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Recovering valuable components from agricultural waste is an emerging focus in sustainable development. This study 
investigates using durian peel (DP) as a raw material for extracting cellulose, nanocellulose (NC), and lignin. The 
process involves four key stages: (1) pre-treatment, (2) cellulose extraction using 15% (w/v) sodium hydroxide at 100 
°C for 2 hours with a ratio of 20/1 mL/g, followed by bleaching with 15% (w/v) hydrogen peroxide overnight, (3) 
lignin recovery by acidifying the black liquor to pH 1 with concentrated sulfuric acid, and (4) NC extraction through 
hydrolysis in 64% (v/v) sulfuric acid at 45 °C for 3 hours with a ratio of 20/1 mL/g, followed by neutralization, 
grinding, centrifugation, filtration, and ultrasonication. The recovery yields were 11.92% for lignin, 54.33% for crude 
cellulose, 36.03% for pure cellulose, and 29.18% for NC. The NC obtained, characterized as cellulose nanofibrils 
(CNF), had an average diameter of 114 nm, with 62.23% of particles below 100 nm and 100% below 200 nm. The 
crystallinity indices were 32.29% for NC and 40.08% for cellulose, while lignin exhibited an amorphous structure. 
Thermal analysis (TGA) revealed that cellulose degrades more than nanocellulose, indicating that nanocellulose has 
higher thermal stability. Lignin exhibits excellent thermal stability up to 600 °C, making it suitable for high-
temperature applications. These results underscore the potential of DP as a source of valuable bioproducts, including 
lignin, cellulose, and NC, for diverse industrial applications. 
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INTRODUCTION 

Agriculture is an essential part of the economy 
and plays a significant role in meeting the needs 
of society. As the global population continues to 
rise, it is crucial to improve agricultural 
productivity. The agricultural sector is projected 
to provide approximately 24 million tons of food 
globally to meet the ever-increasing demands of 
the population.1 It is worth noting that many 
agricultural activities concurrently generate 
significant amounts of waste. This issue impacts 
the environment and risks human health through 
environmental pollution, threatening economic 
stability. Unfortunately, many developing 
countries lack understanding and efficient 
implementation of agricultural waste 
management. This is due to a need for more 
knowledge about potential risks and benefits. 
Therefore,      sustainable      agricultural     waste 

 
management methods, such as recycling, 
recovering valuable components, and 
implementing green measures are gaining 
significant attention. These methods reduce 
emissions and environmental pollution and create 
opportunities to develop green industries, 
generate employment, and contribute to efforts 
toward transitioning to a sustainable ecosystem.2,3 

Durian (Durio zibethinus) is a fruit with a 
distinctive flavor, often referred to as the “king of 
fruits”. The largest durian-producing regions in 
the world are primarily located in Southeast Asia, 
including Malaysia, Thailand, Indonesia, and 
Vietnam.3 Due to its unique flavor and high 
economic value, durian cultivation has expanded 
to other tropical regions, such as Australia 
(Oceania), Madagascar (Africa), Costa Rica, 
Mexico, and Hawaii (Americas). The rapid 
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increase in global demand for durian has led 
various countries to explore expanding their 
production. According to the Malaysian Ministry 
of Agriculture and Agro-based Industry (MAFI), 
the durian industry is experiencing significant 
growth, with output in Malaysia reaching 390,640 
tons in 2020 and projected to reach 443,000 tons 
by 2030.4 Similarly, the durian industry in 
Indonesia has shown significant growth, with 
yields reaching approximately 10 tons per 
hectare, and is expected to continue rising in the 
next decade. However, only 22-30% of the durian 
fruit is consumed as food, while the rest becomes 
waste.3,4 As durian production increases, large 
amounts of organic waste, mainly from durian 
peels, are generated. For every 10 million tons of 
durian produced annually, around 6-7 million tons 
of organic waste is generated.5 This waste volume 
is 2-3 times higher than that of pomelo peels (1.5-
2.5 million tons)6 and equivalent to 28-41% of the 
waste generated from apples (17-21 million tons 
per year),7 and 24-35% of mango waste (15-25 
million tons annually).8 The large-scale durian 
production and subsequent waste generation have 
raised environmental concerns, especially when 
waste management practices, such as burning or 
landfilling, are improperly conducted.9,10 The 
accumulation of durian peel waste poses 
significant challenges in durian-growing regions, 
emphasizing the need for sustainable waste 
management practices. Due to the complex 
structure of durian husk fibers, their biological 
decomposition becomes more challenging 
compared to other lignocellulosic biomass.11 
Various methods have been used to transform this 
by-product into valuable products, such as durian 
husk powder, antibacterial membranes, fertilizers, 
or biochar production.12,13 Additionally, durian 
husks have great potential for producing 
renewable energy, such as bioethanol and 
biodiesel, given their composition containing 
cellulose (57.64-60.45%), hemicelluloses (13.09–
15.22%), and lignin (15.45–18.45%).14,15 
Meanwhile, durian husks, with components such 
as cellulose, pectin, lignin, polyphenols, and 
flavonoids, can also be used as a source of 
renewable raw materials, addressing waste issues 
and exploiting valuable components.16 

Cellulose, a widely abundant biopolymer in 
biomass, is a crucial material with diverse 
structures, including both amorphous and 
crystalline forms.17 It consists of glucan chains 
linked by β-1,4-glycosidic bonds, forming a 
robust and versatile substance.18 Extracting 

natural cellulose fibers from biomass waste and 
their subsequent chemical transformations can 
yield various cellulose derivatives.19 Cellulose is 
prized for its lightweight, recyclability, 
biodegradability, and uniform chemical structure, 
which endows it with exceptional properties, such 
as high strength, durability, and thermal 
stability.17,20 These characteristics make cellulose 
valuable in numerous industries, including paper, 
packaging, food, pharmaceuticals, and biofuels.21 
In particular, cellulose derivatives find extensive 
applications. In the paper industry, cellulose 
produces various types of paper and cardboard. In 
the textile industry, it is a critical component of 
fabrics like rayon and lyocell.22,23 Additionally, 
cellulose is employed in producing cellulose 
acetate for photographic film and in creating 
biodegradable plastics.24–26 In pharmaceuticals, 
cellulose is used as an excipient in tablets and 
capsules, and in the food industry, it serves as a 
thickener and stabilizer.27 Cellulose films, derived 
from cellulose fibers, also represent an early form 
of transparent packaging used for products such 
as snacks, biscuits, and adhesive tapes.19,28 By 
understanding and harnessing these properties, 
cellulose production can address various needs 
across different sectors. 

