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Abstract: Progress in the field of biodegradable materials has been significantly accelerated
in recent years, driven by the search for sustainable substitutes for fossil-derived resources.
This study investigates the formulation of biodegradable films composed of polyvinyl alco-
hol (PVA) and nanocellulose extracted from rice husk. The rice husk underwent alkaline
treatment and bleaching for cellulose extraction, followed by sulfuric acid hydrolysis to
obtain nanocellulose. The cellulose and nanocellulose were characterized through Fourier
Transform Infrared Spectroscopy (FTIR), X-ray Diffraction (XRD), and Thermogravimetric
Analysis (TGA). Films of pure PVA and those reinforced with 1 wt. % of nanocellulose
were prepared using the solvent casting method. The evaluations showed that the mod-
ulus of elasticity and tensile strength of the PVA /nanocellulose films were increased by
295.45% and 29.6%, respectively, compared to the pure PVA film. The PVA /nanocellulose
film exhibited the lowest solubility and water vapor permeability. Optical Microscopy
confirmed a flawless surface for the nanocellulose-reinforced film, while the cellulose- and
rice husk-reinforced films displayed irregularities. In the biodegradability assessment, the
nanocellulose-reinforced film was the only one that withstood the experimental condi-
tions. The results highlight the effectiveness of nanocellulose in enhancing PVA properties,
making these films promising for sustainable packaging applications.

Keywords: agroindustrial waste; sustainable materials; composites; biodegradable;
packaging

1. Introduction

Recently, there has been a surge in research focused on biodegradable materials for
packaging applications to reduce the impact on the environment caused by the exacerbated
growth of petroleum-based synthetic polymers. Thus, biodegradable materials emerge
as an alternative for the development of packaging and can replace synthetic polymers,
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either as reinforcements or in blends. In this context, the use of raw materials from natural
sources is gaining prominence due to their non-toxic nature, renewability, and abundance.
This is exemplified by materials like cellulose, starch, chitosan, chitin, and others [1].

Recent studies have shown that reinforcing PVA with materials such as starch, chitosan,
and bacterial cellulose can enhance mechanical and barrier properties [2-4]. Our study
highlights the unique advantages of using rice husk-derived nanocellulose compared to
these materials.

In this sense, the use of cellulose for the manufacture of biodegradable materials is
related to the fact that this material is a natural polymer with a semi-crystalline structure
and is present in an abundant form in the environment, and besides endowing the final
product with a low cost, can increase the strength of the material. Its extraction can be
performed by different methods, such as those using agricultural waste, wood, and bacteria.
However, cellulose presents some limitations when incorporated into a polymeric matrix,
such as affinity with some materials, and disadvantages regarding barrier properties, thus
impairing the final material [5].

Therefore, nanocellulose serves as an alternative reinforcement for the development
of biodegradable packaging. Generally, when added to a polymer matrix, it leads to an
increase in the mechanical properties of the material compared to the pure polymer; this
increase in the mechanical characteristics of the material is due to its large surface area,
facilitating effective dispersion within the matrix. Furthermore, when used as reinforce-
ment, nanocellulose enhances the material’s barrier properties through its capacity to form
hydrogen bonds, thus inhibiting the penetration of water molecules. Therefore, its use in
the packaging industry is very promising in relation to adding important characteristics to
the final material, besides providing a low cost and reducing the environmental impacts
caused by synthetic polymers [6].

The production of agroindustrial byproducts encompasses a diverse spectrum, and
relates to varied sectors engaged in the processing of agricultural derivatives. Nevertheless,
the indiscriminate disposal of such residues has been instigating a succession of environ-
mental predicaments, leading to the contamination of terrestrial and aquatic ecosystems
through leaching phenomena [7]. Rice husk, a byproduct of agricultural activities, is notably
rich in cellulose, constituting up to 38% of its composition. In terms of global production,
rice contributes around 741 million tons, subsequently resulting in substantial quantities of
rice husks due to the intricacies of the processing methodology [8].

Rio Grande do Sul is the largest rice producer in Brazil, accounting for approximately
70% of the country’s rice production. Consequently, significant amounts of rice husks
are generated as a byproduct of rice processing. However, the slow natural degradation
of rice husks can lead to environmental issues, such as air and water pollution, if not
properly managed. Therefore, valorizing this abundant agricultural waste by converting
it into nanocellulose for polymer reinforcement presents an environmentally sustainable
solution [9,10].

Thus, the use of biomass-based materials, such as rice husks, not only supports sustain-
able development, but also reduces carbon footprints, aligning with global sustainability
goals [7,11].

Polyvinyl alcohol (PVA) is known for being a biodegradable polymer and non-toxic,
and for its ability to form films, besides being biocompatible with natural fibers and
presenting good optical transparency. The combination of PVA with natural fibers yields
a material with excellent mechanical properties and a decrease in the cost of the final
product when compared to the pure polymer, besides improving the barrier properties of
the material. These characteristics impart the PVA with great potential for application as a
matrix in biodegradable films [12].
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Therefore, because of the above considerations, the present study aimed to use rice
husk to obtain cellulose via alkaline treatment and bleaching, followed by isolating the
nanocellulose through the process of acid hydrolysis. The intention was to add the rein-
forcement into a matrix of polyvinyl alcohol to develop biodegradable films via the solvent
casting method, aiming at applying this material in packaging with improved properties
and lower negative impacts, such as those generated by synthetic polymers.

This study stands out by demonstrating the potential of nanocellulose derived from
rice husks to significantly improve the properties of PVA films, offering a sustainable and
efficient alternative for biodegradable packaging. By focusing on rice husks generated in
Rio Grande do Sul, the largest rice-producing region in Brazil, this research addresses a
significant waste management challenge faced by the country’s agricultural sector. The
study promotes the sustainable use of agro-industrial residues, contributing not only to
Brazil’s efforts to develop eco-friendly materials, but also aligning with global commitments
to sustainability, waste reduction, and the advancement of circular economies.

2. Materials and Methods

2.1. Materials
2.1.1. Rice Husk (RH)

The rice husk (RH) used in this study was donated by Cerealista Polisul, located in
the city of Pelotas/RS. The husk was used as a fine powder and has been characterized
during the development of this research.

