
Preparation of Cellulose Nanocrystals Biofilm from Coconut Coir as
an Alternative Source of Food Packaging Material
Md. Hafizul Islam, Mosummath Hosna Ara,* Mubarak A. Khan, Jannatul Naime, Md. Abu Rayhan Khan,
Md. Latifur Rahman, and Tania Akter Ruhane

Cite This: ACS Omega 2025, 10, 8960−8970 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The current perspective emphasizes on the synthesis
of a biofilm from cellulose nanocrystals (CNC) of coconut coir for
the development of sustainable packaging materials as an
alternative source of plastic. The biofilm was prepared by a
solvent-casting method and investigated by various analytical
techniques. Of them, surface morphology was observed by SEM,
suggesting a crystalline rod shape with particle size of 104−318 nm
and diameter of 15−70 nm. However, CNC was incorporated with
starch at various ratios ranging from 10:0 to 1:9; the ratio 6:4 of
CNC and the binder maximized the mechanical properties of the
polymer. In the presence of a plasticizer and a cross-linker, the film
possessed high tensile strength (38.4 ± 1.57 MPa) and elongation
(8.2 ± 0.39%) compared to commercially available polyethylene
(9.84 ± 0.32 MPa and 23 ± 0.74%). The biofilm possessed a great extent of cross-link structure, divulging through the change of
contact angle (92°), surface morphology (rough surface), crystallinity (45.36%), water vapor transmission rate (427 g/m2/day), and
thermal stability from 232 to 258 °C. The degree of deterioration was assessed by the soil burial test (30−45 days), highlighting the
environmental compatibility of the film.

1. INTRODUCTION
The usage of petroleum-based products over the last five
decades has created an impact on earth that is irreplaceable
and unrecoverable. Scientists and researchers are thriving for
alternative biobased sustainable resources to replace petro-
leum-based packaging materials.1 One such alternative pack-
aging material is a natural fiber that is biobased, recyclable, and
biodegradable material made of cellulose. Moreover, it is a
highly suitable material for addressing sustainable and eco-
friendly packaging issues, as well as it can reduce the reliance
on fossil fuels and diminish greenhouse gas emissions.2,3

Cellulose from green sources is the world’s inexhaustible and
renewable resource with an annual production of about 1.5 ×
1012 tons and has been widely developed for packaging,
mulching film, biomaterials, and other applications.4,5

Furthermore, cellulose-based films are frequently utilized in
packaging films because of their many advantageous qualities,
which are predicted to displace PE films derived from fossil
fuels. These qualities include renewability, biocompatibility,
and environmental friendliness.4,6 Nanocellulose (NC), which
has a diameter of no more than 100 nm, is produced by a
number of methods, including chemical and mechanical
treatments as well as enzymatic hydrolysis, after cellulose has
been extracted from raw materials.7 Cellulose nanocrystals
(CNC) are one of the interesting materials that have attracted

many researchers over the decades as they exhibit a number of
characteristics that indicate promising applications in the fields
of biomedicine, materials packaging, papermaking, and other
fields. These features include high Young’s modulus, high
crystallinity, high specific surface area, and high tensile
strength.7

Cellulose and its derivatives can be blended with various
biopolymer matrices such as starch and polylactic acid (PLA)
to improve their physical and mechanical qualities.8 Again, the
products made from natural polymers are stiff and brittle; thus,
it is required to add a plasticizer to the polymer matrix to
enhance their flexibility properties. Glycerol is one of the
plasticizers utilized in the production of packaging materials
that has scientific impact because of its low cost and high
availability.9 Moreover, the mechanical properties of a material
can be enhanced by using cross-linking agents, such as citric
acid, boric acid, glutaraldehyde etc.10 Fruits frequently contain
citric acid (CA), which is a cheap and easily accessible organic
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acid. The multicarboxylic structure of CA can create more
covalent bonds to the existing hydrogen bonds, enhancing the
water resistance and increasing the mechanical strength.11 The
most crucial aspect is that both glycerol and CA are
nutritionally safe because they are nontoxic metabolic products
of the body that have already been approved by the US FDA
(Food and Drug Administration) for use in food composi-
tions.12