Building on the unique properties and 
widespread applications of cellulose, 
advancements in nanotechnology have led to the 
development of nanocellulose, a material offering 
enhanced functionalities and an expanded range 
of applications. Nanocellulose has gained 
popularity due to its abundance, low cost, 
renewability, and significant commercial 
potential.29 Its unique physical properties, 
including low density, porous structure, high 
biocompatibility, biodegradability, tunable surface 
chemistry, and superior mechanical strength, 
make it highly versatile.29 Moreover, 
nanocellulose's abundant surface hydroxyl 
groups, large specific surface area, and chemical 
reactivity make it an ideal natural nano-building 
block for various advanced materials.30–35 
Nanocellulose is well-suited for food packaging 
and pharmaceutical applications thanks to its 
excellent barrier properties, optical transparency, 
low thermal expansion, and gas impermeability. It 
is used in drug delivery systems, green plastics, 
anti-counterfeiting technologies, and particle 
tracking.36 In the biomedical field, nanocellulose 
has potential in wound healing, tissue engineering 
scaffolds, and biosensors, as well as in advanced 
applications like controlled drug release systems 
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and artificial organs, due to its biocompatibility 
and ability to incorporate bioactive compounds.37 
In electronics, nanocellulose's flexibility and 
transparency make it a promising material for 
flexible displays, sensors, and conductive films.39 
Additionally, nanocellulose is being explored for 
environmental applications, such as water 
filtration systems and pollutant absorption, owing 
to its high surface area and reactivity.40 In the 
construction industry, it is incorporated into 
cement and concrete to improve mechanical 
properties and reduce material weight, 
contributing to more sustainable building 
practices. In energy storage technologies, 
nanocellulose is used in supercapacitors and 
batteries, where its mechanical strength and 
conductivity offer distinct advantages.41 It is also 
widely employed as a natural filler in synthetic 
materials, and its use in developing lightweight, 
high-strength composites for automotive and 
aerospace industries highlights its superior 
mechanical properties and environmental 
sustainability.42 With the growing demand for 
nanocellulose across various industries, continued 
exploration of new production sources is essential 
to meet the increasing requirements for this 
promising material. 

Lignin is a significant component of plant cells 
surrounding cellulose fibers and has the second-
highest content after cellulose. Interestingly, the 
durian rind also contains a considerable amount 
of lignin, ranging from 10-15%. Unfortunately, 
lignin is discarded into black liquor and 
discharged into the environment during cellulose 
extraction, leading to complex wastewater 
treatment issues. Moreover, the lignin content in 
durian peel is also wasted in the environment. 
Meanwhile, lignin can be used in various 
industries such as energy, herbicides, rubber 
processing, iron removal from wastewater, and as 
a water-softening agent in cationic filter devices.43 
Recent studies show that lignin is highly porous 
and can treat wastewater containing heavy metals, 
organic pollutants, and dyes.44,45 Therefore, 
recovering lignin has become an urgent issue that 
needs attention.  

However, there has yet to be much research on 
sustainable agricultural development using durian 
peel. Most studies focus on recovering individual 
valuable components, such as polyphenols, 
pectin, lignin, and cellulose. Researchers from 
Malaysia have extracted cellulose from durian 
peel using an acidic sodium chlorite 
delignification process, followed by alkalization 

with 17.5% (w/v) sodium hydroxide. The 
obtained cellulose has a diameter of about 100-
150 μm and is used as a reinforcement material in 
composite materials.46 Durian peel is also a 
potential source of dietary fiber, with the total 
dietary fiber content being 79.18 g/100 g dry 
weight, including insoluble dietary fiber – 65.13 
g/100 g dry weight and soluble dietary fiber – 
13.05 g/100 g dry weight, pectin – 4.11 g/100 g 
dry weight, hemicelluloses – 18.51 g/100 g dry 
weight, cellulose – 38.05 g/100 g dry weight, 
lignin – 2.36 g/100 g dry weight.47 Researchers Xi 
Cui and colleagues from Nanyang Technological 
University in Singapore have transformed durian 
peel into an antibacterial gel-like bandage.48 The 
cellulose powder was extracted from durian peel 
through air-drying, mixed with glycerol to form a 
soft gel, and then treated the gel pieces with 
compounds from baking yeast with antibacterial 
properties. These bandages keep the injured area 
cool and moist, aiding wound healing. 
Nanocellulose fibers obtained from durian peel 
have been used to reinforce and improve the 
mechanical properties of concrete. The 
nanocellulose fibers from durian peel have sizes 
ranging bewteen 190-255 nm and a width of 
22.96 nm. Moreover, composite membranes made 
by mixing nanocellulose from durian peel with 
starch, polyvinyl alcohol (PVA), and glycerol 
have opened up a new avenue for biodegradable 
packaging that can replace traditional packaging 
synthesized from petroleum-based raw 
materials.10 However, studies only focus on 
recovering one product from this large waste, 
which leads to a waste of valuable components in 
the environment. Therefore, there is a need to 
focus on simultaneously recovering many 
economically valuable components based on this 
agricultural waste source. 

The main goal of this study is to create a 
technological process that can simultaneously 
extract nanocellulose, cellulose, and lignin from 
durian peel waste. The study also aims to evaluate 
the efficiency of each stage to determine suitable 
technological parameters for each product 
recovery stage. To describe the characteristics of 
the recovered products, the study employs various 
techniques, such as optical microscopy analysis, 
scanning electron microscopy (SEM), Fourier-
transform infrared spectroscopy (FTIR), 
thermogravimetric analysis (TGA), X-ray 
diffraction (XRD), and particle size analysis.  
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EXPERIMENTAL 
Materials 

The DP was purchased from the local market in 
Vietnam and cleaned, drained, and cut into small 
pieces with sizes of approximately 2-4 mm. Then, the 
raw material was dried at 60 °C until the weight 
remained constant using the OFA-240-8 dryer (Esco, 
Singapore). The dried material was ground using an 
SK-200 grinder with a power of 1400W (Seka, Japan) 
and sieved through a 250 µm sieve. The samples were 
then stored in airtight, dry conditions at room 
temperature. Some chemicals used in the study were 
supplied by Sigma-Aldrich (India), including sodium 
hydroxide (purity 99%), hydrogen peroxide (35% 
solution), sulfuric acid (95-98%), and hydrochloric 
acid (30%).  

 
Methods 
Approximate chemical composition 

The approximate chemical composition of the raw 
material was determined using the AOAC method.49 
The moisture content was determined by drying it to a 
constant weight using a DZF-6090AB vacuum dryer 
(SHKT-China).50 Protein content was determined using 
the Kjeldahl method with an automatic nitrogen 

distillation apparatus VELP-UDK 159 (VELP-UDK, 
Italy).51 The ash content was determined by ashing to 
white ash at 550 °C using a LE6/11/B150 muffle 
furnace (Naberthern, Germany).29 Fat content was 
analyzed using a Soxhlet extraction system 
WHM12293 (Daihan, South Korea).29 The content of 
lignin and hemicelluloses was analyzed by standard 
methods, as described by Song et al.52  

In addition, the cellulose content of the material 
and in the fiber samples after each treatment was 
determined. The fiber samples were hydrolyzed using 
cellulase enzyme at a concentration of 4.8 U/g and 
incubated at 45 °C for 24 hours to ensure complete 
hydrolysis of cellulose into glucose.53 After hydrolysis, 
the reaction was stopped by heating the mixture at 90 
°C for 5 minutes to inactivate the enzyme. The glucose 
content in the hydrolyzed sample was then quantified 
using the DNS method.54  
 
Isolation of cellulose, nanocellulose, and lignin   

The process for preparing cellulose, nanocellulose, 
and lignin was divided into three main stages, as 
follows: (1) alkali treatment, (2) bleaching, and (3) the 
nanocellulose isolation process (Fig. 1). 

