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Abstract

The objective of this PhD project regards the fdatian, preparation and
characterization of polymeric materials in whicimé&llar inorganic solids

containing potentially active molecules are dispérs

In particular the present work was aimed at theparation and

characterization of "Active Food Packaging Matatialising inorganic

filers modified with active molecules (antimicrelis, antioxidants)

dispersed in polymeric matrices for the realizat

1) Materials with improved barrier properties tegsand vapors

2) Systems for controlled release of active molegulct to protect and
extend the shelf life of food products.

Two techniques of dispersion of active inorganileis in polymer matrices
have been used, generating:

1) polymeric nanocomposites

2) coatings of polymeric surfaces.

A screening of different polymers, from biodegrddadnd thermoplastic to
natural, was done to compare the effect of therfilland of the dispersion
technique on the properties mentioned above.

Xl
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Introduction

.1 Preface

The need to extend the shelf life of packaged floasl brought the research
into innovative solutions along with the changingeds of consumers,
making the "packaging" a constantly evolving fiel@his evolutionary
process has changed the concept of packaging. Tddeypackage must
meet increasingly strict requirements, not alwallscampatible, which
affect not only product protection, ease of usey lcost but also the
hygienic, health, nutritional, organoleptic andthetc quality.

For this reason, packaging is increasingly takihgaaling role in preserving
and improving the characteristics of food to thénpof being considered
itself a respectable product.

More than half of the materials which are most camiy used in the sector
of food packaging are glass, aluminum, cardboaddpdestic cards.

The last 50 years have been characterized by théagable advance of
plastics that are gradually taking the place dlitranal materials, especially
glass and metal. This is because the plastics eme wersatile in terms of
processability (low specific gravity, transparencphatterproof, etc.) and
performance, keeping costs more or less down.fteréason, the research
in the field of plastic packaging is always pushiogards the development
of new solutions that could meet the growing nedfdhe market,

particularly of the food one.



Chapter |

The current trend is directing the research towards development of
innovative solutions both for functional packagifartive packaging and
nanocomposite materials) and low environmental ohp@®@iodegradable
materials, recyclable packaging with reduced size).

Packaging and food are not seen anymore as sepatdies but as elements
that can interact and are always pursuing the gdaimproving the
acceptability of the packed product.

A possible strategy to improve the mechanical piigs heat resistance and
the barrier properties of these systems is therparation of inorganic
materials at the nanometer level, in polymeric roas. The research on
polymer-based nanocomposite systems by oil andefiadlable polymers
has shown that the dispersion of inorganic mateaalthe nanometer level
in the polymer improves its properties.

The incorporation of inorganic fillers in the polgnc matrix can improve
the mechanical properties (eg elastic modulus aedgy at break), thermal
(eg, increased glass transition temperature andetinperature of thermal
degradation of the polymer) and liquid permeabilijgses and vapors,
allowing the creation and the processing of proslutiat have a high
mechanical module and a good toughness. Otheresiieg prospects
concern some specific properties, such as controlikease, a better control
of thermal expansion and a highly effective flam&ardants inherent.

High quality and microbiologically safer foods, a®ll as longer product
shelf-life, are continuously required by consunaard this is compelling the
research, both academic and industrial, to devehgpe and more, new food
preservative strategies. The packaging of food ymts] aimed at reducing
the spoilage by bacteria and at protecting fromptbitutant environment, is
quite different from the packaging of other produetnd requires more
specific properties.

The realization of new materials, in which an irrg component is
dispersed, impose the necessity of knowing thesttral organization of the
polymer and the resulting physical properties.datfthe properties of the
material depend on the properties of the compornamison the interfacial
interactions between the different phases. A chymint for understanding
many properties of the composites and the previgfaheir behavior is the
analysis of the structure and the interface polyimemganic compound. In
this sense the analysis of the structural orgaoizaif the polymer and the
correlation with the physical properties will be fohdamental importance.
Moreover, the release of the active molecules Wwi#l dependent on:
interaction molecule-inorganic lamella, composititype of dispersion of
the modified inorganic material into the polymeontact with food. The
new approach of introducing inorganic particulatesntaining active
molecules into polymeric matrices can lead to aesyism of properties
typical for organic and for inorganic compoundshaitineable molecular
delivery. The inorganic compound is introduced itfte polymer not only to



Introduction

improve the properties but mainly because activdecubes that can be
released with controlled kinetics, depending onctebmic structure,

interaction, concentration, morphology and polynmigm of the matrix, are
fixed on it. The methods of immobilization of thetime compounds in the
hybrid compounds was modelled and developed and pileeessing

procedures to incorporate the nano-hybrids intoptblgmeric matrices was
explored. The release kinetics and the release Isvedes correlated to the
structure and morphology of the polymeric matrix.

The methodology to incorporate the inorganic conmgowith the active

molecule into the polymeric material are those entty used such as melt
blending at high temperatures. However an innoeatiethod like High

Energy Ball Milling (HEBM) at room temperature, amdthout solvent is

used in the last years. The last method seems tootamtially the most

suitable for natural polymers that in many caseslewyo degradation
phenomena before melting.

The characterization of films obtained was carrimat using different

experimental techniques:

« The X-rays diffraction, to determine the degreeirwércalation of
polymer between the layers of the charge.

e The infrared spectroscopy (FT-IR), to investigateiclr molecules
are present in the layers.

* The degradation temperature and composition of filker were
determined by thermogravimetric analysis (TGA).

* The study of the kinetics of release was made usiadJV-visible.

* Morphological analysis by SEM and TEM

I.2 Phases of the project
The principal phases of the PhD project were:

1) Synthesis of Hydrotalcite (LDH) modified with organic molecules with
specific action (antimicrobial and antioxidant) dyrea method and
Coprecipitation method: characterization and corspar

2) Incorporation by High Energy Ball Milling (HEBMdf LDH modified
with molecules with antimicrobial properties (LDHBmate (LDHBZz).
LDHp-hydroxybenzoate (LDHpOHBZ), LDHortho-hydroxyimate
(LDHsal), LDHZ2,4-dichlorobenzoate (LDHDCB)) oiolycaprolactone
(PCL):

- Study of water barrier properties of composit#ent LDHpOHBz and
LDHDCB)
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- Study of controlled release from composites aathgarison of release
from LDH obtained from 2 different method of syrdie (LDHsal and
LDHBz)

3) Incorporation by HEBMof LDH modified with active molecules with
antioxidant and antimicrobial properties dpolyethyleneterephthalate

(PET) to obtain materials with oxygen barrier propert@s antimicrobial

activity:

- Thermal and structural characterization

- Study of the oxygen barrier properties

- Study of antimicrobial properties of compositedarelease kinetics of
antimicrobial

4) Preparation and characterizationcofitings on PETfilm, dispersing the

inorganic filler (LDH) in an adhesive for food apaltion, to develop

antimicrobial and antioxidant systems:

- Study of antimicrobial properties, oxygen barpeoperties and kinetics of
release of the PET coating

- Application of the system PET coating + LDH-aetimolecule on fresh
foods such as mozzarella, grapes, cherries, midk,démonstrate the
effectiveness of controlled-release on extensiothef food shelf life

5) Preparation and characterization of antimicob@atings on plasma
treated Polylactic acid (PLA) (procedure developed during the period spent
at Cornell University, Ithaca NY):

- Preparation of inorganic filler (LDH) modified thi active molecules: lonic
liquids based on tetraalkylphosphonium salts cosbwvith different anions
(decanoate and dodecylsulfonate) have been usedeasalating agents of
layered double hydroxides (LDHs) by ion exchangde Tsynthesized
phosphonium-treated LDHs display a dramatically riompd thermal
degradation and a significant increase of the leyer distance as confirmed
by thermogravimetric analysis (TGA) and X-Ray Difftion (XRD).

- Deposition of modified filler on plasma treatedlymeric surface and
characterization for the realization of systemdwaittimicrobial activity and
systems with improved water barrier properties

6) Incorporation by extrusion of LDH modified with active molecules on
PLA (procedure developed during the period of timenspst Cornell
University, Ithaca NY) to obtain materials with inoped mechanical,
barrier properties and antimicrobial activity. Taghlight the effect of
thermostable ionic liquids, a very low amount of H® have been
introduced on a polylactid acid (PLA) matrix and ALDHs

4
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nanocomposites have been processed in melt bystwaw extrusion. Then,
Transmission electron microscopy (TEM) analysis Hseen used to
investigate the influence of ILs on the differenbnphology of these
nanocomposites. Even if the thermal stability ofAPhatrix decreased, an
excellent stiffness-toughness compromise has detmned.

7) Incorporation by High Energy Ball Milling (HEBM) of LDH modified
with molecules with antimicrobial properties (LDHBmate (LDHBZz).
LDHp-hydroxybenzoate (LDHpOHBZ), LDHortho-hydroxyimate
(LDHsal), LDH2,4-dichlorobenzoate (LDHDCB)) on nedlipolymers such
as Pectin from apple to realize system of composites or coating for food
packaging:

- Thermal and structural characterization

- Study of the mechanical properties

- Study of the water barrier properties

- Study of antimicrobial properties of composite

|.3 Materials

The polymeric materials used include a polymerigringpolycaprolactone
(PCL), polyethylene terephthalate (PET), polylacticid (PLA) and an
inorganic component dispersed within said mattig, tydrotalcite (LDH), a
double-layered aluminum and zinc hydroxide modifigith active organic

molecules.
o\i- -
matal cation
48 s &

OH anians

Layered crystal structure of hydrotalcite-like compounds

Figure 1.1 Hydrotalcite structure

1) For the realization of water barrier systems saidase of antimicrobials
were prepared nanocomposites based on mstagrolactone) (PCL) and
hydrotalcites. Were synthesized hydrotalcites, (@@M)-benzoate,

pOHBz, DCB and salicylate by Urea method at theveirsity of Perugia
and by the method of coprecipitation at our |abmras.

Poly (e-caprolactone) (Mn = 50000), sodium benzoate amvate/es were

used without further purification.

The sodium benzoate and derivatives are used awrpadives in food.
Sodium salicylate is an antiseptic in toothpaste, ia the key-ingredient of
aspirin.
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2) To obtain materials with enhanced gas barriepgrties were prepared
nanocomposites based on polyethylene terephth@&e); were used PET
CLEARTUF 8006 of M&G, high molecular weight polymarith a 0.80
intrinsic viscosity (V) and various fillers chosémact as an oxygen barrier
layer and replace high barrier:

- Are synthesized various hydrotalcites, (LDH)amg molecule by the
method of coprecipitation. Organic molecules incogbted in hydrotalcite
are:
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OH

1. salicylic acid

2. pOH-Benzoic acid OH

3. aleuritic acid
OH

O
HO - - - | \/\/\)L
OH

O OH O

HOWOH

4. citric acid o~ "OH

o)
P

5. glycolic acigHO CH,0OH

H NH,
HO.__A_ _OH
6. serine @)
HO 0
HO/q/U\OH
7. 2.2-bis-hydroxymethyl-propionic acid CH;

Figure 1.2 Organic molecules incorporated in hydrotalcite
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3) For the realization of antimicrobial releaseteys from PET coating,
were prepared coating on PET film, using an acrglihesive for food,
normally used as an adhesive in polylaminated (NoteaHS-8256, COIM
spa, weight 3.8g/fin which was dispersed active filler (LDH-anioiDH-
carbonate) to allow a release faster than wherfiltee is dispersed in the
melt polymer.

4) For the realization of antimicrobial coatings mlasma treated PLA and
PLA composites the organic molecules used to madtiéyhydrotalcite and
give a target activity, are polystyrensulfonate $IP&nd phosphonium ionic
liquid salts (IL) such as IL 103 tetradecyl(trih@phosphonium decanoate
(P1) and IL 201: tetradecyl(tributyl)phosphoniumddoylsulfonate (P2)
provided by Cytec Industries Inc, to increase higdrophobicity of PLA
surface and to have an antimicrobial coating. TREA polymer used is
7032D from NatureWorks. It is a semicrystalline Pl¥ad reported a Tg of
57 °C, specific gravity of 1.25 and a melt flow éxdof 10-25g/10 min.

5) For the realization of barrier and antimicrobiaystems from pectin
nanocomposites, the apple peel Pectin was purchigsadsigma Aldrich. It
is a powder sample with high molecular weight (80;8.00,000) and a high
degree of esterification (70-75%) on a dry basis.tRe nano-hybrids were
synthesized hydrotalcite, (ZnAlLDH)-benzoate, pOHBLB and salicylate
by Urea method at the University of Perugia.

l.4 Food packaging

Earlier food packaging materials were used to g®wvonly barrier and
protective functions. Polymers have been widelydusdlifferent packaging
applications, and nowadays the incorporation oif@atobial substances in
polymeric matrices is gaining more and more figldechnical processes.
These materials include new biodegradable polymmolmers with both
hydrophilic and hydrophobic characteristics, andrbgels able to respond
to temperature or pH variations (Cabeda@l 2006). Various kinds of active
substances can be incorporated into packaging matéo improve their
functionality. Such active packaging technologies designed to extend the
shelf life of foods while maintaining their nutdtial quality and safety.
Active packaging technologies involve interactite$ween food, packaging
material, and the internal gaseous atmosphere. €eki@ functions they
provide include oxygen scavenging, antimicrobialtivity, moisture
scavenging, and others.

When antimicrobial agents are incorporated intocolyrper, they retard or
prevent microbial growth. This application could hesed for foods
effectively, not only in film forms but also as ¢aimers and utensils and this

8
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approach can reduce the addition of larger quastidf antimicrobials that
are usually incorporated into the bulk of the foddevertheless, the
incorporation of low molecular weight antimicrobigolecules in polymer
matrices has the disadvantage that the migratiah tha release of the
molecules cannot be easily predicted and controlemte often, it leads too
rapidly to an initial high concentration of the igetconstituent in the food,
limiting at the same time the duration of the scefactivity of the polymeric
matrix. The morphology of the polymer matrix playsimportant role to the
active molecule release rate. However the diffuparameter can change in
a narrow interval, not allowing prolonged times faymplete exit of the
molecules (Goodburet al, 1988).

Controlled release systems are currently beingldped in many fields of
science and technology with the aim to lead to nedfieient processing and
targeting of active molecules. Drugs in medicalices, antimicrobial and
oxygen scavenging for food packaging applicatibnssides for agricultural
purposes are currently intensely being investigftedteret al, 1986).
Recently great attention has emerged around thechglbganic-inorganic
systems and, in particular to those in which lagesiicates are dispersed at
a nanometric level in a polymeric matrix. Such rayiwid composites
possess very unusual properties that are veryréeiffdrom their microscale
counterparts. In particular layered double hydrexidDHs) or hydrotalcite
like compounds, have received considerable atterdi® active molecule
delivery vehicle, because of their anion exchangepgrties. These
compounds, also known as “anionic clays” have ganrmula [M(I1).
«M(IIl) (OH),](Ayr) - mMHO where M(Il) is a divalent cation such as Mg,
Ni, Zn, Cu or Co and M(lll) is a trivalent cationch as Al, Cr, Fe or Ga,"A
an anion of charge such as C&¥, CI, NOs or organic anion.

These hybrid organic-inorganic systems can enswerntigration and the
release of the molecule in a controlled and turesalaly, keeping preserved
for as long as the food does before degradatiotssta

A big effort to extend the shelf life and enhanced quality while reducing
packaging waste, has encouraged the explorationneM bio-based
packaging materials such as edible and biodegrad@bis. The use of
these materials, due to their biodegradable natoeld solve the waste
problem, at least to some extent.

I.5 Packaging as active barrier

The packaging indicates those functional packagotutions in which
involves the use of a material, container or paickpgf an accessory, that
can play an active and an additional containmeitiso rather than a
traditional generic product protection (Ravi Kumet al, 2001). The
definition of "active" was associated with all teelutions of "packaging"
that constantly and actively interact with the adpitere inside a package:

9



Chapter |

by varying the composition and quantitative headspar directly with the
product it contains, by releasing from the matendl antimicrobials,
antioxidants, or other useful substances to impritwer quality. The
solution of "active packaging" consists of placingside the box bags
containing special agents that interact contingousith the internal
atmosphere and / or with the product or absorptiwough the release of
suitable substances.(Lu et al, 2004). Such systeawgever, find it difficult
to succeed in European countries for at least éasans:

» The national and European regulations are notegsty to face legislative
action, such a development of food packaging;

» The consumer himself is not well prepared psyatichlly to buy
packaged food that contain not only the productsbute objects inside that
one could think as "strangers."

In view of psychological denial that European costos would have in
respect of such system, the food packaging ingusttaking steps in the
next few years to better hide the view of theserlibors / gas absorbers. The
solution was found by developing new packaging neltethat enclose the
active agents (gas emitters and absorbers, antibiads). The main active
packaging technologies relate to the use of spesifostances able to absorb
oxygen, adjust the humidity, emit or absorb carlbaxide, act with
antimicrobial effects on the food, absorb ethyleflayors or smells.
Applications of "active packaging" materials pravithe addition of active
substances released into the product by incredsirshelf life (Giavaresi et
al, 2004).

|.6 Release of antimicrobial

More and more the research focus on developinyeagtackaging sterile
film that is able to have an antimicrobial effect fmod and beverages. In
general, antimicrobial packaging approaches ateatypes: the first one is
to bind the reagent to the surface of the packagiity the aid of a
molecular structure which is large enough to mantaicrobial activity
even when trapped in the plastic and whilst theosgcone is about the
release of agents in the food or the removal ajcalized food ingredient
essential for microbial growth. The major applioatof antimicrobial films
is about the packaging of meat, fruit and vegetahl&weers et al, 2006)
The most common antimicrobial agent is represebyezkolites replaced by
Ag ions that have a strong antimicrobial activinother antimicrobial
agent is potassium sorbate which is added anddedrwith LDPE at high
temperatures to prevent thermal decomposition ef gbrbate to produce
"masterbatch”. (DelNobile et al, 2003). These aegetbping systems to
gradually release SOto control the growth of mould on certain fruits.
Another compound that exhibits antimicrobial eféeit ethanol. While the
removal of oxygen and the removal of ethylene damdrelease of ethanol

10
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represent an opportunity to limit food additivegshwthemical preservatives
of all kinds, the “active packaging "may also beay to release the same
preservatives on the packaged food. In this casedtssible capitalize on
the ability of the material to allow the diffusidrom molecules of low
molecular weight, and the diffusion and releaselrarsms on the food are
regulated by factors including the nature of thiymer matrix, the nature of
the diffusing molecule, the temperature, the partitmaterial/food. In
perspective to this application, active packagiag modulate, quantitatively
and in respect of time, the preservative effecteréhare many references
regarding this use and its effectiveness has alwasen demonstrated
(Appendini et al, 2002).

