Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

¥® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

Advancing sustainability: a novel biopolymer-
based degradable nanoclay composite film for
next-generation packagingt

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2024,
5, 8060

Zeba Tabassum,? Madhuri Girdhar,*® Tabarak Malik, €2 *© Anil Kumar® and
Anand Mohan?®

Global concerns are increasing worldwide owing to the utilization of non-renewable fossil fuel-derived
polymeric films for the packaging of perishables and other related commaodities. The emergence of bio-
based packaging films, characterized by affordability, environmental friendliness, and abundant
renewable sources, offers a promising alternative to address these concerns. This study aims to mitigate
the adverse impacts associated with petroleum-based films by developing an effective bio-
nanocomposite with enhanced mechanical and barrier properties. The developed composite, achieved
through the incorporation of montmorillonite (MMT) nanoclay into two distinct biopolymer blends
(chitosan—xanthan gum and chitosan—vanillin), was further optimized to determine the optimal ratio.
The bio-nanocomposite film with 3% nanoclay reinforcement in the chitosan—vanillin blend demon-
strated superior performance compared to all other films. In contrast to an untreated chitosan film, this
bio-nanocomposite exhibited reduced transmittance, mitigating oxidative damage from UV radiation in

Received 7th May 2024, packaged food items. Notably, a substantial improvement in water resistance and a remarkable 6.64-fold

Accepted 3rd September 2024 increase in tensile strength were observed. The film's biodegradability, as evidenced by a 25% weight
loss in the first month in a soil burial test, underscores its environmental friendliness. Results from a
range of instrumental techniques and measurements collectively suggest that the synthesized and

optimized film has significant potential for application in the future sustainable food-packaging industry.
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1. Introduction

Food safety and preservation are the top priorities in food
businesses and enterprises. Food packaging safeguards perish-
ables from outside influences that can affect their quality,
safety, and shelf life." Commercially popular plastic packaging
materials, including low-density and high-density polyethylene,
polycarbonate, polyethylene terephthalate, polyvinyl chloride,
polypropylene, polystyrene, and polyamides, have been widely
adopted in the food industry because of their cost-effectiveness,
lightweight nature, and robust performances. However, the
pervasive use of non-biodegradable plastic packaging has
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resulted in a concerning surge in environmental challenges;
for instance, over 8 million metric tons of plastic waste are
dumped into the oceans annually as a result of the widespread
use of petroleum-based plastics and the dearth of suitable
disposal solutions. By 2025, it is anticipated that between 100
and 250 million metric tons of improperly disposed plastic
waste—the majority of which comes from coastal areas—will be
in the ocean. Due to their innate eco-friendliness, natural fiber-
reinforced composites have become increasingly popular and
have a lower carbon footprint.>* Some examples of biodegrad-
able polymers include cellulose, starch, chitosan, collagen,
gelatin, and xanthan gum.* Chitosan, one of the many biopo-
lymers, has a reputation for being a flexible option due to its
capacity for superior film formation, lack of toxicity, wide-
spread accessibility, and great biodegradability. It has under-
gone substantial research for applications such as bone tissue
engineering, water purification, medication delivery, cosmetics,
and food packaging.” According to research, adding additional
substances can be a wonderful way to enhance its inherent
drawbacks, such as poor mechanical or barrier qualities. The
bacteria xanthomonas campestris secretes a high molecular
weight extracellular polysaccharide known as xanthan gum.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Film preparation.

The long-chain polymer xanthan gum, with its functional
groups, enhances the mechanical attributes of biodegradable
materials by improving their film-forming capabilities, tensile
strength, and elasticity when combined with other biopolymers
or nanomaterials.> Vanillin is the primary component of the
extract of vanilla bean, and is typically used as a flavoring agent
and is also able to improve various characteristics of films,
including their tensile strength, and stability, while also
decreasing their water vapor and oxygen permeability.>” Mon-
tmorillonite nanoclay is one of the nanofillers that is a popular
choice among scientists. The more twisted paths and compact
structures that are produced through the interactions with the
polymeric chains increase its barrier properties against moist-
ure and gases. Also, due to its low cost, high abundance,
mechanical resistance, swelling and plasticizer abilities, mon-
tmorillonite (MMT), a layered silicate mineral clay, is the most
studied and used nanomaterial for this purpose.®™°
Therefore, the primary objectives of the present research
were to fabricate two different types of chitosan-based compo-
sites, namely chitosan-xanthan gum and chitosan-vanillin
blend films, followed by their incorporation with montmorillo-
nite nanoclay to investigate high performance chitosan-based
blend films. Moreover, their structural changes and functional
properties of the films were also explored through a variety of
instrumental techniques and multiple laboratory scale tests. An
optimization study was carried out to find out the best compo-
site film for its potential use in biodegradable food-packaging

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

solution

Vanillin
solution

Homogenize chitosan solution with

Xanthan gum
solution

applications, which has not been previously studied or reported
before.