2.1.2. Polyvinyl Alcohol (PVA)

The polymer utilized in this study was procured from Vetec, possessing a molar mass
of 86.09 g/mol and an 87.84% hydrolysis index.

2.2. Extraction of Cellulose from Rice Husk

For CNC extraction, commercial brands of sodium hypochlorite (NaClO, Girando Sol),
sodium hydroxide (NaOH), and sulfuric acid (H,SOy), acquired from Dinadmica Quimica
Contemporanea LTDA in Brazil, were utilized. All solvents and reagents were applied
without any further purification.

The procedure to the extraction of cellulose from rice husk was conducted following
the methodology outlined by Bosenbecker et al. [13], with some adaptations. The extraction
of cellulose from rice husk was performed in three steps: a pre-treatment of the husk in
natural form, followed by the alkaline treatment, and finally, the bleaching. The husks were
washed in running water and dried in an oven for 24 h at 50 °C to remove the humidity.
After complete drying, the material was ground in a Marconi MA 340 knife mill and sieved
with a 32 mesh sieve to maintain particle size uniformity.

After the process involving alkaline treatment, bleaching was performed, where
the fiber was added in a solution of 2.5% w/v (fiber to sodium hypoclhorite) of sodium
hypochlorite for 24 h in order to remove remaining components of lignin, thus obtaining
the white color characteristic of cellulose. The resulting material was filtered and washed
with distilled water until it reached neutral pH, then dried in an oven at 60 °C for 24 h [14].
Figure 1 illustrates the resulting material after the treatments involved.

Subsequently, the rice husk in natural form was submitted to alkaline treatment with
a sodium hydroxide solution with a concentration of 10% w/v (10% NaOH in relation to
the weight of the biomass), aiming to remove components of lignin and hemicellulose in
the fiber. This concentration was determined through previous studies by the research
group [14]. The fibers were in contact with this solution for 1 h at 80 °C under magnetic
stirring. Following this, the fibers were separated through filtration and washed repeatedly
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with distilled water until the filtration residue reached a neutral pH level. After pH
adjustment, the fibers were dried in an oven at 50 °C for 24 h [15-17].

Figure 1. Images of: (a) rice husk in natura, (b) rice husk after pre-treatment, (c) pulp after alkaline
treatment and bleaching.

2.3. Obtaining the Nanocellulose

The procedure to isolate nanocellulose (NC) from cellulose was conducted following
the methodology outlined by Rashid and Dutta [5], with some adaptations. The process
involved the acid hydrolysis of cellulose using 65% sulfuric acid at a ratio of 1:20 w/v
(cellulose to sulfuric acid) for a duration of 90 min at 45 °C under ultrasound. The reaction
was terminated by the addition of distilled water and centrifugation was performed in
an Excelsa Centrifuge, model 206 BL, at 2260 x RCF g or 12,000 rpm for 10 min to remove
excess acid.

This centrifugation process was repeated five times until the supernatant was com-
pletely separated from the precipitate. Subsequently, the suspension was dialyzed using a
26 (Spectra/Por 6, MWCO = 3500 g/mol) dialysis membrane until it reached a neutral pH.
Following dialysis, the suspension was freeze-dried in a freeze-dryer model MSSL-404 for
48 h under a pressure of 60 mm Hg and a temperature of —42 °C to obtain the nanocellulose
in powdered form for material characterization.

2.4. Film Preparation

The solvent casting technique was used to prepare the PVA films with the respective
rice husk, cellulose and nanocellulose reinforcements. The films were prepared with a fixed
concentration of 1 wt. % by mass for each formulation; a control film of pure PVA was also
prepared. The methodology adopted was from Kord et al. [18] with some modifications.

2.5. Characterization
2.5.1. Characterization of Rice Husk, Cellulose and Nanocellulose

Initially, a solution was concocted by combining 5 g of PVA and 1 g of glycerol in
95 mL of distilled water, subjected to a temperature of 70 °C for 60 min, under magnetic
stirring to ensure the dissolution of PVA. Following this, the rice husk, cellulose, and
nanocellulose reinforcements were integrated into the solution, maintaining constant stir-
ring and a temperature of 45 °C to facilitate the uniform dispersion of the reinforcements
within the matrix. The resultant solution, encompassing the reinforcements along with the
control solution of unadulterated PVA, were each placed in 20 mL quantities onto glass
plates (100 mm diameter) and subjected to a drying process within an oven for 24 h at a
temperature of 40 °C to imitate water evaporation. Following the drying phase, the films
were demolded and preserved for subsequent analyses [19].

_ 1(002) — I(am)

I
¢ 1(002)

x 100 (1)
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where Iam is the intensity referring to the region of 20 = 16°; 1002 is the maximum intensity
of the diffraction peak, attributed to the crystalline material, in the region of 26 = 22°.

2.5.2. Film Characterization
Thickness, Weight and Density

To ascertain the thickness of the films, an external micrometer, spanning a range of
0 to 25 mm and boasting a reading precision of 0.01, manufactured by Eda Professional, was
deployed. Measurements were executed at five disparate points for each film composition.

The thickness of the films was measured using a micrometer with a precision of
0.01 mm, at five different points for each sample. The pure PVA film showed an average
thickness of 0.158 mm, with a standard deviation of £0.050 mm, indicating moderate
variation in thickness uniformity. The PVA film reinforced with rice husk exhibited an
average thickness of 0.180 mm, with a standard deviation of £0.029 mm, reflecting greater
regularity. For the film reinforced with cellulose, the average thickness was 0.156 mm, with
a standard deviation of £0.040 mm. Finally, the PVA film with nanocellulose presented an
average thickness of 0.222 mm, with a standard deviation of £0.049 mm.

For the quantification of the film’s weight, Equation (2) was employed [20]:

= 2
G=12 @
where the weight is represented by G (g/cm?), the mass by m (g) and the area by A with a
unit (cm?). The films were cut with the same area of 16 cm? and weighed on an analytical
balance [21]. The densities of the films were ascertained from the weight and dimensions
of the films using Equation (3) [22]:

€)

where m is the mass (g), A is the area (cm?), and T is the thickness of the films in(cm).

Transparency

The visual integrity and flexibility of the films were evaluated utilizing a camera with
a resolution of 12 megapixels. A uniform distance of 10 cm was maintained for capturing
transparency photographs across all film specimens [23].

