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Various agricultural wastes generally contain cellulose, which is one type
of biopolymers and hence can be used to replace synthetic, non-biodegradable
materials. In this study, corn husks nanocellulose (CHNc) and pineapple leaves
nanocellulose (PLNc) were incorporated into carboxymethyl cellulose-based film
made from durian husks (CMCpn) with different nanocellulose contents (15, 30, and
45 wt%) through solvent-casting method as reinforcement. Durian husks cellulose
(DHC) was obtained via alkaline and bleaching processes before CMCpn synthesis by
carboxymethylation using sodium hydroxide and sodium monochloroacetate in
isopropyl alcohol. The corn husks (CH) and pineapple leaves (PL) were treated
through alkaline and bleaching treatments before synthesizing nanocellulose
using acid hydrolysis. The results from Fourier transform infrared spectroscopy
(FTIR), transmission electron microscopy (TEM), and X-ray diffraction (XRD)
indicated that alkaline and bleaching treatments effectively removed non-cellulosic
components. Additionally, during the carboxylation reaction, the hydroxyl group on
DHC was substituted with a carboxyl group. TEM images indicated the successful
preparation of CHNc and PLNc which achieved rod-like in shape and nanoscale in
size, with a length and diameter of approximately 206.45 +41.10 nm x 7.24 + 1.38
nm, and 150.68 = 42.10 nm x 6.52 £+ 0.96 nm, respectively. XRD data showed the
increased crystallinity index (CI) values of CHNc and PLNc to 63.94 and 62.27%,
respectively, as compared to those the untreated CH and PL at 32.76 and 46.01%,
respectively, implying the effective removal of lignin and hemicellulose. The

CMCph composite films were examined for their UV-visible light transmittance,



water vapor transmission rates (WVTR), mechanical properties, thermal stability, and
biodegradability. The CMCpu composite films prepared in this work has yellowish
appearance compared to commercial CMC composite films (CMCcom). The addition
of nanocellulose (CHNc and PLNc) reduced the UV-visible light transparency of the
CMCpH films but improved their water barrier, thermal stability, and tensile strength.
The WVTR decreased from 2.77 to 2.33 and 2.10 gm*/h with 30 wt% of CHNc and
PLNC, respectively. The highest tensile strength was obtained from
CMCpn/PLNc(30%) with a value of 5.06 = 0.83 MPa. However, agglomeration of
PLNc at 45 wt% resulting in a decrease in tensile strength to 3.78 + 0.44 MPa.
Scanning electron microscopy (SEM) also confirmed the agglomeration of PLNc at
high PLNc concentration. According to Thermogravimetric Analysis (TGA) and
Differential Scanning Calorimeter (DSC), the addition of nanocellulose delayed
decomposition temperature of CMCpn composite films by approximately 10 °C.
Photodegradation study of the film under UV light irradiation of the wavelength of
320-400 nm indicated that after 2 days of irradiation, all the films were hard and
brittle. However, the films’ color did not alter after 7 days of irradiation. For
biodegradation investigation via soil burial test, all of the composite films completely
degraded within 3 days. Therefore, the CMCpn biocomposite films prepared in this
research can be an alternative material for solving environmental issues and
promoting sustainable materials in packaging applications. In addition, this research

counteracts with Bio-Circular-Green (BCG) economy model of Thailand.
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CHAPTER 1
INTRODUCTION

Statements and significance of the problems

Flexible packaging demand has risen dramatically in recent years due to food
consumption growth. Synthetic polymers derived from petroleum are the most
convenient and cost-effective packaging materials (Ncube et al., 2020). However,
these polymers cannot decompose, and hence they generate large amounts of plastic
wastes (Ng et al., 2017). Furthermore, due to an increase in fuel demand used for
energy production for both households and industries, the cost of petroleum has risen
significantly. Despite widespread uses of petroleum-based plastics, fossil fuels soon
will not satisfy future needs. The development of biocomposite films based on
carboxymethyl cellulose (CMC) has significant promise for solving current
environmental issues caused by traditional plastics and promoting sustainable
materials. Until now, many researchers have reported on the extraction of CMC from
a wide range of natural source materials, particularly agricultural wastes, such as
durian rind (Rachtanapun et al., 2012; Upasen et al., 2023), and corn cob (Jia et al.,
2016). Recently, cellulose extraction from agricultural residues has become a popular
topic of research. In Thailand, durian is an iconic fruit. Durian husks are typically
thrown away as waste, resulting damaging impacts to the environment. In this
research, durian husks were selected as a main material and natural source of cellulose
to produce biocomposite films. Due to its non-toxicity, affordability, and
biodegradability, CMC has drawn a lot of interest as an edible and recyclable film
material for food packaging. However, CMC film's poor mechanical and water vapor
barrier properties limit its potential application in the food packaging industry (de
Melo Fiori et al., 2019).

Nanocellulose, an alternative nanomaterial derived from natural cellulosic
fibers, is a potential sustainable reinforcement for biopolymers. Any agricultural
biomass that contains cellulose, such as pineapple leaves (Fitriani Fitriani, Sri Aprilia,
Nasrul Arahman, Muhammad R. Bilad, Amri Amin, et al., 2021), corn husks (Yang et

al., 2017) and other natural fibers, can be used to prepare nanocellulose. High



crystallinity, high thermal stability, hydrophilic nature, biodegradability, and
renewability are the main reasons that nanocellulose is utilized as reinforcing material
in biocomposite films to improve the mechanical and barrier properties of
biocomposite film (Sharma et al., 2018). This research was hence aimed to investigate
the effect of nanocellulose derived from different agricultural wastes (pineapple
leaves and corn husks) and amount of nanocellulose on the reinforcement of durian

husks-based biocomposite films.

Objectives
1. To study the effect of nanocellulose derived from different agricultural
wastes (pineapple leaves and corn husks) on properties of durian husks-
based biocomposite films.
2. To investigate the effect of the amount of nanocellulose reinforcement on

the properties of durian husks-based biocomposite films.

Scope of the study

1. Synthesis of carboxymethyl cellulose (CMC) from durian husks via
carboxymethylation.

2. Synthesis of nanocellulose from pineapple leaves and corn husks via acid
hydrolysis.

3. Preparation of biocomposite films from durian husks reinforced with
nanocellulose from pineapple leaves and corn husks via solution casting
method.

4. Study of the properties of the biocomposite films including FTIR, XRD,
TEM, SEM, TGA, DSC, color measurement, mechanical properties, water

vapor transmittance rate, photodegradability, and biodegradability.

Contribution to knowledge
1. It is possible to produce biocomposite films from durian husks reinforced
with nanocellulose derived from pineapple leaves and corn husks. These
agricultural waste materials can be utilized as valuable resources for

future applications.



2. This approach offers the potential to reduce the amount of agricultural and
plastic waste generated. It serves as an alternative option for environmental

friendly packaging plastics.



CHAPTER 2
REVIEW LITERAURES

Bioplastic

Bioplastic is a term used to describe plastic materials that are either biobased,
biodegradable, or have both characteristics. While biodegradation is a chemical
process by which a substance is transformed into water, carbon dioxide, and compost
by the activity of naturally occurring microbes under normal environmental
circumstances, the word "biobased" suggests that its components are mostly obtained
from biomass. Bioplastics (both biodegradable and nonbiodegradable) are typically
divided into four major categories: directly produced from biomass, synthesized from
biobased monomers, from petrochemicals, and produced by microorganisms (Fig. 1).
Nowadays, they're used as environmental friendly substitutes for many common
plastics. They are a wide range of materials with different qualities and uses. Many
traditional plastics can now be replaced with more environmental friendly materials
(Ortega et al., 2021).

s
/ Celulose fiber,
P cellulose denvatives,
Polysaccharides N Celulose g lignoceliulose, etc
expscda o]
from
blomass
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\ Synthetized from bio- Bio-polyethylene (Bio-PE),
( derived monomers polyfactic acid (PLA), etc
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M
l petrochemi Polybutylene adipate
s N Aromatics

terephthalate
(PBAT)

Produced by Polyhydroxyalkanoates (PHAs),
microorganisms bacterial nanocelulose (BNC), efc.

Figure 1 Bioplastics classification according to production process and origin with

some examples.
(Ortega et al., 2021)



The most frequent macromolecules in nature are polysaccharides, and many of
them may be used as feedstock for bioplastics. Plants, microbes, phytoplankton, and
mammals produce polysaccharides, making them non-toxic and abundant. Due to
their physicochemical qualities, many of them may be modified chemically and
physically to improve their properties for use in a wide range of biomaterials
(Mohammed et al., 2021). One commonly available polysaccharide is produced from
renewable resources, particularly cellulose. A major source of cellulose is plants.
Approximately 30 to 40% of cellulose is found in herbaceous plants, 45 to 50% in
woods, 60 to 70% in bast plants (flax, jute, etc.), and up to 90% in cotton fibers.
Plant-based materials frequently contain cellulose together with other substances, including
lignin, pectin, and hemicellulose. Plant materials generally contain between 40 and
55% cellulose, 15 - 35% lignin, and 25 - 40% hemicellulose (Penjumras et al., 2014).

Lignocellulosic materials

Lignocellulosic materials mainly compose of cellulose, hemicellulose, and
lignin, and hence they are one of the most significant natural sources of biopolymers
and high-value materials. Many researchers focus on utilizing agricultural residues
due to their high content of lignocellulosic matter, which are desirable due to their
biodegradability, low density, and outstanding mechanical qualities (Collazo-Bigliardi
etal., 2019).

Cellulose is a long-chain polysaccharide composed of repeating glucose
molecules (CsH100g) as shown in Fig.2. Cellulose chains are oriented and have two
ends: reducing ends containing free hydroxyl groups, and nonreducing ends
containing o-glycosidic bonds (Ouarhim et al., 2019). As a structural component of
plant cell walls, cellulose provides strength, rigidity, and support to plants. It is found
in abundance in plant-derived materials, such as wood, cotton, hemp, jute, and various
agricultural residues (Zhao et al., 2019). Carboxymethyl cellulose (CMC), which is
cellulose derivative and obtained by substituting some hydroxyl groups on the
cellulose chain with carboxymethyl groups (-CH.COOH), are widely used recently
This is because the modification imparts water solubility and improved film-forming

properties to cellulose, expanding its range of applications.
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Figure 2 Cellulose chain structure.
(Bledzki & Jaszkiewicz, 2010)

Hemicellulose contains several sugars, including xylose (CsH100s), mannose
(CsH1206), arabinose (CsH100s), glucose (CsH120s), and glucuronic acid (CeH1007) as
shown in Fig. 3. In contrast to cellulose, hemicellulose has a lot of chain
ramifications. Generally, it's noncrystalline and it differs between various plant
species. (Ouarhim et al., 2019). It dissolves in alkaline solutions and hydrolyzes in
acids (John & Anandjiwala, 2008).
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Figure 3 Hemicellulose structure.