2. Experimental section
2.1 Materials

Chitosan from shrimp shells (75% deacetylated), xanthan gum
pure (Food Grade), glacial acetic acid (99.5% extra pure),
glycerol (purified), vanillin, anhydrous CaCl,, and NaCl were
procured from Loba Chemie Pvt. Ltd, India. Ethanol was
bought from LABOGENS China. Montmorillonite nanoclay
(surface modified with 35-45 wt% dimethyl dialkyl amine)
was purchased from Sigma Aldrich.

2.2 Methodology

2.2.1 Fabrication of packaging films. The packaging mate-
rials were fabricated through a solution casting technique at
room temperature following the methodology outlined pre-
viously by several researchers,®**™** albeit with slight modifi-
cations. Chitosan was utilized as the primary matrix, and
blended with xanthan gum and vanillin separately, in different
ratios, followed by the incorporation of montmorillonite nano-
clay in different wt%. Fig. 1 displays the film-fabrication
strategy.

A pure form of chitosan packaging film was synthesized
following the method outlined in previous research.’*'® To

Mater. Adv., 2024, 5, 8060-8073 | 8061
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Table 1 Components used and their respective composition to prepare films for the further tests
Montmorillonite
S.no. Chitosan Xanthan gum Vanillin nanoclay (%) Remarks Selection Film code
1 1% NA NA NA Good film Selected as the control C
2 1% NA 0.5 NA No strength improvement NA, Rejected NA
3 1% NA 1 NA Good film Selected for nanocomposite preparation NA
4 1% NA 1.5 NA Stiffness NA, rejected NA
5 1% 0.5 NA NA Good film Selected for nanocomposite preparation NA
6 1% 1 NA NA Lack transparency NA, rejected NA
7 1% 1.5 NA NA Brittle film NA, rejected NA
8 1% 0.5 NA 1 Good film Selected; for further testing CxXM1
9 1% 0.5 NA 3 Good film Selected; for further testing CXM3
10 1% 0.5 NA 5 Good film Selected; for further testing CXM5
11 1% 0.5 NA 7 Brittleness NA, rejected NA
12 1% NA 1 1 Good film Selected; for further testing CVM1
13 1% NA 1 3 Good film Selected; for further testing CVM3
14 1% NA 1 5 Stiff and opaque NA, rejected NA

manufacture the pristine chitosan film (1%), chitosan flakes
were dissolved in a water-based solution containing 1% glacial
acetic acid. The solution was left at room temperature on a
magnetic stirrer for 1 h to ensure complete dissolution and the
formation of a clear solution. Later, 20 ml samples of this
solution were cast on separate Petri dishes of 9.5 cm diameter
and kept for drying.">'® By gradually dissolving the powdered
form of xanthan gum in distilled water, under constantly
rotation with a magnetic stirrer using a magnetic bead at
ambient room temperature (25-27 °C) for 30 min, xanthan
gum solutions were obtained. Blends of biopolymers, ie.,
chitosan and xanthan gum, were fabricated using the approach
outlined by other researchers previously."” The chitosan and
xanthan gum blends were crafted through homogenization for
10 min. Subsequently, the ultimate homogenized solution was
then cast onto a Petri plate and allowed to air dry at ambient
temperature (25-27 °C)."*"” Vanillin solution was prepared by
dissolving vanillin powder in ethanol, with continuous agita-
tion using a magnetic stirrer until complete dissolution was
achieved. Simultaneously, a chitosan solution was prepared
using a similar method previously mentioned. Thereafter, the
two solutions were homogenized through continuous stirring
using a magnetic stirrer to produce a blended solution.”*® To
fabricate the nanocomposites (chitosan-xanthan gum-mon-
tmorillonite and chitosan-vanillin-montmorillonite), mon-
tmorillonite nanoclay was acid (1% glacial acetic acid) treated
overnight and slowly added to both types of blended solution,
and kept on a magnetic stirrer for another 4 h for proper
mixing. The resultant solution was poured in a Petri dish and
kept to air dry at room temperature for the next 2 days. All the
resultant thin film was peeled off carefully after drying and kept
in a desiccator until further use.>™

As shown in Table 1, 6 types of packaging films were finally
chosen for further evaluation. For each type of tested specimen,
experimentation was done in triplicate. For the characterization
tests by FE-SEM, TGA, FTIR, and mechanical testing, film
samples of 1 cm? were used, while for the UV-vis spectroscopy
analysis, film samples of 3 cm® were used.

2.2.2 Analytical characterization. To reveal important
insights regarding the structural morphology of the created

8062 | Mater. Adv, 2024, 5, 8060-8073

films, they were thoroughly analyzed by different characteriza-
tion techniques as follows.

