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Abstract

This study investigates the valorisation of Salicornia ramosissima agro-industrial by-product
by using cellulose nanofibers (CNFs) extracted from this halophyte to reinforce chitosan-
based films. The physical, mechanical, and thermal properties of chitosan films containing
0% (control), 1%, and 2% (w/w) CNF were evaluated. Films were produced by solvent
casting with glycerol as a plasticiser. At the 2% CNF concentration, films exhibited a
reduced moisture content and increased solubility in aqueous solutions. The water vapour
transmission rate (WVTR) decreased as CNF content increased under constant humidity
but increased at higher temperature and humidity. Control films were more transparent, yet
CNF-reinforced films had higher tensile strength and Young’s modulus, reflecting greater
stiffness. Maximum elongation at break decreased markedly with the addition of CNFs.
SEM revealed that reinforced films had more heterogeneous, rougher surfaces, particularly
at 2% CNF. Thermogravimetric analysis showed that 2% CNF adversely affected the thermal
stability of the chitosan film. ATR-FTIR spectra indicated that CNF reinforcement protected
against UV-induced degradation. Degradability tests in soil and seawater confirmed that
the chitosan–CNF mixture preserved degradability, especially at 1% CNF. These findings
demonstrate that reinforcing chitosan-based films with CNFs from S. ramosissima can
improve functional properties and suggest the potential of this approach for biomaterials
development in food packaging applications.

Keywords: nanocomposite; cellulose nanofibers; chitosan; bio-based material; high-
pressure processing; food packaging
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1. Introduction
Environmental concerns and resource depletion have intensified the search for sustain-

able alternatives to conventional plastics, particularly in food packaging, where single-use
petroleum-based materials still dominate despite increasing regulation and circular econ-
omy initiatives [1,2]. Bio-based and biodegradable polymers such as chitosan have emerged
as promising candidates to reduce reliance on fossil resources while mitigating plastic pol-
lution and end-of-life impacts [3–7].

Chitosan is a renewable polysaccharide obtained by deacetylation of chitin and is
attractive for packaging applications owing to its film-forming ability, biocompatibility,
biodegradability and inherent antimicrobial activity, although its use is limited by poor
water resistance, suboptimal mechanical performance and challenging processing com-
pared with conventional plastics [3,8]. To overcome these drawbacks, the incorporation
of cellulose nanofibers (CNFs) has been widely explored, as CNFs can reinforce chitosan-
based matrices and improve mechanical and barrier properties while maintaining a fully
bio-based and biodegradable profile [7,9–11].

In parallel, recent research has highlighted the potential of combining chitosan and
nanocellulose not only to enhance strength and barrier performance but also to introduce
multifunctional attributes, such as antioxidant and antibacterial activity, that can extend
food shelf life and improve safety [9,10,12–14]. These advances illustrate that the design of
next-generation food packaging must integrate mechanical, barrier and active functions
with environmental criteria, including bio-based feedstocks and controlled biodegradability
in relevant disposal scenarios.

The circular bioeconomy has taken on a central role in the current landscape, driving
growing interest in strategies that promote the recovery and valorisation of organic residues
and by-products for the development of sustainable packaging materials. Numerous
studies have explored residues from the fruit and vegetable industry (peel, pulp, seeds and
pomace) to obtain biopolymers and biodegradable films, often with active (antioxidant and
antimicrobial) properties suitable for food preservation [15–18]. Examples include films
and edible coatings produced from fruit and vegetable residues for fresh-food packaging,
biopolymers derived from agro-industrial by-products applied in functional and active
packaging, and materials based on polysaccharides and proteins extracted from agricultural
co-products designed to partially or fully replace conventional active pack plastics in
packaging systems [19–22].

Following this approach, agro-industrial residues have gained attention as alterna-
tive lignocellulosic feedstocks for nanocellulose production [23–28]. Salicornia ramosissima
by-products (stems and roots) generated during greenhouse cultivation for human con-
sumption have been proposed as a promising cellulose source for CNF isolation, with
enzymatic pretreatments offering milder, more environmentally compatible processing
routes than conventional acid-based methods [29]. A previous study demonstrated that
CNFs produced from S. ramosissima residues via an enzymatic route exhibited improved
structural features and surface charge, making them suitable for use as reinforcing agents
in polymeric matrices [30].

Building on this background, the present work investigates chitosan-based films
reinforced with CNFs previously obtained enzymatically from S. ramosissima agro-industrial
by-products [29], with the dual objective of valorising an underused residue stream and
enhancing the functional properties of packaging materials. Specifically, we evaluate
the influence of CNF loading on the physicochemical, mechanical, barrier, optical and
morphological properties of the films, as well as their degradability in soil and seawater
under controlled conditions, to assess the viability of these bio-based composites for
sustainable food packaging applications.
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2. Materials and Methods
2.1. Chemicals

Chitosan with high molecular weight (310,000–375,000 g mol−1) and a deacetylation
degree of >75 g kg−1, was provided by Sigma Aldrich (Darmstadt, Germany). Glycerol
(MW = 92.10 g mol−1) was obtained from PanReac AppliChem (Barcelona, Spain). Acetic
acid glacial was obtained from Fisher Scientific (Hampton, NH, USA).

2.2. Cellulose Nanofibers from S. ramosissima By-Product

Cellulose nanofibers (CNFs) from the agro-industrial by-product of S. ramosissima
(parts of stems and roots) were produced at laboratory scale via the enzymatic isolation
route previously proposed and optimised for this feedstock [29]. Briefly, the by-product
generated during greenhouse cultivation was collected, washed, dried and milled to
obtain a lignocellulosic powder, which was subsequently subjected to ethanol extraction to
remove low-molecular-weight extractives, followed by alkaline treatment and bleaching
to solubilise hemicelluloses, delignify the material and enrich the cellulose fraction. The
resulting cellulose-rich pulp was then hydrolysed using a two-step enzymatic process
involving xylanase and cellulase under controlled pH, temperature and residence time,
after which the suspension was washed, concentrated and dried to obtain CNFs with
nanoscale diameters and a high aspect ratio. Full methodological details, including reagent
concentrations, temperatures, reaction times, enzyme dosages and the morphological,
structural and physicochemical characterisation of the CNFs produced by both acid and
enzymatic routes, are reported by Lima et al. [29] in the previous publication.

