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A B S T R A C T   

Nanocellulose (CNF) has emerged as a promising alternative to synthetic petroleum-based polymers, but the 
conventional preparation process involves multiple tedious steps, heavily dependent on chemical input, and 
proves cost-inefficient. This study presented an, in situ ultrasound-assisted extraction using deep eutectic solvent 
(DES) based on choline chloride and oxalic acid for more facile production of CNF from raw durian husk fibers. 
FESEM analysis confirmed the successful extraction of web-like nanofibril structure with width size ranging from 
18 to 26 nm. Chemical composition analysis and FTIR revealed the selective removal of lignin and hemicellulose 
from the raw fiber. As compared to post-ultrasound treatment, in situ ultrasound-assisted extraction consistently 
outperforms, yielding a higher CNF yield with finer fiber width and significantly reduced lignin content. Inte-
grating this eco-friendly in situ ultrasonication-assisted one-pot extraction method with a 7.5 min interval yielded 
the highest CNF yield of 58.22 % with minimal lignin content. The superior delignification ability achieved 
through the proposed in situ ultrasound-assisted protocol surpasses the individual efficacy of DES and ultra-
sonication processes, neither of which yielded CNF in our experimental setup. This single-step fabrication process 
significantly reduces chemical usage and streamlines the production steps yielding web-structured CNF that is 
ideal for sustainable application in membrane and separator.   

1. Introduction 

The substantial increase in the global population, rapid urbanization, 
and increased anthropogenic activities contribute significantly to the 
extensive generation of agricultural waste. Without proper waste man-
agement, the long-term accumulation of this agricultural waste poses a 
severe threat to the environment and human health. Hence, it is 
imperative to formulate effective waste management strategies to 
address environmental concerns and promote a circular economy. Over 
the past few decades, there has been a growing interest in upcycling 
lignocellulosic biomass into high-value products, such as valuable green 
chemicals, sought-after biofuels, and carbonaceous materials, as a 
means of biomass valorization [1]. Given the nutritional value and 

popularity of durians in the food processing industry, durian waste has 
emerged as a notable agricultural waste stream with substantial poten-
tial in Southeast Asia [2]. Notably, durian husk fibers are rich in fiber 
content, making them exceptionally suitable for valorisation into valu-
able products [3]. 

Nanocellulose (CNF), defined as nano-scaled cellulose fragments 
with inherently desirable commercial properties, has become a focal 
point in biomass upcycling research. Its lightweight, nanoscale crystal-
line and fibril structure, and exceptional mechanical and optical prop-
erties position CNF as an extraordinarily versatile and sustainable 
material with applications spanning various sectors. When used inde-
pendently, CNF exhibits remarkable emulsifying properties [4]. More-
over, when employed as a reinforcing agent in combination with 
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different materials, CNF demonstrates outstanding capabilities, 
expanding its potential applications to diverse areas such as water 
remediation [5], food packaging [6], energy conversion and storage [7], 
biomedical applications, etc [8]. Consequently, the utilization of CNF 
has the potential to reduce global dependence on petroleum-based 
products significantly and decelerate the depletion rate of fossil fuels 
[9]. However, concerns have arisen about the sustainability and high 
cost of CNF extraction methods due to their tedious, energy-intensive, 
and hazardous chemical nature [10]. To address these issues and facil-
itate industrialization, there is a need for robust technologies that 
streamline the production process, from pretreatment to the extraction 
of surface-modified CNF, improving overall production efficiency and 
sustainability. 

Recognizing their appealing physiochemical properties, including 
negligible vapor pressure and high recyclability, deep eutectic solvents 
(DESs) emerge as promising environmentally friendly and low-to- 
nontoxic solvents capable of fractionating various biopolymers 
through multifacted mechanisms. Comprising hydrogen bond donor 
(HBD) and acceptor (HBA) components, DES can selectively cleave 
ester, ether, and glycosidic linkages connecting lignin and hemicellulose 
via proton-attacked hydrolysis. Additionally, they disrupt the overall 
hydrogen-bond network within interchains through an electron- 
withdrawing effect [11]. Extensive research has demonstrated the effi-
cacy of carboxylic acid-based DES, such as choline chloride (ChCl)/lactic 
acid (LA), in delivering simultaneous delignification and hemicellulose 
removal at high efficiency, reaching up to 91 % [12]. This simultaneous 
action is unattainable by conventional methods relying solely on protons 
for structure deconstruction. The same category of DES has recently 
been explored for its performance in CNF extraction [13]. High yields of 
CNF were successfully extracted from various biomass feedstocks using 
ChCl/oxalic acid (OA) DES under conditions of 70–150 ̊C and 0.5–6 h, 
with assistance from post-mechanical treatments such as high-pressure 
homogenization [14], ball milling, etc [15,16]. DES effectively de-
polymerizes the amorphous domains of cellulose, as indicated by a 
decreased degree of polymerization value after treatment. Furthermore, 
the as-obtained CNF was found to be surface-functionalized with 
carboxyl groups provided by DES [17]. While previous studies have 
demonstrated the profound ability of DES in separate processes of pre-
treatment and isolation for CNF preparation, it is worth exploring the 
feasibility of a one-pot extraction of cnf directly from raw fibers using 
ChCl/OA. 

