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Abstract

Calcium oxide (CaO) nanoparticles were prepared using domestic eggshell waste through
thermal calcination and incorporated into chitosan/polyvinyl alcohol (CS/PVA) composite to
improve their physicochemical and antibacterial properties. CS, CS/PVA, and CS/PVA/Ca0
formulations were synthesized and evaluated using viscosity measurements, FTIR, XRD, SEM,
and antibacterial activity against Escherichia coli. FTIR and XRD indicated the presence of
crystalline CaO with traces of residual carbonate, while SEM analysis indicated dramatic
morphological improvements, especially enhanced porosity and surface roughness upon
Ca0 addition. Viscosity determinations indicated concentration-dependent increase, with
CS/PVA and CS/PVA/Ca0 solutions having lower viscosities than neat chitosan, suggesting
enhanced chain mobility and processability. TGA analysis showed enhanced thermal stability
in the CS/PVA/CaO films compared with CS and CS/PVA films, demonstrating the reinforcing
effect of CaO nanoparticles in the polymer matrix. Antibacterial analysis showed that the CS/
PVA sample had the largest inhibition zone compared to CS and CS/PVA/Ca0, indicating a
synergistic effect between CS and PVA, while the introduction of CaO reduced antibacterial
activity slightly, likely because of nanoparticle aggregation. In all, this paper points to a
green process to transform biowaste into functional nanomaterials and secures a structure—
property—function relationship in CS-based antimicrobial films, supporting their potential

application in biomedical, environmental, and packaging fields.
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1. Introduction

Chitosan (CS) is a natural, linear, polycationic
polymer made by partially removing acetyl groups
from chitin. Chitin is the main structural component of
the exoskeletons of crustaceans. Chemically, chitosan
is a linear heteropolysaccharide that consists of B-1,4-
linked D-glucosamine and N-acetyl-D-glucosamine units
[1]. Owing to its biocompatibility, biodegradability, and
notable antibacterial and antifungal properties, chitosan
has gained widespread attention for applications in
biomedical, environmental, and industrial fields [2, 3].

Despite its many advantages, chitosan also exhibits
certain drawbacks, including brittleness, poor solubility
at neutral and basic pH, and low mechanical strength.
These limitations can be addressed by blending or
grafting chitosan with natural or synthetic polymers
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such as cellulose, alginate, polyethylene glycol (PEG), or
polyvinyl alcohol (PVA) [4]. Such modifications enhance
its mechanical strength, flexibility, and water solubility,
thereby improving its performance in food packaging,
water treatment, and biomedical applications [5].

PVA is a water-soluble synthetic polymer that is
considered safe, non-toxic, and biocompatible. This
makes it highly suitable for diverse applications [6]. Unlike
many synthetic polymers that require organic solvents
for processing, PVA dissolves readily in water due to
the presence of hydroxyl (-OH) groups, which facilitate
hydrogen bonding with water molecules [7]. Blending PVA
with chitosan improves the hydrophilicity and thermal
durability, thereby expanding its applicability in sectors
such as drug delivery and wound dressing [8]. The strong
intermolecular hydrogen bonding between PVA and
chitosan enhances the composite’s structural integrity,
resulting in a more amorphous and flexible material [9].

Incorporating nanoparticles into polymer matrices
further enhances the material’s structural, mechanical,
and functional properties, including chemical stability,
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electrical conductivity, optical behavior, and swelling
capacity [10]. Uniform dispersion of nanoparticles within
the polymer matrix is essential for reinforcing these
characteristics, as it affects the material microstructure
and molecular interactions. Metal oxide nanoparticles
such as titanium dioxide (TiO;), zinc oxide (ZnO), and
calcium oxide (CaO) have shown strong antibacterial
effectiveness. They can generate reactive oxygen species
(ROS) and disrupt microbial cell membranes. [11].

Calcium oxide nanoparticles (CaO NPs), in particular,
exhibit potent antibacterial and antifungal properties by
generating reactive oxygen species (ROS) and increasing
environmental alkalinity, thereby compromising bacterial
cell membranes and causing cell death [12]. Moreover,
CaO NPs can be synthesized from natural waste materials
such as eggshells, making the process cost-effective
and environmentally sustainable [13]. This eco-friendly
approach not only reduces production costs but also
supports waste valorization and circular economy
initiatives [14].