To investigate the interactions of the materials through the
bond formation and the presence of functional groups in the
manufactured films, Fourier transform infrared spectroscopy
(FTIR) was implemented, using a Fourier transform infrared
spectrometer from PerkinElmer, with spectrum 10 software.
Here, 0.5 cm™ " resolution was utilized for generation of the
FTIR spectra in the transmission mode in the 400-4000 cm ™"
range.8’16’19‘20

A universal testing machine (Zwick Roell, Germany Static
UTM Z010) was used to evaluate the mechanical attributes in
terms of the tensile strength (MPa) and elongation at break (%)
of the films at room temperature and at a cross-head speed of
10 mm min .11

Thermogravimetric analysis (TGA) and its corresponding
curves were used to assess the thermal stability of the
materials, which was carried out using a thermogravimetric
analyzer (PerkinElmer) in a nitrogen environment at a heating
rate of 10 °C min ' in the temperature range of 30 °C to
500 OC.8,16,22,24

To analyze the surface appearance and the thickness of the
films, field emission scanning electron microscopy (FE-SEM)
was utilized with a JEOL instrument. The microscopic imaging
process involved yielding visuals at various magnifications and
employing accelerated voltages set at 5 and 10 kV. For the
measurements of the thickness of all the thin films, SEM
micrographs were obtained at various parts, and the average
thickness was estimated. A conductive layer of gold was applied
on all the film samples to mitigate surface charging.'®>%2%2¢

The opacity of the synthesized films was calculated with the
equation: opacity = Absggo/thickness (mm), with the absorbance
recorded using a LI-2800 UV-vis double beam spectrometer. In
the analysis, the film samples were cut into rectangular shapes
and placed inside a quartz cuvette to measure the absorbance
at 600 nm."'®?°728

2.2.3 Barrier property. The water vapor transmission rate
(WVTR) of the created packaging films was calculated following
a procedure outlined by previous scholars.'®*>*° Here, the
films under examination were securely affixed to the aperture

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma00476k

Open Access Article. Published on 19 September 2024. Downloaded on 3/18/2026 10:11:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

of a glass vial containing pre-measured anhydrous calcium
chloride (CaCl,). Subsequently, these vials were positioned
within a desiccator containing a saturated sodium chloride
(NaC) solution, ensuring a consistent relative humidity of 75 +
5%. The WVTR of the films, expressed in ¢ m™> day ', was
determined using the formula WVTR = W/S, wherein the weight
gain of the glass vial (W) and the surface area of the film
exposed to the experimental conditions (S) were measured
before and after a single day of testing.

The evaluation of the film’s gas barrier characteristics
also included an oxygen transmission test. Analysis of
the oxygen permeability followed a methodology described
in previous research, including our own prior research
contributions.'®>”*%3%31 gubsequently, the films were envel-
oped around the aperture of glass vials and hermetically sealed
with a strip. These sealed vials were then housed in a desiccator
at ambient temperature (25-27 °C). Over a three-day period, the
mass of each vial was meticulously measured once per day.
The subsequent equation was employed to compute the
oxygen permeability transmission rate (OPTR): OPTR = slope/
film area.

To ascertain the UV-light-obstruction characteristics, the
absorbance of the films was assessed employing a UV-visible
spectrophotometer within the wavelength range of 280-
800 nm. For the spectrophotometric analysis, the test films
were segmented into rectangular sections measuring 3 x 1 cm?®
and positioned within a quartz cuvette. A counterpart cuvette
was maintained empty for control purposes.'®>”*%3

2.2.4 Water absorbency and degradability. All of the films’
ability to absorb water was examined in terms of the percentage
swelling ratio, which was tested by cutting each film sample
into a small square, weighing it (initial weight W;), and then
submerging it totally in deionized water for one day to allow for
adequate water absorption. After the films had sufficiently
swelled, they were removed from water, with any extra water
was scraped off the surface using filter paper, and the final
weight (W,) was recorded. Using the following formula, the
films’ capacity to absorb water was determined. Swelling ratio
(%) = W, — W3/W; x 100, where W; and W, are the weights of
the dry and swollen samples, respectively,'¢2>733

In order to evaluate the biodegradability of the biopolymer-
based films, a biodegradation assessment was conducted
by interring the films in soil and monitoring their weight
loss. Daily, the soil received a sprinkling of tap water to
sustain moisture, with excess water draining away through a
bottom pot drainage hole. Prior to burial in freshly excavated
field soil within a pot, all the films underwent pre-weighing
(W;). At seven-day intervals, the biodegradation of the film
samples was measured by delicately extracting them from the
soil, rinsing in distilled water to eliminate soil residues, desic-
cating, and then reweighing (Wy). Furthermore, the weight or
degradation% = W; — W¢W; x 100.'%283%35 physiochemical
analysis (pH and N, P, K) of the soil utilized in the biodegrada-
tion experiments was done by submitting the soil samples to
IRCLASS Systems & Solutions Pvt. Ltd for analysis using stan-
dard methods.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3. Result and discussion
3.1 Analytical characterization

