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others, hence encouraging research to discover and further develop this renewable

nanomaterial for future green nanotechnology.
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Introduction

Cellulose is an important biopolymer that has many uses and is essential in our daily lives because of its
unique properties. Cellulose is extensively utilized due to its biocompatibility, biodegradability, abun-
dant availability, and sustainability. Typically, cellulose fibers consist of aggregates of nanofibers with
diameters between 5 and 70 nm, and lengths ranging from 100 nm to several micrometers (Ilyas
Rushdana et al. 2017; Sapuan, Lamin Sanyang, and Ridzwan Ishak 2016). These nanofibers, designated
by many names depending on their source and quality, can be extracted from a variety of natural
materials, such as kenaf (Ilyas et al. 2019), softwood wood (Li et al. 2018), cotton (Sun et al. 2021),
wheat straw (Sihag, Sheetal, and Pal 2022), rice straw (Oun and Rhim 2018), coir fiber (Fernandes et al.
2023), sugarcane bagasse and banana peels (Pelissari et al. 2017a), pinecones (Jackpine: Pinus banksiana
Lamb), potato tuber cells (Mehanny et al. 2021), carrot (Guimarées et al. 2016), eucalyptus, and pine
fibers (Ilyas et al. 2019), corn husk and oat hulls (Valdebenito et al. 2017) and bamboo fiber (Llanos and
Tadini 2018; Xie et al. 2016) among cited sources. Due to their distinctive physical properties, these
nanofibers have attracted significant interest from researchers over the past few decades. They are
characterized by high crystallinity, a large surface area, a high aspect ratio, and abundant surface
hydroxyl groups. Additionally, they exhibit favorable thermal properties, including a low coefficient
of thermal expansion and strong thermal resistance. Their exceptional mechanical properties, such as
high specific strength, stiffness, and modulus, further enhance their appeal. Moreover, the production of
these nanofibers is cost-effective and environmentally friendly, making them a versatile nanomaterial
with a wide range of potential applications (Ilyas et al. 2019).

Nanocellulose has gained considerable recognition as an environmentally friendly and sustainable
material owing to its outstanding properties, including high aspect ratio (Nguyen et al. 2021), large specific
surface area (Syafri et al. 2022a), superior mechanical strength, biocompatibility, and renewability (Dai et al.
2020; K. Zhang et al. 2018). The abundance of hydroxyl functional groups on its surface enables diverse
chemical modifications, facilitating the development of advanced functional materials (Hu et al. 2024;
Phanthong et al. 2018). Nanocellulose is generally classified into bacterial nanocellulose (BNC), cellulose
nanocrystals (CNCs), and cellulose nanofibrils (CNFs), with their morphology and physicochemical
properties strongly dependent on the cellulose source, extraction routes, and processing conditions (Gan
et al. 2020). Among these, CNFs have attracted particular interest due to their high durability and potential
applications in papermaking, food packaging, and emerging energy technologies such as supercapacitors,
lithium-ion batteries, and triboelectric nanogenerators (Xing et al. 2019; H. Zhang et al. 2019). However,
improving the thermal stability of CNFs, which typically degrade between 200°C and 350°C, remains a key
challenge for their broader industrial utilization (Lu et al. 2020).

Nanocellulose exhibits low density, high dimensional stability, low thermal expansion, and tunable
surface chemistry, making it an excellent-reinforcing material for polymer composites (Abral et al. 2021;
Gan et al. 2020). Consequently, its properties are strongly influenced by raw material sources, pretreatment
strategies, and isolation processes (Imraan et al. 2023; Nazrin et al. 2021; Reshmy et al. 2020). CNFs are
typically produced through mechanical disintegration processes that involve intense shear and impact
forces, resulting in the progressive breakdown of cellulose fibers into nanoscale fibrils via a top — down
approach (Q. Q. Wang et al. 2012; S. Zhang et al. 2022). The efficiency of CNF production and the resulting
fibril morphology are significantly affected by the selection of milling techniques (e.g., refining, micro-
fluidization, grinding, ball milling, cryo-crushing, and ultrasonication), operational parameters (milling
cycles, speed, temperature, and solid concentration), and the use of milling additives or pretreatments.
Milling additives such as water, dispersing agents, surfactants, or chemical pretreatments can reduce fiber
aggregation and energy consumption, thereby enhancing fibrillation efficiency and controlling nanocellu-
lose structure. These factors play a crucial role in determining the crystallinity, aspect ratio, surface
chemistry, and overall structural characteristics of CNFs (Norfarhana et al. 2024).

