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Abstract

Fine and ultra-fine sugarcane bagasse (SCB) fractions (≤200 µm) that are naturally gen-
erated during industrial grinding have been systematically overlooked in lignocellulosic
pretreatment research. Previous studies have largely relied on commercially processed
pulps or coarse particles (>200 µm), typically without systematic size fractionation. Here,
we demonstrate that these fine fractions—including ultra-fines (≤45 µm), which are often
excluded from analytical workflows due to concern about excessive degradation—are
viable feedstocks for producing lignin-containing cellulose nanofibers (LCNF) via a se-
quential thermal hydrolysis treatment (THT)–deep eutectic solvent (DES) pretreatment
specifically designed to retain lignin. Size-fractionated SCB (≤45, 45–100, and 100–200 µm)
was subjected to THT (190 ◦C, 15 min), followed by DES treatment using choline chlo-
ride/urea (1:2 molar ratio, 130 ◦C, 2 h). Multi-technique characterization using Fourier
transform infrared spectroscopy (FT-IR), thermogravimetric analysis (TGA), and X-ray
diffraction (XRD) indicated substantial hemicellulose removal (>70%), effective lignin reten-
tion (7.6–9.1%), cellulose enrichment (74.0–77.5%), and preservation of cellulose I structure
allomorph. The crystallinity index increased from 46.5–52.7% after THT to 56.7–57.2%
after DES treatment, and notably, uniform compositional and structural features were
obtained across all particle size classes after DES treatment. Subsequent high-pressure
microfluidization (700 bar, five passes) yielded LCNF with consistent morphology across
all fractions: uniform fibril diameters (24.6–26.2 nm), a discernible lignin coating, and
excellent colloidal stability (zeta potential: −86.3 to −95.0 mV). Field emission scanning
electron microscopy (FE-SEM) and transmission electron microscopy (TEM) confirmed
well-dispersed nanofibrous networks. Collectively, these findings show that the full range
of fine SCB fractions can be effectively valorized into high-performance LCNF through se-
quential THT–DES pretreatment, enabling comprehensive utilization of industrial grinding
outputs and advancing circular bioeconomy objectives.

Keywords: sugarcane bagasse; lignin-containing cellulose nanofibers; microfluidization;
particle size; unutilized biomass

1. Introduction
Sugarcane bagasse (SCB) is a major agro-industrial residue generated in substantial

quantities by the sugar and ethanol industries [1,2]. Globally, approximately 540 million
tons of SCB are produced each year [3], rendering it an abundant, low-cost, and readily
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accessible lignocellulosic resource [4]. As a typical lignocellulosic biomass, SCB consists
of roughly 40–50% cellulose, 20–35% hemicellulose, and 18–24% lignin on a dry weight
basis [1,5,6]. This compositional richness positions SCB as a promising feedstock for
conversion into a range of value-added products, including biofuels, biomaterials, and
adsorbents [7].

Despite this potential, SCB remains underutilized [4]. Approximately 50% of SCB was
combusted as boiler fuel to meet the energy demands of sugar mills [1,3,7], leading to sub-
stantial surplus that is frequently discarded [1,4]. The valorization of this residual bagasse
into high-value materials has therefore become an urgent priority, and it has attracted
increasing attention within biorefinery frameworks in response to growing environmental
concerns [8–11].

One promising strategy is the conversion of SCB into nanocellulose, commonly re-
ferred to as cellulose nanofibers (CNF) [2]. Nanocellulose is an emerging material char-
acterized by low cost, biocompatibility, biodegradability, and versatile surface chemistry,
enabling high-value addition and broad applicability across industries [12,13]. Accordingly,
producing nanocellulose from SCB represents a waste-to-wealth approach that maximizes
the sustainable utilization of biomass resources.

Lignin-containing cellulose nanofibers (LCNF) offer additional advantages by elimi-
nating or substantially reducing the bleaching and complete delignification steps required
in conventional cellulose nanomaterial isolation. This simplification decreases process
complexity, energy demand, chemical consumption, and waste generation [14,15]. Conse-
quently, LCNF production can lower both cost and environmental impact [14], making it a
promising platform for generating high-value products from low-grade or underutilized
agro-industrial biomass [16].

Moreover, residual lignin can impart functionality to LCNF, including hydrophobicity
(an intrinsic property of lignin), strong UV-blocking capacity, and antioxidant and antimicro-
bial activities associated with lignin’s aromatic phenolic structures [14,17]. These features
broaden the application potential of LCNFs in high-performance composites [18,19], en-
vironmentally friendly packaging and barrier materials [20], flexible electronics [21,22],
energy storage systems [23], and robotic flexible protective layers [24]. Such applications
leverage the mechanical robustness, barrier performances, thermal stability, and lignin-
derived electrochemical functionality of LCNF. For instance, high stiffness coupled with
low density benefit the composites’ reinforcement, whereas enhanced barrier properties
and optical transparency are advantageous for packaging. Overall, the combined me-
chanical strength, thermal stability, and lignin-derived functionality position LCNF as a
next-generation nanomaterial for sustainable industrial applications.

The primary barrier to the commercialization of CNF production is the high energy
demand associated with high-intensity shear processes required for nanofiber defibrilla-
tion [25]. Although chemical pretreatments are widely used to mitigate this limitation,
conventional strong acid/alkali treatments often struggle to satisfy commercialization
and environmental requirements because of toxicity, high costs, and time-consuming
procedures [26].

Previous SCB-based LCNF production routes have pursued lignin retention through
various strategies, including soda-oxygen pulping (4.5–16.1% lignin; harsh alkaline condi-
tions) [27], organosolv-TEMPO oxidation (5–7.5% lignin; toxic NaClO reagents) [28], steam
explosion coupled with enzymatic hydrolysis (4.8–11.6% lignin; high energy input) [29], and
hydrothermal-maleic acid treatment (17–26% lignin; corrosive acids) [30]. In general, these
approaches require energy-intensive processing, harsh chemical reagents, or both, which
constrains the environmental and economic feasibility of sustainable LCNF production.
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Deep eutectic solvents (DES), particularly choline chloride-based systems, have
emerged as greener alternatives for biomass fractionation owing to their low toxicity,
biodegradability, and recyclability [31]. ChCl:urea can selectively cleave lignin β-O-4 ether
linkages—the predominant interunit bond in native lignin—while preserving the cellulose
I structure, thereby facilitating subsequent mechanical defibrillation [32,33]. However,
single-step DES treatment can lead to either incomplete hemicellulose removal under mild
conditions or excessive delignification under harsh conditions, limiting control over the
final lignin content that is critical for LCNF functionality.