Solubility

The solubility of the films was determined in adherence to the methodology delineated
in Luchese et al. [24]. Three specimens, each dimensioned at 4 cm x 4 cm, were configured
for each formulation. Initially, these specimens were oven-dried at 60 °C for a duration
of 24 h to establish their inaugural weight. Subsequently, the films were submerged in a
beaker containing 50 mL of distilled water at ambient temperature and agitated for a period
of 24 h. Following this immersion, the films were extracted from the water and subjected to
a drying process in an oven set at 45 °C for an additional 24 h to ascertain the final weight.
The solubility was then computed employing Equation (4):

Variation in mass (%) = (Ml(l\_/ﬁ;vlf)oloo 4)
where Mi is the initial weight of the film and Mf is the final weight of the film after

immersion in water.
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Water Vapor Permeability Rate (WVPR)

The properties of water vapor permeability were scrutinized to evaluate the implica-
tions of the reinforcements for the barrier attributes of the material, conducted in accordance
with the ASTM E 96/E standard [25]. Utilizing containers with circular apertures, each
having an area of 0.0007 m?, the films were positioned atop glass and situated within a
desiccator containing silica at ambient temperature. The cumulative weight loss of the
system was documented at 24 h intervals over a span of five days (represented as “G” in
the subsequent equation). This series of measurements was executed in duplicate for each
formulation, and the Water Vapor Permeability Rate (WVPR) was derived by applying

Equation (5) [24],
G

TPVA = —

A ©)
where G corresponds to the weight variation, t is the duration of the test every 24 h, and A
is the test film area (0.0007) in m2. Thus, the final unit of WVPR is g/m? in 24 h [26].

Optical Microscopy (OM)

The morphological characteristics and the distribution of the reinforcements within
the PVA matrix were assessed through optical microscopy analysis. Imagery was captured
utilizing a trinocular stereomicroscope, model 06-KTESD5000, of the Laborama brand,
employing a 4x zoom magnification.

Thermogravimetry (TGA)

In order to investigate whether there was interference in the thermal stability of the
films with reinforcement compared to the PVA film (Pure), the thermogravimetric analysis
(TGA) was performed. The conditions of the equipment were the same as are described in
Section 2.5.1.

Differential Scanning Calorimetry (DSC)

The melting temperature of the films was investigated through DSC analysis, employ-
ing the TA Instruments model Q2000, under a nitrogen atmosphere maintaining a constant
flow of 50 mL/min. The films were subjected to a temperature elevation from ambient to
200 °C at a progression rate of 10 °C/min, and were sustained at this temperature for a
duration of three min. Subsequently, the samples were reverted to a temperature of 30 °C
at a cooling rate of 10 °C/min.

Evaluation of Biodegradation in Soil

For the preparation of soil, a concoction was formulated using 1.4 kg of beach sand,
1.4 kg of horse manure dried for a duration of 48 h, and 1.4 kg of equal parts of fertile
soil. This mixture was subsequently blended with the aid of a shovel and moisturized to
maintain soil hydration. Prior to the insertion of the films, the soil mixture was allowed
a maturation period of three months within a container, aligning with the stipulations
of ASTM G 160-03 [27]. The biodegradation rates of the films were then ascertained by
examining the mass loss, computed via Equation (6) [28]:
o (Mi — Mf)
Mass Loss (%) = wloo (6)
where Mi is the initial mass and Mf corresponds to the final mass.
For the analysis, soil, already matured, was allocated in plastic containers, following
which the films were trimmed to dimensions of 5 x 5 cm. The films, sorted according to each
composition type, were designated to individual containers, subsequently placed in an oven
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set at 30 °C, and thereafter extracted at predetermined intervals of 15, 30, 45, and 60 days.
Following each interval, the films were cleansed and subjected to weighing procedures.

Tensile Test

The mechanical characterization for tensile properties was conducted utilizing a
Dynamic-Mechanical Analyzer (DMA), model Q800TM, version 20.6.4, facilitated by TA
Universal Analisys 2000 software version 4.5A Build 4.5.0.5. The analysis was executed
at 25 °C, employing an 18 N load cell and administering a pre-load of 0.5 N, at a testing
velocity of 3 N/min. Accordingly, the films were precision-cut to dimensions of 5 mm in
width and 30 mm in length.

3. Results and Discussion

3.1. Characterization of Rice Husk, Cellulose and Nanocellulose
3.1.1. Fourier Transform Infrared Spectroscopy (FTIR)

The Fourier Transform Infrared Spectroscopy (FTIR) technique was employed to
discern alterations in the chemical structure of the pristine rice husk, cellulose, and nanocel-
lulose subsequent to the applied treatments.

Figure 2 delineates the FTIR outcomes for the examined samples. A notably intense
region between 3321 cm ! and 3376 cm ! is observable across all samples, the spectra of
which are attributed to the axial elongation of hydroxyl groups (O-H), originating from
intramolecular hydrogen bonds typical of Type I cellulose [29]. The spectrum identified
in the 2907 cm ™! region is ascribed to symmetric bond elongation (C-H) vibrations. The
regions at 898 cm~! and 1035 cm ™! signify cellulose B-glycosidic bonds, corresponding
to stretching vibrations (C-O-C). Herein, a pronounced increase in intensity is perceivable
for cellulose and nanocellulose samples, indicative of enhanced crystalline stability in the
material structures post-treatments [8].

The band positioned at 1719 cm™! is correlated with the stretching vibrations of
carbonyl groups (C=0), inherent to hemicellulose. The 1438 cm~! band is indicative of
the structural configuration of lignin’s aromatic rings, represented by stretches (C=C).
Consequently, cellulose and nanocellulose exhibit a diminution in the intensities of these
peaks upon treatment, suggesting a reduction in the hemicellulose and lignin constituents
within the treated samples [30].

In the nanocellulose specimen, an amplified intensity in the regions of 1250 cm !
and 818 cm~! is notable, linked to the stretching vibrations of (C-O-S) and (S=0). This
transformation denotes the incorporation of acid sulfate groups onto the fiber surface,
substantiating the efficacy of the sulfuric acid hydrolysis treatment [31].

F——INanocellulose
Collulogse
Rice husk

(O-H)  (C-H) (C=0) (C-0-C)

Transmittance (u.a.)