The solution casting method was employed exclusively for the
synthesis of the chitosan-based nanocomposite films, chosen
for its cost-effectiveness and ease of preparation. Here, pro-
longed drying periods at lower temperatures induces the reor-
ganization of the solution structure, enhancing the interaction
of the hydrophilic tails of chitosan with water molecules
through hydrogen bonds and van der Waals forces.'®*® Two
distinct blends, incorporating xanthan gum and vanillin, were
meticulously crafted utilizing chitosan as the primary matrix,
followed by reinforcement with surface-modified montmorillo-
nite nanoclay in various ratios. Notably, in the xanthan gum
blends, an optimal ratio of 0.5% xanthan gum proved effica-
cious, as surpassing this proportion led to film brittleness.
Conversely, in the vanillin blends, exceeding a 1:1 ratio
resulted in alterations in the color parameters and opacity of
the film. These formulations underwent the intricate process of
nanocomposite formation. In the case of the chitosan—xanthan
gum-nanoclay films, exceeding 5 wt% nanofillers, and in the
case of chitosan-vanillin-nanoclay films, surpassing 3 wt%
nanofillers, led to a compromise in their flexibility and trans-
parency, as depicted in Table 1. Among all the formulations
tried and tested, six were meticulously chosen for further
comprehensive investigations, as illustrated in Fig. 2. A note-
worthy phenomenon observed in all the films was the glossier
appearance of the bottom side compared to the upper side.
This peculiarity was attributed to the evaporation of moisture
from the topmost part of the film in the casting tray, an aspect
noted by other researchers®” and corroborated by our earlier
published study.'®

3.1.1 Thickness measurement. The thickness of bio-based
packaging materials is pivotal in determining their physical
properties, including their strength, and optical and barrier
properties, all of which are vital factors in ensuring the protec-
tion and preservation of food products. The thickness of the
films remained relatively unchanged, regardless of whether the
pristine biopolymer (C) or biopolymer-based nanocomposites
(CXM1, CXM3, CXM5, CVM1, CVM3) with different ratios.
However, there was a slight increase observed, going from
0.05 mm in the control group (C) to 0.1 mm in the group with
a specific nanocomposite ratio (CXZ5). The exact measure-
ments are detailed in Table 3. Notably, the thickness showed
a positive relationship with the increase in components and
their ratios, as illustrated in the bar graph in Fig. 3.

3.1.2 Transparency and opacity. Transparency in food-
packaging films is essential for both consumer appeal and
visual product monitoring during storage. Therefore, in this
work, an analysis of light transmission for the prepared films
was performed. Fig. 3 presents the opacity values. The least
opaque (most transparent) film discovered was the C film. The
amount of transparency was somewhat reduced by the addition
of xanthan gum and vanillin; while the further incorporation of
nanoclays, xanthan gum, vanillin, and MMT nanoclay all
altered the transparency and were responsible for changes to

Mater. Adv., 2024, 5, 8060-8073 | 8063
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Fig. 2 Digital photos of fabricated packaging samples [pristine chitosan film (C) and chitosan and xanthan gum composites incorporated with (CXM1),
3% (CXM3) and 5% (CXM5) and chitosan—vanillin blend with reinforced MMT nanoclay 1% (CVM1), 3% (CVM3)].
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(a) Thickness and (b) opacity of the synthesized films (C: pristine chitosan, CXM1: chitosan—xanthan gum composite with 1% MMT, CXM3:

chitosan—xanthan gum composite with 3% MMT, CXM5: chitosan—xanthan gum composite with 5% MMT, CVM1: chitosan—vanillin composite with 1%
MMT, CVM3: chitosan—vanillin composite with 1% MMT) [different letters represent significantly different values at (p < 0.05) using Tukey's test (mean +

standard deviation, n = 3)].

the color parameters. Visual scrutiny, however, indicated that
all of the films were somewhat translucent. Moreover, the
vanillin-based films were yellowish in color along with a nice
aroma coming from the vanillin. The opacity values of the C,
CXM1, CXM3, CXM5, CVM1, and CVM3 films were found to be
3.61, 4.13, 4.37, 7.11, 5.89, and 5.97, respectively, suggesting
that the blends and nanofiller distributed in them were

8064 | Mater. Adv, 2024, 5, 8060-8073

the cause of the decrease in transparency of the chitosan
film. Other scientists have reported observing something
similar.®*%3°

