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Abstract

The valorization of agricultural by-products through their integration into biodegrad-
able materials represents a promising approach for sustainable food preservation. In this
study, nanostructured chitosan/polyvinyl alcohol (PVA)/orange peel–bagasse waste (OPB)
(0.125%, 0.25%, and 0.5% OPB) films were developed and characterized for their physic-
ochemical, mechanical, and biodegradation properties. Scanning electron microscopy
and confocal laser scanning microscopy revealed that OPB concentration influenced struc-
tural homogeneity. Attenuated total reflectance-Fourier transform infrared spectroscopy
(ATR-FTIR) revealed possible molecular interactions among components through hydro-
gen bonding (peaks at 1570, 1416 cm−1, and 1020 cm−1) and imine (C = N) formation
(broadening of the peak at 1425 cm−1). As OPB increased, water vapor diffusion and film
rigidity increased, while elongation at break decreased. After composting, weight loss was
93.7% and 100% for the chitosan and PVA films, respectively. For the nanostructured films,
weight loss was between 94.7% (30PVA/0.5OPB) and 99.7% (30PVA/0.125OPB). Regarding
ATR-FTIR of the blends, the intensity of the peaks located between 3625 and 3005 cm−1,
at 2919 cm−1, at 1729 cm−1, at 1621 cm−1, at 1521 cm−1, and between 1160 and 885 cm−1,
corresponding to the OPB functional groups, decreased. These results demonstrate that
incorporating citrus waste enhances biodegradability and provides films barrier properties
suitable for fresh produce preservation.

Keywords: biodegradable films; chitosan blends; orange waste; biodegradation;
food packaging

1. Introduction
The growing volume of agricultural and food processing residues poses a significant

environmental challenge in this century. Large quantities of lignocellulosic by-products
are discarded annually, contributing to waste accumulation and resource inefficiency. The
transition toward a circular economy requires the development of value-added materials
that convert these residues into functional products. Among such approaches, biodegrad-
able polymer composites have attracted growing attention due to their capacity to reduce
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plastic pollution while providing suitable physicochemical and mechanical properties for
packaging and preservation applications. Natural polymers such as chitosan (CS), when
blended with synthetic biodegradable matrices like polyvinyl alcohol, offer a promising
platform for developing environmentally friendly materials. In this context, citrus process-
ing industries produce considerable amounts of peel and bagasse residues rich in pectin,
cellulose, and polyphenolic compounds, which can be reused as natural fillers to improve
film performance and accelerate biodegradation.

Currently, new alternatives for edible films with natural products and reuse of agricul-
tural products are subjects of special interest. A natural polysaccharide such as chitosan
has been widely recognized for its antimicrobial properties, non-toxicity, and biodegrad-
ability [1,2]. It has been used as a film for food packaging applications [3,4]. To improve
the performance of biodegradable films, polymer blending is a good alternative [5]. The
blends of PVA (polyvinyl alcohol) and chitosan have shown higher miscibility, as PVA is a
thermoplastic biodegradable polymer [6,7]. Moreover, the incorporation of nanostructures
into edible films is a new strategy to improve their performance [8]. Chitosan nanoparticles
incorporated into edible films have been proven to increase the shelf life of horticultural
products such as mango, tomato, and bell peppers, among others [9–11].