In CNF extraction within a DES system, elevated temperatures 
contribute to a higher degree of particle size reduction due to an 
increased hydrolysis rate. At the same time, extended durations result in 
an increased degree of carboxylation [18]. However, achieving desir-
able CNF properties through such kinetics increases energy requirement. 
Ling et al. introduced microwave assistance into the DES-based pre-
treatment process to address this issue, resulting in rapid and intensified 
delignification. This enhancement facilitates cellulose extraction with 
high crystallinity, which can be further converted into CNF efficiency 
[19]. The microwave-assisted DES system expedites selective bond 
cleavage during lignin depolymerization. It drastically reduces pro-
cessing time to just 10 min, unlike the conventional synthesis process, 
which requires at least 6 h of heating [20]. The use of external supple-
mentary energy in this manner proves effective in decoupling produc-
tivity from energy demand. Moreover, ultrasonication offers an 
additional advantage over microwave irradiation. Its intrinsic cavitation 
effects disrupt solid surfaces and subsequent mass transfer into inter- 
and intra-fiber pores [21]. The implementation of ultrasound-assisted 
extraction perturbs the biomass matrices, and the cavitation bubbles 
produced facilitate the disruption of hydrogen bonds and penetration of 
the solvent into the entangled biomass network [22,23]. Specifically, 
these cavitation bubbles create localized shear forces, and turbulence 
which can highly bolster the mass and heat transfer within the reaction 
system. As a result, the surface of the biomass can be effectively dis-
rupted, revealing fresh solid surfaces for delignification and cellulose 

isolation. This disruption reduces diffusion boundary layers, enabling 
the solvent to penetrate the previously unreachable internal solid ma-
trix, thereby enhancing the efficacy of chemical treatments [24]. Guo 
et al. integrated in situ ultrasonication (315 W, 45 ̊C) into nanocellulose 
extraction using sulphuric acid hydrolysis and achieved an improved 
yield of nanocellulose (18.3 % to 52.8 %) with a reduced processing time 
(120 min to 45 min) [25]. This suggests incorporating ultrasound- 
assisted extraction (UAE) improves CNF extraction efficiency under 
milder conditions than conventional extraction methods. Besides, the 
sequence of ultrasonication implementation and the duration of ultra-
sound irradiation can significantly influence the delignification ratio 
and CNF extraction yield. Specifically, ultrasound irradiation intervals 
can control the solvent’s viscosity and the mass transfer within the 
solvent system, potentially affect lignin removal efficiency and CNF 
production yield [26,27]. Therein, this study investigated the impact of 
post and in situ ultrasonication-assisted treatments on the properties of 
CNF. 

Considering the favourable mechanistic behaviours and environ-
mentally benign nature of both DES and ultrasonication technology, 
their combined deployment offers a promising green solution for CNF 
extraction, aligning with green chemistry and economic chemistry 
principles. Therefore, this study explores the potential of using a greener 
and more sustainable ultrasonication-assisted DES treatment in a one- 
pot approach for preparing CNF from durian husk fiber. A comparison 
between a sequential DES-ultrasonication method and an in situ 
ultrasound-assisted protocol is conducted to elucidate the extent of 
performance improvement. Furthermore, the effects of the time interval 
between each in situ sonication cycle are also unraveled in this work. 

2. Material and methods 

2.1. Materials and reagents 

The durian husk fibers were purchased from local fruit stall and 
ground into fine fiber (0.5 mesh) using a grinding machine after oven- 
drying at 60 ̊C. Oxalic acid dihydride (OA; R&M), and choline chlo-
ride (98 % C5H14NClO, ChCl; Chemiz) was used for the preparation of 
DES. 

2.2. Preparation of DES 

The binary DESs were prepared following the method outlined by 
Hong et al [28]. In brief, ChCl and OA were mixed in a molar ratio of 
1:1under constant magnetic stirring at 100 ̊C in an oil bath for 20 min. 

