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Abstract

In light of the growing demand for sustainable alternatives to traditional plastics
and the world's mounting environmental problems, this research explores the
field of bioplastics with an emphasis on sago pith waste (SPW). The growing
demand for biodegradable materials makes it essential to utilise resources such
as SPW, which are plentiful in biomass, especially from the sago industry in
Sarawak. The extraction of sago starch has led to significant environmental issues
due to inadequate waste management practices. Therefore, while focusing on
utilizing SPW, this research aims to fabricate a bioplastic film from SPW and
investigate the optimal mass of cellulose fibres (CF) extracted from SPW
solubilized in 20 mL of trifluoroacetic acid (TFA) to form a bioplastic film with
good properties. First, to extract CF, the SPW underwent alkaline treatment and
bleaching treatment. Then, CF was solubilized in TFA, with varying in mass from
0.10 g to 0.70 g. After the CF was fully dissolved, the process was then followed
by solvent casting. The resulting bioplastic films produced were transparent with
slight brown coloration. The SEM data revealed that bubble-shape protrusions on
the bioplastic films appeared to shrink as the mass of CF decrease and a slight
decrease in the number of visible pores were noted. Due to the improved
morphological properties of the film, the tensile strength of BF-0.70 was
enhanced by 90% as compared to BF-0.10. BF-0.70 also exhibited the best
thermal stability as the main component of the bioplastic film started to degrade
at 193°C and had the most amount of char residue. Out of all the other films, BF-
0.70 also possessed the least water absorption ability, with a value of 86%, which
was a good decrease from the 198% water absorption by BF-0.10. Thus, it was
possible to determine the ideal CF mass. As evidenced by the features of BF-
0.70, the results had proven that 0.70 g is the optimal mass of CF that can be
solubilised in TFA to form a bioplastic film with good properties.

Keywords: Alkaline treatment, Bioplastic films, FTIR, Sago pith waste, SEM,
Solvent casting, Sustainable materials, Tensile strength, TFA, TGA,
Water absorption.
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1. Introduction

Today, fossil fuels, namely petroleum, are the main source of plastic.
Approximately three-quarters of each barrel of oil is used to produce gasoline,
diesel, and jet fuel; the remaining one-fourth is used to produce other goods, such
as plastic [1]. In 2022, more than 390 million tonnes of fossil fuel-based plastics
were manufactured, and plastic pollution has since grown to be a serious threat to
both human and ecological health [2]. The continual consumption of fossil fuels for
energy and manufacturing processes have led to the fast depletion of these non-
renewable resources.

Therefore, it is significant to note that the future challenge of fossil fuel
depletion has prompted research into the development of sustainable materials and
alternatives, such as bioplastics [3]. The production of bioplastics is gaining
popularity as a potential replacement for polymers derived from fossil fuels.
Biopolymer's raw materials are made from biomass; therefore, they are more
renewable than other materials. Some bioplastics are also very biodegradable,
which makes them a more environmentally sustainable material [4].

These bioplastics can not only help decrease the need for fossil fuels, but they
can also aid in reducing problems regarding waste disposal, which has become a
global concern due to human activity's impact on the environment. The
implementation of new laws and policies, as well as continued attention, are
required for global efforts aimed at creating and improving ways to reduce soil,
water, and air pollution [5].

In light of this, there is a growing recognition of the importance of
implementing sustainable practises for the extraction of sago starch from sago
(Metroxylon sagu), that has huge potential to become a versatile crop and help
strengthen the food security program, thus becoming the next viable food
commodity in Sarawak. This is because it has impressive high starch yield when
compared to other sources such as corn, rice, and wheat [6]. It was found that over
400 kg of dry starch can be obtained in a sago palm tree and the yield can go as
much as 25 metric tons per hectare [7]. Thus, initiatives have been taken by the
Sarawak government to encourage sago plantation to a bigger scale which is estate
plantation, an upgrade from small-scale farming that has long been done by the
natives [8].

The rapid production of sago starch leads to an increase of generated waste
during the extraction process. Sago starch is obtained from the rasped pith of the
sago palm, leaving fibrous residues called sago hampas or sago pith waste (SPW)
that contains an abundant amount of sago starch trapped inside the lignocellulosic
fibre matrix which composed of lignin, cellulose, and hemicellulose [9]. The huge
amount of sago waste generated by the sago starch extraction process has caused
many environmental challenges due to improper waste management practices.

