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Abstract

In this study, biocomposite films were prepared from cellulose fibers of agricultural residues, durian rind, and pineapple leaf,
as an alternative to plastic films. Carboxymethyl cellulose (CMC) derived from durian rind was synthesized to produce a
biocomposite film matrix using different chemical compositions. FTIR analysis of the film matrix showed that the degree of
carboxymethyl substitution was not significantly affected by changes in the chemical compositions. For the pineapple
cellulose, the steam explosion was combined with alkaline treatment followed by acid hydrolysis then subjected to high shear
forces to produce cellulose fibers for the reinforcing material. The biocomposite films were prepared by solution casting at
reinforcing fiber concentrations between 0-45 wt.%. SEM studies showed that the fibers were well distributed in the CMC
matrix up to a concentration of 45 wt.% due to good compatibility between the two phases. Mechanical testing indicated a
40% increase in tensile strength of the biocomposite film containing 30 wt.% fiber due to good adhesive force between the
film matrix and the reinforcing fibers. Biodegradation experiments showed that the films broke down completely within 18-
24 h, demonstrating the film's potential as an environmentally friendly material. This research aligns with Bio-Circular-Green

Economic model promoted by the Thai government.
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1. Introduction

Biofilms and biocomposite films have recently been in the
interest of various industries especially in the paper,
pharmaceutical, plastic, and packaging manufacturing.!'*) By
using biodegradable materials, environmental pollution from
plastic waste could be alleviated. In addition to the
biodegradability of these agro-wastes, there are several other
benefits in their use including value-adding to scrap, reducing
waste, and lowering raw material costs. Consequently, this can
lead to a Bio-Circular-Green Economic Model or BCG model,
which aligns well with the Thai government’s economic goals.
There are many sources of biomaterials and for an agricultural
country like Thailand, post-harvest residues such as rice straw,
pineapple leaf, and corn cop, are abundant. Woods and plants
are composed of three main components, ie. cellulose,
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hemicellulose, and lignin, and the amounts of these
components depend on the type of plant; however, most
agricultural plants and residues comprise 30-40% cellulose,
10-30% hemicellulose, 10-20% These
compounds can be utilized to produce biomaterials and bio-
based chemicals.l>7*)

and lignin.[>59]

Cellulose, which is a natural linear polysaccharide of
(1—4)-linked B-d-glucopyranose units which are aggregated
to form a highly ordered structure, is the main component in
crops. It is biodegradable, biocompatible, environmentally
friendly, lightweight, and inexpensive. It also has superior
mechanical properties with a high aspect ratio. However, its
drawbacks include being water-insoluble and it does not
melt.[*3] Cellulose also slightly dissolves in some solvents and
is thermally degraded at high temperatures which limits its
fabrication process and applications. It is usually used as a
reinforcing material.l>!9 Senthilkumar et al. 20220 used
pulverized pineapple leaf fiber as a reinforcing material in an
epoxy matrix and reported a strong fiber and matrix bonding
that increased in impact strength and flexural properties of the
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composites. With alkaline treatment, the pineapple fiber
surface was rough causing fibrillation in which the bonding
strength with the matrix should be increased; however, the
compression strength was inferior compared to the untreated
fibers due to agglomeration of the high loadings of fibers.'”
Chawalitsakunchai S et al. 20213 prepared nanocellulose
from pineapple leaf via acid hydrolysis and used it as a
reinforcing agent in a natural rubber matrix. They reported that
with 2 parts of the pineapple leaf nano cellulose per hundred
parts of rubber (phr), tensile strength increased by 17%;
however, with higher amounts of the cellulose, agglomeration
was observed, resulting in reduced mechanical properties.
Fiber agglomeration at high concentrations was also observed
when durian fibers were used to reinforce high-density
polyethylene composites!' and with pineapple leaf nanofibers
reinforcing polyurethane composites*l. Instead of using
strong acids for cellulose digestion, Ravindran et al. 20191
attempted to use lime juice as an alternative. Using a ball
milling technique, high crystallinity and thermally stable
nanocellulose from pineapple leaf were achieved. A steam
explosion has also been found to be an efficient technique in
nano cellulose preparation.'>'” Besides being used as a
reinforcing material, cellulose can also be used for other
applications, such as a superabsorbent,'¥! Pickering emulsion
stabilizer!'”’ and as pulp and paper.*"!

Carboxymethyl cellulose (CMC) is a cellulose derivative
with carboxymethyl groups bound to some of the hydroxyl
groups of the glucopyranose monomers that make up the
cellulose backbone. CMC is advantageous to cellulose as it is
water soluble, facilitating the film and composite fabrication
and extending its applicability. It can be synthesized by an
alkalization process followed by an etherification process as
shown in Fig. 1.7 Aside from conventional heating usually
utilized in the synthesis of CMC, other techniques have also
been investigated including steam explosion(??! and microwave
heating.?! While some research studies reported an increase
in the degree of carboxymethyl substitution as well as CMC
yield with increasing concentrations of sodium hydroxy
(NaOH) used in the CMC synthesis,/”?!! some found the
opposite effect.’] Nevertheless, it was agreed that CMC has

less crystallinity than that cellulose, making it more soluble in
water and solvents.