Although chitosan/PVA blends produce biodegradable films, their strength, func-
tionality, and disintegration rate could be increased by adding cellulose-rich materials,
such as agricultural by-products. In particular, the citrus fruit industry generates many
by-products such as peels and bagasse [12]. In Mexico, approximately 50% of a fruit’s
weight is converted into agro-industrial waste, amounting to 800,000 t per year [13,14]. One
way to revalorize this product is to use it as a raw material for biofuels, essential oil, pectin
extraction, and animal feed, and most recently, it has been incorporated into biodegradable
films [6,15]. Yaradoddi et al. [16] pulverized orange peel and added hydrochloric acid to
extract pectin and glycerol as a plasticizer to form casting films. The authors concluded
that these films could have important applications in the industry because orange peel is
a naturally derived resource with no harmful constituents. The cellulosic or pectin fibers
give the film strength, ensuring biodegradability and lower thermal disintegration, as as-
sessed by thermogravimetric analysis (TGA). Yi et al. [17] prepared casting films from PVA
films and cellulose extracted from orange peel using an alkaline treatment with sodium
hydroxide. Using FTIR, they found that intra- and intermolecular hydrogen bonds were
formed between PVA and cellulose. As the cellulose content increased, the tensile strength
and elongation at break decreased, while Young’s modulus increased. Rathinavel et al. [18]
incorporated orange peel powder (5 to 20 wt. %) into PVA matrix biocomposite films by cast-
ing. FTIR analysis showed interactions between orange peel powder and PVA functional
groups. The films were thermally stable up to 350 ◦C, as measured by TGA, and the tensile
strength increased from 6.20 MPa to 7.80 MPa after orange peel powder was incorporated.
The film’s thickness was suitable for edible film production. Sánchez-Orozco et al. [19] also
prepared sodium alginate–orange peel edible films using glycerol as a plasticizer. The films
were characterized in terms of their structural, thermal, mechanical, and barrier properties.
FTIR spectra revealed interactions between orange peel and sodium alginate functional
groups. Regarding the mechanical properties, the tensile strength increased from 0.92 to
7.39 MPa, and elongation at break decreased from 20.76 to 2.67% after the orange peel was
incorporated, making the orange peelalginate-glycerol films a good alternative for food
packaging. Taghavi et al. [20] studied the effect of incorporating different concentrations
(0, 3, 6, 9, 12, and 15%) of orange peel powder into gelatin films. The moisture content
and water vapor permeability of the films increased as the orange peel content increased.
Scanning electron microscopy (SEM) images showed that as orange peel powder increased,
the film was not homogeneous and had white spots due to the immiscibility of the orange
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particles. Changes in color were also observed; however, opacity increased. Higher tensile
strength and lower elongation at break were observed after orange peel incorporation.
Terzioğlu et al. [6] incorporated orange peel powder (0.25–1.25% w/w) into chitosan/PVA
casting films. FTIR revealed an interaction between the orange peel and the chitosan/PVA
functional groups. The thermal stability (TGA) and water vapor permeability were in-
creased due to the incorporation of the orange peel. On the other hand, the transparency
of the film was decreased as measured by UV-vis spectroscopy. Also, hydrophobicity and
oxygen transmission rate decreased, increasing the antioxidant activity of the films. They
found that for a concentration of 2 wt% pectin, there was a uniform dispersion of curcumin
nanoparticles in the film, and as the concentration of nanoparticles increased, the films were
rough and porous. FTIR results showed good interaction between the pectin and chitosan
functional groups. In previous research work, nanostructured chitosan-PVA films were
developed for blueberry preservation [21]. FTIR analysis showed interactions between
chitosan and PVA functional groups. The incorporation of chitosan nanoparticles into
these composite films increased thermal stability and Young’s modulus. Therefore, the
present study aims to develop and characterize nanostructured chitosan/polyvinyl alcohol
(CS/PVA) films reinforced with orange peel–bagasse (OPB) waste as a sustainable mate-
rial for food packaging applications. It is hypothesized that incorporating lignocellulosic
residues from citrus waste enhances film biodegradability while modulating mechanical
and barrier properties through hydrogen bonding and electrostatic interactions within the
polymeric matrix. The novelty of this work lies in integrating agricultural orange waste
into chitosan/PVA nanocomposites, combining environmental valorization with improved
material functionality for fresh produce preservation. This approach advances circular
economy strategies by transforming agro-industrial by-products into biodegradable films
with potential use in sustainable food preservation systems.

2. Materials and Methods
Two chitosan (CS) solutions were prepared. For the nanoparticles’ aqueous phase,

medium molecular weight CS (deacetylation degree of 75–85%) was purchased from Sigma
Aldrich® (St. Louis, MO, USA). For the film-forming solution, high molecular weight CS
(91% deacetylation degree) was bought from América Alimentos (Zapopan, Jal., Mexico).
Glacial acetic acid, acquired from Fermont Chemicals Inc. (Monterrey, Mexico), and
distilled water were used to prepare the aqueous phase. For the organic phase, ethanol
was purchased from JT Backer (Phillipsburg, NJ, USA), and Tween 20 was supplied by
Hycel (Zapopan, Jal., Mexico). The PVA solution was prepared using distilled water and
PVA acquired from Sigma Aldrich®, with a molecular weight of 3000–23,000 (Mw) and
87–89% hydrolyzed. For film formation, glycerol from JT Backer was used as a plasticizer
and citric acid from Fermont was used as a crosslinker. The orange peel flour and bagasse
(OPB) were donated by Centro de Innovación e Integración de Tecnologías Avanzadas del
Instituto Politécnico Nacional (Veracruz, Mexico).

The nanoprecipitation or solvent displacement method was used for chitosan nanopar-
ticle (NP) preparation [22]. Two phases were prepared: an aqueous phase containing CS
(0.05% w/v) dissolved in acetic acid (1% v/v) and distilled water (pH 5.6), and an organic
phase, in which 40 mL of ethanol and 10 µL of Tween 20 were mixed and kept under
stirring. After that, 2.5 mL of the aqueous phase was added dropwise to the organic phase
with the aid of a peristaltic pump (MasterFlex, Vernon Hills, IL, USA) and maintained
under stirring for 10 min. The morphology of the obtained NPs was characterized by
transmission electron microscopy (TEM) using a JEOL microscope (JEM 2010, Tokyo, Japan)
at an acceleration voltage of 200 kV. Particle size distribution and Z potential were mea-
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sured by dynamic light scattering (DLS) with a Zetasizer Nano-ZS90 instrument (Malvern
Instruments, Worcestershire, UK).