Wet disc milling (WDM) has recently gained increasing attention due to its high energy efficiency and
effective fiber fibrillation capability (Yasim-Anuar et al. 2020a). For instance, CNFs extracted from
wastepaper using WDM exhibited a reduction in fiber diameter from the micrometer scale to 20-40 nm
after 10 milling cycles (Shirani et al. 2022). Moreover, the incorporation of CNFs significantly enhanced the
tensile strength and Young’s modulus of poly(R)-3-hydroxybutyrate-co-(R)-3-hydroxyhexanoate
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(PHBHHX), with improvements of 19% and 12%, respectively, compared to the neat polymer (Y. Wang
et al. 2025).

Scientifically known as Saccharum officinarum, sugarcane is a primary source of sugar produc-
tion that is of global importance (Anitha et al. 2024). Beyond its traditional use, sugarcane is being
recognized more and more for its adaptability in producing nanocellulose, a substance with a broad
range of uses in a variety of industries, such as packaging, electronics, and biomedicine (Abdel-
Hakim and Mourad 2023). Sugarcane-derived nanocellulose possesses exceptional characteristics,
including superior strength, biodegradability, and biocompatibility. Consequently, it emerges as an
attractive substitute for conventional materials in the pursuit of sustainable development (Abdullah
et al. 2021).

This work successfully isolated NFCs from SCB using wet disc milling. A comprehensive
assessment of the structural and physicochemical properties of sugarcane bagasse fibers was
conducted using a variety of techniques, including FT-IR spectroscopy, TEM, zeta potential
analysis, and X-ray diffraction (XRD). Moreover, we used thermogravimetric analysis (TGA) to
assess the thermal characteristics.

Materials and methods
Materials

The sugarcane bagasse fibers used in this investigation were obtained from the Johor Bahru municipality in
Malaysia. A variety of chemical reagents were used in the experiments. QRéc supplied 99% pure sodium
hydroxide (NaOH), Sigma supplied 80% pure sodium chlorite (NaClO,), and QRéc provided 99.8% pure
acetic acid (CH;COOH).

Extraction of cellulose

In this investigation, cellulose fibers were isolated from SCB using recognized techniques for
delignification and mercerization (Asmaa Ali Mubarak et al. 2024; Ilyas et al. 2017). The extraction
procedure began by mixing 5 g of powdered and dried SCB with a solution of sodium chlorite that
was 200 mL in volume and had 20 different concentrations of sodium chlorite. Next, a magnetic
stirrer was employed to continuously swirl this mixture at 75°C for 3.5 h. Filter paper filtering was
then used to recover the solid residue that included hemicellulose. Following that, a 200-mL NaOH
5% w/v solution was added to the hemicellulose mixture and agitated for 2 h. To obtain the
cellulose residue, another round of filtration was performed. NaOH was employed to keep the
sample’s pH at 7.5. Following an extra filtration stage, the leftover cellulose particles, known as
SCBC, were correctly measured before being dried overnight at 75°C to ensure full moisture
removal, as shown in Figure 1.

SCBNFC Extraction

The wet disk milling (WDM) process was employed using cycles 5, 10, 15, and 20 to convert cellulose into
nano-sized fibrils following purification. The procedure depicted in Figure 1 was utilized to generate nano-
fibrillated cellulose from sugarcane bagasse, referred to as SCBNFC. Grow Engineering of Adachi-ku,
Tokyo, Japan, manufactured the high-shear ultrafine friction grinder that was utilized for the WDM
process. Before grinding, SCBC was immersed in distilled water for 72 h. Two liters of 2 wt% fiber
suspension were added to the grinder and rotated at 1800 rpm. This process produces fibers known as
sugarcane bagasse nano-fibrillated cellulose (SCBNFC). We kept the SCBNFC slurry at 2°C in a sealed jar to
preserve it for later use. To enable additional investigation, a 10 mL sample of the slurry was freeze-dried.
Ecological delignification and mercerization, combined with WDM, created SCBNFC with unique proper-
ties appropriate for a range of uses.
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}

Wash & dry
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l
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l

Characterization

Figure 1. Schematic illustration of SCBNFC isolation.

Characterization

SCBNFC yield

To begin the process, a 2 wt% solution was prepared and then diluted with distilled water. The mixture was
centrifuged at 4500 rpm for 20 min, resulting in nano-fibrillated material collecting in the supernatant,
while non-fibrillated and partially fibrillated components settled as sediment. The separated compounds
were dried in a halogen desiccator at 90°C until a constant weight was achieved. Finally, the yield was
calculated using Equation (1).

weight of dried sediment
- X
weight of diluted sample x % Sc

yield(%) = (1 100

where Sc (%) is the percentage of materials. The results are shown as the mean values from three different
experiments.

