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Abstract

The food packaging initially born as a "containef"food for the sale of
guantities defined in adequate conditions of hygjdhen had to perform
the function of “protection” of the food in regp®f environment. Today,
in fact, the most important function of the packagiwhen it comes to
preservation technology, is to prevent deterioratd the food, to extend
the duration of use of a food and to maintain amdd increase its quality
and integrity. So the main purpose of food packagsto protect food
from bacterial and chemical contamination and, wheecessary, from
oxygen, water vapour and light keeping the prodiasth until use.

The aim of this work is, therefore, to develop nfdm based on PLA for
applications in the food packaging with improvedgerties such as barrier
properties, mechanical, UV properties, antibacteaiztivity using TiQ
nanoparticles (modified by plasma treatment, and modified), micro-
particles of ZnO (obtained by a process of sprayolggis) and
nanoparticles of MMT (modified by dimethyl dihydmmgated tallow
ammonium). In a first step structural and morphaalgcharacterizations
were performed, and then a particular study wasenwmadthe degradation
of PLA composites. The incorporation of particlesan effective tool to
control the degradation process in various mediat svas evaluated the
UV, hydrolytic, enzymatic and thermal degradatidnttee PLA with the
addition of different fillers (TiQ, ZnO and MMT). In conclusion, the
results are surely satisfactory because it is fainadl biodegradable PLA
based composites can be used for food packagirgaim.
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Introduction

INTRODUCTION

The food packaging sector is extremely importanttfi@ development of
world society and it is constantly expanding. Itaincontinually respond to
new and urgent demands of the market and try teedobistical problems
and storage of food products in the respect of renment, energy
resources and human health. The food packagingalipitborn as a
"container" of food for the sale of quantities defil in adequate conditions
of hygiene, then had to perform the function ofotection" of the food in
respect of environment. Today, in fact, the mogtartant function of the
packaging, when it comes to preservation technogldgyto prevent
deterioration of the food, to extend the duratidruse of a food and to
maintain and /or to increase its quality and intggSo the main purpose
of food packaging is to protect food from bacter@hd chemical
contamination and, where necessary, from oxygetemneapour and light
[1] keeping the product fresh until use.

In recent decades, the use of polymers as matéoiafeod packaging has
increased tremendously due to the many advantdgeshey have over
other traditional materials, such as glass and2ti#]. The overall market
for polymers, whose production has increased fromilbon tons in 1950
to 100 million tons in 2011, is covered by 42% frtim packaging (Figure
1).

Others (appliances,
household, wires, etc.)
Packaging 30%
42%

Building and
Construction

0,
Automotive 20%

8%

Figure 1Pie chart showing the application fields of polysier
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Thanks to plastic, a wide range of products andkdrican be transported
over long distances and stored safely, without comgsing the quality
and reducing product loss. Plastics enable theyatadh of both rigid and
flexible packaging, maintain their characterisge®n for very long periods
and possess generally satisfactory barrier pragsertivhich reduce the
penetration of gas and help prevent the loss of dnganoleptic
characteristics of food. A great advantage of thast lies in the
possibility to use a wide range of materials ofetént compositions and
capable of providing the most convenient desigroabog to the specific
needs required by each product.

Today, polymers and materials used for food pacigagonsist of a variety
of petrochemical-based polymers, metals, glassempaand board, or
combinations hereof. The durability and degradgbilof packaging
materials are two contradictory subjects; the 4 stasirable for packaging
stability and protection for its contents duringeléhife and the 2nd for its
rapid degradation in the environment [5,6].

Advantages of petrochemical-based polymers, whiclo@raged industries
to use them, are: (a) low cost and high-speed ptay (b) high
mechanical performance; (c) good barrier propertaasl (d) good heat
sealability. On the other hand, several disadvastagclude: (a) declining
oil and gas resources; (b) increasing oil and gase$ during recent
decades; (c) environmental concerns for their dkgi@an or incineration
and global warming; (d) uneconomical costs andszomitaminations in
their recycling; and (e) consumer toxicity risksoabtheir monomers or
oligomers migrating to edible materials [7-10].

Mechanical recycling (segregated plastics, mixedstpis), biological
recycling (sewage, compost, soil), and energy rego\Vincineration,

pyrolysis) are three alternative ways for plast@ste management, with



Introduction
each having some advantages and disadvantages asotwmmical,

processing, and technological aspects [11].

The above-mentioned concerns are negligible fopddioners concerning
the biodegradation process that takes place inrenaBiodegradation is
defined as the degradation of a polymer in natemlironments that
includes changes in chemical structure, loss ofhameical and structural
properties, and finally, changing into other compda like water, carbon
dioxide, minerals, and intermediate products likentass and humid
materials. The natural environments contain chemibalogical, and

physical forces with impinging factors like tempera, humidity, pH,

O, presence, and so on, which determine the ratepaoducts of the
biodegradation process [12].

Biopolymers are produced from natural resources amdle oil. Four

categories of biopolymers are recognized: (a) etdrh directly from

natural raw materials, such as polysaccharides dtkech and cellulose;
proteins like gelatin, casein, and silk; and mapnakaryotes; (b) produced
by chemical synthesis from bio-derived monomer$fisagpoly(lactic acid)
(PLA), see Figure 2; (c) produced by microorganisars genetically

modified bacteria  such as  polyhydroxyalkanoates ARH
polyhydroxybutyrate (PHB), poly hydroxyl-valeratePHV), bacterial

cellulose, xanthan, and pullan; and (d) produceminfrcrude oil like

aliphatic and aromatic polyesters, polyvinyl alchh@and modified

polyolefins, which are sensitive to temperature lagtat [13,14].

PLA was discovered in 1932 by Carothers (at DuRPd¢tg)was only able to
produce a low molecular weight PLA by heating laetcid under vacuum
while removing the condensed water. The problenthat time was to
increase the molecular weight of the products; &ndlly, by ring-opening

polymerization of the lactide, high-molecular weigtLA was synthesized.
PLA was first used in combination with polyglyeokcid (PGA) as suture
material and sold under the name Vicryl in the A.$1 1974 [15].
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as an initiator[22]

In comparison to other biopolymers, the productdéPLA has numerous
advantages including: (a) production of the lactidenomer from lactic

acid, which is produced by fermentation of a refde/agricultural source
corn; (b) fixation of significant quantities of ¢em dioxide via corn

(maize) production by the corn plant; (c) signifitenergy savings; (d) the
ability to recycle back to lactic acid by hydrolysor alcoholysis; (e) the
capability of producing hybrid paper-plastic padkagthat is compostable;
(f) reduction of landfill volumes; (g) improvemermif the agricultural

economy; and (h) the all-important ability to tailphysical properties
through material modifications [16].

PLA

(fermentation), and chemical (polymerization) scesand technologies. It

Briefly, is based on agricultural (crop grow)ngbiological
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Is classified as generally recognized as safe (GRASthe United State

Food and Drug Administration (FDA) and is safe &bir food packaging
applications [17,18].

The continuous questions and demanding food mal@iand to vary the
intrinsic  and technological properties of procegsito increase the
functionality of packaging improving technical feeds such as
weldability, printability, mechanical and barrieroperties. In particular,
the industries also tend to produce very thin fjlimsorder to reduce the
environmental impact in the disposal of used paickpgooth energy
consumption and thus the costs. The research ested to develop new
composite materials to help avoid in food developihaé rancidity, colour
loss or change, loss of nutrients, dehydration,robial growth, gas
production, development of odours and senescenanotichnology has
potential applications in all aspects of food chancluding food
processing, food quality monitoring, food packagargl storage [19,20].
Major areas of food industry which could benefdnfr nanotechnology are
[20] development of new functional materials folodopackaging, [21]
microscale and nanoscale processing, [22] prodeceldpment and [23]
methods and instrumentation design for improveddfasafety and
biosecurity [21]. Application of nanotechnology food packaging is
considered highly promising since this technologyld improve safety
and quality of food while reducing the use of vélkearaw materials and
the generation of packaging waste. Nanotechnoleggpplicable in food
packaging to improve packaging performances sual@aas moisture, UV
and volatile barriers, mechanical strength, heaistance and flame
retardancy and its weight [22,23]. Nanotechnology provide shelf life
extension via active packaging, product conditioonitoring through
intelligent packaging, and delivery and controltetkase of nutraceuticals.
Barrier properties, mechanical and oxidation sigband biodegradability

of conventional polymer materials could be improwsdnanotechnology.
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Poor barrier and mechanical properties of biodeabed films could be

improved by using nanoparticles so that the usth@fe materials in food
industry could be expanded. The use of biodegradadhocomposites will
help to reduce packaging waste while extendingfdifel of processed
foods. Bioactive compounds nanoencapsulated intopdickaging are a
promising approach due to controlled release adddlmmpounds into the
food product. Another potential application of nawhnology in smart
packaging is the use of nanosensors embedded patikaging to monitor
product condition, to detect food spoilage andléstahe consumer when
food is spoiled [24,25].

The research is oriented to materials with redyseaneability, so as the
literature [26-28] shows, the dispersion of thehhagpect ratio nanoclay in
the polymer matrix provides remarkable improvemamtgas barrier (and
other properties like mechanical, fire retardameofogical, and optical
properties), especially at low clay loading levés low as 1 wt. %) in
comparison with more conventional microcomposigswyt. % of fillers).
The research is also oriented to the formulatioRloA matrix composites
with antibacterial properties [29-33]. It has beshwwn that the use of
active agents incorporated in the polymeric maltéoiapackaging enables
significantly increasing the shelf-life of the paged product (life duration
of a foodstuff before its consumption), going td @c those mechanisms of
degradation that cause the deterioration by reduitia speed of growth of
microorganisms [34,35]. The antibacterial activafya polymer is usually
obtained by adding organic compounds or metal gasti Particles of
metal, metal oxides (size sub-micrometric and namometric) and carbon
nanotubes are the most used patrticles to develknpierobial activity [4].
Silver particles are already found in many comna&rgroducts. In
literature it is reported that Ag exerts antibaeleand fungicidal against
about 150 different types of bacteria when the metaticles have
nanoscale size [36,37]. Zinc oxide (ZnO), titaniwioxide (TiO),
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magnesium oxide (MgO) and silicon dioxide (§i@re known to act as

antibacterial agents in addition to their abilibyltlock UV radiation and to
act as disinfectant agents [38]. Compared to silher particles of ZnO and
MgO are presented as the best and safest soluticiodd packaging. As
regards the zinc oxide has been observed thatodvshan increase of
antibacterial activity with the increase of its @insions [39,40].

On the other hand, the study of degradation ofrpelynanocomposites is
an extremely important area from the scientific andustrial point of
view. Chemical degradation of polymers is an irrel@e change and it is
a very important phenomenon, which affects theqoarance of all plastic
materials in daily life and leads finally to thes$oof functionality [41].
Therefore, the material usefulness depends orurgbdity in a particular
environment in which materials are used or theitergction with
environmental factors [42]. The study of durabitiiggradability of
polymers-nanoparticulate systems under environrhecdaditions will
give an insight to their applications as well asitations.

Photo-oxidative degradation is the process of dgomition of the material
by the action of light, which is considered as ohéhe primary sources of
damage of polymeric substrates in ambient conditipi8]. Although a
significant scientific activity has been carried on the photo-oxidation of
nanocomposites with classical polymer matrices saghpolypropylene,
polyethylene, and polycarbonate [44], however titerdture is rather
scarce with regard to nanobiocomposites. So far, tfajor part of the
research work dealing with nanobiocomposite mdtehave been focused
mainly on the preparation methods as well as thectsire/properties
relationships, especially the nanodispersion eféédhe nanofiller on the
functional properties. Other studies regarding shsceptibility of PLA
nanocomposites for both hydrolytic and thermal ddgtion are reported in
literature [26,45].
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It is important to note that depending on the fietcapplication, there are

cases where the acceleration of degradation igalds] while in other
cases, it is required to extend the service lif®bA. As reported in the
literature, the effective use of (bio)- degradaptdymers relies on the
ability to control the onset and time needed fagrddation [46,47]. Thus,
not only, the challenge is that PLA properties $thidne kept at the required
level during the specific period of utilization btihe material should
degrade in a rapid and controlled manner afterw@rdthe other hand, it is
generally assumed that PLA hydrolysis in presencaamofillers is a
complex phenomenon depending on their specific haqgy, dispersion,
relative hydrophilicity, or in some cases, hydrolpledy, catalytic activity,
etc [48]. However, by considering the complex dffgicnanofillers, it was
reported that they can favour or delay the hydiolgegradation of PLA
[49]. The hydrolytic stability of PLA based matdsiacan be tailored to
obtain predetermined degradation profiles. As af@mationed, PLA is
known to mostly degrade through hydrolytic chaieaslage occurring at
the level of the aliphatic ester functions and direyj to low molecular
weight residues, i.e. lactic acid and related ohgos, able to biodegrade
and ultimately be bioassimilated [47].

Microbial and enzymatic degradation of PLA haveerdty been studied by
many researchers because these types of degradasaally do not need
the high temperatures to be accomplished. Willigh@81) [50] was the
first to report the degradation for PLLA by pro@se K from
Tritirachium.album, afterward many studies were done for finding
different enzymes corresponding PLA degradatiorpdRed enzymes that
enable to degrade PLA in different scale includkalme protease [51],
serine proteases such as subtilisin, trypsin, adastand -chymotrypsin
[52], Cutinase-like enzyme [53]. Lipase could hygre low molecular
weight PLLA and some copolymers such as PDLLA (do]i-lactic acid)
and, poly(D-lactid-co-glycolide) but not PDLA (pol@-lactic acid) and
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high molecular weight PLLA [54]. Pranamuda andeosh(2001) [55]

found an enzyme fronAmycolatopsisp. cultures and named it PLLA
depolymerase. The optimum pH and temperature fsrethizyme were 6.0
and 37 to 45°C, respectively. PLLA depolymerase a#so hydrolyze
casein, silk fibroin, succinylp-nitroanilide, but not PHB and PCL. The
enzymatic degradation of aliphatic polyesters byrblysis is a 2-step
process. The 1st step is adsorption of the enzymée surface of the
substrate through surface-binding and the 2ndistepdrolysis of the ester
bond [56].

Pranamuda and others (2001) [55] were the firstistdate a PLA-
degrading microorganism cdAmycolatopsistrain from soil environment,
which was capable of degrading 60% of the PLA fifter 14 d. Suyama
and others (1998) [57] reported that PLA-degradmigroorganisms are
not widely distributed in the natural environmemidathus, PLA is less
susceptible to microbial attack in the natural emwnent than other
synthetic aliphatic polyesters like PHB, PCL, analyfbutylenes
succinate) (PBS). Upon disposal in the environm&htA is hydrolyzed
into low molecular weight oligomers and then mitieesd into CQ and
H,O by the microorganisms present in the environment.

Microbial degradation of PLA should be studied fackaging of foods
containing microorganisms including lactic acid tea@, and fungi for
their probable abilities of PLA degradation. Taeriand others (1996) [58]
reported the ability of assimilation of lactic acihd racemic oligomer
products of PLA for 2 strains ¢fusarium moniliforme(widely distributed
in soil) and on strain oPenicillium roqueforti(the main fungus in blue
cheese, and can be isolated from soil) [57]. Assishown, literature
proposes many works on PLA enzymatic degradatiahPlhA composite
enzymatic degradation is not yet deeply studied.

The aim of this work is, therefore, to develop nfdm based on PLA for

applications in the food packaging with improvedgerties such as barrier
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properties, mechanical, UV properties, antibacteaiztivity using TiQ
nanoparticles (modified by plasma treatment, and modified), micro-
particles of ZnO (obtained by a process of sprayolggis) and
nanoparticles of MMT (modified by dimethyl dihydmemgated tallow
ammonium). In a first step structural and morphaalgcharacterizations
were performed, and then a particular study wasentadthe degradation
of PLA composites. The incorporation of particlesan effective tool to
control the degradation process in various media5%], so it was
evaluated the UV, hydrolytic, enzymatic and thermagradation of the
PLA with the addition of different fillers (TiQ ZnO and MMT).

10
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Chapter 1-Materials and Methods

CHAPTER 1
MATERIALS AND METHODS

1.1 MATERIALS

The materials used in this work are:

1) Polylactic acid (PLA) in pellets;

i) Titanium dioxide (TiQ) nanoparticles powder;

i) Zinc oxide (ZnO) particles powder;

Iv) Organically modified montmorillonite powder.

1) The PLA is a commercial product supplied by NatWorks®.

Its molecular characteristics are reported in &dbl.

The value of M and M, were determined by the GPC analysis and the
value of Tg and Tm were determined by DSC at IPQ¥RGs discussed

later.

Table 1. Molecular characteristics of PLA
Material PLA 4032D
Productor NATURE WORKS®
M (g/mol) 1.310°
M (g/mol) 2.110°
My / M, 1.6
Tm(°C) 160
(Tbi/( DCS)C) 58
Density(g/cn) 1.24
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i) Hydrophilic TiO, nanoparticles were supplied by Degussa Inc.

The characteristics of the material are reponmetable 1.2.

Table 1.2Characteristic of TiQ nanoparticles

Material TiO,P25

Producer Degussa

Purity 99.5%

Average particle size 25nm

Mineral form 80% anatase and 20%o
rutile

The Degussa P-25 standard Ti@anoparticles were modified by plasma
treatment at University of Texas in Arlington.

A custom built 360 rotating plasma reactor, operable under vacuum
conditions, was employed to functionalize the stefeof pure TiQ
nanoparticles. A schematic diagram of the appamtysloyed is shown in
Figure 1.1.1 The reactor details are similar tot thescribed [1]. The
plasma was generated using Radio-Frequency (13.5& RMequency)
power input.

TiO, nanoparticles were dried in oven at 120°C undeuwan prior to use.
The perfluorohexane monomer employed in the pladefositions was

obtained from Alpha Aesar Chemical Company and dathted purity of
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+98%. Repeated freeze-thaw cycles, accompaniedaoywn pumping
were employed to remove dissolved gases in the £HFar to use.
Important steps in the successful surface funclivatson of the TiQ
involved an initial treatment of the particles tobaef, high power @
plasma discharge to remove any adsorbed carbonewmtsrials and,
simultaneously, activate the surfaces of thesetals/sSubsequently, and
immediately following the oxygen treatment, thefluerocarbon monomer
was introduced and a high power continuous wavsnmadischarge was
employed briefly (1 minute) to graft a thin, strn@dherent, amorphous
carbon-like layer to the TiQDparticles. The function of this layer is to
overcome the inherent chemical incompatibility betw the inorganic
particles and the plasma deposited organic filmgs8quently, the RF
power input was converted to a pulse operationallenand the plasma
duty cycle, i.e. ratio of plasma on to plasma afhes, was slowly
decreased, thus creating a gradient layeredtsteum which the fluorine
content of the plasma polymer film is slowly incsed as the pulsed
plasma duty cycle is decreased. The process wasngged at a plasma
duty of 10 ms on and 100 ms off and peak powertigh200W. FT-IR
and XPS spectra of films separately deposited an dilicon substrates
clearly revealed the increasing F/C ratio of thiymer films as the plasma
duty cycle employed was reduced.