The film-forming solution was prepared by dissolving the CS (1% w/v) in a mixture of
acetic acid (1% v/v) and distilled water. A PVA (5% w/v) solution, which was previously
dissolved in distilled water at 60 ◦C, was then added, along with the NPs. This mixture
was stirred for 30 min using a homogenizer (Virtis, Gardiner, NY, USA) at 10,000 rpm. After
that, citric acid (10%) was added, and the solution was stirred for an additional 10 min. The
orange peel–bagasse blend (50/50) (OPB) was then added, and the solution was heated
at 50 ◦C for 1 h (the OPB was previously oven-dried at 60 ◦C for 24 h). After cooling to
room temperature, glycerol was added, and the solution was stirred for 30 min. Finally,
7 mL of the film-forming solution was added to a silicon mold and oven-dried (Binder,
TUT, Germany) at 40 ◦C for 5 h to prepare the films by casting. The evaluated formulations
are shown in Table 1.

Table 1. Formulations evaluated for the films.

Formulation Components (%)

PVA NP OPB CS Gly CA

CSNP - 33 - 67 - -
PVA 100 - - - - -
30PVA/0.125OPB 30 33 0.125 34.875 1 1
30PVA/0.25OPB 30 33 0.250 34.750 1 1
30PVA/0.5OPB 30 33 0.500 34.500 1 1
40PVA/0.125OPB 40 33 0.125 24.875 1 1
40PVA/0.25OPB 40 33 0.250 24.750 1 1
40PVA/0.5OPB 40 33 0.500 24.500 1 1

CSNP = chitosan nanoparticles + chitosan solution (1%), PVA = polyvinyl alcohol, NPs = chitosan nanoparticles,
OPB = orange peel-bagasse, CS = chitosan (1%), Gly = glycerol, CA = citric acid.

An environmental scanning electron microscope (Carl Zeiss, EVO LS10, Germany)
was used to observe the cross-section of cryogenic fractured samples. The acceleration
voltage was 20 kV. Moreover, surface morphology was observed using confocal laser
scanning microscopy or CLSM (Carl Zeiss, LSM 800, Oberkochen, Germany) coupled to a
color AxioCam HD (Carl Zeiss, Model 305, Oberkochen, Germany). ZEN (Zeiss efficient
navigation) software version 2.6 Blue edition was used. The micrographs were acquired
with a 20X apochromatic objective and a numerical aperture of 0.8. Autofluorescence was
identified using the “lambda mode” tool, and 488 nm and 560 nm lasers were used at 4%
excitation with a pinhole aperture equivalent to 1 airy unit (AU).

ATR-FTIR (attenuated total reflectance-Fourier transform infrared) spectroscopy
(Thermo Scientific iS5 Nicolet, Thermo Fisher Scientific, Madison, WI, USA) was used
to evaluate the functional groups and their interaction. Spectra were recorded from 4000 to
400 cm−1 at a resolution of 4 cm−1 over 24 scans.

Physical properties such as moisture content (MC) and water vapor diffusion co-
efficient (WVDC) were determined according to the methodology of Correa-Pacheco
et al. [21]. For MC, square pieces of the films (2 × 2 cm) were cut and weighed. They
were then placed in a vacuum oven (Yamato, model ADP200C, San Jose, CA, USA) at
40 ± 1 ◦C for 24 h. After that, the samples were weighed, and the MC was calculated
as MC (%) = (wi − wd)/wi × 100, with wi and wd representing the initial and final film
weights after vacuum-drying, respectively. The photoacoustic technique was employed to
determine WVDC. The film was placed between a quartz window and an aluminum foil in
the photoacoustic cell and irradiated on one side using a Tungsten-Halogen lamp (Oriel
Corporation 64,655, New York, NY, USA) with a modulated light beam (17 Hz, 250 W).
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The other side was exposed to controlled relative humidity (RH) using distilled water,
which was diffused through the sample. The generated thermal waves caused changes in
pressure being sensed by an electret microphone coupled to the PA cell and were recorded
as amplitude and phase as functions of time in a lock-in amplifier (Stanford Research
Systems SR836 DSP, Sunnyvale, CA, USA). The following equation was used to calculate
water diffusion: WVDC = l2/2t, where l is the film thickness and t is the time for water
molecules to diffuse through the film [22]. Measurements were made in triplicate.

Mechanical properties were evaluated using an Instron testing machine (model 3345,
Norwood, MA, USA) according to ASTM D638-03. All testing was performed at a speed of
5 mm/min, room temperature (28 ± 1 ◦C), and with a 1 kN load cell. Prior to measurement,
samples were conditioned for 48 h at room temperature and 40% RH for 48 h. Ten specimens
were tested.

