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Abstract: Films formulated with polyvinyl alcohol (PVA) (synthetic biopolymer) were reinforced
with lignocellulose nanofibres (LCNF) from residues of vegetable production (natural biopolymer).
The LCNF were obtained by mechanical and chemical pre-treatment by 2,2,6,6-tetramethylpiperidine-
1-oxyl radical (TEMPO) and added to the polyvinyl alcohol (polymer matrix) with the aim of
improving the properties of the film for use in food packaging. The mechanical properties, crys-
tallinity, thermal resistance, chemical structure, antioxidant activity, water barrier properties and
optical properties (transparency and UV barrier), were evaluated. In general, with the addition of
LCNE, an improvement in the studied properties of the films was observed. In terms of mechanical
properties, the films reinforced with 7% LCNF TEMPO showed the best results for tensile strength,
Young’s modulus and elongation at break. At the same LCNF proportion, the thermal stability (Tmax)
increased between 5.5% and 10.8%, and the antioxidant activity increased between 90.9% and 191.8%,
depending on the raw material and the pre-treatment used to obtain the different LCNF. Finally,
a large increase in UV blocking was also observed with the addition of 7% LCNE. In particular, the
films with 7% of eggplant LCNF showed higher performance for Young’s modulus, elongation at
break, thermal stability and UV barrier. Overall, results demonstrated that the use of LCNF generated
from agricultural residues represents a suitable bioeconomy approach able to enhance film properties
for its application in the development of more sustainable and eco-friendly food packaging systems.

Keywords: plastic package; biorefinery; agri-food by-products; valorisation; films

1. Introduction

Food packaging plays a major role in protecting, maintaining and improving the
quality and safety of food during transport, distribution and storage [1]. Conventionally,
the materials used to produce food packaging have been plastic polymers of petrochemi-
cal origin, (polyethylene terephthalate (PET), polyvinyl chloride (PVC), polyamide (PA),
polystyrene (PS), polypropylene (PP), polyethylene (PE), etc.), paper, metal and glass. The
widespread use of plastic packaging is due to their mechanical properties, rigidity and
flexibility, barrier properties against oxygen and moisture, low cost and ease of produc-
tion [2,3]. In 2018, plastics production reached 51.2 million tonnes, accounting for 39.9% of
food packaging production [4].

Despite the technological advantages of using plastic packaging, environmental and
human health can be negatively affected due to its non-biodegradable nature and the
possibility of migration of chemicals from plastic packaging into food [2]. For this reason,
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there is an increasing interest in searching for a suitable substitute of such synthetic
polymers [5]. The development and use of bio-based, abundant and sustainable resources
is proposed as one of the alternatives to conventional materials [6].

The origin of biopolymers can be natural (starch, chitosan, cellulose, etc.), and syn-
thetic (polylactic acid (PLA), polyglycolic acid (PGA), polyvinyl alcohol (PVA), etc.) [7].
Synthetic biopolymers present potential to improve packaging properties such as durability,
biodegradability, flexibility and high brightness [8]. Despite these advantages, these mate-
rials have poorer mechanical, thermal and barrier properties compared to conventional
plastic materials. With the development of nanotechnology, several nanofillers have arisen
for application in food packaging materials. Among them, nanocellulose have shown
excellent performance that when added into the polymer, can improve the mechanical and
barrier properties of the synthetic biopolymer [9].

PVA is a biodegradable polymer with very good chemical resistance, high crystallinity,
good film formation, hydrophilic properties and no toxicity [10]. This biopolymer has great
potential as food packaging due to its excellent tensile strength, flexibility and oxygen
barrier properties [11]. However, due to the presence of a large amount of hydroxyl groups,
they have a hydrophilic nature, which in wet environments causes the penetration of water
molecules through the film, leading to a deterioration in the mechanical properties and
oxygen barrier properties [12]. Therefore, the use of PVA as food packaging would be
restricted to food products associated with low relative humidity. Nonetheless, the addition
of cross-linker compounds (dialdehydes, dicarboxylic acids, dianhydrides) may decrease
the hydrophilic behaviour of the material, making it more suitable for high water content
environments [13-15].