Chemical makeups

As reported by (Arisyah et al. 2017) The chemical composition of the starting material was analyzed using
gravimetric methods to quantify lignin, cellulose, and hemicellulose on a dry basis. Sugarcane bagasse (SCB)
was immersed in a 5% (w/v) sodium chlorite (NaClO,) solution at 70°C for 90 min, with the pH maintained
between 4 and 5. After treatment, the samples were dried in an oven for 24 h and then cooled in a desiccator
until they reached a stable weight (Arisyah et al. 2017). The weight loss observed after treatment was
attributed to the lignin content, while the remaining weight represented holocellulose, which includes both
hemicellulose and cellulose. To isolate cellulose, holocellulose was rinsed with deionized water and then
treated with a 6% (w/v) potassium hydroxide (KOH) solution at 25°C for 24 h to remove hemicellulose.
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After the treatment, the samples were dried in an oven for 24 h and then cooled in a desiccator before
analysis. The final weight was used to determine the cellulose content.

Functional group profile

The functional groups in the samples were analyzed using the PerkinElmer 2000 Spectrum GX model
instrument. For the analysis, 2 mg of the sample was mixed with potassium bromide (KBr) to reach a total
weight of 200 mg. The instrument operated with a precision of 4 cm™ !, measuring wavelengths from 400
cm™ ' to 4000 cm™ ' at a scanning speed of 20 kHz.

Degree of crystallinity

XRD analysis was performed using a Bruker Advance D8 apparatus (Germany). Measurements were taken
across a 20 range with 0.02° increments, while maintaining a temperature range of 5°C to 40°C. The
crystallinity index (CrI) was calculated using Equation (2), as reported by (Segal, Creely, and Martin 1952).

Crl(%) = < 2)

1002 — Iam
1002

Significant variables in the analysis are the amplitude of the reflection on the plane (200) (260 =21-23°),
known as Ijg,, and the intensity of the amorphous cellulose component (20 = 18°), known as I,,.

Surface morphology

Transmission electron microscopy (TEM) was employed to observe the nanostructural morphology of the
SCBNEFC. The analysis was performed using a Philips Tecnai 20 TEM operated at an accelerating voltage of
200 kV and equipped with a standard inclined sample holder. Prior to imaging, the SCBNFC suspension
was prepared by ultrasonically dispersing the particles in distilled water for 10 min to ensure adequate
individualization of the nanofibres. A drop of the diluted suspension was then carefully deposited onto
a carbon-coated copper grid and allowed to dry at room temperature.

Point zero charge (PZC)

To determine the point of zero charge (PZC) of SCBNEFC, a series of analytical preparations were
conducted. First, 250 mL of a 0.1 M NaCl solution was added to each of five Erlenmeyer flasks. The pH
of these solutions was then adjusted from 2 to 10 using 0.1 M HCl and 0.1 M NaOH. After adjusting the pH,
5 g of SCBNFC were added to each flask. The samples were left undisturbed for 48 h, after which the final
pH of each solution was recorded. The pH at which the system exhibited the most favorable activity was
identified as the PZC. Equation (3) was used for the final calculation of pHPZC based on the most recent
analysis.

ApH = pH, — pH, (3)

The pH values before and after the experiment are represented by the numbers pH; and PH,, respec-
tively. The intersection points of the pH vs. pH plot that indicate pHpyc are those where pH =0.

Thermogravimetric analysis (TGA)

This approach demonstrates the overall effects of temperature on weight loss. The Thermogravimetric
Analysis (TGA) provides a comprehensive insight into the degradation patterns of SCBNFC. The thermal
stability of SCBNFC was determined by submitting it to various treatments and monitoring its response
with a PerkinElmer TGA 4000 thermogravimetric analyzer calibrated in the United States. The device is
designed to handle small sample sizes effectively, providing accurate measurements within this range of
a typical sample mass is around 5-10 mg. Aluminum pans were used in experimental methods under
a nitrogen atmosphere. The temperatures ranged from 25°C to 800°C, with a heating rate of 10°C
per minute.
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Results and discussion
SCBNFC yield

Figure 2 illustrates the yield of SCBNFC isolated from sugarcane bagasse fiber under various processing
conditions, with the number of WDM cycles set at 5, 10, 15, and 20. The results reveal that SCBNFC-20
yielded the lowest amount at 98.4%. In contrast, the yields for SCBNFC-5, SCBNFC-10, and SCBNFC-15
were slightly higher, measuring 99.3%, 99.5%, and 99.06%, respectively. This represents incremental
increases of 0.3%, 0.2%, and 0.3%. Overall, with a final yield of 99.6 wt%, the CNF extraction process
demonstrates promising efficiency and potential for further applications.