THT primarily promotes hemicellulose removal via autohydrolysis, in which acetyl
groups in hemicellulose generate organic acids under elevated temperature and pres-
sure, thereby catalyzing polysaccharide hydrolysis through acid-catalyzed cleavage of
glycosidic bonds [34,35]. Subsequently, DES enables selective lignin modification and
partial extraction by cleaving β-O-4 ether linkages and disrupting the lignin-carbohydrate
complex, while maintaining the cellulose I crystal structure [36–38]. This sequential strat-
egy is consistent with green chemistry principles [39] because it employs bio-based sol-
vents, minimize chemical inputs, and operates under relatively mild conditions, thereby
avoiding the toxic effluents and high energy demands associated with conventional alka-
line/oxidative delignification.

However, industrial-scale grinding of lignocellulosic biomass such as SCB inevitably
yields broad particle size distributions that contain substantial amounts of fines (typically
<50 µm), rather than narrow and uniform size fractions [40]. Particle size directly affects pre-
treatment performance by governing reagent diffusion, available reaction surface area, and
mass transfer rates, making it a critical factor determining pretreatment efficiency and com-
positional changes, and thus represents a key determinant of compositional changes and
final nanofiber quality [41]. Nevertheless, most prior studies have assessed pretreatment
and saccharification using relatively coarse particles (0.5–4 mm) [30,38,39,42,43]. Moreover,
NREL compositional analysis protocols are explicitly optimized for knife-milled samples
above 0.18 mm, where fines can cause analytical complications such as pseudo-lignin
formation [43–45].

This gap is particularly important because fine fractions can exhibit distinct composi-
tional characteristics, including a disproportionately high inorganic content in herbaceous
feedstocks [43,45]. As summarized in Table 1, recent DES-based pretreatment studies on lig-
nocellulosic biomass have largely overlooked fine particle fractions (<200 µm)—especially
fines (<100 µm)—despite their prevalence in industrial grinding outputs (30–40% of total
mass [33]).

Table 1. Comparison of particle size treatments in DES-based lignocellulosic biomass pretreat-
ment studies.

Reference Biomass Particle Size Pretreatment DES Type Key Outcome

[46] Birch pulp Not reported
DES pretreatment

followed by
microfluidization

ChCl:urea (1:2) 90% yield; 2–5 nm CNF;
CrI 66%; DP preserved

[47] Poplar/Miscanthus 40~60 mesh
(0.25~0.425 mm)

p-TsOH/ChCl DES
pretreatment followed

by NaOH
post-treatment

ChCl:p-TsOH

CrI 68% (PL), 68.1%
(MC); >90% lignin

removal; 100% cellulose
conversion

[48] Bleached birch
pulp

183–211 µm
after DES

DES pretreatment
followed by

microfluidization

Betaine
HCl:Glycerol

72.5% yield; 17–20 nm
CNF; CrI 67.7–74.4%;

80–110 MPa film
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Table 1. Cont.

Reference Biomass Particle Size Pretreatment DES Type Key Outcome

[49] Raw ramie fibers ~1 cm cut fibers

Acidic DES
(ChCl:oxalic acid)

pretreatment followed
by ball milling

ChCl:oxalic acid
(1:1)

73% recovery; 90.31%
glucan; 14.29 nm CNF;

98.071 MPa film

[50] Rice straw 2~10 mm
cutting Single-step DES

lactic acid:
betaine

and lactic
acid:choline

chloride

Extract >90% purity
lignin;

[51] SCB Not reported
DES treatment

followed by enzymatic
hydrolysis

ChCl:Gly,
ChCl:Urea

>80% lignin removal;
50~80% cellulose

recovery

Note: ChCl = Choline chloride; p-TsOH = p-Toluenesulfonic acid; CrI = Crystallinity index; DP = Degree of
polymerization; CNF = Cellulose nanofibrils; PL = Poplar; MC = Miscanthus.

Among the surveyed studies (Table 1), none performed systematic particle size frac-
tionation or conducted comparative analysis across size classes, highlighting a critical
knowledge gap. Most studies relied on commercially processed pulps or “as-received”
biomass—often without reporting particle size distributions, or by focusing only on coarse
fractions > 200 µm)—and therefore did not assess the feasibility of sub-millimeter fractions.
Notably, pyrolysis kinetics studies that examine individual lignocellulosic components
commonly employ fines as small as 50–100 µm to minimize internal heat- and mass trans-
fer limitations, implying high reactivity at these particle dimensions [52]. In contrast,
biomass pretreatment studies frequently neglect or discard fines due to concerns regarding
reduced solid recovery caused by excessive degradation [53,54]. This practice can lead to
missed valorization opportunities, despite the potential advantages of fines in improving
pretreatment efficiency.

Furthermore, all surveyed studies applied single-step DES pretreatment primarily
aimed at delignification, whereas the present study investigates a sequential THT–DES
pretreatment specifically tailored for LCNF production with lignin retention.

Beyond the particle size knowledge gap identified in Table 1, preserving lignin during
LCNF production remains a central challenge across diverse lignocellulosic feedstocks
(Table 2). This study addresses three key gaps that have not been systematically examined
in prior SCB-based LCNF research: (i) comprehensive characterization of compositional
and structural properties across representative sub-millimeter fractions (≤45, 45–100, and
100–200 µm); (ii) development of sequential THT-DES pretreatment strategies designed
for lignin retention, in contrast to conventional single-step DES delignification approaches
that yield lignin-free substrates; and (iii) experimental validation that all evaluated sub-
millimeter fractions—including fines (≤45 µm), which are often discarded in conventional
processing—can serve as viable precursors for LCNF, thereby enabling full valorization of
industrial SCB grinding outputs.

For LCNF-oriented processes, precursor pulp quality (i.e., cellulose enrichment with
appropriately controlled lignin removal) and the energy efficiency of the pretreatment–
mechanical nanofibrillation sequence are more relevant metrics than final sugar yield. From
this, strategies that utilize the full particle size distribution represent an unexplored oppor-
tunity. In general, reducing particle size increases specific surface area and enhances mass
transfer, which can improve pretreatment performance and facilitate subsequent mechani-
cal nanofibrillation. However, finer particles may also exacerbate solid loss and degradation,
reducing solid recovery [53,54]. Despite these considerations, comprehensive studies as-
sessing whether such small-size fractions—particularly those typically discarded—can be
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converted into viable LCNF precursors after mild THT–DES pretreatment remain scarce. If
validated, these fractions could enable valorization of the entire industrial grinding output,
maximizing resource efficiency and supporting circular bioeconomy principles.

