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Desarrollo y caracterizacién de nuevos nanobiocomgstos con propiedades
barrera mejoradas de interés en aplicaciones de easado alimentario y
recubrimientos.

RESUMEN

El desarrollo de nuevos biomateriales con propiesadmedida para aplicaciones
en envases de alimentos, es un tema de gran irtetéalmente, tanto a nivel
académico como industrial. La presente tesis daktontiene el desarrollo y
caracterizacion de nuevos biocompuestos y nanocestgmi de biopoliésteres y
polisacaridos con diferentes micro y nano aditiiisprincipal objetivo de este
trabajo ha sido aportar nuevas soluciones, haciasdale aditivos naturales, para
mejorar las propiedades barrera a gases y vapagesvados bioplasticos,
manteniendo las buenas propiedades de la matnleso afiadiendo nuevas
funcionalidades como el caracter antimicrobianatr&isporte de compuestos de
bajo peso molecular a través de los materialesigids (propiedades barrera), es
un factor limitante importante para la aplicacié lhopolimeros en envasado,
recubrimientos y membranas. Por ello, diferentesany nanobiocompuestos han
sido formulados, con refuerzos basados en nanlearciptos para contacto
alimentario, amilopectina, extractos naturales, rofibras y nanotubos de
carbono, microfibras de celulosa y nanowhiskercelalosa. A partir de este
trabajo se han desarrollado nuevos nanobiocompuksta@uales presentan mejor
barrera a gases, vapores y luz UV y que a su vezamaces de liberar de forma
controlada sustancias naturales antimicrobianage Huievo balance de
propiedades de los compuestos puede ser un grancigdt para el disefio de
nuevos materiales para envases y recubrimientos.



Development and Characterization of Novel Nanobiogoposites Containing
Various Nanofillers to Improve Barrier and Other Physical Properties of Interest
in Food Packaging and Coating Applications.

ABSTRACT

The development of novel biobased materials witloried properties for food
biopackaging applications is a topic of significamierest within academic and
industrial laboratories. The current PhD thesislgledth the development and
characterization of novel biocomposites and narmhigosites of biopolyesters,
polysaccharides and proteins containing differefdranand nanoadditives. The
main aim of the work was to provide novel solutiomaking use to the extent
possible of natural additives, to enhance the gasvapour barrier properties of
the various biopolymers while retaining the goodgarties of the matrix and
even adding novel functionalities such as antinfi@bcharacter. The transport of
low molecular weitght compounds through polymeriatenials, i.e. the so-called
barrier properties, is known to be a significamiting factor for the widespread
application of biopolymers in packaging, coatingl anembrane applications. To
that end, different micro and nanobiocomposites ewdormulated which

contained as reinforcing elements food contact dgimp nanoclays,

amylopectin, natural extracts, carbon nanofibergl aranotubes, cellulose
microfibers and cellulose nanowhiskers. From thekwaovel biocomposites

were developed which exhibited enhanced gas, vagodrUV light barrier and

which simultaneously were able to provide contelleclease of natural
antimicrobials. These new property balanced comg®stan have significant
potential in the design of novel biopackaging ammtdating materials.



Desenvolupament y Caracteritzacid6 de Nous Nanobioogpostos amb millors
Propietats Barrera d’interés en aplicacions com Enasos dAliments i
Recobriments.

RESUM

El desenvolupament de nous biomaterials amb padpieh mesura per a
aplicacions en envasos d'aliments, es un tema ae igterés actualment, tant a
nivell academic com industrial. La present tesitdad conté el desenvolupament
i caracteritzaci6 de nous biocompostos i nanocotoposle biopoliésters i
polisacarids amb diferents micro i nano aditius.pEhcipal objectiu d’aquest
treball ha sigut aportar noves solucions, fent 'aditius naturals, per a millorar
les propietats barrera a gassos i vapors de diwdsgplastics, mantenint les
bones propietats de la matriu i fins i tot afegiuves funcionalitats com el
caracter antimicrobia. El transport de compostosaie pes molecular mitjancant
els materials plastics (propietats barrera), édagtor limitant important per a
I'aplicacid de biopolimers en envasat, recobrimentsiembranes. Per aixo,
diferents micro i nanobiocompostos han sigut foatsjlamb reforcaments basats
en nanoarcilles aptes per al contacte alimentarilopectina, extractes naturals,
microfibres i nanotubs de carboni, microfibres @ lalosa i nanowhiskers de
cel-lulosa. A partir d’aquest treball s’han desdémpat nous nanobiocompostos
els quals presenten millor barrera a gassos, vaghn® UV i que a la vegada
sén capacos d'alliberar de forma controlada sub&amaturals antimicrobianes.
Aquest nou balan¢ de propietats dels compostoégsatr un gran potencial per al
diseny de nous materials per a envasos i recobramen
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Introduction

1. Introduction
1.1 Introduction to Packaging

A food package has traditionally been consideredontainer to transport
foodstuffs from the place where it had been obthite where it was going to be
retailed and consumed. Food packages are far mgeriant nowadays, since the
acceptability of food products is often determitdheir preservation role.

The package has become the fifth P during the nhamkaysis of a product: product,
price, place, promotion and packaging. With timegrennew functions have been
added to packages, most of them during the lastdiesades. The principal function
of packaging is protection and preservation of tbentent from external
contamination. This function involves retardatidrdeterioration, extension of shelf-
life, and maintenance of quality and safety of pad food. Packaging protects
foods from environmental influences such as hégitt,Ithe presence or absence of
moisture, oxygen, pressure, enzymes, spurious pdacsoorganisms, insects, dirt
and dust particles, gaseous emissions, and so d#nofAthese factors cause
deterioration of foods and beverages. So, occa$joiiae packages actually become
more important or costly than the product they ammtBesides containing a product,
the package also helps distribution and marketimgeases its quality and shelf-life,
making it accessible to more consumers, includ&srmation about the product and
brand and can even be designed to reduce tampanihgheft in the supermarkets.
Furthermore, the extremely demanding markets of deeeloped countries are
permanently asking for novel, sophisticated, refadgat and stable products which
retain to the extent possible the taste of thehfi@®duct. It is not enough for the
package to keep, or even improve the quality ofatstent, the large choice offered to
consumers makes it necessary for the package @lkmkt good, be ergonomic and
make the product attractive to the consumer. Iritidd an ideal package should be
strong and light to make handling easy throughduat distribution chain, cheap
enough to make the product competitive and, obWousafe for the consumer.
Furthermore, the modern vision in food packagingettgpment is no longer focused
on the passive role of packaging exploitation ia grocessing and preservation of
foodstuffs and ensuring food integrity and safétyday, packaging designs also aim
at: The one-step transfer of the product direcfipt the field to the table”, hence
guaranteeing food freshness and safety; and theamon of “ready-to-eat” food
portions in microwaveable packaging containers (boand trays) supplying the
consumer with warm food dishes.

Moreover, active and intelligent packaging can besidered as a further step in the
optimization of packaging efficacy. Active packagimodifies the condition of the
packed food without provoking any substantial \#iain its quality and nutritional
value, while improving its shelf-life and ultimayeits safety. Intelligent packaging is
meant to monitor the features of the packed fooprtwide indications of the quality
status of the food during storage and handlingolgination of these two attributes
in a single packaging material would then be dbsiréor the maintenance and quality
control of the packed food.



Introduction

Among the wide variety of materials currently w@d in food packaging technology,
polymeric materials are taking a major share bexanfsthe versatility of their
processing methods — extrusion (bubble and cagt)ktion and compression molding
— and their interesting cost/performance ratios.er€hare various parameters
determining the fortunes of natural, artificial uly synthetic materials aiming to
penetrate the food packaging market, notably pafigfficacy in food protection and
hence cost/performance.

Using polymers to produce food packages preserdgs ewore advantages. They are
light and cheap materials and can be heated inom&re ovens. The optical
properties of the package (brightness and transpgyecan also be adapted to the
specific requirements of each product. Transpapeckages allow the consumer to
see the product, which in most cases produces d iggaression. Furthermore filters
and pigments can be added to protect the prodoct the light or from certain
radiations. In addition, many polymers are pringabhich makes it possible to use
them as a way to give the consumer informatioridémtify the brand or to add an
attractive design. Furthermore, polymeric packagas be produced as part of
integrated processes where they are formed, filledi sealed in the same production
line, making the process quick and cheap and csmtz formed into an unlimited
variety of sizes and shapes.

Designing a suitable polymeric package for almasre foodstuff would therefore
seem to be perfectly possible. Such is the sitnath@t a polymer-based option is
available for almost every product and only soeiadl environmental aspects or the
cost of the package justify the use of non-polympeckages.

The environmental drawbacks are mainly relatechto eéxtremely slow degradation
rate of the most commonly-used polymers and wighfétet that most of them are oil-
derived products. Although package stability duriihg shelf-life of the product is an
advantage, it turns into a disadvantage when trekgoes are rarely reused or
recycled and the used containers generate hugeneslof residues. This problem has
been attenuated by the creation and improvementeofcling systems in many
developed countries, but it will only be solved lwihe introduction throughout the
industry of biodegradable polymer resins whichaddition, should be obtained from
renewable sources. The other main drawback of palgnfor food packaging
applications is that they are all permeable totthesport of low molecular weight
compounds. The nature of this transport, the lavas jovern it and its controlling
factors will be discussed later.

1.2 Biodegradable polymers

The substantial increase in the use of plastics d&las raised a number of

environmental concerns from a waste management pbiriew. As a result, there is

a strong research interest, pushed by authoritiest@onal and international levels,

and a concomitant industrial growing demand indeeelopment and use of materials
which can disintegrate and biodegrade through ps®Es such as composting into
carbon dioxide and water.



Introduction

Among biodegradable materials, three families ateally considered: The first group
includes; polymers directly extracted from biomassh as the polysaccharides
chitosan, carrageenan, starch and cellulose arndipscsuch as gluten, soy and zein.
A second family makes use of oil based monomersf &diomass derived monomers
but uses classical chemical synthetic routes taiolithe final biodegradable polymer,
this is the case of for instance polycaprolactoff®SL), polyvinyl-alcohol (PVOH)
and copolymers (EVOH) and for the case of sustéénaimnomers of polylactic acid
(PLA) 2 The third family makes use of polymers producgdatural or genetically
modified  micro-organisms such as polyhydroxialcaesa (PHA) and
polypentapectide’

The polymeric materials that are now attracting encommercial interest are some
biodegradable polyesters, which can be processedcdnwentional processing
equipment and that are being used in a number afotager and also multilayer
applications already, particularly in the food pagikg and biomedical field. The
most widely studied thermoplastic sustainable biyppers for monolayer packaging
applications are starch, PHA and PLA. From thesgclk and PLA biopolymers are
without doubt the most interesting families of egdadable materials because they
have become commercially available (by for instacompanies such as Novamont
and Natureworks, respectively), are produced irargel industrial scale and also
because they present an interesting balance oégiep. Of particular interest in food
packaging is the case of PLA due to its excellemhdparency and relatively good
water resistance. Water permeability of PLA is ifstance much lower than that of
proteins and polysaccharides but it is still higthem that of conventional polyolefins
and PET. Its relatively high stiffness is usualjduced by addiction of plasticizers
such as PCL and others but these also lead to r@adecin oxygen barrier and in
transparency. Thus, the main drawbacks of thismetyregarding performance are
still associated to low thermal resistance, exeessiittleness and insufficient barrier
to oxygen and to water compared to for instancerdilenchmark packaging polymers
like PET. It is, therefore, of great industrialdreest to enhance the barrier properties
of this material while maintaining its inherentlpagd properties such as transparency
and biodegradability’**

Finally, there are also other biomaterials with ighhpotential in food packaging
applications, which are directly extracted fromrhass such as gluten, zein prolamine
obtained from corn and the polysaccharide chitosgouically obtained from the
crustaceous chitin. These materials have excdflarrier properties to oxygen under
dry conditions and are transparent (albeit zeinslightly colored). The main
drawbacks of these families of materials are thefrerently high rigidity, their
difficult processability using conventional prodegsequipment and the very strong
water sensitivity arising from their hydrophobicachcter, which leads to a strong
plasticization affecting properties including thecellent oxygen barrier as relative
humidity and water sorption increase in the makeiihe low water resistance of
proteins and polysaccharides strongly handicapr thee as monolayers in food
packaging and aside few particular cases suchasshdbased materials and in smaller
scale gluten and zein, most proteins and polysaitidsare better suited for coatings
or multilayer systems. Nevertheless, chitosan aid kiopolymers exhibit two very
interesting characteristics: One is that the chitodisplays antimicrobial properttés

3
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13 and the other that zein shows an unusually higlemrasistance compared to other
similar biomaterials? Furthermore, zein in a resin form can also be peatessed. In
spite of that, and from an application point ofwjét is of great relevance to diminish
the water sensitivity of proteins and polysacchesidnd to enhance the gas barrier of
thermoplastic biopolyesters to make them suitalle honolayer and also for
multilayer food packaging applications.

These biodegradable and renewable polymers, likeniance plasticised chitosan,
can have excellent barrier properties to gasesgitathe barrier performance is
dramatically reduced in the presence of moistur@wéier, other polymers like the
PHAs have very high water barrier properties. Sgiimciple, one could devise a
biomass derived high barrier multilayer system whan inner layer of plasticized
chitosan could be sandwiched between high moishagier PHA layers. An
interesting property of some of these biobasedmetg, e.g. PLA and starch, is that
the permeability of carbon dioxide compared to thfabxygen (permselectivity) is
higher than that of most conventional mineral ais&d plastics. This is for instance of
interest for some food packaging applications whbigh barrier to oxygen is
required, but C@generated by the product should be allowed totbgipackage head
space to avoid package swelling. However, soméedda materials, still suffer from
relatively high production costs and shortages riopprties to compete with other
conventional plastic materials now in the markeigufe 1 shows a general
mastercurve representing oxygen permeability vse fatio cohesive energy
density/fractional free volume for a number of filzsand the gas barrier properties at
dry conditions for the bioplastics families for cpanison purposes.
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Figure 1. O,P (cc mm/rA day atm) vs. the fractional free volume/cohesinergy
density ratio for a number of polymers and biopaymtypically used in packaging
applications
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Therefore, for most biodegradable polymers it guied to improve some of their
properties, such as gas barrier characteristicsnaazhanical properties, so that they
can compete with greater advantage with petroleaseth materials. Therefore,
modification of the biodegradable polymers throughovative technologies is a
significant challenge for material scientists. Nagioforcement of these
biodegradable polymers to prepare nanocompositeslh@ady been proven to be an
effective way to enhance these properties conctlyre8o, these newly developed
renewable and biodegradable polymer-based nanocitepo that is, green
nanocomposites, are the wave of the future areidemesl as the next generation of
materials. In fact, renewability, has become a morgortant driving market force
than even biodegradability, since renewable mdsedan lead to reduce the carbon
foot print of packaging. In this respect biopolysjere. renewable polymers, rather
than just biodegradable polymers are currently ofenimportant value for packaging.

1.3 Nanotechnology to reinforce biopolymers

Nanotechnology is defined as the controlled abtlitynanufacture products which are
in at least one of the dimensions below 100 nm. Rarst applications of
biodegradable polymers it is required to improvememf their properties, such as gas
barrier characteristics and mechanical propertses,that they can compete with
greater advantage with petroleum-based materialserefore, modification of
biodegradable polymers through innovative technielg a significant challenge for
material scientists. Nanoreinforcement of theseddégpadable polymers to prepare
nanocomposites or composites has already been rprovée an effective way to
enhance these properties concurrently. So, thesgdy ngeveloped biodegradable
polymer-based nanocomposites or composites, thgtéen nanocomposites, are the
wave of the future and considered as the next génarmaterials.

1.3.1Nanoclays

The commonly used layered silicates for the prdjmaraof polymer/layered silicate
nanocomposites belong to the same general famiB:lofayered- or phyllosilicates.
1518 Their crystal structure consists of layers madefupvo tetrahedrally coordinated
silicon atoms fused to an edge-shared octahedra¢tsbf either aluminum or
magnesium hydroxide. The layer thickness is ardund, and the lateral dimensions
of these layers may vary from 30 nm to several onisror larger, depending on the
particular layered silicate. Stacking of the laylelsds to a regular Van der Waals gap
between the layers called the interlayer or gall&sgmorphic substitution within the
layers (for example, Al replaced by M§ or Fé" or Mg®* replaced by Li"
generates negative charges that are counterbaldmgealkali and alkaline earth
cations situated inside the galleries. This typéagéred silicates are characterized by
a moderate surface charge known as the cation pgehaapacity (CEC), and
generally expressed as mequiv/100 g. This chargwtidocally constant, but varies
from layer to layer, and must be considered as\avage value over the whole
crystal.
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Montmorillonite, hectorite, and saponite are the ssmeommonly used layered
silicates. Layered silicates include in their sttwe two types of crystalline cells:
tetrahedral-substituted and octahedral-substituted. the case of tetrahedrally
substituted layered silicates the negative chasgedated on the surface of silicate
layers, and hence, the polymer matrices can irttenace readily with these than with
octahedrally-substituted material. Details regagdihe structure for the 2:1 layered
silicates, for example MMT, are provided in Fig@re

Two particular characteristics of layered silicatest are generally considered for the
preparation of nanocomposites are the ability efglicate particles to disperse into
individual layers and to be modified at the surféls®ugh ion exchange reactions
with organic and inorganic cations. These two cttaréstics are, of course,

interrelated since the degree of dispersion ofrigesilicate in a particular polymer

matrix depends on the interlayer cation.

To render layered silicates miscible with biodegtald polymer matrices, one must
convert the normally hydrophilic silicate surfacean organophilic one, making the
intercalation of many biodegradable polymers pdssiBenerally, this can be done by
ion-exchange reactions with cationic surfactantsluiing primary, secondary,
tertiary, and quaternary alkylammonium or alkylpblognium cations.
Alkylammonium or alkylphosphonium cations in thganosilicates lower the surface
energy of the inorganic host and improve the wgttharacteristics of the polymer
matrix, and result in a larger interlayer spaciAdditionally, the alkylammonium or
alkylphosphonium cations can provide functional up® that can react with the
polymer matrix, or in some cases initiate the payization of monomers to improve
the adhesion between the inorganic and the polynagrix . *°
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Figure 2. (a) Structure of 2:1 phyllosilicate§’ Reproduced from Sinha Ray and
Okamoto by permission of Elsevier Science Ltd., (1).3D crystal image of MMT.

The impact on properties by reinforcement of bigpwrs with organically modified
layered nanoclays has been described above. Thsignown that the addition of low
contents of nanoclays (less than 10 wt.-%), leads temarkable increase in rigidity
(elastic modulugf’ % thermal and dimensional stability, and in theriearproperties
to gases and vapodfs™ *° without compromising other properties like toughs or
transparency. Moreover, addition of nanoclays tplaistic matrices such as chitosan
or methyl cellulose has also been proven not topromise the biodegradability of
the composite materials during composting expertméh
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1.3.2 Cellulosic materials

Cellulose, the building material of, for instantiee long fibrous cell walls in green
plants, is a highly strong natural polymer withrfada (GH10Os)n, consisting of a
linear chain of several hundred to over ten thodgi{fi—4) linked D-glucose units.
Cellulose fibers are inherently a low cost and Widevailable material. Moreover,
they are environmentally friendly and easy of réiogcby combustion and require
low energy consumption in manufacturing. All ofghmakes cellulosic nanofillers an
attractive class of nanomaterial for elaborationlat cost, lightweight, and high-
strength nanocomposités.?® Basically two types of nanoreinforcements can be
obtained from cellulose — microfibrils and nanovideis.*’

3-4nm

\

Figure 3. Internal structure of a cellulose microfibril: (&) cellulose chain; (B) an
elementary fibril containing bundles of celluloshams; (C) parallel elementary
fibrils; (D) four microfibrils held together by haoellulose and lignin. (Adapted from
Ramos, L. P. (2003%?)

Figure 3 presents a schematic model of the streicitia microfibril. The microfibrils
have nanosized diameters (2—20 nm, depending ororiga), and lengths in the
micrometer rang&” ? Each microfibril is formed by aggregation of elertay fibrils,
which are made up of crystalline and amorphousspditie crystalline parts, which
can be isolated by several treatments, are theketsisalso known as nanocrystals,
nanorods, or rodlike cellulose microcryst8lswith lengths ranging from 500 nm up
to 1-2 um, and abo@-20 nm or less in diamet& *! resulting in high aspect ratios.
The main method used to obtain cellulose whiskests heen acid hydrolysis,
consisting basically in removing the amorphousasgipresent in the fibrils leaving
the crystalline regions intact; the dimensionsh& whiskers after hydrolysis depend
on the percentagef amorphous regions in the bulk fibrils, which iearfrom source
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to source”? Cellulosenanowhiskers (CNW) are not yet fully exploited coetnially
although they are commercially available.

Reinforcement of some of these bioplastics witmdicellulosic fibers has been
previously carried out with the overall aim of ieasing its biodegradation rate and to
enhance mechanical properties, i.e. this routedembnsiderable improvements in the
composites tensile strengtidowever, to the best of our knowledge, there isyver
little literature on the use of these reinforciityds to modify the barrier properties of
such biopolymers. In the area of synthetic polyme&endler et al. first reported an
increase in the oxygen and limonene barrier pragerof HDPE composites
containing varying amounts of highly purified alpbellulose fibers as a filler and
maleic anhydride grafted polyethylene as a comjiati, concluding that 20 wt.-%
was the optimum fiber loading level in terms of lkproperty balance® This
pioneering paper stated for the first time the ptigé for this type of cellulosic
microfibers to enhance, in addition to the wellagpd mechanical properties, the
barrier properties of the polymer matrix. Lignoaddkic materials are thus suitable
fillers or reinforcing agents for biodegradable rigats since they exhibit a number of
interesting properties such as a renewable nattde, variety of feedstocks available,
non-food agricultural based economy, low energysoamption, low cost, low density,
high specific strength and modulus, comparativedgyeprocessability due to their
nonabrasive nature (allowing high filling levelsdasignificant cost savings) and
highly reactive surface, which can be used fortgrgfspecific groups>

Additionally, reinforcement of biopolymers with gsrsed cellulose nanowhiskers
(CNW) has been reported to increase mechanicaleptiep, improving the thermal
stability of the material®> *" However, very little is known about the effect the
CNW on the barrier properties of nanocompositegeimeral and of PLA in particular.

1.3.3 Carbon Based namomaterials

Carbon nanotubes (CNTs) are an extremely impor@dass of nanostructured
materials due to their unigue mechanical, eledtaca thermal properties. CNTs are
the third allotropic form of carbon and were syisiked for the first time by lijima in
199128 Their exceptional properties depend on the strattperfection and high
aspect ratio (typically ca 300-1000). Carbon napesu(CNTs) may consist of a one-
atom thick single-wall nanotube (SWNT), or a numbérconcentric tubes called
multiwalled nanotubes (MWNT), having extraordinatiigh aspect ratios and elastic
modulus®* The typical diameters of SWNTs are in 0.7-1.5 amge, of MWNTS in
the 10-50 nm range, and for carbon nanofibers (ONFhe 60—200 nm range. In
SWNT and MWNT, graphitic planes are parallel to thee axis, while in CNF,
graphitic planes make a small angle to the fibés. 8%

These type of fillers have been added to polymedsia particular to biopolymers
with the overall aim of increasing the biodegraoiatirate, enhance mechanical
properties and increase the thermal and electrimahductivity for different
applications such us biomedical, automotive, paiciagnd electronics:**
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However, very little is known about the effect diese nanofillers on the barrier
properties to gases and water vapour of bioplastics

1.4 Properties of interest in biopackaging applications
1.4.1 Barrier properties.
1.4.1.1 Introduction to mass transport properties

When the transport of a molecule takes place from side of a polymer film to the
other, this process is referred to as permeatibis phenomenon takes place when a
polymer film separates two environments with déf#r concentrations of a
compound. In this case, the low molecular weighistance receives the name of
permeant and the phenomenon is usually charaaleniz¢he permeability coefficient
(P). Permeation is a complex mechanism which ire®lthe ingress of the permeant
into the polymer by a sorption process on the Ipiggssure (high concentration) side
of the package wall, its diffusion through the pobr towards the low pressure side
and its desorption on the low pressure side. Thegability (P) coefficient becomes
thus the product of the solubity (S) and diffus{@) coefficients related to sorption
and diffusion processes, respectively. Often, thangor loss of substances
(environmental gases, water, food components...)esaasamatic changes in the
product, affecting considerably its shelf-life. @fieal reactions, changes in flavour
profile or morphological changes in water sensifiveducts are just a few examples
of the negative effects that mass transfer canecarsother mass transfer process that
may result detrimental from a product quality vipaint is the sorption or scalping of
product components to the packaging materials.

However, the most concerned mass transport phermmthiat can take place is the
migration of packaging elements into the produbie Term migration usually refers to

the transfer of undesired substances (mostly residnd polymer additives) from the
plastic container to the package foodstuff, witlyatese effects on the product. When
this process involves substances which have beentionally added to the polymer

matrix for subsequent delivery to the food, asame active packages, it is known as
controlled release.

Migration compounds mainly include residual monasn@tastic processing additives
and molecules that have been sorbed by the plestiainer during previous use or
recycling process. Packaging migration is importanthe food industry because it
can change organoleptic properties and even cautarclevels of toxicity within the
food. For this latter reason, migration has becdh® focus of food packaging
legislation in many countries and experimental pohees for its measurement are
usually set out in the regulatiorfs.

The controlled release of active substances framatix was first developed by the
pharmaceutical industry. Although the use of casrie transport a drug through the
human body and to release it when specific locatame reached is common, the use
of this technology in the food packaging indussyelatively new. It usually consists
of a packaging material which contains active safxsts incorporated in its structure
or in an independent element on such a way that éine released during storage,

10
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continuously supplying the product with a contrdlldose. The types of active
substances being release include among othersahattioxidants and other bioactive
ingredients and antimicrobial substances.

1.4.1.2 Modeling mass transfer processes

The permeation of low-molecular weight chemicalcspg through a polymeric matrix
is generally envisaged as a combination of two @sses, i.e. solution and diffustén
A solution-diffusion mechanism is thus applied, ethcan be formally expressed in
terms of permeability (P), solubility (S) and diéfan (D) coefficients as follows:

P=DIS (Eq. 1)

Where the diffusion coefficient, D, characterizhe fiverage ability of the dissolved
penetrant to move among the polymer segments ceim@rthe film. The solubility
coefficient, S, is thermodynamic in nature andekted to slope of the equilibrium
sorption isotherm of the penetrant of interestaskarge value of S implies a large
tendency for the penetrant to dissolve, or “soiith the polymef”.

1.4.1.2.1 Diffusion

Thus, the movement of low molecular weight substanthrough polymers has
generally been described through the free-volureerth According to this theory, the

movement of low molecular weight permeants throagiolymer can be simplified as
follows: A permeant molecule will only enter thelyer if the movements of the

chains permits the opening of a hole in the polysstructure and the energy of the
permeant becomes smaller inside the hole. A newp jtakes only place if the energy
of the molecule is lowered in the new hole (an@dscuccessively, jumping from hole
to hole it reaches equilibrium).

The characteristics of this transport are deterchimg the nature of the permeant and
the kind of interactions it can establish with fhaymer matrix. Usually, diffusion
can be described by the law of Fick.

This occurs when the rate of diffusion is much lowean the relaxation rate of the
polymer and the diffusion coefficient is constéhtin this case, the movement of the
penetrant across the polymer is described quanétatusing Fick’s laws of diffusion.
When diffusion takes place through a polymer filrick’s first law expresses the
transfer rate of the diffusing substance per uhitrea (F) in the steady state as:

F =—D@ (Eq. 2)
ox

where c is the solute concentration in the polymehe direction of diffusion, and D
the diffusion coefficient.

11
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In the unsteady-state, the concentration of thateah the polymer changes during
the experiment following Fick’s second law:

acza(Dac
ot ot

hiad Eq. 3
axj (Eq. 3)

To determine the diffusion coefficient, it is nesasy to solve equation (3) by
applying the boundary limits which best describe tbxperimental conditions.
Solutions to the most common situations have beempied by Crank?

The most frequent case takes place when, at thiarbeg of the experiment (t=0),

both sides of a previously equilibrated infiniteyda of polymer are exposed to an
environment with a new and constant concentratfothe diffusing substance. If the
polymer is initially free of permeant, the thicksesf the film is homogenous and
constant during the experiment, the mass gainethéyilm can be described using
the following equation as a function of the diffusicoefficient:

- (2n+1)27°Dt
Z(2n+1) 2 E j (Fa-4)

Where M and M. are respectively the uptake at a time t and whauiiliequm is
reached and | is the film thickness.

Sometimes it is analytically easier to monitor tfesorption of the substance from a
film. In this case, the film is previously equildied by exposing both sides of a
constant concentration of the solute. At the bdgipiof the test, the sample is putin a
sorbate-free environment. After changing the bowmndeonditions, equation 4
becomes equation 5, a general expression useddesfirption curves.

M, _2 8 - (2n+1)?°Dt
=3 .
M. o 2n+1)272 E (Fa-5)

o0

In both cases, a plot of the weight uptake versus yields a curve that increases or
decreases exponentially until it reaches its doguilm value at MM.=1 or 0.
Although the most exact way to obtain the diffusamefficient is to fit these curves,
the use of simplified solutions is generally aceept

One of the most frequently-used approaches to #imfie analysis of sorption

experiments is based on the proportionality betwikiM.. and xﬁin the initial

section of the sorption process. When Bli/M. < 0.5, the mass transport process can
be described by the following expression, knowhasshort time solution:

12
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M, 4D
=2 2k 6
i nf (Eq. 6)

00

When this equation is used, the value of the diffusoefficient is given by the fit of
a plot of M/M.aversus\ﬁ to a straight line.

When only the data closer to sorption equilibriure aonsidered (i.e. those where

M{/M. >0.5), the fit can be carried out using only thetfirerm of the equation 3,
which receives the name of long time solution (¢iguar).

I\I\//Ilt :1—:2ex;{_ [I)antj (Eq. 7)

0

To obtain the diffusion coefficient, this expressies usually represented in the
logarithmic form, equation 8, and the kinetic pae#en is estimated from the fit to a
straight line of a plot of the first term versusné:

M) _ o 8D
In(l—'vI j—ln(ﬂzj 2 t (Eq.8)

00

The error when the diffusion coefficient is obtalri®y using equations 6 and 8 instead
of the complete equation is usually below 0.£%.

1.4.1.2.2 Sorption

The sorption of low molecular weight compounds iatchomogenous polymer is
usually classified in the following main categories

In rubbery polymeric structures, Henry’s law isesftused to describe the sorption of
non-interacting compounds. This basic law postulates that the concentratibn o
solute in the polymer (Lis proportional to its partial pressure){foth parameters
being related by the solubility coefficient (Sg.iC=$" p.

In semi-crystalline polymers, it is often necesstryse the dual sorption model to
characterize the sorption isotherm. This modelppsed by Barrer et al’ considers
the co-existence of molecules specifically and speeiafically sorbed onto the
polymer matrix. While the sorption isotherm of tfrmer is described using a
Langmuir type isotherm, that of non-specificallysatbed molecules is described by
Henry’s sorption modéf

c, b

1+ p b

C:CD+CH:SEpi+ (Eq.9)

13



Introduction

Where G is the amount of solute non-specifically sorbeg,i€the amount of the
solute specifically bonded within the polymer ang, €1d b are the hole saturation
and hole affinity constants.

When some polymeric samples are exposed to envaotatwith high activities of
certain solutes, a positive deviation from Henri@ge can sometimes be observed.
This positive deviation of Henry’s equation, whieleeives the name of plasticization,
was first described by Vieth et &f.who considered it a consequence of the exposure
of more binding sites after the swelling of theymoér network. When water activity

is sorbed in polar polymers, the positive deviatiane usually very strong, giving a
clear concave upward shape to the curve. In thasesg¢ sorption occurs not only
throu%p normal dissolution but also through tharfation of immobilized cluster of
water:

When plasticization of the polymer takes place, tdren G, is not described using

Henry’'s law, but it can be estimated using a medifiersion of the Flory-Huggins
equation>®

— CD _ CD — CD
In(P)—In[p+CDJ+(1 ,0+CDJ+X(1 p+CDJ(Eq.1O)

wherep is the density of the permeant axidhe Flory-Huggins interaction parameter.

1.4.1.2.3 Permeation

Permeation across films is usually estimated instkady state, when a constant flow
of permeant has been established across a filrhidfrtess I. With these boundary
conditions, equation 2 reduces to:

F=-0%=0%"C (g
[0 I

where G and G are the concentrations of the solute at each curéé the polymer
film.

Applying Henry's law, these concentrations can kpressed in terms of the partial
pressure of the solute in the gaseous phases thlie two surfaces of the films are
exposed:

F:—DZC:— ClICO:—[)[33'01l_'OO:D[EAIp (Eq. 12)
X

The product of the diffusion and solubility coefints is known as the permeability
coefficient (P) and can be defined using equation 1

14
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F [l
P=DE=- =97 (Eq. 13)
Ap  AlAp
where g represents the quantity of permeant (volomeass) passing through the
polymer film, t the time and A the effective area.

Permeation is a basic characteristic of the polymaterials used in package design.

Besides the permeability coefficient, permeation aéso be characterized using the
following magnitudes>':

q

Mass flow rate: F =—— Eq. 14
Al (Eq. 14)

Permeance: R= _a (Eq. 15)
AlilAp

1.4.1.3 Measuring mass transport properties

1.4.1.3.1  Sorption based methods

When both sides of a polymer film are exposed km@wn constant partial pressure
(or concentration) of a gaseous (or liquid) sorptite initially “dry” polymer takes up
sorbate until the system reaches equilibrium. &s¢hconditions, equation 4 describes
the evolution of the relative sorbate uptake withet while the equilibrium gain at
different values of the sorbate activity can bedugeobtain the sorption isotherm. As
mentioned before, similar comments are applicdtileei desorption of a solute from a
previously equilibrated sample is monitored (equab).

Several analytical procedures based on sorptiatesorption of a solute can be used
to measure the mass transport properties of pol/nidrese methods are: gravimetric
method, thermal desorption or purge and trap metbogdercritical fluid extraction
(SFE), headspace analysis: solid phase micro-¢ixtre(SPME) and optical methods.

However, in the thesis sorption has been estimdtgdgravimetric methods.
Gravimetry is probably the oldest and simplest métfor determining mass transport
properties from sorption or desorption experimefyg. recording the weight and
plotting it against time, sorption curves are algai. The fit of these curves to any of
the equations 4-8 is then used to obtain the diffusoefficient as described above.
The solubility coefficient can be estimated frone tiveights of the “dry” and
“equilibrated” sample and the penetrant concemngtior pressure in the surrounding
media; repeating the procedure at different penetncentrations allows the
sorption isotherm to be obtained.

The main drawback of this technique is that, sibég unspecific it cannot be used to
study the mass transfer properties of polymers Isameously exposed to sorbate
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mixtures. Additionally, to monitor the weight uptgkthe sample has to be removed
from the liquid, cleaned and weighed rapidly andumeed to the assay cell,
momentarily changing the boundary conditions ofé¢kperiment.

1.4.1.3.2 Permeation measurements

In this type of assay, the rate at which one oremalatiles cross through a polymer
film separating two phases with different permeamcentrations is monitored. In
most testing methods, the film sample separatesdwanbers which are initially
filled with the same atmosphere composition. Themeant concentration in one of
the chambers is modified at the beginning of thgeexnent, and maintained constant
thereafter, and the amount of permeant exchangeeeba the cambers is measured.
The experiment finishes when the flow of penetiantonstant, i.e. the steady state
has been attained. The permeation through theciimbe determined by substituting
this constant flow in any of the equations 12-14.

By solving Fick’s second law with the boundary dtinds of a permeation
experiment, the evolution of the flow of permeaf) €oming out of the film during
the transition state can be describes by equaion 1

FE (aY[12)e —n??
— = — — ex Eqg. 15
F. (ﬁrj | 4Dt ;5 {4Dt (Eq. 15)

Where F_ is the flow rate of the permeant at equilibrioin.

Different procedures can be used to estimate diffusoefficient from this equation.
This simplest approach is substituting the timeunegl to reach half of the flow rate
at equilibrium (t5), as equation 16:

|2

D=—— Eg. 16
7208, (Fa. 16

The permeation measurements can be measured byngtae methods and non-
gravimetric methods.

The gravimetric methods are usually carried ouhwibmmercial permeation cups,
normalized according to ASTM E96-95 (ASTM, 1996)plvn as the “cup method”.
The cups consist of a reservoir that can be filléth the permeant or used as deposit
for silica gel (that provides 0%RH) and closed wvétfilm of the polymer material to
be tested and left in a desiccator with a contdofiemidity. If the concentration of the
permeants remains constant on both sides, whesy#item reaches the steady state a
plot of the weight loss or gain of the cup versosetwill take the shape of a straight
line; its slope is used to obtain the permeabildjue. When the permeant is water, a
standard method is available to determine the watpour transmission rate based on
this techniqué®

The main drawback of this method is that it is idifit to determinate time O;
therefore the diffusion coefficient cannot be oéal.
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Non-gravimetric methods are, for instance, usedmtie flow is very small and
measuring the weight changes of the cell is nosiptss or when more than one
compound is transported. To overcome these dravsb#ok permeant flow is directed
to specific detectors of different kinds, dependmygthe permeant: electrochemical
detectors are used for oxygen, infrared detectowftter vapour and carbon dioxide
and GC is applicable for almost all types of pemteaubstances.If the boundary
conditions of the experiments are well selectedstmaf these methods will also
provide information that will allow the determinati of the diffusion coefficient to be
obtained through equations 15 and 16.

1.4.1.4 Factors influencing mass transport properties
1.4.1.4.1 The polymer

The chemical composition of the polymer is usudhg key factor in defining its

transport properties. As an example, Table 1 ptessmpical permeability data to

oxygen and water vapour for conventional and ndnetlegradable plastics used in
packaging. The differences in gas permeability,vikich vary between materials by
several order of magnitude, are primarily relatethe influence of chemistry.

Table 2 shows as an example how the oxygen bafigifferent polymeric materials

with a chemical structure based on the repetitibrChl,-CHX units changes by

various orders of magnitude with the X substitf8ms it can be seen, while the
lowest oxygen permeability values are obtained wtten repeating unit contains
strongly self-interacting chemical groups (OH or )Chkhe presence of apolar or
voluminous groups produces polymers with lower @tyarrier. It is also well-know

that the transport of low molecular weight substsntakes place through only the
amorphous region of the semi-crystalline polymaisere intermolecular interactions
are mainly produced by secondary forces, mostlydemWaals unions or hydrogen
bonds. Thus, the nature of these pendant grouds;@rsequently the strength of their
interactions, will play a determining role in thranisport through the polymer.
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Table 1 Water permeability (at 38°C and 90%RH) and Oxygermeability (23°C)

of a number of commercial plastics and multilayfuctures. (Data was gathered,
unless otherwise stated from reference 11.

Water P
Material 10" Kg m/(n? s Pa)
Oxygen P
107 m® m/(n? s Pa)
0%RH 75%RH
PVOH 485000 0.17 900
EVOH 17000 0.77 91
PAN 2420 19
PAN (70%AN) 8250 10.5 31
PVDC 30.53 45
PAG6 20600 52 225
aPA (amorph.) 2420 83 60
PET 2300 135
PP 726 6750
PC 19400 10500
LDPE 1200 21500
LCP 10 0.42
PET/PVDC 170 175
PA/PVDC 160 18.2
PP/PVDC 43 o5
PET-met. 58 3.5
PET/AIOX/PE 21 7 15
PET/SIOX/PE 16 4.9
PA/SIOX/PE 32 7.7
PP/SIOX/PE 13 81
PLA 12600 2250 2209
“PLA 1750
*PHB 1689 230
*“PHB 5100
“PHBV 6900 1590 3010
SpcL 26600 4380 7850
&pCL 934
¥pCL 1960
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Table 2 Relative oxygen permeability of polymer materiaésed on the repetition of
CH,-CHX

Polymer | X unit changes| Relative (o)}
Permeability

PVOH OH 1

PAN CN 4

PVC Cl 800

PP CH 15000

PS GHs 42000

PE H 48000

Furthemore, the chemistry of the polymer also aeiees the affinity between a
potential permeant and the polymer matrix. If blo#tve similar chemical groups, the
solubility of the permeant in the polymer will beegter than when the polymer
repeals the permeant.

Two physical parameters of the polymer that hab&affect on barrier properties are
cohesive energy and free volume. Both parametersaalso directly related with its
chemical composition.

The cohesive energy of a substance in the condestadis defined as the increase in
internal energy per mole of substance if all thierimolecular forces are eliminated.
This parameter quantifies the strength of the augon between molecules and the
changes that take place when different chemicaliggcare added to the polymer
chain. The best barrier properties are obtainedhwthis value is high, either because
the unions between groups are very strong or bedhese are many of them.

The free volume gives information about the mickatdas in a polymeric material

used by the permeant molecules to diffuse throlghnbatrix. The free volume is
constantly redistributed by changes in the configan of the polymer chains, making
it possible for the permeant molecules to jump frmme cavity to the next. In spite of
these continuous changes, both the size and thebdifon of the microcavities

scarcely change with time. These two charactesistitso determine the barrier
behaviour of the material, as a material with vemall cavities homogenously
distributed will have a greater permeability to #maolecules than other with bigger
cavities concentrated in one region of the matusen if the total free volume of the
second is greater.

1.4.1.4.2 Polymer morphology

Although fully amorphous polymers like aPA are usetbod packaging applications,
the most usual morphologies are semicrystallinesditee EVOH copolymers and
HDPE. In the latter case, highly organized polyrokains form crystals which co-
exist with amorphous regions where the chains lealess ordered configuration. In
this case, the polymer matrix can be consideredraarphous structure filled with
impermeable polymer crystals. The size, orientagod shape of the crystals will
affect transport through the polymer matrix. Indiéidn, the presence of these
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crystalline blocks affects the surrounding polyrokains. As the contact between the
crystals and the amorphous phase is very intintléeformer constrict the movement
of the non-crystalline fraction, reducing its segwaé mobility, which becomes
smaller than in amorphous regions not surroundegdlymer crystal or in fully
amorphous polymer§> °°

The number, size, composition and structure ofctlystalline fraction is affected by

the thermal history of the polymer, i.e. its praieg conditions and any thermal

treatments it may have received. Both can be op#ichito increase its barrier

properties. For instance, successive annealingepses can increase the quality of
previously formed crystals or even form new onasseguently improving the barrier

properties of the materi&f. ®®

Certain processing conditions can produce oriamatf the film, to which the
following effects are usually attributed: (a) oti@ion-induced crystallization, (b)
orientation of the existing crystals in the strdirection and (c) increased order in the
amorphous region, hence reducing the free voluighdse changes typically lead to
improvements in the barrier properties of the paynas Zhang et al. observed when
compe%ring the limonene barrier properties of oddniand non-oriented EVOH
films.

The degree of cross-linking of a polymer referstte number of chemical unions
formed between its macromolecules. Among othergthinncreasing the degree of
cross-linking increases the viscosity of the meftetymer, its tensile strength and its
resistance to environmental stress cracking aret@&fthe transport of low molecular
weight substances through'§t.*On increasing the cross-linking density, the jurfip o
a permeant molecule requires more energy, as tedleby the reduction in the
diffusion coefficient. > However, the restriction imposed on the macromolecules
makes chain packing more difficult, reducing thember and size of the polymer
crystals and also increasing the free volume optilgmer” with negative effects on
its barrier properties.

1.4.1.4.3 Polymer Blends: The case of permeable fillers.

Blending polymers is a feasible route to accessdéwired balance of properties by
controlling the polymer phase interaction or/andrphology in monolayer barrier
systems’ The most commonly used case is to blend polymétts ether polymers
which have higher barrier properties. The barriapprties of these blends seem to
follow a relationship (see equation 17) in goodegahagreement with that proposed
by Maxwell and extended by Roberson (see equafiyriat spheres of a low oxygen
barrier phase (e.g. aPA), but with higher wateistaace, dispersed in a high oxygen
barrier (e.g. EVOH), but with lower water resistancontinuous matrix’®> This
simple model appeared to closely reflect, albethva slight positive deviation, the
case of the dispersed morphology found in EVOH/ehtis’

P,. +2P. . ~ N, (P, —P

P - aPA EVOH aPA ( EVOH aPA )

EVOH /aPA EVOH PaPA + 2PEVOH +VapA(PEVOH - PaPA) a7)
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1.4.1.4.4 Fillers and additives: Case of impermeable fillers

The effect that adding fillers to the polymer matwill have on transport properties
depends, among other things, upon the nature diildreand its degree of adhesion to
and compatibility with the polymer.

When the polymer is loaded with inert impermeablers, among other changes in its
properties the diffusion coefficient is usually vedd, due to an increase in the
tortuosity of the path required for the permeantréwerse the polymer thickness. To
reduce the diffusion coefficient of low moleculaeight molecules, the most frequent
nanofiller used are exfoliated and/or intercalatky layers (with aspect ratios of the
order of 18). " In this case, the best improvement is expectedhwhay plates with a
large surface area are well dispersed in the palyand oriented perpendicular to the
direction of transport. In addition, introducingetmanoclays inside the amorphous
region usually may lead to similar effects as thespnce of crystals, e.g. reducing
chain mobility.

Thus, by simple application of models such as the af Nielsen (see Figure 4), and
for the case of laminar structures with high aspatibs (aspect ratios L/2W of 180),
the model predicts permeability reductions of thatrim of up to ca. one order of
magnitude for fractional volumeg)(of layered nanoclay additions of ca. 0.05.

;ﬂ d’
o — Prno 17 %asy
I:)matrix 1+ L
B m (pclay
QL w

Figure 4. Schematics showing the tortuosity effect impobgdayered nanoclays to
the transport of low molecular weight componentsdlgh a film and a typical model
equation that takes this effect into account ingbemeability coefficient.

In this technology, it is reckoned that the preseat exfoliated layers of nanoclay

(the clay platelets are oriented so that the twgeedof equal length, L, are

perpendicular to the direction of transport andtthiel edge, of width W, is parallel to

the direction of transport) in the polymer resulisenhancement of the so-called
tortuosity (or detour) factor, i.e. (1 + (L/2\iBclay). The equation in Figure 4 shows a
simple formalism to model permeability of systerosprising impermeable plates of
a layered filler oriented perpendicular to the peant transport direction and evenly
dispersed across the polymer matrix. The use ofrothodels such as the one of
Cussler predicts even higher permeability redustiont most experimental data with
barrier improvements below 10 fold fit better thmae Nielsen modél.
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However, when the fillers are not inert to the stels (somes clays), their highly
hydrophilic nature increases the amounts of watet af other polar compounds
sorbed by the composite materials. On the othedhémese molecules may be
immobilized by the filler and after being adsortiedy may not play an active role in
the transport’® Problems can also appear when the affinity betwiemolymer and
the filler is not good. In this case their additiosually increases the free volume of
the resulting material and, therefore, reducedé#reer properties of the composite.

14145 Temperature

It is well known that temperature affects many b€ tproperties of polymers.
Temperature-induced changes in barrier properte®fian exponential nature. In the
case of diffusion, the D value increases exponintidath temperature, in agreement
with the Arrhenius law (equation 18), since aciwatenergies (5) are always
positive. This phenomenon is related to the greatebility of polymer chains at
higher temperatures, which reduces the energy delegi¢he permeant molecules to
jump to the next active site, and to an increagherfree volume of the polymér.

D=D,(ef") (Equation 18)

In the case of the solubility coefficient, the erpatial dependence on T is described
by Van't Hoof’s Law (equation 19). The enthalpysofiution (AHs) values are usually
positive, although negative values have also beported?® In this case, in spite of
the larger number of molecules that can be accorateddn the active sites produced
by the greater mobility of the polymer chains ahd bigger free volume size, the
volatility of the sorbates also affects their gaoti equilibrium between the polymer
and the outer mediurft:
“AHs

S=5(€f ) (Equation 18)

Finally, as permeability combines sorption andufifbn, its changes with temperature
depends on the values of Bnd AH; as shown in equation 20. Since the valuesgpf E
are usually greater than absolute value of;AHe permeation equation is considered
to be an Arrhenius type expression, the temperatiegendence being described
through the activation energy of permeatiog){E

-Ep -AHg -Ep-AHg -E

P=D,(e" )S,(e f )=D,S(e R )=PR(e RTp) (Equation 20)

The temperature also affects the state of the palybeing the transport properties of
the polymer affected by it. In the melted polymide crystalline regions disappear
and transport takes place across the entire mathich behaves like a liquid. In this

case, all the polymer volume is available for thernpeant, which increases its
solubility, and the blocking effect of the crystaisappears, which reduces tortuosity
and makes diffusion easier. Also, the polymer chaire in constant movement, which
facilitates the jumps of the permeant molecules.
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Changes associated with the glass transitionwith.the passage of the polymer from
the glassy to the rubbery state, take place asutref the relaxation or increased
mobility of the chain segments in the amorphoussphaf the polymer. Above the
glass transition temperatureg The amorphous phase of the polymer is in theenpb

state, below this temperature it is in the glagsyes In the rubbery state, relaxation
times are shorter and, after the sorption of pennezlecules, a new equilibrium

state is reached faster. As a result, diffusiofaer when the polymer is in the
rubbery state.

1.4.1.4.6 The permeant

Characteristics of the permeant like molecular,sbape and chemical nature usually
affect its transport properties.

Increasing the molecular size in homologous seviepermeants (alkanes, esters,
aldhehydes or alcohols) generally reduces the sdfu and solubility coefficients
values of the permeants, mainly for steric reas@mdy when solutes are in the form
of vapour the higher solubilities do correspond the larger molecules, as a
consequence of their greater condensabilitté8® The shape of the permeant
molecules is also important, as flattened or eltedjanolecules will diffuse faster
through the polymer than spherical ones with theesanolecular volumé®’ 8 The
nature of the permeant also affects its transpapgrties, as described above in the
effect of chemistry.

If the affinity between the permeant and the polyisevery high it can sometimes
cause plasticization of the polymer. In this casmption leads to a decrease in the
self-association between adjacent macromoleculethén amorphous region. The
initial hydrogen bonding and van der Waals forces r@placed by polymer-sorbate
interactions, increasing chain mobility and fredumoe, reducing the grand raising
the diffusion and solubility coefficients of thelg. Plasticization depends on the
penetrant concentration, which has to be abovaicelitnit for it to take place®® %
However, while outstanding affinity between thebsde and the polymer and large
uptakes are necessary, sometimes they are notisnffito produce plasticization of
the polymer, as described in the case of &PA.

When a complex matrix like a foodstuff is placedidie a polymeric package the
polymer will be in contact with a large number afv@nts simultaneously and the
transport properties of one solute are often adfitdty the presence of the other co-
solvents.

Water is the main component of many foodstuffs atgb the most frequently-
reported co-solvent. In hydrophilic polymers likeet EVOH copolymers, water-
induced plasticization at high moisture levels lmeen reported to increase the
permeability to hydrophobic and apolar solvents llknonene and oxyger” ® .
However, as described before in the case of thesafh& presence of water can also
have a positive effect on the barrier propertiethefmaterial.

Another co-solute whose effect has been widely rilmsd in the literature is
limonene, the main component of orange juice fla¥tie effect of this terpene on the
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barrier performance of apolar polyolefins is simila that of water on polar EVOH

copolymers. The presence of high concentrationbnodnene has been reported to
double permeability of ethyl-butyrate through HDREd to increase that of ethyl
acetate through bi-axially oriented polypropyleyeup to forty times®

The simultaneous transport of a group of co-soks/evith similar transport properties
has usually been described as a competition betwleem for the active sites,

resulting in the transport of certain compoundsgeieduced and this of the rest
increased”®However, positive synergist effects have also bregorted, as in the case
of toluene/methanol mixture¥:

1.4.1.5 Barrier properties of Nanobiocomposites of PLA, PCl. PHA and
Starch

Within the polymer/clay nanocomposite technologibg, case of the biocomposites
containing biopolymers and clays is one of the nsigificant novel developments.
Biopolymers typically considered for thermoplastimonolayer and also multilayer
applications are PLA, PCL, PHA and starch. Thesder@s have, however, a
number of property shortages in barrier, therma arechanical performance when
compared to conventional plastics currently usés: dse of clay based nanoadditives
to boost their performance, particularly in barmepperties, is perhaps one of the
most lively areas of current and future researath, dimerefore, this paragraph pays
special attention to review the current status loé titerature regarding the
enhancement in barrier properties of thermoplasttcomposites. Concerning PLA,
two techniques are frequently used to produce ramposites of this material
namely, solution-casting™ * and melt mixing2”°’ The works claim for the PLA
nanocomposites improvements in material properfesh as storage modulus,
flexural modulus, flexural strength, heat distanttemperature, but also in gas barrier
properties®** compared to neat PLA.

Maiti et al. *°® postulated that the barrier properties of nonratting gases in
nanocomposites primarily depends on two factorse @ the dispersed silicate
particles aspect ratio and the other is the exténdispersion of these within the
polymer matrix. As mentioned above, when the degfedispersion of the layered
organoclay is maximum an exfoliated morphology ttained and the barrier
properties solely depend on the particles aspéot feable 3 summarizes the reported
improvements in oxygen and water permeability aia@mposites of PLA and of
other thermoplastic biopolymers. Recently, Sinhg Baal.” claimed reductions in
oxygen permeability of ca. 65% for PLA+4 wt.-% ghthetic fluorine mica prepared
by melt mixing. Nanocomposites with similar clayntents (4-7 wt.-%), but with a
different kind of clay showed less improvementoxygen permeability, i.e. ranging
from 6% to 56%2* 104 105 110. 112119 symmary, the barrier properties of PLA were
found to strongly depend upon clay type, organicdification of the clay, clay
content, clay aspect ratio, clay interfacial adbesind clay dispersion.

In the case of PHAs, Gardolinski JE et 4P described the formulation of PHB

nanocomposites. However, due to the high thermsthbility of the polymer, the
commercial applications of PHB have been extreriglifed (see Table 3).
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Due to the mentioned instability of the PBH copodynresearchers have mainly used
lower melting temperature copolymers of PHB, suelpaly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) with improved chemical st#yp and good physical
properties but with lower barrier properties. Agagiution-casting*® *°**?° and melt
mixing **"*?° routes were explored for the nanocompositesisfiopolymer.

In the case of PCL four methodologies have beed ts@repare nanocomposites of
PCL namely, in-situ polymerizatiéh ***? solution casting®®, melt mixing™® "3
and a master batch methdd.