Lignin is a three-dimensional phenolic polymer (Fig. 4). This element
supports cell walls rigidity and protects plants from harmful organisms. It is

completely amorphous and hydrophobic. Its mechanical qualities are less than



cellulose's (Reddy & Yang, 2005), and it makes natural fibers coarse and stiff (Dai et
al., 2018b). Lignin is easily condensable with phenol and soluble in alkali, but cannot
be hydrolyzed by acids (Ouarhim et al., 2019).
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Figure 4 A lignin chain structure.
(Arrakhiz et al., 2012)

Chemical treatments

1. Alkaline treatment

Alkaline treatment affects natural fiber surfaces by removing lignin,
hemicellulose, wax, and oils (Faruk et al., 2012). The eliminated lignin and
hemicellulose result in the increasing adhesion of the matrix and fibers. According to
reports, cellulose has the highest strength and rigidity components (Al-Khanbashi et
al., 2005). The most frequent chemical used in alkaline treatment is sodium hydroxide
(NaOH).

Chen et al. (2018) studied the wettability of individual bamboo fibers
together with their thermal stability. NaOH solutions of various concentrations (6, 8,
10, 15, and 25%) were used to treat individual bamboo fibers. They found that



after treatment with NaOH, the surface roughness of fibers increased. The wettability
of bamboo fibers was improved after treated with low concentrations of NaOH but
deteriorated with high concentrations of NaOH (25%). Thermal analysis showed that
after treatment with NaOH at low concentrations (6, 8, and 10%), the beginning and
peak of decomposition were shifted to higher temperatures, indicating an
improvement in the thermal stability of fibers because of the removal of
hemicellulose. However, after treatment at higher concentrations (15 and 25%), the
thermal stability was compromised.

Furthermore, the effect of NaOH concentration (0, 5, 10, 15, and 20 %w/v)
on the properties of tapioca solid waste (TSW) was investigated by Arnata et al.
(2022). The results revealed that alkaline treatment influenced changes in the
chemical, physical, and thermal properties of cellulose derived from TSW. The
amount of water and cellulose increased as the concentration of NaOH increased,
whereas the amounts of starch, hemicellulose, and lignin decreased. At 10% NaOH
concentration, the fiber dimensions increased, and the surface morphology becomes
rougher, whereas at higher concentrations, the dimensions decreased. The degree of
crystallinity and crystal size increased until the NaOH concentration reached 10%, but
at higher concentrations, they tended to decrease (Arnata et al., 2022).

2. Bleaching treatment

After alkaline treatment, bleaching process is generally followed in order to
eliminate the remaining lignin, and hence improve the surface adhesion between
the matrix and fiber. Typically, the chemicals used in bleaching treatment including
hydrogen peroxide (H20.), sodium chlorite (NaClO>), or sodium hypochlorite
(NaClO) (Ouarhim et al., 2019). According to reports, bleaching with H,O> demands
multiple repetitions because lignin is not eliminated at the initial step, whereas
bleaching with NaClO- only needs to be performed three times (Meriem et al., 2016).
Washing is typically done after each bleaching. The presence of white fibers indicates
that lignin is removed by oxidation processes, which implies an increase in surface
area and matrix-fiber adhesion (Ouarhim et al., 2019).

Arnata et al. (2019) studied the effect of processing times by 30%w/v H20>
(1 and 2 hours) on cellulose production. The results showed that the processing times

had slightly effect on lignin removal. The highest yield of 31.32% was obtained from



1 hour and an increase of the processing time to 2 hours led to a slightly decrease in
cellulose yield to 30.90%. On the other hand, the processing times are able to decrease
the lignin contents of 8.85% (1 h) to 3.84% (2 h).

The synthesis of CMC

CMC is a water-soluble derivative of cellulose, which is the most abundant
biopolymer found in nature. It is obtained through the chemical modification of
cellulose, specifically the introduction of carboxymethyl groups (-CH2COOH) onto
the cellulose backbone (Fig. 5). This modification imparts water solubility and
improved properties to cellulose, making CMC a versatile material for various
applications. Due to its non-toxicity, affordability, and biodegradability, CMC has
drawn a lot of interest as an edible and recyclable film material for food packaging
(Kanikireddy et al., 2020). The introduction of natural fibers, such as jute, hemp, or
kenaf, as reinforcement in CMC-based biocomposite films can significantly improve
their mechanical and barrier properties (Zimniewska & Wladyka-Przybylak, 2016). In
addition, blending nanoparticles such as nanoclay (Mohan & Kanny, 2015),
nanocellouse (Oun & Rhim, 2015), and nanometal oxides (Fathi Achachlouei &
Zahedi, 2018) into CMC matrix to create CMC-based composite film could be an
effective way to enhance their thermal, mechanical, and barrier properties (Yunging
He, 2019). Among these, nanocellulose that has been derived from natural cellulosic
resources has attracted a lot of attention because of its distinctive qualities, including
renewability, biodegradability, biocompatibility, abundance, and light weight.

R=Hor cuzco,Na

g to DS of

A L= ;::‘::::;;m KLF

Cellulose Carboxymethyl cellulose

Figure 5 Carboxylation of cellulose
(Kanikireddy et al., 2020)

Until now, many researchers have reported on the extraction of CMC from a

wide range of natural source materials, particularly agricultural wastes, such as durian
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rind (Rachtanapun et al., 2012; Upasen et al., 2023), and corn cob (Jia et al., 2016).
The synthesis of CMC from agricultural wastes as cellulose sources has been the
subject of numerous studies. Togrul and Arslan (2003) investigated the rheological
behavior of CMC extracted from sugar beet pulp cellulose and found that the degree
of substitution (DS) value of CMC was 0.6670. The optimum carboxymethylation
condition was at 3 g of sodium chloroacetate. Klunklin et al. (2021) carried out the
synthesis of CMC from asparagus stalk end stalk (CMCas) and investigated the impact
of the NaOH concentrations from 20% to 60% on the mechanical characteristics of
obtained CMCgs film. They found that 30% NaOH concentration provided the highest
percent yield of CMCss at 44.04% with the highest degree of substitution at 0.98.
CMCss films synthesized with 40% NaOH concentration exhibited the highest tensile
strength of 44.59 MPa.

Rachtanapun et al. (2021) reported degree of substitution of CMC derived
from nata de coco is depended on the monochloroacetic acid (MCA) concentration. It
was found that CMC films synthesized using 24 g MCA with 15 g of cellulose
produced the highest DS value at 0.83 and the highest tensile strength at 23.24 MPa.

Durian is a popular fruit in Thailand, Indonesia, and Malaysia, among other
Southeast Asian nations. Thailand is the largest durian producer in Southeast Asia,
growing as high as 1.1 million tons in 2020 (Economics, 2022). Only one-fourth to
one-third of a durian fruit is edible and around 80% of the non-edible part is the rind
(Masrol et al., 2015). The durian husk is typically thrown away and ends up in
landfills or is burned, causing environmental problems.

Rachtanapun et al. (2012) produced CMC from durian rind using sodium
monochloroacetate at different NaOH concentrations in the range of 20 to 60 g/100
mL. FTIR was used to investigate the chemical composition of the cellulose. The
results showed that 30%w/v of NaOH produced the highest degree of substitution at
0.87 and the maximum viscosity, and hence it was considered to be the best
conditions for carboxymethylation. They reported a reduction of crystallinity of CMC
compared to extracted cellulose due to the breaking of hydrogen bonds from NaOH.
In comparison to cellulose without alkalized with NaOH, the substitution of
monochloroacetic acid molecules into cellulose polymers becomes easier because

of the increased distance between cellulose molecules. This result agrees with the
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cavendish banana cellulose crystallinity of CMC results, which decreased when
alkalizing with 15 g/100 (Adinugraha et al., 2005). The highest tensile strength of
140.77 MPa and the highest water vapor transmission rate of 220.85 g/day. were also
obtained from the CMC film prepared with 30%w/v NaOH. However, NaOH
concentrations did not show an effect on percent elongation at break of the CMC
films. Putri and Kurniyati (2016) investigated the effect of sodium chloroacetate
towards the synthesis of CMC from durian peel. This study aimed to determine the
yield of cellulose from durian peel with NaOH solution and sodium chloroacetate
variations in the isolation process. They found that NaOH with a ratio of durian peel
and NaOH 10% (w / v) at 1:15 gave the highest yield of cellulose of 64.72%. 7 g of
sodium chloroacetate used during CMC synthesis resulted in the highest degree of
substitution of CMC of 1.632.

Biocomposite films reinforced with Nanocellulose

A biocomposite film is a particular kind of material that consists of at least
two components, including a polymer matrix and a biologically generated reinforcing
agent. To produce a material with improved qualities, it combines the benefits of the
matrix with the reinforcing ingredient.

Due to its unique properties, cellulose has recently gained attention as a
promising nanocomposite. The main attributes of celluloses are low density,
biocompatibility, biodegradability, environmental friendliness, affordability, and low
energy consumption. They also have desirable mechanical qualities because of their
high specific strength and modulus values. In polymer composites, celluloses are
consequently utilized as reinforcing fillers. Several investigations on the extraction of
nanocelluloses (NCs) from various raw materials, such as pineapple leaves (Santos et
al., 2013; Upasen et al., 2023), and corn husk (Mendes et al., 2015), have been
successful. Since nanotechnology has grown, science and business have focused on
isolating NCs from biomass. Until now, there have been two primary methods for
extracting NCs from biomass, i.e. mechanical methods, such as high-speed mixing
(Uetani & Yano, 2011), and chemical methods, such as 2,2,6,6-tetramethylpiperidine-
1-oxylradical (TEMPO)-oxidation (Liu et al., 2021) and acid hydrolysis (Yang et al.,

2017). The isolation techniques have an impact on the NC's shape, size, and
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characteristics. Cellulose nanofibril (CNF), which is NC obtained mechanically, has
both amorphous and crystalline areas whereas cellulose nanocrystals (CNCs) are
isolated from cellulose fibers using acid hydrolysis as the principal chemical method
(Beck-Candanedo et al., 2005).