 

 
Figure 1: Process for isolating cellulose, nanocellulose, and lignin from DP 

 
Alkali treatment 

DP powder was treated with a sodium hydroxide 
solution at a concentration of 10-20% (w/v) and ratios 
ranging from 1:5 to 1:25 g/mL. The mixture was 
heated in a Soxhlet extraction system, allowing 

continuous extraction and efficient heating at 
temperatures between 90-120 °C for 1-4 hours. After 
the alkali treatment, the sample was filtered, and the 
residue was washed with distilled water until it reached 
a neutral pH. The residue was then dried to a constant 



Agricultural wastes 

941 
 

weight to obtain crude cellulose. The cellulose content 
in the crude cellulose sample was calculated using 
formula (1): 

               (1) 
where CCc – the cellulose content in crude cellulose 
after alkali treatment, %; Gc – the concentration of 
glucose in the hydrolysis crude cellulose, g/L; 0.9 – the 
conversion factor caused by the hydrolysis reaction; 
mcc – the mass of crude cellulose after drying, g. 

A concentrated sulfuric acid solution was slowly 
added to the filtrate (also called black liquor) until the 
pH reached 1. The mixture stood for 24 hours to 
precipitate the dissolved lignin molecules. The 
precipitate was then collected and centrifuged at 2000 
rpm for 15 minutes. The supernatant was discarded, 
and the residue was dried to constant weight. The 
lignin recovery yield after the alkaline treatment stage 
was calculated using formula (2): 

               (2) 

where Hla – the yield of lignin recovery, %; ml1 – the 
mass of lignin after drying; mDp – the initial mass of 
raw material, g. 

 
Bleaching 

The crude cellulose was bleached using a hydrogen 
peroxide solution with a concentration ranging from 
7.5 to 20% (v/v) for 24 hours, ranging from 1/5 to 1/20 
g/mL. After soaking, the mixture was filtered through 
filter paper and washed with ion-exchange water until 
a neutral pH was reached. The residue was then dried 
in an oven at 60 °C until a constant weight was 
obtained, resulting in pure cellulose. The filtrate was 
hydrolyzed with concentrated sulfuric acid at pH = 1 
for 24 hours. The precipitate was collected from the 
bottom and centrifuged for 15 minutes at 2000 rpm. 
The solid obtained was dried until a constant weight 
was achieved. The cellulose content in the pure 
cellulose was calculated using formula (3), and the 
lignin recovery yield during the bleaching stage was 
calculated using formula (4):  

               (3) 

                (4) 

where CCb – the cellulose content in bleached 
cellulose, %; mpc – the mass of pure (bleached) 
cellulose after drying, g; Gb – glucose concentration in 
the hydrolysis pure cellulose, g/mL; mcc – the initial 
mass of crude cellulose, g; Hlb – the lignin recovery 
yield in the bleaching, %; ml2 – the mass of lignin in 
bleaching, g. 

 
Nanocellulose (NC) isolation process 

Procedure 1: To create nanocellulose, bleached 
cellulose was mixed with 10% (w/v) hydrogen 
peroxide and 25% (v/v) sulfuric acid. The mixture was 
heated to 100 °C for 1 hour with a solution ratio of 20 

mL/g. After hydrolysis, a 10% (w/v) dilute solution of 
hydrogen peroxide and 10% (w/v) sodium hydroxide 
was added and stirred well with a mechanical stirrer of 
DH-807 (Osaka®, Japan). The mixture was filtered 
until it reached a neutral pH and centrifuged at 3000 
rpm. After centrifugation, the resultant suspension was 
subjected to ultrasonication for 10 minutes and stored 
at 4 °C.55 

Procedure 2:  The acid hydrolysis process of 
cellulose was conducted according to the description 
by Mohd Jamil et al. with adaptations to suit practical 
conditions.29,55 To begin, 25% (v/v) dilute sulfuric acid 
was added to bleached cellulose at 80 °C for 3 hours. 
The ratio of sulfuric acid to cellulose was 20/1 mL/g. 
The hydrolysis process was stopped by adding a 
solution containing 10% (w/v) hydrogen peroxide and 
10% (w/v) sodium hydroxide. The resulting mixture 
was homogenized using a mechanical stirrer DH-807 
(Osaka®, Japan) for 10 minutes. The mixture was 
centrifuged at 2500 rpm until a neutral pH was 
reached. The supernatant was then sonicated for 5 
minutes to achieve uniform dispersion. Finally, the 
obtained supernatant was stored at 4 °C. 

Procedure 3: Acid hydrolysis with concentrated 
sulfuric acid was carried out according to the 
description by Atakhanov et al. with modifications.56 
Firstly, cellulose was bleached and hydrolyzed in a 
64% (v/v) sulfuric acid solution at 45 °C with a ratio of 
20/1 mL/g for 3 hours. After hydrolysis, the mixture 
was immediately cooled with the tenfold volume of ice 
water. The mixture was centrifuged at 3000 rpm for 15 
minutes. Then, the leaching process was conducted 
until a neutral pH was reached. The collected portion 
was centrifuged at 3000 rpm for 10 minutes, and the 
supernatant was collected for further analysis. The 
precipitate was sonicated with an ultrasonic bath for 10 
minutes.56 

To evaluate the whole process, the pure cellulose 
yield (Htpc) was calculated according to formula (5), 
the total lignin yield (Htl) was calculated according to 
formula (6), and the nanocellulose yield (Hnc) was 
calculated according to formula (7): 

               (5) 

                (6) 

               (7) 

where mpc – the mass of pure cellulose obtained, g; mrm 
– the initial mass of durian peel powder used, g; mtl – 
the mass of lignin obtained throughout the entire 
process, g; mnc – the mass of nanocellulose obtained, g. 

 
Scanning electron microscopy (SEM) 

A scanning electron microscope (Hitachi, Japan) 
was utilized to describe the morphological 
characteristics of the samples. The samples were 
coated onto a small carbon adhesive tape fixed on a 
copper stub. Afterward, the samples were placed into 
the SEM chamber, where images of secondary 
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electron/backscattered dual-angle electrons were 
captured. The magnification used was 2000 times, and 
the accelerating voltage of the electron beam was 5000 
eV. 

 
Fourier transform infrared spectroscopy (FTIR) 

A Nicolet iS5 FTIR spectrometer (ThermoFisher 
Scientific, USA) was utilized to describe the chemical 
composition of the research samples. The infrared 
spectra of the samples were measured within the 
wavelength range of 400-4000 cm-1, with a resolution 
of 4 cm-1. The samples were mixed with KBr powder 
and pressed into thin pellets for analysis. 

