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ARTICLE INFO ABSTRACT

Keywords: Nanocelluloses are promising high gas barrier materials for biobased food packaging, but they must be protected
Nanocelluloses from water to preserve high performance. The respective Oy barrier properties of different types of nano-
Polylactide

celluloses were compared (nanofibers (CNF), oxidized nanofibers (CNF TEMPO) and nanocrystals (CNC)). The
oxygen barrier performance for all types of nanocelluloses was similarly high. To protect the nanocellulose films
from water, a multilayer material architecture was used with poly(lactide) (PLA) on the outside. To achieve this,
a biobased tie layer was developed, using Corona treatment and chitosan. This allowed thin film coating with
nanocellulose layers between 60 and 440 nm thickness. AFM images treated with Fast Fourier Transform showed
the formation of locally-oriented CNC layers on the film. Coated PLA(CNC) films performed better (3.2 x 10720
m3.m/m2.s.Pa) than PLA(CNF) and PLA(CNF TEMPO) (1.1 x 10719 at best), because thicker layers could be
obtained. The oxygen barrier properties were constant during successive measurements at 0 % RH, 80 % RH and
again at 0 % RH. This shows that PLA is sufficiently shielding nanocelluloses from water uptake to keep high
performance in an extended range of RH and opens the way to high oxygen barrier films which are biobased and

Multilayer films
High gas barrier properties

biodegradable.

1. Introduction

In recent years, growing needs in bio-based, biodegradable and
renewable new materials gave rise to a strong interest in nanocellulose
based materials (Ferrer et al., 2017; Lavoine et al., 2012; Nair et al.,
2014). Nanocelluloses are obtained from plant fibers (wood, cotton...)
without breaking down the individual cellulose nanofiber bundles and
the crystalline structure of cellulose (Islam et al., 2014; Qing et al., 2013;
Spence et al., 2011; B. Thomas et al., 2018). Cellulose nanocrystals
(CNC) and cellulose nanofibers (CNF) properties are well documented in
literature, particularly for food packaging applications (Hubbe et al.,
2017; Islam et al., 2014; Lin & Dufresne, 2014; Nair et al., 2014; P.
Thomas et al., 2020). Their bio-based and biodegradable character,
transparency and high mechanical strength are especially useful in this
application. Specifically, their very low oxygen permeability (around
102 m3 m/m?%s.Pain a dry environment), allows them to protect food
from oxidation, with a better performance than the most commonly-
used petroleum-based perishable food packagings such as PET (poly-
ethylene terephthalate) or EVOH (ethylene vinyl alcohol), which have

* Corresponding author.

respective oxygen permeabilities of 1 x 107!° m®.m/m?s.Pa and 6 x
1072 m®.m/m2s.Pa (Lagaron et al., 2005; Lange & Wyser, 2003; Lav-
oine et al., 2012; Nair et al., 2014). This performance is linked to the
high polarity of cellulose and the highly crystalline structure of nano-
celluloses. Unfortunately, at high relative humidity (from 70 % and
above), nanocelluloses swell and inter-fiber hydrogen bonds break,
which is detrimental for the oxygen barrier properties. Therefore, one
active field of study for nanocelluloses gas barrier applications have
been in the enhancement of gas barrier properties at high relative hu-
midity, notably by combining nanocelluloses with a hydrophobic poly-
mer. Multilayered structures and coatings using apolar polymers were
able to shield nanocelluloses from water vapor uptake (Martin & Jean,
2014). For example, Aulin et al. (2013) showed the positive effect of
combining CNF/PEI coatings (using the Layer-by-Layer assembly tech-
nique) with PLA to reduce the oxygen permeability and water vapor
permeability, and Lu et al. (2018) improved the barrier properties of
biaxially oriented polypropylene/low density polyethylene (BOPP/
LDPE) with a CNF layer applied by a plasma treatment and bar-coating.

Polylactide (PLA) is a biodegradable polyester already used in food
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packaging. While most commercial PLA is still fossil-based, it is possible
to produce it from renewable biomass (starch, sugar). To increase its use
in the food packaging sector, the poor gas barrier properties of PLA need
to be enhanced. Previous work developing mainly nanocomposites
underlined the ability of nanocelluloses to improve PLA gas barrier
properties, without, however, reaching standard food packaging re-
quirements (Espino-Pérez et al., 2018; Fortunati et al., 2012; Jung et al.,
2020; Szymanska-Chargot et al., 2020). To overcome this issue, a change
of architecture is necessary by creating a multilayered structure with at
least two layers, one layer of PLA and one of nanocellulose. In the
literature, only few studies report PLA/nanocelluloses (PLA(NC))
multilayered materials (Aulin et al., 2013; Koppolu et al., 2019; Le Gars,
Dhuiege, et al., 2020; Martin & Jean, 2014). Different build-up processes
were used: bar-coating, spin-coating, layer-by-layer assembly (Herrera
et al., 2016; Le Gars, Dhuiege, et al., 2020; Martin & Jean, 2014; Spieser
et al., 2020). Nanocelluloses are often modified to overcome their lack of
adhesion with non-polar polymers (Espino-Pérez et al., 2018; Le Gars,
Bras, et al., 2020; Mujica-Garcia et al., 2016): the use of plasma treat-
ment (Mirmehdi et al., 2018; Vartiainen et al., 2016) or adhesive layers
(for example, acrylic resin, transparent polyurethane or cationic starch
(Du et al., 2021; Koppolu et al., 2019; Wang et al., 2020)) are the most
common ways to overcome the poor compatibility between the mate-
rials. Chitosan, a polysaccharide obtained by deacetylation of chitin (by-
product of the crustacean industry), which is biocompatible and
biodegradable, could be a better option. Indeed, chitosan is a cationic
polysaccharide, able to form strong hydrogen and ionic interactions
with the negatively charged nanocelluloses (Toivonen et al., 2015). Li
et al. (2009) reported strong interactions between CNC and chitosan in
nanocomposites, and good water resistance from such nanocomposite
films.