Sutharsan et al. demonstrated that chitosan/
polyvinyl alcohol (CS/PVA)-based nanocomposite films
incorporated with g-CsN; exhibit enhanced thermal
stability, photocatalytic activity, and antimicrobial
performance while maintaining smooth film morphology
[15]. Their findings emphasize that the incorporation of
inorganic nanofillers into CS/PVA matrices effectively
improves  structure—property relationship  without
compromising film integrity. These results highlight the
potential of CS/PVA-based nanocomposites as sustainable
antimicrobial materials and support further investigation
of alternative green nandfillers, such as eggshell-derived
CaO0 nanoparticles.

Lishchynskyi et al. reported the development of a
temperature-responsive  POEGMA  (poly(di(ethylene
glycol) methyl ether methacrylate) polymeric brush,
which, when integrated with CaCO; nanoparticles,
functioned as a biologically active substrate with
promising applications in tissue engineering [16].

The physical and chemical characteristics of chitosan-
based composites, such as viscosity, morphology, and
crystallinity, are crucial for determining their suitability
in practical applications [17]. Viscosity, a key rheological
parameter, affects the processability and film-forming
ability of the material [18]. Blending chitosan with PVA
alters its viscosity profile, which may be further influenced
by the incorporation of CaO NPs due to modified polymer—
nanoparticle interactions [19,20]. Understanding these
variations is essential for optimizing processing parameters
and ensuring consistency in performance [21]. Ormazabal

et al. reported that eggshell-derived CaO nanoparticles
can be effectively utilized as antimicrobial fillers in polymer
matrices, demonstrating a significant E. coli reduction
and improved structural properties when well dispersed
[22]. Their findings highlight that nanoparticle surface
characteristics strongly influence antimicrobial efficiency
and composite performance, suggesting that incorporating
biowaste-derived CaO into biodegradable polymer
matrices such as chitosan/PVA could further enhance
antibacterial functionality and sustainability.

Morphological features, particularly surface texture
and microstructure, significantly influence the functional
properties of composites. Techniques such as scanning
electron microscopy (SEM) provide valuable insights
into component dispersion, homogeneity, and porosity
[23]. The inclusion of PVA and CaO NPs can modify
these morphological characteristics, thereby affecting
mechanical strength and barrier properties of the
composite [24].

This study aims to investigate the viscosity, surface
morphology (SEM), and antibacterial activity of pure
chitosan, chitosan—PVA, and chitosan—-PVA-CaO
composites. By examining these properties, we seek
to elucidate the synergistic effects of PVA and CaO
nanoparticles on the chitosan matrix, with the ultimate
goal of developing enhanced biomaterials for a range of
biomedical and industrial applications.

2. Materials and Methods

2.1 Materials

The polymers used in this study were polyvinyl alcohol
(PVA), with a molecular weight of 85,500 g-mol™ and a
degree of hydrolysis of 89.5% and chitosan (CS) with
a degree of deacetylation of 68.5% purchased from
Sigma-Aldrich. Glacial acetic acid from Merck was used
to prepare CS solutions. Domestic eggshells were used to
synthesize calcium oxide nanoparticles.

2.2 Synthesis of CaO NPs

The experimental procedure followed for the
preparation of eggshell-derived CaO is schematically
shown in Figure 1. Chicken eggshells were collected from
kitchen waste and washed with deionized (DI) water to
remove unwanted residues. It was heated to 100 °C and
ground to fine powder in a mixer grinder. This eggshell
powder obtained was calcined at 900 °C for 2 h. It was
cooled to around 100 °C, and the resulting CaO powder
was crushed using a mortar and pestle to fine powder
with a nanoscale particle size, as shown in Figure 1 [25].

Figure 1. Preparation of eggshell derived CaO nanoparticles by calcination.
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2.3 Preparation of CS, CS/PVA and CS/PVA/CaO solution
mixture

A 1% (w/v) CS solution was prepared by dissolving
chitosan powder in a 1% (v/v) acetic acid solution under
continuous stirring at room temperature until a clear and
homogeneous solution was obtained [26].

For the preparation of the CS/PVA solution, polyvinyl
alcohol (PVA) was first dissolved in distilled water by
heating to approximately 80 °C with constant stirring until
completely dissolved. The chitosan solution was then
added to the PVA solution in a 1:1 (v/v) ratio, and the
mixture was stirred at room temperature until a uniform
blend was achieved [27].