.7 Preparation of materials with enhanced barrierproperties

The polymeric materials used nowdays for packaghaye several

weaknesses, including: poor mechanical properoes.thermal resistance,
poor barrier property (Jasseal, 1997).

The standard polymeric resins do not have suffickarrier properties to
protect the shelf life of products. The substratgstrthen be coupled, co-
extruded or coated with materials "high barrietieTeasiest way to get food
packaging with high performance is to combine rpidtimaterials, of which

the outer layer is made of polyester or polypropgléhigh melting point)

whilst the interior is a gas barrier material suh aluminum, metallized
films, copolymers cyclic olefin, etc (Bruet al, 2008). An important

objective is the reduction of multiple incompatibi@aterials in the same
articles. While the foil is widely used as barriaaterial, the coupling of
sheets is not always the best solution to enswrerittht combination of

required features, especially for packaging whexesiparency is the primary
requirement.

The packaging manufacturers claim that, along \wélrier properties, the
materials that ensure good mechanical propertes, life, are welded and /
or printed (Salame et al, 1986).

A possible strategy to improve the physical prdpsrtof conventional

packaging is to disperse inorganic materials at ribaometer level, in

polymer matrices, such as organic-inorganic hybystems. The dispersion
of filler in the polymer matrix is generally moreanomical than the one

required in coupling and guarantees:
» Improved mechanical properties (increased modahg toughness) could
allow the use of film with lower thickness.

 Improved barrier properties: elimination of ttagér "high barrier" in the
multilayer film (eg aluminum and EVOH) (Gorrast al, 2003). The

determination of the barrier properties of a polyisecrucial to estimate and
predict the product-package shelf-life. The spedtarrier requirement of

11



Chapter |

the package system is related to the product ctegistecs and the intended
end-use application.(Robertson et al, 1993) Gelyepédstics are relatively
permeable to small molecules such as gases, wapeuy, organic vapours
and liquids and they provide a broad range of nrasssfer characteristics,
ranging from excellent to low barrier value, whisiimportant in the case of
food products. Water vapour and oxygen are twohef main permeants
studied in packaging applications, because they tnagsfer from the

internal or external environment through the polypeckage wall, resulting
in a continuous change in product quality and slifelf Carbon dioxide is

now important for the packaging in modified atmasgh(MAP technology)

because it can potentially reduce the problemscessd with processed
fresh product, leading to a significantly longeelstife. For example, for

fresh product, respiration rate is of a great ingae in MAP design so
identifying the best packaging is a crucial fag®orrentincet al, 2006).

1.8 Inorganic filler dispersion method
|.8.1 Nanocomposites

Nanocomposites are a new class of composites tiogsief polymers
loaded with dispersed patrticles having at leastdimension in the order of
nanometers (Dubokst al, 2000).

There are three types of nanocomposites, dependimghow many
dimensions of the dispersed particles are in tideroof nanometers. When
the three dimensions are in the order of the natemnet comes to
nanoparticles such as spherical silica nanopastidde semiconductor
nanoinclusions. When two dimensions are in the mater scale and the
third is larger, forming an elongated structurd, '$etalk of nanotubes or
"whiskers." The third type of nanocomposites israbterized by only one
dimension of in the order of nanometers, in whiakecthe reinforcement is
present in the form of sheets with thickness of famometers and a length
that can vary from hundreds to thousands of narensieGoing from two-
dimension to one nanometer dimension of parti¢lepossible to maximize
the interaction between the nanofillers and therispathich form the basis
of the unique properties of nanocomposites (Giaspehl, 1999).

In general when a modified inorganic phase is afispd in a polymer,
nanocomposites can be achieved by three main stesctiepending on the
nature of the components used (solid laminatedyracgcation and polymer
matrix) and the preparation method used:

* structure with separate phases. The polymertibemveen the lamellae of
the solid, in this case the properties of the casitpoare the same as
microcomposites.

12
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* intercalated structure. One or more polymer chane intercalated between
the layers forming a morphologically well-orderedltiayer structure with
alternating organic and inorganic part of the part.

» exfoliated structure. Represents an extreme ads¢he intercalated
structure in which the efficiency of intercalatimmmassive. The layers are
completely and uniformly dispersed in the polymextnix.

=72 &l

Strati  d'argilla Polimero

(b) (
Fasi separate Struttura Struttura
(micron) intercalata esfoliata

Figure 1.3 Schematically illustration of three different typesf
thermodynamically achievable polymer/clay nanocasiipse

Exfoliation of the nanosheets in polymer matrixded@o an improvement in
the tensile, barrier and thermal stability of thatenial. Due to a more
tortuous path for the permeating agents, the nanposite has excellent
intrinsic properties such as flame retardant, mggchanical and chemical
resistance, and reduced permeability to gases apdry (Calvertet al,
1997).

Two complementary techniques are used to charaettre structures of the
nanocomposites:

1) The X-ray diffraction (XRD) is used to identifybrids with intercalated
structure, exfoliated or separate. The multilayemell preserved and the
distance between the layers is well determined.
Generally, the intercalation of the polymer chaiads to an increase of the
distance between the layers, when compared with stiel laminated
departure. In the diffractogram of an exfoliatedisture there is no visible
peak at low angles of diffraction, possibly dueet@essive space between
layers (greater than 8 nm in the case of an ordetgliated structure) or
possibly because the nanocomposite is no longgnedi and precise.
The presence of a widened peak at low angles &fadifon indicates the
existence of intermediary organizations due tosyystems well intercalated.

13
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2) The electronic transmission spectroscopy (TEMused to characterize
the morphology of the nanocomposite, allowing &adly distinguish when
a nanocomposite is exfoliated or intercalated. Ha former case it can
identify the lamellae of the solid that have noesrd

1.8.1.1 High energy ball milling (HEBM)

The technique of "High Energy Ball Milling" (HEBMJo incorporate
powders on polymeric matrices has attracted a gnéaest in recent years,
because this technique allows to transfer highggnerechanical mixtures of
powdered parts or alloys, in order to induce stmattransformations, with
the formation of nanostructured alloys (Suryanamnayet al, 2001).

The technique of "ball milling" may be used for:

» change the structure of materials by reducieggfain size;

* homogenizing a composition;

* increase the solubility of an element within atah alloy;

* create a metastable crystalline phase;

* to produce metal alloys;

* produce metallic crystals.

The technique of "ball milling" may be used wherreecessary to supply
energy to the system in order to obtain a reagiroduct, a polymer blend, a
metal alloy. The technique of the HEBM can be usedinduce the
intercalation or exfoliation of clay in a polymeamtrix.

Only recently the "ball milling" was used for theoduction of polymer
nanocomposites comprising a thermoplastic polymdram inorganic phase.
This technical innovation in this field, has a nenlof advantages over
traditional methods of preparation of nanocompas(ie the mixing time,
mixing as a solution) because the process occuasbient temperature and
in the absence of solvents. Are avoided, thereforehlems of disposal of
solvents and fillers can be used with thermally sgae molecules
(Sorrentinoet al, 1998).

1.8.2 Coating system

Coating technologies are continuously being devaddp an attempt to meet
a diverse range of very specific requirements gplications. Full or partial

coatings are applied to surfaces for a number féérdnt reasons including
aesthetic or functional finishes and protectivestay Current trends in this
field have focused on introducing nanoparticlesdating formulations.

An other method of dispersion of inorganic fillen @olymeric matrices

consists in use of coating system. Several physivalhods of surface
modification of polymers are common. The first tygfetreatment requires
the generation of reactive species such as radioals, molecules in excited
electronic states.
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In this category belong to the flame treatmentpoarand plasma (hot and
cold), and UV treatments, X-ray, laser, and ionfbeabeam. The coating
methods involve the deposition of key species, atommolecules on the
surface of the polymer. This includes plasma treats (sputtering and
PECVD) methods and physical vapor deposition (sdacbeam or thermal
activation), deposition of polymer films from sadbnt: dip-coating, roll
coating, spin-coating (Pilait al, 2009)

1.8.2.1 Acrylic resin

The development of active systems for protectiosulifstrates is an issue of
prime importance for many industrial applications.

Several attempts were made to introduce differggcies in polymer
coatings for controlled release of active moleculewas used (Buchhedt
al, 1985) Al-Zn-decavanadate hydrotalcite as antgzyon pigment, adding
it to epoxy-based organic coating (Faltral, 2006).

The application of protective polymer coatings Ie tmost widespread
approach used nowadays for protection of differeaterials (Ferreirat al,
2007 and 2010).

1.8.2.2 Plasma

Oxygen plasma generates reactive species sucludiaalsa ions, molecules
in electronic excited states, to create hydrophdiaface with oxygen
functional groups. The principal species generated

* Neutral atoms or molecules

» Electrons bonded to the nucleus

e Charged atoms or molecules

* Electron(s) detached from nucleus (ionization)
* Requires additional supply of energy

* Electron attached to a neutral (negative ions)

N

» plasma
OH O~ CO0~ C=0
| J I |

Figure 1.4 Generation of reactive species on oxygen plasmatdde
polymeric surface

The plasma treatment is used for different appboasuch as Hydrophilic
properties , Barrier coatings, Adhesion promotiod Biocompatibility.
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1.9 Inorganic filler
1.9.1 Main types of nano-fillers

Great attention has recently emerged around theichylbpganic—inorganic
systems and in particular to those in which lagidibers are modified by
substituting the inorganic ions between the lanedba organic ions.

Such nano-hybrids firmly bind the organic moleculéth ionic bonds, and
can be considered as a reservoir where guest spa@estored, protected
from oxidation and photolysis, and releaseddemandy a chemical signal,
that is by a de-intercalation process.

For these reasons research in intercalation chgntists shifted from the
study of the insertion mechanism to the preparationew materials, with
very specific properties, not obtainable througheotsynthetic procedures.
For example, insertion of dyes and chromophoreaslarnhellar hosts has so
far produced materials as tuneable lasers, fluergsgnd non-linear optics
devices.

Materials, that are cheap and naturally occurriag, natural clays or
synthetic layered phosphates acquire a great adaled after intercalation
of molecules with special functionalities.

The most common nano-fillers are:

* POSS (polyhedral silesquiossani): 0.7-50 nm dianearticles with
reactive functional groups.

» Expanded graphite (EG): lamellar porous structvith pores from 10 nm
to 10 mm.

» Carbon nanotubes: the wall may be single or ipleltitypically have
lengths from 100 nm to tens of mm and diametens ftdo 20 nm.

» Lamellar crystals (exfoliated) hydroxides inctudual-layer laminated also
called anionic clays (hydrotalcite), but, above maditural phyllosilicates
(montmorillonite, hectorite and saponite) and sgtith(Fluoro-mica).

1.9.2 Anionic clay

Among the different types of lamellar solids, imstRPhD thesis the attention
was focused on anionic clays (or hydrotalcite LDH)ey are prepared with
different procedures with high levels of purity, oeaomic and
environmentally friendly, used to prepare hybridgaric-inorganic
polymeric materials and they have at least a natrantdmension of the
lamellae (Rives et al, 2001).
This filler offers different advantages such as phasibility to fix, by ionic
bonds, organic molecules on the lamellar layerday. Such molecules may
improve compatibility with the polymer matrix, beleased in controlled
way, having a target action. (Tammatoal, 2009)
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Anionic clays, mixtures of natural or synthetic krr hydroxides
containing exchangeable anions in the interlaygiore are much less
known and popular in the nature of cationic claye. understand the
structure of these compounds it is necessary tcerstahd the brucite
mineral lamellar formula Mg(OH) In brucite Md" ions six-fold
coordinated by OH-ions identify octahedra that sletges to form infinite
planes. These plans are packed on each other amglartogether by Van
der Waals forces. When the Mg ions are replaced byalent cation, (as
Fe*" and AP* for hydrotalcite), a positive charge is generatedhe plan.
This is compensated by carbonate anions locatdtiérinterlayer region,
where there is also the water of crystallizatioine plans contain the cations,
therefore, are like those of brucite, and the tvffeiknt cations occupy
randomly the octahedral sites. The anions and waterlocated in the
interlayer region. The general formula that isilattied to the hydrotalcite-
type compounds is as followp:M (1) 1x M (Ill) «(OH) 21" (Ax / n)*.
mH,O, where M (ll) = Group Il metal, M (lll) = metalf &Group 11l A =
interlayeranion.

The possibility of replacing these anions with dingon exchange
procedures, makes hydrotalcite solid ideal for as%l of molecules
potentially active incorporated, leading a negativmrge: they are good
candidates for active food packaging. The value edddf these
nanocomposite systems, from the consideration that layers of the
inorganic compound can be fixed through ionic boraigive molecules,
such as antimicrobials, antioxidants, oxygen scgees) through a process
of anion exchange resin may bond with active ghes can provide anions,
typically carboxyl groups, phenolic derivatives,ophhonic acid (Tammaro
et al, 2005).

1.9.3 Methods of synthesis

Interest in the use of mixed oxides of Mg and Ak hiacreased notably.
These solids are used as catalysts in reactiortzasit character and as
catalysts supports, due to their structural progeert

Mesoporous hydrotalcites, with the formula $4tp(OH),;6CO:*4H,0, have
been synthesized by two techniques: first, an iatiee one, the mechanical
milling (MM) and second, the conventional copret@pon method (CM).
The synthesis by CM was prepared from MgN®BH,O and
Al(NO3)s*9H,0 over a solution of NaOH and p&O;, with a Mg/Al molar
ratio of 3.

The MM technique was employed over the hydrotadciie an aqueous
media previously prepared by CM. In this case, rfiing retained the
pillared lamellar structure and resulted in therfation of hydrotalcites with
refined thickness layers and higher specific areasipared with those that
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were prepared by CM. The materials obtained by bwo#thods were
calcined at 500 °C and analyzed (Kloproggel, 2001).

New synthesis method of hydrotalcites by microwavadiation is used,
which avoids the autoclave high temperature treatras well as the long
crystallization time. The crystallite size of thietained solids is smaller than
in the conventionally prepared hydrotalcites. Thghest irradiation time
provided the lowest aluminium incorporation to ttydrotalcite network.
Diminishing microwave irradiation time produces @uhydrotalcites. If the
gel is irradiated only for two minutes a well clized hydrotalcite is
obtained.

Hydrotalcites also have been synthesized by thi#fereht procedures:
conventional precipitation-aging, aging under migage irradiation, and
sonication during the coprecipitation step. Thetlsgsis procedure has an
effect on the crystal size and textural propemiethe hydrotalcite (HT) and
the ALO;—MgO mixed oxides formed upon calcination. HT saapl
prepared under sonication at 298°K are formed bgpatsed and
homogenous particles of 80nm average particle $tzey also produce upon
calcinations the mixed oxides with the largest atefarea. This method of
preparation increases not only the surface arealbothe number of defects
in the solid, leading to sites of higher basicitthis was determined by
means of catalytic reactions such as Knoevenagtlaéiol condensations
which demand basic sites of different strengths.drbtalcites were
regenerated from mixed oxides by hydration whileirgj Bronsted basic
sites. Samples originally prepared by sonicatiogs@nt smaller crystallite
size and have a larger number of accessible asiiwe. With these samples
acetone/citral condensations with 96% and 99% asitve and selectivity,
respectively, are achieved in a 15-min reactioretim

Costantino (Costantin@t al 1998) innovated a new synthetic route to
hydrotalcite (2:1) synthesis via thermally inducgda hydrolysis

1.9.3.1 Urea method

In this method, solid urea was added to aqueoudiens of magnesium
chloride and aluminum chloride and the clear homeges solutions were
heated under stirring at temperatures between @010 °C. The slow
decomposition of urea produces an alkaline pH, Wwidca prerequisite for
HTlc precipitation. The same author successfullgduthis urea method to
prepare ZnAl-LDH and NiAlI-LDH. Urea hydrolysis oblgalt nitrate melts
at 80 8C vyielded a HTIc like Co(ll,lIl) hydroxidend further increase in
temperature produced a compound with a new phaserdcent work by Oh
et al., hydrotalcite particles were prepared by tm&thods, urea hydrolysis
and hydrothermal synthesis and the particle sizze wompared. Hexagonal
plates of monodispersed hydrotalcite (4:1) parichere obtained by urea
hydrolysis at 120 °C. At lower temperatures pagt&izes are larger while at
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high temperatures particle sizes are smaller anifloram When the
concentrations of metal chlorides and urea wereased, a deviation from
4:1 ratio of Mg/Al was observed (Valcheva, 1993).

Urea hydrolysis is basically a modification of hgtirermal method where
the precipitating agent remains to be urea. Theamdge of using urea
against NaOH is that the urea hydrolysis progresksgy, which leads to a
low degree of super saturation during precipitationea is a very weak
Bronsted base. It is highly soluble in water arsdciontrolled hydrolysis in
aqueous solutions can yield ammonium cyanate opitg form (NH",
NCO). Prolonged hydrolysis results in either £i@ acidic medium or to
CO; % in basic medium as shown below.

1.9.3.2 Coprecipitation method

Co-precipitation is the most widely used methogrepare hydrotalcites.
Often co-precipitated samples are subsequentlyestdg to hydrothermal
treatment to obtain well-crystallized samples. Hydermal synthesis is a
well-known and established method to prepare tiansimetal oxides,
ternary systems and inorganic—organic hybrid malteriA series of Ni—Al—
Cr and Ni—Al-Fe HTlIcs were prepared by co-prectpmtaat 60°C, followed
by hydrothermal treatment at 150 °C.

Layered materials, especially hydrotalcite-like entls or layered double
hydroxide (LDH) are amongst attractive materials tfte preparation of a
controlled release formulation.

The insertion of guest anions into the inorganiteriamellae, can be
accomplished by spontaneous self-assembly or dpjisgion technique. In
this method, the host and the guest species atedewt in the mother
medium, followed by aging process to form a wetlemed nanolayered
structure. On the other hand, insertion of the uesn also be done by first
preparing the host followed by modification or hat treatment of the host
and finally insertion of the guest molecule inte tihterlayer (Frunza et al,
2008).

