafted shell. This core–shell morphology provides
direct morphological evidence that the graft copolymerization predominantly occurred
on the nanofiber surface rather than within the cellulose crystalline domains, which is
consistent with the FTIR results.

The formation of the polymer shell is expected to profoundly alter the interfacial
properties of the cellulose nanofibers. The grafted AMPS/AM chains increase the effective
hydrodynamic diameter of the nanofibers while introducing abundant sulfonate and amide
groups that enhance hydration and interparticle interactions. Consequently, MTCNFs
are expected to provide enhanced steric stabilization and hydration compared with pris-
tine T-CNFs. These interfacial characteristics may contribute to reduced aggregation and
improved dispersion. Combined with the post-aging thermal characterization and the
suspension and rheological results obtained in the drilling-fluid systems, these observations
support the proposed synergistic stabilization mechanism. Meanwhile, the preservation of
the high-aspect-ratio cellulose core ensures the integrity of the interconnected nanofiber
network, which is essential for stress transfer and suspension stabilization. The polymer
shell can additionally serve as a protective interface that reduces thermally induced degra-
dation of the cellulose surface, thereby improving the structural stability of the nanofiber
network during high-temperature aging.
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3.1.3. Thermal Stability Analysis

The thermal stability of T-CNFs and MTCNFs was evaluated by TGA, and the corre-
sponding results are presented in Figure 3c. Both samples exhibited the typical thermal
degradation behavior of cellulose-based materials, involving an initial weight loss be-
low approximately 120 ◦C associated with the evaporation of physically adsorbed water,
followed by rapid decomposition of the cellulose framework at elevated temperatures.
T-CNFs showed the onset of major thermal degradation at approximately 218 ◦C, which is
characteristic of T-CNFs containing thermally labile carboxylate groups [43,44]. In contrast,
MTCNFs exhibited a substantially higher onset decomposition temperature of 304 ◦C,
representing an increase of 86 ◦C after surface grafting. Moreover, MTCNFs retained a
higher residual mass throughout the principal degradation stage, particularly below 400 ◦C,
indicating enhanced resistance to thermal decomposition [45]. To further evaluate whether
this thermal protection was retained after exposure to the high-temperature aging condi-
tion, MTCNFs recovered after dynamic aging at 180 ◦C were additionally characterized by
TGA. As shown in Figure 3c, the aged MTCNFs exhibited a decomposition temperature of
approximately 281 ◦C. Although this value was lower than that of the unaged MTCNFs, it
remained substantially higher than the major degradation temperature of T-CNFs.

The markedly improved thermal stability of MTCNFs is attributed to the formation of
a polymer-grafted shell on the cellulose surface. The AMPS/AM chains introduce thermally
stable sulfonate and amide functionalities that modify the interfacial environment of the
nanofibers while preserving the cellulose backbone. This polymer layer is likely to restrict
the mobility of cellulose chains and reinforce intermolecular interactions, thereby delaying
the onset of thermal degradation [46]. In addition, the grafted shell may partially shield
the oxidized cellulose surface from thermally induced degradation, contributing to the
improved thermal resistance. The substantially increased decomposition temperature
demonstrates that surface graft copolymerization effectively enhances the thermal stability
of T-CNFs, which may contribute to maintaining the structural integrity of MTCNFs under
high-temperature drilling-fluid conditions.

It should be noted that TGA measurements were conducted under a controlled nitro-
gen atmosphere and therefore do not directly reproduce the complex chemical environment
of water-based drilling fluids, particularly the effects of dissolved salts, clay minerals, and
other drilling-fluid additives. Accordingly, the TGA results are considered complementary
evidence of the intrinsic thermal stability of MTCNFs rather than direct evidence of their
complete stability under downhole conditions. The retention of functional performance
after 180 ◦C aging was therefore further evaluated using rheological, suspension, and
filtration measurements in the drilling-fluid system.

3.1.4. Zeta Potential Analysis

The surface charge of T-CNFs and MTCNFs was evaluated by zeta potential mea-
surements using dilute aqueous dispersions at 25 ◦C; the results are shown in Figure 3d.
Compared with T-CNFs, MTCNFs exhibited a more negative zeta potential, indicating
that surface grafting introduced additional ionizable groups and increased the electrostatic
contribution to interparticle repulsion under the measurement conditions. The grafted
AMPS chains are expected to contribute strongly dissociated sulfonate groups, while the
AM component provides additional hydrophilic amide functionalities.