The successful surface modification of the J@anoparticles is highlight
in Figure 1.1.2 In this picture, the spontaneouspelision of the
nanoparticles, before and after plasma treatmeatsl@own with respect to
a two layer liquid mixture consisting of water (tmwh layer) and hexane
(top layer). The initial addition of untreated Ti@articles, which are
hydrophilic, clearly disperse selectively in theteralayer [vial (A)], to
surface energy considerations. In contrast, after plasma treatment
involving deposition of the perfluorocarbon filma the TiQ substrates,
the nanoparticles exhibit preference for the nompbéxane layer [vial (C)
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in fig. 1.1.2]. The figure 1.1.2 shows as by thiasma approach it is
possible to have an excellent controllability of rfaoe energy
modifications. TiQ nanoparticles, treated for short time by perflaarbon

plasma, exhibit an equal preference for the watel laexane layers; as

show in vial (B).

360° Rotating Pulsed RF Plasma Reactor

Monomer Input Port | s Baratron
For High Vapor  Pressure Transducer

Pressure Monomer &

Oxygeb, Hydrogen or

Argon [T ]

Mass
Flowmeter

o)

Pyrex Plasma
Reactor

Monomer Input Port Il
For Low Vapor Pressure
Monomer

Figure 1.1.1 A schematic diagram of the rotating plasma reacypstem employed to
coat the TiQ nanoparticles with a fluorocarbon film
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Figure 1.1.2The selective dispersion of untreated [vial (AjJdgplasma modified [vial
(C)] TiO, nanopatrticles in a two-layer liquid mixture of \eat(bottom layer) and
hexane (top layer). Tigparticles treated only for a brief period, and thudy partially
fluorinated, are shown in vial (B)

iii) ZnO particles were synthesized using a prestdal spray scale
pyrolysis platform at the Pylote in Toulouse-FranEgure 1.1.3. This
technique provides many advantages compared to edohniques of
preparation: the simplicity of the process, highritguof the powders
obtained, more uniform chemical composition, narrer@e distribution,
better regularity in shape and the ability to sgsthe multicomponent
materials [2-5].The spray is generated by ultraseirations produced by
a piezoelectric material (2.4 MHz) immersed in &uson of zinc acetate
and water of appropriate composition [6]. The detgplare collected by a
flow of air and transported in a first drying zofi®©0-120°C) and then in a
zone of decomposition-densification in which thenperature can be
adjusted up to 1200°C. The gas stream containirigesb vapours,
decomposition products and solid particles, arrivesan electrostatic
collector from which it is possible to collect teed particles.

The powders of ZnO are prepared from a solutiorzint acetate ZnO
(CH5CQO,) » 2H,0 in a mixture of deionized water and isopropybalal (in

a ratio 2: 3). Few drops of acetic acid are addetth¢ solution to prevent
the precipitation of zinc hydroxide. Using the zeetate as a precursor of
the layers are obtained without contamination dbihe, the added value
of the acetate of zinc is its vapour pressure. $toek solution was

vaporized inside of glass substrates, using heatedpressed air as a
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carrier gas. The glass substrates were placediarbath welded. The bath
temperature was kept constant between 252 and J¥2°0he production

rate was ~100g/h of powders. Their characterisres reported in Table
1.3.

Dry-zone
&

(
| solution
aerosol y .. . /

: Heating
carrier gas —s—— J geyser Zohe
s

|'£-L

water e—=—
i

- membrane

N,

ulrasonic generator

gas Evacuaﬁ"“‘—"'—[ Electrostatic g
filter
<]

Figure 1.1.Bilot scale Spray Pyrolysis apparatus [8]

Table 1.8haracteristic of ZnO patrticles

Material Zn0O
Producer PYLOTE
Particle size  (dry) (nm) 100-500
Purity 100%

lii) The montmorillonite is a commercial produdiplied by Laviosa®
(Dellite 67G) modified with a high content of quatary ammonium salt.
The characteristics of the material are reportetaile 1.4.
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Table 1.4Characteristic of Montmorillonite Dellite 67G naparticles

Material Montmorillonite (Dellite 67G)
Producer LAVIOSA®
Particle size  (dry) 7-9 (medium)
(um)
dimethyl
Modifier dihydrogenated tallow
ammonium

1.2 PREPARATION OF PLA NANOCOMPOSITES AND PLA
COMPOSITES.

1.2.1 Preparation of PLA/Tihanocomposites

Before mixing, TiQ and PLA were dried in an oven for 24h at 65°C
under vacuum. PLA was mixed with the powder of Jiing a
Barbender Plastograph EC mixer. The screw speed S@aspm.
Components were mixed at 180°C for 15 minutes.

Two formulations were prepared by using both medifiand
unmodified TiQ nanoparticles: 2% in wt and 5% in wt. The
composition is reported in table 1.5, where mygbands for the

modified TiG, nanoparticles.

1.2.2 Preparation of PLA/ZnO composites and PLA/MNMahocomposites

Before mixing, the PLA pellets, ZnO and MMT powdevere dried
in an oven for 24h at 65°C under vacuum. The coltggosvere
prepared by mixing of the components from the mseihg a twin-
screw extruder.

Masterbatch with fillers (ZnO and MMT) content 26% and PLA
content 80 wt% was prepared to improve the dispersf the fillers within
the polymer matrix. Subsequently, the masterbatak eiluted in PLA in
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such quantities as to obtain the desired compaos(fip3 and 5% by weight
of ZnO and MMT, see table 1.6 and 1.7).

Tables 1.5, 1.6 and 1.7 show the compositions ef mhixtures as
percentage.

Table 1.5PLA/TIO, compositions

CODE Sample (vF\)/'I[_Oz) (\Tvit% rg\:thj%z
PLA 100 : _
PLA/2% TiO , 08 2 _
PLA/2% mTiO , 98 - )
PLA/5% TiO , 95 5 _
PLA/5% mTiO , 95 : 5
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Table 1.6PLA/ZnO compositions

CODE Sample PLA Zn0
(Wt%) (wt %)
PLA 100 )
PLA/1% ZnO 99 1
PLA/3% ZnO 97 3
PLA/5% ZnO 95 5

Table 1.7PLA/MMT compositions

CODE Sample PLA Montm'orillonite
(Wt%) | (Dellite67G)
(Wt%)
PLA 100 i
PLA/1% D67G 99 1
PLA/3% D67G 97 3
PLA/5% D67G 95 5

For comparison also the PLA was extruded so tHasaahples have the
same thermal history. The extruder used was aGobin ZK 25 (D = 25
mm and L / D = 56). All extruded materials in tloerh of spaghetti were
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cooled in water (figure 1.2.1 A) and then cut iptllets (figure 1.2.1 B).
The extruder was substantially constituted by aindgr resistant to
external pressure and by two helical screws thateowithin the cylinder.

The first part of the vine is the feed zone - Zdne The beginning of the
screw is located under the loading hopper where ntiagerial can be
introduced (fig. 1.2.1 C). The screw then pushesriaterial in the solid
state, first, compressing and heating it. A tramsizone follows - Zone 2-3
- in which the material melts or softens and istégdo the processing
temperature. Finally, there is the exit area - Zd+te - of the screw of In
which the pressure reached to the maximum valuerribcouples are
present along the extruder to control the tempesabf five different

Zones.
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Figura 1.2.1 Extruder: Collin ZK 25 twin screw co-rotating extter (D = 25 mm,
L/D = 56). A =loading hopper; B = Cooling syste@;= Pelletisation

The extrusion was conducted using the followinggeratures:

Zone 1: T=150°C Zone 2: T=170°C Zone 3: ¥170°C
Zone 4: T=170°C Zone 5: T=160°C

The screw speed of the dispenser is 20 rpm whdesgieed of the extruder

screws is 25 rpm.
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1.3 PREPARATION OF PLA/TI®@ NANOCOMPOSITE, PLA/ZnO
COMPOSITE AND PLA/MMT NANOCOMPOSITE FILMS

1.3.1 Preparation of PLA/T#Onanocomposite films

Films of PLA/TIO, were produced by compression moulding in a press a
a temperature of 180°C for about 6minutes,withanty additional
pressure, to allow the melt of the material. Subsatly the pressure was
increased up to 100 bar and kept constant for abouinhutes. The press is
equipped with a cooling system water to bring tlysteam to room
temperature in about 5 minutes.

Neat PLA and nanocomposite films had thicknessbolut 130 m.

1.3.2 Preparation of PLA/ZnO composite and PLA/MManocomposite

films

The films were prepared using a single screw egirugrigure 1.3.1),
whose operation principle is similar to that used the twin screw
extruder. Before the extrusion the pellets of PLM™M and PLA/ZnO

were again dried in an oven for 24 h at 80°C ungsmuum. The single
screw extruder has, as terminal, a calender claiaetl by two counter
rotating cylinder that allow the film passing thgbuthem still in the plastic
state and the third useful to direct the outputemal until the collecting
cylinder. The extruder and the chill roll unit &ellin E 20T and Collin
CR 72T, respectively.

The thickness of the film obtained depends on itjet between the two
counter-rotating cylinders and the speed of rotatad the collecting

cylinder, in this case it is 60m.
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Figura 1.3.1 Calender: Collin E 20T single screw extruder ame tchill roll unit
Collin CR 72T

For test samples, the extrusion was conductedgugie following

temperatures:
Zone 1: T=160°C Zone 2: T=170°C Zone 3: T=180°C
Zone 4: T=170°C Zone 5: T=180°C

The screw speed of the dispenser was 20 rpm whdéespeed of the

extruder screw was 40 rpm.

1.3.3 Slab preparation for PLA/Tj@anocomposites

Slabs were prepared by using a particular procedareavoid PLA
degradation and bubble air in the final productg2sf material were put in
the oven, under vacuum, at 180°C till the mategamelt and cooled at
room temperature. The material thus obtained ftoenolven, was placed in
a mould with frame 6x7x0.3 cm, between sheets efloh, to allow easier
removal of the film from the support. The sheetsTeflon are in turn
placed between copper plates and finally betweateplof brass. Such a
system of plates, is inserted between the plates loydraulic press at a

temperature of 180°C for about 6 minutes, withowt additional pressure,
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to allow the fusion of the material. Subsequertily pressure was increased
up to 100 bar and kept constant for about 3 minutéen the heating
power of the press was switched off and the watedimg system was
open. The temperature of the mould reached the tearperature in 5 min

and finally the slab was removed from the mould.

1.4 TECHNICAL ANALYSIS

The films were characterized using the followinghti@ques:
Wide angle X-ray diffraction (WAXD)

Transmission electron microscopy (TEM)
Attenuated total reflection (ATR) Spectroscopy ATR
Scanning electron microscopy (SEM)

Differential scanning calorimetry (DSC)
Thermogravimetric Analysis (TGA)

UV-visible spectroscopy

Moreover the following analysis were carried out:
mechanical properties

barrier properties

antibacterial properties

degradation properties

1.4.1 X-ray diffraction high-angle (WAXD)
The use of the technique of X-ray diffraction aghfhengle (WAXD) allows

the analysis of the structure of the macromoleculg®ir spatial
arrangement and any polymorphic forms.

Wide-angle X-ray diffraction (WAXD) measurementsreveeonducted by
Philips XPW diffractometer (Philips Analytical, Alto, The Netherlands)
with Cu Ka radiation (1.542 A ) filtered by nickélhe scanning rate was
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0.02 deg/s, and the scanning angle was from 5tdds@ll films and from

2 to 10° for pellets.

The analysis was carried out on the films of athgkes and, only for the
samples PLA/MMT, also on pellets, to verify if tbgtrusion had induced
intercalation or exfoliation of MMT.

Crystallinity degree, Xc, is defined as the rafietween the mass of
crystalline material and the total amount of sam@lesuming that the
diffracted intensity is proportional to the amowhtmaterial that diffracts,
and that the scatteringf the crystalline phase and the amorphous plsase i
equal, Xc is equal to the ratio between the intgnef diffraction of
crystalline phase and the intensity of diffractioh the whole sample.
Therefore the percentage of crystallinity was dal@d with the following
procedure: a base line was traced between two gseiected in such a
way that all spectra have a minimum at these pothts amorphous peak
was traced arbitrarily conductirgline that joins the two minimum points
of the base line with the minimum of the peaksd trystal. The ratio
between the areas under the crystalline peakshentbtal area, multiplied

by one hundred, represents the crystalline fragigncentage.

1.4.2 Transmission Electron Microscopy (TEM)

The structure of the TiOand MMT powders and the microstructure and
dispersion of the particles of MMT within the polgr matrix was
determined using a transmission electron microscqgpEM). The
transmission electron microscopy is a powerful meghe for the
characterization of materials at the nanoscalehWite TEM analysis
electron beam is passed through a sample of veryhitkness. The use of
TEM microstructural analysis allows very high sphtresolution. The
observations were carried out by TEM FEI Tecnairispwin G12 with
LaB6 emission source using spot size 1. The imagges acquired by Fei

Eagle 4000x4000 CCD camera, mounted on the sarae axi
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PLA/MMT films were embedded in epoxy resin and tkiepthe hood for
24 hours at a temperature of 60°C. Subsequently were subjected to
ultrasectioning by ultramicrotome LEICA UC6, at mdemperature.

The cutting of ultrathin sections was performedthy use of a diamond
blade. For the realization of the sections follogvexperimental conditions
were used:

Cutting speed: 1.0-1.2 mm/s - nominal thickness/beh 70 and 90 nm.
Ultra thin sections were then picked up with a eetrfloop and placed on

copper TEM grids from 400 mesh.

1.4.3 Attenuated total reflection (ATR) Spectroscop

The attenuated total reflection (ATR) is a sampliaghnique of infrared
spectroscopy. Thenalysis in internal reflection is based on intérna
reflection at aglass with high refractive index (usually diamoZthSe or
GeSe) placed in direct contact with the sample. Tddiation passes
through the glass and is refracted; then it strikessample several times
and penetrates for about 2n and is reflected, recrossing the crystal and
reach the detector.

Film samples were analyzed by using a Perkin Elgmgctrum 100 with
resolution of 4 cil, in a range of wave number from 4000 to 400'@nd

with a scan number of 8.

1.4.4 Scanning Electron Microscope (SEM)

The structure of ZnO powder and the morphologyhefftactured surfaces
of the PLA/TIQ, and PLA/ZnO films were determined by the scanning
electron microscope (SEM). The model used is &Jtginta 200 SEM Feg.
The scanning electron microscope is an instruroleatacterized by a high
resolving power, of the order of 200-300 A, and ves three-
dimensional images of the surfaces observed. Timplsea were then fixed
on a support and metallized with a gold-palladiutaya to ensure better
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conductivity and prevent the formation of electabistcharges. This survey
was carried out on the samples before and aftadiation with electron
beam for both doses, to see what may have leddangds in the surface

treatment.

1.4.5 Analysis calorimetry (DSC)

The DSC allows to measure the amount of heat imebleturing phase
transitions. occurring with absorption or emissabnenergy.

The analysis was performed using a calorimeterIBtetSC-822.

The thermoanalytical technique measure the differesf the heat required
to increase the temperature of a sample pan conhparereference pan, as
a functionof temperature, when the sample and the refereaos pre
submitted to the same heating or cooling rate. $heple pan and
reference pan are maintained as possible at thee smperature
throughout the experiment.

The experiments were carried out on PLA/JJ®LA/ZnO and PLA/IMMT
films.

Each sample (approximately 4 mg) was subjected h® following

temperature program:

* From -30 °C to 200 °C at 10 °C/min

e At 200 ° C for 5 minutes

e From 200 °C to -30 °C to 30 °C/min

* At -30 ° C for 2 minutes

* From -30 °C to 200 °C at 10 °C/min
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From DSC thermograms, besides the enthalpies iadotluring melting
and/or crystallization processes, it is possiblebtain also other thermal
parameters, such as the glass transition temperdgilg), the melting
temperature Tm and cold crystallization (Tcc) terapge. Tg is generally
determined at the inflection point observable oe tDSC curve. The
change on the curve is due to the different valtles heat capacity of the
amorphous phase of the polymer before (glassy)statel after (rubbery
state) the second order transitioAn easy mathematical method to read
the Tg value is to make the first derivative of B8C curve so that the
inflection point corresponds to the maximum of pleak of the curve of the
first derivative.Tm is determined at the maximum of the endothepek
of the thermogram during the heating run and Tscread in
correspondence of the maximum of the exothermi& pé#éhe thermogram

during the cooling rate.

1.4.6 Thermogravimetric Analysis (TGA)

The thermal stability of the samples was studied GA.

The instrument used was a Perkin EImer Diamond.

Thermogravimetry consists in recording the varatd mass of a sample
as a function of time and / or temperature in arodled atmosphere.

The measurements were conducted at a heating fra@°G/min from 30
to 800°C, using about 1.5/2.0 mg of the sample lumaa pan. The
experiments were done oxygen atmosphere at flegv a6 200 mil/min.
From thermograms it is determined the temperaturewhich the
degradation rate is maximum (Tmax) which correspdidabscissa of the

inflection point of the thermogram

1.4.7 UV-visible spectroscopy

UV-visible spectra were monitored with Jasco V-Sfi&ctrophotometer.

The spectra were recorded by using films in trassion mode.
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1.4.8 Mechanical Properties

1.4.8.1Tensile properties

The analysis of tensile properties was carriedbyutising a dynamometer
Instron 4505 with appropriate software for datacpssing.

The software, interfaced with the machine, procefise data stored to give
a curve in which the force applied to produce tlodnation of the
specimen is expressed in function of the elongapencentage of the
sample as a result of traction.

From the length of the sample at zero elongatiam,its thickness and its
width, it's possible to calculate the elongation bmeak (,) and the
elongation at yield () as well as the stress at break) (and the stress at
yield ( y).

The Young's modulus of elasticity in tension (E)calculated by the
following equation:

E= /

where is the strain of the sample andhe stress.

The modulus and the stress have the same unit: Mieetests were carried
out at ambient temperature and at a speed of thvenghorosshead of 2 mm
/ min. For PLA/ZnO composites and PLA/MMT nanocomposttes tests

were performed in both the machine direction anlansverse direction.

1.4.8.2 Charpy impact test

The impact test allows to determine the degreewjhness of a polymer.
For the impact test analysis rectangular sampleth width of 3 mm,
thickness of about 4 mm and length of 5 cm werel.u§he samples were
cut from the slabs obtained by using the same tiondi adopted for the

preparation of films.
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The instrument used is a Charpy pendulum. It cems$ a pendulum
heavy-based stainless, on which a clamp jaws tp kadance of the test
sample and a metal column are mounted. At the fofhe column an
Impact hammer is mounted on ball bearings. A cacplotractor, fixed to
the column and divided into degrees, indicates itiedination of the
pendulum. At the lower end of the pendulum a mbathmer is fixed,
while a clip stops the oscillations of the pendul8et the standard of the
material between the parallel jaws of the clamp, plendulum is dropped
from a height (h) to break with one shot the sample

The tool records the force (N) lost by the tooldexkto break the sample,
the energy (J) required to fracture the materidlthe toughness (KJfn
Charpy impact tests were performed by using a wend CEAST with
appropriate software for processing the data. €etstwere carried out, for

PLA/TiO, nanocomposites, at room temperature.