1.10 Types of polymers for food packaging

For a long time polymers have supplied most of comnpackaging
materials because they present several desiredirdsatike softness,
lightness and transparency. However, increasedisgnthetic packaging
films has led to a serious ecological problems tetheir total non-
biodegradability. Although their complete replacamevith eco-friendly
packaging films is just impossible to achieve, abst for specific
applications like food packaging the use of biojitasshould be the future
(Soroka et al, 1995).
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The current global consumption of plastics is mbgn 200 million tonnes,
with an annual grow of approximately 5%, which es@nts the largest field
of application for crude oil. It emphasises howealegent the plastic industry
is on oil and consequently how the increase ofemitland natural gas price
can have an economical influence on the plasticketadt is becoming
increasingly important to utilize alternative rawat@rials. Until now
petrochemical-based plastics such as polyethylegg polypropylene (PP),
polystyrene (PS) and polyamide (PA) have been asingly used as
packaging materials because their large availglatirelatively low cost and
because of their good mechanical performance ssckemsile and tear
strength, good barrier to oxygen, carbon dioxidehydride and aroma
compound, heat sealability, and so on. But nowadhgs use has to be
restricted because they are not non-totally retyeland/or biodegradable
so they pose serious ecological problems. Plagstakaming materials are
also often contaminated by foodstuff and biologmabstance, so recycling
these material is impracticable and most of theetimt economically not
convenient. As a consequence several thousanadsmsfof goods, made on
plastic materials, are landfilled, increasing evemar the problem of
municipal waste disposal (Piergiovanni et al, 1994)

The growing environmental awareness imposes bahfriendly and eco-
friendly attributes to packaging films and procegs a consequence
biodegradability is not only a functional requirathéut also an important
environmental attribute. The compostability atttéous very important for
biopolymer materials because while recycling is rgpe expensive,
composting allows disposal of the packages in thié 8y biological
degradation it produced only water, carbon dioxidad inorganic
compounds without toxic residues. According to Eheopean Bioplastics,
biopolymers made with manufactures renewable ressuthave to be
biodegradable and especially compostable, so theyact as fertilizers and
soil conditioners. Whereas plastics based on repleweesources do not
necessary have to be biodegradable or compostigesecond ones, the
bioplastic materials, do not necessary have to ésed on renewable
materials because the biodegradability is directlsrelated to the chemical
structure of the materials rather than the origin.

Bioplastics, like plastics, present a large spactaf application such as
collection bags for compost, agricultural foils, rieultures, nursery
products, toys, fibres, textiles, etc. Other fieklsch as packaging and
technical application are gaining importance. Salvemiversity Research
Center in the world (ltaly, Ireland, France, GreeBmzil, USA and so on)
and several Industry like NatureWorks LLC, are fing their attention to
the study of these bio-based materials. From ountpof view, it is
important to understand not only the physical artmanical properties of
such materials for the task but also the compdtibivith the food, which
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has been recognized as a potential source of hoksd quality properties
(Piergiovanni et al, 1987).

1.10.1 Biodegradable polymersin food packaging field

The field of application of biodegradable polymarfood-contact articles
includes disposable cutlery, drinking cups, salags¢ plates, overwrap and
lamination film, straws, stirrers, lids and cupstes and containers for food
dispensed at delicatessen and fast-food establigbme

These articles will be in contact with aqueousdiacand fatty foods that are
dispensed or maintained at or below room temperator dispensed at
temperatures as high as 60 °C and then alloweddbte room temperature
or below. In the last few years, polymers that dan obtained from
renewable resources and that can be recycled angosted, have garnered
gained increasing attention. Also their opticalygbal and mechanical
properties can be tailored through polymer archirecso as a consequence,
biodegradable polymers can be compared to the symhetic polymers
used in fresh food packaging field, like the mosimmon oriented
polystyrene (OPS) and polyethylene terephthaldg P

Depending on the production process and on thecepliopolymers can
have similar properties to traditional ones. They generally divided into
three groups: polyesters; starch-based polymerptrats. Polyesters:

i. Polymers directly extracted from biomass like otpins, lipids,
polysaccharides, etc.

ii. Polymeric materials synthesized by a classp@ymerization procedure
such as aliphaticearomatic copolymers, aliphatitygsters, polylactide
aliphatic copolymer (CPLA), using renewable biodmhsnonomers such as
poly(lactic acid) and oil-based monomers like pajyolactones.

iii. Polymeric materials produced by microorganismsd bacteria like
polyhydroxyalkanoates.

a) Polycaprolactone (PCL)

It is a fully biodegradable polymer coming from thelymerization of not
renewable raw material, like crude oil. It is artheplastic polymer with
good chemical resistance to water, oil, solvent @nldrine, with a melting
point of 58-60°C, low viscosity, easy to processl amth a very short
degradation time. It is not used for food appligatbut if mixed with starch
it is possible to obtain a good biodegradable nwdtat a low price, used for
trash bags.

b) Poly(lactic acid) (PLA)

One of the most promising biopolymer is the polgctic acid) (PLA)
obtained from the controlled depolymerisation of thctic acid monomer
obtained from the fermentation of sugar feedstatkn, etc., which are
renewable resources readily biodegradable (Cabédd, €2006). It is a
versatile polymer, recyclable and compostable, With transparency, high
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molecular weight, good processability and watewulsdity resistance. In
general commercial PLA is a copolymer between pelg€tic acid) and
poly(D-lactic acid). Depending on the L-lactide/Etide enantiomers ratio,
the PLA properties can vary considerably from seystalline to amorphous
ones. Researches carried out to improve the peafuren quality of this
material are made on PLA with D-lactide contens lggn 6%, which is the
semicrystalline polymer. However the amorphous onataining 12% of D-
lactide enantiomer, is easy to process by thermuofa, which is the actual
technology in the food packaging sector, and itwsh@roperties like
polystyrene. This material is commercialized byfadi#nt companies with
different commercial names, like for example thetuxaworks_ PLA
produced by Natureworks LLC (Blair, NB). Currenttyis used in food
packaging application only for short shelf-life.

1.10.2 Natural polymers

Environmental legislation as well as consumer dahtzas recently resulted
in a renewed interest in natural materials, maknegyclability and
biodegradability important issues for the introdorctof new materials and
products. One of the more promising approaches wercome these
problems is the use of annually renewable resouréas obtaining
biodegradable polymers useful for various apploai in medical,
agriculture, drug release and packaging fields. Agnaatural polymers,
pectins are white, amorphous, complex carbohydrttas occur in ripe
fruits and certain vegetables. Fruits rich in peaie the peach, apple,
currant, and plum (Coffin et al, 1994; Suvorovalef003).

Structurally the pectic polysaccharides are a bgtreous grouping,
showing substantial diversity with botanical origithey are based on chains
of linear regions of 1,4-a-Dgalacturonosyl unitd aheir methyl esters,
interrupted in places by 1,2-a-L-rhamnopyranosyitsurfMitchell et al,
1998). Pectin is a secondary product of fruit jusenflower oil, and sugar
manufacture. As food processing industry wastestirpés therefore a very
good candidate for eco-friendly biodegradable nmer Poor water
resistance and low strength, however, are limifiactors for the use of
materials manufactured only from natural polymars] hence they are often
blended with other polymers (Kaczmarek et al, 2&ldwalonek et al, 2010;
Alves et al, 2010; Kaczmarek et al, 2007). An alitive way to overcome
this problem is to modify natural polymers by inporation of inorganic
fillers, at nanometric level, that can further exteheir applications in more
special or severe circumstances. Several nanoca@pbsive been prepared
and analysed utilizing pectins and different inmigdillers (i.e. ZnO; clays;
halloysite, hydroxyapatite) and physical propersasdied (Shi et al, 2008;
Jari et al, 2010, Mangiacapra et al, 2006; Cawalral, 2011; Junjie Li et
al, 2011). Interesting inorganic layered fillerg ¢ayered double hydroxides
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(LDHSs), that can act as host matrixes for the gakation of anionic species
(i.e. organic polymers or active molecules) in ortte synthesize hybrid
organic-inorganic nanocomposites (Herrero et al,12MHuang et al, 2011,
Yuan et al, 2011; Wang et al, 2011; Kotal et all20Costa et al, 2011.
Manzi-Nshuti et al, 2009; Bugatti et al, 2010 aftid P) They were prepared
by intercalation of anionic pectins into LDH basefl Zn and Al. The
biopolymer-LDH nanocomposites have been incorpdratecarbon paste or
PVC matrixes for the development of potentiomeggasors, being tested as
active phases of such devices for the recognitionatcium ions. In the
present paper we report the preparation and clesization of model
systems, formed by LDH intercalated with benzoated aenzoate
derivatives: 2,4-dichlorobenzoate, p-hydroxybeneoat and o-
hydroxybenzoate, having antimicrobial propertiead adispersed into a
commercial pectin, for potential food packaging laggtions. The benzoate
and benzoate derivatives are used as food presevand show toxicity at
very high levels (maximum acceptable daily intaked’kg of body weight)
(Joint FAO, 1961, Concise International Chemicaséssment Documents
(CICADs), 2000; ISBN 924153026X.). It is well knowthat natural
polymers, like pectins, generally do not melt oor@asing the temperature,
but undergo thermal degradation, then we utiliZgt Bnergy ball milling to
mix nanohybrids and pectin powders. Such technitpas been yet
succesfully used to prepare nano bio-compositestingedays with
improved mechanical ad barrier properties (Mangiex&t al, 2006).
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Layered Double Hydroxides

[I.1 Preparation of LDHs

Two methods of synthesis are used to prepare hajlditeis: the method of
urea and the one-step method of coprecipitatiore $acond one was
preferred because faster, cheaper and suitablendostrial scale. The
products obtained have revealed different strutfeedures and have shown
many different behaviours in different properties.

[1.1.1 Synthesis of hydrotalcite (LDHBz and derivaives) by urea
method

The hydrotalcite compounds are able to exchangetepions present in the
interlayer with other counter-ions present in dolut The exchange reaction
is governed by the selectivity of the host to theiaus counter-ions, by the
concentration and the temperature of the solutitecent studies reported
the following scale of selectivity: G&>> OH > Cl > Br > NO ; . The

anions nitrate counter-ions are not well withheld the hydrotalcite

precursors containing them are liable to exchargetions with anions such
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as carboxylic alkyl chains and aromatic. Basedh@se considerations has
been synthesized a hydrotalcite Zn and Al in thenfoarbonate (LDHCE)
then transformed into the first form of chlorideDHCI) and finally into
nitrate form (LDHNQ).

a) Synthesis of carbonate form ZnAl-€O

The method used for the preparation of carbonata fe the hydrolysis of
urea in the presence of a mixture of M (I1) (Zh and M (111) (Al ®*). Solid
urea is added to aqueous solutions of chloridemetals (eg AIGE and
ZnCIQ)

b) Synthesis of chloride form ZnAlI-Cl:

Titration with HCI 0.1M of LDH-CQ at pH = 5.

c) Synthesis of nitrate form ZnAI-NO

lonic exchange reaction in the presence of exd€ssons.

d) Preparation of ZnAl-benzoate:

Intercalation of benzoate anion in LDH lamellaeais ionic exchange
reaction of nitrate form with an aqueous organiomsolution 0.5mol/dfh
From the elemental analysis were obtained thevatlg compounds:
[ZNg.65Al 0.35(OH) 2] Bzo35-1HO of which anion benzoate is 26% by weight
of the total.

This synthesis consists of 4 steps, is more loifficut and less suitable for
the preparation of LDH at industrial scale.

I1.L1.2 Synthesis of hydrotalcite modified with actve molecule by
coprecipitation method

Were synthesized by coprecipitation method the diadirites containing the
following anions:

1) (LDH)-citrate

2) (LDH)-salicylate

3) (LDH)-benzoate

4) (LDH)-aleurate

5) (LDH)-pOH-benzoate

6) (LDH)-glycolate

7) (LDH)-serine

8) (LDH)-2.2-bis-hydroxymethyl-propionate

The procedure used was the following: a solution tefo salts
(Zn(NGy),*6H,0 and AI(NQ):*9H,0) is added quickly to a solution of
anion (see materials) under stirring and nitrogkw.f The pH slowly
reaches the value of 7.5 by adding 1M NaOH (aboub@rs). After the
reaction time the mixture was filtered, repeatediyshed and dried. The
product is characterized in terms of structurakriial and elemental
analysis (Frunza et al, 2008).
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II. 2 Characterization and comparison of preparative methods

[1.2.1 X-ray diffraction

Wide Angle X-Ray Diffractogram of the powders of HD from
coprecipitation is compared to the LDH obtainedh®s Urea method.

(A)
IR —— LDH from Urea
——————— LDH from Coprecipitation
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Figure II.1 Comparison between X-Ray spectra of LDH from Una faom
Coprecipitation for LDHsal (A) and LDHBz(B)
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We observed that sharp and relatively symmetritectbns for the basal
planes at 5.68 and 11.7 d are seen for the sample obtained by Urea. This
result indicated that the material is crystalliakhough constituted by small
crystallites.

At variance, the powders obtained by co-precigitatthowed broad peaks
for the basal planes, centred at 5.6° and 11.Z08pfindicating very small
and disordered crystallites.

In figure II.1(A) for LDHsal and (B) for LDHBz it ws showed that the
structure of the lamellae is more ordered for hialoite by urea while in the
coprecipitation the structural order is less, thaing a broader distribution
of interlayer distances (Vittoria et al, MI2011AX¥P).

11.2.2 Infrared spectroscopy

FT-IR absorption spectroscopy of the LDH sampleediinformation on the
presence of intercalated anions and the brucite-tgper. The spectrum of
figure 11.2, in both cases, showed a strong braautltin the 3000-3750 ¢
range due to the stretching of the OH groups of l&yer, involved in
hydrogen bonds with hydration water molecules aarbaxylate groups.
Roughly below 650 cih the lattice translational modes can be observed,
while between 700 and 1000 ¢mbroad bands due to librational modes of
the hydroxyl groups and water can be seen. The abaund 450 cih has
been ascribed to a condensed [4fOgroup or as single Al-O bonds. In the
case of Zn substitution of Mg this band is reporsd430 crit (J.T.
Kloprogge et al), as we observe in Fig. 1.2. Tharp and intense bands at
1537 and 1390 cr are ascribable to the asymmetric and symmetric
stretching vibrations of the C-O bonds of COO- giyuconfirming the
presence o6-OH benzoate and benzoate into the inorganic gedler
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Figure 1.2 Comparison between Infrared spectra of LDH frome&Jand

from Coprecipitation for LDHsal (A) and LDHBz(B)

[1.2.3 Thermogravimetry (TGA)

Thermal behavior of the intercalate was investidatexd the data are
presented in figure 11.3. The two endothermic weigsses, between 80 and
300 °C, are very likely related to the loss of ntercalated water as well as
water derived from dehydroxylation of the inorgarayers. The main
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weight loss between 300 and 500 °C may be ascribedndothermic
decarboxylation of benzoate and to exothermal catidou of the residual
organic part.

From the comparison of the two thermogravimetmyas found that both the
temperatures of degradation of the inorganic comgare almost the same
even if the amount of water of hydrotalcite frompecipitation is less, as
reported in figure 1.3 (A) and (B).

LDH from coprecipitation (A)
1004 —— LDH from Urea
80
g 60
=
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— LDH from Urea
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Figure 1.3 Comparison between TGA of LDH from Urea and from
Coprecipitation for LDHsal (A) and LDHBz(B) (therinaycle from 30 to
800 ° Cat5°C/min,in air flow)
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[1.2.4 Elemental Analysis

The values of relative percentages and molar eagalerived from solutions
of 200mg of sample [ZnAl(OH)salicylate) dissolved in nitric acid
concentrated, for Zn and Al by atomic absorptiord & and H in a

Elemental Analyzer. The results of elemental chaframalyses for Zn, Al,

C, and H for the solids prepared, as well as somkamnatios, are given in
Table 1l.1. The Zn/Al molar ratio in sample LDHdalthe same as in the
starting solution of the Zn and Al nitrate:

Table II.1 Values for elemental analysis of LDHsal

Zn Al C H
% 29.9 5.7 16.32 2.43
Grams 29.9 5.7 16.32 2.43
Moles 0.45 0.21 1.36 2.43
Molar ratio 2.1 1 6.8 12

The chemical formula obtained from the elementablysis was the
fOIIOWing: [Zn0_73A|0_3iOH)2] (C703H5)0.34 *0.19 H,O with value of the
molar fraction x=M'/M"+M" of 0.32and molecular weight of 141.17g/mol;
the salicylate intercalated amount in LDHsal iS98&)% of the total.
Therefore almost all the alluminium is co-precif@thwith the zinc ions to
obtain a solid with the stoichiometry of two Zn(fyr each Al(lll). This
corresponds to an ideal disposition in the brudke- sheet of each
aluminium atom surrounded by six zinc atoms.
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Polycaprolactone composites

The following hydrotalcites incorporated on PCLy&deen synthesized by
the method of urea and characterized as descrilbedea giving the
compositions shown in the table I1l.1 (Costantz@l, 2009):

Table Ill.1 Composition of hydrotalcites incorporated on PCL

Anion Composition

Bz [ZnO.GﬁI0.35(OH)2]BZo_35'1HZO
0-BzOH [Z1b.65Al 0.3 OH)2] 0-BzOH, 2ANO3)0.08- 1H,O
P-BzOH  [Zny 65Al 0.3 OH)2] p-BzOHy 3N O3)0.02-0.85H0O

BzDCB [Z1b.65Al 0.3 OH);]BZDCq 3ANO3)0.03- 1H,O
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[11.1 PCL/nano-hybrids preparation

The incorporation of the nano-hybrids into polyadactone was achieved
by High Energy Ball Milling (HEBM) method. Powdecemposed of PCL
and the LDHs intercalation compounds of the foganic molecular anions
(after vacuum drying 24h) were milled, in differgrdrcentages (wt/wt), at
room temperature in a Retsch (Germany) centrifoghlmill (model S 100).
Samples mass were milled in a cylindrical steelgab0 cni with 5 steel
balls of 10 mm of diameter. The rotation speed wsasl 580 r.p.m. and the
milling time was 1 hour. The pure PCL, taken asnm&fice, was milled in the
same experimental conditions of the composites.