Cellulose nanofibres (CNF) play an effective role in polymer reinforcement [16]. This
reinforcement is due to the presence of aromatic hydroxyl groups, which through hydrogen
bonding, lead to a good interaction between the polymeric matrices [17-19]. These CNF
could be obtained from plant biomass proceeding from agricultural by-products, making it
a highly available and very low-cost resource. The CNFs could be used for the manufacture
of food packaging, resulting in value-added materials produced in a sustainable and
environmentally friendly way [20]. In 2020, vegetable production in Spain reached almost
16 million tonnes, with Andalusia being the region with the highest vegetable production
(33% of the total) [21]. This high production leads to the generation of a large amount of
agricultural waste that needs to be managed. An alternative way of managing agricultural
waste would be its use in the production of value-added materials, avoiding its traditional
applications (burning, composting, animal feed, etc.), thus enhancing the circular economy
system [22]. In a previous study of our laboratory, lignocellulose nanofibres (LCNF) were
satisfactorily produced from woody residues from tomato, pepper and eggplant and
characterised for physicochemical and antioxidant properties [23].

The aim of this study was the development of films for food application, assessing
the effect of pre-treatment and concentration of lignocellulose nanofibres (LCNF) from
woody residues from tomato, pepper and eggplant plants in a polymeric matrix (PVA). The
effect on the mechanical properties (tensile strength, Young’s modulus and elongation at
break), crystallinity (XRD), thermal resistance (TGA), chemical structure (FTIR), antioxidant
activity (ABTS assay), barrier properties (WVP) and optical properties (transparency and
UV barrier) was studied in the developed films.

2. Materials and Methods
2.1. Reagents

The woody wastes used for this study, tomato (Solanum lycopersicum), pepper (Cap-
sicum annuum) and eggplant (Solanum melongena) crops were provided by Cooperativa
Aguadulce (Almeria, Spain). The material was cleaned and dried at room temperature
prior to cutting (0.1-1 cm) and stored in plastic bags.

The polymeric matrix, polyvinyl alcohol (P.M.: 146,000-186,000, and hydrolysis
degree +99%) was supplied by Sigma Aldrich, Spain. Films were generated and character-
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ized using different methods with the use of sodium hydroxide (Panreac, Germany), sodium
bromide (Honeywell, NC, USA), TEMPO (2,2,6,6-Tetramethyl-piperidin-1-oxyle) (Sigma
Aldrich, Madrid, Spain), sodium hypochlorite (Panreac, Castellar del Valles, Barcelona,
Spain), ABTS (2,2'-Azinobis-(3-ethylbenzthiazoline-6-sulphonate acid) (Sigma Aldrich,
Madrid, Spain), calcium chloride anhydrous (Scharlab, Barcelona, Spain).

2.2. Cellulose Pulp Obtention

The raw materials were subjected to an environmentally friendly soda pulping process,
in a 15 L batch reactor with a liquid-solid ratio of 10:1, 7% NaOH on dry material (o.d.m)
at 100 °C for 150 min. The cellulosic pulp was disintegrated at 1200 rpm for 30 min and
passed through a Sprout-Bauer refiner. The resulting pulp was sieved through a 0.14 mm
mesh to retain uncooked material [23]. To remove excess water from the pulp, it was
centrifuged and allowed to dry at room temperature.

2.3. Lignocellulose Nanofibres Production

Cellulose pulp was submitted to mechanical and TEMPO-mediated pre-treatments,
followed by a high-pressure homogenisation treatment to obtain lignocellulose nanofi-
bres [24].

2.3.1. Mechanical Pre-Treatment

The cellulose pulp obtained was beaten with a PFI beater until the degree of drainage
(°SR) closest to 90° was obtained. All samples required 30,000 revolutions to obtain the
highest SR value, according to ISO 5264-2:2002.

2.3.2. TEMPO-Mediated Oxidation Pre-Treatment

The cellulose pulp was subjected to mechanical beating in a PFI beater (4000 revolu-
tions), prior to chemical treatment. Then, a suspension of NaClO (12%) (5 mmol sodium
hypochlorite) was added to the obtained pulp at room temperature with continuous stir-
ring. To stabilise and maintain the pH of 10.2, NaOH (0.5 M) was added. Finally, the fibres
were filtered and washed several times with distilled water [25].

2.3.3. High-Pressure Homogenization

The pre-treated fibre suspensions (1% w/v) were homogenised at high pressure with a
Panda GEA 2 K NIRO homogeniser (GEA, Diisseldorf, Germany). This process was carried
out in 10 cycles (4 cycles at 300 bar, 3 cycles at 600 bar and 3 cycles at 900 bar) [26].

