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In this paper, for the first time, it is studied the synergetic properties of two different grades of nanocelluloses
with different chemical compositions (cellulose nanofibrils-CNF with less than 1% of lignin and lignocellulose
nanofibrils-LCNF with 16% of lignin). CNF and LCNF were mixed in different ratios to obtain bi-component films.
Their performance in terms of transparency, bioactivity, thermo-mechanical and gas barrier properties was
evaluated and compared with the performance of the neat CNF films. The presence of LCNF in the formulations
conferred antioxidant and UV blocking properties to the films, as well as improved mechanical and barrier
properties. Specifically, the incorporation of 25% LCNF to the CNF films increased the mechanical properties
(94% increase in tensile stress and a 414% increase in strain at break) and decreased the water vapor trans-
mission rate by 16% and the oxygen transmission rate by 53%. This performance improvement was attributed to
the coexistence of nanocelluloses with different chemical composition and morphology. LCNF contributed to
increment the interfacial adhesion between cellulose nanofibrils due to the presence of lignin and promote the
creation of more tortuous paths for gas molecules. These synergetic properties shown by the CNF/LCNF bi-

component films demonstrate high potential to be used as gas barrier packaging solutions.

1. Introduction

During last years, the concern regarding the environmental issues of
our planet has boomed, as evidenced by the increased interest of the
scientific community to replace petroleum feedstocks with renewable
biomass to obtain energy and plastics (Baniasadi et al., 2021; Sorrentino
et al., 2007) © However, some of the main challenges to introduce
bio-based packaging solutions into the market are still related to the
cost, performance, and ethical issues derived from the use of crops
traditionally proposed for food production. Residual biomass from
agroforestry activities and industrial side-streams is a cheap source of
organic carbon that may be proposed to design bio-based packaging
materials without competing with the food value chain.(Trifol et al.,
2021) However, more research is needed to overcome the identified
performance drawbacks of using bio-based materials (i.e. low trans-
parency, moisture resistance, gas barrier, and thermo-mechanical

properties) as an alternative to traditional petroleum-based food pack-
aging plastics.(Trifol et al., 2016b, 2016a).

Cellulose nanofibrils (CNF) are bio-based and biodegradable nano-
materials (Sir6 and Plackett, 2010) that have been proposed to be used
for food packaging as stand-alone material (Azeredo et al., 2017), bar-
rier coatings or as reinforcement of other biopolymers (Trifol et al.,
2016a, 2016b). CNF are transparent (Trifol et al., 2017), show excellent
mechanical properties, and superior oxygen barrier at low relative hu-
midity (Abdul Khalil et al., 2016). However due to their high hydro-
philicity and high water sorption, the oxygen permeability of CNF at
high relative humidity can increase dramatically (Aulin et al., 2012;
Fukuzumi et al., 2009; Minelli et al., 2010). Barrier properties are
fundamental in food packaging applications, as the moisture and oxygen
of the environment can enhance the degradation of the food (Trifol
et al., 2016b, 2016a). Thus, strategies such as surface modification of
nanocellulose (Missoum et al., 2013) or hybrid nanocellulose/nanoclay
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papers (Liu and Berglund, 2012) have been used to decrease the mois-
ture sensitivity of CNF.

Traditionally CNF has been obtained from bleached pulp from
different sources, but it can be also produce by other sources such as pine
cone (Trifol et al., 2021), sisal fibers (Trifol et al., 2017), rapeseed straw
(Svard et al., 2019), or pineapple leaf fibers (Cherian et al., 2011).
Recently it has been proposed to produce nanocelluloses from un-
bleached pulp instead of bleached pulp to keep the lignin in their
composition and render the CNF more hydrophobic. LCNF have been
also produced from softwood pulp(Horseman et al., 2017), pine cone
(Trifol et al., 2021), and recycled old corrugated container (Amini et al.,
2020) among others. Compared to CNF, LCNF have proved to offer extra
functionalities than CNF (such as higher hydrophobicity, (Chen et al.,
2018), antimicrobial properties against E. Coli (Georgouvelas et al.,
2020; Yang et al., 2020), antioxidant (Trifol et al., 2021) and UV
blocking properties (Bian et al., 2021)). So, they are a promising alter-
native material to CNF. However, LCNF materials also showed lower
density (Horseman et al., 2017) and higher porosity (Amini et al., 2020)
compared with CNF, which can be a drawback as properties such as
mechanical properties and gas permeability are likely to depend on the
density.

