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Abstract  

Durian rind is a food waste by-product left after consuming fruit flesh and can contribute to environmental pollution 

due to its slow decomposition and the large disposal area required because of its bulky shape. This study aims to evaluate 

the potential of durian rind as a cellulose source for producing biodegradable composites. Cellulose was extracted from 

the sample using a single-step alkali and hydrogen peroxide pretreatment under different conditions (temperature, 

residence time, and H2O2 concentration). The optimal condition for achieving the highest cellulose content with minimal 

lignin contamination was treatment with 5 % NaOH in 7.5 % H2O2 at 50 °C for 5 h. The extracted cellulose was milled 

and sieved to obtain 3 different particle sizes (< 250 µm (S), 250 - 425 µm (M), and > 425 µm (L)). All cellulose samples 

were characterized to determine their chemical and physical properties. FTIR spectra confirmed that most impurities in 

the raw material were removed after extraction. To evaluate the composite properties, polylactic acid (PLA)/cellulose 

composites with varying cellulose particle sizes and loadings were analyzed and compared to neat PLA. An increase in 

Young’s modulus was observed with the addition of cellulose, with the effect being more pronounced at lower cellulose 

loadings. Conversely, higher cellulose content negatively affected the composite properties, reducing tensile strength and 

elongation at break. This adverse effect was more significant with larger cellulose particles. FE-SEM analysis revealed 

that larger cellulose particles created larger interfacial voids, contributing to a decrease in tensile elongation at break. The 

incorporation of cellulose into PLA slightly elevated the glass transition temperature by approximately 1 - 2 °C. Moreover, 

the degree of crystallinity (Xc) significantly increased with the addition of cellulose, with smaller cellulose particles being 

more effective in enhancing Xc. PLA/cellulose composites may be suitable for applications as single-use plastics. 

 

Keywords: Circular economy, Waste, Biodegradable polymer, Environmental sustainability, Cellulose, Durian rind 

 

Introduction 

 Biodegradable composites typically consist of 

lignocellulose-derived fibers and biopolymers, such as 

polylactic acid (PLA). PLA is synthesized through the 

polymerization of D-lactic acid and L-lactic acid 

enantiomers and can be produced via both fermentation 

and chemical processes [1,2]. As a natural polyester, 

PLA is biodegradable and possesses several desirable 

characteristics, including non-toxicity, biocompatibility, 
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mechanical strength, thermal stability, and 

environmental friendliness, making it particularly 

suitable for food packaging applications [3]. PLA 

exhibits physical properties such as stiffness, tensile 

strength, and gas permeability that are comparable to 

those of conventional plastics like polypropylene (PP) 

and polyethylene terephthalate (PET) [4]. However, its 

application in food packaging is limited by relatively 

low impact strength and elongation at break. To 

overcome these limitations, reinforcing PLA with 

cellulose has been shown to enhance its mechanical 

performance and extend its functionality in food 

packaging systems [5].  

Additives such as cellulose or starch in PLA 

composites have been shown not to affect the diversity 

or total biomass of soil-dwelling bacteria and fungi 

when measured by soil weight [2]. Reinforcing PLA 

with cellulose offers several advantages, including 

increased mechanical strength and reduced brittleness of 

the resulting composite materials. Cellulose fibers 

derived from both woody and non-woody plants such as 

kenaf, hemp, and pineapple leaves have been widely 

used in composite fabrication [6]. Numerous studies 

have explored the reinforcing potential of cellulose from 

various sources in PLA composites, including bacterial 

cellulose [7], microcrystalline cellulose [8], 

nanocrystalline cellulose [9], wood fiber [10], kenaf 

[11], bamboo, and sawdust [5]. Among these sources, 

agricultural residues represent a particularly promising 

option due to their abundance, low cost, and high 

cellulose content. Incorporating agro-waste such as fruit 

peels, vegetable waste, and grain husks into biopolymer 

matrices to produce value-added biomaterials, including 

bioplastics, contributes to the sustainable reduction of 

agro-waste and supports the principles of a circular 

economy [2]. However, fruit waste continues to pose a 

significant challenge for agro-waste management, 

depending on both the types and quantities of waste 

generated. 

Durian (Durio zibethinus) is a seasonal fruit 

cultivated in tropical regions such as Thailand, 

Indonesia, Malaysia, and the Philippines [12]. While the 

edible part of the durian is its yellowish fruit flesh, the 

peel (rind) and seeds are typically discarded as waste 

[13]. The durian rind, including the spiky peel, forms the 

bulky outer layer of the fruit and constitutes a major 

portion of this waste [14]. Substantial quantities of 

durian peel are collected annually in these countries. In 

2020, approximately 22,000 metric tons of durian fruit 

were produced, with the rind accounting for around 60 

% of the fruit’s total weight. This corresponds to an 

estimated 13,200 metric tons of durian rind waste in that 

year [15]. Due to its chemical composition, durian rind 

is classified as a lignocellulosic material with strong 

potential for conversion into high-value products. It has 

been reported to contain approximately 60.45 % 

cellulose, 15.45 % lignin, 13.09 % hemicellulose [15], 

and 4.20 % ash [16]. Given its high fiber content, durian 

rind represents a promising and underutilized source of 

natural cellulose, aligning with the principles of the 

circular economy and sustainable waste valorization. 

Several studies have investigated the 

incorporation of durian rind fiber into polymer 

materials. For example, Penjumras et al. [17] examined 

the effect of cellulose derived from durian rind on the 

properties of PLA/cellulose composites. In their study, 

high cellulose loadings (25 - 35 wt%) with particle sizes 

ranging from 125 to 250 µm were applied. The results 

indicated that increasing cellulose content led to a higher 

Young’s modulus and enhanced composite strength. 

Similarly, Halász and Csóka [9] characterized 

PLA/cellulose composites using microcrystalline 

cellulose with particle sizes smaller than 20 µm, both 

with and without ultrasound treatment, as well as 

cellulose nanoparticles. Their findings showed that 

smaller cellulose particles, due to their higher surface 

area, provided better interfacial adhesion, resulting in 

improved physical properties of the composites. 