2.3. Production of CNF 

2.3.1. Post-ultrasonication treatment 
Durian husk fiber was added into the as-prepared DES at a fiber-to- 

solvent weight ratio of 1:20 and stirred under 80 C̊ for 1.5 h. 
Following this, twice the volume of cold deionized water (42 mL) was 
added to the mixture to halt the reaction promptly. The mixture was 
then centrifuged at 6000 rpm for 10 min to separate DES as supernatants 
for recycling purpose. The sediments containing DES-treated fibers were 
subjected to dialysis using a dialysis membrane (12,000––14,000 Da) 
against water until a constant pH was attained. Subsequently, the DES- 
treated fibers were diluted to 0.5 wt% in deionized water and subjected 
to high-intensity ultrasonication (TU-1800E4, Toption Instruments, 
China, horn-type ultrasound reactor, 50 kHz, 1800 W, 2/2 s on/off 
pulse) at 900 W for 15 min to yield CNF. As not all samples were 
characterized in solid form, the resulting CNF suspension was not 
immediately isolated from the solution following ultrasonication. The 
obtained CNF suspension was alternatively stored in a refrigerator prior 
to characterization. 
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2.3.2. In situ ultrasonication-assisted treatment 
Durian husk fiber was added into the as-prepared DES at a fiber-to- 

solvent weight ratio of 1:20 and stirred under 80 ̊C. Throughout the 
reaction at various time intervals (5, 7.5, 10 min), the mixture was 
subjected to high-intensity ultrasonication at 900 W for 1 min. This duty 
cycle was repeated for 1.5 h. Subsequently, twice the volume of cold 
deionized water (42 mL) was added to the mixture to halt the dissolution 
process promptly. The mixture was then centrifuged at 6000 rpm for 
10 min to separate DES as supernatants for recycling purpose. The 
sediments containing CNF were subjected to dialysis using a dialysis 
membrane (12,000––14,000 Da) against water until a constant pH was 
attained. Given that not all samples were characterized in solid form, the 
resultant CNF suspension was not promptly separated from the solution 
after ultrasonication. The obtained CNF suspension was stored in a 
refrigerator before characterization. 

2.4. Characterization of CNF 

2.4.1. Gravimetric yield 
The CNF suspension was oven dried at 80 ◦C to obtain its weight 

(m1), and the yield was determined with reference to the weight of raw 
durian husk fibers (RDHF) using the Eq. (1). 

Yield =
m1

m0
× 100% (1)  

2.4.2. Chemical compositional analysis 
The chemical composition of the RDHF and CNFs was analysed based 

on TAPPI standard methods. The lignin content in the samples was 
characterized using TAPPI T222. In this procedure, 300 mg of 
extractives-free sample was introduced into 3 mL of 72 % sulfuric acid at 
30 ̊C for 1 h. Subsequently, the acid mixture was diluted to 3 %, boiled 
for 4 h, and allowed to settle in an inclined position overnight. The 
sediment obtained was considered acid-insoluble lignin, while the 
filtered supernatant was collected for acid-soluble lignin determination. 
The collected acid-insoluble lignin was washed with hot water and dried 
in a vacuum oven for 1 h at 105 ± 3 ̊C. Simultaneously, the acid-soluble 
lignin was determined by measuring the solution’s absorbance using 
UV–Vis spectrophotometry at 205 nm (Eq. (2). 

Lignin =
A

b × a
(2)  

Where A refers to absorbance, b represents the light path in cm, and a 
denotes the absorptivity in l g-1cm− 1. The total lignin content was 
determined by summing the values of insoluble and soluble lignin 
contents. 

The delignification ratio is calculated using equation below (Eq. (3): 

Delignificationratio(%) =

(

1 −
Totalsolidafterpretreatment

Totalsolidbeforepretreatment

)

× 100%

(3)  

After drying, 250 mg of the extractives-free samples were mixed with 
5 mL of deionized water, 2 mL of acetic acid, and 10 mL of 80 % sodium 
chlorite. The mixture was heated at at 90 ̊C in a water bath for 1 h. 
Following this, an additional 4 mL of acetic acid and 10 mL of 80 % 
sodium chlorite were added to the reaction solution for another hour of 
reaction. Subsequently, the reaction solution was immersed in a 10 C̊ 
water bath to terminate the reaction, and the remaining solids were 
filtered and washed with deionized water. The remaining solids were 
quantified as holocellulose (a combination of hemicellulose and cellu-
lose), and they were dried at 105 ± 3 ̊C until a constant weight was 
achieved. 

In the final step, 100 mg of holocellulose was immersed in 8 mL of 
17.5 % NaOH for 30 min at room temperature. Following this, 8 mL of 
deionized water was added to the solution for a 30 min reaction. Sub-
sequently, the solids were filtered and washed with deionized water. The 

residue was impregnated with 20 mL of 1.0 M acetic acid for 5 min. 
Finally, the residue was washed with excess water and dried at 105 ℃ 
until a constant weight was achieved. These remaining residues are 
quantified as alpha-cellulose, and the difference between the hol-
ocellulose and cellulose values provides the hemicellulose content of the 
samples [29,30]. 

2.4.3. Fourier transform infra-red spectroscopy (FTIR) 
The functional groups and chemical structure of the extracted CNF 

were analysed using a FTIR spectrometer (Spectrum 100, Perkin Elmer 
Inc., USA) equipped with an attenuated total reflectance (ATR) diamond 
accessory, by scanning through 600 to 4000 cm− 1 with a resolution of 40 
scans and 4 cm− 1 [13,31]. 

