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In this study, carboxymethyl cellulose was prepared from sugarcane bagasse (CMC SB)
using alkalisation and etherification methods, and CMC SB was utilised to enhance the
physicochemical properties of fish gelatine (FG) based films. Three volume ratios of FG:CMC
SB blends, namely 90 FG:10 CMC SB, 70 FG:30 CMC SB and 50 FG:50 CMC SB were set
to fabricate the biofilms. All components were mixed and degassed before casting and drying at
50 °C in an oven for 24 h. Incorporation of CMC SB into FG based films increased the elongation
at break (EAB) and tensile strength (TS) values from 15.28 £ 1.02 MPa and 38.44 + 1.73% (pure
FG) to 16.79 + 1.28 MPa and 43.36 £ 2.17% (50 FG:50 CMC SB), respectively. The interaction
between the -OH groups of FG and the COO- groups of CMC SB was revealed by FTIR analysis.
FESEM analysis showed that films with lower CMC SB concentrations exhibited a relatively
homogeneous cross-sectional morphology, whereas higher CMC SB concentrations resulted in
phase separation and heterogeneous structures. The films were degradable under simulated
compost environmental conditions. In summary, FG:CMC SB films are potential candidate for
environmental friendly food packaging materials.
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Over the last few decades, the food industry's
packaging utilisation has increased exponentially,
driven by consumer demand for more durable,
convenient products and safer. The food sector is
estimated to consume more than 40% of all packaging
materials used worldwide [1], demonstrating this
element's significance in the food value chain.
Millions of tonnes of synthetic plastic film derived
from petroleum are used for a variety of purposes,
particularly in the food packaging sector. Plastic
packaging materials have been exploited and are
accumulating in the environment at a very worrying
rate. As an alternative to lessen environmental impact,
environmentally friendly plastic food packaging
has been proposed as a viable alternative to
address this issue [2, 3]. Bio-based active packaging
is a suitable candidate to replace synthetic plastics
because it is non-toxic, versatility, low cost and
environmental friendliness [4, 5].

Natural polymers such as proteins, lipids, and
polysaccharides are significant constituents as raw
materials for development of bioactive packaging

films [6, 7, 8]. Gelatine is a protein-derived biomaterial
that is often used in the preparation of films as food
packaging materials. This is due to its exceptional
characteristics and film-forming ability, and versatility
as well as low cost. Furthermore, gelatine is a
renewable, edible, and biodegradable material that can
be combined with bioactive substances to produce
functional packaging films [9, 10, 11]. In general,
gelatine film had substantial water absorption due
to the presence of numerous hydrophilic groups,
which may have weakened the film's mechanical
characteristics and water vapour transfer. As a result,
combining gelatine with other biopolymers including
cellulose, chitosan and gum is a possible solution
to eliminate the inadequacies of gelatine-based
films [12, 13].

Carboxymethyl cellulose (CMC), a valuable
cellulose derivative, is widely used in a variety
of industries, including pharmaceutical, food
exploration, paper, plastics, textile, paint, biomedical,
construction, cosmetics, and oil, due to its superior
film formability, high viscosity, good gas barrier
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properties, biocompatibility, and stable internal
network structure [9-16]. CMC is a water-soluble
anionic derivative of cellulose, a linear polysaccharide
composed of anhydro glucose units connected by
B-1,4-glycosidic linkages. The primary molecular
distinction between cellulose and CMC is that in
the CMC structure, some anionic carboxymethyl
groups (such as -CH>,COOH) replace the hydrogen
atoms from some hydroxyl groups found in pure
cellulose [17].

Sugarcane bagasse, a by-product of sugar
production after extracting juice from sugarcane, is
abundant throughout Asia and has the potential to be
turned into value-added products. Sugarcane bagasse
is a lignocellulosic substance that principally contains
cellulose, hemicellulose, and lignin [18, 19]. As a
result, it has the potential to be used as a raw material
in the manufacture of a wide range of products via
various conversion processes. Sugarcane bagasse can
be converted into biopolymers or polymer derivatives.
Kossalbayev et al. [20] emphasise the importance of
research into a biodegradable composite made of
cellulose and natural resins, which exhibits favourable
mechanical properties and significant degradation
under soil conditions, indicating its potential as a rigid
packaging material with low environmental impact.