The standard used to assess degradation was ASTM D6400. The test was performed
on the films cut into pieces (2 × 2 cm). The films were buried in a homemade compost at
5 cm depth in ventilated commercial plastic boxes at room temperature (40 ± 2 ◦C). Films
were kept for 1 month, and samples were collected from the soil after one week, two weeks,
and four weeks of composting. Five replicates were made. Soil pH, conductivity (Thermo
Scientific potentiometer, Madison, WI, USA), and water activity (Sagaon Tech S.A. de C.V.,
model WA-160A, Qro., Querétaro, Mexico) of the substrate in which the films were com-
posted was monitored before and after composting. Changes in the microbial composition
of the compost were evaluated by thermophilic bacteria, mesophilic bacteria, and fungi
and yeast count according to NOM-092-SSA1-1994. After composting, the samples were
washed to remove soil and impurities and weighed to determine the percentage of weight
loss. CLSM and ATR-FTIR were also used to follow film degradation.

The data was analyzed using InfoStat software (Version 2020). A one-way analysis of
variance (ANOVA) and Tukey’s test and the LSD test (p < 0.05) were performed.

3. Results
3.1. Chitosan NPs TEM, DLS, and Z Potential Characterization

Figure 1 shows the results from the TEM observation and the particle size distribution
by DLS for the chitosan NPs. The TEM micrograph in Figure 1a reveals spherical NPs.
As shown in Figure 1b, a bimodal distribution was observed for the chitosan NPs. The
smallest population had a size between 4 and 35 nm (78.7%) with a mean peak diameter
of 13.37 nm. The diameter for the largest population ranged from 300 to 3500 nm (21.3%),
which is in agreement with previously published works [21,22]. The presence of aggregates
could be associated with this larger particle size population [23]. Particle aggregation
can increase microstructural heterogeneity causing phase separation. It can also act as
stress concentration points, affecting the mechanical properties. A Z potential value of
18.5 mV was measured. This value indicates that although the chitosan solution is relatively
stable, particles may still aggregate over time or in response to variations in pH or ionic
strength [24]. The obtained value was lower than the ±30 mV often reported in the literature
for stable, monodisperse solutions [25].

Although the pH was kept at 5.6 to assure chitosan solubility and stability during ex-
periments, possible reasons for aggregation can be related to the following [26]: (1) Charge
interactions. It can be assesed by Z potential value. If the Z potential is low, as found in this
work, the electrostatic interaction between particles decreases with subsequent aggregation;
(2) polymer chain entanglement due to intermolecular hydrogen bonds of the hydroxyl
and amino groups between the different components of the films causing aggregation; and
(3) additional speed of chitosan through the peristaltic pump affects the diffusion between
solvent and nonsolvent and can cause aggregation [27–29].
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Figure 1. Chitosan NPs: (a) TEM micrograph and (b) DLS.

3.2. SEM and CLSM Film Characterization

Figure 2 shows the SEM of the OPB powder and films cross section micrographs
of the CSNP, PVA, and polymer blend films. The OPB particles showed various
shapes and heterogeneous particle size distribution as seen in Figure 2a. The thick-
nesses of the films measured from the images were the following: 58.49 ± 0.19 µm
(CSNP), 121.7 ± 1.44 µm (PVA), 65.13 ± 2.34 µm (30PVA/0.125OPB), 79.58 ± 2.41 µm
(30PVA/0.25OPB), 79.34 ± 3.02 µm (30PVA/0.5OPB), 100.33 ± 5.83 µm (40PVA/0.125OPB),
106.85 ± 1.62 µm (40PVA/0.25OPB), and 109.27 ± 7.61 µm (40PVA/0.5OPB). As PVA was
added to the CSNP composition, the thickness increased. The cross-section of the CSNP
film (Figure 2b) showed a rough structure. In contrast, the PVA film (Figure 2c) exhibited
plastic deformation. The polymer film composites (Figure 2d–i) had similar structures,
showing largely homogeneous mixing with minimal phase separation. On this line of re-
search, Aycan et al. [30] and Terzioğlu et al. [6] observed the same morphology for CS/PVA
blends. As pectin is an anionic polymer and chitosan is a cationic polymer, a complex
network forms, resulting in improved physical properties, as observed by Zhou et al. [31]
for pectin–chitosan films. However, small cracks and pores were seen, potentially due
to disorganization of the CS/PVA matrix when OPB was incorporated or separated from
the polymer matrix, especially for the 40% PVA films as observed in Figure 2g–i [6,20,32].
The observed microdefects (cracks and pores) are primarily attributed to two phenomena
during film drying: (1) matrix disorganization caused by the incorporation of the OPB,
a lignocellulosic filler, and (2) the hydrophilic nature of OPB, which can lead to slight
separation from the polymeric matrix during solvent evaporation. The presence of cracks
is related to internal stress between the CS/PVA blending polymer and OPB due to heating
and cooling within the film [33,34]. Cracks will appear in the film if the stress is higher than
the material’s strength, especially at the interface between CS/PVA blend and the OPB.
Pores can be formed during casting during solvent evaporation if the solvent evaporates
unevenly [35]. Therefore, pores can form from processing rather than differences between
phases’ miscibility [34,36].