1. Nanocellulose from pineapple leaves

After pineapples are harvested, these leaves are often discarded. However,
they may be a useful source of nanocellulose, a very strong and rigid type of cellulose
that is found at the nanoscale. The mechanical, biodegradable, and barrier
characteristics of the biocomposite film matrix may all be enhanced by adding
nanocellulose derived from pineapple leaves. Usage of discarded pineapple leaves
supports the circular economy strategy and environmental friendly packaging
(Chawalitsakunchai et al., 2021).

Acid hydrolysis is a common and efficient method for hydrolyzing and
removing most amorphous portions of celluloses. This is accomplished by treating the
cellulose with a strong acid. Sulfuric acid is frequently used in the hydrolysis process.
Nanocrystalline celluloses (NCCs) and cellulose nanocrystals (CNCs) are all names
for hydrolyzed celluloses. NCCs must have at least one dimension with a length or
diameter measured in nanometers (Nechyporchuk et al., 2016). NCC typically has
lengths of 100-500 nm and diameters of 5-30 nm. It is a crystallized powder that is
tasteless, odorless, and light in color (Xing et al., 2018). NCC possesses desirable
qualities including a high capacity for reinforcing, strong thermal stability,
biodegradability, and biocompatibility (Khan et al., 2021). The sources of the raw
materials and process conditions, such as pretreatment technique, type and
concentration of acid used, hydrolysis time, and hydrolysis temperature, are primary
factors determining the structural characteristics of material (Pirich et al., 2019).
Commercial NCC now offers a wide range of physicochemical, morphological, and
thermal characteristics, leading to a wide range of applications. Additionally, they are
frequently employed as reinforcing fillers in the biocomposite materials.

Fitriani et al. (2021) carried out sulfuric acid hydrolysis of pineapple crown
leaf (PCL) to obtain NCC and investigated how the hydrolysis time (1-3 hours)
affected the characteristics of NCC. The results showed that NCC has a high

crystalline and a rod-like particle structure. The maximum NCC yield of 79.37% was
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attained after an hour of hydrolysis. Furthermore, the NCC sizes decreased with
increasing hydrolysis time. The decrease in the crystallite size of NCC could be
attributed to the process of acid break down the glycosidic bonds in NCC into the
smaller sizes. Chawalitsakunchai et al. (2021) synthesized the nanocellulose (CNCs)
from pineapple leaves. They were in rod-like morphology with diameters and lengths
of the CNCs of 3-5 nm and 100-150 nm, respectively. The CNCs were blended into
natural rubber (NR) composites as a reinforcing agent. The results indicated that, due
to a homogenous distribution of CNCs in the composites, the addition of CNCs at an
amount of 2.5 phr enhanced the tensile strength of NR composites (19.4 MPa).

Fitriani et al. (2021) examined how pineapple crown leaf (PCL) NCC
loadings in the range of 0% to 10% wi/w affected whey protein isolate (WPI) films.
The films' mechanical, physical, chemical, and thermal properties were examined.
The film thickness increased as the NCC content increased. As the NCC loadings
increased, the film transparency, moisture content and absorption continuously
reduced. On the other hand, thermal stability of the films was increased with an
increase in NCC loading. The composite film with 7% NCC loading possessed the
highest the tensile strength at 5.1 MPa.

2. Nanocellulose from corn husks

Several researchers around the world have been developing techniques to
extract NC from corn husks in recent years. Poly (vinyl alcohol) films reinforcing
nanocellulose extracted from maize husk using high intensity ultrasonication were
produced and their characteristics were investigated by Xiao et al. (2016) . The
obtained nanofibrillated cellulose (NFC) had an average diameter of 146.60 and
length of tens microns. They prepared PVA films containing different nanofibrillated
cellulose (NFC) concentrations at 0.5%, 1%, 3%, 5%, 7%, and 9% w/w. It was found
that tensile strength of PVA/1%-NFC film was increased by 1.47 time compared to
that of pure PVA film. Moreover, the PVA/1%-NFC film had a high visible light
transmittance of 80%. Yang et al. (2017) synthesized the nanocellulose (NC) from
corn husk via acid hydrolysis. The average diameters and lengths of the corn husk NC
were 26.9 £ 3.35 nm and 162 + 35.9 nm, respectively. Moreover, the corn husk NC
extracted by acid hydrolysis exhibited highly crystallinity and thermal stability with a

low aspect ratio. NC can be obtained from maize husk using a variety of methods, but
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none of this research investigated its dispersion stability, an important NC property.
No research has evaluated the structure and properties of NC after acid hydrolysis,
TEMPO oxidation, and high intensity ultrasonication. The study of how different
extraction techniques affect NC will help us use corn husk NC more effectively.
Hence, the objectives of this study were to investigate the effect of nanocellulose
reinforcement (pineapple leaves and corn husks) and amount of reinforcement on the

properties of durian husks-based biocomposite films.
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CHAPTER 3
RESEARCH METHODS

Mon Thong durian rinds from Rayong, Thailand, was collected from a
durian seller in Chonburi.

Pineapple leaves were obtained from Khun Wira Pineapple farm in
Sriracha, Chonburi.

Corn husks were obtained from a corn seller in Phra Nakhon Sri
Ayutthaya.

98% purity sodium hydroxide (NaOH) was purchased from KEMAUS,
Australia.

30%w/v hydrogen peroxide (H202) was purchased from Chem-Supply
Pty, Australia.

99% purity isopropanol ((CHs).CHOH) was obtained from KEMAUS,
Australia.

99.7% glacial acetic acid (CHsCOOH) was purchased from RCI
Labscan, Thailand.

Monochloroacetic acid (C2HzClO2) was supplied by Merck, Germany.
99.5% glycerol (CsHgO3) was obtained from KEMAUS, Australia.
99.8% ethanol (C2HsOH) was purchased from Liquor Distillery
Organization, Thailand.

98% sulfuric acid (H2SO4) was purchased from Anhui Fulltime
Specialized Solvent & Reagents, China.

Deionized water

Plastic grinder (Narongchai Engineering Company Limited, NAC 5)
Food blender (Hafele ECOM-294)

Hotplate magnetic stirrer (IKA, C-MAG HS 7)

A cheesecloth
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Electrical furnace (France Etuves, XB058)

Sieves (100 and 300 pum)

Aluminium foil

Centrifuge Machine, Force 12 (Galaxy), Maximum Speed: 8,000 rpm
pH meter (Mettler Toledo FiveEasy ATC)

10. Bath sonicator (Labline GT SONIC-D3)

11. Petri dish

12. Dialysis membrane (14 kDa molecular weight cut-0ff) was ordered from
Sigma-Aldrich.

© © N o o

Preparation of Durian Rind Cellulose

The durian rind cellulose preparation method was adopted from Khemkew
and Kaewpirom (2016). Durind rinds were cleaned with water to remove dirt,
sundried and chopped into small pieces. After that, the dried rinds were ground into
powder using a plastic grinder. The alkaline treatment of durian rinds was performed
using 10%w/v NaOH at ratio of 1:10 g/mL at 100 °C for 3 h and stirred using a
magnetic stirrer bar. Aluminum foil was used to cover the beaker to prevent solvent
evaporation. After the process was complete, the suspension was filtered using a
cheesecloth and the cellulose fibers were washed several times by deionized water
until the pH value of 7 was attained. Finally, the solid was dried at 60 °C for 3 h in an
oven. The treated residue (1 g) was mixed with 30%w/v H20, (15 mL) at 70 °C for 3
h and stirred using a magnetic stirrer bar. Then, the suspension was filtered using a
cheesecloth and washed until reaching a neutral pH. The bleached solid was dried at
60 °C for 3 h in an oven, followed by grinding using by a food processor and sieving
into the sizes below 300 pum. Finally, the yield of cellulose (Yc%) was calculated
using the weight of extracted cellulose (Wc) and the weight of dried durian rinds

(Wp) as shown in Eq. 1.

Ye (%) = va—; x 100 (1)
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Synthesis of Carboxymethyl Cellulose (CMC)

The synthesis of CMC from durian rind was adopted from Rachtanapun et al.
(2012). 3 g of cellulose was added into a mixed solution containing 10 mL of 30%w/v
NaOH and 90 mL of isopropanol, and left at room temperature for 30 min. Then, 3.6
g of monochloroacetic acid was added into the mixture and was stirred for 2 h at
ambient temperature using a magnetic stirrer bar. Next, aluminum foil was used to
cover a beaker to prevent solvent evaporation, and then left standing in oven at 60 °C
for 3 h. The mixture was separated into two phases: the liquid phase on the top layer
and the solid phase at the bottom. The liquid phase was discarded while the solid was
suspended in 20 mL of 70%v/v ethanol and neutralized using glacial acetic acid. The
suspension was filtered using filter paper, and then the solid was again suspended in
60 mL of 70%v/v ethanol and left at room temperature for 10 min. Finally, the
suspension was filtered and again washed with 60 mL of 70%v/v ethanol and dried in
oven at 60 °C overnight. According to Eg. 2, the yield of CMC (Y cmc%) was
determined using the weights of cellulose (Wc) and CMC (Wcwmc).

Yeme (%) = va]—l:c x 100 (2)

Preparation of Pineapple Leaves and Corn Husk Cellulose

The preparation of pineapple leaf (PL) and corn husk (CH) cellulose was
adopted by Chawalitsakunchai et al. (2021) and Dai et al. (2018). Firstly, PL/CH were
cleaned with water to remove dirt, chopped into approximately 2 cm x 5 cm, dried,
and ground using a food blender. Alkaline treatment of the fibers was performed
using 5%w/v NaOH at a ratio of 1:10 g/mL and 100 °C for 3 h. After the process was
complete, the suspension was filtered using a cheesecloth and the cellulose fibers
were washed several times by deionized water until the pH value of 7 was attained.
Then, the solid was dried at 60 °C for 3 h. Then, the solid was dried at 60°C for 3 h.
The treated residue (1 g) was added with 7.5%w/v NaClO2 solution at a ratio of 1:20
g/mL (adjust pH 3.8-4.0 by 4 mol/L of glacial acetic acid) at 70 °C for 3 h and stirred

using a magnetic stirrer bar. Then, the suspension was filtered using a cheesecloth and
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washed until reaching a neutral pH. The bleached solid was dried at 60 °C for 3 h,

followed by grinding using a food processor and sieving into sizes below 300 pum.