Manshor et al. [13] investigated the effects of alkali 

pretreatment (4 % NaOH at room temperature for 1 h) 

on durian skin fiber and its influence on the mechanical 

and thermal properties of PLA/durian skin fiber 

composites. Their results showed that alkali-treated 

fibers significantly enhanced both the impact strength 

and thermal stability of the composites compared to 

those reinforced with untreated fibers. In addition to 

PLA, durian peel fiber has also been utilized to reinforce 

other biopolymer composites. Jumaidin et al. [14] 

examined the effects of varying durian peel fiber 

loadings (10 - 50 wt%) on the properties of cassava 

starch composites. Their findings revealed that 

increasing the fiber content improved thermal stability 

as well as tensile and flexural properties. The 

significance of fiber content in determining composite 
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properties was supported by Lee et al. [15], who 

evaluated the incorporation of different amounts of 

durian husk fiber into PLA composites. 

Recently, durian rind has gained recognition as a 

local and natural source of cellulose for the production 

of biodegradable packaging materials. However, 

efficient methods for converting durian rind into such 

materials and for extracting high-purity cellulose from 

this agricultural waste are still lacking [12]. In the 

present study, durian rind (Monthong cultivar) was used 

as the raw material for cellulose production using a 

simple yet effective single-step pretreatment process at 

low temperatures. The optimal conditions of cellulose 

isolation were identified, and the extracted cellulose was 

characterized in terms of different particle sizes.  

To the best of our knowledge, no prior research 

has specially addressed the impact of cellulose particle 

sizes greater than 250 µm on PLA/cellulose composites. 

These particle sizes were selected because their effect 

on composite performance has not yet been reported. 

Previous studies have shown that smaller cellulose 

particles improve composite properties due to increased 

surface area and better interfacial bonding [9,17]. In this 

work, we sought to determine whether such particle 

size-dependent effects remain valid at larger particle 

sizes, and to identify the practical limit of particle size 

for PLA composite reinforcement. Moreover, the use of 

larger cellulose particles offers potential benefits, 

including reduced energy consumption for size 

reduction and a simplified sample preparation process. 

This study aims to evaluate the influence of durian rind 

cellulose with particle sizes ranging from less than 250 

µm to greater than 425 µm, at various loading levels, on 

the physical properties of PLA composites. The 

potential application of these composites in agricultural 

and food packaging was assessed based on their 

mechanical and thermal properties, as well as surface 

morphology.  

 

Materials and methods 

Raw material 

Durian rind (Durio zibethinus Murray 

‘Monthong’) was collected from a local market in 

Nakhon Nayok province, Thailand. The raw material 

was first cut into small pieces and sun-dried prior to 

being dried in a hot-air oven at 45 °C for 24 h. Dried 

biomass was milled by passing through a cutting mill 

(Retsch, Haan, Germany). It was then sieved through a 

20-mesh sieve (particle size = 850 µm) and stored in a 

glass jar with a screw-capped lid at room temperature 

for use in all experiments. 

 

Chemicals 

All chemicals were laboratory reagent grade 

purchased from Sigma-Aldrich (Sigma Chemical Co., 

USA), UNIVAR (Ajax Finechem, Australia), chem-

supply (ChemSupply Australia, South Australia), 

LABCHEM (Ajax Finechem, Australia), Loba Chemie 

(LOBA CHEMIE PVT. LTD., India), EMPLURA and 

EMSURE (Merck Millipore, Germany).  

 

Determination of chemical composition of 

untreated durian rind 

All chemical composition of durian rind was 

determined according to the Laboratory Analytical 

Procedures (LAP) issued by the National Renewable 

Energy Laboratory (NREL). Total solids, ash content, 

and extractives in the biomass were analyzed following 

the standard protocols [18-20]. Briefly, the biomass was 

subjected to exhaustive water and ethanol extraction (24 

h for each process). After that, structural carbohydrate 

(cellulose) and lignin determination of the extractives-

free sample was performed by a 2-step acid hydrolysis 

[21]. Cellulose content was quantified by measuring the 

amounts of glucose in the neutralized hydrolyzate using 

a glucose oxidase/peroxidase method (GOPOD assay 

kit, Megazyme, Ireland). Acid-soluble lignin (ASL) was 

investigated by the absorbance measurement at 320 nm 

and acid-insoluble lignin (AIL) was determined using 

the gravimetric method. All experiments were carried 

out in triplicate. 

 

Isolation of cellulose  

The method for cellulose isolation was slightly 

modified from Sophonputtanaphoca et al. [22]. To 

determine the optimal extraction conditions, 

approximately 0.3 g of dry durian rind sample was 

weighed and placed in a 20-mL scintillation vial. Ten 

mL of a pre-determined concentration of NaOH and 

H2O2 mixture was added to the vial, which was then 

sealed with a screw cap and placed in a rotating 

incubator at various residence times and temperatures 

(Table 1). To collect the solid phase for further 

experiments, the suspension was filtered through a 
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Gooch filter crucible (pore size = 10 - 12 μm). The solid 

residue was washed with distilled water, followed by 10 

mL of 0.01 mM HCl and more distilled water to achieve 

a neutral pH before being dried in a hot-air oven at 45 

°C for 24 h. The dried solid was used as a cellulose 

sample. Total solid recovery and total solid removal 

were measured in comparison to the dry weight of the 

biomass before extraction. The amounts of cellulose 

obtained from the different conditions were quantified 

as described below. The condition yielding the highest 

cellulose content was chosen as the optimal extraction 

condition for further study. All experiments were 

performed in triplicate.

 

Table 1 Conditions for cellulose isolation of durian rind. 

Temperature (°C) Time (h) Concentration (%, w/v) 

35 5 

24 

5 % NaOH in 2.5 % H2O2 

5 % NaOH in 5 % H2O2 

5 % NaOH in 7.5 % H2O2 

5 % NaOH in 10 % H2O2 

50 5 

24 

5 % NaOH in 2.5 % H2O2 

5 % NaOH in 5 % H2O2 

5 % NaOH in 7.5 % H2O2 

5 % NaOH in 10 % H2O2 

60 5 

24 

5 % NaOH in 2.5 % H2O2 

5 % NaOH in 5 % H2O2 

5 % NaOH in 7.5 % H2O2 

5 % NaOH in 10 % H2O2 

 

Glucose analysis for quantification of cellulose 

content 

The glucose analysis using the glucose 

oxidase/peroxidase (GOPOD) assay was modified from 

Sophonputtanaphoca et al. [22]. This assay was used to 

measure the cellulose content in both native biomass and 

extracted cellulose samples. Shortly, 50 μL of filtrate 

(neutralized hydrolysate obtained from the 2-step acid 

hydrolysis) was transferred into a test tube, and then 

1000 μL of GOPOD reagent (GOPOD assay kit, 

Megazyme, Ireland) was added.  Glucose solutions 

ranging from 0.2 to 0.8 mg/mL were used as standards. 