Our main hypothesis is that multilayered high barrier performance
materials using nanocelluloses can be made using only bio-sourced
polymers. While nanocelluloses are obviously bio-sourced and biode-
gradable, previous works used either a fossil-based tie layer (acrylic,
polyurethane, polyvinylalcohol), or a fossil-based hydrophobic pro-
tecting polymer (polypropylene, polyethylene), or both. Here PLA,
which can be bio-sourced and is compostable, will be used as the pro-
tecting layer. To overcome the low adhesion of PLA and nanocelluloses,
which was largely documented in studies on nanocomposites, chitosan is
used as a tie layer, because of its positive charge likely to interact with
negatively charged nanocelluloses and its possibility to orient and
expose surfaces with high contact angle, observed in studies on free-
standing chitosan films (Crouvisier-Urion et al., 2016). The oxygen
barrier performance of this film architecture will be assessed both at 0 %
relative humidity and at 80 % relative humidity. Furthermore, repeated
testing at low, then high, and then again low RH will be carried out to
investigate performance in service conditions of food packaging. We
thus aim at demonstrating the potential for an entirely bio-sourced food
packaging material, with functional high barrier performance, for the
first time.

In this work, PLA/nanocellulose multilayer films were prepared
using three different types of commercial nanocelluloses, CNC, CNF and
CNF TEMPO. The adhesion of nanocelluloses on PLA film was optimized
using Corona treatment and chitosan. The films were produced using a
bar-coating process, mimicking industrial coating processes, and the
oxygen barrier properties of the multilayer structures were assessed at
different relative humidities.

2. Experimental section
2.1. Materials

Cellulose nanocrystals (CNC), cellulose nanofibers (CNF) and
TEMPO-oxidized cellulose nanofibers (CNF TEMPO) were purchased as

suspensions from the University of Maine (USA), with respective con-
centrations of 10.3 wt%, 3 wt% and 1.1 wt%. Those commercial
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nanocelluloses have been extensively characterized by Jimenez-Saelices
et al. (Jiménez Saelices & Capron, 2018): CNC were found to have
average dimensions of 6.5 x 20 x 175 nm® and a negative surface
charge (0OSO3) of 0.090 + 0.024 mmol/g, CNF an average diameter of
40 to 120 nm and a length of several micrometers, with no detectable
surface charge, and CNF TEMPO have an average diameter of 3-8 nm, a
length of several micrometers, and a negative surface charge (COO™) of
1.084 + 0.04 mmol/g. These values are confirmed by other works
(Nazari et al., 2016; Pignon et al., 2021). Medium molecular weight
chitosan from deacetylated shrimp chitin (75-85 % deacetylation de-
gree DD, molecular weight range: (1.9-3.1) x10° Da), was purchased
from Sigma-Aldrich (USA), with the supplier-given characteristics
confirmed by the literature: DD 76 % (Ssekatawa et al., 2021) or 78 %
(Vanden Braber et al., 2017), and molecular weight slightly above
specifications but still within the same range: 361 + 32 kDa (Ssekatawa
et al., 2021) or 583 + 87 kDa (Vanden Braber et al., 2017). Acetic acid
(99 %-100 %) was purchased from Sigma-Aldrich (USA). Biaxially ori-
ented PLA films (L-stereochemical form, density: 1.25 g.cm ™3, thickness
50 pm) were bought from Goodfellow (UK).

2.2. Production of multilayered films

2.2.1. Solution preparation

An aqueous solution of chitosan at 1 wt% was prepared with an
addition of 1 wt% of acetic acid. The solution was maintained under
stirring (500 rpm) for 4 h followed by an ultrasonic treatment (30 %
amplitude, 5 min). CNC, CNF and CNF TEMPO suspensions were diluted
to concentrations of 1 wt%, 0.05 wt% and 0.1 wt%, respectively. They
were kept under agitation for 2 h at 500 rpm before an ultrasonic
treatment (30 % amplitude, 5 min). Preliminary work permitted us to
maximize nanocellulose concentrations avoiding aggregation during the
coating process.

2.2.2. Bar coating

Chitosan and nanocellulose suspensions were coated using a bar-
coater (Automatic Film Applicator, Industrial Physics, Netherlands). A
4 um Mayer bar was selected to obtain nanometric layers. Coatings were
executed with a bar speed of 30 mm.s~ ! and a bed temperature of 40 °C.

2.2.3. Sample preparation

First, the PLA film was treated with a Corona treatment to enhance
adhesion. A Mini Corona from Boussey-Control was used, with a fre-
quency of 5 MHz, a voltage of 48 kV and a 6.5 cm length electrode. The
chitosan solution was deposited on PLA, followed by nanocelluloses
layers. Between each layer, samples were kept at 40 °C for at least 15
min to dry. Four films per nanocellulose type were prepared, with 2, 5, 8
and 10 deposits of nanocelluloses on a 1-layer-chitosan-coated PLA film.
Samples are labelled according to the baseboard, nanocellulose type and
number of deposits, such as PLA (nanocellulose type),, where “PLA” is the
baseboard, “nanocellulose type” refers to either CNC, CNF or CNF
TEMPO and “x” refers to the number of nanocellulose deposits. Fig. 1
summarizes the samples. After the final coating, PLA(NC) films were
dried at 40 °C under vacuum for 48 h, then stored in a desiccator over
silica gel.