Table 1 provides the reported synthesizing requirements of the SNPC and the related features when
compared to different types of lignocellulosic biomasses. With WDM, mechanical defibrillation of cellulose
fibers may be achieved with great precision, leading to a significant increase in SCBNFC production
through NFC synthesis. Nanofibers undergo a transformation when subjected to WDM treatment, which
increases their wet strength and shear stresses (Norfarhana et al. 2024). The yield of cellulose nanofibers is
typically low during the TEMPO oxidation process of wood fibers. Based on this, the recent study has shown
a yield of over 30%, which is high. The (Masruchin et al. 2020) study reports a yield of 46%, while the
(Jonasson et al. 2020) study has a yield range of 44-55%. This work demonstrates a significantly greater
production of NFC from sugarcane bagasse fiber (SCBF) compared to earlier studies conducted by (Ilyas
et al. 2019; Ilyas, Sapuan, and Ishak 2018). In their research, they were able to synthesize 29% of SPF
nanocrystalline cellulose using a chemical procedure that involved acid treatment at 60°C and alkali

Yield (%)

Number of cycles

Figure 2. Yields of attained nanofibers after several cycles.
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treatment at 90°C. Subsequently, the material should undergo mechanical fibrillation to achieve
a concentration of 52% by weight of solid particles in the form of SPF nano fibrillated cellulose, using a high-
pressure method.

Chemical compositions

The chemicals that make up natural fibers greatly affect their mechanical, heat, and physical properties.
Amorphous lignin and a hemicellulose-reinforced structure of crystalline cellulose microfibrils make up
most plant fibers (Ismail, Akpan, and Dhakal 2022). However, the exact morphology of these compounds
changes based on origin, the temperature, the soil, age, and how they are processed (Ilyas et al. 2017). The
chemical composition of raw SCB and SCBC was analyzed to gain insights into the properties of the natural
fibers. The results, presented in Table 2, demonstrate that the extraction process using NaClO, and NaOH
significantly altered the morphology of sugarcane bagasse. During the whitening step, this process removed
hemicellulose, silica, soluble mineral salts, and ash from the raw fibers, resulting in purified cellulose
(Asmaa Ali Mubarak et al. 2024; Dufresne et al. 2000; Sheltami et al. 2012). Temperature and pH play
a crucial role in this process. Typically, reactions proceed more quickly at higher temperatures and elevated
pH levels. In the second stage, chemical treatment further degrades and eliminates additional fiber
components, thereby improving the material’s properties.

Table 2 displays the chemical composition of SCB fibers following various treatment stages. Raw SCB
fibers contain approximately 46% cellulose, 16% hemicellulose, and 38% lignin. In contrast, treated SCBC
has a composition of 84% cellulose and 22.5% hemicellulose. This increase in cellulose content (from 46% in
raw fibers to 84% in SCBC) demonstrates the effective removal of lignin and other components during the
delignification and mercerization processes, which likely facilitated the separation of insoluble compounds
in the treated fibers (Asmaa Ali Mubarak et al. 2024). Because of this, SCBC is the best fiber for making
nanofibrillated cellulose through mechanical treatment in a wet disc mill because it has the best makeup and
properties.

Functional group profile

FTIR spectroscopy is employed to characterize the chemical composition and identify both amorphous and
crystalline structures in nanofibers (Mayerberger et al. 2018). Figure 3 presents the typical FTIR spectra for
SCBNEC-5, 10, 15, and 20, with detailed vibrational IR assignments listed in Table 3. The spectra of all
samples exhibit nearly identical features, indicating a consistent chemical composition across these nano-
fiber samples. Similar findings were reported by Fahma and Ilyes, who studied nanofibers derived from
OPEFB and SPF using varying concentrations of H,SO,, different HPH passes, and pressure conditions
(Fahma et al. 2010).

Bands at 3420, 2930, 1430, 1370, and 890 cm ™" in the spectra are ascribed to cellulose I (He et al. 2022).
The peak at 3400-3500 cm™! indicates cellulose OH bond stretching, while the band at 2900 cm ™! indicates
CH, bond stretching (Rana and De la Hoz Siegler 2023). The peak at 1645 cm™" in all samples may be due to
cellulose absorbing water. This band is formed by water molecules bending due to cellulose’s water
resistance (Fahma et al. 2010; He et al. 2022; Rana and De la Hoz Siegler 2023). (Mayerberger et al. 2018)
attributed the high absorption band at 1428-1433 cm™' to inter-molecule hydrogen bonding at the Cq
group.

