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This study presents an environmentally friendly. method for extracting cellulose
from peanut shells—an abundant agricultural by-product—and converting it into
cellulose nanoparticles (CNPs). Cellulose was extracted using a choline chloride:
urea (2:1) deepeutectic solvent (DES) at 90 °C for 3 h, followed by bleaching and
subsequent_mechanical disintegration using probe ultrasonication. The extracted
cellulose and. CNPs were, characterized using Fourier-transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), field-emission scanning electron
micfoscopy (FE-SEM), transmission electron microscopy (TEM), dynamic light
scattering (DLS), and, zeta-potential analysis. FT-IR confirmed the substantial
removal of non-cellulosic.components while preserving cellulose integrity, whereas
XRD: indicated the retention of the cellulose structure with good crystallinity. FE-
SEM and. TEM ievealed the formation of nanoscale cellulose structures with
particle-like», morphology. DLS provided quantitative information on the
hydrodynamic size distribution and aggregation behavior of CNPs in aqueous
suspension, while zeta-potential measurements indicated the colloidal stability of
the resulting suspension. Overall, the results demonstrate that the choline chloride:
urea DES provides a sustainable alternative to conventional alkaline—acid
processes, avoiding hazardous chemicals while enabling the production of cellulose
nanoparticles from peanut shell biomass. The produced CNPs show potential for
applications in sustainable packaging, nanocomposites, and other cellulose-based
functional materials
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1. Introduction

Environmental pollution caused by non-degradable synthetic polymers has become a major global concern over the

past decades [1]. This has stimulated intensive research on biodegradable and renewable materials for applications in
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packaging, pharmaceuticals, food, and biomedical sectors [2]. Among natural biopolymers, cellulose and its
derivatives are particularly attractive owing to their abundance, renewability, biocompatibility, and inherent
biodegradability, alongside low cost and favorable mechanical properties [3].
Cellulose nanofibers (CNPs) have emerged as a key class of nanocellulose materials due to their high aspect ratio,
excellent tensile strength and stiffness, low coefficient of thermal expansion, large specific surface area, and strong
reinforcing capability in composite matrices [4,5]. These features make CNPs promising candidates for advanced
applications such as polymer nanocomposites, sustainable packaging and barrier films, flexible substrates, and
biomedical scaffolds [6].
While wood remains the dominant industrial source of cellulose, lignocellulosic agricultural residues provide low-
cost, underutilized alternatives that align with circular economy concepts [7]. Common examples include cotton
stalks, wheat straw, sugarcane bagasse, and peanut shells [8]. Peanut (Arachis hypogaea) isrone of the most widely
cultivated oilseed crops worldwide, with annual production exceeding 50 millionnmetric. tons in recent years [9].
Approximately 22-30% of the total mass corresponds to shells (hulls), restlting in more than 10—15 million metric
tons of peanut shell waste annually [9]. This residue is often burned, landfilled, or used as\low-value animal feed,
contributing to environmental burdens and representing a missed opportunity for value-added utilization [10][9].
Peanut shells are a typical lignocellulosic biomass, mainly composed of cellulose (=34-48%), hemicellulose (=3—
19%), and lignin (=25-33%), depending on cultivar and proceessing conditions [11]. Their relatively high cellulose
content, combined with wide availability and negligible economic value, makes peanut shells an attractive feedstock
for the production of cellulose and nanocellulose-based materials [12;13]. However, effective utilization requires
selective removal of lignin and hemicellulos€while preserving the structural integrity of cellulose.
Conventional cellulose extraction routes from lignocellulosic biomass generally rely on alkaline pulping followed by
acid hydrolysis (e.g., mineral acids).to isolate cellulose and generate nanofibers or nanocrystals [14,15]. Although
these processes are effective, they suffer from significant drawbacks, including high consumption of corrosive
chemicals, large effluent volumes, limited\chemical recovery, equipment corrosion, and partial degradation or
depolymerization of cellulose chains [16]. These issues raise environmental and economic concerns and motivate the
development of greener, less hazardous,pretreatment strategies.
In this context, deep eutectic solvents (DESs) have gained considerable attention as promising green media for
biomass fractionation and pretreatment [17,18]. DESs are typically formed by mixing a hydrogen bond acceptor
(choline chloride)withra hydrogen bond donor (e.g., urea, organic acids, or polyols) at specific molar ratios to obtain
a liquid with,a melting point lower than that of the individual components [19]. Compared with conventional organic
solvents and even ionic liquids, DESs offer several advantages, such as low volatility, relatively low toxicity, simple
and low-cost preparation, potential biodegradability, and tunable solvating power toward lignin and hemicellulose
while maintaining cellulose integrity [18,20]. Recent studies have shown that DES-based pretreatments can achieve
effective delignification under milder conditions, lower energy demand, and enable partial solvent recycling, thus
supporting sustainable biorefinery concepts [18,21].
Despite growing interest in DES-assisted processing of lignocellulosic biomass, there are still relatively few reports
focusing on peanut shells as a precursor for nanocellulose production using simple, low-toxicity DES systems. In
particular, comprehensive studies that integrate DES pretreatment, subsequent mechanical disintegration, and multi-

technique characterization (FE-SEM, TEM, FT-IR, XRD, DLS) of the resulting cellulose nanoparticles from peanut
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shells remain limited in the literature [22]. Therefore, the present study aims to develop and evaluate a sustainable,
acid-free process for producing cellulose nanoparticles from peanut shells using a choline chloride :urea-based deep
eutectic solvent as the pretreatment medium.

Although DES-based pretreatment has been increasingly investigated for the fractionation of lignocellulosic biomass,
most reported nanocellulose production routes still rely on subsequent chemical hydrolysis, alkaline treatment,
oxidation, or combinations of these processes to achieve nanoscale fibrillation. In this context, the novelty of the
present study lies in integrating choline chloride :urea DES pretreatment of peanut shell biomass with subsequent
probe-ultrasonication-assisted mechanical defibrillation, without employing acid hydrolysis#or other chemical
hydrolytic agents during nanoparticle formation. This integrated strategy aims to simplify the conversion pathway
while preserving the native cellulose I structure and generating cellulose nanoparticle structures. The process was
further evaluated through complementary FT-IR, FE-SEM, TEM, DLS, XRD, and zeta-potential analyses, providing
a comprehensive assessment of chemical purification, morphological evolution, crystallinity, particle-size behavior,
and colloidal stability.