The theoretical thickness of chitosan/nanocellulose layer, coated
over PLA, was computed according to Eq. (1):

Lrh = C(CS) X thyer + C(NC) X hMayer X X7 (l)
where Ly, is the theoretical thickness (nm), C(CS) and C(NC) are the

concentration of chitosan and nanocellulose suspensions (Wt%), huayer
the Mayer bar height (fixed at 4 pm) and X the number of deposits.
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Fig. 1. Summary of sample structures.

2.3. Characterization methods

2.3.1. Water contact angle measurements

Water contact angle measurements were conducted using the sessile
drop technique (KRUSS DSA 100 goniometer, France), under ambient
conditions. Three to five water drops of 0.8 pL were deposited on each
film, and the average water contact angle was calculated.

2.3.2. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM-FEG, FEI Quanta 250) was used
to observe the cross-section of multilayered films. The samples were
placed between 2 layers of rigid polystyrene (to maintain the sample
flatness during the cut) and the whole system was cut with a microtome
(UC6, Leica), to observe the corresponding cross-section. The following
conditions were applied to obtain the images: an accelerating voltage of
2.5 kV, a spot size of 2.5 and a work distance of approximately 8 mm.
This corresponds to a 3-nm resolution, roughly. The non-conductive
samples were first coated with Au/Pd (5 nm layer) and partially
covered with double sided carbon-tape. Images were analyzed with
Gwyddion software (v 2.59) and thicknesses measured with ImageJ
software (v 1.53 t).

2.3.3. Atomic force microscopy (AFM)

Tapping mode AFM images were collected using a multimode mi-
croscope controlled by Veeco Nanoscope V controller. The AFM canti-
lever (silicon, spring constant of 40 N/m, oscillation frequency of 300
kHz) had a radius curvature under 10 nm. Images of the sample surfaces
were collected in air under ambient conditions. Sample roughness was
averaged from 12 measurements over 1 pm x 1 pm images. AFM images
were analyzed with Gwyddion software and its Fast Fourier Transform
(FFT) function was utilized to convert AFM images into mathematically
defined frequency space. FFT images contain gray-scale pixels and
emphasize the degree of alignment present in the AFM images. A round
FFT pattern corresponds to a lack of orientation in the initial AFM
image, whereas elongated FFT pattern indicates an orientation. In the
case of oriented samples, the elongated FFT pattern form an angle of 90°
with the actual orientation direction of the sample. Similar analyses
were performed with CNF sprayed layers by Blell et al. (2017).

The thickness of CS/NC layer in ambient conditions was determined
by AFM scratch height measurements, with a protocol adapted from
Cranston and Gray (2008). AFM images and scratching were performed
in contact mode (PicoLE, Molecular Imaging, ScienTec), with a NSC 15/
AL cantilever from MikroMasch (silicon, spring constant of 40 N/m,
oscillation frequency of 325 kHz, radius curvature of 8 nm). A constant
resolution of 512 pixels x 512 pixels was used and an optimum set point
of 2.5 V was fixed. According to preliminary height scratch measure-
ments, a set point under 2.5 V was not able to remove efficiently the CS/
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NC layer and a set point above 2.5 V damaged the PLA surface.
Scratching was realized over a 1 pm x 1 pm surface and the sample was
reimaged (10 pm x 10 pm) in contact mode. The CS/NC layer height was
obtained by averaging 6 profile analyses of the scratch area (by taking
the scratch area and the top of the film). Images were analyzed with
Gwyddion software.

2.3.4. Dynamic vapor sorption

A dynamic vapor sorption (DVS) from Surface Measurement Systems
(UK) was employed to determine the water sorption behavior of multi-
layered films. It has a relative precision of 0.1 pg (£1 %). A specific pan
was designed to optimize the contact surface between the sample and
the water vapor. Measurements were performed under a continuous
flow of nitrogen, at 25 °C. A three steps program was carried out, with a
first step at 0 % RH for 1440 min (1 d), to reach an equilibrium and
determine the anhydrous film mass. Then, a second step at 30 % RH for
2880 min (2 d) and a third step at 80 % RH for 4320 min (3 d) were
realized. The duration of each step was optimized by Espino-Pérez et al.
(2018), with the equilibrium criterium after each step being dm/dt lower
than 0.001 %/min. PLA(NC) film samples had a mass between 25 and
30 mg. CNF TEMPO coated samples were replicated to check repeat-
ability and experimental error.

The moisture content on a dry basis (MC) was calculated for each
sample (corresponding to the water adsorbed), according to Eq. (2):

Mpumid — mdry

MC(sample) = x 100, (2)

Myyy

where MC(sample) is the moisture content of the sample (%), Muymig the
sample mass in humid environment after reaching an equilibrium (g)
and mgyy, the anhydrous sample mass (g).

The theoretical moisture content of the film samples was calculated,
on the hypothesis of additivity of individual moisture content of PLA,
chitosan and nanocelluloses layers. The bulk chitosan moisture content
(17 gwater/1008dry basis at 74 % RH) was obtained from Despond et al.
(2001), who studied the water sorption of chitosan solvent-casted film at
different RH. Consequently, the theoretical moisture content (MC(sam-
ple)w) was obtained using Eq. (3):

3

where MC(PLA), MC(CS), MC(NC) are the moisture content of pure
PLA, bulk chitosan film and bulk nanocelluloses films (gwater/1008dry
basis) and m(PLA), m(CS), m(NC), the respective mass PLA, chitosan and
nanocelluloses layers and m(sample) the sample mass (g).