Thailand is the largest durian producer in Southeast Asia,
growing as high as 1.1 million tons in 2020.1* Only one-fourth
to one-third of durian fruit is edible and around 80% of the
non-edible part is the rind.?"! Pineapples are also one of the
popular tropical fruits that are grown widely in Thailand. In
2020, it was reported that Thailand planted 1.8 million tons of
pineapples.?Y One shoot of pineapple has about 40-50 fibrous
leaves.! With these large amounts of waste in the form of
durian rind and pineapple leaf, this research was interested to
produce biofilms and biocomposite films purely using
cellulose from these two raw materials. The matrix of the film
was obtained from CMC synthesized from durian rind while
the reinforcing cellulose fibers were from the pineapple leaf.
The chemical functional groups, morphology, mechanical
properties as well as biodegradability of the cellulose fibers,
CMC, and films were investigated. The objective of this work
is to affiliate with the Thai government’s strategic BCG model.
Bioeconomy is achieved by converting these agricultural
wastes into valuable materials like biofilms and biocomposite
films. The green economy is attained by replacing harmful
plastic films with these more environmentally friendly films
and a circular economy is realized by the use or recycling of
these waste products. Biodegradable biocomposite films are,
therefore, a very promising alternative to synthetic plastic
films.

2. Materials and methods

2.1 Materials

Mon Thong durian rinds from Rayong, Thailand, was
Thailand.
Pineapple leaves were obtained from Smooth Cayenne

collected from a durian seller in Chonburi,

Pineapple farm in Sriracha, Chonburi, Thailand. All the
chemicals used in this research were analytical reagent (AR)
grade. 30% w/v hydrogen peroxide (H»0:), 99% purity
isopropanol, 98% purity sulfuric acid (H2SO4), and 99.5%
purity glycerol were supplied by QREC™, New Zealand. 99%
purity sodium hydroxide (NaOH) was purchased from Pine
Chemical Co., Ltd., India, and 99.7% purity acetic acid was
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Fig. 1 Carboxymethylation of cellulose. Reproduced with permission from [21].
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obtained from Loba Chemie Pvt Ltd., India. Monochloroacetic
acid was supplied by S D Fine-Chem Ltd., India, and sodium
carbonate (NaxCO3) was purchased from KEMAUS, Australia.

2.2 Durian rind cellulose extraction

Durian rinds were cleaned with water, sun-dried, chopped into
small pieces, and oven dried at 60 °C overnight. The dry rinds
were then ground into a powder with an approximate size
range of 0.1-2 mm using a plastic grinder. The alkaline
treatment was performed by mixing durian rind powder with
10% w/v NaOH at a ratio of 1 g:10 mL and the mixture was
mixed using a magnetic stirrer bar while being heated at 70 °C
for 6 h. The black slurry was then filtered out of the mixture
using a cheesecloth and the cellulose fibers were washed
multiple times with deionized water until a pH of 7 was
attained. The fibers were oven dried at 60 °C for 3 h. The
delignification process was followed by bleaching using H>O».
10 mL of 30% w/v H2O, was added into 1 g of cellulose fibers
and the mixture was heated at 70 °C for 3 h and stirred using a
magnetic stirrer bar. The bleached fibers were filtered using a
cheesecloth and washed thoroughly until a pH of 7 was
reached. The cellulose fibers were again oven-dried at 60 °C
for 3 h. Finally, a Mara MR-3339 food processor was used to
separate and grind the fibers into powder form. The cellulose
powder was sieved into sizes below 100 pm and the cellulose
percent yield (%Y.) was calculated using the weight of
extracted cellulose (w.) and the weight of dried durian rind (wq)
as shown in Eq. (1). The experimental procedure was adopted
from Khemkaew and Kaewpirom 2016.2¢

%Y, = :V”—d x 100 (1)

2.3 Carboxymethyl cellulose (CMC) synthesis

As cellulose is insoluble in water, carboxymethyl cellulose
which is a water-based material was derived from the durian
rind extracted cellulose. 3 g of cellulose was mixed with 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 to the mixture and the mixture was stirred
using a magnetic stirrer bar at room temperature for 2 h.
Aluminum foil was then used to cover the mixture beaker to
prevent solvent evaporation prior to leaving the mixture in an
oven at 60 °C for 3 h. The mixture was then separated into two
layers; a clear solution on the top layer and an opaque layer at
the bottom. The top layer was discarded while the bottom layer
was then washed with 50 mL of 70% v/v ethanol and
neutralized with acetic acid until a pH of 7 was achieved. The
suspension was then filtered and washed with ethanol three
more times before the solid residues were oven dried at 60 °C
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overnight. Fig. 2 illustrated the flowchart of the durian rind
cellulose extraction (a) and the CMC preparation (b). The
percent yield of CMC (%Ycwmc) was calculated from the
weight of obtained CMC (wcmc) and the weight of cellulose
(w¢) as shown in Eq. (2). The experimental procedure was
adopted from Rachtanapun et al. 2012.23

w

%YCMC = ;MC X 100

)

CMC is the derivative of cellulose where hydroxyl groups are
replaced by carboxymethyl groups and hence, the degree of
substitution is expected to be dependent on the number of
chemicals used in the alkalization and etherification processes.
In order to study the effects of the cellulose-chemicals ratio on
the degree of substitution, another two sets of CMC synthesis
experiments were carried out, one with 20% more chemicals
and the other with 20% fewer chemicals. Table 1 shows the
mixture compositions used for CMC synthesis.