The bending vibrations of the C-H and C=0 groups within the aromatic rings of polysaccharides are
responsible for the peak found in the spectra of all samples between 1330-1369 cm™". Furthermore, Haafiz
etal. (2014) reported similar findings for cellulose nano whiskers from microcrystalline cellulose nanofibers
in oil palm waste. Furthermore, nanocellulose from SCB gave comparable outcomes (Mandal and

Table 2. Chemical composition of SCB and SCBC.
Sample Cellulose (%) Hemicellulose (%) Lignin (%)

Raw SCB 46 16 38
SCBC 84 22.5 -
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Figure 3. FTIR spectra of sugarcane base samples.

Table 3. Result of FTIR spectra for the samples.

wavenumber (cm™)

Peak Assignment SCBNFC-5 SCBNFC-10 SCBNFC-15 SCBNFC-20
OH groups 3331.05 3330.90 3330.50 3332.10
CH, groups 2895.46 2894.85 2895.13 2895.53
C =0 stretch 1636.06 1635.89 1635.98 1635.80
CH, bending 1428.20 1428.50 1428.65 1428.77
C-H asymmetric stretch 1316.06 1316.08 1316.02 1315.97
C-0-C stretch 1159.99 1159.81 1159.27 1159.93
CH-H 897.15 896.65 896.65 897.00

Chakrabarty 2011). Bands at 1163-1167 cm ™" suggest the presence of C-C bonds. The C-O-C glycosidic
ether band at 1105 cm ™', which decreased in CNF probably due to WDM treatment, indicating a reduction
in molecular weight. Furthermore, the C-H rocking vibration indicative of anomeric vibration of B-
glucosides is associated with the peak observed at 894-896 cm™}, consistent with (Norfarhana et al. 2024).

Degree of crystallinity

The crystallinity of the synthesized cellulose was evaluated using X-ray diffractograms. The XRD patterns of
the SCBNFC synthesized at distinct WDM cycles in this study are depicted in Figure 4. The discernible
diffraction peak observed at a consistent region around 20 = 22.28-22.44° in all samples is characteristic of
cellulose IP structure, effectively illustrating the crystalline arrangement of cellulose (Souza et al. 2020).
Subsequently, a significant splitting peak can be seen at 20 = 27°, suggesting a certain amount of cellulose II
phase development (Del Cerro et al. 2020), and the XRD pattern of SCBNFC is consistent with the findings
of (Ramki et al. 2019). The findings show that crystallinity is more effectively extracted from SCB following
WDM treatment. Table 4 presents a comprehensive list of CrI values associated with all WDM cycles of
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Figure 4. X-ray diffraction patterns for SCB samples.

Table 4. Summary of XRD data for the SCB samples.

Sample loo2 lam X%
SCBNFC-5 5715 2478 56.64
SCBNFC-10 6460 2721 57.87
SCBNFC-15 6382 2715 57.45
SCBNFC-20 6532 2813 56.93

SCBNFC samples. By the second and third cycle of WDM, the CrI of cellulose fibers was approximately
57.87% and 57.45 respectively. The Crl values for SCBNFC5, and SCBNFC20 decreased slowly to 56.64%,
and 56.93%, respectively. Intense mechanical stresses including high shear and friction applied during
WDM may degrade the crystalline structure of NFC, resulting in lower CrI values (Norrrahim et al. 2018).
A discernible pattern can be experienced where in the crystallinity of SCBNFC decreases as the number of
milling cycles increases gradually. A similar pattern of findings was observed in the isolation of cellulose
nanofiber from oil palm mesocarp fiber, as determined by (Norrrahim et al. 2019). According to (Yasim-
Anuar et al. 2020c), this phenomenon can be elucidated by the disturbance occurring within the cellulose
crystalline region due to the nano-fibrillation process induced by WDM, leading to a reduction in overall
crystallinity. Additionally, this occurrence might be attributed to the shear force intensity of the mechanical
treatment, inducing molecular motion with cellulose, thereby initiating the deconstruction of cellulose
crystals, as reported by (Supian et al. 2020).