4000 3600 3200 2800 2400 2000 1600 1200 800

Wavenumber (cm ™)

Figure 2. FTIR spectra for rice husk, cellulose and nanocellulose.
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3.1.2. X-Ray Diffraction (XRD)

X-ray diffraction (XRD) analyses were performed using a Shimadzu XRD-6000 diffrac-
tometer (at the Barueri, SP/Brazil). The scanning parameters included a scanning rate of
0.5° /min over a 20 range of 10° to 90°, with a wavelength () of 1.541 A. The equipment
was operated at 40 kV and 40 mA.

The X-ray diffractograms facilitated the exploration and verification of the chemical
structures of the rice husk, cellulose, and nanocellulose samples, as illustrated in Figure 3.

F——]Nanocellulose
22° ——Celluloss
A ——RiIce husk

16°

34°

'
] i |
'

Intensity (a.u.)

P L v n 1 L " L

10 20 30 40 50 60 70 80 90
20 (graus)

Figure 3. XRD of rice husk, cellulose and nanocellulose.

The depicted curves reveal the occurrence of three distinctive peaks for each sample,
each with varying intensities, correlating to the type I crystalline structure of native cellulose.

The diffraction signals showcase intensities at 20 of 16°, pertaining to the 110 plane,
22°, attributed to the 002 plane, and 34°, corresponding to the 004 plane [8]. In analyzing
the diffractograms, it is observable that all samples exhibit a semi-crystalline structure, with
peaks at 16° representing the amorphous region and those at 22° denoting the crystalline
region, typical of such materials [32].

Furthermore, a diminished peak intensity is discernible in the 16° region for the
nanocellulose sample, a decrease attributable to the extraction of amorphous constituents
like lignin and hemicellulose inherent in the rice husk structure. Nonetheless, the en-
hancement in crystallinity and the reduction in amorphous components are conjectured to
augment film attributes upon their integration into the polymer matrix [33].

The diffractograms made it possible to calculate the crystallinity index for the studied
samples, and the results are presented in Table 1.

Table 1. Crystallinity index values.

Samples Crystallinity Index (%)

Rice husk 46%

Cellulose 62%
Nanocellulose 74%

It is discernible that there was an elevation in the crystallinity index of the cellulose and
nanocellulose samples subsequent to the treatments, attaining values of 62% for cellulose
and 74% for nanocellulose. This increment indicates the successive diminution of the
amorphous components inherent in the fiber structure, thereby validating the efficacy of
the procedures applied to the fiber.

As articulated by Rashid and Dutta [8], the enhancement in the crystallinity index
of processed materials, in contrast to their unprocessed counterparts, is attributed to the
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reordering of crystals into configurations of superior orientation, as well as due to the
elimination of amorphous substances such as lignin and hemicellulose.

3.1.3. Thermogravimetry (TGA)

The thermal resilience of rice husk (RH), cellulose (CE), and nanocellulose (NC) was
scrutinized utilizing mass loss curves in correlation with temperature (TGA) and the
derivative of mass alteration (DTG), as depicted in Figure 4.

b
B 30} (b) 12
Rice husk
Cellulose ——Nanacellulose
251 Nanocellulose] —_ 10 —C§1Inalose
e ——Rice husk
= - - ¥ Slage
& o g 08
a -
H 2
._o_, 15| o
® %
3 >
z 10f € 04
(a]
o 02
g 0 2(.)0 4(.]0 ‘ 5:)0 800 00
0 200 400 600 800

Temperature (°C)
Temperature (°C)
Figure 4. Thermogravimetry analysis—(a) TGA and (b) DTG curves of rice husk, cellulose and
nanocellulose samples.

The initial stage, ranging between 25 °C and 123 °C, signifies an early mass reduction
due to the evaporation of water and other volatile extractives. The second stage, manifest
solely in the rice husk sample, transpires between approximately 232 °C and 300 °C, arising
from the decomposition of hemicellulose. The absence of this stage in the cellulose and
nanocellulose samples substantiates a reduction in amorphous material following the
implemented treatments [34].

Evolving into the third stage, occurring in the range of 300-355 °C, the behavior is
synonymous with the degradation of cellulose, marked by dehydration and the decom-
position of its glycosidic units. The ensuing fourth stage, occurring between 400 °C and
600 °C, is indicative of the degradation of lignin and silica, resulting in the breakdown of
residual carbon compounds [32].

While meticulously examining the TGA and DTG curves, a nuanced reduction in
the thermal stability of nanocellulose becomes evident, occurring around 220 °C and
corresponding to the third stage, indicative of a comparative analysis with rice husk and
cellulose samples. This subtle decline is interpreted as the consequence of the incorporation
of sulfate groups from sulfuric acid onto the surface of nanocellulose, facilitating the
degradation of the material at relatively lower temperatures [35,36].

3.2. Films Characterization
3.2.1. Thickness, Weight and Density

With the data accumulated for thickness, weight and density, as outlined in Table 2, it
was possible to explore the potential changes in film properties due to the incorporation
of reinforcements.

Thickness stands as a crucial attribute requiring meticulous evaluation, as it governs
the dispersion control of the reinforcement within the matrix.
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Table 2. Obtained thickness, weight and density values for the films.
Samples Thickness (mm) Grammage (g/cm—2) Density (g/cm—3)
PVA 0.16 4= 0.02 0.020 + 0.003 1.25 £0.15
PVA/RH 0.22 £0.04 0.031 £ 0.002 1.41 + 0.05
PVA/CE 0.20 £0.03 0.028 £ 0.001 1.40 +0.03
PVA/NC 0.18 £ 0.03 0.023 £ 0.002 1.27 + 0.06

Subsequently, thickness variability bears significant implications in relation to diverse
film characteristics, including mechanical, permeability, and optical properties. An assess-
ment of Table 2 reveals a progressive increase in thickness values with the incorporation
of reinforcement within the matrix. The film exhibiting the greatest thickness was the
PVA fortified with rice husk, and the one with minimal thickness was pure PVA; this
increment is rationalized by the granule dimensions of the rice husk and its subordinate
dispersion in the PVA matrix. In contrast, the PVA film fortified with nanocellulose did
not manifest a substantial thickness elevation compared to pure PVA film, attributed to
its proficient dispersion within the matrix, ensuring optimal homogeneity between matrix
and reinforcement [37].