2.4.4. Uv–vis spectroscopy 
The UV − vis absorption spectrum of 0.5 wt% CNF suspension was 

obtained at room temperature using an ultraviolet–visible spectropho-
tometer (JASCO V-770, Jasco Inc., Japan) in the wavelength of 200 to 
800 nm. 

2.4.5. Morphology analysis 
The surface morphology of the obtained CNF was examined using 

field-emission scanning electron microscopy (FESEM, SU8010, Hitachi 
Asia Ltd., Japan). CNF suspension was diluted by 100-fold and deposited 
on a silicon wafer. Subsequently, the samples were sputter-coated with 
3 nm of platinum before FESEM observation at an accelerating voltage of 
5.0 kV. The average diameter of CNF was measured using Image J 
software and analysed using Origin software. 

3. Results and discussion 

In this study, two routes of ultrasound-assisted one-pot CNF synthesis 
processes, encompassing three sequential steps, i.e., pretreatment of 
biomass material, isolation of CNF, and surface modification, were 
conducted using a horn-type ultrasound reactor. The chosen medium for 
the one-pot CNF synthesis system was a carboxylic acid-based DES, 
specifically ChCl/OA. The polarity of DES can be enhanced by increasing 
the presence of hydroxyl and carboxyl groups within the DES. The high 
polarity of DES is advantageous for establishing hydrogen bonding and 
solvent interaction between the DES and the lignocellulosic biomass. 
This improvement facilitates enhanced lignin removal and CNF extrac-
tion performance [32–34]. A schematic representation of the experi-
mental process is shown in Fig. 1. An observable transformation occurs 
in the solvent system, shifting from a transparent state to a wine-red 
colour upon substituting the RDHF. Furthermore, the solvent system 
progressively darkens, successfully eliminating lignin and xylan content 
from the RDHF [35–37]. The process conditions of the as-synthesized 
CNFs from both protocols were summarized in Table 1. While ultra-
sonication can enhance the CNF extraction process through defibrilla-
tion, it cannot be solely relied upon for the isolation of CNF. Achieving 
complete extraction requires a chemical or enzymatic pretreatment. 
While DES can partially disrupt fiber structure, it is not capable of fully 
isolating CNF. Regrettably, neither ultrasound nor DES alone yielded 
CNF in the proposed experimental setup. Therefore, data pertaining to 
ultrasound and DES will be excluded from this study. See Tables 2 and 3. 

3.1. Effect of ultrasound irradiation duration on CNF morphologies 

The structural and morphological characteristics illustrated in Fig. 2 
confirmed the successful yield of nano-sized fibrous cellulose through 
the post ultrasound treatment and the in situ ultrasound-assisted proto-
col. Fig. 2 (a) and 4(b) depict the surface morphology of CNF samples 
produced through the post-ultrasound treatment. At the same time, the 
remaining micrograph illustrates CNF samples synthesized via the pro-
posed in situ ultrasound-assisted protocol with varying ultrasound irra-
diation durations. The fiber width of the produced CNF was randomly 
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estimated from 50 web-like structural fibres shown in the FESEM mi-
crographs (Fig. 2), and the mean fiber width ranged from 18 to 26 nm. 
Overall, a web-like heterogeneous interconnected structure was 
observed on the top surface of all the as-synthesized CNF samples, 

indicating the successful removal of amorphous cellulose with a random 
orientation. Indeed, these web-like structures were formed due to the 
disproportional cleavage of inter- and intra- hydrogen bond networks 
caused by ultrasound cavitation and the protons released by DES 
[38,39]. The reduction in fiber size can be attributed to the increased 
frequency of ultrasound cavitation and protons attacks on the CNF 
surface. The non-crystalline regions were rapidly and disproportionately 
destroyed, leading to a substantial increase in pores on the CNF surface 
and, consequently, a smaller fiber size. 

The intense turbulence generated by ultrasound cavitation is crucial 
in facilitating efficient mixing within the solvent system, effectively 
reducing diffusion barriers throughout the interconnected structure of 
durian husk fibres. With the extension of ultrasound irradiation time, the 
cavitation bubbles generated by ultrasound contribute to the erosion of 
the biomass structure. Consequently, as liquid movement intensifies and 
erosion on the biomass structure is enhanced, protons are available 
within the one-pot system. This increased availability promotes a more 
frequent attack of protons on the hydrogen bond network within the 
biomass structure [40]. Consequently, as the ultrasound irradiation time 
increases, more pores are generated on the cellulose surface, leading to 
enhanced uniformity in CNF surface pores and facilitating the formation 
of a web-like structure. FESEM micrograph depicts a crystalline struc-
ture stacked on the entangled web-like structure. which suggests the 
presence of remaining or repolymerized lignin. 