2.3. Production of Chitosan-Based Films

Chitosan-based films reinforced with nanofibers were prepared using the solvent
casting technique. The CNF loadings of 1 and 2% (w/v) were selected based on a pre-
liminary experimental design in which a wider range of nanofiber concentrations had
been screened for their effects on the physical and mechanical properties of chitosan films.
Nanofibers derived from S. ramosissima by-product were added to a 1% acetic acid aqueous
solution (v/v) at 1% and 2% (w/v), calculated as gram of CNFs per 100 mL of acetic acid
solution. This pre-dispersion step in the less viscous acetic acid solution was used to pro-
mote deagglomeration and uniform wetting of the nanofibers before chitosan dissolution,
thereby facilitating a more homogeneous distribution of CNF in the final film-forming
solution. The mixture was homogenised using an Ultra-Turrax (T25—Janke & Kunkel,
IKA-Labortechnik, Staufen, Germany) at 10,000 rpm for 5 min. Subsequently, 2% chitosan
(w/v), also expressed as gram of chitosan per 100 mL of acetic acid solution, was added
to the mixture and immediately homogenised with an Ultra-Turrax at 20.000 rpm for
5 min. The mixture was then filtered through cheesecloth (non-woven) to remove insoluble
particles. The solution was kept at room temperature for 60 min.

The chitosan film-forming solution was pre-warmed on a hot plate magnetic stirrer
(ARE, VELP Scientifica, Usmate Velate, MB, Italy) at 45 ◦C, and glycerol 99.5% (PanReac
AppliChem, Barcelona, Spain) was added as a plasticizer at a level of 0.5 mL g−1 to the
chitosan solution. The mixture was stirred for 30 min. After cooling to room temperature,
the solution was degassed in an ultrasonic bath (Sonorex Super—RK510, Bandelin Elec-
tronic, Berlin, Germany) for 10 min to remove the bubbles formed during the process. Then,
25 mL of the solution was cast onto plastic Petri dishes (Ø = 90 mm) and dried for 48 h in
an oven at 25 ◦C. The dried films were stored in a dark desiccator under controlled relative
humidity (~55%) at room temperature (±25 ◦C) until further analysis.
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As a control, chitosan-based films were prepared without the addition of the
nanofibers, following the same steps described above. The procedures used to produce
chitosan-based films reinforced with CNFs are represented in Figure 1.

Figure 1. Solvent casting method for manufacturing chitosan-based films.

2.4. Chitosan-Based Films Characterisation
2.4.1. Optical Properties

A spectrophotometer (PCE-CSM10, PCE Instruments, Stretford, England) was used to
measure the CIELab colour parameters and opacity. For calibration and as the background
before measuring luminosity (L*), a standard white tile (EU certified; L* = 84.67, a* = −0.55,
b* = −0.68) was employed. The luminosity values ranged from 0 (black) to 100 (white),
while the chromatic coordinate (a*) indicated green for negative values and red for positive
values, and the chromatic coordinate (b*) indicated blue for negative values and yellow for
positive values. For each film three different points were analysed. These colour parameters
were used to calculate the total colour difference (∆E) using Equation (1):

∆E =

√
(∆L∗)2 + (∆a∗)2 + (∆b∗)2 (1)

2.4.2. Moisture Content

The film samples were cut into square pieces (4 cm2), weighed and dried at 105 ◦C for
24 h. The weight loss of the sample was determined, and moisture content was calculated
using the following Equation (2):

Moisture content (%) =

(
Mi − M f

)
Mi

·100 (2)

where Mi and Mf are, respectively, the initial and final mass of the samples. All samples
were evaluated in triplicate.
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2.4.3. Solubility in Aqueous Medium

To determine the solubility in the aqueous medium, the same dried samples previously
obtained for the moisture determination were immersed in 50 mL of water previously
deionized and gently shaken at room temperature (±25 ◦C) for 24 h. Then, the insoluble
films were filtered and dried in a drying oven (105 ◦C, 24 h) and weighed after 30 min in
a desiccator for cooling. The film’s solubility was determined as weight loss percentage
using Equation (2). Three replicates were performed for each film condition.

2.4.4. Films Thickness

Six thickness measurements were randomly taken for each sample at different points
with a bench micrometre (MTS Adamel Lhomargy—model MI2, Saint-Baldoph, Savoie,
France). Mean values were subsequently used to calculate water vapour transmission
rate (WVTR).

2.4.5. Water Vapour Transmission Rate (WVTR)

The WVTR of chitosan-based films reinforced with CNFs (1 and 2%) and control film
was determined gravimetrically, using the ASTM E96/E96M-15 [31] standard method,
with some modifications. The permeation cells were filled with 50 g of dried silica gel and
sealed with films on the top of the cells with silicone glue. The cells were weighed using an
analytical scale (ACS 200-4, Kern & Sohn, Balingen, Germany) and placed in desiccators
with three saturated aqueous solutions of potassium carbonate, sodium chloride and
potassium sulphate, establishing environments with relative humidities of approximately
45, 75 and 95%RH, respectively. Subsequently, the cells and their respective replicates were
placed in six temperature-controlled chambers set at 5, 10, 15, 25, 30 and 40 ◦C.

The tests were conducted in triplicate, and moisture loss was recorded over time until
reaching steady state. Through linear regression of the linear part of the water absorbed vs.
time interval curve WVTR was estimated by divided the obtained slope by the respective
area (m2).

Each slope obtained was divided. The Arrhenius equation (Equation (3)) was applied
to the experimental data for each condition (%fibre and %RH) to check if the dependence of
WVTR on temperature followed this model, based on the correlation coefficients obtained.

WVTR = WVTR0· exp
Eαr

8.314 ·( 1
T −

1
Tref

)
(3)

where term Eαr is the activation energy for diffusion, T is the absolute temperature, Tref, is
a reference temperature and the constant 8.314 is the ideal gas constant in J K−1 mol−1 [32].

The software STATA version 18.0 (StataCorp LCC, College Station, TX, USA) was used
in the data mathematical modelling process.

2.4.6. Diffusion Coefficient D

The most well-known method for diffusion estimation is the time-lag (tlag) method
Daynes [33], which is often used because of its simplicity. The film is placed to separate two
different environments with known volumes, the upstream and the downstream chambers
being the exchanges of gases only occurring through the film. It is based on the partial
pressure difference (Dp) with time in the downstream chamber, caused by the gas that
diffused through the film from the upstream chamber during that time. Through the film,
the gas movement toward the downstream interface is governed by Fick’s first law. Both
volumes are initially evacuated to remove any present species; the experiment starts by
applying a step pressure increase in the upstream chamber and the resulting pressure rise
in the downstream chamber is then monitored as a function of time. As the permeation
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rate reaches a steady state, an extrapolation of the linear portion of the pressure rise curve
to the time coordinate yields tlag, which is a function of the membrane thickness (l) and
gas diffusivity in the membrane, therefore measuring the downstream tlag experimentally
and knowing l allows for evaluating the diffusion coefficient D in the membrane. As the
slope of the linear part of the pressure rise curve is directly proportional to the permeability
coefficient (P), this parameter can also be evaluated. Therefore, knowing P and D, the
solubility (S) can be obtained from the ratio of P and D (Equation (4)).

S = P/D (4)

The time-lag method is derived using Fick’s second law of diffusion (Equation (5))
The moisture uptake in a flat sample can be described with the one-dimensional diffusion
equation with diffusivity, D (in mm2 s−1) and concentration C (in mg mm−3).