Figure 3 shows the CLSM of the films. For CSNP (Figure 3a), an uneven distribution
of chitosan nanoparticles was seen with the presence of agglomerates. For the PVA film, a
uniform surface was observed (Figure 3b). After OPB incorporation, a very light orange
coloration due to OPB was found in the 30PVA/0.125OPB film (Figure 3c). A non-uniform
distribution of orange waste was observed in the matrix, with small orange clusters or
micro-separation of phases in the form of circles. A more homogeneous distribution was
observed in the 30PVA/0.25OPB film (Figure 3d). In this case, a light orange color was
still observed throughout the coating; however, small clusters of orange waste and small
microphases were still found. As the OPB content increased to 30PVA/0.5OPB, the film
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became darker with an orange coloration while the presence of microphases was lower,
resulting in the film being more homogeneous (Figure 3e).

 

Figure 2. SEM of (a) OPB powder, and cross-sectional micrographs of the films, (b) CSNP,
(c) PVA, (d) 30PVA/0.125OPB, (e) 30PVA/0.25OPB, (f) 30PVA/0.5OPB, (g) 40PVA/0.125OPB,
(h) 40PVA/0.25OPB, and (i) 40PVA/0.5OPB (see Table 1).

Figure 3. CLSM surface film micrographs of (a) CSNP, (b) PVA, (c) 30PVA/0.125OPB,
(d) 30PVA/0.25OPB, (e) 30PVA/0.5OPB, (f) 40PVA/0.125OPB, (g) 40PVA/0.25OPB,
(h) 40PVA/0.5OPB (see Table 1).



J. Compos. Sci. 2025, 9, 627 8 of 17

For films with 40% PVA (Figure 3f–h), less phase separation was observed. The
PVA has many hydroxyl (-OH) groups in its chemical structure, which can interact with
the pectin and lignin carboxyl and hydroxyl groups from OPB through hydrogen bond
interactions. Although chitosan has -OH groups like PVA, it also has amino groups, which
can interact through electrostatic interactions with the OPB -OH and (C = O) groups [6].
When more PVA is added, more hydrogen bonding interactions are favored due to -OH
groups, and electrostatic interactions from protonated amino groups of chitosan are lowered
within the polymer matrix [37,38]. Formation of these interactions was confirmed in the
ATR-FTIR analysis, where the broad band between 3500 and 3000 cm−1 corresponding to
the -OH stretching is broadened and increased in intensity in the blends, as indicative of
strong hydrogen bonding interactions (see Section 3.3).

3.3. ATR-FTIR Film Characterization

Figure 4 shows the ATR-FTIR spectra of the OPB, neat polymers, and blends. For
the OPB spectrum (Figure 4a), the main characteristic peaks appeared between 3625 and
3005 cm−1, corresponding to the symmetric and asymmetric stretching of the -OH groups
characteristic of lignin, pectin, cellulose, and polyphenolic compounds. Other peaks were
observed at 2919 cm−1 for -CH stretching, at 1729 cm−1 for C = O stretching, and at
1621 cm−1 for the carboxylate ions (COO–) stretching of pectin. A peak at 1521 cm−1 is
attributed to the C = C stretching vibration in aromatic rings, while a broad band between
1160 and 885 cm−1 corresponds to C–O–H vibration and out-of-plane and in-plane C-H
bending for aromatics [6,39].
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Figure 4. FTIR spectra of (a) OPB, (b) CSNP, (c) PVA, (d) 30PVA/0.125OPB, (e) 30PVA/0.25OPB,
(f) 30PVA/0.5OPB, (g) 40PVA/0.125OPB, (h) 40PVA/0.25OPB, (i) 40PVA/0.5OPB films (see Table 1).

For CSNP (Figure 4b), the main peaks included a broad band between 3500 and
3000 cm−1 corresponding to -OH and -NH stretching, and a peak at 1700 cm−1 for C = O
stretching. The bands at 1630 and at 1540 cm−1 are associated with the amide group’s
carbonyl bonds (amide I) and the amine group (amide II), respectively. Additionally, peaks
were observed at 1411 cm−1 (related to -OH bending), 1020 cm−1 (C-O-C stretching), and
795 cm−1 (chitosan crystallization) [40–43].