Table 3 summarizes the reported oxygen and waterebamprovements of these
nanocomposites. Gorrasi G et ‘&f. prepared nanocomposites of PCL with MMT by
melt mixing. The barrier properties were studiedr faater vapour and
dichloromethane as an organic solvent. Although, later sorption increased with
increasing the MMT content, the diffusion parametef the samples showed much
lower values in exfoliated systems. MessersmitheP#&.'° prepared nanocomposites
with an organically modified mica-type silicate. fmanocomposite exhibited a
significant reduction in water vapour permeabilithich showed a linear dependence
with silicate content. The significant decreasavater permeability observed for this
system is of great importance in evaluating PCL B@d nanocomposites for use in
food packaging, protective coatings, and otheriegpbns where efficient polymeric
barriers are needed. The significant improvemenbath barrier and mechanical
properties of PCL nanocomposites could be attribtieethe fine dispersion state of
organoclay in the PCL matrix and the strong intéoacbetween the organic modifier
and the matrix.

, 142 136-141

In starch, also solution-castirt and melt-mixing are the nanocomposite
technologies applied. In most cases, given the dnigfensitivity of this material
towards water sorption, a reduction in this parameas been attempted.

Park, H.M. et al.'*™® prepared nanocomposites of starch-organoclays b§ m
intercalation, with different natural montmorilleai (Na+ MMT; Cloisite Na+) and
different organically modified MMT. The barrier grerties to water vapour in the
nanocomposites were found to be higher than inptire starch. In general, for the
preparation of nanocomposites by solution castireg addition of a plasticizer has
been considered as a necessary condition. Kampesrap, P. et al'*® prepared
starch/MMT films by casting, using chitosan as apatibilizing agent in order to
disperse the clay in a starch matrix. Others namposites'****? of starch were
prepared via different addition sequences of masti and clay (Na-MMT) by the
solution method. Nanocomposites of starch with caperally led to a decrease in
hydrophilicity for the systems.

Huang, M.-F. et at® and Huang, M. et af° prepared nanocomposites of starch-
ethanolamineactivated montmorillonite by melt mgirFrom the results, the water-
absorption of the nanocomposites was also founnetoeduced. Bagdi, K. et df®
prepared nanocomposites of thermoplastic starcHayeded silicates organophilized
with different surfactants, by the melt mixing medh The equilibrium water uptake
in an atmosphere of 50% relative humidity decreabgdabout 0.5-1.0% for
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composites containing 5 vol% of silicate. The Iatgdecrease in water adsorption was
observed in the case of the neat NaMMT, for wharhihate exfoliation was reported.

Table 3. Reductions (%) in oxygen and water vapour perifigalyeported for
nanocomposites of thermoplastic biopolymers.

Matrix Type of clay Clay O, H,0
content Permeability Permea

bility

TTpLA Organically-Modified-MMT 4% 12%

04pLA Organically-Modified-MMT 5% 15%

0ip A Organically-Modified-MMT 7% 19%

05p A MMT 4% 14%

pLa MMT-Modified 4% 12%

105p A Saponite 4% 40%

105pLA Synthetic Fluorine Mica 4% 65%

p| A MMT-layered silicate 5% 48% 50%

pLa MMT-modified 5% 46%

BpLa Bentonite 5% 6%

1ipA Hexadecylamine-MMT 4% 42%

HApLA Hexadecylamine-MMT 6% 56%

1pLA Hexadecylamine-MMT 10% 58%

4pLA Dodecytrimetil ammonium bromide-MMT 4% 41%

1ip A Dodecytrimetil ammonium bromide-MMT 6% 55%

1ipA Dodecytrimetil ammonium bromide-MMT 10% 58%

HApLA Cloisite 25A (Organically-Modified-MMT) | 6% 45%

1ip A Cloisite 25A (Organically-Modified-MMT) | 10% 56%

¥pCL Organically modified mica-type silicate 1.1% 194

BpCL Organically modified mica-type silicate 2.5% 998

¥pcL Organically modified mica-type silicate 3.6% 9%

¥2pCL Organically modified mica-type silicate 4.8% 098

185pCL Cloisite 30B (Organically-Modified-MMT) | 2% 35%

13pCL Cloisite 30B (Organically-Modified-MMT) | 5% 50%

185pCL Cloisite 30B (Organically-Modified-MMT) | 10% 57%

BpCL Cloisite 93B (Organically-Modified-MMT) | 2% 21%

18pCL Cloisite 93B (Organically-Modified-MMT) | 5% 34%

185pCL Cloisite 93B (Organically-Modified-MMT) | 10% 44%

Despite the fact that there are many studies irlitbeature that report about barrier
enhancements in polymer and biopolymer matricess itlear from the modeling
results that the expected improvements are not eygterimentally attained or
reproducible. This is the result of lack of (i) qolete exfoliation of the nanofiller, (ii)
good compatibility between filler and matrix and/@ii) good purification and
appropriate selection of raw materials and surfaodifications. In general, there is
still a need for a deeper understanding of the amitipn-structure-processing-
properties relationships in nanoclay based nanobiposites both at a lab and at an
industrial scale. Moreover, due to the fact thasthad the extensive studies related to
nanoclays have been carried out using very few elapogrades (based mostly on
MMT), in many cases from the same commercial seppthere is still a lot of room
for variation and maturation in the nanoclay basaahposites area.
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1.4.2 Thermal properties of nanobiocomposites

Crystallization is one of the most effective praasused to control the properties of
polymeric materials. Crystal formation includes tstages, namely nucleation and
crystal growth.

In the case of nanocomposites based on clays,uglthd is well established that
nanometer sized clay platelets are effective nticlgaagents, different effects have
been reported on the linear growth rate and theatlverystallization rate of crystals,
depending on the type of polymée¥® Di Maio et al. ** studied the isothermal
crystallization of PCL/clay nanocomposites and cedi that the dispersed clay
platelets acted as nucleating agents in the PClixndn general, by DSC analysis
after isothermal crystallization, the authors ofeedr a reduction of the melting
temperature and enthalpy with increasing clay aaniedicating a reduced degree of
crystal perfection and crystallinity. This was iftited to the confinement of chains
and segments in the presence of clay, hinderingdigenental rearrangement during
crystallization and restricting the formation of maqerfect crystals in the polymer
matrix. Ke and Yongpind*’ conducted DSC analysis on intercalated PET/o-MMT
nanocomposites. They found a reduction gfriTthe composite compared to the pure
matrix, which they attributed to the plasticizinfieet of o- MMT. However, they
noticed that by increasing the o-MMT content thelBo increased. Furthermore, they
observed that the cold crystallization point of@®ET was at 150 °C, while for the
nanocomposite it decreased to 130 °C. This reagljested that adding o-MMT into
PET is favorable to its crystallization. So, as wmmary, the general reported
tendency of the clays in the polymer is to act asieleating agent and to promote
crystallinity.

In the case of nanocomposites based on fiberscdhelose filler does not have a
generic role in the biocomposites thermal propsrti€hus, depending on the
biomaterial, they have been found to act as impaitsito crystal development, as for
PCL and PHBV, or as a nucleating agent, as for FDifferent roles were also

observed depending on the type or the origin ottikilose ¢ 147

1.4.3 Mechanical properties of nanocomposites

The mechanical properties of films depend on tipe tgf film-forming material and
especially on its structural cohesion. Cohesiothésresult of a polymer’s ability to
form strong and/or numerous molecular bonds betwpelymeric chains, thus
hindering their separation. This ability dependstioa structure of the polymer and
specially its molecular strength, geometry, phaseictire, molecular weight
distribution and the type and position of its latgunctional groups. The mechanical
properties are also linked with the film-formingnditions, e.g. type of process and
solvent, cooling or evaporation rate, &tand of course of the addition of nanofillers.
The mechanical properties are usually evaluatetbhsile tests'*® **°The properties
typically evaluated in tensile tests are tensitergith, elongation at break and elastic
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modulus, and also yield stress and strain and toeggh Tensile strength is defined as
the maximum tensile stress which a material canasusand is taken to be the

maximum load exerted on the test specimen duriedekt. Elongation at break is the
maximum change in the length of the test specingfarb breaking and is expressed
as the percent change of the original length oftlagerial between the grip of the test
machine. Elastic modulus (Young’s modulus) is dedims the ratio of stress to strain
in the initial linear part of the stress-strainwaurlt is a fundamental measurement of
inherent stiffness of a single film since it is Agandependent of dimensions and

stress from small strain&?

The materials can be classified in four types @nlibsis of stress-strain curvésA
hard brittle material such as an amorphous polyfaerbelow its glass transition
temperature (Jj usually has an initial slope indicative of veryglih modulus,
moderate strength, a low elongation at break, afmvaarea under the stress-strain
curve. Hard and strong polymers have high modufuslasticity, high strength, and
elongation at break of approximately 5 per cent $hape of the curve often suggests
that the material breaks where a yield point might expected. Hard and tough
behaviour is shown by polymers that have high ymdéhts and high modulus, high
strengths and large elongations. Polymeric magetiwt are soft and tough show low
modulus and vyield values, moderate strength atkbraad very high elongation
ranging from 20 to 1000 per cent. Since the medadnproperties of films are
strongly influenced by their environmental RH, fisamples should be conditioned in
a specified RH prior to the experiments.

In the case of the nanocomposite materials. Tt firechanism that has been put
forward to explain the reinforcing action of contienal reinforcements, such as
fibers or clays, is schematically depicted in Fg.That is, rigid fillers are naturally
resistant to straining due to their higher modultiserefore, when a relatively softer
matrix is reinforced with such fillers, the polymerarticularly that adjacent to the
filler particles, becomes highly restrained mechalty. This enables a significant
portion of an applied load to be carried by théefijl assuming, of course, that the
interfacial bonding between the two phases is aateqtr? From this mechanism it
becomes obvious that the larger the surface ofillee in contact with the polymer,
the greater the reinforcing effect that it will hoThis could partly explain why
layered silicates, having an extremely high specdfurface area (on the order of
800nf/g) should impart dramatic improvements in modwusn when present in very
small amounts in a polymer. In fact, the low silecaloading required in
nanocomposites to produce significant property owpments, is probably their most
distinguishing characteristic. In most conventibndilled polymer systems, the
modulus increases linearly with the filler volumeradtion, whereas for
nanocomposites much lower filler concentrationsease the modulus sharply and to
a much larger extent?
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Figure 5. Reinforcement mechanism in composite materials.

In general, the addition of an organically modiflaglered silicate in a polymer matrix
results in significant improvements of Young’'s mhd as has been reported in many
studies.*®** for a number of different materials. For exampBorrasi et at®
reported an increase from 216 to 390 MPa for a R&hocomposite containing 10
wt.-% of ammonium-treated montmorillonite, while @mother study®* , Young's
modulus was increased from 120 to 445 MPa with tamdiof 8 wt.-% ammonium
treated clay to PCL. Similarly, in the case of myl6 nanocomposites obtained
through the intercalative ring opening polymeriaatiof e-caprolactam, a large
increase in the Young's modulus at rather low filontent has been reported,
whatever the method of preparation: Polymerizatioithin organo-modified
montmorillonite, polymerization within  protonatede-caprolactam swollen
montmorillonite or polymerization within natural mimnorillonite in the presence ef
-caprolactam and an acid cataly$t. However, exceptions to this general trend have
also been reported. Bharadwaj RK et al. showedrasstinked polyester/OMLS
nanocomposites, a decrease in modulus with inerga$ay content; in fact, the drop
for the 2.5 wt.-% nanocomposite was greater thapeebed. To explain this
phenomenon, it was proposed that the intercalatiah exfoliation of the clay in the
polyester resin serve to effectively decrease thenber of crosslinks from a
topological perspectivi’

Apart from the modulus, the addition of clays inpalymer matrix usually also
increases the tensile strength compared to thahefneat polymer material. For
example, Shelley et af® reported a 175% improvement in yield stress aceorieul
by a 200% increase in tensile modulus for a nylevaBocomposite containing 5 wt.-
% clay.

Regarding toughness or impact resistance of thermahgtin general, the addition of
an organically modified layered silicate to a pofymmatrix results in little or no
change in toughness upon clay intercalation/exfolie!®” ** For example, Liu X et

al. reported that while the tensile strength andduhgs of PP nanocomposites
increased rapidly with increasing clay content fronio 5 wt.-%, the notched Izod
impact strength was constant, within experimentabre in the clay content range
between 0 and 7 wt-¥. In fact, toughness improvements upon good clay
dispersion have also been reported®

For nanocomposites based on cellulosic nanofiliéreas also been reported that a
significant improvement in modulus is typically epged.*> **9*7
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For example, Helbert et &F reported that a poly(styrene-co-butyl acrylatéxafilm
containing 30 wt.% of straw cellulose whiskers prded a modulus more than a
thousand times higher than that of the bulk matkiscording to Jordan et al’® and
the same as with nanoclays, the addition of nanfinmements with poor interaction
with the matrix causes the elongation and the gtheof the material to decrease.

So, as a summary the influence of the degree obliekbn and the adequate
morphology of the fillers (clays or fibers) leadsthe expected improvement in tensile
modulus and strength. Other factors that may pleweial role in the improvement of
nanocomposite mechanical properties include tharacgmodification of the clay and
the addition of compatibilizers to the polymer matr'**"® The extent of
improvement of nanocomposite mechanical propemidisalso depend directly upon
the average length of the dispersed filler pamiclelays of fibers), since this
determines their aspect ratio and, hence, theifaserarea.’’’*’® In general,
nanocomposite materials, particularly with good phamlogy and exfoliated structures
present significant improvements in modulus an@ngjth, whereas contradictory
results are reported concerning their elongatiahtanghness.
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2. Objectives

The main objective of this Phd thesis was to dqveémd characterized novel
biocomposites reinforced with various nanofillenrsarder to better or balance the
physical properties of some biopolyesters and polgscharides of recent interest
in food packaging and coating applications.

To fulfill the above overall objective, the follomg partial objectives were proposed:

- Development of new nanobiocomposites from varibiagolymers using different
processing methods and different contents of foodtact complying nanoclays,
cellulose microfibers, cellulose nanowhiskers, oarmanotubes, carbon nanofibers
and amylopectine.

- Characterization of the morphology, of the theremad mechanical properties, and a
more exhaustive characterization of the mass tahsproperties to different
permeants for these nanobiocomposites and in casapawith the properties of the
petroleum-based polyester benchmark PET.

- Development and/or characterization of additiofiahctionalities such as UV

barrier, electrical conductivity and controlled aate of natural extracts with
antimicrobial and antioxidant properties.
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3. Results

Chapter 1.

Nanobiocomposites based on nanoclays.
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PAPER I: Development and Characterization of Novel Nanobiaamposites of
Bacterial Poly(3-hydroxybutirate), Layered silicates and Polyg-caprolactone).
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Abstract

Polyhydroxybutyrate (PHB) is generally consideredb¢ a very uneasy biopolymer to
handle because of significant instability duringlinpgocessing and some excessive
brittleness. This work studied the morphologicakrimal, and barrier properties of
novel meltmixed nanobiocomposites of PHB, poly(protactones) (PCL), and
layered phyllosilicates based on commercial orgadified kaolinite and
montmorillonite clay additives. The addition of P€amponent to the blend was seen
to reduce oxygen permeability but it was also fotmfad to a finer dispersion of the
clay. The addition of highly intergallery swollerrganomodified montmorillonite
clays to the PHB blend led to a highly dispersedphology of the filler, but this
simultaneously increased to a significant extemdntielt instability of the biopolymer.
Nevertheless, the organomodified kaolinite clayspite the fact that it was found to
both lead to less dispersed and irregular morplylparticularly for higher clay
loadings, it led to enhanced barrier propertiesxggen, D-limonene, and water. D-
limonene and specially water molecules were, howef®und to sorb in both
hydrophobic and hydrophilic sites of the fillerspectively, hence diminishing the
positive barrier effect of an enlarged tortuosigctbr in the permeability. Mass
transport properties were found to depend on the tf penetrant and modeling of
the permeability data to most commonly applied falisms was not found to be
satisfactory because of factors such as morphabglterations, heterogeneity in

the clay dispersion, and penetrant solubility ia filler.

Key words. biopolymers; packaging applications; barrier mntigs; nanocomposites;
polyhydroxybutyrate
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Introduction

In the last decades, there has been a significamease in the amount of plastics
being used in packaging applications. In fact,ltngest application for plastics today
is packaging, and within the packaging niche, fpadkaging amounts has the largest
plastics demanding application. This substantiardase in use has also raised a
number of environmental concerns from a waste memagt point of view:* As a
result, there is a strong research interest, pusheduthorities at national and
international levels, and a parallel industrialwging demand in the development and
use of materials which can disintegrate and bicaldgrthrough processes such as
composting into carbon dioxide and water.

Among biodegradable materials, three famtliésre usually considered: polymers
directly extracted from biomass such as the pobsagdes starch, chitosan, and
cellulose and proteins such as gluten, soy protemg zein. A second family
comprises oil based monomers or biomass derivedomers, but uses classical
chemical synthetic routes to obtain the final bg@elable material, this is the case of
for instance poly(e-caprolactones) (PCL), polyviaidohol

(PVOH) and for the case of sustainable monomerglguic acid (PLA). The third
family comprises polymers produced by natural ornegeally modified
microorganisms such as polyhydroxylalcanoates

and polypeptide3Recently, surface modified clays have been studied

as advanced additives to improve or balance themmahanical, fire resistance,
surface, or conductivity properties of nanocommssibecause of its high surface to
volume ratios and the subsequent intimate contattthey promote with the matrix at
low filler additions® Aside from the enhancement in these propertiessettclay
platelets with very few nanometers (ideally oneameter in fully exfoliated systems)
in thickness have the potential to uniquely rediheematrix permeability to gases and
vapors, while maintaining largely unmodified intgtiag properties of the matrix such
as toughness or transparency. The enhanced gagrbproperties of polymer
nanocomposites are now finding some specific apfitins, in fields such as
membranes and in packaging materials and contaioees wide variety of food and
beverage producfs. Kaolinite (ALSiLOs(OH),) is a naturally occurring 1 : 1
phyllosilicate containing a gibbsite (aluminum hgxide) octahedral layer and a
silicon oxide tetrahedral sheet. This asymmetricicstire allows the formation of
hydrogen bonds between consecutive layers, prayiditarge cohesive energy. As a
consequence of the high layer-to-layer interactidhs intercalation of the polymer
chains in between the kaolinite platelets is gyeatlpeded, being thus a necessary
layer for

surface chemical treatment to facilitate the irdattion and further exfoliation of the
clay. The treatment usually consists of an intei@h of chemical agents such as
poly(ethylene glycol), n-methyl formamide, 1- mdtBypyrrolidone, 6-
aminohexanoic acid, methanol, octadecylamine, enegwlyhydroxybutyrate (PHB)
(Ref. 8 and therein). Montmorillonite, unlike kadte, is strongly prone to swelling
with increasing water content and is, thereforeighly hydratable naturally occurring
2 : 1 phyllosilicate consisting of a central gilibsbctahedral layer between two
external silica tetrahedral sheets. Isomorphousstiution of the Af* within the
layers by for instance Eeor Mg’ yields a positive charge deficiency (characterized

41



Results: Chapter |

by the so-called cation exchange capacity), whglbalanced by hydrated cations
(Na'*, Li**, c&") at the interlaye?. Water molecules are, therefore, more strongly
present in montmorillonite clays. Blends of thermasgtic biodegradable polymers,
such PCL, PLA, and PHB, and the pure clay matedgdstypically incompatible; as a
result, incorporation of an organic modifier onte tclay surface, to mediate between
the polarity of the hydrophilic clay surface andttbf the more hydrophobic polymer,
has been widely adopted for compatibilization amdefase of exfoliation of the clay
platelets into the polymer matrix during processifigus, as expected, the organoclay
dispersability within a polymer matrix has beenrfduo depend on factors such as
type and quantity of surfactant, type of clay ergplh as well as on the processing
conditions. In the latter respect, the most intémgsmethod for preparing polymer-
based nanocomposites is the melt compounding rdtis.route is most adequate for
rapid industrial implementation of the technologchuse of the wide availability of
melt processable equipment and applicatiotfs.Biodegradable thermoplastic
polyesters are melt processable biomaterials ttegept a number of excellent and
promising properties in a number of uses, includparkaging, automotive, and
biomedical applications. Among them, bacterial bigmers such as poly(3-
hydroxybutyrate) (PHB) and its copolymers with vate (PHB/HV) present good
thermal, permselectivity, and mechanical propertidewever, PHB suffers from
relatively medium to low barrier to gases and watapor, lack of transparency,
brittleness and, more importantly, low melt stapilt’* A feasible strategy to
decrease the inherent brittleness of thermopldstpolymers is by blending with
PCL*>™ PCL is also a biodegradable polyester obtained rimg-opening
polymerization from the&-caprolactone. The PCL is a semicrystalline polymih
low tensile strength, high elongation at break (@bot00%), and processing
temperatures similar to biopolyesters, therefdrés expected to act as a plasticizing
agent when blending it with for instance the PLAdd@HB polymers. A potential
drawback of these materials is the increase irpgaseability exhibited by the blends
because of the poorer gas barrier properties of. Aalnocomposites of PCL have
already been found to decrease by up to 50% thgesxpermeability of the polymer
and to exhibit enhanced thermal and mechanicalllisgabl Previous work in our
group in nanobiocomposite blends of an amorphouiglpotic acid), PCL, and a food
contact complying modified kaolinite were found lead to a unique balance of
thermal, mechanical, and barrier propertfe.

Solvent casting nanocomposites of PHB with orgdlyiaaodified montmorillonite
having as surfactants organic quaternary ammoniaits diave previously been
reported® These solution cast composites displayed inteie@lanorphologies and
exhibited improved thermal stability, except fomtents of clay in excess of 6%. Not
many blending works have, however, been carriedvath PHB by direct melt
compounding because of its melt instabitity? However, a recent study showed that
melt blending of PHB with various plasticizers Heen proven to be a feasible route
to enhance the biopolymer melt stability as detremiiby DSC? Nanocomposites

via melt compounding have only been developed #dBMV copolymers.23 The
results showed that good dispersion of the fillerd enhanced temperature and rate of
crystallization were achieved. PHB/HV copolymerwéndower melting temperature
and, therefore, can overcome the low melt stabiitythe neat PHB, but have as
drawback low crystallization kinetics and lower ttar properties. It would, therefore,
be highly desirable to find alternative and viabteites to retain or enhance the
superior physical properties of the homopolymer PH& melt compounding. The
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objective of the current study is consequently tiadg the feasibility of the melt

blending nanocomposites route to yield propertyasekd PHB materials. Thus, the
current study reports on the preparation and cheniaation of the morphology and
barrier properties of novel property enhanced neraimposite blends of PHB with

organically modified kaolinite and montmorillonikyered silicates and with PCL as
a plasticizing element. A discussion about the paly morphology and its thermal
and barrier properties is also carried out at idjiet lof the most commonly considered
models for permeability reduction in nanocomposites

Experimental
Materials

The bacterial PHB grade was purchased from Goadfe@ambridge Limited, U.K.,
in powder form. The supplied PHB material with dgndl.25 g/cni is a melt-
processable semicrystalline thermoplastic

polymer made by biological fermentation from renblgacarbohydrate feedstocks.
Polycaprolactone (PCL) grade FB100 was kindly siggpin pellet form by Solvay
Chemicals, Belgium. This grade has a density ofdgich? and a mean molecular
weight of 100,000 g/mol. A food contact complyingyposilicate experimental grade
(Nanotef™ 2212) based on an organophilic surface modifiedlikite was kindly
supplied by NanoBioMatters S.L., Spain. This gra@s mainly used throughout the
paper for generation of the biocomposites unleberatise stated. A second food
contact complying phyllosilicate experimental gra@anotef™ 2000) based on an
organophilic surface modified montmorillonite andesiyned for dispersion in
polyolefins and polyesters was also supplied by dBaoMatters S.L. No further
details of sample preparation and modification waiselosed by the manufacturer.
Cloisitt™ 20A, a montmorillonite grade chemicallymodified thwi dimethyl,
dihydrogenatedtallow ~ 65% C18/~ 30% C16/~5% Clifternary ammonium salt
was purchased from Southern Clay Products IncotipordJS.

Preparations of blends

Prior to the mixing step, the PBH and clays weiedlat 70°C and the PCL at 45°C
under vacuum for 24 h to remove sorbed moisturat RéiB, PHB blends, as well as
PHB nanocomposites were melt-mixed in an internatem(16 cri Brabender
Plastograph) during a mixing time of 6 min at a pemature of 182°C. The mixing
was performed at a rotor speed of 60 rpm, whiclueasthat the melt temperature did
not surpass 190°C at any moment during the miximg.t The batch was extracted
from the mixing chamber manually and allowed toldooroom temperature in air.
The resulting material was dried at 50°C at thevabuentioned conditions. The
samples were finally transformed into sheets (0 @1 mm thick) by compression
molding in a hot-plate hydraulic press at 185°C andPa of pressure during 4 min.
The polymer sheets were eventually allowed to dookoom temperature under
pressure. All the measurements and experiments gareed out on these polymer
sheets.

The composition of the bioblends obtained in thiskwvas (PHB/PCL) 100 : 0, term
throughout the paper as PHB, and 80 : 20 wt/wt ¢efHB-Blends. The clay loading
of the nanobiocomposite samples was 1 and 4% wthatble | gathers the
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nomenclature and corresponding composition of théB Phanocomposites used
throughout the paper.

Table 1. Description of the samples used

Samples code Composition

PHB-Blend PHB/PCL, 80:20 wt/wt

4%NanoterPHB 4% wt of NanoterTM 2212 based on Kdteliin
neat PHB

1 or 4%NanoterPHB: 1 or 4% wt of NanoterTM 2212 based on Kaolinjte

Blend in PHB-Blend

4%NanoterMmtPHB- 4% wt of NanoterTM 2000 based on

Blend Montmorillonite in PHB-Blend

4%_CloisitePHB-Blend 4% wt of CloisiteTM 20A based pn
Montmorillonite in PHB-Blend

Oxygen transmission rate

The oxygen permeability coefficient was derivednifraxygen transmission rate
(OTR) measurements recorded using an Oxtran 10@pmeut (Modern Control,
Minneapolis, MN). During all experiments temperatand relative humidity were
held at 24°C and 0%RH and at 24°C and 80%RH hwni@@% relative humidity
was generated by a built-in gas bubbler and waskeltewith a hygrometer placed at
the exit of the detector. To avoid sample humidityilibration during the actual
oxygen transmission rate test at 80%RH and theesulest fluctuations on barrier
during the test, the samples were preconditiondtigtRH by storage in a dessicator
set up at this RH by appropriate salt solution. €kgeriments were done in duplicate
at 0%RH an in quintuplicate at 80%RH, becauseatterl conditions are closer to real
applications. As more data was accumulated at 80%dRffusion and solubility
coefficients were also estimated at this humiditie samples were purged with
nitrogen for a minimum of 20 h, prior to exposucea 100% oxygen flow of 10
mL/min, and a 5 chsample area was measured by using an in-housdogede
mask. Permeability (P) and diffusion (D) coeffitie were estimated from fitting the
OTR-time curve to the first six sum terms of thdéldwing solution of the Fick’s
second law?

D°n* } )

OTRa):FF[1+Zjitﬂfexp&Fg)

In eq. (1), Pp is the oxygen partial pressure aisdthe film thickness. The diffusion

coefficient can also be calculated using the “afe” method and yielded no

significant differences. In this method the diffusicoefficient can be estimated from
the following equatior®

| 2

D=——0 (2)
7.19991,,
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where {,,is the time for reaching an OTR value which is liadt at the equilibrium.
Gravimetric measurements

Direct permeability to D(+)-limonene of 95% puri(Panreac Quimica, Spain) was
determined from theslope of the weight loss-timarves at 24°C and 40% RH. The
films were sandwiched between the aluminum top riopeing) and bottom (deposit
for the permeant) parts of a specifically desigpedmeability cell with screw®. A
Viton rubber O-ring was placed between the film dnel bottom part of the cell to
enhance sealability. Then the bottom part of tHeveas filled with the permeant and
the pinhole secured with a rubber O-ring and avecFénally, the cell was placed in
the desired environment and the solvent weight thesugh the film was monitored
and plotted as a function of time. Cells with aloom films were used as control
samples to estimate solvent loss through the gedlialls clamping polymer films but
with no solvent were used as blank samples to monitater uptake. Solvent
permeation rates were estimated from the steadg-gtarmeation slopes. Organic
vapor weight loss was calculated as the total loslf minus the loss through the
sealing and plus the water weight gain. The testsewdone in duplicate. The
solubility and diffusion coefficients of D-limoneneere estimated by gravimetry
during desorption experiments at 24°C and 40%RHhhgusin analytical balance
Voyagerl V11140 (Bradford, US). Thus, at saturatioonditions, checked by
observing no changes in successive weight uptakesumements of the specimens
dipped in the aroma compound, the samples weretlybty wiped with a tissue to
remove the excess of aroma vapor condensed ovefiltinesurface (this step is
considered as time zero) and were periodically kted until they yielded constant
weight. D values were obtained from fitting the exmental data versus time to the
first six sum terms of the corresponding solutidrFk’'s second law [see eq. (3)]
during desorption experimerftsSolubility was determined from equilibrium uptake
measurements.

© —D@n+1)>%7t
Z2n+1) p{ |2 } )

In eq. (3), Mis the sample weight at time t and M the sample weight at saturation
or equilibrium conditions.

FTIR measurements

Diffusion coefficients to water could not be detéred by conventional gravimetric
methods because of lack of sensitivity of the gretric method and were, therefore,
alternatively determined by FTIR transmission spesttopy during desorption from
equilibrated specimens as described more in defaitwheré’ To do so, the
measuring chamber was continuously purged wittgh fiow rate stream of dry No
maintain a zero concentration level of the vaparsthe polymer film. During
desorption, previously equilibrated samples wemaoeed from the water, quickly
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wiped with a dry tissue to remove the excess ofewatpor condensate from the
surface, (this step is consider as time zero) aeck wmmediately placed inside the
measuring chamber to follow the desorption of teemeants. All FTIR experiments
were carried out at 24°C and in duplicate. Diffasamefficients were estimated by
mathematical fitting of the desorption data to tfwst six sum terms of the

corresponding solution of Fick’s

second law:

© —D(@n+1)%77t
Z(2n +1)° p{ |2 } @

In eq. (4), Aand A are the absorbances (OH stretching band centeftDa cnit) at
a given time t and at saturation or equilibriumpsian conditions, respectively

DSC measurements

Differential scanning calorimetry (DSC) of PHB ait&lbiocomposites was performed
on a Perkin-Elmer DSC 7 (Waltham, MA) thermal asaysystem on typically 7 mg
of material at a scanning speed of 10°C/min fromnrdemperature to the melting
point using N as the purging gas. Before evaluation, the therored were subtracted
analogous runs of an empty pan. The crystallinithe samples was

estimated using as the heat of fusion for an ityfinrystal of PHB 146 Jf§ and for
this of PCL 136 J/§® The DSC equipment was calibrated using indium staiadard

SEM measurements

For scanning electron microscopy (SEM) observattha, samples were fractured in
liquid nitrogen and mounted on bevel sample hold&te fracture surface of the
different samples was sputtered with Au/Pd in auvat. The SEM pictures (Hitachi
S4100) (Hitachi High Technologies, Wokingham, UK)erer taken with an

accelerating voltage of 10 keV on the sample thaskn

TEM measurements

Transmission electron microscopy (TEM) was perfatmsing a JEOL 1010 (Jeol,
Tokyo, Japan) equipped with a digital Bioscan (@ptemage acquisition system.
TEM observations were performed on ultra-thin sewi of microtomed thin
biocomposite sheets.

X-Ray experiments

Wide angle X-ray experiments (WAXS) were performesing a Siemens D5000D
equipment (Germany). Radial scans of intensity uerscattering angle @2 were
recorded at room temperature in the range 2 t@@Bfgtep size = 0.03°@, scanning
rate = 8s/step) with identical settings of the rmstent by using filtered Cu &
radiation § = 1.54A),an operating voltage of 40 kV, and anfint current of 30 mA.
To calculate the clay basal spacing Bragg's law @dsir®) was applied.
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Statistical analysis

One-way analysis of variance (ANOVA) was performesing XLSTAT-Pro (Win)
7.5.3 (Addinsoft, NY). Comparisons between treattmemere evaluated using the
Tukey test.

Results and Discussion
Morphological results in PHB-Kaolinite nanocomposies

Figure 1 shows SEM pictures from some of the sasnfd&en using three different
magnifications. From this Figure it can be seen tha PHB-Blend contains a very
fine dispersion of the PCL phase in the matrix.eftbsome debonding is observed at
the polymer interphase, a closer inspection ofptt@se morphology shows that there
is interfacial adhesion between the dispersed Piis@ and the biopolymer matrix.
The two polymers are, therefore, not miscible athér suggested by observation of
two melting points at around the same temperataré ghe neat components (see
later), but somewhat compatible due to the obseimnvtedfacial contact. A similar two
phase morphology is also observed for the 4%NaRb6tBrBlend. However, for this
particular sample, additional phases displayiny garticles or aggregates are not
discernible from the SEM pictures, suggesting that clay may be well dispersed
across the polymer morphology. On the other hand amlike the latter
4%NanoterPHB-Blend, the 4%NanoterPHB sample (with RCL) does clearly
exhibit a highly dispersed but irregular in sizeotphase morphology, where clay
particles can be easily spotted across the biopeymatrix. A closer inspection into
this sample [See Fig. 1(D,G)] indicates the presesfcsome mineral aggregates, i.e.
tactoids, ranging in size from few tens of nanomset@p to about one micron in
thickness with some apparent weak adhesion atrieephase. Surprisingly and as
stated earlier, this segregated morphology is @ $n the biocomposite containing
kaolinite clay and PCL. It would appear, from th&M pictures, as if the
organomodified clay could be more easily compardbd and dispersed during
blending in the presence of this more viscoelddgading component. The reason for
this could be related to a better dispersion ofdlag in the PCL phase or/and to the
particular melt stabilization that the PCL companewluces to the blend as will be
later derived from the DSC experiments.
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Figure 1. SEM pictures with increasing magnification of s@mples 4%NanoterPHB
(A, D and G with scale markers of 5 um, 1 um and 2Bn, respectively),
4%NanoterPBH-Blend (B, E and H showing scale markdr5 um, 1 um and 500
nm, respectively) and PHB-Blend (C, F and | withlscmarkers of 5 um, 1 um and
500 nm, respectively).

Figure 2 shows the WAXS patterns of the above sesnphd, additionally, it shows
the diffraction patterns of the 1%NanoterPHB-Blemd of the unmodified (raw clay)
and surface modified kaolinite (Nandt&r2212) based clays. From this figure, it can
be easily seen that the modified clay shows a damif001) diffraction peak at angle
7.8° indicating that the intergallery or basal spatthe natural

clay with peak at 12.4° has been expanded frorm@4p to, at least, 1.13 nm as a
result of the organicmodification and that mosth# natural clay has undergone the
intercalation. On the other hand, in the diffractogs of the biocomposites in Figure
2, only one clay peak can be discerned, whichdatkd at about the same position as
in the unmodified clay; no clay peak is, howevéascdrned in the 1%NanoterPHB-
Blend. These observations indicate that duringtieét mixing process, partial or total
clay agglomeration or platelet collapse has takilage within the polymer matrix for
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the samples with 4% Nanot¥r2212 loadings, due to probably losses of surfacan
the clay surface during the relatively extensiveing cycle. In spite of that, the
presence of the natural clay peak is clearly sgoifgnd at exactly the same position
as in the natural clay) in the 4%NanoterPBH santbbn in the 4%NanoterPBH-
Blend sample, suggesting that a better dispersfothed organomodified clay may
have been achieved through the use of the PCL coempdn the blends. Of course, it
is difficult to discriminate how much of the origily modified clay has agglomerated
and how much has been dispersed (intercalated doafoliated) in any of the
samples because there is no internal standard.rtideless, from the comparative
intensity and shape of the clay peaks in Figurigdn the SEM results and from the
TEM results that follow it seems reasonable

to assume that a fraction of the clay has beemheteast, intercalated within the
polymer matrix. Thus, from the above, it is infefidat a better compatibilization of
the organomodified clay with the PHB/ PCL blend wsc The sample with 1% clay
loading could, however, be even more dispersethénnatrix since no trace of clay
peak is observed in Figure 2.

Unmodified Nanoter

Nanoter

IN
o
o
s}

4% NanoterPHB-Blend

1% NanoterPHB-Blend

Intensity (a.u)

2000 +
4% NanoterPHB

2 Theta

Figure 2. X-ray diffractograms of the unmodified (raw mingrand modified
kaolinite clays and of the various PHB nanobiocosiles.

Overall, the WAXS results point again that the Nen@HB-Blends seem to have a
more favorable morphology in terms of dispersioanttthe NanoterPHB samples.
Figure 3 shows some TEM results taken on speciroétize 4%NanoterPHB-Blend
and 1%NanoterPHB-Blend. This figure indicates tiet former sample displays a
highly dispersed irregular morphology consistingimtercalated thin tactoids with
different sizes and some completely exfoliated (sddte arrows) layered clay
particles of different size and platelet orientatitnterestingly, it is observed that the
smaller clay particles appear also fractured, wdeetke intercalated particles are more
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prone to remain in larger sizes in the plateletediion. Regarding particle aspect
ratio, it is difficult to estimate accurate valugigen the dispersion in sizes,

platelet shape, and particles orientation, butldleest aspect ratios (L/W) that were
estimated from the pictures are for the biggestiggas and ranges from around 8 to
40. A combination of appropriate surface modificatiand sufficiently high shear
forces in the melt during polymer processing isallguwrequired to generate extensive
ratios exfoliation/ intercalation in nanocompositeswever, fully exfoliated systems
are very seldom achieved via conventional melt dile routes in thermoplastic
polyesters. The sample 1%NanoterPHB-Blend appearshbw, however, more
dispersed clay morphology, in which some exfoligikdelets (white arrows) and
some intercalated laminates can be observed.

Figure 3. TEM pictures of 4%NanoterPHB-Blend sample (A shayscale markers
of 0.5 Im) and of 1%NanoterPHB-Blend sample (B veitiale markers of 0.5 Im).
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Thermal properties of PHB-Kaolinite nanocomposites

The crystallinity and melting point of the blendere measured by DSC and the
results are gathered in Table Il. From this taiblean be seen that the melting point is
not greatly altered in the clay containing samdasthat the crystallinity (corrected
for the biopolymer content in the composite) insesa The latter result adds to
similar nucleating observations reported in presioworks for PHB/ HV
nanocomposite$ and suggests that the clay can act as a hetemphadeating
agent, hence promoting higher crystallinity in thatrix. In spite of that, Table Il
suggests that the melting point is either not aff@cr is slightly reduced (see later
Fig. 7) for the more dispersed 4%NanoterPHB-Blebdanges in melting point are
the result of many factors such as changes in malaeorientation, crystal thickness,
and crystal perfection. An increase in the lat@ctdrs leads to increased melting
points® Nevertheless, despite the fact that the crysiglligoes up in the
nanocomposites the melting point is either unadéfédr slightly reduced. A reduction
in crystal size could explain a small decrease éiting point, but also some polymer
degradation and chain scission due to melt proogssit should be borne in mind
that the natural PHB homopolymer used is a norlgteti material which is even
more unstable than commercial formulations of thisthan PHBV copolymers.
Albeit, the changes in the melting point of the ptaa are probably not meaningful
because they are very small and, perhaps, withén etkperimental error of the
technique, interestingly, the PHB-Blend appearshiow slightly higher melting point
than the neat PHB. This may indicate that the P@Gistjgizing phase component
could tend to act as a stabilizing agent for thepblymer. In light of the cited
previous work:®> which indicated that processing of PHB should lzeried at
temperatures below,+15°C to avoid polymer degradation, the samplese wet
allowed to surpass during melt mixing 190°C by gsanrelatively low torque during
processing. Of course, the use of a relatively pracessing torque has a drawback
that the impairment in the ability of the systemskfoliate further due to the lower
shear forces generated in the melt. More evidgppat to prove the instability of the
homopolymer PHB arises from the crystallization awmdnelting behavior of the
samples. Thus, further DSC crystallization expernitseobtained by cooling at
10°C/min the fresh molten samples after 1 min enrttelt at 188°C in the presence of
a nitrogen purge, indicated that the crystallizatemperature ( for the PHB-Blend
specimen was 121.0°C, but for the 4%NanoterPHB®Blgenbecame 112°C. This
decrease in the crystallization point of the blesttbngly suggests that thermal
exposure of the nanobiocomposites results in lowrgstallization rate due to most
likely molecular degradation and further decreasemblar mass and, subsequent,
depletion in nucleation density.Further, degradation with successive heating sycle
is revealed by data gathered after a second heatingat 10°C/min following
crystallization of the samples. These results wéldor the PHB-Blend a melting
temperature of 175.7°C and a crystallinity for idB fraction of 63% and for the
4%NanoterPHB-Blend a melting temperature of 173.4A@ a crystallinity for the
PHB fraction of 57%. As a result, the nanocompobitnd shows with increasing
thermal aging, even in the presence of an inert@asuch larger decrease in melting
point compared to data gathered for the first Ingatif the sample in Table Il, but also
a decrease in melting enthalpy with extensive tlarexposure in accordance with
results and degradation behavior reported eatffligis behavior is most likely related
to a filler assisted acceleration in thermal degtimsh for the polymer. Since, the
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mechanism of degradation for this biopolymer isutiitt to occur by esterification
reaction between hydroxyl and carboxyl groliband as clay particles are inorganic
hard particles which furthermore exhibit some hygt@nd other potentially reactive
moieties and impurities, the effect of a highlypdisse filler may consequently be to
facilitate the latter chemistry or other chemicadléor chain scission mechanisms (see
later in the paper).

Table 1l. DSC melting point and melting enthalpy of the sk®pThe values for the
PCL fraction in the blend are given between braxket

Sample M, (°C) PHB Melting Enthalpy | PHB crystallinity(%o)
(J/9)

PHB-Blend 176 (64) 93 (60) 64 (44)

4% NanoterPHB- 175 (65) 99 (53) 68 (39)

Blend

PHB 175 94 64

4% NanoterPHB 175 103 71

PCL 62 52 38

PHB-montmorillonite nanocomposites

In view of the above results and since more agyegwocessing conditions were
precluded in the internal mixer, an alternative teowf blending with higher
intergallery swollen clay systems was considered aion fully exfoliated
morphologies. It is well reported that organomaaifimontmorillonite has a higher
intergallery spacing, even as a natural clay, coegpdo kaolinite and, therefore, it
should in principle be more easily dispersible withhe polymer matrix. In this
context, further blending of PHB was similarly ¢ad out with 20% (w/w) of PCL
but alternatively with a 4% wt of Cloisite 20A amdth a 4% Wt of a highly swollen
organophylic montmorillonite (Nanoter 2000) (seebl€al). Figures 4 and 5 show
SEM and TEM results of these nanocomposites andr&i$ shows the WAXS
diffraction patterns of the composites and of the tommercial clays.

Surprisingly, nanocomposites with both of the abolay systems yielded extremely
soft and fragile materials with hardly any mechahiconsistency suggesting that
these organophylic montmorillonite grades under #ane blending conditions
undergo

extensive molecular degradation (see DSC and ATRHKEkults below). Figure 4
reveals that the SEM morphology of both nanoconipsds coarser and flaky at the
fracture surface compared to that of the unfilléend. This particular microscopic
discontinuous morphology is responsible for the nosmopic spongy and soft
character of the material. However, no filler pades can be seen, fact that indicates
that a good dispersion of the clay must have bebreeged in both systems. Figure 5
shows some TEM pictures of the

4%CloisitePHB-Blend revealing the presence of largmgth (due to the higher
aspect ratio of the montmorillonite) in layers pparently nonoriented clay particles,
which are more highly dispersed across the polymaphology than was observed in
Figure 3, although still the system does not shoWully exfoliated morphology.
Nanometric thin clay platelets can, however, beantjediscerned to be randomly
dispersed across the polymer matrix.
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Figure 4. SEM pictures of samples PHB-Blend (A), 4%CloRitB-Blend (B), and
4%NanoterMmtPHB-Blend (C). The pictures show scadekers of 5 um.
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Figure 5. TEM picture of the 4%CloisitePHB-Blend. Scale maskare 0.5 um for
picture A and 0.2 um for picture B.

Interesting observations are also derived fromXhay patterns in Figure 6: In the
montmorillonite based samples, while Cloisite 20&ycshows an intergallery spacing
of dyoi= 24.6A, the Nanoter Mmt grade shows a spacingogf®B9.40A, indicating
that the latter clay is more effectively swollenexpanded. Other two peaks, besides
the most intense one ab 2.3, are observed at angles 4#&nd 6.9, which are
associated to the second and third order diffradéatures, respectively. This highly
ordered and stacked layered modified structure ldhofucourse lead to more easily
dispersable clay morphologies in polymers and Hippers, and further work is being
carried out at present to evaluate its capacitgddsign more advanced nanocompo
sites. Figure 6 clearly indicates that in neithiethe nanobiocomposites the clay peaks
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are discerned, suggestimgain that a good clay dispersion across ktopolymer
matrix must have been achieved for bsyistems. Nevertheless, it is worth noting that
even when no clay basal peak is observed in the difbigre@ms of the
nanobiocomposites in Figure 6, not fulgndomly dispersed exfoliated morphologies
are suggestetly the TEM experiments. As a result, cautshould be taken when
assumptions are made regardihg existence of randomly dispersed platelet system
on the sole bases of lack of basal peaks irXthay experiments.

10000 -+

8000 -

6000
Cloisite

Intensity (a.u.)

4000 -

Nanoter Mmt
4%CloisitePHB-Blend
4%NanoterMmtPHB-Blend

2000 -

2 Theta
Figure 6 X-ray patterns of two montmorillonite-based surfacedified clays and of
their correspondent PHB-Blend biocomposites.

Finally, Figure 7(a) shows the DSC melting thernamgs of the unfilled and filled
nanocomposites revealing melting features of bethRCL, at ~60°C, and the PHB, at
~ 176°C, fractions. From this figure, the two cosiEs containing montmorillonite
exhibit a multiple melting endotherm (with two psalof noticeable lower melting
point than both the unfilled blend and their kaitdincounterparts, suggesting that
most likely extensive degradation of the

PHB matrix has taken place during compounding wh#se particular clays. This is
further substantiated by the ATR-FTIR spectra phbin Figure 7(b).

Figure 7(b) indicates that clear differences casd®n between the PHB-Blend and its
nanocomposites depending on whether organomodiietinite or

montmorillonite clays are used. In the 4%NanoterPBEnd, there are some peaks,
i.e. at 100° and 3700 ¢mwhich arise from the presence of the clay inlitemd (see
arrows). However, by comparison of the latter s@ampith the PHB-Blend there are
some spectral changes such as the disappearaadmati at 700 cihand some small
changes in the relative intensity of bands in #wege from 1000 to 150 ¢hrand in
the group of bands around 2950 tn®n the other hand, much bigger and different
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alterations are observed for the 4%CloisitePHB-Blesample (the strong
montmorillonite peak at 1008 ¢his not discernible in the spectrum). This sample
shows large spectral variations in the band envéiom 1000 to 1500 cih which
clearly point to, at the least, chemical alteragiom the material. More recent work
making use of gel permeation chromatography meawmnts (GPC) and other
techniques carried out in this and in PHBV nanoocosites indicated strong
molecular weight decrease, particularly in the eneg of organomodified
montmorillonite clays

(will be published elsewhere). All of these chang&engly point to the hypothesized
molecular degradation mechanism, most notably en4¥CloisitePHB- Blend, and
molecular weight reductions. The particular degtiada behavior for the
montmorillonite nanocomposites could be relatedhi different nature of the clay,
e.g., sorbed water, specific clay surface chemiatrgt higher aspect ratio but it is
probably also related to the higher degree of mbégc

dispersion achieved for these particular systenticlhwpromotes a more intimate
contact between clay and polymer.

A
4%NanoterMmtPHB-Blend
A%CloisitePHBBleu\/\—
a

3 4%NanoterPHB-Blend

5
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20
PHB-Blend
N
140 160 180 194

0
55 60 a0 100 120
Temperature (°C)

-
]

-

-

@

o
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Wavenumbers (c)
Figure 7 (A) DSC melting endotherms of from top to bottom, 4%bdterMmtPHB-
Blend, 4%CloisitePHB-Blend, 4%NanoterPHB-Blend aRHB-Blend. (B) ATR-
FTIR spectra of from top to bottom, PHB-Blend, 4%NterPHB-Blend and
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4%CloisitePHB-Blend. The arrows indicate the preseof clay peaks in the middle
spectrum.

Mass transport properties of PHB-Kaolinite nanocompsites

Figure 8 shows, as an example, the oxygen trangmisate curves at 0%RH of the
4%NanoterPHBBIlendand of the unfilled PHB-Blend. frthis Figure,it is seen that
the equilibrium transmission rate is higher in thefiled blend than in the
nanocomposite indicating that a lower permeabiltyeached in the hanocomposite
systems, and that the diffusion appears fastehenunfilled blend. Table 11l shows
the oxygen permeability coefficients at dry (0%Rad at 80% RH for the various
samples. From this Table Ill, it is seen that thggen permeability is most largely
reduced, i.e. by ~43%, at 0%RH in the 4%NanoterB#Bid compared to the
4%NanoterPHB sample. This supports the morpholags discussed earlier, which
displayed a more dispersed morphology for the caibpocontaining PCL. The
1%NanoterPHB-Blend shows a permeability reductip@%RH of ~ 10%. Table 1lI
also shows that at a higher relative humidity, B8%RH, the oxygen barrier is
somewhat lower in the neat polymer compared tocdnditions; however, increasing
RH does not seem to enhance so apparently the oxpgemeability of the
composites compared to their performance in dry80%RH a 46% decrease in
oxygen permeability is observed in the filled blexapared to the unfilled material,
which is slightly higher than that measured at 0%Rkm an applied view point,
Table 11l also teaches that although the PHB bleas higher permeability than both
the neat PHB and petroleum-based amorphous polgethyerephthalate (PET), the
4% clay loaded nanocomposite clearly maintainshtreier of the neat PHB polymer
and outperforms the barrier properties of PET gtaiid at high relative humidity
conditions.

OTR (cclmzday)
N
\
\
|
|

/ — —— 4%NanoterPHB-Blend
PHB-Blend

T T T T
0 1000 2000 3000 4000 5000

t(min)

Figure 8. Oxygen transmission rate curve of the PHB-Blendd aof the
4%NanoterPHB-Blend.

Table 3. Oxygen permeability of the various samples at 8P&dd at 80%RH and

estimated diffusion and solubility coefficients 80%RH for the blends. The
permeability of a PET commercial film measured unitie same conditions is also
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reported for comparison purposes. The a, b anddcAaand B letters correspond to
the ANOVA statistical analysis of the data thatitade that with a 95% level of
confidence the values are significantly different.

Sample PQ PO, DO, SO,
(m*m/n?s Pa) | (m®*m/n?s Pa) (m%s) (m¥m?® Pa)
24°C, 0%RH 80%RH 80%RH 80%RH
PHB-Blend 4,2+0.0005 &° | °5.2+0.004 €° | °1.1+0.01€Y | °4.7+0.05¢"
(14.6 elj)*
(4.0 €
1%NanoterPHB-Blend | 3.8+0.3 &' 3.9+0.1 ' ®1.0+0.02¢" | 3.9+0.26’
4%NanoterPHB-Blend | ©2.4+0.3 &'° ©2.8+0.2 e'° °0.8+0.016* | °3.5+0.3¢’
PHB A2.3+0.002 &° | - - -
4%NanoterPHB B1.8+0.3 &'° - - -
PCL 58.0 &° - - -
PET 33¢&° 386"

*Calculated using the rule of mixtures; TCalculated using the model of Maxwell as extended by
Roberson

Figure 9 shows examples of the application of tielddn and Fricke models [eq. (2)]
to different aspect ratios (W/L) of layered paei&l The model of Nielséh[see eq.
(5)] and other ulterior refinements such as the ohé&redrickson and Bicerario,
describe systems in which the layered i.e., that, &nd squared particles are perfectly
oriented with length and width perpendicular to gemeant transport direction and
are homogeneously diluted in the polymer matrix.

I:)nano — 1_VC|ay
Pneat 1+ L A/ .
ﬁ clay Equation 5

In equation 1, L/W is the aspect ratio of the piteand V., the volume fraction of
the clay filler.

The model of Fricke® describes oblate randomly oriented spheroids tmifo
distributed across the matrix (see Equations 674nd

P — 1= Vo Equation 6
P eat T
W_ 1
L Veay Equation 7
0785- 0616- I[~1
Vclay + 3
-1
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In Equation 6,1 is the tortuosity factor, which increases withremsing impedance
efficiency of the clay filler. Equation 7 relatesthin this model the volume fraction
of clay and the aspect ratio to the tortuositydact

Figure 9 additionally plots the experimental oxygermeability data measured at
80%RH. The results seem to best fit the Nielsenehfd aspect ratios of the layered
particles around 100, and the Fricke model forigiag of aspect ratios around 250.
However, the best fitting to these models appeavtgestimate the actual aspect ratio
of the particles morphology, at least this of thggkst ones, as observed by TEM in
Figure 3. Thus, it should be taken into accountt ttleere are a number of
morphological factors that these simple models ateviThe main factors disregarded,
besides the fact that these particles are notgirfaligned or completely random, are
the morphological changes in the matrix or blendiamponents (mainly crystallinity,
crystalline morphology, relative humidity effect,olacular degradation and molar
mass reduction, and amorphous and interfacial @®gngnd do not account for
heterogeneity in the aspect ratio of the filler erimentally observed in Figure 3.

10 !“\

0 + L/W=400, Nielsen
0.9 1\‘\\ + LW=100, Nielsen

i\ 02 at 80%RH
0.8 \\\ L/W=100, Fricke
N \ AN — — — - L/W=250, Fricke
074 \\ N —_—— L/W=400, Fricke
A N a d-limonene
EREEANRN

0.6 : \ ~

0.5

PP,

0.4 4

0.3 4

0.2 4

0.1+

0.0 T T T T
0.00 0.02 0.04 0.06 0.08 0.10

Volume fraction of filler
Figure 9. Experimental permeability data of the PHB-Blendsokygen at 80%RH
and d-limonene and, theoretical, permeability ilkerfcontent curves resulting from
application of the formalisms of Nielsen and Fridkeseveral clay platelet aspect
ratios.

Another interesting observation from Table 3 istttie permeability of the unfilled
PHB-Blend is lower than that expected from appiaabf the simple rule of mixtures
of the pure PHB and PCL components, however, thigaaches more closely the
permeability value predicted by application of thedel of Maxwell as extended by
Robertson (see equation8)°

_ PPCL + 2PPHB - Z\/PCL (PPHB ~ PPCL)

5 _ Equation 8
Blend PHB PPCL + ZPPHB +VpC|_ (PPHB I:)PCL) :| !
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Equation 8 describes the permeability of blendesystin which both matrix (PHB)
and blending components (PCL) are permeable, amdhich the blending component
are spheres evenly distributed across the matrig alsserved from Figures 1C, 1F or
1.