1.4.9 Barrier properties

The barrier properties are of primary importancdaad packaging and
pharmaceutical because are responsible of thetyalbdi preserve the
contents of the package from gases. The UNI (UN33%012/94) defines
the limits of permeability values associated witdwland high barrier

properties (Table 1.8).

Table 1.8 Quantitative value of the permeability defineddyl 10534 12/94

Permeability
Barrier | [cm®/(m*x24h)]x(cm/bar)
very high <0.5
high 0.5-3.0
medium 3.1-30
low 31-150
very low >150
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The specific barrier requirement of the packagdesysis related to the
product characteristics and the intended end-ugdicapon. Generally
plastics are relatively permeable to small molexidech as gases, water
vapour, organic vapours and liquids and they pmwadroad range of mass
transfer characteristics, ranging from excellenlots barrier value, which
Is important in the case of food products. Watqroua and oxygen are two
of the main permeants studied in packaging appbieat because they may
transfer from the internal or external environmémtough the polymer
package wall, resulting in a continuous changeraapct quality and shelf-
life [9]. Carbon dioxide is also important for tipackaging in modified
atmosphere (MAP technology) because it can potbnti@duce the
problems associated with processed fresh prodeatling a significantly

longer shelf-life.

1.4.9.1 Oxygen transmission rate (OTR)

The apparatus used is PermeExtra Solution, Figure 1.4.1. The test
consists in determining the amount of oxygen thassps through the
surface (50 cA) of the film of a given thickness, in a certaimé (24h),

with precise relative humidity conditions H = 0% daemperature (23°C).
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o r
|

Gas Transn‘nssic'm Rate GTR

Figure 1.4.1PermQ Extra Solution

The instrumental apparatus is constituted by a lgodifusion chamber
and the film is inserted between the two rooms. iAtune of nitrogen and
oxygen enters into the upper chamber, while anhyglrotrogen enters at
the bottom. The rooms are conditioned at 23°C. difasion of oxygen
through the film is measured by a sensor of zinwonioxide, which
measures the mass of gas in the upper chamber.

This new instrument uses coulometric sensor forgery in accordance
with the new ASTM. This systems employ two chamleith a specimen
mounted as a sealed semi-barrier between them.cBaeber contains
oxygen while the other is slowly purged with a gtreof a carrier gas such
as nitrogen.

As the oxygen gas permeates through the specineth@ carrier gas, it is

transported to the coulometric detector whereattas an electric current
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with a magnitude that is proportional to the numbéroxygen atoms
flowing into the detector.

The oxygen transmission rate (OTR) is defined asamount of oxygen

gas passing through a unit area in units of time:

OTR = cnf/(m® x 24h)

The permeability is obtained, multiplying the OT& the film thickness
and dividing by the difference of partial pressymesent in the two

chambers, Eq.1:

PERMEABILITY = [cm®/(m? x 24h) ] x (cm/bar)
= OTR x (THICKNESS/ P) Eq.1

1.4.9.2 Water vapour (WVTR) and Carbon dioxide dgraission rate
(COTR)

With the same principle of operation, but using tihdrm Extra Solution
instrument, the COand HO permeability were measured.

The water vapour barrier properties for the pac#lageoduct whose
physical or chemical deterioration is related t® aquilibrium moisture
content, are of great importance for maintaininggxtending its shelf-life.
For fresh food products it is important to avoidhgdration while for
bakery or delicatessen is important to avoid wa&meation.

The permeability is obtained, multiplying the WVT& the film thickness
and dividing by the difference of partial pressymesent in the two

chambers, Eq.2:

PERMEABILITY = [cm¥/(m? x 24h) ] x (cm/bar)
= WVTR x (THICKNESS/ P) Eq.2
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Like the oxygen and water vapour barrier propert@so the carbon
dioxide barrier property is of particular importanon food packaging
application.

For CQ permeability the following parameters and condisiavere used:
surface of the film about 50 énffixed by the dimension the sample place
in the equipment) thickness of the film as homogsnas possible, a time
of 24h for the experiment, precise relative hurgidiwndition H = 0% and
temperature at 23°C; for ,@ permeability the same parameters and

conditions were used except for the relative hutyiconditions, H =90%.

1.4.10 Antibacterial properties

The antimicrobial activity of the composites wasleated usinge. Coli
DSM 498T (DSMZ, Braunschweig, Germany) as test ogoganisms. The
evaluation was performed using the ASTM Standarst Method E 2149-
10 preparation of the bacterial inoculum requiredgtow a fresh 18-h
shake culture ofE. Coli DSM 498 in a sterile nutrient broth (LB
composition for 1 I: 10 g of triptone, 5 g of yeasttract and 10 g of
sodium chloride) The colonies were maintained atiogr to good
microbiological practice and examined for puritydrgating a streak plate.
The bacterial inoculum was diluted using a stedeffer solution
(composition for one liter: 0.150 g of potassiuntocide, 2.25 g of sodium
chloride, 0.05 g of sodium bicarbonate, 0.12 g afciam chloride
hexahydrate and a pH of 7) until the solution hegcan absorbance of
0.3+0.01 at 600 nm, as measured spectrophotonibtriddnis solution,
which had a concentration of 1.5-321®lony forming units (CFUs) |
was diluted with the buffer solution to obtain adi concentration of 1.5—
310° CFUs mt'. This solution was the working bacterial dilutiofihe

experiments were performed in 50 ml sterilized K&asOne gram of the
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film was maintained in contact with 10ml of the wimg bacterial dilution.
After 2 min, 100 ml of the working bacterial dilafi was transferred to a
test tube, which was followed by serial dilutiondaplating out on Petri
dishes (10mmX90mm) in which the culture media wavipusly poured.
The Petri dishes were incubated at 35 °C for ZAhlese dishes represented
the Ty contact time. The flasks were then placed on atwvagtion shaker
for 1 h (Ty), 24 h (%), 48h (T3), 5days (F). The bacterial concentration in
the solutions at these time points was evaluateagayn performing serial
dilutions and standard plate counting techniquésed experiments were
performed for each composition. The number of deleimn the Petri dish
after incubation was converted into the numberadbrmies that form a unit
per millilitre (CFUs mf'). The percentage reduction was calculated using

the following formula EqQ.3:
Reduction % (CFU rifl) = [(B-A)/B] x100 Eq.3

where A=CFUs nit for the flask containing the sample after the jmec
contact time and B=CFUs mhht T.

1.4.11 Degradation properties

1.4.11.1 UV degradation

The PLA and composite films were exposed to UV-bceted weathering
tester (Sunrise, Angelantoni Industrie ACS, Perufiely UVA 360 nm)
characterized by light intensity of 20 WniThe films were subjected to the
UV irradiation at 40°C and at 25% of humidity aminoved at given time

to be weighed.

For PLA film the test was done once a day for 4ysg whereas for the
PLA/TiO, nanocomposites the test was done once a daythp t/'th day,
then once a week up to the 73rd day of the expeatinféor PLA and
PLA/ZnO composites the test was done once a day tipe 4th day, then
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once a week up to the 21st day of the experimemtPEA and PLA/MMT
nanocomposites the test was done once a day e t8rd day , then once
a week up to the 15th day of the experiment.

The weight loss .9 was calculated using the following formula Eq.4:

Wloss% = [(WO_ \Nt)/ WO ]X].OO Eq4

where W is the initial weight of sample and;W the weight at t time of
UV light exposure.

1.4.11.2 Hydrolytic degradation

Hydrolytic degradation was carried out on the &l(i0Omm x10 mm) at
37°C in a flasks containing a solutions 1M of NaOH.

Samples were kept or maintained in stirring for i@eg time and
periodically removed, washed with distilled watedadried in vacuum at
36 °C for 48h before the weighing. The mass loss walculated by the
(Eq.4) where Wis the initial weight of samples and; %/ the weight at t
time of NaOH solution contact, after dried. For Plakhd PLA/TIG
nanocomposites the incubation time was: 30, 60, 180, 240, 300, 360,
420, 480 and 540 minutes; for PLA and PLA/ZnO cosi@s the
incubation time was: 10, 20, 30 and 40 minutes &wmd PLA and
PLA/MMT nanocomposites the incubation time was: 20, 30 and 40

minutes.

1.4.11.3 Enzymatic degradation (Proteinase K)

Sample films (2.5cm x 1.0cm) were placed in viaataining 5mL of Tris-
HCI buffer (pH 8.6), 1mg of proteinase K (Sigmgophilized powder
80% protein) and 1mg of sodium azide (Sigma-Aldrlrified 99.5%) in
distilled water. For each experiment, three repiddms in separate vials
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were used to determine the weight loss at speatifieabation time (2-4-8-
10-12h). The film/enzyme was kept at 37 °C in thiany shaker (150 rpm).
The buffer/enzyme solution was replaced every iatioh time to ensure
that enzyme activity remained at a desired levaughout the experiment
duration and that the solution pH did not drop taejdH 8.00.

At specified incubation time (2-4-8-10-12h) therfilvas removed from the
vial, washed with distilled water and dried undecwum at 36°C for 48h
before the weighing.

The weight loss was calculated with Eq.4, whergisNthe initial weight of
sample and \Wis the weight of the sample after being removexnfthe
Proteinase K solution at the end of each specifiedbation time (2-4-8-
10-12h) and dried as described above.

1.4.11.4 Isothermal degradation

Isothermal tests were recorded by Perkin EImer Drahnstrument, using
alumina pans and an oxygen atmosphere at flowafat200 ml/min. The
following procedure has been used: heating rang®atC / min from room
temperature up to the desired temperature (20022R0€) followed by an
isotherm for 30 min. The experiments were carried on 3 mg of
PLA/TIO,, PLA/ZnO and PLA/MMT films.
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CHAPTER 2
MORPHOLOGY AND STRUCTURE

2.1 MORPHOLOGY AND STRUCTURE OF TikXMODIEFIED
AND UNMODIFIED)

The morphology and structure of TiQ@modified and unmodified)
nanoparticles are highlighted using the transmmssielectron
microscopy (TEM) and X-ray diffraction (WAXD). Inigure 2.1.1
the TEM micrographs of unmodified (A) and modifi@gl) TiO, are
reported.

TiO,

TiO, modified

(3140 2011

Figure 2.1.1TEM micrograph 15000x for unmodified (A) and nfiedi TiO,
nanoparticles (B)
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From the images, it is evident that tiPowder is constituted by
spherical particles, with a diameter of about £25nm for modified
and unmodified nanoparticles. This result confitimgt the layer of
perfluorocarbons on the surface is very thin andoés not affect

significantly the particle dimension.

Intensig

—TiO,
e TiO2 modified

%&L&m

10 20 30 40 50 60 70
2q (deg)

Figure 2.1.2X-ray diffraction spectrum of the nanoparticlesdified by plasma
treatment and unmodified

The TiO, nanoparticles WAXD spectra are reported in figuie?2.

The diffraction peaks observed at=25.3°, 37.8°, 48.1°,53.9°, 55.1°
and 62.7° correspond to (101), (004), (220), (1@3)1) and (204)
reflections of anatase phase of TiOhe other diffraction peaks are
observed at 2= 27.5°, 36.2°, 41.3°, 43.7° and 56.5° can be assig
to (110), (101), (200), (111) and (220) reflectiafsrutile phase of
TiO,.

The ATR spectra of modified and unmodified TiPowder are
showed in the figure 2.1.3 Before measuring, thedess are dried at
65°C for 24h. The spectra appear identical exaapthle presence of a
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peak at 1226 cthfor modified TiQ. This peak is due to the stretch of
the C-O bond othe ether group (-C-O-C).

— TiO,
E— TiO2 modified
1.5
1.0
]
(&)
C
@
2
(@]
8 o5
< c-0
0.0
T T T T T T
4000 3000 2000 1000

Wavenumbers (cm™)

Figure 2.1.3ATR spectra of the Tgdanoparticles (modified and unmodified)

This result confirms that the perfluorocarbon laigerovalently linked

to the nanoparticles surface.

2.2 ANGLE (WAXD) X-RAY ON PLA/TIO, NANOCOMPOSITES
WAXD measurements are performed with the aim todystthe
influence of nanofiller on the polymer matrix sttwe to the vary
composition and on the crystallinity degree of ploéymer matrix.

The WAXD spectra of PLA/Ti@ nanocomposite films are shown in
figure 2.2.1. All the spectra display the classicalo of amorphous

materials. TiQ modified and unmodified nanoparticles do not ireluc
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crystallization. In the spectra of nanocompositegears at 2=25.3°

the peak of anatase phase of JiO

253 PLA

PLA/2% TiO,

intensity

PLA/2% mTiO,
PLA/5% TiO,

PLA/5% mTiO,

— 1 - 1 - 1 - 1 1T * 1 T T T T " 1
5 100 15 20 25 30 3 40 45 50

2q (deg)

Figure 2.2.1WAXD spectra of PLA, PLA /2-5% Ti@odified and unmodified

2.3 MORPHOLOGY OF PLA/TIQNANOCOMPOSITES

TiO, (modified and unmodified) dispersion and distribatin PLA
matrix was evaluated by scanning electron microgcapalysis
performed on surfaces obtained by fracturing thesfiin liquid
nitrogen.

PLA shows a homogeneous fracture surface as expéatea pure

polymer (Figure 2.3.1).
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Figure 2.3.1SEM image of PLA film fractured in liquid nitrogémagnification
10000X)

Figures 2.3.2, 2.3.3, 2.3.4 and 2.3.5 show theagiaphs for the
fractured film surfaces of PLA, PLA / 2%TiOPLA/2% mTiQ,
PLA/ 5% TiO, and PLA/ 5% mTiQ respectively. For each
composition, two different magnification are regakt A 10.000X and
B 20.000X.

For all the compositions, it can be observed that manoparticles
dispersion and distribution is homogeneous. Morgovéhe
nanoparticles are perfectly embedded in the mddoth if they are

modified or not.
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Figure 2.3.2.Scanning electron micrographs of PRAGTIO, film fractured in
liquid nitrogen (A: magnification 10000X, B: 20000X
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Figure 2.3.3.Scanning electron micrographs of PRA@ mriO, film fractured in
liquid nitrogen (A: magnification 10000X, B: 20000X
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Figure 2.3.4.Scanning electron micrographs of PBA@ TiO, film fractured in
liquid nitrogen (A: magnification 10000X, B: 20000X
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Figure 2.3.5.Scanning electron micrographs of PBE8@ mTiO;films fractured in
liquid nitrogen (A: magnification 10000X, B: 20000X
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2.4 MORPHOLOGY AND STRUCTURE OF ZnO

The morphology and structure of ZnO powders obthibg spray
pyrolysis are shown respectively in figure 2.4.4.2 and 2.4.3.

The SEM micrograph shows that the ZnO powder issitiuted by
spherical particles. Some have a diameter ol while the majority
has a diameter much smaller (estimated betweenab@0100 nm).
The spectrum of X-ray diffraction shows the preseimrcthe powder
exclusively of ZnO crystals (planes hkl) [1,2].

Figure 2.4.1SEM micrograph 10000x of the particles obtaineddpyay-
pyrolysis

Figure 2.4.2.X-ray diffraction spectrum of the particles obtaihby spray-
pyrolysis
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Figure 2.4.3 shows the ATR spectrum of ZnO pasiétem 40.000 to
400cni,

Depending on the morphology of the particles thayehcharacteristic
absorptions in the region of low frequencies (400-5ni'), a
shoulder is found at 500 cirthat corresponds to the stretching of Zn—
O bond [3,4].

Using the theory of dielectric mediaaan obtain information on the
shape and morphology of the particles [5]. In jpatér the single

band for ZnO indicates a spherical structure & garticles.

Zn-O

Asorbance

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 2.4.3 ATR spectrum of ZnO particles

2.5 X-RAY ANALYSIS OF THE PLA/ZnO COMPOSITES
The WAXD spectra of the PLA/ZnO films are shownfigure 2.5.1
From this analysis it is evident that the PLA aramposites are

completely amorphous. Furthermore the specific peakenced at
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2 =31.6° and 2=36.2° can be ascribed respectively to the diffoact
planes (100) and (101) of ZnO crystals Their intgnss clearly
increasing with filler loading [6,7].

>

£ 36.2

2 31.6

(D)

=
PLA/5% ZnO
PLA/3% ZnO
PLA/1% ZnC
PLA

| T | T | T | T | T |
10 20 30 40 50 60

2q (deg)

Figure 2.5.1X-ray spectra of PLA, PLA /1% ZnO, PLA/3% ZnO &hd\/5%
Zn0O

2.6 MORPHOLOGY OF PLA/ZnO COMPOSITES

The dispersion of the particles in the matrix ofAPlas evaluated by
scanning electron microscopy on surface film freaduin liquid
nitrogen. Again, The SEM image of PLA shows a hoemspus
surface as expected for a pure polymer (Figurd P.6.
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Figure 2.6.1. Scanning electron micrographs of PLA films fracture liquid
nitrogen (A: magnification 3000X, B: 6000X)

Figures 2.6.2, 2.6.3 and 2.6.4 show, respectitbl micrographs for
the fracture surfaces of the samples PLA/1% ZnA/B% ZnO and
PLA/5% ZnO. In all the samples the particles ardyfalistributed in
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the polymer matrix with an average size about.@f in. This result
IS to be expected just by the nature inherentlpmmgatible between
the organic and the inorganic phase and the nateralency of
particles of sub-micrometer and nanometer sizeggloanerate by
virtue of their high surface energy.

The number and the size of the clusters in the Eamh 1% of ZnO
are few and small and they increase in the samplds3 and 5% of
Zn0.

Figure 2.6.2Scanning electron micrographs of PLA/ 1% Zn@m fractured
in liquid nitrogen (A: magnification 3000X, B: 60QpD
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Figure 2.6.3Scanning electron micrographs of PLA/3% Zn@m firactured in
liquid nitrogen (A: magnification 3000X, B: 6000X)
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Figure 2.6.4Scanning electron micrographs of PLA/ 5% Zn@m fractured in
liquid nitrogen (A: magnification 3000X, B: 6000X)
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2.7 MORPHOLOGY AND STRUCTURE OF MMT (DELLITE 67G)
The morphology and structure of MMT powder wereestsd using
the transmission electron microscopy (TEM), X-rayfraction
(WAXD) and attenuated total reflection (ATR). Thé&N image,

WAXD and ATR spectra are shown respectively in feg@.7.1, 2.7.2
and 2.7.3.

Figure 2.7.1TEM Micrograph of MMT nanopatrticles [8]

(001) —— Dellite 67G

2,55

Intensity

4,83

7,25

T T T T T T T 1
2 4 6 8 10

2q (deg)
Figure 2.7.2WAXD spectrum of MMT nanopatrticles
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NH’, stretching
y
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Figure 2.7.3ATR spectrum of MMT nanoparticles

The TEM micrograph (Figure 2.7.1) shows that thevgier of MMT
consists in lamellae of rectangular shape; eaclellanhas several
layers.

The WAXD spectrum of MMT, Figure 2.7.2, is reportedthe range
2° - 10°.

The peak at 2= 2.55° corresponds to the crystallographic plamés
Miller indices 001.The basal spacing of the sikctyer do;= 3.51
nm is calculated using the Bragg’'s laws2d sin, where is the
wavelength of the X-ray radiation used (0.1546 nanijs the spacing
between diffractional lattice planes ands the measured diffraction
angle. This distance also represents the interlamdistance between

two successive states of clay and from its anal{sasition and
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intensity) can be determined in some cases intexhl and/or
exfoliated structures in the nanocomposites [9].