Isolation of Pineapple Leave and Corn Husk nanocellulose

Isolation of PL/CH was performed using acid hydrolysis method. The
bleached cellulose (1 g) was digested with 10 mL of 64%w/w H2SO4 at 45 °C for 1 h
and stirred using a magnetic stirrer bar. Next, the hydrolysis was stopped by adding
tenfold cold distilled water, and the suspensions were centrifuged for 10 minutes at
8000 rpm to remove acids. The suspensions were dialyzed with dialysis membranes in
deionized water for 7 days. Finally, the suspensions were sonicated for 30 minutes to
obtain PL/CH nanocellulose (called as PLNc/CHNC in this thesis).

Biocomposite Films Preparation

The biocomposite films were prepared by the solution casting and
evaporation method. 1.5 g of CMC was dissolved in 50 mL distilled water. The
solution was stirred using a magnetic stirrer bar at 80 °C for 30 min. The suspension
of PL or CH nanocellulose at loadings (15, 30 and 45%w/w of the weight of CMC)
was slowly added while stirring in a magnetic stirrer bar for 1 h to form a
homogeneous solution. The solution was left to cool down to room temperature,
followed by addition of glycerol at a composition of 30%w/w of the weight of CMC
(0.45 g). Then, the mixture was stirred for 30 min at room temperature and sonicated
for 15 min. Finally, the solution was poured on a clean Petri dish (90 mm x 15 mm)
and dried in an oven at 40 oC for 24 h. This procedure was modified from Dai et al.,

2018.

Characterization

1. Degree of substitution (DS)

Degree of substitution (DS) of CMC refers to the average amount of
hydroxyl groups in the cellulose structure replaced by carboxymethyl and sodium
carboxymethyl groups at positions C2, 3, and 6. The DS was obtained using the
standard method (ASTM D1961). 4 g of CMC was mixed with 75 ml of 95% (v/v)
ethanol. Then, 5 ml of HNO3 was added into the solution and stirred until boiling on
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the heating plate. The mixture was agitated for a further 10 minutes at room
temperature. The precipitate was filtered and rinsed with 95% (v/v) ethanol. Next, it
was rinsed with pure methanol and subsequently dried in an oven at 105 °C for 3 h. 1
g of dried CMC was added into a mixed solution containing 100 mL of distilled water
and 25 mL of 0.3M NaOH. The solution was stirred and heated to boiling for 15
minutes. Finally, approximately 2-3 drops of phenolphthalein indicator were dropped
into the solution until a dark pink color was obtained and the solution was titrated
with 0.3 M HCI. The DS was calculated based on Equations (3) and (4) (Mohamad
Mazlan et al., 2022).

0.162 X A
DS = oo xm ©

__ (BxCO)—-(DXE)

A - @)

Where:

A = milli-equivalents of consumed acid per gram of specimen

B = volume of NaOH (mL)

C = concentration of NaOH (M/L)

D = volume of consumed HCI (mL)

E = concentration of HCI (M/L)

F = the weights of CMC (g)

2. Transmission Electron Microscope (TEM)

The analysis was performed using a Philips TECNAI 20. The dilute
nanocellulose suspension was dropped onto copper grids coated with a carbon support
film. The characteristics and dimensions of the CNCs were presented in 2
dimensional images.

3. X-ray diffraction (XRD)

XRD patterns of the samples were obtained using an X-ray diffractometer
(JEOL JDX-80-30). The scattering angle (20) was from 5 to 70° at a scanning speed
of 2 °/min. The crystallinity index (CI) was calculated as given by Equations (5)
(Nam et al., 2016).

Cl (%):%x 100 (5)
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where:

I200 = the maximum intensity of the (200) diffraction peak for cellulose IB at
20 =22.5°

lam = the intensity of diffraction for amorphous part at 26 = 18.5°

4. Fourier Transform Infrared Spectroscopy (FTIR)

Spectra analysis of the sample was performed using a PerkinElmer
attenuated total reflectance-infrared spectroscopy (ATR-FTIR) spectrometer. Sixteen
scans in the wavenumber range of 500 to 4000 cm* with the resolution of 4 cm™ were
conducted on each sample.

5. Thickness, Color values, and Transmittance

A Mitutoyo Digital Indicator Thickness Gauge with a resolution of 0.01 mm
was used to measure the thickness of the film. To get average results, the
measurement was conducted using three films of each mixture and five compositions.
An Agilent Cary 60 Spectrophotometer was used to analyze the L*, a*, and b* values
as well as the whiteness index (WI) and yellow index (Y1) of the films. Three
replicates of each film were tested. The spectrophotometer was also used to measure
the light transmittance (%) of the films. The wavelength range of this dual-beam
xenon flash spectrophotometer is 200 nm to 800 nm. sample.

6. Scanning Electron Microscope (SEM)

The biocomposite films were investigated using a field emission scanning
electron microscope (FE-SEM). The analysis was performed using an LEO 1450 VP
operated at an acceleration voltage of 15 kV. A Polaron Range Model SC 7620 lon
Sputter Coater was used for the gold sputtering of the samples.

7. Mechanical Properties

Tensile strength (TS), elongation at break (EB) and toughness of film
specimens were measured using a Texture Analyzer, TA-XT plus, Stable Micro
Systems Ltd., UK. Six to eight 1 x 10 cm? films were tested for each sample to obtain
an average value and standard deviation. According to ASTM D882, the test was

performed with a speed of 10 mm/min.
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8. Thermogravimetric analysis (TGA)

Thermal characterization of the samples was performed using a
thermogravimetric analyzer (Mettler Toledo TGA/DSC3+ module) with temperature
range from 30 to 600 °C at a heating rate of 10 °C/min under N> atmosphere (20
mL/min). Derivative Thermogravimetry (DTG) curves were used to calculate the
onset (Tonset) and maximum decomposition temperature (Tmax) of samples, while TGA
curves were used to determine the char residue at 600 °C (%).

9. Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) was used to determine the thermal
transitions of the films where melting temperature (Tm) were analyzed using a Mettler
Toledo DSC3 thermal analyzer. 3-5 mg of samples were placed onto a 40 pl
aluminum crucible and covered with an aluminum lid. The tests were performed in
the temperature range between 30 and 400°C at 10°C/min under a nitrogen
atmosphere.

10. Water Vapor Transmission Rate (WVTR)

Water Vapor Transmission Rate (WVTR) test was performed via gravimetric
method following ASTM E96. The film was used to cover a cup containing 5 g of
silica gel and sealed with grease. The cup was placed in a desiccator containing water
which is controlled to be at 28 °C and 90% relative humidity. The cup’s weight was
measured at 0 and 1 hour and WVTR was calculated according to Equation (6).

W-W,
A XT (6)

WVTR (g/m?h) =

where:

W = weight of film specimen after 1 hour

Wo = initial specimen weight

A =testarea

T =time (hour) speed of 10 mm/min.

11. Photodegradation

The biocomposite films of the size of 1 x 5 cm? were exposed to UV
irradiation in a photodegradation chamber as shown in Fig. 1. In the chamber (23 x 32

x 20 cm), the 50 watt UV lamp of the wavelength of 320-400 nm was placed 15 cm
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from the surface of the films and irradiated continuously for 7 days. The physical
appearance of the film was photographed every 24 hours to observe any changes.

speed of 10 mm/min.

UV lamp
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Figure 6 Schematic diagram of the photodegradation setup of biocomposite films.

12. Biodegradation

A biological degradation test was conducted via soil burial at a depth of 5 cm
from the soil surface with a moisture content in the soil of approximately 80% at 25
°C for 3 days (Fig. 7). 3 pieces of 1x5 cm? film for each sample were placed on the
soil and a plastic mesh was placed on top of the film before soil was added. The
physical appearance of the film was photographed every 24 hours to observe any

changes.

Soil .
Plastic mesh

Plastic mesh
Films

Soil 3 piece of films

Figure 7 Schematic diagram of the biodegradation setup of biocomposite films.
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CHAPTER 4
RESULTS

Yield of cellulose and CMC

In this research, the cellulose extraction was composed of two steps: namely,
(1) alkaline treatment with NaOH, and (2) bleaching treatment with H2O2. The yield
of extracted cellulose samples are shown in Table 1. Alkaline treatment with NaOH
and delignification with H.O> were performed to extract cellulose from durian rinds.
The extraction yield of cellulose extracted from durian husks (DH) was 31.28 +
0.78%, which is slightly lower than that obtained by Penjumras et al., (2014)
(33.12%) but considerably higher than that achieved by Uppasen et al., (2023)
(18.36%). Lubis et al. (2018) used Chesson-Datta technique to investigate the
cellulose content in durian rinds and found the cellulose content of 57.4% while
Charoenvai (2014) reported cellulose content of 42.7% characterized according to
Technological Association of the Pulp and Paper Industry (TAPPI). In this research,
similar processes were applied to extract cellulose from pineapple leaves (PL) and
corn husks (CH) but NaClO, and CH3COOH were used instead of H20- for bleaching
step. Bleaching with NaClO. reduces the number of steps in the washing process.
Moreover, bleaching with H.O> demands multiple repetitions because lignin is not
eliminated at the initial step, whereas bleaching with NaClO2 only needs to be
performed three times (Meriem et al., 2016). The yield of cellulose from pineapple
leaves and corn husks was 16.97 £ 1.33% and 36.20 + 1.20%, respectively. Similar
yield of cellulose from pineapple leaves of 16.60 + 1.42% was reported by Romruen
et al. (2022). However, the yield of cellulose from corn husks from our findings
(36.20 £ 1.20%) was considerably higher than that reported by Vallejo et al. (2021)
(24.2 £ 0.7%) . Casanova et al. (2023) found that percent yield of obtained cellulose
dependent on temperature and acid used for cellulose extraction. In addition, Sena
Neto et al., (2015) and Ledo et al., (2015) reported cellulose contents depend on plant
species and soil and weather conditions for plantation. The cellulose from durian
husks was modified by carboxymethylation reaction using monochloroacetic acid.
The CMC yield from durian husks was 157.71 + 3.98%, which is slightly higher than
those obtained by Rachtanapun et al. 2012 (133-155%). Rachtanapun et al. 2012
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found that as the concentration of sodium hydroxy increased from 20 to 30% wi/v,
CMC yield increased significantly from 120 to 165%. However, as the sodium
hydroxy concentration increased more than 30% w/v, the CMC vyields decreased. In
addition to sodium hydroxy concentration, the chemical to cellulose ratio used in the
carboxymethylation process also had a slight effect on CMC percent yield (Uppasen
et al., 2023). The yield of CMC was higher than 100% because the molecular weight
of the carboxymethyl group was higher than that of the hydroxyl group (Suhaimi et
al., 2017).