3.1.3 FTIR analysis. Fourier transform infrared spectro-
scopy (FTIR) was employed to scrutinize the structural attri-
butes of the films. As depicted in Fig. 4, Film C exhibited a
distinctive band at 3231 cm ', indicative of the stretching

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FTIR spectra of all the fabricated films (C: pristine chitosan, CVM1: chitosan—vanillin composite with 1% reinforced MMT, CVM3: chitosan—vanillin
composite with 3% reinforced MMT CXM1: chitosan—xanthan gum composite with 1% reinforced MMT, CXM3: chitosan—xanthan gum composite with
3% reinforced MMT, CXM5: chitosan—xanthan gum composite with 5% reinforced MMT).

vibration associated with free hydroxyl (-OH) groups, as well as
symmetric and asymmetric stretching of N-H bonds within the
amino groups inherent in the chitosan molecules.*® Further-
more, the presence of a C-H bond could be discerned by the
band at 2882 cm*, while the bands at 1635 and 1539 cm *
were attributed to C=0O0 stretching and N-H bending (amide I
and II band), respectively.?® Vibrational modes of symmetric
deformation in the CH, group were manifested by the band at
1405 cm ', related to the vibrational modes of symmetric
deformation of the CH, group,** while the peak at 1151 cm™"
was linked to the asymmetric vibrations of CO in oxygen
bridges resulting from the deacetylation of chitosan.'®** Addi-
tional peaks at 1066 and 1022 cm ™' were observed, associated
with the vibrational modes of ~OH groups®® in chitosan mole-
cules. Moreover, the presence of C-O bonds was indicated by
the peak at 1022 cm "% All the aforementioned functional
groups were anticipated constituents within the chitosan
structure.">"”

In the 1% and 2% chitosan—xanthan gum-clay nanocompo-
site films, the FTIR peaks confirmed presence of strong O-H
stretching and strong intermolecular H bond forming and also
weak intermolecular bonding. In the 5% clay nanocomposite
film, the peak of O-H stretching and strong intermolecular
bonding became less intense compared to the previous two
tested clay composites (1% and 3%). This indicated that the 5%
clay nanocomposite film had lower and weaker intermolecular
bonding. As expected from nanoclays, the addition of MMT in
the chitosan framework produced a peak shift linked with NH

© 2024 The Author(s). Published by the Royal Society of Chemistry

and OH groups, suggesting that the -NH, and -OH groups of
the chitosan probably were building H-bonds with the -OH of
clay.** The observed strong and broad peak around 3271 cm ™"
was associated with O-H stretching and intermolecular bonds,
while the peak as 2924 cm ™" indicated the weak intermolecular
bond formation, and the additional peak at 2851 cm ™" corre-
sponded to the absorption of -CH,- groups.

The observed band at 3000-3500 cm ' corresponded to
stretching vibrations of the hydroxyl group and asymmetric
and symmetric stretching of the amino (N-H) in the amino
group, respectively. These were stronger in the pure chitosan
film compared to in the CVM1, CVM3 films. This means that
the functional group of the chitosan may be cross-linked with
the vanillin.” There is a probability that the aldehyde group of
vanillin could react with the amino groups of chitosan through
physical interaction. A broad band near 1020 cm " indicated
the presence of Si-O vibrations originating from the addition of
montmorillonite, confirming the presence of nanoclay in the
composite.”® Finally, the peaks at 1590, 1513, and 1284 cm ™"
were associated with vibration of the benzene ring coming from
the vanillin.'® So, analysis of the FTIR spectra indicated a clear
interaction between the functional groups, namely amino and
hydroxyl groups, of the chitosan molecule with xanthan gum,
vanillin, and montmorillonite nanoclay.®'%?®

3.1.4 Mechanical parameter analysis. The mechanical
properties of polymer films play a pivotal role, as they must
endure typical stresses in practical applications and effectively
preserve food items during distribution, transport, and storage.

Mater. Adv.,, 2024, 5, 8060-8073 | 8065
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Enhanced tensile properties, coupled with increased elonga-
tion, typically indicate a superior-grade material. Fig. 5 illus-
trates the trends for the films tested in this study, while Table 3
provides data on the strength and elongation at break for the
different compositions: pristine chitosan (C), montmorillonite
nanoclay reinforced chitosan—xanthan gum blends (CXM1,
CXM3, CXM5), and chitosan-vanillin blends with varying
weight percentages (CVM1, CVM3). The unmodified chitosan
film exhibited the highest elongation percentage among all the
films; however, it had the lowest strength. The results from this
study reveal that, in comparison to the pure chitosan film, all
the nanocomposites displayed superior tensile strengths. The
incorporation of xanthan gum and montmorillonite nanoclay
led to a gradual increase in tensile strength and a gradual
decrease in the elongation at break. Researchers have observed
that a heightened tensile strength often results from increased
interactions between components, leading to improved
strength and reduced flexibility.*>*® On the other hand, the
vanillin-based nanocomposite films showed a gradual increase
in strength and flexibility with increasing the amount of
nanoclay.'®*”*® According to earlier reports, composite films
produced with nanoclays/fibers and other nanofiller reinforce-
ments have improved mechanical properties.**>> CVM3 exhib-
ited the overall best results in terms of tensile strength and
elongation at break%. Film CXM5 was the stiffest in nature, as
shown as per the analysis, whereby the SEM micrographs
showed a breakage of its surface, with the stiffness of the film
to be blamed here.