To prepare the CS/PVA/CaO composite solution, 0.5 g
of calcium oxide (CaO) powder was gradually introduced
into the CS/PVA mixture under vigorous stirring to
ensure uniform dispersion. The resulting suspension
was then subjected to ultrasonication until a stable and
homogeneously mixed formulation was obtained [28].

2.4 Viscosity measurement

Stock solutions of CS, CS/PVA and CS/PVA/CaO were
prepared. From these stock solutions, five concentrations
(0.1%, 0.2%, 0.3%, 0.4%, and 0.5% w/v) were prepared
by dilution with distilled water under continuous stirring
at room temperature to ensure homogeneity. For each
formulation, the required volume of 1% stock solution
was mixed with distilled water to achieve the target
concentration, following the dilution formula:

C1V1=C2V2

Where C, and V, are the concentration and volume
of the stock solution, and C, and V, are the desired
concentration and final volume, respectively. Each diluted
solution was stirred gently for 30 minutes.

The viscosity of each solution was measured using
an Ubbelohde capillary viscometer. The viscometer was
thoroughly cleaned, rinsed with distilled water, and dried
before use. Approximately 15 mL of each test solution was
introduced into the viscometer. The efflux time, defined
as the time required for the solution to flow between
the two marked levels, was recorded using a digital
stopwatch. Each sample was measured in duplicate, and
the mean efflux time was used for viscosity calculations
[29].

2.5 Antibacterial activity

Antibacterial efficacy of chitosan, chitosan/PVA,
and chitosan/PVA/CaO solutions was tested against
Escherichia coli (E. coli) by agar well diffusion method [30].
The nutrient agar media were prepared and sterilized and
then transferred to sterile Petri dishes and left to set.
E. coli was cultured fresh in nutrient broth and diluted
to standardized turbidity (equivalent to 0.5 McFarland
standard). The bacterial suspension was evenly spread
on the surface of the agar plates using a sterile cotton
swab in order to get a uniform lawn growth. Wells of
diameter 6 mm were then punctured into the agar, and
100 pL of each test solution (Chitosan, Chitosan/PVA,
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and Chitosan/PVA/Ca0) was aseptically filled in separate
wells. A control well containing sterile distilled water was
also included in order to verify the results.

The plates were incubated at 37 °C for 24 hours, and
afterward the antibacterial activity was determined by
the measurement of the zone of inhibition around each
well. The procedure was carried out in triplicate to ensure
reproducibility, and the mean zone of inhibition for every
sample was determined. The relative antibacterial activity
of the samples was determined from the diameter
of the inhibition zones, larger zones denoting greater
antibacterial activity. The procedure enabled a qualitative
and semi-quantitative evaluation of the bactericidal
activity of the various chitosan-based formulations
against E. coli.

2.6 FE-SEM Analysis

Field Emission Scanning Electron Microscopy
(FE-SEM) was employed to investigate the surface
morphology of the prepared chitosan, chitosan/
PVA, and chitosan/PVA/CaO films. FE-SEM imaging
was carried out on a FE-SEM model JEOLJSM-7610F under
high-vacuum condition at an accelerating voltage of
5 kV. Images were taken at various magnifications in
order to evaluate surface features like homogeneity,
porosity, smoothness and the distribution of embedded
particles.

2.7 Thermo gravimetric Analysis

Thermo gravimetric analysis (TGA) was used to assess
the thermal stability and decomposition pattern of
prepared samples. The experiment was conducted on a
TGA analyzer (Model: SETLINE, Manufacturer: LCGC) in
a nitrogen environment to avoid oxidative degradation.
About 20 mg of each dried sample was loaded in a
platinum crucible and heated from room temperature to
800 °C at a constant heating rate of 10 °C/min. The weight
loss and its respective temperature were measured
to evaluate the thermal decomposition profile of the
materials.

2.8 Water vapor permeability rate of films

The water vapor permeability rate of polymeric films
was determined using the gravimetric cup method in
accordance with ASTM E96/E96M. In this method, the
test film is sealed over the mouth of a permeation cup that
contains either a desiccant or distilled water, depending on
whether the dry-cup or wet-cup procedure is employed.
The assembly is placed in a controlled environment, and
the increase or decrease in the cup’s mass due to water
vapor transfer through the film is recorded at regular time
intervals until steady-state permeation is achieved.