Most owners of sago mills do not recover the sago biomass and discharge the
SPW to the nearby river with sago effluents without any treatment or the waste will
be incinerated, which can cause serious environmental issues such as water
pollution and air pollution [10]. For per ton of dried starch extracted by using the
current available process, there are around 3 tons of sago pith waste and 0.5 tons of
sago bark waste produced. Meanwhile, after processing between 8 and 12 logs on
an industrial scale, the daily sago pith waste production can vary from 3 to 5 tonnes
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[11]. The lack of efficient strategies for handling and transforming sago waste into
higher value-added materials can lead to environmental pollution and resource
wastage [12].

However, the utilization of SPW as a raw material for bioplastic production
holds great promise in addressing both waste management and sustainable resource
utilization. Nevertheless, raw SPW could not be used to produce higher value-
added materials because of the composition of the waste. From previous research,
starch had been extracted from SPW through assistance of ultrasound to form a
bioplastic [13] and CF were extracted from treating SPW through alkaline
treatment and bleaching treatment. Yacob et al. had treated SPW by using alkaline
and bleaching treatment to extract CF to act as a reinforcing agent, specifically to
improve the properties of starch films produced in the study [14]. Meanwhile,
Jampi et al. also used similar techniques to extract CF from SPW, before preparing
it into hydrogel [15]. Therefore, the treatments to extract CF were applied in this
study, as past research had used cellulose-based raw materials to form a bioplastic
film by solubilizing in trifluoroacetic acid (TFA) and solvent casting [16].

In addition, a method discovered by Bayer et al. uses TFA as a solvent to solubilize
cellulose and similar compounds as well as several agricultural plant wastes to form
bioplastic films [17]. TFA aids in the formation of a homogenous solution that can be
cast into a bioplastic film. Due to its ability to swell cellulose effectively and its ability
to be recycled because of its low boiling point, trifluoroacetic acid (TFA) is of interest
since it offers an effective method to reduce cellulosic crystallinity and break up
hydrogen bonds within the crystalline region [18]. While TFA has shown promise in
creating bioplastics from various sources, such as rice hulls, green herbs, cocoa pod
husks, and seaweed [19], a substantial research gap persists. Currently, there is no
research that uses CF extracted from SPW to produce bioplastic films by using
TFA. Furthermore, there is a lack of investigation into identifying the suitable mass
of cellulose fibres (CF) from SPW in a fixed volume of TFA.

Consequently, the influence of CF mass on critical properties of resulting
bioplastic  films—including morphology, mechanical strength, thermal
characteristics, and water absorption—remains unexplored. Addressing this gap is
crucial for optimizing the production process and enhancing the overall
performance of bioplastic films. Therefore, the research focuses on addressing this
research gap by investigating the effects of the different masses of CF in a fixed
volume of TFA on the properties of the resulting bioplastic films. In addition, the
FTIR, morphological, mechanical, and thermal properties as well as water
absorption of bioplastic films produced were also analysed.

To achieve these objectives, the methodology involved systematically varying
the masses of CF within a fixed volume of TFA. The subsequent bioplastic films
were subjected to several analyses, encompassing evaluations of FTIR spectra,
morphological characteristics, mechanical strength, thermal behaviour, and water
absorption properties.

2. Methodology

The SPW was collected from Kampung Skibang, Bau. Fresh SPW were washed to
remove dirt and impurities. Then, the cleaned SPW was soaked in a 40 °C distilled
water to get rid of excess starch [14] and was dried in an oven. After drying, SPW
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was grounded into find powder using analytical grinder at the speed of 3 for 5 minutes
and sieved through a screen. The fine powder expanded the amount of surface area
that the alkali and bleaching solutions could access during CF extraction [20].

2.1. Extraction of cellulose

The extraction of cellulose from SPW was carried out based on methods used in
previous works [14, 15]. The SPW was treated with 4% w/v sodium hydroxide
(NaOH) and bleached with sodium chlorite (NaClO;) and acetic acid solution.

2.1.1. Alkaline (NaOH) treatment

10 g of SPW was weighed and dried in an oven overnight to remove excess
moisture. Then, the 500 mL of 4% NaOH was poured into a beaker and placed on
top of a hot plate with the temperature maintained at 70 °C. Any excessive
concentrations or temperatures combined as well as prolonged processing times can
lead to structural damage to cellulose, increased energy requirements, and
increased operating expenses [21].

Then, the SPW was immersed into the beaker and the solution was stirred by
using a magnetic stirrer of speed 1500 rpm. This process was done for one hour.
Then the solution was filtered to obtain the remaining solute by using a Buchner
flask, Buchner funnel, filter paper and vacuum pump. This process was repeated
three times to ensure effectiveness. This method was carried out based on the
previous work done by Jampi et al. [15].