 
X-ray diffraction (XRD) 

The relative crystallinity of the research samples 
was investigated using the X-ray diffraction (XRD) 
technique with the Ultima IV X-ray diffractometer 
(Rigaku, USA). The samples underwent scanning 
across a 2θ range, employing a step size of 0.02º and a 
counting time of 0.4 seconds per step. The crystallinity 
index (CI) of the samples was calculated from the 
XRD spectra using Equation (8), which involves 
subtracting the amorphous background: 

               (8) 

where CI: the crystallinity index, %; I200: the maximum 
intensity of the diffraction peak from the (200) plane at 
2θ = 22.5° for cellulose I and 2θ = 20.1° for cellulose 
II (crystalline and amorphous regions), and Iam: the 
intensity value for the amorphous cellulose (2θ = 18° 
for cellulose I and 2θ = 16.3° for cellulose II 
(amorphous region)).57 

 
Thermal analysis (TGA-DTG) 

The thermal properties of research samples were 
evaluated using a TGA 209F1 thermal analyzer 

(Netzsch, Germany), covering a temperature range of 
30-600 °C. The analysis proceeded with a heating rate 
of 10 °C/minute under nitrogen atmosphere at a 20 
mL/minute flow rate. 

 
Particle size analysis   

The particle size of nanocellulose derived from 
pineapple peel was assessed utilizing a Particle Size 
Analyzer (PSA) equipped with a Beckman Coulter 
DelsaTM Nano. After dilution with distilled water and 
transfer to a cuvette, the PSA device analyzed the 
sample to ascertain its particle size at room 
temperature. The measurement span ranged from 10 
nm to 4000 nm.  
 
RESULTS AND DISCUSSION 
Approximate chemical composition  

Various essential components of durian peel 
powder have been examined and are detailed in 
Table 1. The findings reveal substantial 
proportions of cellulose, hemicelluloses and 
lignin, comprising 37.92%, 10.84%, and 8.48% of 
the composition, respectively. With such notable 
composition, durian peel is a promising reservoir 
for extracting lignin, cellulose, and cellulose 
derivatives. Notably, the findings regarding durian 
peel components in this study deviate from prior 
publications. Thus, the lignin content is lower 
than that of durian peel sourced from Indonesia, 
as documented by Masrol S.R. and colleagues 
(19.3%), while the ash and cellulose contents 
remain comparable.58 This variation is attributed 
to origin, species, geographical location, 
seasonality, and agricultural practices.11 

 
Table 1 

Compositional analysis of DP in this study 
 

Component Content (%) 
Moisture  8.18 
Ash  6.57 
Cellulose 37.92 
Hemicelluloses 8.84 
Lignin 10.48 

 
Isolation of cellulose and lignin 

Plant lignocellulose fibers consist of three 
main components: cellulose, hemicelluloses, and 
lignin, along with pectin, wax, and other 
compounds. These components form cross-linked 
structures in plant cells by interacting with 
hydrophilic hydroxyl groups.59 To isolate each 
component, performing reactions that break the 
bonds between the molecules is necessary. 

The alkaline environment provided by sodium 
hydroxide is considered suitable, economical, and 
widely used. Sodium hydroxide is a strong base; 
thus, it can remove hemicelluloses and lignin 
from crude cellulose. 

The crude cellulose obtained after alkaline 
treatment still contains residual pigments and 
lignin. Therefore, it must be bleached to remove 
the remaining components and obtain pure 
cellulose. 
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Meanwhile, the filtrate after alkaline treatment 
and the filtrate after bleaching contain lignin. To 
recover the dissolved lignin, concentrated sulfuric 
acid is added to the black liquor to hydrolyze and 
break the glycosidic and ether bonds between 
hemicelluloses and lignin. Thus, the lignin 
precipitates, and can then be quickly recovered 
through filtration.60 

 
Alkaline treatment process 

The alkaline treatment process separates 
cellulose from non-cellulosic components, such as 
lignin, hemicelluloses, wax, etc. Lignin is linked 
to pectin in plant cells through ester bonds 
between the hydroxyl groups of lignin and the 
carboxyl groups of uronic acid (a component of 
pectin chains). Additionally, lignin forms 
hydrogen bonds with the hydroxyl groups of 
cellulose, creating a complex spatial network 
among these components.59 Agents capable of 
breaking these cross-links must isolate each 
component, facilitating the subsequent isolation 
process. 

In an alkaline environment, the bonds between 
cellulose, hemicelluloses, and lignin are partially 
broken, separating the cellulose. Under these 
conditions, lignin molecules are depolymerized 
into soluble phenolic compounds, while 
hemicelluloses are hydrolyzed into soluble sugar 
molecules, thus separating cellulose from 
hemicelluloses and lignin.59 

Furthermore, the carboxylic groups of pectin 
are ionized to form water-soluble sodium 
carboxylate, which can weaken the intermolecular 
hydrogen bonds between cellulose chains and 
other components. The partial removal of lignin, 
hemicelluloses, pectin, wax, and other extraneous 
substances from the fiber cell walls during the 
alkaline treatment makes the cellulose chains 
more accessible to the agents used in subsequent 
processing steps, facilitating the production of 
purer cellulose.59 Meanwhile, the lignin dissolved 
in the black liquor can be easily precipitated and 
recovered using concentrated sulfuric acid. In the 
alkaline environment, the adhesive lignin 
molecules contain phenolic groups with weak 
acidic properties. In such a controlled medium, 
these lignin molecules carry a negative charge and 
will bond with sodium ions through reaction. As 
the pH of the environment decreases, increasing 
the protonation of phenolic groups and enhanced 
hydrophobicity of lignin, the lignin molecules 
precipitate and aggregate together.61 

The alkaline treatment process effectively 
recovers both cellulose and lignin. Therefore, this 
section studies technological factors to maximize 
the efficiency of obtaining both desired 
components: crude cellulose and lignin.  

 
Effect of temperature 

Figure 2 (a) illustrates the relationship between 
temperature and cellulose content in crude fiber 
after alkaline treatment and lignin recovery yield 
from durian peel across a temperature range of 90 
°C to 120 °C. The data reveal a clear trend: 
cellulose content in treated samples and lignin 
recovery yield rise as the temperature increases. A 
significant increase is mainly observed between 
90 °C and 100 °C. However, further increases 
beyond 100 °C do not result in statistically 
significant improvements in either cellulose 
content or lignin recovery yield (p > 0.05). 

These findings are consistent with previous 
studies, which showed that higher temperatures 
accelerate the breakdown of lignocellulosic 
structures by weakening hydrogen bonds and van 
der Waals interactions between cellulose and 
other components like hemicelluloses and lignin. 
The process becomes most efficient around 100 
°C, where the release and enrichment of cellulose 
in treated fibers, along with more excellent lignin 
release into the black liquor, are maximized.60 
Similarly, Mohamad et al. (2022) identified 100 
°C as the optimal temperature for cellulose 
extraction from banana stems using NaOH and 
EDTA,62 although this temperature is lower than 
that required for cellulose extraction from 
sugarcane bagasse (120 °C)63 and tobacco stems 
(150 °C).64 These differences in required 
temperatures may stem from variations in the 
lignocellulosic structures of these materials, 
necessitating higher temperatures to break the 
bonds between cellulose and other components, 
such as lignin and hemicelluloses. 