The creation of active packaging, which is
thought to be one of the most effective methods for
increasing the shelf life and enhancing the safety of
packaged food items, is currently the subject of
research. In order to produce active food packaging
films, this study aims to explore unique alternative
raw materials. Materials intended for food-packaging
applications must exhibit adequate mechanical and
thermal properties, effective barrier performance
against gases, and sufficient optical transparency [21,
22,23]. The current study aimed to assess the visibility
of FG:CMC SB blend films as viable biodegradable
materials for active food packaging applications.
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EXPERIMENTAL
Chemicals and Materials

Fish gelatine (FG) with a bloom value of around
210 g and a mesh size of 20 was obtained from
Malaysia's Halal Gelatine Hub. The method reported
by Yaradoddi et al. [24] was used to produce
carboxymethyl cellulose from sugarcane bagasse
(CMC SB) with minor modifications. Glycerol with a
purity 0of>99.0% (Product No. G7757) was purchased
from Sigma-Aldrich.

Preparation of Carboxymethyl Cellulose (CMC)
from Sugarcane Bagasse (SB)

Cellulose Extraction from SB

The overall procedure for cellulose extraction from
sugarcane bagasse and its subsequent conversion into
CMC is illustrated in Figures 1 and 2. Specifically,
the schematic mechanism on producing CMC from
cellulose is presented in Figure 1. Figure 2 illustrates
schematic representation of the cellulose extraction
from raw sugarcane bagasse. SB was cut into 1 to 2
cm little pieces. The SB pieces were weighed and
dried at 80 °C for 16 h. After the incubation period,
the SB pieces were ground with a laboratory grinder.
The 500 g SB was treated with 1000 mL of 0.5%
(v/v) acetic acid and 1.0% (v/v) sodium chlorite
for lignin removal and acid hydrolysis. Acid
hydrolysis eliminates the imperfect crystalline structure
and improves its purity. The mixture was heated in a
water bath at 80 °C for 2 h. At this stage, the
appearance of SB changed from dark brown to light
brown. The ground SB was filtered through a 0.5 mm
diameter laboratory mesh. The cellulose pulp was
rinsed with deionised water until a neutral pH was
obtained. Then, the pulp was dried at 80 °C to constant
mass. The moisture content of SB was calculated as
shown in Equation (1), and the moisture content of the
pulp obtained was nearly 6.0%.

Dry weight (g) x 100 (1)

O-Na
Q + nHzO

OH

Mercerised cellulose Water
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Step 2: Etherification
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Figure 1. Schematic mechanism for the production of CMC from cellulose.
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Figure 2. Schematic representation of the cellulose extraction from raw sugarcane bagasse.

Conversion of Cellulose from SB to CMCs

The conversion of cellulose from SB into CMC
involves two primary steps, namely alkalisation and
etherification, as illustrated in Figure 3. Maceration
improves cellulose integrity and gives it a more
radiant appearance. 400 mL of isopropanol and 100 mL
of 30% (w/v) sodium hydroxide solution were used to
soak the sugarcane cellulose pulp. To alkalise the
cellulose, the sample combination was incubated for
approximately 1 h at 60 °C in a water bath. The fat
body and exterior matter were removed using a high
concentration of NaOH, giving SB a softer texture

without causing any damage. The production of
CMC involves conversion of hydroxyl (-OH) group
into ether (-CH,COO-) group, and this process is
known as etherification. Monochloroacetic acid
(MCC) was added concurrently with the etherification
process, and the reaction was maintained at 60 °C for
over 3 h to create the dual phases. The lower solid
phase was transferred to 70% (v/v) methanol and
neutralised with acetic acid. To desalinate it from
the side reaction, 70% (v/v) ethanol was used. After
another methanol wash, it was let to dry overnight at
60 °C. Equation (2) was used to calculate CMC yield
after weighing the samples.

Yield of CMC (%) =

Weight of CMC (g)
Weight of cellulose (g)

x 100

2
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Phase I: Mercerisation of Cellulose
SB cellulose pulp was immersed in
400 mL of isopropanol and 100 mL
of 30% (w/v) sodium hydroxide
solution

-

Rinsed with 70% (v/v)
ethanol, re-washed with
methanol and dried
overnight at 60 °C.

Phase II: Etherification

After addition of monochloroacetic
acid (MCC), the reaction was set at
60 °C for 3 h. Precipitate was
transferred into 70% (v/v)
methanol and the pH was adjusted
to neutral with acetic acid,
CH3COOH.

e —

Utilisation of Carboxymethyl Cellulose from
Sugarcane Bagasse to Improve Physicochemical
Properties of Fish Gelatine Based Films

|

The sample mixture was incubated
at 60 °C in a water bath for
approximately 1 h.

Figure 3. Schematic representation of the conversion of cellulose from SB to CMCs.

