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Engineering is addressed to investigating new strategies to develop sustainable and high gas
and water barrier nanocomposite coatings based on chitosan, a renewable and biodegradable
polymer. h particular, theresearchactivities focused on verifying the potential of some
nanomaterials (i.e. graphene oxide, nanocellulose, and nangclay developingbarrier
bionanocompositecoatings as well asin clarifying the effect of different processing
technologies, including ultrasonic spraying and Ldoekayer assemblyin their chemical
physical and structural characteristicand functional propertiesThe scopeis to obtain
coatings with reduced thickness (i.e. micrometand submicrometrig that do not
compromise the recyclabilityr compostability of theesultingflexible film,and, at the same

time, capableof improvingits barrier performance, thus avoiding the use @dmplex
multilayer systems.
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The second chapter describes the deposition of a new chitbs@ed nanocomposite coating

via Ultrasonic Spray to improve the gas barrier properties of polybutylene succinate (PBS)
films. The effect of the addition of different concentrations of polyethgglycol diglycidyl

ether (PEGDE) as crosslinker and graphene oxide on water resistance and gas permeation of
the coating is discussed, as well as the study for the tuning of the processing conditions with
the selected deposition technique. The developeating significantly improves the oxygen

and carbon dioxide barrier performance at low relative humidity, also demonstrating a slight
reduction of light transmission and good adhesion.

The following chapters address different approaches to improving also gas barrier at high humidity and

water barrier.
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In recent years, much effort has been maemove toward more sustainable packaging
materials. This interest arises from growing environmental concedog to the elevated
consumptionof non-renewable ancdhondegradablgolymers mainlyderivedfrom packaging
applicationg(40% of total plastic productionMaterials used in these sectors generally have
a short "in use" life, which leads @n elevatedconsumption offossil sources and waste
production. Also, dthough the recycling rate of plasshas increased in the last decades,
packaging materials, especially flexible food packaging, are largely unrecy@apl€&or
these reasonsacademic and industrial researttas focused more on bioplasticsas an
alternative toconventional plasts
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As shown irFigure 113, bioplasticscan beseparatedinto three categoriexonsidering their
origin and design polymers obtained from renewable sources (b@ased) and non
biodegradable, such agoly(ethylene terephthalate) (Bi8ET) and poly(furfuryl alcohol)



(PFA),petroleumbased plasticsdesigned todecomposenaturally, such as poly(butylene
adipate terephthalate) (PBAT), and biodegradable polymers obtainable from renewable
sourcesBiodegradableplastics(bio-based ompetroleumbased are more advantageoukan
bio-based but norbiodegradable ones to face the issues related to waste management.

In turn, bb-based and biodegradabpmlymersmay be dividednto two groups:biopolymers
synthesized by classical polymerization starting from bothasledand renewable bidased
monomers(i.e. polylactide (PLA) amublybutylenesuccinate (PBS)btained by bacterial
fermentation, and polymers directly extracted or removed from biomass, nhamed natural
polymers. Unlike natural biopolymers, the first grouisplayslarge scalablethermos
processabilityand they canthereby be easily shaped or molded into differedimensions
and productsusing conventional forming methodssed with synthetic polymers, such as
thermoforming, casting or extrusionblowing. Nevertheless both categorieshave a low
environmental impat and are investigated to be used in gaging to regulate gas and water
penetration[59].
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As in the case of synthetic polymers, the gas and water barrier performance -babsal
polymers is far from those required in applications such as food packaging or protective
coatings for electronic components [65]. Furthermore, the real use of napolimers is
limited by their low longterm stability due to their hydrophilicity, poor industriatale
processability, and fragility. Therefore, several strategies previously used with synthetic
polymers, including surface engineering via functionalizatoe coating deposition and
nanocomposite design, are now being explored to design-bagher bicbased systems,
aiding their application range. These approaches are designed with the aim of not limiting the
recycling or composting potential of the ergisystem. For example, coatings are designed to
dissolve under specific processing conditions, peelable from the substrate surface, or with a
thickness that does not compromise the eafilife process. Composite materials are
produced with a minimal quanti of inorganic fillers that can be considered negligible.
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Polyethylene glycol
Chitosan (CH) Graphene oxide (GO) diglycyl ether (PEGDE)
MMW, DA>75% A/t=300, t=1 nm PM 500