δC
δt

= D
δ2C
δx2 (5)

The moisture uptake in a flat sample can be described with the one-dimensional
diffusion equation with diffusivity D (in mm2 s−1) and concentration C (in mg mm−3);
when samples are submitted to an environment with a relative humidity level RH, the
moisture will first saturate the surface layers, resulting in a surface concentration Csat.
During a diffusion experiment at constant humidity, the moisture slowly penetrates in
the sample, but the surface layer concentration remains stable at Csat. With these as the
boundary conditions and a uniform concentration C0 as the initial condition, C (x, 0) = C0,
and C (0, t) = C1, and C (l, t) = C2, the general solution for the diffusion equation is given by
Equation (6) [34,35].

Qt = D(C1 − C2)
t
l
+

2l
π2

∞

∑
n=1

C1cos nπ− C2

n2

{
1 − exp (− Dn2π2t

l2
)

}
+

4C0L
π2

∞

∑
m=0

1

(2m + 1)2

{
1 − exp (− D(2m + 1)2π2t

l2
)

}
(6)

This equation defines how moisture penetrates a sample until it is fully saturated and
has a uniform concentration Csat. Though concentration profiles are difficult to obtain, the
overall concentration change can be easily obtained by monitoring the samples’ weight
differences. Solving Equation (6) the relationship between sample weight and overall
concentration (Equation (7)) follows over the sample volume:

m(t) = WL
∫ h

0
C(x, t)dx (7)

The mass change is usually reported relative to the mass at steady state (Equation (8)):

M(t) =
m(t)
mfinal

=
mass of absorbed water at time t (mg/ mm3)

mass of absorbed at steady state (m(∞) − m(0))mg/mm3 (8)

When steady state is about to be reached, t → ∞, the exponential terms become very
small and maybe neglected, allowing for plotting Qt versus t (Equation (9)):

tlagd
=

l2

6Dd
(9)

Based on the plots of the mass change in the absorbent agent (in our case silica gel)
as a function of time, it is possible to determine the upstream and downstream time lags,
respectively. The time lag (tlag) is directly proportional to the squared thickness (l2) and to
the reciprocal of the membrane diffusion coefficient D [33]. Equation (10) and Equation (11)
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give, respectively, the relationships existing between the upstream (tlagu) and downstream
(tlagd) time lags (estimated by the x-intercept of the linear portion of the curves with the
time axis).

Qt =
DC1

l

(
t − l2

6D

)
(10)

tlagu
= − l2

3Du
(11)

where l is the membrane thickness, tlagu,d, and Du,d are the upstream and downstream time
lags and diffusion coefficients, respectively.

2.4.7. Mechanical Properties

Mechanical properties were evaluated in a texture analyser (CTX AMETEK Brookfield,
Middleborough, MA, USA) equipped with tensile grips and a 15 N load cell, according
to the ASTM D882-18 standard method [36]. The software Texture Pro V 1.0 Build 19
(AMETEK Brookfield, Middleborough, MA, USA) was used for data processing. All
films were cut in strips (80 mm length × 10 mm width), and thickness (±0.001 mm
accuracy) was determined using an electronic digital micrometre calliper (Powerfix–Profi+,
Wuppertal, Germany) and measuring at least three points along the length of each film strip
immediately before the tests. Each strip was placed between the grips, leaving 5 cm2 as the
exposed area. The crosshead speed was set at a constant rate of 0.5 mms−1. Tensile strength
and elongation at break were determined from stress–strain curves. Young’s modulus
was calculated as the slope of the initial linear portion of this curve Equation (12). Six
measurements were taken of each sample.

E = σ/ε (12)

where E represents Young’s modulus, σ is the tensile stress (force per unit area), and ε is
the axial strain (deformation).

2.4.8. Morphology Analysis

The microstructure of the films was analysed by scanning electron microscopy (Hitachi,
model TM4000, Ibaraki, Japan). The samples were placed on a double-sided carbon
adhesive tape previously fixed on aluminium sample holder. SEM micrographs were taken
at an acceleration voltage of 5 kV.

2.4.9. Thermal Properties

The thermogravimetric analysis (TGA) was performed according to ASTM E2550-21
standard method [37] to evaluate the thermal stability of the chitosan-based films reinforced
with CNF. The measurements were carried out using a simultaneous thermogravimetric
analyser (NETZSCH STA 449 F3 Jupiter®, Selb, Germany) using 10–45 mg samples. The
samples were placed in an aluminium pan (Al2O3) and heated from 30 to 700 ◦C at
10 ◦C min−1 under an inert synthetic air atmosphere. The protective gas used was argon
with a flow rate of 20 mL min−1, while the purge gas was nitrogen with a flow rate of
50 mL min−1. The initial and final temperatures of film degradation were determined by
extrapolating the beginning of the mass variation and the lowest temperature indicating
the completion of the process responsible for the mass variation, respectively.

2.4.10. Infrared Spectroscopy

The attenuated total reflectance–Fourier transform infrared (ATR-FTIR) spectra of
films were recorded using a micro-FTIR spectrophotometer (Nicolet iN10, Thermo Scientific,
Waltham, MA, USA). For each spectrum, a 16-scan interferogram was collected with a
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reference frequency of 15,798.67 cm−1, a resolution of 8000 cm−1, and a collection time
of 3.12 s. The results used the OMNIC Spectra Software, version 2.2 (Thermo Scientific,
Waltham, MA, USA). The mass loss of the films was obtained from the difference in film
weights before and after irradiation and kept in the dark until analysis. The extent of
oxidation was determined by evaluating the difference between the absorbance spectra of
the main identified chemical groups.

2.5. Degradation Tests
2.5.1. Degradation in Soil

Degradation tests were performed according to the ASTM D5988-12 standard
method [38] with some adaptations based on the proposed methodology by Altaee et al. [39].
The films were cut into rectangles (30 mm × 20 mm) and placed inside a perforated
polyethylene net (50 mm × 40 mm; mesh opening 4 mm). The soil burial test was per-
formed in a rectangular resin vase (60 cm × 18 cm × 15 cm) by burying the chitosan-based
films reinforced with CNFs and control films at a depth of 10 cm beneath the surface.

The soil (Siro® Plant, Mira, Portugal) with the following physical–chemical
composition was used: grain size = 0–15 mm; soil moisture: 57.7%; pH = 5.5–6.5;
conductivity = 50–100 µS cm−1; mineral fertiliser (NPK) = 380 mg L−1 nitrogen;
200 mg L−1 phosphorus; 200 mg L−1 potassium; and organic matter > 70%. The soil
was watered with 400 mL of water every 7 days and kept at room temperature (±25 ◦C)
throughout the study. The degradability of the films was photographed, and the degrada-
tion area was measured in percentage. This test was carried out in triplicate per evaluation
point and sample.