Table Il also shows the estimated diffusion anllilsitity coefficients for the blends

at 80%RH. The solubility coefficient was easily isled from the well-known simple

relation P = DS. The estimated diffusion and sditybicoefficients are seen to

decrease in the composites with the incorporatibolay and with increasing clay
content in the matrix

as expected. In the case of diffusion, the presefq®atelets is thought to increase
the tortuosity t) or detour factor in the materials leading to ftowiffusion processes

and, therefore, to lower permeability. Nevertheldiss diffusion coefficient is seen to
be reduced by only 27%, whereas the permeabilitgdsiced by 46%. Therefore, the
solubility parameter must also have a significaole rin the biocomposites. The
solubility coefficient is indeed seen to decreasemf observation of Table IIl.

However, the solubility decrease is higher than ldolbe expected from simple
application of eq. (9).

Shane= Sheat(1-Veiay) Equation 9

In this equation, &, means solubility of the nanocompositge,Ssolubility of the
matrix and .y is the volume fraction of clay. The equation isicied from Equations
5 or 6, which subsequently derived from the welbdn solubility model developed
for semicrystalline polymers in which a solubilifecrease is expected to occur with
increasing the crystallinity fraction [Ref. 7 artetein, Ref. 25]. Thus, while only ca.
0.5% and 2% reductions in solubility would be expdcfor 1 and 4% wt/wt of clay
loadings, the experimental reduction values ar@ %86 and 25%, respectively. The
latter results highlight that simple models canbet applied to describe complex
systems such as those described in the paper,ighwiorphological changes, molar
mass reduction, polymer degradation, relative hitgnidnd crystallinity increase
factors take place.

Figure 10 shows water desorption curves of unfikedi filled blends as obtained
from FTIR spectroscopy data recorded during degorgdtom equilibrium saturation
conditions. From the data in Figure 10, a diffustmefficient can be easily estimated
which is gathered in Table IV. From this table, tiusion coefficient of water in the
biocomposite is seen to be reduced by ~ 72% cordpartihe unfilled

polymer blend during desorption. Nevertheless,sihlability was seen to increase in
the composite blend. Thus, the FTIR band area efwhater band at 3400 €m
corrected for sample thickness (A3400fum)) was found to be 1.95 for the PHB-
Blend, whereas for the 4%NanoterPHB-Blend was 300is means that the
nanocomposite uptakes ~ 54% more water than thilednblend due to likely the
existing hydrophilic sites of the filler. On the @ik, as the water permeability is the
product of D and S, this meaningful transport patemis expected to be lower since
the reduction in diffusion is seen larger than3Hh&6 increase in solubility.
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Table IV. Water diffusion coefficient as determined by FTdRd d-limonene direct
permeability, diffusion and solubility coefficients determined by gravimetry in the
blends. The a and b letters correspond to the ANGY&listical analysis of the data
that indicate that with a 95% level of confidenke values are significantly different.

Sample I:)Iater PLimonene DLimonene SLimonene

(m¥s) (kg m/nt s Pa) (m¥s) (kg/kg Pa)
PHB-Blend ?1.1+0.08 € | °0.9+0.05 €™ %0.02+0.002 &° #1.13+0.16 €
4%NanoterPHB-Blend | °0.3t0.04 €' | P0.3+0.1 &' 0.008:0.001 &° | P1.44:0.11 €
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——— 4%NanoterPHB-Blend
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Figure 10. Water desorption curves as follow by FTIR vs.difor PHB-Blend and
for 4%NanoterPHB-Blend film specimens.

Figure 11 shows limonene weight loss experimentshi® two blends. From the slope
of such curves, direct permeability results caredsily derived that are presented in
Table IV. Table IV also presents the estimatedudifin coefficient of limonene and
its solubility coefficient as determined by weiglitake measurements for the blends.
From the results, a reduction in permeability 067% and in the diffusion coefficient
of 60% is observed in the biocomposite for thigipatar organic vapor. On the other
hand, the limonene solubility shows the opposithavér and increases in the
nanocomposite by ~ 27%. This is likely the restilthe affinity of the organophylic
sites of the filler for this less hydrophilic compmt. Figure 9 also plots the
permeability decrease for this component versus rtoelelling work. From the
modeling work a higher barrier effect comparedhat for oxygen is observed which
is best described in the model of Fricke by an etsgagio of about 400.

Overall, the biocomposites exhibit increased gaesma, and water vapor barrier
performance. However and in accordance with previwarks®**" the barrier effect
was seen to be penetrant dependent. Converselge tharrier results are in

disagreement with most commonly considered modelictw simply relate
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permeability reduction to filler shape and volumacfion. In the above experiments,
the tortuosity factor related to the diffusion pees appears to be larger for the vapor
interacting molecules, which on the other hand haeeeased solubility as expected.

25612 ® 4%ClayPHB-Blend
4 PHB-Blend

2612

15612 7

1E12

Weight loss (kg m/m2 Pa)

SE13

Figure 11. d-limonene direct permeability (weight loss vsnd) results for PHB-
Blend and for 4%NanoterPHB-Blend film specimens.

Concluding Remarks

This article reports morphology data, thermal, dwatrier properties of novel
nanobiocomposites comprising PHB, PCL as plastigizielement and three
commercial organomodified clays based on kaoling@d montmorillonite
phyllosilicates. PHB is known to be a very rigiddamelt unstable material; however,
it does exhibit somewhat better oxygen barrier tharpetroleum based counterpart
PET Thus, the underlying objective of this work waspimvide an understanding
for the relation between structure and properti@sninocomposites of PHB and to
develop novel PHB composites with enhanced bapieperties of interest in rigid
food packaging applications for food and beveraggst and containers. From the
results, it was found that indeed nanocompositeBHB with highly swollen clay
systems (based on montmorillonite) led to highlgpérsed morphologies in the
biopolymer. However, the montmorillonite systemsnudtaneously resulted in
extremely soft materials of probably no use in npzstkaging applications because of
extensive polymer degradation of the biopolymersaggested by DSC and ATR-
FTIR results. Similar nanocomposites with a leselem organomodified clay (based
on kaolinite) led to a less dispersed and irregutenrphology. Surprisingly, this
characteristic was found to generate a novel bieri@twith enhanced crystallinity
and barrier properties, due to the clay reinforaffgct.

The addition of the PLC to the PHB was found todlda a nonmiscible but
compatible interphase blend, and this component ea@o to increase
compatibilization with the organophylic clay. Tharker properties of the systems
were not seen to fit the most widely applied modrlsh as those of Nielsen and
Fricke for oriented and random dispersion of ttier§, in that barrier enhancements
were found to depend on the penetrant and did teatrlg match morphological
observations in terms of aspect ratio. The reaswntHis disagreement must be
attributed to limitations of the models to accodot factors such as polymer
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morphology and crystallinity alterations, irregulaorphology and orientation of the
filler platelets, chemical alterations in the matrand solubility of the penetrants in
the filler.
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PAPER II: Comparative Barrier Performance of Novel PET Nanoomposites
With Biopolyester Nanocomposites of Interest in Pd@ging Food Applications
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Abstract

Poly(ethylene terephthalate) (PET) is one of thiymers most widely used in the
packaging industry. However, it is highly desirabdeenhance its barrier properties
for applications, such as carbonated drinks anérotigid and flexible packaging
applications. The nanocomposites route offers wnigassibilities to enhance the
properties of this material, provided that adequhtrmally resistant and legislation
complying nanoadditives are used. This study ptsseovel PET nanocomposites
with enhanced barrier properties to oxygen, waa@d limonene based on a new
specifically developed food-contact-complying higbkivollen montmorillonite grade,
and, furthermore, presents and discusses morplealogata. Moreover, given the
current interest in the packaging industry to replathis material by other
biopolyesters, a comparative barrier performancPET nanocomposites versus that
of biopolymers, such as poly(lactic acid) (PLA), lygtydroxyalkanoates (PHB,
PHBV), and polycaprolactones (PCL) and their cqroesling nanocomposites is also
reported.

Key words: PET, food packaging, composites, barrier propsrti
biopolyesters.
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Introduction

Poly(ethylene Terephthalate) (PET) is widely usad tb its high transparency, high
dimensional stability, and good thermal and medwniproperties. It is also
frequently applied to produce fibers, films, anctl@ging materials which require
intermediate barrier properties. Nevertheless, ianyn applications it is highly
desirable to further enhance some properties, suschbarrier properties for food
packaging and beverages applications. A feasiblg wea do this is by using
nanocomposites containing layered phyllosilicates

Poly(ethylene terephthalate)-montmorillonite (MMIgnocomposites with enhanced
barrier properties have been reported previoushhénliterature. Some authors have
reported~25% oxygen permeability reductions for PET+1%MMT tsing in situ
interlayer polymerizatio. More recently, some authors have even claimazbtain
~94% oxygen permeability reductions for PET+5%MMThoaeomposites by using in
situ polymerization®. Finally, ~50% water vapor permeability reduction for PET—
MMT nanocomposites by melt blending in a rheomeias also reportel

Natural and organo-modified MMTs have thus beerasghed to a significant extent
as reinforcing materials for polymers due to thiigh aspect ratio and unique
intercalation/exfoliation characteristics by seVvgmacessing routes. The most useful
route to prepare PET-MMT

nanocomposites is possibly the melt-compoundingcgs® because of its cost
effectiveness and its enabling immediate implent@rtaby converters using
currently available processing machinery. Howewltre to the high temperatures
needed for processing PET, the PET nanocomposite& lbecome a major
technological challenge due to potential degradatithe clay’s organic modification
during processing. In addition to this, legislatlmarriers are also imposing restrictions
for MMT additives, because most commercially avd#zorgano-modified MMTs are
not currently allowed for food contact. Poly(ethygeterephthalate) is also facing a
substantial threat arising from the increasing enpntation of biodegradable and/or
renewable biopolyesters, such as poly(lactic afi®l)A), polycaprolactones (PCL),
and polyhydroxyalkanoates (PHA). The reason far ihthat

these materials have excellent and promising ptigsethat may replace conventional
non-biodegradable polymers in a number of appbeati including packaging,
automotive, and biomedical applicatidns

The objective of this study was to characterizertfrephology and barrier properties
of a novel food-contact-complying PET nanocompositetaining a ‘highly swollen’
organo-modified MMT grade. The study also repoomparative barrier data of PET
and some biodegradable biopolyesters and of tbeiesponding nanocomposites.

Materials and Methods
Materials

The PET resin used was a film extrusion grade segbly the converter Neoplastica,
Spain. No further details about the characterisifche materials were provided. The
bacterial PHB grade was purchased from Goodfellamkridge Limited, UK, in
powder form. The supplied PHB material with density5 g/cmi is a melt-
processable semi-crystalline thermoplastic polymeade by biological fermentation
from renewable carbohydrate feedstocks. A meltgssable semi-crystalline
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thermoplastic polyhydroxybutyrate with 12 mol% vake (PHBV) copolymer made

by biological fermentation from renewable carbolagdr feedstocks was also
purchased from the same manufacturer in pellet farhe PCL grade FB100 was
supplied in pellet form by Solvay Chemicals, Belgiulhis grade has a density of 1.1
g/cnt and a mean molecular weight of 100,000 g/mol.

The semicrystalline PLA used was a film extrusiormdg manufactured by

Natureworks, USA (with a D-isomer content €2%). The molecular weight had a
number-average molecular weight (Mn)-€£30,000 g/mol, and the weight-average
molecular weight (Mw) was 150,000 g/mol.

A highly swollen food-contact-complying Nanotér2000 grade based on modified
MMT was supplied by NanoBioMatters S.L., Spain. Niother details on sample
surface modification were disclosed by the manufact The Nanoté! grade was
characterized to be a very fine white powder withagerage 3 m particle size. When
the Nanoter 2000 grade was used with PHB and PHB#®@Eins, due to extensive
hydrolytic degradation of the biopolymer, the compds were extremely soft and
thus of no use in packaging applications. Thereffmethe PHB and PHB/20% PCL
nanocomposites a second food-contact-complying Igdijtate grade called
Nanotef™ 2212 based on an organophilic surface modifieditié® ® supplied by
NanoBioMatters S.L., Spain, was used.

Preparation of Nanocomposites

Prior to mixing, PET was dried at 60°C, under vawuior 24 h to remove sorbed
moisture in an oven under vacuum. PHBYV, PLA, and ®ere dried at 70, 70, and
508C, respectively. The polymers as well as theooamposite blends were prepared
by melt-blending in an internal mixer (16cm3 Bratben Plastograph) for 4 min at
260°C

for PET and for 5min at 1758C for PHBV, PLA, PHBdaPHB/20% PCL. The mixer
was run at 60 rpm. The batch was manually remoxea the mixing chamber and
allowed to cool to room temperature in air. Theulisg material was dried at the
abovementioned conditions. The samples were comgdeinto sheets (0.7 and
0.1mm thick) in a hot-plate hydraulic press asofioh:

e PET at 255°C and 2MPa for 2 min.
e The biopolymers at 175°C and 2MPa for 4 min.

The PET polymer sheets were crash cooled from ték Iy rapid immersion in an
ice bath. The biopolymer sheets were allowed tol ¢oaoom temperature under
pressure. All the measurements and experiments gareed out on these polymer
sheets. The nanobiocomposite samples clay loadiag Swt% unless otherwise
stated.

Oxygen Transmission Rate
The oxygen permeability coefficient was derivednfraoxygen transmission rate

(OTR) measurements recorded using an Oxtran 10@megut (Modern Controls Inc.,
Minneapolis, MN, US). During all experiments tengere and relative humidity
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(RH) were held at 24°C and 0% RH and at 24°C afdd B®. Relative humidity of
80% was generated by a built-in gas bubbler and eiexked with a hygrometer
placed at the exit of the detector. To avoid sanmpimidity equilibration during the
actual OTR test at 80%RH and the subsequent fltiohgaon barrier during the test,
the samples were preconditioned at this RH by goia a desiccator set at this RH
by an appropriate salt solution. The samples wkes fpurged with nitrogen for a
minimum of 20 h prior to exposure to a 100% oxyflew of 10 mL/min, and a 5cfn
sample area was measured by using an in-houseogedemask. The permeability
(P) coefficient was estimated from the steady-sta®R curve versus time. The
samples were measured at least in duplicate andatizequoted corresponds as usual
in permeability testing of non-industrial samplesthe lowest permeability value
measured, as the scatter was rather small forupkcdtes

Gravimetric Measurements

Direct permeability to d-limonene of 95% purity (Peac Quimica,

Spain) was determined from the slope of the wdimgdg—time curves at 24°C and 40%
RH. The films were sandwiched between the aluminiojpn(open O-ring) and bottom
(deposit for the permeant) parts of a specificalgsigned permeability cell with
screws. A Viton rubber O-ring was placed betweenfilm and the bottom part of the
cell to enhance sealability. Then the bottom pdrthe cell was filled with the
permeant and the pinhole secured with a rubben@-aind a screw. Finally, the cell
was placed in the desired environment and the sbiveight loss through a film area
of 0.001nd was monitored and plotted as a function of timell<Cwith aluminum
films (with a thickness of ca. 10 m) were used @stml samples to estimate solvent
loss through the sealing. The permeability serigibdf the permeation cells was
determined to be better than 0.01%1kg m/s i Pa based on the weight loss
measurements of the aluminum cells. Cells clamgiotymer films but with no
solvent were used as blank samples to monitor wattietke. Solvent permeation rates
were estimated from the steady-state permeatigpesloOrganic vapor weight loss
was calculated as the total cell loss minus the tbeough the sealing plus the water
weight gain. The tests were done in triplicate amdrage values and standard errors
are provided.

DSC Measurements

Differential scanning calorimetry (DSC) of PET ant$ nanocomposites was
performed on a Perkin-Elmer (USA) DSC 7 thermallgsia system on typically 7mg

of material at a scanning speed of 10°C/min froenmrdemperature to the melting
point of the PET. Before evaluation, the thermalsruvere subtracted from similar
runs of an empty pan. The DSC equipment was caédibrasing indium as a standard.
Typically one sample of each material was tested.

SEM Measurements
For scanning electron microscopic (SEM) observatiba samples were fractured in

liquid nitrogen and mounted on bevel sample hold&te fracture surface of the
different samples was sputtered with Au/Pd in vaeuurhe scanning electron
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micrographs (Hitachi S4100, Tokyo, Japan) werertakéh an accelerating voltage
of 10 keV on the sample thickness.

TEM Measurements

Transmission electron microscopy (TEM) was perfatnusing a JEOL 1010 (Jeol
Ltd, Akishima, Japan) equipped with a digital Biasc(Gatan) image acquisition
system. TEM observations were performed on ultha-gections of microtomed
nanocomposite sheets.

X-Ray Experiments

Wide angle X-ray experiments (WAXS) were performesing a Siemens D5000D
equipment. Radial scans of intensity versus séatfeangle (B) were recorded at
room temperature in the range 2 to 28y(&tep size = 0.03°@, scanning rate =
8s/step) with identical settings of the instrumeytusing filtered Cu i& radiation

= 1.54A), an operating voltage of 40kV, and a fiEarhcurrent of 30mA. To calculate
the clay basal spacing, Bragg's law= 2dsirB) was applied.

Results and Discussion
Morphology

Figure 1 shows scanning electron micrographs takecriofractured cross-section
specimens of the samples. The SEM examination levéemt a homogeneous
distribution of the clays in the PET matrix and ddaterfacial adhesion must have
been achieved for 5 wt% clay contents since nerfiigglomerates and/or phase
discontinuity can be discerned in the reinforcet@e by this technique.

Figure 1. Scanning electron micrographs of the cross sedio(®) A film prepared
by melt blending of pure PET and (B) A film prepdutey melt blending of PET with
5%Nanoter content.

Figure 2 shows a typical TEM picture taken on specis of the PET with 5 wt%
Nanoter nanocomposite where the clay particles ban easily discerned. In
nanocomposites, TEM and WAXS experiments are ofteed to discriminate the
morphology of the nanofiller dispersion, since ctenoparticles with high levels of
dispersion, i.e., highly fractured tactoids, canmetusually discerned by conventional
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SEM experiments. Figure 2 is representative of m@rphology attained in the
nanocomposite and indicates that this specimeniddesd exhibit a highly dispersed
morphology consisting of exfoliated and some vérin tintercalated layered clay
nanoparticles. From the figure, the filler appetrse evenly dispersed across the
matrix and remains in the nanometer range in thekrless direction. The
corresponding WAXS patterns of the nanocompositepses did not show evidence
of the clay basal peaks, suggesting further thaery high dispersion in terms of
intercalation and exfoliation of the filler has begchieved in the system (see Figure
3).

Curiously, it is observed that the smallest (inglw) clay particles appear more
exfoliated but fractured, whereas the intercaldtecker particles are more prone to
remain in larger sizes in the length directionisltvell-known that a combination of
appropriate surface modification and high sheecdsrin the melt during polymer
processing, such as these generated in typicaldeview extruders, often lead to best
results in terms of morphology in hanocomposites.

In spite of the fact that the current study madeafanoderate sheer

forces in the processing of the nanocompositestenpially reduce
processing-induced degradation in the systemsntbigphology appears to still be
quite favorable.

200

Figure 2. TEM photograph taken in a specimen of the PET+5%Méarsample.

X-Ray Experiments

Figure 3 shows the WAXS patterns of the neat PEHT#%Nanoter and of the
Nanoter grade. The Nanoter MMT shows a basal spaxfiti001=39.4 A, indicating
that the latter clay is very effectively swollenexpanded. The unmodified MMT was
reported by the manufacturer to have a d basairspa¢ d001=11.9A. Moreover, the
modified clay shows two more peaks, besides thet intanse one at 2theta 2, %t
angles 4.6 and 6.9. These diffraction peaks which decrease in intgnsiith
increasing 2theta are associated to the secondhémdorder diffraction features of
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the clay, respectively. This highly expanded, oedeand stacked layered modified
structure is thought to lead to more easily disgaes clay morphologies in polymers
and biopolymers. Figure 3 also indicates that tB& +5%Nanoter sample shows no
clay peaks in the range scanned, pointing thagh dispersion of the clay has been
promoted across the polymer matrix as was antieipdly the SEM and TEM
experiments.

8000

—— PET+5%Nanoter
— PET
----- Nanoter 2000

6000 -

4000

Intensity (a.u.)

2000 4

2 Theta
Figure 3. X-ray patterns of neat PET, PET+5%Nanoter and @Nbnoter powder.

Thermal Properties

Melting temperature (f), heat of fusion4Hy,), glass transition temperatureg Bnd
heat capacity incremenAC,), corrected for the matrix content in the nanocosite,
were determined from the DSC first heating runthefsamples. The data is gathered
in Table 1 for all the samples. From the resulte, énthalpy of fusion (calculated as
the difference between the melting enthalpy and dbie crystallization enthalpy)
appears to increase slightly in the PET+5%Nanaempte. The polymer Tg is higher
in the nanocomposite and the jump in heat cap&#yso slightly higher. The overall
results suggest that crystallinity is not strongiffected in the PET+5%Nanoter
sample. Moreover, the thermal resistance, i.e.of ghe polymer is enhanced by ca.
3°C with the addition of Nanoter. In principle, stgllization of the nanocomposites is
positive from a barrier perspective, since crystakbs typically impermeable systems,
but it may also impose additional rigidity and herfcagility to the nanocomposites
mechanical performance.
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Table 1.DSC melting point, melting enthalpy, glass trawsittemperate and heat
capacity jump.

Tm (°C) | AHm (J/9) | Tg (°C) | AC, (J/g°C)

PET 245 18 69 0.3
PET-5%Nanoter 245 22 72 0.4

Mass Transport Properties

Figure 4 shows, as an example, the OTR curves &H%f the PET+5%Nanoter
sample and of the neat PET processed under the amdé@ions. From this figure, it
is seen that the equilibrium transmission rateigaér in the unfilled blend than in the
nanocomposite indicating that a lower permeabiditylearly reached

in the nanocomposite systems, and that the diffuscclearly faster in the unfilled
blend. Table 2 shows the calculated oxygen perrtialdoefficients, water
permeability, and limonene permeability for the péem of PET. From this table, it is
seen that the oxygen permeability of the nanocoitgo§PET is reduced by ~55% at
0%RH in the 5%Nanoter compared to the pure PET karfipe table also shows that
at higher RH (80%), the oxygen barrier is somewloater in the neat polymer
compared to dry conditions and the permeabilityuotidn is ~35%. A previous study
8 reported that the oxygen permeability for PET fis-4.11x10"*m® m/s nf Pa when
measured at 0% RH, a value which is similar togeemeability measurement taken
in the laboratory.

0000000000000000000
ooooooo

OTR (cc mm/mzday atm)

o
o°

0()0-0:)00 ‘ ‘ o PET+‘5%Nan0terD%RH ‘
t(h)

Figure 4. Oxygen transmission rate curve of the pure PETcditke

PET+5%Nanoter at 0%RH.

Water and limonene direct permeability were alsal@ated for the PET and for their
nanocomposites and are summarized in Table 2. fBbie also shows water and
limonene permeability measured in samples contgitinvt% of clay. Films of PET
with 1%wt Nanoter have a limonene permeability dase of 26% compared to the
unfilled material, but the sample with 5%wt Nanotmntent has a reduction in
limonene permeability of ca. 68%. A reduction intevapermeability of ~43% is
observed in the nanocomposite of PET with 1%wt Nemout films of PET with
5%wt Nanoter have a reduction in water permealilftgnly 14%. The reason for the
latter counterintuitive behavior in the water peatnidity behavior could be related to
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the inherent MMT clay hygroscopicity. Previous s$ésdreported that the PET
limonene permeability is about 0.0000048%1Rg m/s i Pawhen measured at 23°C
and 40 Pd. The reason for the large disagreement with itherlene permeability
data could be related to the different origins loé two samples (extruded vs. un-
oriented compression molded specimens) and theHatthe polymer grade, the test
conditions used, and the differences in partiabguiee used for testing were largely
different. Since the differences in partial pressgradient used for testing was much
smaller than the ones reported here, the sampbgpiscted to be much less plasticized
by the component ingress. On the other hand, thewdter permeability was earlier
reported to be about 0.028xtkg m/s "i Pa when measured at 37.8°C and 100%RH
° a value which is similar to the one measuredhéinlaboratory. This is likely to be so
because the test conditions were more alike for @heluation of the transport
properties of this permeant.

Table 2. Oxygen permeability at 0%RH and at 80%RH and D-Lieme and water
permeability .

PO, (mPm/nfsPa) PO, P limonene P water
at 24C, 80%RH | (m°m/nfsPa)at| (Kgm/s nfPa) (Kg m/s nf Pa)
24°C, 0%RH
PET 4.26 &° 3.78¢"° 0.03+0.01 &
1.17+0.15 &°
PET+1%Nanoter - - 0.87+055 & 0.017+0.002 &
PET+5%Nanoter 2.81% 1.69 &° 0.37+0.07 & 0.026+0.0009 &
Literature Value (at 85%RH) °4.11 €° 70.0000048 & | °0.028+0.00015 &
PET K 19 23°C and 40Pa| 37.8°C and 100%RH
PLA 22.09 &° 22.56 &° 0.126+0.010€2
PLA+5%Nanoter 15.4F 19.55 &° 0.104+0.009€%
Literature Value 1756
PLA
PHBV 15.69 &° 1.99+1.016¥ 0.069+0.003¢€°
PHBV+5% 11.53 &°
Nanoter 1.27+0.08e 0.032+0.002€?
PHB 2.248&° 0.0885 ¥ 0.017+0.0009€2
PHB+5% Nanoter 1.78% 0.01+0.0005€% 0.016+0.00003€%
PHB/20%PCL 5.19¢ 4.2¢€" 0.025+0.0003&2
PHB/20%PCL+5% 2.80 € 2.4 ¢
Nanoter 0.021+0.0005&2

Figure 5 shows the comparative oxygen permeabdiya for PET and several
thermoplastics biopolymers and their nanocomposité€¥oRH. Further details about
the biopolymers morphology, thermal and mecharécal other relevant properties
will be published elsewhere, e.§.Table 2 also compares the barrier performance of
these biopolyesters and their corresponding nawcobiposites. All the biopolymer
specimens were obtained by slow cooling from th# (oelike PET that was rapidly
quenched) and thus had enhanced

crystallinity °. From the permeability results, only PHB and PH#hatomposites
show lower oxygen permeability than the pure PEfe PHB nanocomposite has the
lowest oxygen permeability value of all biodegrddamaterials, and becomes closer
to the PET nanocomposite. The PHB/20% PCL nanocsitgalso shows lower
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oxygen permeability than the pure PET. The bioddgjvee materials (PHBV and
PLA) have higher oxygen permeability compared to TPEand their
nanobiocomposites have better oxygen barrier thannteat biopolymers. Figure 6
compares water and limonene permeability for PEQ lsindegradable polymers and
their nanocomposites. Table 2 also compares thervlaarrier performance of the
biopolyesters and their corresponding nanobiocoitggs PHB and the PHB
nanocomposite show better water and aroma (limgrieseier compared with PET.
The PHB nanocomposite has the lowest water pertitgakind the limonene
permeability values of it are much lower than tbathe PET nanocomposite. The
PHBV nanocomposite has water permeability similarthe neat PET and the
limonene permeability of this nanocomposite is @lese to that of the neat PET.

In summary, the PHB and PHB/20% PCL nanobiocompssthow the best barrier
properties of all biopolyesters. These materiakiditonally show lower water and
limonene permeability than both pure PET and th& R&nocomposite. For oxygen
permeability the PET nanocomposites show the bagien performance of all the
materials considered.

PHB/20% PCL+5% Nanoter
PHB/20% PCL
PHB+5% Nanoter

PHB

| PHBV+5% Nanoter

| PHBV

PLA+5% Nanoter

| PLA

PET+5% Nanoter

PET

T T T T
0.0 5.0e-19 1.0e-18 1.5e-18 2.0e-18 2.5e-18

0, Permeability(m®- m/m?-s- Pa)

Figure 5. Oxygen permeability of pure PET and of PET+5%Nanatel of the
biopolyesters and their nanocomposites containimg.-86 Nanoter at 0%RH.
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I Limonene permeability

PHB/20% PCL+5%Nanoter == Water permeability

PHB+5% Nanoter

PHBV+5% Nanoter

PLA+5%Nanoter

PLA
PET+5% Nanoter

| ! ! ! !
0 5e—14 1e-13 2e-13 2e-13
Permeability (Kg-m/s-m?- Pa)

Figure 6.Limonene and water permeability of pure PET and P&%Nanoter and of

the biopolyesters and their nanocomposites comtgiBiwt.-% Nanoter.
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Paper lll.Novel Clay Based Nanobiocomposites of Biopolyestessth synergistis
Barrier to UV light
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Abstract

This paper presents novel solvent cast biocomposifepoly(lactic acid) (PLA),
polyhydroxybutyrate-co-valerate (PHBV) and polyedpctone (PCL) with enhanced
barrier properties to UV light, oxygen, water aimddnene by means of incorporating
an organomodified mica based clay grade. The TEMilt® suggested a good clay
dispersion but with no exfoliation in the three fidyesters. In conformity with the
crystallinity data, which was found to generallgr@ase with increasing filler content,
oxygen but specially water and d-limonene permégbdoefficients were seen to
decrease to a significant extent in the biocompssand an optimum property balance
was found for 5 wt.-% of clay loading in the thit@epolymers. With increasing clay
content, the light transmission of these biodedsilhiocomposites decreased by up
to a 90% in the UV wavelength region due to thecjpeUV blocking nature of this
clay and the higher blocking efficiency was fourmdbte for 1 and 5 wt.-% clay
loading. As a result, these new biocomposites lcave significant potential to
develop films, coatings and membranes with enhargasl and vapour barrier
properties and UV blocking performance.

Keywords: Clay-based composites, Barrier properties, Biopstigrs.
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Introduction

Protection against light is a basic requiremengriserve the quality of many products
such as packaged foods. Metal and paper, beinguepaqthe transmission of light,
automatically provide this function. On the otheand, plastic films are often
transparent materials to UV and Visible radiatidéslwort wavelengths. Therefore, the
protection of light sensitive goods such as froid &egetable juices, vitamin and sport
drinks, dairy products and edible oils from UV-aibn when packaged in plastic
containers has been widely investigatéd

The primary wavelengths of interest in, for ins@nimod packaging applications are
those that fall between 200 and 2,200 nm. Thisiaeodf the electromagnetic
spectrum can be divided into three componentsulinaviolet (UV) range (100-400
nm); the visible spectrum (400-700 nm); and the-m&eared range (700-2,200 nm).
Ultraviolet radiation accounts for only 3% of ttegal radiation that reaches earth, but
it causes chemical reactions, weathering of polgmiading of certain colouring and
even eye and skin damage. For this reason, UV bgdtking is a very demanded
property in polymers and also in the newcoming waide and biodegradable
polymers with interest in multisectorial applicats

Biodegradable and/or sustainable materials presenimber of excellent properties
for a number of applications, including packagiagtomotive and biomedical fields.
Thermoplastic biopolymers, such as poly(lactic a¢fLA), polyhydroxyalkanoates
(PHA) and polycaprolactones (PCL), exhibit an ebecetlbalance between barrier and
mechanical properties, are water resistant andbeaprocessed using conventional
plastics machinery. Moreover, for the case of thst ftwo, they originate from
renewable resources, i.e. maize and micro-organisespectively. Composites of
biopolymers, often called nanobiocomposites, coingi highly dispersed naturally
derived layered additives, typically montmorillani{MMT), are proving to be an
excellent technology to design new materials witthamced key properties while
retaining the “bio” characteristics. Nanocomposites biodegradable materials
containing between 1 and 5 wt.-% of MMT have bekinged to exhibit significant
improvements in barriéf® and in mechanical propertié%'* and have been reported
to be able to disperse to a very little amountlihevisible radiation*?, probably due
to the reduced scattering phenomena caused byighby ldispersed clay nanolayers.
Petersson, L et al. also reported some reductionthef light transmitted by
nanocomposites of PLA containing 5 wt.-% of MMT qmamed to pure PLA?Z
Nevertheless, the idea of using nanoclays has al@gn aimed to minimize the
impact in optical properties of the reinforcingléil and hence, being this the main
reason for the characterization of the UV-Vis speof nanocomposites.

Some earlier works also reported the UV-Vis trassmin spectra of polymer
nanocomposites based in MMT containing betweend318% of the clay inside oil-
derived polymers such as nyfdnpolyimidé”, PVC', polyvinyl alcohot®*’ and other
commoditie&®. There are also other works which reported sordaatéon of the UV-
Vis transmission in polyvinyl alcohol containingtiveen 0.5-10 wt.-% content of Red
Mud *° and also in PMMA containing 1 to 5 wt.-% conterft XD-undecenoate
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intercalated layered double hydroxitfesn spite of this, there is no previous literature
regarding the use of clay based systems as ardederute to generate UV blocking

properties in films or coatings, as well as in tise of non-MMT clays to enhance the
properties of bioplastics.

In this study, the morphology, UV-Vis blocking efttncy, color and gas and vapour
barrier properties as a function of clay contenha¥el mica based biocomposites of
solvent cast PLA, PCL and PHBYV are presented ascldsed.

Materials and methods
Materials

The bacterial polyhydroxyalcanoate grade was puwathafrom Goodfellow
Cambridge Limited, U.K., in pellet form. The sumai material was a melt-
processable semi-crystalline thermoplastic PHBYV Iymadroxybutyrate with 12
mol% of valerate) copolymer made by biological fentation from renewable
carbohydrate feedstocks. The polycaprolactone (P@iade FB100 was kindly
supplied in pellet form by Solvay Chemicals, Belgiulhis grade has a density of 1.1
g/cnt and a mean molecular weight of 100,000 g/mol. Tmaisrystalline poly(lactic
acid) (PLA) used was a film extrusion grade prodiubg Natureworks (with a D-
isomer content of approximately 2%). The molecuaight had a number-average
molecular weight () of ca. 130,000 g/mol, and the weight-average mdée weight
(M,y) was ca. 150,000 g/mol.

A proprietary food contact commercial laminar pbgllicate grade termed
NanoBioTel' AC11 based on a mica (so-called through the pelpgy containing 30
wt.-% (as determined by TGA) of an organophilic mfigdtion was kindly supplied in
powder form by NanoBioMatters Ltd., Paterna, Spadithe clay grade was
characterized to be a very fine slightly brown pewdnd no further details of sample
preparation and modification were disclosed byrttamufacturer.

Preparations of blends

Prior to the mixing step, the PHBV, PLA and théefilwere dried at 7C and the
PCL at 45°C under vacuum for 24 hours to removbesbmoisture.

Solution-cast film samples of the biodegradableemialls containing 1, 5 and 10
wt.-% of the clay filler were prepared with a dijnf thickness of around 100m,
using chloroform as a solvent. Organoclay solutiamschloroform were heavily
mixed using a homogenizer (Ultraturrax T25 baska-Werke, Germany) for five
minutes and were then stirred with the polymer 8PC4 during 30 min and
subsequently cast onto Petri dishes to generats fifter solvent evaporation at room
temperature conditions

TEM measurements

Transmission electron microscopy (TEM) was perfaireing a JEOL 101Qeol
Ltd., Tokyo, Japangquipped with a digital Bioscan (Gatan) image asitjoh system.
TEM observations were performed on ultra-thin sewi of microtomed thin
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biocomposite sheets. The films were embedded ixyepesin (Durcupan ACM,

Fluka) for the preparation of the sample and thsinrewith the sample was
microtomed with cryogenic cutting conditionshe PCL specimens could not be
successfully cut to generate clear TEM observatihres to the high plasticity of the
material even when cryogenic cutting conditionsemesed.

AFM measurements

AFM measurements were performed on PCL composisgggyuan Agilent 5500
SPM system (provided by Scientec Ibérica, Spainptestigate the morphology of
the composite surfaces on both sides of the class$.fiThe images were scanned in
tapping mode in air using commercial Si cantilewsith a resonance frequency of
320 kHz.

DSC measurements

Differential scanning calorimetry (DSC) of PCL, PWMBand PLA and its
composites was performed on a Perkin-Elmer DSCerntal analysis system on
typically 7 mg of material at a scanning speed@fCImin from room temperature to
the melting point of these materials. The thermowravere corrected with these of an
empty pan and the DSC equipment was calibrated wafthindium standard. To
calculate the Heat of Fusion of the PLA, as thispblymer undergoes cold
crystallization during heating, the melting peaksvgabtracted the cold crystallization
peak. Crystallinity was estimated using the rataaween the heat of fusion of the
studied material and the heat of fusion of an itfinrystal of same material, i.e. %X

— H f
~ AH?
specimen andHy° is the enthalpy of fusion of a totally crystadlimaterial. TheAH;°
fed to the equation was 93 J/g for P£A146 J/g for PHBV and 136 J/g for PCL

x100 (Equation 1), whereAH; is the enthalpy of fusion of the studied

UV-VIS spectra

An UV-Vis spectrophotometer (Hewlett Packard 8452Biode Array
Spectropotometer) was used to measure the tramswgtt spectra of specially
prepared thin films in the wavelength range 200—7®0 Thin films of biodegradable
materials and their composites of ca. 30 microneevepecially prepared by casting
over the surface of quartz cuvettes typically in-MM. In all cases, the UV abortion
signal of the films was normalized to exactly 3@rans of thickness for comparative
purposes.

The yellow index (YI) was calculated from the tramigance values of the UV-Vis
spectra. The Yl was calculated using the followielgtionship®

T680 — T420
Tsso

Where Tgo T420 and Tgo are the transmission dates at the wavelength 0hi6g
420nm and 560nm, respectively.

Yl = Equation 2
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Color measurements

Color parameters were determined in the reflectivede using a colorimeter,
Minolta Chroma Meter CR-300 series.

Gravimetric measurements

Direct permeability to d(+)-limonene of 95% purityanreac Quimica, Spain) and
direct permeability to water were determined frdma slope of weight loss vs. time
experiments at 24°C and 40%RH. The films were séithd between the aluminium
top (open O-ring) and bottom (deposit for the peante parts of aluminium
permeability cells. A Viton rubber O-ring was plddeetween the film and the bottom
part of the cell to enhance sealability. Then thtdm part of the cell was filled with
the permeant and the pinhole secured with a ruBbeng and a screw. Finally, the
cell was placed in the desired environment andstiteent weight loss through a film
area of 0.001 mwas monitored and plotted as a function of timellsCwith
aluminium films (with thickness of ca. 100 micronggre used as control samples to
estimate solvent loss through the sealing. The eahbifity sensibility of the
permeation cells was determined to be of ca. 0@F Kg m/s nf Pa based on the
weight loss measurements of the aluminium celldls@tamping polymer films but
with no solvent were used as blank samples to monitater uptake. Solvent
permeation rates were estimated from the steads-giarmeation slopes. Water
vapour weight loss was calculated as the total losb minus the loss through the
sealing. Organic vapour weight loss was calculatethe total cell loss minus the loss
through the sealing and plus the water weight gaie tests were done in duplicate
for both permeants.

Oxygen transmission rate

The oxygen permeability coefficient was derivednfr@xygen transmission rate
(OTR) measurements recorded using an Oxtran 10ipreeat (Modern Control Inc.,
Minneapolis, MN, US). During all experiments tengere and relative humidity
were held at 24 °C and 80% R.H. 80% relative humidias generated by a built in
gas bubbler and was checked with a hygrometer gllatéhe exit of the detector. The
experiments were done in duplicate. The sample® werged with nitrogen for a
minimum of 20 h prior to exposure to a 100% oxyfew of 10 ml/min, and a 5 cm
sample area was measured by using an in-houseopedeimask. Permeability (P)
was estimated from fitting the OTR-time curve te tfirst six sum terms of the
following solution of the Fick’s second law [23]:

P — n D"nt
OTR(t) :|p|:1+22(_1) eXp(_lg)} Equation 3
n=1

In Equation 1, D is the diffusion coefficient, ptie oxygen partial pressure and | is
the film thickness.
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Results and discussion
Biocomposites Morphology

Figure 1 shows typical pictures of PLA and PLA lupwposite films containing 1,
5 and 10 wt.-% of the clay. From these picturesait be seen that while all samples
remain transparent at 100 microns thickness, siyedi®e PLA and PLA+1 wt.-%
clay, the biocomposites exhibit some brownish celith increasing clay content due
to the presence of this particular filler in thetrha

Figure 1. Typical photographs of 100 microns thickness filoisPLA and of PLA
containing 1, 5 and 10 wt.-% of clay.

Figure 2 shows some TEM images taken from the spets of composites of
PHBV, and PLA. The current PCL samples were mofgcdit to cut and observe
with sufficient clarity due to the high plasticigxhibited by the polymer, which led to
misleading wrinkles and to too thick cuts to discelay morphology. The PLA and
PHBV samples show, a dispersed clay morphology Vaitty platelets, in which a
considerable reduction of the original tactoidsesig attained in all dimensions but
especially in the thickness direction. In any came exfoliation was observed in the
samples. Notwithstanding the above, most layereticpes, particularly in the PHBV
composites, are below 100 nm in thickness, typigader size limit definition for a
nanotechnology product. The remarkable observditam Figures 2, is the extremely
large size of the platelets dispersed in the makiber dispersion seems higher for
PHBYV than for PLA and the particles appeared ratinemted. In any case, it is clear
that the solution casting method used does not hkeadccompletely exfoliated
morphologies, since achieving fully exfoliated &yst is very seldom obtained
irrespective of the processing method, but stiéllds interesting submicro- and/or
nano-biocomposites with enhanced properties asllitbe shown. Particle size and
dispersion seem better for PHBV than for PLA, amdli cases particle sizes are well
below the micron in the thickness direction. Fraetuparticles along the layered axis
are also observed due to the aggressive homogemzitp.
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Figure 2. TEM pictures of A and B) PLA containing 5 wt.-% day and C and D)
PHBYV containing 5 wt.-% of clay. Scale markers 20600 nm for the left pictures and
1000 nm for the right pictures.

Figure 3 shows the surface roughness (topographimge) of the PCL cast
composite sample containing 5 wt.-% clay contenABy. The image suggests that
the extremely large particles are intercalatedheygolymer and are greatly dispersed
within this biopolymer matrix. This image also segts that there appears to be a
good adhesion of the filler to the biopolymer dagbssibly the organophylic surface
modification of the filler. Regarding particle tkitess, the clay layers have typical
thicknesses around 16 nm.

Figure 3 AFM topography picture of the 5 wt % clay PCL loogposite.
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Thermal properties

Melting temperature () and heat of fusionAH,) corrected for biopolymer
content in the biocomposites were determined frbm DSC thermograms of the
samples. Figure 4 shows typical endotherms of t8€ Hirst melting endotherms of
the neat biopolymers and of the 5 wt.-% filler leddbiocomposites. Data from the
first and the second heating runs are summaris@afte 1 for cast films of PCL with
different clay filler contents. The first heatingnris related to the original state of the
material after solvent casting and is, thereforerarmeaningful for correlation with
physical properties, such as barrier propertiesnRhis Table 1, the heat of fusion of
PCL and, therefore, the crystallinity is seen wréase in the biocomposite during the
first heating run of this biomaterial but the medfipoint is largely unmodified or
changes very slightly, it drops by c&Clin the 5 wt.-% loaded composite. The latter
result adds to similar nucleating observations rmegb in previous works for
PHB/PCL nanocompositésand suggests that the clay can act as a hete®pha
nucleating agent, hence promoting somewhat highgstallinity in the matrix.The
second heating run show lower values for both mgitemperature and heat of fusion
compared to the first run, due to possibly fasteoliog and higher metastability
compared to the solvent casting method. Table Wstibat the values for the second
heating run have the same comparative behaviotledirst heating.

Table 1. DSC melting point, melting enthalpy and crystatli(%Xc) of PCL and of
PCL biocomposites containing 1, 5 and 10 wt.-%lay.c

Sample Tm (°C) AH., (J/9) %X ¢ T (°C) AH., (J/9)

1" heating | 1% heating | 1* heating| 2" heating | 2™ heating
PCL 63.25+0.09| 51.82+0.05 38 55.75£0.09| 38.49+3.8bH
PCL+1 wt.-% | 63.09+0.19| 55.89+1.2p 41 55.94+0.12| 41.07+0.9Y
PCL+5wt.-% | 61.9240.38| 57.92+1.28 42 55.86+0.16| 41.90+4.44
PCL+10 wt.-% 63.75+0.96 | 65.06+0.7p 48 55.78+0.12| 42.80+2.89
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Figure 4 Normalized for total mass typical DSC thermographghe biopolymers

PCL, PHBYV, and PLA and their biocomposites with 6% clay in the first heating
run.

Table 2 summarizes melting temperature,))(Theat of fusion AH,) and the
crystallization temperature Jrof the PHBV and their biocomposites during thstfi
and second heating run. From this table, it casd®a that in the first heating curve,
the melting point is not greatly altered in theyot@ntaining samples and it is slightly
increased for the 5 wt.-% loaded composite. Buhésecond heating run the melting
point decreases with increasing clay content up6®C with 10 wt.-% clay content
due to possibly clay-induced polymer degradatiaththydrolytic and adiabafic®”
During the first and second heating runs, the mgltenthalpy (corrected for the
biopolymer content in the composite) decreases adweat low clay contents (1 wt.-
%), however at 5 wt.-% of clay content, the entiiadp fusion is the highest in the
concentration range screened. Nevertheless, filthweed crystallinity changes are
very small for this biopolymer. The crystallizaticemperature is not altered in the

clay containing samples, except for the 5 wt.-%clafy, where the crystallization
increases by 4°C.
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Table 2. DSC melting point and melting enthalpy during its¢ and 2nd heating runs
and crystallization temperature of PHBV and of PHBMcomposites with 1, 5 and
10 wt.-% clay content.

Sample Tm (°C) AHm (3/9) %X ¢ Tm (°C) AHn (J/9)
1% heating 1% heating 1t 2" heating 2" heating
heating
PHBV (139.86-153.87)+| 35.17+0.95 24 (146.45-157.28)| 37.42+0.87
(0.23-0.00) +(0.11-0.12)
PHBV+1 wt.-%| (138.85-152.94)+| 32.95+2.56 22 (143.45-153.45)| 37.23+2.03
(1.20-1.31) +(0.11-1.76)
PHBV+5 wt.-%| (138.86-154.28)+| 39.33+4.70 27 (140.45-150.95) | 39.1416.97
(0.23-0.35) +(1.30-1.06)
PHBV+10 wt.-%q (138.53-154.20)+| 37.71+2.10 26 (130.70-143.37)| 35.47+0.40
(0.47-0.82) +(1.88-1.41)

The thermal behavior of PLA is different and mommplex than that of the two
previous biopolyesters, because PLA exhibits a cojdtallization proce$s similar
to that typically observed for the petroleum-bagetyester polyethylene terephthalate
(PET). Table 3 presents the melting temperature) (Teat of fusionAHm) and the
cold crystallization temperature (Tcc) of the PLAdaof their biocomposites in the
first and second heating. From this Table 3, that fod fusion during the first and
second heating runs is seen to increase in theoimjpasites and the melting point
remains largely unmodified but it increases sligiitr the 5 wt.-% loaded composite.
A curious observation from this Table 3 is that iwhthe pure PLA does not have a
measurable melting endotherm in the second heasngthe polymer is in an
amorphous state, the PLA biocomposites developgstatlinity. This suggests again
that the clays act as a nucleating agent. Howefremn Table 3, the cold
crystallization temperature increases particulaity the highest filler content,
suggesting that the clay delays the cold crystitin process upon heating. Table 3
also shows that thegTof these materials increases slightly with fikemtent, due to
possibly clay-induced stiffening of the biopolymemorphous phase. However, for
the film of PLA with 10 wt.-% of clay the glincrease is less than for the composites
containing 1 and 5 wt.-% of clay. The reason fargtuserving a higherFise for the
samples with the highest filler loading must beiladted to further inefficiency of the
clay as a reinforcing element due to clay extensagregation and agglomeration.

Table 3.DSC melting point, melting enthalpy, cold crystation temperature and Tg
during the 1st and 2nd heating runs of PLA andlof Biocomposites containing 1, 5
and 10 wt.-% of clay.

Sample Tm (°C) AHp, (J/9) Tee (°C) %X Tm (°C) AHp, (J/9) Tee (°C) Tq (°C)
1 heating | 1% heating | 1%'heating |1 heating] 2" heating | 2" heating | 2" heating 2" heating
PLA 152.53+0.23 8.51+1.6] 110.95+1.30 9.1 - - - 0520.31
PLA+1 wt.-% 153.09+0.25| 10.87+0.69] 110.14+0.79 11.6 151.70+0.24 4.87+2{20 27.20+0.23 59.33+0.48
PLA+5 wt.-% 153.4540.11 10.86+0.82 109.7+1.41 11.4 151.78+0.35 4.42+0.87 125.95+0.8, 63.01+4.88
PLA+10 wt.-% | 151.86+1.18 16.90+3.04 116.747.7 18.1 151.36+1§643.14+2.02 126.70+3.07 60.13+0.23

In conclusion, the clay has a generic role in tleedmposites thermal properties,
of nucleation and promotion of some crystallinipgrticularly for PCL and PLA. In
principle, filler-induced crystallization of the dpolymers is positive from a barrier
perspective, since crystals are typically impernealystems to the transport of low

87



Results: Chapter |

molecular weight compounds. Nevertheless, extengsimgstallization may also
promote, as a downside, excessive rigidity and éemagility for the biopolymer
mechanical performance.

Mass transport properties

Table 4 gathers the water, limonene and oxygen @alitity coefficients of the
materials and their biocomposites. A curious fiisservation from Table 4 regarding
PCL is that the water permeability coefficient 083 10** Kg m / s ni Pa is much
higher than that of 0.023 1OKg m / s i Pa previously reported for toluene cast
PCL®. The reason for the large disagreement could lagetkto the different origins
of the two samples (lab scale material vs. indalsstale material production) and the
fact that molecular weight, the solvent used aradifferences in relative humidity
gradient used for testing were totally differenirddt permeability for limonene in
PLA was not reported, because the measurementiegietlues below the sensitivity
of the permeation cells; a previous study repotted the limonene permeability for
PLA is of ca. 0.000002 1§Kg m / s ni Pa when measured at°@5and 258 Pa of
vapour partial pressure gradi&ntThe previously reported water direct permeability
of the PLA films at 1.80 1¢ Kg m / s mf Pa using chloroform as a solvent, is very
similar to the one measured in our laboratory, thu¢he similar conditions of the
produced film.

Table 4. Water, limonene and oxygen permeability coeffitseof PLA, PHBV, PCL
and their biocomposites.

P water P limonene P oxygen
(Kg m/s mf (Kg m/s mf (m*m/s n%Pa) at
Pa) Pa) 80%RH

PLA 2.30+0.078* - 2.77+0.08&°¢
PLA+1 wt.-% 1.69+0.07&* - 2.08+0.16&°¢
PLA+5 wt.-% 1.05+0.26&" - 1.24+0.20&°¢
PLA+10 wt.-% 1.03+0.11&* - 1.09+0.17&°¢
Literature value PLA %1 26 & - 27t 7561
Literature value PLA 3¢1.80e™
PHBV 1.27+0.14&* 1.27+0.07&° 1.44+0.01&°¢
PHBV+1 wt.-% 0.49+0.038* 0.72+0.238° 1.53+0.01&°¢
PHBV+5 wt.-% 0.30+0.09&"* 0.28+0.04&° 0.98 +0.02&°
PHBV+10 wt.-% 0.60+0.208" 2.25+0.18&" 2.33 +0.03&°
Literature value PHBV?° 3.01 &
Literature value PHB?’ - - b5,106™
Literature value PHB” - - 0.236'f
PCL 3.39+0.61&* 5.05+0.65&"° 7.066%
PCL+1 wt.-% 1.58+0.05¥ 4.16+1.188° 5.48 +0.278&°
PCL+5 wt.-% 1.26+0.058" 2.58+0.57& 3.68 +0.29&°
PCL+10 wt.-% 1.26+0.058" 3.80+0.57& 3.676%
Literature value PCL 820.023¢! - 28d1 ggtt

At 35°C, 75%RH and cast from toluene
At 75%RH (commercial biobased material)
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¢ At 24°C and 0%RH (obtained by melt blending)
At 0%RH (solvent casting)

Figure 5A shows the plot of the water permeabitifythe neat PLA, PHBV and
PCL and of their biocomposites with 1, 5 and 18%tcontent of clay. In the case of
PLA, reductions of water permeability of ca. 27%4%b and 55% were obtained for
the cast films containing 1, 5 and 10 wt.-% of clagspectively. The barrier
improvement for the samples containing 5 and 16%wtof clay content yielded
similar barrier. Water barrier also increased vitittreasing clay content. In the case
of PHBV, the film containing 1 wt.-% of clay showswater permeability reduction of
61%, the one containing 5 wt.-% of clay shows auctidn of ca. 76%, but for the
film PHBV+10 wt.-% of clay the reduction is of c47%. In this case of the film
containing 10 wt.-% of clay the water permeabiligguction is lower than for films
with 1 and 5 wt.-% filler content, possibly due ttee clay content surpassing the
solubility limit and detrimental agglomeration. Rbe case of PCL composites, films
of this biodegradable polymer with 1, 5 and 10 W%t.clay exhibit a water
permeability decrease of 54%, 63% and 63%, resmygticompared to the unfilled
material. The latter results are similar in treodhose of PLA.

Figure 5B shows the limonene permeability for neatBV and PCL and their
biocomposites. In the case of the PHBV, a reprddecireduction in limonene
permeability of ca. 78% is obtained for the sangaetaining 5 wt.-% of clay loading.
However, further increase in clay content untilvitO-%, does not improve the barrier
as shown for other permeants above, due to clalpaggation. Films of PCL with 1,
5 and 10 wt.-% clay contents have a limonene pébitiadecrease of 18%, 49% and
25%, respectively, compared to the unfilled materidus, the lowest limonene
permeability coefficient value is for the samplemtaining 5 wt.-% of clay in all
materials. It is interesting to observe that, ingal, crystallinity in the biocomposites
increases by the nucleating effect promoted bycthgs and, therefore, the induction
of crystals as well as the nanodispersion of thgsclield the impermeable blocking
elements that result in enhance barrier. Impernecaloicks in plastics are responsible
for the increase in both detour and chain immodiion factors that enter in the
denominator in the expression for the calculatiérthe diffusion coefficient and,
therefore, result in decreased diffusion and hémgermeability. In this context, it is
relevant to observe that the PHBV specimen comtgirs wt.-% of clay exhibits
somewhat higher crystallinity compared to the 1 d8dwt.-% samples and it is
precisely this specimen the one showing the biggehictions in water and limonene
permeability. Nevertheless, from all of the abogsultts, it is the combination of the
optimum clay loading, i.e. in the vicinity of 5 w# which fills in the available free
volume, and the positive morphology generated bghsloading, the responsible
factor behind the reported barrier enhancement.
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Figure 5. A) Water permeability coefficient of PLA, PHBV andCL and their
biocomposite with 1, 5, and 10 wt.-% of clay. B)ridnene permeability coefficient
of PHBV and PCL and their biocomposites with 1abd 10 wt.-% clay content. C)
Oxygen permeability coefficient of PLA, PHBV and P@nd their biocomposites
with 1, 5, and 10 wt.-% clay content.