[11.2 Film preparation

The milled powders, were molded in a Carver lalmyyapress between two
teflon sheets, at 80°C, followed by a quick quenghinh an ice-water bath
(T=0°C). Films 100um thick were obtained and aredlyan the following,
films by milling will be coded as “PCL/Nano-hybrki/, where X is the
amount of the nanohybrid: ZnAl-Bz, ZnAl-BzDC, ZnAiBzOH and ZnAl-
p-BzOH, respectively, present in the composites.

[11.3 X-Ray analysis

Are analyzed the structural features of the narmillg into
polycaprolactone, and here are recalled the maultee X-ray analysis was
used to investigate the dispersion degree of thyéanic component into the
polymeric matrix. The different interaction of theur anions in the
inorganic lamellae had a significant consequencthem dispersion into the
polymer, as it is evident in Figure Ill.1, whereetX-ray diffractograms of
all the nano-hybrids and their relative compositethe 2-40° interval of @
are shown.
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(A) ®)

PCL/ZnAl-Bz/11

PCL/ZnAl-BzDC/9

PCL/ZnAl-Bz/6

Intensity (a.u.)
Intensity (a.u.)

PCL/ZnAl-BzDC/6

PCL/ZnAl-Bz/3

PCL/ZnAl-BzDC/3

ZnAIBz
ZnAl-BzDC

T T T T T T T 1 T T T T T T T 1
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
20 20

© ®)

PCL/ZnAl-0-BzOH/11

PCL/ZnAl-p-BzOH10

PCL/ZnAl-p-BzOH7

PCL/ZnAl-0-BzOH/6

Intensity (a.u.)
Intensity (a.u.)

PCL/ZnAl-0-BzOH/4

A PCL/ZnAl-p-BzOH4
ZnAl-p-OHBz

ZnAl-0-BzOH

T T T T T T T 1 T T T T T T T 1
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
20 20

Figure 1.1 X-ray powder diffraction patterns of: (A) ZnAl-Bdc
composites; (B) ZnAl-BzDC and composites; (C) ZmBzOH and
composites; (D) ZnAl-0-BzOH and composites.

Figure 111.1 (A) shows that the peak d 2 5.7°, corresponding to the basal
spacing of the pristine nano-hybrid ZnAl-Bz (d=1.68) is shifted in all
cases at @ = 4.55° (d= 1.94 nm), indicating an increase @& thterlayer
distance as consequence of an expansion of thedistsance. The peaks are
very broad, indicating a large distribution of distes and their intensity
increases on increasing the inorganic content iite polymer. An
intercalated composite was very likely obtained.

Figure IIl.1 (B) displays that in this case (dialubenzene) the basal peak of
the pristine nano-hybrid is almost absent, and ardynall trace, of very low
intensity, is visible for the composite with 10% iabrganic ZnAl-BzDC,
appearing at 4.7° oft2 corresponding to the interlayer distance of hB88
We can therefore assume that the inorganic witkd@zdlorobenzoate anion
mixed by milling is mainly exfoliated into polycagactone.

In Figure IlIl.1 (C) we observe that the peaks & ttano-hybrid ZnAl-p-
BzOH were unchanged in the composites; their inens very high and
they are even sharper that in the pristine saniperefore in this sample the
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inorganic lamellae neither exfoliated nor interteadaithe polymer: it is a
microcomposite.

Figure IIl.1 (D) shows that the peak & 2 5.7° (d=1.55 nm) corresponding
to the interlayer distance of the pristine nanorld/tZnAl-0-BzOH was
shifted in all the composites aé 2 4.7° (d=1.88 nm), indicating that the
inorganic lamellae are partially intercalated witie polymer with an
expansion of the basal distance.

In conclusion the less interacting anion (2,4-ddcbbenzoate) and the most
interacting (para-hydroxybenzoate) with the inorgatayers of LDHSs,
showed opposite behaviour when mixed into PCL mafproducing an
exfoliated sample and a microcomposite, respegtivdhtermediate
behaviour was shown by the benzoate and ortho-Rydemzoate anions,
forming intercalate composites.

Polycaprolactone in all the composites is crystallishowing the peaks of
its crystalline structure ab2-21.3° and 23.9° well developed.

[11.4 Water vapor barrier properties

In Figure 1.2 the diffusion coefficients in theCR composites with
benzoate anions as a function of the concentrabionvater vapor are
reported. We observe a linear dependence of difflush concentration for
all the samples, that allowed us to extrapolateeta vapor concentration
and obtain the thermodynamic diffusion coefficielly, according to
equation 1 (Vieth et al, 1974).

D = D¢ exp (/Ceq) Q)

All the nanocomposites follow the same behavioor,tswas possible to
derive theD, for the whole set of samples. The numerical valoés
Do(cnt/s) are listed in Table 11l.2. Figure I1l.3 reportset®y(cnf/s) as a
function of the inorganic content for all the sae®lit is observed a quite
linear decrement of the thermodynamic diffusion ficient with the
inorganic percentage. The presence of the fillereases to a large extent
the tortuosity of the system, leading to an expkdéege decrease in the
value of the diffusion coefficient. Indeed for coosftes of polycaprolactone
with inorganic fillers, as well as in the case dany other polymers, it was
often found that the improvement of barrier projgsris largely dominated
by both the percentage and the shape of the iniorg#ar dispersed in the
polymeric matrix. (Osman et al, 2004). The improeaiof the barrier
properties, in terms of decrease of diffusion, eximum for samples with
the dichlorobenzoate, in the whole composition earfs already observed
it is not the content of inorganic phase alone, thet type of dispersion
(exfoliation and/or partial exfoliation) of the irganic component in the
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polymer phase that is important for improving tregrker properties of the
samples (Bugatet al, 2010).
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Figure 111.2 Diffusion coefficient of water vapor for: PCL an€CB/ZnAl-Bz
composites (A); PCL and PCL/ZnAl-BzDC composite} (BCL and
PCL/ZnAl-p-BzOH composites (C); PCL and PCL/ZnBaHH composites

(D).
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Figure 1l.3 The logarithm of thermodynamic diffusion coeffitien
Do(cnf/s) versus the inorganic content of the nano-hybrid

Table Ill. 2 Transport parameters for all the composites

Sample Ceq(g/100g) Rcm?/sec)
PCL 0.18 2.36*10
PCL/ZnAl-Bz/3 0.29 1.11*10
PCL/ZnAl-Bz/6 0.51 6.92*18
PCL/ZnAl-Bz/11 0.61 1.59*1CF
PCL/ZnAl-BzDC/3 0.27 3.38*10
PCL/ZnAl-BzDC/6 0.46 9.77*10
PCL/ZnAl-BzDC/9 0.82 1.14*10
PCL/ZnAl-p-BzOH/4  0.34 7.47*18
PCL/ZnAl-p-BzOH/7  0.42 3.06*18
PCL/ZnAl-p-BzOH/10  0.51 6.91*18
PCL/ZnAl-0-BzOH/4  0.39 9.00*18
PCL/ZnAl-0-BzOH/6  0.80 5.76*18
PCL/ZnAl-0-BzOH/11  0.86 1.02*18
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I11.5 Release kinetics

We proceeded to the preparation of polymeric filinat have an effect
antimicrobial or antioxidant on foods and drinksjricrease the shelf life of
packaged products. The pack contains the activecgutdds anchored with
ionic bonds to the inorganic lamellar solid disgersn the polymer. The
packaging, in contact with food may allow, undert@i@ conditions, the
release of the active ingredient and its diffusiothe food and then a slow-
release and controlled, that is modular. The intiegasystem is that these
active molecules, rather than being added diréotthe food and all at once,
are introduced in the same in a slow and controlleg, thus ensuring a
better quality and greater durability.

I11.5.1 Release of Benzoate

In a preliminary study, a comparison between thease of the benzoate,
directly dispersed into the PCL matrix, and thealsrid, containing the
benzoate dispersed in the same matrix, with theedsnzoate concentration
has been performed (Bugattial, 2011).

Fig. lll.4 shows the release kinetic of benzoataidally bonded to
hydrotalcite structure and incorporated to the B@inple (PCL/ZnAI-Bz/6).
It is worth recalling that the Bz content is ab8686 of the total ZnAl-Bz,
and therefore the sample PCL/ZnAI-Bz/6 containsualic6% of drug. In the
same figure also the release kinetic of a samplle Beénzoate anion directly
dispersed into the polymer (PCL-Bz/1.6), obtaingdntilling of PCL and
sodium benzoate salt, with the concentration d¥lod Bz anion, is shown.
It is clearly evident that the release of benzoétbosen as model
antimicrobial species) from the lamellar solid inmarated into the
polymeric matrix is much slower than the releasebehzoate simply
blended to the PCL. All the benzoate molecules freodium benzoate
dispersed into PCL are released in about 250 heovhrereas only 40% is
released in the same time from the nanohybrid B@h. Therefore such
systems are very promising in the active packadialgl, in which the
antimicrobial drug has to remain anchored to thigrper for a long time,
and not easily released.

It is worth noting that the release is performedhisaline solution, able to
promote the exchange reaction. In the case of |@a#rcontents an even
lower release is expected.
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Figure Ill.4 Release kinetics of Bz anion from PCL/ZnAl-Bz6 B@l-
Bz/1.6 in a physiological saline solution, as adiion of time.

As demonstrated in previous papers (Tammaro e2@05) the first stage of
release is faster, due to the leakage of molecaiehored to the outer
lamellae of inorganic or those not connected. éndbcond stage, the output
of the molecule depends on the time of diffusiorcofinter-ions of saline
solution (chloride ion) that enter the polymer,iwibhe anion exchange, and
the latter then diffuse into the polymer.

These phenomena are rather slow and the releasdecarolonged for
several months. This result demonstrates that thase promising
nanohybrid as a slow and controlled release systeneapplication in active
food packaging.

[11.5.2 Comparison of PCL composites of hydrotalcites synthesized
by different methods

The following samples were prepared both with htaloites synthesized by
the method of urea and by the method of copretipitaAre compared the
structural properties and have been studied thetikgrof release of anions
from PCL composites.

Pcl +3% LDHsal
Pcl +5% LDHsal
Pcl +5% LDHBz
Pcl +10% LDHsal

YV VY

Data are reported only for the composition at 5% egsesentative of all
other samples.
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[11.5.2.1 X-ray diffraction analysis

The X-Ray diffraction has been used with the ainmeéstigating a possible
intercalation of the polymer inside the lamellaed aany subsequent
exfoliation of the inorganic phase.

The spectrum of figure 111.5 A is related to comipe$ CL/5%LDHsal and it
was possible to observe that the characteristi& péahydrotalcite from
coprecipitation (around2~ 5.68 °) is widened compared with the original
filler because the structure is delaminated wHile peak characteristic of
hydrotalcite of urea is more evident and shiftetbteer 2 (about 4.5 °) for
greater intercalation of the polymer inside of ith@ganic compound.

—— PCL+5% LDH from,coprecipitation
fffffff PCL+5% LDH from|Urea
2
i)
c
Q
=
5 10 15 20 2‘5 30 35 40
26
— PCL+5% LDH from.Urea
fffffff PCL+5% LDH from:Coprecipitation
| (B)
P
D
s
(4]
<
5 10 15 20 25 3 3 40
26

Figure 1ll. 5 Comparison between X-Ray spectra of PCL/LDH froraaJr
and from Coprecipitation for LDHsal (A) and LDHBE)(
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The same behaviour is obtained for the composite/$36LDHBz (Vittoria
et al, MI2011A/00192).

[11.5.2.2 Kinetics of release

Were carried out the release tests of salicylate laenzoate in saline
solution (NaCl 0.9%) from the film Pcl/5%LDHBz anécl/5%LDHsal
prepared with hydrotalcite synthesized by two défé methods.

—& Pcl +5% LDH from coprecipitation -#-Pcl +5% LDH from urea

% release

0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500 3750 4000

contact time / hours

—i Pcl +5% LDH from Urea —&— Pcl+5% LDH from coprecipitation

100

% release

(B)

0 400 800 1200 1600 2000 2400 2800 3200 3600 4000

contact time / hours

Figure 1ll.6 Release kinetics as a function of time of Sal (#J Bz (B)
anions from PCL/LDH from coprecipitation and Ureangposites
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The samples were placed in 25ml of saline at roemperature. After

specific time intervals, 1 ml of solution was cotled and analyzed with
spectrophotometry UV-visible, thanks to the chrohme nature of the
organic molecule.

The Figures II1.6 A e B show the release kinetitsalicylate and benzoate,
anchored to the hydrotalcite LDHsal and LDHBz omai by the two

methods of synthesis and dispersed in the PCL.

As can be seen, the release of benzoate anchorbgdtotalcite by co-

precipitation after 1200 is about 90% while frondigtalcite by urea is only
50%, proving that the release kinetics of benzdam hydrotalcite from

coprecipitation is faster. This phenomenon is duthé exfoliated structure
of lamellae in composites from LDH by coprecipibati

The same has been for composites with LDHsal. iswlay, depending on
the method of synthesis it is possible to modulagekinetics of release.
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Polyethyleneterephthalate
composites

IV.1 Selection of filler used

Have been selected different types of inorganierfil to improve oxygen
barrier properties of PET.

Normally, for industrial application, are used laatied system such as
PE/EVOH/PET and copolymers based on EVOH (ethyfmigvinyl
alcohol), designed to combine performance of polyivalcohol (excellent
gas barrier, but water barrier limited) and polytthe (excellent barrier to
water but gas barrier limited).

The use of EVOH in flexible packaging for perisheafdods is very popular,
especially after the introduction of modified atmbsere, which by their
nature, can ensure a good oxygen barrier, arontahamidity (Jasse et al,
1997).

The filler selected to replace high barrier lay€YQOH) in polylaminate are:

LDH-citrate

LDH-salicylate

LDH-aleurate

LDH-pOH-benzoate

LDH-glycolate

LDH-serin
LDH-2.2-bis-hydroxymethyl-propionate

NoohkwbnE



Chapter IV

They are prepared by co-precipitation method, aseblescribed.

The hydrotalcites have hydrophilic nature, for theesence of double
hydroxides of aluminum and zinc and can therefargrove barrier
properties of PET.

LDH-salicylate and LDH-pOHBz with the presence dfetaromatic
hydroxilic group and other fillers with aliphaticydiroxilic groups, can
simulate the EVOH (Vittoria MI2011A/00192).

IV.2 Incorporation of modified inorganic fillers in PET by "High
Energy Ball Milling" and characterization of PET composites

The technique used to incorporate the filler on REE the High Energy
Ball Milling (mixing for 1 hour at maximum speed amill with rigid balls
at room temperature and in the absence of solvent).

Has been chosen as representative percentage obrajpounds the 3%
(w/w) of filler on PET.

Have been compared the structural, thermal andebasroperties for the
following PET composites:

PET+3% LDH-salicylate

PET+3% LDH-aleurate

PET+3% LDH-pOH-benzoate

PET+3% LDH-glycolate

PET+3% LDH-serina

PET+3% LDH-2.2-bis-hydroxymethyl-propionate
PET+3% LDH-citrate

VVVVVYYVYVY

IV. 3 PET composites characterization

IV.3.1 X-ray diffraction of PET-filler composites

The X-ray diffraction has been used with the aimnyestigating possible
intercalation of the polymer inside the blades ang subsequent exfoliation

of the inorganic phase.
The Xray spectra of PET/3%LDHsal is reported asreta.
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PET+3% LDHsal
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Figure IV.1 X-Ray diffraction patterns of PET/3%LDHsal compesit

In all the X-ray spectrum of the composites therabieristic peak of
hydrotalcite is widened, almost absent comparetheooriginal filler. It is
obtained for a delamination of the structure.

IV.3.2 Thermogravimetric Analysis of PET-filler Composites

The Thermogravimetric analysis confirmed the conténnorganic initially
established in the preparation of the composite )(3d showed a
temperature of degradation for the compositesthikeoriginal polymer.

— PET

salicylic acid
LDH-salicylate

—— PET+3% LDHsalicylate

80

60—

20 |

Weight(%)

204 \

T T T 1
200 400 600 800

()

Figure IV.2 TGA curve of PET composite (thermal cycle froma38Q0 ° C
at5° C/min, in air flow)

As can be seen from the figure 1V.2 the temperatifirdegradation of the
organic molecule increases by about 200 ° C whéninically bound to
hydrotalcite and dispersed in the polymer showihgt tinside of the
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inorganic it is protected; for this reason it give possibility to work with
temperature sensible molecules even at high tertypesa

1V.3.3 Oxygen barrier properties

It was possible to obtain, using the microgravimetgchnique, the transport
parameters from a single experiment, using an @xpetal device (IGA,
Intelligent Gravimetric Analyser).

In figure IV.3 is reported the oxygen sorption RET composites expressed
as S =\ (STP) / atm * \;mpe @nd it was possible to note an increase in
sorption for all composites.

PET-filler Oxygen Sorption

045 04 0,39 04 037 04

0,4
0,35
0,3
0,25 A
0,21
0,15 A
0,11
0,05 -

S(cc a STP/cc*atm)

Figure 1V.3 Oxygen sorption coefficients of PET composites

In figure IV.4 and IV.5 is reported the resultsméasurements of diffusion
and permeability.

It has been obtained for all composites a smaltedse of the values due to
the presence of hydroxylic groups on aromatic riagsl long aliphatic
chains that make the material more hydrophilic aoetar and therefore
more resistant to oxygen.
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PET- filler Oxygen Diffusion
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Figure IV.4 Oxygen diffusion coefficients of PET composites
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Figure IV.5 Oxygen Permeability coefficients of PET composites

Is reported in Figure IV.6, for example of the imyped oxygen barrier
properties of PET film/filler, an image of experinte carried out with
apples contained in vials closed with films suchP&3 (number 1) and PET
+ filler (2, 3 and 4) after 6 months. (Vittoria MI21A/00192).
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Figure IV.6 Apples Test of PET composites

As it can be seen from the difference in color aggect, the pieces of apple
contained in vials closed with PET film + fillercddnot exhibit the signs of
oxidation and molds that instead have been evidenhe piece of apple
contained in the vial number 1, being darker anttigno

IV.4 Antimicrobial test of PET composites

The antimicrobial properties of sodium salicylabenzoate derivative, is
already known, being an inhibitor of gram-negatibacteria such as
Peudomonas and E coli, the most responsible fodéggadation of fresh
foods such as meat, fish and dairy products; it wasy case interesting to
do preliminary tests to prove that these properdies also present in the
polymeric composite films.