The enhanced surface charge can be attributed to the incorporation of AMPS-derived
sulfonate groups, which possess stronger ionization ability than carboxyl groups and re-
main highly dissociated over a broad range of solution conditions [47]. As a result, MTCNF
exhibits stronger electrostatic repulsion between adjacent nanofibers, thereby reducing
the tendency for aggregation. Because colloidal dispersions with absolute zeta poten-
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tial values greater than approximately 30 mV are generally considered electrostatically
stable [48], both samples exhibited relatively high absolute zeta potential values under the
measurement conditions, suggesting a substantial electrostatic contribution to colloidal
stabilization. MTCNFs showed a more negative zeta potential, indicating enhanced elec-
trostatic stabilization relative to T-CNFs under these dilute aqueous conditions. However,
the zeta potential measurements were performed in dilute aqueous dispersions at room
temperature and therefore do not directly reproduce the high-temperature and high-ionic-
strength environment of WBDFs. The measured zeta potential should thus be regarded
as evidence for the intrinsic interfacial charge characteristics of MTCNFs rather than a
direct quantitative measure of their colloidal stability under downhole conditions. The
latter was evaluated more directly through DLS/MLS measurements and the suspension
performance of barite-containing systems before and after thermal aging.

3.2. Suspension Stabilization Performance of MTCNFs
3.2.1. Evaluation of Suspension Stability

To evaluate the effect of surface grafting on the suspension-stabilizing capability
of cellulose nanofibers, the sag factor (SF) of barite suspensions containing T-CNFs or
MTCNFs was systematically determined under both vertical and 45◦ inclined conditions.
As shown in Figure 4a,b, both nanofibers improved the suspension stability of the barite
system; however, MTCNFs consistently exhibited lower SF values than T-CNFs, indicating
a more homogeneous particle distribution and enhanced resistance to sedimentation. Under
vertical static conditions, the SF decreased from 0.510 for the T-CNF suspension to 0.504
after surface grafting. A similar trend was observed under the 45◦ inclined condition,
where the MTCNF suspension exhibited an SF of 0.508, compared with 0.515 for T-CNF.
More importantly, after dynamic aging at 180 ◦C, the MTCNF suspension maintained low
SF values of 0.508 and 0.51, whereas the SF values of the T-CNF suspension increased to
0.523 and 0.528, indicating that the grafted nanofibers effectively retained their suspension
capability under severe thermal conditions.

Figure 4. Sag factors before and after thermal aging under vertical (a) and 45◦ inclined (b) conditions.

The excellent high-temperature suspension performance of MTCNFs compares favor-
ably with previously reported bio-based suspension stabilizers. Xu et al. reported that
conventional cellulose- and starch-based additives undergo pronounced thermal degrada-
tion at 180 ◦C, resulting in the collapse of their colloidal network and loss of suspension
capability [49]. Similarly, Mohamed et al. achieved an SF of approximately 0.50 using
a urea-based anti-settling additive; however, the evaluation was limited to 121 ◦C [50].
In contrast, MTCNFs maintained comparable suspension stability after aging at 180 ◦C,
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demonstrating that surface grafting substantially extends the thermal operating window of
T-CNFs for high-temperature applications.

The improved suspension stability originates from the synergistic modification of the
nanofiber interface achieved through AMPS/AM grafting. TEMPO oxidation introduces
abundant carboxyl groups that serve as reactive sites for surface graft copolymerization [51]
while the grafted polymer chains generate a hydrated shell enriched with sulfonate and
amide functionalities. This surface architecture enhances colloidal stability through multi-
ple complementary mechanisms. First, the increased density of ionized sulfonate groups
strengthens electrostatic repulsion between adjacent nanofibers and between nanofibers
and barite particles, thereby suppressing particle aggregation. Second, the grafted poly-
mer chains create a steric barrier that reduces direct particle-particle contact and inhibits
thermally induced flocculation. Finally, the improved thermal stability of the modified
nanofibers enables the interconnected cellulose network to remain intact during high-
temperature aging, providing persistent mechanical support that effectively restrains gravi-
tational settling of barite. In contrast, although T-CNFs possess a relatively high surface
charge, the absence of a protective polymer shell makes its network more susceptible to
thermal degradation, resulting in weakened structural integrity and diminished suspension
performance after aging [52].