2.4. Film Formulation and Production

The PVA solution (3 wt.%) was prepared in distilled water at 90 °C for 4 h with
constant mechanical stirring. The different LCNF obtained at various concentrations of 2, 5
and 7% (w/w) were added to the polymer suspension (Table 1). The mixtures were stirred
at room temperature for 4 h. The resulting suspensions were poured into polypropylene
Petri dishes (o = 9 cm) and allowed to dry at room temperature. The total dry weight of the
mixture was 0.35 g per slide.

2.5. Film Characterisation
2.5.1. Mechanical Properties

The analysis of the mechanical properties of films is relevant to determine their
strength and durability [27].

Prior to the measurements, the films with size (65 x 15 mm) were conditioned for
48 h at 25 °C and 50% relative humidity. The thickness of the films was measured using a
Digital Micrometre IP65 0-1”, Digimatic, Mitutoyo (Neuss, Germany). The ASTM D638 test
method was followed to determine the tensile strength, Young’s modulus and elongation
at break of PVA and LCNF-PVA films. A Lloyd Instrument LF Plus testing machine
(AMETEK Measurement & Calibration Technologies Division, Largo, FL, USA) equipped
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with a 1 kN load cell was used applying a speed of 100 mm/min. Ten replicates of each
sample were measured.

Table 1. Composition, pre-treatment and codification of the different film formulations.

Raw Material Pre-Treatment Codification PVA_L(.:NF o Codification
Concentration (%)
Polyvinyl alcohol PVA 100 PVA
98:2 2% MT-LCNF
Mechanical MeChar(lll\fffrl)tomato 95:5 5% MT-LCNE
93:.7 7% MT-LCNF
Tomato plant
98:2 2% TT-LCNF
TEMPO t t
TEMPO-mediated oxidation ((;T;)ma © 95:5 5% TT-LCNF
93:.7 7% TT-LCNF
98:2 2% MP-LCNF
Mechanical MeChar(‘ll\ff;)pep per 95:5 5% MP-LCNF
93:7 7% MP-LCNF
Pepper plant
98:2 2% TP-LCNF
TEMP
TEMPO-mediated oxidation (%?)epper 95:5 5% TP-LCNF
93:.7 7% TP-LCNF
98:2 2% ME-LCNF
. Mechanical eggplant

Mechanical (ME) 95:5 5% ME-LCNF
93:7 7% ME-LCNF

Eggplant plant
98:2 2% TE-LCNF
TEMPO-mediated oxidation TEMP?T%g)gplam 95:5 5% TE-LCNF
93:7 7% TE-LCNF

2.5.2. X-ray Diffraction (XRD) Analysis

XRD was used to assess and characterize the crystal structure of films formulated, and
the changes observed with the addition of LCNF to the polymeric matrix. This analysis
was performed using a Bruker D8 Discover with a monochromatic source CuK«1 over an
angular range of 5-50° at a scan speed of 1.56° /min.

2.5.3. Thermogravimetric Analysis (TGA)

TGA was performed to evaluate the thermal stability of the different films obtained. In
addition, the maximum degradation rate (Tmax) was calculated from the thermogravimetric
derivative (DTG). The analysis was performed with a Mettler Toledo TGA/DSC 1 (Mettler
Toledo, L'Hospitalet de Llobregat, Barcelona, Spain). The samples were brought from
room temperature to 600 °C with a heating rate of 10 °C/min under nitrogen atmosphere
(50 mL/min gas flow).

2.5.4. Spectroscopy Analysis

To compare the changes generated in the polymer matrix by the addition of different
concentrations of LCNF, the FTIR spectra of each of the films obtained were analysed. For
that end, FTIR spectra were obtained using the FTIR-ATR PerkinElmer Spectrum Two
(Waltham, MA, USA) with a resolution of 4 cm ™! in the range 450-4000 em L, performing
40 scans per sample.
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2.5.5. Antioxidant Activity

The evaluation of the antioxidant capacity or power of the films was performed by the
ABTS (2,2’-Azinobis-(3-ethylbenzthiazoline-6-sulphonate acid) assay.) For the preparation
of the ABTS solution (7 mM), 38 mg of the ABTS reagent was diluted in 10 mL of potassium
persulphate (2.45 mM) and kept in the dark for 16 h. Then, an ABTS—ethanol solution
(50% v/v) was prepared to obtain an absorbance of 0.70 & 0.02 nm at 734 nm [28]. For the
sample measurement, 5 mg of sample with 2 mL of ABTS—-ethanol solution was placed
in the measuring cuvette, shaken and allowed to stand for 6 min before measurement at
734 nm.