3.1.5 Thermal analysis. Examining the thermal behavior of
synthesized packaging films is crucial, given the potential
impact of temperature on film stability. Thermogravimetric
analysis (TGA) was employed to determine the mass change
under controlled temperature conditions. This analysis pro-
vides valuable information, such as identifying the temperature
range at which a sample achieves a consistent chemical com-
position and quantifying the rates of dehydration, oxidation,

8066 | Mater. Adv., 2024, 5, 8060-8073

combustion, and other related events. Fig. 6 illustrates the TGA
curves for each sample, conducted in a nitrogen atmosphere. In
all the film thermograms, the initial thermal stage corre-
sponded to the release of water molecules. Subsequent releases
were related to the organic mass loss and thermal degradation.
Notably, the pristine chitosan film retained 19.77 wt% at 500 °C
at the end of the analysis. Comparatively, CVYM1 and CVM3
exhibited improved thermal stability, suggesting an enhance-
ment in film performance. CXM1, CXM3, and CXMS5 also
demonstrated enhanced stability compared to the control,
retaining 28.00%, 31.83%, and 24.32 wt% at the end of the
analysis, respectively. The AY value for CVM1 was 47.63% at
around 280 °C, while for CVM3 the AY value was 50.44% at
310 °C. These values typically represent the percentage of the
original mass lost during specific thermal events. The most
favorable result was observed in the case of CVM3, which
retained 45.74 wt% at the end of the analysis, indicating its
superior thermal stability.

3.1.6 Surface morphology analysis. A comprehensive inves-
tigation of the film surfaces was conducted by field emission
scanning electron microscopy (FE-SEM), and the corresponding
micrographs are depicted in Fig. 7. The initial examination of
the pristine chitosan film C revealed a smooth surface with
minor clusters/agglomerations of undissolved chitosan parti-
cles. In contrast, the surfaces of all the bio-nanocomposites
exhibited well-dispersed fillers. Notably, CXM1 and CVM1
displayed a lower presence of nanoclay on their surfaces. The
incremental ratio of nanofillers was correlated with an obser-
vable increase in surface roughness for the nanocomposite
films, indicative of a progressive incorporation of nano-
particles. Remarkably, the surfaces of the CXM3 and CVM3
films exhibited the most uniform distribution of nanoclay and
nanoparticles, respectively, fostering greater compatibility
between the filler and matrix and suggesting potential improve-
ments in the film properties."® This observation aligns with the
enhancements noted in other film properties. Conversely, the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Thermal analysis (C: pristine chitosan, CVM1: chitosan—vanillin composite with 1% reinforced MMT, CVM3: chitosan—vanillin composite with 3%
reinforced MMT CXML1: chitosan—xanthan gum composite with 1% reinforced MMT, CXM3: chitosan—xanthan gum composite with 3% reinforced MMT,

CXM5: chitosan—xanthan gum composite with 5% reinforced MMT).

surface of CXM5 revealed pore formation, likely attributed to
filler aggregates, contributing to a reduced film flexibility and
increased susceptibility to breakage.

3.2 Barrier ability of the fabricated packaging materials

3.2.1 Water vapor barrier. A critical determinant of the
shelf life of packaged foods pertains to the film’s water vapor
transfer rate (WVTR), as the prompt absorption of environmen-
tal moisture can expedite product degradation and instigate
microbial spoilage. Thus, an effective packaging film necessi-
tates a robust moisture barrier. The compiled moisture trans-
mission rates in Table 3 indicate that the parental chitosan film
exhibited the highest WVTR value of 560 g m > day ' due to its
intrinsic hydrophilic characteristics. Notably, all the nanocom-
posites demonstrated enhanced moisture resistance compared
to the control, attributed to the formation of a dense network
through material interactions and the nanofillers’ efficacy in
obstructing free spaces within the matrix. CVM3 demonstrated
an optimal barrier capacity with a WVTR of 245.48 g m™ > day *,
showing a significant 56.16% improvement compared to pris-
tine chitosan. This indicated that CVM3 was the superior
formulation among all those tested, likely due to the substan-
tial intermolecular connections within the composite.>® In this
way, a more twisted path is created within the polymeric chain,
increasing its barrier properties against moisture transmission.
In contrast, CXM5 displayed a comparatively higher water vapor
transfer rate among the nanocomposites (Fig. 9), attributed to

© 2024 The Author(s). Published by the Royal Society of Chemistry

the pores on the film surface (as seen in the FE-SEM micro-
graphs in Fig. 7).