Figure 2.7.3 shows ATR spectrum of powder of MMTaogarticles.
The characteristic peaks of MMT are present inrdregge from 1500
to 500 cm' . The two peaks at 2919-2848 trare due to the
asymmetric and symmetric NHstretching because the nanoparticles

are modified with quaternary ammonium salt.

2.8 X-RAY ANALYSIS OF PLA/MMT(Dellite 67G) PELLETS

The spectra of X-ray diffraction of the composite,the form of
pellets, are shown in Figure 2.8.1. The charadtenmeaks of Dellite
67G are slightly shifted towards lower values of &/stems PLA
IMMT. This result indicates that the extrusion lex a first weak

intercalation of Dellite particles within the polgmmatrix.

2,55

Intensity

7,25 _
2.47 4.85 Dellite 67G

-»—}\\ PLA/D67G 5%
2,5 4,83 PLA/D67G 3%
}'53\‘ 4,83 PLA/D67G 1%

4,83 Masterbatch

T T T T T T 1
10

N

6
2q (deg)

Figure 2.8.1 Spectrum of X-ray diffraction of Dellite 67G powddtLA/1%
D67G, PLA/3% D67G, PLA/5% D67G and masterbatetieps
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2.9 X-RAY ANALYSIS OF PLA/MMT (Dellite 67G)
NANOCOMPOSITES

The WAXD spectra of PLA and PLA/D67G films are shoim figure
2.8.1. From the spectra it is evident that the RIndl PLA / D67G 1%
nanocomposite are completely amorphous, while atposition of 3
and 5% of D67G a small amount of crystallinity (Xs)detectable, 4
and 8%, respectively as reported in Table 2.6. Tesult is Iin
agreement with literature data that reports thdéeating action of the
clay [10,11].

In the nanocomposites PLA/D67G 3 and 5%, the PLAtrm
crystallizes in the form with rhomboid crystals [12] as evidenced by
the presence of peaks at2 17° and 19° corresponding to the lattice
planes with Miller indices (200) or 110) and (20@spectively.

Intensity

» PLA/5% D67G

PLA/3% D67G

. PLA/1% D67G

PLA

T T T T T
20 40 60

2q (deg)

Figure 2.9.1 X-ray diffraction spectrum of pure PLA and systét# /1%
D67G, PLA /3% D67G and PLA /5% D67G nanocompssite

64



Chapter 2—Morphology and structure

Table 2.6 Crystallinity percentage of PLA and PLA/D67G nanoposites

Sample Xc(%)
PLA

PLA/1% D67G

PLA/3% D67G 4
PLA/5% D67G

2.10 MORPHOLOGY OF PLA/MMT (Dellite 67G)
NANOCOMPOSITES

The dispersion of the patrticles in the matrix af LA, the adhesion
between the phases, the eventual exfoliation adirtercalation of
nano-charging systems PLA / D67G was evaluatedrdoysinission

electron microscopy (TEM) of the calendered films.

First the film was incorporated in an epoxy reswfter the

solidification of the epoxy resin, the film was @lbng the direction
TD so that the surface for the TEM observatiorhet torresponding
to the plane TD-ND (Figure 2.9.1).

Figure 2.9.1 Diagram of the three directions of the film

Figure 2.9.2 A, B and C shows the micrographs oA/R% D67G,
PLA/3% D67G and PLA/5% D67G nanocomposites.
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For all compositions, it can be observed a goodribigion and

dispersion of the clay in the polymer matrix. Tha&yds also oriented
(in machine direction that is the direction of efkiim the extruder)
as indicated by the arrow in the figures. From ithages lamellar
stacks of different dimensions are present. Thekti@ss of the
laminated stacks depends on the composition. Iticpéar, it is of

about 100-150 nm for the system PLA/1% D67G, ofual@®0 nm for

the system PLA/3% D67G and of about 180-200 nmtlier system

PLA/5% D67G. It can be observed smaller lamellaclss, respect the
average values reported above (corresponding to ldy2rs of

lamellae), but also bigger lamellar stacks, thesmwease their size
increasing the concentration of clay in the nanquousiies (the
biggest reach even size of 500 nm.

N N

66



Chapter 2—Morphology and structure

C

Figure 2.9.2Transmission electron micrographs of PLA/D67Gnéil A PLA/1%
D67G, B PLA/3% D67G, C PLA/5% D67G

Figure 2.9.3 A, B and C show micrographs at higlymifecation for
PLA/1% D67G, PLA/3% D67G and PLA/5% D67G, respesly.
From these images it is possible to calculate tbnkce between the
clay layers. In particular, for all systems, the&ean increase in the
interlayer distance respect to that calculatedterclay powder (d =
3.5 nm): d ~ 7.80 nm for PLA/1% D67G, d ~ 9.20 ron PLA/3%
D67G and ~ 8.10 nm for PLA/5% D67G.

It is possible to conclude that PLA/MMT nanocompesi have
mainly an intercalated morphology as observed byXAanalysis.

The intercalation is more pronounced for the PLARBGYG.
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C

Figure 2.9.3 Transmission electron micrographs at high magntfaa of film
PLA/D67G (A PLA/1% D67G, B PLA/3% D67G, C PLAB&/G)

68



Chapter 2—Morphology and structure

The structural and morphological analysis repoftiede highlights
some important results: i) the process of extrusaod subsequent
calendering was able to create, for PLA/Dellite G¥dhocomposites a
good distribution, dispersion and orientation (iaamine direction) of
the clay in the PLA matrix; ii) this preparatioropess has allowed to
obtain a morphology (as often found in the literaju partially
intercalated [10,13,14] .

2.11 ATR SPECTROSCOPIC ANALYSIS OF PLA/TIO
NANOCOMPOSITES, PLA/ZnO COMPOSITES AND
PLA/MMT(Dellite 67G) NANOCOMPOSITES

All samples were subjected to spectroscopic aralfJiR to detect
the presence of new chemical bonds due to thesimelwf the filler
within the polymer matrix to vary the compositioALA/2-5%TiO,,
PLA/2-5% mTiQ, PLA/1-3-5% ZnO and PLA/1-3-5% D67G). All
the curves shown below are offset along the y-d@isan easy
comparison.

The ATR spectra of PLA and all the nanocompositessfare shown
in figure 2.10.1(A) , figure 2.10.2(A) and 2.10.3(# the range from
4000 to 1500 cihand in figure 2.10.1(B) , figure 2.10.2(B) and
2.10.3(B) in the range from 1500 to 400°triThe PLA is shown for
comparison in all the figures. In all the figuresthe PLA spectrum
shows CH stretching at 3000—2940 &imthe C=0 stretching at 1761
cm® , characteristic of ester bonds. In all the figuR the PLA
spectrum shows: in the range from 1452 to 1381 @i; bending
and the O—C=0 stretching at 1190-1090'characteristic of ester
bonds[15]. From the graphs, for all composites aadocomposites,
are not observed differences between the variougsesushown,

respect PLA. The typical peaks of TiGnd MMT nanoparticles and
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ZnO particles (see Figure 2.1.3, 2.4.3 and 2.71&@pker 2)in these

spectra are not visible, because their peaks adapped by those of
PLA. Furthermore it is not present the appearariceew peaks for
any of the binary mixtures under examination, iatitg that there is
no formation of new chemical bonds between the imand the

fillers.

PLA
PLA/2% TiO,

PLA/2% mTiO2 C=0 stretching
PLA/5% TiO,

PLA/5% mTiO2
CH_ stretching

o m > pe
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Figure 2.10.1FTIR-ATR of PLA, PLA/2% TiOQPLA/2% mTiQ, PLA/5% TiQ,
PLA/5% m TiQ films in the range of wave number from 4000 tOQLEA) and
from 1500 to 400 (B)
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Figure 2.10.2.FTIR-ATR of PLA, PLA/1% ZnO, PLA/3% ZnO, PLA/S8@Z
films, in the range of wave number from 400@500 (A)and from 1500 to 500

(B)
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Figure 2.10.3.ATR of PLA/D67G, PLA/1% D67G, PLA/3% D67G, PLA/5%
D67G films in the range of wave number from 4@00500 (A), from 1500 to
400 (B)
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CHAPTER 3
THERMAL AND THERMOGRAVIMETRIC ANALYSIS

3.1 THERMAL ANALYSIS

Calorimetric analysis was performed to determine,addition to the
thermal properties of the pure component, the emfbe of fillers and
composition on the glass transition (Tg), the mglt{Tm) and the cold
crystallization (Tcc ) temperature of PLA.

3.1.1 Thermal analysis of PLA/TiManocomposites

Figure 3.1.1 shows the thermograms of PLAALTanocomposites, films
obtained by compression moulding, in the tempeeatange from 40 to
200°C. The curves are shifted along the y axidltstrate the trends. The
heating rate used is 10°C/min underdtinosphere.

The plain PLA presents the glass transition tentpezaat 62°C followed
by an exothermic peak extending from about 85 ©6°C3 Its maximum,
taken as cold crytallization temperature (Tcc)19 2 C. Then there is an
endothermic peak which extends from about 150 t6°@9 The peak
maximum, taken as the melting temperature (Tn)7/& C.

The thermoanalytical curves of PLA/TiGhanocomposites present the
same thermal behaviour as that of PLA.

The Tg and Tm values, reported in Table 3.1, indicthat TiQ
nanoparticles have not effect on the thermal patersmief PLA. The Tcc
values, reported in table 3.1 too, are slightlyuahced by the presence of
TiO, nanoparticles. In particular Tcc for PLA/2% Ti@anocomposite is
119°C as neat PLA; Tcc for PLA2% mTiCand PLA/5% TiQ
nanocomposites is 116°C; Tcc for PLA/5% m7i@anocomposite is
117°C.
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The crystallization peaks of nanocomposites areshatp as that of neat
PLA and are characterized by the presence of aldfourhese shoulders
are present before the main crystallization peak ane centered at about
100°C (101°C for PLA/2% Tipand PLA/2% mTiQ nanocomposites and
99°C for the PLA/5% Ti@ and PLA/5% mTiQ nanocomposites). These
shoulders are probably due to the formation of lemdect crystals that
have time to melt and reorganize into crystals whigher structural

perfection in correspondence of the main crysttilon peak (seROTE).

exo

@

LA

PLA/2% TiO,

PLA/2% mTiO,

PLA/5% TiO,

PLA/5% mTiO,

L L L L L L L
40 60 80 100 120 140 160 180 200

T(°C)

Figure 3.1.1DSC heating scans of PLA, PLA/2%TiPLA/2% mTiQ, PLA/5%TIQ
and PLA/5% mTi@
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Table 3.1.Thermal properties of PLA, PLA/2%TiOPLA/2% mTiQ, PLA/5%TIQ
and PLA/5% mTi@

Sample 1, (°C) | Tee(CC) T °C)

PLA 62+1 119+1 173+1
PLA/2% TiO , 62+1 119+1 172+1
PLA/2% mTiO , 63+1 116+1 174+1
PLA/5% TiO , 62+1 116+1 17441
PLA/5% mTiO , 62+1 117+1 174+1

3.1.2 Thermal analysis of PLA/ZnO composites andA/RIMT (Dellite
67G) nanocomposites

Figures 3.1.2 and 3.1.3 show the thermograms of /Bh@ and
PLA/MMT films, obtained by calender, in the tempera range from 40
to 200°C, respectively. The curves are shifted gulithe y axis to illustrate
the trends. The heating rate used is 10 ° C / mdeuan inert atmosphere
(N2). The calorimetric parameters for PLA/ZnO and PUMT systems
are summarized in Table 3.2 and 3.3, respectively.

The PLA presents: i) the glass transition tempeeatat 61 ° C; ii) an
exothermic peak that extends from about 85°C to’@19he maximum,
taken as the temperature of cold crytallizationgerature (Tcc), is at 100°
C, iii) an endothermic peak which extends from aldd&b°C to 175°C. The
peak maximum, taken as the melting temperature ,(i511)69°C.

The thermoanalytical curves of PLA/ZnO compositesl #LA/MMT
nanocomposites do not show significant differencempared to pure
PLA. The extension of the endothermic and exotheeaks, respectively
crystallization and melting peaks, remain fairlychanged as well as the
corresponding maxima and the glass transition temtypes of the PLA
amorphous phase.

Comparing PLA/ZnO composites and PLA/MMT nanoconmgssit is

possible to observe that these systems are sinmlahe calorimetric
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parameters. In particular the systems have the sbmevalue and the
PLA/ZnO composites show Tg and Tcc values of 1-higher than those
of PLA/MMT nanocomposites. These results, for PLAZZ and
PLA/MMT, are in agreement with those reported ia likeraturg1-4].

2
& PLA
PLA/1% ZnO
§ PLA/3% ZnO
PLA/5% ZnO
T T T T T T T T T T T T T T T T
40 60 80 100 120 140 160 180 200

T(°C)

Figure 3.1.2DSC heating scans of PLA, PLA/1% ZnO, PLA/3% Zn® a
PLA/5%Zn0O composites

Table 3.2.Thermal properties of PLA, PLA/1% ZnO, PLA/3% Zn@d &PLA/5%

ZnOcomposites

Sample T4 (°C) Tee (°C) Tm (°C)
PLA 61+1 100+1 169+1
PLA/1% ZnO 62+1 103+1 169+1
PLA/3% ZnO 62+1 103+1 169+1
PLA/5% ZnO 62+1 103+1 169+1
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PLA

PLA/1% D67G
PLA/3% D67G

PLA/5% D67G
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Figure 3.1.3DSC heating scans of PLA, PLA/1% D67G, PLA/3%®&Ghd PLA/5%
D67G nanocomposites

Table 3.3.Thermal properties of PLA, PLA/1% D67G, PLA/3% D6@6d PLA/5%
D67G nanocomposites

Sample T4 (°C) Teo (°C) Tm (°C)
PLA 61+1 100+1 169+1
PLA/1% D67G 60+1 101+1 169+1
PLA/3% D67G | g1+1 102+1 169+1
PLA/5% D67G | g1+1 102+1 169+1
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The different temperature values (Tm, Tcc and T@LA/TIO, respect to
those of PLA/ZnO and PLA/MMT systems can be ascritoethe different
films preparation methods.

It can be also concluded that the different fdldo not influence the cold
crystallization process or the melting behaviouPbA and do not alter the

glass transition temperature of the polymer amauphhase.

3.2 THERMOGRAVIMETRIC ANALYSIS

All thermogravimetric curves were recorded betw@&nand 800°C by
heating the samples at 20 ° C/minute under a reaatmosphere (air).
From thermogravimetric analysis it is possible tdra&olate the onset
(Tonset) and endset (Tendset) thermal degradagompdrature and the
temperature at which the degradation rate is maxiritmax). The Tonset
Is the temperature at which the weight loss is Sf& Tendset is
temperature in correspondence of the final platéam more weight
variation), the Tmax is the temperature in corresiemce of the peak of

the first derivative of the thermogravimetric curve

3.2.1 Thermogravimetric Analysis of PLA/Tj@anocomposites

Figure 3.2.1 shows TGA curves of neat PLA, PLA/29Q;] PLA/2%
mTiO,, PLA/5% TiG, and PLA/5% mTiQ nanocomposites in the range
from 280 to 360°C.
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Figure 3.2.1Weight (%) of PLA, PLA/2% TiQ PLA/2% mTiQ, PLA/5% TiQand

PLA/5% mTiQ nanocomposites

Table 3.4.Thermal degradation temperature when the weighg Ies5% (Tonset), the
degradation rate is maximum (Tmax) aid correspondence of the final plateau
(Tendset)

SAMPLE Tonset(°C) Tmax(°C) Tendset(°C)
PLA 289+1 317+1 340x1
PLA/2% TiO , 295+1 319+1 329+1
PLA/2% mTiO , 303+1 331+1 350+1
PLA/5% TiO , 299+1 328+1 340x1
PLA/5% mTiO , 300+1 344+1 355+1
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Table 3.4 shows the values of thermogravimetridyaiswhen the weight
loss is 5% (Tonset), the degradation rate is maminflimax) and in
correspondence of the final plateau (Tendset).

Neat PLA degrades in the range from Tonset 289rfiiCTaendset 340 °C.
The nanocomposites degradation range shifts toehiggmperatures by
increasing the Ti@content and with the modified Tianoparticles. The
PLA/2% TiO, nanocomposite presents a different behavior: dgeatlation
process is faster than PLA and modified systems ibetds before the
other samples. The process of degradation is fastdrenanocomposites
with unmodified TiQ nanoparticles than the nanocomposites with
modified TiO, nanoparticles.

In particular: PLA/2% Ti@nanocomposite has Tonset 295 °C and Tendset
329 °C; PLA/2% mTiQ nanocomposite has Tonset 303 °C and Tendset
350 °C ; PLA/5% TiQ nanocomposite has Tonset 299 °C and Tendset 340
°C and PLA/5% mTi@nanocomposite has Tonset 300 °C and Tendset 355
°C.

Moreover Tmax of nanocomposites increases withamount of TiQ
nanoparticles, respect to PLA, and in particulathie systems containing
the modified TiQ nanoparticles (Table 3.4).

The char of pure PLA at 500 °C is 0.4% + 0.2%, sthilhose of
nanocomposites correspond to the amount of addedpagicles in the
different systems. The PLA/mT8ystems have lower char respect to that
of the PLA/TiQ, systems due to the degradation of the perfluoracathin

layer covering the nanoparticles.

3.2.2 Thermogravimetric Analysis of PLA/ZnO compesi
Figure 3.2.2 shows TGA curves of PLA and PLA/1% ZKQA/3% ZnO
and PLA/5% ZnO composites in the range from 23@0o
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PLA

PLA/1% ZnO
PLA/3% ZnO
PLA/5% ZnO

100

7AUR IR

80 +

560 -

Weight(%

20+

0 T+ T - T 1T T T T T T T T 1T T
240 260 280 300 320 340 360 380 400

Temperature(°C)

Figure 3.2.2Weight (%) of PLA, PLA /1% ZnO, PLA / 3% ZnO &hd\ /5% ZnO
composites

Table 3.5.Thermal degradation temperature when the weigbs lis 5% (Tonset), the

degradation rate is maximum (Tmax) aid correspondence of the final plateau
(Tendset)

SAMPLE Tonset(°C) Tmax(°C) Tendset(°C)
PLA 307+1 332+1 355+1
PLA/1% ZnO 285+1 317+1 330+1
PLA/3% ZnO 283+1 308+1 318+1
PLA/5% ZnO 273%1 3031 315+1
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Table 3.5 shows the values of thermogravimetridyaiswhen the weight
loss is 5% (Tonset), the degradation rate is maminflimax) and in
correspondence of the final plateau (Tendset).

PLA degrades in the range from Tonset 307 °C asmti$et 355°C. The
degradation range shifts to lower temperatures ryeasing the ZnO
content.

In details: PLA/1% ZnO has Tonset 285°C and Ten886rC; PLA/3%
ZnO has Tonset 283°C and Tendset 318°C ; PLA/5% Zo@posite has
Tonset 273°C and the Tendset 315°C.

Moreover for each composites, as expected, theevalurmax decreases,
respect to neat PLA, with the amount of ZnO patidTable 3.5).