3.2.2. Particle Size Distribution Analysis

The influence of surface modification of T-CNFs on barite particle dispersion was
further investigated by dynamic light scattering, and the particle-size distributions after
thermal aging are shown in Figure 5. The T-CNF/barite suspension exhibited a broad
distribution with a characteristic peak centered at 1752 nm, suggesting the presence of rela-
tively large particle aggregates. By comparison, the MTCNF/barite suspension displayed a
narrower distribution with a dominant peak at 1570 nm and a substantially higher peak
intensity, indicating a more homogeneous particle population.

Figure 5. Particle size distributions (PSD) after thermal aging.

The reduction in aggregate size and narrowing of the particle-size distribution demon-
strate that graft modification effectively suppresses thermally induced flocculation of barite
particles. The AMPS-derived sulfonate groups enhance electrostatic stabilization, while
the grafted polymer chains provide steric repulsion that minimizes direct particle-particle
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contact [53]. At the same time, the improved thermal stability of MTCNF preserves the
integrity of the nanofiber network during aging, enabling the modified cellulose to main-
tain uniform particle dispersion even under harsh thermal conditions [54]. These results
are consistent with the zeta potential analysis and further confirm that surface grafting
substantially improves the colloidal stability of T-CNF suspensions.

3.2.3. Multiple Light Scattering Analysis

The sedimentation behavior of the aged suspensions was further evaluated by multi-
ple light scattering (MLS). As shown in Figure 6a, the T-CNF/barite suspension exhibited
pronounced variations in light transmittance along the sample height, indicating progres-
sive particle migration and sedimentation after thermal aging. The large transmittance
gradient reflects the formation of concentration differences within the suspension, suggest-
ing that the original nanofiber network was unable to maintain colloidal stability under
high-temperature conditions.

Figure 6. Multiple light scattering (MLS) transmittance profiles of aged T-CNF/barite (a) and
MTCNF/barite (b) suspensions. The color gradient from yellow to green represents successive MLS
scans recorded from 0 to 30 min at 1 min intervals. The differently colored lines correspond to
transmittance profiles obtained at different measurement times, reflecting the temporal evolution of
the suspension during the MLS measurement.

In contrast, the MTCNF/barite suspension (Figure 6b) displayed an almost constant
transmittance profile throughout the sample height, indicating negligible particle migration
during the measurement period. The uniform optical response confirms that the modified
nanofibers effectively stabilized the barite particles against sedimentation. This enhanced
stability can be attributed to the synergistic action of the polymer-grafted shell, which
increases electrostatic repulsion and steric stabilization while preserving the interconnected
nanofiber network after thermal aging. Consequently, MTCNF maintains a homogeneous
colloidal structure and effectively suppresses gravitational settling under harsh conditions.

The overall stability of the suspensions was quantitatively assessed using the Turbiscan
Stability Index (TSI), and the results are presented in Figure 7. A lower TSI value indicates
greater colloidal stability. The T-CNF/barite suspension exhibited a continuous increase in
TSI during the monitoring period, demonstrating progressive destabilization caused by
particle aggregation and sedimentation after thermal aging. In contrast, the MTCNF/barite
suspension maintained the lowest TSI values with only minimal variation throughout the
test, indicating excellent resistance to structural destabilization.
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Figure 7. Turbiscan Stability Index (TSI) curves after thermal aging.

3.2.4. Proposed Stabilization Mechanisms

Based on the structural characterization and suspension performance results, a mech-
anism is proposed to explain the enhanced high-temperature suspension stability of the
MTCNF/barite system (Figure 8). In the unmodified T-CNF suspension, elevated tempera-
tures accelerate Brownian motion and increase the frequency of particle collisions, thereby
promoting barite aggregation and sedimentation. At the same time, thermal degradation
of the oxidized cellulose gradually weakens the hydrogen-bonded nanofiber network, re-
sulting in reduced structural integrity and diminished capability to immobilize suspended
particles. Consequently, the combined effects of particle aggregation and network dis-
ruption lead to progressive deterioration of the suspension stability after thermal aging.
In contrast, surface grafting with AMPS and AM fundamentally modifies the interfacial
properties of cellulose nanofibers, enabling MTCNF to stabilize barite suspensions through
the synergistic contribution of electrostatic repulsion, steric stabilization, and a thermally
robust nanofiber network.

