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Highlights
* The yield of cellulose from Palmyrah fruit fiber was 37.890+0.008 %.
* Nearly 5-12 days taken for the complete biodegradation of the films.
» Particles Size Distribution results revealed that nano-sized cellulose fiber was synthesized successfully.
» The tensile strength of the film increased up to the incorporation of 1.5% of cellulose.

»  Water vapour transmission rate decreased with the incorporation of cellulose.
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Abstract: The global trend in packaging is shifting towards
environmentally friendly, natural materials that decompose
easily. Among the bio-based packaging materials, starch is a
renewable, biodegradable, bio-compatible, and easily accessible
source. However, starch-based biodegradable films depict weak
mechanical properties compared with synthetic polymers. This
problem can be solved by incorporating reinforcement fillers into
the starch matrix. Palmyrah fruit (Borassus flabellifer L.) waste
can be a good source to obtain fillers due to its high cellulose
content. The aim of the study was to investigate the reinforcement
of starch-based biodegradable films with the incorporation of
pure cellulose nanofiber (CNF) obtained from palmyrah fruit
fiber (PFF). Chemical treatments such as alkaline treatment (4%
NaOH), bleaching [1% Ca(OCl),], and acid hydrolysis (10 moldm
H,SO,) were done successively to obtain pure CNF from PFF.
CNF was characterized using FTIR and particle size distribution
(PSD) was analyzed by granulometry. The yield of CNF from
PFF was 37.890+0.008 %. The results of FTIR depicted CNF was
synthesized successfully. Five different biodegradable films were
prepared by varying the amount of palmyrah tuber starch (4.5-2.5
w/w %) and CNF (0.0-2.0 w/w %) while the amount of glycerin
(1.5 w/w %) and gelatin (I w/w %) were kept constant. PSD
results revealed that nano-sized CNF (10-100 nm) was synthesized
successfully. The optimized film was selected based on the tensile
strength and low water vapor transmission rate. Optimized film
formulation, with palmyra tuber starch (3 w/w %) and CNF
(1.5 w/w %) showed desirable physical, mechanical and optical
properties, including the thickness, moisture content, water vapor
transmission rate, water uptake, transparency at 600 nm, water
activity, water solubility and tensile strength of 0.192+0.004 mm,
11.07+0.04 %, 3.870+0.005 g/m*.day, 22.34+0.05 %, 3.97+0.01
%, 0.440+0.001, 51.68+0.140 % and 9.55 MPa respectively. All
films showed excellent soil biodegradability within two weeks. In
conclusion, palmyra fruit CNF can be effectively used to reinforce
starch-based biodegradable packaging films.

Keywords: Cellulose nanofibers; Palmyrah tuber starch; Tensile
strength; Water vapor transmission rate; Biodegradable film

INTRODUCTION

In the food supply chain, food packaging plays a
significant role because it ensures that consumers receive
high-quality, safe food products (Loo & Sarbon, 2020).
Active packaging, biodegradable packaging, intelligent
packaging, and edible packaging are a few examples ofnovel
storage strategies that have enormous research potential.

Since environmentally friendly natural materials are easily
degradable, the global trend is now giving its attention
to packaging materials that could be easily decomposed.
Starch is a source that is readily available, renewable,
biodegradable, and nontoxic among bio-based packaging
materials. However, biodegradable films made of starch
have poor mechanical characteristics (Cheng et al., 2021).
This issue can be resolved by incorporating reinforcement
fillers into the starch matrix. After extracting the pulp
from palmyrah fruits, the fiber remains is considered a
waste and it consists of 53.4% (w/w) cellulose (Reddy et
al., 2016). Cellulose has attracted a lot of interest because
of its distinctive qualities, which include high mechanical
strength, excellent chemical stability, and simplicity of
synthesis, non-hypoallergenic behavior, reinforcement
capacity, biodegradability, bio-compatibility and cheap
material (Reddy et al., 2016). Thus, it can be effectively
used as a reinforcement filler. The aim of the study was to
examine the reinforcement of cellulose nanofibers (CNF)
made from palmyrah fruit fiber (PFF) into a starch-based
biodegradable film.