The spectra for PVA (Figure 4c) showed several main bands. The band between 3600
and 3000 cm−1 corresponds to the -OH stretching. A band at 2924 cm−1 is associated
with -CH2 stretching, and a band at 1730 cm−1 is for the C = O in the PVA acetate units.
Other peaks included one at 1426 cm−1 for the -CH vibration of the methyl group, one at
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1145 cm−1 for the -CO group, another at 1080 cm−1 for the stretching vibration of the -CO
acetate group, and finally, a peak at 835 cm−1 due to C-C bonding [42–44].

For the blends (Figure 4c–i), the peak at 3284 cm−1 broadened and increased in
intensity, indicating interactions among CS, PVA, and OPB. Peaks at approximately 1570,
1416, and 1020 cm−1 also showed a doublet, which is correlated with hydrogen bonding or
bonding of the -NH and -OH groups of the different blend components [43,45–48]. Finally,
the peak at 1425 cm−1 (γC–N) broadened, indicating the formation of N = C imine bonds
from the interaction between chitosan and OPB [49].

3.4. MC, WVDC, and Mechanical Properties

Table 2 shows the results of MC, WVDC, and the mechanical properties of the films.
The highest MC was for the CSNP film and the lowest for PVA. The blends generally had
similar values, showing no statistical differences (p < 0.05) among them. Similar MC was
found in previous work for CSNP (35 ± 0.07%) and PVA (4 ± 0.01%) films [21]. Zhou
et al. [31] found a WC value 30% lower than for chitosan–pectin films and noted that as
the pectin content increased, the WC decreased. This effect could be attributed to the
interaction between the two polymers which decreased the binding of water to chitosan.
Chitosan is a hydrophilic polymer due to the presence of hydroxyl and amine groups
that can interact with water. While PVA is also hydrophilic, its synthetic nature limits its
interaction with biological molecules because it is less hydrophilic than chitosan, which is a
natural polymer [41,50].

Table 2. MC, WVDC, and mechanical properties (E, σ, and ε) of the films.

Film MC (%) * WVDC (×10−8 cm2/s) * E (MPa) * σ (MPa) * ε (%) *

CSNP 30 ± 2 c 0.152 ± 0.020 a 51.85 ± 8.72 b 2.88 ± 0.86 b 6.95 ± 0.88 a

PVA 4 ± 1 a 23.101 ± 0.804 f 67.44 ± 12.11 c 24.68 ± 1.15 c 124.66 ± 7.75 d

30PVA/0.125OPB 7 ± 1 bd 7.668 ± 0.107 d 11.26 ± 0.29 a 1.32 ± 0.23 a 17.37 ± 2.81 bc

30PVA/0.25OPB 7 ± 1 bd 8.272 ± 0.268 d 10.52 ± 1.03 a 1.21 ± 0.12 a 11.97 ± 2.88 ab

30PVA/0.5OPB 7 ± 1 b 9.654 ± 0.242 e 17.34 ± 2.54 a 1.11 ± 0.07 a 11.50 ± 1.50 ab

40PVA/0.125OPB 6 ± 1 b 1.431 ± 0.319 b 8.84 ± 0.37 a 1.21 ± 0.26 a 22.37 ± 4.32 c

40PVA/0.25OPB 7 ± 2 b 2.686 ± 0.154 c 10.86 ± 1.10 a 0.81 ± 0.15 a 11.58 ± 1.83 ab

40PVA/0.5OPB 9 ± 2 d 3.585 ± 0.249 c 12.34 ± 0.62 a 0.72 ± 0.05 a 9.49 ± 1.04 a

* Different letters mean significant differences (p < 0.05) determined by Tukey’s test (WVDC, E, σ, and ε) and
LSD test for MC. MC = moisture content; WVDC = water vapor diffusion coefficient; E = Young’s modulus;
σ = tensile strength; ε = elongation at break.

For the WVDC (Table 2), the PVA film showed the highest value and CSNP showed
the lowest, respectively. This is in agreement with previous research [21]. For the blends,
the WVDC increased as the OPB increased. This behavior was also reported by Terzioğlu
et al. [6] with the addition of orange peel to a CS/PVA matrix. This was attributed to the
heterogeneity of the film due to the incorporation of the hydrophilic orange peel [20,51].
In contrast, as CS content decreased for the 40% PVA blend films (see Table 1), the WVDC
decreased compared to the 30% PVA blends. This is associated with the more hydrophilic na-
ture of CS as previously mentioned. Hydrophilic films exhibit higher water vapor diffusion
than hydrophobic ones [52]. For the WVDC, statistical differences were found (p < 0.05).