Table 1 Yield of extracted cellulose and CMC.

Materials Yield (Yow/w)
Durian husks cellulose (DHC) 31.28 +0.78
Pineapple leaves cellulose (PLC) 16.97 £ 1.33
Corn husks cellulose (CHC) 36.20 = 1.20
CMC-Durian husks (CMCpn) 157.71 + 3.98

Degree of substitution

As can be seen from the structure of CMC (Figure 5 in Chapter 2), there are
three hydroxyl groups in each glucose unit, namely C2, C3, and C6 hydroxyl groups.
The degree of substitution (DS) is the average number of carboxymethyl groups
replaced per monomer unit, with a range of 0 to 3. If all the three hydroxyl groups in
each glucose unit are replaced by carboxymethyl, the DS can be defined as 3. If DS is
lower than 0.4, the polymer is considered to be insoluble and only polymer swelling
can be observed (Veeramachineni et al., 2016). In general, percent yield and DS of
CMC are in the same trend, i.e. as the percent yield increases, DS also increases. The
higher DS implies the higher solubility of that substance. In this work, the DS value
of CMCpn was 0.81 + 0.04, which is only slightly lower than those obtained by
Rachtanapun et al. 2012 (0.87). Kaewprachu et al. (2022) reported DS values of CMC
extracted from pineapple leaf, bagasse, palm fruit husk, durian rind, and commercial

CMC of 1.05, 0.78, 0.58, 0.87, and 0.7-0.8, respectively. Compared to CMCpn, the
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DS of commercial CMC (CMC¢om), purchased from Hebei Yezhiyuan New Materials
Co., Ltd., was lower (0.66 = 0.04).

Transmission Electron Microscope (TEM)

The morphology of CHNc and PLNc were examined using TEM and are
illustrated in Fig. 8. The results showed that the shape of CHNc was described as rod-
like (Figure 8a-b), with an average length and diameter of the CHNc were 206.45 +
41.10 nm and 7.24 + 1.38 nm respectively which agrees quite well with data
published by Chen et al. (2018), Kampeerapappun et al. (2015), and Yang et al.
(2017), who reported that the nanocellulose extracted from corn husks had a diameter
of 5-25 nm and a length of 150-250 nm. Similarly, the shape of PLNc was also
described as rod-like, with an average length x width of the PLNc of approximately
150.68 + 42.10 nm x 6.52 £ 0.96 nm, respectively (Figure 8c-d). Additionally,
comparing the dimensions of the PLNCc in the current research with other studies, it
was found that Chawalitsakunchai et al. (2021) successfully obtained an average
length and width of PLN as 130.02 + 48.55 x 5.14 + 2.03 nm, while Santos et al.
(2013) obtained 249.7 £ 51.5 x 4.45 + 1.41 nm. However, the dimensions of the
nanocellulose reported were different in length depending on the conditions of
hydrolysis, raw materials, the procedure of extractions, as well as other factors.

Table 2 summarized the length and diameter of nanocellulose including
aspect ratio measured using ImageJ software. The aspect ratio (L/d), which is the
length divided by the diameter of the fiber, affects the fibers' reinforcing capacity. An
aspect ratio with a higher value will result in a larger surface area, resulting in better
reinforcement effects (Silverio et al., 2013). In this study, it was found that CHNc had
a29.81 +9.09 L/D ratio, which is lower than those obtained by de Andrade et al.
2019 (40.86). The L/D ratio of PLNc was 23.84 £ 8.19, which is lower than CHNCc.
Additionally, comparing the aspect ratio of the PLNCc in the current research with
other studies, it was found that Prado and Spinace” (2019) obtained a lower value for
the aspect ratio (L/D of 9). In general, the isolation of nanocellulose through acid
hydrolysis from lignocellulosic biomass sources (e.g., cotton, flax, and jute) results in
rod-like or short nanocrystals with an aspect ratio ranging from 16 to 50 (Amiralian et

al., 2017). A high aspect ratio of nanocellulose can be produced in large quantities
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and fabricated directly into film films with high strength, modulus, lightness, thermal
stability, and optical transparency (Ryu et al., 2019). According to Shanmugam et al.
(2021), nanocellulose films with higher aspect ratios tend to have lower water vapor

permeability, an important factor when applying nanocellulose to food

packaging (Nadeem et al., 2022).




Figure 8 TEM images of nanocellulose (a) CHNc with 175000X (b) CHNc with
135000X (c) PLNc with 55000X (d) PLNc with 210000X.

Table 2 The size of nanocellulose
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Nanocellulose Length (nm) Diameter (nm) L/D ratio

CHNCc 206.45 +41.09 7.24+1.38 29.81 +9.09
PLNc 150.68 + 42.11 6.52 £ 0.96 23.84+8.19
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X-ray Diffraction (XRD)

The X-ray patterns of the untreated CH, CHC, and CHNCc are presented in
Fig. 9(a) while the X-ray patterns of the untreated PL, PLC, and PLNCc are illustrated
in Fig. 9 (b). All samples showed crystalline peaks at 26 = 15.6-16.5°, 21.8-22.0° and
34.5-34.7, corresponded to the (110), (200), and (004) planes respectively, which are
characteristic of the cellulose If structure (Feng et al., 2015). This observation also

indicates that the crystalline structure of cellulose I8 was maintained after alkali

treatment, bleaching and acid hydrolysis. The calculated crystallinity index (CI) of the
samples is shown in Table 3. The CI values of the untreated CH, CHC, CHNCc are
32.76, 57.04, and 63.94%, respectively whereas the CI values of the untreated PL,
PLC, PLNc are 46.01, 58.50, and 62.27%, respectively. The increased CI values for
the extracted cellulose (CHC and PLC) and nanocellulose (CHNc and PLNCc) as
compared to the untreated CH and PL could be related to the effective removal of
lignin and hemicellulose by alkali treatment and bleaching process.

The X-ray patterns of the untreated DH, DHC, CMCpH, and CMCcom are
shown in Fig. 9(c). The untreated DH and DHC showed crystalline peaks at 26 =
15.7°, 22.0° and 35° which are characteristic of the cellulose If structure. The
calculated crystallinity index (CI) of the samples is shown in Table 3. The CI values
of the untreated DH and DHC are 37.23 and 59.46%, respectively. The increased CI
values for the extracted durian husk cellulose (DHC) could be ascribed to the
effective removal of lignin and hemicellulose by alkali treatment and bleaching
process. Additionally, the CI values of the CMCpn and CMCcom decreased from 59.46
to 47.70% and 57.25%, respectively. As a result of the alkalization of NaOH during
carboxymethylation reaction, molecules can be reorganized or completely cleaved

(Klunklin et al., 2020).
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Table 3 The crystallinity index of CHNc and PLNc

Materials Crystallinity index (%)

Corn husks

Untreated CH 32.76

CHC 57.04

CHNc 63.94
Pineapple leaves

Untreated PL 46.01

PLC 58.50

PLNc 62.27
Durian husks

Untreated DH 37.23

DHC 59.46

CMCph 47.70

CMCcom 57.25

The X-ray patterns of the prepared films of CMCpn-F, CMCpn/CHNCc(15%)-
F, CMCpr/CHNCc(30%)-F, and CMCpn/CHNCc(45%)-F, are shown in Fig. 9(d)
whereas the X-ray patterns of the films of CMCpn-F, CMCpr/PLNc(15%)-F,
CMCpr/PLNCc(30%)-F, and CMCpn/PLNCc(45%)-F are presented in Fig. 9 (e). For
CMCpnr-F, two broad peaks with low intensity were observed at 26 = 21° and 29.5°°;
however, its intensity at the peak 26 = 21° was noticeable lower than that of CMCpg.
This might be because the CMCpnu-F composed of glycerol as plasticizer. It was seen
that the introduction of CHNc and PLNc in CMCpn film slightly increased the
intensity of crystalline peaks at 20 = 21° and slightly decreased the intensity of
crystalline peaks at 260 = 29.5°. The results showed that there was no difference in
terms of crystallinity for the composite films with different type and amount of

nanocellulose compositions.



Fourier Transform Infrared Spectroscopy (FTIR)
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Figure 12 FTIR spectra of CMCcom-F, CMCph-F, CMCpH /CHNCc(45%)-F, and
CMCpH /PLNCc(45%)-F.

The alkaline treatment can remove wax, oil, some lignin, and hemicellulose
from the surface of fiber. This alkaline treatment also disrupts the hydrogen bonding,
depolymerize cellulose, extract lignin and hemicellulose, as well as reduce the
hydroxyl (OH") groups from the fiber by ionizing them to the alkoxide (RO") (Li et
al., 2007). In this way, the hydrophilicity of natural fibers can be reduced, and the
compatibility between natural fibers and polymer matrix could be improved. The
FTIR spectra of untreated durian husks (DH), treated DH, bleached DH, CMCpH, and
commercial CMC (CMCcom) are shown in Fig. 10. The DH showed a broad peak at
3250-3350 cm™* and a weak peak at 2917 cm™ due to O-H and C-H stretching within
the cellulose molecule, respectively. Absorption peaks at 1600 cm™ correspond to
stretching vibrations of carboxyl compounds (COQO"), whereas absorption peaks at
1438 cm correspond to stretching vibrations of carboxyl compounds in salt form
(COO"Na) (Hidayat et al., 2018). The peak at 1734 cm™ observed in the DH (or
untreated DH) describes the acetyl and ester groups in hemicellulose or lignin (Santos
et al., 2013). Compared with untreated DH, treated and bleached DH had totally
disappeared hemicellulose and lignin peaks at 1734 cm™. Therefore, these results

indicate that alkaline and bleaching treatments effectively removed non-cellulosic
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components. Additionally, the absorption band of the hydroxyl group stretching,
which appears at 3300-3400 cm’?, in treated and bleached DH decreases compared to
the untreated DH. This suggests that there is a possibility of the hydroxyl group being
replaced by a carboxymethyl group. Hence, the presence of a novel carbonyl group
stretching peak at 1584 cm™ and CH. scissoring peak at 1415 cm™clearly indicates an
increase in these groups in CMC (Klunklin et al., 2021). CMCpn's FTIR spectrum is
similar to that of CMCcom, indicating that this study was successful in synthesizing
CMC from durian rinds.