A reagent blank prepared with distilled water instead of 

the sample, served as a control. To develop the color 

resulting from the enzymatic reaction, the mixture was 

placed in an incubator at 40 °C for 20 min. Measurement 

of the absorbance was performed using a 

spectrophotometer with the wavelength of 510 nm. 

Cellulose content was calculated by multiplying the 

glucose amounts by a correction factor of 0.9, which 

accounts for the conversion from the monomeric to the 

polymeric form. The experiment was conducted in 

triplicate. 

Preparation of different particle sizes of 

cellulose 

Cellulose isolated under the optimal condition was 

used to reduce particle sizes. Various particle sizes of 

cellulose, including < 250 µm, 250 - 425 µm, and > 425 

µm were prepared by milling the extracted cellulose 

with a milling machine (Retsch, Model: ZM 200, Haan, 

Germany). The milled cellulose was passed through a 

series of sieves with different mesh sizes: 40 mesh (on 

the top), 60 mesh (in the middle), and a receiving pan 

(on the bottom), all mounted on a sieving machine 

(Fritsch, Idar-Oberstein, Germany). Particles retained 

on the 40-mesh were used as the > 425 µm sample, while 

particles retained on the 60 mesh were used as the 250 - 

425 µm sample. Particles that passed through the 60-

mesh sieve and collected in the receiving pan were used 

as the < 250 µm sample.  

 

Characterization of cellulose 

Fourier-transform infrared (FTIR) analysis of 

cellulose was conducted to identify the functional 

groups in both the native durian rind sample and the 

extracted cellulose of different particle sizes. The 
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analysis was performed using FTIR spectrometer 

(Thermo Scientific, Model: Nicolet iS5, USA) in 

transmission mode, over wavelength range of 4000 - 

400 cm–1. The FTIR spectra of the cellulose samples 

were compared to those of the native durian rind.  

X-ray diffraction (XRD) analysis was carried out 

to assess the crystallinity of the cellulose samples, 

following the procedures outlined by Rachtanapun et al. 

[23] and Haleem et al. [24]. Prior to testing, all samples 

were dried in a hot-air oven at 105 °C for 3 h. The 

analysis was performed over a scattering angle (2θ) 

range of 1 to 80 °, with a scanning rate of 5 °/min. The 

crystallinity of the cellulose was using the following 

equation: 

 

Crystallinity (%) =  
𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦 𝑎𝑟𝑒𝑎×100

𝑇𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎
    (1) 

 

Scanning electron microscope (SEM) analysis was 

performed to examine the morphological structure of the 

cellulose surface using a scanning electron microscope 

(JEOL, JSM-IT300). All samples were gold-coated with 

gold and imaged at magnifications of 100×, 1000×, and 

5000×.

 

Table 2 Blend formulation of PLA and cellulose. 

Formulation 
Cellulose content (wt%) 

<250 µm (S) 250 - 425 µm (M) >425 µm (L) 

Neat PLA 

S2.5 

S5.0 

S7.5 

S10 

M2.5 

M5.0 

M7.5 

M10 

L2.5 

L5.0 

L7.5 

L10 

- 

2.5 

5.0 

7.5 

10 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

2.5 

5.0 

7.5 

10 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

2.5 

5.0 

7.5 

10 

 

Production and characterization of 

PLA/cellulose composites 

An extrusion-grade PLA (Ingeo™ Biopolymer 

2003D, NatureWorks LLC) was employed as the 

polymer matrix, with a melting temperature of 190 °C 

and a density of 1.32 g/cm3.  Cellulose in 3 particle size 

categories: Less than 250 µm (S), 250 - 425 µm (M), 

and greater than 425 µm (L) was used as additives. Each 

size fraction of cellulose particles was subsequently 

mixed with biodegradable PLA in concentrations 

ranging from 2.5 to 10 wt%. 

As detailed in Table 2, each raw material was 

initially dry blended. The resulting blend compositions 

were then melt-mixed using a twin-screw extruder 

(Charoen Tut, E101) operating at a screw speed of 50 

rpm. The temperature settings along the barrel, from 

zone 1 to zone 5, were maintained at 180, 190, 190, 210, 

and 210 °C, respectively. Following the melt mixing, the 

formulations were injected using an injection molding 

machine (Charoen Tut, INJ101T) for subsequent testing 

and characterization.  

The visual appearance of PLA and its composites 

was captured using a Panasonic Lumix GF9 digital 

camera. The color fading of the composites in darkness 

was measured using a color meter (BYK Gardness, 

Color Flex) in terms of the L* value. The L* value 
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ranges from 0 to 100, where 0 indicates black and 100 

indicates white. 

Tensile testing was performed in accordance with 

ASTM D638 using a Universal Testing Machine 

(INSTRON, 5567) at room temperature. The test was 

conducted with a crosshead speed of 5 mm/min and a 

gauge length of 1 inch. The reported values represent the 

averages of ten replicated specimens. Additionally, the 

composites were analyzed using field-emission 

scanning electron microscopy (FE-SEM) (Hitachi, 

4700e) to reveal the morphological structure of the 

composite surface.  

The thermal and crystallization behaviors of neat 

PLA and PLA modified with cellulose were analyzed 

using a differential scanning calorimeter (DSC) (Perkin 

Elmer, DSC6000). The DSC measurements were 

conducted non-isothermally under the air atmosphere. 

Initially, the PLA and PLA/cellulose samples were 

heated from 25 to 210 °C to eliminate any thermal 

history. They were then held isothermally held at this 

temperature for 5 min. Subsequently, the samples were 

cooled down to 5 °C at a ramp rate of 5 °C/min and held 

at this temperature for 5 min before reheating to 210 °C. 

