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(15% (w/w) NaOH), and chlorine-free bleaching (10% (w/v) H,0,) yielded pulp with
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CMC (2.5% (w/v)) was blended with glycerol (0.5 % (w/v)) to produce a composite
film by a solution casting method. Lignin obtained from acid precipitation of the
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influence on the UV-protection property was evaluated. Interestingly, the film
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physical properties, such as the surface roughness, thickness, and thermal
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CHAPTER |
INTRODUCTION

1.1 Rationale

Nowadays, severe environmental problems have escalated partly due to a
rapid increase in plastic waste contamination, especially in the terrestrial and aquatic
ecosystems (Sigler, 2014). On land, the burning of municipal solid wastes (MSW)
containing plastic in the open field releases harmful gases such as dioxins, furans,
mercury, and polychlorinated biphenyl compounds, adversely affecting the health of
humans and animals (Verma et al., 2016). Most plastic wastes take hundreds of years
to naturally degrade under ambient conditions; thus, they are rapidly accumulated in
nature (Singh et al, 2017). Among the currently produced plastic products, the
flexible plastic film is one of the most manufactured customized into various
merchandises, mostly disposable ones (Horodytska et al., 2018). The single-use and
short-term utilization of plastic films are believed to be a major reason for more and
more plastic waste accumulation every year.

One of the most commercial plastic film products is a UV protection film
widely used in buildings and cars. It is made from polyethylene terephthalate (PET)
containing inorganic metal oxide nanoparticles. The global production of PET film has
been estimated at close to 1.6 million tons per year (Park and Kim, 2014; Rorrer et
al., 2019). This value will be annually increased since there is a massive demand for
UV protection film production (Jha, 2020). However, PET is very slowly degraded by
certain microorganisms (Taniguchi et al,, 2019). On the other hand, the disposal of
metal oxide nanoparticles is also toxic for the environment (Lee et al., 2010). Hence,
developing a biodegradable film augmenting UV-light blocking is growing due to the
primary concern of solving the negative environmental impacts. Since most
commercial UV protection film possesses only lower than 90% of UV-light absorption
(Wu et al., 2019), the production of a transparent bio-based film containing complete

absorption of all UV-light transmittances will be competitive to obtain a better price.



Lignocellulosic biomasses are promising sources for biodegradable film
production due to the abundant availability, renewability, and non-toxicity. They
offer a key advantage over synthetic plastic films that they can be degraded by
certain living organisms. Cellulose is the highest composition in lignocellulosic
biomass (30-50% of biomass dry weight) (Abdel-Hamid et al., 2013). It structurally
contains linear polymer chains of B—(1—4)—D—glucopyranose (Benitez and Walther,
2017). Besides cellulose, lignin in lignocellulosic biomasses also possesses interesting
properties, including UV absorption (Park et al., 2019). This ability is obtained from its
functional groups, such as phenolic unit, ketone, and chromophores (Huang et al,,
2020). Several attempts at cellulose-lignin film development have been recently
reported. Sadeghifar et al. (2017) reported that cellulose film covalently bonded with
2 wt % lignin exhibited high transparency and more than 90% UV-A protection. Wei
et al. (2020) demonstrated that incorporating lignin into cellulose nanocrystal (CNC)
film significantly improved its mechanical strength, UV-blocking, and antioxidant
activity. Furthermore, the strong UV-light absorption, effective oxysen barrier
capacity, and good antibacterial performance were successfully obtained from lignin-
containing cellulose nanofiber (CNF) (Sirvié et al., 2020).

Although cellulose-lignin composite films showed promising UV-shielding
properties, the certain characteristic of cellulose still has limitations. It is well known
that cellulose is usually difficult to dissolve in water or some organic solvents due to
its strong hydrogen bonds and a partially crystalline structure (Tian et al,, 2017).
Consequently, a previous attempt to directly use extracted cellulose from biomasses
has been reported to possess poor film quality (Pang et al., 2013). The modification
of cellulose into carboxymethyl cellulose (CMC) evidently improves its film forming
properties as a water-soluble polysaccharide (Asl et al., 2017; Oun and Rhim, 2015).
The attached carboxymethyl group into the cellulose chain contributes to disrupts its
strong hydrogen bonds, following by further hydrogen bonding reaction with water
molecule (Chua et al,, 2020). Although CNC and CNF are also considered the famous
water-soluble cellulose products, the presence of impurities from residual lignin
could decreased their hydrophilicity that makes them not compatible with
hydrophilic lignin (Herrera et al., 2018). On the other hand, further purification of CNC



and CNF needs additional cost and process. Therefore, CMC demonstrates the most
desired cellulose derivative products for film preparation in this study. One of the
common methods to extract both cellulose and lignin is alkaline (soda) pulping. The
method was reportedly produced water-soluble lignin (Jiang et al., 2018). Thus, its
hydrophilicity will be compatible with CMC to form intermolecular hydrogen bonding
formation.

Empty fruit bunch (EFB) is a lignocellulosic agricultural waste in abundance
from oil palm (Elaeis guineensis Jacg.) crop mainly grown in the tropical area of
Southeast Asian countries, including Indonesia, Malaysia, and Thailand. The oil palm
industry produces 1.1-1.5 tons of EFB per ton of crude palm oil (CPO) (Dahnum et al.,
2015). Other oil palm residues such as mesocarp fibre and palm kernel shells are
commonly burned to generate heat for boilers, especially those in local mills and
electric power plants. However, EFB is not suitable for such utilization due to its high-
water content; thus, it is usually left at the plantation area for composting (Ahmad et
al, 2019). Due to the lack of commercial opportunities, EFB wastes in some
processing mills are disposed of via open burning, contributing to dangerous air
pollution and health. However, the high proportion of cellulose (34.0-40.4%)
followed by lignin (23.1-29.6%) in EFB biomass can be potentially utilized to increase
its economic value (Ahmad et al, 2016). Therefore, it is of interest to extract
cellulose and lignin to produce a biodegradable UV protection film. An early attempt
to synthesize an EFB CMC product resulted in a film with low mechanical strength
(Amin et al.,, 2006). Hence, the process development to improve the quality of the
EFB CMC film is required. The incorporation of EFB lignin will be optimized to obtain
complete UV-blocking capacity.

1.2 Objective of this study
To produce biodegradable UV protection film using cellulose and lignin

extracted from oil palm empty fruit bunch.



1.3 Expected beneficial outcome
Results from this study will be a basis for future commercial process
development of biodegradable UV protection film production from oil palm empty

fruit bunch.

1.4 Research framework

The research framework in this study is displayed in the following scheme

(Figure 1).
Oil Palm
Empty Fruit Bunch (EFB)
essassins Different pretreatment methods
v
Pretreated EFB
D LTI Alkaline extraction
A 4 v
Black liquor EFB pulp
Acid precipitation ssessssess » DA Bleaching
A 4 v
EFB lignin Bleached EFB pulp
DR Carboxymethylation
4
Glycerol EFB CMC
R TTTTPPre Castmg

v

Biodegradable UV protection film

Figure 1 Research flowchart of UV protection film produced from EFB.



CHAPTER Il
LITERATURE REVIEWS

2.1 UV protection film

The need to protect sensitive materials against ultraviolet (UV) light irradiation
is the main objective to develop the sun-blocking product, especially utilized in
outdoor applications. The UV light was characterized as UV-C (220-275 nm), UV-B
(275-320 nm), and UV-A (320-380 nm) (Zhang et al,, 2020). Its radiation for long
periods is responsible for the photodegradation phenomenon, which strongly
contributes to create some problems, such as decreasing the mechanical properties
of polymers (cracking), weathering, sunburn skin, dyes discoloration, and yellowing of
plastics or papers (Sadeghifar et al,, 2017). Also, excessive UV light exposure can
profoundly affect severe negative impacts on human health (Posoknistakul et al,,
2020). Have been firstly introduced in 1970, UV blocking products were applied to
overcome those problems, whereby its UV absorption capacity was determined by
the sun protection factor (SPF) (Sadeghifar and Ragauskas, 2020).

A commercial polyester film product contained useful UV barrier ability when
the various functional UV blocker additives were incorporated into the film matrix.
The additives include some inorganic metal oxide nanoparticles such as titanium
dioxide (TiO,), zinc oxide (ZnO), silicon dioxide (SiO,), and aluminum oxide (Al,Os)
(Wang et al, 2019). However, those ingredients still do not bar all UV light
transmittance (Zayat et al., 2007). On the other hand, their usage is also harmful to
the environment when they are disposed of after utilized (Lee et al, 2010). To
minimize the side effects, the significant interest to find greener innovation has been
growing. A recent study has shown that biopolymer containing abundant phenolic
hydroxyl groups can potentially be an alternative to be a natural UV blocker to
replace those inorganic additives (Guo et al., 2019). Unlike metal oxide nanoparticles
which protect materials from UV light via a reflection manner, the phenolic hydroxyl
groups can block UV light via absorption of photon energy (Tian et al,, 2017). A UV

protection film used by consumers has a UV absorption of at least 90% (Figure 2)



(Wu et al,, 2019). In this context, the capacity of a transparent film to completely
block all UV light region will receive high price in the market (Sadeghifar et al., 2017).

UV light

S S —_—

UV Protection Film

~90% UV absorbed

Figure 2 Illustration of UV light absorption by a UV protection film (Wu et al., 2019).

The recent application of UV protection film has been expanded largely. A
commercial UV protection film product can be easily found in car windshields and
clean windows. This type of film is also suitable for coating a special biological test
container since some microorganisms are sensitive to UV exposure (Huang et al,
2020). Several studies also have developed the application of this film for the
purpose of skin and eye protection (Almutawa et al,, 2013). Contact lenses and
glasses containing a UV blocking ability evidently reduced the adverse effect on the
cornea and retina (Roberts, 2011). Excessive exposure to UV radiation in the
wavelength of UV-A and UV-B could increase the high risk of skin cancer (Lambert et
al.,, 2020). Several chronic effects of the skin (immunosuppression, photoaging, and
photocarcinogenesis) were affected by UV exposure (Kullavanijaya and Lim, 2005). A

recent study reported that UV protection film also can be applied in the active



packaging as a technology to improve the shelf-life, quality, and safety of food. The
utilization of phenolic hydroxyl groups to be a natural UV blocker provides some
advantages in this technology since its function is associated with food preservation

as a barrier from UV light, microorganism, and free radicals (Vilela et al., 2017).