The following equation was used to determine the antioxidant capacity

AOP = (Aaprss” — AaBTsfilme” / AapTso’) X 100 1)

where A pgrse- is the absorbance at 734 nm of the radical solution after 6 min; A AgTsfiime”
is the absorbance at 734 nm of the sample after 6 min; Axprso- is the absorbance at 734 nm
of the radical solution before 6 min. ABTS scavenging activity was expressed as %AOP per
mg of the film. All assays were performed in triplicate.

2.5.6. Water Permeability

The provision of a barrier between the external environment and the food is a funda-
mental requirement in the development of films for food use. This film must protect the
food, and, in this respect, water vapour permeability is very relevant due to the role of
moisture plays in the shelf life of food [29,30].

The standard test method for water vapour transmission of materials (ASTM E96/E96M-
10) was used for this analysis. Periodic weighing was carried out to monitor the mass
increase of the sample, produced by the passage of water vapour through the film into the
desiccant material consisting of calcium chloride anhydrous. The test was performed at
25 °C and 50% relative humidity.

To calculate the water vapor permeability (WVP) the following formula was used

WVP = (WVTR-I)/(Psat X (RHout — RHin)) @)

where WVTR is the water vapour transmission rate; I is the thickness; RHoy; is the external
relative humidity (50%) and RHjj, is the internal relative humidity (0%); Psat is the saturation
vapor pressure at the test temperature.

2.5.7. Optical Properties

The light transmittance of the film in the UV-VIS regions (200-800 nm) was determined
with a PerkinElmer UV /VIS Lambda 25 spectrophotometer (Waltham, MA, USA).
The following equations were used to determine the transparency and UV-barrier properties

Transparency = log %Tgs0/1 3)
where %Tgg is the percent transmittance at 660 nm, and I is the film thickness (mm).
UV —Dbarrier = 100 — (O/ongo/o/oTééo) x 100 (4)

where %T»g is the percent transmittance at 280 nm, and %T4g0 is the percent transmittance
at 660 nm.

2.5.8. Statistical Analysis

To evaluate the influence of raw material, pre-treatment and LCNF concentration on
film formulation, Univariate Analysis of Variance (ANOVA) and ¢-test for independent
samples were carried out using the IBM® SPSS® version 25 statistical software (IBM
Corporation, New York, NY, USA).
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3. Results
3.1. Mechanical Properties

Figure 1 shows the effect of the addition of different proportions of LCNF in the poly-
mer matrix on the mechanical properties of the films. According to the results, mechanical
properties could be significantly improved for some of the tested conditions. The better
performance observed could be due to different mechanisms: (i) the compact structure of
PVA, (ii) the stiffness of the LCNF chain, (iii) the homogeneous distribution of LCNF in
the polymeric matrix and (iv) the strong interaction between the OH groups of LCNF and
PVA [31].
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Figure 1. Mechanical properties of PVA film (A), PVA films containing mechanical LCNF from
tomato (MT), pepper (MP) and eggplant (ME) (B), and PVA films containing TEMPO LCNF from
tomato (TT), pepper (TP) and eggplant (TE) (C).
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Intensity (a.u.)

In the tensile strength, a significant increase was reported for samples with LCNF from
tomato and pepper (p < 0.05) compared to the PVA films. In this sense, a decrease in tensile
strength was observed for most of the samples when increasing the LCNF concentration from
5% to 7%, except for MT-LCNF and ME-LCNF. This slight decrease in film tensile strength at
higher LCNF concentration may be due to the rate of LCNF agglomeration in films formulated
with PVA. This agglomeration may lead to a breakdown of the interaction of the two matrices
and result in weaker areas in the film [27,32]. The TEMPO pre-treatment applied to obtain the
LCNF also showed an improvement for this property, except for the 7% TT-LCNF sample.
For Young ‘s modulus, the addition of 7% LCNF led to a remarkable rise in this parameter,
although it was only apparent for tomato and eggplant (p < 0.05). However, overall, raw
material and pre-treatment had no significant effect on the improvement of this property.