2.5.2. Degradation in Seawater

The seawater degradation methodology was based on the protocols reported by
Accinelli et al. [40] and Pereira et al. [41]. It should be emphasised that this was a preliminary
assay carried out under simplified laboratory conditions, in which reproducing the dynamic
complexity of natural marine ecosystems was limited, including continuous water renewal,
microbial community variability and the presence of dissolved and particulate organic
matter. The results should therefore be interpreted as comparative indicators of the relative
behaviour of the materials tested in filtered, agitated seawater, rather than as an exhaustive
representation of their degradability in real marine environments.

Seawater was collected from Ria Formosa de Faro, Portugal (37◦00′16.9′′ N 7◦58′04.1′′ W)
by the Ramalhete Marine Station (CCMAR−UAlg), where it was previously filtered to
remove insoluble particles and other dirtiness and stored in tanks. The water had the
following physicochemical characteristics: collection temperature = 18.5 ◦C; pH = 8.03;
electrical conductivity = 55.0 mS cm−1; oxygen content (% saturation) = 93%; oxygen
content = 6.7 ppm; salt content = 37.1 ppt; and ORP—Oxidation–Reduction Potential
(ORP) = 364 mV.

Each film was cut into rectangles (30 mm × 20 mm) and immersed into Erlenmeyer
flasks (600 mL) containing 350 mL of seawater kept in a darkened room. This test was
carried out in triplicate for each sample. The agitation that simulated tidal flow was carried
out with an air pump for aquariums (air 550R plus, Sera Precision, Heinsberg, Germany)
with a flow of ∼=9.2 l min−1 and generated pressure ≥ 140 mbar. The experiment took place
at room temperature (±25 ◦C), and the degradation of the films was recorded by photos
every 3 days during the entire experiment time.

2.6. Statistical Analysis

The results were expressed as the mean ± standard deviation of at least three replicates.
The experimental data were submitted to analysis of variance (ANOVA) and Tukey HSD
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(honestly significant differences) test, to detect significant differences between the films for
each parameter, both at 5% significance (p < 0.05) using the statistical software Statistica 7.0
(Statsoft Inc., Tulsa, OK, USA).

3. Results and Discussion
3.1. Physicochemical Properties

Adding cellulose nanofibers (CNF)s to chitosan-based films significantly affected their
thicknesses, opacity and colour (Table 1). Cellulose nanofiber reinforcement (1 and 2% wt.%)
of the chitosan-based films significantly increases the thickness compared with control
films. This result corroborates with Costa et al. [27] and Mujtaba et al. [28], who verified
an increase in thickness in chitosan films incorporated with different CNC concentrations.
This increase can be attributed to the accumulation of nano-cellulose in the polymeric
matrix resulting in greater dry matter content in the films [28,42].

Table 1. Optical properties, moisture content, and solubility values of the chitosan-based films
reinforced with different CNF concentrations (0, 1 and 2 wt.%).

Control CNF 1% CNF 2%

Thickness 0.10 ± 0.02 a 0.18 ± 0.02 b 0.21 ± 0.03 b

Opacity (%) 9.50 ± 0.40 a 12.8 ± 1.05 b 17.4 ± 1.91 c

Film colour
L* 35.0 ± 0.10 a 36.6 ± 1.0 a 42.5 ± 1.62 b

a* −0.54 ± 0.02 ab −0.77 ± 0.24 c −0.25 ± 0.15 a

b* 2.90 ± 0.17 a 3.78 ± 0.92 a 9.16 ± 0.18 b

Total colour difference (∆E) - 2.14 ± 0.94 a 9.80 ± 1.37 b

Moisture content (%) 46.5 ± 1.10 a 43.3 ± 0.61 b 36.7 ± 0.20 c

Solubility in Aqueous
Medium (%) 17.4 ± 0.10 a 18.6 ± 0.21 b 19.2 ± 0.10 c

Different letters in a row indicate significant differences between samples (p < 0.05).

The incorporation of 1% and 2% CNFs into chitosan films resulted in an increase
in thickness compared to the control, attributed to the hygroscopic nature of cellulose
nanofibers, which retained water during drying and reduced evaporation rates [43]. Opac-
ity increased significantly from 9.50 ± 0.40% (control) to 17.4 ± 1.91% (2% CNF), consistent
with the findings of Shih et al. [44], who reported increased opacity in starch-based bio-
composites films reinforced with CNFs. These changes in opacity correlated with a visible
colour shift toward a yellowish–green hue, likely due to nanofibers aggregation and light
refraction. Despite these chromatic changes, all films maintained adequate transparency
for food packaging purpose. The visual appearance of the films is shown in Figure S1 in
the Supplementary Materials.

Mujtaba et al. [28], also found that increasing CNC concentrations in chitosan-based
films increased chroma (yellowing) values. Additionally, previous researchers have stated
that CNF addition to chitosan-based films makes the films yellowish due to increased lignin
presence [45]. This is because lignin is a highly opaque natural polymer responsible for
the cellulose yellow to brown colour. When CNFs were added to the films the total colour
variation (∆E) increased significantly. ∆E values for films reinforced with 1% and 2% CNFs
were 2.14 ± 0.94 and 9.80 ± 1.37, respectively (Table 1). This confirms previous findings
from opacity and colour data, which showed that increasing nanofiber concentration
significantly impacts the optical properties of chitosan-based films.

The control film exhibited a higher moisture content (46.5 ± 1.10%). The incorporation
of CNFs significantly reduced the films’ moisture content, with a reduction of around
10% for the CNF2% sample relative to the control sample (Table 1). This trend is consis-
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tent with observations by Shih et al. [44], who reported a decrease in moisture content
of tapioca starch and potato starch films reinforced with 5% and 10% CNF. Although
CNFs are intrinsically hydrophilic, these findings indicate that, under certain formulations,
nanocellulose can contribute to a denser polymer network that limits the uptake of loosely
bound water rather than simply increasing overall water content. Another factor that
may have contributed to the lower moisture content of the CNF-reinforced films is the
ability of the nanofibers to restrict the mobility of the chitosan molecular chains, forming
an interpenetrating network with the polymeric matrix. Talebi et al. [46], attribute this to
the strong hydrogen bonds and electrostatic interactions between the CNFs and chitosan
molecules in the composite films. As a result, CNFs reduce the water penetration capacity
of chitosan-based films.

This behaviour can therefore be ascribed to the combined effect of CNF hydrophilicity
and network densification, although nanocellulose may increase water sorption in some
systems, its incorporation at low volume fraction and with good dispersion can promote
strong hydrogen bonding and electrostatic interactions with chitosan, leading to a more
compact network with reduced free volume. In such a structure, CNFs predominantly
act as a reinforcing phase that restricts chain mobility and limits the amount of loosely
bound or free water that can be accommodated, which explains the slightly lower moisture
content measured for the film containing 2% CNF and is in line with observations in other
chitosan–nanocellulose materials.