2.2 Lignocellulosic biomass

With growing concerns on the environmental issue, the use of natural
resources receives extensive attention to substitute petroleum-based resources.
Nowadays, Lignocellulosic biomass has been known as the most abundant
renewable resource in the world with the annual production around 1.3 x 10'° metric
tonnes (Hamawand et al., 2020). Therefore, it can be a prospective candidate for a
sustainable biopolymer source in the future. This type of biomass comprises three
major macromolecules, including cellulose, hemicellulose, and lignin. Thus, they are
interwoven into a three-dimensional complex matrix (Martins et al, 2020).
Sometimes, a smaller portion comprises proteins, pectin, waxes, and extractives
(Naidu et al., 2018). Grass, agricultural residue, and forestry waste are examples of
the most common lignocellulosic biomass easily found worldwide (Patinvoh et al.,
2017). Furthermore, the proportion of their composition relates to the sources and
plant species, as summarized in Table 1.

The complex structure of lignocellulosic biomass makes it difficult to be
fractionated into cellulose, hemicellulose, and lignin (Figure 3). It contains a robust
cellulose-hemicellulose-lignin association called biomass recalcitrant (Barakat et al,,
2013). This native structure is also become the main reason for very low
biodegradation by various microorganisms in nature (Brethauer and Wyman, 2010). To
overcome this biomass recalcitrant, some researchers develop the pretreatment
process. It was classified as thermochemical and biochemical (Laser et al., 2009).
According to Kumar and Sharma (2017), the benefit of thermochemical pretreatment
is a fast process and can handle a broad range of feedstock continuously, but the
main drawback is its non-specific biomass deconstruction. In contrast, biochemical
pretreatment is a highly selective degradation to obtain the desired product but it

needs a slow process.
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Figure 3 Lignocellulosic biomass structure (Volynets et al., 2017).



10

2.2.1 Cellulose
2.2.1.1 Structure and properties

Cellulose is the most abundant organic polymer on the earth
(Joshi et al., 2015). Its fair yield via photosynthesis is estimated to reach 830 million
metric tonnes per annum (Joshi et al., 2015). Cellulose is the major component of
crops with high molecular weight (Unld, 2013). It is a linear polysaccharide composed
of B-1,4-linked D-glucopyranose monomers (Klemm et al., 2005). In plant cell wall,
cellulose provides mechanical strength and chemical stability (Yu et al., 2017). The
size of cellulose molecules is conveyed according to the number of repeating
anhydroglucose units on its chain, known as the degree of substitution (DP) (Trache
et al,, 2016). The native cellulose is non-toxic, tasteless, odorless, hydrophobic,
chiral, biodegradable, and renewable, which its DP ranges from 100 to 15,000 (Klemm
et al,, 2005). Cellulose hydroxyl groups are partially involved in the intra- and
intermolecular hydrogen bonds (Figure 4), which cause crystalline arrangements and
high insoluble property (Park et al., 2010). Its crystallinity can be a major recalcitrant
factor impeding its chemical and biochemical conversion (Yang et al, 2019).

Production of cellulose derivatives is necessity to overcome this limitation.

OH

OH

Figure 4 Cellulose crystalline structure in lignocellulosic plant (Wang et al.,, 2012).

2.2.1.2 Cellulose extraction process
The origin structure of cellulose in lignocellulosic plants is

surrounded by a lignin-hemicellulose complex matrix (Klemm et al., 2005). Hence,
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the development method for removing non-cellulosic materials is essential to
produce high purity of cellulose. The most common method for this purpose is
pulping process. Recently, various pulping methods are introduced and applied in
the industry, such as kraft (NaOH + Na,S), alkaline (NaOH), sulfite (Na,SOs), and
organosolv (acetone, methanol, ethanol, butanol, ethylene glycol, formic acid, or
acetic acid) (Ndaba et al.,, 2020). The white color of obtained pulp indicates high
purity of cellulose and successful removal of other components (Dos Santos et al,,
2013). Among all methods, alkaline treatment using NaOH can efficiently degrade
lignin and hemicellulose following by an efficient reduction of the crystalline region
in the cellulose chain, potentially giving benefits for easy cellulose modification to

produce derivative products (Mittal et al., 2011).

2.2.1.3 Carboxymethyl cellulose

Carboxymethyl cellulose (CMC) is a derivative product
produced from the etherification process of cellulose. In general, the synthesis
consists of two-step reactions that occur in alcoholic solution (Figure 5). Firstly,
cellulose was modified into alkali cellulose after reaction with sodium hydroxide
(NaOH) as a catalyst, following by reaction with sodium mono chloroacetate (SMCA)
to produce CMC (Joshi et al., 2015). During the process, hydroxyl groups in cellulose,
mainly in C2, C3, and C6 of the glucose units, are substituted by carboxymethyl
substituent (-CH,-COO-) (Asl et al., 2017). Thus, it contributes to CMC's characteristics
as a hydrophilic polysaccharide (Golbaghi et al,, 2017). The CMC product grade
depends on the degree of substitution (DS) (Barba et al., 2002). CMC is highly soluble
in water when its DS value reaches < 0.4 due to its hydro affinity (Waring and
Parsons, 2001). The maximum DS of CMC product is 3, indicating that all hydroxyl
groups in cellulose are changed (Moussa et al, 2019). However, the DS of
commercial CMC commonly ranges only from 0.4 - 1.4 (Richardson and Gorton,
2003). Nowadays, its global manufacture has been estimated to achieve 360,000
metric tonnes per year. CMC considered the most utilized cellulose ether in the
world for various industrial applications such as textile, food, oil drilling, and

chemicals (Candido and Goncalves, 2016; Oun and Rhim, 2015).
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Figure 5 Two-step reaction process in carboxymethyl cellulose synthesis (Casaburi et

al., 2018).

Currently, CMC has been developed to be one of the polymer
matrixes in the biodegradable film production since it has great film-forming
properties (Qi et al.,, 2016). It also offers various advantages over other biodegradable
film products, such as fast biodegradability, better mechanical performance, better
water vapor barrier properties, high transparency, high thermal stability, and easy to
produce (de Dicastillo et al.,, 2016). Likewise, the CMC film is superior in oxygen,
carbon dioxide, and lipid barrier capacity (Suppiah et al., 2019). CMC's non-toxic
characteristic also allows it to be applied in edible film product (Lan et al.,, 2020).
Although it showed some interesting properties, the neat CMC film does not possess
the ability in UV-blocking capacity (Michelin et al., 2020). Thus, natural compounds
containing phenolic hydroxyl groups should be added to improve CMC film to form a
UV-protection film. However, since it has some excellent properties, CMC has been
utilized to reinforce other film blends, such as gelatin-CMC film (He et al., 2020),
CNC-CMC film (Li et al., 2020a), nanocellulose-CMC film (Nadeem et al., 2020), CNF-
CMC film (Zabihollahi et al., 2020), starch-CMC film (Jiang et al., 2020), hemicellulose-
CMC film (Weerasooriya et al., 2020), chitosan-CMC film (Wang et al., 2019), and
sodium alginate-CMC film (Han et al., 2018).
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2.2.1.4 Development of CMC-based film from biomass

Rachtanapun et al. (2012) developed a CMC film from
cellulose isolated from durian rind. The optimum condition was found when NaOH
as a catalyst at the concentration of 30% (w/v) during carboxymethylation, providing
the highest viscosity and DS (0.87) of the obtained CMC product. This condition also
successfully reduced the crystallinity. Further film casting revealed that CMC
synthesized from the optimized condition produced the highest tensile strength
(140.77 MPa) and excellent water vapor transmission rate (WVTR) (220.85 g/day.m?).
Candido and Gongalves (2016) prepared a biodegradable CMC film from sugarcane
straw. The Cellulose of the sugarcane straw was extracted by process of H,SOq4
treatment (10% v/v) followed by NaOH extraction (5% w/v) and H,0O, bleaching (5%
Vv/V). The results showed that the obtained CMC possessed a low DS (0.4) due to the
availability of residual lignin, which affected poor film mechanical properties. Another
study from Asl et al. (2017) reported that CMC-based film was successfully
synthesized from sugarcane bagasse. Various concentrations of NaOH were tested to
optimize the production of CMC with appropriate film properties. NaOH
concentration at 30% (w/v) was also found to be the best composition due to its
high viscosity and DS (0.78). An increase in glycerol addition (0-3%) into the CMC film
significantly decreased its mechanical strength and water vapor barrier property. A
biodegradable CMC film prepared from sugarcane bagasse has numerous features in

the coating materials.

2.2.2 Lignin
2.2.2.1 Structure and properties

Lignin is the largest organic polymer in nature after cellulose. It
composes of three primary phenolic monomers (monolignols) known as p-coumaryl
alcohol, coniferyl alcohol and sinapyl alcohol linked together to form CB-O (B-O-4
aryl ether) and CC (B-5 and B-B) bonds (Hossain et al., 2019). The difference among
each lignin monomer is the number of methoxy (-OCH3) groups, as shown in Figure 6.
Lignin contains a variety of functional groups, including methoxy, hydroxyl, carboxyl,

and carbonyl groups. Due to these properties, it can be a potential source of
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aromatic compounds and chemical products such as phenol, benzene, dimethyl
sulfide, cresols, dimethyl sulfoxide, methanol, ether, and chemical mixture (Chio et
al,, 2019; Liu et al,, 2015; Mahmood et al., 2016). The native lignin can act as an
adhesive between cellulose and hemicellulose providing the rigidity to strengthen
cell wall structure (Chakar and Ragauskas, 2004). Nowadays, extracted lignin is mainly
used for energy purposes, while only 2% of its total production in the world is

commercially utilized for value-added products (Tribot et al., 2019).