The elongation at break of the films was statistically higher in TEMPO-treated samples
(p <0.05) excepting for tomato, in which at 7% LCNEF, values were similar. The highest
increase (80%) was found in 7% TE-LCNF samples. This improvement with the addition
of TEMPO LCNEF could be due to the partial loss of lignin from the fibres due to oxidation,
which leads to stronger hydrogen bonds, resulting in an improvement in this property. This
partial loss of lignin can be seen in Figure S1. Besides that, the raw material used and the
concentration of LCNF added to the polymeric matrix did not have a statistically significant
effect (p > 0.05) on the improvement of this property.

3.2. X-ray Diffraction Analysis

Figure 2 shows the X-ray diffraction patterns of the PVA films and the PVA films with
7% of different LCNFs. The PVA film showed the typical strong semi-crystalline structure
typical of such a polymer. The diffractogram shows the highest intensity peak at 19.7°, due to
the hydrogen bonds between the hydroxyl groups of the PVA chains [33]. The diffractograms
obtained from the films with 7% LCNF showed higher intensity signals between 19.45° and
19.71°, very similar to the PVA films, therefore, the addition of LCNF to the polymeric matrix
did not modify the semi-crystalline structure of PVA. The typical signals associated with
cellulose: 14.7° plane (101), 20.4° plane (102) and 22.7° plane (200) [34] were very dimly
observed in the diffractogram.

PVA (57.6% CI)
Wm 7% MT-LCNF (69.3% CI)
7% MP-LCNF (64.4% CI)

7% ME-LCNF (67.8% CI)

/WW o
e ™ 7% TP-LCNF (62.5% CI)

7% TE-LCNF (64.0% CI)

T ¥ T ¥ T ! T ! T ¥ T ! T ! T L 1
15 20 25 30 35 40 45 50 55

2 theta (degree)

Figure 2. X-ray diffractograms of PVA film, PVA films containing 7% mechanical LCNF from tomato (MT), pepper (MP)
and eggplant (ME), and PVA films containing 7% TEMPO LCNF from tomato (TT), pepper (TP) and eggplant (TE).
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3.3. Thermogravimetric Analysis

Thermal stability is one of the most important properties because of its influence on
other properties such as mechanical strength, durability and shelf life. Thermal degradation
can lead to these properties gradually deteriorating [35].

The thermal stability of PVA films and PVA-LCNF films was assessed by calculating
degradation onset temperature (Topset) and the maximum degradation temperature (Tmax)
using the derivative of the TGA (DTG). Three stages of degradation were observed as
shown in Figure 3, which were attributed to the decomposition of the PVA matrix as it
is the major component of the film. The first stage (100 °C) corresponds with the water
evaporation. The most pronounced losses occurred in the second (200400 °C) and third
stages (400-500 °C) due to the loss of the PVA structure [36].

PVA
100 4 o PVA 100 A N 2% MP-LCNF
Ne==— 2% MT-LCNF ) 5% MP-1.CNF
\ 5% MT-LCNF 7% MP-LCNF
80 ) 7% MT-LCNF 80 2% TP-LCNF
‘ 2% TT-LCNF ~ 5% TP-LCNF
] . 5% T'T-LCNF s 7% TP-LCNF
2 2 | 7% TT-LCNF S 60
8 j 2
2 40 5 40+
=z = \
20 4 % 20
0+ 0
T T T T T T T 1 T T T T T T T 1
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Temperature (°C) Temperature (°C)
(A) (B)
100 g —PVA
. 2% ME-LCNF
) R\ 5% ME-L.CNF
20 %) 7% ME-L.CNF
it 2% TLE-LCNF
X 5% TL-LCNI
) i % TE-L.CNF
< 60~ !
P
= {
ch Y
'»3: 40
20 b,
0 -

| T T I T T 1
0 100 200 300 400 500 600 700
Temperature (°C)

(©

Figure 3. Thermogravimetry analysis (TGA) of PVA films, PVA films containing mechanical and PVA films containing
TEMPO LCNF from tomato (MT, TM) (A), pepper (MP, TP) (B) and eggplant (ME, TE) (C).
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Table 2 shows the Tonset and Tmax of formulated films. The film formulated with only
PVA had the lowest Trax (250.32 °C) of all formulated films. The highest Trax values were
found in films formulated with 7% LCNF, with a maximum increase of 10.80% reached in
7% ME-LCNF samples, as compared to samples with only PVA (Table 2). This fact signals
that the addition of LCNF in the polymer matrix improved its thermal resistance [37].
An effect of the raw material on Tmax could be confirmed, which was more evident in
formulations with mechanical LCNF and, particularly, was higher in samples with eggplant
mechanical LCNF (Table 2). The higher thermal stability of mechanical samples may be
because of a major presence of lignin as compared to TEMPO pre-treatment, which usually
yields a partial loss of lignin content. Lignin establishes covalent bonds with cellulose,
conferring a higher thermal stability [38,39].