These results are in agreement with those founditerature and are
explained considering that probably ZnO nanopaticlcatalyze the
depolymerization of PLA [5]. The char of pure PLAZ00°C is 0.4% +
0.2%, for all the PLA/ZnO composites it correspomdth the percentage

of fillers present in the samples (1, 3 and 5%).

3.2.3 Thermogravimetric Analysis of PLA/MMT nanocposites

Figure 3.2.3 shows TGA curves of neat PLA and PEANG7G, PLA/3%
D67G and PLA/5% D67G nanocomposites in the rangenf280 to
500°C.
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Figure 3.2.3Weight (%) of PLA, PLA /1% D67G, PLA /3% D67G &id\ /5%

D67G nanocomposites

Table 3.6.Thermal degradation temperature when the weighd ies5% (Tonset), the

degradation rate is maximum (Tmax) aid correspondence of the final plateau

Tendset
SAMPLE Tonset(°C) Tmax(°C) Tendset(°C)
PLA 3071 332+1 355+1
PLA/1% D67G 3201 372+1 397+1
PLA/3% D67G 328+1 3771 402+1
PLA/5% D67G 324+1 3731 399+1

Table 3.6 shows the values of thermogravimetridyaiswhen the weight

loss is 5% (Tonset), the degradation rate is maminflimax) and in
correspondence of the final plateau (Tendset).
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Neat PLA degrades in the range between Tonset 3880 endset 355°C.
In the case of PLA/IMMT nanocomposite films, onsed &nd set thermal
degradation temperatures (i.e. the degradatioreps)@re shifted to higher
temperatures when increasing MMT nanoparticleserant

The addition of MMT in the polymer matrix influersceeeply the thermal
stability of PLA for all PLA/MMT nanocomposites. Iparticular for the
PLA /3% D67G system is found the best increasetabilgy respect to
PLA/1% D67G and PLA/5% D67G nanocomposites. InitetaPLA/1%
D67G nanocomposite has Tonset 320°C and Tendsé&C3HLA/3%
D67G nanocomposite has Tonset 328 °C and Tendg&C40or PLA/5%
D67G nanocomposite has Tonset 324°C and TendséC39khis can
probably be attributed to the better intercalatmmnd for PLA /3% D67G
(see TEM analysis, Chapter 2) respect to the dthesystems.

The Tmax of the PLA/3% D67G is 4-5 degrees highantthe other two
composites and about 45 degrees than the PLA (Bab)e

The char of pure PLA at 500°C is 0.4% = 0.2%, fibrtlze PLA/MMT
nanocomposites, the char at 500°C does not comespith the percentage
of fillers present in the samples (1, 3 and 5%)albee the MMT s
organically modified with quaternary ammonium sdltie organic part
degrades during the heat treatment.

The TGA analysis has shown that Fi@nd MMT nanoparticles increase

the PLA thermal stability, whereas ZnO particlegehan opposite effect.

NOTE

In order to investigate the nature of the shouldersent in the cold
crystallization peaks of PLA/Ti©Onanocomposites, all the films were
subjected to the following DSC program:

The samples were heated from 25°C a 110°C at 20AGnd then rapidly
cooled from 110°C to 25°C at 50°C/min. The tempeatl10°C has been
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chosen because it is the temperature between rdte(shoulder) and the
second crystallization peak. After these two rums $amples were taken
from DSC and their structure was investigate by VIDAX figure 3.1.4 the
X ray diffraction patterns for all the PLA/TiOfilms are reported. At
110°C, all the nanocomposites display the sametsiel of neat PLA. In
particular are present peaks at=26.6°, 18.9° and 22.3° which
respectively correspond to the (110/200), (203) @idb) plane of PLA -
form orthorhombic crystal lattice[6-8]. This resulieans that the shoulder
in the cold crystallization peak of nanocompositaa not be ascribed to
the crystallization of a different PLA form. Conseqtly, we believe that
that these shoulders are due to the formation s perfect crystals that
have time to melt and reorganize into crystals whigher structural
perfection. The phenomenon of crystallization-mejtcrystallization can
be ascribed to the presence of Ji@anoparticles that influence the

crystallization process of PLA.
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Figure 3.1.4X-ray diffraction spectra of PLA/Tighanocomposites after DSC heating
at 110°C
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CHAPTER 4
MECHANICAL AND BARRIER PROPERTIES

4.1 TENSILE PROPERTIES OF PLA/T}O NANOCOMPOSITE,
PLA/ZnO COMPOSITE AND PLA/MMT (Dellite 67G) FILMS

The analysis of the stress-strain curves providdsrmation on the
behaviour of the samples under tensile deformadioth determination of
tensile parameters such as at yield and breakspoin

and the elastic modulus.

The tensile tests were carried out on films obthifgy compression
moulding (for PLA/TIQ samples) and by calender (for PLA/ZnO and
PLA/MMT samples) as described in Chapter 1. Thesiterproperties of
PLA/ZnO and PLA/MMT films have been studied in twloections, the
machine direction (MD) and the transverse direc(itD).

Figure 4.1.1 shows stress-strain curves PLA{Ti@anocomposites,
compared with PLA; the figures 4.1.2 and 4.1.4vshihe curves,
respectively, for PLA/ZnO and PLA/MMT obtained inaghine direction;
and the figures 4.1.3 and 4.1.5 show the curvepegatively, for PLA/ZnO
and PLA/MMT obtained in the transverse directiomble 4.1 shows the
mechanical parameters for PLA/Ti@anocomposites; the tables 4.2 and
4.4 show the same mechanical values, respectiveltyPLA/ZnO and
PLA/MMT in machine direction and the tables 4.3 &8l for PLA/ZnO
and PLA/MMT in transverse direction, respectively.

From the figures it is clear that the PLA showsoarp plastic behaviour,
differently from petroleum-based plastics, howevés possible to observe
yielding, drawing and final rupture. The value dietelastic modulus,
reported in the Table 4.1, is typical of the patyi@acid [1,2]. The samples
show similar behaviour to that of pure PLA. Thediaidn of TiO,

nanoparticles causes an improvement in the validseformation at break
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( »b) and a slight reduction of,, , and of the modulus (E)p be noted that
the elongation at yield parameters)(is not strongly influenced by the
presence of Tighanoparticles.
The PLA/ZnO composites show a similar trend to tbhtpure PLA.
PLA/ZnO composites have an increase of stress ad yand break
parameters and of Young’s modulus; these parametaeease with the
increasing of ZnO content. The elongation at ywdtlies does not change;
the elongation at break values have an increasthéoPLA/1% ZnO and
PLA/3% ZnO composites, whereas the PLA/5% ZnO caitps shows a
decrease. Comparing the results obtained for tledivections is possible
to say that there is anisotropy of the tensile probps of the samples and
the mechanical properties are better in the maathmeetion respect to the
transverse direction, as the tables 4.2 and 4.&.sho
The PLA/MMT nanocomposites show a similar trendhtat of pure PLA.
The binary nanocomposites exhibit an improvememiamgation at break.
This improvement increases with the proportion dAiMfor composite
PLA/1% D67G and PLA/3% D67G and decreases for tbmposite
PLA/5% D67G.
The tables 4.4 and 4.5 show that the parameteyselt ( ,, ,) are not
strongly influenced by the presence of MMT, theseanly a slight
influence in the curves obtained in the machineddion.
The Young's modulus increases quite significantiyhvine addition of
MMT for all composites and analyzed for both direes, and the results
agrees with the finding reported in other studi&s The addition of MMT
causes, also, an improvement in the values afiéfi@mation at break ()
and a reduction of,. To be noted that the yield strength parameteys, (
y) are not strongly influenced by the presence of MM
Also in this case the comparison of the valuetefrhechanical parameters

for the two directions indicate that in the machdieection the samples
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behave better than in transverse direction confignthe structural

anisotropy.

PLA
PLA/2% TiO,

PLA/2% mTiO,
PLA/5% TiO,
PLA/5% mTiO,

40 4

o m > br e

—0
_ZX

A i

s (MPa)
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Figure 4.1.1 Stress-strain curves 8ILA, PLA/2% TiQ, PLA/2% mTiQ, PLA/5%
TiO,, PLA/5% mTiQfilms

Table 4.1 Stress—strain parameters of PLA, PLA/2% ;JIRLA/2% mTiQ PLA/5%
TiO,, PLA/5% mTiQ films

Sample E (MPa) y (MPa) y (%) b (MPa) b (%)
PLA 3599 +228| 41+5 14+0.1 335 6+3
PLA/2% TiO 5 3466 £ 276| 29*6 11+01 23+4 5+3
PLA/2% mTiO, | 3225+182| 35+%5 1.3+0.1 29+ 4 6+3
PLA/5% TiO » 3396 +£202| 31%4 12+01 24 +3 6+2
PLA/5% mTiO, | 3416+308, 39+t4 14+0.1 32+2 7+8
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Figure 4.1.2 Stress-strain curves in machine directionPbA, PLA/1% ZnO, PLA/3%
ZnO e PLA/5% ZnO films
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Figure 4.1.3 Stress-strain curves in transverse directiofPlok, PLA/1% ZnO,
PLA/3% ZnO e PLA/5% ZnO films

Table 4.2 .Stress—strain parameters in machine directid?Léf, PLA/1% ZnO,
PLA/3% ZnO e PLA/5% ZnO films

Sample E (MPa) | , (MPa) y (%) b (MPa) b (%)

PLA 3470 +189| 1.6+0.1 44 + 2 26+ 5 38+2
PLA/1% ZnO 3637 +131| 1.6+0.2 46 + 2 43+ 6 40 + 3
PLA/3% ZnO 3575+ 140| 15+0.1 45+ 2 37+3 33+2
PLA/S% ZnO 3853+ 107| 15+0.1 48 +3 17+6 40+ 3

Table 4.3.Stress—strain parameters in transverse directi®Af PLA/1% ZnO,
PLA/3% ZnO e PLA/5% ZnO films

Sample E(MPa) | , (MPa) | (%) b (MPa) b (%)
PLA 3376 +393| 35%+2 | 1.3+0/1 302 10+ 4
PLA/1% ZnO 3671+194| 374 | 1.3+02 35+4 11+3
PLA/3% ZnO 3781 + 115 42+1 | 14+0/1 36+2 10+5
PLA/5% ZnO 3854+ 134| 42+2 | 1401 372 9+2
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Figure 4.1.4Stress-strain curves in machine directionPbA, PLA/1% D67G,
PLA/3% D67G and PLA/5% D67G films
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Figure 4.1.5Stress-strain curves in transverse directioRlo&, PLA/1% D67G,
PLA/3% D67G and PLA/5% D67G films

Table 4.4 .Stress—strain parameters in machine direction cAPRLA/1% D67G,
PLA/3% D67G and PLA/5% D67G films

Sample E(MPa) | y (MPa)| (%) b (MPa) b (%)

PLA 3470+ 189| 44+2| 16%0.1 38+2 26+ 5
PLA/1% D67G | 3622+372| 39+5| 1.4+0.2 34+4 39+6
PLA/3% D67G | 3530+ 264| 403 1.4+0.1 302 41+ 6
PLA/5% D67G | 3550+ 152| 37+4| 1.4+0.2 30+3 35+ 10

98



Chapter 4—Mechanical and barrier properties

Table 4.5.Stress—strain parameters in transverse directi®Af PLA/1% D67G,
PLA/3% D67G e PLA/5% D67G films

Sample E(MPa) | y (MPa)| (%) b (MPa) b (%)
PLA 3377+393| 35+3| 13zx0.1 32+2 10 + 4
PLA/1% D67G | 3699 +207| 33+4| 1.3+0.1 31+3 30+5
PLA/3% D67G | 3578 +256| 32+4| 1.2+0.1 26+ 4 31+6
PLA/5% D67G | 3648 +228| 36+3| 1.3+0.1 29+ 3 21+6

From the results it can be stated that only for ¢bmposites with TiQ
there is a decrease of the stress at break ardlwa&les and a decrease of
the Young’s modulus. On the contrary, the presaicgnO and MMT in
the PLA matrix results in an improvement of thesienproperties of the
material up to a certain composition. For highempositions the
properties undergo a decay. The best results fé&f 10O composites is
obtained when the amount of ZnO is 1%. This is gbdp due to the good
distribution and dispersion of particles, withoaggregates in the sample
PLA/1% ZnO as SEM analysis confirms. In the PLA/MMT
nanocomposites the improvement of mechanical ptegeris not

influenced by the amount of MMT.

4.1.2 Impact test of PLA/Tighanocomposite films

Impact test measure the energy necessary to brea&tched sample
subjected to high-rate loading with a pendulum hamswinging through
a fixed distance. The impact tests were conductgedsuibjecting the
specimens (strips of 4mm thick) to crash through @harpy pendulum.
Knowing the pendulum energy (300 J) is obtainedethergy absorbed by
the sample. This energy is equivalent to the dafiee between the energy
released when the pendulum is dropped and the yemasspciated to it in

correspondence of the maximum path, after the sabrglaking.
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Table 4.6 shows the values of the force that thedplem lost on impact
with the specimen (F), the energy (U) absorbedhkeysemples at the break
and the toughness (T), described as material'staesie to fracture; it is
often expressed in terms of the amount of energlyahmaterial can absorb
before fracture. The results show an increaseeofdbghness of PLA/TiO
nanocomposites respect to PLA. In particular toegsndoubles for the
samples with 5% of Ti©(modified and unmodified) and it triples for the
samples with 2% of Ti©Q(modified and unmodified). In other words, there
Is an increase of the toughness for all the cong®&iut with better results

for the samples with 2% of Tidmodified and unmodified).

Table 4.6Impact tests for PLA, PLA/2-5% Ti@nodified and unmodified)

Sample F U T

P (N) Q) (K3/m?)
PLA 68 + 12 0.02+0.01 1+0
PLA/2% TiO , 116 + 9 0.04+0.01 3+1
PLA/2% mTiO , 116 + 10 0.05 + 0.00 3+1
PLA/5% TiO , 86 + 12 0.02 + 0.00 2+1
PLA/5% mTiO , 94 + 10 0.03 + 0.00 2+1

4.2 G, CO, AND H,O PERMEABILITY OF PLA/ TiG
NANOCOMPOSITE, PLA/ZnO COMPOSITE AND PLA/MMT (Delkt
67G) NANOCOMPOSITE FILMS

The measurements of oxygen and carbon dioxide padmifitg were carried
out at a temperature of 23 °C and a relative hugnidf 0% and the
measurements of water vapour permeability weraechout at 23°C and

90% RH. These measurements were conduct on filnh wlifferent
100



Chapter 4—Mechanical and barrier properties

thickness: the PLA/TI® films have a thickness about 130 and the
PLA/ZnO and PLA/D67G films about 60m.

4.2.1 Oxygen permeability of PLA/THO nanocomposite, PLA/ZnO

composite and PLA/MMT nanocomposite films

The analysis of @permeability were carried out at 23°C and 0%RHe Th
tables 4.5, 4.6 and 4.7 show the values of OTRohmkygen permeability
of the PLA film and its composites and nanocomgssit

For the PLA/ TiQ systems there is a reduction of about 11% i O
permeability respect to PLA for the system PLA/S%OJ the other
compositions do not present any variation compardeLA.

The PLA/ZnO composites present an improvement of tharrier
properties. In particular we have a decrease ofptreneability of about
8% for PLA/3%Zn0O and 17% for PLA/1% ZnO and PLA/22%0. This
resultscan be probably ascribe to due to the homogenéistribution of
ZnO particles (see Figure 2.6.2, 2.6.3 and 2@hapter 2).

The results, for PLA/IMMT nanocomposites, show #ilathe compositions
lead to an improvement of the barrier, in particulee system PLA /1%
D67G shows a decrease of the permeability of aBdaés, the samples
PLA/3% D67G and PLA/5% D67G have a reduction of p@rmeability
about 32%, compared to pure PLA. This decreasdifirer composition
of clay (>1%), could be due to the increase of taflisity found in the
systems PLA/3% D67G and PLA/5% D67G; in additiontihe greater
number of particles present in the matrix PLA/D63Gand 5% do not
present different permeability. On the other hamagreasing the
composition the morphological analysis has shovenptresence of bigger
clay agglomerates (see Figure 2.9.2, Chapter 2ps&hagglomerates
prevent a more drastic reduction of the permegbiidgr the sample
containing the 5% of MMT.
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Moreover, the MMT in the matrix, especially if nametric and
submicrometric, affect the path of the @as molecules, which are forced
to have a longer path in the polymeric film

The interpretation of the results, for the compssdnd nanocomposites, is
somewhat complex since the permeability of a comg@®lymer depends
on numerous factors. First you need to considerctiistalline phase and
the amorphous polymer. The crystalline phase issidened to be
impermeable to gases and therefore the greataryis&lline fraction, the
lower the permeability. Moreover, the presencelay particles, especially
If nanometric and micrometric sub, alters the pathgas molecules
permeating that are forced to travel a longer ghatbugh the film. This
theory proposed by Nielsen [4] presents a numberexperimental
deviations so that was recently proposed an aligeanodel [5,6] which
takes into account not only the tortuous path b@kptfactors such as the
interface and the free volume of the region arainedparticles.

For all composites and nanocomposites these resuks important
considering that an inorganic phase is mixed witlfoeganic phase. In the
case where do not have a significant reduction op&@meability, like for
the PLA/TIO, nanocomposites, this is, however, a good resualhlse the
permeability of the systems is not increased coetpéo the permeability
to the PLA.
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Table 4.50TR and @ permeability of PLA, PLA/2% T¥OPLA/2% mTiQ, PLA/5%
TiO,, PLA/5% mTIQ films

Sample 3OTR , Permeability
(cm*/(24hxn?) | [(cm®/(24hxn?)]x(cm/bar)
PLA 144 2.24+0.28
PLA/2% TiO » 146 2.18+0.18
PLA/2% mTiO , 157 2.14 +0.20
PLA/5% TiO » 155 1.98 + 0.23
PLA/5% mTiO , 136 2.24 +0.22

Table 4.60TR and @ permeability of PLA, PLA/1% ZnO, PLA/3% ZnO e F%
ZnO films

Sample 3OTR , Permeability
(cm*/(24hxn?) | [(cm®/(24hxnP)]x(cm/bar)
PLA 573 2.23+0.22
PLA/1% ZnO 326 1.83+0.03
PLA/3% ZnO 343 2.06 + 0.10
PLA/5% ZnO 322 1.84 + 0.06

Table 4.50TR and @ permeability oPLA, PLA/1% D67G, PLA/3% D67G e PLA/ 5%
D67G films

Sample 3OTR X Permeability
(cm*/(24hxn?) | [(cm®/(24hxmf)]x(cm/bar)
PLA 573 2.23+0.22
PLA/1% D67G 458 1.76 + 0.01
PLA/3% D67G 385 1.52 + 0.03
PLA/5% D67G 380 1.52 + 0.07
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4.2.2 Carbon dioxide permeability of PLA/Ti@anocomposite, PLA/ZnO

composite and PLA/MMT nanocomposite films

Like the oxygen and water vapour barrier propert@so the carbon
dioxide barrier property is of particular importanon food packaging
application. The analysis of G@ermeability were carried out at 23 °C and
0%RH. The Tables 4.8, 4.9 and 4.10 show the vati€X0, transmission
rate (TR) and permeability of the films of PLA andnocomposites. The
results show that the PLA/Tsystems have not an improvement of the
barrier properties whereas the PLA/ZnO and PLA/D&§Gtems show a
decreased permeability to G@or PLA/ZnO composites it has a reduction
of carbon dioxide permeability about 13% respexctPLA. For the
PLA/D67G composites the improvements of the bargeoperties is
bigger. It is possible to see a decrease of cadiaxide permeability of
14% for the nanocomposite PLA/3% D67G, 17% for F3%/D67G and
19% for PLA/1% D67G. Not only the best distributiohthe particles but

also the crystallinity increases the barrier prapsrof the systems.