The production of coconut is concentrated in tropical Asian
countries, like Indonesia, India, Bangladesh, Sri Lanka, and
Vietnam.13 Bangladesh ranked the 12th position in the world
for coconut production, with over 2800 ha of coconut land and
an average annual production of 431,596 MT.14 Coconut fiber,
frequently referred as coir fiber, consists of around 3−4%
pectin, 0.15−2.5% hemicellulose, 30−46% lignin, and 32−50%
cellulose.15,16 Most of the time, it is composted, burned, or
disposed in landfills to create organic fertilizers. Burning coir
fiber causes air pollution and other environmental issues.17

Due to the growing consumer demand for safe and healthy
food products without containing synthetic additives, we
aimed to explore a novel, effective, and innovative food
preservation technology that can make the food packaging
sector an emergent trend area with a great business potential.
Therefore, the aim of this research was to extract cellulose
from coir fiber and develop an environmentally friendly biofilm
as packaging material that will be mechanically strong and
robust during service as well as maintain a unique balance
between degradability and durability. In this study, a novel
experimental design was developed for the preparation of the
biofilm. The study also explored the use of glycerol as a
plasticizer and CA as a cross-linking agent at different ratios to
optimize the preparation of the biofilm. Throughout the
research, environment pollution could be reduced and the
waste product of coconut could be utilized as a value-added
product. Moreover, a variety of advanced characterization
techniques were used in this research to investigate the
chemical structure, thermal stability, surface morphology,
hydrophobic property, mechanical strength, water vapor
permeability, and biodegradability of the prepared film.

2. MATERIALS AND METHODS
2.1. Materials. In this research, sulfuric acid (ACS reagent,

purity 95.0−98.0%), sodium chlorite (analytical grade, purity
80%), potato starch (Sigma-Aldrich, purity ≥98%), acetic acid
(purity ≥99%), and sodium hydroxide (reagent grade, purity
≥98%) were purchased from Sigma-Aldrich for the extraction
of cellulose and preparation of CNC. Glycerol as plasticizer
(ACS reagent, purity ≥99.5%), and citric acid (analytical
grade, purity ≥99.5%) as cross-linking agent were both
purchased from Sigma-Aldrich for the preparation of the
biofilm.
2.2. Cellulose Extraction and Isolation of CNC.

Coconuts belonging to the Cocos nucifera species were
collected from the local market of Khulna, Bangladesh. The
samples were brought to the lab to be chopped, sun-dried, and
then cut into small pieces about 3−5 mm long. In this research,
cellulose was extracted from coir fiber using alkali treatment
and a bleaching process according to a previous method with
slight modifications.18 This chemical treatment method was
optimized for the extraction of high cellulose content within a
short period of time and utilization of lower energy
consumption compared to previous reports.18−20 Then, 10.0
g of coconut coir was treated with 200 mL of 5, 10, 15, and
20% (w/v) sodium hydroxide aqueous solution and the
mixture was stirred constantly at 200 rpm for 4 h at 90 °C.
Deionized water was used several times to wash the alkali-
treated fiber until the alkali was entirely eliminated. After that,
300 mL of 2% (w/v) sodium chlorite solution was used to
execute the bleaching process. In order to keep the solution’s
pH at 4, acetic acid was added. After 3 h of stirring (250 rpm)
at 80 °C, the mixture was cleaned with deionized water until
the pH reached neutral. Then, cellulose was oven-dried at 60
°C and the yield of cellulose from the samples was calculated
according to eq 1. Finally, cellulose nanocrystals (CNC) were
prepared as described in previous studies.21

= ×cellulose (%)
weight of cellulose

weight of the sample
100%

(1)

2.3. Preparation of Biofilm. In order to develop the
biofilm, CNC was blended with starch in different ratios,

Table 1. Experimental Design for Biofilm Preparation (Optimization of CNC, Starch, Glycerol, and Citric Acid)
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ranging from 10:0 to 1:9 (Step 1). Then, glycerin was added as
the plasticizer, about 10−50% (w/w) by the overall solute
weight of CNC and starch (Step 2). Subsequently, CA was
added as the cross-linker, about 10−50% (w/w) by the overall
solute weight of CNC and starch (Step 3), Table 1. All of the
compounds were mixed together by using a high-speed
homogenizer (Wiggens D-500 Pro, Germany) until a
homogeneous gel-like solution was obtained (stirred at 350
rpm for 30 min, temperature 70 °C). Finally, the films were
prepared by the casting method, i.e., casting the prepared
suspension on a Polyester Teflon surface and drying it in a film
casting machine Figure 1. After each step, the tensile strength
and elongation at break were measured by a universal testing
machine (UTM). The optimized ratio of CNC to starch (w/
w) was 6:4 with glycerol of 10% and CA of 20%. The biofilms
were prepared based on the ratio of their mechanical strength
for food packaging applications.
The schematic diagram for the preparation of biofilm is

given in Figure 1.
2.4. Characterizations. 2.4.1. FT-IR Spectroscopy. For the

identification of functional groups, FT-IR spectra were
measured using attenuated total reflectance (ATR) by
Shimadzu IRSpirit (Japan). The samples’ FT-IR spectra were
recorded using an average of 32 scans in the transmittance
mode range of 4000−400 cm−1.
2.4.2. Mechanical Tests. A universal testing machine