3. Results and Discussion

3.1 Characterisation of CaO nanoparticles

In the FTIR spectrum of the synthesized calcium oxide
(CaO) nanoparticles, several characteristic absorption
bands were identified, confirming the presence of
specific functional groups associated with both the target
compound and residual precursors. The absorption
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band observed at 710 cm™ is attributed to the Ca-O
bond vibration, indicating the successful formation of
calcium oxide. A peak at 869.90 cm™ corresponds to
the C-0 vibrational mode of calcium carbonate (CaCO:s),
suggesting the presence of residual carbonate species
likely resulting from incomplete thermal decomposition
of the precursor material. Additionally, the band at
1514 cm™ is associated with the asymmetric stretching
vibrations of carbonate ions (CO3%"), further supporting
the presence of minor CaCOs content. A broad absorption
band at 3639.68 cm™ was also detected, corresponding
to the O-H stretching vibration of water molecules
coordinated to calcium, which is indicative of adsorbed
moisture on the nanoparticle surface. These findings
confirm the formation of CaO while also highlighting the
partial retention of carbonate species and surface-bound
water, which are common in CaO materials synthesized
from natural sources such as eggshells.

X-ray diffraction (XRD) analysis further validated
the crystalline nature of the calcined eggshell powder.
The XRD pattern showed sharp and intense diffraction
peaks within the 26 range of 30 ° — 90 °, characteristic
of well-crystallized CaO. The average crystallite size
was estimated using the Scherrer equation, confirming
nanoscale dimensions. Together, these analyses
demonstrate that the synthesized CaO nanoparticles
exhibit a predominantly crystalline structure with minor
residual carbonate content and surface-bound moisture
— typical traits for CaO derived from bio-waste materials.

3.1.1 JCPDS data

The crystalline phases in the sample were identified
by comparing the experimentally obtained XRD pattern
with standard JCPDS data. The XRD pattern exhibits
distinct diffraction peaks that closely match the standard
diffraction data of calcium oxide (CaO), confirming
that CaO is indeed formed in the sample. The strong
diffraction peaks observed at about 26 = 32.2°, 37.4°,
53.9°, 64.2°, and 67.4° correspond to the reflections from
the (111), (200), (220), (311), and (222) crystallographic
planes, respectively. These peaks are reasonably matched
to the JCPDS PDF No. 37-1497: CaO with a cubic crystal
system and an FCC lattice. The close match between peak
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Figure 2. The FTIR spectrum of CaO nanoparticles derived from
eggshell powder.
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position and relative intensities with JCPDS reference
data provides evidence for the crystalline nature and
phase purity of CaO. Besides, no additional diffraction
peaks due to either CaCO; or Ca(OH), were found in the
XRD spectrum, indicating that calcination was effective
and that the eggshell-derived calcium precursor had
successfully transformed into CaO.

3.1.2 TEM and AFM analysis of CaO nanoparticles

The TEM analysis gives a very clear and high-
magnification image of individual nano-calcium oxide
particles from eggshell powder, which can distinctly attest
to their morphology and size (Fig. 4a). The micrographs
show particles with a spherical, hemispherical, or quasi-
cubic shape with very distinct edges. The measurements
from the scale bar of the micrograph will show that these
particles have nano-scale dimensions, with an average
size measured between 10 nm and 50 nm. The particles
are very small in dimension, which is very important since
they have a high surface area to volume ratio; this is highly
advantageous especially in heterogeneous catalysis and
absorption. The distinct lattice fringes in HR-TEM analysis
will attest to a very high level of crystallinity in the calcium
oxide samples with a face-centered cubic structure. In
AFM imaging, the focus is on the three-dimensional
surface morphology and texture of the nano-CaO when
used in film form or a dispersed layer (Fig. 4b). Color scale
in this image clearly indicates granular/irregular surface
morphology, establishing a two-dimensional array of
these self-assembled nanoparticles. More sensitively,
AFM provides information concerning surface roughness
on a scale measured in nanometers in terms of root mean
square (RMS) roughness or average roughness (Ra).

3.2 Viscosity measurement

The viscosities of chitosan, chitosan/PVA, and
chitosan/PVA/CaO solutions at concentrations of 0.1%,
0.2%, 0.3%, 0.4%, and 0.5% were measured using an
Ostwald viscometer. The measured values are presented
in Table 1.