Preparation of Films

The film production procedure employed in this
investigation was based on the methods of Khodaei
et al. [25] with certain adjustments to improve
film uniformity, structural integrity, and nanoparticle
dispersion. Fish gelatine (FG) and carboxymethyl
cellulose made from sugarcane bagasse were combined
to create a binary composite that substituted the
original process's combination of gelatine, gum
tragacanth, and pectin polymer. FG:CMC SB ratios of
90:10, 70:30, and 50:50 (v/v) were used to create film-
forming solutions (FFS). Before mixing, the CMC SB
was centrifuged at 4,000 rpm for 10 mins at 25 °C to
ensure complete homogeneity and the removal of
insoluble residues. To remove any trapped air bubbles,
the resultant mixtures were vacuum degassed for 20
mins after being homogenised for 10 mins using an
ultrasonic processor (500 W, 20 kHz, pulse mode: 11
s on/2 s off). The films were cast into petri dishes and
dried for 24 h at 50 °C to encourage uniform solvent
evaporation and improve film uniformity, as reported
by Khodaei et al. [25].

Preparation of FG:CMC SB Blended Films
FG Solution Preparation

IKA C-MAG HS 7 magnetic stirrer was used to
suspend precisely 3.0 g of FG in 100 mL of deionised
water and agitate it for 1 h at 750 rpm. After that,
the suspension was magnetically whirled for a

further hour while maintaining a constant temperature
of 50 °C.

Carboxymethyl Cellulose Sugarcane Bagasse (CMC
SB) Solution Preparation

A 3.0 g quantity of CMC SB was distributed in 100 mL
of deionized water. To ensure full disintegration, the
resultant suspension was stirred above at ambient
temperature for 1 h. The mixture was then centrifuged
for 10 mins at 4,000 rpm using a Hettich Rotofix 32A
centrifuge.

FG:CMC SB FFS Preparation

Different FG:CMC SB volume ratios, namely 90
FG:10 CMC SB, 70 FG:30 CMC SB, and 50 FG:50
CMC SB, were combined to make FFS. After that, 1.5
mL of glycerol solution was added into the mixtures
to act as a plasticiser. The FFS was agitated on a hot
plate for another hour to ensure uniformity. A Smart
Ultrasonic Processor (Nanjing Genchen Scientific
Instrument Co., Ltd.) with a titanium probe running at
500 W and 20 kHz in pulse mode was then used to
homogenise it. In order to prevent overheating and
ensure even dispersion of the nanofillers, the mode
was programmed to be active for 11 s, interspersed
with a 2 s pause every 10 mins. The FFS samples were
vacuum desiccated for 20 mins at reduced pressure in
order to remove dissolved gases. Additionally, pure
gelatine films were created as a control.

Casting

Each 20 mL aliquot of FFS was gently pipetted into a
150 mL petri dish. The FFS solution was placed in a
forced convection oven for 24 h at 50 °C for isothermal
treatment. The resulting clear coatings were manually
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removed after drying [25]. The films were then stored
in a desiccator to retain their hygroscopic stability
until further analysis.

Characterisation of Films

This study examined the physicochemical properties
of all biopolymer films. The samples were analysed in
triplicate, and the results are displayed as mean +
standard deviation (SD).

Thickness

Film specimens with a flat surface, uniform texture
and consistent nominal thickness were selected. The
film was divided into strips measuring 15 mm wide
and 80 mm long. The thickness of each resulting strip
was measured using an INSIZE 1108-150 Digital
Calliper. Three discrete measurements were made at
randomly selected positions along each strip to obtain
a statistically robust average.

Elongation at break (EAB) and Tensile Strength (TS)
Analyses

The average cross-sectional area was calculated by
cutting the biopolymer film into 50 mm x 10 mm
strips and measuring their thickness at three different
places. The films' elongation at break (EAB) and
tensile strength (TS) were measured using an Instron
5967 Universal Testing Machine with a 1 kN load cell,
flat pneumatic grips set at a distance of 30 mm, and a
preload of 0.1 N, in accordance with ASTM D822
Standard Test. EAB was estimated as the percentage
increase in gauge length from 30 mm to the length at
which the film failed. TS was computed by dividing
the peak force at break by the beginning cross-
sectional area.