3.2.2 Gas barrier. Gas barrier testing, such as the oxygen
transmission test, is crucial for evaluating the effectiveness of
packaging films, as oxygen or other gases can deteriorate the
quality of fresh food products. For example, oxygen exposure
can lead to oxidation, spoilage, and color and texture changes
that eventually affect the shelf life of produce. Fresh fruits and
vegetables continue to respire even after they are harvested. The
structural arrangement and vacant space in the packaging
material can affect how much oxygen gas can pass through it.
Consequently, the interactions of the materials and bond
formations can reduce the oxygen gas permeability. According
to research, the widely used LDPE food-packaging films feature
a high oxygen penetration rate (OTR, 4000 cc m > day ') and
weak oxygen barrier properties. High OTR values typically
signify a lack of oxygen resistance across the packing film,
which will fast cause microbial growth on the packaged food.
All the films including the bio-based polymers and composites
displayed a lower oxygen permeability than that of LDPE.
However, among all the synthesized films, the pristine chitosan
film possessed the highest oxygen transmission rates, whereby
all the nanocomposites showed improved resistance to gas
passage (Table 3). Moreover, the vanillin-based films (CVM1
and CVM3) exhibited significantly decreased oxygen transmis-
sion, in comparison to the pristine chitosan. The compressed
structure formation owing to the creation of a thick network
and an obstruction by the nanofillers to the pores within the

Mater. Adv.,, 2024, 5, 8060-8073 | 8067
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Fig. 7 (a) FE-SEM images of all the films showing their surface appearance (C: pristine chitosan, CVYM1: chitosan—vanillin composite with 1% reinforced
MMT, CVM3: chitosan—vanillin composite with 3% reinforced MMT, CXM1: chitosan—xanthan gum composite with 1% reinforced MMT, CXM3: chitosan—
xanthan gum composite with 3% reinforced MMT, and CXM5: chitosan—xanthan gum composite with 5% reinforced MMT). (b) FE-SEM images of CVM3
(chitosan—vanillin composite with 3% reinforced MMT) at higher magnifications.

polymer matrix may be responsible for the good oxygen gas 3.2.3 UV barrier. To mitigate degradation, discoloration,
barrier results. Breakage and pore formation in the surface of and nutrient loss arising from exposure to UV-visible radiation,
the CXM5 film were possibly the reason behind the increased packaging materials must possess UV-absorbing capabilities.
transmission. UV screening, spanning the wavelength range of 200-800 nm

8068 | Mater. Adv,, 2024, 5, 8060-8073 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 UV-blocking capacity of all the manufactured films (C: pristine chitosan, CVM1: chitosan—vanillin composite with 1% reinforced MMT, CVM3:
chitosan-vanillin composite with 3% reinforced MMT CXML1: chitosan—xanthan gum composite with 1% reinforced MMT, CXM3: chitosan—xanthan gum
composite with 3% reinforced MMT, and CXM5: chitosan—xanthan gum composite with 5% reinforced MMT).

and conducted through spectrophotometry, revealed that
the pristine chitosan exhibited the lowest absorption
capacity, while the incorporation of nanofillers effectively
enhanced UV-light shielding, as depicted in Fig. 8. All the
bio-nanocomposites demonstrated superior absorption com-
pared to the control, which exhibited notably low absorption
in the UV range with no discernible absorption in the
visible range. Notably, the nanoclay composites exhibited an

80

10 | I I | I I
0

CXM1 CXM3 CXM5 CVM1 CVM3
Films

w s o o 2
& 3 K g 3

Water Absorbancy %

S

enhanced UV-blocking capacity, highlighting their superior
UV-shielding properties.”*

3.3 Water absorbency and degradability

3.3.1 Water absorbance capacity. Evaluating the water
absorbency percentage of bioplastic in terms of percentage
swelling is crucial when considering its practical application,
as excessive water absorption can compromise a material’s

600
500

400

CXM1 CXM3 CXM5 CVM1 CVM3
Films
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Water Vapor Transmission Rate

Fig. 9 Water absorbency and water vapor transmission rate of all the synthesized films [different letters within a column represent significantly different

values at (p <
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0.05) using Tukey's test (mean =+ standard deviation, n = 3)].
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Fig. 10 Signs of biodegradation [(a) color changes and darkening of the
film. (b) Formation of multiple holes in the film, a sign of bulk-erosion-type
degradation].