Table 1. Chemical compositions used for CMC synthesis.

Chemicals Benchmark +20% -20%
Durian rind cellulose (g) 3 3 3
30% w/v sodium hydroxide 10 12 8
(mL)

Isopropanol (mL) 90 108 72
Monochloroacetic acid (g) 3.6 4.3 2.9

2.4 Pineapple cellulose preparation

The pineapple leaf fibers were extracted using a water-retting
extraction technique followed by chemical reactions. The
leaves were cut to 20 cm lengths and soaked in water at room
temperature for 14 days. After 14 days, the fibers were
separated by hand from the soaked pulp, rinsed thoroughly
with water, and sun-dried for two days. Steam explosion of
the fibers from the pineapple leaves was slightly modified
from the method used by Cherian et al. 2010.'9 The fibers
were chopped to 10 cm lengths and 100 mL of 5% w/w NaOH
was mixed with 10 g of the fibers. The mixture went under an
autoclave process at 125 °C for 15 min. The fibers were
washed with deionized water until a pH of 7 was attained and
then filtered using a cheesecloth. The samples were then oven-
dried at 90 °C for 30 min. Next, the delignification process was
carried out using 50% w/v H0,. 6 g of steam-exploded fibers
were bleached with 100 mL H>O> at 80 °C for 2 h. The fibers
were subsequently washed with deionized water until pH 7
and filtered using a cheesecloth. The samples were oven dried
at 90 °C for 30 min and sieved to obtain sizes less than 300
um. The fibers were further digested using 64% w/w H2SOas.
100 mL of H2SO4 was added to 5 g of bleached fibers and
heated to 50 °C for 30 min. The mixture was then washed
thoroughly with deionized water until reaching pH 7 and

Eng. Sci., 2023, 22, 846 | 3



Research article

Engineered Science

| Meutralization | # -

: (@ i | Chopi Owan dry :
. - - opinto ren dry
| ‘ ‘ | Clean with water | ‘ | Sundry | # small pieces - 60:C 13 I
1 |
I Durian rind |
1 10%: wiv |
! Alkaline RaOH !
1 Orven dry Wazh with water : . U Grind 1 I
o - Filtration — iato
: 60=C3h - until reach pH7 {I'I}?'lt:mﬁei[ - 0.1-2 mm zize :
1 30% wiv !
- Two |
I | Dalignification - Waszh wath water Orren dry Grind and sieve to !
! | 70-C3n ) [ Filtraion | mp until reach pH7 | ocsn || Ci0mm !
L‘.“““v””f’rrr'rrr'r- Ji A A AFr BER BN BN Bl T O T W “"“l
h |
| (b) isopropanol 30% wiv |
MNaOH |
Maonochloro- A lkalizatl :
Etherification acetic acid alization
: |
o] 4o [ Ve g | oy 2 o |
Yoviv ethano followed by 60 °C 3 h min I
|
|
|
|
|

|
I

|

|

|

I - -

| acetic acid
|

|

|

|

Wash with
TO%v/v ethanol

Oven dry
60°C 12h

3 times

Fig. 2 Durian rind cellulose extraction (a) followed by CMC preparation (b).

filtered using filter paper. The fibers were again oven dried at
90 °C for 30 min and sieved to obtain sizes less than 100 pm.
Three different pineapple cellulose fiber concentrations in
distilled water were prepared at 1, 3, and 6% w/v, and a high-
speed food processor was used to blend the suspensions for 2-
3 h to obtain homogeneous solutions. However, it was
observed that the solutions obtained from cellulose fiber
concentrations of 1 and 3% w/v showed sedimentation of the
fibers during storage and hence, they were discarded. This
may be due to the low fiber concentrations which had fewer
chances to be cut by the food processor blades to form fine
fibers. Only the cellulose fiber concentration at 6% w/v was
stable and used for further experiments. The pineapple
cellulose fiber preparation flowchart is illustrated in Fig. 3.

2.5 Biofilm and biocomposite film preparation

Approximately 3 g of CMC obtained from the benchmark
formula was dissolved in a calculated amount of distilled
water as shown in Table 2 at 80 °C using a magnetic stirrer for
10 min. The solution was left to cool down to room
temperature. For the blank test, only glycerol at a composition
of 30% w/w of the weight of CMC, equivalent to 0.9 g of
glycerol, was added to the solution. For the cellulose fiber
reinforced film, the 6% w/v pineapple cellulose fiber solution

4| Eng. Sci., 2023, 22, 846

prepared in Section 2.4 was added at the weight concentration
of cellulose fibers of 15, 30, and 45 wt.% of the weight of
CMC. Table 2 illustrates the biofilm and biocomposite film
compositions. The solution preparation started by dissolving
CMC in distilled water at 80 °C using a magnetic stirrer for 10
min. After the solution was left to cool down to room
temperature, glycerol, and pineapple cellulose fiber solution
were added and mixed well to form a homogeneous solution.
100 g of each composition was used to cast the film using a
doctor blade film coater at 2000 um thickness on an acrylic
sheet. The acrylic sheet was oven dried at 100 °C for 4 h after
which the film was removed from the sheet and kept in a zip-
lock bag for further characterization.