(Zwick Roell Z010, Japan) was used to assess the mechanical
characteristics of the produced biofilms, including tensile
strength (TS) and elongation at break (Eb%), using the
standard test procedure specified by the American Society of
Testing and Materials (ASTM D882).22 With a maximum
force capacity of 10 kN, each specimen was evaluated using at
least five samples and the testing process was repeated until
tensile failure.
2.4.3. X-ray Diffraction (XRD). Crystallographic investiga-

tion of the samples was conducted using a Rigaku Smartlab SE
(Japan) X-ray diffraction (XRD) machine. The X-ray
generator’s current and tension was 30 mA and 40 kV,
respectively. The wavelength of Cu Kα used was 0.154 nm.
The data was acquired throughout the 2θ range, from 4 to 60°,
using a step size of 0.02° (2θ) and a scan speed of 0.5°/min.
The crystallinity was determined based on the ratio of the
crystalline region’s area to the total area in the XRD spectra.
Equations 2 and 3 was used to compute the crystallinity index
and average crystallinity size.23

= ×

crystallinity index, CI (%)
area of crystalline peaks

area of crystalline and amorphous peaks
100%

(2)

=D
K

average crystallite size,
cos (3)

2.4.4. Scanning Electron Microscopy (SEM). Scanning
electron microscopy (SEM) images were analyzed in order
to evaluate the surface morphology. The specimens were gold-
coated using a sputtering device (JEOL, JFC-1200) with a
carbon conductive tape (Ted Pella Inc.) and visualized using
ZEISS Sigma 300 VP (Germany) with an accelerating voltage
of 15 kV.
2.4.5. Thermogravimetric Analysis (TGA). A thermogravi-

metric analyzer from the SHIMADZU TGA-50 Series (Japan)
was used to examine the thermal characteristics. For each
measurement, a platinum pan containing 3−6 mg of the
sample was filled. The nitrogen flow rate was maintained at 2
mL/min and thermograms were obtained at temperatures
ranging from 30 to 600 °C.
2.4.6. Water Absorption Test. The ASTM D570 standard

was followed in determining the water absorption character-
istics of the biofilms.23 Water uptake percentage (%) was
calculated using the model (eq 4)

= ×W W
W

water absorption (%) 100%m d

d (4)

where, Wm is the weight of the sample as a function of time
and Wd = dry weight.
2.4.7. Water Vapor Transmission Test. The water vapor

test was done using textest AG, FX3180 CupMaster, ZURICH
(Switzerland), with a slightly modified version of the ASTM
E96 test protocol. The parameters were test criterion:
equilibrium, weighting interval: 0.50 h, test principle: wet
cup, conditioning time: 1 h, solvent: water, test area: 50 cm2,
relative humidity (RH): 80%, velocity: 0.3 m/s, and maximum
deviation: 15%. The water vapor transmission rate (WVTR)
was calculated according to eq 5

=
·

W
t A

WVTR
(5)

where, Δw/Δt (g/s) is the flux measured as the weight loss of
the cell per unit of time and A (m2) is the actual exposed area.

Figure 1. Diagrammatic depiction of the fabrication of the biofilm using CNC, binder (starch), plasticizer (glycerol), and cross-linker (citric acid)
as food packaging material.
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2.4.8. Water Contact Angle. Using the sessile drop method
on a Kruss G-1 Contact Angle Goniometer (Germany), the
static water contact angle was determined. A strip of the
polymer test material was placed on the goniometer testing
platform as part of the ASTM D5946 test procedure. Water
droplets (3 μL) were dispensed onto the surface using a
syringe assembly (30-gauge needle) and images were recorded
every 3s.
2.4.9. Soil Burial Test. The soil burial method was used to

investigate the biodegradability. For 30 days, the degree of
biodegradation was observed. The samples were cut into 4 cm
× 4 cm pieces and buried 0.15−0.40 m under the soil.24 The
soil had a neutral pH and a 40% moisture level. After 7, 14, 21,
and 30 days, the percentage of deterioration was determined.
Before its weight was determined, each sample was taken out,
cleaned, and allowed to dry at room temperature. Then, the
degree of soil degradation (DSD) was calculated using the
following equation (eq 6)