2. Materials & Methods

2.1. Materials

Choline chloride (purity: 98%), urea (purity: 98%), hydrogen peroxide (HzO-, purity:35%), acetone (purity: 99%),
and potassium bromide (KBr, purity: 98%) were procured from:Merck (Darmstadt, Germany). All chemicals were of
analytical grade and used without any further purification unless otherwise specified. Potassium bromide was utilized
for the preparation of FT-IR pellets during Fourier-transform infrared spectroscopy analysis. Deionized water was

employed throughout the entire experimental process for selutiompreparation, washing, and all subsequent treatment
ploy g p p prep g q

steps.
Table 1. Materials and Chemicals Used in This Study
Purity /
Material (Chemical) Supplier Role / Use
Specification
Peanut shells Agricultural waste Local sources Raw lignocellulosic biomass
Merck (Darmstadt, Hydrogen bond acceptor for DES
Choline chloride 98% )

Germany) preparation

Merck (Darmstadt, '

Urea 98% Hydrogen bond donor for DES preparation
Germany)
Hydrogen peroxide Merck (Darmstadt, )
35% Bleaching agent
(H202) Germany)
Merck (Darmstadt, )
Acetone 99% Washing solvent
Germany)
Potassium bromide Merck (Darmstadt, )
98% FT-IR pellet preparation
(KBr) Germany)
Deionized water — — Solvent, washing, and suspension medium
2.2. Methods

2.2.1. Preparation of Peanut Shell Powder
Peanut shells were collected from local agricultural sources and thoroughly washed with deionized water to remove

soil, dust, and other impurities. The cleaned shells were air-dried at room temperature for 24 hours and then stored in
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a cool and dry place. The dried shells were ground using a laboratory mill (e.g., IKA A11 basic analytical mill) and
sieved through a 100-mesh screen to obtain uniform particle size (<150 pm). The resulting powder was dried in a

preheated oven at 103°C and stored in a desiccator until use.

Grinding G ™) Sieving

\

Fig 1. Preparation of peanut shell powder as a lignocellulosic feedstock for cellulose extraction. The raw peanut shells were
washed, dried, ground, sieved, and stored under controlled conditions prior to the deep eutectic solvent (DES) pretreatment
2.2.2. Preparation of the Deep Eutectic Solvent (DES)
The DES was prepared by mixing choline chloride and urea inna 2:1 molar ratio. The mixture was heated to 80°C on
a magnetic stirrer hot plate (IKA RH basic) with continuous stirring at 300 rpm for 15 minutes until a clear,
homogeneous liquid formed. After cooling to room temperature, the prepared DES was transferred to a sealed glass
container and stored in a desiccator to minimize moisture:uptake
2.2.3. Cellulose Extraction
Peanut shell powder (1 g) was mixed with 20.mL of the prepared DES in a glass flask. The reaction mixture was
stirred at 90 °C for 3 h at 500 rpm=Upon completion, it was cooled in an ice bath for 10 min and subsequently washed
three times with 25 mL of a 1:1 (V/V) acetone—water solution to remove residual lignin and hemicellulose. Hydrogen
peroxide (30% W/V, 5 mL) was then added to bleach residual impurities, and the suspension was stirred for an
additional 30 minutes at room»temperature. The product was filtered using a Biichner funnel with Whatman filter
paper (grade 1), rinsed five times with 20 mL deionized water until neutral pH, and dried in a vacuum oven at 40°C
for 12 hours.
2.2.4. Experimental Factors and Levels
To investigate the effect of processing conditions on cellulose nanoparticle production, three process parameters were
considered during the nanoparticle formation stage suspension time, sonication time, and hydration time. Suspension
time was investigated at four levels (0.5, 1, 2, and 3 h), sonication time at three levels (2, 3, and 4 h), and hydration
time at two levels (6 and 12 h). Nanocellulose yield was selected as the primary response for evaluating the effect of
these processing conditions.
The selected factors were based on their expected influence on the accessibility, dispersion, and mechanical
disintegration of the extracted cellulose. Suspension and hydration times were considered because sufficient wetting
and hydration of cellulose fibers can facilitate their dispersion and subsequent exposure to ultrasonic cavitation.
Sonication time was selected as a key mechanical processing parameter because increasing exposure to ultrasonic

cavitation can promote structural disintegration and the formation of nanoscale cellulose particles, while
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unnecessarily prolonged sonication may increase energy consumption and affect the dispersion state of the resulting
nanoparticles.

The investigated ranges were selected to provide practical low-to-high processing conditions while avoiding
unnecessarily prolonged treatment. The experimental combinations and corresponding nanocellulose yields are

presented in Table 3.

Table 2. Experimental factors and levels investigated during cellulose nanoparticle production

Type Parameter Levels / measurement
Factor 1 Suspension time 0.5,1,2,3h
Factor 2 Sonication time 2,3,4h
Factor 3 Hydration time 6,12h
Response CNP yield %

2.2.5. Preparation of Cellulose Nanoparticles (CNPs)

Extracted cellulose (0.32 g) was dispersed for 1h in 80 mL deionized.water to form.a 0.4% (W/V) suspension and
stored at 4°C overnight to ensure hydration. The suspension was subjected to ultrasonication using a probe sonicator
(Qsonica Q500) at 300 W power with a cycle of 3 seconds.on and 7 seconds off fora total of 3 hours. To prevent
overheating, the sample container was immersed in an ice-water bath. The senicated suspension was centrifuged at
4500 rpm for 30 minutes (using a Sigma 3-16L centrifuge),.the supernatant was discarded, and the pellet was
resuspended in 20 mL deionized water. The final suspension was frozenat -80°C for 48 hours and then freeze-dried

using a lyophilizer (Labconco FreeZone) at=50°C and 0.05.mbar for 24 hours to obtain dry CNPs.
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Fig 2. Schematic workflow for the sustainable production of nanocellulose from peanut shell biomass. Cellulose was extracted
using a choline chloride/urea deep eutectic.solvent (DES, 2:1.molar ratio) at 90 °C, followed by bleaching and purification with
hydrogen peroxide, distilled water, and acetone. The purified cellulose was subsequently dispersed in water and converted into

nanocellulose using probe ultrasonication (300 W, 3 h)
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Peanut Shells

Washing, Drying, Grinding & Sieving

Peanut Shell Powder

Mixing with DES

DES Pretreatment
ChCl:Urea (2:1), 90 °C, 3 h, 500 rpm

Cooling + Acetone-Water Washing

H,0, Bleaching
30% H,0,, 30 min, RT

Filtration, Washing to neutral pH, Vacuum drying

Extracted Cellulose

Dispersion in water + Hydration (4 °C, overnight)

Probe Ultrasonication

300 W, 3s on/7s off, 3 h, ice bath

Centrifugation + Freeze-drying

Fig 3. Schematic flowchart illustrating the complete process for the production of cellulose nanoparticles (CNPs) from peanut
shell waste. The process includes powder preparation, deep eutectic solvent (DES) pretreatment using choline chloride : urea
(2:1 molar ratio) at 90 °C for 3 h, hydrogen peroxide bleaching, dispersion and hydration of the extracted cellulose, probe
ultrasonication (300 W, 3 h),and final freeze-drying to obtain CNPs

2.2.6. Yield of Cellulose Extraction and Cellulose Nanoparticle Production

The extraction yield and mass preservation efficiency of cellulose and nanocellulose are critical parameters for
evaluating thetechnical feasibility, sustainability, and industrial applicability of biomass valorization processes. In
the present study, the efficiency of the deep eutectic solvent (DES)-assisted extraction route was quantitatively
assesSed by calculating the cellulose extraction yield, CNP conversion yield, and the overall process yield from raw
peanut shell biomass to the final nanocellulose product.