Table 4.7 CO,TR and CQ permeability of PLA, PLA/2% TiD PLA/2% mTiQ,
PLA/5% TiQ, PLA/5% mTiQ films

CO,TR Permeability

Sample 3 3
(cm*/(24hxn?) | [(cm®/(24hxn?P)]x(cm/bar)

PLA 423 5.14 + 0.21
PLA/2% TiO , 403 5.46 + 0.18
PLA/2% mTiO , 420 5.53 + 0.20
PLA/5% TiO » 483 6.52 + 0.15
PLA/5% mTiO , 589 7.53+0.18
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Table 4.9CO, TR and CQ permeability of PLA, PLA/1% ZnO, PLA/3% ZnO and
PLA/5% ZnO films

CO.TR Permeability
Sample 3 3 ,
(cm*/(24hxn?) | [(cm®/(24h*m?)]x(cm/bar)
PLA 1740 8.00 £ 0.20
PLA/1% ZnO 1001 7.05 + 0.96
PLA/3% ZnO 1031 6.96 £ 0.04
PLA/5% ZnO 1048 6.86 £ 0.26

Table 4.10CO,TR and CQ permeability of PLA, PLA/1% D67G, PLA/3% D67G and
PLA/5% D67G films

CO,TR Permeability
Sample 3 3
(cm*/(24hxn?) | [(cm®/(24hxm?)]x(cm/bar)
PLA 1740 8.00 £ 0.20
PLA/1% D67G 1473 6.47 + 0.64
PLA/3% D67G 1328 6.93+0.51
PLA/5% D67G 1257 6.65 + 0.46

4.2.3 Water vapour permeabilinf PLA/TIO, nanocomposite, PLA/ZnO

composite and PLA/MMT nanocomposite films

Biodegradable polyesters, like PLA, are moisturasigee [7,8], so the
analysis of permeability to water vapour is ofdamental importance for
developing new packaging materials. Water molec¢wedifferent activity

and temperatures, could have effect on the mickrgbavth and influence
the shelf life of the packed products.

The analysis of the water vapour permeability wesdormed at 23°C and
90% RH.
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The results, reported in Tables 4.11, 4.12 and, 4l 3ot show significant
variation for the composites and nanocompositey] #rey are in

agreement with literature data [ 7,9,10].

Table 4.11 WTR and KO permeabilityof PLA, PLA/2% TiQ, PLA/2% mTiQ,
PLA/5% TiQ, TiO,, PLA/5% mTiQ films

WTR Permeability

Sample 3 3
(cm*/(24hxn?) | [(cm®/(24hxn?)]x(cm/bar)

PLA 26 0.31+0.01
PLA/2% TiO , 24 0.33+0.01
PLA/2% mTiO , 25 0.31+0.01
PLA/5% TiO , 25 0.32+0.01
PLA/5% mTiO 32 0.37 £ 0.04

Table 4.12WTR and KO permeability of PLA, PLA/1% ZnO, PLA/3% ZnO &&Pi%
ZnO films

WTR Permeability
Sample 3 3
(cm*/(24hxn?) | [(cm®/(24hxn?f)]x(cm/bar)
PLA 55 0.21 +0.01
PLA/1% ZnO 41 0.25 + 0.01
PLA/3% ZnO 42 0.25 + 0.01
PLA/5% ZnO 42 0.24 +0.02

Table 4.7WTR and HO permeability of PLAPLA/1% D67G, PLA/3% D67G e
PLA/5% D67G films

WTR Permeability
Sample 3 3
(cm*/(24hxn?) | [(cm®/(24hxn?f)]x(cm/bar)
PLA 55 0.21 +0.01
PLA/1% D67G 49 0.22 +0.01
PLA/3% D67G 46 0.25 + 0.01
PLA/5% D67G 44 0.25 + 0.02
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CHAPTER 5
UV-VIS SPECTROPHOTOMETRY AND DEGRADATION
STUDY

5.1 UV-VISIBLE SPECTROPHOTOMETRY OF PLA/ TiO2
NANOCOMPOSITES, PLA/ZNO COMPOSITE AND PLA/MMT (Deté
67G) NANOCOMPOSITES

PLA and PLA composite films were subjected to U¥ibie
spectrophotometric analysis to verify the influeribat the particles of
TiO,, ZnO and MMT have on the absorption of ultravi@et visible light.
Figures 5.1.1, 5.1.2 and 5.1.3 report the tranantt percentage (%) as a
function of the wavelength in the range from 20@%® nm. Figure 5.1.1 is
for PLA/TIO, nanocomposite films obtained by compression magldi
(thickness about 130m); figure 5.1.2 for PLA/ZnO composite films and
the figure 5.1.3 for PLA/IMMT(Dellite 67G) nanocongte films, both
obtained by calendar (thickness about 6%). Probably PLA film obtained
by compression molding has the lowest transmittamicéhe PLA film
obtained by calender because the first one preseots asperities on the
surface. In all the figures PLA transmittance ipared as reference,
considering that in fig. 5.1.1 it is measured watHilm by compression
moulding, whereas in 5.1.2 and 5.1.3 it is measusdth a film by
calender. The transmittance percentage indicaesammount of radiation
transmitted by the optical medium at a given wawgile. The radiation,
that is not transmitted, is reflected or absorbgdhle optical medium. The
smaller is the transmittance, the greater the alisor

The transmittance values lower than 100% are duddocabsence in the

instrument of an integrating sphere; this spherabke to collect the
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transmitted radiation deflected respect to thectiva of the incident
radiation due to the asperities present on thedunfiace.

The figures 5.1.1, 5.1.2 and 5.1.3 underline tlyainkbreasing the amount
of fillers the transmittance in the visible regidecreases respect to that of
PLA. This effect could be ascribed to the preseoic@eanoparticles and
particles, which absorb energy. This phenomenonbeaattributed to the
agglomeration trend with respect to the fillersdiog [1, 2] .

In the visible region (400-800 nm) PLA film, by cpression moulding,
has a transmittance of about 76% (Figure 5.1.hgreas that by calender
has transmittance of about 90% (Figure 5.1.2 arid3p. The PLA
transmittance starts to decrease at about 382 drbecomes 0 at 225 nm;
this saturation of the spectra at 225 nm is duthéoabsorbance of PLA
ester groups [3].

For PLA/2% mTiQ nanocomposite film, Figure 5.1.1, the transmittaisce
0% from 200 to 368 nm; then the transmittance mmes slightly up to
60% (at wavelength 850nm). For PLA/2% Ti@anocomposite film the
transmittance is 0% from 200 to 411 nm, after taikie the transmittance
increases slightly up to 50% (at wavelength 850nRey. PLA/5% TiQ
nanocomposite film the transmittance is 0% from 9@46 nm, after this
value the transmittance increases slightly up & 4&t wavelength 850nm)
and for PLA/5% mTiQnanocomposite film the transmittance is 0% from
200 to 498 nm, after this value the transmittamm¥eiases slightly up to
22% (at wavelength 850nm). The percentage of trdatessme for
PLA/TiO, nanocomposites has lower values than PLA, thisues to the
particles which do not give transparency to thedil It is possible to note
that in the visible region the curves for PLA/Tianocomposites do not
have a plateau, and also that the transmittancey fhe 850nm to the UV

range (< 400nm), decreases slowly compared to Pidhia particular it

110



Chapter 5-UV-Vis spectrophotometry and degradasiomly

decreases more slowly increasing J&nmount (modified and unmodified).

This action of TiQnanoparticles extends the anti-UV area.

For PLA and PLA/ZnO films, Figure 5.1.2, the tramgance is 0% from
200 to 227 nm, then there is an increase of T (#irhvis lowest for the
composite with ZnO 5 wt% and highest for plain PLAnalysing the
spectra from 850 to 200 nm, PLA film has transmit@value of about 80-
90 % up to 227 nm then it sharply decrease to zahoee; for film with
ZnO 1 wt% it is observed a constant decrease attn#tance in all the
visible region followed by a small increase at &b®85 nm and finally a
sharp decrease at about 230 nm. The compositeritim ZnO 3 wt% has
gualitatively the same behaviour of the previousne®mnted composite
film, but with lower value of transmittance; fingllthe composite film with
5 wt% of ZnO shows very low transmittance valualirthe visible region,
and it goes to zero in the range 227-200nm.

The lower values of transmittance shown by the asite films is due to
the adsorption and reflection of the particles agdlomerates of the ZnO
particles [4]. The reason why the UV-vis spectr#hef films, with different
percentages of ZnO, show an absorption in the neground 385nm, is
due to the intrinsic capacity of the ZnO partidesbsorb the UV light [5-
7]. The mechanism of protection from UV rays in th@ymers by the
particles ZnO is based, instead, on the absormiddV radiation and on
their re-emission in the visible region avoiding tieneration of heat [8].
The PLA/MMT nanocomposites curves follow the samakdviour of PLA
curve, Figure 5.1.3. Analysing the spectrum frord 8200 nm, PLA film
has transmittance value of about 80-90 % up tor#87The percentage of
transmittance for PLA/MMT nanocomposites has vallosver than PLA,
in fact, in the visible region for PLA/1% D67G thansmittance is about
85-90% and for PLA/3-5% D67G is about 75-84%. la thnge 300-227
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nm the transmittance decreases a bit faster than iRlparticular when the
D67G amount is more than 1%. This decrease innrdtasce is related to
the presence of D67G nanoparticles, because theititeracts with D67G
nanoparticles and they absorb some of the enetgy [3

—PLA
—— PLA2% mTiO,

— 0, i
80 - PLAI2% TIO,
—— PLA/5% TiO,
PLA/5% mTiO,

60 —

40

Transmittance (%)

20+

L

7 T 7 T 7 T
200 400 600 800

Wavelength (nm)

Figure 5.1.1UV-visible spectrum of PLA, PLA/2% TBM®LA/2% mTiQ, PLA/5%
TiO, and PLA/5% mTi@nanocomposites
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Figure 5.1.2 UV-visible spectrum of PLA, PLA/1% ZnO, PLA/3% Za@®d PLA/5%
ZnO composites.
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Figure 5.1.3 UV-visible spectrum of PLA, PLA/1% D67G, PLA/3%703 and
PLA/5% D67G nanocomposites

5.2 UV DEGRADATION STUDY OF PLA/TIQ NANOCOMPOSITE,
PLA/ZnO COMPOSITE AND PLA/MMT (Dellite 67G) FILMS

The material usefulness depends on its durability a particular
environment in which materials are used or theitergction with
environmental factors [9]. Photo-oxidative (UV) dagdation is the process
of decomposition of the material by the actionight, which is considered
as one of the primary sources of damage of polynsiibstrates in ambient
conditions [10]. Chemical degradation of polymess an irreversible
change and is a very important phenomenon, whigttafthe performance
of all plastic materials in daily life and leadsndlly to the loss of
functionality. In practice, changes in polymer pedpes due to chemical,
physical or biological reactions resulting in basassions and subsequent

chemical transformations are categorized as polylegradation [10,11].
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Recently, because of environmental concerns, theleyfadation, applied
to biodegradable and biocompatible synthetic PLAs been receiving
growing attention.

Ho and Pometto [12,13] showed that the degradatidPLA plastic films
was enhanced by a factor of 55-97% by UV irradiabeer a period of 8
weeks. Copinet et al. [12,14] further studied tffeat of simultaneously
UV irradiation with relative humidity and tempereguichanges. Their study
revealed that the degradation rate was enhanced\Voyradiation over a
period of 30 days.

Although the enormous literature devoted to nangmsites materials,
only very few papers deal with the ageing of PLAdxh nanocomposites
[15]. So far, these studies concern nanocomposités montmorillonite
and classical polymer matrices, such as polyprogyl@olyethylene and
polycarbonate [11,16]. In all cases, similar cosduas are obtained, which
show that the nanocomposites degrade faster tleametdt polymers.

In this work, PLA systems were exposed to UV ligat,25% relative
humidity and 40°C, in order to study effect of #hmdfferent fillers (TiQ,
ZnO and MMT) on the degradation of PLA matrix.

5.2.1 UV degradation of PLA/Titnanocomposite films

Figure 5.2.1 reports the PLA/TjOnanocomposites weight loss as a

function of the UV exposure time. It clearly shothkat the weight loss is
significantly faster in PLA respect to that of naomposites. PLA
degradates in about 17 days. This means that i@oparticles decrease
the UV degradation of neat PLA. Moreover for thestfi40 days of
exposure, the weight losses in PLA/Ti@anocomposites vary linearly and
do not seem to depend significantly on the amodinki®, nanoparticles
(modified or not modified), as also reported ied#ture [17,18]. After this
time, changes in the slope of PLA2% 7FiOand PLA/2% mTiQ
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nanocomposites are observed and at 73 days of dsexe, PLA/2%
TiO, shows a weight reduction of about 95%, PLA/2% mplo® about
87%, PLA/5% TiQ of about 73% and PLA/5% mTp®f about 48%. After
73 days of UV exposure, the degradation is fastePtL.A/2% TiO, respect
to PLA/5%TIO, and in particular is faster when the particles ao

modified.
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Figure 5.2.1Weight loss/UV irradiation time dependence fdAtAPPLA/2% TiQ,
PLA/2% mTiQ, PLA/5% TiQ and PLA/5% mTi@films

5.2.2 UV degradation of PLA/ZnO composite and RUMT(Dellite

67G) nanocomposite films

The PLA/ZnO composites and PLA/MMT nanocompositesehsimilar
behavior, Figure 5.2.2 and 5.2.3 respectively. dthixases, the neat PLA
degrades faster than PLA loaded with ZnO and D6idéthe degradation

Is almost completed in 21 days.
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Figure 5.2.2 shows that PLA starts to degrade ifagtan PLA/ZnO
composites already after the first days of UV exppesThe weight loss as
a function of time is lower increasing the amouhZoO particles in the
composites. For example after 14 days of UV exposhe PLA has a
weight loss of about 80%, PLA/1% ZnO of about 36%A/3% ZnO of
about 23% and PLA/5% ZnO of about 12%.

Figure 5.2.3 shows that PLA and PLA/MMT nanocomassihave the
same weight loss in the first 2 days of UV exposiifeer this period PLA
starts to degrade faster than PLA/MMT nanocompssite particular after
15 days of UV exposition the PLA has a weight lagsabout 80%,

PLA/1% D67G of about 75%, PLA/3% D67G of about 658%@ PLA/5%
D67G of about 45%.
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] —v— PLA/5% ZnO /
80

|\ =

Weight loss(%)
S 3
1 1 "
<A\0

p v
0 ho—*

0

\ T \ T \ T
10 15 20

Time(day)

Figure 5.2.2 Weight loss/UV irradiation time dependence for PIEAA/1% ZnO,
PLA/3% ZnOand PLA/5% ZnO
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Figure 5.2.3 Weight loss/UV irradiation time dependence fotAPPLA/1% D67G,
PLA/3% D67Gand PLA/5% D67G

Weight loss(%)

Comparing the three systems is possible to obstate PLA/TIO, films

reach the 50% of degradation after 40 days of Uposure, PLA/ZnO
composites and PLA/MMT nanocomposites reach theesdegradation
after 21 and 12 days respectively. This meansttteatUV degradation is
faster for PLA/MMT nanocomposites than that of PEAD and

PLA/TIO,. The slowest UV degradation is observed for PL&%Ti
nanocomposites.

Moreover, in the PLA/ZnO and PLA/MMT films the amuuof fillers

influences the UV degradation: by increasing thetigda amount the
degradation process proceeds faster. This kingsflts is different from
some results reported in literature : Buzarovskandb that the UV
degradation is faster in the composites than in Rbd Nakayama et al.

have reported that the degrees weight loss in terRatrix owing to UV
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irradiation did not depend on the amount of addetctionalized TiQ

nanoparticles [17,18].

5.2.3 ATR Spectroscopy on PLA/TIO nanocomposite, PLA/ZnO
composite and PLA/MMT(Dellite 67G) nanocompositém§ after UV

degradation
PLA and PLA composite films were exposed to UV a#idn to verify the

effect of particles on PLA photodegradation. The lbddiation produces
the formation of degradation products, which leadevolution of new
peaks in the ATR spectra. These peaks were inastgby ATR
spectroscopy in the range from 4000 to 400" ¢crat different time of UV

exposure.

5.2.3.1 ATR Spectroscopy on PLA and PLA/Tifdms after 0, 3 and 14
days of UV degradation

Figure 5.2.4 shows the FTIR-ATR absorbance spertrthe range 4000-
400 cm', of UV irradiated PLA films after 0, 3 and 14 dapf UV
degradation. For PLA, after O days of UV expostine, spectrum shows a

strong absorbance band at 1748'cattributed to the stretching vibrations
of amorphous carbonyl groups [19]. The other olestiivands, positioned
at 1455 and 1380 ¢m are due to the GHasymmetric and symmetric
deformations. The strong absorption band located 86 cnit is due to C-
O-C stretching mode. After the UV degradation ibisserved formation of
new bands. The infrared analysis of PLA photooxahatshows (Figure
5.2.4) in the hydroxyl region a broad absorptionaith a maximum at
3500 cnt that corresponds to products such as hydropersxidalcohols
[20]; the second absorption band is a narrow bartd a maximum at
1843 cm' and it is attributed to anhydride groud80-23]; and the
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formation of absorption band with a maximum at 1&h7* that can be

ascribed to the stretching of the C=0.

—— PLA_Odays
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Figure 5.2.4FTIR-ATR spectra of UV irradiated PLA films after®and 14 days of
UV degradation.

As reported by Bocchini et al. [3] reported photoation radical
mechanism of PLA, as it is proposed here, Figu55.Photooxidation
usually begins by radical formed from impurities by-irradiation or
thermal decomposition. The reaction with higher batality is the
abstraction of tertiary hydrogen from PLA chaintwthe formation of a
tertiary radical Pe (1). This radical can react hwibxygen to form a
peroxide radical (2), which may easily abstracttheo hydrogen from a
tertiary carbon with the formation of an hydropadex and the initial
radical P+ (3). Then, the hydroperoxide undergdestqlysis (4) with the
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formation of the HOs and a POe radical that carthier evolve by -
scission (5). Taking into account the stabilitytioé different fragments the
most probable -scission appears to be the (5b) reaction, leatbnthe
formation of anhydride groups [1].