From the mechanical properties (Table 2), Young’s modulus and tensile strength were
higher for PVA compared to CSNP. The elongation at break was also higher for PVA.
Pure PVA has strong intermolecular hydrogen bonding due to -OH functional groups
with σ = 24.68 MPa. Although NPs act as filler in the CSNP film, there is a disruption in
the CS network causing uneven stress transmission with a low value of tensile strength
(2.88 MPa). For the blends, strong polymer interactions in PVA are broken; although new
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interactions are formed between the polymers (CS and PVA) and the OPB, improving
miscibility, microdefects as pores, defects, and cracks occur (as seen in SEM micrographs in
Figure 2), decreasing stress transfer and lowering tensile strength due to crack initiation at
the OPB/polymer matrix interface [53,54].

On the other hand, Young’s modulus and tensile strength were higher for PVA com-
pared to CSNP. The elongation at break was also higher for PVA. For the blends, Young’s
modulus and tensile strength decreased compared to both PVA and CSNP. The elongation
at break slightly increased compared to the CSNP film. As the OPB percentage increased,
Young’s modulus increased and the elongation at break decreased, showing the reinforcing
effect of the filler. The hydrogen bonding interaction in the blend is given by the inter-
action between -OH and -NH2 groups of CS and -OH groups of PVA, between -OH and
-NH2 groups of CS and -OH and -COOH groups of OPB, and between -OH groups of
PVA and -OH and -COOH groups of OPB. At low OPB content, hydrogen bonding was
favored between CS and PVA, with higher flexibility causing lower Young’s modulus and
higher elongation at break. As OPB content increased, stronger hydrogen bonding between
components reduced chain mobility, increasing stiffness and decreasing elongation at break.

As the percentage of PVA increased for the 40% PVA blends, Young’s modulus de-
creased and the elongation at break increased due to PVA flexibility. This behavior was also
reported by other authors [6,18,55,56]. Due to interfacial interactions, OPB modifies chain
stiffness and mobility, resulting in changes to Young’s modulus and elongation at break. On
the other hand, tensile strength is dependent on stress transfer efficiency [57]. The tensile
strength values of the blends were not significantly different (p < 0.05). This behavior can
be attributed to the low OPB concentrations (up to 0.5 wt%) and to the limited interfacial
adhesion between the filler and the polymeric matrix. Two opposite phenomena occurred:
the reinforcing effect (hydrogen bonding) and weakening (microdefects). Therefore, the
filler acted as a discontinuous phase without generating sufficient stress transfer to modify
tensile strength [58]. This was previously discussed in Section 3.2. Although tensile strength
remained stable, the selection of formulations based on other functional or environmental
criteria such as WVDC or biodegradability should be considered.

3.5. Degradation Test

Soil pH and conductivity monitoring were measured before and after composting.
Similar values were obtained. pH values were 8.5 ± 0.3 and 8.8 ± 0,7, before and after com-
posting, respectively. For conductivity, values of −91.0 ± 12.9 mV and −95.7 ± 11.2 mV
were found. Also, the water activity (Aw) of the substrate in which the films were com-
posted was monitored to determine the water conditions to which the films were subjected.
Results were as follows: 0.82 ± 0.01 (day 1), 0.82 ± 0.01 (day 8), 0.83 ± 0.01 (day 15), and
0.83 ± 0.01 (day 30).

Regarding the changes in the composition of microorganisms during compost for
mesophilic to thermophilic bacteria, on day 0 it was 1 × 106 CFU g−1 for mesophilic and
0.4 × 106 CFU g−1 for thermophilic. On day 30, these values changed to 2.4 × 106 CFU g−1

for mesophilic and 3.6 × 106 CFU g−1 for thermophilic, with an increase in thermophilic
bacteria. For fungi and yeasts, no significant changes were obtained. During the com-
posting process, changes occur in the quantity and composition of microorganisms due
to temperature changes that take place in the compost because of enzymatic degradation
processes [59].

Weight loss of the films can be seen in Figure 5. After 4 weeks of soil burial, weight loss
was more than 93% for the nanostructured films, being 100% for the PVA film. Therefore,
biodegradation and disintegration were completed for a period of less than 180 days.
Significant statistical differences were observed between weeks (p < 0.05).
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Figure 5. Average weight loss values (%) vs. degradation time (weeks) for the different formulations.
Different letters stand for statistical differences between formulations (uppercase letters) and days
(lowercase letters) determined by Tukey’s test (p < 0.05).