Data on the glass transition temperature (Tg), cold 

crystallization temperature (Tcc), and melting 

temperature (Tm) were recorded. The degree of 

crystallinity (Xc) was further calculated using Eq. (2) 

[25,26]. 

 

𝑋𝐶(%) = 100
(𝛥𝐻𝑚 − 𝛥𝐻𝑐)

𝛥𝐻𝑓×𝑋𝑃𝐿𝐴
                      (2) 

 

where Hm is the enthalpy of melting obtained from the 

area under the melting peak. Hc is the enthalpy of 

crystallization obtained from the area under 

crystallization peak, and XPLA is the weight fraction of 

PLA. Hf is the heat of fusion, defined as the melting 

enthalpy of 100 % crystalline PLA, which was 

previously reported to be 93 J/g [25-27].  

 

Statistical analysis 

Averages and standard deviations (SD) were 

calculated using Microsoft Excel (Redmond, WA, 

USA). Statistical analysis was performed with SPSS 

software (ICN:793700) (version 22; IBM, Chicago, IL, 

USA), utilizing a one-way ANOVA and Duncan’s 

Multiple Range Test (DMRT) at a 95 % confidence 

level. 

 

Results and discussion 

Chemical composition of native biomass 

Table 3 presents the chemical composition of the 

durian rind sample used in this study. A high cellulose 

content, approximately 50 wt%, was found in the 

sample. The cellulose and other chemical components in 

native durian rind can vary depending on cultivars. For 

instance, Masrol et al. [28] reported that dried durian 

peel from Malaysia contained 31.6 % α-cellulose, 10.9 

% lignin, and 5.5 % ash. Hasem et al. [29] revealed that 

the durian rind sample derived from the D118 (Durian 

Tembaga) cultivar contained 73.45 % cellulose. 

Charoenvai [16] reported that durian peel powder from 

Thailand was composed of 47.2 % holocellulose, 9.89 

% lignin, 9.63 % hemicellulose, 4.20 % ash, 37.6 % hot-

water solubility, and 18.9 % alcohol-benzene solubility. 

The chemical composition of the durian rind analyzed in 

this study was generally consistent with previous 

reports, with the exception of lignin content. Lignin is a 

complex phenolic polymer that contributes to the 

structural rigidity of plant cell walls. Through 2-step 

acid hydrolysis, structural carbohydrates and lignin are 

fractionated into forms that can be quantified more 

effectively. Lignin is separated into 2 components: An 

acid-soluble fraction (acid-soluble lignin) and an acid-

insoluble fraction (acid-insoluble lignin) [21].

 

Table 3 Chemical composition of native durian rind. Data represent average ± standard deviation. 

Component % by dry weight of original biomass 

Cellulose 

Acid-soluble lignin 

Acid-insoluble lignin 

Water extractives 

Ethanol extractives 

Ash 

49.9 ± 6.15 

2.01 ± 0.79 

27.2 ± 3.92 

22.5 ± 5.89 

12.9 ± 3.76 

4.01 ± 1.03 
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Cellulose and lignin content after extraction 

The durian rind sample was treated with sodium 

hydroxide (NaOH) at different concentrations of 

hydrogen peroxide (H2O2) and varied residence times 

and temperatures. The total solid recovery of all 

treatments is shown in Figure 1. Longer extraction 

times at elevated temperatures and higher 

concentrations of H2O2 resulted in higher total solid 

removal. At a 5-hour extraction, there was no significant 

difference in total solid recovery when the durian rind 

samples were treated with 5 % NaOH in either 2.5 % or 

5 % H2O2 at 35 and 50 °C. However, higher 

concentrations of H2O2 (7.5 and 10 %) at a higher 

temperature (60 °C) caused more total solid removal. 

These effects were more pronounced when the durian 

rind samples were treated with all concentrations of 

H2O2 for a longer residence time (24 h), especially at the 

higher temperature (60 °C). The results of total solid 

removal were consistent with those of lignin removal 

(Figure 2).

 

 

Figure 1 Comparison of total solid recovery in durian rind samples after extraction with 5 % NaOH in different 

concentrations of H2O2 at elevated temperatures for 5 and 24 h. 

 

 

Figure 2 Comparison of lignin removal from durian rind samples after extraction with 5 % NaOH in different 

concentrations of H2O2 at elevated temperatures for 5 and 24 h. 

 

Sophonputtanaphoca et al. [30] investigated the 

effect of alkali pretreatment on rice straw using 5 % 

NaOH at different residence times (1 - 5 h) and elevated 

temperatures (50 - 100 °C). The study revealed that 

elevated temperatures had a more significant impact 

than residence times, with higher temperatures resulting 

in greater total solid and lignin removal. This 

phenomenon is consistent with the findings of the 

present study. Alkali reagents play a crucial role in the 

delignification of lignocellulosic materials [31]. When 

combined with an alkali reagent, H2O2 in an aqueous 

solution solubilizes to form hydroxyl radicals (HO•), 

which react with lignin. This reaction causes 

delignification and generates low molecular weight, 

water-soluble lignin products [32]. Suriyatem et al. [33] 

further examined the effects of H2O2 delignification on 

palm bunch and bagasse using 0 - 40 % (v/v) H2O2 at 80 

°C for 2 h. They found that perhydroxyl anion (HO2
–) 

can contribute to a bleaching effect by generating 

perhydroxyl radicals (HO2•), which may subsequently 

dissociate to form superoxide radical anions (O2
–•)—

highly reactive species capable of further degrading 

lignin. A schematic illustration of the delignification 

mechanism is presented in Figure 3. 
 

 

 



Trends Sci. 2025; 22(8): 10106   8 of 21 

  

 

 

Figure 3 Schematic diagram illustrating the delignification mechanism during a single-step alkali and hydrogen peroxide 

pretreatment of lignocellulosic biomass. 