The addition of CNFs significantly reduced the water solubility of chitosan-based
films, from 20.4 ± 0.85% for the control film to 19.2 ± 0.07% and 18.6 ± 0.16% for the
films reinforced with 1% and 2% CNFs, respectively. Similar behaviour was reported by
Yadav et al. [47], who found that the solubility of chitosan-based films decreased with
increasing CNF concentration. This reduction is attributed to the abundant presence of
oxygen functional groups on the surface of nanocellulose and the formation of a three-
dimensional (3D) network structure by the interconnected nanofibers, which maintains the
chitosan structure and makes films with a higher CNF concentration less soluble in water.

Overall, the decrease in moisture and solubility of chitosan-based films is a desirable
feature for food packaging applications. Films with low humidity are more resistant
to degradation and bacterial growth, while films with low solubility are more resistant
to tearing.

3.2. Water Vapour Transmission Rate (WVTR)
3.2.1. Dependence of WVTR on Temperature

From the observation in Figure 2, the WVTR experimental values had a very low
standard deviation and increased with temperature and %RH, with a slight decrease when
CNFs were added. The Arrhenius equation (Equation (3)) was applied to check if the
dependence of WVTR on temperature followed this model, which was confirmed by the
results obtained and presented in Table 2. Eαr is the activation energy for diffusion, T is the
absolute temperature, and Tref is a reference temperature. The constant 8.314 is the ideal
gas constant in J K−1 mol−1 [32].

However, for 45% RH the addition of CNF, though significantly different, only slightly
affected these parameters. For 75% RH, the differences were much more noticeable, reach-
ing a maximum for WVTR0 and a minimum for Ea for CNF 1%. For 95% RH, WVTR0

decreased and Ea increased significantly when 1% of CNF was added, indicating that the
system became more sensitive to temperature; when 2% of CNF was added, the opposite
occurred, WVTR0 decreased significantly below the control value and Ea became much
higher, therefore less sensitive to temperature changes.
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Figure 2. WVTR modelling as a function of CNF (%) for different temperatures and %RH.

Table 2. Kinetic parameters of the dependence of WVTR on temperature for each condition.

Fibre
(%)

RH
(%)

WVTR0
(days−1) p > |t| Ea

(kJ.mol−1) p > |t| R2 R2
adj Root MSE

0 45 43.5 ± 1.35 a 0.000 26.3 ± 1.70 b 0.000 0.92 0.92 14.61
1 45 42.0 ± 0.99 a 0.000 29.9 ± 1.22 b 0.000 0.95 0.95 11.48
2 45 36.0 ± 0.90 b 0.000 35.9 ± 1.31 a 0.000 0.94 0.94 11.70

0 75 174.3 ± 15.1 a 0.000 56.8 ± 4.25 a 0.000 0.82 0.81 127.9
1 75 145.9 ± 9.50 a 0.000 62.9 ± 3.13 a 0.000 0.90 0.90 81.77
2 75 133.4 ± 2.61 b 0.000 65.9 ± 2.61 a 0.000 0.91 0.91 65.45

0 95 141.9 ± 5.74 a 0.000 58.5 ± 1.93 c 0.000 0.95 0.95 50.78
1 95 113.0 ± 5.39 b 0.000 64.4 ± 2.17 b 0.000 0.94 9.94 47.53
2 95 89.69 ± 3.21 c 0.000 73.5 ± 1.55 a 0.000 0.98 0.97 31.75

Different letters in a row indicate significant differences between samples (p < 0.05).

To find a single regression model with several outcome variables based on T, %RH,
and %CNF that would best fit the experimental WVTR data, a multivariate regression
was next performed (Equation (13)) using the software STATA 18. The parameters of the
multivariate model are presented in Table S1 in the Supplementary Materials.

lnWVTRp =− 8.19 − 0.02 × %RH − 211.97 × 1
%RH

− 0.06 × Tst − 0.15 × %CNF (13)
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Figure 2 presents the data from the WVTR modelling as a function of temperature
(T ◦C), relative humidity (%RH), and CNF (%).

The increase in temperature generally results in a higher water vapour transmission
rate (WVTR) of films, which in this study is much more noticeable for 75% RH and 95%
RH. This phenomenon occurs due to the relaxation of chemical bonds within the film
material, which allows a higher water vapour transmission. However, %RH strongly
influences this transmission. On one side, the salts used in this study created a certain
environment which, according to the Clausius–Clapeyron equation, states that vapour
pressure decreases with temperature, causing a slight decrease in the %RH imposed by the
saturated salt [32,48]. On the other side, from Figure 2 it is noticeable that the WVTR values
increase with increasing %RH, with a slight decrease when CNFs are added. This behaviour
is explained by hydrogen bonding between the hydroxyl groups of the films and CNFs,
which contain more hydrophilic chain segments and interact with water. Water acts as a
plasticizer in the films, causing their swelling, which also explains the increase in thickness
from 0.01 mm to 0.018 mm and 0.021 mm when adding 1 and 2% CNF, respectively.

3.2.2. Dependence of D on Temperature, CNF and %RH Influence

The data presented in Table 3 show the kinetic parameters obtained from the Arrhenius
model, confirming that D dependence on temperature follows this model as well as WVTR.
There were, however, differences in behaviour depending on CNF and RH percentages.
At 45% RH and 0% CNF (control), the increase in temperature caused a decrease in D,
probably due to water evaporation drying the film so much that diffusion became more
difficult as temperature increased. Considering that our diffusing molecule is water, besides
depending on its size, shape, and polarity, diffusion of this molecule through the three
kinds of films also depends on their crystallinity, degree of cross-linking, segmental motion
of the existing groups in the polymer matrix, and on the environment [49]. The addition
of CNFs seems to have reduced this evaporation, and D increased more for CNF 1% than
for CNF 2%, as the activation energy was much higher in the first case, meaning it was
more responsive to a change in temperature than when 2% was added. Regarding the
environment with 75% RH, though Dref increased with CNF%, the least resistant to change
(higher Ea) was also with CNF 1%, with the control being the least responsive.

Figure 3 shows similar behaviour of D for 45 and 75% RH, where, with increasing
temperature, D increases when CNFs are added, being more prominent for CNF 1% and
75% RH. Regarding the most humid environment, 95%, D also increases with temperature
for both the control and CNF%, but at higher temperatures (from 25 ◦C on) a decrease in
the D values is noticed for CNF 1%, under the control value, suggesting that two processes
were occurring and competing at the same time: the strengthening of bonding interactions
between molecules caused by the temperature increase and the nanofibers swelling due to
water absorption. For 45 and 75% RH, relaxation seems to dominate for 2% CNF, whereas
for the higher RH, at 1% CNF, swelling had more effect than bonding interactions. However,
for 2%, some alignment of the swelled nanofibers might have occurred, which is in favour
of letting water vapour slide along the nanofibers [43,50].