OH OH OH
V Y V.
7 1Y
OH OH CH, CH; OH CH;,
p-coumaryl coniferyl sinapyl
¢ Y Y
OH OH CH, CH, OH CH,
p-hydroxyphenyl guaiacyl syringyl
(H) (G) (s)

Figure 6 The precursors of lignin (Kai et al., 2016).

Lignin is the only material in the lignocellulosic plant having
richness in aromatic rings due to its phenylpropanoid structure (Sadeghifar et al,,
2017). These abundant phenolic units allow lignin to possess strong UV-absorption
and antioxidant activity (Gerlock et al., 2001). Therefore, lignin can be used as
alternative for polymer film blend to replace the usage of metal oxide in the
industrial UV-blocking film fabrication. Its UV-blocking activity depends on its
phenolic substructures, including hydroxyphenyl (H), guaiacyl (G), and syringyl (S).
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According to Guo et al. (2019), the lignin substructure's contribution to both UV-

blocking and antioxidant property from high to low was S > G > H.

2.2.2.2 Lignin extraction process

The physical and chemical structures of extracted lignin
depend on plant species, growth condition, and extraction method (Kim and Um,
2020). The molecular weight of extracted lignin ranges from 1,000 to 20,000 g¢/mol,
but its degree of substitution is difficult to calculate since lignin contains sub-units
which repeat randomly (Naseem et al., 2016). The method to isolate lignin is in the
same way with cellulose extraction through the pulping process. The difference is
that lignin can be collected from the black liquor, a dark liquid residue resulted after
pulping process, by precipitation (pH change) or ultrafiltration (Kai et al., 2016). The
pulping process can cut the big polymer of lignin into the smaller chain solubilized in
the black liquor (Doherty et al., 2011). Kraft and organosolv pulping have been
reported to produce hydrophobic derivative of lignin whereas hydrophilic derivative
of lignin can be obtained from sulfite (lignosulphonate) and alkaline pulping

(Michelin et al., 2020; Zadeh et al., 2018).

2.2.2.3 Development of lignin in UV protection film application

Technical lignin does not have the ability to form film alone
since the extraction process could create cleavage linkages among lignin itself, which
contributes to producing small and branched lignin chains. Therefore, several
attemps utilized lignin to be an additive in the film composites to improve its UV-
blocking application. However, excessive concentration of lignin reportedly
deteriorated film mechanical properties and reduced film transparency (Xing et al,,
2017). Bian et al. (2021) reported that the high percentage of lignin in the
lignocellulosic nanofibril (LCNF) film improved its UV-blocking capacity and thermal
stability. Kolibaba et al. (2020) modified lignin containing anionic carboxylate groups,
which enhanced chitosan-based film to possess an effective UV blockade. Besides UV

protection, Yang et al. (2021b) found that lignin nanoparticles (LNP) contributed to
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significant improvement on thermal stability, antioxidant, and antibacterial of PVA-

based film for active food packaging.

2.3 Oil palm empty fruit bunch

Oil palm (Elaeis guineensis Jacq.) is one of the essential perennial crops
grown in tropical regions of the world. It belongs to the family of monocotyledon
(Corley and Tinker, 2003). Although oil palm is native to Africa, its plantation has
been developed in many tropical countries, especially in Southeast Asia (Figure 7).
Nowadays, there are five leading producing countries, including Indonesia (8,150,000
ha), Malaysia (4,620,000 ha), Thailand (720,000 ha), Nigeria (440,000 ha), and Colombia
(354,000 ha) (Mba et al., 2015). Oil palm is also the most profitable global vegetable
oil source accounting for more than 60% of total oilseed exports (Carter et al., 2007).
Its annual oil yield is estimated to reach 58.431 million tonnes per unit cultivated
area (Mba et al., 2015). The primary products of palm oil are crude palm oil (CPO)
and palm kernel oil (PKO) that can be further manufactured into food, biodiesel, and
oleo-chemical derivatives. CPO was extracted from the mesocarp, while PKO was
obtained from the inside kernel. Currently, the edible food industry dominates their
usage (90%) (Gourichon, 2019). The palm oil industry also has a side product known
as palm kernel meal (PKM), commonly utilized for animal feed (Garcia-Nunez et al,,

2016).

Production (Tons)

< 3,200
3,200 ; 8,650
8,650 ; 15,778
15,778 ; 50,000
I 50.000 ; 142,000
I 142,000 ; 340,000
I 340.000 ; 945,064
I > 945.064

Figure 7 Distribution of oil palm plantation in the world (FAO, 2013).
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An interesting fact was previously found that oil is only 10% of total dry
weight in the palm, while around 90% is palm biomass (Dislich et al., 2017).
Therefore, abundant lignocellulosic wastes are generated from the oil palm industry,
whether from plantation or milling activities. In general, biomass residues obtained
from plantation and harvesting activities are oil palm trunk (OPT) and oil palm frond
(OPF) (Abnisa and Daud, 2014). OPT can be commercially used for various furniture,
medium density fiber (MDF) board, and plywood (Sukiran et al., 2017). OPF is usually
left in the plantation area for natural decomposition to protect soil from erosion,
thus providing long-term nutrients for the crop (Rahman et al, 2014). In the
meanwhile, oil palm processing mills also generate a significant source of biomass
wastes, including palm kernel shell (PKS), mesocarp fiber (MF), and empty fruit bunch
(EFB) (Sukiran et al., 2017). PKS and MF are commonly used to supply electricity
through direct combustion (Sulaiman et al., 2010). EFB, as can be seen from Figure 8,
usually contains high water content that can inhibit its ignition, contributing to the
lower calorific value. Hence, EFB is unsuitable for that purpose. On the other hand,
EFB wastes in some factories are often incinerated at the plant site, which harms the

environment by creating dangerous white smoke pollution (Sudiyani et al., 2013).

Figure 8 Current situation of unutilized EFB wastes in some processing mills.
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Although high quantity of the EFB wastes significantly contributes to negative
environmental impact, its high availability will create a challenge to produce future
value-added products converted from unutilized agricultural residues. EFB cellulose
(23.7-65.0% of EFB dry weight) is also one of the most desired compounds that
potentially can be used in the industry (Chang, 2014). Several works have reported
the development of effective cellulose isolation process from oil palm EFB. Ching
and Ng (2014) isolated EFB cellulose using chlorine bleaching, alkali treatment, and
acid hydrolysis. The obtained EFB cellulose showed the best property at the
bleaching time of 12 h, indicated by its high visible light transmittance and thermal
stability. Teow et al. (2020) extracted EFB cellulose using a combination of NaOH and
H,O, treatment. The process effectively removed the hemicellulose and lignin
substituents on the obtained EFB pulp. Furthermore, this extraction method
successfully produced EFB cellulose with high crystalline phase.

The cellulose extracted from EFB to fabricate a composite film was
previously reported by Zailuddin and Husseinsyah (2016). The extracted cellulose
was dissolved in a mixture of N, N-Dimethylacetamide (DMAc) and lithium chloride
(LiCL), following by mixing with commercial microcrystalline cellulose (CMC). The EFB
cellulose with a concentration of 2% showed higher tensile strength and elastic
modulus. Moreover, a much higher concentration of cellulose EFB (more than 4%)
decreased all mechanical properties due to the formation of agglomerations.

The utilization of EFB cellulose for polymer blending in film production was
also developed by Rahmi et al. (2017). The extracted cellulose was used to reinforce
chitosan film for the application of cadmium ions removal from agqueous solutions.
According to FTIR, XRD, and SEM analysis, cellulose particles displayed a significant
interaction with chitosan to form a dense structure due to bonding formation. The
improvement of the tensile strength value was reported after the incorporation of
10% EFB cellulose particles into the chitosan/cellulose film. In this concentration,
the authors found the best composition for effective removal of Cd** from aqueous
solution. Similarly, Cifriadi et al. (2017) reported the utilization of extracted EFB
cellulose with high purity (97%) to improve a cassava starch blend film. The

cellulose was firstly oxidized using sodium hydroxide to reduce the crystallinity and
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to increase the carboxyl contents. The physical characteristic affected by glycerol
loading as a plasticizer was also evaluated. The tensile strength was significantly
reduced in line with the increase in the amount of glycerol concentration. In
contrast, this condition had a significant contribution on improving the elongation at
break value of the obtained composite film.

Amin et al. (2006) modified EFB cellulose into EFB CMC for s drug coating
agent. However, the quality of EFB CMC is quite lower than a commercial CMC. EFB
CMC film exhibited 7.85-14.79 MPa of tensile strength, while the commercial CMC
film possessed 21.72-35.14 at a similar concentration. Furthermore, SEM analysis
indicated a rougher surface of EFB CMC film contributing to lower transparency than
the commercial CMC film product.

Besides cellulose, several authors have improved the lignin extraction
method from EFB. Sidik et al. (2013) collected EFB lignin using the liquefaction
method with 1-butyl-3-methylimidazolium chloride ([BMIM]CL) ionic liquid (IL) in the
presence of H,SO, as a catalyst. The obtained EFB lignin demonstrated its good
performance with a yield of 26.6%. Tang et al. (2020) treated EFB with aqueous NaOH
and aqueous NHs; solutions. A low temperature-long time replenished treatment
(LTLt-Rep-NH;) revealed the optimized condition, producing recovered lignin at 33%.
However, the potential of lignin isolated from EFB waste to be a film additive is still
not explored widely. There is only one literature provided by Bhat et al. (2013) that
they utilized the lignin for reinforcement of sago (Metroxylon sago) starch-based film
for food packaging application. They found that addition of lignin significantly
improved the thermo-mechanical properties, seal strength, and water resistance.
Furthermore, lignin successfully reduced vapor permeability of the composite film

indicating its superior performance in barrier of water vapor molecule.