MATERIALS AND METHODS

Fresh Palmyrah tubers and Palmyrah fruits were collected
from Jaffna, Sri Lanka. NaOH (VWR chemicals, Leuven,
Belgium), Bleaching powder (Local market, Jaffha, Sri
Lanka), Con H,SO, (Sigma-Aldrich, St-Louis, USA) were
used to extract CNF from PFF. Gelatine (Motha, Colombo,
Sri Lanka) and Glycerine (Little Food, Sri Lanka) were
used for the development of biodegradable film.

Extraction of cellulose nanofibers (CNF)

The pulp was removed from palmyrah fruit, and the fibers
were separated. The fibers were washed with tap water and
sun-dried. They were oven-dried using a hot air oven at
50 +5 °C. Alkali treatment, bleaching, and acid treatment
were done successively to separate the CNF using the
method described by Hachaichi et al. (2021) with some
modifications. About 5 g of residue was dispersed in 4%
NaOH and the suspension was stirred at 80 + 5 °C for 2
h. After filtering and washing the treatment was repeated.
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The fibers were dried at 50 +5 °C for 24 hours. Dried
fibers were treated at 60-70 °C in 1% Ca(OCl), solution.
The mixture was stirred at frequent intervals for 1 h and
then cooled in the ice bath. The fibers were filtered using
cold water. The procedure was repeated four times. The
bleached fiber was treated in 10 moldm™ of H,SO, at 40 °C
at 600 rpm. Hydrolyzed cellulose was washed 6-8 times by
centrifuging at 5000 rpm.

Characterization of cellulose nanofibers (CNF)
FTIR analysis

Raw fiber, bleached fiber, and cellulose fiber samples
were finely ground or processed to ensure uniformity and
suitability for ATR-FTIR analysis. The Thermo Scientific
Nicolet iS10 spectrometer was employed for the analysis.
To initiate the analysis, a small amount of each prepared
fiber sample was placed onto the ATR crystal. The analysis
was conducted in the spectral range of 525 - 4000 cm™, with
a resolution set at 4 cm!. For each fiber sample, multiple
scans were acquired to enhance the signal-to-noise ratio
and ensure data reliability. The resulting ATR-FTIR spectra
were then processed and analyzed to identify characteristic
peaks and functional groups, providing valuable insights
into the chemical composition and structural properties of
the raw fiber, bleached fiber, and cellulose fiber samples.

XRD analysis

The CNF sample was finely ground and homogenized well.
Subsequently, the X-ray diffractometer (Regaku Ultima I'V)
was configured with specific parameters: a 40 kV X-ray
source and 30 mA current were employed to generate the
essential X-ray beam. To optimize the X-ray beam for
precise diffraction analysis, a K-beta filter was selected.
The scan mode was set to continuous, and a scan speed of
2.0000 degrees per minute was chosen, with a goniometer
step width of 0.0200 degrees, ensuring data collection with
high precision. The scan axis was configured as 2Theta/
Theta, covering a range spanning from 5.0000 to 80.0000
degrees. The control of incident and receiving slits, with
openings of 2/3 degrees and 0.3 mm, respectively, allowed
for the accurate capture of diffracted X-ray signals. XRD
pattern was analyzed. The crystallinity index (Crl) of CNF
was estimated according to Segal’s method (Terinte et al.,
2011) (Eq. 1)

Crl = 100 x ‘ooz=lam
Ipo2

(Eq.1)

Where, [, gives the maximum intensity of the peak
corresponding to the plane in the sample with the Miller
indices 200 at a 20 angle of between 22-24 degrees and /__
represents the intensity of diffraction of the non-crystalline
material, which is taken at an angle of about 18 degrees 26
in the valley between the peaks.

Formulations of different biodegradable films

Biodegradable films were prepared using the ingredients
as shown in the table 1. Ingredients were mixed at 80 °C
for 20 minutes until gelatinization. The solution was cooled
and poured on a 25 x 15 cm? tray and kept at 40 °C in a hot
air oven for 48 h.
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Table 1: Formulation of different biodegradable films

Film Starch *CNF Gelatin Glycerin Water

®@ @©® (@ @ (mL)
F1 4.5 0.0 1 1.5 93
F2 4.0 0.5 1 1.5 93
F3 3.5 1.0 1 1.5 93
F4 3.0 1.5 1 1.5 93
F5 2.5 2.0 1 1.5 93

*CNF: Cellulose Nanofiber

Mechanical and physical characterization of films
Water vapor transmission rate (WVTR)

A modified wet cup method was used to determine the
WVTR. Distilled water was filled into the cup and was
sealed by the film. The cup was placed in the desiccator.
Silica gel was put into the desiccator to control the Relative
humidity (RH). This experiment was conducted at 53.6%
relative humidity and 23.5 °C. The cups were periodically
removed and then weighed. The WVTR was calculated by
the following equation described in Basha et al. (2011).