The cellulose extraction yield was determined according to Eq. (1).

We
Wps

Cellulose yield (%) = x 100 €))

where (W) is the dry weight of extracted cellulose and (W) is the initial dry weight of peanut shell biomass.

Based on the experimental measurements, approximately 0.5 g of purified cellulose was obtained from 1.0 g of oven-
dried peanut shell powder, corresponding to a cellulose extraction yield of approximately 50%. This relatively high
yield demonstrates the remarkable efficiency of the DES pretreatment system in selectively removing lignin,
hemicellulose, pigments, waxes, and other amorphous constituents while preserving a substantial fraction of the
cellulose framework. Considering that peanut shells typically contain approximately 35-45 wt% cellulose in their

native lignocellulosic composition, the obtained extraction yield indicates that the DES system achieved near-
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complete recovery of the accessible cellulose fraction with minimal cellulose degradation or mass loss during
processing.

The conversion yield of cellulose into nanocellulose was calculated using Eq. (2).

Pne 100 )

Nano cellulose (%) = o

where (W,,.) represents the dry weight of the produced nanocellulose and (w,) is the dry weight of purified cellulose
subjected to ultrasonic defibrillation.

Experimentally, 0.4 g of nanocellulose was obtained from 0.5 g of purified cellulose, resulting in a CNP conversion
yield of approximately 80%. Such a high conversion efficiency strongly suggests that the employed ultrasonication-
assisted defibrillation strategy effectively disintegrated the cellulose microfibers into nanoscale structures while
preserving the majority of the cellulose mass. This behavior is particularly significant because many conventional
acid hydrolysis approaches often lead to excessive cellulose depolymerization, dissolution of amorphous and partially
crystalline domains, and substantial material losses during repeated washing and centrifugation steps.

To further evaluate the overall efficiency of the integrated process, the total conversion yield from raw peanut shell

biomass to nanocellulose was calculated using Eq. (3).

Whe
Wps

Overall yield (%) = X 100 3)

The overall process yield was therefore determined to be approximately 40%jyindicating that nearly half of the original
lignocellulosic biomass was successfully transformed into value-added nanocellulose material. This result highlights
the high biomass utilization efficiency of the DES-assisted route and:demonstrates its strong potential as a sustainable
strategy for agricultural waste valorization. The high extraction and conversion yields obtained in this study can be
attributed to several synergistic effects @ssociated with the choline chloride : urea DES system. First, the DES
selectively disrupted hydrogen-bonding interactions within the lignin—hemicellulose matrix while minimizing
disruption of the crystalline cellulose regions. Second, the relatively mild processing conditions reduced cellulose
chain scission and prevented excessive degradation typically associated with concentrated mineral acids. Third, the
DES environment likely enhanced swelling and accessibility of the biomass structure, facilitating efficient penetration
of the solvent system and subsequent. fibrillation during nanocellulose production. Importantly, the obtained yield
values compare favorably with previously reported studies on peanut shell-derived cellulose and nanocellulose.
Earlier investigations employing sulfuric acid hydrolysis, alkaline extraction, or TEMPO-mediated oxidation
generally reported cellulose extraction yields in the range of approximately 25-40%, depending on treatment severity
and purification conditions. Similarly, CNP conversion yields commonly decrease significantly under harsh acidic
conditions due tocellulose degradation and material loss during purification. In contrast, the present DES-assisted
strategy achieved both high cellulose recovery (50%) and high nanocellulose conversion efficiency (80%), while
simultaneously preserving the cellulose crystalline structure, as confirmed by FT-IR, XRD, FE-SEM and TEM
analyses.

Compared with conventional acid-based fractionation systems, the present method therefore provides several
important advantages including higher biomass utilization efficiency, reduced cellulose degradation, preservation of
crystalline cellulose integrity, lower chemical harshness, environmentally benign processing conditions and
competitive nanocellulose production efficiency [23,24].

These findings collectively demonstrate that the DES-assisted extraction route developed in this study represents a

highly effective and sustainable alternative for the production of high-quality nanocellulose from peanut shell
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agricultural waste. The combination of high extraction yield, high nanocellulose conversion efficiency, preserved
crystallinity, favorable colloidal stability, and well-defined nanoscale morphology highlights the significant promise
of this approach for future large-scale bio-based material production and advanced nanocellulose applications.

2.3. Characterization of Cellulose and CNPs

2.3.1. Experimental Runs and Measurement Repeatability

A total of 18 experimental runs were conducted in the present study, comprising eight experimental conditions for
DES-assisted cellulose extraction (Table 1) and ten experimental conditions for subsequent nanocellulose production
(Table 2). The experimental runs represent different processing conditions rather than independent replicate runs of
every condition. Therefore, replicate processing was not performed for all experimental conditions. Repeatability
was, however, incorporated into selected instrumental measurements. Zeta-potential measurements were performed
in triplicate and the average values were reported, while DLS data were collected fromthree consecutive 60-s
measurement runs. For morphological analysis, 50 individual fiber-diameter measurements were obtained per sample
from FE-SEM images. The instrumental acquisition parameters and measurement resolutions used for FT-IR, FE-
SEM, TEM, DLS, XRD, and zeta-potential analyses are specified in the corresponding characterization subsections
below.

2.3.2. Chemical Structure FT-IR (Fourier-Transform Infrared Spectroscopy)

FT-IR spectra were recorded using a Thermo Nicolet AVATAR 370 spectrometer (Thermo Fisher Scientific, USA) in
transmission mode. Samples were mixed with potassium bromide (KBr at a'1:100 (W/W) ratio and pressed into
pellets using a hydraulic press at 10 tons for 5 min. Spectra were acquired over 4000—400 cm™ at a spectral resolution
of 4 cm™ using 32 scans per sample. Baseline correction and peak identification were performed using OMNIC
software.

2.4.2. Morphology (Field EmissionsScanning Electron Microscopy, FE-SEM)

The morphology of the extracted cellulose and nanocellulose was examined using a Zeiss LEO 1450VP scanning
electron microscope (Zeiss, Germany) operated atsan accelerating voltage of 10-15 kV. Samples were mounted on
aluminum stubs and sputter-coated with an approximately 10-nm gold layer using a Quorum SC7620 sputter coater.
Images were acquired at magnifications.ranging from 1,000% to 50,000%. Fiber diameters were quantified using
ImagelJ software based on.50 individual measurements per sample (n = 50).

2.3.5. Morphology Transmission electron microscopy (TEM)

Transmission electron'microscopy was performed using a Philips CM 120 transmission electron microscope at room
temperature (20 °C), with images acquired over a magnification range of 31x to 680,000%.