In our recent work (Trifol et al., 2021), pine cones, which are
agro-food and forest residues, were integrally fractionated to recover
different valuable hemicellulose/lignin and cellulose-rich fractions.
LCNF with a 16% of lignin content and CNF with less than 1% of lignin
were isolated from the cellulose-rich fraction. The potential of these
nanocelluloses to be used as food packaging raw materials and as rein-
forcement of hemicellulose/lignin in composite films was assessed.
Comparing nanocelluloses neat films, the presence of lignin in the LCNF
films conferred bioactivity and an improved thermal and mechanical
performance in terms of flexibility and tensile strength to the films.
However, the LCNF neat films resulted in worse gas barrier properties
that were ascribed to the decrease of the hydrogen bonds between and
within the CNF and resulted in films with lower fiber density packaging
and crystallinity. In this work, we propose to design bi-component
nanocellulose-based films with different percentages of CNF and
LCNF, to find the optimal LCNF content that allows to confer bioactivity
to the films, at the same time that does not alter substantially the crys-
tallinity and fiber packaging density of the CNF neat films. The suit-
ability of mixing those CNF and LCNF to tune film performance as
packaging material will be investigated in terms of synergetic properties
between CNF and LCNF in different bi-component films.

2. Materials and methods
2.1. CNF and LCNF production

The isolation of LCNF and CNF from pine cones has been published
elsewhere (Trifol et al., 2021). Briefly, pine cones were pre-treated
under alkaline conditions (NaOH 1,5 M, 110 °C, 1 h) and afterwards
were submitted to soda pulping (NaOH 1 M, 155 °C,3 h). Then, two
different bleaching procedures were used to achieve LCNF and CNF. To
obtain CNF a hard bleaching with NaClO5 was performed, but to obtain
LCNF a soft bleaching with HoO4 was used instead. Then the pulps were
submitted to homogenization (M110EH Microfuidic processor), one pass
in a 400-200 um chamber and another 4 in a 200-100 um chamber.
After that, cellulose nanofibrils with less than 1% of lignin (CNF) and
with 16% of lignin (LCNF) in their composition were obtained. CNF
showed a diameter of 14.6 + /- 10.8 nm, while LCNF a diameter of 21.9
+ /- 10.5 nm. (Trifol et al., 2021).

2.2. Film preparation
0.9 wt% LCNF and CNF suspensions were homogeneously mixed

under vigorous magnetic stirring for 2 h and at 40 °C. Different for-
mulations with an LCNF content of 25,50, and 75 wt% were
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ultrasonicated for 15 min and film cast in a 6 cm petri dish. The sus-
pension was dried at room temperature for 7 days and labeled as CNF/
LCNF XX, where XX stands for the wt% of LCNF in the composition. The
chemical composition of the proposed film formulations is shown in
Table 1.

2.3. Thermogravimetry analysis (TGA)

The thermal behavior of the films was evaluated by TGA in a nitro-
gen (50 mL/min) atmosphere. Briefly, 3-5 mg of dried material was run
at least by duplicate in a Mettler Toledo TGA/DSC 1 STAR in the range of
25-800 °C at 10 °C/min (Oinonen et al., 2016). The onset (initial
degradation temperature) was determined from the first local maximum
in the second derivative thermogravimetric curve and down to the zero
levels of the DTG axis using STAR eEvaluation Software (Mettler-Toledo,
Columbus, OH). All measurements were run in triplicate.

2.4. X-ray diffraction (XRD)

The crystalline structure of the materials was investigated via X-ray
diffraction. Patterns of the composites were obtained by using a Bruker
CCD-Apex apparatus equipped with an X-ray generator (Ni-filtered Cu-
Ka radiation). The analysis was performed at 40 kV and 40 mA, and a
0.06 °C step size in the range of 5°— 40° with a 0.06° step. The crys-
talline index (CI) was estimated by using the empirical method proposed
by (Segal et al., 1959):

1200 — Iam
cl. = W*IOO (@D)]
where Iy corresponds to the maximum intensity of the reflection plane
200 (around 20=22°), being I, minimum intensity from the amorphous
part of the sample (about 260=18°).

2.5. Mechanical properties

The materials’ mechanical properties (tensile strength, strain, and
modulus) were measured in an Instron Universal Testing Machine Model
5944 (Instron Engineering Corporation, Canton, MA) equipped with
pneumatic jaws and a 250N cell. The samples were cut into
(5 x 50 mm) specimens, and five specimens were tested for each sam-
ple. The initial distance between the grips was 20 mm, and the strain
rate of the grips was 2 mm min~L. The samples were preconditioned at
23 °C and 50% RH overnight prior to the test.