= ×W W
W

degradation in soil (%)
( )

100%0 d

0 (6)

where, W0 and Wd are the initial and final dry weight (before
and after degradation, respectively).
2.4.10. Statistical Analysis. Each investigation was carried

out three times in parallel, and the mean ± standard deviations
were used to describe the findings. Using SPSS version 16
software (SPSS, Chicago, IL), all the data were analyzed with
no significant difference within the attained values. Analysis of
variance (ANOVA) was performed and the significance of each
mean property value was determined (p < 0.05).

3. RESULTS AND DISCUSSION
3.1. FT-IR Analysis and Composition of Coconut Coir.

After employing 5, 10, 15, and 20% alkali treatment to coir
fiber, it was bleached and was assessed using ATR-FT-IR
(Figure 2a). The carbonyl (C�O) unconjugated stretching
vibration of the ester and the carbonyl group of hemicellulose
were responsible for the peak in coconut coir that occurred at
around 1740 cm−1, as shown by previous research.25 The
majority of the hemicellulose and pectin were likely removed

from the coconut coir in our investigations because the peak at
1732 cm−1 disappeared from the FT-IR spectra following 20%
alkali treatment. Additionally, it showed that the 5, 10, and
15% alkali treatment was insufficient to eliminate the
hemicellulose. The -C�C- stretch of the aromatic rings of
lignin is responsible for the characteristic peak at 1520−1510
cm−1.26 The characteristic peak at 1300−1200 cm−1 was
induced by C−O out-of-plane stretching of the aryl group of
lignin and hemicellulose.25 The peaks at 1518 and 1252 cm−1

could not be observed in cellulose as compared to the native
coconut coir. This indicated that the lignin in the coconut coir
was effectively removed. Moreover, cellulose treated with
different alkalis had identical absorption peaks at around 3400,
2900, 1430, and 1370 cm−1. The absorption peak between
3300 and 3500 cm−1 was caused by -OH groups, whereas the
peak at 2900 cm−1 was attributed to C−H stretching
vibrations.26 The peaks at 1430 and 1370 cm−1 were attributed
to the C−O−H bending. In the same way, the peaks at 1022,
1313, and 1374 cm−1 were related to the C−O−C pyranose
ring skeletal vibration, C−C and C−O skeletal vibration, and
H-bonded -OH group stretching, respectively, of cellulose.27,28

In this study, the cellulose content in coconut coir was found
to be 39.41 ± 0.72% on a dry weight basis. According to
Geethamma et al. and Kongkaew et al., there was 35−43%
cellulose in coconut coir, which was consistent with the
findings of the current investigation.29,30

Moreover, FT-IR spectroscopy analysis is regarded as a
valuable tool for the identification of key functional groups and
bonding in a compound. Figure 2b illustrates the FT-IR result
of the 20% CA content in biofilms. Compared to F-CSG
(CNC/starch/glycerin), films with CA denoted by F-CSG/CA
(CNC/starch/glycerin/citric acid) exhibit a new band at 1730
cm−1, which may be due to the stretching vibrations of
carbonyl groups (C�O), suggesting the existence of
carboxylic acid, ketone, or aldehyde compounds formed by
the insertion of a cross-linking agent.31 Since CA contains
three carboxylic groups, it is possible that esterification
occurred between CA and glycerol, and ester linkage between
starch and CNC supports the development of cross-linking.

Figure 2. (a) Infrared spectra of coconut coir at different amounts of alkali treatment (5, 10, 15, and 20%); (b) indication of cross-linking in F-
CSG/CA by FT-IR spectra (20%), a new peak observed at 1730 cm−1 (C�O).
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The CA that was bonded to CNC and starch has the ability to
break down inter- and intramolecular hydrogen bonds.32