Increasing the temperature beyond 100 °C 
does not further enhance component separation, 
but results in unnecessary energy consumption. 
Therefore, maintaining a temperature of 100 °C is 
the most effective for maximizing cellulose and 
lignin recovery while minimizing resource use. 
These findings underscore the importance of 
optimizing temperature to enhance the efficiency 
of the recovery process, while reducing solvent 
and energy consumption. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 2: Effect of factors in the alkaline treatment process on the recovery efficiency of crude cellulose and lignin 
from DP 

 
Effect of time 

Figure 2 (b) presents the relationship between 
treatment time and cellulose content in crude fiber 
after alkaline treatment and lignin recovery yield 
from durian peel over a duration ranging from 1 
to 4 hours. The data show a clear trend: as the 
treatment time increases, the cellulose content in 
the treated samples rises, with a particularly 
significant increase observed between 1 and 2 
hours. However, beyond 2 hours, the increase in 
cellulose content is less pronounced. Statistically, 
the differences between the 2-hour, 3-hour, and 4-
hour treatments are insignificant for cellulose 
content (p > 0.05). In contrast, the yield of lignin 
recovery increases significantly from 1 hour to 2 
hours, but begins to decline after 3 hours. By the 
4th hour, lignin recovery yield decreases notably, 
showing a significant reduction compared to the 
earlier time points. This reduction suggests that 
prolonged exposure to NaOH might lead to partial 
degradation of lignin, making it more difficult to 
recover. 

These results align with previous studies on 
cellulose recovery from banana stems and from 
olive pomace, which have demonstrated that 
longer treatment times in alkaline conditions can 
promote cellulose enrichment by breaking down 
the bonds between cellulose and hemicelluloses 

and lignin, thereby increasing the relative 
cellulose content in the fiber and the amount of 
lignin recovered from the black liquor.62,65 
However, extended treatment times may cause 
lignin to degrade into smaller, more soluble 
components, reducing the yield of recoverable 
lignin. Therefore, a treatment time of 2 hours 
appears optimal for maximizing both cellulose 
content and lignin recovery. Beyond this point, 
lignin recovery becomes less efficient, 
highlighting the importance of optimizing 
treatment duration to balance cellulose 
enrichment and lignin yield. 

 
Effect of sodium hydroxide concentration 

Figure 2 (c) illustrates the effect of sodium 
hydroxide concentration on the cellulose content 
of fiber samples after alkaline treatment and the 
lignin recovery yield from black liquor. The 
results indicate a clear trend: cellulose content and 
lignin recovery increase as the sodium hydroxide 
concentration rises. A particularly significant 
increase in cellulose content and lignin recovery 
is observed when the sodium hydroxide 
concentration increases from 10% to 15%. 
However, further increases beyond 15% do not 
statistically significant improvements (p > 0.05) 
in either cellulose content or lignin recovery. This 
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suggests that higher sodium hydroxide 
concentrations aid in breaking the bonds between 
cellulose, hemicelluloses, and lignin, but beyond 
a certain point, the gains become marginal. 
Although increasing the sodium hydroxide 
concentration can enhance the efficiency of lignin 
recovery and cellulose enrichment, these benefits 
are limited. Beyond 15%, additional sodium 
hydroxide does not yield significant 
improvements, making 15% the optimal 
concentration for maximizing cellulose and lignin 
recovery, without unnecessary resource 
consumption. 

In other studies, such as those on banana 
stems62 and coir fibers,66 higher sodium hydroxide 
concentrations (17.7% and 20%) were required, 
which is greater than the optimal concentration 
found in this study. Conversely, lower 
concentrations were sufficient for cellulose 
extraction from materials such as sugarcane 
bagasse (2.75%),63 tobacco stems (12.5%),64 and 
olive pomace (5%).65 These variations in sodium 
hydroxide concentration are primarily attributed 
to differences in the lignocellulosic structure of 
each material, which dictate the strength of the 
chemical bonds between cellulose, 
hemicelluloses, and lignin. Additionally, some 
extraction methods combine lower sodium 
hydroxide concentrations with other solvents or 
use higher temperatures, up to 120 °C, to facilitate 
the process. This highlights the importance of 
optimizing extraction conditions to suit the 
specific characteristics of each raw material and 
achieve efficient separation of lignocellulosic 
components.67 

 
Effect of raw material-to-solvent ratio 

Figure 2 (d) illustrates the relationship 
between the solvent-to-material ratio, cellulose 
content and lignin recovery yield in fiber samples 
after treatment. The results indicate that 
increasing the solvent ratio from 10:1 to 20:1 mL 
significantly enhances both parameters, with 
further improvements plateauing beyond 20:1 
mL. Therefore, a ratio of 20:1 mL/g is optimal for 
maximizing recovery. 

In contrast, the solvent ratio required for 
extracting cellulose from tobacco stems is 
considerably lower.64 This variation is primarily 
due to differences in the lignocellulosic structures 
of tobacco stems and durian peel (DP), which 
result in distinct compositions and arrangements 
of cellulose, hemicelluloses, and lignin. These 
structural differences affect the efficiency of the 

isolation process. Additionally, the density and 
porosity of the material influence the solvent’s 
effectiveness. Consequently, adjusting the 
solvent-to-material ratio based on the specific 
characteristics of each material is essential for 
achieving optimal extraction efficiency.22 

Survey results indicate that the most efficient 
extraction of crude cellulose and lignin is 
achieved using a 15% (w/v) sodium hydroxide 
solution at 100 °C for 2 hours with a 
material/solvent ratio of 20/1 mL/g.  

 
Bleaching process  

The bleaching process is a pivotal step in the 
production of high-quality cellulose. After the 
initial alkaline treatment, which breaks the bonds 
between hemicelluloses, lignin, and raw cellulose, 
the resultant cellulose still contains residual lignin 
and other coloring compounds. This residual 
matter renders the cellulose unsuitable for various 
industrial applications. Therefore, bleaching is 
essential for removing these remaining 
contaminants. Oxidizing chemicals, particularly 
hydrogen peroxide, are commonly used as 
bleaching agents. During this process, hydrogen 
peroxide oxidizes and disrupts the bonds between 
lignin and cellulose, converting these bonds into 
soluble products that can be removed from the 
solution. This not only purifies the cellulose, but 
also enhances its brightness, improving the 
overall quality of the cellulose, also enabling 
more efficient recovery of lignin. The soluble 
products, including lignin and coloring 
compounds, are subsequently precipitated using 
concentrated sulfuric acid to isolate the lignin, 
while the coloring agents are eliminated from the 
solution. 

Different raw materials require specific 
bleaching conditions due to their varying 
chemical compositions. For instance, the 
conditions for bleaching plant peel fibers are 
generally milder than those for wood fibers, 
which are often processed at room temperature to 
reduce heating costs. Thus, key parameters 
affecting bleaching efficiency for crude fibers 
derived from durian peels include the 
concentration of the bleaching agent and the ratio 
of the bleaching agent to crude cellulose. 
 
Effect of concentration of the bleaching agent 

Figure 3 (a) illustrates the effect of hydrogen 
peroxide concentration on cellulose content and 
lignin recovery yield in the samples after 
bleaching. The data reveal that increasing the 
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hydrogen peroxide concentration from 7.5% to 
12.5% results in a slight increase in cellulose 
content, with a more significant increase observed 
from 12.5% to 15% and a plateau at 
concentrations above 15%. Lignin recovery 
shows a notable improvement with increased 
hydrogen peroxide concentration from 7.5% to 
10%, a moderate increase from 10% to 15%, and 
a plateau beyond 15%.  