The viscosities of all three formulations increase
as concentration increases. This is consistent with the
overall behavior of polymer solutions, in which increased
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Figure 3. The XRD spectrum of CaO nanoparticles.
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Figure 4a. The TEM image of CaO nanoparticles
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Figure 4b. The AFM images of CaO nanoparticles

Table 1. Viscosity of chitosan, chitosan/PVA, and chitosan/PVA/Ca0.

Concentration (%) Viscosity of Chitosan (Poise) Viscosity of chitosan/PVA (Poise) Viscosity of blend (Poise)
0.1 0.0391 0.0128 0.00981
0.2 0.0659 0.0153 0.0107
0.3 0.0867 0.0172 0.0115
0.4 0.1218 0.0189 0.0127
0.5 0.1591 0.0215 0.0137

Comparison of viscosities of chitosan, chitosan/PVA, and
chitosan/PVA/Ca0 solution
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Figure 5. Comparison of viscosities of chitosan, chitosan/PVA, and chitosan/PVA/CaO solution.

concentrations lead to greater molecular entanglements
and interactions and, therefore, greater resistance to
flow.

Among the three formulations, pure chitosan solutions
have the highest viscosity at all concentrations. This is
likely because of the high molecular weight of chitosan
and the extensive intra- and intermolecular hydrogen
bonding between the chains of chitosan, leading to a
more viscous and ordered solution. By comparison, the
CS/PVA blend solutions have much lower viscosities than
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pure chitosan. Combining PVA with chitosan probably
interferes with some of the chitosan-chitosan interactions
and decreases the overall viscosity. This reduction is due
to the more flexible and linear nature of PVA, which
reduces the stiffness of chitosan and enhances chain
mobility in the solution.

The CS/PVA/CaO solutions exhibited the lowest
viscositiesamongthe three formulations. The introduction
of calcium oxide nanoparticles likely disrupted the
interactions between the polymer chains and further
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reduced the viscosity, possibly by increasing the distance
between the polymer chains or interfering with hydrogen
bonding. The nanoparticles may also promote more
compact polymer chain conformations, resulting in a
reduction in hydrodynamic volume and, consequently,
lower viscosity. In general, the findings shows that both
CaO0 incorporation and PVA blending result in reduced
viscosity compared to solutions of pure chitosan. These
rheological changes have important implications for
processing and application. Reduced-viscosity products
might be better suited for spraying, electrospinning, or
film casting, depending on application requirements.

3.3 Antibacterial analysis

The antibacterial activity of the developed films
was assessed against Escherichia coli (E. coli) using the
agar well diffusion method. A comparative analysis was
performed among chitosan (CS), chitosan/polyvinyl
alcohol (CS/PVA), and chitosan/polyvinyl alcohol/calcium
oxide (CS/PVA/Ca0) composite films. Nalidixic acid, used
as the standard antibiotic control, exhibited the largest
zone of inhibition at 2.0 cm, confirming the sensitivity of
E. coli to antimicrobial agents. The CS film alone showed
a moderate inhibition zone of 1.2 cm, attributed to the
intrinsic antibacterial properties of chitosan, which
is known to disrupt bacterial cell membranes. Upon
blending with PVA, the CS/PVA film demonstrated an
increased zone of inhibition of 1.6 cm. This suggests that
the incorporation of PVA improved the film’s antibacterial
performance, possibly by promoting better film
formation and facilitating the sustained release of active
components. The addition of CaO, synthesized from
eggshell powder (ESP), to the CS/PVA matrix resulted in
a slight reduction in antibacterial activity, with a zone
of inhibition of 1.0 cm. Although CaO alone displayed a
limited antibacterial effect (0.7 cm), its incorporation into
the polymeric matrix did not enhance the activity beyond
that of CS or CS/PVA alone. This suggests that while CaO
contributes to the antimicrobial profile, its interaction
with the CS/PVA matrix may influence the overall
effectiveness, potentially due to factors such as reduced
diffusion or particle aggregation. Overall, the CS/PVA film
demonstrated the highest antibacterial activity among
the composites, indicating a more effective combination
for antimicrobial applications compared to the CaO-
loaded variants.