Table 4 gathers the oxygen permeability measuresmetied out in the samples.
The permeability value reported in the literatuce PLA of 1.75&° m’m/snfPa
measured at 75%RH [27] is of the same order of ihadm as the value of 2.77e
¥m3m/snfPa measured in our lab at 80%RH. For the PLA coitgmsontaining 1, 5
and 10 wt.-% of filler an oxygen permeability retan of 25%, 55% and 60%
respectively was observed, compared to the unfiieterial (see Figure 5C).

For the case of the PHBYV, the reported value foBPtf 5.106m’m/snfPa
measured at 75%RHis higher than the value obtained in our labosa&ir80%RH of
1.44€®*m®m/snfPa for the PHBV. On the other hand previous measenés on melt
mixed PHB followed by compression moulding provided value of 0.23e
¥mPm/sntPd. The variation could arise from the different mite origin, i.e.
homopolymer vs. copolymer, processing conditionsttaf two materials and the
difference in relative humidity gradient used fasting. A reduction in oxygen
permeability of 32% is measured for the film of PHBontaining 5 wt.-% of clay.
Increasing filler content to 10 wt.-% does not fesu further barrier increase (see
Figure 5C).

The previously reported oxygen permeability of PBLof 1.9¢"*m°*m/snfPa at

0%RH®, which is lower than the value of 7.08e’m/snfPa measured at 80%RH in
our laboratory. The reason for the discrepancyha dbsolute permeability value is
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again related to the different origin and procegsianditions to the materials and for
the difference relativity humidity used for the ttag. For the PCL composites, a
reduction in oxygen permeability of ca. 22%, 48% 48% was measured in the films
containing 1, 5 and 10 wt.-% of clay, respectivalge Figure 5C).

It is a general observation that composites comgib wt.-% of the filler exhibit
the highest oxygen barrier performance for the kiviidler content. These results are
also in good accordance in relative terms with pafoility for the other permeants
and with the thermal data discussed above, i.etalinity rise due to clay-induced
nucleation. The overall barrier results indicatattthe barrier performance is the
result of a good balance between polymer structomaiphology (crystalline phase
content and morphology) and filler loading, wheeg filler loading goes beyond the
clay solubility limit in the polymer, it agglomeest and even when in some cases
higher crystallinity is observed, it creates notlier enhancement in barrier but in
some cases opposite behaviour.

Figure 6 presents what we termed as the Clay Bagfigciency (CBE) for each
biomaterial and permeant. This factor is calculated dividing the penetrant
permeability drop in percent between the samplstafynity as determined by DSC
during the first heating run, also as a percentddes CBE factor highlights the
barrier effect of the clay in the biomaterials esmparates this from any crystallinity
rise measured. From the results, the clay is mificemt at 5 wt.-% content for all the
biomaterials tested and appears to reinforce mificemtly PHBV and PCL against
water and limonene permeation and less to oxygeis. durious that in PHBV, the
permeability for the biocomposite filled with 1 w8t of clay is more inefficient for
oxygen than for the other biopolymers and the ¢ffiereproducible.
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Figure 6. Clay barrier efficiency (CBE) plot for each bioreaal and permeant
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UV-VIS spectra

Figure 7 shows the normalized UV-Vis spectra tan86rons thickness of unfilled
PLA, PHBV and PCL and of their biocomposites. Thé tdgion is classified in three
zones: UVC (100-280nm), UVB (280-320) and UVA (3200nm).

Figure 7A shows the transmission spectra of PLAwitreasing clay content (1,
5, 10 and 20 wt.-% of clay). The UV-VIS transmiss&pectra show a reduction with
increasing clay content in the films. From the hess(Figure 7A), the transmittance of
the pure PLA in the region of UVC can be of a maximof 10%. The corresponding
PLA biocomposites show a reduction in transmittaticaround 0%, i.e. a complete
blocking to the passage of radiation, with 20 wtefdy content in the composite.
More relevant regions for protection are the UVRI &VA regions, where the pure
PLA has a transmittance of around 100%, thus th& Blvirtually transparent in this
range as it is in the visible range. Films of PLéntaining 20 wt.-% of clay content
reach transmission values below 15% of transmiéancthis region (UVB-UVA),
yielding a very efficient blocking effect, which cteases in the visible range where
transparency is still highly appreciated. It isaclghat 20 wt.-% filler content is
perhaps too high a loading to use, since it dogathesly affect to the transmission in
the visible range and will be unlikely to yield aptimum property balance.
Nevertheless, and as it was the case with the ébap@rformance, the ratio of
protection is still very efficient at 5 wt.-% ofagl addition, yielding 10 wt.-% not so
strong differentiating benefits. Thus, low clay temts (1 and 5 wt.-%) in the PLA
matrix lead to significant reductions in the UV Higtransmission, while retaining
transparency to a significant extent due to a highey dispersion in the matrix (see
Table 5).

In the case of PHBV, Figure 7B shows the transmissspectra of the
biocomposites with 1, 5, 10 and 20 wt.-% clay coht&he blocking effect of PHBV
in the UV-Vis region is higher than the PLA transgion since PHBV is a translucent
material. Similar as with the transmission speaf&LA, with increasing of clay
content, the UV-Vis transmittance decreases t@aifgiant extent in the UV region
and is more efficient for contents of 5 wt.-% ofagl Figure 7C shows the
transmission spectra of PCL and of its biocompesitéh different clay contents (1,
5, 10 and 20 wt.-%). PCL is also a very translugeaterial. In the UV region, the
reduction in transmittance is very low comparedtteer biodegradable materials such
as PHBV and PLA. In the visible zone, films of P€antaining 20 wt.-% of clay
reduce transmittance to a significant extent.

As a summary, the highly transparent PLA, but alse translucent PHBYV,
underwent the highest UV barrier effect due to dleition of this clay. The higher
barrier to filler loading ratio efficiency was obged to be for the 1 and 5 wt.-% clay
content samples (see Table 5). Light blocking wighdr in the UV range as required
and lower in the visible range for these two bigpsters.
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Figure 7. UV-Vis spectra normalized to 30 microns vs. claptent of cast films of
PLA, PHBV and PCL biocomposites.

Table 6 gathers the Yellowness Index (Y1) for thecbmposites. The yellowness
index describes the color changes of a sample étear or white towards yellow. The
yellowness index is dependent on the thicknesshef sample; in this case the
measurements were taken on 30 microns thicknesdiloas. As it can be seen from
Table 6, the YI of the biocomposites of PLA, PHBVWidaPCL increases with
increasing filler content, and the Yl data of PClU E&1.5) is higher than that of
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PHBV (YI=0.5) and of PLA (YI=0), due to the knowrpacity of PCL and the
transparency of the PLA.

Color measurements

The luminosity, L*, measures the clarity at whichcalor is perceived in the
CIELAB color system. It is determined by a percegetaf the light reflected by the
colored object. The co-ordinates of chromaticity aften termed “a” and “b” in this
color representation system. The co-ordinate “dinds the red/green axis (+a and
a), and “b” represents the yellow/blue axis (+b and

Table 6 gathers the color parameters, i.e. thenpetex L* and coordinates “a” and
“b”, taken in the samples. From the results, theihosity has a similar trend in all of
the three biopolymers. This parameter decreasels mwireasing clay content as
expected from the above. The coordinate “a” dee®ds negatives values with
increasing clay content. Films containing claysiéat color towards green. In the case
of the coordinate “b”, this value increases witbr@asing clay content, i.e. towards
yellow. Figure 8 shows the effect of increasingyatantent in the three materials on
the level of color generated in the biocomposifd®e level of color intensifies with
increasing clay content as expected but not im@ali manner. The graph shows a
good correlation between color index and the optindispersion of the organoclay in
the matrix, being dispersion deteriorated beyondt5% due to agglomeration and
therefore yielding stronger color index. Thus, tmical luminosity and the color of
these biocomposites results primarily from additidrihe clay but the level of these
parameters is also related to dispersion of thgsclia this context, the color study is
consistent with all previous data.

In summary, the biocomposites of PLA, PHBV and PGhpw a decrease in
luminosity, lightness and clarity with increasinfgotay content and a change of color
towards yellow and green.

Table 6. Yellow index (YI) and L*, a and b parameters &fA? PHBV, PCL and of
their biocomposites.

Yl L* a b

PLA 0 96.03+0.13| 0.37+0.011 2.30£0.19
PLA+1% clay 0.12 95.42+0.33 0.14+0.04 3.58+0.10
PLA+5% clay 0.24 93.19+0.26 -0.69+0.0p 9.63+0.97
PLA+10% clay 0.21 87.29+1.43 -0.71+0.14 19.22+1 .53

PHBV 0.49 97.07+0.14 -0.21+0.04 3.83+0.14
PHBV+1% clay 0.50 96.23+0.07 -0.46+0.00 6.25+0.07
PHBV+5% clay 0.48 93.06+1.23 -0.65+0.18 9.51+1.68
PHBV+10% clay 1.10 88.22+0.44 -0.82+0.40 22.12+0/78

PCL 1.45 95.93+0.27 0.10+0.04 2.22+0.09
PCL+1% clay 1.62 96.43+0.22 -0.17+0.06 4.99+0.32
PCL+5% clay 0.70 93.70+0.63 -0.83+0.06 11.22+0.83
PCL+10% clay 1.39 84.39+0.63 -0.30+0.06 25.10+0J77
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Figure 8. The effect of clay content on the biocompositdsrcimdex

Conclusions

The present study successfully developed novel PHBEL and PLA-layered
silicate biocomposites by a solvent casting methdkrein an organically modified
mica based filler was nicely distributed to a nayades level within the biodegradable
matrixes. No exfoliation of the filler was achievadany of the matrices but in all
cases extremely long platelets with thickness énrtanoscale were observed by TEM
and AFM techniques. All the biocomposites formuflatexhibited improvements in
properties such as gas (oxygen) and vapour (waigrlimonene) permeability and
exhibited considerable barrier to the transmisadriJV light due to the specific
blocking effect of the finely dispersed mica fillein conformity with the DSC
crystallinity data, property that generally incredswith increasing filler content,
oxygen but specially water and d-limonene permégbdoefficients were seen to
decrease to a significant extent in the biocompssiin the case of the barrier
properties, it was observed that PLA, PHBV and RGhtaining 5 wt.-% of clay, led
to a water permeability reduction of ca. 54%, 76% 63% and reductions in oxygen
permeability of ca. 55%, 32% and 48%, respectivelympared with the unfilled
material. Reductions in limonene permeability of €8% and 49%, for the films of
PHBV and PCL with 5 wt.-% of clay were also obsekv€lay barrier efficiency
plots, correcting for crystallinity, indicated th&%6 was indeed the optimum clay
loading used, being 1% not sufficient (given theklaf exfoliation and sufficient
dispersion) and 10% beyond the clay solubility timihere agglomeration and
property drop occur. For the UV light transmissifims of PLA and PHBV with 5
wt.-% of clay showed a decrease in the transmissfdhe damaging UV light of up
to ca. 75% at 250nm wavelength. In the visibletligansmission range, a reduction
of ca. 32%, 10% and 66% was observed at 650 nmlersytd for the PLA, PHBV
and PCL with 5 wt.-% of clay films, respectivelys A result, the increased barrier
properties of the biocomposites developed to UVit]igvater, limonene and oxygen
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highlights the excellent potential of these novanmaterials for film and coating
applications.
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PAPER 1V: Nanobiocomposites of Carrageenan, Zein, and Micd interest in
Food Packaging and Coating.
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Abstract

The present study presents the development andatbaration of biocomposites of
a red algae derived carrageenan, mica and theid®leith zein prolamine obtained
by solvent casting. The morphology of the blends wharacterized by scanning and
transmission electron microscopy (SEM and TEM),agbtmicroscopy and atomic
force microscopy (AFM). Mechanical behaviour, wdtarrier, water uptake and UV-
VIS protection of the cast films were also investayl. The results indicated that
addition of 10 wt.-% glycerol to the blends resdlte a better dispersion of the
additive and for that reason in a better improvenfenthe studied properties. The
composites were seen coloured but transparent dnibited the ability to block the
UV-VIS radiation due to the characteristic absogbiproperties of the filler.
Nevertheless, the main conclusion from the workhet the nanocomposites were
seen to act as a reinforcing plasticizer and adgbtb significantly reduced water
permeability and uptake. The clay was found to lmeenefficient in the latter aspect
than the zein prolamine as an additive. As a tedflubse novel carragenan based
biocomposites can have significant potential toedigy packaging films and coatings
for shelf-life extension of food products.

Keywords: Carrageenan; food hydrocolloids; nanocompositeskaiging; coatings
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Introduction

Biopolymer films have been the focus of worldwiditeation for the past few
decades because they offer favourable environmeatliantages in terms of
sustainability and compostability compared to cariemal synthetic polymeric films.
Edible and biodegradable natural polymer films oéfkernative packaging with lower
environmental costs. The search for new renewatseurces for the production of
edible and biodegradable packaging materials aatirgs has steadily increased in
recent years. In particular, non-conventional sesirof carbohydrates have been
extensively studied. There are various unique darti@ates that are found in marine
organisms that represent a largely unexplored sonfrgaluable materials. These non-
conventional and underexploited renewable matedals be used as an interesting
alternative to produce edible films and coatings.

The biopolymers studied in this work to producebedfilms and coatings wertégt-
hybrid carrageenan extracted from Mastocarpusasisll an underexploited red algae
present in the Portuguese marine cddstCarrageenans are water-soluble polymers
with a linear chain of partially sulfated galactamsich present high potentiality as
film-forming material. Carrageenans are structpalysaccharides from red seaweed
and have been used extensively in foods, cosmetics] pharmaceuticals
Carrageenan biopolymer extracted from Mastocarfallatis seaweeds was shown to
be a «k/-hybrid carrageenanwith gel properties comparable to commercial k-
carrageenan gel formefs. The use of carrageenan as edible films and coatings
already used in the food industry on fresh andefnomeat, poultry and fish to prevent
superficial dehydratidh ham or sausage casifggranulation-coated powders, dry
solid foods, oily food$ etc., but also manufacturing soft capsdlé§and especially
nongelatin capsules. Polysaccharide and protein film materials areratizrized by
high moisture permeability, low oxygen and lipidripeability at lower relative
humidities, and compromised barrier and mechanpralperties at high relative
humidities®.

In order to tailor the properties and improve thatew resistance of these
biopolymers, it is often desirable to combine witty; instance, other biopolymers
more resistance to water or with the addition afawdays. In the case of the addition
of nanoclays, these layers are known to form impairte shields. As a consequence,
it is expected that the nanocomposite carbohydfilte will have substantially
reduced water vapor permeability, thus helping dtves one of the long-standing
drawbacks in the use of biopolymer films, i.e. watkasticizatio®. Indeed, Lagaron
et al.™® showed that the dispersion of mica nanoclay laygesthe biopolymer matrix
greatly improved the overall water barrier withooteasurable impact in the
biodegradability of the matrix, thus turning themtoi industrially attractive materials.
Moreover, the addition of glycerol to carrageenas permited to obtain more usable
film forming materials Plasticizers are very important components tootathe
physicochemical properties of biopolymers. In piphe, addition of plasticizers
results in a decrease in the intermolecular fomesg the polymer chains, which
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consequently improve flexibility, extensibility, ughness and tear resistance of
biopolymer films. To enhance the barrier propertidsbiopolymer films, a high
crosslink density has often been promoted. As alttesn increase in the plasticizer
concentration normally causes an increase in thervg@rmeability of hygroscopic or
hydrophilic films due to a reorganization of the amamolecular network and a
subsequent increase in free volume. Indeed, somdiest have reported that the
addition of plasticizers yield marked increases garmeability and diffusion
coefficients of gas or water vapolff™> But this effect depends on the glycerol
content in the polymer. In fact, it has been regabrthat a decrease in water
permeability takes place for low additions of glyale between 5-10%, but that
increasing the glycerol content increases the waemeability'®™".

In this work, carrageenan was also combined with, zgther biopolymer from the
group of alcohol soluble proteins (prolamines) fdimthe corn endosperm. The film-
forming properties of zein have also been recoghfee decades and are the basis for
most commercial utilization of zein. Even when zsima protein, it presents unusually
high resistance to water. Zein films are also lerithnd plasticizers are often
recommended. Zein-based films show great potefttialises in edible coatings and
biobased packagify In a preliminary study, Arora and Padua developed
nanocomposites of zein and reported a water vapeuneability decreased of ca.
50% with the addition of kaolinite clays In some studies, zein was blended with
other proteins such as gluf@nstarch* and soy protefd. These were reported to
exhibit enhanced mechanical performance as a resuitending. Corradini et al.
reported a decrease in water uptake with the aaddf zein in starch films plasticized
with glycerof®.

However, very little is known about the developmemrtd characterization of
carrageenan nanocomposites. Daniel-Da-Silva etregorted the production of
polysaccharide i-carrageenan used in the produatibrmacroporous composites
containing nanosized hydroxyapatite, with applmatin bone tissue engineerfiig
Gan et al. also reported a new injectable biomatertarrageenan/nano-
hydroxyapatite/collagen for bone surg@ryTo be best of our knowledge, the addition
of nanoclays in the pure carrageenan and the sitittye barrier properties of these
nanocomposites have not been reported yet.

In this context, the overall objective of this wowkas the development of novel
renewable and biodegradable carrageenan-basedfmdaging films with improved
barrier properties, especially with enhanced watat UV-light resistance. To do so,
blends of carrageenan extracted from a Portugusssealgae with a water resistant
zein prolamine and/or with nanoclays were develoged characterized for the first
time.

Experimental
Materials

Details about the recovery &fi hybrid carrageenan biopolymers frdvh stellatus
seaweeds can be found elsewhéreThe polysaccharide used in the present study
was obtained through a hot extraction process pagd during 2 h at 95°C and a pH
of 8 on alkali-treated M. stellatus seaweeds. T@wilting powder was then purified
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by mixing 1 g of isolated product with 49 ml hotstilied water during 1 h and
subsequent centrifugation performed at sequendesyt 10 rpm and 40°C during
40 min. The supernatant was finally recovered as®ldor film forming by casting.

Zein from corn (grade Z3625) purchased from Signdriéh (Madrid, Spain) was
used as received without further purification. @iya was used as plasticizer and was
supplied by Panreac Quimica S.A. (Spain)

A food contact complying NanoBioTer® grade basedparified natural mica clay
was kindly supplied by NanoBioMatters S.L., (Pater8pain). No further details of
sample preparation and modification were discldgethe manufacturer.

Preparation of nanocomposites

Solution-cast film samples of the purified carratgee with (1, 5, 10 and 20) wt.-%
clay and 10 wt.-% glycerol content were prepareith &idry film thickness of around
50 um. Nanoclay dispersions in water were simply mikeé& homogenizer (Ultra-
turrax T25 basic, lka-Werke, Germany) for two masiand were then stirred with the
carrageenan during 30 min and, subsequently, castRetri dishes to generate films
of ca. 50um after solvent evaporation at room temperaturelitioms.

Solution-cast 50 microns thickness film samples tbé nanocomposites of
carrageenan containing 5 wt.-% clay, 20 wt.-% af zend 25 wt.-% of glycerol were
also prepared. A solution of zein in water:ethaf@/30, v/v) was first prepared and
then added to a suspension of nanoclays in camagegrepared as described above.
The solution was then stirred for 30 min and, sgbeetly cast onto Petri dishes. The
nanocomposites of zein and of carrageenan-zeimblemre only obtained with 5 wt.-
% of clay, due to the fact that the best propeghahce was found for compositions
around or below this loading level.

Optical light polarized microscopy

Polarized light microscopy (PLM) examinations usargECLIPSE E800-Nikon with
a capture camera DXM1200F- Nikon were carried outboth sides of the cast
samples.

SEM measurements

For scanning electron microscopy (SEM) observatibe,samples were criofractured
after immersion in liquid nitrogen, mounted on besemple holders and sputtered
with Au/Pd in a vacuum. The SEM pictures (Hitack180) were taken with an
accelerating voltage of 10 keV on the sample théskn

TEM measurements

Transmission electron microscopy (TEM) was perfafmasing a JEOL 1010

equipped with a digital Bioscan (Gatan) image asitjoh system. TEM observations
were very difficult to perform due to solubility @rdifficult handling of the films.
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However, some pictures were taken on microdropth®fsolution cast directly onto
the TEM observation grids.

AFM measurements

Atomic force microscopy (AFM) measurements werefgrened using an Agilent
5500 SPM system (provided by Scientec Iberica,r§gaiinvestigate the morphology
of the nanocomposite surfaces on both sides ofcs films. The images were
scanned in tapping mode in air using commerciat&itilevers with a resonance
frequency of 320 kHz.

Gravimetric measurements

Water permeability was determined from the slop¢hefweight gain—time curves at
24°C. The films were sandwiched between the aluwmintop (open O-ring) and
bottom (deposit for the silica gel that providesRI parts of a specifically designed
permeability cell with screws and placed inside esiccator at 75%RH. A Viton
rubber O-ring was placed between the film and thigoln part of the cell to enhance
sealability. The solvent weight gain through tHenfivas monitored and plotted as a
function of time. Cells with aluminium films weresed as control samples to estimate
water gain through the sealing. Solvent permeatains were estimated from the
steady-state permeation slopes. Water vapour wegint was calculated as the total
cell weight gain minus the gain through the sealirte tests were done in duplicate.

For the water uptake, samples were dried in a dasic at 0%RH until constant
weight. They were then allowed to saturate in nuoéstinside desiccators at 11%,
54% and 75% RH and monitored during sorption uctihstant weight (indicating
water uptake). These experiments were done indaitg.

Tensile test

Tensile test was measured at 10 mm/min according3®M Standard D638 in
stamped dogbone-shaped specimens of the sampileg,amsinstron Testing Machine
(Model 4469; Instron Corp., Canton, MA). The teastests were carried out at
ambient conditions, i.e. typically 21 °C and 60%Rihd the tests were done in
quadruplicate. The samples were preconditioned desiccator at 60%RH before
testing.

UV-VIS Spectra

An UV-Vis spectrophotometer (Hewlett Packard 8452Biode Array
Spectropotometer) was used to measure the abserlaanctransmittance spectra of
the films in the range 200-700 nm wavelength ligh¥-Vis spectra were taken in
thin films of biodegradable materials and their s@mposites cast directly onto the
surface of a quartz cuvette. The measurements latre normalized to an average
thickness of 30 microns for all the samples tovaldmmparison between materials.

104



Results: Chapter |

Results and Discussion

Morphology

Polarized optical light microscopy photographs waireed at the characterization of
the dispersion of the glycerol-phase and the naysdn the biodegradable matrixes.
Figure 1 shows the optical micrographs of the cmeaan castings with and without
glycerol and with different clay contents. In FigutA, films of pure carrageenan
exhibit some spots, most likely as a consequenc®iofe residues. However, Figure
1B indicates that clay tactoids (5 wt.-%) can beadly observed in the nonplasticized
carrageenan matrix. Figures 1 C, D, E and F shogvagiaphs of the carrageenan
containing 10 wt.-% of glycerol and 0, 1, 5 andvi@G% of clay content, respectively.
A first observation from these images is that apaagnt better dispersion of the clay
occurs in the presence of glycerol (compare FigliBeand 1E). Thus, the presence of
glycerol permits to increase the compatibility drehce dispersion between the clay
and the biopolymer in the nanocomposites. Fronetimaages, it can also be seen that
with increasing clay content from 1 wt.-% to 20 -¥. the clay agglomerates
(compare Figures 1D and 1F). Mica has very larggefgts which upon dispersion,
even if this is poorer than with other more coni@rdl nanoclays, should provide
high shielding efficiency in terms of low molecularight species diffusidh In
principle, this is the reason why it becomes reddyi easy to observe big tactoids by
optical microscopy since the platelets length andttwdimensions should tend to
naturally seat during film forming parallel to teasting dishes due to gravitational
and surface energy foré&s

Figure 1G shows a picture taken in the blend ofaggrenan containing 20 wt.-% zein
and 10 wt.-% glycerol. This picture shows a cldaage segregation of most likely the
zein phase in the polysaccharide matrix. Howeviguie 1H, shows that the ternary
blend is better dispersed in the presence of thealay.
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Figure 1. Optical micrographs of: (A) Carrageenan, (B) ageenan with 5 wt.-%

clay content, (C) carrageenan with 10 wt.-% glyteomtent, (D) carrageenan with 1
wt.-% clay content and 10wt.-% glycerol content) ¢Arrageenan with 5 wt.-% clay
content and 10wt.-% glycerol content, (F) carrageenith 20 wt.-% clay content and
10wt.-% glycerol content, (G) carrageenan with 20% zein content and 10wt.-%
glycerol content, (H) carrageenan with 20 wt.-%nzentent and 5 wt.-% clay content
and 10wt.-% glycerol content. The scale markeO@ @icrons in all the micrographs.

Figure 2 shows a picture with higher magnificatiaken in a film of carrageenan
containing 10 wt.-% of glycerol and 5 wt.-% of cl&rom Figure 2A, it can be clearly
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observed that glycerol forms a separates phasehat nticroscale within the
carrageenan matrix which is very homogeneouslyedssa. Curiously, clay platelets
are observed to be displayed inside glycerol degiand at the interphase between
the glycerol and the matrix (see arrows), sugggstigain a higher affinity for the
glycerol, which may then act as a compatibilizartfe filler (see Figure 2B).

1(i_p‘m_

Figure 2. Typical optical micrographs of: (A) CarrageenaithwiO wt.-% glycerol
content, (B) carrageenan with 5 wt.-% clay conterd 10wt.-% glycerol content. The
scale marker is 10 microns in the micrographs.

Figure 3 shows the scanning micrographs of thesesestion of these biopolymer
blends. For pure carrageenan, a homogenous filmpmtogy is observed (see Figure
3A). In the case of carrageenan with 5 wt.-% clagtent and 10 wt.-% glycerol (see
Figure 3B), the presence of the clay cannot beedisal. However, from Figure 3C it
can be seen that in the carrageenan-zein blendhvfiase separate, there seems to
be a strong interfacial adhesion between the bjopet matrix and the protein. The
two polymers are, therefore, not miscible, but catilpje due to the observed
interfacial contact. A similar morphology is alsbserved for the nanocomposite of
the carrageenan-zein blend (see Figure 3D). Figlreshows the morphology of pure
zein with analogous morphology as the zein compssitith clay, suggesting a fine
dispersion and adhesion of the nanoclay in the maitnix (see Figure 3F).
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Figure 3. Scanning electron micrographs of the cross sedafor(A) carrageenan
(scale marker is 10 microns), (B) carrageenan @iwt.-% clay content and 10 wt.-
% glycerol content (scale marker is 5 microns), ¢@yrageenan with 20 wt.-% zein
content and 10 wt.-% glycerol content (scale marler5 microns) and (D)
carrageenan with 5 wt.-% clay content and 20%itzein content and 10 wt.-%
glycerol content (scale marker is 5 microns) anyl Z&n with 10 wt.-% glycerol
content and (F) zein with 5 wt.-% clay content d&f@dwt.-% glycerol content (scale
marker is 5 microns).

Figure 4 shows some TEM results taken on specinéraasticized carrageenan
containing 5 wt.-% of the nanoclay. This figureigates a highly dispersed irregular
morphology consisting of intercalated tactoids wtiickness in the nanorange, i.e.
below 100 nanometers, and some exfoliated nanoplajelets most probably
fractured.

Figure 4. Transmission electron micrographs of plasticizedaggeenan containing 5
wt.-%clay. (scale marker is 200 nm).
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Finally, Figure 5 shows the surface roughness adreageenan cast film containing 5
wt.-% nanoclay content and 10 wt.-% of glycerol rasasured by AFM. From
observation of this Figure, it can be seen thatrtheoclay contains large platelets
strongly intercalated and dispersed at the nanblawenot to an individual platelet
level, which would have meant exfoliation, acrdss matrix. This image also shows
that there appears to be a good adhesion of thefitkanto the biopolymer.

Figure 5. AFM picture of plasticized carrageenan containingt5% clay and 10 wt.-
% glycerol

Mechanical properties

Specimens of carrageenan, zein and blends of esmmag-zein and of their
nanocomposites with glycerol were measured in lenssting experiments, in order
to evaluate the effect of adding nanoclays and peithe mechanical properties of

these biopolymersMechanical parameters such as tensile strengthngenodulus

and elongation at failure are presented in FigurEigure 6 shows that the stiffness,
strength, toughness but also the elongation atréalhas a general trend of increasing
in the materials with increasing clay content ire tmaterials. This suggests a
reinforcing-plasticizing effect of the nanoclay time material which in turn allow a
better mechanical handling of the films.

In Figure 6A, the tensile strength carrageenanesnsto increase with nanoclay
content, this behaviour has been reported in diffestudies with nanocla¥&®. This
suggests that the nanoclays act to reinforce theerrahas expected. Addition of
nanoclays to carrageenan resulted in an increae itensile strength of ca. 39% and
146% for the films of carrageenan with 10 and 20-%tnanoclay, respectively
compared to carrageenan containing 1 wt.-% ofrfdlentent. Nanocomposites with 1
wt.-% of filler are referenced because pure camagdilms could not be tensile tested
even with 10 wt.-% of glycerol due to excessivealiiity. This was expected as earlier
studie$™ reported a Young modulus as low as 25 MPa anthmsit break as low as
3.5% for a pure carrageenan film. The increasensite strength with further addition
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of clay is attributed to a good nanoclay dispersidrthese nanocomposites. This
behaviour is in contrast with the work by Majdzadalakani et al., who reported
that the addition of high nanoclay loadings inte #itarch matrix led to the appearance
of clay stacks, non exfoliated morphologies ancheaggregates that deteriorated the
mechanical properties and decreased the tensingstr of the higher loaded
specimenS. Curiously, in zein cast films, albeit the errordare relatively high the
tensile strength appeared to decrease in the filim Svwt.-% nanoclay compared to
the pure zein, due to most likely the poorer molpép of the nanocomposites with
zein.

The addition of zein to the carrageenan films iasesl the tensile strength by up to
72% compared to the carrageenan matrix. Kim eepbrted an analogous behaviour,
i.e. the addition of zein to gluten increased thechanical properties until the content

of zein reached 2@2%. Further increase in zein content lowered tleEhanical

propertied’. Pol et al. also showed that the tensile strengtsoy protein laminates
films increased (within a 95% confidence level)hiiicreasing the relative content of
zein in the laminaté§

Nanocomposite of the blends carrageenan-zein sedmeskhibit similar tensile
strength, albeit the error bar is relatively higlt carragenan improved this property
with the addition of zein, at least compared torihaocomposite of carrageenan with
1 wt.%.

Young’s modulus, expressing the stiffness of théenma, showed a general trend of
increasing values in the nanocomposites, albest Was not seen for some samples.
Figure 6B shows the Young modulus of these biopelgras a function of nanoclay
content. The Young’s modulus generally increasechimagenan with increasing clay
content, in line with the typical behaviour in naomposite¥ . Thus, an increase in
Young modulus of 70% for the film of carrageenathwi@d0 wt.-% nanoclay compared
to carrageenan with 1 wt.-% content was observedditdon of zein to the
carrageenan seemed to increase the Young moduigge@ement with the above cited
previous work’. However, the rigidity of the nanocomposites oistblend was
reduced with increasing clay content similarly athwhe composites of zein.

Elongation at failure for these biopolymers andrthanocomposites are presented in
Figure 6C. For pure carrageenan, it can be obseméadcrease of up to 132% for the
film of carrageenan with 20 wt.-% nanoclay compat@aarrageenan with 1 wt.-%
content. Elongation at failure was seen to incrdasall cases in accordance with
previous work§ % Toughness was, in accordance with the above, we@rcrease
with clay presence and content in the biopolymees (Figure 6D). This is a very
positive finding from an applied view-point because extreme rigidity of these
biomaterials restricts to a considerable exterusebility.

In summary, tensile strength, Young modulus, eltingaat failure and thoughness
increased with increasing clay loading in the cabearrageenandue to the good

dispersion of the clays in the carrageenan. Howeénehe case of the nanocomposites
of carrageenan-zein the rigidity was not enhanpedsibly due to phase separation
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and the very different mechanical response of the biopolymers and the lower
affinity of the zein for the nanoclay.

g

.
\
S
>
i

Tensile Strength (MP)
5 3
g

g

Young Modulus (MP&)

o
2

O

Elongation at Failure (%)
©

Toughness (Jy
g
B
\ 35
i B! £7%
\ H
N "
AY 5
\
\
\
ey

N

o 1% % L 20% o0.0000
% Clay cortent 0% 1% 5% 0% 0%
%Clay content

Figure 6. A) Tensile strength (MPa), B) Young modulus E (MP@) elongation at
failure (%) and D) Toughness (J) as a function ariotlay content for carrageenan,
zein and blends of carrageenan-zein.

Barrier properties

Table 1 gathers all the barrier data (direct pehitiéa and solvent uptake) that has
been measured in the neat biopolymers and in Hieadomposites and also gathers
permeability values reported in the literaturetfoe neat biopolymers.

First observation from Table 1 regarding pure aeeman is that the water
permeability coefficient of 6.86 70 Kg m / s ni Pa is really similar to the 6.7 1
Kg m / s mi Pa previously reported for this/i-carrageendn An interesting
observation is the effect of glycerol in the barpeoperties, Table 1 indicates that the
water permeability decreased by ca. 32% with thdbtimeh of 10 wt.-% of glycerol, as
expected for low additions of glycerol to the matiialja et al. reported that the water
permeability of potato starch-based films was highighout plasticizer than with 20
wt.-% of glycerol at all RH gradients. However, tlilens plasticized with 30 or 40
wt.-% of glycerol exhibited increased water perniligl®. The increase in water
permeability for plasticizer-free potato starchdmhsfilms was attributed by the
authors to the presence of microcracks in the pigpolymer film. The carrageenan
samples studied here did not show evidences ofoeriacks upon careful inspection.
Guo et al. also reported that cellulose acetatesfivith plasticizer contents of 5 to 10
wt.-% (w/w, solids) had lower water permeabilitathfilms without plasticizer. They
attributed this behaviour to a decreased moleaulaility of cellulose acetate in the
presence of plasticizefs
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Table 1 and Figure 7A teach that the water pernigalshow minimum values for
specimens containing 1 and 5 wt.-% of nanoclaynftoe results, a decrease in the
water permeability of ca. 86%, 83%, 61% and 61% tfer films of plasticized
carrageenan containing 1wt.-%, 5wt.-%, 10wt.-% a6d1t.-% of clay, respectively,
were seen compared with the unfilled plasticizedenia. So, the addition of the
clays to the plasticized carrageenan films enharcesiderably the water barrier
properties.Nevertheless, addition of higher nanoclay contéh@ and 20wt.-% of
clay) results in lower reductions in water permbghidue to most likely nanoclay
agglomeration which results in a reduction in tlamaclay barrier efficiency due to
creation of preferential paths for diffusion. Thessults are not in coincidence with a
recent paper that used the same type of mica-bzsaaclay but in methyl cellulose
and chitosali. In the latter materials, higher loadings of clag, 20 wt.-% were
needed to achieve similar water permeability radast however these materials did
not make use of glycerol as plasticizer. From tleephology results reported above,
glycerol enhances the nanoclay dispersion in caeagn. In fact Table 1 indicates
that if 5 wt.-% of nanoclay is added to carrageen@hout glycerol, the permeability
reduction is smaller, i.e. 31% in permeability drepggesting that the dispersion is
indeed poorer.

The water uptake of the carrageenan films and @if tlelated nanobiocomposites at
different humidities is also summarized in TableAlgeneral observation is that the
water uptake increased for all samples with inéngaRH, as expectéd Also the
presence of glycerol increased the water uptakeobiyt at medium-high %RH. The
uptake was higher at higher %RH. The same behawasrreported by Zeppa et al.
% Thus, glycerol was seen to decrease the watakeitt low activity but increased it
at high activity. This phenomenon has been atteithuto potential interactions
between the hydroxyl groups of carrageenan andhtfikoxyl groups of glycerol
resulting in less sorption sites for water molestfe®

Interestingly, the films of plasticized carrageemantaining 1, 5, 10 and 20.-wt% of
clay exhibited clearly lower uptakes at 75%RH, ca. 56%, 56%, 61% and 65%,
respectively, compared with the unfilled plasticizenaterial. At 54%RH, higher
reductions of 85%, 90%, 81% and 61% were obseniéld increasing clay content
(see Figure 8A). However, at 11%RH the nanocomgesdok up more moisture than
the unfilled material most likely by moisture beiqgeferentially sorbed at the
nanoclay surface. The significantly lower water alggt at medium high relative
humidities, but especially at medium, must be eglab a water solubility reduction
due to the presence of the nanoclays filling thailakle free volume in the
biopolymer matrix as moisture begins to plasti¢tz biopolymer.

Tabla 2 and Figure 7B also show the water permgabi plasticized zein films. A
first observation is that the water permeabilityzein containing 25 wt.-% of glycerol
is 7.41 10" Kg m/s nf Pa, whereas a film of pure zein was reported lyiset al. to
be of 30.34 18* Kg m/s nf P& by Ghanbarzadeh et al. of 53.56&g m/s nf Pa in

a compression molded zein fiftmThe reason for the disagreement could be retated
the different origin, testing conditions, compasitiand processing of the films. From
the results the water permeability of the plastidizein film is seen higher than the
water permeability of the pure plasticized carragee Moreover, addition of zein to
carrageenan in the presence of glycerol did nopestirm in barrier properties
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plasticized carrageenan. However, the nanocomgositecarrageenan-zein show a
reduction in the water permeability of 18% compatedhe plasticized carrageenan,
Hence, the nanoclay seems a more efficient elethamt zein to reduce the water
permeability of carrageenan.

In terms of the water uptake of zein (see Figurg, 8Bis observed that the water
resistance in terms of uptake of the polymer is mitigher than that of carrageenan,
as expected. Thus, the water uptake of zein cdntpl?b wt.-% glycerol measured at
11%, 54% and 75%RH is 66%, 61% and 48%, respegtigahaller than plasticized

carrageenan. In good accordance, blends of camagemntaining 20 wt.-% of zein

show a reduction in uptake of 15%, 30% and 19%peesvely, compared to

plasticized carrageenan. Again, in the case ofnifw@ocomposites of the blend, a
reduction in the water uptake at 11%, 54% and 75%REa. 60%, 40% and 33%,

respectively, were seen compared to the plastidaedgeenan films.

Nielser® developed an expression to model the permealsifiy two-phase film in
which impermeable square plates are disperseddonéinuous conducting matrix.
The plates are oriented so that the two edges wdldgngth, L, are perpendicular to
the direction of transport: and the third edge, thiekness W, is parallel to the
direction of transport. This expression is:

P = Pm(l— %)/[1+ (L /2\N)qod] (equation 1)

where P is the permeability of the compositg, iB the permeability of the matrix, and
@4 is the volume fraction of the impermeable fill#he (1 -®gy) term accounts for
volume exclusion and the (1 + (L/2Wy) term for tortuosity. Note that this model
does not account for permeation through the displephase.

A more realistic system to consider is one in whactliscontinuous low-permeability
phase is present in a high-permeability matrix. e’ developed a model to
describe the conductivity of a two-phase systemwhich permeable spheres are
dispersed in a continuous permeable matrix. Frfck&tended Maxwell's model to
describe the conductivity of a two-phase systemwitich permeable ellipsoids are
dispersed in a more permeable continuous matrixis Thodel describes the
permeability of a two-phase system in which lowermpeability elongated ellipsoids
(Py) are dispersed in a more permeable continuousxiety).

According to the latter model, the permeabilityaofomposite system consisting of a
blend of the two materials in which the disperskdse @, is the volume fraction of
the dispersed phase) is distributed as ellipsaidsbe expressed as follots

P= (R+ PF)/(1+F) (equatidn
where
F={,/1 —D,][1/(1+(1-M)(Py/Py-1))] (equation 3)
M = co8 / sir’ 8 [6 -1/2 sin B] (equation 4)
and
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co® =WI/L (equation 5)

Wherepgay = 2.7 g/ml, B= 0, R=100 and L/W was taken as 8 and 100.
W is the dimension of the axis of the ellipsoidgik to, and L the dimension
perpendicular to, the direction of transport, &rd given in radians.

Figure 9 shows the experimental permeability valieeshe plasticized carrageenan
system and modelling results using the Nielsen inad@ Fricke extended Maxwell’s
models. The Fricke modelling results for the highspect ratios best fit the data at
lower filler volumes (between 1 and 5 wt.-% of glaflowever, higher clay loading
contents (between 10 and 20 wt.-% of clay) do mtioW the modelling trend

suggesting as explained above that agglomeratioth@fnanoclay decreases the
barrier efficiency.

Table 1. Water permeability, water %uptake at 11%, 54% arm®RH for
carrageenan and carrageenan-zein films and thedrcoanposites.

P water Water Water Water
(Kg m/s m?Pa) Uptake Uptake (%) Uptake (%)
(%) 54%RH 75%RH
11%RH
Carrageenan 6.86+0.041%- 5.12 10.90%0.29 17.0210.34
Carrageenan+5%clay 4.74+0.02%8e- | 4.99+0.38 9.44+0.34 16.35+0.43|
Carrageenan+10%oglycerol 4.65+0.54%¢- 3.62+0.32 12.41 26.03+0.62
Carrageenan+1%clay+10%glycerol 0.65+0.1%e-| 3.71x1.26 1.84+2.72 11.35%1.64
Carrageenan+5%clay+10%glycerol 0.81+0.52e- 5.57 1.21 11.3620.29
Carrageenan+10%clay +10%glycerol 1.82+0.85e-| 5.28+1.33 2.39+0.07 10.18+1.05
Carrageenan+20%clay+10%glycerol 1.80+0.6Be-| 7.75+4.37 4.79+0.62 9.21+0.20
Carrageenan+20%Zein+10%glycerol 5.65+0.2%8e-| 3.06+0.29 8.66+0.29 21.14+0.98|
Carrageenan+20%Zein+5%clay+10%glycerd| 3.81+0.086e] 1.44+0.39 7.55+0.52 17.42
Zein+10%glycerol 1.68 3.74+0.57 9.77+0.80
Zein+5%clay+10%oglycerol 1.67+0.25 3.61+0.54 6.04+0.511
Zein+25%glycerol 7.418 1.22+0.16 4.83+0.70 13.390.52
Zein+5%clay+25%glycerol 7.71£0.776%- 2.39 5.99+0.72 9.37
kfi-carrageenan literature Value*® 6.7
Zein literature Value® 30.36€
Zein literature Value® 53.506"
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Figure 7. Water direct permeability for (A) films of carrageen and their
nanocomposites (B) films of carrageenan/zein blemdstheir nanocomposites.
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Figure 9. Water uptake (%) at 11%, 54% and 75%RH for: (A) Thms of
carrageenan and their nanocomposites (B) the filihtarrageenan and zein and their
nanocomposites

UV-VIS

Figure 10 shows the visual appearance of the pilastl carrageenan composite films.
From this Figure an increase in colouring of themgle and a reduction in

transparency was observed with increasing clayettnparticularly for the sample

containing 20 wt.-% of filler. Nevertheless, lowldi contents still exhibit good

contact transparency.

Figure 11 shows the normalized transmittance far WV-VIS spectra of the
nanocomposite films of plasticized carrageenan ®@hmicrons thickness. The UV
region is typically classified in three zones: U\dtraviolet C) (100-280nm), UVB
(Ultraviolet B) (280-320) and UVA (Ultraviolet ABR0-400nm) .

From Figure 11 a clear reduction in UV-VIS trangarite with increasing clay
content in the films was observed. From the restits transmittance of the pure
carrageenan in the region of UVC is around 30%.ofnglete shielding of UVC
occurs for the selected thickness at 10 and 2@amtlay loading in the carrageenan
film. Films of carrageenan containing 20 wt.-% @foclay led to reductions in the
transmission of light in the UVB-UVA of ca. 95-100% the visible region, pure
plasticized carrageenan has a transmittance of 88%reas the film of plasticized
carrageenan containing 20 wt.-% of clay has vétig liransmittance.

It is clear that 20 wt.-% filler loading is perhafmo high a loading since it does
negatively affect the transmission in the visibdege and will be unlikely to yield
optimum property balance. Nevertheless, and asaig wbserved with the barrier
performance, the ratio of protection is still veffficient at nanoclay loadings of 5 wt.-
%, yielding the 10 wt.-% filler not so strong difémtiating benefits. Thus, low
nanoclay contents (5 wt.-%) in the carrageenanixnigtd to significant reductions in
the UV light transmission (see Table 2), while i@teg transparency to a significant
extent.
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Figure 10. Typical photographs of ca. 30 microns thicknesmdilof plasticized
carrageenan containing: A) 0 wt.-% of clay, B) 1-% of clay, C) 5 wt.-% of clay, D)
10 wt.-% of clay and E) 20 wt.-% of clay.

— — — Carrageenan+1wt.-%clay
1004 *teeet Carrageenan+5wt.-%clay

—_—— Carrageenan+10wt.-%clay
= ==« Carrageenan+20wt.-%clay
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1200

Wavelenght(nm)

Figure 11. UV-Vis spectra of 30 microns films of plasticizecar@geenan
nanocomposites containing 0, 1, 5, 10, and 20 wof#anoclay.
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Table 2. UV-Vis blocking (% Thanocomposie?0 Tprising @t 300nm (UV) and 600nm
(Visible) wavelengths per wt.-% of nanoclay in piciged carrageenan
nanocompoaosites.

Wt.-% filler Blocking at 300nm Blocking at 600nm
%T/wt.-%clay %T/wt.-%clay
1 0 21.26
5 8.92 8.06
10 4.14 7.45
20 2.19 4.03

Conclusions

Successful blends of carrageenan with zein prolaraimd a mica clay additive were
obtained by solution casting using glycerol asasfitizer. From the results, addition
of glycerol to the carrageenan nanocomposite fijmesmitted to obtain a good
dispersed morphology of the inorganic additive,eesgly at low filler contents.
Addition of zein to the plasticized carrageenaméilshowed phase separation but with
strong adhesion suggesting that the two polymersiat miscible but are compatible.
Tensile strength, Young modulus, elongation aufailand toughness increased with
increasing clay loading for the plasticized careags compositesiue to the good
dispersion of the clays in the matrix. However, floe carrageenan-zein composites
the rigidity was not enhanced, possibly due to rnientioned phase separation, the
very different mechanical response of the two bippers and the lower affinity of
the zein for the nanoclay. Interestingly, the addibf nanoclays (1 or 5 wt.-%) to the
plasticized carrageenan decreased significantlyntier permeability by ca. 86 and
83%, respectively. The water uptake was also retlbgeup to ca. 90% in samples
with low nanoclay contents at high relative humjdisuggesting that the observed
lower water permeability may be strongly contriltuitby a nanoclay induced
solubility drop effect. Additionally, low nanoclagontents (1 or 5 wt.-%) in the
carrageenan matrix led to significant reductionghie UV-VIS light transmission,
while retaining transparency. These results sugd@est these blends can have
significant potential in food packaging and coatamplications where enhanced water
resistance and permeability and increase flexjbdan provide more usability for the
polysaccharide.

References

(1) Hilliou, L.; Larotonda, F.D.S.; Abreu, P.; RamdsM; Sereno, A.M; Gongalves M.P.
Effect of extraction parameters on the chemicaicstre and gel properties of kappa/iota-
hybrid carrageenans obtained from Mastocarpusasisll Biomolecular Engineering,
2006, 23: 201-208.

(2) Hilliou, L.; Larotonda, F.D.S.; Sereno, A.M.;o@Gc¢alves, M.P. Thermal and
viscoelastic properties ok/i-hybrid carrageenan gels obtained from the Portsgue
seaweed Mastocarpus stellatus. Journal of Agri@lland Food Chemistry. 2006, 54 (20),
pp. 7870-7878. ANTIGUO 24

118



Results: Chapter |

(3) Hilliou, L.; Gongalves, M.P.. Gelling propesief a kappa/iota-hybrid carrageenan:
effect of concentration and steady shear. Intesnati Journal of Food Science &
Technology, 2007, 42: 678-685.

(4) Larontonda, F. D. S.; Hilliou, L.; Goncalves, B.; Sereno, A. M. — From Low Value
renewable Resources to green Biomaterials for Edildating Applications. In Recent
Advances In Research on Biodegradable Polymers astdiBable Composites (vol. 3); A.
Jiménez, G. E. Zaikoz (Eds.), 2008, p. 19. ISBN 2#&8692-155-5.

(5) De Ruiter, G. A.; Rudolph, B. Carrageenan biotetdmo Trends Food Sci. Technol.
1997, 8, 389-395.

(6) Shaw, C.; Secrist, J.; Tuomy, J. Method of edieg the storage life in the frozen state
of precooked foods and product produced. U.S. P&8380, 4,196,219.

(7) Macquarrie, R. Edible film formulation. U.S. Bat 0155200 Al, 2002.

(8) Ninomiya, H.; Suzuki, S.; Ishii, K. Edible filrand method of making same. U.S.
Patent 1997, 5,620,757.

(9) Tanner, K.; Getz, J.; Burnett, S.; Youngblood, Braper, P. Film forming
compositions comprising modified starches and @aaageenan and methods for
manufacturing soft capsules using same. U.S. Pa@s31331 Al, 2002.

(10) Bartkowiak, A.; Hunkeler, D. Carrageenan—oligtaan microcapsules: optimization
of the formation process. Colloids Surf. B: Biointeda. 2001, 21, 285-298

(11) Fonkwe, L.; Archibald, D.; Gennadios, A. Nolagm capsule shell formulation. U.S.
Patent 0138482 Al, 2003.

(12) Brody, A.L.. Edible packaging. Food Technol02059, 65.

(13) Lagaron, J.M.; Fendler, A. High water barm@nobiocomposites of methyl cellulose
and chitosan for film and coating applications.rdal of Plastic Film and Sheeting. 2009,
Volume 25, Issue 1, Pages 47-59.

(14) Tihminlioglu, F.; Atik, I1.D.; Ozen, B. Water par and oxygen-barrier performance of
corn-zein coated polypropylene films. Journal odd&ngineering. 2010, 96 342-347.

(15) Guilbert, S.; Gontard, N.; Gorris, L. G. M.oRingation of the shelflife of perishable
food products using biodegradable films and coatirfgpod Science and Technology.
Lebensmittel-Wissenschaft & Technologie. 1996,12817.

(16) Talja, R.A.; Helén, H.; Roos, Y.H.; Jouppila, Kffect of various polyols and polyol
contents on physical and mechanical propertieot#tp starch-based films. Carbohydrate
Polymers. 2007, 67, 288—295.

(17) Schou, M.; Longares, A.; Montesinos-Herrero, i@onahan, F.J.; O'Riordan, D.;

O'Sullivan, M. Properties of edible sodium caseinfilims and their application as food
wrapping, Lebensmittel-Wissenschaft und-Technolo2@®5. 38, 605-610.

119



Results: Chapter |

(18) Padua, G.W.; Rakoronirainy, A.; Wang, Q. Zeased biodegradable packaging for
frozen foods. In: Conference Proceedings. The Foogdik Conference. 2000, Denmark
27-29, pp. 84-88.

(19) Arora, A.; Padua, G.W. Review: NanocompositeBaod Packaging. Journal of Food
Science. 2010, 75 (1), pp- R43-R49.

(20) Kim, S. Processing and properties of glutdn/zemposite. Bioresource Technology.
2008, 99, 2032-2036

(21) Corradini, E.; De Medeiros, E.S.; Carvalho,.R.JCurvelo, A.A.S.; Mattoso, L.H.C.
Mechanical and Morphological Characterization ofr@i&ein Blends Plasticized with
Glycerol. Journal of Applied Polymer Science. 20081, 4133—-4139.

(22) Pol, H.; Dawson, P.; Acton, J. ; Ogale, A.y$uotein Isolate/Corn-Zein Laminated
Films: Transport and Mechanical Properties. Joush&od science. 2002, 67, nr. 1.

(23) Corradini, E.; de Carvalho, A.J.F.; Curvelo, AdA S.; Agnelli, J.A.M.; Mattoso,
L.H.C. Preparation and Characterization of TherngtaStarch/Zein Blends. Materials
Research. 2007, Vol. 10, No. 3, 227-231.

(24) Daniel-Da-Silva, A.L.; Lopes, A.B.; Gil, A.M.Correia, R.N. Synthesis and
characterization of porous-carrageenan/calcium phosphate nanocomposite ktaffd
Mater Sci. 2007, 42:8581-8591.

(25) Gan, S.-L.; Feng, Q.-L. Preparation and charemation of a new injectable bone
substitute-carrageenan/nano-hydroxyapatite/collageta Academiae Medicinae Sinicae.
2006, 28 (5), pp. 710-713.

(26) Olabarrieta I.; Gallstedt, M.; Ispizua, |.;r8sua, J.R.; Hedenqgvist, M.S. Properties of
Aged Montmorillonite-Wheat Gluten Composite Films.Agric. Food Chem. 2006, 54,
1283-1288.

(27) Wang, N.; Zhang, X.; Han, N.; Bai, S.. Effedtaitric acid and processing on the
performance of thermoplastic starch/montmorilloniteanocomposites Carbohydrate
Polymers. 2009, 76, 68—73.

(28) Chang, J-H.; Uk-An, Y.; Sur, G.S. Poly(lacticidd nanocomposites with various
organoclays. |. thermomechanical properties, mdggyo and gas permeability. J Polym
Sci Part B: Polym Phys. 2003, 41:94-103.

(29) Majdzadeh-Ardakani, K.; Navarchian, A.H.; Sgldie F. Optimization of mechanical
properties of thermoplastic starch/clay nanocontpssiCarbohydrate Polymers. 2010. 79,
547-554.

(30) Soundararajah, Q.Y.; Karunaratne, B.S.B; Rajspalk.M.G.; Montmorillonite
polyaniline nanocomposites: Preparation, charaettan and investigation of mechanical
properties. Materials Chemistry and Physics. 2008, 850-855.

(31) Ganguly, A.; Bhowmick, A. K. Effect of polar mification on morphology and

properties of styrene-(ethylene-co-butylene)-stgrerriblock copolymer and its
montmorillonite clay-based nanocomposites. Matér 2309, 44:903-918.

120



Results: Chapter |

(32) Guo, J. H. Effects of plasticizers on waternpeation and mechanical properties of
cellulose acetate: antiplasticization in slightlggticized polymer film. Drug Development
and Industrial Pharmacy. 1993, 19(13), 1541-1555.