3.2. Mechanical Properties. The tensile strength (TS)
and elongation at break (Eb%) of biofilms at various ratios of
CNC, starch, glycerin, and CA are graphically demonstrated in
Figure 3. The mechanical properties of CNC/starch (CS)-
based biofilms were investigated at different ratios of CNC and
starch from 10:0 to 1:9. The TS value of the prepared biofilms
ranged from 11.2 ± 1.02 to 32.4 ± 1.03 MPa along with Eb%
of 3.1 ± 0.38 to 7.8 ± 0.38%. The F-CS blend polymer showed
significant differences in TS with the increase in starch
concentrations up to 6:4 ratio and then decreased. The CS
ratio (6:4) had the highest TS value of 32.4 ± 1.03 MPa with
Eb% of 7.3 ± 0.61%, which could be due to the interfacial
interaction between CNC and starch. Consequently, this ratio
was recommended for further investigation. Glycerol can

increase the flexibility of biofilms by reducing the intermo-
lecular connections between the chains and changing their
mechanical characteristics.22 Glycerol was added to the
optimized CS ratio (6:4) at different ratios of the solute
weight, ranging from 10 to 50% (w/w). CNC/starch/glycerol
(CSG) blend films had TS ranging from 8.15 ± 1.36 to 24.9 ±
1.22 MPa and Eb% of 9.1 ± 0.29 to 11.4 ± 0.43%. The change
in elongation was not proportional to the increase in the
glycerol content. The elongation of biofilms increased as the
glycerol concentrations increased for a certain percentage and
then decreased. The optimized glycerol ratio was 10% (w/w)
based on mechanical strength, where the TS value was 24.9 ±
1.22 MPa and Eb% was 9.7 ± 0.29%. A higher elongation gives
more flexibility, ensuring that it can withstand deformation
without fracturing easily. According to many studies, an

Figure 3. (a) TS and Eb% of CNC: starch biofilm; (b) TS and Eb% of the biofilm at different glycerol contents (10−50%); (c) effect of CA
contents (10−50%) on the mechanical properties (TS and Eb%) of biofilms.
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increase in glycerol content also enhanced elongation but
significantly lowered TS.31,32

Finally, cross-linker CA was added to the optimized CSG
ratio (6:4−10%) at different ratios of the solute weights
ranging from 10 to 50% (w/w). The CNC/starch/glycerol/
citric acid (CSG/CA)-based biofilm had TS values ranging
from 13.5 ± 1.54 to 38.4 ± 1.57 MPa and Eb% ranging from
8.2 ± 0.39 to 11.8 ± 0.36%. Addition of 20% (w/w) CA into
the CSG film gave an optimum value of TS of 38.4 ± 1.57
MPa with an Eb% of 8.2 ± 0.39%. In this study, TS was
reduced by adding more CA content. Similarly, Yu et al.
reported that the higher the CA content, the more the decrease
in TS.33 Additionally, the researchers observed that CA affects
the mechanical performance. A greater concentration of CA
can significantly lower the TS while increasing the elongation
at break.34,35 This increase in elongation with the addition of
CA might be caused by a synergistic effect, intermolecular
interactions between the polymer matrix, and identical
polysaccharide structures.12 Cellulose and starch polymers
may develop ester linkages and hydrogen bonds with the
hydroxyl and carboxyl groups of CA, which might result in the
creation of a robust structure. As a result, mechanical
characteristics were enhanced and it can resist the diffusion
of water molecules. Therefore, the optimized ratio by
mechanical strength for the biofilm was CNC:starch (6:4),
glycerin 10%, and CA 20%. The mechanical properties of
commercial polyethylene films (plastic polybag) were also
investigated by a UTM machine. It had TS 9.84 ± 0.32 MPa
with an EB% of 23 ± 0.74%. The TS values of commercial
films were lower than those of the optimized biofilm.
3.3. X-ray Diffraction Analysis (XRD). The crystallinity

index of coir fibers, cellulose, CNC, F-CSG, and F-CSG/CA
was evaluated using the XRD technique (Figure 4). The XRD

patterns of cellulose exhibited the characteristic diffraction
peaks around 2θ = 14.6° (110), 16.5° (110), 22.6° (200), and
34.7° (004), as suggested previously, and confirmed that the
crystal lattice type I cellulose was formed after chemical
treatment.4,36 The gradually increasing intensity of CNC peaks
at 2θ = 16.5 and 22.6° showed that the crystallinity of the
material increased by chemical treatment. The CI value

increased significantly when transforming from coir fiber
(40.27%) into cellulose (63.12%) whereas An et al. found CI
45.4% for coconut husk fiber and 72.7% for pure cellulose.37