During this treatment, the NaOH solution was used to help separate the
cellulose fibres from the lignin and hemicellulose components of the SPW [22].
Alkaline treatment would modify the fibre network structure by breaking down the
OH bonding present in the SPW. This was accomplished by converting the
hydroxyl groups of the various materials present in the fibres into alkoxide ions
through ionization as shown in Eq. (1).

Fibre — OH + NaOH - Fibre — O"Na* + H,0 (1)

2.1.2. Bleaching (NaClO2) treatment

The remaining solute underwent bleaching with a solution containing 160 mL of
distilled water, 1 mL of glacial acetic acid (CHs:COOH) and 1.5 g of sodium chlorite
(NaClOy) [23]. This process was done by using a screw-top Erlenmeyer flask that
was placed inside a water bath that was maintained at 70 °C for 3 hours [23]. The
concentration, temperature and duration of the bleaching treatment were optimized
to avoid excessive bleaching conditions that would cause severe oxidation of
celluloses and significantly reduced their dimension [24].

This process was repeated three times to ensure effectiveness. The method was also
carried out based on previous work done by Pushpamalar et al. [23]. When the
bleaching process was done, the solution was filtered with a Buchner flask, Buchner
funnel, filter paper and a vacuum pump. During bleaching, the reaction between lignin
and sodium chlorite results in the formation of lignin chloride, which can be removed
by continuous washing with distilled water since it dissolves in the medium [25].

Therefore, after filtering, CF was obtained and cleaned thoroughly with distilled
water until the pH of solvent obtained in Buchner flask was neutral [14]. The CF
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was then dried in the oven at 40 °C overnight. Table 1 below shows the product
yield of the treatment of SPW calculated by using Eq. (2).

Mass of product (g)

Product yield =
Mass of SPW

x 100 )

Table 1. Product yield of alkaline and bleaching treatment of SPW.
Mass of product Product yield (%)

10.00 g of SPW 0.34 3.40
0.43 4.30

0.42 4.20

0.30 3.00

0.40 4.00

Mean 0.38 3.78

2.2. Solubilisation of CF in TFA

To avoid any moisture, the CF was dried again by placing it in a 40 °C oven overnight.
The next day, 0.10 g of CF was weighed and placed in a reagent bottle containing 20
mL of TFA. 20 mL of TFA was used as past research also used 20 mL of TFA to
solubilize their raw materials and formed bioplastic films [26]. The reagent bottle was
placed in a water bath that was maintained at 50 °C on a hot plate. The solubilisation
was done at 50 °C temperature so that the process would be accelerated [27]. All the
mixture was then stirred with a magnetic stirrer for three days at 600 rpm in order to
ensure effective solubilisation of CF. The mixture was then centrifuged to separate
the impurities and undissolved component of CF such as silica bodies [26].

These methods were carried out based on previous work done by Bayer et al. [26],
Bilo et al. [16] as well as two research carried out by Guzman-Puyol et al. [28, 29].
The procedure was repeated with different weight of CF, which are 0.30 g, 0.50 g,
and 0.70 g. These masses were chosen based on the recommendation by Bayer et al.,
which states that the starting material should typically start with 0.5% by weight in
TFA solution, which is around 0.1 g in 20 ml TFA.

They also stated that the preferred amount of starting material is from 1% to 2%
by weight, which is around 0.3 g to 0.6 g of starting material in 20 ml of TFA [16,
26-29].This research was not able to produce a bioplastic with 0.9 g of CF probably
due to oversaturation.

The solution was cast in a Petri dish to obtain free-standing bioplastic films and
placed in a fume hood to let the solvent evaporate overnight. The films were labelled as
BF-0.10, BF-0.30, BF-0.50 and BF-0.70 in which BF stands for bioplastic film and the
numbers refer to the amount of CF solubilized in 20 mL of TFA as shown in Table 2.

Table 2. Bioplastic films label.
Mass of CF in 20 mL of TFA Label

0.10g BF-0.10
030¢g BF-0.30
0.50 g BF-0.50
0.70 g BF-0.70
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2.3.Characterization of bioplastic films

The bioplastic films had undergone Fourier transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM), tensile test, thermogravimetric
analysis (TGA) and water absorption.

2.3.1. Fourier transform infrared spectroscopy (FTIR) analysis

Fourier transform infrared attenuated total reflectance spectroscopy (FTIR-ATR)
was carried out. The spectra were analysed on Shimadzu IRAffinity-1 in the
4000-600 cm! regions with a resolution of 1 cm™! [26]. Wavelength 4000 to 600
cm! was chosen because there is no significant wavelength to be detected from
0 to 600 cm™,

In addition, this study uses FTIR analysis to quickly, and effectively identify
functional groups and identify any potential chemical alterations in the SPW after
treatment and the bioplastic film samples formed.