The FTIR spectra of untreated corn husks (CH), untreated pineapple leaves
(PL), CH cellulose (CHC), PL cellulose (PLC), CH nanocellulose (CHNCc), and PL
nanocellulose (PLNc) are shown in Fig. 11. Similar to untreated DH, untreated CH
and PL showed a broad peak at 3250-3350 cm™ and a weak peak at 2920 cm™ due to
0O-H and C-H stretching within the cellulose molecule, respectively. The peak at 1730
cm* observed in the untreated CH and PL is described to the acetyl and ester groups
in hemicellulose component or lignin. Compared with the untreated CH and PL, the
peak at 1730 cm™ was found to decreased in cellulose (CHC and PLC) and
nanocellulose (CHNc and PLNc) due to the removal of hemicellulose and lignin. The
obtained CHNc and PLNc showed higher peak intensity than CHC and PLC at 1040
cmt and 895 cm?, implying that the higher relative content of cellulose (Dai et al.
2018). Additionally, FTIR spectra of CHNc and PLNc were like that of CHC and
PLC in all wavenumbers, suggesting the non-destruction of the main cellulose
structure (Feng et al., 2015). There was no difference between FTIR spectra of
different agricultural wastes providing they were undergone similar treatments.

The FTIR spectra of CMCcom film, CMCpn film, CMCpn/CHNCc(45%) film,
and CMCpn/PLNCc(45%) film are shown in Fig. 12. The broad peak observed in all
the films between 3000 and 3400 cm refers to the O-H stretching vibration, while
the peak at 2925 cm is attributed to the C-H stretching vibration (Kulkarni et al.,
2011), similar to the observation made on raw agricultural residues, cellulose, and
nanocellulose discussed earlier. At 1595 cm™, absorption peaks correspond to
stretching vibrations of carboxyl compounds (COQ"), and at 1415 cm™, to stretching
vibrations of carboxyl compounds in salt form (COO"Na) (Hidayat et al., 2018). In

spite of the fact that these bands were not observed in CHNc and PLNCc, they were
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observed in CMCpn composite films due to the absorption bands observed at 1600
cm™ and 1415 cm™ in CMCpn. There were no noticeable peaks different from those
of the constituent components in the CMCpn /PLNc(45%) and CMCpH /CHNCc(45%)
films, suggesting that no chemical reaction took place between CMCpn and the
nanocellulose (CHNc and PLNCc) throughout the production of the biocomposite film
(Dai et al., 2018).

Thickness, Color values, and Transmittance

The thickness of biocomposite films is measured using a Mitutoyo Digital
Indicator Thickness Gauge and displayed in Table 4. It is found that the thickness of
composite films ranged from 0.10 to 0.12 mm. Compared to neat CMCpg-F, the
thickness of neat CMCcom-F was lower. An increase in the concentration of CHNc and
PLNCc slightly increased thickness of the CMCpn and CMCcom composite films.
Despite the bigger sizes of CHNc, CMCpr/PLNc composite films at the same
nanocellulose concentration were marginally thicker than CMCpr/CHNCc composite

films.

Table 4 Thickness of biocomposite films

Films Thickness (mm)
CMCoh-F 0.0980 + 0.0045?
CMCpn/CHNCc(15%)-F 0.1040 + 0.01142°
CMCpr/CHNCc(30%)-F 0.1100 + 0.01412P
CMCpn/CHNCc(45%)-F 0.1140 +0.0114°
CMCpr/PLNCc(15%)-F 0.1060 + 0.0089%P
CMCpr/PLNc(30%)-F 0.1160 + 0.0114°
CMCpr/PLNCc(45%)-F 0.1180 + 0.0084°
CMCcom-F 0.0820 + 0.0084
CMCcom/CHNC(45%)-F 0.0840 + 0.0089
CMCcom/PLNc(45%)-F 0.0840 + 0.0134

Mean + Standard deviation values within a column in the same group followed
by the different letters (a—b) are significantly different (p < 0.05)
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The appearances of biocomposite films and CIE L*a*b* color values are
shown in Fig.13 and Table 5, respectively. CMCcom film and CMCcom composite films
were clearer and stickier compared to the CMCpr film and composite films prepared
in this experiment. The wrinkle shown in Fig. 13 of the CMCcom film and CMCecom
composite films were due to the films’ stickiness, and it was hard to remove the films
from petri dish. The clearness or transparency of the films can be seen from the high
value of L* (closed to 100) and very low a* and b* values (closed to zero). In
addition, whiteness index (WI) of the films was closed to 100. However, the
appearances of the CMCpn film as well as the composite films prepared from CHNc
and PLNc in the range of nanocellulose concentration between 15-45% w/w were
indistinguishable observed with naked eyes and in general more opaque and yellowish
in color compared with CMCcom film and CMCcom composite films.




Figure 13 Appearance of (a) CMCe¢om film (b) CMCecon/CHNc(45%) (c)
CMCeom/PLNc(45%) (d) CMCopn film () CMCpn/CHNc(15%) (f)
CMCpn/CHNCc(30%) (g) CMCpn /CHNc(45%) (h) CMCpr/PLNc(15%) (i)
CMCpn/PLNc(30%) (j) CMCph /PLNc(45%).
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Table 5 presents the color values of the composite films including the L*
[lightness; between 0 (black) and 100 (white)], a* [red—green; + = redder, - =
greener], b* [yellow-Dblue; + = yellower, - = bluer] and whiteness index (WI) [0 =
black, 100 = white]. The color of the films is a significant physical property that can
easily be observed, so when selecting films for packaging purposes, the color should
be considered. It was obvious that CMCpn film prepared in this research had a high
positive b* value, suggesting yellowish in color. This might be due to the remaining
pigments in the extracted cellulose. This caused the biofilm and biocomposite films
prepared in this work has yellowish appearance compared to CMCcom film and
composite films. As expected, since b* values were high, WI of the CMCpwn film was
only 79.17, significantly lower than W1 value of 99.67 of the CMCecom film. It was
discovered that biocomposite films reinforced with CHNc and PLNc exhibit a lower
L* value or reduced lightness when compared to neat CMCpn film. Moreover, the a*
and b* values of biocomposite films was slightly altered from the neat CMCpn film,
in which a* marginally decreased and b* increased, when incorporating with
nanocellulose. As the PLNCc are darker in color than the CHNc, the composite films
incorporating with PLNc possessed lower WI than those incorporating with CHNc.
An increase in nanocellulose composition resulted in an increase in b* value and

hence a decrease in W1 of the nanocomposite films.

Table 5 Color values of biocomposite films

Films — Colo;l/alue = Wi

CMCpu-F 99.97 +£0.068 -1.30+0.0080 5.63+0.068 79.17 +£0.152
CMCpr/CHNCc(15%)-F 98.40+0.00¢ -1.30+0.00®0 6.93+0.06° 73.70+0.17°
CMCpr/CHNCc(30%)-F 09.67£0.06° -1.47+0.06° 7.13+0.06° 73.87+0.35°
CMCpr/CHNCc(45%)-F 99.20+0.00° -1.50+0.00° 7.73+0.06¢ 71.50+0.17°
CMCpr/PLNCc(15%)-F 98.20 £ 0.00¢° -1.80+0.00¢ 7.20+0.00° 72.83+ 0.06¢
CMCpr/PLNCc(30%)-F 99.97 +0.062 -1.50+0.00° 8.00+0.00° 69.70 +0.00¢
CMCpr/PLNCc(45%)-F 99.90 +0.00® -1.60+0.06° 8.47+0.06" 69.70+0.17¢

CMCeom-F 99.27 + 0.06 0.10+0.00 -0.70+0.00 99.67 + 0.06
CMCcom/CHNCc(45%)-F 99.53 + 0.06 -0.70 £0.00 -0.10+0.00 97.73 £ 0.06
CMCcom/PLNC(45%)-F 99.70 + 0.00 -0.70 £ 0.06 -0.20+0.00 98.20 + 0.00

Data with the different letter in a column are significantly different (p<0.05)
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Figure 14 Light transmittance of composite films.

The transparency of the films can also be seen from the transmittance spectra
in the UV—visible range of 200—800 nm as seen in Figure 14. It can be noticed that
CMCcom film was fully transmitted to light in the UV-visible wavelength with the
perfect percent transparency of 100% although the light transmitted in the UV range
was slightly lower than that in the visible range. When 45% w/w CHNc and PLNc
were added into the CMCcom film, degree of transmittance was decreased to around 95
and 80%, respectively, although they were still transmitted to the entire UV-visible
wavelength with a lower degree on the transmittance in an UV range compared to that
in a visible range. On the other hand, CMCpn film was transmitted only in the visible
range, however, the precent transmittance in the range of 600-700 nm was closed to
100% similar to the that of the CMCcom film. Compared with the neat CMCpn film,
the transmittance of CMCpn/CHNCc and CMCpn/PLNc decreased with increasing the
concentration of nanocellulose, suggesting that addition of nanocellulose in the
CMCpr film decreased the transparency of the films. It is possible that the high
concentration of CHNc and PLNc in CMCpn matrix contributes to the particle

aggregate phenomenon, which results in scattering and reduced transparency (Ma et
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al., 2011). Similar to CMCcom composite films, PLNc had a stronger effect on light
transmittance reduction than CHNc in CMCpn composite films despite the fact that
PLNc was smaller in size than CHNc. Nevertheless, the lowest percent transmittance
of CMCpr/PLNCc(45%) composite film was considerably high and comparable to that
of CMCcom/PLNCc(45%) at 80%.