2.3.6. Particle Size:Distribution (Dynamic Light Scattering, DLS)

Hydrodynamic size distributions were measured using a Vasco3 nanoparticle size analyzer (Cordouan Technologies,
France), equipped with a 658-nm laser diode operating at 65 mW. Measurements were performed at a scattering angle
of 173° and a temperature of 25 °C. Samples were diluted to 0.1% (w/v) in deionized water and sonicated for 5 min
prior to measurement to minimize the influence of loosely associated aggregates. For repeatability of the instrumental
measurement, data were collected over three consecutive runs of 60 s each. The resulting intensity-weighted size

distributions and polydispersity index (PDI) were processed using NanoQ software.
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2.3.7. Crystalline Structure (X-ray Diffraction, XRD)
XRD patterns were obtained using a GNR Explorer diffractometer (GNR Analytical Instruments, Italy) equipped with
Cu Ka radiation (A = 1.541874 A), operated at 40 kV and 30 mA. Powdered samples were packed into a flat sample
holder and scanned from 5° to 50° (20) with a step size of 0.05° and a scan rate of 2°/min. The crystallinity index

(Crl) was calculated using the Segal equation (4).
Cri(%) = 22— x 100 )

200

where I {200} is the intensity of the (200) peak at =22.5° 20, and I_{am} is the amorphous intensity at ~18° 20. Peak
deconvolution was performed using OriginPro software if needed.

2.3.8. Zeta Potential Measurement

The zeta potential of the nanocellulose suspension was measured using a HORIBA SZ-100 (Horiba Scientific, Japan),
based on the electrophoretic light scattering (ELS) technique. Measurements<were performed at 25 °C using
disposable zeta cells. Prior to analysis, the samples were diluted with deionized water to an appropriate concentration
to minimize multiple scattering effects and ensure reliable results. An external electric field was applied to induce
particle motion, and the electrophoretic mobility was determined from the Doppler shift of scattered light. The zeta
potential values were then calculated using the Smoluchowski equation. Each measurement was conducted in
triplicate to ensure reproducibility, and the average values were reported

3. Results and discussion

This study demonstrates the effective valorization of peanut shell waste into high-purity cellulose and cellulose
nanoparticles using a choline chloride: urea DES pretreatment followed by probe-ultrasonication-assisted mechanical
disintegration. The process was characterized through FTIR,"EESEM, DLS, and XRD, revealing successful
delignification, preserved cellulose integrity, and formation of nanoscale cellulose structures. These findings highlight
the potential of DES as a green alternative for biomass processing.

3.1. Research Hypotheses

Based on the reported limitations of conventional chemical routes for nanocellulose production and the potential of
deep eutectic solvents for lignocellulosic biomass fractionation, the present study was formulated around the
following hypotheses: (i) choline chloride: urea deep eutectic solvent pretreatment can effectively remove non-
cellulosic components from peanut shell biomass and provide a cellulose-rich fraction with a sufficiently preserved
crystalline structure; (ii) subsequent probe ultrasonication can mechanically disintegrate the extracted cellulose into
nanoscale cellulose particles without requiring acid or enzymatic hydrolysis; and (iii) the combination of DES-
assisted fractionation and mechanical disintegration can produce cellulose nanoparticles with measurable nanoscale
morphology; preserved cellulose 1 crystallinity, and favorable colloidal characteristics. These hypotheses were
evaluated through cellulose yield determination and complementary FT-IR, FE-SEM, TEM, XRD, DLS, and zeta-

potential analyses.

3.2. Optimization of Deep Eutectic Solvent-Assisted Cellulose Extraction and Ultrasonication-Mediated Cellulose

Nanoparticle Production
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Table 3. Experimental design matrix and cellulose yield obtained from deep eutectic solvent-assisted extraction under different

processing conditions.

Bleaching
Reaction Cellulose
Run DES molar ratio (ChCl: Urea) Temperature H20: time
time (h) yield (%)
Number (°C) (min)
1 2:1 920 3 3 30 50
2 1:1 90 3 3 30 37
3 2:1 90 3 5 30 40
4 1:1 90 3 5 30 38
5 2:1 70 3 5 30 10
6 2:1 70 3 5 30 14
7 1:1 100 3 5 30 21
8 2:1 100 3 5 30 26

The effect of deep eutectic solvent composition and extraction parameters on cellulose recovery from peanut shell
powder was investigated using a design of experiments approach. Different molar ratios'of choline chloride to urea,
extraction temperatures, hydrogen peroxide concentration, and bleaching conditions were evaluated, and the obtained
cellulose yields are summarized in Table 4 The results demonstrated that the DES composition and extraction
temperature had a significant influence on cellulose recovery. Among the evaluated conditions, the highest cellulose
yield (50%) was achieved in Run 1 using a ChCl: Urea molar ratioref 2:1 at 90 °C for 3 h with 3% H>0, and 30 min
bleaching time. The superior performance of this DES composition can be attributed to the formation of an extensive
hydrogen-bonding network between choline chloride and urea, which enhances the disruption of lignin—hemicellulose
interactions and facilitates the liberation of cellulose fibers from the lignocellulosic matrix. Increasing the temperature
beyond the optimum level did not further improve cellulose recovery, probably due to partial degradation of cellulose
chains and the formation of soluble degradation products. These findings indicate that controlled DES pretreatment

conditions are essential for achieving efficient cellulose isolation while preserving the polymeric structure.

Table 4. Optimization of ultrasonication parameters for cellulose nanoparticle production from extracted cellulose and
corresponding CNP yields.

Sonication time

Run number Suspension time (h) M) Hydration Time (h) CNP yield (%)
1 1 3 12 80
2 0.5 3 12 71
3 1 2 12 55
4 0.5 2 12 49
5 1 4 12 80
6 0.5 4 12 73
7 1 3 12 70
8 0.5 3 12 77
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9 1 3 6 61
10 0.5 3 6 69

Following cellulose extraction, the purified cellulose was subjected to probe ultrasonication to obtain cellulose
nanoparticles. The influence of suspension time, sonication duration, and hydration time on nanocellulose yield was
evaluated, and the experimental results are presented in Table 5 The obtained results revealed that ultrasonication
time was a critical parameter affecting the conversion of extracted cellulose into nanoscale structures. The highest
nanocellulose yield (80%) was obtained in Runs 1 and 5, where the suspension and sonication times were optimized.
The enhanced yield at prolonged sonication periods can be attributed to the cavitation phenomenon generated by
ultrasonic waves, which promotes mechanical disintegration of the cellulose structure and reduces the dimensions of
the resulting cellulose structures. However, excessive sonication did not result in.a significant increase in yield,
suggesting that a balance between energy input and structural preservation is required to prevent possible degradation
of cellulose chains. The hydration period also affected nanocellulose formation, where insufficient hydration time
resulted in lower yields due to incomplete swelling and dispersion of the extracted cellulose before ultrasonic
treatment. Based on these findings, optimized ultrasonication conditions»were selected. for efficient conversion of
extracted cellulose into nanocellulose.

3.3. Fourier-Transform Infrared (FT-IR) Spectroscopy Analysis

The Fourier-transform infrared (FT-IR) spectra of commercial cellulose (Cellulosel), DES-extracted and pretreated
cellulose (Cellulose2), and the resulting nanocellulose (Nano Cellulose) are presented in Fig 4. A comparative
evaluation of these spectra provides deeper insight into the progressive chemical purification and structural evolution
of cellulose during DES pretreatment andsubsequent nanoparticle formation.