2.3.2. Morphological properties analysis

Scanning electron microscope (SEM) images of the SPW, CF, and all the bioplastic
films produced were taken by using SEM (Hitachi TM4000Plus Tabletop
Microscope, Tokyo, Japan). The images were taken from the surface of the samples
and were collected at magnification of X1000 with energy of the beam at 15k V.

2.3.3. Mechanical properties analysis

For tensile strength and Young’s modulus evaluation, a tensile test was carried out
by using universal testing instruments (Shimadzu Autograph AGS-S50kNX,
Japan). The crosshead speed was 0.5 mm/min, with sample’s testing length and
width to be 40 mm and 5 mm, respectively. This method followed the standard test
method for tensile properties of thin plastic sheeting (ASTM D8§82).

2.3.4. Thermal properties analysis

Thermogravimetric analysis was carried out to establish thermal stability of bioplastic
by using TG Analyzer Spectrum 500 and analysed by the Universal Analysis 2000
between 30 °C and 600 °C with a heating rate of 10 °C/min. The standard test method
is ASTM E1131-20. TGA curves were obtained from the analysis.

2.3.5. Water absorption test

This test was conducted using ASTM D570, the standard industry method for
calculating plastics' water absorption. The bioplastic film sample with a known
weight that had already been dried for 24 hours at 65 °C was submerged in water
for 24 hours in a 100 mL beaker of distilled water.

After the experimental time, the sample was removed from the water, patted
dry with a lint free cloth, and then weighed. The percentage of water absorbed
was calculated by using Eq. (3) where wy is the initial weight and w; is the final
weight of the sample. Each sample was tested 3 times, and the mean and standard
deviation of the calculated water absorption percentage were calculated.

Water absorbed = 2% x 100 3)

Wo

Journal of Engineering Science and Technology August 2024, Vol. 19(4)



1128 N. F. Zabidi and J. L. C. Hui

3.Results and Discussion
3.1.Cellulose extraction from SPW

Observationally, bleached cellulose fibres extracted from SPW changed colour to
white, clearly showing that most of the original non-cellulosic components had
been removed [30] as seen in Fig. 1.

Alkaline Bleaching
- treatment

Y .2
treatment 2 jxtcﬁf(_
Lol e ‘
) ) P2

> 4

o

Fig. 1. Extraction of cellulose from SPW.

It was also observed that a minor portion of the cellulose was brownish, which
was due to the residual non-cellulosic component that were undissolved during both
treatments. This finding aligned with existing research which indicated that as the
undissolved non-cellulosic content in the cellulose fibre increased, there was a
corresponding decrease in their brightness or whiteness level [21]. Similar studies
had proven that the treatments did not completely remove the non-cellulosic
components of the raw materials. After the alkaline and bleaching of sago frond to
extract cellulose, the non-cellulosic component of sago frond was not completely
removed as the whiteness of cellulose sago frond was 79.13% and had relatively
low content of lignin and hemicellulose [21]. Another study also had extracted
cellulose from pineapple leaf fibre through alkali and bleaching treatment [30].
They also found that the residual lignin in the cellulose fibres was around 0.4% to
2.8%. Therefore, this past research confirmed that the treatments did not
completely remove the non-cellulosic component of the SPW, and these
components were still present in the cellulose fibres obtained.

3.2. Production of bioplastic films

Table 3 showed the observation recorded from Day 1 to Day 3 of the solubilisation
0f 0.10 g, 0.30 g, 0.50 g, and 0.70 g of CF in 20 mL of TFA. On the first day, the
CF was immersed in 20 mL of TFA. Upon observation, CF started to swell
immediately after immersing in TFA. After several hours depending on the amount
of CF, it was observed that the cellulose solution was homogenous, indicating the
solubilisation of CF. To standardise the bioplastic films forming process, the
solubilisation process of all CF in 20 mL of TFA was done 3 days to ensure
effective solubilisation of CF [27]. After 3 days, the bioplastic films were cast in
Petri dishes. The formulation has successfully produced free-standing bioplastic
films as shown in Fig. 2. Based on the Tables, it was observed that the lower the
mass of CF immersed in the TFA, the faster the solubilisation process. The smaller
amount of cellulose meant that there was smaller amount of cellulose polymer
chains to be disintegrated [31].
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(c) BF-0.50 (d) BF-0.70
Fig. 2. Bioplastic films after CF digestion in TFA.