Table 2 additionally enumerates the weight specifications of the films; this attribute
is intricately linked to the mass of the material, and hence, can significantly impact the
mechanical characteristics of the films. It is noteworthy that the PVA film fortified with rice
husk manifested the highest weight values in comparison to its counterparts, a phenomenon
resulting from the integration of untreated rice husk in natura form, inducing larger
particles and challenging distribution within the matrix, consequently contributing to this
weight augmentation [38].

Density, being interconnected with the weight and thickness of the films, plays a
pivotal role in shaping the barrier and mechanical attributes of the material. An examination
of the density data presented in Table 2 indicates that the PVA film with nanocellulose
does not exhibit a considerable deviation in density values compared to the pure PVA
film. This finding is ascribed to the interaction dynamics between PVA and nanocellulose,
culminating in a structure that is more compact and less dense. Conversely, films reinforced
with rice husk and cellulose illustrated a significant increase relative to the pure PVA film,
attributed to the inferior dispersion capability of these materials within the matrix [39].

3.2.2. Transparency

The addition of polyvinyl alcohol gives the material important properties for packag-
ing applications, such as excellent transparency and flexibility [23].

Figure 5 illuminates the aesthetic qualities of the films, wherein both pure PVA and
PVA /nanocellulose films are discerned to exhibit sleek and uniform surfaces with negligible
roughness. The excellent performance of the nanocellulose-reinforced film is due to the
effective dispersion of nanocellulose within the PVA matrix, which is facilitated by the
interaction and particle size.

PVA PVA/RH PVA/CE

Figure 5. Evaluation Transparency.
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This synergy fosters robust adhesion between the nanocellulose and the matrix, render-
ing transparency attributes analogous to those observed in pure PVA films. Lee et al. [23]
have similarly reported no alterations in the transparent properties of PVA upon the
integration of nanocellulose.

Conversely, films fortified with rice husk and cellulose presented a cloudiness over the
symbols coupled with a textured surface, resulting in films characterized by diminished
visibility. These observations highlight the challenges in dispersing these materials within
the PVA matrix, causing agglomerates that may reduce the films’ mechanical properties [22].

3.2.3. Solubility

Polyvinyl alcohol, despite its advantages, faces limitations in humid environments,
restricting its application mainly to areas with controlled temperatures.

Therefore, probing into the films” performance in aqueous settings becomes pivotal.
The elucidations pertaining to the solubility of the films are depicted in Figure 6.

70

60.3%

60 -

43.5% 40.6%

|

(5]
o
L

oS
o
1

w
(=]
1

13.7%

Solubility in water (%)
N
o

10 4

PVA PVA/RH PVAICE PVA/NC

Figure 6. Percentage of solubility of PVA, PVA/RH, PVA/CE and PVA /NC films.

It is discernible that the pristine PVA film exhibited the most pronounced aqueous
solubility, around 60.3%. This tendency is ascribed to its inherent hydrophilic nature and
its propensity for high solubility in water, facilitated by the presence of hydroxyl groupings
within its structure.

This promotes molecular penetration into the matrix, corroborating its susceptibility
to hydrolytic degradation [40]. Conversely, it is observed that the incorporation of rein-
forcements decreases the solubility of PVA to 43.5% for the film fortified with rice husk
and 40.6% for the cellulose-reinforced film, rendering these films more resistant to water
relative to the pure PVA film due to the water-insoluble nature of these materials [41].

Regarding the nanocellulose-reinforced PVA film, a diminution in solubility is noted,
with a recorded value of 13.7%. This phenomenon is linked to the diminution of accessible
hydroxyl groupings within the PVA structure post-nanocellulose incorporation, resulting in
the formation of a physical barrier within the film’s structure, constraining chain mobility,
and thereby conferring enhanced retention against the infiltration of water molecules.
Such improved performance is pivotal for extending the shelf life of food products within
packaging exposed to unregulated humidity conditions [22].

Patel and Joshi [38] documented analogous reductions in water solubility for PVA
films augmented with nanocellulose derived from banana agricultural residue. They
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recognized that films containing 1 wt. % of reinforcement exhibited a solubility reduction
of approximately 2.04% in contrast to the pristine PVA film—a trend consistent with films
comprising 2 wt. % and 5 wt. % of nanocellulose. This is rationalized by the crystalline
nature of nanocellulose and the intermolecular forces established between the matrix and
the reinforcement.

Noshirvani et al. [42] developed films incorporating PVA, starch, and cellulose
nanocrystals, noting a decrease in film solubility coinciding with the incorporation of cellu-
lose nanocrystals. This was substantiated by the formation of hydrogen bonds amongst the
hydroxyl groups inherent in PVA, starch, and cellulose nanocrystals, facilitating a three-
dimensional network that stabilized chain movement, thereby reducing water absorption
for the fortified films.

3.2.4. Water Vapor Permeability Rate (WVPR)

The evaluation of Water Vapor Permeability Rate (WVPR) is crucial for materials
destined for packaging applications. This assessment is instrumental in determining the
extent of water transferred by the film, which is pivotal since ideal films should effectively
shield products from external agents, translating to lower WVPR values.

Table 3 illustrates the variations in mass loss and transmission rates as water molecules
traverse through the films over a 120 h period. It is observed that the introduction of
reinforcements to the PVA matrix causes a decrement in both mass loss and WVPR values.
This implies that the films incorporating reinforcements exhibit greater resistance to water
molecule penetration compared to the pristine PVA film.

Table 3. Calculated values of mass loss and water vapor permeability rate of the films.

. WVP
Samples Weight Loss (g/120 h) (g/m2-120 h)
PVA 0.28 £0.12 410 + 60
PVA/RH 0.27 £0.10 392 £+ 40
PVA/CE 0.25 £+ 0.09 357 £ 50
PVA/NC 0.23 +£0.14 339 £ 33

In the context of nanocellulose-augmented samples, the mass loss registered was
0.237 g, indicative of the lowest water vapor transmission rate relative to the other variants.
This outcome implies a harmonious interaction between nanocellulose and PVA, stemming
from their mutual affinity attributed to the presence of hydroxyl groups. This affinity
facilitates the formation of a hydrogen barrier obstructing water molecule passage, resulting
in an enhancement of around 17% in the film’s barrier properties compared to the unaltered
PVA film [43]. It can be inferred, thus, that the integration of reinforcements into the matrix
correlates with a diminished water vapor transmission rate.