Water Vapour Permeability (WVP) and Oxygen
Permeability (OP) Analyses

The barrier viability of the biopolymer films for
packaging applications was demonstrated through
water vapour permeability (WVP) and oxygen
permeability (OP) measurements. WVP was
determined in accordance with ASTM E96-2016
standards using Equation (3):

wvp=YIR «p 3)
Ap

where Ap is partial water vapour pressure difference
across the film, £ is the film thickness, and WVTR is
the water vapour transmission rate, calculated via
Equation (4):

WVTR =22 4)
t.A

In Equation (4), A m represents the mass
change over time t, and A is the exposed film
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surface area. Oxygen permeability (OP) was
evaluated according to ASTM D3985 using a
coulometric sensor-based Oxygen Permeability
Analyzer (Systech Illinois 8501). OP was computed
using Equation (5):

OTR x ¢ (5)
Ap

OP=

where OTR represents the oxygen transmission rate,
expressed in cm™ m? day! atm™!. The expression
comprises £ (film thickness), Ap (oxygen partial
pressure in kPa across the film), and OTR (oxygen
transmission rate).

Transparency Properties

The transparency of the samples was determined by
collecting opacity data at 600 nm with an Agilent Cary
60 UV-Visible Spectrophotometer. The films were
assessed at wavelengths ranging from 200 to 800 nm.
Equation (6) formulated by Han and Floros [26] was
used to calculate the opacity values:

Transparency = % (6)

Where A indicates the absorbance at 600 nm
and x denotes the film samples' thickness (mm).

Morphology and Microstructures

Field emission scanning electron microscopy (FESEM)
was used to characterise the surface morphology of the
produced biopolymer films, with special emphasis on
porosity and structural uniformity. Before imaging, a
small layer of gold was applied to the samples to
improve conductivity. Microscopic observations were
made with a Hitachi SU8020 FESEM at 2.0 kV. The
morphologies of FG and CMC SB films were assessed
at a magnification of 25,000x.

Fourier Transform Infrared (FTIR) Spectroscopy

The chemical composition, intermolecular interactions,
and functional features of the films were all
determined using a Thermo Nicolet 6700 Fourier
Transform Infrared Spectrometer. Infrared spectra
were acquired between 4000-400 cm!, with a spectral
resolution of 4 cm™! and 32 scans each measurement.

Biodegradation by Soil Burial Testing

The physical degradation and weight loss of the
FG:CMC SB films were assessed using a modified
laboratory soil burial method based on previously
described protocols [27, 28]. Because this screening
test focused exclusively on gravimetric mass loss, a
standardised respirometric method (e.g., ISO 17556)
was not utilised. The soil burial test was carried out over
30 days at an ambient laboratory temperature averaging



168 Siti Rodhiyah Sapie, Azlan Kamari,
Siew Tin Susana Wong, Is Fatimah
and Saiful Irwan Zubairi

28 + 2 °C. The burial medium consisted of a
commercial universal gardening and potting soil.
Biopolymer film samples (approximately 38 mg)
were buried at a depth of 5 cm in plastic pots
containing 500 g of soil. To maintain uniform
environmental conditions and minimise evaporation,
the pots were kept in a climate-monitored, dark
laboratory environment. Triplicate samples were
retrieved on days 10, 20, and 30 for cleaning,
desiccating, and subsequent weight measurement.
The weight loss percentage was calculated using
Equation (7).

. 0 — Initial weight (g)-Final weight (g)
Weight loss (%) TR x 100 (7)

RESULTS AND DISCUSSION
Cellulose Extraction from Sugarcane Bagasse

In this work, the cellulose recovery from sugarcane
bagasse reached 65.8%, indicating that the extraction
technique was effective in isolating the polysaccharide
fraction from the lignocellulosic matrix. Al-Rajabi
et al. [29] reported that alkaline treatment reduced
hemicellulose content from 28.0% to 8.0%,
demonstrating its efficiency in disrupting the
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lignocellulosic structure. Non-cellulosic components
and contaminants such hemicellulose, lignin, pectin,
and wax are also removed during decolourisation [30,
-32]. Sugarcane bagasse becomes shrunken and
softened after being treated with alkali. The bleaching
procedure for fibre tries to boost its whiteness by
eliminating hemicellulose and lignin. The yield of a
cellulose content of 65.8% from the raw SB, indicates
that the pre-treatment and derivatisation methods
used are effective in isolating cellulose and converting
it to CMC. Compared to previous studies, the cellulose
obtained is lower than the natural cellulose content
of raw bagasse, which is usually reported as only
40-50% [33-35].

Converting Cellulose from SB to CMCs

The yield of carboxymethyl cellulose (CMC) was
obtained as 108% of the cellulose mass extracted after
etherification. Although values exceeding 100% may
seem counterintuitive, they are frequently reported in
CMC synthesis. This phenomenon arises because the
incorporation of carboxymethyl substituents during
etherification increases the molecular weight of the
polymer, thus contributing additional mass to the final
product [36-38].