Table 2. Comparison of LCNF production methods from lignocellulosic biomass: pretreatment
strategies and lignin retention.

Reference Biomass Process Summary Lignin Content Main Results

[27] SCB
Soda–oxygen pulping →disk

refining
→ultrasonication

~25%
→4.46–16.11%

2–5 nm LCNF; improved
thermal stability; lower temp

than conventional

[28] SCB

Organosolv pretreatment
→TEMPO oxidation
→ultrasonication

/microfluidization

15~24%
→5–7.5%

600–800 nm (length) LCNF;
harsh NaClO oxidation

[29] SCB

Steam explosion
→alkaline delignification
→enzymatic hydrolysis

→high-pressure
homogenization

~25%
→4.8~11.6%

10~40 nm LCNF;
micro/nanofibrils;

high energy (steam);
moderate lignin retention

[55] Phragmites
australis (reed)

Mild alkaline (NaOH)
treatment

→ball milling
→ultrasonication

16%
→7.3~16.1%

5~10 nm LCNF;
~87% LCNF yield;
native-like lignin

structure preserved

[30] Date palm waste

Hydrothermal treatment
→maleic acid (MA)

treatment
→high-pressure
homogenization

28%
→17~26%

High yield (>70%);
lignin preservation;

MA-assisted treatment

[55] Phragmites
australis (reed)

Mild alkaline (NaOH)
treatment

→ball milling
→ultrasonication

16%
→7.3~16.1%

5~10 nm LCNF;
~87% LCNF yield;
native-like lignin

structure preserved
Note: LCNF = Lignin-containing cellulose nanofibrils; TEMPO = 2,2,6,6-Tetramethylpiperidine-1-oxyl; Na-
ClO = Sodium hypochlorite; MA = Maleic acid; THT = Thermal hydrolysis treatment; DES = Deep eutectic solvent;
ChCl = Choline chloride.

Accordingly, the primary objective of this work is to demonstrate that sub-millimeter
SCB particles, including the ultra-fine fraction, that can serve as effective LCNF precursors
under environmentally benign conditions. This approach offers three practical advantages:
(1) effective lignin preservation; (2) environmentally benign processing (mild operating
conditions, a recyclable solvent, and avoidance of harsh chemicals); and (3) applicability
across all sub-millimeter fractions.

Specifically, this study pursues key objectives: (i) to experimentally demonstrate that
the combined THT–DES pretreatment constitutes an environmentally benign, potentially
DES-recyclable, and scalable pathway for LCNF production, thereby avoiding the toxicity
and high energy demands of conventional strong acid/alkali processes; (ii) to system-
atically characterize the compositional and structural properties of three representative
sub-millimeter SCB fractions (<45, 45–100, and 100–200 µm) after THT–DES pretreatment
using chemical composition analysis, Fourier transform infrared spectroscopy (FT-IR),
X-ray diffraction (XRD), and thermogravimetric analysis (TGA), thereby addressing the gap
highlighted in Table 1; (iii) to demonstrate the practical viability of all fractions as LCNF
precursors by evaluating nanofiber morphology, diameter distribution, and dispersion
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behavior using dynamic light scattering (DLS) and transmission electron microscopy (TEM)
analysis; and (iv) to provide fundamental data to guide the design of LCNF production
processes that rationally utilize the full particle size distribution from industrial SCB grind-
ing, rather than discarding fine fractions—thereby maximizing biomass valorization and
advancing a circular bioeconomy framework.

2. Materials and Methods
2.1. Materials

SCB was obtained from a local supplier in Korea. Urea (≥99%) and choline chlo-
ride (ChCl, ≥99%) used for preparing the deep eutectic solvent (DES) preparation were
purchased from Samchun Pure Chemical Co., Ltd. (Seoul, Republic of Korea). All other
chemicals were of analytical grade and used as received without further purification.
Deionized water (18.2 MΩ·cm) was used throughout all experiments.

2.2. Size Fractionation

Size fractionation was performed to evaluated the effects of particle size on pretreat-
ment efficiency. Air-dried SCB was first milled using a hammer/cutter mill (POLYMIX®,
PX-MFC 90D, Kinematica AG, Lucerne, Switzerland) and subsequently separated into
three particle size ranges (≤45, 45–100, and 100–200 µm) using standard test sieves (Dae-
han Scientific Co., Ltd., Seoul, Republic of Korea) compliant with ASTM E11-24 [56] and
ISO 3310-2:2013 [57] (mesh Nos. 325, 140, and 80, respectively). Biomass particles were
fractionated following established sieve-based protocols commonly used in lignocellulosic
biomass research [22]. Cross-contamination between fractions was minimized by thorough
sieve cleaning and blank runs between fractionation steps. The fractionated samples were
sealed in polyethylene bags and stored at ambient temperature until further use.

Sample Nomenclature

Throughout this study, samples are designated using the format [Pretreatment]-
[Fraction], where the fraction label corresponds to the nominal sieve cut size (upper bound)
or the size range:

• F45: <45 µm (ultra-fine fraction)
• F100: 45–100 µm (fine faction)
• F200: 100–200 µm (medium-fine fraction)

2.3. Preparation of Lignin-Containing Cellulose Nanofibers (LCNF)

A schematic overview of the overall process for producing LCNF from underutilized
SCB is presented in Figure 1. Briefly, air-dried SCB was first milled and sieved into three par-
ticle size fractions (F45, F100, and F200) as described in Section 2.2. Each fraction was then
subjected to sequential thermal hydrolysis and DES pretreatment (Sections 2.3.1 and 2.3.2),
followed by mechanical nanofibrillation via high-pressure microfluidization (Section 2.3.3)
to obtain LCNF.

2.3.1. Thermal Hydrolysis Treatment (THT)

THT was conducted for size-fractionated SCB samples in stainless-steel autoclaves
using deionized water at a solid-to-liquid ratio of 1:20 (w/v). The reaction was performed
at 190 ◦C for 15 min under autogenous pressure (approximately 12.5 bar, generated by
saturated steam in the closed system), followed by cooling to room temperature. The
resulting slurry was washed with deionized water and vacuum-filtered to remove dissolved
non-cellulosic components.
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Figure 1. Schematic illustration of LCNF production from sub-millimeter fine SCB fractions via
sequential THT–DES pretreatment and mechanical nanofibrillation.