The results for CLSM are shown in Figure 6. After 4 weeks of composting, more cracks
and pores were observed in the films, providing evidence of degradation. Higher disin-
tegration was observed for PVA, with the week 4 sample being completely disintegrated,
a result attributed to the material’s hydrophilic nature. Moreover, the samples with the
highest OPB percentage at both PVA concentrations (30PVA/0.5OPB and 40PVA/0.5OPB)
degraded faster; this effect can be attributed to enzymatic hydrolysis of the cellulose in
OPB caused by water and microorganisms in the soil [60,61]. As OPB content increased,
more pores and voids are observed. The incorporation of agricultural waste into the
CS/PVA polymer blend accelerates biodegradation because OPB is a carbon source for soil
microorganisms [46]. On the other hand, CS is a natural biopolymer that easily degrades
under different conditions. PVA is polymer soluble in water. Although the degradation
mechanism is associated with enzymatic attack and hydrolysis, some factors like hydrogen
bonding can reduce the biodegradation of a blend due to the formation of a compact
network less accessible to enzyme, water, and microorganism attacks [62,63]. As observed
in Figure 5, the 40% PVA samples showed higher weight loss compared to the 30% PVA
films. For the 30% PVA samples, CS and PVA content was similar (c.a. 30%), favoring PVA
and CS hydrogen bonding interactions. The 30% PVA films had a higher Young’s modulus
(see Table 2), indicative of high stiffness due to tightly packed polymer chains with strong
molecular interactions between CS and PVA. On the other hand, for the 40% PVA films,
maybe there is a limit of PVA concentration at which the PVA-PVA hydrogen bonds are
more likely to occur than the CS-PVA interactions, as well as OPB interactions [64,65]. It
was found that PVA film degraded 100% in week 4; therefore, by adding more PVA to the
blend, degradation was favored.
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Formulation  Initial  Week 1  Week 2  Week 4 

(a) CSNP 

       

(b) PVA 

     

- 

(c) 30PVA/0.125OPB 

       

(d) 30PVA/0.25OPB 

       

(e) 30PVA/0.5OPB 

       

(f) 40PVA/0.125OPB 

       

(g) 40PVA/0.25OPB 

       

(h) 40PVA/0.5OPB 

       
20 μm 

Figure 6. CLSM surface film micrographs of (a) CSNP, (b) PVA, (c) 30PVA/0.125OPB,
(d) 30PVA/0.25OPB, (e) 30PVA/0.5OPB, (f) 40PVA/0.125OPB, (g) 40PVA/0.25OPB,
(h) 40PVA/0.5OPB of films after 4 weeks of composting.

For the ATR-FTIR results shown in Figure 7, some changes in the main characteristic
peaks were observed with degradation time. For CSNP, the decrease in the peaks at 1630
and 1020 cm−1 could be related to the film’s degradation, caused by the breakdown of
β-(1–4) glycosidic bonds (C-O-C) by microbial enzymes such as exo-β-d-glucosaminidase
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and chitosanase [66–68]. The decrease in the broad band between 3500 and 3000 cm−1 is
also related to enzymatic activity in the soil [69]. For PVA, the decrease or disappearance of
peaks (see Section 3.3) is associated with random carbon chain scission from the polymer
backbone and enzyme action [70,71]. For the blends, the intensity decreased for the
peaks located between 3625 and 3005 cm−1, at 2919 cm−1, at 1729 cm−1, at 1621 cm−1,
at 1521 cm−1, and between 1160 and 885 cm−1, corresponding to the symmetric and
asymmetric stretching of the -OH groups characteristic of lignin, pectin, cellulose, and
polyphenolic compounds, -CH stretching, carboxylate ions (COO–) stretching of pectin,
C.=; C. stretching vibration in aromatic rings, and to C–O–H vibration and out-of-plane and
in-plane C-H bending for aromatics, respectively. This can be attributed to the removal of
lignocellulose and hemicellulose from the blends during composting due to the enzymatic
action of microorganisms [17,60,72].
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Figure 7. FTIR spectra vs. degradation time (weeks) for the different formulations: (a) CSNP,
(b) PVA, (c) 30PVA/0.125OPB, (d) 30PVA/0.25OPB, (e) 30PVA/0.5OPB, (f) 40PVA/0.125OPB,
(g) 40PVA/0.25OPB, (h) 40PVA/0.5OPB (see Table 1).
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4. Conclusions
The incorporation of OPB into the CS/PVA matrix resulted in concentration-dependent

morphological and structural modifications, as evidenced by SEM and CLSM. ATR-FTIR
spectroscopy confirmed molecular interactions among chitosan, PVA, and OPB through hy-
drogen bonding and imine bond formation. Increasing OPB concentration enhanced WVDC
and Young’s modulus, while simultaneously decreasing elongation at break. The 40% PVA
formulations exhibited superior flexibility compared to 30% PVA blends. Biodegradation
tests showed a weight loss higher than 93% after four weeks of soil burial, while pure PVA
achieved complete disintegration. The incorporation of OPB enhanced biodegradability.
CLSM and ATR-FTIR analyses confirmed these results. The formulation that demonstrated
the most suitable balance of mechanical, barrier, and biodegradation properties for fresh
produce preservation was the 30PVA/0.25OPB film due to an intermediate value of WVDC,
adequate flexibility, structural integrity, and biodegradation behavior compared to pure
PVA and a higher value and CSNP. The results valorize the use of agricultural by-products
through their integration into biodegradable polymer matrices, thereby contributing to
circular economy strategies in sustainable packaging.
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