Figure 4. (a) FG:CMC SB biopolymer sheets were buried 5 cm below damp soil surface. (b) The pots
containing the biopolymer films were placed under the shade to minimise direct sunlight exposure.

Table 1. Biocomposite films' mechanical characteristics.

Tensile Strength Elongation at Break

Films Thickness (mm) (MPa) (%)
Pure FG 0.12 £0.0102 15.28 £ 1.02 38.44+1.73
(90 FG:10 CMC SB) 0.13 £0.0102 1547+ 1.19 38.93 £2.66
(70 FG:30 CMC SB) 0.14 +£0.0063 16.05 + 1.90 42.50£2.95
(50 FG:50 CMC SB) 0.14 +0.0049 16.79 £ 1.28 43.36+£2.17
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Characterisation of Films
Mechanical Properties

Before mechanical testing, the film thickness was
measured and the results are shown in Table 1.
Blending with CMC SB has increased the average
thickness of the FG film to 0.13 = 0.0102 mm, 0.14
+ 0.0063 mm, and 0.14 £+ 0.0049 mm at the ratios
0f 90:10, 70:30, and 50:50, respectively. The film
thickness was found to increase steadily with
increasing CMC SB concentration. This indicated a
consistent casting and good uniformity. When gelatine
was incorporated into the CMC matrix, the resulting
film became thicker, this change being due to the
higher solids content. Méndez et al. [39] emphasised
that high levels of CMC SB increased the uniformity
and strengthened the film structure. The addition of
FG, in turn, contributed to the thickness and thus
increased the overall mass. This increase in thickness
was not only explained by the higher solids content,
but also by the stronger molecular interactions
formed between FG and CMC SB [39]. Finally, the
production of thicker films is associated with better
water retention and greater solid deposition [40].

The inclusion of CMC SB considerably
enhanced mechanical performance of FG-based films,
as shown by the increase in TS and EAB values
according to the addition of CMC SB composition.
Pure FG films exhibited a TS of 15.28 + 1.02 MPa
and EAB of 38.44 + 1.73%, whereas the 50:50
FG:CMC SB combination had 16.79 + 1.28 MPa
and 43.36 + 2.17%, respectively. This increasing
trend indicates that CMC SB contributes to a more
cohesive and flexible matrix. This is most likely
due to increased hydrogen bonding and increased
polymer chain attachment. Tabari [41] reported a
similar finding, of which gelatine films reinforced
with CMC had higher mechanical integrity. This was
due to greater intermolecular connectivity. Said and
Sarbon [42] confirmed that polysaccharide-protein
blends, especially those containing CMC, increased
ductility and tensile strength. These properties are
essential for packaging applications. Furthermore,
Méndez et al. [39] demonstrated that the increment
of CMC concentration not only increased the film
strength but also promoted uniformity and water
retention. This behavior suggests a potential plasticising
effect during film formation. These findings highlight
the synergistic interaction between FG and CMC
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SB, resulting in biopolymer films with enhanced
stretchability and mechanical strength.

Water Vapour Permeability (WVP) and Oxygen
Permeability (OP) Analysis

The integration of CMC SB into FG-based films
resulted in a considerable reduction in water vapour
and oxygen permeability. As CMC SB content grew,
WVP fell from 1.56 to 1.26 g m'! day! atm™!, and
OP reduced from 1.28 to 1.01 x10** cm3 m™ day’!
atm™. This improvement is attributed to the formation
of a denser film matrix driven by hydrogen bonding
and chain entanglement, which effectively reduces
the free volume and creates tortuous diffusion
pathways within the polymer matrix [10, 43]. Similar
trends of enhanced barrier performance due to
increased structural compactness and moisture
retention in hydrocolloid-modified gelatine-CMC
films have also been reported by Tran et al. [40]
and Du et al. [43], further confirming the potential
of this composite for food packaging and preservation
applications.