CHAPTER 1lI
MATERIALS AND METHODS

3.1 Materials and Equipment
- Autoclave: Model 7SX, Foundry Co., Inc, USA
- Autopipette: Dragon-Lab, China
- Centrifuge: Hettich, Germany
- Contact angle goniometer: Model DM100, Kyowa Interface Co., Ltd, Japan
- Fourier infrared spectrophotometer: Model 6700, Thermo Nicolet Corp, USA
- Hot air oven: Model B30, Memmert, Germany
- Hot plate magnetic stirrer: C-MAG HS10, Sigma Aldrich, USA
- Micrometre screw gauge: Mitutoyo, Japan
- Particle size analyser: Model Mastersizer 2000, Malvern Instrument Ltd, UK
- pH meter: Model PP-50, Sartorius, Germany
- Quick cold coater: Model SC-701MC, Sanyu Denshi Co., Ltd, Japan
- Reflectance spectrophotometer: Macbeth, USA
- Rheometer: Model Physica MCR 301, Anton Paar, Germany
- Scanning electron microscope: Model TM3030 Plus, Hitachi, Japan
- Spectrophotometer: Model V-570, Jasco Corp., Japan
- Thermogravimetric analyser: Model Q50, TA Instruments, Inc., USA
- Universal testing machine: LTS-500N-S2, Minebea Co., Ltd, Japan
- Vortex: Charan Associates Co., Ltd, Thailand
- Weight balance, 2 digits: Model BL610, Sartorius, Germany
- Weight balance, 4 digits: Model AB204-S/FACT, Mettler Toledo, USA

3.2 Chemicals
- Acetic acid: Ajax Finechem, New Zealand
- Acetone: Thananan Chemical Co., Ltd, Thailand
- Carboxymethyl cellulose: Sigma Aldrich, USA
- Cellulose: Sigma Aldrich, USA

- Cetyl trimethylammonium bromide (CTAB): Ajax Finechem, New Zealand
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- Disodium ethylenediamine tetraacetate (EDTA) dehydrate: Ajax Finechem, New
Zealand

- 95% ethanol: Thananan Chemical Co., Ltd, Thailand

- Ethylene glycol monoethyl ether: Ajax Finechem, New Zealand

- Hydrochloric acid: Carlo Erba, Italy

- Hydrogen peroxide: Chem-supply Pty Ltd, Australia

- Iron (lll) nitrate nonahydrate: Ajax Finechem, New Zealand

- Isopropanol: Fisher Scientific, UK

- Methanol: Merck, Germany

- Nitric acid: QRéc, New Zealand

- Oxalic acid: Ajax Finechem, New Zealand

- Potassium acetate: Ajax Finechem, New Zealand

- Potassium Bromide: Fisher Scientific, UK

- Potassium Permanganate: Sigma Aldrich, USA

- Silver nitrate: Carlo Erba, Italy

- Silver sulphate: Carlo Erba, Italy

- Sodium borate decahydrate: Ajax Finechem, New Zealand

- Sodium hydrogen phosphate: Merck, Germany

- Sodium hydroxide: Ajex Finechem, New Zealand

- Sodium lauryl sulphate: Ajax Finechem, New Zealand

- Sodium monochloroacetic acid: Merck, Germany

- Sulfuric acid: QRéc, New Zealand

- Tertiary butyl alcohol: Ajax Finechem, New Zealand

3.3 Procedures
3.3.1 Screening for suitable pretreatment
EFB collected from an oil palm mill industry, PT. Tritunggal Sentra
Buana, was firstly cut to small pieces, ground, and sieved to fine powder (< 1 mm)
followed by drying at 60°C in a hot air oven until it reached a constant weight. Three
types of chemical pretreatments, including hot water, alkaline (6% (w/v) NaOH), and

acid (0.5% (v/v) H,SO,), were performed according to Vena et al. (2013). Each



22

pretreatment was carried out in an autoclave (121°C, 15 lbs per square inch) for 40
mins with a solid/liquid ratio of 1:6. The pretreated EFB was then neutralized with a

large volume of distilled water, followed by oven drying at 60°C.

3.3.2 Extraction

Alkaline extraction was employed to isolate cellulose from each
pretreated EFB. The sample (100 g) was mixed with 15 ¢ NaOH (to the final
concentration of 15% (w/v)), and distilled water (1000 mL) was then added at a
solid/liquid ratio of 1:10. The mixture was incubated in an autoclave (121°C, 15 lbs
per square inch) for one h. The EFB pulp was separated from black liquor by filtering
through a fabric sieve. The black liquor was kept in an opaque bottle at room
temperature for further lignin precipitation. The obtained pulp was then washed with

distilled water until it reached neutral pH and oven dried at 60°C.

3.3.3 Bleaching
Totally chlorine-free bleaching was conducted to increase the cellulose
purity according to the protocol introduced by Tristantini and Yunan (2018). Briefly,
five grams of EFB pulp was added into 100 mL of 10% (w/v) H,0O, solution at 80°C for
two h under continuous stirring conditions. After that, the bleached pulp was filtered,

washed with distilled water to reach neutral pH, and oven dried at 60°C.

3.3.4 Lignin precipitation
The EFB lignin precipitation was performed by gradually adding glacial
acetic acid to the black liquor until pH 7 was reached. The precipitated lignin was
harvested by centrifugation (Universal 320R, Tuttlingen, Germany) at 12,000 x ¢ (6,000

rpm) for 10 mins and oven dried overnight at 60°C.

3.3.5 CMC synthesis
CMC was synthesized from the EFB cellulose based on the procedure
from Asl et al. (2017) with slight modifications. Briefly, five grams of the EFB pulp was
weighed and treated with 20 mL of 30% (w/v) NaOH in 200 mL of isopropanol at

room temperature for 30 min to produce alkali cellulose. After that, the suspension
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was mixed with five ¢ sodium mono chloroacetate (SMCA) and continually stirred at
60°C for 4 h. The liquid was then poured out and discarded, and the solid fraction
was dispersed in absolute methanol (150 mL). The mixture was then neutralized with
glacial acetic acid and filtered through a plastic sieve. The solid CMC was washed
with a large volume of 70% ethanol to remove unwanted by-products. The obtained
EFB CMC was rewashed with absolute methanol and oven dried at 60°C. For
comparison, a commercial Q-cellulose (C8002, Sigma-Aldrich) was also modified into

CMC following the same procedure.

3.3.6 EFB CMC film production

EFB CMC films were prepared by using a casting method. Film solution
containing EFB CMC (2.5% (w/v)) and glycerol (0.5% (w/v)) was stirred at 60°C and
then poured into a polyacrylic film mould and oven dried at 60°C for 24 hours. EFB
lignin was added into the EFB CMC solution to the final concentrations ranging from
0% to 0.3% (w/v). All dried films were carefully peeled off the mould and kept inside
a desiccator containing silica gel at least 24 h before further assessments. The films
prepared from commercial CMC (C5678, Sigma-Aldrich) and Ol-cellulose CMC were

used for properly comparisons.

3.3.7 Characterization of biomass, CMC, lignin, and film
3.3.7.1 Determination of biomass composition
The biomass compositions of EFB and the obtained pulp,
including cellulose, hemicellulose, and lignin, were determined according to Goering

and Van Soest (1970).

3.3.7.2 Water solubility
The water solubility test of EFB CMC was performed according to
Shui et al. (2017) with a slight modification. One gram of EFB CMC powder was
dissolved in 100 mL distilled water and continuously stirred at 60°C for 1 h. The solid
residue was then weighed after collected by centrifugation (Universal 320R,

Tuttlingen, Germany) at 12,000 x ¢ (6,000 rpm) for 10 min and oven dried at 60°C.
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The water solubility was calculated as the percentage of dissolved EFB CMC to the
total EFB CMC tested.

3.3.7.3 Degree of substitution

The degree of substitution (DS) of the CMC was measured by
potentiometric titration (Haleem et al., 2014). One gram of the CMC and 50 mL 95%
ethanol were mixed under stirring conditions. Then, five mL of 2 M nitric acid was
added to the mixture with continuous stirring for 10 min. Next, the mixture was
heated for 5 min using a hot plate following by further stirring for 20 min. The liquid
was removed through filtration using filter paper (Whatman no. 1), and the
precipitated CMC was washed with 100 mL 95% ethanol following by oven drying at
60°C. The obtained CMC (0.5 g) was mixed with 100 mL distilled water and 25 mL 0.5
M NaOH under continuous stirring. Then, the mixture was heated for 20 min and
cooled down to room temperature. A few drops of phenolphthalein as an indicator
were added to observe the color change during titration with 0.3 M HCL. The DS of
CMC was calculated by using the following equation (Haleem et al., 2014):

o (80D "
- F
(0.162 x A)

~ (1-0.0058 x A)

(2)

where A was required acid per gram of CMC (mL), B was the
volume of used NaOH (mL), C was the NaOH concentration (%), D was required HCl
(mL), E was HCl concentration (%), F was the weight of CMC (g), 162 was the
anhydrous glucose molecular weight, and 58 was the increase of net molecular

weight in anhydrous glucose after each substitution of carboxymethyl group.

3.3.7.4 Viscosity
The viscosity of CMC was determined using a rheometer (Physica
MCR 301, Anton Paar, Germany). The prepared CMC powder was dissolved in distilled
water (2.5% (w/v)) and measured under ambient conditions with a shear rate of 100

s (Shui et al., 2017).
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3.3.7.5 Lignin particle size
The particle size of the extracted EFB lignin was measured using

a laser-based particle size analyser (Mastersizer 2000, Malvern Instrument Ltd., U.K)).

3.3.7.6 Lignin purity
The purity of the extracted EFB lignin was determined using a
klason lignin protocol (Itoh et al., 2003). Lignin powder (0.3 ¢) was added into 4.5 mL
72% (v/v) H,SO4 solution with continuous stirring for 2 h. Then, the mixture was
filttered through filter paper (Whatman no. 1), washed, and dried at 105°C until it
reached a constant weight. The lignin purity was calculated as the percentage of final

weight to initial weight of EFB lignin tested.