2.6. Moisture uptake

The moisture uptake of the samples was calculated at least from two
different specimens. Briefly, samples of 50 mg were preconditioned at
23°C and 50% and weighted, and then they were dried at 105 °C
overnight and weighted again. The difference between the two weights
is the water uptake (Trifol et al., 2017).

2.7. Water vapor transmission rate (WVTR)

The WVTR of the films at 23 °C and 50% RH was measured by
duplicate using CaCly as a desiccant agent. Briefly the films were placed
in a cup with a cross section (S) of 5 cm? and CaCl, as desiccating agent.
Then the cup was placed under controlled atmosphere and the cup was
weighted every hour. The mass increase of the cup was plotted against
time and the slope of the regression line was (n) was obtained. The
calculated WVTR is dependent on the film thickness so this value was
normalized to 100 uym. Therefore the WVTR mas multiplied by the
thickness (1) and divided by 100 (Tsuji et al., 2006) to obtain the WVTR
of a 100 um equivalent film (Trifol et al., 2021). The WVTR of a 100 um
equivalent film was calculated as:
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Table 1
Estimation of the chemical composition of the proposed formulations.
Ash® Lignin” Glucose® Hemicellulose* Arabinose® Galactose® Xylose* Mannose*

CNF 1.4+ /- 0.6% 1.0 + /- 0.5% 73 + /- 3% 25+ /- 1% 10 + /- 0% 6+ /-1% 37 +/-1% 46 + /- 1%
CNF/LCNF 25 1.3 + /- 0.6% 4.7 + /- 1.3% 70 + /- 3% 24 + /- 1% 9+ /-0% 6+ /-1% 38 + /- 0% 47 + /- 1%
CNEF/LCNF 50 1.2 + /- 0.5% 8.6 + /- 2.0% 67 + /- 3% 23 +/-1% 8 4 /- 0% 6+ /-1% 38 + /- 0% 48 + /- 1%
CNF/LCNF 75 1.1+ /-0.4% 12.2 + /- 2.7% 64 + /- 2% 22 + /- 1% 7 + /- 0% 5+ /-1% 39 + /- 0% 49 + /- 0%
LCNF 1.0 + /- 0.3% 15.9 + /- 3.5% 61 + /- 2% 21 + /- 0% 6 + /- 0% 5+ /-1% 39 + /- 0% 50 + /- 0%

# The ash content of each sample was determined by thermogravimetric analysis (TGA) in a Mettler Toledo TGA/DSC 1 STAR under N2 (50 mL/min) and O, (50 mL/

min) (Tagami et al., 2019).

> TAPPI test method T222 om-06 (TAPPI, 2006) was followed to calculate the Klason lignin content of all the samples.

¢ The released monosaccharides of the hydrolysis of the klason lignin were then diluted in a 1:10 ratio filtered and evaluated using high-pH anion-exchange
chromatography with pulsed amperometric detection (HPAEC-PAD Dionex ICS-3000 (Dionex Corp., USA). The eluents use in the HPAEC-PAD were 260 mM NaOH,
170 mM acetate, and Milli-Q water as the mobile phase. Neutral sugars (glucose, mannose, xylose, arabinose, galactose, rhamnose, galacturonic acid, and glucuronic
acid) were considered as standards. Cellulose was estimated from the glucose content and the rest of hemicelluloses from their corresponding monomer.

1/100
S

WVTR =n * 2

2.8. Oxygen transmission rate (OTR)

The oxygen transmission rate of the films at 23 °C was determined
using a MOCON OX-TRAN TWIN (Modern Controls Inc., Minneapolis,
MN) equipped with a coulometric sensor following ASTM standard
D3985-8 (ASTM 2005) using a mask of 5 cm? at atmospheric pressure
(760 mmHg). The measurements were conducted at 23 °C, and 50% RH
and the materials were conditioned overnight prior to the measure-
ments. The OTR was normalized to film thickness.