2.3.2. DES Preparation and Treatment

The DES was prepared by mixing choline chloride and urea at a molar ratio of 1:2 and
heating at 80 ◦C until a homogeneous, clear liquid formed. DES treatment was performed
in sealed vessels at 130 ◦C for 2 h under mechanical stirring [58]. After treatment, the
suspension was separated into solid and supernatant phases by filtration. The solid fraction
was washed repeatedly with deionized water until the supernatant reached neutral pH
(≈7) [46].

2.3.3. Mechanical Defibrillation (Microfluidization)

Following pretreatment, the solid fraction was recovered by vacuum filtration and
washed with deionized water until the pH of the washing remained constant. The resulting
suspension was adjusted to 1 wt% and then processed using a high-shear fluid processor
(M110P, Microfluidics Corp., Westwood, MA, USA) at 700 bar for 5 passes. The processing
temperature was maintained below 50 ◦C. The obtained LCNF suspension were stored at
4 ◦C until further characterization.

2.4. Characterization of Cellulose and LCNF
2.4.1. Chemical Composition Analysis

The chemical composition (cellulose, hemicellulose, and lignin) was determined
according to NREL/TP-510-42618 protocols [42]. Thermogravimetric analysis (TGA,
Section 2.4.4) and FT-IR spectroscopy (Section 2.4.2) were used as complementary vali-
dation techniques. Component assignments were based on sequential acid hydrolysis and
further corroborated by characteristic thermal decomposition behavior [42] and spectro-
scopic signatures. Results are reported as mean ± standard deviation (n = 3) and agreement
across analytical methods was used to confirm data reliability.

2.4.2. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra were collected using a Nicolet iS50 FT-IR spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA). Dried samples were analyzed at room temperature over a
wavenumber range of 4000–400 cm−1 with a spectral resolution of 4 cm−1 and 32 co-added
scans. Data acquisition and processing were performed using OMNIC software. For clarity,
spectra were vertically offset for visualization.
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2.4.3. X-Ray Diffraction Analysis (XRD)

The crystal structure of the samples was examined using an X-ray diffractometer (XRD,
SmartLab SE, Rigaku Corp., Tokyo, Japan). Dried powders were loaded into a glass sample
holder and gently leveled to obtained a flat surface. Measurements were conducted using
Cu-Kα radiation (λ = 1.5418 Å) at 40 kV and 30 mA. Diffraction patterns were recorded
over a 2θ range of 10–80◦ at a scan rate of 5◦/min. The crystallinity index (CrI) of cellulose
was calculated using the Segal method [59] according to the following equation:

CrI (%) = [(I200 − Iam) /I200]× 100 (1)

where I200 is the maximum diffraction intensity of the reflection associated with the crys-
talline region near 2θ = 22.5◦, and Iam is the minimum intensity corresponding to the
amorphous region near 2θ = 18◦. All diffraction patterns were normalized to the most
intense peak (100%) and vertically offset for clarity.

2.4.4. Thermal Gravimetric Analysis (TGA)

Thermal stability and decomposition behavior were evaluated by thermogravimetric
analysis (TGA) using a simultaneous thermal analyzer (STA 449 F5 Jupiter® Eco-Line,
NETZSCH, Gerätebau GmbH, Selb, Germany). Prior to analysis, samples were dried
and ground into fine powder using a mortar and pestle. Approximately 10 mg of dried
powder was placed in a platinum pan and heated from room temperature to 800 ◦C at a
constant heating rate of 10 ◦C/min under a nitrogen atmosphere (20 mL/min) to minimize
oxidative degradation.

2.4.5. Zeta Potential Measurement

The colloidal stability of LCNF dispersions was assessed by measuring zeta poten-
tial using a dynamic light scattering (DLS) instrument (NANO-flex II, Colloid Metrix
GmbH, Meerbusch, Germany) at a sample concentration of 0.1 wt%. Prior to measurement,
samples were dispersed by gentle stirring and ultrasonication to disrupt aggregates, and
measurements were conducted immediately after dispersion. Each sample was analyzed
in quadruplicate, and results are reported as mean ± standard deviation (n = 4).

2.4.6. Field Emission Scanning Electron Microscopy (FE-SEM) and Transmission Electron
Microscopy (TEM)

Surface morphology was examined using a field emission scanning electron micro-
scope (FE-SEM, Mira 3, Tescan Orsay Holding a.s., Brno, Czech Republic). Dried samples
were mounted on aluminum stubs using conductive carbon tape and sputter-coated with a
gold layer (~10–15 nm) under vacuum. Images were acquired at an acceleration voltage of
5 kV.

The morphology of lignin-containing cellulose nanofibers (LCNF) was further char-
acterized using a transmission electron microscope (TEM, Talos F200X, Thermo Fisher
Scientific Inc., USA) operated at 200 kV. TEM specimens were prepared by diluting the
LCNF suspension with distilled water; a drop of the diluted suspension was deposited
onto a carbon-coated copper grid (200 mesh) and dried at room temperature.

Quantitative fibril diameter analysis was performed using ImageJ v1.54 software (Na-
tional Institutes of Health, Bethesda, MD, USA) [60] on both FE-SEM and TEM micrographs.
For each sample, at least 50 well-defined nanofibers were measured from regions where
individual fibrils were clearly distinguishable to ensure statistical reliability.
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3. Results and Discussions
3.1. Chemical and Compositional Characterization

Figure 2 summarizes the chemical and compositional characterization of raw SCB
and sequentially pretreated samples. Figure 2a shows the compositional changes during
sequential pretreatment. Raw SCB contained 47.5% hemicellulose, 32.7% cellulose, 19.4%
lignin, and 0.5% ash. After the first stage (THT), hemicellulose decreased to 15.9–18.5%
(65–67% removal), while cellulose increased to 63.7–64.0% and lignin remained relatively
stable at 17.2–20.0%. Following the second stage (DES), hemicellulose was further reduced
to 14.2–17.9% (overall > 70% removal from raw SCB), cellulose increased to 74.0–77.5%,
and lignin decreased to 7.6–9.1%.