Figure 5.2.5 Radical oxidation process of irradiated PLA saenpflydroperoxide

chain propagation and formation of anhydrides bytolysis of hydroperoxide

Figure 5.2.6, 5.2.7, 5.2.8 and 5.2.9 show the FATR absorbance
spectra, in the range 2000-1000 tm of UV irradiated PLA/TIQ
nanocomposite films after 0, 3, 14 and 30 days 9f dégradation. The
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spectrum was obtained from 4000 to 400'cnbut it is shown here only
the range 2000-1000 ¢émwhere the effects of UV degradation are
detectable. The infrared analysis of PLA/Fianocomposite films
photooxidation shows the presence of a band wittamum at 1843cih
attributed to the formation of anhydride groups][d8is also possible to
note that the PLA/TIQ nanocomposite films do not show other typical
degradation peak of PLA, indicating that the Jr@noparticles inhibit the
formation of hydroperoxides or alcohols, carboxglat and primary amide
group. The inhibition of PLA degradation is indedent of TiQ
nanoparticles (modified or not), and of their amoamd of the UV

exposure time.
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Figure 5.2.6FTIR-ATR spectra of UV irradiated PLA/2% Ti@anocomposite films 0,
3, 14 and 30 days of UV degradation.

122



1.0+

0.8 1

0.6

0.4

Absorbance

0.2 +

0.0

1843 cm™

Chapter 5-UV-Vis spectrophotometry and degradasiomly

— PLA/2% mTiO,_Odays

— PLA/2% mTiO,_3days
PLA/2% mTiO,_14days

— PLA/2% mTiO,_30days

?

2000

Figure 5.2.

T 7 T
1500 1000

Wavenumbers(cm™)

7 FTIR-ATR spectra of UV irradiated PLA/2% mEi@anocomposite films
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Figure 5.2.9 FTIR-ATR spectra of UV irradiated PLA/5% mEi@anocomposite films
0, 3, 14 and 30 days of UV degradation.

5.2.3.2 ATR Spectroscopy on PLA and PLA/ZnO comigoBims after O,
3, 14, 21 days of UV degradation

Figure 5.2.10 shows the FTIR-ATR absorbance speciithe range 4000-
400 cm', of UV irradiated PLA films (by calender) after ® and 14 days

of UV degradation. It possible to observe that ttadendar films and
compression moulding films of PLA have the same d¥gradation

behavior (see subparagraph 5.2.1.1 Chapter 5).
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Figure 5.2.10FTIR-ATR spectra of UV irradiated PLA films after®and 14 days of
UV degradation.

Figures 5.2.11, 5.2.12 and 5.2.13 show the FTIR-ADRorbance spectra,
in the range 4000-1600 ¢m of PLA/ZnO composite films exposed for 0,
3, 14 and 21 days at UV irradiation. The IR analysi the PLA/ZnO
composites during photo-oxidation also presentddhmation of the three
absorption bands with maxima at 3500, 1845 and t8i7as observed in
the case of pristine PLA (Figure 5.2.10). This ingdindicates that the
same PLA oxidation photoproducts are formed in phesence of ZnO
particles. However, one can observe a dramatierifice in terms of
photoproduct concentrations because under idengikpbsure times the
absorbance measured at 1617 'dm considerably more intense for the
PLA/ZnO composites than for the PLA. In particuldris band increases

with the amount of ZnO content in the compositesl awith the UV
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exposure time. The increasing of that band couldatiebuted to the

possible interaction between the ZnO particles thiedactive products of

PLA photo-degradation.
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Figure 5.2.11 FTIR-ATR spectra of UV irradiated PLA/1% ZnO cosifofilms after
0, 3,14 and 21 days of UV degradation
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Figure 5.2.12FTIR-ATR spectra of UV irradiated PLA/3% ZnO comigogilms after
0, 3,14 and 21 days of UV degradation
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Figure 5.2.13 FTIR-ATR spectra of UV irradiated PLA/5% ZnO comigoBIms after
0, 3,14 and 21 days of UV degradation
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5.2.3.3 ATR Spectroscopy on PLA and PLA/MMT(D&lit67G)

nanocomposite films after 0, 3, 7 and 14 days ofdédradation

Absorbance

Figure 5.2.14 shows the FTIR-ATR absorbance speciithe range 4000-
400 cmi', of UV irradiated PLA films (by calender) after 8, 7 and 14
days of UV degradation. It possible to observe thatcalendar films and
compression moulding films of PLA have the same d¥gradation

behavior (see subparagraph 5.2.1.1 Chapter 5).
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Figure 5.2.14FTIR-ATR spectra of UV irradiated PLA films after3) 7 and 14 days of
UV degradation
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Figures 5.2.15, 5.2.16 and 5.2.17 show the FTIR-ADRorbance spectra,
in the range 4000-1400 ¢m of UV irradiated PLA/IMMT nanocomposite
films after 0, 3, 7 and 14 days of UV degradatidhe IR analysis of the
PLA/MMT nanocomposites during photo-oxidation alpoesents the
formation of the three absorption bands with maxehe8500, 1843 and
1617 cm' as observed in the case of pristine PLA (Figurel®B)R This

observation indicates that the same PLA oxidatitmt@products are

formed in the presence of MMT nanopatrticles.
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Figure 5.2.15FTIR-ATR spectra of UV irradiated PLA/1% D67G namoposite films
after 0, 3, 7 and 14 days of UV degradation
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Figure 5.2.16FTIR-ATR spectra of UV irradiated PLA/3% D67G namoposite films
after 0, 3, 7 and 14 days of UV degradation
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Figure 5.2.17FTIR-ATR spectra of UV irradiated PLA/5% D67G namogposite films
after 0, 3, 7 and 14 days of UV degradation

5.3 HYDROLYTIC DEGRADATION OF PLA/TIQ
NANOCOMPOSITE, PLA/ZnO COMPOSITE AND PLA/MMT(Delkt
67G) NANOCOMPOSITE FILMS

The hydrolytic degradation of PLA is a well-knowmnopess. It happens
mainly in the bulk of the material and not from #garface [24,25]. The
hydrolytic chains cleavage proceeds preferentiglyamorphous regions,
leading therefore to an increase of the polymebalarystallinity [26].
This explains the much faster hydrolysis rate efamorphous P(D,L-LA)
compared to semicrystalline P(L,L-LA). The formatiof lactic acid
oligomers, which directly follow from chain scissio increases the
carboxylic acid end groups concentration in the ionad The carboxylic

functions
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are known to catalyse the degradation reaction.cdmclusion, the
hydrolytic degradation of PLA is a selfcatalysedd aself-maintaining
process [27]. Such mechanisms can be affected fyugafactors, such as
chemical structure, molar mass and its distribytioarity, morphology,
shape and history of the specimen, as well as @hdittons under which
the hydrolysis is conducted [28,29].

Neat PLA, nanocomposites and composites were pabmact with 1M
NaOH solution, at 37°C (see Chapter 1). Figure15.8.3.2 and 5.3.3
report the weight losses versus solution contace tfor PLA/TIO ,
PLA/ZnO and PLA/MMT respectively.

5.3.1 Hydrolytic degradation of PLA/Tihanocomposite films

Figure 5.3.1 shows the weight loss of PLA and PLi@®iThanocomposite
films as a function of solution contact time. PLAD} nanocomposites
films exhibited higher weight loss as a functiontohe than neat PLA.
This result is in agreement with that reported lmz&ovska in literature
[18]. It can be observed that nanocomposites cangimodified TiQ
nanoparticles degrade faster than the nanocomposib@taining not
modified TiQG, nanopatrticles. In particular PLA/5% mTi@anocomposite
Is fully degraded after 300 min; while at the same (300min) PLA/5%
TiO, displays a weight loss of 79%, PLA/2% mTi0Of 71%, PLA/2%
TiO, of 69% and neat PLA of 46%.

From the results, it could be concluded that thérdlytic degradation time
of PLA nanocomposite films can be widely controlleg TiO, content
[18].

132



Chapter 5-UV-Vis spectrophotometry and degradasiomly

100 O

\

\i\ \
A\

80

/A
-
£ 60 - /.
w -
g .
= Y . —v—PLA/2% TiO,
e / / —A—PLA2% mTiO,
01/ A 7?/ —m—PLA/5% TiO,
|/ = /v/ —0—PLA/5% mTiO
e :
Va
0 = T T T T T T v T T 1
0 100 200 300 400 500
Time(min)

Figure 5.3.1 Weight loss (%)-time dependence (in 1 M NaOHPIoA, PLA/2% TiQ,
PLA/2% mTiQ, PLA5% TiQ and PLA/5% mTi@nanocomposites

5.3.2 Hydrolytic degradation of PLA/ZnO compositen
Figure 5.3.2 shows the weight loss of PLA and PLAdZcomposites films
as a function of exposed time in hydrolytic solatio

The PLA produced by calender has different degradatspect the PLA
produced by compression molding, used for the Pi®@JBystem; this is
due to the different methods to produce films andtheir different

thickness, lower for PLA produced by calender. lartipular PLA

produced by calender has hydrolytic degradatiotefaban PLA produced
by compression molding.

PLA hydrolytic degradation is slow respect the APINO composites. For
all the composites, the degradation is very slowhenfirst 10 minutes, but
it suddenly increases after that time.
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After 30 minutes, for example, PLA has loss 12%weight, whereas:
PLA/1% ZnO has loss 38% in weight, PLA/3% ZnO hassl36% and
PLA/5% ZnO 28%. This means that ZnO particles deswehe degradation
time of PLA but that by increasing the amount ofCZparticles the

required time for hydrolytic degradation increasesl that the hydrolytic
degradation time of PLA composite films can be widmntrolled by ZnO

content [30].

—e— PLA

—— PLA/1% ZnO
—J1— PLA/3% ZnO
—v— PLA/5% ZnO

100 +

T L 4
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40
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20

Time(min)

Weight loss(%)

Figure 5.3.2 Weight loss (%)-time dependence (in 1 M NaOHPIA, PLA/1%
ZnO, PLA/3% ZnO and PLA/5% ZnO composites

5.3.3 Hydrolytic degradation of PLA/MMT (Dellite 6jGhanocomposite

films

Figure 5.3.3 shows the weight loss of PLA and PLAMnanocomposites
films as a function of exposed time in hydrolytiest In the first 10

minutes the PLA and PLA/MMT nanocomposites shownast the same
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weight loss; increasing the contact time of sampligls hydrolytic solution
the behaviors are completely different. The hydrolglegradation goes
slowly for PLA than for PLA/IMMT nanocomposites; dar trend can be
observed in the relation between weight loss apobsxre time in the early
stage of degradation. At 30 minutes, the weighs lof neat PLA is 12%,
for PLA/1% D67G is 22%, for PLA/3% D67G is 33% afut PLA/5%
D67G is 29%. The PLA/3% D67G shows the higher welghs respect
PLA/1% D67G because has a bigger amount of MMTrasgdect PLA/5%
D67G because PLA/3% D67G is better exfoliated (EE®, Chapter2).
The hydrolytic degradation for PLA/MMT nanocompesitproceeds more
slowly than neat PLA; in particular increasing thenount of MMT
nanoparticles the time of hydrolytic degradatiorncrdases and if the
nanoparticles in the matrix are intercalated, dtelneexfoliated, reducing
the amount of MMT nanopatrticles is possible de@e#ize time of
hydrolytic degradation of the system PLA/MMT |14

135



Chapter 5-UV-Vis spectrophotometry and degradasiomly

50 —o— PLA
—v— PLA/1% D67G [
—m— PLA/3% D67G

a0l —O—PLA5% D67G

Time(min)

NN

Weight loss(%)

Figure 5.3.3 Weight loss(%)/time dependence (in 1 N NaOHPtok, PLA/1% D67G,
PLA/3% D67G and PLA/5% D67G nanocomposites

It is possible conclude that ZnO particles deaebstter the time of
hydrolytic degradation of PLA nanocomposites respeMMT
nanoparticles; while Ti©@nanoparticles increase significantly that time.
Hydrolytic degradation time of PLA composite filnsan be widely

controlled by nanoparticles and particles content.

5.4 ENZYMATIC DEGRADATION OF PLA/TiQ NANOCOMPOSITE,
PLA/ZnO COMPOSITE AND PLA/MMT (Dellite 67G)
NANOCOMPOSITE FILMS

In 1981, Williams first reported that hydrolysis BLA is catalyzed by
proteinase K fromTritirachium album [31,32]. Thereafter, microbial

degradation of PLA has been studied extensively3@83 Intensive studies
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on biodegradation of PLA by using proteinase K halaified the main
factors affecting the biodegradability.

Proteinase K preferentially hydrolyzes poly(L-ldet) (PLLA) rather than
poly(D-lactide) (PDLA), and the rate of enzymatigdiolysis of PLA
depends on its stereochemical composition [35-@®stallinity of PLA
also strongly affects the degradation rate [35{3A42]. Proteinase K
hydrolyzes predominantly amorphous region of PLA hardly the folding
chains in the crystalline region, so that the hiydis rate decreased with
increasing crystallinity of PLA [35-36,40-42]. Deglability also depends
on molecular weight of PLA, [39] crystalline sizpt1l] and polymer
blending [39,42-48]. Although the effects of prapes of PLA materials
on biodegradability have been studied extensivelynmeentioned above,
interactions between PLA materials and proteinadea¥e been remained
unclear [31].

Moreover the study of enzymatic degradation of Ptémposites and
nanoomposites is only in an early stage of research

PLA, nanocomposites and composites were put inacbntith Proteinase
K solution at 37°C (see Chapter 1). Figure 5.4.4,%5and 5.4.3 report the
weight loss versus time of solution contact for APLIO,, PLA/ZnO and
PLA/MMT) respectively.

5.4.1 Enzymatic degradation of PLA/Ti®anocomposite films
Figure 5.4.1 shows weight loss after contact of Pald PLA/TIQ

nanocomposites films in proteinase K solutions7aC3 The weight losses

in the first 4h for PLA and for PLA/Ti©@nanocomposites are similar then
the samples start to differentiate their behavibe weight loss is faster
increasing the Ti@amount in the composites and it results indepenolen

the modification of the titanium oxide. Therefarean be concluded that a
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dominant factor, determining the PLA enzymatic delgtion, is the

increasing of filler content.
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Figure 5.4.1 Weight loss of PLA, PLA/2% TiQPLA/2% mTiQ, PLA5% TiQ and
PLA/5% mTiQ nanocomposite films during the enzymatic degradedait 37°C

5.4.2 Enzymatic degradation of PLA/ZnO composiiasi
Figure 5.4.2 shows weight loss after contact of PaAd PLA/ZnO

composites films in proteinase K solutions at 37°C.

PLA is completely degraded after 12 days. The PInb@Zomposites show
the some behavior at different concentration of Zvédticles and their
degradation is similar to that of PLA. After 12 dagf preteinase K
solution contact the weight loss of PLA/5% ZnO lmaest the same of neat
PLA, about 99.7%, for PLA/3% ZnO the loss is ab®4t% and for
PLA/1% ZnO is about 85%.
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Figure 5.4.2 Weight loss of PLA, PLA/1% ZnO , PLA/3% ZnO &idA5% ZnO
composite films during the enzymatic degradatio®7aC

5.4.3 Enzymatic degradation of PLA/MMT (Dellite 67@nocomposite
films

Figure 5.4.3 shows weight loss after contact of Pand PLA/MMT
nanocomposites films in proteinase K solutions &C3 Again, PLA is
completely degraded after 12 days. PLA/1% D67G afbeg faster than
PLA/3% D67G and PLA/5% D67G, which have similahaeour. After
12 days of preteinase K solution contact PLA/1% G6@was a weight loss
about 89%, PLA/3% D67G about 66% and PLA/5% D676Gual69%. So

increasing the amount of MMT nanopatrticles the Welgss decreases.
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Figure 5.4.3 Weight loss of PLA, PLA/1% D67G , PLA/3% D67G a@1dA5% D67G
nanocomposite films during the enzymatic degradedito37°C

In conclusion the enzymatic degradation is faster PLA/TIO,
nanocomposites respect neat PLA, while for PLA/Za@ PLA/MMT is

slower. In all the system the weight loss is fumctof the filler amount.

5.5 ISOTHERMAL DEGRADATION OF PLA/TIQ

NANOCOMPOSITE, PLA/ZnO COMPOSITE AND PLA/MMT(Delgt
67G) NANOCOMPOSITE FILMS

5.5.1 Isothermal degradation of PLA/Ti@anocomposite films
Figures 5.5.1 A, B and C show the TGA measurempetiormed under

isothermal conditions, up to 40 minutes, at 20@ a8d 240°C for PLA
and PLA/TiIQ nanocomposites.
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After 40 min of treatment at 200°C there is no Bigant weight loss for

PLA and the four composites. The small differen@s inside the
experimental error (Figure 5.1 A).
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Figure 5.5.1 TGA under isothermal conditions (under air) of RLRALA/2% TiQ ,

PLA/2% mTiQ, PLA5% TiQ and PLA/5% mTi@nanocomposite films at (A) 200°C,
(B) 220°C, (C) 240°C

At the end of the 40 min of treatment at 220°Cwheght loss for PLA is
0.5%, about 1% for the nanocomposites with 2%Ta@d 1.5% for the
nanocomposites with 5%TOindependently of modification (Figure 5.5.1
B).

At 240°C (Figure 5.5.1 C), after the 40 min of treant, the weight loss
for PLA and the two nanocomposites with 5%71©about 1.5%, whereas

it is about 3.5% for the nanocomposites with 2%Ji@dependently of
modification.

5.5.2 Isothermal degradation of PLA/ZnO composlted

Figures 5.5.2 A, B and C show the TGA measurempetiormed under
Isothermal conditions at 200, 220 and 240°C, retspey, for PLA and
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PLA/ZnO composites. ZnO particles induce the degiad of PLA and
hence the weight loss.

For all the three temperatures, weight loss for FhedA and the four
composites up to about 15 min is not found. At bigime, the degradation
induces the weight loss which results to be fumctid ZnO content and
temperature. In particular at 200°C the weight lmts40 minutes is: 2% for
neat PLA, 1% for PLA/1% ZnO, 7% for PLA/3% ZnO am®d6 for
PLA/5% ZnO; at 220°C and at 40 minutes the weigbslis: 2% for neat
PLA, 10% for PLA/1% ZnO, for 36% PLA/3% ZnO and 5066 PLA/5%
Zn0O; at 240°C and at 40 minutes the weight losd. 8% for neat PLA,
80% for PLA/1% ZnO, 93% for PLA/3% ZnO and 94% RitA/5% ZnO.
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Figure 5.5.2 TGA under isothermal conditions (under air) of RLRALA/1% ZnO,
PLA/3% ZnO and PLA/5% ZnO composite films at (A) 2D, (B) 220°C, (C) 240°C
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5.5.3 Thermal degradation of PLA/MMT(Dellite 67Ganmbcomposite
films

Figures 5.5.3 A, B and C show the TGA measurempetiormed under

iIsothermal conditions at 200, 220 and 240°C respdyg for PLA and its
composites with MMT (Dellite67G).
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Figure 5.5.3 TGA under isothermal conditions (under air) of PLALA/1% D67G,
PLA/3% D67G and PLA/5% D67G nanocomposite filmgAat200°C, (B) 220°C, (C)
240°C

For these systems and at each of the three terapesathe PLA and the
nanocomposites display the same degradation behd\e differences in
weight loss among the four samples are less thanti& is, the PLA
thermal degradation is not affected by the presenhddMT nanoparticles.
The degradation rate seems to be similar at 200220dC, but faster at
240°C.