Transparency Properties

Transparency and light transmission are two important
aspects that have to be taken into account when
preparing films for food packaging. Transparency
studies of FG films showed a significant concentration-
dependent drop in light transmission (Table 3), with
pure FG having a value of 0.66 and falling to 0.61, 0.54,
and 0.51 when 10, 30, and 50% CMC SB were added,
respectively. CMC SB was found to have a significant
impact on the optical properties of FG-based films. As
the amount of CMC SB grew, light transmission in the
UV and visible areas reduced, with transparency values
dropping from 0.66 to 0.51. This trend indicates that
CMC SB increased the UV resistance of the films
although the optical clarity was found to decrease. Tran
et al. [40] observed similar effects in gelatine/CMC
films, including increased UV protection and decreased
light penetration. Xu et al. [10] attributed these changes
to higher matrix density and polymer interactions,
while Du et al. [43] showed that such a blend is
suitable for packaging relatively light-sensitive foods.
These findings suggest the use of FG:CMC SB films
as multifunctional packaging materials combining
mechanical strength, optical protection and barrier
performance.
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Table 2. Water Vapour Permeability (WVP) and Oxygen Permeability (OP) values
of biocomposite films.

WVP OP x10™
Films (g m! day!atm™) (cm® m2 day! atm™)
Pure FG 1.56 £ 0.64 1.28 £0.30
(90 FG:10 CMC SB) 1.49 £0.26 1.22+0.77
(70 FG:30 CMC SB) 1.35+0.80 110+ 0.54
(50 FG:50 CMC SB) 1.26 +£0.32 1.01 £0.75

Table 3. Transparency and light transmission of biocomposite films.

Light transmission (%) at different wavelength (nm)

Films Transparency
200 280 350 400 500 600 800
Pure FG 0.66 0.71 0.72 14.52 36.74 68.92 79.40  87.60
90 FG:10 CMC SB 0.61 132 2.84 18.42 44.26 69.20 7932  88.50
70 FG:30 CMC SB 0.54 0.80  0.18 17.53 38.78 64.92 7540  84.30
50 FG:50 CMC SB 0.51 0.72 1.48 14.92 34.66 58.20 71.68  78.96

Morphology and Microstructures

FESEM analysis demonstrated how the addition of
CMC SB affected the microstructure of the FG films.
Representative micrographs of biocomposite films at
25,000x are displayed in Figure 4. Consistent with
previous reports by Ratna et al. [44], the pure FG films
exhibited a relatively smooth, compact, and continuous
surface structure with minimal visible defects,
indicating the formation of a homogeneous gelatine
matrix. The incorporation of CMC SB progressively
altered the surface morphology of the FG films. The
90 FG:10 CMC SB film exhibited slight surface
roughness accompanied by the presence of small
microvoids, suggesting initial interactions between
the gelatine matrix and CMC SB components. At a
higher CMC SB ratio (70 FG:30 CMC SB), the film
displayed microfibrillar features and more defined
structural boundaries, indicating the development
of a more complex polymer network due to the
incorporation of cellulose-based components. Further
increasing the CMC SB content to 50% resulted in

more pronounced phase separation, characterised by
heterogeneous regions within the film matrix. This
observation suggests reduced compatibility between
FG and CMC SB at higher cellulose concentrations,
leading to increased microstructural heterogeneity.
Similar morphological changes have been reported
in gelatine-CMC based films, where increasing CMC
content contributed to enhanced surface roughness
and structural irregularities due to differences in
polymer chain organisation and intermolecular
interactions [40]. Furthermore, Zafar et al. [45] and
Méndez et al. [39] confirmed that the incorporation
of CMC promoted the formation of microvoids
and fibrillar structures. Therefore, while CMC SB
contributes to the reinforcement of the FG matrix
by improving mechanical properties, excessive
CMC SB incorporation may reduce matrix
uniformity and affect film homogeneity. Achieving
an appropriate FG:CMC SB ratio is therefore
essential to balance structural reinforcement and
microstructural compatibility for optimal biocomposite
film performance.
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Figure 5. FESEM images of (a) Pure FG, (b) 90 FG:10 CMC SB, (¢) 70 FG:30 CMC SB and (d) 50 FG:50
CMC SB at 25,000x magnification.

FTIR Analysis

FTIR spectroscopy was utilised to investigate the
interactions of FG and CMC SB in biofilms. Figure 6
shows spectra obtained in the 4000-400 cm™' region.
All samples exhibited different absorption bands that
corresponded to the functional groups found in the
constituent biopolymers. The FTIR spectra of FG-
CMC SB blended biofilms demonstrate molecular
compatibility and progressive structural alteration as
CMC SB content increases. The spectrum development
over samples (a), (b), (c) and (d) revealed how
hydrogen bonding, electrostatic interactions, and
conformational rearrangements to construct a coherent
biopolymer network.