 

It is worth noting that H2O2 is a highly unstable 

molecule that decomposes through a sequence of 

reactions. Its stability is influenced by various factors, 

including temperature, pH, exposure to light, and 

interactions with transition metals. H2O2 is more stable 

under acidic conditions, and increasing its concentration 

typically lowers the pH of the solution [34]. The 

decomposition of H2O2 begins with its dissociation into 

hydrogen cations (H+) and perhydroxyl anion (HO2
–), 

with the generation of H⁺ ions reflecting its nature as a 

weak acid. The perhydroxyl anion subsequently reacts 

with another H₂O₂ molecule, leading to the formation of 

hydroxyl radicals (HO•) and perhydroxyl radicals 

(HO2•). This chain reaction continues, generating 

additional perhydroxyl radicals and water. Ultimately, 

all H2O2 molecules decompose into water upon 

completion of the reaction [34]. In addition to pH, 

temperature significantly influences the decomposition 

rate of H2O2. Yazici and Deveci [35] reported that the 

decomposition rate increased by approximately 20-fold 

when the temperature was raised from 20 to 50 °C over 

a 3-hour period.  

However, the bleaching (delignification) 

efficiency increases as the pH increases. This direct 

relationship between pH and bleaching efficacy has 

been well-documented in industrial bleaching processes 

involving cotton fibers and wood pulp [36]. In such 

applications, the pH of H2O2 solutions is intentionally 

raised, as the bleaching effectiveness of H2O2 is 

significantly enhanced at pH values above 10. At pH 

levels between 10 and 12, H2O2 begins to dissociate, and 

the perhydroxyl anion (HO2
–) becomes the predominant 

species above pH 11. This anion is believed to play a 

key role in enhancing the bleaching power of the 

solution [37].  

In Figures 1 and 2, the solid recovery rate 

increased, while delignification efficiency decreased 

when the H2O2 concentration was elevated to 10 % 

under treatment at 35 °C. This phenomenon may be 

attributed to the effect of pH on H2O2 decomposition and 

delignification efficiency, as discussed earlier. At the 

same temperature, higher H2O2 concentrations 

theoretically result in lower pH values. Although pH 

was not directly measured in this study, it is generally 
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accepted that a 10 % H2O2 solution exhibits a lower pH 

than a 2.5 % solution. The initial decomposition 

product, hydrogen cations (H+), can impair the 

effectiveness of the alkali in the saponification reaction 

by neutralizing hydroxide ions (OH–) derived from 

NaOH. This neutralization reduces the availability of 

OH– ions, thereby decreasing lignin removal efficiency. 

Additionally, the bleaching effectiveness of H2O2 is 

reduced under more acidic conditions. As a result, a 

higher solid recovery rate was observed because a larger 

proportion of lignin remained intact within the solid 

residue. In contrast, elevated temperatures promote the 

efficiency of alkali pretreatment by enhancing the 

solvation and saponification of intermolecular ester 

bonds linking lignin, hemicellulose, and cellulose [30]. 

Furthermore, higher temperatures facilitate biomass 

swelling, which increases the accessibility of 

pretreatment chemicals to the internal structure of the 

biomass, ultimately resulting in more effective lignin 

removal. 

Regarding cellulose content in the extracted 

solids, a longer residence time was required to achieve 

higher cellulose content at the lower treatment 

temperature (35 °C), regardless of the H2O2 

concentration. However, at a higher temperature 

(60 °C), prolonged residence time resulted in cellulose 

loss across all H2O2 concentrations, as evidenced by 

lower cellulose content compared to samples treated at 

50 °C. Notably, the highest lignin removal was also 

observed at 60 °C for all H2O2 concentrations, 

suggesting that both cellulose and lignin were 

significantly degraded at this elevated temperature and 

extended treatment duration. This finding aligns with 

observations by Suriyatem et al. [33], who reported that 

using high concentrations of H2O2 (up to 40 %, v/v) at 

80 °C for 2 h led to a reduction in cellulose yield. The 

loss of cellulose was likely due to depolymerization of 

the cellulose macromolecules into shorter chains, which 

subsequently became solubilized in the liquid phase.  

Interestingly, the present study found that the 

optimal condition for cellulose isolation—using 7.5 % 

H2O2 at 50 °C for 5 h—yielded the highest cellulose 

content (64 % by weight of the pretreated solid as shown 

in Figure 4). At 50 °C, the cellulose content was higher 

compared to treatments conducted at both 35 and 60 °C. 

This temperature-dependent variation in cellulose 

content can be attributed to the balance between 

delignification efficiency and cellulose degradation. At 

the lower temperature (35 °C), delignification was less 

effective, resulting in a higher retention of lignin (and 

likely hemicellulose) in the solid residue. Consequently, 

the overall proportion of cellulose in the pretreated solid 

was lower—below 30 wt%—as a significant portion of 

the solid mass consisted of non-cellulosic components. 

In contrast, at the higher temperature (60 °C), although 

delignification was more effective, cellulose 

depolymerization also occurred, leading to its 

solubilization into the liquid phase and a consequent 

reduction in cellulose yield. These findings suggest that 

overly severe conditions such as high H2O2 

concentration, elevated temperature, and extended 

residence time can lead to cellulose loss in the pretreated 

durian rind. Therefore, the condition of 7.5 % H2O2 at 

50 °C for 5 h was selected as optimal for cellulose 

extraction and used in subsequent experiments.

 

 

Figure 4 Cellulose content (wt%) in durian rind samples after extraction with 5 % NaOH in different concentrations of 

H2O2 at elevated temperatures for 5 and 24 h. 
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Fourier-transform infrared (FTIR) analysis of 

cellulose 

Cellulose was isolated from durian rind samples 

under the optimal condition (5 % NaOH in 7.5 % H2O2, 

50 °C, 5 h). The extracted cellulose was subsequently 

oven-dried, ground, and sieved to obtain 3 different 

particle size ranges: < 250 µm, 250 - 425 µm, and > 425 

µm. Fourier-transform infrared (FTIR) spectroscopy 

and additional analyses to characterize their properties. 

The FTIR spectra of the raw material (durian rind) 

and the extracted cellulose with varying particle sizes 

are shown in Figure 5. Absorption bands in the range of 

3600 - 2800 cm–1 were observed in all samples, 

corresponding to the stretching vibrations of C-H and O-

H groups [38]. Notably, several absorption bands 

present in the raw material were absent or altered in the 

spectra of the extracted cellulose, indicating chemical 

modifications to the polymer structure following alkali 

and hydrogen peroxide treatment. The FTIR spectra of 

the cellulose samples appeared similar across all particle 

sizes, suggesting that particle size had minimal 

influence on the overall chemical structure of the 

isolated cellulose. 