The tests were performed with the organism Eschiericoli (DSM30083T)
Gram negative bacterium, coliform, an indicatorfacal contamination in
food. This is usually the bacterium most common$edi in the tests of
antimicrobial activities described in scientifiteliature.

It was used the method of counting the CFU (colfamping units). Are
tested films prepared by HEBM (1 hour at maximureesf) of PET and
PET LDHsalicylate at different percentages.

V. 4. 1 Evaluation of antimicrobial activities of LDH-active
molecule powder

Different amounts of LDH-salicylate powder (0,2-@®3grams) were
weighed into flasks. Were added to each flask, 1@friTryptic Soy Broth
(TSB; liquid culture medium for bacterial growthverything was UV
sterilized for 90 minutes. Then is added 1 ml oftbaal suspension of E.
coli. The flasks were then incubated at 30 ° Cdntinuous agitation at 160
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rpm. It was also prepared a flask of control whtwere was only the TSB
and the bacterial suspension without the presemc#neo supposed anti-
microbial agent.

At different incubation times were made and vialdeunts of live

microorganisms present in the flasks. The mediued disr plate count is the
TBX, selective and differential culture medium, sifie for the detection of
Escherichia coli. The results of bacterial countsddferent times of

incubation are shown in the graph below.

LDH-salicylate activity against E. coli

LOE+10
LOUE+HY

1LOF+08
101407 /_
1,0EH
107105 Control
—  LDH-sal 0.2g

LOEH4
1LOKH3
1LOT 102 LDH-sal 0.4g
1,0E+H1
LOE-H

ufc/ml dli &£. coli

1 4 k] 24 3z %

Tempa(ore)

Figure IV.7 Antimicrobial activities of LDH-active molecule pder

Can be observed that the powder of LDH salicylases bacteriostatic
activity against E. coli. This activity was greatsith increasing powder
concentration in the broth culture. Can be seert th& minimum
concentration of LDH-salicylate shows a substardialving microbial is 0.4
0/10 ml (4% w / v). At this concentration, the dagtween control and test
sample turns out to be, after 24 hours of incubatiamounting to 7
logarithmic orders that are maintained such sulbistynup to 72 hours of
incubation at 30 ° C. At lower concentrations ofH.Balicylate control the
gap tends to decrease due to lower bacteriostetiity exercised by the
powder.

The next step was to evaluate this activity onRE& film containing LDH-
salicylate, trying to evaluate if the minimum contration detected by the
tests described above can also be transferredediirth
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V. 4. 2 Evaluation of antimicrobial activities of LDH-salicylatein
film

IV. 4. 2. 1 Contact between films and microorgasismliquid

The operation method used was the following: werepared squares of
films of PET, and PET + LDHsalicylate at differgmércentages, of size
(2x2) cnf and placed in sterile tubes containing 10ml of TB&dium (BD
Tryptis Soy Broth) +100 pl (102 cfu / ml) of a fresuspension of E. coli.
The tubes were left at room temperature (25 ° @G Jowing took place in
the plate according to the technique of dilutiomat includes the following
steps: the sample in examination was diluted of 10% 10° diluting 1ml
of sample to 10ml (adding 9 ml of saline ), thelutitig 1 ml of the latter
back to this again and finally 10ml to 10ml. TheliRitions were added to
the medium and then placed at 37 ° C for 24h.

Film examined:

1) PET

2) PET+20%LDH-SALICYLATE

3) PET+30%LDH-SALICYLATE

4) CONTROL: MEDIUM ONLY + E. coli

Counts were performed at the time dfter 6h and 24h of incubation. The
results are presented in Table IV.1.

Table IV. 1 E. coli counts after time of incubation for all tekemples

Film tested b t= 6h t=24h
PET 3*10 5+10°
PET+20%LDHsalicylate 3*10 1.1*10
PET+30%LDHsalicylate 2.5*10 7*10°
Control 1*1G 1*10° 5.3*10

52



Polyethyleneterephthalate composites
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Figure 1V.8 Antimicrobial activities of LDH-active molecule fiim
before (A) and after(B) incubation in liquid

The results in Table IV.1 and Figures IV.8 showedniform microbial
growth independently of types of films, concluditigat there wasn't any
kind of inhibition.

IV. 4. 2. 2 Contact between films and microorgamsismsolid

Are examined the following film:
e PET
*  PET+20%LDH-SALICYLATE
PET+30%LDH-SALICYLATE

The operation method used was the following: am agataining a bacterial
suspension of E. coli at a concentration from 10704 cfu / ml is placed in
contact with each film. The plates were incubate87a® C for 24 hours.

Figure IV.9 Antimicrobial activities in solid of LDH-active nesule in
film
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The results showed a uniform microbial growth iretegently of types of
films for the bacteria tested.

To try to understand the non-inhibition of LDHsglite dispersed in the
films against the bacteria analyzed it was studhesl kinetics release in
saline solution of the salicylate anion by LDH-shtpersed in PET in
different percentages.

IV. 5 Release kinetics

This part of thesis aims to observe and describer¢lease in an aqueous
solution of the active molecule linked via ionicnios to the inorganic
compound dispersed in the polymer matrix. Has lmaened out the release
of salicylate in saline solution (NaCl 0.9%) fronrE™P +20% LDHsal and
PET+30% LDHsal.

——PET+30% LDHsal
—&— PET+20% LDHsal

144
12 A

10 1

0 48 96 144 192 240 288 336 384 432 480 528 576
contact time / hours

Figure V.10 Kinetics of release of salicylate from PET compassit

% release

The samples were placed in 25ml of saline solutibmoom temperature.
After specific time intervals, 1 ml of solution wesllected and analyzed by
UV-visible spectrophotometry, thanks to the chrohme nature of the
organic molecule.

The release of salicylate anchored to the inorgagidET is very slow.
Infact, after 144 hours, the release of the moketwund to hydrotalcite is
only 7%.

It was possible to conclude that the release afydate from hydrotalcite
dispersed in PET is so slow to not allow a releafsa quantity that can
inhibit the growth of the microorganism E. coli the first 48 hours, as
happens in the original hydrotalcite powder.
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PET/hydrotalcites coating

Based on the results obtained from the antimictoteats and release
kinetics of the composites it was found that thiease of salicylate from
hydrotalcite dispersed in PET is so slow as to altiw a release of a
quantity that will inhibit the growth of the microganism E. coli in the first
48 hours, as happens in the original hydrotalateder.

We decided to change method of dispersion of ttergamic filler on
polymeric matrices: it was studied the dispersibh@H-active molecule in
an acrylic adhesive used in the food industry femlable coating of
polymers such as polyesters and polyolefins.

For the release of antimicrobial from coating onTREe phases of this part
of project were:

- Preparation and characterization of films, disipg the filler in the
adhesive coating

- Application of the system PET-coating+LDH-actismlecule on foods
such as fresh mozzarella, grapes, cherries, mikcdmeese to demonstrate
the effectiveness of controlled-release on extenthe shelf life of foods.
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V.1 PET/ active filler coatings characterization

Were prepared PET film coating at different peragas of filler in acrylic
adhesive. Were characterized in terms of structaral microbiological
analysis and has been studied the release in salingon. Are reported data
for the PET/adheasive/12% LDH-salicylate.

The innovative system is that these active mo&ssutather than being
added directly to the food and all at once, areothiced in the same in a
slow and controlled way, thus ensuring a bettetityuand greater durability
(Vittoria MI12011A/00192)..

V.1.1 X-ray diffraction

The X-Ray diffraction was used with the aim of isiigate the presence of
inorganic phase in the acrylic resin.

PET/adhesive/12% LDHsal

Intensity

Figure V.1 X-ray diffraction patterns of PET/adhesive/12%LRHs
In the X-ray spectrum of figure V.1 it was possibdesee the characteristic

peak of hydrotalcite LDHsal around 2 5.84 °, evidence of presence of
filler on the adhesive after dispersion on PET auef
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V.1.2 Release of salicylate from PET/adhesive/12% LDHsal

We have studied the release in an aqueous solaofitime active molecule
linked via ionic bonds to the inorganic compoundpersed in the acrylic
adhesive. Has been carried out release of sakcyfasaline (NaCl 0.9%)
from PET film/adhesive/12%LDHsal according to theogedures given
above.

release from PET/adhesive/12% LDHsal

30

251

20 1

154

% release

10

54

0

0 48 96 144 192 240 288 336 384
contact time / hours

Figure V.2 kinetics of release of salicylate from PET/adhgdi2&l DHsal

From figure V.2 it is evident that the release alficylate anchored to the
inorganic, dispersed in the adhesive instead qedsed in the polymer, it is
faster. In fact, after 144 hours the release of mhelecule bound to
hydrotalcite is 23% in comparison with the releasfesalicylate from

PET+LDHsal composite where the release after theedime interval was
only of 7%.

V.1.3 Microbiological Test of PET/adhesive/12 %L DHsalicylate

The tests were carried out by placing in a stedbe 10 ml of TSB (culture
broth), 4 cr of film and 1 ml of microbial suspension (Eschiiéccoli).
The tubes were incubated at 20-22 ° C and wasedaotit microbial counts
in a timely manner.

As it can be seen from Figure V.3, there was ahsligiprovement of the
antimicrobial activity of the PET /adhesive/12 %L8df) against E. coli
compared to PET control.
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Antimicrobial activity of Film coating PET+(filler/adhesive)
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Figure V.3 Antimicrobial test of PET/adhesive/12%LDHsal film

Based on these promising results it was possiblaige these system
PET/adhesive/active filler to study of extensiontleé shelf life of foods,
especially mozzarella, food that has been studiddaaalyzed.

V.2 Application of system PET/adhesive/LDHactive miecule on
extending the shelf life of food

V.2.1 Mozzardlla

We decided to apply the system film-coating + LDétihee molecule on
foods such as fresimozzarella to demonstrate the effectiveness of
controlled-release from coating on extending thedfdiie of food. (Altieri et

al, 2005).

Fresh and aqueous foods such as dairy productsyesyesusceptible to
bacteria growth such as Coliforms, Pseudomonas Buodgi, most
responsible for their degradation (Laurienzo e2@08).

The determining factors on the preservation of fheshness of the
mozzarellaare different:

* pH;

» hydrolysis of casein;

e calcium;

* ratio of calcium / sodium;
e acidity;

* presence of microorganisms
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This last point is crucial to maintain the fresimes$ the mozzarella, infact
coliforms, pseudomonas and fungi grow on the sarfaicthe mozzarella,
coming from thegoverno water; the coliforms test is an indicator of
freshness. (Sinigagliet al 2008)

Coliforms grow rapidly during the first days of sige, producing lactic
acid, acetic acid, formic acid, succinic acid, etila CO, and causing
swelling of the envelopes and a decrease in pH.

The pH is also an important factor. It affects ttasein proteolysis, the
amount of calcium, the ratio Ca-Na-Casein and aylggatic characteristics
of mozzarellacheese (J. Dairy. Sci, 2007).

V.2.1.1 Project phases
The phases of this part of the project were:

1. Preparation of film for coating of PET+adhesarel PET+(adhesive/6%
LDHsal-6%LDHcarbonate) useful to inhibit bactegmbwth and to control
the pH.

2. Preparation of bags with PET+adhesive fiim &I + (adhesive / 6%
LDHsal-6%LDHcarbonate) and packaging of e&ddtconcinodipped in a
fixed amount of water (50 ml).

3. Storage of the bags at 18 ° C.

4. Water extraction and homogenization of tecconcinoat different
times: at timed; after 8h, 24h, 48h, 72h, 6 days, 10 days, 15,ddyslays to
30 days.

5. Measuring the pH of trgovernowater and théocconcino

6. Analysis of the organoleptic properties (cofmmell, taste)

7. Preparation of selective media for each typerganism (PCA, MRS,
M17, VRB, Pseudomonas, YEPD)

8. Measurement of the total bacterial count, totdiforms, pseudomonas,
streptococci, lactic acid bacteria, lactobaciléagts and fungi.

9. Analysis of proteolysis of casein

10. Test on the elasticity bbcconcing(resistance and compression)

V.2.1.2 First results

As it can be seen from Figure V.4, the first datapH measurements
showed a pH differentiation on thieocconcino contained in the PET
+adhesive and PET + (adhesive / 6%-LDHsal 6%-LDbicaate). The pH
of the bocconcino contained into the bag with the antimicrobial and
carbonate is more basic in the first 48h and betwt8h and 72h there is a
collapse to more acidic pH, due to the developnoémicroorganisms that
tend to acidify the system of theozzarella
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——mozzarellain PET
—=—mozzarella in PET/adhesive/system active
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Figure V.4 pH variation for mozzarella in PET and in PET/aetisystem

Regarding the growth of fungi and yeasts, as seéiigure V.5, there was a
strong inhibition by the antimicrobic agent releasa thebocconcino

(A) (B)
Figure V.5 Yeast growth in PET (a) and in PET/active system (

The total bacterial growth (Figure V.6) in tih®cconcinoinside the bag
containing the active molecule is much less thah¢bntained in PET.
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(A) (B)

Figure V.6 Total bacterial growth in PET/active system (ajiam PET (b)

Also the organoleptic characteristics such as cealod texture in the
bocconcinoon the bag with the antimicrobial agent are unged after
34days, as can be seen from Figure V.7.

(A) (B)
Figure V.7 Organoleptic characteristic for Mozzarella after s for
the control (a) and antimicrobial agent (b)

V.2.2 Other foods

Was applied the system PET film-coating + LDH-aetimolecule dispersed
on adhesive on other foods such @gmpes, cherries and cheesé¢o
demonstrate the effectiveness of controlled-releasextending the shelf
life of food. All the test showed a very good résulnfact after about 20
days the fruit and cheese inside the control filoveed presence of mold
and darkening in comparison with that in film wéhtimicrobic agent.
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®
Figure V.8 Grapes after 21 days: control(A) and antimicrobsgbktem (B)

(A) (B)
Figure V.9 Cherries after 21 days: control(A) and antimicralsystem (B)

(A) (B)
Figure V.10 Cheese after 21 days: control(A) and antimicrolsigtem (B)
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V.2.2.1 Milk

To evaluate the freshness of milk it was used teduRtase methylene blue
method. This method can quickly give an idea ofttiagienic conditions of
a sample of milk. It is based on the ability of migrganisms to decrease the
redox potential of the medium in which they areremult of their metabolic
activity (oxygen consumption and reducing systerhe addition of a redox
indicator (such as methylene blue or resazurindjcates, with its color
change, the state of oxidation or reduction ofrttelium.

Methylene blue is blue in oxidized form and coleden a reduction state:
shorter is the reduction-time of indicator (bluedaolorless) higher is the
bacterial grow present and worse is the qualityiif.

In order to determine the activity of packagingnl, have been measured
the bacterial growth of milk by the methylene bieductase. The tests were
carried out at time zerogft the day of expiry of the milk {t to a one §
and three days of the end)(ia week after the deadling)(t

Table V.1 Reduction time of blue methylene indicator on RET PET/12
Mix samples

Sample ¢ t; t t3 [/
PET >6h 3,5h 3h 2,5h <1lh
PET/MIX 12 >6h >6h 5,5h 5,5h 4,5h

Tests show that at the same conditions (time, teatyee, size of the
package) the bacteria growth appears to be lesanflir packaged in
PET/MIX12.

The final results of all these test are under pagenit wasn't possible to
show all the data (Vittoria MI2011A/00192).
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Polylactic acid coating

V1.1 Objectives of this part of the project

Following the positive results obtained with PETatiog system on shelf-
life of fresh foods, the aim of this part of theoject was the development
and characterization of coatings system on biodkdpi@ polymers (such as
polylactic acid (PLA)) by a simple process depositi
A simple coating method to plasma treated polymeigfaces was
developed, basing on electrostatic interactionwéen the positive charged
surface of nanoparticles (Kaneda et al, 2010) &edcharged polymeric
substrate, leading to a stable and resistant gmatin
Using also nanoparticles with antimicrobial activisilver nanoparticles or
active organic molecules such as salicylate or pinmsium salts) it was
possible to obtain an active multilayer coatingfulsto several application
(food packaging, biomedical application) (Kim et 998).
The objectives of the project were:

« Preparation of inorganic filler modified with aativnolecules

» Deposition of modified filler by coating on plasimeated polymeric
surface for the realization of:

- systems with antimicrobial activity

- systemshwimproved barrier properties

These active systems are able to be used for faoklaging, to protect and
extending the shelf life of products.

The aim of the present work is to propose the usdayered double

hydroxyde as an alternative to commonly used caticlays and to combine
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phosphonium ionic liquids to formulate PLA coatinggth enhanced
properties

VI. 2 Idea

The idea of the project came from a recent workize@d in the lab of
Professor Giannelis (Fang et al, 2010), Cornellversity, Ithaca, NY where
it was spent the period of PhD abroad (about 6 h®)ntabout a simple
deposition process of positively functionalizedicsil nanoparticles (with
ammonium group) on Plasma treated polypropyleng. (PReaded to stable
and solvent resistant multilayer coating and maweRP hydrophilic. Also
have been used silver nanoparticles as antimidr{ikati et al, 2009; Park
et al, 2007; Takato et al, 2008).

We decided to apply this method to biodegradabléynper such as
Polylactic acid (PLA) (Hirsjarvi, 2006), using aati hydrotalcites (LDH) as
positive nanopatrticles, thanks to the positivergbaf lamellae ([My., M"
(OH),]*)A*) and negative charges of PLA plasma treated.

The possible interaction between plasma treategmmic surface and
hydrotalcite nanoparticles can come from electtmsfarces, like showed in
figure VI.1.

Possible interaction

R Electrostatic forces

PLA plasma treated

Figure VI.1 Possible interaction between hydrotalcites nandplke$ and
Plasma treated surface PLA

V1.3 Research outline

Initially, the LDH with nitrate anions has been #wsized by
coprecipitation method. Then, two different anidmsctionalized with long
alkyl chains and based on phosphorous compoundstarealated between
the LDH layers by ion-exchange to make layered tollydroxyde more
organophilic and contribute to the extension oeilayer distances which
facilitates the dispersion of anionic clays. Fipathe modified-LDHs are
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deposed on PLA surface and the final structurefgmags relationships are

also investigated in detail.