3.2. Effect of ultrasound irradiation duration on chemical composition 

The identification of lignin in the diluted CNF suspension was 
accomplished through UV–Vis spectral analysis. As illustrated in Fig. 3a, 
absorbance peaks corresponding to the aromatic chromophore of lignin 
(at 230 nm and 280 nm) were observed in all CNF suspensions (0.5 wt%) 
[41]. Among all the prepared CNF suspensions, PU-NC and UAE 1-NC 
suspensions exhibited the highest peak intensity at 280 nm, corre-
lating with the visually observed darker colour. This can be attributed to 

Fig. 1. Schematic illustration of durian husk fiber-derived CNF extraction via one-pot DES treatment with post-ultrasonication treatment and in situ ultra-
sonication treatment. 

Table 1 
Ultrasound process condition for various sample.   

Process conditions  

Sonication condition Irradiation 
time 

Time 
interval 

PU-NC Post ultrasound treatment 5 min N/A 
UAE 1- 

NC 
in situ ultrasound assisted 
protocol 

1 min 5 min 

UAE 2- 
NC 

in situ ultrasound assisted 
protocol 

1 min 7.5 min 

UAE 3- 
NC 

in situ ultrasound assisted 
protocol 

1 min 10 min  

Table 2 
Summary of FTIR Spectra and respective indication.  

Wavenumber 
(cm− 1) 

Indication 

898 β-glycosidic bond vibration 
982 Bending of C-OH and C-H3 in hemicellulose 
1052 Stretching of C-O bond in cellulose 
1161 C-O-C bond stretching vibration 
1250 Vibration of C-O stretching in lignin 
1316 C-H2 wagging in cellulose 
1429 Deformation of asymmetric C-H2 bond in hemicellulose 
1500 Lignin aromatic skeletal vibrations 
1730 Vibration of C = O bond of the carboxyl groups in 

hemicellulose 
2890 CH bond stretching vibration 
3339 O-H bond stretching vibration  

Table 3 
Compositional analysis of the RDHF and resulting CNFs.   

Lignocellulose composition Removal content  

Lignin (%) Hemicellulose (%) Cellulose (%) Lignin (%) Hemicellulose (%) 

Raw durian husk fiber  19.57  40.43  40.00 − −

PU-NC  11.55  16.03  72.41 40.97 60.35 
UAE 1-NC  17.80  7.24  74.96 9.04 82.09 
UAE 2-NC  0.11  24.31  75.58 99.44 39.87 
UAE 3-NC  0.10  38.36  61.54 99.50 5.12  
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the cellulose undergoing a charring process due to the increasingly 
acidic synthesis environment and residual lignin content. The lignin 
content within the dissolution system would degrade into an acid- 
soluble form, further depolymerizing into smaller molecular-weight 
products. These smaller products would then repolymerize into insol-
uble lignin residuals deposited on the CNF, contributing to the dark-
ening of the samples. In the case of CNF suspension prepared using the in 
situ ultrasound-assisted protocol, the peak intensity increased as the 
ultrasound irradiation was reduced. A decrease in ultrasound irradiation 
interval led to an increase in the frequency of in situ ultrasonication, 
thereby significantly enhancing the DES hydrolysis process. Prolonged 
hydrolysis processes aided by ultrasound cavitation enhance the 
extraction of CNF and promote the degradation of lignin content into an 
acid-soluble form. Additionally, the process leads to the repolymeriza-
tion of numerous smaller molecular weight products into insoluble 
lignin residuals. Consequently, the colour of the CNF suspension 
deepens as the ultrasound irradiation interval decreases, resulting in a 
higher absorbance requirement at the wavelength of 280 nm. The 
anomalous peak and high lignin content observed in UAE 1-NC validate 
the efficacy of in situ ultrasonication treatment in catalysing both the 
biomass disruption process and the repolymerization of high lignin 
content, attributable to the prolonged process duration [33,35,42]. 

While all resulting CNF suspensions exhibited strong transmittance 
at 400 nm, an increment in transmittance was noted across the visible 
wavelength range (Fig. 3b). Following Rayleigh scattering principles, a 
direct relationship exists between particle diameter and increased light 
scattering. Notably, the transmittance values of 0.01 wt% CNF at 
600 nm were notably low, measuring at 14.09 %, 22 %, 19.86 %, and 
30.63 % for PU-NC, UAE 1-NC, UAE 2-NC, and UAE 3-NC, respectively. 
The decrease in visible light transmission can be primarily attributed to 
variations in nanofibril quantities and qualities, including dimensions, 
surface chemistries, and charges. These relatively lower transmittance 
values, significantly below those reported in previous studies [18], 
highlight a complex and entangled structure in the synthesized CNF, 
leading to minimal visible light scattering. Consequently, the observed 
lower light scattering in the as-synthesized CNF suspension in this study 
can be attributed to its intricate and web-like entangled structure [43]. 
The analysis of lignin distribution in the resulting CNF suspensions was 
conducted at a fixed wavelength absorption (Fig. 3c). The linear in-
crease in the intensity of the absorbance peak at 280 nm with the rise in 
CNF suspension, especially in terms of lignin concentration, indicates a 
homogeneous distribution of lignin within the CNF suspension. 

