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ARTICLE INFO ABSTRACT
Keywords: In order to accommodate the increased demand for innovative materials, intensive research has
Sugar palm fiber focused on natural resources. In pursuit of advanced substances that exhibit functionality, sus-
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Cellulose nanofiber

tainability, recyclability, and cost-effectiveness, the present work attempted an alternative study
on cellulose nanofibers derived from sugar palm fiber. Leveraging an innovative approach
involving ionic liquid (IL) pre-treatment, bleaching, and wet disc mill technique, nano-fibrillated
cellulose (NFC) was successfully obtained from the sugar palm fiber source. Remarkably, 96.89%
of nanofibers were extracted from the sugar palm fiber, demonstrating the process’s efficacy and
scalability. Further investigation revealed that the sugar palm nano-fibrillated cellulose (SPNFC)
exhibited a surface area of 3.46 m?/g, indicating a significant interface for enhanced function-
ality. Additionally, the analysis unveiled an average pore size of 4.47 nm, affirming its suitability
for various applications that necessitate precise filtration. Moreover, the surface charge densities
of SPNFC were found to be —32.1 mV, offering opportunities for surface modification and
enhanced interactions with various materials. The SPNFC exhibit remarkable thermal stability,
enduring temperatures of up to 360.5 °C. Additionally, the isolation process is evident in a sig-
nificant rise in the crystallinity index, escalating from 50.97% in raw fibers to 61.62% in SPNFC.
These findings shed light on the vast potential and distinct features of SPNFC, opening the path
for its application in a wide array of industries, including but not limited to advanced materials,
biomedicine, and environmental engineering.
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1. Introduction

The research of green and environmentally benign materials has been increasingly important in recent generations since there is a
growing worldwide concern for conserving resources, reducing pollution, and adopting eco-conscious industrial practices. Interest-
ingly, recent research explores using agricultural waste as a cost-effective alternative to commercial inorganic materials in advanced
materials applications [1-3]. Embracing the concept of a circular economy, this waste can be converted into bioenergy, biofuel, biogas,
and bicomposite products, contributing to diverse industries and addressing environmental challenges [4,5]. Leveraging the valuable
content of agricultural waste offers advantages like cost-effectiveness, renewable resources, and source diversity [6,7]. Cellulose, a
ubiquitous biopolymer found in the cell walls of various plants, including agricultural waste has been increasingly recognized for its
transformative potential in the world of materials science [8]. Innovative cellulose paper composites made from agricultural waste
(jackfruit peduncles) were synthesized for heat management applications in biomedical electronics by Devarajan et al. [9].

Nanocellulose (NC) is a cellulosic substance that can be extracted from agricultural waste and has nanoscale dimensions [10]. NC
represents a flexible and easily accessible nanomaterial because of its high hydrophilicity, large surface area, outstanding aspect ratio,
excellent strength, and stability [11]. Cellulose nanofibrils (CNF), cellulose nanocrystals (CNC), and bacterial nanocellulose (BC) are
the three main types of nanocellulose materials that are classified based on the extraction methods used. CNF and CNC employ
top-down processing methods [12], while BC originates from bacteria, synthesizing nanofibers from the bottom up [13,14]. Rajan et al.
[15] fabricated CNF from red banana empty fruit bunches using chemical and ball milling techniques for lightweight structural ap-
plications, achieving improved web structure porosity and widths (50-75 nm) through surface modification. Raghav et al. [16]
efficiently isolated CNC from used paper egg carton boxes through sequential organosolv and cyanamide-activated hydrogen peroxide
treatments, citric acid hydrolysis, and in-situ generation. The resulting CNC exhibit a rod-like structure with uniformly dispersed
AgNPs, showcasing the potential of the bio-nanocomposite film for active packaging applications. D’orame-Miranda et al. [17] pro-
duced BC using Gluconacetobacter entanii, yielding 2.816 + 0.040 g/L of cellulose in 28 days which encouraged the production of
biocomposites.