Figure 8. Proposed mechanism for the enhanced high-temperature suspension stabilization of barite
by MTCNFs, illustrating the synergistic effects of enhanced electrostatic repulsion, hydrated steric
stabilization, and a reinforced three-dimensional nanofiber network.
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(1) Enhanced electrostatic stabilization: The grafted AMPS chains introduce abundant
sulfonate groups onto the cellulose surface. Compared with the carboxylate groups of
T-CNFs, sulfonate groups possess stronger ionization ability and retain a high degree
of dissociation under harsh conditions, resulting in a more negative surface potential.
The increased surface charge strengthens electrostatic repulsion between adjacent
nanofibers and between nanofibers and barite particles, thereby reducing thermally
induced aggregation and maintaining a more homogeneous particle distribution [55].

(2) Steric stabilization through a hydrated polymer shell: Graft copolymerization forms
a polymer shell enriched with amide and sulfonate functionalities on the nanofiber
surface. These hydrophilic groups strongly interact with surrounding water molecules
to establish a stable hydration layer, while the grafted polymer chains generate steric
hindrance that prevents close particle–particle contact. The combined hydration
and steric effects effectively suppress secondary aggregation of both nanofibers
and barite particles, preserving colloidal stability even after prolonged exposure
to elevated temperatures [56].

(3) Preservation of the three-dimensional nanofiber network: The improved thermal sta-
bility of MTCNF enables the interconnected cellulose network to retain its structural
integrity during high-temperature aging. The grafted polymer chains increase inter-
fiber entanglement and provide additional hydrogen-bonding sites through the amide
groups, reinforcing the physical network formed by the cellulose nanofibers. This ro-
bust network provides continuous mechanical support for suspended barite particles
while restricting their long-range migration under gravity. Rather than acting solely
through viscosity enhancement, the interconnected nanofiber framework stabilizes
the suspension by creating a spatial confinement network that uniformly distributes
particles throughout the continuous phase, thereby minimizing sedimentation [50].

Collectively, these three mechanisms operate cooperatively to establish a highly sta-
ble colloidal system. The enhanced electrostatic repulsion minimizes particle aggrega-
tion, the hydrated polymer shell provides persistent steric stabilization, and the rein-
forced nanofiber network supplies long-term structural support. This structure–property–
performance relationship highlights the potential of MTCNFs for high-temperature drilling
fluid applications.

3.3. Performance of WBDFs Containing MTCNFs

To evaluate whether the improved physicochemical properties of MTCNFs could
be translated into practical performance, the MTCNFs were incorporated into a model
WBDF, which consists of 400 mL deionized water + 3 wt% Na-Bent + 0.07 wt% Na2CO3 +
5 wt% KCl + 5 wt% CaCO3 + 1 wt% DSP-1 polymer treatment agent, with barite added
to achieve a density of 1.5 g/cm3. Three formulations were investigated: the base WBDF,
WBDF containing 1 wt% T-CNFs, and WBDF containing 1 wt% MTCNFs. The rheological
properties, filtration performance, and suspension stability of the three systems were
systematically evaluated before and after thermal aging at 180 ◦C.

3.3.1. Suspension Stability

The suspension stability of the drilling fluids was evaluated using the sag factor, and
the results are shown in Figure 9a. Before thermal aging, the addition of 1 wt% T-CNFs
reduced the sag factor of the base WBDF from 0.526 to 0.511, whereas MTCNFs further
decreased the value to 0.509, indicating improved suspension of barite particles. After
aging at 180 ◦C, the base WBDF exhibited pronounced sedimentation, with the sag factor
increasing to 0.541. The WBDF containing T-CNFs also showed a noticeable increase in
sag factor to 0.527, suggesting that the suspension network was partially disrupted during
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thermal aging. In contrast, the MTCNF-containing system maintained a substantially lower
sag factor of 0.515, demonstrating superior resistance to thermally induced particle settling.

Figure 9. Performance of WBDFs containing TCNFs and MTCNFs before and after thermal
aging: (a) sag factor, (b) apparent viscosity, (c) plastic viscosity, (d) yield point, (e) yield point/plastic
viscosity ratio, and (f) filtration loss.