(33) Zeppa C.; Gouanve, F.; Espuche, E. Effect d?lasticizer on the Structure of
Biodegradable Starch/Clay Nanocomposites: ThermaltekABorption, and Oxygen-
Barrier Properties. Journal of Applied Polymer Scer2009, Vol. 112, 2044-2056.

(34) Parris, N.; Dickey, L.C.; Kurantz, M.J.; MoteR.O.; Craig, J. C. Water vapor
permeability and solubility of zein/starch hydrdphfiims prepared from dry milled corn
extract. Journal of Food Engineering. 1997, Vol®B8elssue 2, Pages 199-207.

(35) Ghanbarzadeh, B.; Musavi, M.; Oromiehie, A.Rz&& K.; Razmi Rad, E.; Milani,
J. Effect of plasticizing sugars on water vapornpeability, surface energy and
microstructure properties of zein films. Food Sciemnd Technology. 2007, Volume 40,
Issue 7, Pages 1191-1197.

(36) Nielsen, L. W. J. Macromol Sci.1967, Al, 929.

(37) Maxwell, J. C. Electricity and Magnetism. 18%b]. 1, 3rd., Dover. New York.

(38) Fricke, H. A Mathematical Treatment of the ditee Conductivity and Capacity of
Disperse Systems |. The Electric Conductivity of asg@nsion of Homogeneous
Spheroids. Phys. Rev.1924, 24, 575.

(39) Paul D.R.; Bucknall, C.B. Polymer Blends. 2000,Viad.2: Performance.

121



Results: Chapter |

PAPER V: Novel Polycaprolactone Nanocomposites containing ¥mol of
interest in antimicrobial film and coating applications.
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Abstract

It is well-known that the nanocomposites technolaman significantly enhance,
among others, the thermal, mechanical, and bapreperties of plastics. It is also
known that most bioplastics, including the thernagfic biopolymers, have lower
than desired levels for certain properties whictk@satheir use in certain packaging
applications problematic. The combination of actitechnologies such as
antimicrobials and nanotechnologies such as nanpesites can synergistically lead
to bioplastic formulations with balanced propertiasd functionalities for their
implementation in packaging applications. The pneserk presents the development
and characterization of novel nanocomposites ofqamrolactone with enhanced
barrier properties and with controlled-release haf biocide natural extract thymol.
The antimicrobial nanocomposites of biodegradablatenmls were prepared in
solution by a casting method. The morphology oflitteomposites was visualized by
transmission electron microscopy and by atomic domicroscopy, the thermal
properties were investigated by differential scagncalorimetry and the relative
uptake (solubility) and kinetics (diffusion) of tiheleased biocide were determined by
Attenuated Total Reflection Fourier Transformedrdnéd spectroscopy. Water,
oxygen, and limonene barrier properties were afdmeced in the biocomposites.

Keywords: nanocomposites, biodegradable materials, antitiaro
properties.
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Introduction

Active Technologies in packaging have been defamdystems in which the product,
the package, and the environment interact in atigesivay to extend shelf-life or to
achieve some characteristics that

cannot be obtained otherwise [1]. The main aimoti’e packaging technologies is to
change the conditions of packaged food in ordeextend the shelf-life [2]. This
practice can improve food safety and sensory ptiggemvhile maintaining the quality
of packaged food. Active packaging techniques fonservation and improving
quality and safety of foods and of other produets be divided into three classes: (i)
absorbing systems; (ii) releasing systems; and @ther speciality systems for
temperature, ultraviolet light and microwave mamaget [3]. Antimicrobial activity
can be realized by adding antimicrobial (AM) agetatsa packaging system during
manufacturing or by using AM polymeric materialg]. [Ahere are three typical
systems of AM agent activity: (i) absorption; (ilnmobilization; and (iii) release
systems. The release system allows the migratidheoAM agent into the food or the
headspace inside the package to inhibit the graitimicroorganisms. Controlled
release packaging is a new generation of packanpatgrials that can release active
compounds at different controlled rates suitablegiohancing the quality and safety
of foods during extended storage. The substanegsatle possible to include in the
release packaging are nutrients, antimicrobialsioadants, enzymes, flavors, and
biocides components. The incorporation of antinb@bsubstances in the releasing
packaging permit the gradual migration of the amtiobial to the food during storage
and distribution of the foods. The antimicrobiatkaging is effective in minimizing
the superficial contamination of foods such as meftits, vegetables, etc. The
antimicrobial substances used in food packagingrttigrate to the food should be in
accordance with the food additives and active faodtact legislation, which is
currently under preparation in the European Unimad5]. In this work, we present
the formulation of novel antimicrobial nanocompesiof polycaprolactone (PCL) as
a way to control solubility and diffusion of thetaeal biocide agent thymol. Thymol
is a phenolic monoterpene that has received coraditieattention as an antimicrobial
agent with very high antifungal activity and verpwl Minimum Inhibitory
Concentration (MIC) values [6] and is also an eberetlfood antioxidant [7].

Materials and Methods
Materials

The PCL grade FB100 was kindly supplied in pelletnf by Solvay Chemicals,
Belgium. This grade has a density of 1.1 g/amd a mean

molecular weight of 100,000 g/mol. A proprietaryaignt pending) food contact
compliant commercial laminar phyllosilicate gragemed NanoBioT&rAC11 based

on a natural mica modified with a food contact aatdnt, which is listed by EU and
FDA, legislations, was kindly supplied in powdenrfo by NanoBioMatters S.L.,

Paterna, Spain.
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The antimicrobial agent thymol (#89330) was purekasom Fluka Chemie, (Buchs,
Switzerland), in powder form. The purity of this te@al was ~ 99.0% and the
molecular weight was 150.22 g/mol.

Preparation of Nanocomposites

Solution-cast film samples of the biodegradableemiat (PCL) containing 1, 5, and

10 wt% filler contents and 10 wt% of thymol (reldt®o the weight of PCL) were

prepared with a dry film thickness of around 100 .niflme proprietary biocide

nanobiocomposite solutions in chloroform, which ev@rovided by NanoBioMatters

S.L., were homogenized for 2 min, stirred at 408€30 min and, then cast onto Petri
dishes to generate films after solvent evaporaimoom temperature conditions.

TEM Measurements

Transmission electron microscopy (TEM) was perfatmasing a JEOL 1010
equipped with a digital Bioscan (Gatan) image asitjon system at 5 kv. The films
were embedded in epoxy resin and TEM observationshé cross section were
performed on thin sections, i.e., ca. 70 nm, abaticrotomed nanocomposite sheets.

AFM Measurements

AFM measurements were performed using an AgileBD55PM system (provided by

Scientec Ibérica, Spain) to investigate the momdlof the nanocomposite surfaces
on both sides of the cast films. The images wea@rsed in tapping mode in air using
commercial Si cantilevers with a resonance frequef&20 kHz.

DSC Measurements

Differential scanning calorimetry (DSC) of PCL arits nanocomposites was
performed on a Perkin—Elmer DSC 7 thermal analggsgem on typically 7mg of
material at a scanning speed of 10°C/min from re@mperature to the melting point
of the PCL. The DSC equipment was calibrated usmium as a standard. The
thermograms were corrected with an empty pan.

Gravimetric Measurements

Direct permeability to water and d(zx)limonene of9®5ourity (Panreac Quimica,
Spain) was determined from the slope of the weighs—time curves at 24°C and
40%RH. The films were sandwiched between the alumitop (open O-ring) and
bottom (deposit for the permeant) parts of a sp=dij designed permeability cell
with screws. A Viton rubber O-ring was placed betwehe film and the bottom part
of the cell to enhance sealability. Then the botfmart of the cell was filled with the
permeant and the pinhole secured with a rubben@-aind a screw. Finally, the cell
was placed in the desired environment and the sbiveight loss through a film area
of 0.001n% was monitored and plotted as a function of timellCwith aluminium
films (with thickness of ca. 100 mm) were used @stiol samples to estimate solvent
loss through the sealing. The permeability sengitiof the permeation cells was
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determined to be better than 0.01%itkkg m/snf Pa based on the weight loss
measurements of the aluminium cells. Cells clampintymer films, but with no
solvent, were used as blank samples to monitor rwafgtake. Solvent permeation
rates were estimated from the steady-state peromealtbpes. Organic vapor weight
loss was calculated as the total cell loss minaddbs through the sealing and plus the
water weight gain. The tests were done in tripicand average values and standard
errors are provided. For the case of water perrisaliie cells containing liquid
water were stored in a desiccator at 0%RH and weeigiver time.

Oxygen Transmission Rate

The oxygen permeability coefficient was derivednifraxygen transmission rate
(OTR). The OTR is defined as the quantity of oxyges passing through a unit area
of the parallel surface of a plastic film per utiibe under predefined oxygen partial
pressure, temperature, and relative humidity. Th&® @vas measured using an Oxtran
100 (Modern Control Inc., Minneapolis, MN, US). Tixeygen

permeability coefficient is the product of the peance (the ratio of the OTR to the
difference between the partial pressure of oxygerthe two sides of the films) and
the film thickness. During all experiments temperatand relative humidity were
held at 24°C and 80%RH humidity. Eighty percentedditive humidity was generated
by a built-in gas bubbler and was checked with grbmeter placed at the exit of the
detector. To avoid sample humidity equilibrationridg the actual OTR test at
80%RH and the subsequent fluctuations on barrieénguhe test, the samples were
preconditioned at this RH by storage in a desigcadd up at this RH by appropriate
salt solution.

The experiments were done in duplicate and the ksmmpere purged with nitrogen
for a minimum of 20 h, prior to exposure to a 100%ggen flow of 10 mL/min, and a
5cnt sample area was measured by using an in-houséogedemask. Permeability
(P) coefficient was estimated from fitting the OTiRe curve to the first six sum
terms (n) of the following solution of the Fick’'ssond law:

OTR(t) = F;p{n 23 (-1)" exp(—D]ﬁnzt)} )

Where  Pp=oxygen
partial pressure, I=film thickness, D=diffusion &ument, t=time.

ATR Measurements

Thymol release kinetics and the diffusion coeffitgeto thymol were determined by
ATR reflection spectroscopy during desorption oé thAntimicrobial substance. In
order to do so, the nanobiocompositesthymol salstiwere cast on the surface of the
ATR crystal to follow the kinetics of release ofgttsubstance. All ATR experiments
were carried out at 24°C. Data fitting to a suiabtodel is required to derive a
guantitative measure of diffusion kinetics from exmental curves obtained using
ATR-FTIR spectroscopy. To obtain D-values from thesorption curves, the
experimental curves must be fitted to the approgralution of Fick’'s second law of
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diffusion for the case of a plane sheet (Equatid)) (modified to suit an ATR
experiment (Equation (3)) as proposed by Field$a. ¢8]:

M, _, < 8 -D(2n+1)7t| (@
M, ;)(2n+1)2n2eXp{ 4L }

0

exp_ Dl2n +1? 7t {(2n2+L ])ﬂex F{— 2y L) +-12 y)i|

A 8 4’ 3)
A, 1 dl—exp{—zy L)J; (zn +]{4y2 +(2nZT_1)nj
Where

A; and A, =the spectral absorptions at a time t and equilibr respectively, the
spectral absorptions at a time t and equilibrivespectively, grthe penetration depth
of the evanescent fielg=1/dp, D=the diffusion coefficient, L=the film ttiness.

However, in an analogous manner to that describ@davious works [9], a simplified
approach was used to determine D values, whiclasedon an observed initial ‘lag’
time (normalized to path length L), during whicktléi sorption occurs within the
evanescent field, followed by a pseudo-Fickian ba&hgpredicted from Equation (3)
at short times.

izg(gjnt” @
A, L\m

n=0.5

In Equation (4), Aand A, are the absorbances (of the thymol ring vibraband at
807 cm') at a given time t and at saturation or equilibrisorption conditions,
respectively.

Results and Discussion
Morphology

Figure 1(a) shows a typical TEM image for one o #pecimens of PCL+5 wt%
NanoBioTef" AC. From the picture a large dispersion of théefilparticles and
partial exfoliation of the platelets to particleickkness in the nano-range can be
observed. Figure 1(b) shows the surface roughrieassimilar cast sample by AFM.
From this picture it can be seen that the partiatesargely dispersed and intercalated
by the biopolymer. This image also shows that tlagneears to be a good adhesion of
the filler to the biopolymer due to the appropristeface modification of the filler.
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Figure 1. A) TEM picture of the 5 wt.-% AC11 PCLmaposite. Scale markers are
2000nm. B) AFM picture of the same.

Thermal Properties

Melting temperature () and heat of fusion\H,,) corrected for biopolymer content
in the nanobiocomposites were determined from tHeCDthermograms of the
samples. These are summarized in Table 1 for dast 6f PCL with different AC11
filler contents. From Table 1, it is seen that lfeat of fusion of the biomaterial tends
to increase with clay addition. The differentiatiease between 1 and 5 wt% clay
loading may not be statistically significant. ThELPmelting point is seen to remain
largely unmodified. The latter result adds to simihucleating observations reported
in previous works for PHB/PCL nanocomposites [E0{d suggests that the clay can
act as a heterophase nucleating agent, hence pngnsoimewhat higher crystallinity
in the matrix.

Table 1. DSC melting point and melting enthalpyhaf neat films of PCL and of their
nanocomposites with 1, 5 and 10 wt.-% AC11 conpeepared by solving casting

Sample Tm (°C) AHmM (J/g)
PCL 63.25+0.09 55.94+4.40
PCL+1% AC11 63.09+0.19 60.17£1.79
PCL+5% AC11 61.86+0.29 62.55+1.38
PCL+10% AC11 | 63.91+0.92 69.71+0.0

Mass Transport Properties

Table 2 summarizes the water, d-limonene, and axyggmeability of PCL and of
the nanocomposites. A curious observation from & 2k that the water permeability
coefficient of 0.34x10° kg m/snf Pa is much higher than that of 0.0023%1@g
m/snf Pa previously reported for toluene cast PCL [1The reason for the
disagreement could be related to the differentimsigpf the two samples (lab scale
solvent cast material vs. industrial scale matepgedduction) and the fact that
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molecular weight, the solvent used for the castimgl the differences in relative
humidity gradient used for testing were totallyfeliént.

From the results, films of PCL with 1 wt% AC11 &tl content havea water
permeability decrease of 53% compared to the edfithaterial and the films with 5

and 10 wt% of ACL11 filler contents have the saméewaermeability reduction of

63%. In the case of the limonene permeability, dilof PCL with 1, 5, and 10 wt%

AC11 filler contents have a limonene permeabiligcreéase of 18, 49, and 25%,
respectively, compared to the unfilled materialeTlbwest limonene permeability
value is for the sample with 5 wt% AC11 filler cent.

Table 2 shows the oxygen permeability of PCL ararthanocomposite measured at
80% RH. Films of PCL with 1 wt% AC11 filler contentshow an oxygen
permeability reduction of ca. 22% compared to thfllad material and the films with
5 and 10 wt% AC11 filler contents have the samegerypermeability reduction of
48%. In general, films with 5 wt% AC11 filler comteshow the lowest permeability
value. This observation may indicate that there tmhe a balance in the
nanobiocomposites between the content of fillerdusghich has in itself barrier
capacity, the morphology of the nanocomposite saspind the possibility of a
permeability deterioration that may be caused lgrfagglomeration (clay solubility
limit).

P water P limonene P oxygen

(Kg m/s nf Pa) (Kgm/s m2 Pa) | (m3 m/s m2 Pa)
PCL 0.34+0.0618° 5.05+0.658&° 7.066%
PCL+1% AC11 | 0.16+0.005&° 4.16+1.188° 5.48+0.27&¢
PCL+5% AC11 | 0.12+0.005&° 2.58+0.57&° 3.68+0.28&°
PCL+10% AC11 | 0.12+0.001&° 3.80+0.57&° 3.67¢e%
HpCL Literature
Value 0.0023¢°

Table 2. Water and D-Limonene permeability for P&hd their nanocomposites
prepared by casting.

ATR Measurements

The IR spectrum of the thymol type is very similathat of the corresponding chemo
type of basil, recently described elsewhere [12]e Tost intense peaks at 738 and
807 cm are assigned to ring vibrations of the thymol cisémy [13]. Systematic
release studies were performed for thymol incorgakan the nanocomposite of the
biodegradable material for a time period of up twezks. Figure 2(a)

shows the decrease of the band (C-Cl stretching)céeted to the chloroform [14]
compound as the film forms and the subsequentseleé thymol from the formed
film as followed by the decrease of the band at 8@i? over time. The spectra also
show a concomitant
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increase of the PCL signal in the ATR evanescesit fldue to polymer deswelling
(thickness reduction) as thymol is released fromriatrix and the polymer reduces
free volume. Figure 2(b) shows, as an example, thewnatural antimicrobial agent is
released with slower kinetics due to the preserfidcheonanoclay. Figure 2(c) shows
(see arrow) that before the release of thymol #dnmeonomposites have higher uptake
or solubility of the natural antimicrobial than theat polymer due to the presence of
the nanoclay. The IR spectrum also shows some dllitarences in the bands
between PCL spectra and PCL nanocomposite specta@sult of overlapping with
other thymol bands. Figure 3 shows how the natarmgimicrobial agent uptake or
solubility, referred to the above infrared bandeiity for the neat material, is
enhanced by the presence of the nanoplatelets.i§ pigssibly due to retention over
the surface of the apolar biocide agent. The thyaifflision coefficient (Figure 4) is
on the other hand seen to decrease with the additfothe nanoadditive in the
biocomposite as expected from observation of Fi@(bg. This is likely the result of
the larger tortuosity effect imposed to the diftusiof the biocide by the dispersed
nanoclay. From the results, it is possible to oleser reduction in thymol diffusion
coefficient of ca. 58% with regard to the unfillethterial. These results confirm that
it is feasible to control the uptake and releas¢hgiol by incorporation of laminar
nanoclays in bioplastics such as PCL.
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Figure 2. (a) ATR-FTIR spectra of the thymol releé®m neat PCL, (b) Normalized
ATR desorption (4 absorbance at any time t during the desorptionAes initial
equilibrium absorbance at time zero) kinetics @& thlease of thymol from the PCL
matrix and PCL nanocomposites, (¢) ATR-FTIR speofrthe thymol uptake before
the release experiment for PCL and the nanocongo$iPCL. The two spectra in
Figure 2(c) were stacked for easy of comparison.
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Figure 3. Relative uptake or solubility coefficie(®composidAnea) Of thymol as
determined by ATR-FTIR spectroscopy in nheat PCLrixand in the nanocomposite.
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Figure 4. Diffusion coefficient (ffs) for the release of thymol from the PCL matrix
and the PCL nanocomposite.

Summary

The addition of novel organoclays — based on mita biodegradable polymers is a
very promising technology that can enhance the gntags of biodegradable polymers
and, therefore, enhance product quality and safefgects in film and coating
applications. In this context, functional nanoaidés with tailor made EU and FDA
food contact approved surface modifications arevshim have significant potential to
enhance barrier properties of these biomateriaiigad contact and other applications.
Moreover, these nanoadditives can also help to rexghahe solubility of natural
biocides in the biopolymer matrix and to contra tlelease of natural antimicrobials
with interest in the design of novel active antiralmal film and coating systems.
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Chapter Il .

Nanobiocomposites based on micro and nano cellulofibers.
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PAPER VI: Morphology and barrier properties of solvent castcomposites of
thermoplastic biopolymers and purified cellulose fbers
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Abstract

This paper shows and discusses the morphologyntieand transport properties of
solvent cast biocomposites of poly(lactic acid) APL polyhydroxybutyrate-co-
valerate (PHBV) and polycaprolactones (PCL) cortginpurified alfa micro-
cellulose fibers as a function of filler contenthel SEM, optical microscopy and
Raman imaging results indicate that a good dispersf the fibers in the matrix was
achieved for the three biopolymers. However, dedrital fiber agglomeration was
clearly observed to take place for samples witbrfilontents in excess of 5 wt%. The
heat of fusion (related to crystallinity) of the nserystaline PCL and PHBV
biopolymers was seen to decrease, particularlgwnfiber content biocomposites, but
it seemed to increase slightly in the highly amoush PLA biocomposites. In
accordance with the morphology data, water andhiditiene direct permeability were
seen to decrease to a significant extent in thedniposites with low fiber contents.
The permeability reduction was mostly related todecrease in diffusivity but
solubility was also found to be favorable. The madmclusion from this work is that
purified cellulose fibers can also be used to eobathe barrier properties of
thermoplastic biopolyesters of interest in, fortamce, packaging and membrane
applications.

Keywords: Cellulose fibers; Composites; Barrier propertidsAPPCL and PHBV
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Introduction

There is a growing worldwide interest pushed by egowments and societies to
increment the responsible use of renewable ressunceommodity plastic products
in order to reduce the waste associated to thed;, psrticularly in packaging
applications (Petersen et al., 1999; Haugaard.e2@01). The use of biodegradable
plastics and resources are seen as one of the wstaategies to minimise the
environmental impact of petroleum-based plastid®e Biological base of these new
biopolymers provides a unique opportunity to inargte a highly demanded property
of these materials, i.e. the compostability. It trhes considered that among the plastic
waste there are products with a high degree ofaeoimtation and recycling requires a
high energy cost. Therefore, compostability is ayveteresting property that
guarantees that these new biomaterials will degradstly into carbon dioxide and
water after disposal (Kijchavengkul, Auras, Rubihgouajio, & Fernandez, 2006).
These biodegradable materials present a numbexeflent and promising properties
in a number of applications, including packagingtoaotive and biomedical sectors.
Thus, thermoplastic biodegradable polymers, suchpaly(lactic acid) (PLA),
polyhydroxyalkanoate (PHA) and polycaprolactone€Ll( exhibit an excellent
equilibrium of properties, i.e. they are processablking conventional plastics
machinery and, for the case of the first two, thage from renewable resources. PLA
is a thermoplastic biopolyester produced from Ltith@acid, which typically comes
from the fermentation of corn starch. Currently,APis being commercialized and
being used as a food packaging polymer for shastf4ife products with common
applications such as containers, drinking cupsgdaenand salad cups, overwrap and
lamination films, and blister packages (Auras, Kafe Singh, 2006). In PHAs
(polyhydroxyalkanoates) family, the most widely dsematerial is the
polyhydroxybutyrate (PHB) and its copolymers witlalarate. These microbial
biopolymers are storage materials produced by setyaof bacteria in response to
particular environmental stresses (Peoples & Sinsk@90). Polyhydroxybutyrate
(PHB) is a naturally occurring b-hydroxyacid (aelér polyester). The homopolymer,
poly(hydroxybutyrate) PHB, and its copolymer witlydnoxyvalerate, PHBV, are
biodegradable engineering thermoplastic polymetk imiportant trade properties that
make them suitable in many applications for whichtrgleum-based synthetic
polymers are currently used. PHB polymers are diréeing used in small disposable
products and in packaging materials (Rosa, Lottipds, & Guedes, 2004). Finally,
PCL is a thermoplastic biodegradable polyestert®gited by chemical conversion of
crude oil. PCL has good water, oil, solvent, antbighe resistance, a low melting
point, and low viscosity, and is easily processsthg conventional melt blending
technologies (Gross & Kalra, 2002). PCL is at tiise being investigated for its use
in biomedical utensils, pharmaceutical controlleélease systems, and in
biodegradable packaging (Pigtowski & KiersnowskiQ08; lannace, Luca, &
Nicolais, 1990). In order to tailor the propertasd reduce material costs, it is often
desirable to combine bioplastic materials with othieleally, more inexpensive
substances, such as natural fibers (Bodros, Pillifontrelay,&Baley, 2007).
Reinforcement of some of these bioplastics withdicellulosic fibers has previously
been carried out with the overall aim of increasitsybiodegradation rate and to
enhance mechanical properties, i.e. this routedembnsiderable improvements in the
composites tensile strength (Tserki, Matzinos, Zaf®ulos, & Panayiotou, 2006).
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However, to the best of our knowledge there ispriair literature on the use of these
reinforced biocomposites to modify the barrier mndigs of such biopolymers.
Lignocellulosic materials appear to be suitabldefd or reinforcing agents for
biodegradable matrices since they exhibit intemgspiroperties such as a renewable
nature, wide variety of feedstocks available thioug the world, nonfood
agricultural-based economy, low energy consumptlow, cost, low density, high
specific strength and modulus, high sound atteanatf lignocellulosic- based
composites, comparatively easy processability dutaeir nonabrasive nature, which
allows high filling levels and significant cost sags, and finally relatively high
reactive surface, which can be used for graftingcsjz groups (Orts et al., 2005).
Thus, the use of lignocellulosic fibers derivednfrannually renewable resources as a
reinforcing phase in polymeric matrix compositesviles positive environmental
benefits with respect to ultimate disposability aralv materials use. A major
disadvantage of cellulose fibers is their hydraphdharacter that makes them, in
principle, sparingly miscible with less polar ompolar polymers (Mutje, Girones, &
Lopez, 2006). Therefore, to develop such biocontpssivith optimum properties, it
has been customary to decrease the hydrophili€ithenlignocellulosic materials by
chemical modification or to promote interfacial adion through the use of
compatibilizers (Nitz, Semke, Landers, & Mulhaup2001). The chemical
modification is usually obtained through the useesgents having functional groups
that are capable of bonding to the hydroxyl groopshe lignocellulosic materials
(Rana, Basak, Mitra, Lawther, & Banerjee, 1997alah Albano, Gonzalez, Perera, &
Candal, 2001). Another drawback of lignocellulo§ilters is their high moisture
absorption and the resulting swelling and decréaseechanical properties (Najafi,
Tajvidi, & Chaharmabhli, 2006.) Moreover, the progiag temperature of composites
is restricted to about 200 °C because lignocelialosaterials exhibit significant
degradation processes above this temperatureittnafghat, higher thermal stability,
less color, more homogeneity and enhanced propect® be achieved by using
highly purified alfa cellulose fibers. In the latteaterial, lignin and hemicellulose
residues have been virtually eliminated from theurad fiber and, therefore, a more
robust filler is thus generated (Malainine, Mahro&zDufresne, 2004). Properties of
fiber reinforced composites depend on many factdos, instance fiber/matrix
adhesion, volume fraction of fiber, fiber aspectiosa fiber orientation, and
stress/transfer efficiency through the interfaceif(Bsne, Dupeyre, & Paillet, 2003).
Fiber size and processing techniques have a signifiincidence on the final
properties of the composites, because they defieedegree of fiber dispersion and
their impact on matrix morphology. Fiber contentbimdegradable polymers is also
frequently associated with the degree of dispersiomgglomeration of the fibers,
because high fiber contents in the matrix prodiloer fagglomeration, caused by the
tendency of the filler to form hydrogen bonding lwéach other (Tserki et al., 2006).
As mentioned above, fiber dispersion has a stroeffect in themechanical properties
of the composites, which can ultimately be refldate other potential properties such
as barrier properties. The presence of impermeatystalline fibers is thought to
increase the tortuosity or detour factor in the eriats leading to slower diffusion
processes and, hence, to lower permeability. Tamee barrier properties to gases
and vapors the filler should be less permeablengrermeable and have optimum
dispersion and a high aspect ratio (filler lendtickness ratio) (Lagaron, Catala, &
Gavara, 2004). Fiber size is also relevant bechyseducing fiber size, high surface
to volume ratio of the filler in the matrix is aelied, and this makes possible to
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strongly impact properties with low additions ofetheinforcing elements without
detrimental impact on other important parametershsas crystallinity, optical
properties and material toughness. The literatesalts show that composites with a
smaller particle size and good dispersion havedrighoperties compared to others of
greater size (Khalil, Shahnaz, Ratnam, Ahmad, &aEu2006).Current technologies
allowto reduce fiber cross-section to the nanormletesl as in the case of the so-called
Micro Fibrillated Cellulose (MFC) (Lopez-Rubio et.,a2007) or in electrospun
cellulose fibers (Huang, Zhang, & Kotaki, 2003).dmmmary, it is well known that
cellulose fibers can enhance mechanical propdrtias much as other synthetic fibers
(Nabi Sahed & Jog, 1999), however, very little i®kn about their impact on barrier
properties. Regarding the latter, only a previowkweported about reductions in
oxygen permeability for PLA composites containinignocrystal cellulose (Petersson
& Oksman, 2006). In this first study, the morphol@nd solvent barrier properties as
a function of filler content of biocomposites of KLPCL and PHBV containing
purified alfa cellulose fibers as reinforcing elerseare presented adicussed.

Materials and Methods
Materials

The bacterial polyhydroxyalkanoate grade was puetido Goodfellow Cambridge
Limited, UK, in pellet form. The supplied materialas a melt-processable
semicrystalline thermoplastic PHBV (Polyhydroxyhnate with 12 mol% of Valerate)
copolymer made by biological fermentation from neable carbohydrate feedstocks.
The PCL grade FB100 was kindly supplied in pelletnf by Solvay Chemicals,
Belgium. This grade has a density of 1.1 g/cm3 anthean molecular weight of
100,000 g/mol. The semicrystalline PLA used was ilan fextrusion grade
manufactured by Natureworks (with a D-isomer conthapproximately 2%). The
molecular weight had a number—average moleculagiwég¢Mn) of ca. 130,000 g/mol,
and the weight—average molecular weight (Mw) was1¢®,000 g/mol. A purified
cellulose fiber grade from CreaFill Fibers CorpSjiUhaving an average fiber length
of 60 Im and an average fiber width of 20 Im wasdisAccording to manufacturer’s
specifications, these fibers had an alfa-cellulosgent of >99.5% and an aspect ratio
of ca. 3.

Preparation of the blends.

Solution-cast film samples of the biodegradabletenwsds with 1, 2, 4, 5, and 10 wt%

fiber contents were prepared with a dry film thieka of around 100 Im, using

chloroform as a solvent. Fiber solutions in chloraf were mixed in a homogenizer

(Ultraturrax T25 basic, lka-Werke, Germany) for lxrand were then stirred with the

polymer at 40 °C during 30 min and, subsequentlgf onto Petri dishes to generate
films after solvent evaporation at room temperatumeditions.

SEM measurements
For scanning electron microscopy (SEM) observatiba,samples were cryofractured
by hand after immersion in liquid nitrogen, mouniea bevel sample holders and

sputtered with Au/Pd in a vacuum. The SEM pictkisachi S4100) were taken with
an accelerating voltage of 10 keV on the samplekttéss.
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AFM measurements

AFM measurements were performed using a Nano-SttgpdDigital Instruments
Inc.) to investigate the morphology on the top &madture surfaces of the cast films in
the biocomposites. The images were scanned inrtgppode in air using commercial
Si cantilevers (Digital Instruments Inc.) with so@ance frequency of 320 kHz.

Optical light polarized microscopy

Polarized light microscopy (PLM) examinations usargECLIPSE E800-Nikon with
a capture camera DXM1200F-Nikon were carried outboth sides of the cast
samples. A 40- times objective was used to exathmmeamples.

Laser Raman Spectrophotometer

Raman images were taken with a Jasco NRS-3100 CainfMicro-Raman
spectrophotometer, which provides high laser smerdl and depth sample
resolutions, i.e. measured samples areas are sitiele2 microns when the optimum
confocal instrumental setup is selected and bygusihi00x microscope objective. The
laser source used was a red light tuned at 632,8mdrpowered at 12,4 mW. Raman
imaging was carried out in the point by point mdale rationing the area of two
Raman bands arising from the different phases @f ¢bomposites, and were
constructed by taken 15x15 spectra equally spacessithe selected sample area.

DSC measurements

Differential scanning calorimetry (DSC) of PHBV, RLPCL and its biocomposites
were performed on a Perkin-Elmer DSC 7 thermalyaislsystem on typically 7 mg
of dry material at a scanning speed of 10 °C/mamfroom temperature to the melting
point using N as the purging gas. Before evaluation, the therored were subtracted
similar runs of an empty pan. The DSC equipment gadibrated using indium as a
standard and typically only one measurement wagedaout on the samples.

Gravimetric measurements

Direct permeability to D(+)-limonene of 95% puri(Panreac Quimica, Spain) and
direct permeability to water were determined frdra slope of weight loss vs. Time
experiments at 24- C and 40%RH. The films were saithd between the

aluminium top (open O-ring) and bottom (deposit fitve permeant) parts of

aluminium permeability cells. A Viton rubber O-rimgas placed between the film and
the bottom part of the cell to enhance sealabilityen the bottom part of the cell was
filled with the permeant and the pinhole securethwi rubber O-ring and a screw.
Finally, the cell was placed in the desired enuinent and the solvent weight loss
through a film area of 0.001°mvas monitored and plotted as a function of timiee T

samples were preconditioned at the desired testinditions for 24 h, and to estimate
permeability we used only the liner part of the giwiloss data to ensure sample
steady-state conditions. Cells with aluminum filfwéth thickness of ca. 100 microns)
were used as control samples to estimate solvesgt tbrough the sealing. The
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permeability sensibility of the permeation cellssweetermined to be of ca. 0.01 - 10
13 kg m/s ni Pa based on the weight loss measurements ofuh@ralim cells. Cells
clamping polymer films but with no solvent were dises blank samples to monitor
water uptake. Solvent permeation rates were estondtom the steady-state
permeation slopes. Organic vapor weight loss wasuleded as the total cell loss
minus the loss through the sealing and plus themegight gain.

The tests were done in duplicate. The diffusionffadient of D-limonene was
estimated during desorption experiments at 24°C4@3RH by means of weight loss
experiments using an analytical balance Voyager IM01 Thus, at saturation
conditions, checked by observing no changes in essiee weight uptake
measurements of the specimens dipped in the cordptium samples were thoroughly
bottled with a tissue to remove the excess of argapor condensed over the film
surface (this step is considered as time zeroMard periodically weighted until they
yielded constant weight. D values were obtainedhffitting the experimental data vs.
time to the first six sum terms of the correspogdinlution of Fick’s second law (1)
during desorption experiments (Crank, 1975).

t —

M, 8v 1 -D(2n +1)* 7’
M 'nzz(zn+1)zex E

e n=0

Equation 1

Results and discussion
Biocomposites morphology

Simple naked eye examination of the films obtaitgdthe solvent cast method
applied indicated that good filler dispersion wahiaved in the low fiber content
materials, since optical properties such as traesgg of the composites remained
virtually unmodified compared to the neat biopolymeéDn the other hand, cast films
with fiber contents beyond 5% showed fiber agglatien in the matrix as fiber
white agglomerates could easily be spotted inithesf To observe the morphology at
the micron and submicron level, SEM observationsewnritially carried out in the
biocomposites. SEM experiments usually allow a rclebservation of the phase
morphology in composite materials and do additignplovide information about
interfacial adhesion. The SEM results showed thatovation of the biofiller strongly
depended on the loading levels for all biopolymefsy. 1 shows the fracture
morphology of some of the films prepared with lanedium and high fiber contents.
The SEM examination reveals that a homogeneoushdison of the fibers in the
PHBV and PCL matrixes and a continuous phase mdsgilomust have been
achieved at low fiber contents (1 wt%) since thespnce of the fibers cannot be
unambiguously discerned from the matrix (see Figahd C). On the contrary, films
prepared by casting with 10 wt% fiber content ia BEHBV matrix easily revealed the
presence of long fibers, fiber agglomerates and@kigscontinuity likely as a result of
insufficient dispersion caused by self-associatibrexcess filler (Fig. 1B). Fig. 1D
indicates that for a 5 wt% fiber addiction to theLPmatrix, long fibers can be seen
aligned along the facture surface. It is evideat tfiven the relatively large size of the
fibers, the difficult observation of these mustaitibuted to a limitation of the SEM
technique to resolve between the two componetiies; ind matrix, particularly when
the dispersion of the filler and phase continuégras high.
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Figure 1. Scanning electron micrographs of the cross sedio(®) A film prepared
by casting of PHBV with 1 wt.-% fiber content (seaharker is 5 microns), (B) a film
prepared by casting of PHBV with 10 wt.-% fiber temt (scale marker is 10
microns), (C) a film prepared by casting of PCLhwit wt.-% fiber content (scale
marker is 25 microns) and (D) a film prepared bgticay of PCL with 5 wt.-% fiber
content (scale marker is 25 microns).

AFM is a very powerful technique for the observataf materials morphology and it
also provides a feasible route to investigate dp@dgraphy of films containing micro-
and nanofibers (Kirby, Ng, & Waldron, 2006). AFM dartransmission electron
microscopy (TEM) replicate techniques have previpuseen used to study the
nanoscale surface chemistry and the morphology ioddgradable materials
containing fibers when SEM observations were natcsssful (Kirby et al., 2006;
Lopez-Rubio et al., 2007). Consequently, additiostadervation of the samples was
carried out by AFM at the top surface and cryofreed surfaces. Even with this
technique it was not very easy to detect the fibethe samples surface. Nevertheless,
Fig. 2 shows, as an example, that the surface reasghof the composites can be well
resolved by the AFM tip. This figure shows the prese on the top surface of a fiber
in the 1 wt% fiber-PHBV sample prepared by castififpe picture reveals the
presence of what appears to be a fiber of 50 pmength and a width of
approximately ca. 8.5 um, which seems stronglychtd to matrix. Since the typical
fiber thickness of the starting filler is around &ficrons, the detected thinner fiber
could suggest (see later) that fibers could splithie cross section dimension during
the homogenization step in the preparation.
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Figure 2. AFM phase image of the PHBV with 1 wt.-% fiber camt sample.

However, the best techniques to resolve the moqggyolof the fibers in the
biopolymer matrixes turned out to be in this stysiylarized optical microscopy
(Colomb et al.,, 2005) and Raman imaging. Polaripgdical light microscopy
photographs allowed to take clear images of th&ulosk fibers embedded in the
biodegradable matrixes. The biocomposites showedpparent differences in fiber
homogeneity across the thickness and top and bo¢ides of the biocomposites
showed similar morphologies. However, some of tampes, particularly higher
filler content biocomposites, showed the preseridarger fiber aggregates, probably
deposited by gravity, at the bottom of the cashdil Observation of the fibers was,
however, easier in the PLA samples because thegieytar samples were totally
transparent. Fig. 3A and B clearly shows the presei highly dispersed fibers in the
1 and 5 wt% fiber-PLA sample prepared by castinge Fig. 3A indicates that the
dimensions of the fibers in the biocomposites arehmmogeneous but vary from 10
to 25 microns in thickness and between 50 and 1li@@ors in length. In the 5 wt%
fiber-PLA sample (see Fig. 3B) it can be easilyesbed that the excess of fibers
results in a tendency of these to crowd togethdr an

entangle. The identification of the filler in théher two biomaterials was feasible but
due to a lack of transparency in the cast films,fihase structure could not be so well
resolved as for the PLA case. Fig. 3C and D shbwsptesence of dispersed fibers in
the 1 and 5 wt% fiber-PCL samples. The Figs. 3CLFICwt% fiber) and 3E
(PHBV+1 wt% fiber) suggest that the cross-sectiatiaiensions of the fibers in these
biocomposites are finer than in PLA, i.e. the obedrfibers are smaller than 5
microns in thickness and with lengths around 60ronis. The reason for the latter
observation is uncertain but it could be due to gpecific rheological properties or
interactions between the different materials arfibers during the homogenization
step. To check for the latter observation In Fi§, the PCL biocomposite containing
5 wt% of fiber shows that the filler begin to cdi and agglomerate, albeit this event
is not as clear as was seen for PLA.
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Figure 3. Optic micrographs of: (A) A film prepared by cagtiaof PLA with 1 wt.-%
fiber content (scale marker is 10 microns), (Biia prepared by casting of PLA with
5 wt.-% fiber content (scale marker is dficrons). (C) A film prepared by casting of
PCL with 1 wt.-% fiber content (scale marker isrhirons), (D) a film prepared by
casting of PCL with 5 wt.-% fiber content (scalerksa is 10microns). (E) A film
prepared by casting of PHBV with 1 wt.-% fiber cemit (scale marker is Iicrons).

A definitive proof of the above mentioned good fighase dispersion and phase
morphology for the 1 wt% fiber content compositeaswprovided by the Raman

chemical compositional image depicted in Fig. 4tfoe case of the PLA composite.
Fig. 4 highlights the various parts where signalnfrthe fibers is stronger in the
composites (green-yellowed areas). A curious olagienv is that, despite the fact that
the confocal laser spot was much smaller (ca. Iramién axial resolution and 2

microns in depth) than the width of most fibers, single spectrum of the Raman
image showed the neat spectrum of the fibers witénbiocomposites, whereas this
was often the case when the matrix was targeteu thvit laser spot. This observation
suggests that the fibers are well embedded in theixnor even intercalated by the
matrix.
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Figure 4. Raman imagin@f a peak height ratio (Pegk/Peak,ai) Of a specimen of
PLA with 1 wt.-% fiber content. The selected mapiak is at 1122.3 cfrand fiber
peak is at 1090.3 ¢

Thermal properties

Melting temperature (Tm) and Heat of fusion (DHn9rrected for biopolymer
content in the biocomposites were determined froen@RSC first heating runs of the
samples. These are summarized in Table 1 for tasst With different fiber contents.
The PHBV copolymer shows a multiple melting endathevith two peaks, reflect of
the heterogeneity in the crystalline structure ho$ tcopolymer. Table 1 shows the
variation of the two thermal parameters as a fomctf fiber content for the PCL and
PHBYV composites. From this Table 1, the heat obfusf the latter two biomaterials
is seen to drop in the composites, however, thep,dand also the melting point drop
in PHBV, is larger for the samples with lower fibeontents, i.e. for the samples
exhibiting more dispersed filler morphologies. Hegfiiller dispersion and interfacial
adhesion is thought to hinder to some extent polyohains lateral rearrangements
and hence crystallization in these two materials.

Table 1.DSC melting point and melting enthalpy of the nidats of PHBV and
PCL and of their biocomposites with 1, 2, 4, 5 d@@wt.-% fiber content

prepared by solving casting

Sample T (°C) AHnm (J/9)
PHBV 145-157 47
PHBV+1 wt.-%fiber 139-154 28
PHBV+5 wt.-%fiber 137-153 23
PHBV+10 wt.-%fiber 140-155 37
PCL 62 96
PCL+1 wt.-%fiber 63 62
PCL+5 wt.-%fiber 64 69
PCL+10 wt.-%fiber 62 79
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The thermal behavior of PLA is different and mooenplex than that of the other two
biomaterials, because PLA exhibits (see Fig. 5)ofd acrystallization process
(Mathew, Oskman, & Sain, 2006) similar to that tglly observed for the petroleum-
based polyester polyethylene terephthalate (PEiQ. & indicates that the cold
crystallization peak occurs at a lower temperatuithe biocomposites and it seems to
spread over a wider temperature range in composiis 10 wt% fiber. This
observation points that, in an opposite effect hat treported above for PCL and
PHVB, the fibers can facilitate the crystallizatiprocess of the PLA biopolymer. In
fact, it has been broadly reported in polypropylé@eillin, Caulfield, & Koutsky,
1993; Zafeiropoulos, Baillie, & Matthews, 2001; Saee, & Im, 2000; Houshyar &
Shanks, 2003; Lenes & Gregersen, 2006) but alsBLiA (Mathew et al., 2006)
composites, that unmodified cellulose fibers catuage crystal nucleation of these
polymers at the fiber surface, i.e. the so-calledngcrystallinity effect. The
transcrystallinity event is not observable in thatical micrographs here, possibly
because the crystallinity of the cast PLA sampdegery low (see Table 2). However,
the broad single melting peak of PLA is seen toobsx multiple in the
biocomposites, which show two melting peaks withe asf them having higher
melting point than the neat biopolymer. This lateffect strongly reveals the
nucleating role of the fibers, which are able torpote a more robust crystalline
morphology for this particular biopolymer duringetheating run.

Table 2. DSC melting point and melting enthalpy of solvemtstc PLA and its
biocomposites with 1, 5 and 10% wt of filler.

Sample T.(°C) T.(°C) | AHn(J9)| T, (°C)
PLA 151 119 3 57
PLA+1 wt.-%fiber | 151-156 112 4 59
PLA+5 wt.-%fiber | 149-154 112 4 56
PLA+10 wt.-%fiber] 150 110 1 55

The PLA crystallinity, defined as the area of theltmg peak minus the area of the
cold crystallization peak, seems somewhat largarem in the 10 wt% fiber content
sample, for the biocomposites than for the neatern@tindicating that, as mentioned
above, the fibers tend to favour some crystallmatf the biopolymer (see Table 2).
In principle, filler-induced crystallization of tHgopolymers is positive from a barrier
perspective, since crystals are typically impernealgstems, but crystallization may
promote, as a downside, additional rigidity and deeifragility for the biopolymer
mechanical performance. Nevertheless, the heatsibr (crystallinity) is very small
for the current cast PLA-based samples comparéuktother

two biopolymers, indicating that the crystallizatiprocess of PLA is extremely
metastable. Finally, the polymer Tg was also olero increase but only in the 1
wt% fiber- PLA biocomposites, highlighting the rircing synergetic role of the
fibers for this particular composition. The reasfon not observing a Tg rise for
samples with higher fiber loads could be due terfiiegregation and agglomeration.
In conclusion, the cellulose filler does not havgemeric role in the biocomposites
thermal properties. Thus, depending on the bionatet has been found to act as
impairment to crystal development, as for PCL arBW®,or as a nucleating agent, as
for PLA.
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Figure 5. DSC curves of samples of neat PLA and of their baoemmposites with 1,
5 and 10 wt.-% of the filler.

Mass transport properties

Table 3 gathers all the barrier data (direct pebitiég diffusion coefficient and
solvent uptake) that has been measured in the hiegiolymers and in their
biocomposites and also gathers permeability vataperted in the literature for the
neat biopolymers. A curious first observation froable 3 and regarding PCL is that
the water permeability coefficient of 0.4 x kg m/s mi Pa is much higher than that
of 0.0023 x 13° kg m/s ni Pa previously reported for toluene cast PCL (Messith

& Giannelis, 1995). The reason for the large disagrent could be related to the
different origins of the two samples (lab scale enat vs. Industrial scale material
production) and the fact that molecular weight, sblvent used and the differences in
relative humidity gradient used for testing wertally different. Direct permeability
for limonene in PLA was not reported, because theasurements yielded values
below the sensibility of the permeation cells; a&vous study reported that the
limonene permeability for PLA is of ca. 0.0000020<**g m/s nf Pa when measured
at 45 °C and 258 Pa of vapor partial pressure gmadAuras, Harte, & Selke, 2005).
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Table 3.D-Limonene and water permeability, d-limonene diffun coefficient and d-
limonene %uptake for PHBV and PCL films with 1425 and 10 wt.-%fiber content.
Values between brackets represent uptake valuescted for the heat of fusion

(crystallinity) values in Table 1.

P limonene P water D limonene Limonene
(Kgm/s m?Pa) | (Kg m/s n?Pa) (m?s) uptake
(%)
PHBV 1.99+1.01&° 0.127+0.001&° 2.21+0.0&° 12.7%
PHBV+1wt.-% fiber 13.3%
1.27+0.088° | 0.038+0.0002&° | 1.34+0.09&° (8.1%)
PHBV+2WL-96TIber | ) 67101265 | 0.049:0.0108° | 1.97:0.738° | 12.5%
PHBV+AWL-%fiber | ) 1110128° | 0.093:0.0098° | 2.41:0638° | 1220
PHBV+5wt.-% fiber 16.2%
1.76+0.218° 0.053+0.01&° 2.31+0.18° (8.1%)
PHBV+10wt.-% fiber 15.7%
2.15+0.168° | 0.067+0.0005¢° | 2.71+0.1&° (12.3%)
PCL 5.51+0.25€6" 0.339+0.061&° 5.48+0.0&° 9.8%
PCL+1wt.-% fiber 15.3%
2.58+0.568° 0.198+0.025¢° | 2.86+0.248° (9.9%)
PCL+2wt.-% fiber 4.96+0.29& 0.208+0.005& | 4.77+0.47& 14.0%
PCL+4wt.-% fiber 3.89+0.29& 0.252+0.015&° | 5.23+0.82&° 13.2%
PCL+5wt.-% fiber 13.2%
4.61+0.168° 0.286+0.027¢° | 7.30+0.328° (9.4%)
PCL+10wt.-% fiber 14.1%
5.28+0.21&° 0.430+0.013¢° | 7.59+0.388° | (11.6%)
Literature value PCL 5 13
0.0023¢

In the case of the PHBV biopolymer, Table 3 and B#y teach that the limonene and
water permeability show minimum values for specimanth 1 wt% fiber content.
Further increase in fiber content results in inseegapermeability to values, as for the
case of limonene, even higher than that of the o@aiponent. Films of PHBV with 1
wt% fiber content have a water permeability deazazs’ 1% compared to the unfilled
material, whereas films of PHBV with 10 wt% fiberontent show a water
permeability reduction of ca. 52%. Increasing fibentent was seen to result in fiber
agglomeration and this is thought to cause a ré&mludéh matrix homogeneity and
cohesion and lead to preferential penetrant patbsta detrimental effects in barrier
properties. A reduction in limonene permeability a. 64% and in the diffusion
coefficient of ca. 58% is observed in the bioconiigosf PHBV with 1 wt% fiber
content. Interestingly, limonene uptake appeaneioain unmodified, or to increase
very slightly, in the biocomposites of this matertdowever, when the uptake values
are corrected for the crystallinity drop of the main the biocomposites (only the
amorphous phase is thought to uptake the penetthatactual uptake decreases (see
corrected uptake values between brackets in Tapledicating that the fibers do
actually sorb less aroma component than the biopeiymatrix. Thus, the above
results suggest that the reduction in permealitythis vapor is both strongly related
to a reduction in the diffusion coefficient imposey the presence of the fibers but
also to a decrease in solubility of the penetririt remarkable to observe that even
when the crystallinity of the matrix goes down e tinfluence of the fibers and,
therefore, the matrix should become more permedhbéeoverall blocking effect of
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the fiber crystals, well dispersed and embeddethienmatrix, overrides this negative
effect and drives the biocomposite to become mopermeable. Fig. 6B and Table 3
show direct limonene and water permeability andbhieme diffusion coefficients for
films of

PCL reinforced with different fiber contents. Frdine results, a reduction in limonene
permeability of ca. 53%, a reduction in water peahilty of ca. 58% and in the
limonene diffusion coefficient of 52% is observedthe biocomposite with 1 wt%
fiber content compared with the unfilled biopolymé&imonene permeability and
diffusion appear to match very well for this maaésguggesting that

the permeability drop could be primarily relatediie more tortuous path imposed by
the fibers. Limonene uptake (see Table 3) is ferdaise of neat PCL somewhat lower
than for neat PHBV, but the uptake of limoneneighér in the PCL biocomposites.
Nevertheless, if a correction for the crystallinityop of the matrix is carried out the
uptake values remain constant pointing that theréilsorb equally as the matrix. The
overall permeability trend is again in agreemernthwle behavior observed earlier for
the PHBV biocomposites. A curious general obseowatiom Fig. 6 is that while the
samples with 1 wt% fiber content show as alreadptiored the lowest permeability
values, the samples with 2 wt% fiber content teméhtrease permeability to values
higher than samples with for instance 5 wt% fibentent. This observation may
indicate that there must be a balance in the biposites between increasing the
amount of fiber used, which has in itself barri@pacity, and the permeability
deterioration apparently caused by fibber aggloti@mraThis balance could become
less favorable, in the low filler range, for biogoosites with 2 wt% fiber content. The
crystallinity drop being higher at low additions fitfer can also add as an effect to
account for this observation.
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Figure 6. D-limonene and water direct permeability and limomediffusion
coefficient as determined by gravimetry for (A) fiiems of PHBV with 1, 2, 4, 5 and
10 wt.-% fiber contents and (B) the films of PCLtlwi, 2, 4, 5 and 10 wt.-% fiber
contents.

Finally, Table 4 gathers the water permeabilityPbfA as a function of filler content.
These samples indicate that the barrier propettiesater of PLA biocomposites is
only reduced (by 10%) in the sample containing %wf fibers. The other composite
samples show no barrier improvements and for tise oé the 10 wt% fiber content
the permeability was seen to increase by ca. 80@&6ioGsly enough, even when
crystallinity (which is for all samples very smaltias a potentially favorable impact in
most of the biocomposites, except for the casehef0 wt% sample, the barrier
improvement of the very low content biocompositesinaller than that seen for the
other two biomaterials. The reason for this behaetuld be attributed to the fact that
thicker fiber morphologies where generally obserfed the composites of PLA.
Thicker fibers imply less dispersed morphologiethie cast material and hence lower
tortuosity factors and lower impact in barrier pedges.

Table 4. Water permeability for PLA films with 1, 4, 5 an@ Wt.-%fiber contents.

P water (Kg m/s nf Pa)
PLA 0.230+0.007¢°
PLA+1 wt.-% fiber 0.208+0.009¥
PLA+4 wt.-% fiber 0.293+0.019¥
PLA+5 wt.-% fiber 0.332+0.027F
PLA+10wt.-% fiber 0.414+0.032F
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PAPER VII: On the use of plant Cellulose Nanowhiskers to enhae the barrier
properties of Polylactic Acid
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Abstract

Polylactic acid (PLA) nanocomposites were prepausihg cellulose nanowhiskers
(CNW) as a reinforcing element in order to assesviddue of this filler to reduce the
gas and vapour permeability of the biopolyesterrimaihe nanocomposites were
prepared by incorporating 1, 2, 3 and 5 wt.-% & @NW into the PLA matrix by a
chloroform solution casting method. The morpholodlyermal and mechanical
behaviour and permeability of the films were inigestied. The CNW prepared by acid
hydrolysis of highly purified alpha cellulose miéitiers, resulted in nanofibers of 60-
160 nm in length and of 10-20 nm in thickness. Tasults indicated that the
nanofiller was well dispersed in the PLA matrixd diot impair the thermal stability of
this but induced the formation of some crystaljinimost likely transcrystallinity.
CNW prepared by freeze drying exhibited in the mamoposites better morphology
and properties than their solvent exchanged copates. Interestingly, the water
permeability of nanocomposites of PLA decreaseti e addition of CNW by up to
82% and the oxygen permeability by up to 90%. Optimrbarrier enhancement was
found for composites containing loadings of CNWadveB wt.-%. Typical modelling
of barrier and mechanical properties failed to dbscthe behaviour of the composites
and appropriate discussion regarding this aspestalga carried out. From the results,
CNW exhibit novel significant potential in coatingeembranes and food agrobased
packaging applications.