Table 3. Observation recorded from
day 1 to day 3 of the solubilisation of CF.

Mass of Observation recorded from Day 1 Time taken to
CF (g to Day 3 of the solubilisation of CF solubilise

0.10 6 hours
0.30 12 hours
0.50 26 hours
0.70 32 hours

After the solvent was completely evaporated, the bioplastic films produced were
transparent as shown in Fig. 2 but exhibited a distinct brown coloration, with BF-0.70
being the most intense. This was due to the increasing amount of brownish portion of
the cellulose, which was the residual non-cellulosic component present in the CF, as
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the amount of CF dissolved in 20 mL of TFA was increased. This was proven again
by similar research which stated that the bioplastic films produced exhibited brown
coloration due to the presence of a high number of organic compounds in the matrix
[16]. In context, instead of cellulose, TFA can partially break down lignin and
hemicellulose as well as other non-cellulosic polysaccharides [17, 26].

3.3.Fourier transform infrared spectroscopy (FTIR) analysis of
bioplastic films

Figure 3 shows the FTIR spectra for BF-0.10, BF-0.30, BF-0.50, BF-0.70, and
CF. By observing the spectra, it was apparent that all four bioplastic film spectra
exhibit negligible differences in their respective spectral profiles as compared to
the CF spectrum.

Absorbance (%)

T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm-1)

Fig. 3. FTIR spectra of CF, BF-0.10, BF-0.30, BF-0.50, and BF-0.70.

The peaks at 1015 ¢cm™ to 1037 cm™! corresponds to C-O stretching that is
commonly found in cellulose, hemicellulose, and lignin [15]. It is observed that the
peak of 1037 cm™ in CF shifted to 1015 cm™ in the bioplastic films spectra,
probably indicating a decrease in the crystallinity. The TFA disrupts the
intermolecular hydrogen bonds within the cellulose structure. This disruption
causes the cellulose molecules to rearrange, adopting a less ordered state.

The appearance of a peak at 1520 cm™ in all concentrations of bioplastic films
was attributed to the aromatic skeletal vibration (C-C stretching), indicating the
presence of lignin in the CF [32] that was mentioned in Section 3.1 and was
solubilised in TFA to form a bioplastic film. The lignin had also contributed to the
thermal stability of the bioplastic films, which will be discussed in Section 3.6.

Meanwhile, the peak 1645 cm™ corresponded to O-H bending thatindicated the
presence of absorbed water [33]. According to a study of cellulose bonding with
TFA done by Monika [34], a peak around 1790 cm™! appeared in the cellulose-TFA
sample, which was attributed to the carbonyl group (C=0) of the cellulose
trifluoroacetate. For this study, there were no changes in 1790 cm™ peak which
indicated that there are no trifluoroacetylated residue in the films.

The TFA was evaporated during the casting process in order to form a free-standing
bioplastic film. The small broad peak observed at around 2890 cm™! was attributed to
the stretching vibration of C-H, which are present in all hydrocarbons present in the
samples [35]. The presence of a wide broad peak in the 3500 cm™ to 3000 cm™! regions
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for all spectra of bioplastic films was due to the presence of hydroxyl (O-H) functional
group that can be found in cellulose and hemicellulose [36].

Based on the findings, the FTIR analysis of bioplastic films showed peaks
similar to the CF spectrum that corresponded to the presence of functional groups.
It was apparent that there were no notable differences in peak patterns of the
bioplastic films formed when compared with the CF that was solubilized in TFA.
The functional groups indicated the presence of cellulose and non-cellulosic
components, as well as absorbed water.

3.4. Morphological properties analysis of bioplastic film

Figure 4 below shows the SEM images of BF-0.10, BF-0.30, BF-0.50, and BF-0.70
at 1000x. Furthermore, it was observed that the texture of the surface had bubble-
shape protrusions on the surface. As the mass of CF solubilized in TFA got higher,
the bubble-shape texture appeared to decrease in size, and slight reduction in the
number of visible pores were observed. This was most probably due to the more
adequate distribution of the CF within the matrix as the mass increased [37],
especially for BF-0.70 as the bubble-shape protrusions was the smallest among all
the bioplastic films and had a smooth surface.

The more adequate distribution leads to a more homogeneous structure,
reducing the size of surface irregularities and enhancing the overall smoothness of
the film. They also serve as a starting point for a more thorough investigation of
how these morphological variations had impacted the mechanical and other
performance characteristics of the bioplastic films.