To apply this method most accurately, the measurements should follow several rules.
One of the most important conditions is that the gas solubility and the diffusion coefficient
should be constant over the experimental pressure range [51,52]. For the linear model to
be accurate, it is necessary that the film does not contain any permeant at the beginning
of the experiment and that, on the permeate side of the experiment, only a negligible
concentration of the permeant exists during the experiment, a condition that cannot be
fully achieved when a finite increase in pressure is required to measure permeability, even
though it should be quite low [49,53]. Changing boundary conditions at the feed and/or the
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permeate side requires a significantly more complex combined experimental and numerical
approach [54].

Table 3. Kinetic parameters of the dependence of D on temperature for each condition.

Fibre
(%)

RH
(%)

D0
(days−1) p > |t| Ea

(kJ.mol−1) p > |t| R2 R2
adj Root MSE

0 45 5.59 × 10−4 ± 0.36 × 10−4 0.0 −36.04 ± 3.46 0.0 0.95 0.95 1.96 × 10−4

1 45 22.1 × 10−4 ± 3.30 × 10−4 0.0 61.49 ± 6.60 0.0 0.85 0.84 19.7 × 10−4

2 45 13.9 × 10−4 ± 0.38 × 10−4 0.0 16.21 ± 1.48 0.0 0.97 0.97 2.41 × 10−4

0 75 8.10 × 10−4 ± 0.24 × 10−4 0.0 23.68 ± 1.43 0.0 0.97 0.97 1.68 × 10−4

1 75 23.7 × 10−4 ± 2.12 × 10−4 0.0 208.8 ± 7.52 0.0 0.99 0.99 14.4 × 10−4

2 75 39.3 × 10−4 ± 6.98 × 10−4 0.0 66.9 ± 3.56 0.0 0.95 0.95 50.4 × 10−4

0 95 18.7 × 10−4 ± 1.68 × 10−4 0.0 60.4 ± 4.13 0.0 0.92 0.91 9.81 × 10−4

1 95 13.2 ×10−4 ± 0.50 × 10−4 0.0 48.7 ± 1.65 0.0 0.99 0.99 2.36 × 10−4

2 95 53.4 × 10−4 ± 6.33 × 10−4 0.0 77.9 ± 4.99 0.0 0.95 0.95 34.4 × 10−4

Figure 3. Influence of CNFs on the dependence of D (m2 day−1) on temperature for each %RH.

Overall, the incorporation of CNFs affected the films’ barrier properties in a humidity-
dependent manner. At 45% RH, CNFs mainly increased the activation energy of water
transport without markedly changing WVTR, whereas at 95% RH the addition of 1% CNF
clearly reduced WVTR, indicating a more tortuous diffusion pathway in the hydrated
matrix. In contrast, 2% CNF did not consistently improve WVTR and reduced thermal
stability, suggesting that a CNF loading of around 1% under high-humidity conditions is
the most suitable option for obtaining films with enhanced barrier performance.
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3.3. Scanning Electron Microscopy (SEM)

SEM analysis was performed to qualitatively evaluate the morphology of the chitosan
and chitosan-based films reinforced with CNFs. SEM micrographs of the samples’ surfaces
are shown in Figure 4. The control chitosan-based film presented a relatively homogeneous
surface. However, in some sections of the surface, it was possible to identify the presence
of microparticles, which can be attributed to undissolved chitosan microparticles or to
impurities present in the reagents which were not prevented during the filtration step. On
the other hand, CNF-reinforced chitosan-based films showed a heterogeneous and rough
appearance that became more pronounced with increased CNF concentration. Figure 4b,c
also demonstrated the strong adhesion of nanofibers in the polymeric matrix, corroborating
with other studies with CNFs and CNC as reinforcement agents in chitosan-based or
starch-based polymeric matrix [28,44,47,55].

Figure 4. SEM micrographs of chitosan-based film surface: (a) control. Reinforced with cellulose
nanofibers: (b) CNF1%, and (c) CNF2%. Magnification: ×300; scale bar: 100 µm.
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3.4. Mechanical Properties

Figure 5a–c show the mechanical properties of the control, CNF1%, and CNF2%
films. The 2% CNF-reinforced film exhibited a significant increase in tensile strength
(TS) and Young’s modulus (YM) compared to the control and 1% CNF films. In contrast,
the control film had a greater elongation capacity, with significantly higher elongation
at break (EB) results than both reinforced films, whose EB decreased with increasing
nanofiber concentration.

Figure 5. Mechanical properties: tensile strength (a), elongation at break (b), and Young’s Modulus
(c) of chitosan-based films reinforced with different CNF concentrations (0,1 and 2 wt.%). Different
letters in the same graph indicate significant differences between samples.

The mechanical resistance capacity of nanocellulose (CNF) to improve the tensile
strength (TS) property in films based on different biopolymers, such as starch, chitosan, and
polylactic acid (PLA), has been reported by several authors [28,44,47,55–57]. This discovery
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may be related to the strong interaction between the nanofillers and the matrix through
hydrogen bonds. However, the incorporation of low concentrations, such as 1 wt.%, did
not significantly increase the strength and stress resistance of chitosan-based films.

The addition of CNFs reduced the elongation capacity of the CNF1% and CNF2%
films concerning the control film, with EB values of 10.5, 10.3, and 26.3%, respectively. This
behaviour is according to results reported by Yadav et al. [47], who found that chitosan-
based films reinforced with cellulose nanocrystals (CNC) (2, 4, 6, and 8 wt.%) had a
reduction in EB (16.8%, 9.9%, 9.2%, and 8.9%, respectively) compared to the control sample,
which presented an EB of 21.8%. However, it was possible to observe that the changes in
elongation at break were not significant under higher CNC concentrations, which means
that to a certain extent, the increase in nanofillers did not significantly influence the gradual
reduction in the elasticity of the films. Niu et al. [57], also observed that the incorporation
of 8% CNF in PLA/chitosan composite films reduced EB by up to 50% concerning samples
without the addition of reinforcement.

Another important mechanical property studied was Young’s modulus, which evalu-
ated the stiffness of the films through the relationship between tension and deformation.
It was observed that incorporating CNF nanofillers improved Young’s modulus values
(Figure 5c). The chitosan-based films (control) presented Young’s modulus of 122.5 MPa,
which increased to 390.0 and 751.4 MPa for 1 and 2 wt.% of CNF added, respectively. This
increase characterises an improvement in the stiffness of the films reinforced with CNFs,
which may be related to the interconnection of the nanofibers promoting the formation of a
3D network and to the blocking of molecular movement of the chitosan facilitated by the
incorporation of CNFs [58,59].