The relatively small differences observed among SCBNFC samples processed at different WDM cycles
can be interpreted by considering the inherently progressive yet asymptotically saturating behavior of
mechanical fibrillation processes in lignocellulosic systems. During the initial milling cycles, the combined
delignification and mercerization pretreatments significantly weaken the supramolecular architecture of the
cellulose fiber wall, particularly through the removal of residual lignin and hemicellulose components and
the disruption of the extensive hydrogen-bonding network that stabilizes the hierarchical microfibrillar
structure. This pretreatment-induced loosening of the interfibrillar matrix facilitates rapid mechanical
delamination during early WDM cycles, thereby enabling the cellulose bundles to be efficiently disinte-
grated into nanoscale fibrillar structures with relatively limited energy input. Consequently, a substantial
proportion of the fibrillation process is completed during the first few milling cycles, which explains why
subsequent cycles produce only modest variations in structural characteristics. Such behavior is consistent
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with observations reported for mechanically produced cellulose nanofibrils, where the efficiency of fibrilla-
tion increases dramatically after chemical pretreatment due to reduced fiber cohesion and improved
accessibility of shear forces to the microfibrillar interfaces (Pelissari et al. 2017b; Tonoli et al. 2007).
Moreover, once a large fraction of the fiber population has already transitioned into individualized
nanofibrils, additional mechanical treatment predominantly acts on already fibrillated structures rather
than intact fibers, thereby limiting the magnitude of observable physicochemical changes. As a result, key
material parameters such as yield, crystallinity index, and thermal stability exhibit only marginal variation
across increasing WDM cycles, indicating that the fibrillation process progressively approaches a structural
equilibrium state. Similar saturation trends have been documented in recent nanocellulose production
studies, where the transition from fiber fragmentation to fibril refinement marks the onset of diminishing
returns in mechanical processing efficiency (Guélon, Mathias, and Stoodley 2011; Ning et al. 2019; Yasim-
Anuar et al. 2020b).

From a structural perspective, the minor reductions in crystallinity and subtle shifts in thermal degrada-
tion behavior observed at higher milling cycles can be attributed primarily to localized mechanical damage
within the crystalline domains rather than extensive degradation of the cellulose polymer framework (de
Santana et al. 2024; Hassan et al. 2012). Repeated shear and impact forces generated during prolonged
mechanical milling can induce partial disruption of ordered cellulose I crystallites, leading to slight
decreases in crystallinity as well as limited cellulose chain scission events within the amorphous-crystalline
interfacial regions. However, because the majority of cellulose crystallites remain structurally intact, these
alterations manifest only as small variations in thermal stability parameters rather than significant changes
in degradation pathways. Recent high-resolution structural analyses of mechanically fibrillated nanocellu-
lose have similarly demonstrated that extended mechanical treatment tends to generate surface fibrillation,
increased fibril flexibility, and minor crystalline distortion without fundamentally altering the overall
crystalline polymorph of cellulose (Elsayed et al. 2023). In this context, the slight decrease in crystallinity
at higher WDM cycles may also reflect the formation of highly individualized nanofibrils with increased
surface disorder, which inherently contributes to a modest reduction in the proportion of ordered crystal-
line regions (Ning et al. 2019; Yasim-Anuar et al. 2020b). Importantly, such structural changes do not
necessarily indicate material deterioration but may instead improve the surface reactivity and interfacial
compatibility of nanocellulose in composite systems. Consequently, the observed saturation behavior
suggests that an optimal balance between fibrillation efficiency and structural preservation is achieved at
relatively moderate milling cycles, beyond which further mechanical processing provides diminishing
structural benefits while potentially increasing energy consumption. This interpretation aligns with recent
process optimization studies indicating that excessive mechanical treatment rarely improves nanocellulose
properties once full fibrillation has been achieved and may instead lead to unnecessary energy expenditure
during large-scale production (Guélon, Mathias, and Stoodley 2011; Tsade, Anshebo, and Sabir 2021).

The high crystallinity index (CrI) observed (approximately 57%) suggests that SCBNFC can serve as
a potent reinforcing phase in polymer matrices. The interpretation of the XRD data reveals that while
mechanical shear induces minor surface disorder, the crystalline core remains robust, facilitating efficient
stress transfer across the fiber-matrix interface. This structural integrity, coupled with the potential for
silanization or acetylation, can be exploited to overcome the inherent hydrophilicity of cellulose, thus
improving compatibility with hydrophobic industrial polymers.

A critical finding of this research is the determination of the Point of Zero Charge (PZC), which provides
a fundamental baseline for the material’s application in environmental remediation. By understanding the
surface charge behavior, SCBNFC can be strategically functionalized with amino or carboxyl groups to
target specific heavy metal ions or organic dyes in wastewater. The synthesized nanofibers’ high yield
(99.6%) and thermal stability up to 360°C position them as a sustainable and cost-effective alternative to
synthetic adsorbents, capable of withstanding the rigorous conditions of industrial filtration cycles.