FTIR analysis provides insights into the chemical transformation 
occurring from RDHF to CNF as a result of DES treatment and various 

Fig. 2. FESEM micrographs of PU-NC (a) (b), UAE 1-NC (d) (e), UAE 2-NC (g) (h), and UAE 3-NC (j) (k) at 1.0 μm as well as 500 nm; and particle distribution of PU- 
NC (c), UAE 1-NC (f), UAE 2-NC (i) and UAE 3-NC (l). 
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ultrasonication approaches and conditions (Fig. 3d). The cellulose is 
characterized by the peaks at 3339, 2890, 1429, 1316, 1161, 1052, 
898 cm− 1, corresponding to the vibrational modes of OH stretching, CH 
stretching, CH2 scissoring, CH2 rocking vibration, C-O-C stretching, C-O 
stretching, and β-glycosidic bond vibration, respectively [44,45]. These 
peaks mirror the cellulose I β-assigned peaks found in pristine RDHF, 
indicating that both DES and ultrasonication processes do not cause 
alterations in the cellulose polymorphic structure. In contrast to RDHF, 
all CNF exhibit a significant increase in signal intensity at the water 
absorption peak of 1644 cm− 1, attributing to their characteristic traits of 
larger specific surface area and hydrophilic nature [46,47]. The func-
tional groups associated with lignin in RDHF, including the vibration of 
the aromatic in-plane C-O bond and the guaiacyl ring located at 
1250 cm− 1 and 1500 cm− 1 reduced in band intensity after both post- 
ultrasound and in situ ultrasound treatments (Fig. 3d). Particularly, 
the band at 1250 cm− 1 diminished completely after in situ treatment, 
suggesting its more effective lignin dissolution than post-ultrasound 
treatment. Besides, characteristic peaks of hemicellulose comprise the 
bending vibration of the C-H3 and C-OH bonds, the deformation of the 
asymmetric C-H2 bond, as well as the stretching of C = O, observed at 
982, 1429, and 1730 cm− 1, respectively [44,45]. Even following the DES 
extraction process with post-ultrasound and in situ ultrasound treat-
ments, these peaks distinctive of hemicellulose persist, indicating their 
significant presence in the resulting CNFs. The established standard 
protocols outlined by TAPPI were implemented to determine the 
quantitative alterations in composition and assess the corresponding 
efficiency of pretreatment. 

Fig. 3e and Table 4 present the chemical composition of the RDHF 
and CNF analysed through TAPPI methodology. The RDHF composition 
comprises 19.57 % lignin, 40.43 % hemicellulose, and 40.00 % cellu-
lose. Treatment with DES followed by post-ultrasonication led to partial 
dissolution of both hemicellulose and lignin, resulting in removal per-
centages of 60.35 % and 40.97 %, respectively. Conversely, despite the 
facilitation of solvent penetration and chemical reactivity by in situ 
sonication in UAE-1, the resultant CNF exhibited lower lignin removal 
9.04 % but higher hemicellulose removal 82.09 %. This discrepancy 

may be attributed to the triggering of lignin repolymerization by the 
sonication conditions applied in UAE-1. While the cleavage of β-O-4′ 
linkages is pivotal for lignin removal, DES extraction can dissolve sub-
stantial pseudo-lignin containing highly-reactive functionalities, 
inducing the repolymerization of polysaccharide degradation products 
and consequently reducing the delignification ratio [48]. Studies have 
previously noted the concurrent occurrence of lignin repolymerization 
and depolymerization during DES extraction, particularly under harsh 
conditions, resulting in decreased lignin content in treated fibers 
compared to optimal conditions [49,50]. See Table 5.. 

Employing less intensive sonication with longer time intervals and 
fewer cycles in UAE-2 and UAE-3 treatments significantly improves 
delignification efficiency, reaching up to 99.44 % and 99.50 %, 
respectively. The variation in lignin content in CNF prepared under 
different sonication conditions, as measured using the TAPPI method-
ology, correlates with aforementioned UV–Vis spectroscopy findings. 
They particularly both suggest that UAE-2 and UAE-3 provide more 
favorable sonication conditions, resulting in high delignification ratios 
beyond 99 %. This significant delignification efficiency achieved 

Fig. 3. UV–vis absorbance (a) and transmittance (b) of 0.5 wt% as-synthesized CNF, absorbance at 280 nm vs CNF concentration (c), delignification ratio and CNF 
yield of as-synthesized CNF (d) fourier transform infrared spectra of RDHF and as-synthesized CNF (e), and chemical composition and solid recovery for as- 
synthesized CNF (f). 

Table 4 
Properties of CNF from different extraction conditions.   