The relationship between the surface characteristics that were observed, and the
mechanical properties of the bioplastic films is noteworthy. The decrease in bubble-
shape protrusions and the appearance of the smoother surface of BF-0.70 had
suggested a uniform distribution of CF, which was likely to affect the tensile
strength and other properties. These SEM data had offered a visual representation
of the structural changes caused by the different masses of CF, as will be discussed
in more detail in later sections.

Fig. 4. SEM images for bioplastic films at 1000x.
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In addition, the SEM data of BF-0.70 at x500 was compared with a bioplastic
film made from sago starch filled with cellulose microfibres (SSCMF) from water
hyacinth [38]. The SEM images showed similar surface characteristics, including
agglomerations of cellulose microfibers and pores. Meanwhile, at 500%, the BF-
0.70 produced in this study was also smooth, pores, and agglomerations that was
due to undissolved CF during solubilization in TFA.

3.5.Mechanical properties analysis of bioplastic films

Tensile tests were conducted on all bioplastic films, BF-0.10, BF-0.30, BF-0.50,
and BF-0.70. The tensile strength and Young’s modulus of the bioplastic films can
be observed in Tables 4 and 5, and Fig. 5. It was implied that BF-0.70 had the
highest tensile strength and Young’s modulus, followed by BF-0.50 and then BF-
0.30. BF-0.10 had the lowest tensile strength and Young’s modulus. This showed
that of the four samples, BF-0.70 was the strongest and most rigid, whereas BF-
0.10 was the weakest and least rigid. BF-0.70 had the highest tensile strength and
Young’s modulus value.

The higher the amount of CF immersed in TFA, the higher the amount of
cellulose bonds within and between cellulose chains in the formed bioplastic film,
which are proven to be crucial for improved mechanical properties of the bioplastic
films [39]. The surface texture of the bioplastic films as shown in the SEM images
also affected the tensile strength of the bioplastic films. The texture of the bubble-
shape protrusions on the surface caused mechanical measurement samples to be
non-uniform in term of cellulose distribution in the bioplastic films matrix, which
affected the results of the mechanical analysis [40].

Tensile Strength of Bioplastic Films

0.09
& 0.08

0.07
0.06
0.05
0.04
0.03
0.02
0.0(: . mm

BF-0.10 BF-0.30 BF-0.50 BF-0.70

Tensile Strength N/mn?

Fig. 5. Tensile strength of bioplastic films.

Table 4. Tensile strength results.

Sample1 Sample2 Sample3  Mean Standard
(%) (%) (%) (%) deviation (%)
BF-0.10 0.005 0.01 0.008 0.008 0.01
BF-0.30 0.029 0.045 0.033 0.036 0.01
BF-0.50 0.067 0.06 0.07 0.066 0.01
BF-0.70 0.078 0.075 0.089 0.081 0.01
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Table 5. Young’s modulus results.

Sample1 Sample2 Sample3  Mean Standard
(%) (%) (%) (%) deviation, (%)
BF-0.10 0.287 0.273 0.300 0.287 0.010
BF-0.30 1.01 1.049 1.061 1.040 0.030
BF-0.50 1.709 2.012 1.827 1.849 0.150
BF-0.70 2.532 2.943 2.685 2.720 0.200

The tensile strength and Young's modulus of the bioplastic film would be
affected by the pores, provided they showed a weakness in the film's rigidity. The
empty spaces or gaps within the material’s structure which have been known as
pores, can have an impact on a film's ability to endure stretching or deformation
without breaking. This had an impact on the bioplastic film's overall rigidity, or its
ability to maintain its shape and resist deformation. As a result, the tensile strength
and Young's modulus are decreased [41].

When compared to the SSCMF bioplastic film, it was apparent that SSCMF
bioplastic films had better mechanical properties with 7.0 N/mm? of tensile strength
as compared to BF-0.70 that had only 0.081 N/mm? of tensile strength. One of the
possible reasons was SSCMF [38] used starch as the matrix and the cellulose
microfibres as a filler that can enhance the mechanical properties of the bioplastic
film whereas the film in this research did not incorporate any fillers in the matrix.
One bioplastic film had cellulose fibres as fillers and starch as a matrix; another
had no reinforcement of any kind, and both had displayed different properties and
performance results, particularly in terms of mechanical properties.

These findings showed that bioplastic films formed in this research has weak
mechanical properties. The values mentioned earlier indicated that the film has a
low tensile strength does not meet the standard values of moderate grade of
bioplastic, which ranges from 1 to 10 N/mm? of tensile strength [42]. Hence, the
bioplastic films produced in this study may not be suitable for applications that
require high strength and durability.