The improved suspension stability of the MTCNF-containing drilling fluid is consis-
tent with the stabilization mechanism established for the model barite suspensions. The
grafted AMPS/AM chains are expected to contribute to electrostatic repulsion and steric
stabilization, while the thermally reinforced nanofiber network may provide additional
physical confinement of suspended particles. The improved sag stability, rheological re-
tention, and filtration performance after 180 ◦C aging are consistent with this proposed
synergistic mechanism.

3.3.2. Rheological Properties

The rheological properties of the drilling fluids are summarized in Figure 9b–e. Before
thermal aging, the incorporation of both T-CNFs and MTCNFs increased the apparent
viscosity (AV), plastic viscosity (PV), and yield point (YP) of the base fluid, demonstrating
the ability of cellulose nanofibers to reinforce the drilling-fluid microstructure. Owing
to their high aspect ratio and abundant surface functional groups, the nanofibers readily
formed an interconnected three-dimensional network through physical entanglement and
hydrogen bonding, thereby enhancing the load-bearing capability of the suspension.

After dynamic aging at 180 ◦C, the rheological properties of the base WBDF and the
T-CNF-containing system deteriorated markedly. The YP of the WBDF/T-CNF system
decreased from 14 Pa to 1.5 Pa, accompanied by a sharp reduction in the YP/PV ratio
to 0.09, indicating a substantial loss of structural integrity and suspension capacity. This
deterioration is attributed to the limited thermal stability of T-CNFs, whose oxidized
surface functionalities and hydrogen-bonded network become progressively destabilized
under prolonged thermal exposure. In contrast, the WBDF containing MTCNFs retained
substantially higher rheological parameters after aging, maintaining an AV of 30 mPa·s,
a YP of 8.176 Pa, and a YP/PV ratio of 0.372. These results demonstrate that surface
grafting effectively improves the thermal durability of cellulose nanofibers and enables
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them to preserve the interconnected network responsible for rheological enhancement
under harsh conditions.

3.3.3. Filtration Performance

The filtration performance of the WBDFs before and after thermal aging is presented
in Figure 9f. Before aging, all formulations exhibited comparable API filtration volumes
ranging from 24 to 28 mL, indicating that the incorporation of cellulose nanofibers had
only a limited influence on filtration under ambient conditions. After dynamic aging at
180 ◦C, however, the filtration behavior differed markedly among the three systems. The
base WBDF exhibited a substantial increase in filtration volume to 60 mL, reflecting severe
deterioration of the filter-cake structure after thermal exposure. In contrast, the WBDFs
containing MTCNFs exhibited a remarkably low filtration volume of 12 mL, demonstrating
excellent filtration control under high-temperature conditions.

The superior filtration performance of MTCNFs is attributed to its surface-engineered
nanofiber architecture. The high-aspect-ratio cellulose framework promotes the formation
of an interconnected network within the filter cake, while the grafted AMPS/AM polymer
shell enhances hydration and interfacial interactions between the nanofibers and solid
particles. These combined effects facilitate the formation of a more compact and less
permeable filter cake, effectively reducing pore connectivity and restricting filtrate transport.
Moreover, the improved thermal stability of MTCNFs enables the nanofiber network to
retain its structural integrity during high-temperature aging, thereby preserving its sealing
capability. These observations indicate that surface grafting enhances not only the colloidal
stability of cellulose nanofibers but also their effectiveness as sustainable filtration-control
additives under harsh conditions.

3.4. Biodegradability Assessment

The biodegradability of the cellulose nanofibers and the corresponding WBDF sys-
tems was evaluated using the BOD5/CODCr ratio, and the results are summarized in
Table 1. According to the biodegradability classification adopted from previous drilling-
fluid studies [57]. BOD5/CODCr ratios below 5%, 5–15%, 15–25%, and above 25% corre-
spond to low, relatively low, degradable, and easily degradable categories, respectively. The
BOD5/CODCr ratios of T-CNFs and MTCNFs were 47.5% and 45.1%, respectively, whereas
the corresponding values for the WBDF/T-CNF and WBDF/MTCNF systems were 26.9%
and 20.1%, respectively. These results indicate that the tested cellulose-based materials
and drilling-fluid formulations exhibited measurable biodegradation potential under the
conditions employed in the BOD5/CODCr assessment. These results demonstrate that
surface grafting with AMPS and AM does not substantially compromise the environmental
compatibility of cellulose nanofibers.