In the raw material, distinct peaks at 1369 and 

1026 cm–1 were observed, indicating a high content of 

uronic acids and pectin [39]. Hasem et al. [29] reported 

that durian rind from the D118 cultivar contained up to 

73.67 % pectin by weight. These characteristic peaks 

were absent in the FTIR spectra of all cellulose samples 

following the extraction process used in this study, 

confirming the effective removal of pectin and related 

non-cellulosic components during pretreatment. 

Regarding lignin, the peak at 1604 cm–1 
representing aromatic skeletal vibrations was prominent 

in the raw material but significantly reduced in the 

spectra of the extracted cellulose. The absorption band 

at 1241 cm–1 in the native durian rind spectrum 

corresponds to aromatic skeletal vibrations and C-O 

stretching of the acetyl group in lignin [40,41]. This 

peak was absent from all cellulose sample spectra, 

indicating a substantial reduction in lignin content. The 

disappearance of these peaks suggests that lignin was 

effectively solubilized in the alkali and hydrogen 

peroxide solution, likely due to the cleavage of ether and 

ester linkages within the lignin structure by reactions 

with NaOH and H2O2. Only the peak at 1507 cm–1, 

associated with C=C stretching in the aromatic rings of 

lignin, remained visible in the spectra of all cellulose 

samples [42]. This observation confirms a significant 

reduction in lignin content after alkali and hydrogen 

peroxide pretreatment, although complete lignin 

removal was not achieved under the given conditions. 

These qualitative FTIR results are consistent with the 

quantitative data presented in Figure 2, further 

confirming that a substantial portion of lignin was 

removed from the durian rind during the treatment 

process. 

For hemicellulose, the carbonyl (C=O) stretching 

vibrations of carboxyl and acetyl groups appear as a 

peak at 1735 cm–1 [40]. This absorption band was absent 

in the spectra of all cellulose samples, indicating that 

these functional groups were effectively removed and 

solubilized into the liquid phase during pretreatment 

[41]. In the raw material spectrum, a small shoulder peak 

at 1043 cm–1 was observed, which is associated with 

xylan, a major component of hemicellulose [43,44]. A 

similar small shoulder peak at 1038 cm–1 was present in 

the spectra of all cellulose samples, suggesting the 

possible presence of minor carbohydrate impurities, 

such as residual hemicellulose, in the extracted 

cellulose.  

The intensity of peaks corresponding to cellulose 

was markedly higher in all cellulose samples compared 

to the raw material prior to extraction. Specifically, the 

C-O-C stretching vibrations of β-(1,4)-glycosidic bonds 

in cellulose was identified by peaks at 1157, 1091, and 

895 cm–1 [38,45]. In addition, a peak at 1316 cm–1 

observed in all cellulose samples corresponds to CH2 

wagging vibrations in cellulose [46]. The intensity of 

FTIR absorption peaks is directly related to the amount 

of infrared radiation absorbed by the sample, which in 

turn reflects the abundance of the corresponding 

molecular functional groups. Therefore, an increase in 

peak intensity generally suggests a higher concentration 

of the associated functional groups.  

However, no attempt was made in this study to 

quantitatively compare the concentration of functional 

groups before and after the extraction process. 

Moreover, aside from lignin removal (Figure 2) and 

cellulose content (Figure 4), no additional quantitative 

analyses were conducted to confirm the purity level of 

the extracted cellulose. As such, the exact purity of the 

cellulose could not be determined. Nevertheless, based 

on the FTIR results and gravimetric data, it can be 
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assumed that cellulose was significantly enriched in the 

samples following alkali and hydrogen peroxide 

treatment, relative to the raw material.

 

 

Figure 5 FTIR Spectra of durian rind (raw material) and cellulose with particle sizes <250 µm, 250 - 425 µm, and >425 

µm. 

 

X-ray diffraction (XRD) analysis of cellulose 

Cellulose samples with different particle sizes 

were analyzed using X-ray diffraction (XRD) to 

determine their crystallographic structure and physical 

properties. Two distinct peaks were observed in the 

XRD patterns of all cellulose samples (Figure 6), which 

are characteristic of cellulose crystalline regions [24]. 

The crystallinity indices, calculated from the XRD peak 

areas, are presented in Table 4. These values ranged 

from 31.2 to 35.5 %. However, no clear correlation was 

observed between crystallinity and particle size. The 

influence of cellulose crystallinity on the performance 

of PLA/cellulose composites is further discussed in a 

later section of this study.
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Figure 6 XRD chromatograms of cellulose with particle sizes (a) < 250 µm, (b) 250 - 425 µm, and (c) > 425 µm. 

 

 

Table 4 Crystallinity of cellulose with different particle sizes. Data represent average ± 1 standard deviation. 

Particle size of cellulose (µm) Crystallinity (%)* 

< 250 

250 - 425 

> 425 

31.5 ± 0.8a 

35.5 ± 0.4b 

31.2 ± 0.6a 

*Lowercase letter indicates significant difference (p < 0.05). 

 

 

Morphological structure of cellulose 

The morphological structures of cellulose samples 

with different particle sizes were examined using 

scanning electron microscopy (SEM), as shown in 

Figure 7. Following alkali and hydrogen peroxide 

pretreatment, as well as subsequent grinding and 

sieving, the cellulose samples exhibited rough surfaces 

and porous structures. These features are attributed to 

the combined effects of chemical and physical 

treatments. Similar surface morphologies have been 

reported in cellulose extracted from rice straw (10 

cultivars) treated with alkali and hydrogen peroxide 

[22]. However, the cellulose sample with the largest 

particle size (> 425 µm) exhibited a more compact 

structure composed of fiber bundles, with no visible 

porous surface. This suggests that larger particles may 

retain more of their native structural integrity and are 

less affected by pretreatment and mechanical 

processing.
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Figure 7 SEM micrographs of cellulose with particle sizes (a) - (c) < 250 µm, (d) - (f) 250 - 425 µm, and (g) - (i) > 425 

µm at ×100, ×1000, and ×5000 magnifications. 

 

 

Properties of PLA/cellulose composite 

Visual appearance and color fading 

As shown in Figure 8, the color appearance of the 

PLA/cellulose composites shifted from 

transparent/white to a darker shade with increasing 

cellulose content, indicating that cellulose acted as a 

pigment within the PLA matrix. However, there was no 

significant difference in the L* values among the 

different cellulose particle sizes.