3.3.7.7 Fourier Transform Infrared (FTIR) spectroscopy
Infrared spectra of the samples were recorded in the
wavenumber between 4000 and 500 cm™ using the FTIR spectrometer (Nicolet 6700,
Thermo Nicolet Corp, Madison, USA). Before testing, each sample was mixed with

potassium bromide (KBr) at a ratio of 1:10 and pelletized together.

3.3.7.8 Scanning electron microscopy
The samples were firstly gold coated using a quick cold coater
(SC-701IMC, Sanyu Denshi Co., Ltd., Japan) before analysis. The surface morphology
was observed using a scanning electron microscope (SEM) (TM3030 Plus, Hitachi,
Japan) at an accelerating voltage of 15 kV and magnifications of 500x for EFB biomass

and 1,500x for films.

3.3.7.9 Color measurement
A reflectance spectrophotometer (Color-eye 7000, Macbeth,
New York, USA) was used to determine the color of film samples and recorded some
parameters, including L (lightness-brightness), a (redness-greenness), and b
(yellowness-blueness). Furthermore, the total color difference (AE) was calculated

based on the equations described by Jouki et al. (2013).
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- 2 . 2 . 2
AE=\/(L -L) + (a -a) + (b -b) (3)

where L*, @" and b" were the standard value, and L, a and b

were the film sample values.

3.3.7.10 Thickness
A micrometre screw gauge (Mitutoyo, Japan) with a minimum
division of 0.01 mm was used to randomly measure the average thickness of the

prepared films at ten different areas.

3.3.7.11 Water contact angle
A sessile drop method using a contact angle goniometer
(DM100, Kyowa Interface Science Co., Ltd., Japan) was performed to measure the
water contact angle of the film samples. Distilled water was injected by a micro

syringe on the horizontal surface of prepared films (2 x 2 cm?).

3.3.7.12 Water vapor permeability

The water vapor permeability (WVP) was examined
gravimetrically using a cup method following the ASTM E96 (Cazén et al., 2019).
Firstly, 15 mL of distilled water was transferred to the cup (5 cm in diameter and 4
cm depth). The film was then cut in a circular shape and sealed with silicone
adessive on the top of the cup. After that, the cup was placed in a box containing
silica gel. The WVP tests were carried out at 30°C by measuring the water weight
every hour for at least eight h until the slope of the linear regression of weight loss
versus time (* = 0.99) was obtained. The WVP (g m™ s’ Pa?) was calculated

according to the following equation (Cazén et al., 2019):

Aw . X
WVP= ——— @)
At.A. AP

where Aw was the loss weight of the cup (g), x was the
average thickness of the film (m), At was the time unit (s), A was the exposed area

(m?), and AP (4245 Pa) was the difference in partial water vapor pressure across the

two sides of the film at 30°C.
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3.3.7.13 Thermogravimetric analysis
The thermal stability of the CMCs, the EFB lignin, and the
prepared films was determined by thermogravimetric analyser (TGA Q50, TA
Instrument, Inc., DE) from 30°C to 600°C at a rate of 10°C min™'. Each sample (five

mg) was analysed at a flow rate of 20 mL min™ under a nitrogen atmosphere.

3.3.7.14 Antioxidant activities

The antioxidant activity of the films was measured using the
DPPH (2, 2-diphenyl-1-picrylhydrazyl) free radical scavenging assay based on the
procedure of Shankar et al. (2019) with slight modifications. Each film (250 mg) was
firstly dissolved in 5 mL distilled water. Then, the aqueous solution of the film (100
ul) was mixed with 900 pL of 0.1 mM DPPH methanolic solution. The mixture was
then incubated for 30 min in the dark at room temperature (20+£5°C). The
absorbance was measured at 518 nm (Spectrophotometer V-570, Jasco Corp., Japan)
and the antioxidant activity was calculated according to the following equation

(Shankar et al., 2019):

A-B
Antioxidant activities (%) = =) x100 (5)

where A was the absorbance of DPPH and B was the
absorbance of DPPH containing film solution. The half-maximal inhibitory
concentration (ICso) was obtained after measuring antioxidant activity of the film

solution at least five concentrations ranging from 0.25 — 4 mg mL™.

3.3.7.15 UV-vis spectrophotometry
The UV protection capacity of the films (2 x 1 cm? was
evaluated by a UV-vis spectrophotometer (V-570, Jasco Corp., Japan) at the
wavelengths between 275 and 320 nm and between 320 and 380 nm for UV-B and
UV-A, respectively (Zhang et al,, 2020). The percent transmittance at the wavelength

of 550 nm was used to determine the film transparency.
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3.3.7.16 Mechanical properties
The mechanical properties of the films including tensile
strength, elongation at break, and Young’s modulus were determined using a
universal testing machine (LTS-500N-S2, Minebea Co., Ltd., Japan) equipped with a
load cell of 500 N (ASTM D882). The prepared films (10 x 1 cm?) were stretched at a
rate of 10 mm min™ after inserted between two jaws of the machine (5 cm gauge

length).

3.3.7.17 Biodegradability analysis

The biodegradation capacity of the films was carried out by a
composting test in the soil following the procedure from Riaz et al. (2020) with a
slight modification. The soil used in this experiment was collected from a garden at
Department of Botany, Chulalongkorn University. It was placed in a small plastic tray
(8 cm in diameter and 5 cm depth). The films (2 x 2 cm?) were then buried (2 cm
depth) at ambient temperature and were dug out every week to observe the change
in appearance until they were completely degraded. The soil was sprayed with 5 mL

distilled water in the morning and evening.

3.3.8 Statistical analysis
All data were presented as average value + one standard deviation
derived from three replications and statistically analysed using IBM SPSS Statistics 22
(IBM Corp., Armonk, NY, USA). The one-way analysis of variance (ANOVA) followed by
Duncan’s multiple range test (DMRT) was applied to compare any significant

differences among average values at the level of p < 0.05.



CHAPTER IV
RESULTS AND DISCUSSION

4.1 Screening for efficient EFB cellulose preparation
4.1.1 Cellulose extraction

Oil palm EFB used as the raw material in this study consisted of 43.17%
cellulose, 23.24% hemicellulose, 14.97% lignin, and 0.97% ash (Table 2). Other
contents (17.65%) found in EFB was probably extractives. This value was comparable
with total extractive content found in Malaysian EFB (15%) previously reported by
Nurul Hazirah et al. (2014). Generally, the EFB compositions in this study were in line
with those previous study reported by Chang (2014), who described that cellulose,
hemicellulose, and lignin contents found in EFB were commonly accounted for 24-
65%, 21-34%, 14-31%, respectively. To extract cellulose from EFB, a chemical
pulping process using 15% NaOH (w/w), commonly called alkaline extraction, was
employed since it was reportedly effective for breaking down B—O—ll aryl ether bonds
in lignin, leading to disintegration of its polymeric structure and cellulose release
(Santos et al., 2013). After alkaline extraction, the cellulose content in the EFB pulp
was significantly increased up to 0.5-fold (65.43%). Nevertheless, the residual lignin
(12.42%) and hemicellulose (16.74%) were still high (Table 3) since lignin and
hemicellulose are linked via a complex structure (Volynets et al.,, 2017), that was

likely resistant to NaOH.

Table 2 Biomass composition of oil palm EFB.

No Composition Quantity (g/100 g EFB)
1 Cellulose 43.17 + 1.11
2 Hemicellulose 23.24 + 0.95
3 Lignin 1497 + 1.37
a4 Ash 0.97 £ 0.58
5 Others* 17.65 + 1.33

*Possibly extractives.
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To increase the EFB cellulose yield and purity for subsequent CMC
synthesis, pretreatment and bleaching steps were employed to enhance the
effective separation of cellulose from the surrounding hemicellulose and lignin. All
three pretreatments chosen in this study were common protocols used in
commercial and experimental pulping process (Vena et al.,, 2013). A totally chlorine-
free bleaching using H,O, was selected since it was environmentally friendly
alternatives to the conventional chlorine bleaching which generates hazardous
chlorinated organic pollutants (Fernandez-Rodriguez et al., 2017). As expected, the
application of various pretreatment methods prior to alkaline extraction contributed
to the significant increase of cellulose content compared to unpretreated EFB,
yielding 71.84%, 74.98%, and 82.26% for hot water, NaOH, and H,SO, pretreatment,
respectively. This was similar to the report by Akhtar et al. (2015) that H,SO,
pretreatment prior to NaOH extraction could significantly improve cellulose
composition in EFB pulp. On the other hand, the residual lignin was also reduced
significantly at 8.84%, 8.60%, and 10.69% for hot water, NaOH, and H,SOq4
pretreatment, respectively. It has also been reported that the best lignin removal
was observed when the Eucalyptus biomass was pretreated by NaOH, following by
hot water and H,SO, (Saito et al., 2016). After H,O, bleaching process, a significant
reduction (3-9%) in pulp yield was observed in every extraction. Although the
bleaching step did not significantly increase the cellulose content, it slightly
enhanced the removal of hemicellulose and lignin from the extracted pulp (Table 3).

Considering that the highest cellulose content following by the lowest
hemicellulose and lignin was the goal of EFB extraction, the extraction protocol
consisting of H,SO, pretreatment-alkaline extraction-H,0, bleaching gave the best
result with 83.42% cellulose, 2.00% hemicellulose, and 8.79% lignin. The H,SO,
pretreatment was able to cleave the glycosidic bonds between lignin and
hemicellulose effectively (Liu et al.,, 2018). Therefore, the remaining hemicellulose
content in the EFB pulp was decreased to the lowest value in this study (2.00%). The
significant reduction of hemicellulose was desired in this study since it was unwanted
materials in film fabrication. Huang et al. (2019) suggested that the better removal of

hemicellulose is one of the key factors for obtaining high cellulose content pulp. The
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optimized extraction protocol in this study yielded a higher cellulose content
(83.42%) compared to the previously reported EFB cellulose (76.45%) prepared by
0.7% sodium chlorite (NaClO,) bleaching process followed by alkaline extraction
using 17.5% NaOH (Parid et al., 2018).