Keywords: Cellulose, Nanobiocomposites, Mass transport ptagsePLA.
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Introduction

Production of ‘green materials’ based on raw materderived from natural sources
of plant or animal origin are of great interesttbat the academic and industrial
fields. The most widely researched thermoplastistasnable biopolymers for food

agrobased packaging applications are starch, PldAP&A’s. From these, starch and
PLA biopolymers are without doubt the most intarestfamilies of biodegradable

materials because they have become commercialijablg are produced in a large
industrial scale and also because they presemttaresting balance of properties. Yet,
the main drawbacks of this new family of polymeegarding performance are still
associated to low thermal resistance, excessivdebgss and insufficient barrier to
oxygen and/or to water compared to for instanceerothenchmark packaging

polymers such as polyolefins and PET. It is, thenesf of great general interest to
identify means of enhancing the barrier propertis these materials while

maintaining their inherently good properties sushransparency and biodegradability
(Koening, Huang, 1195; Bastiolo et al. 1992; Pdrkle2002; Tsuji, Yamada, 2003).
A feasible route to do so is by means of the useadbus nanopatrticles.

Some studies based on bio-nanocomposites usingclagsoas reinforcement for
polylactic acid (PLA) have been reported by scistin recent years (Sanchez-Garcia
et al. 2008a; Sanchez-Garcia et al. 2008b; SanGlaezia et al. 2007). Poly(lactic
acid) (PLA) is a biodegradable thermoplastic paigeproduced from L- and D-lactic
acid, which is derived from the fermentation ofrcatarch. Currently, PLA is being
commercialized and used as a food packaging polyarerelatively short shelf-life
products with common applications such as contajnérinking cups, sundae and
salad cups, overwrap and lamination films, anddripackages (Auras et al. 2006).

More recently, there is an increased use of cedkiloanowhiskers or nanocrystals as
the load-bearing constituent in developing new anexpensive biodegradable
materials due to their high aspect ratio, good raeial properties (Sturcova et al.
2005; Helbert et al. 1996) and fully degradable mergtwable character.

As compared to other inorganic reinforcing fillecsllulose nanowhiskers have many
additional advantages, including wide availabilitgf sources, low-energy

consumption, ease of recycling by combustion, higund attenuation and

comparatively easy processability due to their boasive nature, which allows high

filling levels, in turn resulting in significant sbsavings (Podsiadlo et al. 2005; Azizi
Samir et al. 2005).

Cellulose nanowhiskers or nanocrystals are prepatsd treating native
microfibrillated cellulose with high strong acidach as sulfuric acid, where small
amounts of sulphate ester groups are introducdtiesurfaces (Marchessault et al.
1959). This treatment is, however, hydrolytic andstresults in dramatic decreases in
both the vyield and fibril length down to 100-150 .nmhhe use of cellulose
nanowhiskers as nanoreinforcement is a relatively field in nanotechnology and as
a result there are still many issues to be resolaad understood. Firstly, the
production of CNW is time consuming and is stillsesiated with low yields.
Secondly, they are difficult to use in systems tha not water based due to their
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strong hydrogen self-association and potential adibjity issues. This affects
directly the formulation of nanocomposites of PLAigh are not water soluble. In
this case, a solvent exchange process is a prazetiat has been used before
(Petersson et al. 2007; Ayuk et al. 2009). Peaterst al. (Petersson et al. 2007)
reported a solvent exchange treatment of the CNW t&it-butanol, which was added
to PLA and Ayuk et al. (Ayuk et al. 2009) reportibé properties of cellulose acetate
butyrate (CAB) nanocomposites based also on solestiange CNW. The dynamic
mechanical properties and thermal stability weretbto increase with increasing the
content of solvent exchanged CNW in both polymers.

Kvien et al. (Kvien et al. 2005) reported a compigeastudy of the morphology of
PLA/CNW composites as determined by AFM, SEM andMTENW were obtained
by acid hydrolysis of microcrystalline celluloseifin wood. A good morphology of
the PLA/CNW composites was claimed, i.e. by usirigMTthe authors identified
individual whiskers, which enabled determinatiortludir sizes and shape. However,
the SEM resolution was deemed insufficient to addpiological insight.

Oksman et al. studied other processing routeshirpreparation of cellulose based
nanocomposites, using N,N-dimethylacetamide wittb 0am.-% of LiCl as
swelling/separation agent, and they reported anramgment on the mechanical
properties (Oksman et al. 2006). Aizizi Samir et @izizi Samir et al. 2005)
reviewed works detailing the effect of the varioparameters that influence the
mechanical properties of these nanocomposites, asithe geometrical aspect ratio
(L/W) of the nanowhiskers, where the fillers withhigh aspect ratio give the best
reinforcing effect (Favier 1995); the processinghods, where evaporation seems to
give the highest mechanical performance materialmpared to hot pressing and
evaporation (Morin, Dufresne. 2002; Hajji et al.986) the matrix structure and the
resulting competition between matrix/filler andldiffiller interactions; where the
higher the affinity between the cellulosic fillendh the host matrix the lower the
mechanical performance (Dufresne et al. 1999; Angteal. 2001).

Angle’s et al. (Angles et al. 2001) reported thechamical behaviour of plasticized
starch/tunicin whisker composites, in which theygetved a comparatively very low
reinforcing effect with the addition of tunicin vgkers. This observation was
explained on the bases of competitive interactiogisveen the components and the
accumulation of plasticizer in the cellulose/amyogin interfacial zone. This
plasticizer accumulation phenomenon was attribtieethterfere with the hydrogen-
bonding forces that hold the percolating cellula$éskers network within the matrix.

Lopez et al. reported that the addition of microfiated cellulose (MFC) to
amylopectine films, resulted in stiff and strongmn& but not brittle. They attributed
this counterintuitive but remarkable reinforcinggticizing effect to the moisture
retention properties provided by the MFC (Lépez-iRwdi al. 2007).

Despite all of the above, very little is known abthe effect of the CNW in the gas
and vapour transport properties, often termed &aprioperties, of nanocomposites in
general and of PLA in particular. Petersson etsaldied the barrier properties of
composites of PLA with microcrystalline cellulosm@C), but they reported an
increase in the oxygen permeability, due to the efficient shape, loading and
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dispersion of the MCC in blocking the gas molecyash in the matrix (Petersson,
Oksman. 2006). More recently however, Sanchez-@atcal. (Sanchez-Garcia et al.
2008b) reported an improvement in the barrier prtigee of biocomposites of PCL,
PLA and PHBV with alpha purified cellulose micrddifs. Although, in accordance
with the morphology data, water and d-limonene dingermeability were seen to
decrease to a significant extent in the biocompssitith low fiber contents, i.e. for 1
wt.-% filler loading, higher fiber contents led filer agglomeration and detrimental
effects on permeability.

The aim of the current work is to study the impaictellulose nanowhiskers derived
from highly purified alpha cellulose fibers in theneral properties, but with special
unprecedented focus in the barrier properties eir thanobiocomposites with PLA.
The study covers the effect of freeze-drying versliect chloroform solvent
exchange processing method and details morphologiemal, mechanical and, of
course, mass transport properties. A comparisothefbarrier performance of the
nanowhiskers vs. that of their original microfibgnsblished earlier (Sanchez-Garcia
et al. 2008b) is also carried out.

Experimental
Materials

The semicrystalline Poly(lactic acid) (PLA) usedswa film extrusion grade
produced by Natureworks (with a D-isomer contentapiproximately 2%). The
molecular weight had a number-average moleculaghtgiM,) of ca. 130,000 g/mol,
and the weight-average molecular weight,jJMvas ca. 150,000 g/mol as reported by
the manufacturer.

A purified cellulose microfiber grade from CreaHtibers Corp. (US), having an
average fiber length of 60 um and an average fibieith of 20 um was used.
According to the manufacturer specifications, thdibers had an alfa-cellulose
content in excess of 99.5 %.

Sulphuric acid 95-97% from Sigma Aldrich, Germangswised during the CNW
production. Sodium Hydroxide from Fluka, was usedirdy neutralization of the
CNW. Acetone 99.5% from Panreac Quimica (Spain)s w0 used during the
solvent exchange of the CNW.

Preparation of nanocomposites
CNW production

Microcrystalline Cellulose (MCC), 10 g/100 ml, wdwydrolyzed in 9.1 mol/l
sulphuric acid at 44°C for 130 min. The procedweéni accordance with previous
works (Petersson et al. 2007; Jiang et al. 200&\elheless, different hydrolysis
times where trial and it was observed that highgestion times led to carbonization
and darkening of the product. The excess of sulptagid was removed by repeated
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cycles of centrifugation, 10 min at 13,000 rpm. Bhapernatant was removed from the
sediment and was replaced by deionized water. €hgifuigation continued until the
supernatant became turbid. After centrifugation shepension containing cellulose
nanowhiskers had a pH of 3.5 and the solution wag tby drop neutralized with
sodium hydroxide until a pH of 7, following a pratge described elsewhere
(Petersson et al. 2007). The CNW after acid hydislyas checked for composition
consistency by FTIR spectroscopy (see later) aad/igtlding was estimated to be ca.
4 wt.-%.

CNW dispersion and film preparation

The suspensions containing whiskers were freezsldni a VirTus Genesis 35 EL.
After freeze-drying, chloroform was directly addedhe solid whiskers forming 1, 2,
3 and 5 wt.-% suspensions. CNW dispersion in cliltoro were mixed in a
homogenizer (Ultraturrax T25 basic, lka-Werke, Gany) for two minutes, sonicated
for 30 seconds and were then stirred with the PitA@C during 30 min. The
solutions were subsequently cast to generate fihts. 100um after removal of the
solvent as checked by FTIR spectroscopy.

In another procedure the cellulose whiskers stillhie neutralized dispersion were
solvent exchanged into chloroform. This process gasied out after centrifugation
and removal of the supernatant, which was repldged solution of acetone. Two
cleaning cycles were carried out using this prooedAfter solvent exchange, PLA
was directly added to the whiskers forming 1, 2n8 5 wt.-% suspensions. Solution-
cast film samples of the PLA materials with 1, 2ar8l 5 wt.-% CNW contents were
prepared as described above.

Optical light polarized microscopy

Polarized light microscopy (PLM) examinations usiag ECLIPSE E800-Nikon
with a capture camera DXM1200F- Nikon were cariedl on both sides of the cast
samples.
SEM measurements

For scanning electron microscopy (SEM) observatidhe samples were
criofractured after immersion in liquid nitrogenpumted on bevel sample holders and
sputtered with Au/Pd in a vacuum. The SEM pictkisachi S4100) were taken with
an accelerating voltage of 10 keV on the samplekttéss.

AFM measurements

AFM measurements were performed on CNW after cfdono solvent evaporation
using a NanoScope llla (Digital Instruments IncThe images were scanned in
tapping mode in air using commercial Si cantilewsith a resonance frequency of
320 kHz.

TEM measurements
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Transmission electron microscopy (TEM) was perfaimeing a JEOL 1010
equipped with a digital Bioscan (Gatan) image asitjoh system. TEM observations
were performed on ultra-thin sections of microtontieith biocomposite sheets. The
samples were then stained by allowing the gridéldat in a 2 wt.-% solution of
uranyl acetate for 3 min.

DSC measurements

Differential scanning calorimetry (DSC) of PLA anflits nanobiocomposites was
performed on a Perkin-Elmer DSC 7 thermal analggsdem on typically 7 mg of dry
material at a scanning speed of 10°C/min from re®mperature to the melting point
using N2 as the purging gas. The first and secoelting endotherms after controlled
crystallization at 100C/min from the melt, were lgsad. Before evaluation, the
thermal runs were subtracted similar runs of antgrmppn. The DSC equipment was
calibrated using indium as a standard.

The crystallinity(%) of the PLA was estimated fraime corrected enthalpy for
biopolymer content in the PLA nanocomposites, usheratio between the heat of
fusion of the studied material and the heat ofdiasbf an infinity crystal of same
material, i.e. %Xc = , wheraHf is the enthalpy of fusion of the studied specgime
andAHf is the enthalpy of fusion of a totally crysta# material. The\Hf° fed to the
equation was 93 J/g for PLA (Liu et al. 1997).

TGA measurements

The thermal stability of both freeze dried whiskersl cellulose microfibers and of
the nanocomposites was investigated using a TGAO@%0n TA Instruments USA.
The samples were heated from room temperature H9@8C with a heating rate of
10°C/ min and a nitrogen flow of 100 ml/min.

FTIR analysis

Pellets containing 2 mg of cellulosic material wprepared by mixing with 200 mg
of spectroscopic KBr grade. The mixture was blenfigds min in an agate mortar
before pressing. The infrared spectroscopic measmts were carried out in the
transmission mode using a Tensor FTIR spectronfeden Bruker, Germany. The
spectra were recorded in the range 2000-500 cmttLamiesolution of 2 cm-1. The
crystallinity index (CI) was estimated from theioat of absorption bands such as
A1430/A894, A1278,1282/A1263, and A1372/A894 in @dance with a previous
work (Oh et al. 2005). As internal standards, thads at 2901 (2892), 1373 (1376),
897 (894), 1263, 668 cm-1 were selected.

Gravimetric measurements

Direct permeability to water was determined from sfope of the weight gain—time
curves at 24°C. The films were sandwiched betwheratuminium top (open O-ring)
and bottom (deposit for the silica gel that progid®ocRH) parts of a specifically
designed permeability cell with screws and plagesidie a desiccator at 75%RH. A
Viton rubber O-ring was placed between the film anel bottom part of the cell to
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enhance sealability. The solvent weight gain thihotige film was monitored and
plotted as a function of time. The samples wereqnditioned at the desired testing
conditions for 24 hours, and to estimate permesgbilie used only the linear part of
the weight gain data to ensure sample steady statgitions. Cells with aluminium
films (with thickness of ca. 100 microns) were usedcontrol samples to estimate
solvent gain through the sealing. The permeabdigsibility of the permeation cells
was determined to be of ca. 0.01'4®&g m/s nf Pa based on the weight gain
measurements of the aluminium films. Solvent petinpaates were estimated from
the steady-state permeation slopes. Water vapoightvgain was calculated as the
total cell weight gain minus the gain through tlealgg. The tests were done in
duplicate.

Oxygen transmission rate

The oxygen permeability coefficient was derivednfr@oxygen transmission rate
(OTR) measurements recorded using an Oxtran 10ipreeat (Modern Control Inc.,
Minneapolis, MN, US). During all experiments temgtere and relative humidity
were held at 24°C and 80%RH humidity. 80% relativenidity was generated by a
built-in gas bubbler and was checked with a hygtemelaced at the exit of the
detector. The experiments were done in duplicatee $amples were purged with
nitrogen for a minimum of 20 h in the previouslyateze humidity equilibrated
samples, prior to exposure to an oxygen flow ofrl®nin. A 5 cm2 sample area was
measured by using an in-house developed mask.

Tensile test

Tensile tests were carried out at ambient conditigpically at 21°C and 60%RH
on an Instron 4400 Universal Tester. Preconditiodachb-bell shaped specimens
with initial gauge length of 25 mm and 5 mm in Vhidivere die-stamped from the
sheets in the machine direction according to th@ M®638. A fixed crosshead rate
of 10 mm/min was utilized in all cases and resulése taken as the average of four
tests.

Results and Discussion
Morphological characterization

Figure 1 shows typical photographs taken in thé Ba# films containing 1 wt.-%
freeze dried or solvent exchange CNW. Samples with.-% showed the best optical
properties being the samples with 3 wt.-% but spigcihe sample with 5 wt.-% filler
loading less transparent (see crystallinity daterlan text for further insight). Both,
contact transparency (see Figure 1a) and transparagainst a background (see
Figure 1b) were evaluated. In the contact transmgreboth films show apparently
similar performance. However, in transparency agjaia background the films
containing freeze dried CNW show better performascggesting that a better
dispersion has been achieved by this method.
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Figure 1. Typical photographs of 100 microns thickness films A) PLA
containing 1wt.-% of CNW-freeze dried and B) PLAntaining 1wt.-% of CNW-
solvent exchange.

Polarized optical microscopy permits to zoom up therphology in order to
observe the PLA microcomposites (Sanchez-Garcial.€2008b) and to potentially
check the efficiency of the hydrolysis and separaprocesses in the nanocomposites
(see Figure 2). From this Figure, it can be seat some microfibers can still be
detected in the separated and dried CNW fraction.spite of this, the scarce
remaining fiber particles are of course much thinnecomparison with the original
microfibers. Figure 2A indicates that the dimensiai the cellulose microfibers in
the biocomposites are not homogeneous but vary ffdrto 25 microns in thickness
and between 50 and 100 microns in length in thgrpet matrix.

Figure 2. Optic micrographs of: (A) A film prepared by casgfiof PLA with 1 wt.-
% cellulose microfiber content (scale marker isni@rons), (B) a film prepared by
casting of PLA with 1wt.-% CNW-freeze dried contéstale marker is 10 microns).
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To observe the morphology at the micron and sulmidevel, SEM observations
were subsequently carried out in the original dedla microfibers and in the freeze-
dried CNW. Figure 3A presents typical pictures take cellulose microfibers and
Figure 3B presents typical images taken in thezfredried CNW. The comparative
observation of this Figure clearly shows how thme sif the CNW is much smaller and
how these are agglomerated into bigger structuresthie solid state. The
nanocomposites were also observed by SEM. Figure sBGws the fracture
morphology of the films of PLA prepared with low ®WN contents. The SEM
examination revealed that a homogeneous morpholaifhh potentially good
interfacial adhesion seems to have been achievatidacomposites studied, since the
presence of the fibers cannot be unambiguouslyedisd. Nevertheless, it has also
been suggested that to study the morphology of Riith CNW by SEM may not
provide adequate insight, since the resolution ld technique is considered
insufficient for detailed information (Kvien et &005).

Figure 3. SEM micrographs of: (A) Original purified cellulsnicrofibers (scale
marker is 50 microns), (B) Cellulose Nanowhiskexsale marker is 2.5 microns). (C)
A film prepared by casting of PLA with 1 wt.-% namloiskers content (scale marker
is 10 microns)

In this context, TEM and AFM are considered morenv@dul tools for the
characterization of cellulose whiskers. AFM analysdi the cellulose whiskers showed
to be a good alternative to SEM. The shape of théskers by AFM was seen,
however, different from that observed by TEM andvSEee Figure 4). The whiskers
in the AFM images appear to have a rounded shapst likely due to the fact that the
images may be in practice a convolution of the s and the tip geometry in the
measuring contact mode (Kvien et al. 2005). Figdrandicates rounded whiskers
measuring between 25 and 75 nm in length.
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Figure 4. AFM phase image of cellulose nanowhiskers aftdorofiorm solvent
evaporation.

On the other hand, the TEM analysis of the nanoasitgs show very clear
pictures of the nanowhiskers within the matrix le stained samples (see Figure 3).
From this Figure 5A, the CNW obtained via freezghtly appear nicely dispersed
across the biopolymer matrix. The size of the CNalges from 60 to 160 nm in
length and between 10-20 nm in thickness. The kerggsimilar to that measured by
AFM. From these pictures, it becomes clear thatresiclerable reduction in fiber size
has been accomplished by the acid hydrolysis ireagent with previous findings by
other authors. Figure 5C shows that a more agglateemorphology appears in the
chloroform solvent exchanged CNW in the PLA matriraybe due to higher
agglomeration during the solvent exchange procBssing the production of the
CNW from solvent exchange some water may still dtained and/or agglomeration
can take place during the centrifugation process thay not revert in the organic
solvent before the casting process. This may explaé above differences in the
macroscopic optical properties of the biocomposaég-igure 1. Perhaps stronger
mixing such as sonication or homegenization aftersolvent exchange step can lead
to a better morphology.
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Figure 3. SEM micrographs of: (A) Original purified cellul®snicrofibers (scale
marker is 50 microns), (B) Cellulose Nanowhiskessale marker is 2.5 microns). (C)
A film prepared by casting of PLA with 1 wt.-% namlaiskers content (scale marker
is 10 microns)

FTIR Analysis

FTIR analysis was carried out on both the origimatrofibers and the CNW
powder to asses the purity and the crystalline imolqmy of the filler. Thus, Figure 6
shows the FTIR spectra of the freeze-dried CNWradigid digestion and of the
original highly purified alfa cellulose microfibefer comparative purposes. From the
Figure, it can be seen that the conformationallgsive spectral bands of the
cellulose reduce band width to become sharpercteffeually associated with higher
molecular conformational order, which is in turnuakly associated to higher
crystallinity in crystalline systems. Moreover, tpeak at 1245 cth assigned to
methyl ester groups appears to reduce intensityhén spectra, hence suggesting
removal of hemicellulose by the acid digestion (\Wahal. 2007).

165



Results: Chapter Il

Absorbance

Original Cellulose microfiber:

Cellulose Nanowhiskerst

Wavenumber (cm)

Figure 6. FTIR spectra of cellulose nanowhiskers (CNW) #hedoriginal purified
cellulose microfibers.

The FTIR crystallinity Index (CI) (see Table 1) walso calculated from the spectra
in accordance with ref. (Oh et al. 2005), by takthg ratio of the absorbance of
different cellulose bands. In the so-called CI ¢hg band at 1430 cm-1 is divided by
the absorbance at 894 cm-1. For the ClI (2); thel kzrca. 1282 cm-1 is divided by
the absorbance at 1263 cm-1 and for the CI (3)p#rels used are the absorbance at
1372 cm-1 divided by the band at 894 cm-1. It sthdnd noted that the FTIR Cl is not
a direct crystallinity measurement but an empiricathod which provides a fast
comparative protocol to determine the level of roolar order in cellulose samples.

Table 1. FTIR crystallinity index of CNW and original puéd cellulose
microfibers

Ci(1)= A1430 Ci2)= A1278L282 CI(3)= ALSYZ
94 263 94
CNW 3.11 1.01 3.03
Original 1.23 0.97 1.31
cellulose
microfibers

Table 1 shows the estimated CI values for the maigiellulose microfibers and for
the CNW. From this, it can be seen than all of @es are higher in the cellulose
nanowhiskers than in the original cellulose midrefs, indeed suggesting that the
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acid digestion has led to a significantly purifigdd crystalline material as expected.
Oh et al. (Oh et al. 2005) reported correlationvearbetween the (CI(1)) and the
cellulose type | crystallinity content as deterndirtey wide-angle X-Ray diffraction
(CI(X-Ray)). From the correlation established byesh authors between CI (1)
(A1430/A894) and CI (X-Ray), it is estimated thdiet crystallinity fraction of
cellulose | for the CNW could be of ca. 0.86. Or thther hand, the estimated
crystallinity of the cellulose | for the originalionofibers using this methodology is
estimated to be of ca. 0.36.

Thermal properties

Melting temperature (), cold crystallization temperature JTand heat of fusion
(AH,,) corrected for biopolymer content in the PLA nammposites were determined
from the DSC first and second heating runs (sedefab and 3) of the samples and
the glass transition temperature (Tg) only from skeond heating run (see Table 3).
The Tg could not be unambiguously determined infifs run. A first run of the
biocomposites (but not for the pure PLA) showedaeaible sorbed moisture (results
not shown) and hence the samples had to the dribé properly analyzed by DSC.
From a recent work on solvent cast PLA nanobiocasitps containing
microfibrilated cellulose, sorption of moisture acg in the biocomposites very fast
within the first 24 hours (Tingaut et al. 2010). Mdetheless, the drying process
impeded the observation during the first run of Tige The thermal behaviour of PLA
exhibits a cold crystallization process (Oksmaralet2006) similar to that typically
observed for the petroleum-based polyester polyetieyterephthalate (PET).

Table 2. DSC melting point, melting enthalpy, cold crystation temperature and
degree of crystallinity of solvent cast PLA and risnobiocomposites with 1, 3 and
5%.-wt of CNW during the first heating run.

Sample Tm (°C) AHm (1g) | Tee(C) | %X
PLA 152.5+0.2 8.5+1.6 110.9£1.3 9.1
PLA+1 wt.% 151.940.1 14.2+4.7 111.0+1.4 15.3
CNW freeze dried
PLA+3 wt.-% 154.5+0.7 17.2+1.3 110.9£1.5 18.5
CNW freeze dried
PLA+5 wt.-% 154.7 21.3 109.5 22.9
CNW freeze dried
PLA+1 wt.-% 153.6+0.8 12.8+3.1 106.610.1 13.7
CNW solvent exchanged
PLA+3 wt.-% 152.0 9.9 105.3 10.7
CNW solvent exchanged
PLA+5 wt.-% 152.7 10.0 108.5 10.8
CNW solvent exchanged
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Table 3. DSC melting point, melting enthalpy, cold crystadiion temperature and
glass transition temperature of solvent cast PL& iénanobiocomposites with 1, 3
and 5%.-wt of CNW during the second heating run.

Sample T (°C) AH, (J/g) | Te (°C) T4 (°C)
PLA 151.4+0.1 - - 59.1+0.3
PLA+1 wt.% 150.5+0.0 - - 59.4+0.4
CNW freeze driegl
PLA+3 wt.-% (149.5-155.2) + - 119.6+0.1 57.6+0.3
CNW freeze drie (0.0-0.5)
PLA+5 wt.-% 1535 13.8 117.9 57.8
CNW freeze driegl
PLA+1 wt.-% 152.9+1.4 - - 60.1+0.7
CNW solvent
exchanged
PLA+3 wt.-% 149.0 - - 58.5
CNW solvent
exchanged
PLA+5 wt.-% 153.2+0.9 - - 59.5
CNW solvent
exchanged

During the first heating run the heat of fusionfinkd as the area of the melting
peak to which the area of the cold crystallizatpeak has been subtracted, seems
somewhat larger for the biocomposites than forrtbat material indicating that the
CNW tend to favour the crystallization, perhapsisaystallinity formation (Dufresne
et al. 1999; Angles, Dufresne. 2001), of the bigpwr (see Table 2).

The same behavior was observed in a previous vaorkdilulose microfibers in the
same PLA (Sanchez-Garcia et al.2008b). It was adported that the nanowhiskers
can induce crystal nucleation in a PHBV matrixiigi@t al. 2008). However, Roohani
et al. reported that both the melting point anddbgree of crystallinity of the matrix
material tended to remain roughly constant or tghtlly decrease as the whiskers
content increased in polyvinyl alcohol (PVA) copolgrs (Roohani et al. 2008) and
Petersson et al. reported the same in PLA (Peter€3ksman. 2006). Roohani et al.
(Roohani et al. 2008) attributed this behaviourptsitive interactions between the
cellulosic surface and polymeric matrix for thetdat These interactions were most
probably claimed to restrict the capability of theatrix chains to grow bigger
crystalline domains.

Table 2 also shows the actual PLA crystallinity teort in the composites. This
parameter is of course seen to increase with théiaa of CNW in agreement with
the increase in the heat of fusion. This behavi®um contrast to the work by Peterson
but agrees with a previous work in PHBV (Jiang Et2908). The crystallinity
increase with the addition of CNW has been expthibg the assumption that the
CNW act as efficient nucleating agents, which ecbathe crystallization rate of the
matrix molecules (Zhang et al. 2003). In princigiler-induced crystallization of the
biopolymers, particularly transcrystallinity thalobks the filler matrix interface, is
positive from a barrier perspective, since crysats typically impermeable systems.

168



Results: Chapter Il

On the other hand, this feature typically bringsagna downside some opacity and
additional stiffness in the biopolymer mechanicalfprmance (see later that this is
not the case here).

The incorporation of nanowhiskers increased shghte melting temperature,
indicating bigger and/or denser PLA crystals in aadance with the higher
crystallinity and a potential nucleation effect.ofr the DSC curves (results not
shown) it can be seen that the melting peak braadethe composites suggesting a
more heterogeneous crystalline morphology.

Finally, the polymer Tg was seen in the secondihgatin (see Table 3) to remain
unmodified or increase very slightly in the 1 wt.GNW-PLA biocomposites, but
decreased slightly in the other nanocompositeshdtuld be noted that this parameter
could only be unambiguously detected in the sedueating run after melting, and
hence any issues with sorbed moisture and thegmoneling plasticization cannot be
discussed on the bases of this analysis. In arg; caéther in the cellulose microfibers
(Sanchez-Garcia et al. 2008b) nor in CNW the SEReerents indicated interfacial
debonding, preferential paths or any other suggestdr lack of adhesion at the
interphase at low filler loadings. However, in tteese of the microfibers the higher
filler loadings led to filler agglomeration and émphase debonding observed by the
SEM technique hence reducing interfacial interaxgioln the case of the solvent
exchange CNW-based composites the Tg increasedmablygor the 1 wt.-% loaded
sample, remaining unmodified at higher filler laagh. Jiang et al. also reported some
increase in the Tg of the samples of PHBV with dgelition of CNW (Jiang et al.
2008). From the DSC curves (dates not shown) ittmseen that during the second
heating run, i.e. after controlled cooling from thelt, the cold crystallization process
is rather suppressed in the pure and in the rethteti-% freeze dried CNW loaded
sample. On the other hand, the Tcc is seen at higmperature (see Table 3),
compared to first heating run, for the 3 wt.-% shmput with no crystallinity
development and also for the 5 wt.-% but with alstity development. This again
suggests that with increasing the CNW content alysity development becomes
feasible in the biopolymer matrix.

In the case of the nanocomposites containing CNWaiodd from a solvent
exchange process the thermal properties presemesaime behaviour as the freeze-
dried CNW nanocomposites. Nevertheless, in theseamnposites the crystallinity
increase was seen smaller in the first melting (ae® Table 2); being the overall
effect in thermal properties also smaller than thfafreeze-dried CNW most likely
due to higher agglomeration. As a result, the diffiees in transparency observed in
Figure 1 between CNW samples with same filler lngdiut different processing must
arise from the effect of the filler dispersion gpbthesised earlier.

Finally, thermal degradation of PLA and of PLA/nanmposites was also studied
by TGA. Table 4 summarizes the decomposition teatpes (peak maximum for the
first derivative) and the residue (%) of all sangplErom Table 4, the temperature at
which the PLA decomposition rate is higher is atl.57C. The first derivative
maximum for the neat CNW is at 331.4°C, i.e. 308@edr than for the original
cellulose microfibers, so the cellulose nanowhiskare more sensitive to thermal
decomposition. The CNW are thus influenced by tivell;ng/separation treatment
with the acid hydrolysis and seem to degrade fasierpared to the starting purified
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cellulose microfibers. In spite of this, with addit of low contents of nanowhiskers,
the decomposition temperature of the PLA remaineahadified. However, with the
addition of 3 wt.-% and 5 wt.-% CNW, the decomposittemperature seemed to
decrease slightly, i.e. by ca. 2°C. This decreasmgmot be significant.

For the pure PLA, the residue at 410°C was fourtzktof ca. 3%, however with the
addition of nanowhiskers the residue increasedat®®o, regardless of filler content.
Table 4 also indicates that the CNW have lowerdresi weight at 410°C than the
original cellulose microfibers. This may be expkinby purification of the fibers by
the acid hydrolysis.

Table 4 TGA decomposition temperature and % residue 8@ bf solvent cast PLA
and its nanobiocomposites with 1, 2, 3 and 5%.-vhanowhiskers, CNW and

original purified cellulose microfibers.

Sample T4 (°C) Residue % at

410°C

PLA 371.5 2.9

PLA+1 wt.-% CNW 3715 6.7
PLA+2 wt.-% CNW 3715 6.7
PLA+3 wt.-% CNW 370.0 6.1
PLA+5 wt.-% CNW 370.8 6.5
CNW 331.4 80.3
Alpha purified cellulose 363.9 89.6

microfibers

Mass transport properties

Table 5 gathers the water and oxygen permeabitigfficients of the PLA and of
their nanocomposites. From this Table 5, the preship reported direct water
permeability of chloroform cast PLA films at 1.8@" Kg m / s i§ Pa using
chloroform as a solvent, is seen to be very simidathe one measured in this study,
due to the similar processing conditions.

170



Results: Chapter Il

Table 5. Water and Oxygen permeability coefficients forAPfilms with 1, 2, 3 and 5
wt.-% CNW content.

P water Reduction in P oxygen Reduction in
(kg m/s niPa) water (m® m/s nfPa) oxygen
permeability permeability
PLA 1.37+0.006&’
2.303+0.065€*
PLA+1 wt.-% CNW 64% 0.23+0.02¢ 83%
freeze dried 0.819+0.16084
PLA+2 wt.-% CNW 78% 0.14+0.005¢&' 90%
freeze dried 0.505+0.053¢*
PLA+3 wt.-% CNW 82% 0.15+0.013¥ 90%
freeze dried 0.422+0. 1474
PLA+5 wt.-% CNW 81% 0.16+0.005¢&' 88%

freeze dried 0.439:0.123¢#

(Petersen eal.
2001)61 75é18

Literature value PLA

(Luo. Daniel. 20031 26 e—ld

Literature value PLA

(Rhim et al. 20091 806—14

PLA+1 wt.-% CNW 44%
solvent exchanged

1.294+0.0608*
PLA+3 wt.-% CNW 49%
solvent exchanged

1.186+0.0618*
PLA+3 wt.-% CNW 21%
solvent exchanged

1.821+0.0318*
At 75%RH (commercial biobased material)

Figure 7 shows the plot of the water permeabilitytte neat PLA and of their
nanocomposites with different contents of nanowdrisk Reductions of water
permeability of ca. 64%, 78%, 82% and 81% were inbth for the cast films
containing 1, 2, 3 and 5 wt.-% of nanowhiskerspeesively. For the films of PLA
with CNW prepared by solvent exchange with chlorofave obtained reductions of
ca. 44%, 49% and 21% for the films containing 1ad 5 wt.-% of CNW,
respectively. Thus, the best results in water pahiliey are found for the films
containing freeze-dried CNW in accordance with nhotpgy data.
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Figure 7. Water Permeability of PLA and their nanocompmsiith 1, 2, 3 and 5
wt.-%CNW-freeze dried content.

From previous work (Sanchez-Garcia et al. 200818, tarrier properties to water
of PLA biocomposites containing cellulose microfibevere seen to be only reduced
(by ca. 10%) in the sample containing 1 wt.-% &f fitler. The biocomposite samples
with 4 or 5 wt.-% microfibers content showed norlgarimprovements and for the
case of the 10 wt.-% microfibers content the pebiliéa was even seen to increase
by ca. 80%. By nanofabrication, the same matesiaispersed to a higher extent and
possesses higher levels of crystallinity, thusdjirej a more efficient barrier effect.
The transport properties are known to be strongfluénced by tortuous path altering
factors including shape and aspect ratio of theerfildegree of exfoliation or
dispersion, filler loading and orientation, adhesio the matrix, moisture activity,
filler-induced crystallinity, polymer chain inmokahtion, filler-induce solvent
retention, degree of purity, porosity and size laef permeant (Sanchez-Garcia et al.
2008a, Sanchez-Garcia et al. 2008b).

Table 5 gathers the oxygen permeability value meassat 75%RH and reported in
the literature for PLA (extruded film) of 1.75&m’m/snfPa (Petersen et al. 2001),
which is somewhat lower than the value of 1:37@m/snfPa measured in our lab at
80%RH. The reason for the disagreement could lzeetlto the different origins of
the samples. For the PLA composites containing,13 2nd 5 wt.-% of the filler
oxygen permeability reductions of 83%, 90%, 90% a&B&P6 were observed,
respectively (see Figure 8).
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Figure 8. Oxygen Permeability of PLA and their nanocomposiith 1, 2, 3 and 5
wt.-%CNW content.

It is a general observation that composites coimgibetween 2 and 3 wt.-% of the
nanowhiskers exhibit the highest water and oxygamidr. The barrier results are in
good accordance in relative terms with the watemgability and with the thermal
data discussed above, i.e. crystallinity rise dudilter-induced nucleation. Another
general observation is that the barrier propeidies significantly enhanced with the
addition of cellulose nanowhiskers compared to dbkulose microfibers for same
filler content in the PLA.

Nielsen (Nielsen. 1967) developed an expressiomadel the permeability of a
two-phase film in which impermeable square plates dispersed in a continuous
conducting matrix. The plates are oriented sotti@atwo edges of equal length, L, are
perpendicular to the direction of transport: anel tihird edge, of width W, is parallel
to the direction of transport. This is expressetbisws:

P=P,1-g) [+ (LI12w)g]

where P is the permeability of the composite, Bnthé permeability of the matrix,
and @d is the volume fraction of the impermeable filléhe (1 -®d) term accounts
for volume exclusion and the (1 + (L/2Vid) term for the tortuosity factor. In the
following, this model will be called the tortuositpodel. Note that this model does
not account for permeation through the dispersesg@h

A more realistic system to consider is one in whighdiscontinuous low-
permeability phase is present in a high-permeghitiatrix. Maxwell (Maxwell. 1891)
developed a model to describe the conductivity dfva-phase system in which
permeable spheres are dispersed in a continuousepbte matrix. Fricke (Fricke.
1924) extended Maxwell's model to describe the ootidty of a two-phase system
in which permeable ellipsoids are dispersed in eempermeable continuous matrix.

Figure 9 shows the experimental permeability valud#sese corrected by
crystallinity alterations and the modelling resulising the Nielsen and Fricke
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extended Maxwell’'s models. The latter model dessrithe conductivity of a two-
phase system in which lower permeability elongatéigsoids (Pd) are dispersed in a
more permeable continuous matrix (Pm). Accordinthie model, the permeability of
a composite system consisting of a blend of the ivaderials in which the dispersed
phase @2 is the volume fraction of the dispersed phasajistributed as ellipsoids
can be expressed as follows (Paul, Bucknall. 2000):

P= (Pm + PdF)/(1+F)
where

F=2/1 -®2][1/(1+(1-M)(Pd/Pm-1))]

M = cds/ sin36 [0 -1/2 sin B)]
and
cas= W/L

Wherepcellulose nanowhiskers = 1.6 g/ml (Jeffrey et &09), Pd~ 0 , Pm=100
and L/W of 8 and 50.

W is the dimension of the axis of the ellipsoid gl to, and L the dimension
perpendicular to, the direction of transport, érd radians.

The whiskers observed by TEM in the PLA film suggdsexperimental L/W
(particle length/width ratio) values ranging fromté 16. From the results, the
permeability drop with increasing filler volume a&tually higher than predicted by
the modelling even for aspect ratios which seengdaighan the actual experimental
aspect ratios. Only the permeability to water otteré for crystallinity changes and at
low filler contents appears to resemble the moaglbut of ellipsoids with higher
aspect ratio. It is also observed that the expariai@lata is closer to the Fricke model
than to the Nielsen model. The reason for the désagent could be the role of sorbed
moisture. It has been reported before that thexeaegimens in hydrophilic polymers
such as in ethylene vinyl alcohol copolymers (EVQOHR)which gas permeability is
actually lower at medium low relative humidity cdtiohs than in dry conditions due
to the fact that sorbed moisture is thought toifilthe existing free volume without
breaking the polymer chain self-association (Lagarbal. 2003; Lagaron et al. 2004).
It is possible that moisture sorbed by the filleuld act as a plasticizer for the
polymer (see later) but at the same time couldrfithe available free volume hence
exhibiting a blocking effect and subsequent reductn permeability beyond what is
expected by the modeling.
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Figure 9. Permeability modelling of a hypothetical blend vsl% of the dispersed
phase with different aspect ratio L/W compared witie experimental relative
permeability values and these corrected for thetatynity increase.

Mechanical properties

Specimens of the PLA films and of their nanocomigssivere evaluated by tensile
testing, in order to ascertain the effect of thdlutmse nanowhiskers on the
mechanical properties of this biopolymer. Mechanipeoperties such as tensile
strength, tensile modulus and elongation at breskfiller content tested at room
temperature are plotted in Figure 10.

Table 6.Mechanical properties for PLA films and their nanccomposites

E Modulus Tensile Strength| Elongation at
(MPa) (MPa) Break (%)
PLA 1886.44+9.11 58.22+0.31 6.03+1.26
PLA+1%CNW freeze | 1197+3.50 30.42%0.15 6.87+0.25
dried
PLA+2%CNW freeze | 990.5+174.65 26.84+0.79 7.64+2.04
dried
PLA+3%CNW freeze | 1070+362.03 36.4846.97 12.57+3.78
dried
PLA+5%CNW freeze | 1225+208.79 37.23+3.35 8.19+0.65
dried
PLA+1%CNW solvent| 271.5+74.82 16.65+3.40 2.02+0.59
exchanged
PLA+3%CNW solvent| 298.84+85.32 12.66+1.21 1.994+0.31
exchanged
PLA+5%CNW solvent| 911.33+289.43 35.74+12.74 5.75%1.23
exchanged

175




Results: Chapter Il

—8— PLA+WL-%CNW freeze-dried —®— PLA+WL%CNW freeze-dried
1800 —=— PLA+W-%CNW solvent exchange —m— PLA+1w1-%CNW solvent exchange

E Modulus (MPa)
Tensile Strength (MPa)
&

WE-%CNW WE.-%CNW

18 | —8— PLAWL-%CNW freeze dried
—=— PLA+WL-%CNW solvent exchange

Elongation at failure (%)

WE-%CNW

Figure 10.A) Young Modulus E (MPa) as a function of PLA caining freeze dried
CNW and solvent exchange CNW. B) Tensile strength éunction of CNW content
and C) Elongation at failure (%) as a functionhf CTNW content.

From the results, the mechanical properties did slddw improvement when

compared to the pure PLA. From Table 6 and Figlretican be seen a reduction in
tensile modulus and tensile strength and an ineréasthe elongation at break.
Curiously, with increasing filler loading a reinfing effect is displayed compared to
lower filler loadings but in the range screenedrtechanical rigidity is always below
that of neat PLA. Thus, a reduction in tensile modwf ca. 37%, 47%, 43% and 35%
for PLA films containing 1, 2, 3 and 5 wt.-% freedged CNW were obtained. Films

of PLA with CNW obtained by solvent exchange withlazoform presented a

reduction in Young Modulus of ca. 86%, 84% and 58 related composites

containing 1, 3 and 5 wt.-% of the filler. This icdtes a stronger softening effect of
the CNW obtained by the latter method.

In the case of tensile strength, reductions of 48485, 37% and 36% in the property
value with the addition of 1, 2, 3 and 5 wt.-% cédze-dried CNW were measured.
For films of PLA with 1, 3 and 5 wt.-% of solverxahanged CNW again a greater
reduction in the property of ca. 71%, 78% and 3886 seen.

For the elongation at break, an increase of ca.,12ZP%, 108% and 35% in the
property with the addition of 1, 2, 3 and 5 wt.-%freeze-dried CNW was observed.
As opposed to the plasticizing behaviour of théelalCNW, in the case of the
nanocomposites with 1, 3 and 5 wt.-% of solventhexged CNW a significant
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reduction in the elongation at break of ca. 66%%6@nd 5% was observed,
suggesting a lower interfacial interaction effend/@r lack of optimum dispersion.

Petersson et al. reported earlier a decrease imanaal properties in PLA films
containing microfibrillated cellulose and attributieese results to an agglomerated
morphology and lack of good interaction between thatrix and the cellulose
microfibers (Petersson, Oksman. 2006). Howeves, dbies not seem to be case here,
where a nice CNW dispersion and excellent barniepgrties were obtained.

Siqueira et al. (Siqueira et al. 2009) also rembiteat the addition of raw sisal
whiskers to PCL resulted in a global decrease eftéimsile mechanical behaviour of
the material. This result was again ascribed topiher interfacial adhesion between
the cellulosic nanoparticles (hydrophilic) and tCL matrix (hydrophobic).
However, other previous studies have indicatedribabnly the filler-matrix adhesion
but also the filler-filler interactions are impantawhen considering the reinforcing
capability of cellulose whiskers (Siqueira et @09; Oksman et al. 2006). Thus, it
has been reported that the mechanical propertiezlafiosic whiskers are far from
simple and strongly depend on the matrix systempmndessing conditions. Thus, in
whisker based composite materials, in fact a cgricounterintuitive trend has often
been reported, i.e. the higher the affinity betw#es cellulosic filler and the host
matrix, the lower is the mechanical performancehi@eing the so-called percolation
threshold, where the whiskers attained are stromgbrconnected by a 3D network,
has also being claimed as a necessary conditiomctoeve strong mechanical
reinforcement in these systems and interferendhisfoy structural, compositional or
environmental factors is thought to be fatal fapsy reinforcement. By making use
of the following equation where the percolatioretitold can be easily anticipated on
the bases of the aspect ratio (Oksman et al. 2006),

it is determined that for our system with a maximexperimental aspect ratio of ca.
16, the percolation threshold should lay around-%wf CNW. In fact we begin to

see the recovery in the mechanical propertieseahipher filler loading studied of ca.
5.5 v.-% of CNW. In addition, a recent work als@lkned the potential plasticization
effect that the reinforcing hydrophilic filler mifibrilated cellulose can bring to a
matrix (Lépez-Rubio et al. 2007). This counterititg effect was ascribed to filler-

induced sorbed moisture.

Modelling of the mechanical properties using théoweHalpin-Tsai equation was
also carried out to determine the theoretical etgiemms (Petersson, Oksman. 2006):

E= E.(1+&ng) _E/E,-1
1-np Er/Em+E,
_ 2xLength

Thickness ¢ = olume fraction
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The Halpin-Tsai equation is normally used to predte modulus for aligned fiber
composites, but it has been used before to préldéctmodulus of nanocomposites
(Petersson, Oksman. 2006; Wu et al. 2004).

The following data were used in the calculationgi,E1.7GPa (Wu et al. 2004),
Eceuose=167.5GPa (Tsahiro, Kobayaski. 1993),,=1.25 g/cni (Ganster et al. 1999),
Peellulosé=1-6 g/crﬁ (Fricke. 1924), Dimensioggw 160 x 10 nm. The volume fraction
of the nanoreinforcement was calculating usingfttlewing equation (Luo, Daniel.
2003):

_ W,/ p,
w/p, +(L-w)/p,

r

A comparison between the theoretical and experiatgasults is presented in Figure
11. The theoretical calculations are based on flilpersed systems where the filler is
aligned in the longitudinal direction and has petfaterfacial adhesion to the matrix.
The experimental results are clearly not aligneith thie expected results. This is most
likely due to the combination of many factors botgmntially two could play greater
role: Water-induced plasticization and being betbe/percolation threshold.

Halpin-Tsai Model

1—e— Experimental CNW-freeze dried
— @ —  Experimental CNW-solvent exchange

E (GPa)

T T T T
0.00 0.02 0.04 0.06 0.08 0.10
CNW Volume Fraction

Figure 11 Experimentally measured tensile E modulus conpdre theoretical
predictions by Halpin-Tsai.

Conclusions

Cellulose nanowhiskers, with lengths ranging fro®160 nm and thicknesses
ranging from 10-20 nm, were prepared from highlyrifi|pd alpha-cellulose

microfibers (with 50-10um length and 10-2@m thickness) by acid hydrolysis and
were used to reinforce a PLA matrix with contergaging from 1 to 5 wt.-% by a
solvent casting method. Two methods were useddpedse the whiskers in the PLA
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matrix namely, freeze dried CNW and CNW obtainettragolvent exchange with
chloroform.

The TEM results indicated that the freeze dried CMMfe better dispersed in the
PLA matrix. The solvent exchanged CNW showed ldéspeaiision and transparency.
From the DSC results, melting point and crystaljinncreased with increasing CNW
loading hence suggesting a filler-induced crystéili development. From TGA

results, it was concluded that the addition of foactions of CNW in the PLA do not

alter the thermal degradation of the matrix.

Interestingly, the CNW were able to reduce the wpameability by up to 82% and
the oxygen permeability by up to 90% with only 3-84 of nanofiller content. This
barrier enhancement was higher than expected biyingpthe most widely used
models. The presence of highly crystalline cellalagnoshields, PLA crystallinity
development (e.j. transcrystallinity) and sorbedstue filling the free volume were
put forward as the most likely factors behind thiehaviour. Contrarily, the
mechanical performance was seen lower than thaeaf PLA and than expected by
typical modelling work. This observation was asedbto both the filler ranged
screened being below the percolation thresholdrnaost importantly to filler-induced
plasticization by sorbed moisture.

In spite of the above, the main conclusion frons thiork is that purified cellulose
nanowhiskers were shown for the first time, to bdecuate for significant
improvement in the barrier properties to gases\amburs of polylactic acid, hence
resulting in fully renewable biocomposites of imtstrin biopackaging, membrane and
coating applications.
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PAPER VIII:_ Morphology and Barrier Properties of Solvent Cast
Nanobiocomposites ok/i--carrageenan and Cellulose Nanowhiskers.
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Abstract

The current study presents the development andactesization of novel carrageenan
nanobiocomposites showing enhanced water barrie¥ tu incorporation of cellulose
nanowhiskers (CNW). CNW, prepared by acid hydrolygsdishighly purified alpha cellulose
microfibers, were seen to have a length of arou@ nm and a cross-section of ca. 5 nm
when dispersed in the matrix. The nanobiocomposita® prepared by incorporating 1, 3 and
5.-wt% of the CNW into a carrageenan matrix usirgplaition casting method. Morphological
data (TEM and optical microscopy) of the nanocontpescontaining CNW were compared
with the morphology of the corresponding biocompessicontaining the original cellulose
microfibers and differences discussed. The mairclosion arising from the analysis of the
results is that the nanobiocomposites containingit3% of CNW exhibited the lowest
reduction in water permeability, i.e. ca. 71%, #mat this reduction was largely attributed to a
filler-induced water solubility reduction. This fulbiobased nanoreinforced carrageenan can
open new opportunities for the application of thispolymer in food packaging and coating
applications.

Keywords: Carrageenan, Food packaging, Food coating, Biocsitgso Cellulose
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1. Introduction

Biopolymer films have been the focus of worldwidgeation for the past few decades because
they offer favorable environmental advantages irmse of biodegradability compared to
conventional synthetic polymeric films. Edible abiddegradable natural polymer films offer
alternative packagings and coatings with lower mmwental costs. The search for new
renewable resources for the production of edibld biodegradable materials has steadily
increased in recent years. In particular, noncotieeal sources of carbohydrates have been
extensively studied. There are various unique damth@tes that are found in marine organisms
that represent a largely unexplored source of wdéuanaterials. These nonconventional and
underexploited renewable materials can be usech asteresting alternative to produce edible
films and coatings (4).

The biopolymers studied in this work to producebélifilms and coatings were/i-hybrid
carrageenan extracted from Mastocarpus stellatusinderexploited red algae present in the
Portuguese marine coast (1-4). Carrageenans are-seétible polymers with a linear chain of
partially sulfated galactans,which present high eptélity as film-formingmaterials.
Carrageenans are structural polysaccharides froree@deed and have beenused extensively in
foods, cosmetics, and pharmaceuticals (5). Carragebiopolymer extracted from M. stellatus
seaweeds was shown to be/ahybrid carrageenan with gel properties comparébliéose of
commercialk-carrageenan gel formers. The use of carrageenadibke films and coatings
already covers various fields of the food industngh as application on fresh and frozen meat,
poultry, and fish to prevent superficial dehydrat{@), hamor sausage casings (7), granulation-
coated powders, dry solids foods, oily foods (8),,eand also the manufacture of soft capsules
(9, 10) and especially nongelatin capsules (11llysdocharide and protein film materials are
characterized by high moisture permeability, lowygen and lipid permeability at lower
relative humidities, and compromised barrier andchmeical properties at high relative
humidities (12).

To tailor the properties and improve the water stesice of these biopolymers, it is often
desirable to blend them with more waterresistaopdiymers orwith nanoadditives. In the case
of the addition of nanoclays, the nanocompositadihave been seen to substantially reduce
water-vapor permeability, solving one of the longrsling problems in the production of
biopolymer films and coatings (13).

More recently, cellulose nanowhiskers (CNW), alsomt@d cellulose nanocrystals, are
increasingly used as load-bearing constituents Bvelbping new and inexpensive
biodegradable materials due to their high aspéict, good mechanical properties

(14), and fully degradable and renewable character.

As compared to other inorganic reinforcing filleGNW have many additional advantages,
including a positive ecological footprint, wide ity of fillers available throughout the world,
low density, low energy consumption in manufactgriease of recycling by combustion, high
sound attenuation, and comparatively easy proc#isgatbue to their nonabrasive nature
(15,16).

Cellulose nanowhiskers are prepared by treatingyeatellulosic products with acid reagents,
most typically sulfuric acid, where small amounfssolfate ester groups are introduced to the
surfaces (17). This treatment is, however, hydiolghd thus results in dramatic decreases in
both the yield and fibril length attained down @01150 nm. The use of cellulose hanowhiskers
as nanoreinforcement is a new field in nanotechoywl@nd as a result there are stillmany
obstacles remaining regarding their use. Their petdn is time-consuming and is still
associated with low yields. They are difficult teeuin systems that are not water based due to
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their strong self-association by hydrogen bondliere, the cellulose nanowhiskers are added
to the carrageenan, which is water-soluble. Becaek@ose nanowhiskers allow a quite stable
dispersion in water, composites are generally abthi with matrices that can be
dissolved/suspended in water such as latex (18sgch (21, 22), poly(ethylene oxide) (PEO)
(23, 24), chitosan (25), and soy protein (26). Avwus study showed for the first time the
capacity of this natural nanoreinforcing elementiéwelop nanobiocomposites of solvent cast
PLA by various methods, which resulted in enhanlsadier properties to gases and vapors
(32).

However, very little is known about the developmamid characterization of carrageenan
nanocomposites. Daniel-Da-Silva et al. reporteduthe ofi-carrageenan polysaccharide for the
production of macroporous composites containingoeamed hydroxyapatite, with application
in bone tissue engineering (27). Gan et al. dewsapnew injectable biomaterial, carrageenan/
nanohydroxyapatite/collagen, for bone surgery (B8 previous work, Sanchez-Garcia et al.
reported the development and barrier propertiesesf nanocomposites of carrageenan based
on nanoclays (13). However, to the best of our Kedge, the addition of cellulose
nanowhiskers to carrageenan and the study of thdtiregy barrier properties of these novel
nanobiocomposites have not been reported before.

Thus, the objective of this work is to develop nfally renewable and biodegradable edible
films for food-packaging applications with betteartier properties, especially better water
resistance. A top-down nanotechnology approacisesl o reach this objective, which consists
of the incorporation via solution casting of pladerived cellulose nanowhiskers previously
hydrolyzed from the corresponding microfibers.

2. Experimental
2.1 Materials

Details about the recovery afi-hybrid carrageenan biopolymers from M. stellataaveeeds
can be found elsewhere (1, 2, 29). The polysaatbarsed in the present study was obtained
through a hot extraction process performed durihga2 95°C and a pH of 8 on alkalitreated M.
stellatus seaweeds. The resulting powder was thefigal by mixing 1 g of isolated product
with 50mL of hot distilled water during 1 h and sehuent centrifugation performed at
sequence cycles at 104 rpm (13.7 g) and 40°C dutihgnin. The supernatant was finally
recovered and used for film forming by casting.

A highly purified R-cellulose microfiber grade fro@reaFill Fibers Corp. (USA), having an
average fiber length of 6@mand an average fiber width of ah, was used. According to the
manufacturer’s specifications, these fibers haRamllulose content in excess of 99.5%.

Sulfuric acid (95-97%) from Sigma Aldrich, Germanyas used during the CNW production.
Sodium hydroxide from Fluka was also used duringtradization of the CNW. Glycerol was
used as plasticizer and was supplied by Panreani@uiS.A. (Spain).