Therefore, as a reinforcement is introduced into the PVA matrix, the water vapor
transmission rate decreases.

In a study conducted by Srivastava et al. [44], PVA films were fabricated and reinforced
with varying concentrations of nanocellulose—0.1, 0.5, 1.3, and 5%. The findings reveal
a decline in the permeability of the films as nanocellulose was integrated, enhancing
the barrier properties by approximately 29.7% when compared to the pure PVA films.
Analogously, Espinosa et al. [45] incorporated nanocellulose extracted from wheat straw,
both with and without lignin, into a PVA matrix in their research. It was observed that the
introduction of nanocellulose led to a reduction in permeability values, creating a physical
barrier that obstructs moisture passage, irrespective of the type of nanocellulose utilized.



Macromol 2025, 5, 6

13 of 22

3.2.5. Optical Microscopy (OM)

In previous studies conducted by the same research group, scanning electron mi-
croscopy (SEM) and transmission electron microscopy (TEM) analyses were performed
to investigate the morphology and dispersion of nanocellulose in similar polymer matri-
ces. These studies, described in [14], demonstrated that the nanocelluloses exhibited a
uniform needle-like morphology, with nanometric dimensions and reduced aggregation
compared to the initial fibers. Furthermore, the removal of amorphous components, such as
lignin and hemicellulose, contributed to the production of well-defined cellulose nanocrys-
tals (CNCs) with higher crystallinity and potential to enhance the properties of polymer
nanocomposites due to their large surface area and exposed hydroxyl groups, which favor
matrix-reinforcement interaction.

In addition, the production and characterization of nanocellulose in the present study
were inspired by the methodology described by Zhang et al. [5], who successfully extracted
nanofibrillated cellulose (NFC) from Enteromorpha prolifera with a diameter of 20-40 nm,
a length of several microns, and a crystallinity index of 57.2%. These characteristics enabled
its effective integration with polyvinyl alcohol (PVA) matrices, improving mechanical
and barrier properties. Based on these findings, we assumed the successful production
of nanocellulose in our work and proceeded with similar characterization techniques to
confirm its properties. This comparison underscores the alignment of our results with those
of Zhang et al. while exploring potential advancements in the application of nanocellulose
as a reinforcing agent.

In the present study, optical microscopy was employed as a complementary approach
to observe the morphology and dispersion of the reinforcements in the PVA matrix, aiming
to correlate these results with the functional properties of the developed films.

The images secured through the stereomicroscope with 4 x magnification are illus-
trated in Figure 7.

a)

Figure 7. Microscopy images of: (a) PVA, (b) PVA reinforced with rice husk, (c) PVA reinforced with
cellulose, (d) PVA reinforced with nanocellulose.
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Figure 7a delineates that the pure PVA film features a smooth and uniform surface,
thereby exhibiting an absence of defects such as bubbles or fissures.

Contrarily, the PVA film fortified with rice husk, as depicted in Figure 7b, distinctly
displays fibers of uneven configurations throughout its structure, accompanied by clusters
and void spaces, a representation of suboptimal dispersion.

Figure 7c illustrates the texture of the PVA films bolstered with cellulose, revealing
a coarse surface interspersed with bubbles and displaying uneven distribution. These
imperfections can potentially compromise the mechanical properties of the films. On the
other hand, the PVA films integrated with nanocellulose, as seen in Figure 7d, reflect
properties strikingly similar to those of the pure PVA film. They showcase a smooth,
immaculate surface, a feature ascribed to the smaller scale of nanocellulose relative to
cellulose and rice husk reinforcements, facilitating enhanced synchronization between the
reinforcement and the matrix [45].

Wang et al. [46] also explored PVA films strengthened with cellulose nanofibers derived
from rice straw in their research. They too discerned enhanced dispersion and uniformity in
the films compared to those fortified with cellulose microfibrils. Moreover, the integration
of cellulose nanofibers not only augmented the mechanical properties, but also elevated
the transparency of the films.

3.2.6. Thermogravimetry (TGA)

The execution of TGA analyses was pivotal to exploring how the infusion of reinforce-
ments could potentially alter the thermal stability of the films. The curves depicting mass
loss relative to temperature (TGA) and the derivative of mass variation (DTG) for the films
are illustrated in Figure 8.
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Figure 8. Thermogravimetry analysis—(a) TGA and (b) DTG curves of the films.

Surveying the TGA and DTG curves reveals that every film underwent three principal
phases of mass reduction. The initial phase, ranging between 50 °C and 130 °C, is ascribed
to the decomposition of substances on the films’ surface and the evaporation of entrained
moisture [47]. Following this, a second phase emerges between approximately 287 °C
and 370 °C, linked to the decomposition of oxygen-bearing functional groups in the PVA
structure and the liberation of volatile compounds contained within the films. A close
inspection of the DTG curves displayed in Figure 8b discloses a marginal enhancement in
the thermal resilience of both PVA and nanocellulose-augmented PVA films compared to
their rice husk- and cellulose-reinforced counterparts.
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Such outcomes intimate that integrating this type of reinforcement with the polymer
matrix could manifest thermal characteristics analogous to those of uncontaminated PVA
without markedly impacting its thermal robustness [48].

Conclusively, the last phase, unfolding between 425 °C and 487 °C, pertains to the
decomposition of carbonaceous compounds and the breakdown of functional entities
inhabiting the principal chain of polyvinyl alcohol [49].

3.2.7. Differential Scanning Calorimetry (DSC)

DSC analysis was utilized to scrutinize the thermal attributes of the films, yielding
insights into melting temperature (Tm), crystallization temperature (Ic), enthalpy alteration
(AH), and the crystallinity degree (Xc). The heating and cooling thermograms are depicted
in Figure 9.

The parameters derived from the DSC assessments are cataloged in Table 4.

Table 4. Data obtained from the DSC curves.