2.3.5. Oxygen permeability at controlled relative humidity conditions

An in-house bubbler system equipped with a gas permeation cell,
from PreSens Precision Sensing GmbH (Germany), was utilized in order
to characterize the oxygen barrier properties in controlled relative hu-
midity conditions (Fig. 2a,b). The PreSens cell measurement is based on
the detection of Oz molecules by fluorescence with an optical sensor.
The relation between the O concentration and luminescence is deter-
mined according to the Stern-Volmer equation (Eq. (4)):

2= 14k, x (0], )

where 7 and 7 are the luminescence decay times in absence and pres-
ence of oxygen (s), ks, is the overall Stern-Volmer quenching constant
(ppm) and [O3] is the oxygen concentration (ppm).

Dry measurements were realized at 23 °C and 0 % RH according to
ASTM D 3985. First, a dry nitrogen flow was brought to both chambers
during 15 min to evacuate residual oxygen molecules. Then the bottom
chamber was filled with dry oxygen gas for 1 min (Fig. 2c) and the
experiment started (after closing the cell valves). The measurements
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were executed under static conditions, due to the high barrier properties
of the samples. Three to five replicates were analyzed.

Measurements in “dry-humid” conditions were performed as follows.
Dried nitrogen flushed both chambers for 15 min. Then, the dry nitrogen
flow was kept in the upper chamber, whereas humid oxygen flow was
applied to the bottom chamber (PLA side of the film) (Fig. 2d). Oxygen
gas was humidified with an in-house bubbler system, illustrated in
Fig. 2b. After 1 min, the humid oxygen reached 80 % (£+3 %) relative
humidity (RH), the chamber valves were closed and the experiment
started. Each experiment was performed for at least 2 h. Three replicates
were characterized in dry-humid environment.

Measurements in humid conditions were done by humidifying Ny
and O with the in-house bubbler systems (Fig. D, supporting informa-
tion). Humid nitrogen was brought to both chambers for 15 min, then
humid oxygen was applied in upper chamber, for 1 min. The relative
humidity of both gases reached 80 % (43 %). The experiments were
performed on 2 replicates and for 2 h. In the aim to investigate the effect
of repeated humidifying/drying cycles on the barrier properties, the
measured films were stored in desiccator for 24 h to remove water and
then measured again.

The oxygen transmission rate (OTR) was determined according to
Eq. (5) and the final oxygen permeation was estimated according to Eq.
(6):

dPo, Veer X Tsa
OTR = z 5
dt PyyxAxP,xT, ®)
OP = OTR x L, (6)

where dPOy/dt is the evolution of oxygen partial pressure in the upper
chamber (Pa.s™1). V. is the volume of the upper chamber (1.1 x 10~*
m?) and A is the permeation area (6.81 x 1073 m?). Pgq and P,, are the
standard pressure (1.013 x 10° Pa) and the average atmospheric pres-
sure (Pa) during measurement, respectively. Tgq and Ty, are the standard
temperature (273 K) and the average ambient temperature (K) during
measurement, respectively. L is the film thickness (m), measured with a

Minigauge (ElektroPhysik, Germany). The oxygen permeability (OP) is
given in SI units (m3.m/m2.s.Pa).

To understand the effect of coatings and compare the nanocelluloses
types, the normalized oxygen permeation of chitosan/nanocellulose
(CS/NC) layer was calculated, according to Eq. (7):

L(sample)  L(CS/NC) n L(PLA) e

OP(sample) ~ OP(CS/NC) ' OP(PLA)’

where L(sample), L(CS/NC) and L(PLA) are the sample, PLA layer and
CS/NC layer thicknesses, respectively. OP(sample), O(CS/NC) and OP
(PLA) are their respective oxygen permeation values.

3. Results and discussion
3.1. Characterization of nanocellulose layer

The coated PLA films were transparent and shiny, no visual differ-
ence to pure PLA film was observed (Fig. A, supporting information). To
increase the adhesion between PLA and nanocelluloses, a pre-treatment
was used, consisting in a Corona treatment and a pre-coating with chi-
tosan prior to nanocelluloses deposition. Fig. 3a shows the water contact
angle of pure PLA, Corona treated PLA and Corona treated PLA with a
chitosan layer. Their respective water contact angles were: 63.6 + 1.1°,
38.5 + 1.7° and 8.2 + 0.5°. Corona treatment is commonly used to
enhance the surface polarity and roughness of PLA, to increase the
adhesion of a coating layer (Rocca-Smith, 2016). Chitosan polar struc-
ture, with free hydroxyl groups able to form hydrogen bonds with water
molecules, explains the water contact angle reduction for chitosan-
coated PLA. Furthermore, chitosan carries a positive surface charge.
Hence, Corona treatment and chitosan coating were able to decrease by
87 % the water contact angle and allow a more homogeneous coating of
nanocelluloses on PLA. Nanocelluloses also have a high number of free
hydroxyl groups and carry an overall negative surface charge, which
efficiently creates hydrogen bonds and ionic interactions with chitosan
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Fig. 3. Water contact angle measurements on pure PLA, Corona treated PLA and Corona treated PLA coated with a chitosan layer (a), SEM surface images of PLA

(CNC);9 (b), PLA(CNF);¢ (c), PLA(CNF TEMPO);, (d) samples.

(Toivonen et al., 2015). Fig. 3b, ¢ and d show the SEM observed surface
images of PLA films coated with nanocelluloses. CNC and CNF TEMPO
coated films images display a homogeneous deposition of nanocelluloses
over PLA surfaces. No holes are observed. However, entangled fibers are
noticed for CNF coating, due to aggregates, even at low concentration.
These SEM images confirm the difficulty to deposit CNF suspensions
even at very low concentration. Of all three nanocelluloses types, CNF is
the only one without a detectable charge, which might be another
explanation for the more difficult deposit here. More in-depth mea-
surements of the films, like surface charge, could help better understand
the deposit adhesion mechanism.