0.1 wt% GO
sonicated

for2 h ,

1 wt% chitosan
0.4% v/v acetic acid

Ultrasonic spray coating

, PEGDE :_;\ 5,]*["//';;.‘:

=N
—__ R i ¥, :
‘ CH/GO mixture g ‘\f‘
—\ b :

-

Stirring
80°C, 12h

Solvent casting
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PEGDE content (or

GO content (on

Code CH concentration CH weght) CH weight)
CH 1 wt% - -
CH/PEGDE 5:1 1 wt% 23 wt% -
CHPEGDE 4:1 1 wt% 29 wt% -
CH/PEGDE 3:1 0.99 wt% 38 wt% -
CH/PEGDE 5:#4.0.5% GO 0.95 wt% 23 wt% 0.5 wt%,
CH/PEGDE 541% GO 0.90 wt% 23 wt% 1.0 wt%
CH/PEGDE 5:4.2% GO 0.83 wt% 23 wt% 2.0 wt%
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First stage Second and third stage
Weight
Sample residue at
Tar Weight loss  Ta. Tss  Weightloss  800°C (%)
(°C) (%) G (O (%)
CH 90 9 274 - 49 32
CHPEGDE 5:1 134 3.6 252 314 64 22
CHPEGDE 4:1 137 3.2 253 314 63.5 24
CHPEGDE 3:1 138 3.4 255 319 66 21.5
CHPEGDE 5:1+0.5%GC 150 4.7 252 318 60.5 25
CHPEGDE 5:1+1%G0O 176 6.5 258 - 59.5 30
CHPEGDE 5:1+2%G0O 144 11 268 - 62 28
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spraying nozzle with
programmable x-y

Syringe pump
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The chitosan solution was used as a referenceptimizingthe processing parameters study.
The effect of concentration was first considered by testing theétsolutions (0.5. 1.0. and

1.5 wt%). The 1.5 wt% solutions exceeded the maximum viscosity that can be atomized at the
highest generator power (5.5 W). Instead, the 0.5 v@¥solution required a considerable
time for drying, owing to the elevated sprayed water content. A 1.0 v@Rsolution was
therefore considered the optimal concentration for ik following experiments. The pump
flow rate was set at 1.5 ml/min since a higher value resulted in an unstable atomization of the
solution. The generator power set at 4 W allowed stable and repeatable atomization. Lower
power does not generate a fine stiof spray due to insufficient amplitude of ultrasound
generated capillary waveshile a higher power may tear off the liquid causing the expulsion
of large chunks of materiallhe compressed air pressure was set at 0.03 bar to focus the
entire materialon the film surface. Higher pressure generates an excess of kinetic energy
imparted to the microdroplets.

The distance between the nozzle and the substrate and the spraying flow rate were studied
simultaneously. Four conditions were considered, resulting from combining two nozzle
speeds (30 and 50 mm/s) and two distances (6 and 7 cm). The effect of theasmaabltheir
interaction was analyzed considering the thickness and roughness reproducibility. A mask was



placed on the film substrate before the deposition to isolate three symmetric areas aligned
to the nozzle path, as schematicaigportedin Figure2.10.
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Atomic force microscopy was performed in nine areas 100 x100(three for each cavity
hole), and the surface roughness was calculated from the resulting topography. At the same
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points, scanning electron microscope cr@getion micrographs were acquired to
gualitatively assess the adhesion between the coating and the substrate and to calculate the
mean coating thicknesgigure2.11a-b shows representative 3D AFM topography, and cross
section SEM images acquired. This study showed that using a greater distance between the
nozzle and substrate and a higher deposition rate, a lower variability in thickness and
roughness measurements wastatmed, thus suggesting a more uniform distrtion of the
material on the substrateHjgure2.11c). A resume of the studied parameters and selected
values is reported iffable 2.3
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Parameters Selectedvalue
Solution concentration 1 wt% chitosan