Moving forward, for applications demanding higher mechanical strength, it is
beneficial to explore formulation adjustments that will improve the tensile
properties of the bioplastic films. This could involve optimizing the cellulose
distribution within the matrix or incorporating reinforcing agents such as
microcrystalline cellulose [28].

3.6. Thermogravimetric analysis (TGA)

The TGA curves for BF-0.30, BF-0.50, and BF-0.70 in Fig. 6 show that there were
slight weight losses of about 10% that occurred between 30 °C and 200 °C. These
weight losses were caused by the moisture content evaporating [43] and the
breakdown of weaker bonds in the structure of the bioplastic films [44].

The TGA analysis showed that BF-0.10, BF-0.30, BF-0.50, and BF-0.70 had
rapid and significant composition in approximately 200 °C and 400 °C range. This
can be attributed to the decomposition of cellulose in the bioplastic films [29]. At
this stage, BF-0.10 was the bioplastic film with the lowest initial decomposition
temperature, at about 30 °C. Conversely, at 193 °C, BF-0.70 had the highest initial
decomposition temperature. This was probably due to the higher content of
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cellulose in BF-0.70, as well as the good morphological properties possessed by
BF-0.70 as compared to the other bioplastic films as discussed in Section 3.5.

TGA Curves of Bioplastic Films
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Fig. 6. TGA curve of bioplastic films.

The weight losses of approximately 12% to 27% corresponded to non-cellulosic
component, around 380 °C to 500 °C for the TGA analysis, was found to be lignin
based on previous research, which can be observed in all four bioplastic films [45].
This supports the notion that lignin was probably present as a component in the
bioplastic as discussed in Section 3.1.

Figure 7 showed the estimated percentage of char residue of BF-0.10, BF-0.30,
BF-0.50, and BF-0.70 after 600 °C. It was observed that the residue increased as
the amount of CF increased, hence the increase in amount of non-cellulosic
components such as lignin. The aromatic structures in lignin were thermally more
stable and mostly remained in the char residue formed during heating [46]. In
addition, the thermal stability of the bioplastic film can also be determined by
measuring the amount of char residue that is left over after heating. A larger mass
of char residue, which is showed by BF-0.70, suggests that the bioplastic film is
less prone to degradation and more thermally stable [47].

In comparison, the char residue formed for bioplastic films from sago starch
with cellulose fibres from SPW [14] was around 0.73%, which was lower than this
research’s bioplastic film char residue, which was around 6.12% for BF-0.70. The
lower char residue of the sago starch with cellulose fibre bioplastic film was
probably due to the lower degradation temperature of starch [38].

All in all, BF-0.10 had the lowest initial decomposition temperature of
cellulose, which was the main part of the bioplastic film and the lowest char residue
among all the other bioplastic films, which indicated that BF-0.10 was the least
thermally stable. In contrary, the BF-0.70 had the highest initial decomposition
temperature and the highest amount of char residue. This concluded that BF-0.70
was the most thermally stable.
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Fig. 7. Char residue of bioplastic films after 600 °C.

3.7. Water absorption

Table 6 and Fig. 8 showed the water absorption of all four bioplastic films, BF-
0.10, BF-0.30, BF-0.50, and BF-0.70. All four of the bioplastic films that had
undergone the analysis demonstrated unfavourable water absorption
characteristics, showing a notable tendency for high water absorption. This is
probably due to the natural hydrophilic properties of cellulose. Cellulose has
hydroxyl groups (OH) which allows it to form hydrogen bonds with water
molecules, leading to their strong affinity for water [39].

250%

200%

150%

= 100%
- I l
0%

BF-0.10 BF-0.30 BF-0.50 BF-0.70

Percentage (%)

Fig. 8. Water absorption of bioplastic films.

The increment of pores presence as the mass of CF increased in bioplastic films had
also influenced the water absorption of the bioplastic film. The SEM images that had
been shown in Fig. 4 proved that all bioplastic films in this research had noticeable
pores and it became less obvious as the mass of CF to form bioplastic films increased.
This had been contributing to the number of pathways for the water molecules to enter
the bioplastic film which led to a faster water absorption process [48].

As a comparison, for sago starch with cellulose fibres bioplastic film formed by
Yacob and his team, the amount water absorption decreased as the number of
cellulose fibres in the starch matrix increased. This was due to the restriction of the
matrix chain mobility, which had resulted in lower ability of the water molecules
to enter the bioplastic films [49]. Their lowest percentage for the amount of water
absorption was 120%. Although BF-0.70 had lower amount of water absorption
between the two bioplastic films, the amount of water absorption both bioplastic
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films were quite high as starch and cellulose are both hydrophilic materials,
meaning they had a strong affinity for water molecules.