2.9. Optical properties and UV-blocking behavior

The optical properties (transparency and haze) were analyzed via
UV-Vis spectroscopy using a Shimadzu UV-250 (Shimadzu Corporation,
Japan) equipped with an integrating sphere. The measurements were
done in the range of 210-800 nm, and the measurement of haze was
made according to the instruction of the manufacturer (Shimazdu Cor-
poration, 2016):

The haze was determined as

DIFFUSE TRANSMITTANCE

Haze (%) =100 oo TIGHT TRANSMITTANCE 3

2.10. Antioxidant properties

The antioxidant properties were investigated by DSC (Mettler
Toledo) in an oxidative atmosphere under dynamic conditions (Espana
et al., 2012). This technique has previously shown comparable results to
the antioxidant properties evaluated via other techniques such as ABTS
or DHPP (Tagami et al., 2019). Briefly, approximately 4 mg of material
was placed in a DSC crucible and heated from 30 °C to 350 °C at
5 °C/min under an oxygen atmosphere (50 mL/min).

2.11. Density

A piece of film of 2 cm x 2 cm was kept at 23 °C and 50% for 24 h
and then the dimensions (thickness, width and length) and weight were
measured. The density was calculated by dividing the weight by the
volume.

3. Results and discussion

In previous study (Trifol et al., 2021), CNF and LCNF suspensions
obtained from pine cones were used as reinforcing agents of hemi-
cellulose/lignin biopolymers, conferring film forming capabilities to
these biopolymers. In this study, it is proposed to evaluate the potential
of bi-component CNF/LCNF films as a packaging material and elucidate

the influence of the lignin in the film performance and functionality.
Neat CNF and LCN suspensions, as well as all the CNF/LCNF formula-
tions showed good film-forming ability, resulting in self-standing, uni-
form, and transparent films with a thickness ranging from 70 to 110 ym
and a standard deviation of around 3 pm (Fig. 1). The increment of the
LCNF content in the formulations made the films become yellowish and
more translucent due to the increasing lignin content shown in Table 1.

The characteristics of all the developed films were evaluated in terms
of crystallinity, thermal properties, gas permeability, antioxidant and
optical properties and mechanical performance. Specifically, high me-
chanical strength and flexibility together with high thermal stability, as
well as low gas permeability can bring important target properties for
applications such as packaging films (Hansen and Plackett, 2008)
Crystallinity is well-known to have major effects on mechanical and gas
barrier properties, so the crystallinity index (C.I) of all the samples were
evaluated by XRD. Fig. 2A displays the XRD patterns of all the films
where main peaks at 15-16° and 22°, typical of type I cellulose were
detected. The C.I of the films decreased with increasing content of LCNF
due to the higher amorphous lignin content in their composition.

One of the main drawbacks of using biomass for creating packaging
films is its high thermal sensitivity. Thus, the study of the thermal
degradation of bio-based films is an important aspect for deciding pro-
cessing parameters and for designing the utilization conditions of the
final products. In this study, all the developed films were characterized
by TGA. Fig. 2B shows the first-derivative thermogravimetric curves of
all the film samples. Comparing the nanocellulosic pure samples, the
LCNF displayed slightly higher thermal stability than the CNF samples
and the onset values of all the bi-component films were between those
values (i.e., between 280 °C and 270 °C). These values are coincident
with reported values for untreated CNF and ensure their use in appli-
cation where thermal processing temperatures of 200 °C are required
(hot-pressing, spray drying, coatings dried at high temperature,
extrusion.).

The potential of these bi-component films for active food packaging
was evaluated by assessing the film antioxidant and optical properties
(Fig. 2C, D and E). The antioxidant properties were investigated by
calculating the onset temperature values from the DSC oxidative ther-
mograms (Espana et al., 2012) (Fig. 2C). Oxygen enhances microbial
degradation, therefore a material that has antioxidant properties can
improve the shelf-life of the food. All the lignin-containing materials
displayed a higher onset temperature when compared with CNF, indi-
cating a higher resistance of LCNF to oxidative decomposition. The
lignin richness in phenolic hydroxy groups conferred to the films anti-
oxidant properties and therefore, inhibited the combustion/oxidation
(Espana et al., 2012)(Catignani and Carter, 1982). Additionally, it can
be observed how CNF/LCNF 25 has slightly higher antioxidant capa-
bilities than the rest of the bi-component films. In Fig. 2D and E, the
UV-Vis spectra of the films is shown, from where the transparency in the
visible spectra and the UV-shielding behavior can be quantitatively
evaluated by transmittance. Briefly, the UV-Vis spectrum is composed of
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Fig. 1. Aspect of the films. From left to right: CNF, CNF/LCNF 25, CNF/LCNF 50, CNF/LCNF 75, LCNF.
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Fig. 2. Characteristics of the neat and bi-component films. A) XRD patterns of the films. B) first-derivative thermogravimetric curves of the films C) DSC film curves
(O, atmosphere) D) Transmittance curves of the films. E) Haze calculated curves for all the studied films. F) Oxygen and water vapor transmission rates of the

developed films (normalized to 100 um).