The mechanical behaviour is therefore consistent with the structural and morphologi-
cal changes induced by CNFs. The higher tensile strength and Young’s modulus, combined
with lower elongation at break, reflect a more rigid and strongly interconnected CNF–
chitosan network, which is also visible in the SEM micrographs as a less uniform, rougher
surface for CNF-reinforced films. This stiffer network helps to explain the reduced mobility
of water at high %RH and the corresponding improvement in barrier properties for the 1%
CNF formulation. Overall, these results showed that CNFs are a promising additive for
chitosan-based films and can act as a film-reinforcing agent to improve strength, stiffness,
and barrier properties.

3.5. Thermogravimetry Analysis

Figure 6a,b present the TGA thermograms and the corresponding first-order DTG
derivative curves. From the data analysis, it was possible to evaluate the behaviour of the
films in terms of the degradation profile of the mixture components and the thermal stability
of the control films and films reinforced with 1% and 2% CNF under conditions of constant
temperature variation rate (30 to 700 ◦C). For each film, the initial temperature of the main
degradation stage (Tonset), determined from the TGA curve, the final temperature of this
stage (Tfinal), corresponding to the end of the main mass-loss event, and the associated
mass loss are reported in the Supplementary Materials (Table S2).

Initially, between 30 and 110 ◦C, a slow weight loss (8% and 10%) in both samples
is possible. This event is related to the weight loss of the samples due to the evaporation
of water present in the films [27,60]. A second mass-loss event occurs between 180 and
200 ◦C, giving rise to DTG peaks at around 194–200 ◦C for all formulations; in this region,
the control and CNF1% films lose about 15% of their mass, whereas the CNF2% sample
loses about 25%. This event is commonly associated with the degradation and partial
volatilisation of glycerol, used as plasticiser, together with the decomposition of less stable
chitosan domains, as described for plasticised chitosan-based films [28].
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Figure 6. TGA (a) and DTG (b) curves from 30 to 700 ◦C of chitosan-based films reinforced with
different CNF concentrations (0, 1 and 2 wt.%).

The main range region extends from about 230 to 380 ◦C and is reflected in the
intense DTG peaks centred at approximately 260–280 ◦C. In this third stage, the weight
loss is around 65% for the control and CNF1% films and about 70% for the CNF2% film,
which is attributed to the depolymerisation and thermal decomposition of the chitosan
backbone [24,27,47]. The effect of incorporating CNF into the polymeric matrix of chitosan-
based films was a reduction in the maximum decomposition temperature, indicating a small
reduction in thermal stability, especially in the CNF2% sample. This behaviour is contrary
to that reported by Corsello et al. [26] for chitosan-cellulose nanocrystal biocomposites films,
which increased their thermal stability with increasing nanocellulose fillers. However, this
loss of thermal stability with higher CNF concentration is consistent with the less favourable
barrier response and confirms that only a limited amount of reinforcement can be beneficial
before structural defects outweigh the advantages of adding nanofibers.

The CNF1% and CNF2% thermograms showed a fourth event between 400 and
500 ◦C, peaking at 430 ◦C. This event may be related to the decomposition of residual
lignocellulose present in CNFs [61]. In the CNF-reinforced films, the additional shoulders
or peaks observed in the DTG curves at higher temperatures are therefore attributed to the
multicomponent nature of the system, including the degradation of minor lignocellulosic
constituents present in the CNFs, such as residual hemicelluloses and lignin [27,60,61]. The
occurrence of several degradation stages in TGA/DTG is thus not taken as evidence of
phase immiscibility between chitosan and CNFs, but rather as a typical feature of plasticised
chitosan-based composites and natural fibre–polymer materials. This interpretation is
consistent with the SEM micrographs, which do not reveal obvious phase separation or
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large CNF aggregates, suggesting that chitosan and CNFs form a compatible system whose
thermal degradation proceeds through multiple overlapping steps.

Finally, we can confirm that the addition of low CNF loads (CNF1%) to chitosan-based
films did not interfere with significant changes in the thermal stability of the films; however,
the addition of higher loads (CNF2%) resulted in films with lower thermal stability.

3.6. ATR-FTIR

Attenuated total reflectance–Fourier transform infrared (ATR-FTIR) spectra of all the
films were obtained and are shown in Figure 7. ATR-FTIR evaluated the potential chemical
and structural interactions between chitosan and cellulose nanofibrils (CNF) incorporated
into the chitosan-based films as a reinforcement agent. The FTIR spectrum of the CNFs
themselves, isolated from S. ramosissima by-products, has been reported and discussed
in detail in a previous study by Lima et al. [29], where the characteristic cellulose bands
of these nanofibrils were assigned; therefore, the present work focuses on the changes
observed in the film spectra upon CNF incorporation.

Figure 7. Attenuated total reflectance–Fourier transform infrared (ATR-FTIR) spectra of chitosan-
based films reinforced with different CNF concentrations (0, 1 and 2 wt.%). ATR-FTIR spectra, for
each film, are shown as absorbance values (in arbitrary units (A.U.)) of 4 averaged spectra (solid
line) ± standard deviation (shaded ribbon).

The ATR-FTIR spectra exhibited similar patterns for the control, CNF1%, and CNF2%
films. However, a flattening of certain bands was observed in the control film, whereas
a subtle increase in the intensity of other bands was detected in the films reinforced
with CNFs. This behaviour has been described by previous studies that have utilised
nanocellulose in chitosan-based films [26,27].

The bands observed in the region of 3200–3400 cm−1 correspond to the N–H stretching
vibrations of primary amino groups and the O–H stretching of polysaccharides. These
bands, along with the bands 2850–2990 cm−1 corresponding to CH2 and CH3 stretching,
are indicative of the presence of cellulose [27,62,63]. The bands 1641–1642 cm−1 can be
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ascribed to the C–O stretching of amides (amides I) and the O–H bending of absorbed
water, the bands 1558–1562 cm−1 correspond to N–H bending and C–N stretching of
amides (amide II), while the bands 1411 cm−1 are associated with the stretching of the C–H
group [27,63–67].

Bourtoom & Chinnan [68] linked the bands 1321 cm−1 to the O–H of water molecules.
The bands 1152 cm−1 can be associated with the symmetric C–O–C stretching, while the
bands 1033 cm−1 with the C–O stretching of glycogen [27,65–67]. Finally, the 924 cm−1

bands suggest C–O–H out-of-plane bending and CH2 twisting [69].
The incorporation of low nanofillers (1 and 2%) led to only subtle changes in the

stretching bands characteristic of cellulose compared to the typical spectra of chitosan.
However, the higher intensity of the broad band at around 3288 cm−1 bands in the CNF2%
film, relative to the CNF1% and control films, is consistent with an increased density of
hydrogen bonding involving O-H and N-H groups in the chitosan–CNF network [27,28,60].
In line with previous studies on chitosan films reinforced with cellulose nanofibrils, these
spectral features support the presence of strong intermolecular interactions rather than the
formation of new functional groups [27,70].