These findings indicate that while higher 
concentrations of hydrogen peroxide enhance 
cellulose purity and lignin recovery, 
concentrations exceeding 15% offer minimal 
additional benefits and result in unnecessary 
solvent waste. Therefore, a hydrogen peroxide 
concentration of 15% is optimal for balancing 
effectiveness and efficiency in the bleaching 
process. 
 
Effect of bleach/crude cellulose ratio 

Figure 3 (b) illustrates the effect of the bleach-
to-raw cellulose ratio on the cellulose content in 
the treated samples and the lignin recovery yield. 
The results indicate that cellulose content and 
lignin recovery yield increase significantly as the 
bleach ratio rises from 10:1 to 15:1 mL/g. 

However, increasing the ratio to 20:1 mL/g leads 
to only marginal improvements in these 
parameters. This can be explained by the 
enhanced ability of the bleach to dissolve and 
remove residual components in the fiber samples, 
thereby increasing cellulose purity and improving 
lignin recovery. Nonetheless, at a bleach ratio of 
20 mL/g, there is a noticeable reduction in both 
cellulose content and lignin recovery. This 
reduction may be related to saturation effects or 
changes in the dynamics of lignin extraction at 
excessively high bleach ratios. 

These findings suggest that, while increasing 
the bleach-to-raw cellulose ratio improves 
cellulose purity and lignin recovery, excessively 
high ratios offer limited additional benefits and 
may lead to inefficiencies. Therefore, optimizing 
the bleach ratio is essential for achieving the best 
balance between cellulose preservation and lignin 
recovery efficiency.  

Based on the data, the optimal bleaching 
process parameters are determined as: 15% (w/v) 
hydrogen peroxide concentration, a bleaching 
agent to crude cellulose ratio of 15 mL/g, 
bleaching conducted at room temperature, and 
overnight soaking.  

 
 

 
(a) 

 
(b) 

Figure 3: Effects of (a) hydrogen peroxide concentration and (b) bleach/crude cellulose ratio on the cellulose content 
and lignin yield 

 
Isolation of nanocellulose 

Various techniques have been developed to 
process cellulose after bleaching to obtain 
nanocellulose. The main principle of 
nanocellulose extraction is to reduce the particle 
size of cellulose. Different methods have been 
used, such as mechanical treatment, acid 
hydrolysis, and enzymatic hydrolysis. Among 
these methods, acid hydrolysis is particularly 
effective in reducing cellulose particle size.56 In 
this study, three acid-based hydrolysis agents 

were selected for evaluation. The surface 
morphology of the nanocellulose samples 
obtained from these processes was observed using 
SEM to assess the effectiveness of cellulose chain 
cleavage by each agent. 

The SEM images shown in Figure 4 reveal 
chain cleavage between cellulose molecules for 
the nanocellulose samples obtained from a dilute 
acid environment, both with and without 
hydrogen peroxide. However, the cellulose fibers 
remain partially connected, as seen in Figure 4 (a 
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and b). In contrast, the nanocellulose sample 
hydrolyzed in a concentrated acid environment 
shows a more significant division of cellulose 
fibers, resulting in clearly defined smaller 
particles (Fig. 4 (c)). Nevertheless, the 
nanocellulose particles tend to aggregate, forming 
particle chains. 

The differences in morphology among the 
three processes can be explained as follows. In 
process 3, nanocellulose was obtained under 
concentrated sulfuric acid conditions, which 
hydrolyze the strong glycosidic bonds between 
cellulose units, breaking the cellulose chains into 
smaller particles.56,59 For process 1, the 

nanocellulose sample was obtained under dilute 
acid conditions with the addition of hydrogen 
peroxide. In a sulfuric acid environment, 
hydrogen peroxide forms OH- anions, which 
attack the hydroxyl groups of cellulose and break 
the hydrogen bonds between cellulose 
macromolecules, separating cellulose fibers into 
smaller sizes.55 For the sample hydrolyzed in 
dilute sulfuric acid without hydrogen peroxide, 
nanocellulose also forms under the influence of 
sulfuric acid, as evidenced by the fiber cleavage 
shown in Figure 4 (b). However, the cleavage is 
incomplete, only partially separating the cellulose 
fibers. 

 

  
 

(a) NCC treated in 10% (w/v) hydrogen peroxide and 25% (v/v) sulfuric acid 

  
 

(b) NCC treated with dilute sulfuric acid solution 

  
 

(c) NCC treated with concentrated sulfuric acid 
 

Figure 4: SEM analysis results of NCC samples treated with different processes 
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Figure 5: Particle size distribution of nanocellulose derived from DP 

 
SEM data indicate that the concentrated 

sulfuric acid process is the most effective 
technique for nanocellulose extraction among the 
three processes studied.  

The particle size analysis was conducted on 
the nanocellulose samples obtained using the 
Dynamic Light Scattering (DLS) technique. 
Figure 5 shows that the nanocellulose particles 
derived from durian peel have an average 
diameter of 114.12 nm, with the largest particle 
size being 145.10 nm and the smallest particle 
size being 54.65 nm. Approximately 62.234% of 
the particles have a size smaller than 100 nm, and 
100% of the total particles have a size smaller 
than 200 nm. 
 
Proposed process for nanocellulose and lignin 
extraction from durian peel 

The manufacturing process for lignin, 
cellulose, and nanocellulose, illustrated in Figure 
6 (flow chart), is based on thorough research into 
alkali treatment, bleaching, and cellulose 
hydrolysis stages. This process consists of four 
main stages:  

• Stage 1: Pretreatment stage – in the initial 
stage, the raw material undergoes pretreatment, 
turning it into a fine powder. This step aims to 
improve storage and preservation while 
facilitating subsequent processing stages;  

• Stage 2: Cellulose recovery stage – this 
crucial stage involves two primary steps: alkali 
treatment and bleaching. These processes produce 
two essential products: raw cellulose and 
bleached cellulose, vital raw materials for the 
paper and packaging industries; 

• Stage 3: Lignin recovery stage – after 
alkali treatment, lignin is recovered from the 
resulting black liquor. Acidification with a 

sulfuric acid solution to pH = 1 enables the 
separation and retrieval of lignin;  

• Stage 4: Nanocellulose recovery stage – 
the final stage focuses on extracting nanocellulose 
from bleached cellulose. Pure cellulose fibers 
undergo hydrolysis and cleavage in a 
concentrated sulfuric acid environment. 
Mechanical grinding and ultrasonic treatment 
further aid in size reduction, producing 
significantly smaller nanocellulose particles. 