Process condition 
(sonication time; 
interval time; number 
of sonication cycle) 

Delignification 
Ratio (%) 

Yield 
(%) 

Average 
Fiber 
Width 
(nm) 

PU- 
NC 

5 min; NA; NA  40.97  57.92  26.06 

UAE 
1- 
NC 

In situ ultrasonication, 
1 min irradiation/5 min 
interval 1 min; 5 min; 15  

9.04  54.22  23.69 

UAE 
2- 
NC 

In situ ultrasonication, 
1 min irradiation/7.5 min 
interval; 11  

99.44  58.22  18.16 

UAE 
3- 
NC 

In situ ultrasonication, 
1 min irradiation/10 min 
interval; 8  

99.50  52.84  25.33  
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through DES combined with in situ ultrasound treatment surpasses that 
of a previous study utilizing ChCl/OA alone without mechanical assis-
tance [51]. Even after optimization from temperatures ranging between 
90 to 140 ◦C, the results of the previous study remained below 80 %. 
This underscores the enhancing effect of ultrasonication on perfor-
mance, particularly with in situ ultrasound treatment generally yields 
higher delignification efficiency compared to post-ultrasound treatment, 
within an optimal range that avoides triggering opposing repolymeri-
zation mechanisms. In situ ultrasound treatment benefits from in situ 
cavitation, disrupting and exposing biomass structure, enabling deeper 
penetration of protons from DESs for enhanced reactivity [52,53]. 

The utilization of DES in conjunction with post-ultrasound treatment 
and in situ ultrasound treatments both facilitated the removal of hemi-
cellulose and lignin, leading to an increased cellulose content compared 
to RDHF. Despite variations in the efficiency of non-cellulosic removal, 
both sonication approaches and the various sonication conditions yield 
similar gravimetric amounts of CNF, ranging from 52.84 % to 58.22 %. 
This consistency in yield is attributed to the trade-off between enhanced 
delignification efficiency and reduced hemicellulose removal, which can 
be attributed to the limited capacity of DES to dissolve non-cellulosic 
components overall. Similar findings were reported by Hong’s group 
when employing DES combined with post-ultrasound treatment [28]. 
Nonetheless, nearly complete cellulose retention was consistently 
observed across all CNF samples, underscoring the suitability of ChCl/ 
OA as a preferred choice for a one-pot system emcompassing pretreat-
ment, CNF isolation, and simultaneous surface functionalization. Addi-
tionally, the results emphasized the effectiveness of UAE-2, utilizing a 
7.5-minute interval for in situ ultrasonication irradiation, which opti-
mized CNF yield at 58.22 % with a remarkable 99.44 % delignification 
ratio. (Fig. 3f). 

3.3. Effect of ultrasound treatment on CNF preparation 

Carboxylic acid-based DES ChCl/OA has proven effective in breaking 
down the biomass structure, and the incorporation of ultrasound irra-
diation significantly enhances the penetration of protons and hydrolysis 
efficiency. Table 4 summarizes the properties of CNF produced under 
different extraction conditions, including delignification ratio, yield, 
and the average width of the fiber. Taking a comprehensive perspective, 
the suggested ultrasound-assisted one-pot DES treatment consistently 
yields CNF ranging from 52 % to 58 %, with fiber widths falling within 
the range of 18 nm to 26 nm. When examining the residual lignin con-
tent in the synthesized CNF, post-ultrasonication treatment leads to CNF 
with a lower delignification ratio. In contrast, employing in situ ultra-
sonication treatment with optimal irradiation intervals results in CNF 
exhibiting an elevated delignification ratio, highlighting the 

effectiveness of biomass pretreatment during the in situ ultrasound- 
assisted protocol. 

Table 4 provides a comparative analysis of the CNF yield and char-
acteristics obtained in our study with those from prior research en-
deavors, wherein DESs and ultrasound treatment served as the principal 
extraction and post-treatment methodologies, respectively. The CNF 
yield from post-ultrasound and in situ ultrasound-assisted protocol aligns 
with findings from earlier studies. Notably, the CNF yield derived from 
both the post-ultrasound and in situ ultrasound-assisted protocols is not 
significantly different from earlier studies. Instead, it was noted that this 
study shows a higher delignification ratio but a slightly lower yield 
compared to previous literatures. This diminished yield can be attrib-
uted to several factors, including the absence of water addition and 
microwave assistance (MW), as well as the DES molar ratio used in this 
study. Whilst, the superior delignification ratio obtained through in situ 
ultrasound-assisted protocol suggests that this treatment prioritized 
biomass pretreatment over CNF isolation. Interestingly, it is quintes-
sential to highlight that the surface morphology of the as-produced CNF 
in this study differs from that in prior work. Instead of the typical nano- 
rod or nanofibril structure, a web-like structure was observed in the CNF 
produced here. This unique web-like structure can be ascribed to the 
disproportionate attack of free anions on the cellulose surface, deviating 
from the unidirectional hydrogen bond cleavage that typically shortens 
CNF sizes. Recent studies have focused on transforming conventional 
rod-like CNF into a web-like structure to enhance accessibility and 
mechanical strength in various applications, such as membrane sepa-
ration and energy conversion [54–57]. Earlier research efforts involved 
time-consuming and resource-intensive methods like templating, freeze- 
drying, and TEMPO-oxidation for CNF production [58,59]. Therefore, 
this study’s facile one-pot synthesis process allows for the direct and 
greener production of web-like CNF, offering a more feasible approach. 