 

 

 

Figure 8 PLA/cellulose composites with different cellulose particle sizes and loading levels (a) visual appearance and (b) 

L* values. 

 

Tensile properties 

The mechanical properties of the PLA/cellulose 

composites, as influenced by cellulose particle size and 

loading, are summarized in Table 5. In general, all 

composite formulations exhibited higher Young’s 

modulus (E) compared to neat PLA. The addition of 2.5 

wt% cellulose led to a modest increase in E value by 

3.23, 2.42, and 1.21 % for small (S), medium (M), and 
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large (L) cellulose particles, respectively. Increasing the 

cellulose content beyond 2.5 wt% resulted in only slight 

additional gains in modulus, with the maximum 

improvement observed at 7.5 wt%, showing an overall 

increase of 6.05 % across all particle sizes. These 

findings indicate that the composites became stiffer and 

more rigid than neat PLA [47,48]. 

Table 5 also shows that the tensile strength of PLA 

slightly decreased with the incorporation of 2.5 wt% 

cellulose across all particle sizes. As the cellulose 

content increased, tensile strength decreased more 

noticeably, by approximately 8 - 24 %, depending on 

particle size and loading level. The lowest tensile 

strength was recorded at 10 wt% loading with large (L) 

cellulose particles. Nevertheless, this value remained 

higher than that of commonly used polymers such as 

high-density polyethylene and PP [49,50].

 

Table 5 Tensile properties of PLA/cellulose composites with varying cellulose particle sizes and loadings. Data represent 

average ± 1 standard deviation. 

Cellulose content (wt%) Particle size 
Tensile property* 

Tensile modulus (GPa) Tensile strength (MPa) Elongation at break (%) 

Neat PLA - 2.48  0.14a 60.84  2.33a 4.61  0.15a 

2.5 

S 

M 

L 

2.56  0.19aA 

2.54  0.10aA 

2.51  0.07aA 

57.17  3.56abA 

56.83  4.98abA 

57.31  3.02abA 

4.14  0.16abA 

3.97  0.19abA 

3.26  0.20abA 

5.0 

S 

M 

L 

2.59  0.11aA 

2.58  0.12aA 

2.56  0.15aA 

55.76  2.16bA 

54.52  3.11cAA 

50.66  2.05bcB 

3.57  0.57bcA 

3.24  0.46bcA 

2.23  0.36bcB 

7.5 

S 

M 

L 

2.63  0.07a 

2.62  0.20aA 

2.59  0.18aA 

52.81  1.68cA 

49.26  2.04dB 

50.64  1.51bcAB 

2.94  0.11cdA 

2.43  0.40cdA 

1.53  0.28cdB 

10 

S 

M 

L 

2.49  0.12aA 

2.61  0.08aA 

2.60  0.14aA 

47.05  2.59dA 

46.61  3.14eA 

46.32  3.58cA 

2.20  0.16dA 

2.45  0.44dA 

1.02  0.18dB 

*Lowercase letters indicate significant differences between cellulose contents compared with neat PLA. Uppercase letters 

indicate significant differences between cellulose particle sizes (p < 0.05). 

 

 

A similar trend was observed in tensile elongation 

at break. These reductions in tensile strength and 

elongation are primarily attributed to poor interfacial 

adhesion between the hydrophobic PLA matrix and the 

hydrophilic cellulose filler, which limits efficient stress 

transfer and promotes interfacial debonding under 

mechanical loading [47,48]. This effect was more 

pronounced with larger cellulose particles, likely due to 

their lower specific surface area and less uniform 

dispersion in the PLA matrix. In contrast, smaller 

cellulose particles showed slightly better interfacial 

interaction, likely due to their higher surface area and 

greater potential for bonding with the polymer matrix 

[51]. 

Field-emission scanning electron microscopy (FE-

SEM), as illustrated in Figure 9(a), revealed the 

characteristic brittle fracture surface of neat PLA, 

displaying a smooth morphology indicative of rapid 

crack propagation and low energy absorption during 

failure. This observation is consistent with previous 

studies that attribute PLA’s intrinsic brittleness to its 

high glass transition temperature and limited chain 

mobility [51]. Upon incorporation of cellulose particles 

(Figures 9(b) - 9(d)), the fracture surfaces exhibited 

distinct interfacial voids, suggesting poor interfacial 

adhesion between the PLA matrix and the hydrophilic 

cellulose filler. Similar findings were reported by 

Suryanegara et al. [52], who noted weak interfacial 
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bonding in PLA/cellulose composites due to the 

inherent incompatibility between the polymer and filler 

phases.  

The observed void formation may also result from 

phase separation under mechanical stress during sample 

preparation. Due to the differences in mechanical 

behavior between PLA and cellulose, the applied load 

induces deformation at varying rates, leading to 

separation at the interface and highlighting the lack of 

compatibility. This phenomenon has been frequently 

documented in literature, where mismatches in polarity 

and stiffness between PLA and cellulose result in 

localized stress concentrations and act as initiation 

points for failure [47]. These findings underscore the 

need for effective compatibilization strategies, such as 

surface grafting or the use of coupling agents, to 

improve interfacial adhesion and promote uniform stress 

transfer within the composite matrix.

 

 

Figure 9 FE-SEM micrographs of (a) neat PLA, (b) PLA/< 250 µm (S) cellulose, (c) PLA/250 - 425 µm (M) cellulose, 

and (d) PLA/> 425 m (L) cellulose composite. 

 

Various approaches have been explored to 

enhance interfacial adhesion and improve the 

mechanical properties of PLA/cellulose composites. 

One notable method involves the use of polyamide 

amine (PAMAM) dendrimers as compatibilizers. 

Studies have shown that incorporating PAMAM into 

PLA/cellulose acetate (CA) blends significantly 

improves compatibility, leading to better dispersion of 

CA within the PLA matrix. This modification has been 

reported to result in a 551 % increase in toughness and 

a 141 % enhancement in tear strength. Moreover, the 

presence of PAMAM increases the hydrophobicity and 

oxygen permeability of the blend films, making them 

more suitable for applications such as food packaging 

[53].  