The broad band at 3282 cm™!, assigned to O-H
and N-H stretching, is most intense in pure gelatine,
reflecting abundant free hydroxyl and amine groups.
With more incorporation of CMC, this band narrows
and changes. This indicates stronger hydrogen
bonding between the amino groups of gelatine and
the hydroxyl/carboxyl functions of CMC. Such
spectral behaviour has been observed in gelatine-
CMC edible films modified with hydrocolloids,

where the hydrogen bonding increases. This
addition increases the stability of the film while
reducing water solubility.

It was found that, in higher addition of CMC
SB blend, the 2937 cm™! band (C-H stretching) showed
lower intensity. This indicated limited chain mobility
due to higher crosslink density. This result is in line
with the conclusions of Zafar et al. [45], who reported
similar attenuation in CMC-gelatine hydrogels loaded.
This can be attributed to the denser polymer network.
The amide I band at 1635 ¢cm™! broadened and shifted
in the blend film. This revealed an electrostatic contact
between gelatine's carbonyl group and the carboxyl
group of CMC. Such structural alterations were also
discovered, agreeing with the findings of Ratna et al.
[44], who found similar FTIR shifts in antioxidant
gelatine-CMC films containing plant extracts.

The 1404 cm’' band, which corresponds to the
COO™ symmetric stretching, strengthens with a larger
CMC SB ratio. This indicates the effective integration
of carboxymethyl groups. Similarly, the 1035 c¢cm™!
peak, which is associated with C-O-C and C-O
stretching, becomes more pronounced in the CMC
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SB-rich film, indicating the role of the polysaccharide
backbone. This spectral pattern correlates with the
improved barrier and mechanical performance.
Tran et al. [40] showed that such spectral features
in gelatine-CMC edible films are associated with
increased water resistance and film stability. This
confirms the role of COO™ and C—O—C in network
cohesion. Ratna et al. [44] further stated that the
growth of COO™~ and C-O stretching bands in gelatine-
CMC films incorporated with plant extracts was
associated with increased antioxidant and structural
strengthening. Collectively, these studies confirm that
the spectral evolution at 1404 and 1035 cm™ is a
reliable indicator of successful CMC incorporation.
This composite has led to improved functionality in
blended biopolymer films.

(a) 38y 2937
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Among the ratios studied, the 50 FG:CMC
SB blend (Figure 5d)) was found to have the most
pronounced spectral shifts, indicating excellent
molecular integration and synergistic interactions.
This balanced composition promotes the formation of
an interpenetrating polymer network, which balances
the protein and polysaccharide domains. The FTIR
results also support the idea that increasing the
CMC concentration improves film uniformity, barrier
properties and mechanical strength. Consequently,
this blend emerges as a promising candidate for
biodegradable food packaging. Overall, FTIR analysis
confirmed that FG and CMC interact via hydrogen
bonding and electrostatic forces, with matrix
composition shifts directly influencing the structural
integrity of the films.

(©)
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Figure 6. FTIR spectra of (a) pure FG, (b) 90 FG:10 CMC SB, (¢) 70 FG:30 CMC SB, and
(d) 50 FG:50 CMC SB.
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Biodegradation by Soil Burial Testing

Table 4 shows how biofilms degraded during a 30-day
period. The biodegradation properties of the films were
evaluated after they had been left in the soil in order to
evaluate film breakdown in soil. The percentage of
biodegradation was estimated using Equation (7), and
the results are displayed in Figure 7.

From the experiments, the pure FG film is the
most degraded with a total of 98% biodegradation by
day 30, while the 50 FG:50 CMC SB mixture showed
the least degradation of 70%. Soil biodegradation study
clearly showed that the biodegradation of FG films was
severely impaired when combined with CMC SB.
By day 30, the pure FG film was almost completely
degraded, retaining only 0.0123 £ 0.43 g of the initial
mass of 0.6137 £ 0.14 g. This rapid degradation
reflects the inherent susceptibility of gelatine to
microbial enzymatic hydrolysis. Proteases and soil
microorganisms readily attack the peptide bonds,
leading to the fragmentation and dissolution of the film
matrix, as reported in a previous study [41]. Similar
rapid degradation of gelatine-based films has also been
reported, with protein films typically losing structural
integrity within weeks due to microbial colonization
and enzymatic activity [42]. In studies of gelatine/CMC
films containing antioxidant extracts, biodegradation
was reported to be high, with >80% degraded within 14
days [46]. Pure gelatine films were found to degrade
more rapidly than gelatine mixed with CMC or other
polymers, as the mixtures tended to form a denser
structure [42].