2.6 FTIR characterization

A Thermo Scientific Nicolet iS50 FT-IR, USA, equipped with
a horizontal Smart ARK flat ZnSe crystal cell was used to
carry out FTIR investigation according to ASTM E1421. The
crystal window where the sample was placed allowed 12
reflections per measurement, enhancing consistency and
accuracy. The spectra were acquired over the range of 4000-
650 cm™!' with a resolution of 4 cm™!' for 32 scans against a
background spectrum recorded from the clean empty cell. The
operations were done at a room temperature of 21 °C. Before
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Fig. 3 Pineapple cellulose fiber preparation flowchart.
Table 2. Biofilm and biocomposite film compositions.
Films CMC (g) Glycerol (g) Cellulose fiber solution (mL) Distilled water (mL)
0 wt.% fiber (neat film) 3 0.9 0 (eauivalent to 0 g fiber) 100
15 wt.% fiber 3 0.9 7.5 (equivalent to 0.45 g fibers)  92.5
30 wt.% fiber 3 0.9 15 (equivalent to 0.9 g fibers) 85
45 wt.% fiber 3 0.9 22.5 (equivalentto 13.5 g 717.5

analysis, 2 mg of the sample was mixed with 100-200 mg of
dry potassium bromide (KBr). The mixture was well-ground
and pressed by a hydraulic press to form a clear disc.

2.7 Film thickness and film color

A Mitutoyo Digital Indicator Thickness Gauge with a
resolution of 0.01 mm was used to measure the film thickness.
The measurement was done with three films of each
composition and five positions for each film to get average and
deviation values. Film colors in terms of L*, a*, and b* values
as well as whiteness index (WI) and yellowness index (Y])
were analyzed using an UltraScan XE, HunterLab, Virginia,
USA. Itis a dual-beam xenon flash spectrophotometer with a
wavelength range from 360 to 750 nm. The test was performed
in total transmission mode with an area viewport size of 1 inch.

2.8 SEM characterization

The morphology and distribution of the pineapple leaf
cellulose fibers in the CMC matrix were investigated using
Scanning Electron Microscopy (SEM). The analysis was
performed using an LEO 1450 VP operated at 15 kV. A
Polaron Range Model SC 7620 Ion Sputter Coater was used
for the gold sputtering of the samples.

© Engineered Science Publisher LLC 2023

2.9 Mechanical properties of the films

A TA . XT plusC Texture Analyzer, Stable Micro Systems Ltd.,
UK was used to characterize the mechanical properties of the
films according to ASTM D882-02. The biofilms and
biocomposite films were cut into 1x10 cm? pieces. Eight to ten
films were tested for each sample to obtain an average value
and standard deviation. The test was performed in tension
mode using a test speed of 10 mm/s to obtain tensile strength
and percent elongation at break.

2.10 Photodegradation and biodegradation of the films
Photodegradation of the films was studied under LED
lightbulbs with a luminous flux of 4500 Lm at wavelengths of
400-800 nm. The lightbulbs were attached to the inside lid of
a carton box. Nine films of 1x5 cm? sizes for each composition
were placed inside the box. A thermocouple was also placed
inside the box to monitor the temperature within the box. The
physical appearances of the films were observed daily for 3
consecutive days.

Biodegradation of the films was conducted to imitate the
decomposition in a landfill. Soil with the moisture of 60% RH
was added into a plastic plant pot at a thickness of 4 cm. Three
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pieces of the film of size 1x5 cm? for each composition were
placed on the soil. A plastic mesh was placed on top of the
films and more soil was added to a total thickness of 12 cm,
equivalent to the films being buried at a depth of 8 cm from
the soil surface. The film appearances were monitored every 6
hup to 24 h.

3. Results and discussions

3.1 Cellulose and CMC Yields

It has been reported that most plants are composed of 30-50%
cellulose (with some containing up to 70-90% such as Ramie
or Chinese grass, pineapple leaf, and cotton), 20-40%
hemicellulose, and 10-30% lignin.[>3627] Masrol et al. 20152
and Penjumras et al. 2014P% reported similar cellulose
contents of approximately 31-33% in durian rind while higher
contents of 47 and 57% were reported by Charoenvai 201404
and Lubis ef al. 2018127 respectively. This research study used
NaOH to extract cellulose from durian rind and H»O; to
delignify the cellulose and it was found that the yield of the
extracted cellulose from durian rinds was 18.26+3.45%.
Similar processes were applied to extract the cellulose from
pineapple leaf in this work along with a steam explosion in an
autoclave which resulted in cellulose yields of approximately
59.81+4.24%, which is lower than those obtained by Cherian
et al. 2011 and Tanpichai and Witayakran 201611 who
reported yields of 76-78%. Once our bleached fibers were
further digested using H>SOs, the yields reduced slightly to
57.65+£3.98%. Different cellulose contents which lead to
different mechanical and thermal properties were found in
different pineapple cultivars, planting climatic conditions, and
fiber extraction processes.*?”