3.7. Degradability Tests
3.7.1. Biodegradation in Soil

Chitosan-based films (control and CNF-reinforced) were subjected to degradation
tests in soil under controlled conditions of temperature, humidity, and time. Figure 8 shows
the films’ structural changes over 35 days. All films showed the first structural changes
and signs of water absorption on day 7. Overall, the chitosan-based films are degradable in
soil because microorganisms can break them down. In this sense, the literature reports that
several microorganisms can promote polymer degradation in soil, including Pseudomonas
aeruginosa, Bacillus megaterium, Aspergillus Fumigatus, Beauveria bassiana, Rhodococcus
ruber, Serratia marcescens, and filamentous fungi [71–73]. According to Wrońska et al. [3],
a diverse microbial community in the soil accelerates degradation by using chitosan as a
carbon and nitrogen source. Additionally, hot, humid soil conditions with slightly acidic
pH can accelerate degradation [74].

After 7 days, the control film had a degradation of 7%, while the CNF1% and CNF2%
films showed degradation of only 2%. From day 21 onwards, the degradation of the
nanofibers-reinforced films increased by more than 20% per week. By day 28, all films
had degradation between 60% and 90%. After 35 days, all samples had degraded by more
than 95% (with CNF-reinforced films completely degraded). The degradation rates (%) of
the films over time are presented in Figure S2 in the Supplementary Materials. This result
meets the European Committee for Standardization’s definition (EN 13432:2000) [75] for
degradability due to biological action, which is a degradation rate of 90% within 6 months.
Oberlintner et al. [76] and Wrońska et al. [3] reported that chitosan-based films completely
degrade in soil within 1 to 8 weeks under controlled conditions of humidity, temperature,
and microbial presence. These values are consistent with the 4 weeks reported in this
study. Therefore, chitosan-based films reinforced with CNF are a promising biodegradable,
renewable, and non-toxic alternative to non-degradable synthetic plastics. Nevertheless,
these findings should be viewed as preliminary, as the degradation behaviour of such
materials is strongly influenced by the microbiocenosis of a given soil, and a detailed
characterisation of the soil microbial community represents an important next step to better
understand and predict their environmental performance.
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Figure 8. Evolution of the biodegradability in the soil of the chitosan-based films reinforced with
different CNF concentrations (0, 1 and 2 wt.%).

3.7.2. Degradation in Seawater

In this study, we analysed the degradation capacity and time of control chitosan-based
films and those reinforced with CNF 1 and 2% (Figure 9). Chitosan-based films are consid-
ered bioplastics that are potentially degradable in seawater. In general, this degradation
is caused by microorganisms, including algae and bacteria. However, aquatic ecosys-
tems are variable and have unique characteristics, which makes it difficult to standardise
degradation studies in this environment [77,78].

On the 15th day, it was observed that both the control film and the films reinforced
with CNF showed an increase in turbidity and the presence of microparticles dispersed
in the seawater. Additionally, the CNF1% film displayed some signs of fragmentation at
one end. This result is according to Pereira et al. [41], who found that pectin films with
S. ramosissima demonstrated an increase in turbidity from the eighth day of degradability
testing due to the transfer of salts and pigments from the films to the seawater. From the
30th day onwards, the water in the control film exhibited high turbidity. Furthermore, the
control sample was reduced to a thin layer at the bottom of the seawater container. The
CNF1% film appeared significantly fragmented, while the CNF2% film remained visually
intact, with only a few microparticles dispersed in the seawater.
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On the 45th day, the control film had completely fragmented. Meanwhile, the CNF1%
film showed evidence of advanced fragmentation, and the CNF2% film displayed slower
fragmentation but with a noticeable increase in the number of microparticles dispersed in
the seawater. This difference in fragmentation capacity between the films may be attributed
to the varying compositions of the films. The presence of other components, such as
additives and polymers (CNFs as a reinforcing agent in this case), can have influenced the
degradation time.

Figure 9. Evolution of the degradability in the seawater of the chitosan-based films reinforced with
different CNF concentrations (0, 1 and 2 wt.%).

At the end of the 60th day, the CNF1% film was completely fragmented, whereas the
CNF2% film remained intact until the 90th day, the deadline of the experiment. The 90-day
experiment duration was based on ISO 14853:2016 standard method [79], which stipulates
up to 90 days for plastic degradation in aquatic ecosystems under controlled conditions.
Nonetheless, this timespan was established for comparison purposes only, as the methods
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and variables employed in this study differ from those outlined in ISO standards for plastic
degradation in aquatic systems.

In general, the hydrophilic characteristic of chitosan and the relatively weak chem-
ical bonds between its linear polymer chains render chitosan soluble and susceptible to
breakdown by microorganisms present in seawater. Degradation of the control film within
45 days supports this conclusion. On the other hand, the addition of CNFs acted as a
bridge between the chitosan molecules, reinforcing the chemical bonds. This structural
reinforcement not only improved the films’ thermal and mechanical stability (consistent
with prior findings) but also increased their degradation resistance.

4. Conclusions
The study successfully developed chitosan films reinforced with cellulose nanofibers

(CNFs) derived from the stems and roots, a by-product of greenhouse-cultivated S. ramosis-
sima. Incorporation of CNFs improved the mechanical performance of the films, increasing
tensile strength and Young’s modulus while reducing elongation at break, with a CNF
content of 1% providing the best compromise between mechanical reinforcement and flexi-
bility. CNF markedly modulated the moisture barrier behaviour: at 45% RH it increased
the activation energy of permeation without substantially affecting WVTR; at 75% RH, 1%
CNF maximised WVTR with lower Ea; and at 95% RH, 1% CNF reduced WVTR whereas
2% CNF increased Ea, suggesting the formation of more structured, humidity dependent
diffusion pathways. From a thermal perspective, addition of 1% CNF maintained or slightly
improved film stability, whereas 2% CNF reduced thermal stability, indicating that higher
reinforcement loadings are not recommended for applications requiring enhanced thermal
resistance. SEM and ATR FTIR analyses showed that CNF reinforcement makes the film
surface more heterogeneous. Degradation tests confirmed that all films remained degrad-
able in soil, with complete disintegration within 30 days, while in seawater, the presence of
CNFs increased resistance to degradation, with the 1% CNF formulation offering the best
balance between functional performance and controlled degradation. Overall, chitosan-
based films are intrinsically limited as matrix materials by their relatively low mechanical
strength and thermal stability, together with limited moisture barrier performance and high
sensitivity to humidity, if compared with other biopolymers. These characteristics may
restrict their suitability for specific packaging applications. Consequently, further studies
are required to optimise film properties through new formulations, the incorporation of
other polymers or, depending on the targeted performance, the development of multilayer
films, as well as to evaluate the technical and economic feasibility of scaling up the process
to pilot scale.
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Soil degradation rate of chitosan-based films reinforced with CNF (0, 1 and 2 wt.%).
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