Among NC, CNF have emerged as a groundbreaking class of materials due to their exceptional properties and versatility [18]. The
unique properties of CNF, such as their high surface area, remarkable mechanical strength, and biodegradability, have propelled
research into their utilization in diverse fields ranging from advanced materials to environmental remediation [19,20]. Multiple
techniques have been explored for the pretreatment of agricultural waste for nanocellulose extraction. Current pretreatment method
for lignocelluloses mainly relies on the use of harsh chemicals, which are difficult to recycle and not environmentally friendly [21].
Research has been developed to propose a greener approach to pretreat the lignocellulose. Intriguingly, some study revealed that ionic
liquid (IL) pre-treatment offers a compelling alternative to conventional cellulose extraction methods. The use of IL, and more spe-
cifically 1-butyl-3-methylimidazolium chloride ([Bmim][Cl]), was shown to be successful in cellulose fractionation by Mohtar et al.
[22], which achieved 52.72% wt. This is attributed to its superior capacity to disintegrate cellulose in a more efficient and environ-
mentally sustainable manner [23]. This approach is crucial to obtain high-quality of nanocellulose for various applications. The
application of IL pre-treatment serves to dissolve and deconstruct the cellulose within lignocellulosic biomass, rendering it more
manageable [24]. IL effectively eliminate the amorphous cellulose, hemicellulose, and lignin from the cellulose structure, thereby
yielding nanocellulose of exceptional quality [25]. Using IL as a pretreatment technique greatly improves the processing performance
of cellulose-rich fibers for biocomposite manufacture, as demonstrated by numerous investigations [26,27]. IL-treated cellulose fibers
have better crystallinity and thermal stability than untreated wood, according to a study by Moniruzzaman and Ono [28]. Addi-
tionally, Ullah et al. [29] employed IL technology to isolate silica from rice husk, which offers a distinctive benefit in terms of energy
conservation due to the absence of thermal energy consumption.

Bleaching treatment is integral to the extraction process of nanocellulose from agricultural waste as it serves to enhance purity and
remove impurities from the fibers [30,31]. By eliminating components such as lignin, hemicellulose, and non-cellulosic materials,
bleaching ensures that the resulting nanocellulose possesses a higher degree of purity, crucial for its intended applications [32].
Utilizing oxygen-based bleaching agents like hydrogen peroxide (H205) aligns with principles of green chemistry, offering eco-friendly
alternatives that effectively remove impurities without introducing harmful residues [33]. Besides, this preference for eco-friendly
practices over hazardous sodium hypochlorite (NaClO) and sodium chlorite (NaClO3) underscores a commitment to sustainable
nanocellulose extraction practices [34]. The resulting nanocellulose, characterized by enhanced purity and preparedness for various
applications, underscores its versatility in fields such as biomedical devices, packaging, and advanced composite materials [33,35].
Rizwan et al. [36]explored the efficiency of various bleaching reagents in isolating and characterizing cellulose from Alstonia scholaris.
Their findings revealed that HyO, exhibited superior efficiency compared to NaClO and NaClO; in cellulose extraction. Thus, the
strong oxidizing properties of HyO2 contribute to breaking down complex structures, preparing the fibers for subsequent mechanical
treatments.

The CNF is primarily produced using a mechanical disintegration process that employs a mix of impact and shear forces, resulting in
particles with both crystalline and amorphous portions [37]. In a top-down treatment procedure, a robust mechanical shearing
technique enables the gradual breakdown of constituent microfibrils, thus rendering it easier to produce cellulose nanofibrils Cellulose
nanofibrils (CNF) from cellulose pulp fibers [38]. Mechanical extraction, which involves refining, microfluidization, milling, grinding,
cryo-crushing, and ultrasonication, produces lengthy chains of microfibrils and nanofibrils [39] Fibril-like structures with diameters
less than 100 nm and lengths in the micrometer scale tend to appear in CNF developed via mechanical procedures. Interestingly, wet
disk mill (WDM) is increasingly favored for its remarkable energy efficiency compared to other milling techniques, effectively breaking
down cellulose into nanofibrils and yielding CNF with exceptional surface properties and distinctive characteristics [40]. Yasim-Anuar
et al. [41] successfully extracted cellulose nanofibrils (CNF) from waste paper by the WDM method. Their findings reveal that this
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green approach effectively reduced the size of wastepaper fibers from micrometer scale to 20-40 nm after 10 milling cycles. Addi-
tionally, the CNF enhanced the tensile strength and Young’s modulus of poly(R)-3-hydroxybutyrate-co-(R)-3-hydroxyhexanoate
(PHBHHXx) by 19% and 12%, respectively, compared to the neat polymer.

Sugar palm fiber (SPF) scientifically known as Arenga pinnata is one of the plentiful natural fibres found in Malaysia, however it has
not been widely employed as well [42]. Among the various sources of nanocellulose, SPF extracted from sugar palm tree, has garnered
particular interest as an abundant and renewable raw material that can be harnessed to produce CNF [43]. SPF exhibits unique
properties, making it a valuable resource for a range of applications including automotive [44,45], construction [46], and packaging
[47-49]. NC derived from SPF has been extensively utilized as a reinforcing agent in polymer composites owing to its abundant supply
and exceptional mechanical properties [50,51]. In addition, SPF possesses the benefit of serving as a prospective reservoir of cellulose
derived from its bunch, trunk, and frond [52]. Notably, it possesses high biodegradability, aligning with environmental sustainability
goals as it naturally decomposes, leaving a minimal ecological footprint [46]. This cellulose often has a fibrillated structure,
comprising nanofibers or microfibrils, which provides a high surface area, making it suitable for applications in nanotechnology and
advanced materials [49]. Additionally, the high surface area and fine structure of sugar palm nancellulose make it suitable for water
treatment and filtration applications [12,53].