The principal steps of the project were:
» Hydrotalcite modified with organic molecules: dyasis and

characterization (Tga, Rx, TEM)

» PLA characterization (Tga, Dsc, Rx)

» Study of the best plasma treatment condition®fok (power-time)

» Deposition process of hydrotalcite nanoparticlesptasma treated
PLA

» Coating characterization (Xps, Contact angle, SEEM, Tga, Dsc)

» Study of coatings durability and stability in diféat solvents

» Selection of LDH nanoparticles by 200nm filter tavh more
homogeneous deposition

» Water and oxygen permeability test

» Antimicrobial test

VI. 4 Advantages

This coating method can have several advantageapplication on food
packaging:
» Simplified method of dispersion of the inorganidiwe filler on
polymers without using solvent and acrylic resin
Dispersion of filler on polymeric surface
A consequent more rapid kinetic of release
Larger contact area to inhibit possible microrganis
Higher antimicrobial activity
Application to every kind of LDH and polymer
Possibility of Industrial application

YVVVYVYYYVY

VI. 5 Organic molecules incorporated in the hydrotdcites

The organic molecules used to modify the hydraialeind give a target
activity, are Polystyrensulfonate (PSS) (Oriakt891, Aranda, 1995) and
Phosphonium ionic salts (IL) (Daman’ska, 2007, Gamoka, 2005,
Kamazawa, 1994), to increase the hydrophobicityPloA surface and to
have an antimicrobial coating

VI.5.1 Phosphonium ionic liquid salts

The ionic liquid salts (ILs) are organic salts carsed of cations and anions
with a melting temperature less than 100°C. ILs cantain quaternary
phosphorous cations, as shown in figure VI.2.
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Most commonly 4 5
used cations: 2\ R! R!
3 1 | R?
/N\/N\ @ ® ® I o
Me’ R N N R*—N—R? /P‘\
2 | /N | R* R®
R R! Me 3
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1-alkyl-3-methyl- N-alkyl- N-alkyl-N-methyl- Tetraalkyl- Tetraalkyl-
imidazolium Pyridini Piperidini i p i

Figure VI.2 lonic liquid (IL) salts structures

lonic liquids (ILs) are organic salts composed afians and anions, known
for their excellent thermal stability, non-flammédyi low vapor pressure
and high ionic conductivity, not to mention thateyh are solvent
environmentally benign. Moreover, these ionic ldgihave already proven
themselves as surfactant agents of layered s#icate plasticizers, building
blocks, lubricants or as compatibilizer of manyypoérs leading to a better
dispersion of clay and ILs in the polymer matringrally coupled with an
increase of the final properties of the materigegkin et al, 2007; Kim et al,
2006; Rahman et al, 2006; Sanes et al, 2007 ¢tial, 2011).
ILs have several important properties that makeseéheompounds very
useful materials on organic and inorganic chemistry

= Excellent thermal stability (> 300°C)

= Good ionic conductivity

= Solvents considered "green*

= Surfactant for polymers in suspension, organicgaaic charge, for

porous materials

= Non-volatile plasticizers, Lubricants

= Antimicrobial activity
lonic liquid phosphonium (IL) salts can give hydnopic modification of
layered double hydroxide (LDH) conducted by direct exchange reactions
with two ionic liquids having the same phosphonibased cation, but
different anions, to improve barrier propertiesoathe physical adsorption
of cationic phosphonoium salt on hydrotalcite-likempounds (LDH)
having positive structural charges, can give amtiaobial activity (Yanlia,
2007)

N\ 2

Figure VI.3 IL103:tetradecyl(trihnexyl)phosphonium decanoate)(P1
structure
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One of ionic liquid used is the IL103: tetradeayh@xyl)phosphonium
decanoate (P1) as shown in Figure VI.3.

The other one is IL201: tetradecyl(tributyl)phospium dodecylsulfonate
(P2).

VI.6 Hydrotalcite (LDH) synthesis

The inorganic filler used on the project is the togdicite as described
above.

In this project are used two different method ofthesis of LDH modified:
1) Synthesis of hydrotalcite by the coprecipitatimethod, to synthesize
LDH-nitrate and LDH-PSS, as the method explainexl/ab

2) Phosphonium ionic liquids salts intercalationlddH by ionic exchange
from MgAlnitrate (AEC=3.35mmol/g) or MgAlcarbonateysing the
following procedure:

Table VI.1 Reagents quantities for LDH ionic exchange reaction

Sample M.W. Molar ratio mol g ml

MgAINO ;or 80.94 1 0.061 5
MgAICO,
IL 201o0r 655 0.24 0.015 10
I1L103

water 100
THF 200

LDH was dispersed in 200 mL of a THF solution. Hmount of surfactant
added was about 2 AEC, based on the anion excleaapgeity (AEC= 3.35

meq/g) of the LDH used. The suspension was mixedssired vigorously

at 60°C for 24 h. Then, the precipitate was fillereashed with THF. The
solvent was removed by evaporation under vacuura.riibddified-LDH was

then dried at 80°C for 12 h. It was obtained 5grafduct. Tga and Xray are
used to characterize the sample.

VI. 7 Characterization of hydrotalcite LDH-active molecule
VI.7.1 Xray diffraction

The anionic exchange is clearly detectable by X-B#fyaction as shown in
Figure VI.4. From X-ray spectra, for all the LDH dified by ionic
exchange reaction, it was possible to realize ffective intercalation of
PSS anion and phosphonium ionic liquid anions m ldmellae of LDH,
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observing the shift from@&-10.2 to lower 8, of the characteristic peak of
nitrate intercalated.

—— LDHnitrate
"""" LDH-IL103

Intensity

Figure VI.4 Comparison between X ray diffraction of LDHnitraied
LDH-IL103(P1)

In figure V1.4 is reported the spectra of LDH-IL1(B1) as representative of
all samples.

The larger dimensions of anions intercalated haeeeased the interlayer
distance between the lamellae of LDH.

Before organic treatment, the basal spacing of ghee hydrotalcitei.e.
LDH-NO; is 0.76 nm which corresponds to the diffractiomkp@® = 10.2°
and d-spacing of 7.7 nm, which is similar to thgparted in the literature.
After organic treatment by anionic exchange withogghonium ionic
liquids, the LDH-P1 and LDH-P2 shifted to the lovesrgle position. In fact,
the LDH-P1 displays a (001) diffraction peak &t=23.2° corresponding to
an interlayer distance of 2.7 nm whereas for LDH4R2 diffraction peak at
20 = 2.6° is significant of a distance of 3.4 nm. S&elistances obtained are
very similar to one characteristic of a paraffimicnformation with trans-
trans positions of the alkyl chain, frequently amttered in the case of
cationic clays modified with imidazolium and phosplum ionic liquids.

In conclusion, these increases of interlayer ditanindicate the success
intercalation of anions functionalized with longkdl chains between the
LDH layers. Moreover, these values are much higian those obtained in
different studies. In fact, the values are gengraiktluded between 1.4 nm
and 2.9 nm. These new organophilic LDHs may fedtéi the intercalation
of polymer chains between the LDH layers during freparation of
nanocomposites and thus to improve the distributibthese organic fillers
in the PLA matrix. (Chibwe et al, 1989; Bergayakt006).
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VI.7.2 Thermogravimetric analysis (TGA)

After anionic exchange with the phosphonium ionguids, two organic
species populations have been identified, ghgsisorbed species onto the
layered double hydroxide surface and the interedlahes which are located
in the LDH galleries. To allow the identificatiorf these two populations,
the thermal degradation of the phosphonium trebf@ids are reported.
Fromthermogravimetrianalysis it was possible to evaluate the inorganic
residual and degradation temperature for all theHLBb understand the
effective ionic exchange and intercalation of agionLDHnitrate

—— LDHnitrate
- LDH-IL103
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Figure VI.5 Comparison between Tga of LDHnitrate and LDH-ILIB3):
[30-800°C at 20°C/minute under nitrogen]

Is reported the spectra of LDH-IL103 as represematf all samples.

In the case of LDH-Ng) two steps of decomposition appear: in the first, 0
a weight loss of 10% at around 150-190°C, corregpom the loss of
absorbed water between LDH layers. In the secom] aha temperature
range between 400-500°C, a weight loss of 30% @amldscribed to the
removal of nitrate anions as well as to the dehygation of the LDH
sheets. These results are consistent with tiratlitee on the degradation of
LDH and are also very similar to the results obsdrin the clays modified
with organic cations where two kinds of interacfiofvan der Waals and
lonic bonds) between inorganic clay and organicionat have been
highlighted.

As for the anionic clays treated by decanoate asd@kdylsulfonate anions
and denoted LDH-P1 and LDH-P2, their decompositiorery similar to
that of pristine LDH. In fact, two degradation psa&re observed at the
temperature of 100°C and 420°C-500°C, respectivAlycording to the
literature, the reduction of the degradation terapee of 150 ° C to 100 ° C
corresponding to the water absorbed by the laydoedhle hydroxide is due
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to the decrease of the hydrogen bond interactitwdmn water molecules.
While the second peak at 420-530°C correspondshé removal of
dodecylsulfonate and decanoate anions combined twighdegradation of
phosphonium ionic liquids (340 °C for LDH-P1 and04%C for LDH-P2)
adsorbed on the surface of layered hydroxidesath, fan increase of the
percentage of organic species is observed: 39%.DBbt-P2 and 44% for
LDH-P1 compared to 30% for LDH-NO3.

In conclusion, these results confirm the excellbetrmal stability of LDH
modified with ionic liquids. Moreover, these newn#lyesized fillers have
better thermal stability than montmorillonites nigetl with ammonium salts
or treated with thermostable ionic liquids based iomdazolium and
phosphonium cations commonly used as surfactanisyefed silicates and
which are degraded at a temperature 300°C. In iaddithe presence of
physisorbed ionic liquids can act as a compatiilim order to improve
dispersion of fillers in the polymer matrix. (Zhao al, 2002; Chen et al,
2003; Davis et al, 2004; Lv et al, 2009 ; Xie kt2®02 ; Ngo et al, 2000 ;
Livi et al, 2010).

VI. 8 PLA characterization

O

n

Figure VI.6 PLA structure

The PLA used in this project was a Natureworks pely 7032D with
melting temperature of 160°C, Tg of 55-60°C; degtamh temperature of
379.9°C.

Film of 0.6mm of thickness were prepared by congoesmolding (200°C
for 5 minutes).

VI1.8.1 X ray diffraction

From X-ray spectra it was possible to observe aorphous structure of
PLA and calculate a crystallinity grade of 9%.
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Figure VI.7 X-ray diffraction patterns of PLA

VI.9 Study of the best plasma treatment conditiongor PLA

Before to apply the plasma treatment to PLA, beirgpft polymer, film of
0.136 mm of thickness are used and the contacearighe samples treated
at different conditions was analyzed.

The substrate was treated with A{B0 : 50) mixed gas plasma.
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Figure VI.8 Contact angle (°) values for different conditionpawer/time)
of plasma treatment

The best power of plasma treatment is found toiA\Lfor 30sec because
at these conditions the highest decrease of cormilagle was obtained,
evidence of the most surface modification.

Plasma treated PLA film with these conditions aeppred (100w- 30 sec).
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VI.10 Deposition process of LDH nanoparticles on plsma treated
PLA

The general procedure of deposition of LDH nanadglag on plasma treated
PLA is the following

50ml of an aqueous solution of LDH (500mg) aftem3iButes in ultrasonic
bath, was added to an oxygen plasma (100w 30sett) $ide treated
polylactic acid (PLA) film and left over night abem temperature, under
stirring.

The PLA after coating was analysed by X-ray phaoebn spectroscopy
(Xps), scanning electron microscope (SEM) and wasdiad the Contact
angle;

VI.11 Coating characterization
VI.11.1 X-ray photoelectron spectroscopy

From Xps analysis it was possible to study theama@rfmodification of PLA
after plasma treatment (AP) and LDH deposition (A@y it showed the
presence of element that was expected.
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PLA UNTREATED PLA AFTERPLASMA (AP)
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Figure V1.9 Xps spectra for PLA urmated, PLA after plasma)(@fd PLA
after coating with LDHIL103(P1)

In fact in PLA after plasma (AP) there was an iase of percentage of
Oxygen, evidence of plasma surface modification.

After deposition of LDH-P1 (AC) on PLA plasma tredt it was possible to
note the presence of Mg, Al and phosphorus as eltsnevidence of correct
deposition of LDH on polymeric surface.
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VI.11.2 Scanning electron microscope

EHT- 150KV Ap

W= smm
e Name = PLA UT_1811

L s‘ T o g e
PLA untreated PLA afidas
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with LDHnitrate with LDH-103

Figure VI.10 SEM images for PLA untreated, PLA AP, PLA aftertioga
(AC) with LDHnitrate and LDH-IL103

From SEM analysis it was possible to observe andgemeous deposition
of nanoparticles for all the LDH coatings, evefoif LDH-nitrate and LDH-
P2 the deposition was more homogeneous than other.

Between PLA untreated and PLA after plasma no wiffee wasn'’t
observed.

VI.11.3 Contact angle
From contact angle analysis it was possible to aotecrease of value for

PLA AP, evidence of an increase of hydrophilicifyRi.A for the formation
of negative charges on polymeric surface afterrRdaseatment.
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Contact Angle
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Figure VI.11 Contact angle (°) valuefor PLA, PLA AP and PLA after
coating (AC) with different LDH

For all the film of PLA after coating of LDH nanapiales there was an
increase of value of contact angle, especial\L@HP1 and LDHP2.

This was an evidence of increase of hydrophobiitfPLA surface, due to
the intercalation of anion of phosphorus ionic iitjan LDH.

VI.11.4 Stability and durability

To evaluate their stability, the film of PLA afteleposition of LDH, of

thickness 0.6mm and treated at plasma on both (dideéw-30sec) were
subjected to ultrasonic field for 1 hour while lpisuspended in different
solvents (water, acetone, ethanol).

After this, SEM of samples in water and ethanolaralyzed (from acetone
was not possible to have measures because PLAitarechas swelled).

KockSEM @0 Wor 3mm
g 80001 Fie e

PLA AP AC+LDHnitrate PLA AP AC+LDHnitrate
after 1 hour in water after 1 hour in ethan

Figure VI.12 SEM images of PLA AP after coating with LDH aftdrdlr in
solvent
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From SEM it was possible to observe an homogenataposition of
nanoparticles of LDH even after 1 hour on solvent.

As shown in Figure VI.12, even after 1 h of sonaatwhile immersed in
the solvents, the coatings resist detachment andirgually unchanged.

VI.11.5 Selection of LDH nanoparticles

An aqueous solution of LDH-nitrate nanoparticless\iitered by a 200nm
filler to have a selection and one more homogenediugension of
nanoparticles, to give a better deposition. FilmAPaf 0.2mm (plasma
treatment 100w-30sec) are used.
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Figure VI.13 SEM images of PLA after coating with LDHnitratesfied

After filtration, from SEM it was possible obseraebetter deposition and
homogeneity of particles on PLA treated

VI1.11.6 Water permeability

To evaluate the water permeability of PLA samplesfbllowing procedure
was used:

Two PLA film of every samples are used to have\arage of values. Area
of film is of 0.003116rM AP=1489Pa and 0.18+03 mm of thickness.

The film has been left in a dryer on a saturatelitiom of Mg(NGO;),
(a=0.53).

The weight loss was reported in function of theetifor sample PLA AP
AC+LDHP1, reported as example of test. The pernliéakias expressed as
P= g/(m*s*Pa),following the formula (2):

Weight loss x Thickness

Permeability =
Time x Film Area x /\ Vapor pressure (2)
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Figure VI1.14 Weight loss in function of the time for sample PAR
AC+LDHP1
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Figure VI.15 Water Permeability coefficients for PLA untreat&lL,A AP
and PLA after coating with different LDH

From water permeability test it was possible tceramtdecrease of value for
all the film PLA AP AC+LDH especially for LDHP1 andDHP2 (35%) to
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demonstrate an increase of hydrophobicity of PLAa®e, for the presence
of anion of IL intercalated on LDH disperse on twating, in accord with
the changement of contact angle value.

VI.11.7 Thermal analysis

Thermogravimetric and DSC analysis are used taatalsome variation of
thermal properties of PLA film, coated with LDH regoarticles modified
with phosphonium ionic liquid.

Table VI.2 TGA of PLA and PLA coatings [30-800°C at 20°C/ménumder
nitrogen]

SAMPLE Td(°C)

PLA 379.9
PLA AC+LDHP1 371.1
PLA AC+LDHP2 377.9

Table VI.3 DSC of PLA and PLA coatings [30-250°C at 10°C/nénuder
nitrogen]

SAMPLE Tg(°C) Tm(°C)
(2" heating)
PLA 61.47 167
PLA 59.81 165.03
AC+LDHP1
PLA 59.60 165.6
AC+LDHP2

Observing the tables VI. 2 and VI. 3 about Tga &®IC analysis any
important change was observed on thermal propestiesating.
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VI.11.8 TEM

Are reported TEM images of LDHP1 and LDHP2 powdéospbserve the
real structure of lamellae.

Figure VI.16 TEM images of LDH nanoparticl

e LD

Fig. VI.16 shows TEM micrographs of layered doulyelroxides modified
with different phosphonium ionic liquids. The mogbbgies obtained on
LDH aggregates are quite similar. Neverthelesshéncase of LDH-P2, we
were able to observe the interlayer space and tisengoftware Image J, an
interlayer distance of 3.2 nm has been determimedeveral agglomerates
and confirms the results of X-Ray diffraction data.

Are reported TEM pictures of coating PLA+LDHP1 drfidHP2, to observe
the effective thickness and homogeneity of depmsitiHa et al, 2010;
Zammarano et al, 2005).

;’:.

H-P1 (b) LDH-P2
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PLA AC+LDHP2

Figure VI.17 TEM images of the plasma treated PLA surfaces doatt
a multilayer of LDH nanoparticles after a one-stigposition

It was possible to observe a complete and unifoovexage of polymer
surface and a multilayer coating of nanoparticle&@H on PLA surface.
TEM pictures, shown in Figure VI.1&uggests a complete and uniform
coverage along the periphery of the fiber. Crossi@eal TEM imaging
indicates the formation of a multilayer coating.

Given that the nanoparticles do not show any tery&r agglomeration in
solution, we believed that the multilayer coatingnsists of discrete
nanoparticles and is not due to packing of larggregates
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Polylactic acid composites

VII.1 Materials preparation

The phosphonium salts used on PLA nanocompositegapation are the
same used for coating, as can be seen below:

1) IL 103: tetradecyl(trihexyl)phosphoniuncdaoate (P1)
2) IL 201: tetradecyl(tributyl)phosphoniumdideylsulfonate (P2)

Phosphonium ionic liquids intercalation on LDH weesalized by ionic
exchange from MgAl-nitrate and carbonate (AEC=3.8&1iig) as described
above. The PLA used for nanocomposites preparaidhe same used for
coating system.