structural integrity and functionality in various applications.
The moisture absorption capacity % values of the fabricated
films were evaluated and compared (Table 3). Neat film C
exhibited the highest water absorbency of 70.52 £ 1.29%.
Compared to parental chitosan, all the nanocomposites had
reduced hydrophilicity. However, among all the nanocompo-
sites, CXM5 seemed to have the highest water absorbency,
attributed to the pores in its film surface facilitating increased
water uptake, as seen in the FE-SEM micrographs. Further-
more, it was observed that the chitosan-vanillin-MMT clay
nanocomposite films CVM1 and CVM3 displayed optimal
results, manifesting moisture absorbance decreases of 24.78
and 22.96%, respectively. The water affinity of chitosan is
primarily influenced by the hydrophilic functional groups pre-
sent in it, ie., hydroxyl (OH) and amino (NH,) groups, which
are mitigated by interactions with other materials in the
composite, limiting their availability to engage with water
molecules, subsequently reducing the nanocomposites’ water
absorption capacity. The absence of -OH groups in the biopo-
lymer matrix, resulting from H-bonding with nanofillers in the
various composite films, was identified as a contributory factor
to the decreased moisture absorption, consistent with previous
findings.16'25‘27'32’55

(C is parental chitosan film, CXM1 is chitosan-xanthan gum
blend with 1% MMT, CXM3 is chitosan-xanthan gum blend
with 3% MMT, CXMS5 is chitosan-xanthan gum blend with 5%
MMT, CVM1 is chitosan-vanillin blend with 1% MMT, and
CVM3 is chitosan-vanillin blend with 1% MMT).

3.3.2 Biodegradability. Because biodegradable films do not
cause pollution, they do not endanger the environment. The
type, chemical composition/modification, crystallinity, amount
of the fillers employed, etc. all affect the degradation process.**
Due to their compact structure or antimicrobial properties,
fillers can reduce the biodegradability of a film and increase its
durability.”®>° Polymeric materials experience considerable
changes in their structure, shape, and characteristics as a result
of environmental influences, such as microbes, temperature,
humidity, and the pH of the medium (soil).** Overall, the soil
burial investigations revealed a two-stage degradation process,
starting with water diffusing into the film and causing it to
inflate and develop microorganisms. Enzyme-based and other

8070 | Mater. Adv, 2024, 5, 8060-8073
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Fig. 11 Biodegradability of the films in the first month [different letters
represent significantly different values at (p < 0.05) using Tukey's test
(mean + standard deviation, n = 3)].

CVM3

Table 2 Soil analysis

S. no. Parameter Result

1 pH 8.5+ 0.7

2 N (nitrogen available) 633 + 2.64 kg Ha™ '
3 P (phosphorus available) 266 + 0.4 kg Ha ™'
4 K (potassium available) 0.19 £ 0.05%

degradation occurs in the second stage, causing a reduction in
weight and film sample breakdown.?” All the films examined
for biodegradation exhibited a weight loss, structural altera-
tions, and underwent a form of deterioration characterized as
bulk erosion. Film C experienced complete degradation within
the first month, while the xanthan gum-vanillin blends and the
incorporation of nanoclays showed improved durability, yet
maintained efficient biodegradability. Fig. 10 illustrates the
evident signs of biodegradation, manifested by a color change
from transparent to dark brown or black, indicative of the
degradation process. The arrows in the image highlight hole
formation in the film, signifying bulk erosion-type degradation.
The weight loss percentages of all the biodegradable films were
documented during the first month under laboratory condi-
tions, as depicted in both Fig. 11 and Table 3. The soil samples
utilized in the degradation test were subjected to physiochem-
ical analysis. The results are depicted in Table 2 below.

4. Conclusion

Using a quick and affordable solution casting technique, MMT
nanoclay was incorporated in chitosan-xanthan gum and chit-
osan-vanillin blended films were effectively created in the
current work. To accurately characterize the films, a variety of
instrumentation approaches were used. Observing all the
results, it was concluded that the 3 wt% MMT-incorporated

© 2024 The Author(s). Published by the Royal Society of Chemistry
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chitosan-vanillin blend (1: 1) exhibited the best overall results.
The results from the FTIR examination showed that all the
natural ingredients interacted to create high miscibility. In
comparison to the pristine one, the optimized film CVM3
demonstrated a considerably improved mechanical perfor-
mance (6.64 times better). When compared to pristine chitosan
film, the barrier properties of the film, such as oxygen and
moisture transmission rates, were decreased. The film also
offered strong UV protection. Further, the calculated high levels
of degradability guarantee environmental sustainability. With
all of the aforementioned qualities, it is clear that this film is a
viable environmentally friendly biodegradable alternative to
petroleum-based synthetic plastic packaging for food.
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