2.2 Preparation of nanocomposites

2.2.1. CNW production

Highly purified R-cellulose microfibers, 10 g/100 mvere hydrolyzed in 9.1 mol/L sulfuric
acid at 44°C for 130 min. The excess of sulfuridasias removed by repeated cycles of
centrifugation, 10 min at 13000 rpm (20.4g). Thpesnatant was removed from the sediment

and was replaced by deionized water. The centiiftig@ontinued until the supernatant became
turbid, which suggested that the nanowhiskers beckargely released into the solution in
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accordance with a previous work (30). After centydtion, the suspension containing cellulose
nanowhiskers had a pH of 3.5, and the solution drap by drop neutralized with sodium
hydroxide to pH 7 and subjected to dialysis, follagva procedure described elsewhere (33).
The nanofiller was used suspended in water to nihkevarious nanobioblends to avoid
potential agglomeration during drying.

2.2.2. CNW dispersion and film preparation

Solution-cast film samples of carrageenan contgidin3, and 5 wt % of CNW were prepared,
using water as a solvent. CNW solutions were mixed homogenizer (Ultraturrax T25 basic,
Ika-Werke, Germany) for 2 min and were then stirmgith the carrageenan at ambient
temperature during 30 min and, subsequently, agstBetri dishes to generate films of around
50 um thickness after solvent evaporation at room teatpee conditions. In the case of
carrageenan films with glycerol, 10 wt%of glyceveds added to the solution before casting.
Similar blends were obtained with 1, 3, and 5 wtctntents of the original cellulose

microfibers for comparative purposes.

2.3 Optical light polarized microscopy

Polarized light microscopy (PLM) examinations usamgECLIPSE E800-Nikon with a capture
camera DXM1200F- Nikon were carried out on botlesidf the cast samples.

2.4 TEM measurements

TEM was performed using a JEOL 1010 equipped witHigital Bioscan (Gatan) image
acquisition system. TEM observations were veryidiff to perform due towater absorption
and difficult handling of the films. However, sorpétures were taken onmicrodrops of the
film-forming solutions cast directly onto the TENdservation grids. The solutions were stained
before casting by adding a 2 wt%solution of uraagktate for 3min. The pure cellulose
nanowhiskers were also observed by direct castingaber suspensions over the TEM grids
followed by solvent evaporation.

2.5 TGA measurements

The thermal stability of both freeze-dried CNW andllidose microfibers and of the
nanocomposites was investigated using a TGA Q5@ ffA InstrumentsUSA. The samples
were heated from room temperature to 600°C at anigete of 10°C/min and a nitrogen flow
of 100 mL/min.

2.6 Gravimetric measurements

Direct water vapor permeability was determined fribve slope of the weight gain versus time
curves at 24°C. The films were sandwiched betweenatbminum top (open O-ring) and
bottom parts of a specifically designed permeabiitll with screws containing silica gel to
generate 0% relative humidity (RH). A Viton rubbeiri®g was placed between the film and
the bottom part of the cell to enhance sealabillityen, the cells were placed in the desired
environment, namely, a desiccator conditioned &RBl generated by a saturated salt solution,
and the solvent weight gain through the film wasitwwed as a function of time. Cells with
aluminum films were used as control samples toredé solvent gain through the sealing.
Solvent permeation rateswere estimated from thedgtetate linear permeation slopes. Water
weight gain was calculated as the total cell wegdihminus the gain through the sealing. The
tests were done in duplicate.
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For the percent water uptake, samples were drieddiesiccator at 0% RH until constant weight
to obtain the so-called dry weight. They were tladlowed to saturate in moisture inside
desiccators at 11, 54, and 75% RH and monitoredngusiorption until constant weight

(indicating water uptake). The experiments wereedontriplicate and averaged. The water
uptake was calculated as the water gain at theede§H divided by the dry weight and

multiplied by 100.

3. Results and Discussion
3.1 Morphological characterization

Figure 1 shows typical photographs taken in thé c@sageenan film and its nanocomposite
containing 5 wt % CNW and its microcomposite contain5 wt%cellulose microfiber.
Samples with CNWshowed the best optical properties,samples with cellulose microfibers
being less transparent. Both contact transparemeyRigyure 1a) and transparency against light
(see Figure 1b) were evaluated. In the contactspramency, the samples appear to exhibit
similar behaviors. However, in transparency agalig$tt the film containing CNW shows
better performance, suggesting that the cellulomeowhiskers must be well dispersed in
contrast to large cellulose microfibers, which sardight to a significant extent. In any case,
unfilled carrageenan films do still show the hightesnsparency.

Figure 1. Typical photographs of 30 microns thickness filmé A) Carrageenan, B)
Carrageenan film containing 5wt.-% of CNW and B) Casgaman film containing 5wt.-% of
cellulose microfibers.

Polarized optical microscopy permits one to zoonthgpmorphology at the micrometer level to
observe the carrageenan composites and to potgmatsaless the efficiency of the hydrolysis
and separation processes in the nanocomposite§ige® 2). From this figure, it can be seen
that some remaining microfibers can still be det@dh the separated CNW fractions. Despite
this, the scarce remaining microfiber particles @reourse much thinner in comparison with
the original microfibers.

Optical microscopy was not often utilized when rfabdcation of cellulose was carried out in
the previous literature and, hence, it is diffidoltassess whether this is the result of our psoces
or if it is a general effect during the hydrolysi$ microfibers. The optimization of the
hydrolysis time and the effect of using differentdswill be reported elsewhere.
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Figure 2A indicates that the dimensions of theute#le microfibers in the biocomposites are
not homogeneous but vary from 10 to88 in the cross section and between 50 andubs@h
length across the polymer matrix. For biocomposités higher filler contents, larger fiber
aggregates and agglomeration of the microfibethénmatrix are observed (see Figure 2E), as
reported by Sanchez-Garcia and Lagaron in prewiarks (31, 32).

Thus, from this figure, it can be seen that althotlge hydrolysis was not able to break down
completely the fibers, the larger fibers are muainrter and relatively scarce in comparison
with the originalmicrofibers also shown for compan purposes. The films were observed on
both sides by opticalmicroscopy andwere found tvigle similar results, indicating that the
observations are not the result of detectable undigpersion across the film

thickness.

Figure 2. Optical micrographs of carrageenan based filmparesl by casting containing: (A) 1
wt.-% cellulose microfibers, (B) 1 wt.-% CNW, (C) 3.wb cellulose microfibers, (D) 3 wt.-%
CNW, (E) 5 wt.-% cellulose microfibers, (F) 5 wt..@NW. The scale marker is 100 microns.

When glycerol was added to the biopolymer, someegsting observations were made. On

the one hand, glycerol was seen to form inhomogendmui rather large segregated
domains in the absence of filler (see Figure 3BjsTs in accordance with previous
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observations by the authors in the biopolymer apstitine plasticized with glycerol (47).
More interestingly, however, is the observation that the presence of the
microcomposites, the cellulose microfibers do re¢rsto be homogeneously dispersed
and appear to be rather segregated to the ma&gkidn (see Figure 3€). Indeed, when
polarized light was used, the microfibers appeaveset aside and to preferentially locate
within the matrix fraction. Panels E and F of FigBrésee arrows) also support the latter
observations by suggesting that glycerol domairenséo form boundaries around the
fibers. Even more interesting is the fact that wikMW were used, it was much more
difficult to spot in the composite the otherwisegkaglycerol domains, and observation of
Figure 3H suggests that the glycerol domains becemmaler and more homogeneously
dispersed across the matrix in the presence ohdnefiller. This could be related to the
nanosize of the cellulose whiskers, which makesdiffithe aggregation of glycerol in the
matrix providing a more homogeneous composite. Tiservation may also help to
explain the completely different water barrier perfance of plasticized micro- and
nanocomposites (see later).

A

Figure 3. Optical micrographs of carrageenan based filmgaining: (A) Pure carrageenan,
(B) 10 wt.-% glycerol, (C)(D)(E)(F) 3 wt.-% of miciibkrs and 10 wt.-% glycerol, (G)(H) 1
wt.-% of microfibers and 10 wt.-% glycerol, (1) 3.v#6 of CNW and (H) 3 wt.-% of CNW and

10 wt.-% glycerol.
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TEM is a powerful tool for the analysis of cellubowhiskers and nanoparticles dispersion in
general. In any case, TEM analysis of the nanocsitgstructure was challenging for several
reasons: The major problem is the impossibility microtoming the biocomposite films,
because the cuts are usually collected on liquidléch either dissolve the polymer or lead to
rolled pieces very difficult to handle and obseH@wvever, by direct casting of polymer
solution drops over the TEM grid, relatively goauiaiges of the nanobiocomposites were
obtained. Figure 4 shows pictures of the pure gesman, pure nanowhiskers, and the
corresponding nanobiocomposites. From Figure 4Ba ghispersion of the nanowhiskers in
the matrix becomes apparent; however, increasiaghémofiller content in the matrix (Figure
4C) results in an increase in the number of agglatasmmost likely due to the well-reported
natural trend of the cellulosic fillers to selfasiste via hydrogen bonding as the concentration
builds up in composites.

The typical size of the cellulose nanowhiskers etemiined by TEM was found to be around
25-50 nm in length and around 5 nm in the cros8mewithin the polymeric matrix. Thus, by
comparing the size of the attained CNWwith that led briginal cellulose microfibers, it
becomes evident that a considerable (by ca. 3 @mfemagnitude) reduction in fiber size has
been accomplished by the acid hydrolysis. Theseltseesre in agreement with previous
findings by these authors using this type of mitmerfs (31) and also with previous results by
other authors using different cellulosic materi@6, 31). Direct TEM observation of the pure
cellulose nanowhiskers after solvent evaporatiodicates that a very intricate network of
aggregated whiskers is formed with cross sectionthé thinnest fibers below 10 nm. By
drying, the cellulosic material tends to agglomerand, therefore, it is likely that the presence
of the biopolymer molecules in the composites h&pisetter retain the dispersibility expected
to exist in the solution form.

Figure 4. TEM images of: (A) carrageenan film, (scale mariseR00nm); (B) carrageenan
containing 1 wt.-% CNW content, (scale market isrt@}) (C) carrageenan containing 5 wt.-%
of CNW (scale market is 200nm).

3.2 Thermal stability
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Thermal degradation of carrageenan and its nanoasites containing both CNW and the
original microfibers was studied by determining ttmeresponding mass loss during heating by
TGA. Table 1 summarizes the decomposition thernmagrémaximum of the weight loss first
derivate) for all samples. From Table 1, the tempge atwhich the carrageenan decomposition
rate is the highest is 219.78°C. On the other himedyeight loss first-derivative maximum for
the neat CNW is located at 331.55°C. This is ca. 3@®%@r than that for the original cellulose
microfibers, indicating that the CNW are less thaltynstable than the original microfibers, in
agreement with previous works (48), due tomostyikiee hydrolysis process that promotes the
presence of sulfate groups on the fiber surfacdowtcontents of CNW (1 and 3 wt %), the
decomposition temperature of the biocompositesawittglycerol decreases; however, further
incorporation of CNW (5 wt %) results in a slighithcreased thermal stability.

Table 1. TGA Maximum of the Weight Loss First Derivative (Tand the Corresponding Peak
Onset and Endset Values for the Carrageenan-Basextiddsit

sample onset (°C) T4 (°C) endset (°C) sample onset (°C) Ts (°C) endset (°C)

carrageenan 211.9 219.8 2264 carrageenan + 10% Gly 2132 2233 2330

carrageenan + 1% CNW 196.8 2019 207.0 carrageenan + 1% CNW + 10% Gly 2217 2275 2333
camageenan + 3% CNW 204.9 210.0 2157 carrageenan + 3% CNW + 10% Gly 226.0 2311 236.3
camageenan + 5% CNW 2187 2225 2279 carrageenan + 5% CNW + 10% Gly 2270 2317 2372
camageenan + 1% fiber 206.9 2117 216.9 carrageenan + 1% fiber + 10% Gly 2118 2271 2334
carageenan + 3% fiber 191.6 196.4 2017 carrageenan + 3% fiber + 10% Gly 2244 2292 2343
camageenan + 5% fiber® carrageenan + 5% fiber + 10% Gly 2224 2281 2333
CNW 3126 3315 349.0 CNW 3286 3315 349.0
purified cellulose microfibers 309.8 363.9 384.2 purified cellulose microfibers 309.8 363.9 384.2

*TGA of carragenan containing 5 wt % of fiber was not measured.

For the films of carrageenan containing glyceroé tlecomposition temperature increased by
4°C, suggesting that the plasticizer stabilizespblymer to some extent. In the case of the
nanocomposite samples containing glycerol, the miposition temperature also increased by
ca. 8°C, suggesting that glycerol can also act staglizer for the blend. This increase was
arrested for the composites containing CNW in exa#s8 wt%. Pandey et al. reported a
decrease in thermal stability with the additionceflulose nanowhiskers to a PLA matrix(34).
The authors discussed that there are conflictipgrte about the thermal stability of esterified
lignocellulosic materials, the behavior of whichsaseen to depend on the reagents used for
modification. Esterification with maleic and sudcimnhydrides was also reported to lead to a
decrease in thermal stability, whereas treatmernth Watty acids, acrylonitrile, methyl
methacrylate, did enhance thermal stability (34)erClet al. also showed a reduction in
decomposition temperature with the addition of pe# fiber (PHF)-derived nanowhiskers to
pea starch ascribed to the longer interaction thighacid media (35). Ayuk et al. reported that
an improvement in thermal degradation temperatuesgn at high whisker contents, is
considered to be an indication for efficient digien of the filler (36). On the other hand, Li et
al. reported that the decomposition temperaturghdbsan films containing CNWderived from
cotton linter pulp hardly changed with an increasaanofiller content in the matrix. The latter
authors suggested that the addition of CNWretaihedhermal stability of the films because of
the strong interactions between the whiskers artdsan (37).

Addition of cellulose microfibers to unplasticizedrrageenan resulted in a continuous decrease
in the decomposition temperature for microfilleadings of up to 3 wt %. Thus, whereas 1 wt%
of CNW dropped the most the thermal stability andhier nanofiller loading resulted in
increased stability, for the microfibers the maximdrop was for 3wt%loading. On the other
hand, the behavior of adding cellulose microfibershe carrageenan containing glycerol was
found to be rather similar to that of CNW.
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Previous studies reported that glycerol can hetpeise dispersion and interaction with fillers
and, hence, the higher stability of the blends wgflgcerol could be ascribed to this
phenomenon (13, 36, 37). Nevertheless, although ftossible that a better interaction can
occur in the composites containing glycerol, adretispersion was in fact not observed in the
current experiments in the cellulosemicrofibersisTédso points out that, in fact, glycerol is a
stabilizing agent on its own because it also dtadsithe pure matrix. With regard to the losses
in thermal stability for unplasticized nanocompesitvith low contents of cellulosic materials,
it is feasible that because dispersion is highématioadings but the reinforcing effect is higher
in terms of water resistance (see later), highftuénce in the performance of the composites
compared to the matrix could be detrimental tostadility. Therefore, the results here suggest
that higher dispersion leads to earlier matrix ddgtion due to enhanced interaction between
filler and matrix and/or the corresponding propetgrations.

On the overall, the TGA data indicate that the téecmmposites are thermally stable in the
temperature range in which carrageenan is typigathgessed, i.e. below 190°C.

3.3 Mass transport properties

Table 2 gathers the direct water vapor permeabiibgfficients of carrageenan and its
nanobiocomposites. These values are in good agreemith the values previously reported by
the authors in similarly produced films (4). Fromble 2, it can also be seen that a water vapor
permeability decrease of ca. 32% is observed waighaiddition of 10 wt % of glycerol. This is
expected as Talja et al. reported that the watgowvpermeability for potato starch-based films
without plasticizer was higher compared to thastafch-based films plasticized with 20 wt %
of glycerol at various RH conditions (39). Howevas, opposed to this, the films plasticized
with 30 and 40 wt%of glycerol increased the wat@par permeability (38,39,). In the current
study, a similar behavior of a water vapor permégkrieduction at low additions of glycerol
was observed in carrageenan films. Visible crackthé carrageenan film without plasticizer
were not seen before testing. However, the increasater vapor permeability of carrageenan
in the absence of glycerol could be hypothesizeteisg caused by microcracks in the film.
Alternatively, Guo et al. reported that cellulostate films at plasticizer contents of 5-10%
(w/w, solids) had lower water vapor permeabilitaritfilmswithout plasticizer because of

the decreased molecular mobility of the cellulosetae promoted by the plasticizer (40).

Table 2. Water permeability for the carrageenan based méfer

sample P (kg m/s m? Pa) % reduction sample P (kg mis m* Pa) % reduction

carrageenan ABg.86 = 0.041E carrageenan -+ 10% Gly ABC465 05426
carageenan + 1% CNW 216+ 0.23E 68 carrageenan -+ 1% CNW + 10% Gly €032 +0.15€ 1 50
camageenan + 3% CNW C2.01 =037 ™ 7 carrageenan + 3% CNW + 10% Gly €1.87 £0.14E " 60
carageenan + 5% CNW B0 89+ 0.67E 1 58 carrageenan -+ 5% CNW + 10% Gly 1.74+078E 1 63
camageenan + 1% fiber AB4 154 012E7M 40 carrageenan + 1% fiber + 10% Gly ABC4 62 +0.53E

camageenan + 3% fiber 53,00+ 0.69E ¢ 56 carrageenan -+ 3% fiber + 10% Gly A1+ 1526

camageenan + 5% fiber ABg.31 4+ 0.54E 1 8 carrageenan + 5% fiber + 10% Gly A7.32£051E7™

438 li-carrageenan literature value 67E "

& Statistical analysis by Tukey test is indicated®py, and C.

Figure 5 shows a plot summarizing the water vapymgeability of neat carrageenan and its
nanocomposites with CNW and of the correspondingdsigposites with the original cellulose
microfibers for various filler contents with andthdut glycerol. Fromthe results, in the case of
the films without glycerol (Figure 5A), reductiongwater vapor permeability of ca. 68, 70,

and 58% were obtained in films containing 1, 3, &nat % of CNW, respectively, compared
with unfilled carrageenan. In the case of the casitpe of carrageenan with the original
microfibers, decreases inwater vapor permeabifityao 40, 56, and 8% with the addition of 1,
3, and 5 wt%of microfibers compared to neat caeamga were obtained. Thus, at
highermicrofiber contents, the water vapor permagtieduction is most likely decreased
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due to filler agglomeration as observed by optioétroscopy (see Figure 1E). This result is
consistent with a previous study on the additiorsiofilar cellulosemicrofibers to PLA, in
which filler agglomeration as observed by SEM oocedrwith increasing filler loading and
resulted in increased permeability due to the meadf preferential paths for diffusion (32).
Interestingly, for similar filler contents, the CN@fe more efficient in reducing water vapor
permeability compared to the microfibers due tefthinanodispersion versus microdispersion
of the filler.

Carrageenan+ i Carrageenan+5%Fiber+10%Gly =
Canageenansavrvor I Cartagoenant33iber10%Gly —
canageenan e ver T cansgeemanassrsioney T
car e Carageenam SHCNW+10%Gly F—
car T Carageenansawicws oy 1
can . camageenansicwwesosey {

bA camageenan-towey {1+ B

0 2014 de-14 6e-14 8e14 0 214 4de14 6e-14 814 1613

Water Permeability (Kg m/s m? Pa) Water Permeability (Kg m/s m? Pa)

Figure 5. (A) Permeability to water of carrageenan and ®hiénocomposites containing 1, 3
and 5 wt.-% of CNW and of cellulose microfibers. B@rmeability to water of carrageenan
with 10 wt.-% of glycerol and of its nanocompositestaining 1, 3 and 5 wt.-% of CNW and
of cellulose microfibers.

When nanocomposites with glycerol were formulagededuction in water vapor permeability
was also observed (see Table 2 and Figure 5B)jghegductions of ca. 50, 60, and 63% were
obtained for 1, 3, and 5 wt%of nanofiller contensspectively, with regard to the matrix
containing glycerol. In principle, the barrier riEircement was not seen higher than for the
samples without glycerol, a fact that perhaps rules the hypothesis of higher dispersion
between the filler and the matrix assisted by glgiceThis may also suggest that the
observation of glycerol increasing the thermal ifitgbof the blend may be regarded as the
plasticizer increasing interaction between thefithind the matrix and/or acting as a stabilizer
during the thermal runs. The facts that the glylcsraot miscible with the carrageenan (31) and
that the cellulosic material may not be as welpdised in the glycerol phase can lead to a more
unhomogeneous dispersion of the nanofiller in theegol-containing composites, which in
turn can promote higher overall thermal stabilior the blends. In sharp contrast to the
behavior of the CNW, the addition of 1 wt % ofmicbafrs did not result in enhanced barrier
performance, and but adding 3 and 5 wt%of the waignicrofibers increased water vapor
permeability by ca. 53 and 57% compared to pur@agaenan containing glycerol. This
behavior in barrier performance is unexpected hatavas already reported before in PLA(32);
cellulosemicrofiber loadings beyond 1 wt% resuliadbarrier deterioration due to sudden
microfiber agglomeration and lack of adhesion atpblymer-filler interphase as characterized
by SEM. In the current experiments, if the miclefilwas not homogeneously dispersed but
rather segregated to the matrix phase as the mioghostudy suggested, this could
detrimentally affect the barrier performance. Iaiso relevant to point out that higher thermal
stability seems to be actually promoted in theenirexperiments by filler agglomeration.

In summary, the best water barrier performance feasd for CNW loadings of ca. 3 wt %.
This suggests that higher CNW contents lead to fileanoagglomerations that no longer
enhance dispersion and which are detrimental imgesf barrier enhancement. Surprisingly,
microfibers become inefficient as barrier elementthe presence of glycerol, due tomost likely
segregation and agglomeration of the microfibetsida glycerol domains.
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To better assess the barrier performance, someatypiodels were applied to compare the

experimental results with widely used simple modblielsen (41) developed an expression to
model the permeability of a two-phase compositeshewhich impermeable square plates are
dispersed in a continuous conducting matrix. Ttedegsl are oriented so that the two edges of
equal length, L, are perpendicular to the directbtransport and the third edge, of width W, is

parallel to the direction of transport. This exjsies is:

P=P (l-@)f+L/2W)g]

where P is the permeability of the composite, Pnthé permeability of the matrix, adedl is
the volume fraction of the impermeable filler. Tie- ®d) term accounts for volume exclusion
and the (1 + (L/2W)bd) term for tortuosity. In the following, this mddwill be called the
tortuosity model. Note that this model does notoaat for permeation through the dispersed
phase.

A more realistic system to consider is one in whactiscontinuous low-permeability phase is
present in a high-permeability matrix. Maxwell (48gveloped a model to describe the
conductivity of a two-phase system in which pernieapheres are dispersed in a continuous
permeable matrix. Fricke (43) extended Maxwell'sieldo describe the conductivity of a two-
phase system in which ellipsoids with permeabilty are dispersed in a more permeable
continuous matrix. According to this model, therpeability of the composite system widi2

the volume fraction of the dispersed phase, is: (44)

P= (P+ PF)/(1+F) 2
where
F=df2/1 -®2][1/(1+(1-M)(Pd/Pm-1))]
M = cas/ sin36 [0 -1/2 sin B)]
and

cos=W/L

W is the dimension of the axis of the ellipsoidaii@ to, and L the dimension perpendicular to,
the direction of transport, arédin radians.

Figure 6 plots the experimental permeability valaesl modeling results using eqs 1 and 2.
TEM characterization of CNW in the carrageenan fiknggested experimental L/W(particle
length/ width ratio) values ranging from 5 to 1@dn the cellulose microfibers from 2 to 15.
Therefore, in fact, the main relevant factor inugidg permeability in these models for a given
filler loading is to have higher L/W for the fille€uriously enough, the L/W factors achieved as
a result of the top-bottom nanofabrication approdsmot change to a significant extent and,
hence, the two models for a start cannot reallk pie the overall downsizing differentiating
effect. Another factor not involved in themodelig the different permeability blocking
capacity for a given filler loading, which for tltase of the CNW is hypothesized to be higher
because the overall crystallinity of the fillerimereased during nanofabrication.
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Figure 6. Permeability modelling vs. vol.-% of a disperggthse with different aspect ratios
L/W and the normalized experimental permeabilitjues.

The following set of parameters were used in equat(1) and (2)pcellulose nanowhiskers =
1.6 g/ml (45), Pdc 0 , Pm=100 and L/W of 5, 10 and 50. The resultpldyed in Figure 7
suggest that the permeability drop in nanobiocortg®sontaining 1 and 3 wt.-% of CNW,
does not follow the expected trend in permeabdityp, i.e. they arrest earlier, and is actually
much higher than predicted for aspect ratios batveand 10. However for aspect ratios of 50,
which seem larger than the actual experimentalcigpios, a better fit to the experimental
data is achieved (see Figure 6), especially at Wothit.-% of CNW with glycerol and of
microfibers without glycerol. It is also observeubt the Fricke model better describes the
experimental data at low contents of CNW when carsid L/W=50. This indicates that a
nanodispersion factor should be implemented inntlbeleling when the filler does not change
the L/W ratio to account for overall size reducti@ata for the carrageenan film with 5 wt % of
CNW, as the filler seems to more strongly aggloneerdeviate from the modeling expected
trend as filler content builds up. This again swsggehat filler agglomeration has to be taken
into account in the modeling as it reduces the ebggebarrier enhancement. In the case of the
films with cellulose microfibers and glycerol, thvater vapor permeability was seen to increase
and shows a completely different behavior from tbdet predictions. We conjecture that the
agglomerated morphology of the cellulose microfbierthe carrageenan films and the lack of
homogeneity in dispersion could be at the originhef discrepancy between experimental data
for cellulose microfibers and the models.

Nevertheless, the applied simple models largelyeypid their barrier responses on the bases of
the so-called morphological tortuosity effect awléiller loadings, which is mostly related to
diffusion, so they conjecture that a diffusion retion by a fillerassisted blocking of the
permeants is the chief phenomenon accounting fmp#rmeability reductions. To gain more
knowledge in this respect, evaluation of water sitily by measuring water uptake was also
carried out in the samples.

3.4. Water uptake
Table 3 summarizes the water uptake at 11, 54,7886 RH in carrageenan with and without

glycerol and in the nanobiocomposites with CNW amdlutose microfibers. A general
observation is that water uptake in all films iresed with increasing RH, as expected (39).
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However, for the case of the microfiber-based casiips, this increase in water uptake is
smaller in the low- and medium-humidity range. lable 3, the water uptake at 11%RHis
surprisingly reduced by asmuch as 77, 91, and 91t tve addition of 1, 3, and 5 wt % of
CNW, respectively. At higher relative humidity, ndyeat 54 and 75% RH, a similar strong
reduction in water uptake is observed as CNW areddal the carrageenan matrix. In the case
of the composites with fibers, the water uptakéi® RH shows a similar uptake value as for
the pure carrageenan, but at 54 and 75% RH the wateke is clearly smaller than in
carrageenan and rather similar to that in the spoeding CNW-based composites. Thus, the
good morphology and dispersion of the highly crijista CNW (as determined and reported
elsewhere (31)) in the carrageenan films produbé dignificant reduction in water uptake.
The microfibers also reduce to a significant extitvt water uptake but only atmedium-high
relative humidity conditions.

Table 3. Percent Water Uptake at 11, 54, and 75% Relative idiym(RH) for the
Carrageenan-Based Materfals

water uptake at 11% RH water uptake at 54% RH water uptake at 75% RH
carageenan 85,12 £0.08 1090+ 0.29 B17.02£0.34
camageenan + 1wt % CNW PE1.1840.01 0349+ 0.52 4,93+ 1.29
camageenan + 3 wt % CNW 0.45+0.28 04204 0.19 ©7.544+0.45
carageenan + 5 wt % CNW £0.414 009 04,18+ 0.19 A754+0.38
camageenan + 10% Gly ABCDEZ 62 + (0,32 M241 +0.21 C6.03+ 0.62
camageenan + 1 wt % CNW + 10% Gly COE{ 45 +0.04 8C613+ 0.012 C8.89+0.62
camageenan + 3 wt % CNW + 10% Gly £0.850.10 04,77 £ 0.39 899.19£2.38
carrageenan + 5 wt % CNW + 10% Gly 7.9340.89 800505+ 0.93 6.38 + 0.84
camageenan + 1 wt % fiber ABCDY4 71 40,25 0457 4 0.28 ©6.05+0.57
carageenan + 3 wt % fiber ABC4 74 +0.42 BC05 24+ 0.15 6.49 +0.02
camageenan + 5 wt % fiber 85,19 +0.07 BC05 31 + 0.44 ©7.48 +0.82
camageenan + 1 wt % fiber + 10% Gly A5.87 +0.50 BC5.87 4 0.10 8234213
carageenan + 3 wt % fiber + 10% Gly A5.61£1.85 86.97 £ 0.05 8,65+ 0.80
camageenan + 5 wt % fiber + 10% Gly 85 45 +0.35 506,23+ 0.08 C9.70+1.88

& Statistical analysis by Tukey test is indicated¥y, C, D, and E.
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Figure 7. Water uptake (wt.-%) at 11%, 54% and 75%RH for: @arrageenan and its
nanocomposites with different contents of CNW andrafibers; (B) carrageenan with 10% of
glycerol and its nanocomposites with different eortis of CNW and microfibers.

The impact of adding glycerol to the carrageenbmsfion water uptake was also determined at
different humidity levels. The water uptake of peerageenan was seen to decrease with the
addition of glycerol at low relative humidity, biricreased at higher relative humidity. The
same behavior was reported by Zeppa et al. (46)s,Télycerol was also reported to decrease
water uptake at low water activity and to increttis at high water activity. In particular, at
low water activity, the decrease in solvent uptakes attributed to a decrease of available
sorption sites in the presence of the plasticizbe rationale for this is that in plasticized films
there are interactions between the hydroxyl grafgke polysaccharide and these of glycerol,
and so there are fewer sorption sites for watedibm (39, 46). When CNW are added, the
available free volume is also thought to be filladby the highly crystalline nanofiller, hence
resulting in reduced uptakes. That effect seems d&dicient with microfibers at low water
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activity. At medium-high relative humidity conditie, water-clustering phenomena resulting in
plasticization are thought to occur, thus increggime overall water uptake as observed here
(46). This phenomenon is thought to be more favamethe glycerol plasticized films due to
enhanced molecular mobility of the polymer chamghie presence of the plasticizer and also to
the hydrophilicity of the plasticizer.

Table 3 also shows that films of carrageenan wiihamt % of glycerol and with 1, 3, and 5
wt%of CNWpresent a decrease in the water uptakel&RHof ca. 60, 76, and 47%,
respectively, compared with the plasticized careage containing glycerol. In the case of the
water uptake at 54%RH, reductions of 50, 61, and 5@8te observed for the films of
carrageenan with 1, 3, and 5 wt%of CNW. Water uggakeasured at 75%RH were also seen
to present decreases of ca. 66, 65, and 75% foglyteerol plasticized films containing 1, 3,
and 5 wt% of CNW. At low and medium water activity, the water uptake ctiuns are
clearly smaller in the presence of glycerol thathi; absence of the plasticizer. In the case
of the composites of carrageenan with cellulose ofilers, an increase inwater uptake at
11%RH was seen. On the other hand, at higher humdtitditions, the microfibers
exhibit significantly reduced water uptake, whichdmaes similar as this observed for the
CNW. The behavior in water uptake at low humidity dtinds does single out the
behavior of the microcomposites containing glycebuit curiously this is not the case at
high humidity and, therefore, the reproducible teaperformance of the microcomposites
in the presence of glycerol must be related tadién

As expected, the addition of cellulose nanowhiskeas generally seen to be more efficient in
reducing water sorption across relative humidityhie presence and in the absence of glycerol
due to both the higher crystallinity present in €@d¥W and the higher dispersion in the matrix
due to the nanosize. Interestingly, the exhibitedewuptake drops are generally similar to the
corresponding water vapor permeability reductionsd,ahence, a surprisingly strong
contribution to permeability is anticipated fronistisolubility indicative factor.

To further study the impact of solubility orwatgstake on the observed permeability, Figure 7
shows the ratio of water vapor permeability measate7’5% RH divided by water uptake at
75% RH for the carrageenan films and the nanocorgsosiontaining CNW and cellulose
microfibers with and without glycerol. This ratiarctell us something about the water diffusion
(D=P/S) in the materials at this high relative hdityi condition. From the results, it is
surprising to see that in fact diffusion seemsdadiher constant or to decrease in unplasticized
CNW based-biocomposites and to slightly increaseplasticized CNW based-composites,
suggesting that the water solubility reduction &rang factor behind the reduction in moisture
permeability in the nanobiocomposites. A higher exvatiffusion seems clearer in the
microcomposites and especially for the samplesaioinig glycerol, a fact that again supports
the lower dispersion and/or interfacial interacteomd agglomeration of the microfiller in the
glycerol-containing samples. These observationsyang relevant because they may provide a
better understanding of the barrier effect of theWCHs based on the presence of crystalline
blocks, which reduce solubility to a significantext and, hence, permeability.

198



Results: Chapter Il

—_— CNW
———— Fiber
le-14 1 ......... Oseseensee CNW-Gly
_— —0 —— Fibers-Gly
|
8e-15 - A
—~ Z —q
— e
~
)‘\ ~ -
Ve >~ d

6e-15 - 7 T~ -

Water Permeability/Water Uptake

Content wt.-%

Figure 8. Water permeability/Water uptake (%) ratio at 75%f#&Hthe various samples with
and without glycerol.

3.5 Conclusions.

As a summary, cellulose nanowhiskers, with lengtrsging from 25 to 50 nm and cross
sections around 5 nm, were prepared from highlyfipdrR-cellulose microfibers (of 50-100
um length and 10-2Qm cross section) by acid hydrolysis and were usaeihforce the water
barrier of a carrageenan matrix with contents magdifoml1 to 5 wt% using a solvent casting
method. From TGA results, the addition of low cartseof nanowhiskers in the carrageenan
films was seen to reduce to some extent the ovératimal stability of the biopolymer, which
was reversed by filler agglomeration at higher logd and with the addition of the plasticizer
glycerol. Addition of cellulose nanowhiskers to regreenan resulted in good dispersion of the
nanofiller in the matrix, especially at low filleontents. However, increasing the nanofiller
loading in excess of 3 wt % TEM and water vapornpmmbility data suggested that
agglomeration of these CNW takes place due to hyhognding- induced self-association.
Optimum performance in terms of barrier, that isaa70%water vapor permeability drop, was
seen to occur at around 3 wt%of CNW. The permeghillibp was chiefly ascribed to a strong
reduction in water uptake rather than a diffusioiveh tortuosity effect. On the other hand, the
addition of the parent cellulose microfibers didaatesult in reductions in permeability at low
filler loadings, but these were smaller per fil®lume compared to the CNW and were seen
only in the absence of the plasticizer glycerol. eThoptical properties of
themicrocompositeswere detrimentally affected caemgbao both CNW-based composites and
pure carrageenan. Surprisingly, the addition otelgl resulted in increased permeability for
the microcomposites due to most likely segregatbrihe cellulosic material to the matrix
fraction as suggested by optical microscopy andsemgent agglomeration and creation of
preferential paths for diffusion.

Overall, the main conclusion arising from this stusl that cellulose hanowhiskers obtained by
acid hydrolysis can be used to enhance the wateieband resistance of carrageenan and
hence can have significant potential in food-pasig@nd -coating applications.
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Chapter lIl.

Nanobiocomposites based on Carbon nanotubes and @amn Nanofibers.
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PAPER IX: Effect of addition of carbon nanofibers and carbomanotubes on
properties of thermoplastic biopolymers
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Abstract

This paper presents the properties of nano-bio-ositgs of solvent cast
polyhydroxybutyrate-co-valerate (PHBV) and polyadpctone (PCL) containing
carbon nanofiber or carbon nanotubes as a funcidiler content. It is found that
carbon nanotubes and nanofibers can be used to@nihe conductivity, thermal,
mechanical and to enhance gas barrier propertiggeahoplastic biopolyesters.

Keywords: Carbon nanotubes, Carbon nanofibers, Nanocomppdiieslegradable
polymers, Barrier properties
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Introduction

Biodegradable polymers have received consideratdmteon due to their potential
application in fields related to environmental gaiton and ecology in the last two
decades. Most biodegradable polymers have excefeoperties comparable to
manypetroleumbased plastics. They possess a nuaibexcellent and promising
properties that can be used in a number of appitst including packaging,
automotive and biomedical sectors. Thermoplastiégradable polymers, such as
polyhydroxyalkanoate (PHA) and polycaprolactone€Il(R are processable using
conventional plastics machinery. For the polyhygedkanoates (PHAs) family, the
most widely used material is the polyhydroxybutgré®HB) and its copolymers with
valerate. These microbial biopolymers are storagéenals produced by a variety of
bacteria in response to particular environmentedsses [1]. Polyhydroxybutyrate
(PHB) is a naturally occurring b-hydroxyacid (aglar polyester). The homopolymer,
poly(hydroxybutyrate) PHB, and its copolymer witlydnoxyvalerate, PHBV, are
biodegradable engineering thermoplastic polymerth viinportant properties that
make them suitable for many applications for whisbtroleum-based synthetic
polymers are currently used. PHB polymers are djreased in small disposable
products and in packaging materials [2]. PCL isharmoplastic biodegradable
polyester synthesized by chemical conversion oflerail. PCL has good water, oil,
solvent, and chlorine resistance, low melting poiotv viscosity, and is easily
processed using conventional melt blending teclgieto [3]. PCL is being
investigated for use in biomedical utensils, pharesgical controlled release systems,
and in biodegradable packaging [4]. Biodegradablgmers have strong commercial
potential for bio-plastics. However, they exhilot toughness, low heat distortion
temperature, relatively high gas permeability coragao oil based polyesters such as
PET, low melt viscosity, low thermal and electricahductivity. These shortcomings
restrict their use. Reinforcement of these materiading nanoparticles may be an
effective way to improve these properties [5—7]eféhare research studies showing
property improvements in biodegradable materialsh whe addition of carbon
nanotubes. Reinforcement of PCL with carbon narexutas been carried out with
the overall aim of increasing its biodegradatioterand to enhance mechanical
properties, i.e. this route led to considerableroupments in the composites tensile
strength [8]. Other authors reported that the &idibf small amount of MWCNT into
PCL matrix can improve its thermal stability, at toading of MWCNT into PCL
matrix induced heterogeneous nucleation duringtalyzation processes as studied
by DSC [9]. Saeed and Park reported that the cdiviycof the nanocomposite of
PCL increases with the increase of CNT content.[LLA] et al. found that addition of
carbon nanotubes into PHBV enhanced its thermdliléyastudied by TGA. The
thermal properties and the crystallization behavimf the composites were
characterized by differential scanning calorimednd wide-angle X-ray diffraction
and the nucleant effect of MWNTs on the crystatlma of PHBV was confirmed
[11]. However, to the best of our knowledge thesend prior work on the use of
carbon nanotubes and carbon nanofibers to simaltesfe enhance various properties
of the materials including barrier properties agaihe absorption of gases and water
vapour. In this study, the morphology, thermal, dumetivity, mechanical and solvent
barrier properties as a function of filler conteritbio-composites of PCL and PHBV
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containing carbon nanotubes or nanofibers as naimig elements are presented and
discussed.

Materials and methods
Materials

The bacterial polyhydroxyalkanoate grade was puetia from Goodfellow
Cambridge Limited, UK, in pellet form. The supplietaterial was a melt-processable
semicrystalline thermoplastic PHBV (polyhydroxyhuatte with 12 mol% of valerate)
copolymer made by biological fermentation from neable carbohydrate feedstocks.
The PCL grade FB100 was supplied in pellet formSmjvay Chemicals, Belgium.
This grade has a density of 1.1 gfeamd a mean molecular weight of 100,000 g/mol.
Carbon nanotubes used are agglomerate of Multi-VZaibon Nanotubes, with
commercial name Baytubde€ 150 P supplied by Bayer Material Science. Bag#lb
are agglomerates of multi-wall carbon nanotubed Wdtwv outer diameter, narrow
diameter distribution and an ultra-high aspect orafiength-to-diameter ratio).
Baytube& show excellent tensile strength and E-moduluswaB as exceptional
thermal and electrical conductivity. Size of carb@motubes are 1 to 10n of length
and around 5-20 nm in diameter. Carbon nanofiberssapplied by Pyrograil,
with diameters ranging from 70 to 200 nm and atlemgtimated to be 50-1Q@n.

Preparation of blends

Solution-cast film samples of the biodegradablesenls with 1, 3, 5, and 10 wt.%
carbon nanofiber, and the same for the carbon nhestcontents were prepared with
a dry film thickness of around 1Q0n, using chloroform as a solvent. Fiber solutions
in chloroform were mixed in a homogenizer (Ultraaxr T25 basic, Ika-Werke,
Germany) for 4 min and then stirred with the polyrae40°C for 24 h. Subsequently,
the material was cast onto Petri dishes to genditate after solvent evaporation at
room temperature.

Optical light polarized microscopy

Polarized light microscopy (PLM) examinations usiogjtz Ergolux with a capture
camera moticam 2000 with 2.0 MPixel were carried oo both sides of the cast
samples. A 40X objective was used to examine thphkss.

SEM measurements

For SEM observation, the samples were cryo-fradtung hand after immersion in
liquid nitrogen, mounted on bevel sample holderd aputtered with Au/Pd in a

vacuum. SEM pictures (Hitachi S4100) were takem\ait accelerating voltage of 10
keV.
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TEM measurements

Transmission electron microscopy (TEM) was perfatmasing a JEOL 1010
equipped with a digital Bioscan (Gatan) image asitjoh system. TEM observations
were performed on ultra-thin sections of microtorttad bio-composite sheets.

AFM measurements

AFM measurements were performed using a NanoscdpeAtomic Force
Microscope, Veeco (IMS) (Veeco Instruments) to stigate the morphology on the
top of the cast films in the bio-composites. Thag®ms were scanned in tapping mode
in air using commercial Si cantilevers (Veeco Ilastents) with a resonance
frequency of 165 kHz.

DSC measurements

Differential scanning calorimetry (DSC) of PHBV, P@nd their composites were
performed on a DSC Q10 thermal analysis systenymindlly 7 mg of dry material at
a scanning speed of 10 °C/min from room temperatutbe melting point using N2
as the purging gas. Before evaluation, the thermmad were subtracted from similar
runs of an empty pan. The DSC equipment was c#diirasing indium as a standard
and typically two measurements were carried ouhersamples.

TGA measurements

Thermogravimetric analysis was carried out with@ATQ50. Samples were heated
from ambient temperature to 700 °C in a flow gfadd a heating rate of 20 °C/min.

Thermal and electrical diffusivity

Electrical conductivity was measured by van dervPawethod [16]. Being a four
probe method the contact resistance is eliminatel cnly one accurate dimension
(thickness) is needed to calculate the volume tieitis of the sample. Basically, a
current (l,) is forced through two adjacent corners of thepdamand the voltage drop
(V43) is recorded on the other two corners. The comdtictis calculated using the
following equation:

exp-MA B[R, ) +exp-nR B Rg)=1 O

where t is the sample thickness (m) and r is thmelaotivity (S/m).
Ra =(Vaa/l12+V12/134)/2 ) g Re =(Var/loa+Va3/141)/2 g
(2)

The sample thickness was averaged over nine measnte. Prior to the
measurement, the corners of the sample were caedthdsilver paste. The current
source (Keithley 6220 DC) and the nanovoltmeteritfley 218A) were linked
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together and the measurements were done in deltie,nwhen the current source
alternates the signal polarity and triggers theomahlimeter to read at each polarity.
This current reversal technique cancels out anystaemm thermoelectric offsets.
Depending on the sample conductivity, the curremtls were determined such that
the measured voltage ranged from 10 mV to 1 V. démuracy of the measurement
setup was verified by a resistivity standard of.113/m (VLSI Standards Inc.).

Thermal diffusivity was measured by a Flash Diféityi Instrument (Nanoflash LFA
447, Burlington, MA, USA) in nanocomposite samptésl2.7 mm wide and 1 mm
thick. Nanocomposite test samples were prepared cognpression molding.
Measurements were done at different temperature828&nd 45 °C. The illumination
was a Xenon flash lamp and the wavelength wasdadivand visible and near IR.

Mechanical properties

Tensile relaxation properties were measured usm§ER-HVPO1 Universal Testing
Platform for the Anton Paar Physica MCR300/301/500Q/rotational rheometer host
system (Xpansion Instruments, LLC). Tensile tess dane at the melting point of the
material. As such, for the PCL the test was dorgb&tC and for the PHBV at 165 °C.
The following generalized equation can be useddoutate the tensile relaxation
modulus for polymers in step extension on the santah extensional rheometer
(SER).

E(t) - ﬂ — (T _Toffset) (3)

&4 2ReAlos! oy ) exel-&,)
where E(t) is the calculated tensile stress relamamodulus; rt the true stress in
_20R

"L
extensiongH = 0.1 applied step Hencky strain 0
where 2R = 1.031 cm (diameter of the equal dimensilums) and | is fixed at
1.272 cm, and X is the Hencky strain rate; T thigque; Toffset the torque offset value
(if needed); R the drum radius = 5.156 mm; the initial specimen cross-sectional
area (width x thickness)s is the solid state polymer densigyy; the polymer melt
density (for elastomelss = py).
The following generalized equation can be usedaloutate the engineering tensile
stress, r, for tensile specimens in extension erstaR:

(T B Toffset)
2RA,
wherec is the engineering tensile stress; T the torqudisét the torque offset value

(if needed); R the drum radius = 5.156 mmg;i¢\the initial specimen cross-sectional
area (widthy  thickness).

(4)

Water uptake

Samples were allowed to dry in a dessicator at 0%&Hone week until constant
weight is reach. They were then placed in a dessiGt 100%RH and allowed to
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absorb water until constant weight (indicating ébtium) was reached. The water

uptake was estimated during the sorption experisneftwater using an analytical

balance Voyager V11140. Thus, saturation conditi@s checked by observing no
changes in successive weight uptake measuremettte specimen. Tests were done
in quadruplicate and average values and standestseare provided.

Oxygen permeability

The oxygen permeability coefficient was derivednfraoxygen transmission rate
(OTR) measurements recorded using an Oxtran 10ipregat (Modern Control Inc.,
Minneapolis, MN, US). During all experiments temgere and relative humidity
were held at 24 °C and 80% relative humidity. Bigpercentage of the relative
humidity was generated by a built-in gas bubblat aas checked with a hygrometer
placed at the exit of the detector. To facilitatanple humidity equilibration during
the actual oxygen transmission rate test at 80%RHta avoid potential fluctuations
on barrier during the test, the samples were piditioned at 80%RH by storage in a
dessicator set up at this RH by appropriate saltisa. The experiments were done in
duplicate. The samples were purged with nitrogenafaninimum of 20 h, prior to
exposure to a 100% oxygen flow of 10 ml/min, and anf sample area was
measured by using an in-house developed mask.

Results and discussion

Bio-composites morphology

Polarized optical light microscopy photographs \a#d to take clear images of the
carbon nanotubes embedded in the biodegradableixesmtrFig. 1 shows the
morphology of the PCL films prepared with low, m&ai and high carbon nanotubes
contents. Fig. 1A and B shows the presence of digfiersed carbon nanotubes in the
1 wt.% and 3 wt.% fiber—PCL sample prepared byiegstt can be seen the increase
of carbon nanotubes and the agglomeration of thgocananotubes in the 5 and 10
wt.% carbon nanotubes (Fig. 1C and D).
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Fig. 1. Optical micrographs of: (A) a film prepared bystiag of PCL with 1 wt.%
carbon nanotubes content (scale marker is 20, (B) a film prepared by casting
of PCL with 3 wt.% carbon nanotubes content (soadeker is 204.Qum), (C) a film
prepared by casting of PCL with 5 wt.% carbon nabes content (scale marker is
204.0um), (D) a film prepared by casting of PCL with 1@.% carbon nanotubes
content (scale marker is 204u6n). Magnification of the optical micrographs is %00
Fig. 2 shows the carbon nanofibers in the PCL kgstiFig. 2A clearly shows the
presence of highly dispersed fibers in the 1 wté&tbon nanofiber—-PCL sample
prepared by casting. In the 10 wt.% carbon nancflBEL sample (see Fig. 2B) it can
be observed that the excess of fibers results itermlency for crowding and
entangling.

Fig. 2. Optical micrographs of: (A) a film prepared bystiag of PCL with 1 wt.%
carbon nanofibers content (scale marker is 204, (B) a film prepared by casting
of PCL with 10 wt.% carbon nanofibers content (ecaharker is 200.8um).
Magnification of the optical micrographs is 500x.

To observe the morphology at the micron and sublimidevel, SEM observations
were initially carried out in the bio-compositesg.F3 shows the fracture morphology
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of some of the films prepared by casting with lomndahigh content of carbon
nanofibers and carbon nanotubes. Fig. 3A showbradf PCL with 1%CNF. It can
be seen that the carbon nanofibers are embeddkd matrix. There is good adhesion
and good dispersion of the carbon nanofiber inREE matrix. However, with the
increase of carbon nanofibers contents (Fig. 3B) darbon nanofibers exhibit
agglomeration morphology. Fig. 3C and D shows therpmology of carbon
nanotubes in the PCL. In Fig. 3C, film of PCL withoCNT shows the dispersion and
intercalation of the carbon nanotubes in the malfivertheless, in Fig. 3D, film with
10%CNT shows agglomeration of the carbon nanotutbessame behaviour for the
carbon nanofibers.

Fig. 3. Scanning electron micrographs of the cross seafo(A) a film prepared by
casting of PCL with 1 wt.% carbon nanofibers cot{@acale marker is fm), (B) a
film prepared by casting of PCL with 10 wt.% carbpanofibers content (scale
marker is 5um), (C) a film prepared by casting of PCL with 1%tcarbon nanotubes
content (scale marker is 600 nm), (D) a film preplapy casting of PCL with 10 wt.%
carbon nanotubes content (scale marker is 700 nm).

Fig. 4 shows TEM results taken on specimens oPte with carbon nanotubes and
carbon nanofibers in different contents. The disiper and intercalation of low
contents of carbon nanotubes and nanofibers imtteix is clear. However, with the
increase of the content of carbon nanotubes anbonananofibers, there is an
agglomeration of the nanopatrticles in the PCL,dhme observation as by SEM. The
picture reveals clearly the size of the carbon haves of around 175-200 nm in
length and a width of approximately 15 nm. The sifethe carbon nanofibers is
around 280 nm in length and 64 nm in width. Theesif carbon nanotubes and
carbon nanofibers observed by TEM is similar to sl indicated by specifications
of the materials. AFM is a very powerful technidfoe the observation of materials
morphology. It also provides a feasible route teestigate the topography of films
containing micro- and nanofibers [17]. The obseéorabf the samples was carried out
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by AFM at the top surface. Fig. 5 shows the presemt the top surface of carbon
nanotubes in the 5 wt.% carbon nanotube-PCL samppdpared by casting. The
picture reveals the size of the carbon nanotulsbofit 670 nm in length and a width
of approximately 75 nm (similar size observed i@ 8EM micrographs), which seems
strongly attached to the matrix.

A

Fig. 4. Transmission electron micrographs of the crosi@eof: (A) a film prepared
by casting of PCL with 1 wt.% carbon nanotubes eon{scale marker is Odm), (B)

a film prepared by casting of PCL with 1 wt.% carboeanofibers content (scale
marker is 200 nm), (C) a film prepared by castifigP€L with 10 wt.% carbon
nanotubes content (scale marker is 200 nm), (Dvagdrepared by casting of PCL
with 10 wt.% carbon nanofibers content (scale maik®.2um).

1.0

1.00

0.50

0
1) 0.50 1.00 1.50

Fig. 5. Atomic force microscopy phase typical imagém of thp surface of a cast
sample of PCL containing 5 wt.% of carbon nanotuhem area of 1.50 Im.
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Thermal properties

Melting temperature () and heat of fusionAH,,) corrected for biopolymer content
in the bio-composites were determined from the D&Cond heating runs of the
samples. Crystallization temperaturey)(Tand heat of crystallizationAH.) were
determined from the DSC cooling runs of these samprhese are shown in Table 1
for PCL cast films with different carbon nanotutsesd carbon nanofibers contents.
From literature, it was known that nanofiber/ namet acts either as nucleating agents
or as obstacles to crystallization depending ontypes of matrices [18-21]. Table 1
shows the variation of thermal parameters as fanstiof the carbon nanotubes and
carbon nanofiber content for the PCL composites: #®@ case of the carbon
nanotubes, there is a multiple crystallization witho peaks. This reflects the
induction of the heterogeneous crystallinity stowet and a decrease of the
crystallization due to the addition of carbon naihets.

The crystalline temperature and heat of crystajlinre seen to drop with the increase
of the carbon nanotubes contents. There are twkspafathe crystalline temperature
with 1, 3 and 5 wt.% of carbon nanotubes. With 10%wcarbon nanotubes the
crystalline temperature is approximately 10° higtiemn the pure PCL (see Fig. 6A).
The heat of fusion of these biomaterials with carbanotubes is seen to increase a
little with the addition of 1% carbon nanotubese($&g. 6B). From Table 1, in the
case of carbon nanofibers, the heat of fusion,head of crystallization of the carbon
nanofibers biomaterials are seen to drop. This dsdprger for samples with higher
fiber contents, similar to the materials with carbmnotubes, however there are not
multiple crystallizations in these cases due toftloe that carbon nanofibers produce
less modification in the crystallinity of these P@laterial than the carbon nanotubes.
Table 2 summarizes the thermal parameters for HB\VWPcomposites with different
carbon nanotubes and carbon nanofibers contentsn Rhese results, the same
behaviour as in the PCL biomaterial can be seemmFFable 2, the glass transition
temperature (Tg) of the PHBV increases with theitamdof CNT and CNF, a higher
increase with low content of filler can be observade to the better dispersion of the
carbon nanotubes and nanofibers in the matrixegoloorating the morphology
results.