The combined effects of IL pre-treatment, HyO, bleaching, and WDM mechanical disintegration in the production of sugar nano-
fibrillated (SPNFC) from SPF are of particular interest in this study. Notably, there is no prior record of producing nano-fibrillated
cellulose from sugar palm fiber using this integrated approach. An in-depth analysis was conducted to thoroughly investigate the
chemical, morphological, physical, thermal, and surface properties of the extracted SPNFC. This research employed diverse tech-
niques, encompassing scanning electron microscopy (SEM), field electron scanning electron microscopy (FE-SEM), transmission
electron microscopy (TEM), Fourier transform infrared spectroscopy (FT-IR), Brunauer-Emmett-Teller (BET), Zeta potential analyzer,
X-ray diffraction (XRD), and thermogravimetric analysis (TGA). This innovative method presents a sustainable approach for devel-
oping bio-based nanomaterials with improved properties, well-suited for applications in wastewater treatment.

2. Materials and methods
2.1. Materials

Sugar palm fibres (SPF) were collected from Bahau, Negeri Sembilan Malaysia. Ionic liquid, 1-butyl-3-methylimidazolium chloride
([Bmim][Cl]) was supplied by Io-li-tech, Germany. Chemicals such as toluene (C;Hg), ethanol (C2HsOH), acetone (C2HgO), and
hydrogen peroxide (30%, Hy05) were purchased from Sigma-Aldrich/Merck (USA).

2.2. Ionic liquid pre-treatment and bleaching processes for SPC extraction

The process commenced by subjecting SPF to grinding and sieving procedures to achieve particles of approximately 500 pm in size.
Subsequently, 10 g of finely ground SPF was packed into a thimble and underwent dewaxing utilizing a toluene/ethanol mixture (2:1,
v/v) at its boiling point for a duration of 6 h in a Soxhlet extractor to eliminate pectin, wax, and other impurities. Afterward, the
dewaxed SPF was rinsed with distilled water and dried in an oven at 60 °C overnight. The dewaxed SPF was mixed with ionic liquid
(IL), [Bmim][Cl] and put into 250 mL round-bottom flasks at optimized conditions with a specific weight ratio of 1:3.7 (SPF/IL),
heating at 124 °C for 40 min duration as followed the procedure outline by Norfarhana et al. [54]. The IL pre-treatment utilized to
break down the intricate structure of sugar palm fibers without lowering its quality. Next, an equal ratio of water and acetone (1:1, v/v)
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Fig. 1. Schematic illustration of SPNFC isolation.
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was used to wash the mixture, and it was stirred vigorously for 30 min. The resulting suspension was filtered and washed with distilled
water to get rid of any lingering IL. The residue, which was high in carbohydrates, was collected and bleached with 30% H,0; for 5 h at
80 °C. According to Susi et al. [55], a bleaching process was implemented to purify the cellulose extracted from natural fibers, aiming
to eliminate impurities and achieve a high level of cellulose purity. After separating the solid component from the H>O, solution using
vacuum filtration, the bleached sample was washed with distilled water several times to eliminate any remaining HyO». This produced
pure sugar palm cellulose (SPC). Lastly, the sample dried overnight at 60 °C before being securely packaged and stored at room
temperature for further processing.

2.3. SPNFC extraction

Following purification, the wet disk milling (WDM) technique was employed, utilizing controlled mechanical forces in a liquid
medium to fibrillate the cellulose into nano-sized fibril. Sugar palm nano-fibrillated cellulose (SPNFC) was obtained from SPC using the
WDM technique as illustrated in Fig. 1. This procedure utilized a WDM high-shear ultrafine friction grinder from Grow Engineering in
Adachi-ku, Tokyo, Japan. The SPC was soaked in distilled water for a duration of 72 h to facilitate the disk-milling procedure. Sub-
sequently, approximately 2 L of fiber suspension with a concentration of 2 wt% were introduced into the grinder, subjected to 25 cycles
at a rotational speed of 1800 rpm. The resulting fibers were designated as sugar palm nano-fibrillated cellulose (SPNFC). The SPNFC
slurry was carefully kept in a sealed jar at 2 °C for later use. Additionally, a 10 mL sample of the slurry was freeze-dried for further
characterization. This comprehensive approach, integrating the eco-friendly IL pre-treatment, peroxide bleaching, and WDM tech-
nique, was instrumental in obtaining SPNFC with distinctive properties suitable for various applications.