All three spectra exhibit the characteristichvibrational features of cellulose, confirming that the fundamental
polysaccharide backbone is preserved throughout the entire processing sequence. The broad absorption band centered
at approximately 3330 cm’, attributed to O—H stretching vibrations, reflects the extensive intra- and intermolecular
hydrogen bonding network inherent to cellulose[25]. Notably, this band becomes broader and slightly more intense
in the nanocellulose'sample, which.can be ascribed to the increased exposure of hydroxyl groups resulting from
fibrillation and particle.size reduction. This enhancement in hydroxyl accessibility promotes stronger hydrogen
bonding interactions, a phenemenon commonly reported for nanoscale cellulose materials with high specific surface
area [26].

The absorption bands at 2920 cm™ and 2850 cm™ correspond to asymmetric and symmetric C—H stretching vibrations
of aliphatic CHaz groups within the glucopyranose units [27]. The persistence and minimal variation of these peaks
across all samples indicate that the core glucopyranose ring structure remains chemically intact during DES treatment
and mechanical disintegration. This observation highlights the non-destructive nature of the DES system toward the
cellulose backbone, in contrast to harsher chemical treatments that may induce chain scission or
depolymerization[22,28] .

A critical distinction between Cellulosel and Cellulose2 is observed in the region around 1730 cm™, which is
associated with C=0 stretching vibrations of acetyl and ester groups present in hemicellulose [29]. The noticeable
reduction of this peak in Cellulose2 confirms the effective removal of hemicellulosic components during DES
pretreatment. In parallel, the absence of characteristic lignin-associated peaks at approximately 1505 cm™ and 1600

cm! attributed to aromatic skeletal vibrations [30]in both Cellulose2 and Nano Cellulose provides strong evidence
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of successful delignification. These spectral changes collectively demonstrate the high selectivity of the DES system
in removing amorphous matrix components while preserving the cellulose framework, consistent with the reported
hydrogen-bond disruption mechanism of DES-based fractionation [18,19].

The band located in the range of 1640—1660 cm™!, assigned to the bending vibration of adsorbed water (H-O—H),
becomes more pronounced in the nanocellulose sample. This behavior reflects the increased surface area and
hydrophilicity of nanocellulose, which enhances its ability to adsorb moisture from the surrounding atmosphere [31].
Such behavior is a typical characteristic of nanocellulose materials and is directly linked to their high density of
accessible hydroxyl groups.

In the fingerprint region (1200—-1000 cm™), all samples display strong and well-defined peaks corresponding to C—
O-C glycosidic bond stretching (1050—1100 cm™) and C-O stretching vibrations within the pyranose ring)[27,32].
However, these peaks become sharper and more intense in Cellulose2 and Nano Cellulose, indicating an increase in
structural order and chemical purity following the removal of amorphous lignin and hemicellulose. This sharpening
effect is often interpreted as a signature of improved molecular organization and reduced structural heterogeneity in
purified cellulose systems [26].

Furthermore, the peak at approximately 1420 cm™, assigned to CH> bending vibrations and commonly used as an
indicator of crystalline cellulose I structure, becomes relatively more prominent,in the treated cellulose and
nanocellulose samples [26]. This suggests an increase in relative crystallinity, which can be attributed to the
preferential removal of amorphous components during DES, pretreatment. Importantly, no significant shifts in peak
positions are observed across the spectra, confirming that no new:functional groups are introduced and that the
chemical identity of cellulose remains unchafnged during subsequent nanoparticle formation.

Overall, the FT-IR results provide compelling evidence that DES pretreatment enables efficient and selective removal
of non-cellulosic components, while preserving the intrinsic chemical structure of cellulose. The subsequent
nanoparticle formation processprimarily.induces physical and morphological changes such as increased surface area
and enhanced hydrogen bonding without altering,the fundamental molecular framework. These findings further
support the suitability of DES-based strategies as a green and structurally preserving approach for producing high-
quality nanocellulose from lignocellulosic’biomass [18,19].

The FT-IR results obtained in this study are in good agreement with previous reports on peanut shell-derived cellulose
and nanocellulose systems prepared via conventional chemical treatments. For instance, Terea et al. reported the
gradual disappearance of hemicellulose- and lignin-related bands near 1730 cm™ and 1500-1600 cm™ following
acid—alkalivpurification and sulfuric acid hydrolysis of peanut shell biomass, confirming efficient removal of
amorphous components. However, unlike those harsh chemical approaches involving concentrated H,SO4, HCI, and
NaOH treatments, the present DES-assisted system achieved comparable purification while preserving the native
cellulose backbone without noticeable structural degradation. Similar preservation of cellulose characteristic bands
has also been reported for nanocellulose prepared from agricultural residues using TEMPO-mediated oxidation and
alkaline extraction routes [33]. Nevertheless, the current DES-based approach offers a greener and less corrosive
alternative, while still maintaining high chemical selectivity toward lignin and hemicellulose removal. The enhanced
intensity and sharpening of cellulose-associated peaks observed here further suggest improved structural organization

and hydrogen-bond integrity compared with several previously reported acid-hydrolyzed systems.
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Fig 4. FT-IR spectra of (Cellulose1) commercial cellulose (black), (Cellulose2) DES-extracted and pretreated cellulose (red),
and nanocellulose (blue)

3.4. Morphological Analysis of Extracted Cellulose and Derived Nanocellulose (FE-SEM)
Field-Emission Scanning Electron Microscopy (FE-SEM) was employed to visualize the stepwise morphological
transformation of peanut shell waste throughout' the integrated. deep eutectic solvent (DES) pretreatment and
ultrasonication-assisted mechanical disintegration process. The micrographs in Fig 5. provide direct evidence of
structural deconstruction at various stages:
The low-magnification image (Fig 5a) reveals that the DES pretreatment fundamentally altered the biomass
architecture, resulting in a highly porous and interconnected fibrillar network. This macro-porosity is a direct physical
consequence of the efficient removal of lignin and hemicellulose which otherwise act as a binding matrix and serves
as a hallmark of successful delignification using selective solvents like DES [33,34]. At higher magnification (Fig
5b), individual cellulose microfibrils appear with smooth, clean surfaces and clear separation. The absence of
amorphous debris or surface coatings confirms the high purity of the extracted cellulose, corroborating the FT-IR
findings. This suggests that.the DES selectively dissolved non-cellulosic components without causing significant
erosion to the erystalline cellulose surfaces. These microfibers, with an average diameter in the micrometer range (5—
20 um), serve as the essential precursor for nanocellulose production [27,31].
Following probe.ultrasonication, a clear transition toward the nanoscale is observed. Fig 5c illustrates the formation
of an intricate web-like network of nanocellulose, signifying the successful breakdown of the larger fiber bundles. At
the highest magnification (Fig 5d), the material is resolved into individual cellulose nanoparticles (CNPs) exhibiting
a needle-like morphology. Statistical analysis indicates an average diameter in the range of 10—40 nm, representing a
reduction of two to three orders of magnitude compared with the extracted cellulose prior to ultrasonication. The
formation of these nanoscale structures is attributed primarily to the mechanical effects of ultrasonic cavitation, which
disrupts intermolecular and interfibrillar interactions and promotes the disintegration of the cellulose structure into
nanoscale cellulose particles [16].
The morphology of the DES-extracted cellulose and the resulting CNPs aligns with, and often appears more defined

than, structures reported in studies using conventional strong alkalis, which frequently cause excessive swelling and
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surface pitting [7]. Specifically, the observed nanoscale particle morphology demonstrates the green yet effective
nature of DES in preserving fibrillar integrity while achieving efficient formation of nanoscale cellulose particles
[35]. This preserved structural integrity and nanoscale morphology indicate that peanut shell-derived CNPs may have
potential as functional components in advanced cellulose-based composites.