The practical application of bioplastic films is greatly influenced by their rate
of water absorption. For example, bioplastic films may lose some of their
mechanical strength as a result of high-water absorption [50]. This could lead to
decreased structural integrity, which would make them less appropriate for some
uses that require resistance to moisture. Bioplastics' low moisture resistance also
hinders their growth and use in wider application; therefore, more research is
needed to find reinforcing agents that can give these bioplastic films hydrophobic
qualities, which will increase their moisture resistance [51].

Table 6. Water absorption results.

Sample 1 Sample2  Sample 3 Mean Standard
(%) (%) (%) (%) deviation (%)
BF-0.10 195 202 198 198 3.51
BF-0.30 130 123 125 126 3.61
BF-0.50 105 101 102 103 2.08
BF-0.70 90 85 84 86 3.21

3.8. Limitations and challenges

Although our study provides insightful information about bioplastic films, it is
crucial to acknowledge certain limitations and difficulties. First, there is the
sensitivity of measurement techniques. Tensile strength and Young's modulus are
measured using methods that are sensitive to humidity and temperature. Even with
the best efforts, minor fluctuations could have affected the precision of the resulting
measurements due to these factors.

To address the challenge of very low tensile strength in our bioplastic films, the
addition of reinforcing agents should be explored more in the future. Upcoming
research could be carried out to identify a suitable combination of reinforcing
agents. The mechanical properties of the bioplastic films can be improved by
reinforcing agents such as microcrystalline cellulose during the solubilisation of
CF in the TFA [28]. By adding these additives, the mechanical properties and
thermal stability of the bioplastic films may be altered.

For future reference, the solubilisation time of the CF in TFA solution can also
be improved by adding trifluoroacetic anhydride (TFAA) to the mixture of TFA
before the solvent casting process. Shorter solubilisation period can reduce energy
consumption and improve process efficiency [17].

It was also acknowledged that long-term performance and biodegradation
aspects were not widely explored. Future research could explore deeper into these
aspects, contributing to a more thorough evaluation of the material's sustainability.

4.Conclusions

The extraction of cellulose from SPW was successfully done through alkaline and
bleaching treatment. Observationally, bleached cellulose fibres extracted from
SPW changed colour to white, which exhibited that most of the original non-
cellulosic components had been removed. Free-standing bioplastic films were
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successfully formed by using the resulting CF. One standout discovery was the
identification of the optimal CF mass, a critical parameter for forming bioplastic
films. The findings found that solubilising 0.70 g of CF per 20 mL of TFA leads to
a great improvement in morphological properties, tensile strength, and thermal
stability, as demonstrated by the characteristics of BF-0.70.

Overall, observation of BF-0.70 demonstrated a significant reduction in bubble-
shape protrusions, and the number of visible pores decreased significantly
compared to lower CF masses. The significant improvement in tensile strength that
results from this improved morphology is noteworthy, as demonstrated by the
notable 90% increase in tensile strength of BF-0.70 when compared to BF-0.10.
The reduction in structural irregularities and increased tensile strength can be
ascribed to the higher cellulose content, which helps better intermolecular bonding
within and between cellulose chains in the bioplastic films.

Furthermore, the improvement in morphological properties correlates with the
observed reduction in water absorption for BF-0.70, which showed a significant
150% decrease compared to bioplastic films with lower CF masses. The optimal
CF mass of 0.70 g per 20 mL of trifluoroacetic acid (TFA) not only exhibited
improved morphological properties, increased tensile strength, and a reduction in
water absorption, but also demonstrated good thermal stability, as it was observed
that the char residue has tripled the amount of the char residue of BF-0.10.

All in all, this study is the first to use SPW for making bioplastic films by using
TFA. By extracting cellulose and forming bioplastic films with TFA, a new way
was discovered to repurpose SPW. This approach adds something new to existing
research on cellulose-based bioplastics. It is a practical step towards sustainability
and broadens the possibilities in bioplastic research.

Nomenclatures
Wo Initial weight of sample
wi Final weight of sample
Abbreviations
BF Bioplastic film
CF Cellulose fibres
FTIR Fourier transform infrared
FTIR-ATR Fourier transform infrared attenuated total reflectance
SEM Scanning electron microscope
SPW Sago pith waste
SSCMF Sago starch filled with cellulose microfibres
TFA Trifluoroacetic acid
TGA Thermogravimetric analysis
TS Tensile strength
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