The biocompatibility and biodegradability inherent to Saccharum officinarum derivatives, combined
with the thread-like morphology observed in TEM imaging, suggest significant potential in the develop-
ment of antimicrobial food packaging and biomedical scaffolds. The high surface reactivity of the ionized
SCBNEC allows for the grafting of bioactive molecules or the incorporation of silver nanoparticles, creating
active materials that do not merely contain products but interact with the environment to extend shelf-life
or facilitate tissue regeneration.
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Surface morphology

The length, shape, and degree of nano crystallization of NFC have an impact on their structure and
reinforcing characteristics (Ilyas et al. 2019). The aggregated nanofibers, which are connected by many
intermolecular and intramolecular hydrogen bonds, need to undergo mechanical processing to obtain
a uniform NFC without affecting its natural structure (Potthast et al. 2022). The shape and microstructural
properties of selected SCBNFC films were analyzed using TEM images (Figure 5). During the process of
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Figure 5. TEM profile of SCBNFC-5 (A), SCBNFC-10 (B), SCBNFC-15 (C), and SCBNFC-20 (D).
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mechanical refinement, the surfaces of fibers experience shearing action which causes the extraction of
microfibrils from the cell wall (Ilyas et al. 2021). TEM images reveal that SCBC, when processed with WDM,
displays an irregular structure indicative of nanofibrillation This effect results from the placement of
millstones prior to WDM treatment, generating significant shearing and frictional forces on the outer
layer of the cellulose fibers. Instead of being processed with grinding disks, the fibers experience substantial
impact and frictional forces through this method, leading to effective fibrillation (Taflick et al. 2017). The
diameter values of NFC that were separated from sugarcane bagasse using WDM are as follows: The
diameters of the SCBNFC-5, SCBNFC-10, SCBNFC-15, and SCBNFC-20 are 12.32 + 2.37 nm, 14.07 £ 5.73
nm, 13.85+2.86 nm, and 12.78 + 2.69 nm, respectively. This outcome is described in Table 5. The micro-
scopic drawing displays for BNFC a tangled structure and single fibers that indicate the fibrillation process
during the mechanical process of WDM, due to the rotating disk creating high shear forces that act on the
fibers, pulling them apart longitudinally. This impact force helps to break down the fiber bundles further.
The presence of water in the milling process aids in the separation of fibers by reducing friction, and the
hydrodynamic forces also help to transport the fibers through the milling chamber effectively. The reported
diameters of NFC generated after IL pretreatment, H,O, bleaching, and WDM treatment for SPF are
slightly greater than the values of 3.30 £ 0.68 nm reported by Norfarhana et al. (Norfarhana et al. 2024).
Nevertheless, they are somewhat smaller than the 6-22 nm sizes documented for NFC generated through
different methods using bleached sugarcane bagasse pulp. In addition, Pelissari et al. (Potthast et al. 2022)
documented that the diameter of NFC from sugarcane bagasse is 31 + 10 nm.

Point zero charge (pHp,.)

The point of zero charge (pHPZC) is defined as the pH level at which a solid’s surface has no net electric
charge, resulting from an equal density of positive and negative charges. This parameter is specific to the
interaction between an electrolyte or aqueous solution and a particular surface. Predicting surface func-
tional group ionization and their interactions with insoluble species requires an understanding of pHpyc.
Following Elsayed et al. 2023, the surface acquires a positive charge at pH values below the pHpzc and
a negative charge at pH values above the pHpzc.

The pHpyc of SCBNFC for each cycle is 6.3, as illustrated in Figure 6 It is reasonable to conclude from
this pattern that the adsorbent surface is negatively charged at pH levels above 6.3 and positively charged at
pH levels below 6.3. The pH of the nanocellulose used in this investigation is 8.7, indicating that it has
a negative charge. Consequently, the adsorption of anionic contaminants by this negatively charged
nanocellulose is ineffective. Tsade et al. 2021 inquiry, Preparation, and Characterization of
Functionalized Cellulose Nanomaterials (CNMs) for Pb(II) Ions Removal from Wastewater, revealed
a pHpyc value of 5 for CNMs, corroborating this conclusion.

Thermal stability of SCBNFC

Ensuring thermal stability is essential when utilizing CNF in composite materials. The temperature features
Tonset and Td can be calculated from the TGA a reduction in mass curve and the resulting derivative curve
with temperature. The degradation characteristics of nanofiber samples derived from sugarcane bagasse
cellulose were analyzed thermogravimetrically to compare their behavior at different numbers of passes (K.
Zhang et al. 2018). Thermogravimetric (TG) and derivative thermogravimetric (DTG) profiles of the
SCBNEFC nanofiber samples are illustrated in Figures 7 and 8. Some SCBNFC nanofibers experience
a decrease in weight when exposed to temperatures between 20.8°C and 96°C. This weight loss is mostly

Table 5. Dimension size of SCBNFC samples
analyzed by TEM microscopies.