Once the cellulose from the durian rind underwent the
carboxymethylation process using sodium mono chloroacetate
acid as a reagent to form CMC, the sodium carboxymethyl
groups replaced the hydroxyl groups in the cellulose, causing
the weights of CMC to increase. The CMC yields were in the
range of 133-155%, depending on the degree of substitution,
and agreed with those reported by Rachtanapun et al. 2012.12%)
It was observed that the CMC yield from the benchmark
chemical composition used in the carboxymethylation process
was comparable to that of the reduced formula (i.e. -20%).
When the chemical compositions were increased by 20% (i.e.
+20%), the CMC yield increased by almost 20%. However,
results from a further investigation which will be shown later,
found that there were no significant advantages gained from
CMC extracted from the +20% formula. Consequently, the
benchmark formula was chosen for biocomposite film
preparation. Table 3 summarizes the yields achieved in this
study.
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Table 3. The percent yield of extracted cellulose and CMC.

Materials Percent yield (%)

durian rind extracted cellulose via alkaline 18.26+3.45

treatment

pineapple leaf extracted cellulose via alkaline 59.81+4.24

treatment

pineapple leaf extracted cellulose after acid 57.65+3.98

hydrolysis

CMC

Benchmark 133.20+8.68

+20% 155.32+8.51

-20% 138.41£1.20
3.2 FTIR studies

The functional groups of cellulose extracted from durian rind
and pineapple leaf, CMC, and the composite film were
analyzed using FTIR as shown in Fig. 4. The FTIR spectra of
durian rind cellulose (Fig. 4(a)) show a broad band between
3200-3600 cm! with a peak at 3340 cm™! corresponding to -
OH stretching from hydroxyl groups. The C-H stretching from
polysaccharide groups occurs at 2902 c¢cm™' and the C=0O
stretching of carbonyl groups is shown at 1596 cm™'. The band
at 1166 cm™!' was due to the ether group (-O- stretching). The
peak at 2360 cm! demonstrated the presence of C=0,
resulting from the CO; adsorption of cellulose from the
atmosphere.®® Similar spectra bands for the cellulose
extracted from durian rind were reported in various
studies.[>142327.281 The extracted cellulose from pineapple leaf
also showed a similar FTIR spectra profile (Fig. 4(b)) to that
of the durian rind cellulose and is in agreement with results
reported by Balakrishnan ez al. 2017!"1and Chen et al. 2021.1"")
After alkalization and etherification of the cellulose, the
hydroxyl groups of cellulose were replaced by carboxymethyl
groups, resulting in a dramatic decrease in the -OH spectra at
3200-3600 cm™!' and C-H spectra at 2800-3000 cm’!. Instead,
spectral bands representing the carboxyl groups (COO-) and
their salts were observed at approximately 1400-1600 cm'.
These findings were similar to the findings by Golbaghi et al.
20172 who prepared CMC from sugarcane bagasse and
Kaewprachu et al. 20227 who synthesized CMC from
Palmyra palm fruit husk. In addition, different NaOH
concentrations used for carboxymethyl substitution did not
show any noticeable differences in the FTIR spectra (Figs
4(c)-(e)), in agreement with the studies of Rachtanapun et al.
201221 and Kaewprachu et al. 2022."1 As a result, it was
expected that the differences in the degree of substitution were
not crucial and hence, the benchmark chemical composition
was used for further experiments for biocomposite film
preparation. FTIR spectra bands of the composite film with 45
wt.% pineapple leaf cellulose as shown in Fig. 4(f), were
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Fig. 4 FTIR spectra of cellulose from durian rind (a); cellulose from pineapple leaf (b); CMC benchmark formula (c); CMC +20%

formula (d); CMC -20% formula (e); composite film with 45 wt.% cellulose fiber (f).

similar to those of cellulose (reinforcing fibers) and CMC were lower than those of cellulose and CMC due to its lower
(matrix) due to the similarity of their functional groups. purity, and the bands at 1592 cm™ (C=0), 1318 and 1417 cm-
However, the intensities of the pineapple leaf cellulose spectra ! (-O-), and 1000-1620 cm™! (C-O) were predominant.
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3.3 Film thickness and color

Table 4 illustrates the film thickness and film color including
the whiteness index (WI) and yellowness index (YI) of the
biofilms and biocomposite films fabricated using CMC from
durian rind as a film matrix and cellulose fiber extracted from
pineapple leaf as a reinforcing material. The results show that
the difference in thickness of films prepared from CMC of
different chemical compositions was indistinguishable. When
the pineapple cellulose was added, the thickness increased
slightly as the amounts of fiber increased. In terms of the film
color, the pineapple cellulose fiber was whiter in color than
that of CMC powder which was slightly yellowish. The
composite films were therefore whiter than the neat biofilms
as L" values were higher (see Fig. 5) and hence the whiteness
indexes were slightly higher as well and the yellowness
indexes were lower. Without the pineapple cellulose, the neat
films prepared from CMC at different chemical compositions
were comparable in terms of colors. Our neat CMC films have
L* and whiteness index (WI) values of around 88-89 and 93-
94, respectively, which are higher than those of 80.59 for L”
and 69.91 for WI of the films prepared by Rachtanapun et al.
2012031 at the same NaOH concentration of 30% w/v.
Rachtanapun et al. 201212%1 also reported that the durian CMC
film’s yellowness increased with alkaline pH when the NaOH
concentrations ranged between 0-40% w/v and decreased with
the pH when the NaOH concentrations were between 40-60%
w/v. They suggested that the color of the CMC films depended
the between NaOH
monochloroacetic acid.

on competitive  reaction and

Fig. 5 CMC film (a) and composite film at 45 wt.% pineapple leaf
cellulose fiber.