Wkt

WVTR =
A

(Eq.2)

where, WVTR: water vapor transmission rate (g/m? d), w:
weight change (g), t: time (d), and A: test area (m?).

Water solubility (WS)

A modified weight loss method was used to determine
the water solubility. About 2 cm x 2 cm specimens were
weighed and dissolved in distilled water for 24 h. After
24 h, specimens were removed and dried at 90 °C till a
constant weight was attained. WS was determined by the
following equation described by Niu et al. (2021).

_ (M1-M2)

) (Eq.3)

where, M1: Initial weight (dry basis) and M2: Final weight
(dry basis).

Water activity (a,)

ws

Films were cut into small pieces. Water activity was
measured using a water activity meter (LabTouch-aw,
novasina, India).

Moisture content (MC)

About 2.0 cm x 2.0 cm specimens were used to determine
the moisture content. The specimens were placed in an
oven at 110 °C until a constant dry weight was attained.
MC was determined using the following equation stated by
Marichelvam et al. (2019) as follows,

(Wi—-Wf)*100

Wi (Eq.4)
Where, Wi: Initial weight and WT: Final weight.
Thickness

MC(%) =

The thickness of the film was measured at five different
points of the films wusing a Micrometer (INGCO,
HMMO0025-ING, China), and the average thickness was
calculated.
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Transparency

Film transparency was determined using a UV-Vis
spectrophotometer. The film samples were fixed in the
cuvette such that the light beam passed through the film.
The transparency was determined at 600 nm in triplicate
(Han & Floros, 1997) and the values were calculated using
the following equation,

Absorbance(600nm)
Thickness

Transparency(%) =

Biodegradability Test

The biodegradability test was conducted with soil as
per the method described in Marichelvam et al. (2019).
The specimens were cut into 2 cm x 2 cm pieces. Soil
which is rich in nitrogenous bacteria was taken near the
leguminous plant roots and the specimens were buried at 3
cm depth. Buried specimens were taken from the soil to be
observed visually for 15 days. Days taken for the complete
biodegradation were observed.

Tensile Strength

The tensile strength was measured using a Universal Testing
Machine (WEW, Jinan Kason Testing Equipment Co. Ltd,
China) using the method described in Tongdeesoontorn et
al. (2012).

Statistical analysis

Statistical data were analyzed by using Minitab 19
software. All the analyses were carried out in triplicates
and results were obtained as mean + standard deviation.
One-way analysis of variance (ANOVA), Turkey pairwise
comparison linear regression analysis was used for
statistical analysis with 95% significance confidence
interval.

RESULTS AND DISCUSSION

Optimizing the CNF extraction method

Alkaline treatment was done using NaOH to facilitate the
solubilizing of lignin from the fibers. Bleaching of fibers
was done to remove surface impurities such as lignin and
hemicellulose. This was followed by acid hydrolysis to
facilitate a larger molecule split into several smaller ones.
Sulphuric acid is effective in recovering the maximum
yield by hydrolyzing the cellulose (Kong-Win Chang et al.,
2018), the yield was 37.89% w/w.

Characterization of CNF
FTIR analysis

FTIR analysis was employed to assess the impacts
of alkaline, bleaching, and acid treatments on the
fiber’s functional groups, bonding types, and chemical
components. The FTIR spectroscopic data for both
untreated PFF and treated fibers can be observed in Figure
1. All the spectra exhibit a broad band region at 3000 to
3500 cm’, indicative of the free O—H stretching vibration
attributed to the OH group in cellulose molecules (Hajji et
al., 2016). Additionally, all spectra feature the characteristic
symmetric/ asymmetric C-H stretching vibration around
2900 cm™ which is associated with cellulose components
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interacting with lignin molecules (Md Salim et al., 2021).
The decrease in intensity at this absorption peak, stemming
from the removal of lignin content in the fibers, suggests
that the alkaline treatment was less effective in eliminating
lignin constituents, while the bleaching treatment
successfully eliminated lignin.