The increase of crystallinity was attributed to the increase of
the ordered crystalline region resulted from the ordered
cellulose chains.38 However, the chemical agents, processing
technique, and cellulose source have an impact on the CI
value.37 In addition, the average crystallite size of cellulose was
2.89 nm, while the average crystallite size of untreated coir was
6.50 nm. After acid hydrolysis of the coir cellulose, the CI
value was 80.59% and average crystallite size was 2.11 nm in
CNC due to the removal of amorphous domains of cellulose.37

The improved CNC rearrangement allows for a highly ordered
close packing, which in turn improves the hydrogen interaction
between CNC chains to provide the high crystalline and
impact structure as well as sharper diffraction peaks.39

It was evident that the two biofilm samples had similar
characteristic peaks at around 16.5, 22.6, and 34.7°, with a
slight variation in intensity. F-CSG/CA showed a much lower
crystallinity index (45.36%) than F-CSG (65.28%) because CA
disrupted the inter- and intramolecular hydrogen bonds and
led to an amorphous polymer structure. Furthermore, the
formation of more amorphous cellulose structures in the
biofilm was linked to the breakdown of well-organized
cellulose microstructures, which in turn caused this shift in
crystallinity and was advantageous for flexibility and
elongation.23 Addition of CA in the F-CGS/CA crystallinity
index was reduced due to its role in breaking down the
cellulose structure. According to Sommer et al., as the
concentration of the plasticizer and cross-linker increases, the
degree of crystallinity decreases because interactions between
the matrix chains become less frequent.40 However, the actual
correlation between the crystallinity and mechanical properties
can vary depending on the material and film composition as
well as the method of preparation (e.g., annealing, deposition
conditions).
3.4. Scanning Electron Microscope (SEM) Analysis.

The external morphology (texture) and orientation of
materials in the samples were observed by a scanning electron
microscope (SEM). Figure 5a shows a comprehensive,
enlarged microstructure view of the coir fiber by SEM image.
The coir fibers showed a fibrous, string-like appearance with
irregular rough surface. In Figure 5b, a collection of closely
packed crystalline nanorods can be observed, each with a
relatively uniform width but varying lengths. The SEM image
revealed the presence of CNC with particle size 104−318 nm
and diameter 15−70 nm. The surface of cellulose nanocrystals
was smooth with aggregates or clumps.
F-CSG, as shown in Figure 5c, had typically a smooth,

compact, orderly surface, which could be clearly observed from
the formation of clusters. Glycerin contributed to surface
modification, resulting in smoother textures in certain regions
due to its moisture-retaining properties. The regions were
visible where CNC and starch were more concentrated,
forming clusters or aggregates. It also indicated that the
addition of glycerin to the samples helped in plasticization and,
as a consequence, long chains are formed. The cross-linking by
CA influenced the microstructure of the film by surface
modification, Figure 5d. CA interacts with CNC, starch, and
glycerin, leading to changes in surface roughness and texture.
The cross-linking facilitated by CA led to a more
interconnected network structure and integrated matrix with
uniform arrangement within the film.

Figure 4. XRD patterns of coconut coir, cellulose, CNC, and the
prepared biofilms F-CSG and F-CSG/CA.
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3.5. Thermogravimetric Analysis (TGA). The TGA
curve provides insights into the various stages of decom-
position and the associated temperature ranges. According to
reports, adding fiber to starch increases its heat stability when
there is strong adherence between the fiber and the matrix,
which reduces the mass loss in the sample.41,42 The TG curves
of films showed a two-step decomposition pattern, Figure 6. A
small weight loss (approximately 8%) was found in the range
of 90−110 °C, indicating the evaporation of moisture from the
films.
In the F-CSG film, the first predominant stage of

degradation started from 232 °C and ended at approximately
353 °C with weight loss 71.47% due to the pyrolysis of starch
and CNC (Table 2). Further weight loss in the second
degradation was around 413−490 °C (weight loss 97.92%). It
was found that the films cross-linked with CA (F-CSG/CA)
showed significant thermal stability. The first predominant
stage of degradation from 258 to 365 °C (weight loss 57.34%)
was primarily due to the degradation of the polymer chain,43,44

followed by further weight loss in the second degradation
region around 426−503 °C (weight loss 93.74%) correspond-
ing to the breakdown of the polymer backbone and

Figure 5. SEM image: (a) coconut coir (scale 100 μm, Mag: 300×); (b) isolated CNC (scale 1 μm, Mag: 15k×); (c) plasticized biofilm F-CSG
(scale 1 μm, Mag: 20k×); (d) cross-linked biofilm F-CSG/CA (scale 2 μm, Mag: 10k×).