Table 4. Film thickness and color.

Films Thickne  Color value Wi Yl
L* a* b*

Bench  0.0911+ 884 0.27 11.67 93.14 18.86+
+20%  0.0893+ 889 0.27 1242 9336 19.98+
-20% 0.1006+= 89.3 0.40 1137 9441 1819+
15 0.1055+ 884 0.76 10.74 9321 1734+
30 0.1109+ 90.0 0.89 7.55 9394 1197+
45 0.1211+ 93.6 0.94 454 9513 7.16+4
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3.4 SEM

The morphology of the cellulose fibers extracted from
pineapple leaf as well as the dispersion of the fibers in the film
composites were studied by SEM and illustrated in Figs 6-10
and 11, respectively. Fig. 6 demonstrates the uneven surface
morphology of raw pineapple leaf fibers (before cellulose
extraction). The fibers are held as bundles by lignin and other
impurities, having a bundle diameter of approximately 50 pm.
Similarly, Tanpichai and Witayakran 2018 reported the
diameter of raw pineapple leaf fibers was in the range of 20-
80 um. The fibers are rod-like in shape with a rough surface
and high aspect ratio. However, once they were alkaline
treated coupled with a steam explosion, the skin became
smooth and the fiber bundles were split as the hemicellulose
was hydrolyzed and the lignin was depolymerized (shown in
Fig. 7). These findings agreed with Cherian et al. 2010,'¢
Balakrishnan et al. 2017,/'7 and Tanpichai and Witayakran
2018, but contradicted the findings by Ravindran et al.
20191 who observed rougher surfaces for pineapple leaf
fibers after NaOH treatment.
H>0; caused defibrillation as shown in Fig. 8. The diameter of

The bleaching process using

the fibers was about 2-4 pm, close to that of bleached
pineapple leaf fiber reported by Balakrishnan et al. (2017)
2017,07 Thien et al. 2022181 and Tanpichai and Witayakran
2018.121 Fig. 9 illustrates SEM images of pineapple leaf
cellulose after acid digestion. The images clearly show that the
fiber aspect ratio has dramatically decreased. The fibers are
shorter, entangled, and agglomerated due to strong hydrogen
bonding interactions. The interwoven fiber and agglomeration
were also observed in previous studies.*!”l However, when 6%
w/v of cellulose in distilled water underwent mechanical
breakage using a high-speed food processor for 2-3 h, the
agglomerates were broken up, and short cellulose fibers of 2-
4 um diameters and lengths of approximately 20 um were
obtained as shown in Fig. 10. The resulting fibers were not in
nano-sizes as the shearing efficiency of the food processor was
not high enough.

S
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Fig. 6 SEM micrographs of raw pineapple leaf fiber before
cellulose extraction at 100X magnification (a); at 750X
magnification (b).
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Fig. 7 SEM micrographs of alkaline treated steam exploded pineapple leaf cellulose at 100X magnification (a); at 1000X

H

magnification (b).
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Fig. 8 SEM micrographs of bleached pineapple leaf cellulose at 500X magnification (a); at 5000X magnification (b).
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Fig. 9 SEM micrographs of hydrolyzed pineapple leaf cellulose at 100X magnification (a); at 700X magnification (b).
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Fig. 10 SEM micrographs of pineapple leaf cellulose after mechanical shearing at 100X magnification (a); at 1000X magnification
(b).
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The distribution of pineapple leaf celluloses in the durian
rind CMC films at different fiber concentrations are presented
in Fig. 11. The lines observed on the neat film (Fig. 10(a)) are
due to scratches on the acrylic sheets used in the film
fabrication process. The cellulose fibers were randomly
oriented and considerably homogenously distributed in the
CMC films as shown in Figs. 10(b)-(d). This might be due to
the compatibility between the matrix and reinforcing phases
as they both were derived from the cellulose of agricultural
plants. However, the results from tensile testing which is
discussed in the following section indicated a slight decrease
in tensile strength of the composite film at 45 wt.% fiber
compared to 30 wt.% fiber, implying that a slight degree of

fiber agglomeration has occurred.

3.5 Mechanical Properties

Typical stress-strain curves of the composite films are shown
in Fig. 12 and the average tensile strength and average percent
elongation to break of the composite films are illustrated in
Fig. 13. The stress-strain curves indicated the neat biofilm was
more ductile with less tensile strength and higher elongation
than the composite films. The tensile strength of neat durian
rind CMC film was found to be 14.90+3.94 MPa which is
almost 50% lower than that of Palmyra palm CMC film
reported by Kaewprachu et al. 202217 and significantly lower
than that of durian rind CMC film studied by Rachtanapun et