Figure 2. Chemical and compositional characterization of raw SCB and sequentially pretreated
samples: (a) Chemical composition demonstrating progressive cellulose enrichment, hemicellulose
removal, and partial lignin retention; (b) FT-IR spectra showing stepwise attenuation of hemicellulose
and lignin-associated bands with preservation of the cellulose backbone.

Notably, the retained lignin content (7.6–9.1%) in DES-treated samples indicates that
the sequential THT–DES pretreatment yields suitable precursors for LCNF production,
since LCNF typically requires >1% lignin to retain hydrophobic and antioxidant functional-
ities distinct from lignin-free CNF [61]. These values are consistent with reported ranges
for DES-pretreated substrates (cellulose: 70–80%) and with typical LCNF specifications
(lignin: 5–15%), supporting the effectiveness of the sequential pretreatment [61,62]. This
compositional profile—high cellulose enrichment coupled with substantial functional lignin
retention—distinguishes the present mild sequential pretreatment from harsh delignifica-
tion routes that produce lignin-free substrates (<1% lignin). The retained lignin is expected
to underpin key LCNF functionalities, including enhanced hydrophobicity, UV-blocking
performance, and antioxidant properties [63]. Importantly, DES-treated samples exhibited
relatively uniform composition across particle size fractions: cellulose ranged from 74.0%
(DES-F45) to 77.5% (DES-F200), a difference of 3.5% percentage points, while lignin ranged
from 7.7% (DES-F45) to 9.1% (DES-F100), indicating compositional homogeneity that is
advantageous for consistent LCNF production.

The compositional trends were further supported by FT-IR spectroscopy (Figure 2b),
which compares raw SCB and samples after the first stage (THT-F45, THT-F100, THT-F200)
and second stage (DES-F45, DES-F100, DES-F200). All spectra exhibited typical lignocellu-
losic features, including broad O–H stretching near 3400 cm−1 (cellulose, hemicellulose,
lignin, and absorbed moisture) [40] and C–H stretching near 2900 cm−1 associated with
aliphatic structures [41]. The intensity of the ~2900 cm−1 band increased progressively
from raw SCB to THT-treated and then to DES-treated samples, consistent with the marked
cellulose enrichment from 32.7% to 74.0–77.5% (Figure 2a) [64].
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The carbonyl (C=O) band at ~1730 cm−1, attributed to acetyl and ester groups in
hemicellulose [38], decreased markedly after the first stage and was nearly absent after
the second stage (Figure 2b). This spectroscopic change directly corroborates the progres-
sive hemicellulose removal observed in the compositional analysis (47.5%→14.2–17.9%;
Figure 2a). Consistent with the expected mechanisms, THT primarily depolymerizes
hemicellulose via autohydrolysis, whereas DES further removes residual hemicellulosic
fragments through the disruption of hydrogen bonding interactions. The extent of reduction
is in agreement with reported efficiencies of 60–80% for THT alone and >90% for combined
strategies [62]. Efficient hemicellulose removal is critical for LCNF production because it
increases cellulose accessibility, exposes cellulose microfibrils, and thereby improves the
efficiency of subsequent mechanical fibrillation [65].

Lignin-associated bands at 1600–1510 cm−1 (aromatic C=C stretching) and ~1460 cm−1

(C–H deformation) [43] exhibited a similar stepwise attenuation. These features were
prominent in raw SCB, decreased moderately after THT, and declined substantially after
DES treatment. Importantly, aromatic signals remained clearly detectable in all DES-treated
samples, consistent with the compositional results indicating 7.6–9.1% lignin retention
(Figure 2a). This spectral persistence differentiates the present mild sequential pretreatment
from harsh delignification approaches that remove lignin to the extent that aromatic bands
are no longer observed [61]. The maintained aromatic signatures at 1600–1510 cm−1

further suggest that the retained lignin remains structurally intact, supporting its functional
contributions to LCNF properties such as hydrophobicity and antioxidant capacity [63,66].

The crystallinity-sensitive ratio A1430/A898, assigned to crystalline-to-amorphous
cellulose bands [2], increased progressively from raw SCB to THT and then to DES-treated
samples, indicating stepwise removal of amorphous hemicellulose and partial removal
of amorphous lignin. This trend is consistent with the observed compositional shifts
toward higher cellulose content (Figure 2a). In addition, the cellulose backbone band near
1050 cm−1 (C–O–C vibrations of the pyranose ring) remained prominent across all samples,
indicating preservation of cellulose chain integrity, which is essential for achieving high
mechanical performance in LCNF [67].

After completion of sequential pretreatment, particle sizes dependent on different
composition and spectral features were minimal. DES-treated fractions displayed high
similar FT-IR profiles and narrow compositional ranges (cellulose: 74.0–77.5%, lignin:
7.6–9.1%) regardless of initial particle size. This convergence is plausibly attributable to
effective DES penetration into fiber structures that were preconditioned by THT, thereby di-
minishing initial size-related disparities. Collectively, the compositional and spectroscopic
uniformity—together with preserved cellulose structure (1050 cm−1), retained lignin sig-
natures (aromatic bands), and increased A1430/A898—indicates chemically homogeneous
substrates across the fine particle size range. Such homogeneity is crucial for produc-
ing LCNF with consistent and predictable properties. Moreover, the >70% hemicellulose
removal and preserved cellulose integrity are expected to facilitate efficient mechanical
nanofibrillation, while the retained lignin content (7.6–9.1%) supports LCNF classification
and associated functional advantages required in applications where hydrophobicity and
antioxidant performance are beneficial.

Figure 3 shows the TGA and derivative thermogravimetric (DTG) curves of raw SCB
and sequentially pretreated samples. All samples exhibited the characteristic three-stage
thermal degradation behavior of lignocellulosic bioweight: (i) moisture loss at 30–120 ◦C,
(ii) major devolatilization/decomposition at 200–400 ◦C, and (iii) slow degradation of the
residual char above 400 ◦C [44].
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Figure 3. TGA curves of raw SCB and sequentially pretreated samples: (a) TGA curves showing
weight loss profiles and (b) DTG curves showing the degradation rates as a function of temperature.