Table 1 reports theoretical thicknesses of all chitosan/nanocellulose
layers (CS/NC) (from Eq. (1)) and experimental thicknesses extracted
from SEM observations of all cross-section films (Fig. B, supporting in-
formation). SEM images were focused on the PLA side coated with CS/
NC layer, in order to estimate its thickness. The average thickness of CS/
NC layer was calculated for each film, from 5 images (8 to 10 mea-
surements per image) with ImageJ software. The resulting thicknesses
(Table 1) are slightly above the theoretical values, due to the limitation
of the resolution of SEM images. To overcome the lack of accuracy in the
thickness determination with SEM, a second characterization was per-
formed with atomic force microscopy (AFM).

Table 1 and Fig. 4 present the CS/CNC thicknesses determined by

Table 1

AFM using the height scratching protocol adapted from Cranston and
Gray (2008). Fig. 4 shows the effect of scratching on the surface and the
corresponding height profile of the scratched area. The thicknesses of
CS/NC layers, from the height scratch method, were close to the theo-
retical thicknesses, in the case of CNF and CNF TEMPO coatings. In the
case of PLA(CNC); the sample thickness obtained with height scratching
was lower than the theoretical thickness showing that the coated ma-
terials was partially removed, and in the case of PLA(CNC);, scratching
was not even possible with the present methodology. It appears that
adhesion between the CS/CNC layer and PLA is much stronger than for
other nanocelluloses type, and increases with the number of deposits.
Possibly also there could be a thickness limit for successful scratching.
The multiple deposits and bar-coating process might improve the CNC
arrangements and create a more compact layer.

AFM measurements were also used to determine the average
roughness of samples, as summarized in the Table 1. The coating layer
should minimize the PLA roughness by filling its porosities, according to
Yoox et al. and Gicquel et al. (Gicquel et al., 2017; Yook et al., 2020).
The pre-coating treatment, based on a 40 nm thick layer of chitosan, was
able to fill PLA porosities because of its dimensions. Consequently, the
sample roughness on Table 1 corresponds to the nanocellulose layer
roughness.

PLA(CNC) samples roughness are divided by 2 compared to pure

Chitosan/nanocellulose thicknesses obtained by calculation, SEM, AFM height scratching and their corresponding average roughness.

Sample CS/NC theoretical thickness (nm) CS/NC thickness from SEM (nm) CS/NC thickness from AFM (nm) AFM average roughness (nm)
PLA - - - 8.1+ 21

PLA(CNC), 120 197 + 36 66 + 24 49+1.1

PLA(CNC)49 440 468 + 60 No scratch” 4.7 £0.5

PLA(CNF), 44 262 + 69 48 +£17 184 +9.1

PLA(CNF)q9 60 138 + 34 70 £11 10.5 £ 2.7

PLA(CNFT), 48 61 +£18 52+7 6.5+ 0.8

PLA(CNFT)1o 80 100 + 32 141 £ 22 5.2+ 21

# Impossible to scratch the CS/NC layer.
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Fig. 4. AFM height images of PLA(CNF); film (a), scratched PLA(CNF), film (b) and its corresponding profile analysis (c).

PLA. CNF TEMPO coatings also reduce the sample roughness. On the
other hand, CNF-coated samples are rougher than pure PLA. The
nanofiber dimensions (200 to 800 nm length) and their strong in-
teractions can explain their ability to form a highly entangled network,
but also to form fiber aggregates, increasing the roughness. Moreover,
increasing the number of deposits decrease the sample roughness, for
each nanocellulose type. This reduction can be related to the successive
addition of nanocellulose materials, which fills the porosities of the
previous deposits and improves the coating layer homogeneity.

3.2. Orientation of nanocelluloses

AFM images were employed to analyze the surface structure and
orientation of nanocelluloses, as observed in Fig. 5. On each image, the
nanocelluloses coating is visible and homogeneous, the surface of PLA is
completely covered without holes.

Fast Fourier Transform (FFT) images were used to investigate the
orientation of nanocelluloses; 5 to 8 images were analyzed on different
part of each film. CNC-coated films with 2 and 10 deposits showed a
specific arrangement along the arrows (Fig. 5a, b). The small dimensions
of CNC and their ability to be oriented through different methods, as
suggested by literature (Cranston & Gray, 2006; Du et al., 2020, 2021;
Revol et al., 1992; Yoshiharu et al., 1997), can be correlated to the
orientation noticed in our work. The orientation increased with the
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number of deposits, leading to the hypothesis that successive bar-
coating depositions are able to rearrange CNC. Previous investigations
of CNC orientation were performed by AFM (Cranston & Gray, 2006; Du
et al., 2021), but in absence of FFT characterization, the occurrence of
orientation could not be supported by the experimental evidence.
Indeed, Blell et al. (2017) pointed out the importance of FFT to char-
acterize the orientation on AFM images. In our work, FFT confirms the
CNC orientation on PLA(CNC); sample in local clusters with an average
size of 1 pm. Further images can be found in the supporting information
(Fig. Q).

Fig. 5¢, d, e and f represent CNF and CNF TEMPO-coated samples. A
dense and entangled network was formed by the nanofibers, ensuring a
homogeneous coverage of PLA without orientation, as confirmed by
FFT. Entangled nanofibers are clearly distinguishable on Fig. 5¢ and d,
without affecting the homogeneous coverage of PLA surfaces. Fig. Se
and f show that CNF TEMPO had smaller dimensions, but orientation
was only achieved with CNC.