The FTIR peak detected at 1730 cm™! in the raw PFF sample
is linked to the stretching vibration of C=0O bonds found
in acetyl and uronic ester groups, which can appear from
pectin, hemicelluloses, or the ester linkage of carboxylic
groups in compounds like ferulic and p-coumaric acids
present in lignin and/or hemicellulose (Raju et al., 2023).
Simultaneously, the peak at 1240 cm™ observed in the raw
PFF spectrum is attributed to the stretching vibration of
C-O bonds associated with acetyl or aryl groups within
lignin (Cheng et al., 2023). As the fibers undergo chemical
treatments, these two peaks gradually diminish in the
spectra due to the removal of hemicellulose and lignin
during the treatment processes.

The absence of a peak at 1590 cm™, which corresponds
to the C=C stretching of aromatic rings in lignin, after the
treatments indicate that the removal of hemicellulose and
lignin has taken place (Sayakulu et al., 2022). Additionally,
a consistent peak at 1010 cm™ is observed in all spectra,
which can be attributed to the skeletal vibration of the C-O-C
pyranose ring (Oladipo et al., 2023). The most prominent
absorption band at 884 cm™ consistently increases with
alkali and bleaching treatments. This band corresponds to
the glycosidic —C-H- deformation, including contributions
from ring vibrations and —O-H bending (Giri et al., 2021).
These characteristics are indicative of the B-glycosidic
linkage between anhydroglucose units in cellulose and
are more pronounced with the progression of alkali and
bleaching treatments (Rosli et al., 2013).

The XRD patterns of CNF samples are shown in Figure
2. The results revealed prominent characteristic diffraction
peaks at 16.34°, 22.54°, 28.54°, and 34.9°. Among these
peaks, those at 16.34°, 22.58°, and 34.9°, correspond to the
crystallographic planes (110), (200) and (004) of cellulosic
fiber, as documented by (Yudha et al., 2021) in their XRD
analysis of salacca midrib fibers. The pattern consists of
crystalline and amorphous peaks, which are types of semi-
crystalline material (Huang et al., 2020). The crystallinity
index of the CNF from PFF is about 34 %. Notably, the
XRD pattern of CNF displays sharp peaks attributed to
impurities in the synthesized CNF, which may adversely
affect the intensity of the crystalline peaks. Consequently,
it is imperative to explore potential methods for identifying
the source and eliminating these impurities.

Table 2 and Figure 2 shows the data of particle size
distribution of CNF and Particle size distribution of CNF.
According to these data, The D10 value for CNF particles
is 35.6 nm which means that 10 % of the cellulose particles
in the sample are smaller than 35.6 nm in diameter. The
D50 value for cellulose particles is 62.3 nm which means
that 50 % of the cellulose particles in the sample have a
diameter smaller than or equal to 62.3 nm, and the other 50
% have a diameter larger than this value. The D90 value for
cellulose particles is 101.5 nm which means that 90 % of
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Figure 1: FTIR spectra of (a) raw Palmyrah Fruit fiber (PFF); (b) After alkaline treatment; (c) After bleaching; and
(d) Cellulose Nanofiber (CNF) after acid hydrolysis
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Figure 2: XRD pattern of Celluloose Nanofiber (CNF) sample (a) with background and (b) without background

the cellulose particles in the sample are smaller than 101.5
nm in diameter.

The particles with sizes less than 100 nanometers (nm) are
commonly referred to as nanoparticles. The Given data in
Table 2 includes D90 values of 101.5 nm for CNF particles,
it’s accurate to say that these particles are in the nanoscale
range but just slightly above the 100 nm threshold. Hence,
synthesized CNF particles are in the nanoscale.

Table 2: Data of particle size distribution of Cellulose
Nanofiber (CNF).

D10 (nm)
35.6

D50 (nm)
62.3

D90 (nm)
101.5

Sample

Cellulose

Mechanical, physical, and optical properties

The mechanical and physical properties of different
formulated films are shown in Figure 4. Figure 4a shows
that the addition of CNF progressively raises the TS up