Table 2. Degradation temperatures from TGA of PVA films, PVA films containing mechanical and
PVA films containing TEMPO LCNF from tomato, pepper and eggplant.

Formulation LCNF Concentration (%) Tonset (°C) 2 Tmax CC) P
PVA 210.0 250.32
2 213.5 256.14
Tomato 5 2174 262.88
7 217.6 269.55
. 2 209.7 261.87
plr\:etcrzz?rifg;t Pepper 5 2124 266.14
7 217.6 271.74
2 216.0 263.76
Eggplant 5 221.5 268.01
7 231.3 277.36
2 214.0 259.19
Tomato 5 218.1 262.06
7 221.2 269.14
2 208.7 256.11
preT’ileﬁfno\Lent Pepper 5 211.2 264.33
7 224.1 269.73
2 218.5 258.20
Eggplant 5 220.5 261.76
7 223.6 264.14

? Tonset (°C) is the temperature at which degradation of the material begins, which is calculated as the point of
intersection of the starting mass baseline and the tangent to the TGA curve at the point of maximum gradient.
b T ax (°C) is the maximum degradation rate temperature calculated as the derivative of TGA (DTG).

3.4. Spectroscopy Analysis

Figure 4 shows the FTIR spectra of PVA and PVA-LCNEF films with different percent-
ages of LCNF. Both types of film showed a peak at 3259.6 cm !, indicating free hydroxyl
groups due to the strong intermolecular and intramolecular bonds. The peak at 2930 cm ™!
corresponds to the C—H stretching vibrations of methyl or methylene groups. The peak
detected at 1425 cm ! corresponds with the bending mode of CH, bonds. The C-O stretch-
ing was observed at 1330 cm L. At920 ecm™1, a peak characteristic of the structure of
CH, groups was observed. The absorption band at 840 cm ™! correspond to the stretching
vibration of the C-C groups [27,40-43]. Nonetheless, the FTIR analysis results did not
indicate drastic changes in the chemical structure of PVA with the addition of LCNE. Other
authors reported that the spectra obtained did not show any new chemical structures or
chemical reactions between the components used for film formation [44]. In our study, the
similar structure observed among formulations could be due to the low concentration of
LCNF added to the PVA polymer matrix. Furthermore, no changes were observed in the
spectra as a function of the pre-treatment applied to LCNE.
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Figure 4. FTIR spectra of PVA films, PVA containing mechanical LCNF (A) from tomato (MT), pepper (MP) and eggplant
(ME) and PVA films containing TEMPO LCNF (B) from tomato (TT), pepper (TP) and eggplant (TE).

3.5. Antioxidant Activity

Figure 5 shows the antioxidant activity of PVA films and PVA films with LCNF
measured by the ABTS assay and expressed as percentage of antioxidant power (AOP) per
mg of film.
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Figure 5. Antioxidant power (AOP) of PVA film, PVA films containing mechanical LCNF from
tomato (MT), pepper (MP) and eggplant (ME) and PVA films containing TEMPO LCNF from tomato
(TT), pepper (TP) and eggplant (TE).

The effect of LCNF and pre-treatment on AOP was statistically significant (p < 0.05).
In turn, no remarkable differences were detected for the type of raw material (p > 0.05).

An increase in AOP was observed when the concentration of LCNF increased, ex-
hibiting the greatest AOP value at 7% MP-LCNF, consisting of a rise from 1.1% AOP/mg
registered in only-PVA film to 3.21% AOP/mg for this MP-LCNF formulation.

As shown in Figure 5, the films formulated with mechanical LCNF showed higher
AOP values than those presented by TEMPO LCNE, though for 2% eggplant LCNF, it was
less apparent. This was because the mechanical pre-treatment does not affect the oxidation
state of the fibres, compared to TEMPO pre-treatment, preserving more of their antioxidant
capacity [45]. The AOP of the LCNF was determined in previous research, in which a
higher antioxidant capacity of the mechanical LCNF was also observed (Table S1).
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3.6. Water Permeability

The water vapour permeability of PVA and 7% PVA-LCNF films was evaluated. Films
with 7% of LCNF were selected for this test based on the good results obtained for other
parameters previously shown.