3.3. Barrier properties

3.3.1. Water sensitivity of nanocelluloses

Because of the high-water sensitivity of nanocelluloses, it is impor-
tant to characterize their water vapor sorption behavior. Fig. 6 and
Table 2 present the experimental data on water vapor sorption kinetics
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Fig. 5. AFM height images of PLA(CNC), (a), PLA(CNC),, (b), PLA(CNF), (c), PLA(CNF);q (d), PLA(CNF T), (e), PLA(CNF T);0 (f) and their corresponding Fast

Fourier Transform images.
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Fig. 6. Moisture content of uncoated and coated PLA at 30 % and 80 % relative humidity (a), the corresponding normalized moisture content curves for the 30-80 %
RH step with CNC coatings (b), CNF coatings (c) and CNF TEMPO coatings (d) acquired with dynamic vapor sorption measurements. Inserts correspond to magnified

view of the early time data.

Table 2

Thickness of PLA, bulk NC and CS/NC layers and the sample moisture content
(MC) at 30 % RH and 80 % RH with the corresponding theoretical moisture
content at 80 % RH. Experimental variability: 10 %.

Thickness MC (sample) MC(sample)y,
(8water/1008ary (8water/1008dry
basis) basis)”
Samples PLA and CS/NC 30 % 80 % 80 % RH
bulk NC layer RH RH
(pm) (nm)
CNC 120 £ 11 - 3.28 11.9 -
CNF 95 +13 - 4.45 13.08 -
CNF TEMPO 85+ 6 - 4.98 20.09 -
Chitosan ( 20 - 3.8(24 17 (74 -
Despond % RH) % RH)
et al., 2001)
PLA 50+ 2 - 0.23 0.673 -
PLA(CS) 50+ 2 40 0.239 0.759 0.675
PLA(CNC), 50 £2 120 0.284 0.73 0.697
PLA(CNC)49 50 +2 440 0.284 0.759 0.782
PLA(CNF), 50+ 2 44 0.281 0.744 0.677
PLA(CNF)qo 50 £2 60 0.281 0.763 0.682
PLA(CNF T), 50 +2 48 0.27 0.747 0.679
(€8]
PLA(CNF T), 50 £2 48 0.263 0.771 0.679
(@))]
PLA(CNF T)10 50 +2 80 0.249 0.697 0.694
@™
PLA(CNF T)1o 50 £2 80 0.254 0.738 0.694
2)

# Applying Eq. (3).

(30-80 % RH step) and the equilibrium moisture content at 30 % RH and
80 % RH.

In Fig. 6, coated PLA films showed higher moisture content uptake
compared to uncoated PLA film, at both RH. However, due to the large

thickness of the PLA film ((50 &+ 2) pm) compared to the thickness of
coatings (from 40 to 440 nm, see Table 2) the differences were relatively
small: the smallest differences were obtained between PLA and PLA(CNF
T)10(1) (184 pg and 241 pg at 30 % RH and 80 % RH, respectively) and
the highest between PLA and PLA(CNC);o (534 pg and 863 pg at 30 %
RH and 80 % RH, respectively). No influence of the nanocellulose type
(CNC, CNF or CNF TEMPO) on the water sensitivity was reliably found,
because no significant differences (variability of 10 %) in water moisture
content behavior were observed at both RH. The high affinity of chitosan
to water vapor observed in previous work (Despond et al., 2001) is
confirmed by our results: when relative humidity increased from 30 % to
80 %, PLA(CS) film absorbed 862 pg more than the uncoated PLA film.

The influence of the number of deposits was also checked. CNC
samples showed a slight increase in water sensitivity when the number
of deposits increased from 120 to 440 nm (mass uptake differences of
0.26 pg) (Fig. 6a, b). Samples with 10 layers of CNC simply contained
more nanocelluloses, and thus were able to absorb more water. Con-
cerning CNF and CNF TEMPO-coated samples, the presence of nano-
fibers aggregates and the small thickness differences between 2 and 10
deposits (16 nm and 32 nm for CNF and CNF TEMPO coatings, respec-
tively) did not allow to observe differences on their water vapor
adsorption as a function of the number of deposits.

In order to study the effect of each type of layer on the hygroscopicity
of the multilayer film, the moisture content of bulk nanocellulose films
were calculated, as presented in Table 2. The bulk moisture content of
each layer was used to calculate the theoretical moisture content of the
coated-PLA films at 80 % RH (Eq. (3)). The comparison between theo-
retical and experimental moisture contents, shown in Table 2, showed
higher experimental moisture contents as compared to theoretical
values (0.4 to 13.5 %). The differences between theoretical and exper-
imental moisture contents can be related to the swelling of thin films of
nanocellulose. As shown by Espino-Pérez et al. (2016), nanocelluloses
swell when exposed to moisture and swelling induces non-Fickian
diffusion. When the film thickness decreased (from bulk film to a
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nanometric-coated layer), the non-Fickian influence is more noticeable
(Almeida et al., 2020). The equilibrium masses obtained in the thin films
might therefore be higher because of the contribution of non-Fickian
transport. Additionally, the difficulty to obtain the exact experimental
CS/NC layer thicknesses introduced an incertitude concerning the
computed theoretical values, as the use of bulk chitosan value from
literature did. Despite this incertitude, the differences between the
experimental and theoretical moisture contents were relatively small,
confirming the additive water sorption behavior of each layer, in the
case of a multilayer architecture.