The morphological features observed in the present study are highly consistent with previously reported peanut shell-
derived nanocellulose systems, where fibrillar and partially individualized nanostructures were obtained following
acid hydrolysis and alkaline delignification treatments [36]. However, many conventional extraction routes often
produce fibers with severe surface erosion, aggregation, or irregular fragmentation due to the.aggressive nature of
strong mineral acids and oxidizing agents [7,16]. In contrast, the DES-mediated pretreatment employed in this work
resulted in cleaner fibrillar surfaces, reduced structural collapse, and more homogeneous nanoparticle formation,
indicating that the cellulose crystalline domains were preserved more effectively during biomass fractionation. The
observed nanofibrillar morphology and high aspect ratio are also comparable to those reported for nanocellulose
extracted from other lignocellulosic agricultural wastes such as rice husk,sugarcane bagasse, and corn stover [16].
These findings collectively demonstrate that the DES-based strategy provides an environmentally benign yet

structurally efficient route for producing high-quality nanocellulose from peanut shell biomass.

SEM HV: 200 kV ‘WD 6.69 mm I i SEMHV:20.0kV | WD:6.69 mm
View field: 2.77 pm Det: InBeam 500 nm View field: 277 pm Det: InBeam
SEM MAG: 50.0 kx | Date{midiy): 0512125 SEM MAG: 50.0 kx | Date{m/dly): 05/12/25

Fig 5. FE-SEM micrographs of peanut shell-derived cellulose at different processing stages: (a) Low-magnification view
showing the macroporous fibrillar network of cellulose after DES pretreatment. (b) High-magnification image of individual
cellulose microfibrils.with separated fibrillar structure. (¢) Nanoscale cellulose network after probe ultrasonication and
mechanical disintegration. (d) High-resolution image of cellulose nanoparticles (CNPs) showing their nanoscale dimensions
and particle-like morphology.

3.5. Transmission electron microscopy (TEM)

Transmissionelectron microscopy (TEM) was employed to investigate the morphology of the nanostructures obtained
after DES treatment of peanut shell biomass. The TEM micrographs reveal the presence of nanoscale cellulose
structures with heterogeneous morphology distributed throughout the matrix. Distinct nanostructured domains with
approximately rounded to ellipsoidal shapes are observed alongside partially fibrillated regions, indicating that the
DES pretreatment effectively disrupted the compact lignocellulosic structure and promoted the liberation of cellulose
nanostructures. According to the scale bars (90—-100 nm), the dimensions of these nanostructured domains fall within
the nanometric range, confirming the successful formation of nanoscale cellulose particles. In several areas, thin

fibrillar connections between adjacent domains can also be distinguished, suggesting partial defibrillation of cellulose
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bundles during the treatment process. Moreover, localized agglomerated regions are visible in the micrographs, which
can be attributed to the strong intermolecular hydrogen bonding and high surface energy of cellulose nanostructures,
leading to partial aggregation during drying or TEM sample preparation. Overall, the TEM observations demonstrate
that the DES-assisted treatment facilitates the breakdown of the lignocellulosic matrix and the generation of nanoscale

cellulose structures, supporting the effectiveness of this environmentally benign extraction approach [16].

Fig 6. TEM images of nanocellulose extracted from peanut shell via deep eutectic solvent (DES) treatment, showing nanoscale
cellulose particles and partially.interconnected structures. Scale bars: 100 nm and 90 nm.
3.6. Dynamic Light Scattering (DLS) Analysis
Dynamic light scattering (DLS) was employed to quantitatively assess the hydrodynamic size distribution and to
further confirm the conversion of micro-scale cellulose into nanoscale cellulose particles in aqueous suspension. The
intensity-weighted size distributions.for both suspensions are shown in Fig 7.
For the DES-extracted eellulose suspension (Fig. 7a), the DLS profile exhibits a broad, polydisperse distribution
spanning thé micrometer range. A predominant, wide peak is centered between approximately 2,000 and 5,000 nm,
with a pronounced tail extending beyond 10,000 nm. The large hydrodynamic diameters, together with a high
polydispersity index (PDI'>,0.45), are characteristic of partially aggregates of microscale cellulose structures rather
than nanescale cellulose particles dispersed in water [35]. These observations are consistent with the nanoparticle
cellulose network observed in the FE-SEM micrographs (Fig. 5a, b), confirming that the dispersed entities at this
stage are mainly aggregates of cellulose microparticle rather than individualized nanoparticle.
In contrast, the DLS analysis of the nanocellulose suspension (Fig. 7b) reveals a clear shift toward smaller sizes. The
intensity distribution is dominated by a peak in the 120-180 nm range, indicating that the majority of scattered
intensity arises from nanoscale entities. The Z-average hydrodynamic diameter is 833.15 nm with a PDI of ~0.5,
suggesting that, although a fraction of the nanoparticles exists as relatively small aggregates, the overall size
distribution remains moderately polydisperse. The presence of a small comb in the micrometer range most likely

refers to a small population of residual aggregates or incomplete fibril fragments that have not yet been converted
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into cellulose nanoparticles, which is commonly observed in nanocellulose suspensions prepared by mechanical
and/or chemical disintegration. [36,37].

It should be noted that DLS measures the hydrodynamic diameter of scattering objects in suspension and is strongly
biased toward larger particles or aggregates, whereas FE-SEM provides direct visualization of the dry morphology
and the particle diameters. Therefore, the higher Z-average value and PDI obtained by DLS do not contradict the
nanoscale diameters observed by FE-SEM; instead, they reflect the presence of loosely associated nanoparticle
bundles and dynamic aggregation in the aqueous phase. Taken together, the FE-SEM and DLS results provide
complementary evidence that the DES treated cellulose undergoes a transition from a polydisperse, microparticle

network to a nanostructured suspension dominated by nanoparticles, with only limited residual aggregation.