Samples Tm (°C) Te (°C) AH (J/g) Xc (%)
PVA 163 126.14 13.92 8.73
PVA/RH 164 122.34 12.94 8.11
PVA/CE 170 134.15 11.58 7.26
PVA/NC 165 129.14 11.39 7.14
0
(b) —FPVA
::::;RH ——PVAIRH
5L ——PVAICE . — :ziiﬁg

Heat flow (W.g™1)
o

31

1 1 1 _4 L 1 1 L L 1 1 L L L 1 L
40 60 80 100 120 140 160 18 20 40 60 80 100 120 140 160 180
Temperature (°C) Temperature (°C)

Figure 9. DSC curves—(a) cooling for the films and (b) heating for the films.

The films predominantly demonstrated analogous onset melting temperatures, around
140 °C, with negligible alterations. This occurrence is linked to the disruption of intermolec-
ular bonds in the films” hydroxyl groups. Pertaining to the melting temperature, a modest
augmentation is discernible in the values for the films with filler integration, notably for the
cellulose-reinforced film, in comparison to the pristine PVA film. This observation could be
correlated with the interaction proficiency between PVA and the reinforcements, thereby
illustrating the enhancement of the films’ thermal stability [42,50].

Following the integration of the reinforcements, a surge in Tc was manifested, espe-
cially in the cellulose-inclusive film, displaying approximately 134.15 °C in contrast to
the pure PVA’s 126.14 °C. This modification in Tc could be related to the impact of the
reinforcements on the matrix, serving as nucleation facilitators, hence fostering an elevation
in crystallization temperature [51,52].



Macromol 2025, 5, 6

16 of 22

Moreover, the Xc values, deduced by interpreting the DSC curves via the applicable
equation, witnessed a gradual decline. This can potentially be ascribed to the reinforce-
ments instigating the formation of new hydrogen bonds with PVA molecules, disrupting
the regular arrangement of the molecular chains, and subsequently impeding PVA’s crys-
tallization [53].

3.2.8. Evaluation of Biodegradation in Soil

The appraisal of the material’s biodegradability in soil is critical when contemplating
its deployment for packaging solutions. Soil biodegradation is influenced by various factors
like humidity, the activity of microorganisms, and the presence of fungi and bacteria within
the soil [54]. In this research, the biodegradability of the films was assessed based on mass
loss at intervals of 0, 15, 30, 45, and 60 days of burial in soil, with the outcomes displayed
in Table 5.

Table 5. Average in grams of film weights over time.

Samples Day 0 Day 15 Day 30 Day 45 Day 60
PVA 0.432 0 0 0 0
PVA/RH 0.494 0 0 0 0
PVA/CE 0.452 0 0 0 0
PVA/NC 0.444 0.267 0.065 0.037 0

The only film displaying resilience to the biodegradation examination was the one re-
inforced with nanocellulose. Despite the hydrophilic nature of both PVA and nanocellulose,
the incorporation of nanocellulose escalated the film'’s resistance to biodegradation. Never-
theless, despite its slowed degradation rate, the nanocellulose-infused film experienced
a 100% mass loss before the completion of 60 days, illustrating a commendable outcome
relative to conventional packaging materials.

This performance echoes previous solubility findings, where nanocellulose-reinforced
films exhibited reduced solubility levels, signifying that the integration of nanocellulose
enhances the polymer’s resilience in humid conditions.

These results can be credited to the ability of the PVA matrix and nanocellulose to
establish hydrogen bonds, creating a compact and dense three-dimensional configuration,
and generating a convoluted route within the material. This intricate structure impedes
microbial activities and minimizes water molecule penetration into the material, thereby
constraining available space within the structure and reducing interface gaps between PVA
and nanocellulose [5,55].

The data compiled in Table 5 facilitate the calculation of the percentage of mass loss
subsequent to each period of sample retrieval, although this was solely applicable to the
film fortified with nanocellulose. In the initial 15 days, a substantial weight reduction of
39.8% was recorded. In the following days (30 and 45), the degradation increased to 85.3%
and 91.6%, respectively, due to water molecules and microorganisms penetrating the film
structure, reducing its strength. Consequently, after 45 days, the moisture in the soil led to
the complete dissolution of the nanocellulose film [56].

Moreover, alterations in the visual characteristics of the nanocellulose-reinforced PVA
film over the 0-, 15-, 30-, and 45-day intervals were discernible, as illustrated in Figure 10.
The images conspicuously depict a sustained reduction in film mass, concluding the 60-day
period with no remnants of film residues observable.
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Figure 10. Evaluation of the visual appearance of the PVA/NC film after the biodegradation test.

Ong et al. [57] explored the soil biodegradability of PVA matrix films bolstered with
3, 5, and 10 wt. % by mass of various reinforcements. The reinforcements included
microcrystalline cellulose, cellulose nanocrystals extracted from palm fiber, and commercial
nanocrystals. They observed that the films exhibited a rapid rate of degradation; all the
films underwent complete degradation after just 7 days of being buried in the soil.

The difference observed in degradation time between this study (more than 45 days)
and the aforementioned study (7 days) can be attributed to several factors, such as the
nature of the reinforcement, the process of obtaining nanocellulose and the experimental
biodegradation conditions. While the previous study used commercial cellulose nanocrys-
tals and higher concentrations, in this work, the nanocellulose was obtained from rice husk,
an abundant agro-industrial residue, which can influence the structure and interaction
of the reinforcement with the PVA matrix. The greater stability observed is due to the
formation of a dense three-dimensional network between PVA and nanocellulose through
hydrogen bonds, which limits water penetration and microbial activity [58,59].

This result reinforces the novelty of the present study, as it demonstrates that the use
of nanocellulose extracted from agro-industrial waste can not only improve the mechanical
and barrier properties of the film, but can also prolong its resistance under degradation
conditions, making it more suitable for applications in packaging with greater durability,
without compromising its final biodegradability.

3.2.9. Tensile Strength Test

Determining the mechanical properties of materials is critical, especially when under-
standing the interaction between reinforcement and matrix to ensure superior mechanical
performance and uphold the product’s integrity. Figure 11a illustrates the results for
Young’s modulus, while Figure 11b displays the values for tensile strength of the samples
under consideration.