3.4 Preparation and Characterization of Chitosan,
Chitosan/PVA, and Chitosan/PVA/CaO films

Chitosan and PVA/chitosan films, were obtained by
solution casting. Initially, chitosan was dissolved in a 1%
(v/v) acetic acid solution and stirred until a clear solution
was obtained. The solution was then poured over a clean,
flat surface and drying was performed under controlled
conditions. This process resulted in the formation of
chitosan films. For the preparation of PVA/chitosan/CaO
films, PVA was first dissolved in distilled water at 90 °C.
Chitosan solution was then added to it, and stirring was
continued until a uniform mixture was formed. Finally,
CaO0 nanofillers were added, followed by vigorous stirring
and ultrasonic treatment. The resulting solution was then
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Table 2. The zone of inhibition of different components against

E. coli.
Bacteria -E Coli Zone of inhibition (cm)
Nalidixic acid 2
Chitosan 1.2
Chitosan + PVA 1.6
CaO (ESP) 0.7
Chitosan + PVA+ CaO (ESP) 1

dried to form uniform and flexible PVA/chitosan/CaO
composite films.

PVA and chitosan are generally considered to be
miscible or highly compatible polymers due to strong
intermolecular hydrogen bonding between the hydroxyl
groups of PVA and the hydroxyl and amine groups of
chitosan, which promotestheformationofahomogeneous
polymer network without clear phase separation. When
a nanofiller is introduced into this miscible PVA/chitosan
blend, it does not reside exclusively in either the PVA
or chitosan phase; instead, it preferentially localizes at
the polymer—polymer interface, where it can interact
simultaneously with functional groups from both
polymers. In the case of polar inorganic fillers such as
Ca0, strong interactions with the —OH groups of PVA and
the —OH/-NH, groups of chitosan are favored, allowing
the filler to act as an interfacial reinforcing and functional
agent, thereby enhancing the structural stability and
overall performance of the composite system.

Temperature plays an important role in the
solubilization and homogeneous preparation of the
chitosan/PVA/CaO blend, mainly because it controls the
dissolution of the polymers, along with viscosity and
interfacial interactions. For instance, moderate heating,
such as 40 °C, enhances the dissolution of chitosan in
dilute acetic acid, due to increased chain mobility and
protonation of amino groups, while high temperatures
up to 70 °C disrupt the hydrogen bonding among the
PVA molecules, leading to their complete dissolution.
However, if the temperature is too high, it may potentially
allow hydration of CaO or partial decomposition of
chitosan to take place prematurely, which would reduce
the stability and uniformity of the blend. Therefore,
controlled temperature conditions are required to
achieve effective solubilization and uniform distribution
of fillers for the preparation of a stable chitosan/PVA/CaO
blend suitable for film formation.

The solubilized chitosan/PVA/CaO polymer blend can
affect the growth of plants in a dual manner by acting
directly on the plants or indirectly by reacting with the
soil and water.

3.4.1 Water vapor permeability rate of films

The water vapor permeability rate (WVPR) is
calculated from the slope of the linear portion of the mass
change versus time plot divided by the exposed film area.
The water vapor permeability (WVP) is then obtained by
multiplying the WVPR by the film thickness and dividing
by the water vapor pressure difference across the film.
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Figure 6. Antibacterial analysis of CaO, CS, CS/PVA, and CS/PVA/CaO0.

Lower WVP values indicate improved barrier properties,
which in chitosan/PVA-based films are influenced by
polymer miscibility, hydrogen bonding, crystallinity, and
the dispersion of fillers such as CaO that can increase
tortuosity and reduce moisture diffusion.

The water contact angle measures how a droplet of
water interacts with a solid surface. It is used to assess
the wettability of a surface and to determine whether it
is hydrophilic or hydrophobic. When a small droplet of
distilled water lands on a solid surface, its shape depends
on the surface energy of the material. A low contact
angle, less than 90°, shows that water spreads easily on
the surface, indicating hydrophilic behavior. In contrast,
a high contact angle, more than 90°, means poor wetting
and hydrophobic behavior. In polymer films like chitosan/
PVA-based materials, the water contact angle is greatly
affected by surface chemistry, roughness, and the
presence of hydrophilic functional groups (—OH and —
NH,). Adding fillers like CaO can change surface energy
and roughness, leading to a lower contact angle and
better wettability. This property is especially important
for applications such as water purification and filtration,
as lower contact angles allow for better water penetration
and interaction with the active antibacterial surface.