Sample Diameter size mean + SD (nm)
SCBNFC-5 12.32+£2.37 nm
SCBNFC-10 14.07 £5.73nm
SCBNFC-15 13.85+2.86 nm

SCBNFC-20 12.78 £2.69 nm
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Table 6. Onset temperature (Tonser), degradation temperature on maximum weight-loss rate (Tyax), Weight loss (W),
and char yield for SCBNFC-5, SCBNFC-10, SCBNFC-15, and SCBNFC-20 obtained from the TG and DTG curves.

Water Evaporation 1st thermal degradation Char yield
Sample Tonset (°0) Twax (°C) Wy (%) Tonset (°C) Twax (°C) Wi (%) W (%)
SCBNFC-5 26.9 94.3 85 360 826 73.46 17.6
SCBNFC-10 20.8 92.23 7.83 358.6 658.3 75.02 18.1
SCBNFC-15 259 92.4 7.73 3559 817.2 72.15 18.8
SCBNFC-20 233 93.18 83 364.4 785.3 74.64 17.9

caused by the evaporation of any leftover moisture present in the nanocellulose samples (Ilyas et al. 2019). In
addition, the SCBNFC samples showed a consistent thermal degradation range from 355.9°C to 826°C,
primarily due to the breakdown of the a-cellulosic chain. The thermogravimetric (T'G) analysis data in
Table 6 indicate that SCBNFC-10 and SCBNFC-15 exhibited the lowest onset thermal decomposition
temperatures, measuring at 92.23°C and 92.4°C, respectively. The variation in crystalline structure organi-
zation may be a result of the defibrillation processes, as suggested by Ilyas et al. 2018. For example, the
precise arrangement of crystallites in SCBNFC-5 and the altered structure of crystallites in SCBNFC-20 have
an impact on its ability to withstand high temperatures before decomposing. In the initial phase of thermal
decomposition, SCBNFC-5 and SCBNFC-20 demonstrated higher thermal decomposition temperatures,
reaching up to 360°C and 364.4°C, respectively, in comparison to SCBNFC-10 and SCBNFC-15. At
a temperature of approximately 370°C, SCBNFC-20 showed the most consistent curve and the highest
thermal stability at 195°C and 364.4°C. The enhanced stability of SCBNFC-15 is due to the strong and
undisturbed crystal structure, as noted by Ilyas et al. 2018.

Limitation of study

While this study demonstrates the effective isolation and detailed physicochemical characterization of
SCBNEC via WDM, several inherent limitations should be critically acknowledged. First, the WDM process
was evaluated primarily in terms of fibrillation efficiency and yield, while the associated energy
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consumption was not quantified. Given that mechanical nanofibrillation is widely recognized as an energy-
intensive process, the absence of specific energy demand analysis limits a rigorous assessment of the process
sustainability and industrial scalability. Future investigations incorporating energy — property relationships
would be necessary to establish the techno-economic feasibility of WDM-derived SCBNFC.

Second, crystallinity changes were assessed using the Segal method, which provides a relative crystallinity
index but does not fully capture structural disorder, crystallite size distribution, or cellulose polymorphic
transitions induced by intensive mechanical treatment. The observed reduction in crystallinity with
increasing milling cycles should therefore be interpreted with caution, and complementary techniques
such as solid-state NMR or advanced X-ray scattering methods would enable a more definitive structural
interpretation. Additionally, the study employed sugarcane bagasse obtained from a single geographical
source. Variations in agronomic conditions, fiber maturity, and chemical composition are known to
influence cellulose structure and fibrillation behavior. Consequently, the reproducibility and broader
applicability of the reported findings may be constrained, and future studies involving multi-source feed-
stocks are warranted.

Conclusion

This study demonstrated the efficiency and sustainability of the WDM method for extracting NFC from SCBF.
Although the production of SCBNFC-20 (98.4) decreased slightly, the chemical structure of the nanofibers
remained stable after numerous WDM runs. Notably, the WDM treatment had minimal influence on the
chemical composition of SCBNFC, even after several cycles, which can be attributed to the complete
fibrillation of certain fibers into nanofibers. Each SCBNFC sample also exhibited a negative zeta potential,
indicating advantageous stability that effectively prevents nanocellulose from aggregating and encourages the
formation of a robust adhesion network of nanofibers within the polymer composite matrix. The TGA study
demonstrated that all cycles of SCBNFC possess outstanding thermal stability, indicating that it can withstand
high temperatures during composite production. The results of the characterization study suggest that WDM
is a promising and viable method for isolating NFC from SCBF. Furthermore, the environmentally conscious
development of SCBNFC via WDM highlights its potential for a sustainable and reliable nano-fibrillation
approach. The SCBNFC developed in this study is intended for incorporation into thermoplastic elastomer
nanocomposites, with a specific focus on its potential application in membrane filtration.
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