Raw SCB exhibited a pronounced DTG maximum at ~340 ◦C and a distinct low-
temperature shoulder at 220–280 ◦C, which is typically associated with hemicellulose
decomposition (Figure 3b). This concentrated degradation behavior reflects the overlap-
ping thermal decomposition of hemicellulose (220–315 ◦C), cellulose (315–400 ◦C), and
lignin (160–900 ◦C) within the intact lignocellulosic matrix. In addition, synergistic effects
can intensify weight loss, as acidic byproducts generated during hemicellulose degradation
may accelerate cellulose depolymerization [68,69]. After the first stage pretreatment (THT),
the low-temperature shoulder was nearly eliminated, consistent with effective hemicellu-
lose removal via autohydrolysis. Concurrently, the main DTG peak shifted to 350–360 ◦C
and become broader with reduced intensity (−0.7–0.8%/min), indicating removal of ther-
mally labile components and mitigation of synergistic degradation (Figure 3b). Notably,
THT-treated samples (THT-F45, THT-F100, and THT-F200) displayed comparable thermal
behavior across particle size fractions, with onset temperatures of 285–290 ◦C and sub-
stantially reduced char residues at 800 ◦C. These trends are consistent with hemicellulose
removal and cellulose enrichment observed in compositional and FT-IR analysis.

Following the second-stage DES treatment, the DTG profiles broadened further,
and the main peak shifted to higher (355–365 ◦C) with slightly lower peak intensity
(−0.7–0.75%/min). This behavior is consistent with the progressive enrichment of more
crystalline cellulose, which decomposes more gradually and at higher temperatures [69,70].
In addition, DES-treated samples exhibited enhanced weight loss in the 400–600 ◦C re-
gion, which is characteristic of residual lignin degradation, while producing less char at
800 ◦C than the THT-treated samples. These observations indicate further removal of
thermally stable lignin and inorganic components during the DES stage, in agreement with
the attenuated aromatic features in FT-IR spectra and previous reports on DES-mediated
delignification [71].

Notably, DES-treated samples displayed minimal particle size-dependent variation in
the main decomposition temperature, with peak temperatures differing by less than 5 ◦C
and onset temperatures of 305–310 ◦C—approximately 20 ◦C higher than those of the THT
samples. This thermal convergence suggests a high degree of compositional homogeneity,
which is important for producing LCNF with consistent properties. The low char yield
across all DES-treated fractions further indicates near-complete removal of thermally labile
non-cellulosic components, resulting in substrates with high cellulose purity that are well
suited for subsequent mechanical nanofibrillation. Collectively, these thermal features—
preservation of the cellulose decomposition maximum (~360 ◦C), reduced char formation,
and uniform degradation profiles—support the suitability of the DES-treated samples
as thermally stable and chemically consistent LCNF precursors across the fine particle
size range.

https://doi.org/10.3390/polym18010085

https://doi.org/10.3390/polym18010085


Polymers 2026, 18, 85 12 of 21

Figure 4 shows the XRD patterns of raw SCB and sequentially pretreated samples
collected over the 2θ range of 10–40◦. Samples after the first stage (THT-F45, THT-F100,
and THT-F200) and after the second stage (DES-F45, DES-F100, and DES-F200) exhibited
distinct diffraction peaks characteristic of cellulose I structure at 2θ ≈ 14.8◦

(
110

)
and

2θ ≈ 16.4◦(110), 22.5◦(200). These reflections confirm that the native cellulose Iβ lattice
was preserved throughout the process, with no detectable conversion to cellulose II or other
polymorphs [23,43].

Figure 4. XRD patterns of raw SCB and samples after sequential THT–DES pretreatment. Char-
acteristic cellulose I reflections are assigned to 2θ ≈ 14.8◦

(
110

)
, 16.4◦ (110), and 22.5◦ (200). A

weak cellulose I (004) reflection near 2θ ≈ 34.5–35.0◦ is observed in selected samples (DES-F200 and
THT-F100). The sharp peak at 2θ ≈ 26.6◦ (∗) is attributed to residual silica (α-quartz) impurities.

In addition to the primary cellulose I reflections, secondary features were observed
in specific fractions. A sharp peak at 2θ ≈ 26.6◦, observed in THT-F45 and DES-F45, is
consistent with α-quartz. detected in THT-F45 and DES-F45, is consistent with α-quartz,
and is likely attributable to the silica-rich inorganic residues (e.g., plant- or soil-derived
ash) associated with sugarcane bagasse [72]. Moreover, a weak reflection assigned to the
cellulose I (004) plane was observed at 2θ ≈ 34.5 − 35.0◦ in DES-F200 and THT-F100,
suggesting enhanced longitudinal ordering along the fiber axis [73]. Importantly, because
these minor reflections are well-separated from the (200) peak and from the minimum
intensity near ~18◦ (Iam; amorphous contribution) used in the Segal method, they do not
materially affect peak assignment or CrI estimation [69].

CrI values calculated using the Segal method [59] showed particle size-dependent
trends after THT (46.49–52.66%), as summarized in Table 3. The finer fractions (THT-
F45) exhibited a slightly lower CrI, which may reflect greater structural disruption during
thermomechanical processing, whereas the coarser fraction (THT-F200) showed a higher
CrI, consistent with the preferential removal of amorphous hemicellulose. After DES
treatment, CrI increased uniformly to across all fractions to 56.69–57.19%. These values
agree with the literature ranges reported for comparable stages: untreated lignocellulosic
biomass typically exhibits CrI of 45–50% [74], THT yields intermediate CrI values of 45–55%
depending on the extent of hemicellulose removal [75], and mild chemical pretreatments
for CNF production commonly result in final CrI values of 55–65% [76].

Within the THT samples, CrI varied by 6.17% percentage points across particle sizes
(46.49–52.66%), reflecting the combined effects of hemicellulose removal and structural dis-
ruption. In contrast, the DES stage produced consistently high crystallinity (56.69–57.19%,
difference of <0.50% percentage points), indicating effective removal of residual amorphous
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components irrespective of initial particle size. The convergence to a literature-consistent
final CrI (~57%) further supports that the sequential THT–DES pretreatment generates
cellulose-enriched substrates with preserved native structure, making them suitable pre-
cursors for mechanical nanofibrillation into LCNF.

Table 3. Crystallinity index of raw SCB and samples after sequential THT-DES pretreatment.