Lignin, cellulose, and nanocellulose 
components were isolated according to the 
proposed process. The efficiency of each product 
was calculated and recorded in Table 2. After 
alkali treatment and bleaching, the lignin 
extraction efficiency was 11.92%. Notably, the 
lignin content obtained from durian peel powder 
in this study is higher than that extracted from 
Cynara cardunculus using enzyme methods (8.5-
11.7%)68 and significantly higher than that from 
wheat straw (2.3-3.5%),69 and sugarcane bagasse 
(3.4-3.9%).70 However, it is lower than the lignin 
extraction efficiency from spruce wood using hot 
water extraction (22.5%).71 The efficiency of 
crude cellulose and pure cellulose extracted from 
durian peel was 54.33% and 36.03%, respectively. 
This suggests that the cellulose content in durian 
peel is lower than that in wheat straw (59.7-
63.5%),69 and Miscanthus sinensis biomass (70.4-
78.63%),72 but higher than cellulose recovered 
from mixed waste of various fruits and vegetables 
(8.81-16.13%),73 and sugarcane bagasse (44.7-
45.9%).70 As for nanocellulose, the efficiency 
reached 29.18% based on the dry weight of durian 
peel powder. Therefore, it is evident that durian 
peel is a potential source of valuable components, 
such as lignin, cellulose, and nanocellulose. 
Recovering these valuable components for 
application in various fields will increase the 
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utilization of agricultural by-products in general 
and pineapple peel in particular and also 
contribute to addressing a significant amount of 

solid waste generated by the agricultural sector, 
which currently occupies large areas of landfills. 

 

 
Figure 6: Flow chart of the process for obtaining lignin, cellulose, and nanocellulose from DP 

 
 

Table 2 
Isolation efficiency and visual representation of lignin, cellulose, and nanocellulose components 

 
Component Yield, % Visual representation 

Lignin 11.92 

 

Crude cellulose 54.33 
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Pure cellulose 36.03 

 

Nanocellulose 29.18 

 
 
Characterization of lignin, cellulose and 
nanocellulose from DP 
FTIR analysis 

The FTIR spectrum was used to analyze the 
functional groups in the products recovered from 
durian shell powder. The FTIR results of 
nanocellulose (Fig. 7a) and cellulose (Fig. 7b) 
obtained from durian peel show that the peaks are 
almost identical. Specifically, the appearance of 
peaks at 3442 cm-1 is characteristic of the 
stretching vibrations of OH stretching. The peak 
appearing at a wavelength of 2923 cm-1 is related 
to the C-H bonds present in the structure of the 
glucopyranosic ring.74 The absence of peaks in the 
1750-1700 cm-1 region indicates that 
nanocellulose and cellulose from DP are not in an 
oxidized form or do not have carboxylic groups.74 
The peak at 1634 cm-1 is attributed to the 
vibration of hydroxyl groups. Meanwhile, the 
absorption peak at 1060 cm-1 is assigned to C-O 
stretching vibrations. However, the OH stretching 
absorption in nanocellulose is stronger compared 
to cellulose. This is because when the cellulose 
molecules are smaller, more free hydroxyl groups 
are exposed on the surface. In other words, the 
number of free hydroxyl groups in nanocellulose 
is higher than in cellulose fibers.75 Additionally, 
the absence of new peaks in the FTIR results of 
nanocellulose indicates that hydrolyzing cellulose 
into nanocellulose does not form any new bonds, 
but only serves to cut the cellulose chains into 
smaller molecules. These results are consistent 
with the FTIR analysis of cellulose and 

nanocellulose obtained from rice straw and poplar 
wood,75 pineapple peel,76 and chili waste.77 

In the FTIR spectrum of lignin, the peak at 
3348 cm-1 is attributed to hydrogen bonding in the 
–OH group. The peak at 2925 cm-1 is primarily 
assigned to methyl and methylene groups. The 
C=O stretching vibration of the carboxylic groups 
in lignin is absorbed at the peak at 1710 cm-1. 
Sharp peaks at 1632 cm-1 and 1429 cm-1 indicate 
the vibrations of the aromatic ring. The peak at 
1044 cm-1 signifies aromatic C-H in-plane 
deformation. These results are consistent with 
those for lignin recovered from the formic acid 
process,78 from eucalyptus wood powder,79 lignin 
obtained from various plants,80 and lignin from 
Moroccan thuya wood.81 

 
SEM  

The surface morphology of lignin observed 
under the scanning electron microscope (SEM) 
(Fig. 8 (a)) reveals the structural morphology of 
lignin particles. The lignin particles are porous 
and aggregate into large conglomerates.11 The 
surface of the lignin mass, characterized by 
numerous microscopic pores, appears relatively 
rough and uneven, increasing the porosity of the 
lignin. Additionally, the lignin structure from 
durian peel is observed to consist of small 
interconnected particles, most of which have 
compact structures with relatively uniform sizes. 
Similar observations have been found for lignin 
extracted from rice husk,82 Moroccan thuya,81 
acetylated lignin,83 and industrial lignin.84 
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Figure 7: FTIR results of (a) bleached cellulose, (b) nanocellulose; and (c) lignin from DP 

 

     
(a) Lignin 

     
(b) DP powder 

     
(c) Cellulose 

     
(d) Nanocellulose 

 
Figure 8: SEM of (a) lignin, (b) DP powder (c) pure cellulose and (d) nanocellulose from DP 
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The scanning electron microscopy (SEM) 

analysis of raw durian peel (Fig. 8 (b)) powder 
reveals a smooth surface structure. This is due to 
the presence of lignin, cellulose, and 
hemicellulose components bonded together to 
form plant cells. Consequently, the surface of the 
durian peel at this stage appears as fine fibers.59 
Figure 8 (c and d) illustrates the morphology of 
cellulose and nanocellulose extracted from the 
durian peel. The obtained cellulose has a rough 
surface with some surface fragmentation, though 
the fibers are not entirely separated from each 
other. This is attributed to removing hemicellulose 
and lignin components, allowing for more precise 
separation of the cellulose fibers.59 

Meanwhile, nanocellulose obtained from 
durian peel treated with concentrated acid exhibits 
numerous tiny particles with uniform sizes, 
resulting in a significantly rougher surface than 
the cellulose sample (Fig. 8 (b)). The 
nanocellulose surface also shows a noticeable 
increase in the fragmentation of cellulose fibers 
compared to the pure fibers. The structure of 
nanocellulose derived from durian peel can 
enhance the reinforcement in other material 
matrices, improving the properties of the base 
material through enhanced interaction between 
components.85 

 
X-ray diffraction analysis (XRD) 

The mechanical and thermal properties of the 
studied samples are linked to the level of 
crystallinity. The cellulose, nanocellulose, and 
lignin isolated from durian rind were examined 
for crystallinity using X-ray diffraction (XRD) 
(Fig. 9). The X-ray diffraction patterns of 
cellulose and nanocellulose derived from durian 
rind exhibit peaks at 35.1º and 34.7º, ascribed to 
the amorphous region's diffraction intensity. The 
most prominent diffraction peaks are observed at 
20.2º and 22.2º for cellulose and at 20.4º and 
22.5º for nanocellulose on the diffraction patterns 
of cellulose and nanocellulose, respectively. This 
suggests that the cellulose and nanocellulose from 
durian rind in this study possess a mixed structure 
of cellulose type I and type II, indicating that the 
structures of both nanocellulose and cellulose 
blend crystalline and amorphous regions. 
However, a comparison between the XRD 
patterns of cellulose and nanocellulose reveals 
that the diffraction angles decrease after the 
hydrolysis of cellulose into nanocellulose, 