3. Characterization
3.1. Morphology analysis

A scanning electron microscope (Hitachi TM 3000, Japan) operating at 5 kV was employed to examine the morphology of raw SPF,
IL pre-treatment, and bleaching-treated samples. The dried specimens were coated with a platinum layer between 1 and 10 nm thick
before imaging. At least five SEM pictures were taken of each sample from various angles. The morphological study of SPNFC samples
was performed using a Field Emission Scanning Electron Microscope (FESEM) (Hitachi SU8020, Japan) with an ultra-high resolution
1.3 nm imaging at an accelerating voltage of 1.0 kV. Advanced transmission electron microscopy (TEM) analysis was subsequently
used to reveal the multidimensional nanostructure of ionized SPNFC. The Philips Tecnai 20 instrument, equipped with a 200 kV
accelerator voltage and a conventional-angled sample holder, served as the primary tool for obtaining high-resolution TEM
micrographs.

3.2. Fourier transform infrared (FT-IR) analysis

The aim of the infrared spectroscopy study is to figure out specific functional groups in the SPF sample under different treatment
conditions. This spectroscopic examination is performed employing the Spectrum GX model instrument by PerkinElmer 2000 (USA)
and analysed span from 4000 to 500 cm ™, featuring a resolution of 4 cm™! and a scanning speed of 20 kHz.

3.3. SPNEC yield

A 2 wt% solution of the materials was diluted with distilled water and then subjected to centrifugation at 4500 rpm for a duration of
20 min. This centrifugation process effectively segregated the nano-fibrillated material present in the supernatant, separating it from
the non-fibrillated and partially fibrillated components which settled as sediments. The resultant substances were subsequently dried
to a consistent weight at a temperature of 90 °C within a halogen desiccator. To determine the yield, Equation (1) was applied:

ight of dried sedi
Yield (%):<1 weight of dried sediment ) 100

- 1

weight of diluted sample x % S, @
where % Sc represents the percentage of the materials. The findings are presented as the average of data from three independent
experiments.

3.4. Surface area analysis

To determine SPNFC’s surface area and pore volume, a BET (Brunauer-Emmett-Teller) analysis was performed. The pore size of
SPNFC was measured using a surface area and porosity analyzer (Tristar II 3020, Micromeritics, USA), which included the adsorption
of nitrogen gas. The SPNFC had careful degassing by being exposed to an inert nitrogen flow [56] at 150 °C for a duration of 24 h.
Subsequently, the determination of the average pore size was accomplished utilizing the bubble point technique of the Capillary Flow
Porometer [57].
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3.5. Zeta potential measurement

Surface charge densities of SPNFC have been evaluated via zeta potential measurements, which were conducted using the Zetasizer
Nano-ZSP instrument (Malvern Instruments, Worcestershire, UK). Dynamic Light Scattering was used in this study to figure out the
approximate size of SPNFC and to demonstrate the surface charge features of nanoparticles at a temperature of 25 °C.

SPF SPC SPNFC

NL D59 x500 200um celuloseSP

0
TEM
g 3.30£0.68 nm h

Frequency (%)
Frequency (<107
-

3 -0 0 10 20 30 40 50
Diameter (nm) Histogram (nm)

Fig. 2. Images of SPF, SPC and SPNFC, SEM images for (a) Raw SPF (b) IL treatment (c) SPC, FESEM images for (d) SPNFC, TEM image for (e)
SPNFC, AFM image (f) SPNFC, TEM micrograph of length and diameter histograms of SPNFC (g), and AFM micrograph of diameter of SPNFC (h).
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3.6. X-ray diffraction (XRD)

The diverse treatments’ impact on the X-ray diffraction patterns of the SPF sample was investigated utilizing the Rigaku D/max
2500 X-ray powder diffractometer (Tokyo, Japan). Employing CuKa radiation (A = 0.1541 nm) and scanning within the 26 range of
5-40° at a speed of 2.00/min, the instrument unveiled the intricate details of the patterns. The crystallinity index (Crl%) was
calculated using Equation (2), which was derived by Segal et al. [58] based on the intensity of the diffraction pattern.

I - Iam
Crl% =2 % 100% )
Loo
A noteworthy observation is the peak intensity maxima of Iz, which is located at an approximate 260 = 22, indicating the lattice
plane. and while two highest peaks of I, around 26 = 18 [59,60]. The intensity of this measurement peak was following the pattern in
Segal’s peak height that emerged [61].