Degradation analysis of films was carried out
to assess the stability and degradation behavior of
polymer composites under environmental or controlled
conditions. Chitosan degradation occurs mainly by
microbial and enzymatic action, while PVA undergoes
hydrolytic and microbial degradation at a slower rate;
combining the two in a blend enables a controlled
degradation profile. The presence of inorganic fillers
like CaO influences degradation through the alteration
of the pH and moisture uptake, generally accelerating
the initial degradation by increasing hydrophilicity
and microstructural disruption of the polymer matrix.
Consequently, these composites reduce long-term plastic
accumulation, lower the generation of microplastics, and
ensure low ecological toxicity.

Water uptake and swelling properties of both the
solutions and films prepared from the chitosan/PVA/Ca0
blend are primarily governed by the hydrophilic nature
of chitosan and PVA and the interaction of CaO within
the polymer matrix. In the solid film stage, the controlled
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incorporation of CaO affects swelling due to the fact
that this inorganic filler may improve water uptake by
enhancing porosity or reduce excessive swelling due
to ionic interactions with chitosan chains. Balanced
swelling improves flexibility, permeability, and functional
performance of the film, whereas excessive swelling can
reduce mechanical stability.

The water solubility of the chitosan/PVA/CaO
blend solution and the resulting film is mainly related
to the intrinsic solubility of the polymers and their
intermolecular interactions. PVA naturally has excellent
water solubility due to the high density of its hydroxyl
groups, while chitosan is insoluble in neutral water but
soluble in dilute acidic media because of the protonation
of its amino groups. In the blended system, this results
in hydrogen bonding between chitosan and PVA, which
reduces the number of free hydrophilic sites and thereby
limits complete dissolution in water, while still allowing
partial solubility and swelling. Water solubility of the film
is further reduced by the addition of CaO, which, besides
acting as an inorganic crosslinking agent, also increases
structural rigidity through ionic interactions with chitosan
chains.

3.5 SEM analysis

The SEM analysis of the chitosan, chitosan/PVA and
chitosan/PVA/CaO films reveals marked differences
in the morphology, showing the influence of blending
and the addition of nanofillers on film structure. The
homopolymer chitosan film possesses a surface that is
rough, irregular, and compact with minimal porosity.
The surface has aggregated areas and no uniformity of
fiber or phase distribution, which explains the inherent
brittleness and poor film-forming character of chitosan
when applied as a pure material. These features are
common because of the high viscosity and intermolecular
hydrogen bonding of chitosan, which inhibits it from
presenting smooth or continuous structures. The absence
of pores and compactness of the surface can restrict its
functional characteristics such as flexibility, permeability,
and surface area, which play an important role when
used in biomedical or filtration applications.

With the addition of PVA into the chitosan matrix,
surface morphologyis greatly enhanced. The chitosan/PVA
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blend film exhibits a smoother, more uniform texture with
enhanced phase distribution, and this can be explained by
the plasticizing effect and hydrophilic nature of PVA. The
film surface is more flexible and contiguous with enhanced
porosity and reduced surface defects. Further alteration
with CaO nanoparticles in the chitosan/PVA/CaO film
produces a significant change in morphology. The SEM
micrograph of this composite film shows a rougher and
more porous surface with particulate features dispersed
likely resulting from embedded CaO. These particles
seem to be evenly distributed, forming micro-roughness
and increasing the surface area. Such increased porosity
and surface heterogeneity may increase antibacterial
activity and interaction with aqueous media. In summary,
the morphological progression from chitosan to chitosan/
PVA/CaO exhibits enhanced structural characteristics,
and the resulting composite film provides a favorable
combination of uniformity, porosity, and nanostructural
incorporation for sophisticated functional uses.

3.6 Thermogravimetric analysis

The thermal stability of chitosan (CS), chitosan/
polyvinyl alcohol (CS/PVA), and chitosan/polyvinyl
alcohol/calcium  oxide (CS/PVA/Ca0O) films was
determined using thermogravimetric analysis (TGA). The
TGA and the derivative TGA (DTG) curves for the three
samples are shown in Figure 8. All the samples shows
multiple clear phases of weight loss due to moisture
evaporation, polymer degradation, and degradation of
the polymer matrix, and the remaining inorganic content.