The composites prepared are:

PLA+2%LDH-carbonate

PLA+2%LDH-nitrate

PLA+2%LDH-1L103 from LDHnitrate and from LDHcarbotea
PLA+2%LDH-IL201 from LDHnitrate and from LDHcarbotea
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VII.2 PLA composites film preparation

PLA-composites preparation was realized by extrusend injection
molding:

The extrusion conditions were: 190°C for 3min a@rpdn, under nitrogen,
using20 g of PLA+2%LDH,;

The Injection molding conditions were:yds 0f 60°C; Trering Of 206°C
(Ahmed, 2010, Wilson, 1999, Jin Uk, 2010).

Nanocomposites based on PLA/organically modifiegedlad double
hydroxydes (2% by weight) were prepared under g&noatmosphere using
a 15g-capacity DSM micro-extruder (Midi 2000 Heerl&@he Netherlands)
with co-rotating screws. The mixture was shearecdbmut 3 min with a 100
rom speed at 190°C and injected in a 1denould at 60°C to obtain
dumbbell-shaped specimens

VII.3 Research outline

The phases of this part of research project werdaltowing:
- X-ray diffraction analysis of PLA composites

- Thermogravimetric analysis of PLA composites

- DSC analysis of PLA composites

- Study of Mechanical properties of PLA composites
- Study of Barrier Properties: water permeability?@ A composites

VIl.4 Characterization of PLA composites

VI1.4.1 X-ray diffraction

From X-ray diffraction analysis it was possibleetealuate a delamination of
structures for all the PLA composites, observing tlisappearance of the

characteristic peaks of LDH at lowd2corresponding to the interlayer
distance between lamellae.
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—PLA
— PLA+2% LDHnitrate
PLA+2% LDHcarbonate
—— PLA+2% LDHP1 from nitrate
PLA+2% LDHP2 from nitrate
—— PLA+2% LDHP1 from carbonate
PLA+2% LDHP2 from carbonate

Intensity

Figure VII.1 X-ray diffraction patterns of PLA composites

This occurred for all the PLA composites, excepghviDH-nitrate that still
showed the presence of characteristic peak at 90 25.

VI1.4.2 Thermal analysis

To study the effect of phosphonium-modified layedsdible hydroxide (2
wt%) on the thermal stability of the nanocomposithsir thermal behavior
was characterized by thermogravimetric analysisusThthe TGA results
carried out on PLA and the PLA prepared with trédt®Hs are presented
in Table VII.1.

Table VII.1 Tga of PLA composites: [30-800°C at 20°C/minuteasnd
nitrogen]

SAMPLE Td(°C)
PLA 379.9
PLA + 2% LDHNITRATE 354
PLA + 2% LDHCARBONATE 327
PLA + 2% LDHP1 FROM NITRATE 325
PLA + 2% LDHP2 FROM NITRATE 345
PLA + 2% LDHP1 FROM CARBONATE 331
PLA + 2% LDHP2 FROM CARBONATE 346

The polylactid acid polymer selected is alreadyritadly stable as shown by
its decomposition temperature of 380°C which cqmesls to the values
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found in the literature. In contrast, the additioh unmodified LDH or
phosphonium modified-layered double hydroxide ie gholymer matrix
leads to a significant decrease in the thermalildjabf PLA. In fact, the
values of 354°C, 325°C and 345°C were determinedBiH-NO3, LDH-P1
and LDH-P2 from nitrate, respectively. According ttee literature, this
decrease in the degradation temperature of PLA/ltlaHocomposites can
be attributed to the low thermal stability of theddcylsulphonate and
decanoate anions, particularly in regard to thewdeate anion where a more
pronounced catalytic effect is observed. Howeventlzer possible cause
may be the presence of small amount of water acoediain the LDH layers
generating an acceleration of polymer decompositibtmdeed, this
hypothesis has been confirmed in numerous studies.

In conclusion, the use of LDH modified with phosphon ionic liquids
induces a decrease in the thermal stability of camposites in contrast to
the results observed upon addition of ionic liquigsted-montmorillonites
in various polymer matrices such as polyolefinsvétheless, the increase
in thermal properties of PLA/LDH nanocompositegpdssible: In fact, the
drying of LDHs at high temperatures to remove watethe use of ionic
liquids with heat-stable anions such as fluorinatemns, known to increase
the intrinsic thermal stability of ILs are possilsielutions (Zhou et al, 2008;
Park et al, 2009; Fan et al, 2004).

Table VII.2 DSC of PLA composites: [30-250°C at 10°C/minute ennd
nitrogen|

SAMPLE Tg(°C) Tm(°C)
(2"° heating)

PLA 61.47 167
PLA+2%LDHNITRATE 60.93 166.3
PLA+2%LDHCARBONATE 61.25 160.68
PLA+2%LDHP1 FROM 58.61 15941
NITRATE
PLA+2%LDHP1 FROM 58.59 161.58
NITRATE
PLA+2%LDHP1 FROM 60.34 163.94
CARBONATE
PLA+2%LDHP1 FROM 59.30 161.59
CARBONATE

The DSC analysis didn't show any important changethe properties of
composites in comparison with PLA. The glass ttéomsiand melting
temperature decreased very slightly
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VI1.4.3 Mechanical properties

The analysis of data on stress-strain curves gerted for all the PLA
composites and were determined elastic modulusiehsile strength and
tensile strain.
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Figure VII.2 Elastic Modulus of PLA composites

About the elastic modulus analysis, there was aedse of values for all the
composites, especially for PLA+2%LDHP1 and P2 fidbHcarbonate, due
to the presence of phosphonium ionic salts on Ricfing as plasticizer.

Tensile strength (MPa) e Tensile strain (%)

70 4 375
65; z
72 365 358

52,155

PLA pL

PLA: pLA PLA+2%LDHCO3

nitrate nitrate nitrate nitrate

Figure VII.3 Tensile strength and Tensile strain of PLA compasit

The tensile strength and strain for the compogiteparated with LDHP1
and P2 from LDH-nitrate didn’t show any importamprovement but for
the composites with LDHP1 and P2 from LDHcarborthere was a very
big improvement of properties. (Broz et al, 2003)
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— PLA+2%LDHP1 from LDHcarbonate

— -PLA

I
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Figure VII.4 Stress-strain curve for PLA+2%LDHP1 composite

The stress-strain curve of PLA+2%LDHP1 from LDHaarate is reported
as example, to show the effect of the presencébh PLA as plasticizer
(Martin et al, 2001).

In fact the value of tensile strain (%) for thesanples is very increased
(about 7.5%) in comparison with other composited with PLA (about
4%). An increase in strain at break of 30% is ol@di This result can be
explained by the effects of ILs (onto the surfade L&dOHs) on the
crystallinity of the PLA matrix where it plays alecalready described in the
literature of plasticizer agent.

In the area of nanocomposites, the addition of 5% of ionic liquids
modified-montmorillonites usually leads to signifit increases in stiffness,
but coupled with a significant decrease in strairbeeak while the ILs
treated-LDH does not change the Young's modulus gederates a
plasticizing effect of the polymer matrix (Scottadt 2010; Giannelis et al,
1996; Schmidt et al, 2002).

VII.4.4 Barrier properties: water permeability

To evaluate the water permeability of PLA compasithe following
procedure was used:

Two films of every sample are used to have an aecod values. The film
has been left in a dryer on a saturated solutioM@iNGOs), (a=0.53). Area
of film= 0.003116r AP=1489Pa. 0.13*%03 mm of thickness; The weight
loss was reported in function of the time as shoalsul/e.
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Figure VII.5 Water Permeability for PLA composites

The water permeability test reported the followiagults:
« PLA untreated: P= 1.5829* 10" g/(m*s*Pa)
*  PLA+2% LDH-P1 composite: P= 1.6844*10"™" g/(m*s*Pa)
*  PLA+2% LDH-P2 compositeP= 2.039.18*10"" g/(m*s*Pa)

The test didn’'t show any important improvement @ftev permeability for
all the PLA composites, like in the case of the Rlo&ting system.

VI1.4.5 Morphology of PLA/LDH nanocomposites

The distribution and dispersion of layered hydresidn polylactid acid
matrix were analyzed by transmission electron nsicopy on the
nanocomposites processed with 2%wt of phosphonionodified LDHSs.
TEM images are reported in Figure VII.6.
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Figure VI1.6 TEM images of (a) PLA/LDH-P1, (b) PLA/LDH-P2

The phosphonium-treated layered double hydroxides wsually well
distributed in the form of isolated layers, despite presence of small
tactoids. However, differences exist depending len alkyl chains length
attached to anion. In fact, LDH-P2 is the modifiagered hydroxide which
displays the better dispersion in the PLA matrikisTresult can be explained
by the long alkyl chains (C12) which has increaedhydrophobicity of the
LDH leading to a better compatibility between pogmmatrix and anionic
clay surface. Compared to the literature whereirithgtu polymerization is
the most common method to generate quasi-exfolistedtures, we have
shown that the melt intercalation also leads toeacellent dispersion of
LDH layers in the PLA matrix (Berti et al, 2009; &m et al, 2008)
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Pectin composites

VIII.1 Objectives

Nanohybrids of Layered Double Hydroxide (LDH) wititercalated active
molecules such as Benzoate, 2,4-dichlorobenzoatea-hp/droxybenzoate
and ortho-hydroxybenzoate, were incorporated imtiinal pectingsia high
energy ball milling in presence of water. Cast §ilwere obtained and
analysed.

X-ray diffraction analysis showed a complete dedtrmation of all
nanohybrids into pectin matrix. Thermogravimetmalysis showed a better
thermal resistance of pectin in presence of fillddgchanical and barrier
properties showed an improvement in dependencéemtercalated active
molecule. Active molecules showed antimicrobial gaities into the
composite films enlightening very good perspectiireshe field of active
packaging.

VIIl.2 Composites and film preparation

Samples based on pectin and hydrotalcite (LDH)ywuatdried for 24hrs) at
5% (w/w), were prepared by dissolving the powder pactin and
hydrotalcite modified with active molecules, in i ratio 95:5 (pectin:
LDH), in 30ml of distilled water and left stirringt 50 ° C for 15 minutes.
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Nano-hybrids LDHs-Active molecules, the pectin pevaland water, were
milled at room temperature in a Retsch (Germanwtrifagal ball milling
(model S 100). The powders were milled in a cylicalrsteel jar of 50 cf
with 5 steel balls of 10 mm of diameter. The ratatspeed used was 580
r.p.m. and the milling time was 1 hour.

The mixtures obtained were made to evaporate slowtylture dishes. The
films of pectin alone were obtained by evaporatimgsolution quickly. The
films were then dried in a vacuum oven at room terature for 5 days.

VII1.3 Results and discussion
VII1.3.1 X-ray analysis

X-ray analysis, conducted on all nano-hybrids, staba basal peak for Bz at
20=5.7° for DCBz at 2=5.17 for 0-OHBz at 2=5.68 and for p-OHBz at
20=5.7° (Costantino et al, 2009). Figure VIII.1 shaoee x-ray diffraction
patterns of: (a) Pectin, (b) Pectin/LDH-Bz, (c) #@tDH-DCBz, (d)
Pectin/LDH-0-OHBz, (e) Pectin/LDH-p-OHBz. Patterri film of pure
pectin presented a broad peak located at aboudfl2d. Such structure is
retained in all the composites.

Intensity (a.u.)

Do O0T 9

5 10 15 20 25 30 35 40
26(degrees)

Figure VIII.1 X-ray diffraction pattern of (a) Pectin, (b) PeotiDH-Bz, (c)
Pectin/LDH-DCBz, (d) Pectin/LDH-0-OHBz, (e) PedtibH-p-OHBz
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The absence of any other diffraction peak in thenmasites induces to
affirm that, in the used milling conditions, comigledelamination of LDH
layers was reached for the four nanohybrids.

VI11.3.2 Thermogravimetric analysis (TGA)

Thermogravimetric analysis was performed, in aiowfl on all the
nanocomposites, as reported in figure VIII.2. The was to determine both
the content of the inorganic component in the caitpe and the
degradation temperatures. Pure pectin was alsoigatdno TGA test. The
thermal degradation of pectin is a rather complelject, depending on
composition, molecular parameters and chemical ficatiion (Einhorn-
Stoll et al, 2009a and 2009b). Pure pectin presetsaracteristic three-step
thermal degradation: the first one, occurring atwatB80°C, corresponds to
the water loss and can be evaluated as 10% ofnthal imass; then, it is
followed by the second step, between 200 and 400Qrf¢his temperature
range, it has been reported that the degradatomering about 60% of mass
loss, is primarily derived from pyrolitic decompisn. It consists in a
primary and secondary decarboxylation. The thiep dhetween 500 and
700°C corresponds to the oxidation region. In tl@atomposites we
observed that the first step is slightly anticipladéend reduced. This could be
an indication that the composite samples have @i@mount of absorbed
water in the same storage conditions as pure pextoch water seems to be
less bonded to the polymer. The second (after ab80tC) and the third
degradation steps appear delayed in all the cotgsosi
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Figure VIII.2 TGA analysis of (a) Pectin, (b) Pectin/LDH-Bz, (c)
Pectin/LDH-DCBz, (d) Pectin/LDH-0-OHBz, (e) PedtibH-p-OHBz

The presence of the nanohybrids helps the pectidegrade at higher
temperatures. Table VIII.1 reports the degradatemperature at 50% of
weight loss for all samples.

Table VIII.1 Degradation temperature (°C) evaluated at 50% adfjiveloss
from TGA

Sample Td (°C)
Pectin 293
Pectin/LDHBz 305
Pectin/LDH-DCBz 310
Pectin/LDH-p-OHBz 314
Pectin/LDH-0-OHBz 328

This behaviour is consistent with a protecting &ffef LDHs increasing the
thermal stability of the biopolymer.

VI11.3.3 Mechanical properties

The elastic modulus, E (MPa), of the milled pectand the pectin-
nanohybrid composites are compared in Figure VlIh3eneral, the tensile
modulus of a polymeric material has been showretcemarkably improved

when nanocompaosites are formed with layered sigdh the case of milled
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samples, considering that the mechanical degradatib the chains

backbone, due to the milling action, can be assueswthl for the five

samples, we can observe the effect of the LDH-ligbinto the pectin

matrix. It is evident an increasing of E (MPa) Ihtee nanocomposites. The
higher value of elastic modulus is reached for hghdd having p-OHBz as
active molecule. More likely, for the pectin nanogmsites, the extent of
the improvement of the modulus does not depend opbn the degree of
exfoliation, but from the interaction with the hosblecule.

1530
1520

15101

1500
E [Mpa]
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pectin pectin-LDH-Bz pectin-LDH-o- pectin-LDH-DCBz pectin-LDH-p-
OHBz OHBz

Figure VIII.3 Elastic moduli evaluated on pure pectin and naomposite
films

The higher modulus exhibited from composites withH/p-OHBz filler
could be attributed to the stronger interactionsvben pectin matrix and
nanohybrid layers via formation of hydrogen bonuistter favoured by the
p-OHBz molecule.

VII11.3.4 Transport properties of water vapour

Inorganic fillers are believed to increase the ieamproperties by creating a
more ‘“tortuous path” that retards the progresstlod small molecules
through the polymeric matrix. The direct benefittié formation of such a
path is clearly observed in all the prepared nampusites by dramatically
improved barrier properties (Gorrasi et al, 200Bhe mean diffusion
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coefficient from the linear part of the reducedpimn curve, is reported as
Ci/Cq versus square root of time (Vieth et al, 1974).

Figure VIII.4 reports the sorption isotherms of tbemposites with the
different nano-hybrids in the range of vapour attiyP/Po) between 0.2—
0.6. For comparison the curve of pure pectin is displayed. The sorption
curve of the pure pectin follows the classical da@bption behaviour: at low
activity (up to a = 0.2), a rapid increase in vapoancentration, followed by
a linear dependence indicates that besides theahalissolution process the
sorption of the polar solvent occurs on preferéngiges, in which the
molecules are adsorbed and/or immobilized. It inegally assumed that
these specific sites on the matrix have a finitgpacdy. When the
preferential sites are occupied, the isotherm besohmear because of the
normal vapour dissolution. At higher activities,etlpresence of water
molecules determines the plasticization of the matnd we observe a
transition in the curve, followed by an exponentiatrease in vapour
concentration. The isotherms of the compositesolthe same trend as
pectin, although showing a higher water uptakehim whole investigated
activity range. This behaviour is strictly relatedthe hydrophilicity of the
inorganic lamellae, and determines a significanpethelence of water
sorption on the LDH content. The plasticizationeeff of water, above
activity 0.4 is evident, according to Flory-Huggimsode of sorption.
According to such mode of sorption there is prefeeefor the formation of
penetrant-penetrant pairs, so that the solubiligfficient continuously
increases with activity. The first molecules sorbeadd to locally loose the
polymer structure and make it easier for the follgyvmolecules to enter.
These isotherms are observed when the penetratieffly plasticizes the
polymer, being a strong solvent or swelling agenmt the polymer. The
isotherms of the nanocomposites with the benzoaevative active
molecules behave in a similar way. Table VIII.2 ogp the equilibrium
concentration of water vapour.dXGsoven!100Goyme) at activity 0.2 for all
the analyzed samples. Values for composites filed LDH-Bz and LDH-
DC-Bz and are significantly higher than the puretipe this is due to the
high hydrophilic nature of hydrotalcites and to faet that the mechanism
of sorption, particular at low activity, is mairityfluenced by the availability
of the hydrophilic sites to the water moleculesipon at a=0.2 for LDH-o-
OHBz is slightly higher than the pure pectin, ainel tame of the pure pectin
for the sample filled with LDH-p-OHBz. Such trend shown in all the
investigated activity range. These results indicatebetter interaction
between active molecules having -OH groups andrpeatrix (in terms of
hydrogen bonds), that reduce the availability ofifephilic sites to water
molecules.
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Figure VIIl.4 Sorption isotherms of water vapour of pure pectimd a
composites with different nanohybrids

Figure VIIL5 reports the diffusion coefficients (@/s), as function of (o
(9/100g) of sorbed water for all samples. We olsenlinear dependence of
diffusion on concentration for all the samples} tlfowed us to extrapolate
to zero vapour concentration and obtain the theymanchic diffusion
coefficient, Do. All the samples follow the samehaeiour, so it was
possible to derive the Do. The numerical value®ofcnf/s) are listed in
Table VIII. 2. They tend to decrease with LDH-hylw;i reaching the
minimum value for sample Pectin/LDH-p-OHBz. As alig discussed, not
only the amount of filler and degree of dispersiout, also the interaction of
the continuous polymer phase has an importantanfie also on the kinetic
parameter.
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Figure VIIL.5 Diffusion coefficients of water vapour as functiaf
Ce{(9/100g9) for pure pectin and composites with défégmanohybrids

Table VIII.2 Transport parameters extracted from the curves iguies
VIIl.4 and VIII. 5

Sample Gq(9/100g) at a=0.2 Do (cffs)
Pectin 4.00 2.30 x 10
Pectin/LDH-Bz 7.50 1.97 x 10
Pectin/LDH-DCBz 7.81 3.10x 10
Pectin/LDH-0-OHBz 5.00 3.20x 10
Pectin/LDH-p-OHBz 3.98 1.35 x 10

VI11.3.5 Antimicrobial behaviour

Figure VIII.6 shows pictures taken on pectin andamposite films after
12 months of storage at room temperature and ammieatal humidity

(about 60%). We observed the formation of mold ectip film, soon after 2

weeks of storage in the described environmentatlitons. Samples with
nanohybrids containing active molecules, showedappareance of any
mold for so long period of storage.
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Figure VIII.6 Pictures from cast film of pectin and compositeshwi
nanohybrids after storage 12 months at ambient ezatpre

This is an important indication of the antimicrdbiactivity of the
intercalated molecules.
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Methods of investigation

IX.1 High Energy Ball Milling (HEBM)

The incorporation of the inorganic compounds inbbymeric matrices was
achieved by High Energy Ball Milling method, follavg this procedure:
powders composed of polymer and of LDHs modifiethwdrganic anions
(vacuum dried for 24hrs) were milled in differergrpentages (wt/wt), at
room temperature in a Retsch (Germany) centrifagflmill (model S 100).
The powders were milled in a cylindrical steel @r50 cn? with 5 steel
balls of 10 mm of diameter. The rotation speed wsasl 580 r.p.m. and the
milling time was 1 hour.