4.1.2 CMC production

The EFB pulps (Figure 9) obtained from various extraction protocols
were further carboxymethylated through a two-step reaction. Theoretically, the OH
groups of the EFB cellulose were firstly reacted with NaOH which replaced protons
with sodium ions. The second step was etherification with SMCA to form
carboxymethyl groups (Bhandari et al., 2012). Therefore, the highest CMC yield was
expected from the EFB pulp obtained from the optimized extraction protocol since it
contained the highest cellulose and the lowest hemicellulose and lignin contents.
Surprisingly, the highest yield of carboxymethylated product was obtained from the
unpretreated-unbleached EFB pulp despite the lowest cellulose and highest
hemicellulose and lignin contents (Table 4). This was likely due to the
carboxymethylation of lignin rather than hemicellulose. When total sugar contents in
the EFB pulps, slucose from cellulose and heterosaccharides from hemicellulose,
were considered, the lowest number was found in the unpretreated-unbleached
pulp (Table 4). Therefore, cellulose and hemicellulose could not be the contributing
factor to the high yield of this CM product. Moreover, even though the OH groups of
hemicellulose could be substituted, their availability should be low due to the
majority of pentose sugars, branching structure and acetyl substitution (Tarasov et al,,
2018). It has been reported that lignin can be carboxymethylated through the same
reaction as cellulose (Gan et al,, 2013; Kazzaz et al., 2019; Konduri et al., 2015). It
also yields unwanted by-products such as sglycolic and sodium sglycolate that
contributed the product weight increase (Kazzaz et al., 2019; Shui et al., 2017). The
carboxymethylation of lignin could compete with that of cellulose and might result
in low degree substitution and low water solubility of the CMC. The
carboxymethylated product obtained from the unpretreated-unbleached pulp had
the significantly lowest water solubility (45.51%) whereas the EFB CMC derived from
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EFB pulp prepared by H,SO,4 pretreatment-NaOH extraction-H,0O, bleaching exhibited
the highest water solubility (81.32%) (Table 4). Therefore, despite its lowest yield the
CMC obtained from this optimized extraction protocol was considered the most

suitable for the subsequent film preparation.

(A)

Figure 9 Morphological appearance of the untreated EFB (A) and the treated EFB

pulp (B) via photographic image and scanning electron microscopy (inset).

4.1.3 Characterization of selected synthesized EFB CMC
4.1.3.1 Degree of substitution

The measurement of degree of substitution (DS) was performed
to assess the quality of the synthesized EFB CMC compared to the commercial CMC
and the Q-cellulose CMC (Table 5). The DS indicated the amount of -OH groups in
cellulose successfully substituted by carboxymethyl groups. The EFB CMC possessed
a higher average DS value (1.30) than that of the commercial CMC (1.13). Due to its
high purity, Ol-cellulose CMC achieved the highest average DS value (1.45). In this
study, the EFB CMC contained 8.79% residual lignin causing a light brownish color,
while both commercial CMC and Ol-cellulose CMC, without lignin contamination,
were white in color (Figure 10). The DS value of the synthesized EFB CMC in this
study was higher than those prepared from other biomasses, such as rice stubble
(0.64) (Rodsamran and Sothornvit, 2017), seaweed (0.51) (Lakshmi et al., 2017),
sugarcane bagasse (0.78) (Asl et al., 2017), and cotton gin (0.87) (Haleem et al,, 2014).
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4.1.3.2 Viscosity

The viscosity of the synthesized CMC products was determined
at 2.5% (w/v) with a shear rate of 100 s". It could be seen that the Ql-cellulose CMC
had the highest viscosity (41.81 mPa s), followed by the EFB CMC and the
commercial CMC (19.92 and 18.54 mPa s, respectively) (Table 5). These results had
the same trend as their DS. It seemed that the high DS value affected the increased
viscosity. A previous study from Shui et al. (2017) also demonstrated that increasing
DS of CMC products could improve its water solubility and viscosity. The increasing
DS value provided more hydrophilic groups; thus, it enhanced the ability of CMC to

form intermolecular bonding formation with water molecules (Asl et al., 2017).

Table 5 Degree of substitution and viscosity of various CMC products used for film

preparation.
No Sample DS Viscosity (mPa s)
1 Commercial CMC 1.13 + 0.03¢ 18.54 + 0.86°
2 Ol-cellulose CMC 1.45 + 0.06° 41.81 + 1.44°
3 EFB CMC 1.30 + 0.01° 19.92 + 1.66°

Different superscript letters in the same column indicated significant different values

at p < 0.05.

Figure 10 Visual appearance of various CMC products used for film preparation:

Commercial CMC (A), Ol-cellulose CMC (B), and EFB CMC (Q).
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4.1.3.3 FTIR spectra
The structural analysis of all CMC products was determined
using FTIR spectroscopy at spectra ranging from 4000 to 500 cm™. As shown in Figure
11, a broad absorption peak observed at 3402 cm™ could be assigned to the
stretching vibration of a hydroxyl group (-OH) (Jiang et al., 2017). After etherification,
the peaks found at 1604 and 1419 cm™ was due to the successful carboxymethyl

substitution in the EFB CMC and Q-cellulose CMC (Rachtanapun et al., 2012).
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£ ; QO-cellulose CMC
f !
o '
= .
EFB CMC
L] L L L] : T : T 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 11 FTIR spectra of all CMC products.

4.1.3.4 Thermal analysis
Thermal properties of the prepared CMC products were
determined using a thermogravimetric analysis (TGA). The TGA and Derivative
thermogravimetric (DTG) curves are presented in Figure 12. It was first observed that
water molecule was evaporated at the temperature ranging from 50°C to 150°C.

Generally, all CMC products exhibited a single-step thermal degradation. Starting
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decomposition (T,nset) Of the commercial CMC occurred at the temperature of 263°C.
This value was higher than the O-cellulose CMC (245°C) and EFB CMC (230°C),
indicating that the commercial CMC was more thermal stable than the other
synthesized CMCs. The maximum decomposition rate (T, was 301°C, 292°C, and
289°C for the commercial CMC, the Ql-cellulose CMC, and the EFB CMC, respectively.
It can be observed that the EFB CMC reached lower Tyt and Tpax in cCOMparison
with the commercial compounds. It was probably affected by residual lignin in the
EFB CMC. The breakdown of Q- and B—aryt—alkyl—ether bonds in lignin reportedly
occurred at a lower temperature (150-300°C) (Monteiro et al,, 2012). Thus, it
contributed to a slight decline in T,set and Tpax Value of the EFB CMC.
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Figure 12 TGA (A) and DTG (B) curves of all CMC products.
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4.2 Isolation and characterization of EFB lignin
4.2.1 Purity and solubility

The type of lignin used in this study was alkaline (soda) lignin since it
was precipitated from the black liquor resulting from the alkaline extraction process.
Thus, black liquor derived from alkaline extraction of the acid pretreated EFB pulp
was chosen for lignin precipitation since it was also a part of the optimized extraction
process for the most efficient EFB CMC synthesis. The yield of the extracted EFB
lignin was 16.47 ¢/100 g EFB. The fact that the precipitated lignin yield was higher
than the lignin content in the untreated EFB (14.97%) was likely due to the presence
of co-precipitated carbohydrates such as cellulose, hemicellulose, and other
extractives which were also detected by FTIR (Figure 13). Further measurement
indicated that the EFB lignin purity was 64.39%. Interestingly, this value was higher
than the previous study that reported that the purity of extracted EFB lignin
extracted by methylene chloride, n-propanol, and methanol/methylene chloride
were 41.6, 45.1, and 10.4%, respectively (Sun et al., 2000). Moreover, the extracted
EFB lignin in this study was highly soluble in water (69.26%). This water-soluble ability
suggested its potential to be blended with the EFB CMC for water-based composite

film preparation.

4.2.2 FTIR spectra

FTIR spectroscopy was performed to determine the structure of the
extracted EFB lignin (Figure 13). The peaks observed at 2924 and 2854 cm’
corresponded to the C-H stretching vibrations from aliphatic groups (de Diego-Diaz et
al,, 2019). Aromatic skeletal vibrations (C=C) of the basic lignin structure were
appeared at 1595 and 1419 cm™ (Pinheiro et al,, 2017). The peak at 1227 cm™ could
be attributed to the presence of phenolic -OH groups (Tan et al,, 2019). The
presence of carbohydrate as impurities in the extracted EFB lignin was detected due

to the characteristic of C-O-C observed at 1049 cm™ (Pinheiro et al., 2017).
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Figure 13 FTIR spectra (A), photographic image (B), and SEM image (C) of extracted
EFB lignin.

4.2.3. Thermal analysis

The TGA and DTG curves of the extracted EFB lignin are presented in
Fisure 14. It was observed that evaporation of water molecule occurred at the
temperature ranging from 50 to 150°C. Generally, the thermogravimetric profile of
the extracted EFB lignin exhibited two-steps of degradation. The first step in the
range of 150-350°C corresponded to the cleavage of Q- and B-aryl—alkyt-ether
linkages (Monteiro et al., 2012). In this step, the T, value occurred at 314°C. Thus,
the TGA curve also showed that more than 15% of the EFB lignin was degraded at
this temperature. The last step, from 350 to 523°C, indicated the breakdown of lignin
internal linkages, including the aromatic rings (Fernandes et al,, 2021). This step
reached the T, value at 480°C. The last degradation of the EFB lignin (T..g)
occurred at 523°C. Since this value indicated that the EFB lignin was more thermal
stable than the EFB CMC (Figure 12), blending them together to form a composite
film is also expected to improve the EFB CMC thermal stability.
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Figure 14 TGA (A) and DTG (B) of the extracted EFB lignin.

4.3 Film characterization
4.3.1 FTIR spectra
The FTIR spectra of the films were recorded at the wavenumber ranging
from 4000 to 500 cm™ (Figure 15). A sharp absorption peak observed at 3433 cm'™
presented the hydrogen-bonded-OH (Wu et al, 2011). The peak at 1635 cm™
indicated the interaction of -COOH groups in CMC with -OH groups of glycerol
(Yaradoddi et al., 2020). An increased EFB lignin incorporation into the EFB CMC film
contributed to shift the wavenumber from 1419 cm™ to 1466 cm™ following by
appearance of a new peak at 1388 cm™. Furthermore, the peaks detected at 1049

and 1119 cm™ were related to the -O- stretching (Rachtanapun et al., 2012).
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Figure 15 FTIR spectra of all CMC-based composite films.