Scanning Electron Microscope (SEM)

The morphology of biocomposite films was investigated by SEM to
investigate the nanocellulose distribution, as shown in Figure 15. The results showed
that the neat CMCpn film was homogeneous and smooth, without any aggregates.
After adding CHNc and PLNCc, the surface of the biocomposite films becomes
rougher and more inhomogeneous, with small aggregates on the film surface. A low
concentration of nanocellulose was observed to be better dispersed in the CMCpn
composite film. It was observed that a CHNc content of 30% and 45% resulted in an
inhomogeneous film surface with small agglomerates. In addition, CMCpn/PLNc(45%)
exhibited an inhomogeneous, but larger agglomerate than CMCpn/PLNc(15%) and
CMCpn/PLNc(30%). A similar observation was also reported for biocomposite films
reinforced with pineapple crown nanocellulose. During the preparation of
biocomposite films (sonication for 45 minutes), the dispersion of nanocellulose was

insufficient to reverse agglomeration (Benini et al., 2020).
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Mechanical properties

The effect of nanocellulose on the mechanical properties of biocomposite
films are shown in Fig. 16-18. Figure 16 (a) represents the tensile strength (TS) of the
neat CMCpy film, CMCpn/CHNCc, and CMCpr/PLNCc films. The neat CMCpy film
showed the lowest tensile strength as compared to the CMCpn/CHNCc and
CMCpr/PLNCc films. The TS value increased with increasing CHNc content. With the
addition of 45% of CHNc gave the highest tensile strength (4.521 MPa). The same
trend was found from the research on the PVA composite film reinforced with
nanocellulose from coconut fibers (Yusmaniar et al., 2023). After increasing the
content of PLNc, the TS value initially increased from 1.60 MPa (neat CMCpH) to
4.90 MPa (15% addition of PLNc) and 5.07 MPa (30% addition of PLNc), and then
decreased to 3.78 MPa (45% addition of PLNc). PLNc aggregates in the CMCpx
matrix due to VVan der Waal's forces, resulting in the relatively decreased TS value of
the CMCpn/PLNCc film (Haafiz et al., 2014). Savadekar and Mhaske (2012) also
observed that higher concentrations of nanocellulose in films would result in larger
agglomerates, poor particle distribution, and phase separation (Savadekar & Mhaske,
2012). Furthermore, the decrease in TS value at higher loading content of
nanocellulose can be explained by a reduction in the compatibility between matrix
and nanocellulose (Zhou et al., 2017). Figure 16 (b) represents the comparison of TS
value between the CMCcom and CMCpn biocomposite films. The results showed that
the TS value of the neat CMCcom film was higher than the neat CMCph film.
Moreover, after reinforcing 45% of CHNc and 30% of PLNCc, the tensile properties of
CMCpH biocomposite film was higher than the CMCcom biocomposite film.

The highest strength achieved in this study was 4.52 MPa for
CMCpr/CHNCc(45%) and 5.06 for CMCpr/PLNc(30%), which was higher than that
reported by Dai et al. (3.25 MPa) but was still lower than the one developed by Xiao
et al. (55.56 MPa) (Dai et al., 2018b; Xiao et al., 2016). This variation might be
attributed to variances in the molecular weight, filler type, and fiber source of the
NCCs produced in this study. In this study, TS was lower in comparison to synthetic
packaging. According to Su and Zhang, high-density polyethylene has a TS of 29.3
MPa (Su & Zhang, 2016). Rhim et al. found polypropylene is 31 -38 MPa (Rhim et
al., 2013). Boldt et al. found low-density polyethylene is 20 MPa (Boldt et al., 2016).
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The elongation at break (EB) of the biocomposite films are shown in Figure
17 (a-b). The EB value of the biocomposite films was increased with that
incorporating CHNc and PLNc. However, the EB of CMCpn/CHNCc decreased with
increasing CHNc content. Figure 17 (b) represents the comparison of the EB between
the CMCcom and CMCpn biocomposite films. The results showed that the EB of the
neat CMCcom film was higher than the neat CMCpn film. Moreover, after reinforcing
45% of CHNc and 30% of PLNCc, the EB of CMCcom biocomposite film was higher
than the CMCpn biocomposite film. Earlier reports also showed that adding
nanocellulose to composite films increased TS and decreased EB value. The same
trend was found from the research on the WPI composite film reinforced with
nanocellulose from pineapple crown leaf (F. Fitriani et al., 2021) and the Gellan gum
composite film reinforced with pineapple peel nanocellulose (Dai et al., 2018b).

The toughness of the biocomposite films exhibited a similar trend with the
tensile strength results of the CMCpn/CHNc and CMCpr/PLNCc films, as shown in
Figure 18 (a-b). The toughness increased with increasing CHNc content. With the
addition of 45% of CHNc gave the highest toughness (1.22 MJ/m?). Moreover, after
reinforcing PLNCc into the CMCpn matrix, the toughness increased sharply, and the
toughness increased with increasing PLNc content from 15% to 30%. With the
addition of 30% of PLNc gave the highest toughness (1.95 MJ/m?®). Figure 18 (b)
indicates the comparison of the toughness between the CMCcom and CMCpH
biocomposite films. The results showed that the toughness of the neat CMCcom film
was higher than the neat CMCpwn film. However, after reinforcing 45% of CHNc and
30% of PLNc, the toughness of CMCpn biocomposite film was higher than the
CMCcom biocomposite film.
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Thermogravimetric analysis (TGA)

Figure 19 (a-b) illustrates the TGA and DTG curves of CMCpH, CHNC,
CMCpn-F, and CHNCc-reinforced CMCpn composites at different nanocellulose contents.
Figure 20 (a—b) shows the TGA and DTG curves of PLNc, CMCpn-F, and CMCpn
composites reinforced with PLNc at different nanocellulose contents. The thermal
data are presented in Table 6, including the onset temperature (Tonset), 50% film
weight loss temperature (Tso%), maximum degradation temperature (Tmax), and the
percentage of material residues at 600°C. In Fig. 19(a) and 20(a), an initial weight
loss shown in all samples in the range of 40-150°C, corresponding to decomposition

stage | in Fig. 19(b) and 20(b), due to the evaporation of absorbed water. It can be
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clearly seen that the moisture contents in CMCpn, CHNCc, and PLNc were around 5-
10% wiw, significantly lower than those of the films due to the fact that the composite
films were prepared by using water as a solvent as well as contained glycerol as
plasticizer. The moisture contents of the films were considerably high at 26% for
CMCpn-F, 18-28% for CMCpr/CHNCc-F, and 22-24% for CMCpn/PLNc-F. When
comparing CMCpn with CHNc and PLNc, it was revealed that CMCpn contained a
higher moisture content because CMCpn has a lower crystallinity than nanocellulose,
which indicates that CMCpn has more space to retain water molecules due to its
hydrophilic character (confirmed by XRD data) (Mandal & Chakrabarty, 2011).

In the second region (II) in Fig. 19(b) and 20(b), weight loss occurred
between 150 to 210°C with the neat CMCpn film as well as the CMCpn/CHNCc film,
and CMCpn/PLNc composite films. These weight loss of less than 7% was attributed
to the volatilization of plasticizer (Zarina, 2015).

Mass reduction at the third region (Il) in Fig. 19(b) and 20(b) occurred at
250 to 400°C, corresponding to the degradation of CMC and nanocellulose. The
weight loss in this region was 38% for CMCpH, 77% for CHNc, 70% for PLNc, 37-42%
for CMCpr/CHNC, and 39-40% for CMCpn/PLNc. The addition of nanocellulose
both CHNCc and PLNc resulted in a slight increase in the onset temperature of the neat
CMCpn film from 179°C to around 184-186°C for CHNc and to 182-188°C. This
indicates that CHNc and PLNc improved the thermal stability of the CMCphn
biocomposite films. While Tso was also increased about 10°C when nanocellulose
was incorporated into the neat CMCpn film, insignificant changes of Tmax were
observed. The low residues of around 10% of nanocellulose at 600°C suggested its
high purity while the ash content of CMCpn and CMCpn-F at 600°C was as high as
42% and 23%, respectively. Despite the fact that nanocellulose decomposes almost
perfectly well, once the nanocellulose was added into the neat CMCpn film, the
residues at 600°C slightly increased to around 25-28%. In general, there was no
noticeable difference in thermal behavior of the composite films containing CHNCc
and PLNc in the range of 15-45% w/w. Shankar and Rhim (2016) concluded that the
superior thermal stability of the composite films containing nanocellulose might be

attributed to a strong contact between the CMCpn matrix and nanocellulose .
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Figure 19 (a) TGA and (b) DTG profiles of CMCpn, CHNc, neat CMCpg-F and its

composite film.
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Table 6 Thermal degradation data of CMCpn film reinforced with CHNc

i 0,
Materials Tonset (°C)  Ts0% (°C)  Tmax (°C) Residue (%)

at 600 °C
CMCpH 274.23 380.84 303.09 42.33
CHNCc 289.71 339.19 343.37 9.69
CMCph-F 179.27 273.68 259.92 22.98
CMCpH /CHNCc(15%)-F 186.43 291.14 258.85 28.89
CMCpH /CHNCc(30%)-F 184.73 279.81 260.40 25.34
CMCpH /CHNCc(45%)-F 185.70 290.53 260.66 28.84
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Figure 20 (a) TGA and (b) DTG profiles of CMCpn, PLNc¢, neat CMCpn-F and its

composite film.
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Table 7 Thermal degradation data of CMCpn film reinforced with PLNc¢

Residue (%)

Materials Tonset (OC) TSO% (OC) Tmax (OC) at 600 OC
CMCopn 274.23 380.84 303.09 42.33
PLNc 261.88 336.06 339.18 13.14
CMCpn-F 179.27 273.68 259.92 22.98
CMCpH /PLNc(15%)-F 187.58 286.24 260.63 27.37
CMCpH /PLNCc(30%)-F 184.49 280.42 261.29 25.23
CMCpH /PLNc(45%)-F 182.47 284.52 260.92 26.07

Differential Scanning Calorimetry (DSC)