WO

I : Mage SOOKX 10 mm ENT = 15004V Sgnal A v 551

al. 2012.2%1 This may be due to the absence of a plasticizer in
the durian rind CMC film prepared by Rachtanapun et al.
2012, resulting in high tensile strength of 80-140 MPa.
Percent elongation at break of the durian rind CMC film
prepared by Rachtanapun et al. 201223 was also considerably
low at around 2-3% whereas the elongation of the durian rind
CMC film prepared in this study was 22.63+4.63%. Zhao et
al. 20195 reported the tensile strength and elongation at the
break of durian cellulose film to be 44 MPa and 6%,
respectively. The low percent elongation at the break of their
films can also be attributed to the absence of a plasticizer.
When pineapple leaf cellulose fibers were incorporated
into the CMC film, the tensile strength of the films improved.
The tensile strength of the composite films increased as the
amount of the fibers increased as expected for any composite
materials when the reinforcing materials are well dispersed.*3]
The composite films with 15, 30, and 45 wt.% fiber filler
exhibited a tensile strength of 15.63+4.43, 21.03+2.25, and
20.01+4.74 MPa, respectively. Although the tensile strength
of these composite films was lower than those of engineering
polymers such as polypropylene (PP)B! and polycarbonate
(PC)2331 which have a tensile strength of 23 and 35-55 MPa,
respectively, it was comparable to that of low-density
polyethylene (LDPE) films packaging and
construction,**3] starch-based biodegradable filmsP*3] as

used for

well as cellulose nanocrystal films.!'! In comparison with

= Mage LOOKX WDe 10mm ENT » 15000V Sgnal A v 551
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= Mags 10OKX WD 10mm EHT = 35000V Signal A = SEN

Fig. 11 SEM micrographs of composite films at different pineapple leaf cellulose concentrations at 0 wt.% (a); 15 wt.% (b); 30 wt.%

(c); 45 wt.% (d).
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Fig. 12 Stress-strain curves of composite films at different pineapple leaf cellulose concentrations at 0 wt.% (a); 15 wt.% (b); 30 wt.%

(c); 45 wt.% (d).

commercial biodegradable polylactic acid (PLA), our biofilms
and biocomposite films still had considerably poorer
mechanical properties.4"]

The results showed that only a 5% increase in tensile
strength was attained when 15 wt.% fiber was incorporated in
comparison to the neat film. However, as the fiber content
increased to 30 wt.%, a 40% increase in tensile strength was
achieved when compared with the neat film. A slight tensile
strength reduction of 5% of the composite film was observed
when the fiber filler content increased from 30 to 45 wt.%.
When the cellulose fibers agglomerated in the polymer matrix,
a decrease in the tensile strength of the composite films was
previously reported.[*!¥ Thaithae et al. 201632 also observed
the deterioration of tensile strength and elastic modulus of
polycarbonate and multi-walled carbon nanotube composites
due to poor carbon nanotube dispersion at high concentrations.
In this research, the tensile strength of the composite films at
30 and 45 wt.% fibers was comparable to each other,
suggesting the 30 wt.% cellulose was well distributed in the
CMC matrix and with a higher amount of the fibers at 45 wt.%,
agglomeration could have occurred. The increases in tensile
strength of the composite films suggest that the two phases are
compatible. The compatibility of the matrix and reinforcing
phases was also confirmed by the SEM images. As the
reinforcing fibers bonded well with the CMC matrix, the stress
transference between the two phases was improved, resulting
in higher tensile strength of the composites. In addition,
Kowshik et al. 202211 demonstrated that the eggshell fillers
served as crack restriction and arrest in the polyester matrix.
The degree of crack deviation and arrest depended on the
physical bonding between matrix and filler which relied on
various parameters such as particle size and shape as well as

© Engineered Science Publisher LLC 2023

interfacial surface area.
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Fig. 13 Mechanical properties of composite films at different
pineapple leaf cellulose concentrations at 0 wt.% (a); 15 wt.% (b);
30 wt.% (c); 45 wt.% (d).

In general, the trend of percent elongation at break with the
reinforcing material loadings is opposite to tensile strength.
This is because fibers usually have inherent high strength and
stiffness properties and hence do not elongate much.
Furthermore, fibers reduce the mobilities of polymer chains in
the matrix. The matrix, on the other hand, is more elastic
especially when plasticizers are included. As the tensile
strength of the composite films increased with cellulose fiber
loadings, the percent elongation at break decreased. The
percent elongation to break of the films with 0, 15, 30, and 45
wt.% cellulose fibers were 22.63+4.63, 16.05+£2.08, 7.38+1.41,
and 4.75£1.28 %, respectively. While 15 wt.% cellulose fiber
filler caused a slight increase of 5% in tensile strength of the

Eng. Sci., 2023, 22, 846 | 11
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Fig. 14 Photodegradation of neat CMC films prepared from different chemical concentrations on day 1 (a); day 2 (b); day 3 (c).

neat film, a 30% decrease in elongation to break was observed,
indicating a strong effect of the fibers on the ductility of the
film. Whilst a significant increase in tensile strength was
observed for the 30 wt.% fiber composite film, a drastic
reduction in elongation to break of nearly 70% was observed
compared to the neat film. The tensile strength of the
composite films with 30 and 45 wt.% fiber contents was
comparable as expected due to the fiber agglomeration, further
reduction in the elongation to break was noticed. The
reduction in elongation to break with the addition of cellulose
fibers was in agreement with Lee et al 20183% and
Chawalitsakunchai et al. 202.1"3!