This study underlines that the presence of ZnObis # speed up the
iIsothermal degradation of PLA in a way that is fumt of the ZnO amount
and of the temperature, whereas J#nd D67G do not result to influence
significantly the degradation of PLA , at least tgpthe limit of time

(40min) investigated.
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CHAPTER 6
ANTIBACTERIAL PROPERTIES

6.1 ANALYSIS OF ANTIBACTERIAL PROPERTIES OF PLA/TIO
NANOCOMPOSITE FILMS

TiO,is the most commonly used semiconductor photogstalThe
photocatalytic properties, activated by UV-A irraibn, have been utilized
in various environmental applications to removetaonnants from both
water and air [1-4]. A wealth of information on Ggiphotocatalytic
Inactivation of bacteria has been acquired over ltds¢ 20 years [5,6].
TiO, can kill both Gram-negative and Gram-positive baat although
Gram-positive bacteria are less sensitive duedw #bility to form spores
[6]. More recently, nano-sized Tj)as also reported to Kkill viruses
including poliovirus 1 [7], hepatitis B virus [8Herpes simplex virus [9],
and MS2 bacteriophage [10]. The concentration @k Tisually required to
kill bacteria varies between 100 and 1000 ppm, deéipg on the size of
the particles and the intensity and wavelengtineflight used [6].
Inactivation of bacteria with Ti©nanoparticles offers a number of
advantages: i) Ti®@is non hazardous and inexpensive; ii) the UV canten
of solar light (about 5%) is sufficient to activdkee TiO, for the production
of reactive oxygen species (ROS) and OH radicatschware the primary
factors in the inactivation of bacteria [11-13].

The antibacterial activity of the sole Ti@owder has been tested in order
to confirm its bactericidal effect against E. Gehen exposed to UV light.
Two solution composed by 10 ml of bacterial solutte 10 mg of TiQ
(powder) were prepared. One of them is exposetdadJty light. A lamp
of 6W is placed at 11 cm from the solution for 3thues. Moreover, in
order to verify if UV light is able to act as bawtedal against E. Coli, the

sole bacterial solution is exposed to the lamptlifdiso, the bacterial
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solution not exposed to UV light is considered eégenence). The bacterial
solution was prepared according to the method deextin Chapter 1All
the solutions, after spreading on petri disks wecabated at 35°C and the
colony numbers counted.

The results of this experiment are shown in Table Brom the table it is
clear that TiQ powder displays great antibacterial activity agat. Coli if
activated by UV lamp (reduction of 100% after 3(hates, where as only
27% if not activated). Moreover the E.Coli growthriot affected by UV
radiation (reduction of 0% of bacterial solutionteaf 30 minutes

independently from its exposure to UV light).

Table 6.1 Reduction (%R) of E. Coli in contact with Ti@owder for 30 minutes and

in presence of UV

%R %R
Sample
(t=0" (t=30")
(10ml bacterial solution+ 10 mg
_ _ 0 99.99 + 0.01
TiO;) exposed to UV light
(10ml bacterial solution+ 10 mg
_ _ 0 27.05+0.01
TiO2) not exposed to UV light
10ml bacterial solutioexposed to 0 0
UV light
10ml bacterial solution 0 0
not exposed to UV light

Verified the TiQ powder antibacterial activity against E. Coli when
activated by UV light, antibacterial tests on PLAda PLA/TIO,
nanocomposite films have been performed by follgwthe procedure
written in Chapter 1. In the phase of contact ef fims with the bacterial

solution the samples are exposed to the UV liggaiA, the UV exposure
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was realized with a lamp of 6W placed at 11 cm fitbi solution for 30
minutes. In Figure 6.1.1 is shown the histogram tbé bacterial
concentration of E. coli (CFU / ml) as a functidrcompositions and of the
contact time between the bacterial solution andilime(30 minutes). Table
6.2 shows the percentage (%) reduction of E. Gadlifeerent contact time

calculated from the equation given in Chapter 1.

Table 6.2  Reduction (%R) of E. Coli in contact with PLA carPLA/TIO,

nanocompositefor 30 minutes and in presence of UV

%R %R
Sample

(t=0" (t=30")
PLA 0 0
PLA/2% TiO , 0 20.22 £ 0.01
PLA/2% mTiO , 0 19.03+0.01
PLA/5% TiO , 0 25.10 £ 0.01
PLA/5% mTiO » 0 24.00 £ 0.01
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O PLA2% TiO2

2.0E+06

0O PLA2% mTiO2

O PLA5% TiO2

@?
PLA/5% mTiO2

1.5E+06

1.0E+06

CFU/ml

5.0E+05

0.0E+00

0 minutes \IL‘

30 minutes

Figure 6.1.1Effect of time and filler content on the antiba@kactivity against E.Coli
for PLA/TiO, nanocomposite films

From table 6.2, it is clear that the percentagecton of E. Coli colonies
after 30 min of exposure to UV light is about 2366 &ll the PLA/TIQ
nanocomposites, insufficient value to define tlhmdias antimicrobial.

The low antimicrobial activity for PLA/TiQfilms after 30 min can be
attributed to the fact that the majority of the oparticles are completely
embedded in the polymer matrix (as shown in the S&btographs in the
Chapter 2) and therefore there are very few padidn the film surface
that can be activated by UV radiation.

6.2 ANALYSIS OF ANTIBACTERIAL PROPERTIES OF PLA/ZnO
COMPOSITE FILMS
ZnO particles are known for their antibacterial\att and recent studies

confirm their efficacy as antimicrobial agents, eva thermoplastic
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polymers [14-17]. From these studies emerged imapontesults: the ZnO
particles exhibit antimicrobial activity againstdbaria that are resistant to
high temperatures and pressures; the antibactaiadity is dependent on
the surface area and the concentration, while ty&tailine structure and
shape of the particles have little influence; tleatment at higher
temperature of the ZnO particles has a signifiedigict on the antibacterial
activity. Despite this, the mechanism of antimicabbactivity is fully
clarified: according to Sawai et al [14], the fotroa of hydrogen peroxide
is able to destroy the cell membrane; accordintmmenov et al [18]
ZnO patrticles link through chemical bonds to theteaal membrane and
cause the formation of electrostatic forces thamaige the cell membrane
itself.

Anyway, the most creditable hypothesis is the faromaof reactive oxygen
species even if it is not yet entirely clear howsi species are produced
[19].

In Figure 6.2.1 it is shown the histogram of thetbaal concentration of
E. Coli (CFU/mI) as a function of the contact tilbetween the bacterial
solution and the film (1 , 24, 48 hours and 5 dayg) compositions. Table
6.3 shows the percentage (%) reduction of E. Qaliféerent contact time.
The concentration of the initial bacterial solutisrx1G CFU/ml. After 1
hour of contact no change in concentration is ofeskerfor any of the
samples. After 24h of contact, significant decreaskt bacterial
concentration is found only for the PLA/5% ZnO s&n(oR= 99.99);
after 2 days, the bacterial concentration for the tomposites with 1 and
3% of ZnO is further decreased, but the values Rfé&e still far 99.99; the
tests done after 5 days of contact indicate thati®4Rally equal 99.99.

A visual method for observing a biocide effect ofZparticles is shown in
Figures 6.2.2 and 6.2.3. In Figure 6.2.2 the battgrowth of E. Coli,

after 24 hours of contact between the solutionRnd, is well evident on
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the Petri dish. At same contatime, no bacterial growth is instead
observed for PLA/5% ZnO composite (Figure 6.2.3).

Table 6.3 Reduction (%R) of E. Coli in contact with PLA aRdLA/ZnO composite
films for 1, 24, 48 hours and 5 days

%R %R %R %R
Sample
(t=1 h) (t=24 h) (t=48 h) (t=5 days)
PLA 0 0 0 0
PLA/1% ZnO 0 42.41 +0.01 76.22 + 0.01] 99.99 + 0.01
PLA/3% ZnO 0 57.04 + 0.01 82.80 + 0.01 99.99 + 0.01
PLA/5% ZnO 0 99.99 + 0.01 99.99 + 0.01 99.99 + 0.01
2 0E+06 -
FLA/MY% Zn0O
FLA/S% Zn0O
1 5E+06 - PLA/5% ZnO
‘E 1.0E+06 -
——
|
LL
O
5 0E+05 -
0,0E+00
1 hour
24 hours 48 hours
o days

Figure 6.2.1Effect of time and filler content on the antibacikactivity against E. Coli
for PLA/ZnO composite films
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These results clearly indicate that the antibaatexctivity against E. Coli
of PLA/ZnO composites increases by increasing aintime and ZnO

content.

Figure 6.2.2Bacterial growth of E. Coli after 24 h of contamtween PLA (control)

and the solution

Figura 6.2.3 Bactericidal effect of the system PLA/5% ZnO a2#rh of contact with
the solution
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6.3 ANALYSIS OF ANTIBACTERIAL PROPERTIES OF
PLA/MMT (Dellite 67G) NANOCOMPOSITE FILMS

Rhim et al. [20] reported that some nanocompositesfprepared with
certain organically modified nanoclay had a stramggmicrobial function
against both Gram-positive and Gram-negative biactdihey postulated
that the antimicrobial function of nanocompositenf could be attributed
to the quaternary ammonium groups of organicallydifred clays. Table
6.4 shows the percentage reduction of E. Coli catnagon after different
contact time of bacterial solution with PLA and FMMT films. In Figure
6.3.1 it is shown the histogram of the bacteriahcamtration of E. coli
(CFU/mI) as a function of the contact time betwdes bacterial solution
and the film (1, 24, 48 hours and 5 days) and campas.

The results show a decrease of the bacterial ctnaciem by increasing the
amount of MMT. PLA/3% D67G film presents the highEscoli reduction
(80%) after 5 days. This antibacterial reductioprsbably caused by the
guaternary salt ammonium presents on the MMT natiofes surface, as
found in literature. The higher % reduction fourmt PLA/3% D67G
respect PLA/5% D67G nanocomposites is probablytdues intercalated
structure, as shown by the TEM micrographs (seepteha2). The
intercalation exposes higher MMT specific surfaxcéhie bacterial solution
contact, increasing the bactericidal effect.

Anyway, the % reduction found in this experimenha sufficient to state

that PLA/MMT nanocomposites have antibacteriahagti
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Table 6.4 Reduction (%R) of E. Coli in contact with PLA arfdLA/ MMT
nanocomposite film&r 1, 24, 48 hours and 5 days

%R %R %R %R
Sample
(t=1 h) (t=24 h) (t=48 h) (t=5 days)
PLA 0 402+0.01| 7.02+0.01 21.20+0.01
PLA/1% D67G 0 0 6.50 £ 0.01f 30.03+0.01
PLA/3% D67G 0 35.00 £+ 0.01| 44.08 +0.0180.02 +0.01
PLA/5% D67G 0 7.05+0.01| 802%+0.01 5575%0.01

2.0E+06 -
PLAM% D67G
PLA3% DB7G
1 5E+06 - PLA5% D67G
€ 1,0E+06 -
-
L
O
50E+05 -
0,0E+00
1 hour
24 hours 48 hours
o days

Figure 6.3.1Effect of time and filler content on the antiba@kactivity against E.Coli
for PLA/MMT nanocomposite films
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CONCLUSIONS

The aim of this work was to develop new films basmd PLA for
applications in the food packaging with improvedp®rties such as
barrier, mechanical, UV properties, antibacterietivaty by adding TiQ
nanoparticles (modified by plasma treatment, andnmadified), particles
of ZnO (obtained by spray pyrolysis process) andoparticles of MMT
(modified by dimethyl dihydrogenated tallow ammanijuto the polymer
matrix. Structural and morphological characterasi were performed,
followed by a study on the PLA composites degraaati

PLA was mixed with the TiQpowder with a mixer, two formulations were
prepared by using both modified and unmodified ;Tn@noparticles: 2wt%
and 5wt%. PLA/TiIQfilms were produced by compression moulding.
The PLA/ZnO composites and PLA/MMT(Dellite 67G) omanmposites
were prepared by mixing the components from the osehg a twin-screw
extruder. In order to improve the dispersion of filer within the PLA
matrix, two masterbatches were prepared, in paaticBLA/ZnO 80/20
wt% and PLA/Dellite67G 80/20 wt%; then to eachlefrh PLA was added
in such quantity to obtain the final compositionghwl, 3 and 5% by
weight of ZnO and MMT (Dellite67G).

The pure components and samples were charactdnz&iAXD, TEM,
ATR, SEM, DSC, TGA, UV-visible spectroscopy, mecicah barrier and
antibacterial properties. Moreover, it was alsoriedr out a study on
degradation by using different degradation sourdaé light, hydrolytic,
enzymatic and isothermal medium.

PLA/TIO, and PLA/ZnO films are amorphous, this means thbA P

crystallization process is not influenced by T({@odified and unmodified)
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and ZnO particles. PLA /3% D67G and PLA /5% D67&éa very low
crystallinity of about 4% and 8%, respectively.

Morphological analysis highlighted important resukor all the PLA/TIQ
compositions, it can be observed that the nanabestidispersion and
distribution is homogeneous, moreover, the ;li@anoparticles (both
modified or not) are perfectly embedded in the matn all the PLA/ZnO
samples the ZnO patrticles are fairly distributedhi@ polymer matrix with
an average size of about 1.2n. This result can be regarded as good
considering the nature inherently incompatible lesmvthe organic and the
inorganic phase and the natural tendency of pestiof sub-micrometer
and nanometer size to agglomerate because ofttighirsurface energy. In
the PLA/MMT system, it is possible to highlight tvaspects: the first is
that the process of extrusion and subsequent caliegdwas able to create
a good dispersion of the filler in the PLA matrithe second is that
nanocomposites present intercalation: it is maogtcé¥e in the composite
PLA/3% D67G in which the distance between the &gers is higher than
that of other composites. It is known from therhtere that in order to
maximize the properties of a polymer / clay nanggosite it is necessary
to obtain an exfoliated morphology. For these reasastudies are in
progress to select the best composition (additidnan additional
compatibilizer) and the best process conditionsréalizing an exfoliated
nanocomposite.

The different fillers do not influence the cold stllization process and the
melting behaviour of PLA and do not alter the glaassition temperature
of the polymer amorphous phase.

The thermal stability of the composite varies wtile nanoparticle nature:
it increases significantly with TiOnanopatrticles, in particular if modified;

it decreases adding ZnO particles; it is not fosigaificant variations with
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the addition of D67G, except for the PLA/3% D67@&nacomposite for
which a slight increase of stability is present.

The tensile tests show that the addition of ;JiZnO and MMT particles
causes an increase of deformation at bregk garameters, except for
PLA/5% ZnO and PLA/5% MMT. The elongation at yigldint ( ,) is not
strongly influenced by addition of the particles.

The parameters at strength and ) are slightly affected by the presence
of clay and TiQ for all compositions; contrarily they increase by
increasing ZnO particles, especially in transvelisection.

The Young's modulus increases with the additioclay and ZnO for all
compositions, but decreases with Ti@ddition.

For PLA/TIO, systems, it has been found an increase of thehtmss
respect to PLA, in particular the toughness doubdethe samples with
5% of TiO, (modified and unmodified) and it triples for thengples with
2% of TiO, (modified and unmodified).

The composites show a decrease of oxygen perntgatminpared to PLA.
The amount of @permeability reduction depends on the differentigla
used.

PLA/TIO, systems have not an improvement of the, G&rier properties
whereas the PLA/ZnO and PLA/D67G systems show aedse in CQ
permeability.

The results for water vapour barrier propertiesndd show significant
variation for the composites and nanocompositey] #rey are in
agreement with literature data.

PLA/TIO, nanocomposites do not present antibacterial &gctiagainst
E.coli after 30 minutes of exposure to UV light.iSlean be attributed to
the fact that the majority of the nanoparticles @epletely embedded in
the polymer matrix and therefore there are very fasticles on the film

surface that can be activated by UV radiation.
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PLA/ZnO composites present bactericidal activityaiagt E.Coli, in
particular, at time t = 24 hours the concentratdrE.coli is decreased,
respectively, by 99.9, 57.04 and 42.41% for the @dasmPLA/5% ZnO,
PLA/3% ZnO and PLA/1% ZnO.

PLA/MMT nanocomposites show a decrease of the battmoncentration
by increasing the amount of MMT. PLA/3% D67G filnrepents the
highest E.coli reduction (80%) after 5 days. Tmslmcterial reduction is
probably caused by the quaternary salt ammoniureepts on the MMT
nanoparticles surface, as found in literature. figler % reduction found
for PLA/3% D67G respect PLA/5% D67G nanocomposaggaobably due
to its intercalated structure.

PLA/TIO; films absorb UV radiation up to 500 nm by incregsthe TiQ
content. The films containing ZnO show an absorptiothe region around
385 nm, confirming the screening effect of ZnO % tadiation reported in
the literature, contrarily the PLA/MMT nanocompesi do not absord
UV- radiation.

The UV degradation study shows that PLA degradetefahan composites.
PLA film obtained by compression molding degradedpletely in about
17 days, while the PLA obtained by calender in 2¢sd The weight loss as
a function of time is lower by increasing the amooh particles in the
polymer matrix. Moreover, by comparing the threestems, the
degradation rate is the following: PLA/IMMT > PLA/@&n> PLA/TIO; .

The PLA/ZnO composite and PLA/MMT nanocompositen$l during
photo-oxidation degraded by following the same naatdm of PLA,
whereas, PLA/TiQ nanocomposite films seem to degrade with a differe
mechanism from PLA. PLA/Ti@system does not present all the typical
degradation peaks of PLA, this can be attributethéoinhibiting action of
TiO, nanoparticles on PLA UV degradation.

168



Conclusions

The hydrolytic degradation of PLA produced by cdkenis faster than that
of PLA obtained by compression moulding. MoreoveLAHIO,,
PLA/ZnO and PLA/MMT films exhibit degradation fastdan PLA. For
PLA/TiO, nanocomposites, the degradation is faster by asong the
nanoparticles amount. Modified nanoparticles spepdthe degradation
respect to the unmodified one.

For PLA/ZnO composite films, the degradation istdasdecreasing the
ZnO particles amount. Finally for PLA/MMT nanocongge films,
PLA/3% D67G degrades faster than other compositiBgscomparing the
three systems, the degradation rate is the follgwt.A/ZnO> PLA/MMT

> PLA/TIO, .

The enzymatic degradation for PLA/Ti@anocomposites is faster than
PLA, while for PLA/ZnO and PLA/MMT is slower. In lathe systems the
weight loss is function of the filler amount. Noffdrence in the
degradation rate of different composites can beaiad.

The presence of ZnO is able to speed up the isotiategradation of PLA
in a way that is function of ZnO amount and temperm TiQ, and MMT
do not influence significantly the degradation @&fAP(at least up to the
limit of time, 40min, investigated in this work).

In conclusion, this work was designed to evalub&epossibility to employ
PLA based composites/nanocomposites for food paegapplication and
to evaluate their degradation times. The resulktssarely satisfactory for
all the systems; in particular, PLA/ZnO composiieng show good
mechanical and barrier properties and excellentbacterial properties
against E.Coli. For its characteristics, among éhtbsee studied systems,
PLA/ZnO is the best system to employ in the foodkpging field.
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