The Mixer used in this PhD thesis is a planetaly, mhose name describes
the movement performed by the sample holder. Thedigig jar, placed in
an eccentric position on the main wheel of the,milbves in the opposite
direction to the direction of rotation of the whe€he balls inside the jars
are subjected to strong rotational movements cdlledolis forces. The
combined action of these forces produces the hegres of refinement
achieved by this type of mills.
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IX.2 Twin screw extruder mini lab Haake

The twin-screw extruder used has conical screwsearging, which, through

their rotation, allow to molten material to moveadrrecirculating chamber,
for a time t spent by the operator, and then, \whh opening of an escape
valve, it obtains small amounts of material in then of "spaghetti (7 cn?

of polymer equivalent to 5g). The power of the miateis supported by a

twin-screw piston that reaches high pressure, whildws a more efficient

compaction of the material inserted through a shigbper.

IX.3 X-ray powder diffraction (XRPD)

The X-ray diffraction measurements were made amréamperature with a
powder diffractometer "bruker d8 advance", integfdto a pc with software
"diffrac-plus 2000 release" for data acquisitionheT monochromatic
radiation used was Curkof which has a wavelength= 1.540619 a. The
diffraction spectrum, which shows the intensitysoattering as a function of
the diffraction angle @ was performed with a scanning speed of 0.02
degrees per second.

IX.4 Thermogravimetric analysis (TGA)

The thermogravimetric analysis of samples were gotdl in air with a
Mettler TC 10 instrument interfaced to a PC withftware for data
acquisition Mettler, performing scans from 30 t®80C with scan rate of 5
°C/ min

IX.5 Differential scanning calorimetry (DSC)

The thermal analysis were carried out with a déffeétal calorimeter Mettler
Toledo (DSC 822). The differential scanning calain is used to study
what happens to polymers when subjected to heatimiemt and especially
the structural changes that occur during theseéntieas. The experimental
data is reported as the difference between thedagaicity of the cell sample
and that of the reference cell as a function ofperature.

IX.6 Infrared spectroscopy (FT-IR)
The infrared spectroscopy were carried out usisgeztrophotometer Perkin

Elmer 1600. Spectra are obtained with a resolutib@ cm® collecting 32
scans per sample. The region of the spectrum wastigated between 500
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and 4000 cm and is registered in absorbance. This allows to
directly obtain the spectrophotometer absorbance dsgnction of wave
number.

IX.7 Ultraviolet spectrophotometry (UV)

UV-Visible spectrophotometry was used to quantifie tpercentage of
organic molecule in the solution. In particular, Wible
spectrophotometry analyzes the selective absorpgbnmolecules by
radiation with a wavelength between 380 nm and @80 This type of
absorption involves the excitation of valence etmts, which requires much
higher energies the larger the distance betweenelbetronic levels of
departure and to reach

IX.8 Mechanical properties

The tool used to study the mechanical propertiesthef film was a
dynamometer Instron 4301 equipped with a room teatpee Instron 3119.
The instrument is interfaced to a PC with a sofevdBeries 1X" for data
acquisition. The machine has two terminals one biclv is fixed and the
other mobile which sets the standard so that themie between terminals
is 1 cm. The elastic modulus was evaluated at rmonperature at a rate of
2 mm / min. Subsequently, on the same sample, veae ra tensile test to
failure at a constant speed equal to 210mm/min.

We analyzed the mechanical properties of nanocoitepasaterials by
analyzing the stress-strain curves were determametitensile module, the
breaking strength and Elongation at break. Theileertest consists of
subjecting a specimen to a deformation of a filmaatonstant speed by
measuring the value of the load and the length@fpecimen

IX.9 Water vapor barrier properties

Transport properties of small molecules throughymelric hanocomposites
is associated to the type and degree of dispemiaie inorganic filler.
Indeed solubility and diffusivity can be simultansty modified by the
presence of the crystalline phase, by moleculaentation and by the
presence of inorganic fillers. Inorganic fillersedpelieved to increase the
barrier properties by creating a more “tortuoushptiat retards the progress
of the small molecules through the polymeric matrix

Measuring the increase of weight with time, for Haenples exposed to the
vapor at a given partial pressure, it is possiblefttain the equilibrium value
of sorbed vaporCe(Jsonenf100G0yme). Moreover, in the case of Fickian
behaviour, that is a linear dependence of sormifoequare root of time, it is
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possible to derive the mean diffusion coefficieini the linear part of the
reduced sorption curve, reported @#Ceq VS square root of time, by the
Equation (3):

Ct _ ﬂ(ﬂ)“
Ceq d\ 3)

where C; is the penetrant concentration at the tim€., the equilibrium
value,d (cm) the thickness of the sample @n¢cnt/s) theaverage diffusion
coefficient. All the samples showed a Fickian bétawvduring the sorption
of water vapor at different activities. Using Edaat(1) it was possible to
derive the coefficientD, at every fixed vapor activityaEP/Pq), and the
equilibrium concentration of solvent into the saen@ly{Jsovenf100Goymep-
For polymer-solvent systems, the diffusion paramistesually not constant,
but depends on the vapor concentration, accorditiget empirical equation:

D = D¢ exp (/Ceq) 4)

whereDy(cnT/s) is the zero concentration diffusion coefficierléted to the
fractional free volume and to the microstructurettod polymer);y is a

coefficient, which depends on the fractional freelume and on the
effectiveness of the penetrant to plasticize thiima

IX.10 Oxygen transport properties

It is possible to determine the transport paramsdtem a single experiment
using the microgravimetric technique through the o$ an experimental
device (IGA, Intelligent Gravimetric Analyser OORjden Isochema Ltd,
Warrington, UK) on a microbalance principle of whiis able to appreciate
changes by weight of the order of 10-6 g.

The sample is suspended from a tungsten wire aw@@lin a closed reactor,
connected to a vacuum pump and gas cylinder. Alieepump has created a
vacuum (<10 mbar) for 24 h, in experiments carried by us, gas is
introduced at a defined pressure and weight gaithefsample, due to
absorption of the gas is followed in time with taealysis of a specific
software. The unit of the solubility coefficient(&c srp) / cm°’*atm) were
obtained and knowing that this coefficient is eqoal

T gk
Ceg p V;.?:o."are

PM (0, )* atm
®)
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wherep is the density of the sample, V is the molar vaduat standard
conditions of temperature and pressure (STP) andi$the molecular
weight of the 'oxygen. Proceeding with the appmprisimplifications we
obtain that:

Vo, (STP)
v

Campione

* atm
(6)

We report in diagram, the relationship between)C Q@(Eq) as a function of
the square root of time. If the input gas into thaterial is of Fickian type
will provide a first from the linear slope whichrcde derived, known
thickness of the sample, the relationship betwdendiffusion coefficient

and activity coefficient of steam or similar dibution and concentration of
gas absorbed

IX. 11 Elemental analysis

The elemental chemical analysis was carried outhat Department of
Chemistry of University of Salerno.
The amount of Zn and Al was calculated by atomicoaftion after
dissolving the samples in nitric acid concentratesing a Analyst 100
(Perkin Elmer). The amount of C, H and N was deiteech in a Flash EA
1112 (Thermo)

IX.12 Antimicrobial test

The tests were performed with the Escherichia ¢d8m30083t) gram
negative bacterium. It usually turns out to beltheterium most commonly
used tests in the tests of antimicrobial activitisscribed in scientific
literature.

Generic liquid medium (TSB) containing the bactesizspension of E. Coli
at a concentration of 102 CFU / ml is placed intaohwith each film.
Incubation at 37 ° c¢ for 24 hours. Films were pregda2x2cm squares and
placed in sterile tubes containing 10ml of tsb raed(bd tryptis soy broth)
+100 p | of a fresh suspension (overnight) of Eli.Cbhe tubes were
incubated at room temperature (about 25 ° C). Dwérg took place in the
plate according to the technique of dilutions thrtludes the following
steps: the sample was diluted in the examinatioh0df 10% 10° diluting
1ml of sample to 10ml (then adding 9 ml of solutgaiine), then diluting 1
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ml of the latter back to this again and finally 1Gm 10ml. The 3 dilutions
were added to the soil and then placed at 37 ¥24b.

IX.13 Contact angle

Static and dynamic advancing contact angle measmesnwere carried out
by means of a VCA Optima XE apparatus. The watepléts (deionized

water fromMillipore purification system, specificomductance 0.05 mS
cm_1, pH 5.5, droplet volume 0.5 mL) were monitolgda CCD camera
and analyzed by standard drop-shape analysis neethod

VCA Optima Contact Angle: The VCA is able to meastire water contact
angle on wafer surfaces up to 6 inch in diametas.a useful metrology tool
for measuring the quality of surface treatments ¢ghmivn in the Applied

Microstructures MVD100 tool.

IX.14 Plasma

The Glen 1000 system utilizes a oxygen plasma sofoc stripping of
photoresist and other organics. The tool can bepsei give direct ion
bombardment or in a downstream ion mode for loweiase damage.

The substrate was treated with Ar—O2 (50 : 50) dhigas plasma under 100
W for 30sec.

IX.15 X-ray photoelectron spectroscopy surface saee
instrument SSX-100 (XPS)

UHV system for X-ray photoelectron spectroscopy $XPalso known as
electron spectroscopy for chemical analysis (ESCAJantitative elemental
analysis as well as chemical bonding informatia@ossible on a variety of
samples (films, polymers, ceramics, powders, elwr).sputtering for depth
profiling or contaminant removal; in-situ sampl#irig. Remote access is
available for real-time observation and controlhe instrument.

IX.16 Leo 1550 FESEM (SEM)

SEM measurements were performed on a Keck Fieldsétan Scanning
Electron Microscope (FE-SEM), LEO 1550 model.

Imaging at very high resolution (1 nm at 20 KeV & nm at 5 KeV) is
possible with certain types of specimens. Its dup@erformance,
particularly at low accelerating voltages (i.e. Gd 3 KV), makes it
especially suitable for imaging the surface det&ipolymeric, biological,
and other low-density materials. Secondary Electroaging An in-lens
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secondary electron detector enables a very shaktingpdistance
and responds to the lowest voltage secondary etextr

IX.17 FEI T12 TWIN (TEM)

TEM imaging was performed on FEI Tecnai T12 fieldigsion electron
microscope with an accelerating voltage of 80 kSing microtomed epoxy-
embedded ultrathin samples. This state-of-the-guipenent has 20-120kV
high voltage and lanthanum-hexaboride(LaB6) theomigi gun. It offers
high performance, versatility, high productivitydaease of operation. The
fully motorized eucentric goniometer stage (Compg8®) can be tilted to
+80°. The unit is also equipped with a high resoht thermoelectrically
(TE) cooled Gatan Orius® dual-scan CCD cameracdumes 4008x2672
digital images, using Digital Micrograph(DM) softrea

Transmission Electron Imaging TEM grids may be used special stage in
conjunction with a detector below the specimen tdam transmitted
electron images

The samples were cut using an ultramicrotome eguippith a diamond
knife to obtain 60 nm thick ultrathin sections. Thé&e sections were set on
copper grids.
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Conclusion

With this PhD thesis were tested two techniqueslispersion of active
inorganic fillers in polymer matrices, generating:
1) polymeric nanocomposites and
2) coatings of polymeric surfaces in order to mafiystems with:

a) improved barrier properties to gases and vapois

b) active delivery system for food packaging, norease the shelf
life of foods. To this end was done a screeninglifierent polymers from
biodegradable to thermoplastic and natural, up dmpare the effect of
active fillers and the dispersion technique on preperties mentioned
above.

1) Lamellar inorganic filler (LDH) modified with ciive molecules
(antioxidants and antimicrobials) were preparedngisiwo different
synthesis methods (co-precipitation method and orethod), characterized
and compared: the preparation by co-precipitatias Yound to be fastest,
most versatile and applicable in industry and #ection products showed a
crystalline structure less ordered and which wasvshto influence various
properties of composites;
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2) The modified fillers with antimicrobial molecule(benzoates and

derivatives) were incorporated into polymeric neds of polycaprolactone

(PCL) with the innovative technique of High Enerfggll Milling (HEBM)

in order to make composites materials:
o water barrier properties have been investigatee:diffusion was
influenced by the very structure of the active roale intercalated in the
filler that has different behavior at the structulevel so the type of
dispersion (exfoliation and / or partial exfoliatjo of the inorganic
component in the polymer phase is important forromimg the barrier
properties of the samples.
o the kinetics of release of active molecules amstioto the
hydrotalcite synthesized with 2 different methodsl alispersed in the
matrix of PCL, have been studied: these composies possible
candidates for application in the field of biodetghle food packaging
since the release of the active molecule anchardtié inorganic filler
and dispersed in polymeric packaging was slower rande controlled
than directly dispersed in the polymer and a d#fiémethod of synthesis
of the filler can modulate the release to makeuitable to the needs of
food preservation.

3) The fillers modified with organic molecules (@xidant and

antimicrobial) were incorporated into polymer mes#s  of

polyethylenterephtalate (PET) with the techniquéalf milling (HEBM) in
order to make composites materials and charactkrize

0 oxygen barrier were studied: selected filler wittdroxyl groups in the
structure, to simulate the multilayer film of EVOHis well as
composites made all showed a small decrease in eaduiity to
oxygen, especially with the filler having hydroxgtoups on aromatic
rings;

o were studied antimicrobial properties of the filaxed the release of the
antimicrobial compound: the release from PET was dtow in the
early hours to inhibit bacterial growth of E. Ceédisted, thus giving
antimicrobial testing negative in both solid and liquid for all
composites tested

4) Were prepared and characterized Coating of RBETHy dispersing the
active filler in an adhesive used for food: theeasle of the active molecule
and the antimicrobial activity of the films were tige than those of
composites

- The system PET-coating + LDH-active moleculapglied on fresh foods
such as mozzarella, milk, grapes and cherries tmodstrate the
effectiveness of controlled-release on lengthertimg shelf life of food.
These data are under patent so it was not pogsiblescribe all but the tests
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showed good results in terms of quality and duitgbibf the
organoleptic properties of foods examined.

5) During the PhD period spent at the laboratavie@rof. Giannelis, Cornell

University, Ithaca, NY, has developed a new metbiocbating of polylactic

acid (PLA) based on electrostatic forces betweerpthsitive charges of the
hydrotalcite (LDH) and the negative charges createdhe surface of the
PLA plasma-treated. Were prepared and characteazguhicrobial coating

stable and consistent, using phosphonium ionicidglL) as anchored
molecules to LDH and have been studied the bgorigperties, resulting in a
lowering of the water permeability of 35%.

With the same hydrotalcite modified with IL, wereepared by extrusion
PLA composites, obtaining materials with improvedamanical properties
by exploiting the capabilities of ionic liquid phg®onium salts as
plasticizers.

6) Novel nanocomposites of apple peel pectin wibwd of nanohybrid
fillers based on layered double hydroxide (LDH) teamng molecules with
antimicrobial activity: Benzoate (Bz), 2,4-dichlbenzoate (DCBz), para
hydroxybenzoate (p-OHBz) and ortoydroxybenzoate (0-OHBz) were
prepared through high energy ball milling (HEBM) pnesence of water.
Milled composites and water were cast in Petriessind films obtained and
analysed.

« X-ray analysis showed the absence of the peakspmrgling to the
basal spacing of the LDH hybrids in the compositangles,
suggesting the exfoliation of the filler in all ess

e Thermogravimetric analysis showed that the preseatethe
nanohybrids helps the pectin to degrade at higimapératures for a
protecting effect of LDH on the biopolymer.

« Elastic moduli of nanocomposites are higher thaat #wxhibited
from pure pectin and is higher composites with LpHBz,
probably for a stronger interactions between peatatrix and
nanohybrid layers via formation of hydrogen borutier favoured
by the p-OHBz molecule

« Barrier properties to water vapour indicate the beprovement for
composite with p-OHBz molecule, confirming that tméeraction
filler-continuous polymer phase has an importafiu@nce also on
sorption and diffusion.

 Active molecules showed antimicrobial activity inll a
nanocomposite films stored at room temperatureegnvitonmental
humidity. Such results indicate a potential appi@a of the
prepared composites in active packaging field
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