Figure 6. Effect of CA (20%) on the TGA curve of biofilms (F-CSG,
F-CSG/CA).
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degradation of polysaccharide structure (organic fragments).45

F-CSG/CA had a higher onset temperature (where degrada-
tion starts) and a lower mass loss than F-CSG. The
improvement in thermal stability confirmed that, with the
addition of CA, the adhesion between CNC, glycerol, and
starch in the synthesized film was enhanced. CA decreased the
intra- and intermolecular interactions between cellulose-
cellulose and starch−starch chains and strengthened the
bonding interactions between the hydroxyl groups of cellulose
and starch.46

3.6. Water Absorption and Water Vapor Trans-
mission. CNC and starch are naturally hydrophilic; it was
anticipated that the water absorption rate would decrease with
CA cross-linking. In this study, the water absorption rates of F-
CSG and F-CSG/CA were compared for a time period of 0−
120 min. All of the samples had a high absorption rate during
the first 10 min of the soaking period, as shown in Figure 7a,
and this rate remained constant from 15 to 120 min, which was
similar to the previous work of Lee et al.47 Additionally,
Namphonsane et al. conducted a 120 min water absorption
test and observed that as the amount of CA increases, the
water absorption decreases due to the network of cross-linked
structures.48 A steady increment of water absorption with time
was expected until the process reached equilibrium.49 Because
glycerol and starch are hydrophilic, they contributed to the
high water absorption in F-CSG.50 Samples prepared by
adding CA as a cross-linker slowed the water absorption rate.
Since CA lowered the -OH group by creating an ester bond
between CNC and starch, the hydrophilic nature of the
biopolymer was diminished, resulting in a lower water
absorption.51 Water resistivity was better in CA samples
since they did not break into little fragments during the
experiment and kept their forms with just a modest amount of
swelling. After 120 min, the F-CSG film showed a significant

increment of water absorption percentage (92.41 ± 2.36%)
while the F-CSG/CA film showed a lower water absorption
percentage (73.13 ± 1.76%). Similar findings have been
reported by Gerezgiher et al., who observed that after 2 h, the
water absorption (%) of films made from starch, glycerin, and
CA was 90−120%.52 Cross-linking by CA leads to a reduction
in free OH groups, which in turn reduces the hydrophilicity
and improves water resistance.53,54 Moreover, chemical and
physical bonding were the reasons behind the decreased water
absorption property.
Water vapor transmission rate (WVTR) is the most studied

property of packaging materials, mainly due to the vital
function that water plays in avoiding dehydration and spoiling
responses. Figure 7b indicates that F-CSG had water vapor
transmission rates of 863 ± 12.52 (g/m2/day). The values
dropped to 427 ± 11.02 (g/m2/day) after adding CA. The
addition of CA led to a significant decrease in water vapor
permeability (WVP) for F-CSG/CA, confirming again the
formation of a network. WVTR should be as low as feasible
since food packaging materials are frequently needed to
prevent moisture transfer between food and the environment.
Several researchers found that the hydrophilic -OH groups in
films were substituted with hydrophobic ester groups upon the
addition of CA, resulting in a decrease in WVTR.12,31 The
lower WVTR indicates that oxygen and moisture cannot easily
penetrate the packaging material, which is good for food
preservation, and food can sustain a long time without
spoilage. The WVTR of commercial polyethylene was 59 ±
3.62 (g/m2/day).
3.7. Water Contact Angle. Water contact angle (WCA)

measurement was used to assess the generated biofilm’s water
resistance performance and to determine whether the films
were hydrophobic or hydrophilic in nature. WCA would differ
from 0 to 180°, where 0° indicates a highly hydrophilic nature
and above 90° indicates a hydrophobic nature.22 Despite the
fact that several researchers have asserted that biomaterial
surfaces with a WCA > 65° can be considered as hydro-
phobic,55,56 the F-CSG film had a contact angle of 74°, and
after addition of CA, the contact angle increased to 92°,
suggesting the formation of cross-linking, Figure 8. Moreover,
the contact angle of the commercial polyethylene-based plastic

Table 2. Effect of Temperature on Degradation of Biofilms

1st decomposition region 2nd decomposition region

composition temp. (°C) wt. loss (%) temp. (°C) wt. loss (%)