3.7. Thermogravimetric analysis (TGA)

Thermogravimetric Analysis (TGA), delving into the intricacies of weight loss as temperature ascends, provided a thorough
exploration into the thermal degradation patterns of SPF. A PerkinElmer TGA 4000 (USA) was used for evaluating the thermal stability
of SPF throughout various treatments. The experimental setup involved aluminum pans within a nitrogen atmosphere, spanning
temperatures from 25 °C to 800 °C and a heating rate of 10 °C/min.

4. Results and discussion
4.1. Morphological properties

Fig. 2 presents images of the raw SPF, SPC, and SPNFC. The primary differentiating factors among these fibers are their color and
size. The use of IL and bleaching treatments significantly altered the color of the sugar palm fibers, while the mechanical disintegration
process notably reduced their size. The figures illustrates the morphological transformations of SPF subjected to various treatments.
SEM photographs of untreated SPF, SPF that has been treated with IL, and the consequent SPC samples are shown in Fig. 2(a—c). Fig. 2a
depicts untreated SPF with an apparently uniform surface, despite being visibly coated with substances such as wax, pectin, lignin, and
hemicellulose. As seen in Fig. 2b, after being treated with [Bmim][Cl], these encrusting components are partially removed from the
exteriors of the cellulose fiber bundles. This treatment renders the fibers rougher and more porous due to the partial removal of
components, including hemicellulose, lignin, wax, and impurities, along with size reduction. Thus, the lignin structure in lignocel-
lulosic materials degrades, hence increasing the accessible surface area for future bleaching [62,63], as seen in Fig. 2c. After several
processes, including bleaching, the binding substance lignin is eliminated, and the cellulose bundles separate into micro-sized fibers
when their ties are dissolved [64]. After being bleached, SPF (known as SPC) was subjected to further mechanical processing in a wet
disk mill (WDM), resulting in nano-fibrillated cellulose. A morphological study of SPNFC by FESEM is shown in Fig. 2d. The micro-
graph illustrates that the SPC, treated with WDM, displays an uneven structure that suggests nano-fibrillation. Because of the
placement of mill stones prior to the WDM process, shearing and frictional forces are applied to the outermost layer of cellulose fibers,
causing this occurrence. Within is particular framework, cellulose fibers undergo significant high-velocity impact forces and friction
when they are crushed between opposed to grinding disks [41].
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Fig. 3. FTIR spectra of (a) raw SPF (b) IL-treated SPF (c) SPC and (d) SPNFC.
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To gain a better understanding of the scale on which SPNFC operates, extensive nanoscale studies were carried out using TEM.
These studies as seen in Fig. 2e, SPNFC has a thread-like shape with some dimensional variation. Particularly, the WDM process yields
SPNFC a diameter size of roughly 3.30 & 0.68 nm as shown in Fig. 2g. These TEM-based findings are in line with earlier studies that
have documented nanofibril widths from a variety of sources, such as Agave gigantea (AG) fiber (4.07 nm) [65], Nigerian grasses (3-5
nm) [66], and Gigantochloa scortechinii bamboo fibers (5-10 nm) [67]. Notably, the dimensions are significantly smaller than the size of
an empty fruit bunch (EFB) (17.85 nm) [68] and waste paper (20-40 nm) [41]. Additionally, AFM was used as a reference technique
for evaluating the morphology and size of the nanocellulose [69]. The AFM-obtained topography image of CNF reveals a thread
structure, consistent with the analysis using TEM. As indicated in AFM analysis (Fig. 2f), the average size of CNF was slightly smaller
than that determined by TEM analysis, as evidenced by the AFM histogram data in Fig. 2h. This observed variation in nanoparticle size
is attributed to the convolution tip effect inherent to AFM measurements [49].

4.2. Functional group

Fig. 3 (a—d) represents the distinct functional group attributes of raw SPF, IL-treated SPF, SPC, and SPNFC respectively, whereas
Table 1 provides a summary of the stated FTIR peak values. Spectral bands of raw SPF were seen at 3332, 2895, 1646, 1429, 1363,
1312, 1237, 1104, 1030 and 895 cm™!. The notable peaks situated between 3500 em ™! and 3200 cm ™! denote the presence of O-H
groups found throughout the SPF fibers. The hydroxyl groups contained in the aliphatic and phenolic structures of cellulose, hemi-
cellulose, and lignin are most likely responsible for this [22,70]. The absorption at 2895 em ! is due to the C-H stretching [27]. The
spectral peak at 1646 cm ™! has been attributed to water’s bending mode absorbs by cellulose as reported by The absorption observed
at 2895 cm ! corresponds to C-H stretching, while the spectral peak at 1646 cm ™! is attributed to the bending mode of water absorbed
by cellulose, a phenomenon previously reported by Li et al. [71].