Power 45w

Air pressure 0.03 bar

Flow rate 1.5 mli/min
Substratenozzle distance 7 cm

Nozzle speed 50 ml/min

Minimum nozzledeposition cycles 4
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Sample code GO content Number of Coating thickness
[wt.%] layers [um]
CHPEGDE_1L 0 1 0.88+0.09
CHPEGDE/1%GO_1L 1 1 0.91+0.16
CHPEGDE/1%GO_2L 1 2 1.46+0.14
CHPEGDE_3L 0 3 2.62+0.07
CHPEGDE/0.5%GO_3 0.5 3 2.46+0.11
CHPEGDE/1%GO_3L 1 3 2.47+0.31
CHPEGDE/2%GO_3L 2 3 3.4340.20
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Wt% clay[56] 4 Rod coating O 0.0103 98.87%
PET(115) //PVA+ 0.07% . .
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PLA//chitin+CN(L01] 2 Alr-spray - g, 23.02 73%
coating

PLA/ICH-Chitin wiskers 24 Blagle 50% 587 20%
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PBS(100)LHPEGDE+G( 24 UItrasqnlc 506 1818 85%
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Recently surfacemodification usingsilanes asa precursorhas been investigated to improve
the waterrepellency of celluloséasedmaterials Nguyenet al [126] and Feng et a[127]
developed aeroges made of paper waste cellulose fibersand coated with
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methyltrimethoxysilane(MTMS§ via chemical vapodeposition CVD, yielding very stable
superhydrophobicity for over five months and excellent oil absorption capaciieattiet al

fabricate hydrophobiceallulose nanocrystalwith significantlyymproved contacanglegfrom

43° to 110°)ia polycondensation of MTMSbtaining polymethyl silsesquioxanPMSQ

coated CNCK.28]. Rosli et ahlso modifiedcellulose nanocrystal/gelatin aerogelth MTMS
throughsokgel processobtaining a @ R NP LIK 2 § 2 Bifohd[1R%] In thiscontext, this

study represents the first attempt tooatthe surface of a ellulosenanocrystafilm via CvVD

of a silane
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Due to the viscosity of the CNfased mixturs being significantly different from those
previously deposited by ultrasonic spraying, the deposition parameters weoptmized

and used for the deposition of the second layArresume of the studied parameters and
selected values is reported ifable 3.1 The study and optimization of the USS processing
parameters vere carried out following the same guidelines reportedsaction 2.4.1 and
using a CNC dispersionaseference.The CNC concentration of 8% was chosen to use

a similar concentration to that of CNC in the CNC/B and CNC/B/GO mixtuveserto have

also similar viscosit. Also in this case, 4 nozzle deposition cycles, defined before as the
minimum quantity to form a continuous coating monolayer, guarantee a complete surface
O2@SNI IS 6AGK | (GKAY-O2 AT 88 HheSSER SUBidEed inahds K 2 dzi
reported inFigure 3.3highlight the change in coating morphologfger the deposition of tle



CNC layer on the CBIGO first layer, and the high coverage degree of the secdaykr,with
small areas of inhomogeneity visible at low magnifications.
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CH/B/GO
monolayer

CH/B/GO+CNC/B/GO
bilayer
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Parameters Selected value

Solution concentration 1.5wt% CNC
Power 2w
Air pressure 0.03 bar
Flow rate 2.0ml/min
Substratenozzle distance 7 cm
Nozzle speed 50 ml/min

Nozzle passages 4
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For comparison, bilayer coatings were prepared following the alveperted method, but
using only CNC dispersion or CNC/B mixture for depositing the second layer, coded
respectively CH/B/GO+CNC and CH/B/GO+CNC/B.
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Hydrolysis
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FinalCH Boraxcontent GO content CNC content

Sekis concentration (on CHweight) (on CH weight) (on CH wight)
CH 1 Wt% - - -
CH/10B 0.98 wt% 10 wt% - -
CH/10B/1GO 0.90 wt% 10 wt% 1 wt% -
CH/1GO/5CNC 0.89 wt% - 1 wt% 5 wt%
CH/10B/1GO/5CNC  0.88 wt% 10 wt% 1 wt% 5 wt%
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FinalCNC Boraxcontent (on GO content (on
Code

concentration ONCweight) ONCweight)
CNC 1.50 wt% - -
CNC/10B 1.45 wt% 10 wt% -
CNC/3GO 1.25 wt% - 3 wt%

CNC/10B/3GO 1.25 wt% 10 wt% 3 wt%
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