Examining Figure 11a, a progressive escalation in the elastic modulus is evident upon
the integration of reinforcements into the PVA matrix. The elastic modulus relates to the
material’s rigidity; thus, a higher modulus denotes increased stiffness [60]. This observation
implies that films fortified with nanocellulose showcased the best elastic modulus, marking
a noteworthy enhancement in comparison to the unmodified PVA film. This augmented
mechanical resilience is attributed to the potent interaction and hydrogen bonding between
PVA and nanocellulose, fostering optimal affinity and the homogeneous dispersion of
nanocellulose within the PVA matrix [45]. This enhancement in modulus and overall
mechanical strength demonstrates the successful synergism between the matrix and the
reinforcement, crucial for applications requiring elevated mechanical stability.

When it comes to the tensile strength of the films, Figure 11b reveals that the pure
PVA film acquired a value of 2.5 MPa, whereas the films reinforced with rice husk and
cellulose registered lower values. More specifically, the rice husk-reinforced film (PVA /RH)
exhibited a value of 1.7 MPa and the cellulose-reinforced film (PVA/CE) yielded 1.45 MPa.
This suggests a non-uniform dispersion of the reinforcement within the matrix, resulting in
uneven tension transfer across the material. Conversely, the nanocellulose-incorporated
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film demonstrated an enhancement, reaching 3.24 MPa. This improvement is correlated to
the robust interaction between the hydroxyl groups in nanocellulose and PVA, engendering
hydrogen bonds, and thus establishing strong interfacial adhesion and a better tension
distribution throughout the material [50,61].

Young Module (MPa)

PVA/RH PVAICE PVAINC

4.0

Tensile strenght (MPa)

PVA PVA/RH PVAICE PVAINC

(a) (b)

Figure 11. Graph of the average values of the Young’s Modulus (a) and tensile strength (b) of
the films.

Similar findings were noted by Ong et al. [49] when assessing the mechanical perfor-
mance of PVA films reinforced with cellulose nanocrystals. These nanocrystals, extracted
from palm oil fiber, were used in proportions of 3, 5, and 10 wt. % by mass. They reported
augmented tensile strength and elasticity modulus, particularly in films containing 5 wt. %
cellulose nanocrystals, relative to the pure PVA film.

The mechanical and barrier properties obtained align with recent findings on
PVA /nanocellulose composites, where the addition of nanocellulose improved tensile
strength and reduced WVTR [62].

In summary, rice husk waste is a significant byproduct of rice production in Rio
Grande do Sul, presenting both challenges and opportunities for sustainable management
and utilization.

Furthermore, Srivastava et al. [44] elucidated that incorporating 3 wt. % by mass of
nanocellulose into the PVA matrix led to a 14.3% increment in the films’ tensile strength
relative to pure PVA. This enhancement is principally attributed to the presence of hydroxyl
bonds within the material’s structure, fostering a strongly intertwined three-dimensional
network. This network ensures superior interfacial adhesion between the reinforcement
and the matrix, thereby elevating the tensile strength of the films. This structural synergy
and increased interaction between matrix and reinforcement underscore the potential use
of nanocellulose in enhancing the mechanical properties of polymer composites.

4. Conclusions

This study established that the employed methodologies for cellulose extraction and
nanocellulose acquisition were efficacious, as substantiated by the FTIR and XRD analyses.
These analyses reveal alterations in the chemical structures of the fibers and a diminishment
in amorphous constituents after the applied treatments. The TGA analysis pertaining to the
fibers” thermal properties disclosed a decrement in the thermal stability of the nanocellulose
sample. Evaluations of the films’ thickness, grammage, and density revealed augmented
values for those integrated with reinforcements in the PVA matrix.
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The PVA /nanocellulose film demonstrated the lowest solubility, showcasing enhanced
water resilience in comparison to its counterparts. Concurrently, there was a notable reduc-
tion in the water vapor permeability rate for films integrated with reinforcements, primarily
those strengthened with nanocellulose. The examination of optical microscopy images
highlighted suboptimal dispersion, evident voids, and agglomerations in films fortified
with cellulose and rice husk. This outcome is attributed to particle size disparities, leading
to the non-uniform dispersion of reinforcements within the matrix. Conversely, films
bolstered with nanocellulose displayed optimal dispersion and characteristics analogous to
pure PVA films.

For thermal properties, the TGA results showed slight instability in the cellulose-
reinforced film, while DSC analysis revealed minimal differences between reinforced and
pure PVA films.

The obtained results illuminate the advantageous impact of nanocellulose incorpora-
tion within the PVA matrix. Nanocellulose not only elevated the water and biodegradation
resistance, but also preserved the inherent flexibility and transparency, of the films, all
while enhancing their mechanical properties. Such enhancements make nanocellulose-
fortified materials a practical and beneficial alternative for applications like quick-use
packaging, including films for dry food trays and seedling planting bags, consolidating
them as promising solutions in the realm of sustainable packaging. This aligns with the
growing emphasis on environmentally friendly alternatives, reflecting an integration of
innovation and sustainability in material science.

This study has significant advantages over similar research. One of the main pros
is the sustainable use of agro-industrial waste, such as rice husks, which promotes the
reuse of discarded materials, reducing environmental impacts and costs. In addition, the
films developed showed notable improvements in mechanical and functional properties,
such as greater tensile strength and modulus of elasticity, and a reduction in solubility
and water vapor permeability. Another positive point is the greater stability of the films
in biodegradation tests, with prolonged degradation for more than 45 days, which makes
them more suitable for practical applications in packaging.

On the other hand, there are some cons to consider. Processing nanocellulose involves
intensive chemical steps, such as acid hydrolysis, which can be economically costly and
generate additional waste. In addition, difficulties have been observed in the uniform
dispersion of larger-scale reinforcements, such as cellulose and rice husk, which have a
negative impact on the optical and mechanical properties of the films. Finally, the scalability
of the process on a large scale is still a challenge, requiring further studies to make industrial
production of the developed materials feasible.

In addition, by using agro-industrial waste, such as rice husks from Rio Grande do Sul,
Brazil’s largest rice producer, this research helps to solve the significant waste management
challenges faced by the Brazilian agricultural sector. The recovery of this waste not only
reduces environmental pollution and the costs associated with improper disposal, but also
aligns with global sustainability commitments and the principles of the circular economy.

These points highlight the advances and limitations of the study, highlighting its
innovative potential, but also pointing out the areas that require optimization for future
commercial applications.
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