to formula 4. Tensile strength of the films with different
treatments varied from 4.60 to 9.5 MPa. These results of
TS were similar to the study reported by Nordin et
al. (2018). The incorporation of 2.0 g of cellulose has
resulted in less tensile strength than that of 1.5 g cellulose.
The reason could be the excess cellulose that produced
agglomerations and an uneven distribution of stress inside
the matrix of the film can be responsible for the decrease
in TS. According to the study of Savadekar and Mhaske
(2012), the addition of more reinforcing agents can also
result in phase separation, poor particle distribution, and
large agglomerates. However, due to the good dispersion
and strong interaction between the cellulose and starch
matrix, the TS values obtained were still larger than the
values reported for the treatment F1. Thus, values were
in accordance with the previous findings as there is a
positive relation between incorporation of cellulose into
the starch film and its tensile strength up to a certain level
CNF concentration was inversely proportional to film
transparency (See Figure 4f)
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Figure 3: Particle size distribution of Cellulose Nanofiber (CNF).
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Figure 4: Physical and mechanical parameters (a) tensile strength, (b) water vapour transmission, (c) water activity, (d)
thickness, (¢) water solubility and (f) transparency (g) moisture content of differently formulated films.
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The thickness of the film with the above treatments varied
from 0.13 mm to 0.21 mm. Thickness after the treatment
F1 reported by Sobini et al. (2022) ranged from 0.11-0.16
mm. (See Figure 4d). The incorporation of CNF into films
resulted in a gradual increase in thickness.

The properties suchas WVTR, WS, and MC of the treatment
F1 were 4.10+£0.00 g/m=.d, 63.09+0.03 %, and 14.43+0.02
% respectively (See Figure 4b, Figure 4¢ and, Figure 4g
respectively). These results were similar to the results
reported by Sobini et al. (2022). However, treatment F5
possessed the lowest values of WVTR (3.82+0.003 g/m™.
d),a  (0.442), and WS (50.37+0.07 %). Moisture content,
WVTR, and WS decreased with increasing concentration of
CNF. Parameters like MC, WS, and WVTR are dependent
on the hydrophilic properties of the film. The more exposed
hydroxyl groups attract more water molecules and increase
the MC. Hydroxyl groups try to make hydrogen bonds
with surrounding water molecules. An extensive block is
caused by cellulose after the in-cooperation of cellulose. As
a result, the hydrogen bond formation between hydroxyl
groups of the film and surrounding water is interrupted
which results in the reduction in WVTR, WS, and MC.
Thus, the incorporation of CNF into the film has aided in
the favorable physical properties of the packaging film.

Biodegradability

The films incorporated with cellulose exhibited an
excellent degradation property as shown in figure 5. The
biodegradability of cellulose film was low in the first
two days. While it was accelerated after two days. The
film was changed into small pieces within the first three
days and degraded rapidly. It took nearly 5-12 days for
the complete biodegradation of the films. Morphological
characteristics of the samples buried in the soil is shown

‘,7. g' ‘,
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in figure 5. Yellow/brown spots appeared on the surface of
the starch film after two days of burying in the soil (Cater
et al., 2014). After four days of burying, cracks, holes and
obvious etches, appeared on the cellulose films, while the
film F1 degraded and fragmented quickly. However, the
biodegradability of cellulose films took around 5, 10, 10,
11, 12 days for complete soil degradation for F1, F2, F3,
F4, F5 respectively. The reason could be that cellulose has
a higher crystallinity compared to that of starch. As a result,
it takes more time to biodegrade than starch film (Miiller et
al., 2009).

Optimization of films

Optimized film (F4) was selected based on the highest
TS and lower WVTR which showed favorable physical
and mechanical properties than that of starch-based films
(Sobini et al., 2022).

CONCLUSION

The yield of CNF from PFF was 37.890+0.008 %. Synthe-
sis of CNF was confirmed by FTIR and PSD analysis. PSD
results revealed that nano-sized CNF (10-100 nm) was
synthesized successfully. XRD analysis of CNF showed its
mixture of amorphous and crystalline nature. Film formu-
lation (F4) with palmyrah tuber starch (3 w/w %) and CNF
(1.5 w/w %) was optimized as the best formulation based
on the highest TS and lower WVTR. It showed desirable
physical, mechanical, and optical properties including the
thickness, moisture content, water vapor transmission rate,
water uptake, and transparency, water activity, water solu-
bility and tensile strength. All films showed excellent soil
biodegradability within two weeks. Hence, palmyrah fruit
CNF could be effectively utilized to reinforce the starch
based biodegradable packaging films.

Figure 5: Morphology changes of the film F4 after burying in soil (a) after 2 days, (b) after 4 days, (c) after 6 days, and
(d) after 8 days
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