the visible region (400-800 nm) and UV region (100—400) that is
divided into UV-A (320-400 nm), UV-B (280-320 nm) and UV-C
(100-280 nm) (Mehta and Kumar, 2019). Food packaging needs to
protect food from light and UV radiation to avoid its chemical spoilage,
however consumers usually demand transparent packages. Therefore,
the ideal food packaging material should show high transparency in the
visible region while low transparency in the UV region (Trifol et al.,
2019, 2016b).

As can be seen from Fig. 2D, CNF showed some transparency in the
UV-A (33% at 350 nm) and UV-B (4,5% at 320 nm) regions. However,
bi-component films showed a high reduction in transmittance in both
UV-A and UV-B regions (CNF/LCNF 25 showed 8% and 0,3%

transmittance at 350 and 320 nm; — a 75% and a 94% reduction
compared to neat CNF). This reduction in transmittance in the UVA and
UVB regions increased as a function of the lignin content in the films.
Therefore, all the designed bi-component films may be defined as high
performance UV-blocking materials. Besides, LCNF neat films showed an
even larger UV-blocking behavior, showing transmittances of 0,3% and
0% respectively at the aforementioned wavelengths. Therefore, it can be
concluded that bi-component films have UV-blocking capabilities, and
that the UV-blocking strength can be tuned by controlling the LCNF
amount present in the films.

Another appealing function for packaging is their high transparency,
which provides customers with a clear visibility of the content inside. In
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the visible regions, the films with higher content of LCNF (>25%) dis-
played a slow increase of the transmittance from 400 to 600 nm until
reaching a plateau at transmittance values of around 83% and 76% for
the CNF/LCNF 50 and CNF/LCNF 75 films, respectively. When
comparing CNF and CNF/LCNF 25, it can be noted that between 400 and
450 nm (blue/violet spectra) CNF has higher transparency, and above
450-500 nm both materials show similar behavior; at 450 nm, 80%
transmittance vs. 70% transmittance and at 500 nm 83% vs. 77%.
Therefore, CNF films only displayed higher transparency than the CNF/
LCNF 25 in the range associated with the blue-violet colors within the
visible spectrum. Considering that materials for food packaging needs to
have both light transmittance and UV-blocking property, CNF/LCNF 25
was the optimal formulation to develop films in terms of optical
properties.

Fig. 2E displays the haze parameter from 400 to 800 nm for all the
films. As observed in Fig. 2C, the CNF neat films showed the highest
transparency and, therefore, the lowest haze. In general, the films dis-
played lower haze at higher wavelengths. However, this trend is less
significant in films with higher lignin content. CNF films had a decrease
in their haze of 17% from 400 to 800 nm, however, LCNF displayed a
haze decrease of only 7% at the same wavelength range. This is probably
either due to the presence of lignin or due to the smaller diameter of
CNF, allowing a better packaging of the fibrils, hence reducing the in-
ternal porosity of the materials — which may scatter the light.

Packaging films need to be impermeable for gases such as oxygen
and water vapor to prevent the deterioration of food. Fig. 2F summarizes
and compares the oxygen transmission rate and water vapor trans-
mission rate (OTR and WVTR, respectively) of all the developed films.
All the bi-component films displayed lower WVTR and OTR values than
both neat films. Both LCNF and CNF neat films displayed gas trans-
mission values in the range of the literature for nanocellulose films
(Herrera et al., 2018; Lavoine et al., 2012; Rojo et al., 2015), showing
high potential to be used for modified atmosphere packaging (MAP) for
fruits and vegetables (Rodionova et al., 2011). In addition, the gas
barrier properties shown by these bi-component films were better than
the nanocellulose-based composites made from the same types of CNF
and LCNF in the previous study (Trifol et al., 2021). In general, these
values were less or similar than those of ethylene vinyl alcohol, poly-
amide 6, polystyrene, low density polyethylene, polyvinyl chloride,
polylactic acid and cellulose-based films of similar thickness (Le Nor-
mand et al., 2014; Li et al., 2016; Oinonen et al., 2016; Schmid et al.,
2012). Specifically, CNF/LCNF 25 films showed the best permeability
values: The OTR was reduced by 53% and 60% with respect of the ob-
tained valued for the neat CNF and LCNF films, respectively; and the
WVTR was reduced by 16% and 35%, with respect to the values ob-
tained for the neat CNF and LCNF films, respectively. Therefore, it can
be concluded that there is a synergy between LCNF and CNF when
combined in this formulation, and this may be ascribed to the lignin
acting as chemical adhesive between CNF (Kang et al., 2019) and to the
coexistence of nanofibrils of different diameter sizes which may create
tortuous paths for gas molecules (Roohani, 2008) However, increasing
the LCNF content in the bi-component CNF/LCNF 50 and CNF/LCNF 75
films, led to an increase in gas permeability. This fact is probably due to
the decrease in the crystallinity and/or the larger size of the LCNF (Trifol
et al., 2021), resulting in a lower packing density in fibrils (Table 2).