The incorporation of CMC was found to slow
down the degradation process. The 90 FG:10 CMC
SB mixture retained ~12% of its mass after 30 days,
while 70 FG:30 CMC SB and 50 FG:50 CMC SB
retained ~25% and ~30% of the original film mass,
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respectively. The concentration of CMC SB was
inversely proportional to the biodegradation rate.
This is consistent with previous findings that the
incorporation of polysaccharides increases the water
resistance and compactness of the film [40, 41].
According to He et al. [47] CMC interacts with gelatine
through hydrogen bonding, forming a denser
polymer network that reduces solubility and
microbial accessibility. As a result, higher CMC SB
content provides greater durability but slows down
the biodegradation process. This trend was also found
in previous studies involving biopolymer blends for
packaging and biomedical applications [48].

The standard deviation values (£0.013 to
+0.072) were found to highlight the natural variability
in the soil burial tests. The larger deviations observed at
day 20 for pure FG and 90 FG:10 CMC SB may reflect
uneven microbial activity. Such variability is common
in biodegradation studies. This is because soil
composition, moisture and microbial density are
naturally non-uniform [41]. Despite this, the overall
trend remains robust: increasing CMC content
consistently slows degradation. Mechanistically,
gelatine films degrade rapidly because proteins are
hydrophilic and readily hydrolysed while CMC, a
cellulose derivative, is more resistant due to its
polysaccharide backbone and lower solubility [49].
Regardless of the variability observed in the soil
burial test, the overall trend remained consistent:
increasing CMC SB content progressively slowed
the biodegradation of the films. Mechanistically,
pure gelatine films degraded rapidly due to gelatine’s
high hydrophilicity and susceptibility to hydrolysis by
soil microorganisms. In contrast, a denser polymer
network that formed through incorporation of CMC
SB reduced solubility and restricted microbial
accessibility, thereby enhancing resistance to
biodegradation [40-47].

Table 4. Biodegradation of biopolymer films in soils.

Mass (g) of biopolymer films according to biodegradation time (days)

Biopolymer Film

0

10

20

30

Pure FG
90 FG:10 CMC SB
70 FG:30 CMC SB
50 FG:50 CMC SB

0.6137 £0.014
0.6205 = 0.029
0.6136 £0.013
0.6202+ 0.023

0.1841 +0.037
0.1986 + 0.054
0.2025 +0.038
0.2481 +0.048

0.0985 £ 0.064
0.1364 £ 0.072
0.1780 £ 0.038
0.2171 £0.064

0.0123 £0.006
0.0745 £0.051
0.1534 £ 0.047
0.1861 £ 0.058
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Figure 7. Percentage biodegradability of (a) pure FG, (b) 90 FG:10 CMC SB, (c¢) 70 FG:30 CMC SB, and (d) 50
FG:50 CMC SB in the soil.

CONCLUSION

This study successfully synthesised CMC from
sugarcane bagasse and incorporated it into FG films to
improve physicochemical performance and durability.
By valorising agricultural waste, the work provides
a cost-effective alternative to commercial CMC
and advances sustainable packaging materials. The
blended films demonstrated notable improvements in
mechanical properties: tensile strength increased from
15.28 £ 1.02 MPa (pure FG) to 16.79 + 1.28 MPa (50
FG:50 CMC SB), while elongation at break rose from
38.44+£1.73% to 43.36 £ 2.17%, confirming enhanced
flexibility and resilience. The transparency was
found to decrease with the addition of the amount
of CMC SB. FTIR analysis confirmed the strong
intermolecular interactions between FG and CMC SB.
FESEM observations indicated that films containing
lower CMC SB concentrations exhibited a relatively
homogeneous morphology, while higher CMC SB
concentrations resulted in phase separation and
heterogeneous structures, suggesting reduced
compatibility at elevated CMC SB contents.
Biodegradation tests found that the increase in CMC
SB was inversely proportional to the degradation
capacity. The pure FG film was almost completely
degraded (98% by day 30), while the FG: CMC SB
mixture showed a slower degradation, with the 50
FG:50 CMC SB formulation only reaching 70%
degradation by day 30. This indicates that although
the incorporation of CMC SB enhances the barrier
properties and prolongs durability, it was also found to
delay microbial attack. This is owing to the semi-
crystalline structure and low water solubility. Overall,
these findings highlight that tailoring the FG:CMC

SB ratio allows for a strategic balance between
mechanical performance and environmental
compatibility. In general, gelatine-rich films are
suitable for short-cycle packaging requiring rapid
biodegradation, while higher CMC SB mixtures
offer longer shelf life with controlled disposal
considerations. FG:CMC SB blended biopolymer
films can be used as a promising biodegradable
packaging solution derived from renewable
agricultural resources.
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