Throughout the process, ultrasonication plays distinct roles across 
various phases of the one-pot DES treatment. Fig. 4 summarized and 
compared the disruption pathway of the biomass interconnected 
network through both the post-ultrasound treatment and the in situ 
ultrasound-assisted protocol. Post-ultrasonication, when integrated, 
effectively reduces the size of the extracted CNF. In this process route, 
cellulose is initially extracted through the one-pot DES treatment, fol-
lowed by a sequential cell disruption process facilitated by post- 
ultrasonication treatment. Simultaneously, in situ ultrasonication plays 
a crucial role in enhancing the accessibility of the solvent and catalysing 
the reaction [63,64]. During the in situ ultrasound-assisted protocol, the 
ultrasonication irradiation generates the implosion of cavitation 
microbubbles. These cavitation bubbles significantly enhance the 
movement of reactants among the reaction sites, thereby improving 
mass and heat transfer within the reaction medium, and disrupt the 

Table 5 
Comparison table of the production yield and CNF characteristics.  

DES 
(HBA/ 
HBD) 

Molar 
Ratio 

Biomass Yield 
(%) 

CNF characteristics Delign- 
ification 
Ratio (%) 

Extraction 
Method 

Post treatment 
method 

Ultrasound conditions 
(frequency nominal 
power and type) 

Ref. 

ChCl/OA/ 
water 

2:2:1 Coffee 
Parchment  

78.50 Nanofibrils with 10 nm 
width 

38.8 MW-DES/ 
TEMPO-mediated 
oxidation 

Ultrasonication 25 kHz, 190 W, horn [60] 

ChCl/OA 1:3 Raw cotton 
fiber  

81.6 Nanofibrils with 
4.69 nm width and 
122.4 nm length 

− DES High power 
ultrasonic 
homogenization 

20 kHz, 300 W, horn [61] 

ChCl/OA/ 
AlCl3 

●H2O 

1:1:0.2 Sugarcane 
bagasse  

62.6 Nanofibrils with 17 nm 
width and 600 nm 
length 

83.3 MW-DES Ultrasonication 20 kHz, 650 W, horn [62] 

ChCl/OA 1:1 Luffa sponge  59.1 Nanofibrils with 20 nm 
width and 2000 nm 
length 

59.4 DES Ultrasonication 20 kHz, 600 W, horn [28] 

ChCl/OA 1:1 Durian husk 
fiber  

57.92 Web-like nanostructure, 
26.06 nm pore size 

40.97 DES Ultrasonication 50 kHz, 900 W, horn This 
work 

ChCl/OA 1:1 Durian husk 
fiber  

58.22 Web-like nanostructure, 
18.16 nm pore size 

99.44 In situ ultrasound-assisted one-pot DES 
treatment 

50 kHz, 900 W, horn This 
work  
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robust durian husk fiber structure effectively. Consequently, this en-
hances the penetration of DES into the entangled biomass matrix, 
increasing the interfacial contact between the DES and the entangled 
biomass matrix [65]. By increasing biomass exposure, the enhanced 
availability of protons released by the DES facilitates effective proton 
attacks on the hydrogen bond network within the biomass structure 
[66]. The proton-abundant ChCl/OA, characterised by high carboxyl 
and hydroxyl groups, exhibits notable efficiency in lignin removal and 
yields significant amount of CNF. These synergistic effects of both post 
and in situ ultrasonication treatments manifest in the lower lignin con-
tent observed in the latter treatment. 

4. Conclusion 

This study introduces a novel and environmentally friendly approach 
to one-pot CNF preparation, successfully synthesizing CNF with con-
current and consecutive ultrasonication in a horn-type ultrasonic 
reactor. Integrating this benign in situ ultrasonication-assisted one-pot 
extraction method with a 7.5 min interval yields a relatively high CNF 
output of 58.22 %, with nearly zero lignin content (0.1 %). The study 
findings indicate that in situ ultrasonication enhances the penetration of 
DES through the durian husk fiber biomass structure and significantly 
increases the disruption of hydrogen bonds. By varying the ultrasound 
irradiation time, the CNF with web-like structures reveals that lower 
lignin content can be successfully obtained. CNF synthesized through in 
situ ultrasound-assisted one-pot extraction holds promise for various 
applications, including environmental remediation, membrane separa-
tion, and drug delivery. 
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