Sample Crystallinity Index (%)

Raw SCB 49.83
THT-F45 46.49

THT-F100 48.31
THT-F200 52.66
DES-F45 57.06

DES-F100 56.69
DES-F200 57.19

FE-SEM micrographs (Figure 5) illustrate the morphological changes induced by the
sequential THT–DES pretreatment across all particle size fractions. Raw SCB (Figure 5a)
exhibited intact, densely packed fiber bundles with layered features typical of untreated
lignocellulosic biomass. After THT–DES treatment, all fractions (DES-F45, DES-F100,
and DES-F200; Figure 5b–d) showed loosened and partially unwound fiber bundles and
partially delaminated layered structures, resulting in a mixed morphology comprising
porous, sheet-like networks interspersed with fine fiber bundles. Notably, no substantial
morphological differences were observed among the three DES-treated fractions, indicating
that the sequential pretreatment effectively weakened interfibrillar bonding across the
entire fine particle size range (≤200 µm). These observations are consistent with previous
studies showing that mild chemical pretreatment can promote fiber delamination without
complete delignification [61]. Such structural modification is expected to yield precursor
substrates that are amenable to efficient mechanical nanofibrillation into LCNF.

 

Figure 5. FE-SEM images of (a) raw SCB and (b–d) DES-treated samples after sequential THT–DES
pretreatment: (b) DES-F45 (≤45 µm fraction), (c) DES-F100 (45–100 µm fraction), and (d) DES-F200
(100–200 µm fraction).
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3.2. Morphological and Colloidal Properties of LCNF

The morphology of LCNF produced by sequential THT–DES pretreatment followed by
mechanical nanofibrillation was examined by FE-SEM and TEM. FE-SEM images (Figure 6)
revealed highly entangled, three-dimensional nanofibrillar networks for fractions (LCNF-
F45, LCNF-F100, and LCNF-F200), with minimal aggregation, indicating effective mechan-
ical defibrillation. The three samples exhibited comparable network morphologies with
no discernible fraction-dependent differences, although occasional localized variations in
fibril density and bundling occurred. These local variations are attributable to spatial het-
erogeneity during sample preparation and drying rather than intrinsic differences among
the materials. The resulting net structure—characterized by high-aspect-ratio fibrils and
extensive interfibrillar entanglement—is typical of mechanically produced LCNF and is
advantageous for mechanical reinforcement applications [61,77].

Figure 6. FE-SEM image of dried LCNF samples: (a) LCNF-F45, (b) LCNF-F100, and (c) LCNF-F200.
All micrographs were acquired at ×50,000 magnification.

TEM imaging (Figure 7) provided complementary high-resolution visualization of
individual LCNF across all size fractions. Well-dispersed nanofibrils extending several
micrometers in length were observed, confirming effective mechanical defibrillation and
liberation of cellulose microfibrils from the lignocellulosic matrix. Notably, darker contrast
along fibril surfaces—particularly apparent in Figure 7—suggests the presence of a residual
lignin coating, in agreement with the compositional results indicating 7.6–9.1% lignin
retention (Figure 2a, Section 3.1). This retained lignin layer is important for LCNF functional
properties, including enhanced hydrophobicity, UV-blocking capacity, and antioxidant
activity [63]. Minor differences in localized fibril entanglement among fractions are typical
for mechanically isolated nanocellulose and do not indicate substantive differences in
intrinsic fibril morphology [78].

 

Figure 7. TEM images of LCNF samples: (a) LCNF-F45, (b) LCNF-F100, and (c) LCNF-F200. Individ-
ual nanofibrils exhibit diameters of 10–50 nm and lengths of several micrometers. Darker contrast
along fibril surfaces suggests a retained lignin coating, consistent with the compositional analysis
(7.6–9.1% lignin; Figure 2a).
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Quantitative fibril diameter analysis was performed using ImageJ software on both
FE-SEM and TEM images. Because the accurate measurement of individual fibrils within
densely entangled networks is inherently challenging—a limitation widely noted in nanocel-
lulose morphological characterization [61,77]—measurements were confined to regions
where single fibrils could be clearly distinguished from the background and adjacent fibers.
At least 50 well-defined nanofibrils were measured per sample to ensure statistical robust-
ness. The mean diameters obtained from the combined FE-SEM and TEM analysis were
26.16 nm for LCNF-F45, 24.62 nm for LCNF-F100, and 25.84 nm for LCNF-F200 (Table 4).
These values fall within a narrow range (24.62–26.16 nm), with a coefficient of variation
below 6%, indicating that the initial particle size fractionation of the raw SCB feedstock
had a negligible effect on the final nanofibril dimensions after sequential pretreatment and
mechanical nanofibrillation.

Table 4. Morphological characteristics and colloidal properties of LCNF samples.

Fibril Diameter (nm) a Zeta Potential (mV) b

LCNF-F45 26.16 −86.3 ± 0.92
LCNF-F100 24.62 −92.5 ± 1.01
LCNF-F200 25.84 −95.0 ± 1.03

a Determined from TEM and FE-SEM image analysis (n = 50 measurements per sample). b Measured by DLS at
0.1 wt% in deionized water at 25 ◦C.

The observed fibril diameter range (24.62–26.16 nm) is consistent with previously
reported values for LCNF produced via mild pretreatment strategies [30,79,80]. Ferrer et al.
(2012) reported fibril diameters of 25–40 nm for LCNF isolated from eucalyptus kraft pulp
using enzymatic pretreatment [80], while Liu et al. (2019) obtained diameters of 28–35 nm
from bamboo using an acidic deep eutectic solvent treatment [30]. In contrast, extensively
delignified cellulose nanofibrils prepared by TEMPO-mediated oxidation commonly exhibit
smaller diameters of 10–20 nm [28,79], reflecting more complete lignin removal and a
reduced effective fibril cross-sectional. The moderately larger diameters observed here
are attributed to the preserved lignin coating on fibril surfaces (7.6–9.1%), which increases
the apparent fibril width while imparting functional properties that are absent in fully
delignified nanocellulose [61,63]. This diameter regime is advantageous for applications
requiring a balance mechanical reinforcement and functional surface chemistry, such as
UV-protective coatings and antioxidant-active composites [17,66].

Beyond morphological uniformity, all LCNF suspensions exhibited highly negative
zeta potential (Table 4), indicating excellent colloidal stability in aqueous media. Zeta
potential values ranged from −86. 3 ± 0.92 mV (LCNF-F45) to −95.0 ± 1.03 mV (LCNF-
F200), far exceeding the commonly used stability criterion (|ζ| > 30 mV) [81]. These results
indicate that LCNF produced via sequential THT–DES pretreatment possess superior
dispersibility without requiring additional chemical surface functionalization. Comparable
values (−80 to −100 mV) have been reported for mechanically isolated nanocellulose [76],
consistent with the role of mechanical shear in exposing charged surface functionalities.