4.3.2 Surface morphology

The scanning electron microscopy (SEM) images of the surface of all
CMC-based films are shown in Figure 16. It was observed that the commercial CMC
and the Ol-cellulose CMC had smooth and homogeneous surface. On the other
hand, the surface of the EFB CMC was rough, probably due to the residual lignin
content on the sample. When increasing the concentration of the EFB lignin, the
slight physical changes were observed due to the presence of agglomerations. We
concluded that the EFB lignin particles with an average size of 4.28 um were not well
dispersed. It demonstrated the low miscibility between the EFB CMC and EFB lignin.
Some lignin particles could form hydrogen bonds among lignin itself via inter-
molecular interaction. A similar situation has been reported by He et al. (2019) when
acid modified commercial alkaline lignin nanoparticles (LNPs) were added into a

polyvinyl alcohol (PVA) film.
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Figure 16 Scanning electron micrographs (A) and photographic images (B) of all CMC-
based composite films. All composite films were placed on the lined paper

background to show their transparency (B).

4.3.3 Color properties
Both the commercial CMC and the Ol-cellulose CMC exhibited a

colorless film. However, the EFB CMC film was yellow in color affected by the
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presence of residual lignin. Furthermore, an increase in EFB lignin incorporation
significantly contributed to the color changes to become more reddish and yellowish
in the EFB CMC-lignin composite films. It was evidenced by increased a and b values,
respectively (Table 7). Moreover, an increase in the AE showed that the color was
significantly different from the white standard. Although contributing to result in a
dark color, incorporating EFB lignin improved the ability of the composite films to
absorb UV-B (275-320 nm) and UV-A (320-380 nm) (Figure 19). Several authors have
reported similar conditions (Izaguirre et al., 2020; Shankar and Rhim, 2017).

Table 6 Color properties of all CMC-based composite films.

No Film L* a** br**  [AE**x*
1 Commercial CMC 3.13 0 0.29 3.22
2 O-cellulose CMC 1.47 0.11 0.01 1.48
3  EFBCMC 6.68 1.36 14.69 8.71
4 EFB CMC + 0.1% EFB lignin 13.33 0.71 27.69 15.28
5 EFB CMC + 0.2% EFB lignin 19.68 4.05 37.24 21.87
6 EFB CMC + 0.3% EFB lignin 39.85 14.89 53.6 43.78

* Range of light to dark (0-100).
**  Red (positive) or green (negative).
***  Yellow (positive) or blue (negative).

****  Total color difference from a white standard.

4.3.4 Water contact angle

The surface wettability of the composite films was investigated by
contact angle measurement. The results are presented in Table 8. A hydrophobic
film possesses a contact angle value higher than 90° (Kiuru and Alakoski, 2004). In
this study, all the prepared films were hydrophilic since they had contact angle
values lower than 90°. It could be observed that the EFB CMC film had a contact
angle of 63.3° This value was significantly higher than the O-cellulose CMC film
(46.0°). It was probably related to the surface roughness of the EFB CMC film
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(Crouvisier-Urion et al., 2016). When 0.1% and 0.2% EFB lignin was added into the
EFB CMC film, the contact angle values were reduced to 56.0° and 53.3°,
respectively. Further excessive EFB lignin incorporation (0.3%) dramatically dropped
the value to 42.0°. We stated that the hydrophilic characteristic of EFB lignin strongly
contributed to increasing hydrophilicity in the EFB CMC-lignin composite films. A
similar situation has been reported by Zadeh et al. (2018), who reported that a soy
protein isolate (SPI) film reduced its contact angle value after incorporating

commercial alkali lignin and lignosulfonate.

4.3.5 Water vapor permeability

The water vapor permeability (WVP) represents the ability of a film to
protect from the transmission of water vapor molecules through the film. Hence, a
lower WVP value is desirable since it demonstrates a better property toward water
vapor. In this study, the lowest WVP was achieved by the commercial CMC film with
the value of 6.66 x 10" ¢ m' s Pa” (Table 8). This value was not significantly
different compared to that WVP of the EFB CMC film (7.24 x 10™ ¢ m™ s* Pa™).
However, the Ol-cellulose CMC film revealed the highest WVP value (7.55 x 10 ¢ m°
s Pa™), demonstrating its low performance in comparison to the commercial CMC
film. Further, there was no significant change in WVP after the incorporation of EFB
lignin at all concentrations. However, a slight acceleration in water diffusion was
found when the EFB lignin addition increased. These phenomena were related to the
strong hydrophilicity of the EFB lignin, whereby it could enhance the free hydroxyl
groups in the EFB CMC-lignin composite films. Thus, they could easily interact with
water vapor molecules. However, the amount of water vapor transmission across the
films depends on the environmental conditions. An increase in relative humidity and
temperature will enhance the water vapor permeability of the film (Chinma et al,

2015).
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Table 7 Contact angle and WVP value of all CMC-based composite films.

No Film CA (® WVP (x 10" g m? st pa™)
1 Commercial CMC ND* 6.66 + 0.49°
2 O-cellulose CMC 46.0 + 1.7¢ 7.55 + 0.13°
3 EFBCMC 63.3 + 1.2° 7.24 + 0.39%°
4 EFBCMC + 0.1% EFB lignin 56.0 + 2.0° 7.56 + 0.39°
5  EFB CMC + 0.2% EFB lignin 53.3 + 2.3° 7.68 + 0.44°
6 EFB CMC + 0.3% EFB lignin 42.0 + 1.0° 7.76 + 0.30°

* Not detectable, the film surface was sensitive when touching a drop of water.
Different superscript letters in the same column indicated significant different values

at p < 0.05.

4.3.6 Thermal properties

The TGA was used to determine the thermal stability of the composite
films. The bonds within the molecule of films were decomposed during the heating
process in TGA (El-Sayed et al., 2011). As displayed in TGA and DTG curves,
evaporation of water molecules in the films occurred at the temperature ranging
from 50 to 150°C (Figure 17). The next stage was the volatilization of glycerol and
dehydration of saccharide ring in CMC (Oun and Rhim, 2020; Suppiah et al., 2019). It
could be observed that the second peak also appeared due to dihydroxylation and
the pyrolytic fragmentation process in CMC (El-Sakhawy et al., 2019). The highest
decomposition occurred in this stage, as shown from the T, in the DTG curves. The
last stage occurred above 400°C, which indicated oxidation and the breakdown of
the residue from carbonaceous material (Roman and Winter, 2004).

Although a low T,ns: demonstrated poor thermal stability of the EFB
CMC film, Incorporating EFB lignin dramatically improved T,,s: Value as the EFB lignin
concentration increased (Table 9). According to Avelino et al. (2019), lignin can act as
a thermal stabilizer in polymeric films due to its richness in phenolic hydroxyl groups.
Since EFB lignin was more thermal stable than EFB CMC, its addition could contribute
to enhancing the thermal stability of the EFB CMC-lignin composite films. Due to the
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incorporation of EFB lignin, the percentage of residue in the EFB CMC-lignin
composite films was raised at the end of the heating process and dramatically

reduced the total weight loss.
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Figure 17 TGA (A) and DTG (B) curves of all CMC-based composite films.
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Table 8 Thermal properties of all CMC-based composite films.

No Eilm Tonset™ Tmax**  Weightloss Residue
°O °O) (%) (%)
1 Commercial CMC 158.9 271.2 72.91 27.09
2 O-cellulose CMC 152.8 2759 73.63 26.37
3  EFBCMC 124.5 272.6 73.08 26.92
4  EFB CMC + 0.1% EFB lignin 145.7 269.8 71.69 28.31
5 EFB CMC + 0.2% EFB lignin 145.9 269.6 71.48 28.52
6 EFB CMC + 0.3% EFB lignin 146.6 266.2 70.27 29.73

Temperature affecting the beginning decomposition of the film.

*%

Temperature reaching maximum loss weight of the film.

4.3.7 Antioxidant activity

A radical scavenging (antioxidant) activity is also one of the important
film properties since free radicals are hazardous to both biotic and abiotic entities.
After reacting with film solutions, the decolorization of DPPH was noted as an
indicator of antioxidant activity. It values of DPPH radical scavenging activity (RSA) and
half-maximum inhibitory concentration (ICs,) are shown in Figure 18. It could be
observed that the commercial CMC and the Q-cellulose CMC films did not exhibit
radical scavenging activity. These results were in line with the previous study by
Michelin et al. (2020), who reported that a common commercial CMC film was not
active against DPPH radicals. Interestingly, the EFB CMC film showed inhibition of the
DPPH free radicals with an ICs value of 10.34 mg mL™. The residual lignin on the EFB
CMC film played an important role as a radical scavenger since it contained a
richness in phenolic hydroxyl groups. As previously reported, it can react with free
radicals by delivering proton and electron (Tian et al., 2017). When the EFB lignin was
incorporated into the EFB CMC film, the radical scavenging activity was enhanced as
the EFB lignin concentration increased. Thus, the decline of ICs, value indicated an
improvement in the antioxidant activity. However, at a much higher concentration

EFB lignin, an increase in antioxidant activity was not as sharp. Therefore, the EFB
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CMC-lignin film loaded with 0.2% EFB lignin showed the highest antioxidant activity

since it was not significantly different with 0.3% EFB lignin addition.
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Several works have reported the effect of lignin addition into various

composite films to improve antioxidant activity. For instance, Avelino et al. (2019)

investigated the influence of various soluble coconut shell lignin incorporation (1
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wt%) on PMMA film and reported ICs, values of 27, 28, and 40 mg mL™ for a PMMA-
ACT-F film, PMMA-EtOH film, and PMMA-WCSAL film, respectively. A gelatin-Acacia
lignin film revealed its highest antioxidant activity (67%) after incorporating lignin at a
concentration of 40% (Aadil et al., 2016). A similar work about commercial CMC-
corncob lignin film was previously reported by Michelin et al. (2020), who found that
the CMC-lignin film achieved ICs, value at 50 Ugignin mL™. In this study, the highest
antioxidant activity of EFB CMC-lignin composite film completed ICs, at 3.27 mg mL,
or it was equivalent to the EFB lignin addition at 65 Ugignin mL™. This finding
demonstrated that the EFB lignin had a slightly lower antioxidant property. The
carbohydrate residues as impurities in the EFB lignin might reduce its antioxidant
properties since the polar groups of carbohydrates could form hydrogen bonds with
the phenolic groups of lignin (Ugartondo et al,, 2008). Similarly, a previous study
reported that a high percentage of carbohydrates in the lignin complex could
decrease its antiradical activity (Pei et al., 2020). Generally, a high existence of
phenolic hydroxyl groups in lignin could improve the antioxidant potency (Guo et al,,
2019). In the meanwhile, the presence of aliphatic hydroxyl groups exhibited a
contrary result (He et al, 2019). However, it could be said that the EFB-CMC

composite film is promising for active packaging film due to its antioxidant property.