The CS film displayed three major decomposition
stages. The initial weight loss (16.63%) occurred from
28.8 °Ct0 130.8 °C due to the evaporation of bound water.
This was followed by a minor degradation phase (6.84%)
from 131.9 °C to 200.9 °C, attributed to the breakdown
of low molecular weight fractions. The primary thermal
degradation (38.79%) occurred between 213.9 °C and
409.1 °C, indicating the decomposition of the polymer
backbone, resulting in a residual mass of 36.23% at the
end of the heating cycle.

The thermal profile for the CS/PVA film was slightly
better. The initial stage of degradation (10.81%) occurred
from 29.0°C to 151.1°C. This was succeeded by a
significant weight loss of 27.39% between 154.3 °C and
309.5 °C, representing polymer degradation. There
was another stage of decomposition (22.08%) between
376.2 °C and 458.3 °C, indicating more thermally stable
interactions between CS and PVA. The residual mass was
decreased to 13.10%, which is a sign of higher thermal
decomposition than for pure chitosan.

The addition of CaO to the CS/PVA matrix drastically
changed the thermal profile. The CS/PVA/CaO film
showed initial degradation (12.52%) between 31.7 °C and
162.3 °C. A significant decomposition phase (54.87%) was
observed from 214.2 °C to 388.1 °C. A third degradation
step (3.67%) was also seen at a higher temperature range
of 674.7 °C to 746.9 °C, which is due to decomposition of
remaining carbonaceous materials or interactions with
Ca0. The final residual mass reached a minimum of 9.32%,
reflecting improved decomposition efficiency, which may
be a result of catalytic action of CaO nanoparticles.
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These findings clearly indicate that the addition of
PVA enhances the thermal stability of chitosan films,
and additional CaO nanoparticles add to this stability by
moving the degradation towards higher temperatures
and facilitating further degradation of the polymer matrix.
The CS/PVA/CaO film thus exhibits superior thermal
resistance, making it suitable for applications requiring
high thermal stability.

4, Conclusion

Calcium oxide (CaO) nanoparticles were successfully
synthesized from waste eggshells via a simple thermal
decomposition method and were subsequently
incroporated into chitosan/polyvinyl alcohol (CS/
PVA) composite films. Comprehensive structural and
morphological characterizations, including FTIR and SEM
analyses, confirmed the successful formation of CaO and
its homogenous dispersion within the polymeric blend.

Viscosity studies revealed that the addition of
PVA and CaO significantly reduced the viscosity of
chitosan solutions, indicating enhanced polymer chain
flexibility and improved processability. This reduction
in viscosity suggests that these modified systems
may be more suitable for applications involving film
casting, electrospinning, or coating technologies, where
lower viscosity is advantageous. Thermogravimetric
analysis (TGA) also proved that the addition of CaO
nanoparticles in the CS/PVA matrix improved the
thermal stability of the films. The CS/PVA/CaO
films showed a better decomposition temperature
and higher thermal resistance than pure CS and CS/PVA
films, verifying the reinforcing capability of CaO on the
thermal behavior of the biopolymer composites.

Antibacterial assays against Escherichia coli revealed
that the CS/PVA film produced the largest inhibition zone,
highlighting a favorable synergism between chitosan’s
cationic sites and PVA’s hydrophilicity. Although adding
Ca0 did not further boost antibacterial efficacy, it
created a rougher, more porous surface that could be
advantageous for other functions (e.g., adsorption,
catalytic supports, or tissue-engineering scaffolds).

Overall, this study presents a sustainable approach for
converting eggshell waste into functional CaO nanofillers
and establishes clear structure—property relationships
across pure CS, CS/PVA, and CS/PVA/CaO systems.
Future research should focus on optimizing CaO loading,
evaluating antimicrobial activity against a broader
spectrum of pathogens, and investigating the long-term
mechanical stability and reusability of the films to fully
harness the multifunctional potential of these green
composite materials.

Challenges and future prospects

There are various challenges, as well as bright
applications, associated with the chitosan/PVA/CaO
blend system. The outlook is promising because,
through optimization of the formulations and processing
conditions, multi-purpose, biodegradable materials
with regulated bio-minerality, prolonged antibacterial
properties and high mechanical properties can be formed.

Linsha PLM et al



Techniques such as advanced surface modifications,
nano-dispersion methods and life cycle analysis could
expand the potential applications of these materials in
water treatment, agriculture, and eco-friendly packaging.
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