(a) (b)

ke ity (ua.)
It rm ity (e}

siz¢ (nm)
§2¢ (nm)

Fig 7. Intensity-weighted hydrodynamic size distributions from DLS analysis: (a) DES-extracted cellulose suspension (b)
Nanocellulose suspension

3.7. X-ray Diffraction (XRD) Analysis

The X-ray diffraction patterns of the purified cellulose and the obtained nanocellulose derived from peanut shell
biomass are presented in Fig 8 and 9. Both samples exhibited:the characteristic diffraction peaks of native cellulose
I, demonstrating that the crystalline polymorph.of cellulose was successfully preserved throughout the DES-assisted
extraction and subsequent nanoparticle. formation,process [37]. The purified cellulose displayed relatively broad
diffraction peaks centered at approximately:20 = 16°and 22°, corresponding to the overlapping (110)/(110) and the
(002) crystallographic planes of cellulose I, respectively. A weak diffraction feature was also observed in the 34—35°
region, which is commonly assigned to the (004) plane. The broad nature of these reflections indicates the coexistence
of crystalline and amorphous domains within the extracted cellulose, suggesting that although lignin and
hemicellulose were efficiently removed during pretreatment, a considerable fraction of disordered cellulose regions
remained. In contrastythe nanocellulose sample exhibited noticeably sharper and more intense diffraction peaks while
maintaining, the characteristic cellulose I crystal structure. The dominant reflection appeared at 260 = 22.65°,
corresponding tothe (002) plane, whereas the diffraction peaks near 16° and 34-35° remained clearly distinguishable.
The increased intensity and reduced peak broadening indicate a higher degree of structural ordering and improved
crystalline organization after nanoparticle formation. The enhancement in crystallinity can be attributed to the
selective removal of non-cellulosic components and loosely organized amorphous cellulose regions during the DES-
assisted pretreatment, together with the effective mechanical disintegration process that increased the relative
exposure of highly ordered cellulose domains. As a result, the relative proportion of crystalline domains increased,
producing a more organized cellulose network while preserving the native cellulose polymorph[34]. The crystallinity
index (Crl), calculated using the Segal method, reached approximately 81.1%, confirming the successful production
of highly crystalline nanocellulose. This value is comparable to or higher than those reported for nanocellulose

isolated from various lignocellulosic agricultural residues, demonstrating the effectiveness of the employed green
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processing strategy [16]. The preservation of the cellulose I crystalline structure together with the substantial increase
in peak intensity, peak sharpness, and crystallinity provides strong evidence for the successful conversion of purified
cellulose into nanocellulose. Although XRD analysis alone cannot directly determine particle dimensions, the
observed structural evolution is fully consistent with the nanoscale morphology identified by FE-SEM and TEM
analyses and with the particle size distribution obtained from DLS measurements. Overall, the XRD results
demonstrate that the choline chloride: urea deep eutectic solvent efficiently fractionated the peanut shell biomass
while preserving the intrinsic crystalline structure of cellulose. The subsequent nanoparticle formation process further
enhanced the crystalline organization, resulting in highly ordered nanocellulose with minimal struetural degradation

and excellent physicochemical characteristics suitable for advanced material applications.
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Fig 8. X-ray diffraction pattern of cellulose extracted from peanut shells using a deep eutectic solvent (DES). Characteristic
diffraction peaks of cellulose I were detected at approximately 26 = 16°, 22°, and 34-35°, corresponding to the (110), (002),
and (004) crystal planes, respectively. The broad nature of the diffraction peaks reflects the presence of both crystalline and

amorphous cellulose domains, confirming the successful isolation of cellulose while maintaining its native crystalline structure.
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Fig 9. X-ray diffraction pattern of cellulose nanoparticles obtained from cellulose extracted from peanut shells using a deep
eutectic solvent (DES). Characteristic diffraction peaks of cellulose I were detected at approximately 26 = 16°, 22.65°, and 34—
35°, corresponding to the (110), (002), and (004) crystal planes, respectively. The enhanced intensity and sharpness of the (002)

reflection indicate increased crystallinity and successful nanocellulose formation.
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3.8. Zeta potential analysis

The zeta potential of the nanocellulose suspension was measured to evaluate its colloidal stability and surface charge
characteristics. The obtained results (Fig 10.) show negative zeta potential values ranging from approximately —27 to
—35 mV, with an average value close to =30 mV. Such negative surface charge is characteristic of cellulose-based
nanomaterials and arises from the presence of hydroxyl groups and possible formation of weakly ionized surface
functionalities during processing [38].

The magnitude of the zeta potential indicates that the nanocellulose suspension exhibits moderate to good colloidal
stability. In particular, the sample with a zeta potential of —34.9 mV approaches the threshold commonly associated
with highly stable dispersions, where strong electrostatic repulsion prevents particle aggregation.[27]. This behavior
suggests that the produced nanocellulose can form relatively stable aqueous suspensions, which is a desirable feature
for applications in nanocomposites, coatings, and biomedical systems.

The slight variation observed between repeated measurements (—27 to —35 mV) may be attributed to differences in
dispersion homogeneity and the presence of minor aggregates, as also indicated by the occasional appearance of
secondary peaks in the distribution profile. Such behavior is typical for nanocellulose systems; where strong hydrogen
bonding interactions can lead to partial fibril association in aqueous media.

Overall, the negative zeta potential values confirm that the DES-assisted process not only preserves the chemical
structure of cellulose but also yields nanocellulose with sufficient surface charge to ensure dispersion stability. This
electrostatic stabilization, combined with the high surface area of nanoparticles, enhances their suitability for

advanced applications requiring stable colloidal systems.
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Fig 10. Zeta‘potential distribution of nanocellulose suspension, demonstrating a negative surface charge and good colloidal
stability in aqueous medium.
3.9. Comparison with Previously Reported Nanocellulose Production Routes
Although deep eutectic solvent (DES)-based pretreatment has increasingly been investigated for the fractionation of
lignocellulosic biomass, previously reported approaches have employed different combinations of chemical
pretreatment, acid hydrolysis, oxidation, and mechanical fibrillation. For example, DES-based processing of peanut
shells has previously been reported for the preparation of lignin-containing cellulose nanocrystals [13], while other

studies have combined alkaline pretreatment with acid hydrolysis and ultrasonication [14] or employed acid
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hydrolysis as the principal nanocellulose isolation step [24]. More recently, ChCl-based DES systems combined with
intensive ultrasonication have been investigated for the production of cellulose nanofibers from barley straw [10,39].
The present study differs from these approaches primarily in the configuration of the nanoparticle formation stage. In
the proposed route, choline chloride: urea DES was first employed for fractionation and purification of peanut shell
biomass, followed by probe-ultrasonication-assisted mechanical disintegration without the use of acid or enzymatic
hydrolysis. Thus, nanoscale cellulose particle formation in the present process is achieved predominantly through the
mechanical effects associated with ultrasonic cavitation rather than through chemical cleavage of cellulose chains.
This distinction provides a simpler nanoparticle formation pathway and avoids the use of strongimineral acids during
the conversion of purified cellulose into nanocellulose.