4.3.8 UV-blocking capacity

The transmittance of all CMC-based composite films was recorded in
the wavelength of 200 — 800 nm (Figure 19). The results demonstrated that the EFB
CMC film exhibited a complete UV-B blocking with more than 90% UV-A blocking
performance. On the other hand, the commercial CMC and the Q-cellulose CMC
films did not have this capacity. Again, it was noted that the residual lignin in the EFB
CMC film significantly contributed to the absorption of UV. Further EFB lignin addition
could lead to improve UV-A blocking ability. As shown in Figure 19, incorporation of
0.1% EFB lignin could bar almost all UV-A transmittance. The total UV-A and UV-B
protection were obtained after increasing the EFB lignin addition up to 0.2% and
0.3%. Nevertheless, it also caused the reduction in transparency of the composite

films. These results were consistent with the earlier study that reported that
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incorporating lignin would improve UV-light absorption and reduce the transparency
of cellulose-based film (Sadeghifar et al,, 2017). In this study, considering that the
excessive EFB lignin incorporation (0.3%) could decrease the film transparency, the
EFB CMC-lignin composite film added with 0.2% EFB lignin was regarded as the

optimal formula due to its effectiveness to block both UV-A and UV-B transmittance.
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Figure 19 Transmittance profile of all CMC-based composite films.
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Izaguirre et al. (2020) added various Eucalyptus lignin solutions
dissolved in ethanol, methanol, ethyl acetate, and acetone into chitosan film and
found that the UV transmittance of the obtained composite films dropped
considerably. However, all UV regions were not totally absorbed at the lignin
concentration tested. Sadeghifar et al. (2017) developed a composite film using
commercial cellulose containing 2 wt% commercial kraft lignin that could block UV-B
entirely and UV-A up to 90%. Similar to this study, a total UV-B blocking was found
when commercial alkali and organosolv lignin at the concentration of 3 wt% were
blended into a PVA film, whereas UV-A transmittance was still not absorbed totally
(Posoknistakul et al., 2020). The complete UV-A and UV-B blocking capacity have
been reported by Parit et al. (2018) after fabricating a cellulose nanocrystal (CNC)
film with softwood kraft lignin at 10 wt%. A lower lignin concentration (commercial
lignin nanomicelle) at 5 wt% (0.25% (w/v)) that could block all UV-transmittance
through a PVA film was reported by Zhang et al. (2020). The UV blocking capacity of
these aforementioned composite films were comparable with, if not inferior to, the
EFB CMC-lignin composite film in this study that even at a lower concentration (0.2%

(w/v)) of EFB lignin, it could completely block both UV-A and UV-B transmittance.

4.3.9 Thickness and mechanical properties

Thickness is one of the important parameters affecting film
performance, such as barrier and mechanical properties (Mirzaei-Mohkam et al,,
2020). In this study, the low standard deviation in the thickness assessment indicated
the homogeneity of the film (Figure 20A). Furthermore, the thickness value of the
EFB CMC film (54 pm) was in the middle between the commercial CMC film (47 um)
and the Q-cellulose CMC film (60 pm). When the EFB lignin was incorporated at the
concentrations of 0.1%, 0.2%, and 0.3%, the thickness of the EFB CMC-lignin
composite film was increased to 55 um, 57 ym, and 61 um, respectively. These
results were similar to the previous study that reported an increase in thickness of
commercial CMC-based film after the addition of organosolv lignin (Michelin et al,,

2020).
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In general, the films are commonly designed to hold stress during
handling, shipping, and storage (Yang et al., 2016). Hence, the mechanical properties
such as tensile strength (TS), elongation at break (EB), and young’s modulus (YM)
were assessed (Figure 20B-D). In term of the TS value, there was no significant
difference between the commercial CMC film (30.27 MPa), the Ol-cellulose CMC film
(31.56 MPa), and the EFB CMC film (33.87 MPa) (Figure 20B). A previous study
reported that synthesized CMC from EFB cellulose resulted in a low TS compared to
commercial compound (Amin et al,, 2006). In this study, TS value of EFB CMC film
was comparable with that of commercial CMC film. Thus, it also demonstrated that

the method to synthesized EFB CMC in this study was successfully resulted in film
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with superior mechanical strength. Moreover, the TS of the EFB CMC-lignin composite
film was comparable to those of some conventional packaging films, such as high-
density polyethylene (HDPE) (19-31 MPa), polystyrene (PS) (31-49 MPa), and
polypropylene (PP) (27-98 MPa) (Yadav et al., 2020).

Among the EFB CMC, the commercial CMC, and the Q-cellulose CMC
films, the most significant difference was found in the elongation at break (EB) (Figure
20C). It was observed that the QO-cellulose CMC film possessed the highest EB
(24.74%), followed by the EFB CMC film (13.79%) and the commercial CMC film
(8.33%). These obtained EB values were related to their DS, where higher
carboxymethyl substituent will provide more inter-molecular interactions between
the polymer chains (Rachtanapun et al., 2012). Furthermore, when the EFB lignin was
added into the EFB CMC film, the EB value declined drastically, especially at the
concentration of 0.3% (Figure 20). This phenomenon might be related to the
presence of some agglomerations in the EFB CMC-lignin composite film surface. As
previously reported, agglomerations can cause a premature rupture of the films;
thus, it also contributes to decreasing the film elasticity (Kargarzadeh et al., 2020). A
significant increase in Young’s modulus (YM) of the EFB CMC-lignin composite film
was also found after incorporating the maximum EFB lignin at 0.3% (w/v) (Figure 20D).
However, a higher YM value is not desirable since it causes film stiffness (Lim, 2010).
Therefore, these findings suggested that addition of the EFB lignin at a higher
concentration than 0.2% (w/v) would increase film roughness and brittleness, which

lead to unpreferable mechanical performance.

4.3.10 Biodegradability test
The film biodegradability is commonly affected by several factors, such
as moisture content, weather conditions, microorganisms in the soil, and
characteristic of the materials (film density and the presence of bioactive substances)
(Nguyen et al., 2016). The biodegradability of all composite films was evaluated using
soil burial test at ambient temperature. Since some organic materials in the soil were
easily stuck on the film surface, weight loss measurement was difficult due to

additional weight from those components. Therefore, morphological evaluation was
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employed in this study. The breakage of the composite films into smaller pieces was
noted as an indicator of the film’s decomposition and a complete degradation was
regarded when there was no visible piece of the film left. The biodegradation test
was carried out for 6 weeks. The commercial CMC film was found to have the
shortest degradation time (1 week), followed by the Q-cellulose CMC film (2 weeks).
The rapid degradation of the commercial CMC film might be related to its thickness
which was thinner than the Ol-cellulose CMC film (Figure 20A). A previous study by
Riaz et al. (2020) revealed that a commercial CMC film exhibited a weight loss of
58.14% after 3 weeks of burial in the soil. The much slower degradation was
observed in the EFB CMC films (6 weeks) without and with additional lignin
incorporation. It indicated that lignin played a role in biodegradation hindrance
possibly through its antibacterial activity (Wang et al., 2021). Thus, it might affect the
degradation time of the lignin-based composite film. All biodegradability tests in this
study were a preliminary attempt to roughly determine the biodegradability of the
films and the timeframe of which the significant change/degradation was apparent.
Therefore, further in-depth experiments in which biological (microbes), chemical
(organic and inorganic nutrients), and physical (soil type, pH, temperature, and

moistures) factors are carefully required.



CHAPTER V
CONCLUSION

The biodegradable UV protection film was successfully prepared using
cellulose and lignin extracted from EFB. The effective EFB cellulose isolation through
alkaline extraction for subsequent CMC synthesis was enhanced by incorporating
various chemical pretreatments and totally chlorine-free bleaching, which concluded
that H,SO, pretreatment-alkaline extraction-H,0O, bleaching step was considered the
best protocol. Some physical characteristics of the EFB CMC film such as surface
wettability, thickness, all mechanical properties, and water vapor permeability were
comparable with films fabricated from commercial compounds. Surprisingly, the EFB
CMC film had high antioxidant activity and total UV-B blocking capacity, while the
EFB lignin addition at the concentration of 0.2% into it could contribute to reach the
highest antioxidant activity and total UV-A and UV-B blocking performance. The
antioxidant activity and UV protection capacity of the EFB CMC-lignin composite film
will promise its application in the active transparent food packaging to replace
traditional packaging made from polyester film, glass, or metal. This study promotes
a straightforward method to valorize the otherwise unprofitable EFB waste for
commercial process development in the future, especially to produce a

biodegradable UV protection packaging film.
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Figure Al The brittle characteristic of EFB CMC films due to low glycerol

concentration (less than 0.50% v/v).

Figure A2 Effect of high glycerol concentration (more than 0.50% v/v) in the EFB CMC

films on their sensitive surface (sticky).
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Figure A4 Results of EFB lignin particle size measurement.
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