As reported by Lima et al. [79] the peak observed at 1237 cm ™, representing the C-O stretching vibration of the acyl group in
lignin, exhibited a shift following bleaching treatment. Consequently, it can be deduced that the bleaching processes effectively
removed a substantial portion of the lignin and hemicellulose constituents from the SPF. After bleaching treatment, a noticeable in-
crease in the intensity of peaks at 1429, 1363, 1312, 1159, 1104, 1052, and 1030 cm~! was evident. These peaks associated with
various vibrations, including C-O-C stretching, C-Hy deformation, C-Hy rocking, C-O-C glycoside ether, C-O pyranose ring
stretching, and C-O stretching of a primary alcohol, which are characteristic of cellulose peaks in carbohydrates [80]. The recognizable
band located around 895 cm ™! can be attributed to stretching vibrations of C-O-C, indicating the availability of -glycosidic bonds in
cellulose [81,82].

4.3. SPNEFC yield

A remarkable 65.32 wt% of cellulose was efficiently extracted from SPF through the synergistic treatments. The resulting CNF yield
was notably high at 96.89 wt%, demonstrating the capable potential of the approach for scaled extracting. Table 2 elucidates the
distinctive properties of the synthesized SNPC in comparison to diverse lignocellulosic biomasses. Interestingly, this study achieved a
higher cellulose yield of 82 % from jack fruit peduncle [9], 45 % from red banana empty fruit bunches [15], 65-70 % from millet husk
[831], 78 % from Cuscuta reflexa [84], 94.83 % from Sunn hemp [85], 89.39 % from Agave gigantea [86], 65 % from sugarcane bagasses
[871, 23.54 % from rice husk [88] and 84.75 % from timoho fiber [89], respectively. This result highlights the feasibility and
effectiveness of this approach as implemented on a larger scale. Employing mechanical defibrillation methods on cellulose fibers using
WDM leads to the creation of nano-fibrillated cellulose (NFC), significantly boosting the SPNFC yield.

During the WDM treatment, nanofibers experience heightened exposure to wet impact and shear forces, resulting in a substantial
conversion rate into nanofibers [93]. In contrast to the yield of cellulose nanofibers obtained through TEMPO-oxidation of wood fibers,
this study showcases a remarkable yield, surpassing the 30.46% and 44-55% yield reported by Masruchin et al. [94] and Jonasson
et al. [95], respectively. Interestingly, this study demonstrates a far higher yield of nano-fibrillated cellulose (NFC) from sugar palm
fiber (SPF) compared to previous research [43,96], which generated a 29% yield of SPF nanocrystalline cellulose by a chemical method
including acid hydrolysis and 92.52% of SPF nanofibrillated cellulose by a mechanical method which is high pressurized

Table 1

List of SPF-sample FTIR peaks and their associated frequencies.
Wavenumber (cm 1) Structural Polymer Peak Assignment Ref.
3332 O-H stretching intramolecular hydrogen bond - [72]
2895 C-H stretching - [73]1
1429 C-0-C stretching Cellulose [73]
1363 C_Hi deformation vibration Cellulose [74]
1312 C_}i rocking vibration Cellulose [75]
1237 C-0-C aryl-alkyl ether Lignin [75]
1160 C-0-C glycoside ether band Cellulose [76]
1104 C-0 pyranose ring stretching vibration Cellulose [76]
1052 C-0-C stretching ethyl vibration Cellulose [771
1030 C-O stretching of primary alcohol Cellulose and hemicellulose [74]
895 C-O stretching Cellulose [78]
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Table 2
Comparison of the morphological, physicochemical, and thermal of SPNFC with other common lignocellulosic fibers.
Lignocellulosic Extraction method Morphological properties Chemical Physical Thermal Ref.
biomass properties properties properties
Shape Diameter Cellulose Crl (wt%) Temperature
(nm) yield (wt%) maximum (T,
°Q)
Jack fruit peduncle - Acidified chlorination Cylindirical 27300 82.00 79.5 349 [9]
- Alkalization treatment structure
- Acid hydrolysis
Red banana empty - Alkaline treatment Web-like 15-35 45.00 69.5 421 [15]
fruit bunches - NaClO,, bleaching structure
- Ball mill treatment
Millet husk - Alkaline treatment Web-like 10-12 65-70 58.45 341 [83]
- (NaOH + H305) bleaching arrangement

Steam explosion
Acid hydrolisis +
homogenization treatment

Cuscuta reflexa - Alkaline treatment Thread network ~ 10-30 78 67 363 [84]
- Steam explosion treatment structure

Sunn hemp - Alkaline treatment Web-like 55+ 13 94.83 72.52 [85]
- DMSO treatment structure
- Acid hydrolysis treatment

Agave gigantea - Alkaline treatment Fibril-fibril 4.07 89.39 65.21 355.91 [86]
- (NaOH + CH3COOH + structure