Figure 21 shows the DSC diagram of CMCpn, CHNc, PLNc, neat CMCpn
film, CMCpn/CHNc, and CMCpn/PLNc composite films at different nanocellulose
concentrations. The characteristics of composite films including melting temperature
(Tm) and maximum degradation temperature (Tqm) are summarized in Table 8. The
first endothermic peak was found between 70 and 150 °C in all samples, attributed to
the evaporation of water and in agreement with TGA results (Gazonato et al., 2019).
The second endothermic transition occurred at temperatures around 250-260°C were
observed for the neat and composite films. This might be due to the evaporation of
glycerol using as plasticizer in the films, corresponding to thermal transition stage II
in TGA results. The exothermic peaks at 320-380 °C, representing the decomposing
temperature, were in agreement with the third region (III) of TGA thermal transition.
It can be seen that CMCpy decomposed at the lowest temperature with the peak
temperature at 290 and 320 °C. The two decomposition peaks of CMCpn suggested
that there might be other components remaining after the extraction process. On the
other hand, nanocellulose disintegrated at the highest temperatures of 356 and 347°C
for CHNc and PLNCc, respectively. The peak decomposition temperature of neat
CMCopH film was at 316°C. When incorporating nanocellulose into the neat CMCpn
film, the decomposition temperatures increased slightly to around 320-325°C,
suggesting thermal stability enhancement. The decomposition temperatures of the
composite films prepared from CHNc and PLNc at different nanocellulose

concentrations were not distinguishable.
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Table 8 DSC data of CMCpn/CHNc composite films

Materials Tm1 (°C) Tm2 (°C) Tam (°C)
CMCpn 110.28 - 292.83
CHNc 101.94 - 356.53
PLNc 96.24 - 347.67
CMCpu-F 119.74 254.65 316.97
CMCpn /CHNc(15%)-F 125.35 261.17 324.15
CMCpn /CHNc(30%)-F 12491 258.22 323.51
CMCpn /CHNc(45%)-F 125.81 263.92 324.71
CMCpn /PLN¢(15%)-F 123.19 250.50 321.82
CMCpn /PLN¢(30%)-F 122.52 254.68 322.45
CMCpn /PLNc(45%)-F 119.30 257.52 318.02

Water vapor transmission rate (WVTR)

The water vapor transmission rates (WVTR) of biocomposite films are
shown in Figure 22(a). The results indicated that the WTVR of CMCpn biocomposite
films decreased with increasing nanocellulose content. With the addition of 15 and
30%of CHNc, the WVTR decreased from 2.77 to 2.70 and 2.33 g/m?-h, respectively.
With the addition of 15 and 30% of PLNc, the WVTR decreased from 2.77 to 2.34
and 2.10 g/m?-h, respectively. These results indicate that adding nanocellulose (CHNc
and PLNc) decreased the WVTR value, indicating an increased resistance to the
transmission of water vapor. Due to the strong hydrogen bonding interaction between
the nanocellulose and matrix, the adhesion of the material is enhanced. Additionally,
nanocellulose has a high crystallinity, which has a positive effect on water vapor
barrier properties, as diffusion and adsorption mostly occur in amorphous regions (Xu
et al., 2024). However, the water vapor transmittance increased to 2.36 and 2.20
g/m?-h with adding 45% of CHNc and PLNc, respectively. The presence of
agglomerates could be the result of the increase in WVTR due to the limit of the
uniformity and compactness of the polymers by reducing the total surface area
available for bonding (Shahi et al., 2020).

Figure 22 (b) indicates the comparison of the WVTR between the CMCecom
and CMCpn biocomposite films. The results showed that the WVTR of the neat
CMCcom film was lower than the neat CMCpn film, indicating an increased resistance

to the transmission of water vapor. Moreover, after reinforcing 45% of CHNc and
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30% of PLNc, the WVTR of CMCcom biocomposite film was lower than the CMCpn

biocomposite film.
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Figure 22 WVTR of (a) CMCpn composite films and (b) CMCcom composite films.

Photodegradation

The optical appearance changes of the biocomposite films before and after
UV light are shown in Fig. 23. The conditions initially were 75% relative humidity
and a temperature of 30 °C. The results showed that the humidity decreased to 58%
and the temperature increased to 55 °C after 7 days. After 2 days, all the films were

hard and brittle as shown in Fig. 23. Moreover, the neat CMCcom film was out of

shape after 6 days. Moreover, all samples did not change in color after 7 days of UV

light exposure noticed by naked eyes. CMCpn composite films prepared from

different concentration of nanocellulose (CHNc and PLNc) exhibited no noticeable

difference in photodegradability.



54

Days

0 1 2 3 4 5 6 7

Figure 23 Appearance of biocomposite films after UV exposure (a) neat CMCpn (b)
CMCpn/CHNCc(15%) (¢) CMCpnu/CHNc(30%) (d) CMCpr/CHNc(45%) (e)
CMCpn/PLNc(15%) (f) CMCpn/PLNc(30%) (g) CMCpu/PLNc(45%) (h) neat
CMCeom (1) CMCecom/CHNCc(45%) (j) CMCeom/PLNc(30%).
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Biodegradation

The physical appearance of biocomposite films after soil burial test for 0-3
days is shown in Figure 24. The films were buried in soil at 80% relative humidity at
the beginning. The biodegradability of neat CMC¢om and CMCpn was completely
within 2 days. CMCpn composite films reinforced with nanocellulose (CHnc and
PLNc) were completely degraded within 3 days, faster degradation rate than
commercial synthetic plastic films. This result is consistent with the WVTR of
CMCpnr/CHNc and CMCpnr/PLNCc films, indicating that the reinforcement of
nanocellulose prevented water from diffusing into the films (Bacha et al., 2022).
Bacha et al. (2022) investigated the effect of nanocellulose on the biodegradation rate
of PVA film and discovered that the higher the nanocellulose concentration, the
slower the degradation. Zhao et al. 2019 investigated the biodegradability of cellulose
films made from durian rind and discovered that the films were biodegraded in soil
after 4 weeks (Zhao et al., 2019). In this study, there was no difference in
biodegradability between CMCcom and CMCpn composite films prepared from

different concentration of nanocellulose (CHNc and PLNCc).




d ; : ' 3 »Days
Figure 24 biodegradation of biocomposite films (a) neat CMCpy (b)
CMCpn/CHNc(15%) (¢) CMCpn/CHNc(30%) (d) CMCpn/CHNc(45%) (e)
CMCpn/PLNc(15%) (f) CMCpr/PLN¢(30%) (g) CMCpn/PLNc(45%) (h) neat

CMCeom (i) CMCeor/CHNC(45%) (j) CMCeom/PLNc(30%).
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CHAPTER S
CONCLUSION

Biocomposite film derived from agricultural wastes, i.e. durian husks,
pineapple leaves, and corn husks, were successfully achieved. Carboxymethyl
cellulose was prepared from durian husks (CMCpn) through carboxymethylation
process and utilized as a composite film matrix. Corn husks and pineapple leaves
were treated with alkali and bleaching before being acid hydrolyzed to produce
nanocellulose (CHNc and PLNc) and used as a reinforcement phase. The alkali and
bleaching treatment effectively removed noncellulose components, including lignin
and hemicellulose, according to XRD and FTIR data. With the treatments, CHNc
showed an increase in the crystallinity index from 32.76% (untreated CH) to 62.27%
(CHNC). For PLNgc, the crystallinity index increased from 46.01% (untreated PL) to
63.94% (PLNCc). Accord to TEM study, the obtained CHNc has a rodlike shape with
an average length and diameter of 206.45 +41.10 nm and 7.24 £+ 1.38 nm. The shape
of PLNc was also described as rod-like, with an average length x width of the PLNc
being approximately 150.68 £ 42.10 nm X 6.52 £+ 0.96 nm. The composite films were
prepared via solvent casting technique with different nanocellulose contents (15, 30,
and 45 wt%). The addition of nanocellulose (CHNc and PLNc) reduced the transparency
of the CMCppy films but improved their water barrier, thermal stability, and tensile
strength. The highest tensile strength was obtained from CMCpn/PLNc(30%) with a
value of 5.06 + 0.83 MPa. CMCpn composite films reinforced with nanocellulose
(CHNCc and PLNc) were completely degraded within 3 days during the soil burial,
faster degradation rate than commercial synthetic plastic films. The research concept
was influenced by the Thai government's Bio-Circular-Green (BCG) economic
strategy. According to this study, agricultural wastes can be converted into value-
added products. Incorporating nanocellulose (CHNc and PLNc) into CMCpp films

could enhance their properties and provide an attractive packaging alternative.
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APPENDICES
APPENDIX A Mechanical properties of films

Table A1 Mechanical properties of CMCpn composite films with different

concentrations of nanocellulose (CHNc and PLNc)

Tensile strength  Elongation at break Toughness

Materials
(MPa) (%) (MJ/m?)
CMCph-F 1.6 + 0.2 203.3 + 8.73P 0.4 +0.12
CMCpr/CHNc(15%)-F 28+0.7° 226.5 +9.2° 0.6 +0.2
CMCprn/CHNCc(30%)-F 3.4+04° 221.7 +9.1° 0.8 +£0.23P
CMCpr/CHNCc(45%)-F 45 +0.8%d 197.9 + 9.92 1.2+0.3°
CMCpr/PLNc(15%)-F 4.9 +0.9¢ 214.7 + 12.5°¢ 1.7 £ 0.6%
CMCph/PLNCc(30%)-F 5.1+ 1.2 216.8 + 8.5°¢ 1.9 +0.6¢
CMCpr/PLNCc(45%)-F 3.8 £0.4°¢ 214.7 + 10.2°¢ 1.3 £0.2°¢

Mean + Standard deviation values within a column in the same group followed by the

different letters (a—d) are significantly different (p < 0.05)

Table A2 Mechanical properties of CMCcom composite films with different

concentrations of nanocellulose (CHNc and PLNCc)

Tensile strength  Elongation at break Toughness

Materials
(MPa) (%) (MJ/m?)
CMCcom-F 2.3+0.8? 272.6 +17.4° 09+0.3?
CMCcom/CHNCc(45%)-F 2.8 +1.0%P 206.9 + 12.8° 0.7+£0.3%
CMCcom/PLNCc(30%)-F 3.2+0.7° 266.3 + 13.4° 1.3+0.3°

Mean + Standard deviation values within a column in the same group followed by the

different letters (a—b) are significantly different (p < 0.05)
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