The high surface charge is attributed to ionizable functional groups associated with
retained lignin—particularly phenolic hydroxyl groups (pKa ~10)—as well as carboxyl
moieties introduced during DES pretreatment [63]. These groups can deprotonate at neutral
pH, stabilizing LCNF dispersions through electrostatic repulsion [63]. The slight increase in
the magnitude of the zeta potential for larger initial particle sizes suggests minor variations
in surface chemistry; however, particle size fractionation did not meaningfully affect the
overall colloidal stability.

Overall, the combination of uniform nanofibril dimensions (24.62–26.16 nm), preserved
lignin content (7.6–9.1%; Figure 2a), and high colloidal stability (|ζ| > 86 mV) demon-
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strates that sequential THT–DES pretreatment produces chemically and morphologically
consistent LCNF across the fine particle size range (≤200 µm). Achieving this consistency
without particle size-specific optimization of pretreatment conditions underscores the
robustness of the sequential strategy and its suitability for producing high-performance
LCNF with predictable properties for applications requiring hydrophobicity, UV protection,
antioxidant functionality, and stable aqueous dispersion [22,24].

4. Conclusions
This study demonstrates the successful valorization of industrially relevant sub-

millimeter SCB fractions into LCNF using an environmentally benign, sequential THT–DES
pretreatment strategy. Three critical knowledge gaps in SCB-based LCNF research were
systematically addressed: (i) comprehensive characterization of fine and ultra-fine fractions
(≤45, 45–100, and 100–200 µm) that are naturally generated during industrial grinding and,
yet, have been overlooked in prior DES-based pretreatment studies, which predominantly
relied on commercially processed pulps or coarse particles (>200 µm) without system-
atic size fractionation; (ii) development of a sequential pretreatment approach explicitly
designed for lignin retention (7.6–9.1%), in contrast to conventional single-step DES deligni-
fication that yields lignin-free substrates; and (iii) experimental validation that all evaluated
fine fractions—including ultra-fines (≤45 µm), which fall below the particle size range
typically targeted in NREL compositional analysis workflows (knife-milled to >180 µm)
and are often discarded in biomass pretreatment studies due to concerns about excessive
degradation and reduced solid recovery—can serve as viable LCNF precursors, enabling
the complete valorization of industrial grinding output.

The sequential THT–DES pretreatment achieved efficient lignocellulosic fractionation
while preserving cellulose structural integrity. THT (190 ◦C, 15 min) removed 65–67%
hemicellulose via autohydrolysis, followed by DES treatment (ChCl:urea 1:2, 130 ◦C,
2 h) that resulted in hemicellulose removal of >70%, reduced lignin to 7.6–9.1%, and
enriched cellulose to 74.0–77.5%. Multi-technique characterization (FT-IR, TGA, and XRD)
consistently confirmed stepwise removal of non-cellulosic components, preservation of
native cellulose I structure, and progressive crystallinity enhancement from 46.49–52.66%
after THT to 56.69–57.19% after DES. Importantly, although THT-induced changes retained
particle size dependence (CrI variation of 6.17% percentage points), the subsequent DES
stage effectively eliminated these differences, yielding remarkably uniform crystallinity
(<0.50% percentage points variation), thermal stability (peak temperature difference <5 ◦C),
and chemical composition regardless of initial particle size. This particle size-independent
outcome enables rational utilization of the full fine particle spectrum produced during
industrial grinding, including ultra-fines that have traditionally been avoided in biomass
pretreatment research.

Mechanical nanofibrillation (700 bar, five passes) produced LCNF with consistent
properties across all fractions, including uniform fibril diameters (24.62–26.16 nm, <6%
variation), visible lignin coating on fibril surfaces, and exceptional colloidal stability (zeta
potential: −86.3 to −95.0 mV). The moderately larger diameters relative to fully delignified
CNF (10–20 nm) are attributable to preserved lignin (7.6–9.1%), which confers functional
attributes such as hydrophobicity, UV-blocking capacity, and antioxidant activity. Demon-
strating the viability of ultra-fine fractions (≤45 µm) as LCNF precursors transforms these
previously problematic byproducts of industrial grinding into valuable feedstocks, support-
ing the complete valorization of SCB grinding outputs and advancing circular bioeconomy
objectives. Relative to prior SCB-based LCNF routes that require harsh chemicals (e.g., soda-
oxygen pulping, toxic NaClO reagents, or corrosive acids) or high energy input (e.g., steam
explosion), the sequential THT–DES strategy offers the following: (1) environmentally be-
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nign processing using bio-based and potentially recyclable solvents under mild conditions;
(2) effective lignin preservation to enable functional LCNF; and (3) practical applicability
across the full industrial particle size distribution without specialized preprocessing or
size exclusion.

Limitations and Future Perspectives

Several limitations should be acknowledged to enable a more comprehensive assess-
ment of industrial scalability. First, although energy consumption, environmental toxicity,
and costs are recognized barriers to CNF commercialization, quantitative techno-economic
analysis (TEA) and life cycle assessment (LCA) were not conducted in this study. Future
work should evaluate capital and operating costs, energy balances, environmental impacts,
and market-competitive LCNF production costs while accounting for regional SCB avail-
ability. Second, pretreatment severity and mechanical nanofibrillation energy demand
across the full industrial particle size distribution require systematic optimization. Third,
direct links between LCNF structure (e.g., lignin content, fibril diameter, and crystallinity)
and quantitative end-use performance in specific applications (composites, barrier films,
UV protection, and antioxidant delivery) should be established for scale-up challenges—
including reactor design, DES handling, and continuous nanofibrillation—and require
further investigation to support industrial implementation.

Future research will prioritize the following: (1) comprehensive TEA and LCA com-
paring THT–DES–LCNF platform with conventional CNF routes and alternative SCB
valorization pathways; (2) quantitative assessment of DES recovery, purification, and multi-
cycle recycling performance; (3) systematic optimization across the complete industrial
particle size distribution to minimize energy consumption and maximize LCNF yield and
quality; (4) development of structure–property relationships linking LCNF characteristics
to its application in relevant performance metrics; and (5) pilot-scale demonstration in-
tegrated with sugar-mill operations to validate technical, economic, and environmental
feasibility. Collectively, these efforts will advance the THT–DES–LCNF platform from
laboratory proof-of-concept toward commercially viable biorefinery solutions, enabling the
conversion of abundant agricultural residues into high-value nanomaterials for sustainable
development in sugar-producing regions worldwide.
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