NaClO2) bleaching
Ultragrinding +
ultrasonication treatment
Alkaline treatment Spherical/rod 57.07 65.00 58.32 - [87]
Acid treatment like structure
- Alkaline treatment
- High speed grinding
Rice husk - Alkaline treatment Fiber networks 10.15-12.42 23.54 62-72 >380 [88]
H,0; bleaching
HPH treatment

Sugarcane bagasse

Timoho fiber - NaClO2 bleaching Glycosidic 68.94 +8.36 84.75 71.14 365.36 [89]
- Alkaline treatment network
- Acid hydrolysis
Wheat straw - (CH3COOH + NaClO,) Cylindirical 35 - - - [90]
bleaching

- Alkaline treatment
- Grinding treatment
Dunchi fiber - Alkaline treatment Needles 20.67 £7.39 - 66.7 360 [91]
(H0,+tetra-
acetylethylenediamine, TAED)
bleaching
(CHsCOOH + HNOs) bleaching
Acid hydrolysis

Palm wastes - Alkaline treatment Sphericles 42-82 - 27 - [92]
- Acid hydrolysis

Sugar palm fiber - ILs pretreatment Thread-like 3.30 + 0.68 96.89 61.62 360.5 Current
- Hy0; bleaching structure study

- WDM treatment

homogenization (HPH), respectively. These yield discrepancies can be associated with factors including the material’s source,
pre-treatment processes, the number of processing cycles, and the temperature used in the mechanical approaches [97].

4.4. Surface properties of SPNFC

The surface area, pore size distribution, and pore volume characteristics of SPNFC were evaluated using nitrogen and Barrett-
Joyner-Halenda (BJH) adsorption-desorption isotherms, as determined by BET analyses. The surface area of SPNFC is 3.46 m?/g,
highlighting its potential as a material with a large interface for improved performance. Balasubramani et al. [15] reported the high
7.3 m?%/g surface area of cellulose microfibrils (CMFs) from palmyra fruit peduncle waste. This feature presents advantages such as
heightened adhesion, enhanced surface functionalization, and superior dispersion quality in polymer matrices. The determined pore
volume (0.0057 cm®/g) demonstrates SPNFC’s capability for absorbing fluids and diffusion. Furthermore, with an average pore size of
4.47 nm, SPNFC is an excellent material for applications requiring reliable filtration. This feature might be attributed to the WDM
treatment, resulting in an enhanced specific surface area owing to the decrease in average fiber diameter as proven by the TEM study.

A standard method for determining the surface charge of micro/nanomaterials, based on the basic concepts of suspension stability,
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is the evaluation of zeta potential using the Zetasizer Nano-ZSP instrument. Zeta potential measures the degree of relative repulsion
among colloidal particles and employs this information to determine the stability of a colloidal suspension [98]. This dynamic light
scattering technique measured the approximate size of SPNFC particles and shows that SPNFC displayed notably negative zeta po-
tential values (mV), with an average measurement of —32.1. Previous studies have shown that a zeta potential greater than +25 mV is
sufficient to establish suspension stability [43], indicating a suitable amount of nanofiber dispersion [99]. According to Carone et al.
[100] suspensions with zeta potentials between +10 to +30 are in their early phases of instability, whereas those with zeta potentials
between +30 to +40 are significantly more stable.

The negative zeta potential indicates a strong repulsive force among SPNFC particles, contributing to the stability of the colloidal
suspension. The surface charge densities of SPNFC with better zeta potential offer opportunities for surface modification and in-
teractions through functionalization or the introduction of specific groups of SPNFC with various materials. This opens avenues for
tailoring SPNFC’s properties to meet the requirements of specific applications. Moreover, the negative surface charge enhances the
stability of SPNFC dispersion, reducing the likelihood of particle aggregation. In practical terms, this stability facilitates consistent and
uniform dispersion when integrating SPNFC into composite materials or formulations. As the zeta potential is large, it indicates that
there is a strong repulsive force between the particles, which improves the stability of the suspended and makes it less probable to
flocculate [101]. In the context of potential interactions with other materials, the negative charge on SPNFC surfaces may influence its
compatibility with positively charged components. This could be advantageous in applications such as composite materials, where the
interaction between SPNFC and a polymer matrix is crucial for improving mechanical properties.