3.3.2. Oxygen barrier properties of PLA films coated with different types of
nanocelluloses

The oxygen permeability of samples was characterized to identify the
impact of nanocellulose coatings on PLA barrier properties. Nano-
celluloses have outstanding oxygen barrier properties, reaching the
performances of high barrier polymers such as ethyl vinyl alcohol
employed in the food packaging industry (Lavoine et al., 2012; Nair
et al.,, 2014). Table 3 summarizes the oxygen permeabilities of the
samples, measured in dry conditions. Using Eq. (7), the specific oxygen
permeability of the chitosan/nanocellulose (CS/NC) barrier layer was
calculated and reported in the same Table 3.

The oxygen permeability of pure PLA film ((1.80 + 0.01) x10~ 8 m®,
m/m>.s.Pa) (Table 3) was comparable to literature values (Colomines
etal., 2010; Courgneau et al., 2012; Le Gars, Dhuiege, et al., 2020). After
a first coated layer of chitosan, the oxygen permeability decreased by a
factor 2, reaching a value comparable to the most favorable PLA/
nanocelluloses bulk nanocornposites50 (7.6 £1.1) x1071° m3.m/m2s.
Pa). CNF and CNF TEMPO coatings decreased the oxygen permeability
of the PLA-based samples by one order of magnitude and CNC coatings
even by two orders of magnitude (Table 3). Chitosan and nanocelluloses
2D-coatings are highly performing it the multilayer architecture.

The oxygen transfer rate depends on the thickness of the barrier
coating. In the case of very thin films, their barrier properties can be
underperforming because of flaws and changes in the materials

Table 3

Comparison of oxygen permeability of the entire film (OP(sample)) and calcu-
lated oxygen permeability of the chitosan/nanocellulose (CS/NC) barrier layer
(0 % RH, 23 °C).

Samples CS/NC layer theoretical OP(sample) (m>. OP(CS/NC) (m°>.
thickness (nm) m/mz.s.Pa) m/mz.s.Pa)
PLA - (1.8 + 0.01) X
x10718
PLA(CS) 40 (7.6 + 1.1) (1.1 +0.4)
x1071° %1072
PLA 120 (4.2 +1) x1072° (7.4 +0.2)
(CNQ), x10722
PLA 240 (5.2 + 3.8) (2.5 +1.9)
(CNC)s x10720 x10722
PLA 360 (3.2+2) x107%° (2.4 + 1.5)
(CNC)g x10722
PLA 440 (4.6 + 0.8) (31+1.8)
(CNC)10 x10720 x10722
PLA(CNF), 44 (2.8 +0.3) (3 +0.4) x10722
x1071°
PLA(CNF)s 50 (2.6 +0.1) (3+0.1) x10722
x107%°
PLA(CNF); 56 (2.2+0.2) (2.9 + 0.3)
x1071° x10722
PLA 60 (1.3 +0.1) (1.7 £ 0.1)
(CNF)10 x1071° %1022
PLA(CNF 48 (8 +1.7) x107*° (1.4 + 0.5)
T), x1072
PLA(CNF 60 (4.7 + 3.9) (1.4 + 0.9)
s x1071° x1072!
PLA(CNF 72 (3+1.7) x1071° (7.3+2.7)
T)s x10722
PLA(CNF 80 (1.1 £ 0.1) (1.9+0.2)
Tio x1071° x10722
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behavior. Aiming to investigate the minimal nanocellulose layer thick-
ness for optimal barrier performance, we measured the OTR of the
samples with various deposits thicknesses. The results are shown in
Fig. 7a.

The oxygen permeability of PLA(CNF) was stable notwithstanding
the number of deposits or the layer thickness. Even very thin films
allowed for a high gain in barrier properties. The calculated permeation
values of the CS/CNF barrier layer reached (1.7 + 0.1) %1072 m3.m/
m?.s.Pa for 60 nm (10 deposits). For CNF coatings, an optimal thickness
of 20 nm was found, corresponding to 10 layers. These values were
taken at the intersection between the extrapolation of the step and flat
part of the graph.

Concerning chitosan/CNF TEMPO barrier layer, the O permeation
value for 2 deposits is similar to chitosan-coated PLA and the optimum
barrier property was obtained with 32 nm, i.e. 8 deposits. The reduced
effect of CNF TEMPO coatings compared to CNF coatings is probably due
to self-repulsion of the negatively-charged nanofibers. Indeed, TEMPO
treatment aims at reducing aggregations, through the limitation of in-
teractions between the nanofibers and thus network density (Fukuzumi
etal., 2009). This allowed us to use a more concentrated suspension than
for untreated fibers (CNF). After normalization and with 10 deposits of
CNF TEMPO the CS/CNF TEMPO barrier layers reached the efficiency of
CNF and CNC barrier properties ((1.9 £ 0.2) x10722 m3.m/m2.s.Pa).

Concerning CNC coatings, a steady enhancement in barrier proper-
ties was observed when the number of deposits increases from 120 nm (2
deposits) to 360 nm (8 deposits). CNC coated samples can be optimized
with a coating of 8 layers, corresponding to a 320 nm thickness.

Normalized permeation values, obtained through Eq. (7), are useful
to understand the intrinsic properties of the different coating types;
however, the cellulose layer being on average 1000 times thinner than
the PLA layer, its influence on the entire barrier properties of the
multilayer sample is fairly limited, which explains the important dif-
ference between OP(sample) and OP(CS/NC). Both values are relevant.