Table 1. Biodegradability of cellulose nanofibers and the corresponding WBDF systems.

Sample CODcr (mg/L) BOD5 (mg/L) BOD5/CODcr/% Degradability
Assessment

T-CNFs 1.00 × 103 4.75 × 102 47.5 Easily degradable
MTCNFs 1.43 × 103 6.45 × 102 45.1 Easily degradable

WBDF/T-CNFs 2.83 × 103 7.60 × 102 26.9 Easily degradable
WBDF/MTCNF 3.21 × 103 6.44 × 102 20.1 Degradable
WBDF/HPAM 3.50 × 103 5.25 × 102 15.0 Relatively low degradable

The favorable biodegradability of both materials originates from the intrinsic polysac-
charide backbone of cellulose. Cellulose consists of β-(1→4)-linked glucan chains that
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can be efficiently hydrolyzed by cellulolytic microorganisms in natural environments [58].
Although surface grafting with AMPS and AM introduces synthetic polymer components,
the characteristic cellulose framework is retained, as supported by the FTIR results, and
may therefore contribute to the measurable biodegradation potential of MTCNFs. In the
isolated-material test, MTCNFs exhibited a BOD5/CODCr ratio of 45.1%, whereas this value
decreased to 20.1% after incorporation into the more chemically complex WBDF formula-
tion, indicating that the presence of other drilling-fluid components affected the measured
biodegradation response. The hydrophilic functional groups introduced by AMPS and
AM may also influence water accessibility and interactions with microorganisms; however,
the contribution of the grafted polymer chains to the overall biodegradation behavior
cannot be quantitatively distinguished from that of the cellulose backbone based on the
present BOD5/CODCr measurements alone. In contrast, conventional partially hydrolyzed
polyacrylamide (HPAM) contains a carbon–carbon backbone that is considerably more
resistant to microbial degradation, resulting in greater environmental persistence [59,60].
It should therefore be emphasized that the BOD5/CODCr ratio reflects biodegradation
behavior under the specific test conditions and should not be interpreted as direct evi-
dence of complete environmental degradation in natural or field environments. Overall,
the present results support the measurable biodegradation potential and environmental
compatibility of the investigated cellulose-based materials and drilling-fluid formulations,
while further standardized long-term degradation and ecotoxicological studies are required
to fully establish their environmental fate.

4. Conclusions
In this study, MTCNFs were successfully prepared by grafting AMPS and AM onto

T-CNFs through free-radical graft copolymerization. Structural characterization confirmed
the formation of a polymer-grafted core–shell architecture while preserving the cellulose
nanofiber framework. Surface grafting significantly enhanced the physicochemical proper-
ties of the nanofibers, increasing the onset thermal decomposition temperature from 218
to 304 ◦C and shifting the zeta potential from −31.6 to −38.2 mV, indicating improved
thermal stability and colloidal stability. The modified nanofibers exhibited markedly en-
hanced suspension stabilization after thermal aging at 180 ◦C. Compared with T-CNFs,
MTCNFs more effectively suppressed barite aggregation and sedimentation, maintaining
a sag factor of 0.508 after aging. Comprehensive characterization and suspension anal-
yses indicate that the improved performance originates from the synergistic effects of
enhanced electrostatic repulsion, hydrated steric stabilization, and preservation of an inter-
connected three-dimensional nanofiber network under high-temperature conditions. When
incorporated into WBDFs, MTCNFs effectively improved rheological stability, reduced
filtration loss to 12 mL, and maintained a yield point of 8.176 Pa and a sag factor of 0.515
after thermal aging, demonstrating that the enhanced colloidal stability of the modified
nanofibers can be translated into improved macroscopic fluid performance. Furthermore,
the BOD5/CODCr ratio of the MTCNF-containing drilling fluid remained 20.1%, indicating
that surface grafting preserved the degradable nature of the cellulose-based material.

Overall, this work demonstrates that surface graft engineering is an effective strategy
for simultaneously improving the thermal stability, colloidal stability, and functional per-
formance of cellulose nanofibers while maintaining their environmental compatibility. The
proposed modification approach broadens the application potential of sustainable carbohy-
drate nanomaterials in high-temperature colloidal systems and provides a promising route
for developing bio-based functional additives for demanding industrial environments,
including deep-well drilling and geothermal energy applications.
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