Figure 6 shows that the addition of 7% LCNF to the polymeric matrix decreased the
water vapour permeability (WVP) with respect to only-PVA films, though values were
not statistically different (p > 0.05). This apparent reduction could be due to the network
formed between PVA and LCNF via hydrogen bonds, which reduces the free space in
the PVA polymeric matrix, making it more difficult for water vapour to pass through the
film [46].
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Figure 6. Water vapor permeability (WVP) of PVA films, PVA films containing 7% mechanical LCNF
from tomato (MT), pepper (MP) and eggplant (ME) and PVA films containing 7% TEMPO LCNF
from tomato (TT), pepper (TP) and eggplant (TE).

Pre-treatment statistically influenced the WVP of films (p < 0.05). In this respect, films
with TEMPO LCNF showed a lower WVP value as compared to mechanical LCNE. This
reduction could be caused by the partial loss of lignin due to the oxidation process related
to TEMPO pre-treatment. Lignin could hinder the formation of hydrogen bonds between
the polymer matrix and the LCNF, resulting in a film with lower WVDP, hence, the partial
elimination of lignin in TEMPO would lead to better water vapour barrier properties [47].

3.7. Optical Properties

The transparency and UV barrier of only-PVA and PVA-LCNF films were determined
by measuring the light transmittance in the UV and Visible range (200-800 nm).

The effect of LCNF on UV barrier and transparency was statistically significant
(p < 0.05). This was not the case for the type of raw material and the pre-treatment, for
which the differences were not significant (p > 0.05).

The optical transmittance of the films is highly dependent on the dispersion of LCNF
in the PVA polymer matrix.

As can be seen in Figure 7, films with LCNF had lower transparency than those shown
by the film with only PVA. Films became opaquer with increasing LCNF content, with
transparency values decreasing by 66.9% in 7% MT-LCNF films in comparison with only-
PVA film. In general, except for the samples with 2% eggplant LCNF, the LCNF oxidized by
TEMPO pre-treatment increased the transparency of films. This increase could be related
to a better nanofibrillation yield of these samples, which led to a higher dispersion in the
polymeric matrix, thereby increasing light transmittance. [23].

By contrast, as shown in Figure 8, the only-PVA film exhibited lower UV-barrier
capacity (9.98%) than LCNF films. The highest UV light blocking value (55.88%) was found
in 7% ME-LCNF packages, while the lowest value (22.36%), excluding only-PVA film,
corresponded with 2% MT-LCNF samples. This increasing trend in the capacity of blocking
UV light as LCNF content rises can be clearly seen in Figure 8. However, the pre-treatment
did not show any clear effect on this property and some results were contradictory. As
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indicated above, the optical transmittance of the films is highly dependent on the dispersion
of nanofibres (i.e., LCNF) in the PVA polymer matrix. The same phenomenon could explain
the increased UV light blocking of films with LCNFE.
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Figure 7. Transparency of PVA film, PVA films containing mechanical LCNF from tomato (MT),
pepper (MP) and eggplant (ME) and PVA containing TEMPO LCNF from tomato (TT), pepper (TP)
and eggplant (TE).
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Figure 8. UV barrier of PVA film, PVA containing mechanical LCNF from tomato (MT), pepper (MP)
and eggplant (T, MP, ME) and PVA containing TEMPO LCNF from tomato (TT), pepper (TP) and

eggplant (TE).

4. Conclusions

In this study, lignocellulose nanofibres (LCNF) obtained from agricultural waste
of tomato, pepper and eggplant crops were proved to be a suitable reinforcement of
PVA films, improving several properties of the film such as thermal resistance, water
vapor permeability and mechanical parameters, among others, in addition to conferring
antioxidant capacity, which was not present in the non-reinforced film. In particular,
films formulated with 7% of LCNF from eggplant crop residues showed better results in
terms of Young ‘s modulus, elongation at break, thermal stability and UV barrier. Results
demonstrated that agri-food residues can be satisfactorily valorised, generating innovative
nanomaterials able to enhance food packaging systems from a more sustainable and eco-
friendly perspective. Nonetheless, further research is needed to assess and validate the
performance and safety of the LCNF-reinforced PVA films on actual foods, simulating
typical distribution and storage conditions.
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