Another approach involves surface modification 

of cellulose fibers through silanization. In one study, 

cotton fibers were subjected to sequential acid 

hydrolysis and silanization before being incorporated 

into PLA matrices. The silanization treatment enhanced 

the dispersion of the cellulose fibers and strengthened 

interfacial adhesion, resulting in increases in both 

Young’s modulus and tensile strength at break 

compared to neat PLA [54]. Additionally, grafting 

polylactic acid onto microcrystalline cellulose (MCC) 

via melt copolycondensation has been investigated. The 

resulting MCC-g-PLA copolymers, when incorporated 

into PLA matrices, exhibited improved dispersion and 

interfacial compatibility. This modification also 

enhanced the melt strength and crystallization behavior 

of PLA, addressing some of its inherent limitations in 

processing and mechanical performance [55]. 

The incorporation of cellulose resulted in 

noticeable changes in the thermal behavior of PLA, as 

summarized in Table 6. Specifically, the glass transition 

temperature (Tg) of PLA increased slightly, by 

approximately 1 - 2 °C, with the addition of cellulose. 

Furthermore, the PLA composites exhibited earlier 

crystallization, occurring about 1 - 2 °C prior to that of 

neat PLA. A significant enhancement in the degree of 
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crystallinity (Xc) was also observed, with the highest 

increase found at 7.5 wt% cellulose loading using 

particle sizes smaller than 250 µm. These smaller 

cellulose particles were particularly effective in 

promoting crystallization. This enhancement in 

crystallinity can be attributed, in part, to findings from 

the FE-SEM analysis. As shown in Table 6, poor 

interfacial adhesion between the PLA and cellulose 

resulted in the formation of thermally insulated zones 

that impeded heat transfer from the PLA matrix to the 

cellulose. Consequently, the cellulose particles 

remained relatively cooler during heating and acted as 

efficient nucleation sites for PLA crystallization [56,57]. 

This nucleating effect is the primary contributor to the 

observed increase in Xc and may help reduce the 

injection molding cycle time [27].

 

Table 6 Thermal transition temperatures of neat PLA and PLA/cellulose composites. 

Cellulose content (wt%) Particle size (m) Tg (°C) Tc (°C) Tm (°C) Xc (%) 

0 - 60.1 114 153 3.96 

2.5 

S 

M 

L 

59.2 

60.6 

60.4 

110 

112 

111 

156 

157 

156 

6.36 

5.73 

5.52 

5.0 

S 

M 

L 

61.4 

62.1 

61.9 

109 

113 

113 

155 

156 

157 

14.6 

12.1 

11.5 

7.5 

S 

M 

L 

61.0 

61.4 

61.9 

110 

113 

112 

155 

157 

155 

17.3 

16.8 

14.7 

10 

S 

M 

L 

61.5 

60.9 

61.3 

111 

112 

113 

156 

156 

157 

15.9 

13.6 

11.9 

 

Cellulose nanofibers (CNFs) have been 

incorporated into PLA matrices to evaluate their 

influence on crystallization behavior and mechanical 

properties. The addition of 3 wt% CNFs led to a 95 % 

increase in crystallinity compared to neat PLA, reaching 

a crystallinity of 44.2 %. This improvement was 

attributed to the strong nucleating effect of CNFs, which 

accelerated the crystallization rate of PLA by a factor of 

65. Mechanical testing further demonstrated enhanced 

tensile strength and modulus in the CNF-reinforced 

PLA, indicating that CNFs function effectively as both 

nucleating agents and reinforcing fillers [58]. Similarly, 

Chu et al. [59] investigated the incorporation of 

nanofibrillated cellulose (NFC) into PLA matrices. 

Their study showed that adding 10 wt% NFC 

significantly increased the crystallization temperature 

and overall crystallinity of the PLA composite. This 

improvement was attributed to the heterogeneous 

nucleation provided by NFC, which promoted more 

efficient crystallization. These findings collectively 

underscore the potential of cellulose-based 

nanomaterials as effective nucleating agents for 

improving both the crystallization behavior and 

mechanical performance of PLA composites. However, 

the loading level of these nanomaterials is critical, as 

excessive amounts may lead to agglomeration, 

diminishing their reinforcing and nucleating effects. 

Further research into surface modification techniques 

and dispersion strategies could enhance compatibility 

and maximize the functional benefits of cellulose-

reinforced PLA composites. Additionally, applying 

post-processing strategies such as annealing or 

increasing the molding time may offer further 

improvements in crystallinity and material performance. 

 

Conclusions 

Durian rind demonstrates strong potential as a 

sustainable source of cellulose within the framework of 
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a circular economy. Through an efficient single-step 

alkali and hydrogen peroxide pretreatment, 

approximately 50 % of the dry weight of durian rind was 

recovered as extracted cellulose. This translates to an 

estimated yield of 500 kg of cellulose from 1 ton of 

durian rind waste. The extracted cellulose was 

successfully employed as a reinforcing agent in PLA-

based composites. The particle size and loading content 

of the cellulose were found to significantly influence the 

composite properties. Young’s modulus increased with 

cellulose incorporation, regardless of particle size or 

loading level, indicating improved stiffness compared to 

neat PLA. However, the inherent incompatibility 

between hydrophilic cellulose and hydrophobic PLA 

resulted in interfacial voids, which contributed to 

reductions in tensile strength and elongation at break. 

Despite these reductions, the mechanical performance 

remained superior to that of conventional polymers such 

as HDPE and PP. Therefore, Additionally, the degree of 

crystallinity in PLA/cellulose composites was greater 

than that of neat PLA, particularly when smaller 

cellulose particles were used. This enhancement may 

support improved thermal stability and processing 

behavior. The composites appear suitable for single-use 

applications such as agricultural trays, biodegradable 

cutlery, and straws. The use of larger cellulose particle 

sizes offers practical benefits, including reduced energy 

consumption for grinding and simplified sample 

preparation. Moreover, the presence of interfacial voids 

may theoretically accelerate biodegradation, offering 

additional environmental advantages. Future work 

should focus on improving interfacial compatibility 

between PLA and cellulose. Strategies such as the 

addition of compatibilizers, use of coupling agents, or 

chemical surface modification may enhance mechanical 

performance and expand the potential of these 

composites for more demanding applications, including 

durable food packaging. 
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