F-CSG 232−353 71.47 413−490 97.92
F-CSG/CA 258−365 57.34 426−503 93.74

Figure 7. (a) Dependence of water absorption (%) in biofilms (F-CSG, F-CSG/CA) at different storage times and the effect of CA (20%); (b)
comparison of the water vapor transmission rates of biofilms (F-CSG, F-CSG/CA) and polystyrene.
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bag was 96°. With a contact angle of 92° and a rougher surface
(from SEM), a nanostructure of the F-CSG/CA film
contributed to increase the surface hydrophobicity. CA with
multicarboxylic structure reacted with the hydroxyl groups of
the polysaccharide chain, leading to new chemical bonds and
forming a different polymer network. The hydrophilic nature
of thermoplastic starch can be diminished by substituting
hydroxyl groups with hydrophobic ester groups.12,57 As a
result, it may be claimed that the produced biofilm could be
used in a range of consumer goods, including food packaging
applications, as well as trash, shopping, and storage bags.
3.8. Soil Burial Test. The biodegradability of the produced

biofilms was tested via a soil burial test. All samples lost their
weight, demonstrating the process of degradation by micro-
organisms. After 7 days, films changed their physical
appearance and exhibited pores, showing the beginning of
degradation. The degradation process of F-CSG film was
significant at 7 days, while in the films with CA (F-CSG/CA)
14 days were necessary. After the first 7 days of incubation,
there was 17.2 and 11.53% weight loss in F-CSG and F-CSG/
CA samples, respectively (Figure 9). After 30 days, the

percentage of weight loss continued to increase over time and
reached 84.90% (F-CSG) and 71.43% (F-CSG/CA), respec-
tively. The experiment suggested that all of the films prepared
were biodegradable within 30−45 days. The addition of CA
reduced the absorption of moisture; therefore, a decrease in
microbial growth in cross-linked samples was anticipated.
These results agree with Maiti et al., who observed that cross-
linking slowed the biodegradability.58 Considering that the

generation of a network by the use of CA is beneficial to many
purposes, it can slow the degradation process.59 Visual
modifications of the samples were also seen after finishing
the test. The samples got broken into pieces when touched and
micropores were observed, which increased the access sites for
water and microorganisms and led to a higher percentage of
biodegradation. However, biological activity, moisture content,
and temperature may all have an impact on the rate of
deterioration.

4. CONCLUSION
The packaging industry plays a significant role in every
country’s economy because products made in a country need
to be packed and transported, which is crucial for the country’s
overall economy. Currently, packaging materials mainly
composed of petroleum-based synthetic polymers face environ-
mental and disposal issues. As a result, developing eco-friendly
and biobased polymers as alternatives has motivated academic
and industrial research. Coconut coir is a major byproduct that
is renewable and recyclable for the preparation of biofilms. In
this research, CNC was isolated from coir fiber and the
biofilm’s durability was enhanced by the addition of a binder,
plasticizer, and cross-linker. The optimized ratio of CNC to
starch (w/w) was 6:4 with glycerol 10% and CA 20%. In
addition, films containing a cross-linker exhibited superior
performance in terms of water vapor transmission rate,
mechanical characteristics, thermal stability, and contact
angle. The developed film possessed a TS of 38.4 MPa with
an Eb% of 8.2%, whereas commercially available polystyrene
had a TS of 9.8 MPa and an Eb% of 23%. The contact angle of
films without CA was 74°; with the addition of CA, the contact
angle increased to 92°. Moreover, the inclusion of CA led to a
significant decrease in water vapor transmission rate from 863
to 427 (g/m2/day), confirming again the formation of cross-
linking. The percentage of weight loss after 30 days was
71.43% (F-CSG/CA), indicating that the prepared biofilm was
biodegradable within 45 days. After addition of CA, the
network structure increased the thermal stability from 232 to
258 °C. The developed biofilm had promising qualities as a
competitive alternative to plastics, including the ease of
manufacture, superior strength, and biodegradability. The
findings concluded that the synthesized biofilm could be a
prominent polymeric material in lieu of synthetic polymers
(LDPE, HDPE, PE, and PP) for the manufacture of
biodegradable and environmentally friendly polybags.
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Figure 8.Water contact angle of different films: (a) without cross-linker F-CSG (74°); (b) with cross-linker F-CSG/CA (92°); and (c) commercial
polyethylene (96°).

Figure 9. Comparison of degradation in soil (%) of biofilms F-CSG
and F-CSG/CA and the effect of CA (20%) in the soil burial test.
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