indicating the complete removal of 
hemicelluloses and other carbohydrates from the 
cellulose molecule.86 The crystallinity index of 
the cellulose sample was found to be 
approximately 54.74%, while the nanocellulose 
sample had a crystallinity index of about 39.95%. 
The reduction in the intensity of the crystalline 
peaks in the XRD patterns of nanocellulose can 
be explained by several factors. First, as the size 
of the crystalline particles decreases, the surface 
area increases, leading to more substantial surface 
effects and scattering, reducing the intensity of X-
ray diffraction. This effect is commonly observed 
in nanomaterials like nanocellulose.87 Second, the 
acid hydrolysis process can reduce the 
crystallinity of the material by removing 
amorphous regions and decreasing the size of 
crystalline domains, making the structure less 
ordered and thus lowering the intensity of the 
crystalline peaks.88 Additionally, defects in the 
crystal lattice, such as stacking faults or 
distortions, can reduce the regularity of the 
crystalline structure, causing X-ray scattering to 
become more diffuse.89 All these factors 
combined contribute to the reduced intensity of 
the crystalline peaks in the XRD patterns of 
nanocellulose. The crystallinity of cellulose from 
durian rind is lower than that of cellulose 
extracted from chili stems (50.78%),77 but 
comparable to the crystallinity of cellulose 
extracted from rice straw (30-55%).90 Meanwhile, 
the crystallinity of nanocellulose in this study was 
found to be lower than that of nanocellulose 
extracted by acid hydrolysis from rice straw (35-
45%)90 and cotton (48-64%)91 and higher than 
nanocellulose from okra (Abelmoschus 
esculentus) fiber (29%).92 

The X-ray diffraction of lignin does not exhibit 
any peaks, indicating that lignin molecules lack a 
crystalline structure and instead exist in an 
amorphous form. This can be attributed to the fact 
that the lignin was obtained under high-
concentration acid conditions, which is known to 
decrease crystallinity as the acid concentration 
increases. Several reports have also noted that the 
diffraction angles of lignin are highly diverse and 
vary based on the source material and the method 
of lignin isolation.86 The X-ray diffraction pattern 
of lignin from durian rind closely resembles the 
XRD pattern of industrial lignin93 and acetylated 
lignin from oil palm empty fruit bunches.83 
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Figure 9: X-ray diffraction patterns of lignin, cellulose, and nanocellulose obtained from DP 

 
Thermogravimetric (TGA) and differential thermogravimetric (DTG) analyses 

Figure 10 illustrates the thermal stability and 
differential thermogravimetric analysis of 
cellulose, nanocellulose, and lignin. Both 
cellulose and nanocellulose exhibit three primary 
regions of weight loss, although the temperature 
ranges for these regions differ between the two 
materials. The first weight loss region, occurring 
at 60-120 °C for cellulose and 75-100 °C for 
nanocellulose, is attributed to the evaporation of 
water present in the materials.92 Nanocellulose 
shows a weight loss of approximately 19.74%, 
compared to 9.31% for cellulose, reflecting the 
higher moisture content in nanocellulose.94 
Additionally, DTG analysis reveals that the rate of 
weight loss in nanocellulose is faster than that of 
cellulose during this stage. The second region 
involves the decomposition of esterified cellulose 
chains and hydroxyl groups. For nanocellulose, 
this occurs at 120-180 °C, while for cellulose, it 
occurs at 100-120 °C.95 In this region, 
nanocellulose experiences a total weight loss of 
around 11.26%, compared to 4.65% for cellulose. 
This disparity is likely due to the higher number 
of hydroxyl groups in nanocellulose after acid 
hydrolysis. The smaller size of nanocellulose 
exposes more hydroxyl groups, leading to a faster 
decomposition rate in nanocellulose (-4.41%/min) 
compared to cellulose (-2.79%/min). The third 
weight loss region, occurring between 190-240 °C 
for nanocellulose and 140-360 °C for cellulose, is 
attributed to the initial degradation of the 
cellulose polymer, including depolymerization, 
dehydration, and breakdown of glycosidic units.95 
Although cellulose begins structural 
decomposition earlier than nanocellulose, it 
experiences a significantly faster and more 
pronounced weight loss in this stage. This is 

evident in the TGA and DTG curves (Fig. 10 (a)), 
where cellulose shows a distinct degradation 
curve and a prominent third peak. The fourth 
region, occurring above 350 °C for nanocellulose 
and above 400°C for cellulose, is associated with 
the decomposition of carbon chains. At 600 °C, 
the weight loss is 62.38% for nanocellulose and 
65.96% for cellulose. This difference in thermal 
stability may be attributed to the hydrolysis 
process in the sulfuric acid environment, which 
introduces sulfate groups in nanocellulose. These 
sulfate groups may create stronger bonds between 
molecules, enhancing the thermal stability of 
nanocellulose compared to cellulose.96 
Additionally, the smaller size of nanocellulose 
further contributes to its improved thermal 
stability. Overall, cellulose is less thermally stable 
and more susceptible to severe thermal conditions 
than nanocellulose in this study.97 Similar results 
were also observed for cellulose and 
nanocellulose derived from Ulva lactuca98 and 
office wastepaper.96 

The differential thermal analysis of lignin 
shows that weight loss occurs insignificantly up 
to 600 °C. However, three central weight loss 
regions of lignin are observed. The first region 
occurs from 60-110 °C, related to the evaporation 
of water in the extracted lignin.99 The subsequent 
slow decomposition in the temperature range of 
160-220 °C is attributed to the dehydration of 
chemically bound water and the hydroxyl groups 
in lignin,100 leading to a weight loss of about 
1.08%. The third transition region occurs at 240-
440 °C, resulting from the partial decomposition 
of carboxylic and anhydride groups and the 
residual hemicelluloses in lignin.100,101 The weight 
loss at 600 °C is only 5.84%, which is relatively 
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insignificant. This indicates that the lignin in this 
study has good thermal stability, making it 
suitable for applications requiring high thermal 

stability or for use in producing lignin-containing 
charcoal.   
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(b) Nanocellulose 
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Figure 10: TGA and DTG curves of cellulose, nanocellulose, and lignin-derived from DP 
 
CONCLUSION 

This study presents a highly efficient and 
sustainable process for the simultaneous recovery 
of cellulose, nanocellulose, and lignin from durian 
peel, demonstrating the potential of agricultural 
waste as a valuable resource. The process, 
consisting of pre-treatment, sodium hydroxide 
treatment, bleaching, and acid hydrolysis, yielded 
substantial amounts of critical products: 54.33% 
crude cellulose, 36.03% purified cellulose, 
29.18% nanocellulose, and 11.92% lignin. The 
recovered nanocellulose, classified as cellulose 
nanofibrils, exhibited a favorable particle size 
distribution, with 62.23% of particles measuring 

below 100 nm and all particles under 200 nm. 
Crystallinity indices of 32.29% for nanocellulose 
and 40.08% for cellulose indicate their structural 
integrity. Furthermore, thermal analysis 
confirmed the excellent thermal stability of 
nanocellulose compared to cellulose, while lignin 
demonstrated remarkable stability up to 600 ºC, 
highlighting its suitability for high-temperature 
applications. These results underscore the 
feasibility of utilizing durian peel for the eco-
friendly recovery of high-value bioproducts. The 
developed process offers a scalable solution, 
contributing to the circular economy by 
transforming agricultural waste into industrially 
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relevant materials with potential applications in 
bioplastics, nanocomposites, and high-
temperature industries. 
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