As summarized in Table 6, the present approach produced approximately 50% cellulose/from the initial peanut shell
biomass, followed by an approximately 80% conversion of the extracted cellulose to'nanocellulose; corresponding to
an overall yield of approximately 40%. The resulting nanocellulose exhibited fibrillar dimensions of approximately
10—40 nm and a crystallinity index of 81.1%, while the negative zeta potential values of —27 to =35 mV indicated
moderate to good colloidal stability. These characteristics compare favorably with several previously reported
lignocellulosic nanocellulose systems, although direct comparison of yield values should be made with caution
because the reported yields in the literature are not always calculated on the/same basis. Importantly, the preservation
of the cellulose I crystalline structure together with nanoscale fibrillation demonstrates that effective nanocellulose
production can be achieved without introducing an acid-hydrolysis step into the nanoparticle formation stage.
Overall, the results indicate that the proposed ChCl: urea DES-assisted extraction followed by probe-ultrasonication-
assisted mechanical defibrillation provides adistinct and potentially simplified route for converting peanut shell waste
into nanocellulose. The combination of relatively high cellulese recovery, substantial conversion of the extracted
cellulose to nanocellulose, preservation of cellulose I crystallinity, nanoscale fibrillar morphology, and favorable
colloidal characteristics highlights. the potential of this integrated approach for the valorization of peanut shell

biomass.
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Table 5. Comparison of the present approach with selected previously reported routes for nanocellulose production from

lignocellulosic biomass.

Main nanoparticle Main feature and
Entry Study Feedstock Yield (%)
pretreatment formation limitation
) Chemical isolation Directly related to groundnut
Groundnut Chemical 12 % .
1 [23] of cellulose shell; relatively low overall
shell pretreatment overall yield )
nanocrystals CNC yield
High reported yield, but
Almond Acid i ) 67-71.8% ) .
2 [24] Acid hydrolysis ) requires strong acid
shell treatment overall yield )
hydrolysis
Alkaline
o Effective nano fibrillation
treatment + Ultrasonication- . .
Sugarcane . . 42% but involves multiple
3 [16] H202 + mild assisted ) )
bagasse o overall yield chemical treatment steps,
H2S04 fibrillation ) ) ) )
) including acid hydrolysis
hydrolysis
ChCl-based
DES Preparation of Peanut-shell-based DES
4 [13] Peanut containing lignin-containing 59.49% route; performed at 120 °C
shell lignin- cellulose overall yield for 3 h and produced lignin-
derived nanocrystals containing CNCs
phenol
Wet grinding + DES-assisted ultrasound
Barley ChCl: formic o ] >80% nano o )
5 [10] . high-intensity o route; requires intensive
straw acid DES fibrillation
ultrasonication mechanical processing
ChCl-oxalic o )
Wet grinding + Cellulose purity >88%, PDI
Barley acid o ] >80% nano )
6 [39] . high-intensity o <0.5, and zeta potential <—30
straw dihydrate fibrillation
ultrasonication mV
DES
Acid-free mechanical
Probe- nanoparticle formation;
ultrasonication- preservation of cellulose I;
Present Peanut ChCl: urea . 80% CNP .
7 assisted ) comprehensive
study shell DES . conversion .
mechanical morphological, structural,
disintegration and colloidal

characterization

3.10. Potential Practical Applications

The characteristics of the nanocellulose obtained in this study suggest several potential real-world applications. The

nanoscale morphology (1040 nm), preserved cellulose I crystalline structure, and negative zeta potential indicate
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that the produced nanocellulose could serve as a reinforcing and functional component in bio-based polymer matrices.
In particular, its incorporation into biodegradable polymer films and nanocomposite materials could potentially
improve mechanical reinforcement and contribute to the development of cellulose-based packaging materials. The
nanoscale morphology and high crystallinity also make the material potentially suitable for use as a reinforcing phase
in coatings and other cellulose-based composite systems. However, these potential applications were not directly
evaluated in the present study. Therefore, application-specific studies should be conducted to determine the effects of
nanocellulose loading, dispersion, interfacial compatibility, and processing conditions on the mechanical, barrier, and

functional properties of the resulting materials.

4. Conclusion

In this study, peanut shell biomass was successfully converted into cellulose nanoparticles (CNPs) through an
integrated choline chloride: urea deep eutectic solvent (DES) pretreatment followed by probe-ultrasonication-assisted
mechanical disintegration. The DES pretreatment resulted in approximately 50% cellulose recovery from the initial
peanut shell biomass, while subsequent probe ultrasonication converted approximately 80% of the extracted cellulose
into CNPs, corresponding to an overall yield of approximately 40%. Importantly, nanoparticle formation was
achieved without acid or enzymatic hydrolysis, with ultrasonic cavitation.and mechanical disintegration serving as
the principal mechanisms responsible for the formation of nanoscale eellulose particles. The structural and
morphological analyses confirmed the successful formationof nanostructured cellulose. FE-SEM revealed nanoscale
cellulose structures with characteristic dimensions of approximately»10—40 nm, while TEM further confirmed
nanoscale cellulose structures with particle-like morphology. XRD analysis showed that the cellulose I crystalline
structure was retained, with a crystallinity index of approximately 81.1%. DLS analysis indicated a dominant
hydrodynamic size distribution in the 120—180 fim range, whereas the Z-average diameter of 833.15 nm and PDI of
approximately 0.5 suggested the presence of associated nanoparticles and aggregates in the aqueous suspension. In
addition, the CNPs exhibited negative zeta-potential values ranging from —27 to —35 mV, indicating moderate to good
colloidal stability.

The proposed progeess. providesia distinct.processing configuration in which DES-assisted fractionation is followed
by chemical-hydrolysis-free mechanical disintegration. Compared with conventional routes involving acid
hydrolysis; alkaline treatment;, or oxidative processing, this approach avoids the use of chemical hydrolytic agents
during the nanoparticle. formation step while maintaining the characteristic cellulose I structure and producing
nanoscale cellulose particles. Despite these promising results, several limitations should be considered. First, the
present study<was conducted at laboratory scale, and therefore the scalability of the DES-assisted extraction and
probe-ultrasonication process has not yet been established. Second, the energy consumption associated with
prolonged probe ultrasonication was not systematically quantified, although sonication is an important operational
step in the proposed route. Third, the DES recovery and recycling potential were not evaluated, and the environmental
performance of the complete process was not assessed through a life-cycle analysis. In addition, although the
produced CNPs showed favorable morphological and colloidal characteristics, their performance in specific end-use
applications was not investigated in the present study. Future studies should therefore focus on process scale-up,
optimization of sonication energy and time, DES recovery and recycling, and techno-economic and life-cycle

assessments. Further investigation of the incorporation of the produced CNPs into polymeric matrices and the
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evaluation of their functional performance in application-specific systems would also be valuable for determining
their practical potential. The resulting CNPs therefore represent a promising bio-based material for future
development of polymer nanocomposites, biodegradable films, packaging materials, and cellulose-based coatings,

although application-specific performance remains to be experimentally established.
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Nomenclature
Abbreviation Full form
CNPs Cellulose Nanoparticles
Crl Crystallinity Index
DES Deep Eutectic Solvent
DLS Dynamic Light Scattering
ELS Electrophoretic Light Scattering
FE-SEM Field Emission Scanning Electron Micrescopy
FT-IR Transform Infrared Spectroscopy Fourier
H202 Hydrogen Peroxide
PDI Polydispersity Index
TEM Transmission Electron Microscopy
XRD X-ray Diffraction
ChCl Choline Chloride
KBr Potassium bromide
W/V Weight/volume
VIV Volume/Volume
Cu Ka Copper K-alpha radiation
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