4.5. Crystallinity of SPNFC

The crystallinity of individual fibers was measured via XRD substantially influences the thermal and mechanical characteristics of
the material [70]. The XRD diagrams of untreated SPF, SPF treated with ILs, SPC, and SPNFC are shown in Fig. 4. The peaks observed at
20 = 16° and 22° in all diffractograms correspond to the distinctive cellulose I structure, as indicated by the XRD patterns. Table 3
shows the crystallinity index (Crl) determined on each sample. A notable increase in crystallinity is observed from raw SPF to IL-treated
SPF and SPC, with Crl values rising from 50.97% to 52.69% and 67.18%, respectively. This enhancement is due to the removal of
amorphous components that consist of lignin and hemicellulose according to the treatments used. The results align with previous
research that showed that bleaching treatments increase crystallinity by removing lignin [102-104]. The CrI values for SPF after
bleaching were higher than those for pomelo fruitlets (44.26%) and rice straw fibers (62.4%), as reported by He et al. [81] and Thakur
et al. [105] correspondingly. Conversely, the implementation of WDM resulted in a reduction of crystallinity around 61.62%. Me-
chanical stresses caused by significant shear and friction via WDM can break down the crystalline structure of CNF, affecting a decrease
in Crl values [41]. Studies on WDM treatment by Yasim-Anuar et al. [41] and Zakaria et al. [106] indicated similar findings.

4.6. Thermal stability of SPNFC

The study of the thermal behavior of the isolated compounds featured the utilization of a thermogravimetric analyzer for observing
changes in weight as the temperature varied. The TGA and DTG curves of SPF following different treatments are shown in Fig. 5. The
first weight loss of SPF, which occurs largely between 25 and 150 C, has been associated with the vaporization of volatile substances
(water) within the samples [107]. Following that, in the second stage, significant weight losses were seen for all samples throughout
the 200-360 °C range, consistent with cellulose and hemicellulose decomposition [108]. Nevertheless, different chemical components
of untreated SPF, like hemicellulose, lignin, and cellulose, break down at different temperatures, leading to a degradation process with

SPNFC

Raw SPF

Intensity

IL-treated SPF

10 20 30 40 50 60
26 (degree)

Fig. 4. XRD patterns of SPF at different treatment.
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Table 3

X-ray crystallographic parameters for the synthesized samples.
Sample 20 (am) (°) 20 (200) (°) Crl (%)
Raw SPF 19.38 22.48 50.97
ILs-treated SPF 19.18 22.74 52.69
SPC 19.10 22.90 67.18
SPNFC 18.14 22.42 61.62

Weight (%)
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Fig. 5. TGA and DTG curves of SPF at different treatments.

multiple stages. Hemicellulose and cellulose degrade at 200-350 °C, followed by lignin decomposition at 350-480 °C, and the for-
mation of char during lignin degradation more than 480 °C during this phase [109]. The raw SPF had a residual char of 25.6 wt% at
800 °C, which was higher than the treated SPF.

The DTG curve revealed distinct tri-peaks for both raw SPF and IL-treated SPF, contrasting with the dual peaks observed in SPC and
SPNFC. The removal of lignin through the bleaching process leaves the fiber composition predominantly comprising hemicellulose and
cellulose [96]. Hence, the WDM treatment facilitated the degradation process, given that hemicelluloses tend to degrade at lower
temperatures (around 200-320 °C) compared to other macromolecular components like cellulose and lignin. According to the DTG
curve, SPC has the largest peak, followed by SPNFC, Raw SPF, and then SPF treated with IL. As reported to Sayed et al. [109], the

highest peak in the (DTG) profiles represents the point of most significant weight loss, and the height of this peak determines the
reactivity of material from biomass.
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5. Conclusions

This study has successfully extracted cellulose fibers from sugar palm fiber (SPF) using an eco-friendly ionic liquid (IL) pre-
treatment followed by hydrogen peroxide bleaching treatments. Additionally, the study shows that the wet disk mill (WDM)
method is effective and sustainable for extracting nano-fibrillated cellulose (NFC) from sugar palm cellulose, which results in a
remarkable transformation of sugar palm fiber from a micro-scale to a mere 3 nm dimension as supported by the surface morphology
study. Notably, the SPNFC has a negative zeta potential with absolute values greater than 30 mV, indicating good stability that
successfully inhibits nanocellulose aggregation. This feature encourages the development of a strong network of nanofibers within
polymer composite matrices. Significantly, XRD analysis disclosed an escalating trend in crystallinity for the treated SPF, advancing
from 50.97% in raw SPFs to 52.69% in IL-treated fibers, surging to a peak of 67.18% in bleached SPF, and then declining to 61.62%
with WDM treatments. This study highlights the vast potential of cellulose nanofiber, derived from sugar palm fiber, as a versatile
material. Its remarkable surface properties, pore characteristics, surface charge densities, crystallinity, and thermal stability make it
suitable for applications in advanced materials, biomedicine, and environmental engineering. The scalable and efficient extraction
process further enhances the prospects of SPNFC as a sustainable and innovative material for various industries.
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