The mechanical properties of the materials are shown in Table 2.
Neat CNF and LCNF films showed similar tensile mechanical properties
to other nanocellulose films reported in the literature (Peng et al., 2011).
In general, the addition of LCNF to the CNF in film formulations led to an
improvement of the tensile strength and elongation. Residual lignin in
LCNF has shown to decrease the number of effective hydrogen bonds
between the nanofibrils (Amini et al., 2020) within the films, reducing
both the tensile strength and modulus. However, in this study all the
bio-component films displayed a higher tensile strength and an
improved strain at break, comparing with the neat CNF films. Therefore,
lignin is acting as a bonding agent imparting flexibility and transferring
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Table 2
Summary of the data from the tensile mechanical properties.
Density Moisture E(GPa)’  oMPa)° s (mm/
(g/cm®)? uptake (%)" mm)*
CNF 1.55 8.4+ /-0.2 8.4 + /- 93.6 +/ 1.4+ /-
0.4 - 9.6 0.04
CNEF/ 1.45 9.3+ /-03 7.2+ /- 182.8 + /- 5.8+ /-
LCNF 0.4 5.7 0.8
25
CNEF/ 1.37 8.6 +/0.2 6.7 + /- 152.1 + /- 4.7 + /-
LCNF 0.5 28.9 1.8
50
CNEF/ 1.33 8.7 +/-0.4 5.6 + /- 112.8 + /- 5.2+ /-
LCNF 0.4 20.7 2.1
75
LCNF 1.32 9.1+ /-04 3.8+ /- 122.6 + /- 6.4+ /-
0.3 4.8 0.3

@ Measured at 23 °C and 50% RH.
b Young modulus.

¢ Stress at break.

d Strain at break.

the load effectively between the different nanofibrils. Specifically, the
incorporation of 25% of LCNF improved the strain at break by a factor of
4 and the stress at break by a factor of 2 when compared with neat CNF
film. It is also noteworthy that increasing LCNF content above 25%, the
young modulus and stress at break decreased with respect to the CNF/
LCNF 25 films. These results may be explained from the increase in the
pores or defects in the films due to a higher content of larger diameter
cellulose nanofibrils. From those results, it can be speculated that the
presence of moderate amounts of residual lignin (around 5%) in the
films contributed to compatibilized the cellulose nanofibrils of both
types of nanocelluloses, hence increasing the mechanical and barrier
properties.

4. Conclusions

In this work we have revalorized pine cone residues as films for
packaging consisting in a combination of two different grades of nano-
celluloses: cellulose nanofibers (CNF) and lignin containing cellulose
nanofibrils (LCNF). These nanocellulose-based bicomponent films have
shown better thermo-mechanical and functionality than the CNF neat
films, showing therefore a higher potential than pure CNF for packaging
applications. Specifically, it was found that the incorporation of small
amounts (25%) of LCNF to CNF formulations in films:

e Substantially increased its mechanical properties (94% tensile stress
and 414% strain at break).

Decreased the oxygen transmission rate (OTR) by 53%.

Decreased the water vapor transmission rate (WVTR) by 16%.
Provided antioxidant properties.

Provided UV-blocking behavior (94% decrease on transmittance at
320 nm) without significantly affecting transparency in the visible
region.

HIgh mechanical strength and flexibility together with gas perme-
ability can bring important target properties for packaging applications,
i.e for barrier film food packaging and barrier coatings for papers and
bioplastic packaging. Hence, the results of this study indicated the high
potential of using an abundant worldwide available residual biomass as
bio-based packaging solutions. This research will contribute therefore to
achieve the sustainable goals and to develop a circular economy by
eliminating wastes and maximizing the value of renewable resources.
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