3.6 Photodegradability and biodegradability

Photodegradation of the neat CMC films was studied using
LED lights with a luminous flux of 4500 Lm. The conditions
inside the carton box at the beginning of the test were 37%
Relative Humidity and a temperature of 30 °C. It was observed
that the humidity slightly decreased while the temperature
increased to approximately 44 °C after 3 days. The films’
moisture also reduced as the films became harder and less
elastic. On day 3, all the films were brittle and broke into
pieces as shown in Fig. 14. However, the color changes of the
film were not distinguishable by the eye. There was no
noticeable difference between the neat CMC films prepared

from different chemical compositions.

Unlike photodegradation, when the films were buried in
the soil at 60% Relative Humidity and at a temperature of
30 °C at the beginning, the films absorbed water, became gel-
like, and stuck with the plastic mesh after 6 h. At 12 h, the
films started to dissolve and decompose because of the
moisture of the soil. At 18-24 h, all the films were completely
degraded as shown in Figs. 15-16. The biodegradability of the
neat CMC films of different chemical compositions could not
be distinguished; however, the biocomposite films with higher
amounts of cellulose fibers, which are water-insoluble, tended
to take a longer time to completely decompose. It is well
known that the biodegradability of biofilms relies on the
hydrolysis of the film with moisture in the soil in the presence
of oxygen, The longer
biodegradation period of the cellulose composite films
compared to the CMC film was due to CMC's better solubility
in water hence, easier to be hydrolyzed. Zhao et al. 2019
studied the biodegradability of cellulose films prepared from
durian rind and found that the films were completely
biodegraded in soil within 4 weeks. Whereas commercial PLA

temperature, and bacteria.

possesses excellent mechanical properties, its degradation
time was also longer than that of our composite films. Kalita
et al. 2021" revealed that there was a sudden drop in PLA
molecular weight under abiotic degradation due to dissolution

== == = Normal

+20%
——— - 20%

Fig. 15 Biodegradation of neat CMC films prepared from different chemical concentrations at 6 h (a); 12 h (b); 18 h (¢); 24 h (d).
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Fig. 16 Biodegradation of composite films of different pineapple leaf cellulose concentrations at 0 h (a); 6 h (b); 12 h (¢); 18 h (d);

24 h (e).

and surface erosion of the polymer causing chain scission.

However, chain scission alone could not cause a
completedecomposition of the polymer. Microbial action
played a major role in the biodegradation of the biopolymers
and 90% carbon mineralization of PLA under composting
conditions was observed at 90 days. Zhou et al. 20225 found
that silver nanoparticles had antimicrobial activity and could
hinder or delay PLA decomposition. It was reported that after
30 days of aerobic biodegradation, carbon dioxide generated
from CMC film was twice as much as that from PLA.I'l By
incorporating 43 wt.% plasticized cassava starch into LDPE
film, 12% degradation of the composite film was achieved at

66 days under soil burial.

4. Conclusions

In this study, biofilm and biocomposite films derived from
agricultural wastes, i.e. durian rind and pineapple leaf, were
successfully fabricated via a solution casting method. The
matrix of the film was prepared from carboxymethyl cellulose
(CMC) from durian rind whereas the pineapple leaf cellulose
was incorporated into the film as a reinforcing fiber. Durian
rind cellulose was extracted using an alkaline treatment and
delignification process. CMC was achieved by substituting
hydroxyl groups in the cellulose with carboxymethyl groups
through alkalization and etherification processes. The effects

© Engineered Science Publisher LLC 2023

of chemical composition used in these two processes on the
hydroxyl group substitution as well as the physical properties
of the CMC films were studied. The range of chemical
composition studied was £20% of the normal formula. FTIR
investigation as well as the degradation study suggested that
the range of chemical composition studied did not show any
distinguishable changes in film properties. Steam explosion,
acid hydrolysis, and mechanical shearing were incorporated in
the preparation of fine pineapple leaf cellulose fibers for use
as the reinforcing material. The biocomposite films were
prepared at fiber contents of 15, 30, and 45 wt.%. SEM images
illustrated the homogenous distribution of the fibers in the
polymer matrix; however, the tensile test results suggested that
fiber agglomeration at a fiber content of 45 wt.% may have
occurred. Tensile strengths of the biofilm and biocomposite
films were in the range of 15-21 MPa which is comparable to
some synthetic plastic films. The highest tensile strength of 21
MPa, a 40% improvement over the neat CMC film, was
achieved from a composite film containing 30 wt.% cellulose
fiber. At the highest fiber content of 45 wt.%, the composite
film's mechanical properties and biodegradation period were
found to be negatively affected. This is thought to be due to
cellulose fiber's lower solubility in water compared to the
CMC films. Nevertheless, these biocomposite films were
found to dissolve with the moisture contained in the soil and

Eng. Sci., 2023, 22, 846 | 13
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were fully degraded within 24 h, significantly faster than the
degradation periods of commercial synthetic plastic films.
The concept of the research undertaken has been driven by
the Bio-Circular-Green (BCGQG)
economic strategy. This study has demonstrated the potential

Thailand government's

for value-adding to agricultural scraps as well as waste
reduction. Further investigation and development on the usage
of durian rind and pineapple leaves as alternative materials in
various industries are highly recommended. This research
could potentially also be extended to the use of other
agricultural wastes.
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