After normalization, the CS/CNC oxygen permeation values were
similar to the CS/CNF coatings values (Table 3), although CNC, CNF and
CNF TEMPO have different crystallinities. According to their origin and
extraction process, CNC can reach a crystallinity up to 75-90 %, whereas
the crystallinity of CNF or CNF TEMPO stay under 65 % (He et al., 2020;
Wang et al., 2019). High crystallinity together with the high density and
polarity of the nanocelluloses can explain their high oxygen barrier
properties. The ability to orient CNC allows them to pack more densely
and decreases the oxygen molecule path. To have high efficiency, the
minimum layer thickness of CNC is however higher compared to CNF.
Compared to literature data, we can also suggest a relationship between
CNC orientation and oxygen barrier properties. Du et al. (2021) reached
an oxygen transmission rate value about 1 x 10 *m?3.(STP)/m2.s.Pa for
very slightly or non-oriented CNC sample, whereas in our study, with a
much stronger orientation, this value was approximately 17 times lower
(Table 3).

For the sake of comparison, classic PLA/nanocelluloses composites,
even with high CNC content, reach permeability values which are
mostly in the same order of magnitude as PLA (Espino-Pérez et al., 2013,
2018). For example, the oxygen permeability of amorphous PLA
amounting to (2.7 & 0.3) x107'® m3.m/m?.s.Pa could be reduced to (1.7
+ 0.2) x107!8 m3.m/m2s.Pa for PLA/CNC nanocomposites containing
6 Wt% CNC (Espino-Pérez et al., 2018) or to 9.2 x 10 *° m®.m/m2.s.Pa
in samples containing 50 wt% of CNC(Faraj et al., 2022). This shows that
the 2D-multilayer structure is far more efficient for barrier properties
than nanocomposite structures.

A drawback of multilayer structures is the high sensibility of the
barrier performance to humidity. Therefore, the oxygen permeation
measurements were also performed in “dry-humid” and humid envi-
ronments. “Dry-humid” environment means that humid oxygen is
applied to the PLA side of the film and dry nitrogen to the nanocelluloses
side, allowing to test the PLA ability to protect the nanocelluloses from
water. Fig. 7b illustrates the comparison of oxygen permeability in dry,
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Fig. 7. Oxygen transmission rate (OTR) of coated films as a function of their respective number of nanocellulose layers (with their respective layer thicknesses, in
nm) (a) and the comparison of oxygen permeability of coated PLA films in dry (D(1) and D(2)), dry-humid (DH) and humid environment (H) (b).

dry-humid, humid ((80 + 3) %) and dried environment.

An uncoated-PLA film was studied as a blank. As observed in Fig. 7b
in dry, dry-humid or humid conditions, the oxygen permeability of PLA
remained constant. The same measurements were performed for coated-
PLA samples with 2 and 10 layers of nanocelluloses. In dry-humid
environment (light blue column in Fig. 7b), small increases in oxygen
permeability were noticed, while overall staying close to dry values and
well below the oxygen permeability of pure PLA. Hence the use of PLA
can protect the nanocellulose layer from water uptake and maintain the
oxygen barrier performance.

In order to characterize the resilience of nanocellulose layers, the
oxygen permeability of samples was measured at 80 % RH in both side of
the permeation cell. Results are reported as dark blue column in Fig. 7b.
In that case, as predicted from the measurements of water vapor sorption
kinetics (Fig. 6), the O4 barrier properties were lost. More interestingly,
after drying of the films (dried conditions), the nanocelluloses were able
to fully recover their properties, since the films reached at 0 % RH the
oxygen permeation values they had before (Fig. 7b). These results
illustrate the strong resilience of nanocellulose layers regarding their
barrier properties.

4. Conclusion

Our starting hypothesis, that a bio-sourced, nanocelluloses-based
multilayered packaging material could be designed, is confirmed by this
work. It shows the potential of PLA/nanocellulose multilayered films as
high water and oxygen barrier materials. Multilayered film built-up was
optimized using a chitosan layer in order to increase the compatibility
between PLA and nanocellulose and keeping the fully bio-based char-
acter of the material. Locally oriented CNC layers were obtained using
repeated layer deposition. Furthermore, the optimal coating thickness in
terms of oxygen permeability was determined for different types of
nanocelluloses: CNC and CNF had almost the same oxygen barrier
properties, but the optimum layer thickness of CNC was larger. TEMPO-
oxidized CNF were slightly less performing than native CNF. In a dry
environment coated-PLA films outperformed PLA/nanocelluloses bulk
composites by several orders of magnitude for oxygen barrier, and when
nanocellulose layers were shielded by PLA, the samples barrier prop-
erties in humid conditions equaled the ones in dry conditions. However,
unsurprisingly, without protection at high RH the nanocellulose layers
lost their barrier properties. When films were dried again, their barrier
performance was however fully restored, which highlights the resilience
of nanocelluloses. The water vapor permeability of PLA seems thus low

enough to protect the nanocelluloses from swelling and property loss.
These results are of high applicative relevance, because those materials,
being formed of thin CNF or oriented CNC films between PLA shielding
layers, are fully bio-based polymer films with an oxygen barrier per-
formance higher than that of commonly used ethyl vinyl alcohol mate-
rials, even at high humidity. Among the three nanocelluloses types used,
CNC are the most efficient because they can form thicker layers. More-
over, they can self-orient locally, as evidenced by AFM coupled to FFT,
which gives further optimization potential. CNF coatings have also
shown excellent intrinsic barrier properties, although their tendency to
aggregate does not allow layer deposition at high concentrations, pre-
venting the fabrication of thick layers. Using TEMPO-oxidated CNF,
while reducing the aggregation, unfortunately also reduces the in-
teractions between fibers and hence their barrier properties.

This demonstrates the potential of nanocellulose/PLA multilayers for
a fully bio-based high-performance food packaging material over a large
range of relative humidities. The impact of the orientation of CNC on
barrier properties of films needs however to be investigated further.
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