In summary, carbon nanofibers and nanotubes hiddéuee crystallization process of
these biodegradable materials. Filler dispersiah iaterfacial adhesion is thought to
hinder to some extent

polymer chains lateral re-arrangements and henstatiization in these biomaterials.
Thermal degradation of PCL and PCL/nanocompositas studied by determining
their mass loss during heating by TGA.
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Table 1.DSC melting point and melting enthalpy of the nidat of PCL and of
their biocomposites with 1, 3, 5 and ®@.-% carbon nanotubes and with 1, 3, 5

and 10wt.-% carbon nanofiber content prepared by solvasfing

Tm (°C) AHm (J/g) Tc (°C) AHc (J/g)
PCL 55.34 £+ 0.41 | 63.07+0.18 34.31+0.04 59.90 + 0.55
PCL+1%CNT 55.71+0.25 | 63.59 +1.89 (34.31-43.22) = 57.93+0.38
(0.02-0.007)

PCL+3%CNT 55.66 +0.37 | 61.73+4.28 (35.10-43.25) 54.70 £ 3.58
(0.02-0.04)

PCL+5%CNT | 55.46 +0.03 | 58.48 +2.67 (36.11-44.66) 54.35+2.34
(0.28-1.79)

PCL+10%CNT | 55.44+0.29 | 58.10+1.14 43.00 £ 0.14 51.96 +£0.62
PCL+1%CNF | 56.56 +0.73 | 57.12+2.75 35.61+0.41 47.78 £5.42
PCL+3%CNF | 56.07 +0.04 | 58.26 +1.35 36.03 £ 0.03 51.24+1.75
PCL+5%CNF | 55.81+0.13 | 57.38+6.21 35.65 £ 0.007 48.17 £3.77

PCL+10%CNF | 55,59 +1.53 | 55.40 £1.53 36.18 +0.09 46.56 +2.39

Table 2. DSC melting point and melting enthalpy of the ni#at of PHBV and
of their biocomposites with 1, 3, 5 and W@.-% carbon nanotubes and with 1, 3,
5 and 10wt.-% carbon nanofiber content prepared by solgasting

Tm (°C) AHm (J/g) Tc (°C) AHc (J/g) Tg (°C)
PHBV (145.45-156.15)| 58.46 +2.47| 96.95+0.29 | 56.19 +2.93 55.3
+(0.54-0.61)
PHBV+1%CN (145.66-156.08) | 57.83+1.99| 98.93+0.50 | 55.45+1.18| 58.63 +£0.11
T +(0.23-0.13)
PHBV+3%CN (147.48-156.79) | 56.74 £2.97| 102.09 £0.08 | 45.66 £ 1.09 | 56.12 £ 0.03
T +(0.23-0.17)
PHBV+5%CN | (147.23-156.68) | 55.54 £1.13| 103.20 £0.02 | 34.27 £1.02 | 58.21 £ 0.09
T +(0.12-0.13)
PHBV+10%C | (146.97-156.40)| 49.64 +2.43| 102.05+0.11 | 40.88 +4.05 | 57.63 +0.16
NT + (0.31-0.40)
PHBV+1%CN | (145.48-156.11)| 66.94 +2.68| 98.32+0.25 | 63.13+2.12 | 60.73 + 3.46
F + (0.05-0)
PHBV+3%CN | (146.58-156.71) | 58.85+3.09| 100.18 +1.20 | 54.29 + 3.43 58.62
F +(0.19-0.2)
PHBV+5%CN | (146.65-156.83) | 50.18 £ 2.45| 100.03 £0.23 | 47.45+2.48 | 59.31 +£2.04
F +(0.12-0.13)
PHBV+10%C | (147.73-157.11) | 51.38 +0.67| 103.71+0.17 | 47.71£0.81 | 58.35+2.07
NF +(0.11-0.21)

Table 3. TGA decomposition point of the neat film of neatlP@nd of their
nanobiocomposites with 1, 3, 5 and 10 wt.-% ofdaibon nanotubes and carbon
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nanofibers and for the PHBV and of their biocomfessiwith 1, 3, 5 and 1@1.-
% carbon nanotubes and carbon nanofiber preparedlbing casting

T decomposition T decomposition
(°C) (°c
PCL 413.36 +1.14 PHBV 286.01 £1.92
PCL+1%CNT 417.68 +3.21 PHBV+1%CNT| 291.21 +1.92
PCL+3%CNT 417.17 +£0.43 PHBV+3%CNT| 288.79 +4.35
PCL+5%CNT 416.19 PHBV+5%CNT | 286.31 +1.45

PCL+10%CNT | 415.89 +0.04 PHBV+10%CNT| 288.73 +1.91

PCL+1%CNF | 406.02 + 3.29 PHBV+1%CNF | 278.36 + 3.51
PCL+3%CNF | 404.75 +1.60 PHBV+3%CNF| 280.46 + 3.26
PCL+5%CNF | 411.37 +3.52 PHBV+5%CNF | 284.33 +2.88

PCL+10%CNF | 412.02 +4.33 PHBV+10%CNH 293.72 +1.08

Table 3 summarizes the decomposition temperatural cfamples. As an example,
Fig. 7 shows the weight loss and Fig. 8 shows #hévdtive mass loss curves of PCL
and of their nano-bio-composites with 1, 3, 5 afdwt.% of the carbon nanotubes
and carbon nanofibers, at a heating rate of 20 *fC/Rrom the thermogravimetric
curves it can be seen that PCL and samples witferdiit contents of carbon
nanotubes and nanofibers present a relatively gtwamostability since no
remarkable weight loss occurred until 290 °C. Asaih be observed from the peak of
the first derivative, the temperature for higheGlLRlecomposition rate is T = 413.36
+ 1.14 °C, for a heating rate of 20 °C/min. Simitlacomposition temperatureas
reported [8]. In the case of the addition of carbmemotubes to the PCL, the
decomposition temperature increased by 4 °C. Homvdoethe carbon nanofiber the
decomposition temperature decreases by 8 °C. ThHmrananotubes reduce the
thermal degradation and the best increase in tbemjgosition temperature is for low
additions of carbon nanotubes (1% and 3%), probdbéy/to the fact that films with
low nanotubes contents have better morphology dsgetsion, though increasing
carbon nanotubes contents do result in filler aggi@tion. From Fig. 7A, the
remaining residue at 550 °C is for pure PCL 0.63@%a with the addition of 1, 3, 5
and 10 wt.% carbon nanotubes the remaining residueetween 0.67%, 1.64%,
3.11%, 4.55% and 8.12%. As can be seen, the additiesidue is close to the added
nanoparticles amount. However, the remaining resigtu550 °C for the PCL films
with 1, 3, 5 and 10 wt.% carbon nanofibers is betw8.65%. 6.67%, 10.26% and
17.90% (see Fig. 7B). These residues are higher tiva added nanotubes content.
This may be due to the shielding effect of the dargnofibers that prevents the
evaporation of the polymer. From Table 3, the terajpee at which the PHBV
decomposition rate is highest is T = 286.01 + PO2for a heating rate of 20 °C/min.
This decomposition temperature is lower than thé . FRHBYV and the samples with
different contents of carbon nanotubes and nandfilresent a relatively good
thermostability

since no remarkable weight loss occurred until 280 For the PHBYV films it has
similar behaviour as PCL. With the addition of @Gartmanotubes the decomposition
temperature increases until 5 °C with low contentarbon nanotubes and with the
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addition of carbon nanofibers the decompositionperature increases until 7 °C.
Remaining residue at 400 °C for the pure PHBV @9%. With the addition of 1, 3, 5
and 10 wt.% carbon nanotubes the remaining residueetween 6.00%, 7.90%,
12.68%, and 16.88%. Pure PHBV has a higher resaddewith the additional residue
it is close to the added nanoparticles amounthéndase of increasing the content of
carbon nanofibers, the remaining residue is betwieeA8%, 14.53%, 20.72% and
14.52%. As it can be seen, this is similar behaviouhe PCL films, the addition of
carbon nanofibers produces higher remaining redidase the carbon nanotubes. From
these experimental results, it can be observedttigapresence of CNT and CNF in
these biodegradable polymers induced better thestadility and therefore the onset
of degradation clearly shifted to higher temperasur
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Fig. 7. (A) TGA curves of samples of neat PCL and of tim@ino-bio-composites with
1, 3, 5 and 10 wt.% of the carbon nanotubes. (BATGrves of samples of neat PCL
and of their nano-bio-composites with 1, 3, 5 aBdw.% of the carbon nanofibers
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Fig. 8. (A) TGA derivative mass loss versus temperatursashiples of neat PCL and
of their nano-bio-composites with 1, 3, 5 and 1®wbf the carbon nanotubes. (B)
TGA derivative mass loss versus temperature of &snpf neat PCL and of their
nano-bio-composites with 1, 3, 5 and 10 wt.% ofdasbon nanofibers.
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Electrical and thermal conductivity

The electrical conductivities of the biodegradahkerials with carbon nanotubes and
carbon nanofibers were tested, and the resultshemen in Fig. 9. With the increase in
CNT and CNF loading, the electrical conductivity ¢fie PCL and PHBV
nanocomposite increases, which is attributed tohié electrical conductivity and
good dispersion of the CNT and CNF. The electricainductivity of the
nanocomposites of carbon nanotubes is higher thamanocomposite with carbon
nanofiber. The electrical conductivity of the naomposites increased from 2.4 x°.0
S/cm for PCL with 1 wt.% CNT to 0.33 S/cm for PClitlw10 wt.% CNT. In the case
of carbon nanofibers the electrical conductivitgreases with the increase of carbon
nanofiber up to 0.10 S/cm for PCL with 10 wt.% CMFsimilar behavior is observed
for PHBV nanocomposites, the carbon nanotubes pecdigher increase in the
electrical conductivity than the carbon nanofibés.expected, there is a significantly
increase in the conductivity as a function of tmeréasing content of carbon
nanotubes and nanofibers in the nanocompositeselElatrical conductivity increases
sharply after 5% of filler. This can be attributém the percolation threshold for
electrical conductivity. The thermal conductivity @arbon materials is dominated by
atomic vibrations or phonons. The thermal diffusisas calculated by the Radiant
Method and the Cowan Method for all the samples g. 10). In the case of the
PCL nanocomposites, Fig. 10A, thermal diffusiontioé pure PCL it can not be
calculated, possibly due to the low value. Thereais increase of the thermal
diffusivity of around 160% in the PCL with 10%CNToropared to the PCL +
1%CNT. In the case of the nanocomposite with carmofibers, there is an increase
of around 165% in the film PCL + 10%CNF comparethvthe film PCL + 1%CNF.
Fig. 10B shows the thermal diffusion (ratio of timad conductivity to volumetric heat
capacity) of the carbon nanotubes and carbon naesfiof PHBV. For both samples
with carbon nanotubes and carbon nanofibers, aease of the thermal diffusion of
ca. 235% for the PHBV with 10% content comparechwite unfilled material was
observed. The thermal transport in the CNT and GiRocomposites includes
phonon diffusion in the matrix and ballistic trangjation in the filler, for that reason
increasing the carbon fillers increase the thetmaasport in these nanocomposites.
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Fig. 9. Conductivity measurements of the neat film of tn®LL and of their
nanobiocomposites with 1, 3, 5 and 10 wt.% of tlerbon nanotubes and
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carbonnanofibers and for the PHBV and of their cwoaposites with 1, 3, 5 and 10
wt.%carbon nanotubes prepared by solvent casting.
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Fig. 10. (A) Thermal diffusion coefficient (mm2/s) of sarmaplof neat PCL and of
their nano-bio-composites with 1, 5 and 10 wt.%haf carbon nanotubes and carbon
nanofibers measured by Radiation and Cowan MetH{8). Thermal diffusion
coefficient (mm2/s) of samples of neat PHBV andhafir nano-bio-composites with
1, 3, 5 and 10 wt.% of the carbon nanotubes anbocananofibers measured by
Radiation and Cowan Method.

Water uptake

Water uptakes of PCL and PHBV and their nanocontpagére tested. The results of
the water uptake are shown in Fig. 11. From thelt®$Fig. 11A), in the case of PCL
containing carbon nanotubes, a reduction in wap¢ake of 45% is observed in the
PCL with 1 wt.% carbon nanotube content as comparigld the pure biopolymer.
There is a reduction in water uptake up to 50%him ¢ase of the PCL + 3%CNT.
However with the increase of CNT content the reiducin the water uptake decreases
slowly. There is a reduction in water uptake of 48% and 41% for the PCL with 5
and 10%CNT, respectively. For the PCL with carbanafibers, Fig. 11A shows the
same behavior of the PCL with carbon nanotubes. Fig shows that water uptake
has minimum values for specimens with 1 and 3 wt&tbon nanofiber content.
Further increase in fiber content results in sliglmproved water uptake. Films of
PCL with 1 and 3 wt.% carbon nanofiber content heaveater uptake decrease of 62%
and 67% compared to the unfilled material, wherilass of PCL with 10 wt.%
carbon nanofiber content show a water uptake remuaf 57%. Fig. 11B shows
water uptake for films of PHBV reinforced with difent carbon nanotubes and
carbon nanofibers contents. In the case of PHBW wirbon nanotubes there is a
reduction in the water uptake of 23% for the filiP#BYV + 1%CNT compared to the
unfilled material, however with the increase oftgar nanotubes content the water
uptake increases, to reach values even highethiaaof the neat component.

For the PHBV with carbon nanofibers, a reductio®®% is observed in the film of

PHBV + 1%CNT. However, with the increase of carlmamofiber content, the water
uptake increased, to become even 52% higher tharptihe PHBV in the case of
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PHBV + 10%CNF. Increasing carbon nanotubes or camemnofibers content was
seen to result in fiber agglomeration and thih@ught to cause a reduction in matrix
homogeneity and cohesion which leads to prefedem@netrant paths and to
detrimental effects in the water solubility. Thésspecially the case of PHBV.
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Fig. 11. (A) Water uptake of neat PCL and of their nano-tamposites with 1, 3, 5
and 10 wt.% of the carbon nanotubes and carbonfibens. (B) Water uptake of neat
PHBV and of their nano-bio-composites with 1, 3ald 10 wt.% of the carbon
nanotubes and carbon nanofibers.

Oxygen permeability

Table 4 shows the oxygen permeability of the bioddgbles PCL, PHBV and their
nanocomposites with carbon nanotubes and carboofihars measured at 80%RH.
From Table 4, the reported value of oxygen perniigalior the PCL is 1.9 x 16° m®
m/s nf Pa measured at 0%RH [22]. This is somewhat lohan the value of 7.06 x
10" m® m/s nf Pa measured at 80%RH in our laboratory, the diffee could be
related to the different material origins and higtand testing conditions. For the
films of PCL, there is a reduction of oxygen perbibty of 52%, 38%, 8% and 10%
for the films with 1%, 3%, 5% and 10% of carbon otabes, respectively, compared
with the unfilled material (see Fig. 12A). Increagicarbon nanotubes contents results
in reduction in the oxygen barrier. This is duectrbon nanotubes agglomeration.
This observation is similar to the water uptakeultssand is corroborated by
morphological observations.

In the case of carbon nanofibers, films of PCL with, 3%, 5% and 10 wt.% of
carbon nanofibers the oxygen permeability is reduag 26%, 29%, 25% and 25%,
respectively, compared with the unfilled materisgéd Fig. 12A). In the case of the
PHBV, the reported value 5.10 x 10-18 m/s nf Pa measured at 75%RH [23] is
somewhat higher than the value of 1.44 x®én® m/s nf Pa measured at our
laboratory at 80%RH. This may result from the dif@ origins of the two samples
and testing conditions. Reductions in oxygen pebitigaof 14%, 5%, 21% and 58%
for the filmof PHBVwith 1%, 3%, 5% and 10 wt.% odrbon nanofibers, compared
with the unfilled material were observed (see B®B). In this case, with increasing
carbon nanofibers content, the oxygen permealikiyreases. These observations are
in good agreement with the water uptake. Films @BV with 1%, 5% and 10 wt.%
carbon nanotubes reduce the oxygen permeability, 8% and 33%, respectively,
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compared with the pure PHBV (see Fig. 12B). It d@n observed that the best
reduction in the oxygen permeability occurs at watent of carbon nanotubes.

Table 4.0xygen permeability for PCL, PHBV and their nanopasites

PO, PO,
(m® m/s nt Pa) at (m® m/s nt Pa) at
80%RH 80%RH
PCL 7.06 &¢ PHBV 1.78 &
PCL+1%CNT 3.39¢ PHBV+1%CNT 0.67 e¥
PCL+3%CNT 441&
PCL+5%CNT 6.51 '€ PHBV+5%CNT 1.61 e
PCL+10%CNT 6.36 &'¢ PHBV+10%CNT 1.18 e
PCL+1%CNF 5.23 &'t PHBV+1%CNF 1.53 '
PCL+3%CNF 5.03 &'t PHBV+3%CNF 1.70 e
PCL+5%CNF 5.27 &'t PHBV+5%CNF 1.40 ¥
PCL+10%CNF 5.33¢e% PHBV+10%CNF 0.75 ¥
Literature value 1,96t Literature value b5.10e"®
“pCL 2pPHB

At 0%RH (solvent casting)
At 75%RH (commercial biobased materials)
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Fig. 12.(A) Oxygen permeability of neat PCL and of thesnn-bio-composites with

1, 3, 5 and 10 wt.% of the carbon nanotubes anbocananofibers measured at
80%RH. (B) Oxygen permeability of neat PHBV andtloéir nano-bio-composites

with 1, 3, 5 and 10 wt.% of the carbon nanotubesaarbon nanofibers.

Mechanical properties

Specimens of the PCL with CNT and CNF nanocompssitere tested in tensile
relaxation experiments, in order to evaluate tHecéfof CNTs and CNFs contents on
the mechanical properties of the nanocompositesKie 13).

From Fig. 13, E was seen to increase with incrgaie CNT content. This implies
that CNT enhances the rigidity of the nanocompesiés expected and widely
reported. Increases in Young modulus of 49%, 10B24% and 166% for the films of
PCL with 1%, 3%, 5% and 10% CNT respectively corapato the unfilled material
are observed. Yield stress (MPa) does also increase with increasing the CNT
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contents, attaining enhancements of 53%, 110%, 12@3470% for the films of PCL
with 1, 3, 5 and 10 wt.% of carbon nanotubes. Rbnsf of PCL with carbon
nanofibers, it can be seen the same behavior ofahgon nanotubes. A remarkable
increase in Young modulus of 321% and in yieldsstref 330% is seen for the film of
PCL + 10%CNF. Increases in Young modulus and yatless which result from CNT
[24-26] and CNF [27,28] incorporation have alsorbesported earlier.

0.15
—&— % CNTubes
-l %CNFibers : —
2.0 4
F 010
= 15 P & _
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T ; .
o d % b

Fig. 13. Young modulus E (MPa) and tensile streflglPa) at 65 C of PCL and of
their nano-bio-composites with 1, 3, 5 and 10 wbfcthe carbon nanotubes and

carbon nanofibers.
Conclusions

The objective of this work was to study the morplgyl, thermal, conductivity,
mechanical and barrier properties of nanocomposités/o biodegradable materials
reinforced with carbon nanotubes and carbon nanofibers. Biodegradable
nanocomposites of PCL and PHBV with different cotdeof CNT and CNF were
prepared by the solvent casting method. The refuwta optical microscopy, SEM,
TEM and AFM showed that CNF and CNT are well emiellch the matrix and
exhibit a good dispersion of the nanofillers in tmatrixes at low filler contents.
However, with increasing the nanofiller content @dT and CNF fillers agglomerate
to some extent. From the DSC measurements, the@mrcardnofibers and nanotubes
hindered the crystallization transformation of #hdsodegradable materials. Filler
dispersion and interfacial adhesion are thoughhitaler to some extent polymer
chains lateral re-arrangements and hence crystiadiiz in these biomaterials. From
the TGA results, it can be seen that the presehce o

CNT and CNF in these biodegradable polymers indletter thermal stability as the
onset of degradation clearly shifted to higher terafures. Electrical conductivity of
PCL and PHBYV nanocomposites increased with incngatsie CNT and CNF loading,
effect attributed to the high electrical condudsivand good dispersion

of the CNT and CNF fillers. The electrical conduitti of the nanocomposites of
carbon nanotubes was seen to be higher than thecwomposites with carbon
nanofibers. Thermal diffusion increased with insing CNT and CNF, i.e. an
increase in thermal diffusion of up to 165% in tAEL and up to 235% in the
nanocomposites of PHBV was observed. In the cas®aofier properties, clear
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improvements in water uptake with the addition @fvicontents of CNT and CNF

were seen. For the PCL, reductions in water uptdilaa. 50% with CNT and of 67%

with CNF were seen. In the case of PHBV, reduct®®% and 49%, with CNT and

CNF, respectively were observed. Improvements iyger permeability of ca. 52%

and 26% for PCL and of ca. 58% and 62% for PHBWGNT and CNF were also

obtained. Increasing carbon nanotubes or carboafib@ns content was seen to result
in fiber agglomeration and this is thought to caaseduction in matrix homogeneity
and cohesion which leads to preferential peneattis and to detrimental effects in
barrier properties. Moreover, a significant incee&s Young modulus and yield stress
which result from CNT and CNF incorporation in thmdegradable materials was
also obtained.

In summary, the increased barrier properties, wata oxygen transmission, and
conductivity and mechanical properties, suggestsgraat potential of the

biodegradables PHBV and PCL with 1 wt.% carbon ha#ves and nanofibers

composite films, in the applications including n@de, aerospace engineering, public
transportation, home appliances, and food and bgegpackaging.
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Chapter 1V. Blends of biobased materials.
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PAPER X: Incorporating Amylopectin in Poly(lactic Acid) by Melt Blending
Using Poly(ethylene-co-vinyl Alcohol) as a
Thermoplastic Carrier. (I) Morphological Characteri zation
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Abstract

In this study, the possibility of using a biodegabl® grade of thermoplastic
poly(ethylene-co-vinyl alcohol) with high (71 mol)%inyl alcohol (EVOH-29), as a
carrier to incorporate the renewable and biodednadeomponent amylopectin (AP)
into poly(lactic acid) (PLA) through melt blendingias investigated. The effect of
using a plasticizer/compatibilizer (glycerol) in ethblend systems was also
investigated. In a first step, the EVOH/AP blendsrevproduced and thereafter, in a
second step, these were mixed with PLA. In thist fstudy, the blend morphology
was investigated using optical microscopy, scaneiegtron microscopy and Raman
imaging spectroscopy and the thermal propertieseweeasured by differential
scanning calorimetry. Despite the fact that EVOId &P are both highly polar, their
blends were immiscible. Still, the blends exhibitadexcellent phase dispersion on a
micron level, which was enhanced further by theitaatd of glycerol. A good phase
dispersion was finally observed by incorporationtioé latter blends in the PLA
matrix, suggesting that the proposed blending raate be successfully applied for
these systems. Finally, the Differential scanniatpimetry (DSC) data showed that
the melting point of EVOH dropped in the EVOH/ARDiS, but the properties of the
PLA phase was still relatively unaffected as a Itesti blending with the above
components.

Keywords: polymer blends; biopolymers; EVOH copolymers; &pegptine; PLA,
packaging applications; biomedical applicationsyphology; raman imaging
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Introduction

Poly(lactic acid) (PLA) is a biodegradable line&platic thermoplastic polyester that
has received significant attention among reseaschsran alternative material for
packaging applications. Today, PLA is one of the smoimportant
biodegradable/renewable plastic materials on theketato a great extent due to its
interesting mechanical, optical, and processingpgriies, and, of course, to its
renewability and biodegradability aspetfsn attempt to improve desired properties
or lower the processing costs both blends and ceitgsohave been produced. Several
studies have been carried out on PLA blends, bath won-biodegradable and
biodegradable materiafs> By blending PLA with other, less expensive,
biodegradable polymers, the “green” factor can fle¢ained at the same time as
properties are improved and cost lowered. A possiiaindidate is starch, due to its
biobased origin, low price, good availability, amdh performance. Starch consists of
a mixture of amylose ( 30%) and amylopectin (AP)Q%J, both based on chains of
1,4- linked a-D-glucose.7 Amylose is linear wherd#&sis highly branched and forms
transparent films, a very attractive feature wheeoimes to the packaging industry.
Martin and Averou$ previously studied melt-blended PLA/starch systeffibe
observation of two glass transition temperatureg),(&nd a twophase morphology,
indicated a low compatibility between the two pobmm The use of adequate
compatibilizers was, therefore, suggested. Poly{ette-co-vinyl alcohol) (EVOH)
polymers are a family of semicrystalline randompodymers with excellent barrier
properties to gases and hydrocarbons, and withtaoutiig chemical resistante.
EVOH copolymers are commonly produced via a sapmatibn reaction of a parent
ethylene-co-vinyl acetate copolymer, whereby thet@g/ group is converted into a
secondary alcohol. These materials have been,asicrgly, implemented in many
pipe and packaging applications where high demandshemical resistance and gas,
aroma, and hydrocarbon permeation have to be meqtaltticular, copolymers with
low contents of ethylene (below 38 mol % ethylene)

have outstanding barrier properties under dry d@mi compared with other
polymeric materials. In spite of the low gas pertimea EVOH copolymers generally
show a high hydrophilic character that can be tumgdomposition. A higher vinyl
alcohol content gives a more water sensitive potyriae EVOH properties can be
designed for different applications by controllitige ethylene/vinyl alcohol ratio.
Even though the EVOH family is not made from renel@aesources, some grades of
the poly (vinyl alcohol) homopolymer (PVOH) are watsoluble and classified as
biodegradable. Moreover, EVOH grades with high Viagohol content (i.e., higher
than 71 mol %) are highly hygroscopic and can hjodée under certain
conditions**2 The similarities to biopolymers exhibited by EVQiproperties have
also led to studies and trials where blends wittdégradable materials have been
produced>* This highly transparent and excellent barrier mateis thought to
improve some properties for PLA and serve as aquate melt blending carrier for
highly polar polymers, e.g., many proteins and patgharides, which otherwise are
not so readily melt blendable with PLA. In spitetb& above, only limited work on
pure blends of PLA and EVOH have been perforiiedee at af® used reactive
blending to induce a reaction between the two camapts in blends with different
concentrations, the material obtained was compaitd EVOH/PLA simple blends.
The mechanical properties were far better whenaatiree blending component was
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used, also the morphology studies indicated tha tute resulted in better
compatibility. Recently, Orts et &i.studied blends of EVOH and thermoplastic starch
with water/glycerol as a plasticizer. They foundttthe most important factor altering
the mechanical properties and the change in mooglolas the relative humidity
(RH) at which the samples were stored becausatfasted the degree of crystallinity
of the materials. Also in the case of AP films, tRél affects the crystallization
process and the degree of crystallifty’ Therefore, the films produced in this study
were stored at the same RH before testing. Theeptessudy reports on the feasibility
of using EVOH-29 (containing 29 mol % of ethylemetihe copolymer) to implement
AP into PLA via melt compounding. Also the diffetgroperties of these binary and
ternary systems are investigated. This first atitiscusses the morphology obtained
using several different microscopy techniques amadh& imaging spectroscopy as
well as thermal property data of the blends. Irubsequent study, the mechanical,
oxygen, and moisture transport properties as welbiadegradability tests will be
presented and discussed.

Experimental
Materials

An extrusion grade of semicrystalline (PLA) manadeed by Natureworks (with a D-
isomer content of approximately 2%) was used irs thiudy. The material was
disclosed to have a molecular weight (Mn) of c&,080 g/mol and a weight-average
molecular weight (Mw) of 150,000 g/mol. Soarhstandard grade (EVOH2903) of
ethylene-vinyl alcohol copolymers with 29 mol %ethylene in the composition was
supplied by Nippon Synthetic Chemical Industry Q¥ippon Goshei, Osaka, Japan).
A very low ethylene-content EVOH grade was seled@dpromote both higher
compatibility with the starch component and biodeigibility. Even lower ethylene
content EVOH grades exist, such as the one withmd6 % ethylene (EVOH26);
however, these have higher melting points and, efbeg, require processing
temperatures that may degrade the starch compohrftom maize [CAS: 9037-22-
3] was purchased from Sigma-Aldrich (Sweden) angtegol was obtained from
Panreac Quimica S.A. (Spain).

Film preparation

Several different routes were investigated to fimgl best dispersion. In the first trials,
the intention was to disperse AP in EVOH using &utsan (isopropanol/ water),
which could be melt mixed with PLA in a followingep, this because AP, in contrast
to EVOH, is not a thermoplastic polymer. The roirgolving solvent casting of
EVOH/AP films, followed by grinding and melt mixingith PLA,

resulted in poor dispersion and was abandoned &ady stage. Consequently, the
study was focused on using a direct melt-mixingp SEBVOH/AP at different relative
concentrations, with and without

glycerol, were first melt mixed in a Brabender ®asaph mixer (16 cf during 4
min at 195 C. The mixing temperature was just abineemelting point of EVOH
but low enough to avoid excessive thermal exposiare AP. Higher mixing
temperatures led to browning of the mixture andra@agtion that was later observed
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as tiny dark spots in the PLA matrix after subsequdending. On the other hand,
lower

temperatures did not melt the EVOH phase suffityeftrials in which AP was added
to the molten EVOH, either as granules or in a watéution, were performed. From
the preliminary dispersion results, the latter pre yielded the best films and was,
therefore, selected throughout this study. Aftexing, the batches were allowed to
cooldown at room temperature and after drying #sulting EVOH/AP blends were
mixed with PLA in a second melt-blending step. Hagnple codes used throughout
the article are 45/45/10 and refer to the contamtwi %) of EVOH/AP/glycerol,
respectively. The samples containing PLA were cottedughout the article as
follows: PLAXx% (45/45/10), where x% corresponds tbe content of the
EVOH/AP/glycerol blend in the PLA matrix. Mixing wdinally performed during 5
min at 40 rpm followed by 1 min at 60 rpm (190°&jter removal, the batches were
allowed to cool-down at room temperature, and sysetly compression molded
into films using a hot-plate hydraulic press (1908ad 2 MPa for 4 min). The
thicknesses of the films were between 80 and 1l@dnmeasured with a Mitutoyo
micrometer by averaging four measurements on eatipls.

Optical light polarized microscopy

Polarized light microscopy (PLM) examinations wessried out using an ECLIPSE
E800-Nikon with a capture camera DXM1200F-Nikonménimum of four different
pictures were taken from the examined samples.

Scanning electron microscopy

A Hitachi S-4100 Scanning Electron Microscope (SEM3s used to take SEM
pictures on cryofractured samples. Prior to SEMn&ration, the cryofractured
specimens were mounted on bevel sample holdersspumitered with Au/Pd under
vacuum. An accelerating voltage of 10 kV was used.

Differential scanning calorimetry

DSC of EVOH, PLA and their blends were performed aiPerkin-Elmer DSC 7
thermal analysis system on typically 4 mg of drytenal at a heating rate of
10°C/min from 40°C to 200°C, followed by a coolstgp (at 10°C/min) back to 50°C,
where it was kept isothermally for 5 min. The satdmeating started at 50°C and
ended at 210°C, using a 10°C/ min heating rajev&$ used as the purge gas. Before
evaluation, the thermograms were subtracted withilai thermograms using an
empty pan. The DSC parameters presented in theleastiere evaluated from the
cooling and the second heating runs. The DSC eqnpmas calibrated using indium
as standard and the results presented were bathd amerage of two measurements.

Raman spectroscopy
Raman images were taken with a Jasco NRS-3100 CainfMicro-Raman
spectrophotometer (Jasco, Easton, MD) using a shamking distance 100x

objective, which under high confocal conditions \pdes according to the
manufacturer, a lateral resolution of ca. 1 to 2aumd a depth resolution of 2 to 3 um.
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An NIR excitation laser source, tuned at 785 nnavoid excessive fluorescence in
the Raman

signal, was used. Raman imaging was carried ouhénpoint by point mode by
rationing the area of typical Raman bands (Fig. BmRn spectra of the three
components used) of the compounds, i.e. 865

cm® for PLA, 472 cmt for AP, and 1443 cfh for EVOH, arising from the
different phases of the composites, and were oacteti by taken 15 x 15 spectra
equally spaced across the selected sample area.
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Figure 1. Raman spectra of the three components used. Hiigiegrsity Raman bands
can here be seen at ~865tfor PLA, ~472 crit for AP, and ~1443 cthfor EVOH.

Results and Discussion

The first objective of this work was to generaterfals of EVOH/AP with the highest
possible content of AP to keep the final blends‘rehewable” as possible. After
trying several different relative mass concentraiof EVOH and AP, the 35/65 and
50/50 blends were found to have the “most prongSimorphologies. A visually
good blending was also observed at higher AP ctsitéit only when glycerol was
present (31.5/58.5/10). Complementary informatibawt the blends was obtained by
analyzing fracture surfaces using SEM [Fig. 2(g-E)om this figure, some level of
porosity or voids were seen when starch was prasetite blend, with or without
glycerol. Weak cohesion between the different blendstituents could explain the
observed voiding (which could be thought as aridiogn detached phase separated
particles and not as

porosity). However, a clear pattern of phase sejosrais not unambiguously
discerned? The glycerol containing samples can be differeéaticoecause they give
rise to surfaces that have smoother and more oghasgas, hence indicating glycerol
richer parts. The samples containing higher amoohsP (without glycerol) show a
considerably rougher fracture surface indicatingpwer affinity between the two
phases. However, when glycerol is also added toAfhgich samples, the fracture
surface becomes more homogenous suggesting thglyiterol can help the blending
of the two polymers by promoting stronger phaseeaitin and/or by reducing the
EVOH polymer melting point and, therefore, reducithg blend viscosity at the
mixing temperature (vide infra). This behavior ladso been reported for PLA/starch
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blends elsewheré Furthermore, studies on the rheological propertiéextruded
starch/ EVOH blends have shown similar resffits.

Figure 2. SEM micrographs showing fracture surfaces of (EVARglycerol) films:

a) (100/0/0), b) (50/50/0), c) (45/ 45/10), d), /&50), and e) (31.5/58.5/10). The
scale bars correspond to 5 um.

Raman imaging (Fig. 3) provides unique chemicalgesawith spatial resolutions
down to the micron level. In Figure 3, the Ramaagm of (50/50/0) is shown. From
the analysis of individual spectra at contrastiognts in the image, it was observed
that there were areas in the sample where one amenponvas more dominent.
Complete phase separation was not observed atrédsernt spatial resolution level,
suggesting a good intermix between the two compmnedome extreme band ratio
points in the image, that might indicate phasésdilvith one component, were in fact
often areas of high fluorescence (spectrum at gointFig. 3a). Still the more narrow
intensity spectrum in Figure 3(b) as compared gufé 3(a) suggested that a more
homogeneous mixing occurred in the presence ofeghycThe reason for this might
be that the glycerol increases the distances bettteeAP molecules and makes them
more flexible and hence improve the miscibility weeén the components. It is well
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known that EVOH is strongly self associated andsdaet mix well with other
polymers whether of polar or non-polar charaétdbespite this, the present blends
showed a morphology indicative of a well-dispersedIti-component system. To
conclude, the Raman technique was very useful teraéning the phase morphology
beyond the ambiguous phase structure provided éySH#M observations. Thus, the
combination of SEM and Raman chemical imaging giwsmore complete
understanding of the phase morphology in the blehdghis case, the techniques
yielded information on the beneficial effects ofyagrol on providing a more
homogeneous distribution of the blend componerad/mpers; a result that has also
been shown elsewhere

for starch/EVOH systenfd. In a second mixing step, the EVOH/AP blends were
mixed with PLA at contents of 1, 5, and 10%, andhpeession molded into films.
The films containing EVOH/AP, with or without glyad, retain transparency and
when compared with the unfilled material they weoé discernible to the naked eye.

.
o
Py A |

| -

Figure 3. Raman imaging picture of EVOH/AP (50/50) at 100agmification. The
image displays the band intensity ratio E-29 (14#8)/AP (472 cn1). The intensity
ratio scale runs from 0.5 to 2.6 and the size efltture is ca. 75 x132 pum. Raman
imaging map of EVOH/AP/glycerol (45/45/10) at 10fnagnification. The image
displays the band intensity ratio E-29 (1,443"0AP (472 crif). The intensity ratio
scale runs from 0.3 to 1.4 and the size of theupécis ca. 75 x132 um.
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Figure 4 shows the optical microscopy pictures lidse blends. No significant
difference could be observed between the morphesogf the pure EVOH samples
and those of the blends containing AP (not showe)hén the EVOH/AP/glycerol,
glycerol could be easily discerned as well dispgrdmplets throughout the matrix
(Fig. 4). Apart from glycerol, no other differencesthe constituent concentrations
could be differentiated in Figure 4 between theiowe samples. SEM observations
did, however, reveal the presence of a fine andiadisbersed EVOH phase within the
PLA matrix in all samples (Fig. 5).

3 ¥ A lJ ey PR, F

Figure 4. Optical microscopy pictures of a) PLA1% (100/040) PLA1% (45/45/10),
c) PLA5% (100/0/0), d) PLA5% (45/45/10), e) PLA10¢500/0/0), f) PLA10%
(45/45/10). The glycerol rich regions can easilyseen on the pictures to the right.
Scale bars are 10 pm in the pictures.
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Figure 5. SEM pictures of fracture surfaces of the followifigns; a) PLA1%
(100/0/0), b) PLA1% (50/50/0), c) PLA5% (100/0/GJ) PLA5% (50/50/0), e)
PLA10% (100/0/0), f) PLA10% (50/50/0). The scalesheorrespond to 5 um.

The pictures indicate some positive interactionshatinterphase, albeit adhesion is
not deemed to be very strong because some paptitileuts leaving voids are clearly
observed. Pull-outs were not as obvious in the $&snwith lower contents of
EVOH/AP but they could still, to some extent, besetved. For the blend with 10%
EVOH, the phase separation was more evident. WhenwAs introduced into the
formulation of the segregated phase, the mateeehime more homogenous than with
neat EVOH. In this case, the interface between BbA EVOH were not as distinct;
indicating that a higher interface adhesion wasaiobd for the three-component
systems. Also, one should note that as the AP miasdiuced, the EVOH content was
lowered. It is probable that, by tuning/adjustirtte tprocess parameters and the
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quantity of AP in the blend formulation, the intrfal adhesion can, perhaps, be
improved even furthe?®

Raman imaging was also finally used to assesscliegnical composition of the
discrete phase in the PLA matrix. Figure 6 presenéges (obtained from plotting the
band ratio of EVOH/PLA as explained in the experta¢part) of samples containing
5 wt % of EVOH, EVOH/AP (50/50), and EVOH/AP/glycér(45/45/10). From the
images, a micron level phase dispersion was obddorehe added element with little
variations across the image in the ratio of the tvemd intensities at contrasting
regions. As the SEM experiments suggested, a fisgedsion of the discrete phase
was observed. A slightly better distribution of ténor phase in the PLA matrix was
seen for the two latter systems, particularly fbe tAP, as the spectra of the
contrasting phases was more even. This might suglgasthe presence of AP and
also of glycerol slightly increased the dispersanthe discrete phase although the
recorded variations between the three systems svead.
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Figure 6. Raman imaging map of PLA5% (100/0/0) at 100x megation. Peak
height E-29 (1443 c)/PLA (865 cnt'). Scale from 0.27 to 0.37 and the size of the
picture is ca. 57 x 86 yum. Raman imaging picturePaA5% (50/50/0) at 100x
magnification. Peak height E-29 (1443 HPLA (865 cnT). Scale from 0.29 to 0.34
and the size of the picture is ca. 57 x 87 Im. Ranmaaging picture of PLA5%
(45/45/10) at 100x magnification. Peak height E{2843 cni)/PLA (865 cm).
Scale from 0.29 to 0.37 and the size of the picimim. 57 x 86 um.
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Thermal properties of the blends

Tables | to Ill summarize the melting enthalpy daechperature of EVOH based and
PLA/EVOH based blends. The values for the meltinthalpy AH) have all been
normalized to the PLA or EVOH contents in the bkend@he first observation in
EVOH and its blends (Table I) was that the meltiegnperature (J) was not
significantly affected by the addition of AP. Hovesy when glycerol was also
present, the [J clearly dropped by ca. 10°C, illustrating the Rsmt”-induced
melting point depressiofiPrevious reports show that an increase in moistwed in
starch-based materials decreases the megtim!” > Furthermore, in these studies
AH;, and AH, appeared to decrease somewhat when staashintroduced in the
blend, this reduction was alsbserved in the presence of glycerol; the lowertingl
enthalpy is related to a decrease in crystallifityinterestingly, the crystallization
temperature oEVOH was not significantly affected by the preseat@P, albeit it
may seem slightly reduced suggeststgne sort of phase interaction. On the other
hand, the presence of glycerol clearly reduced dhestallization temperature
demonstrating its strongnteracting effect with EVOH. Orts et Hl. studied
starch/EVOH blends and found a very similaf153.4°C) for the same composition
(45/45/10). TheDSC data was in accordance with the morpholdgja, which
suggested that phase separatioetween the blended components was clear,
particularly from the Raman images, but that the presence afegly helped to
enhance dispersion and interaction between thetitgergts. It is also interesting to
note that the presence of glycerol (Table Il) did decrease the melting point of the
EVOH in the PLA blends to the same levels as in BMOH blends, perhaps,
indicating that it goes into the PLA matrix duringxing. Table Il indicates that the
melting point of EVOH in the PLA blends was abouldgrees lower than in the neat
component. This regardless of whether it had ARglgcerol in the formulation.
Interestingly, this effect was not observed in EMOH/AP blends and, therefore, it
must be a result of the interaction between the B\&Dd PLA. The crystallinity also
seemed to be reduced in the blends, suggestingh aggéractions and crystal
formation interference between the blend componditits reason why EVOH and AP
were not seen to interact so strongly in the DSta @aTable | compared with PLA,
could lie in the fact that the samples selectedewry close to the phase inversion
and blends can often behave differently in compmsst close to 50/50. Table llI
shows the thermal data corresponding to the PLAgharom this, it can be observed
that the PLA melting and crystallization points werot significantly altered, albeit
they tended to decrease in the blends again suggésterfacial interactions. The Tg
of the PLA was also seen to decrease slightly artigps more in the blends with
glycerol, although the differences were small. Thelting enthalpy, calculated by
subtracting the cold crystallization exothermal lpdeom the endothermal fusion
peak, was also lower in the case of EVOH but wasesghat higher for the case of
AP and glycerol as blending components, althoughdifferences were again small.
Perhaps, the latter components could affect the PiyAtallization process, which is
relatively slow, and lead to a somewhat less chys¢a material. All these
observations supported the phase-separated seudepicted by the morphology
study presented above but also indicated that stewel of interaction at the
interphase between the components took place. Alsisture probably had some
effects. This factor has been studied for wheatcktBLA blends containing
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methylenedipheny! diisocyanate by Wang ef%teporting a negative effect on the
interfacial binding at moisture levels of 10-20%wéver, Ke and Sdhreported that
the thermal, including the crystallization, propest

of PLA, in a PLA/cornstarch blend, were not affectby the moisture content.
Another study concluded that the degree of mixirggwieen PLA and glycerol
plasticized starch was relatively pd8ithe role of glycerol in the PLA blends was not
so clearly discerned by the DSC data albeit thefTihe PLA seemed to be lowest in
its presence. Indicating that the molecular mabititight increase due to the presence
of the plastisizer (glycerol). The PLA blends shdwihat the crystallization was
induced when EVOH was added (Table IIlI). The mgltamdotherm shifted to lower
temperatures as more EVOH (with or without AP ahateyol) was added. The same
effect was previously observed when plasticizerssewadded to PLA? The
explanation here was more likely to be that theezewless crystalline areas in the
blends leading to a lower melting poifitSomething that could be a consequence of
that glycerol contributed to prevent

re-agglomeration as the plasticizer remained bailee AP polymer chairs.

Table 1. DSC melting and crystallization points and meltiagd crystallization
enthalpies for EVOH and its blends correspondingh® EVOH phase. The sample
names refer to wt.% content of EVOH/AP/glycerol

Sample T [®Clevon Tc[Clevon AHn[Jglevon  AHc[I/9] evon

100/0/0 190.0+0.8 165.6+0.6 63.6+5.2 78.4+5.7
50/50/0 189.7+0.6 163.5+0.1 46.2+2.3 55.5+6.2
35/65 191.2+0.3 164.3+0.2 56.5+1.2 48.7+0.8
45/45/10 179.7+0.7 154.5+0.1 52.7+2.8 65.9+0.1
31.5/58.5/10 180.2+0.2 153.1+0.2 53.1+0.2 64.9+5.4

Table 2. DSC melting point and enthalpy for PLA blends esponding to the EVOH
phase.

Sample T ["Clevon  AHm [J/g]evon
EVOH29 190.0+0.8 63.615.2
PLA10%(100/0/0) 185.0+0.7 34.4+1.3
PLA10% (50/50/0) 184.1+1.5 50.9+1.8
PLA10%(45/45/10) 185.2+1.7 31.6£1.6
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Table 3. DSC melting point and enthalpy for the PLA blemsresponding to the
PLA phase.

Sample T [Cleta  Tc[°Clea  AHR[JGlea  Tg[°Cleia

PLA 150.2 1195 15.7 61.9
PLA1%(100/0/0) 150.1#1.1  119.0#1.1 14.0£3.1 60.89+3.
PLA5%(100/0/0) 149.2#1.0 116.0%1.1 12.1+0.4 58.640.

PLA10%(100/0/0)  149.7¥1.2  117.7+1.0 13.9+0.1 58.@+0
PLA1%(50/50/0) 148.840.4 117.2+2.1 15.4+£3.4 57.4£0.
PLAS5%(50/50/0) 149.4+0.5 118.5+0.2 13.1+0.3 58.1+0.
PLA10%(50/50/0) 148.5+0 114.8+0.1 18.2+2.7 58.7+0.4
PLA1%(45/45/10)  149.0+0.1 116.5+0.0 17.2+2.5 57.6+0
PLA5%(45/45/10)  148.3+0.1  115.3%0.1 15.2+6.2 57.8+0
PLA10%(45/45/10) 149.5#1.3 118.5%0.6 17.2+1.2 56.8+

Conclusions

In this study, AP was melt blended with PLA by wgia thermoplastic EVOH
carrier with and without glycerol as plasticizemggatibilizer. The inclusion of
AP in PLA seeks to enhance the properties of ttterlamainly gas barrier and
biodegradability characteristics. The rationaleibétusing EVOH as carrier is
double, on the one hand, EVOH is a highly polarypm@r with very high gas
barrier properties and potentially good interactigth the starch component; and
on the other hand, the EVOH material can be metipmunded and, therefore,
could serve as a vehicle to incorporate AP into RlyAmelt blending. SEM and
Raman imaging spectroscopy were applied to show Alfaand EVOH were
indeed well mixed up to 50 wt % of AP, albeit notsaible. At higher AP
contents (65 wt %), the addition of glycerol waseded to obtain a more
homogenous system. In a second step, this mateasiblended with PLA. The
presence of AP, with or without glycerol, was foundead to a somewhat better
dispersion in the PLA blends, although the variaiovere very small. DSC data
showed that EVOH and its blends were not essepntdiécted by the addition of
AP. When glycerol was added the, Thowever, dropped by ca. 10°C. Minor
effects on the thermal blends of PLA were alsoagatiand the Tg decreased
slightly with the addition of AP, with or withoutygerol.
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PAPER XI: Incorporating Amylopectin in Poly(lactic Acid) by Melt Blending
Using Poly(ethylene-co-vinyl Alcohol) as &hermoplastic Carrier. (II) Physical
Properties
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Abstract

This study adds to a previous morphological workapg@r 1) with further
characterization of the developed PLA blends caoingi amylopectin, which made
use of an ethylene-vinyl alcohol copolymer (EVOR)amelt-compoundable carrier
for the polysaccharide in the biopolyester. Theedtff of using glycerol as
compatibilizer was also characterized. Water angger transport parameters,
mechanical properties and comparative biodegrataldsts were evaluated for the
blends. From the results, the barrier propertiesx@en were only seen to improve at
0%RH and mostly for the PLA-EVOH blends, which hetmore showed a positive
deviation from the rule of mixtures. At high relai humidity the blends showed
somewhat poorer barrier performance due to the ecatipely higher improvement in
barrier of the neat PLA at 80%RH. Interestinglypmotemperature biodegradability
testing suggested that low additions of the blegdilements seemed to facilitate the
biodegradability of the biopolyester. Despite tteetfthat properties were not so
dramatically improved, incorporating renewable teses within PLA seems as a
potentially viable route to reduce PLA supply degemcy, retain good optical
properties as well as to overcome some drawbac&scied to the use of this
biopolyester.

Keywords: polylactic acid, renewable resources, packadimplastis, amylopeptine
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Introduction

Poly (lactic acid) (PLA) is today one of the mostipiortant renewable/biodegradable
plastic materials. Hence, this linear aliphaticrtheplastic polyester is receiving a lot
of attention from researchers all over the world s alternative material for

packaging applications. Besides being renewablebiodkgradable, its transparency,
mechanical properties, and processability make RipAattractive and interesting
material from an application point of view [1,2]. problem with PLA is, as with

many other environmentally friendly materials, tfaet that the biopolymer and
processing costs are too high compared to its leeimebased polymers. The
properties of this biodegradable polymer are stihsidered to be insufficient for
some applications and demand continuous effortextweed production capacity.
Therefore, several studies have been carried oerevRLA has been mixed with
other biodegradable and nonbiodegradable materf@ist] By choosing a less
expensive, biodegradable polymer as blending natiat PLA the production costs
and inaccessibilitycould be potentially loweredha same time as the “eco” factor is
retained.

Several materials can be considered as a blendimgpanent for PLA. The low price,
good availability and performance along with itobmsed origin make starch an
attractive and promising candidate for renewablpliegtions. Starch consists of a
mixture of amylose (~30%) and amylopectin (~70%gthbbased on chains of 1,4-
linked a-D-glucose [7]. Amylose is linear whereas amylopedtAP) is highly
branched and forms transparent films, a very diradeature when it comes to the
packaging area [8]. Martin et al. [9] previouslhudied melt blended PLA/starch
systems. The results showed a relatively low l@fetompatibility between the two
systems, reported after observation of two glaassition temperatures T Also
their SEM studies indicated a low degree of confyiiati and the use of adequate
compatibilizers was suggested as the right way dodw

Ethylene-vinyl alcohol (EVOH) copolymers are a fanof semicrystalline materials
with excellent barrier properties to gases and twalbons (in drier conditions), and
with outstanding chemical resistance [10]. These¢eniws have been increasingly
implemented in many pipe and packaging applicatioth&re stringent criteria in
terms of chemical resistance and gas, water, asmddydrocarbon permeation are to
be met. In particular, the copolymers with low @onts of ethylene (below 38 mol%
ethylene) have outstanding barrier properties unldgrconditions compared to most
other polymeric materials. In spite of the low gsermeation, EVOH copolymers
generally show a high hydrophilic character that ba tuned by composition. The
hydrophilicity results in high water uptake in highlative humidity environments.
The EVOH end properties can be designed for diffeapplications by controlling the
ethylene/vinyl alcohol composition ratio. Even whie EVOH family comprises no
sustainable polymers, some grades of the homopoli?©H are water soluble and
are classified as biodegradable. Moreover, EVOHggsawith high vinyl contents (i.e.
higher that 71 mol% of vinyl alcohol) are highly drgscopic and can biodegrade
under certain conditions [11,12]. The similarittesbiopolymers exhibited by EVOH
in properties have also led to studies and trialere blends with biodegradable
materials have been produced [13,14]. By usingniaserial the biodegradation time
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could be shortened, prices lowered and at the $imnechopefully the properties kept
at an acceptable level.

In spite of the above, limited work on pure blerafsPLA and EVOH has been
performed, even if the topic has been under ingastn for some years [15]. Lee at
al. [16] used reactive blending to induce a reachbetween the two components and
the material obtained was compared with EVOH/PLpe blends. The mechanical
properties were far better when a reactive blendiomponent was used, also the
morphology studies indicated that this route reslilh better compatibility. Orts et al.
[17] recently studied blends of EVOH and thermotitastarch with water/glycerol as
a plasticizer. They found that the most importaattdr altering the mechanical
properties and the change in morphology was traivel humidity (RH) at which the
samples were stored since this affects the dedregystallinity in the materials. The
crystallinity of amylopectin films has been studleefore and showed that the level of
humidity at film forming can affect the crystalltian process [18, 19]. The produced
films in this study were, therefore, handled in saene way and stored at the same RH
before testing.

In this study, the feasibility of using EVOH-29 (taining 29 mol% of ethylene in the
copolymer) to implement AP into PLA via melt compaling is presented. In this
first study, the blend morphology was investigaisthg optical microscopy, scanning
electron microscopy and Raman imaging spectros@qy the thermal properties
were measured by differential scanning calorimdirgspite the fact that EVOH and
amylopectin are both highly polar, their blends evémmiscible. Still, the blends

exhibited an excellent phase dispersion on a mitzresl, which was enhanced further
by the addition of glycerol. A good phase dispersiwas finally observed by

incorporation of the latter blends in the PLA matrsuggesting that the proposed
blending route can be successfully applied forahggstems. Finally, the DSC data
showed that the melting point of EVOH dropped ir #8VOH/amylopectin blends,

but the properties of the PLA phase was still reddy unaffected as a result of
blending with the above components [30].

In this second study of the materials, the bapi@perties against oxygen and water
as well as the mechanical properties are investigdturthermore, room temperature
simple comparative biodegradability tests betwéendifferent systems are presented.

Material and Methods
Materials

A semicrystalline extrusion grade of poly(lactidddqPLA) (Natureworks) with a D-
isomer content of approximately 2% was used in shigly. It had a weight-average
molecular weight (Mw) of 150,000 g/mol and a molecwveight (Mn) of ca. 130,000
g/mol. Soarnol® standard grades (EVOH2903) of ethgtvinyl alcohol copolymer
with 29 mol% ethylene was supplied by Nippon Sytith€hemical Industry Co. Ltd.
(Nippon Goshei, Osaka, Japan). Amylopectin (A& {4-glucan witha-1,6-cross-
linking; one terminal group per 25 glucose unit®ni maize [CAS: 9037-22-3] was
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purchased from Sigma-Aldrich Inc. (Sweden) and gtgt was purchased from
Panreac Quimica S.A. (Spain).

Preparation of blends

To get the highest degree of dispersion, sevefédrdnt routes were investigated.
These are described more thoroughly in part | & 8tudy.[20] The preparation
process selected in the end was a direct melt gigtap. Different concentrations of
EVOH/AP with and without glycerol were first meltixed in a Brabender
Plastograph mixer (16 éinfor 4 min at 195°C. The mixing temperature wassem
low enough to avoid excessive thermal exposurd@oAP but high enough to melt
EVOH. The AP was added in a water solution as thatilted in better films than
simply adding AP in its granular form. Subsequenthe mixing, the batches were left
at room temperature to cool-down. After drying thsulting EVOH/AP blends, in a
second melt-blending step, were mixed with PLA. Shenple codes used throughout
the paper are 45/45/10 and refer to the contentwirto) of EVOH/AP/glyceroal,
respectively. The samples containing PLA were cotledughout the paper as
follows: PLAx% (45/ 45/10), where x% corresponds tiee content of the
EVOH/AP/glycerol blend in the polymer matrix. Mixgrtimes were finally selected to
5 min at 40 RPM followed by 1 min at 60 RPM at 1@0The batches were allowed to
cool-down to room temperature after removal andewadter this pressed into films
using a hot-plate hydraulic press (190°C and 2 NMtPa4 min). By averaging four
independent measurements for each sample using tatoyb micrometer, the
thicknesses of the films were determined to be eetw80 and 110 um. Figure 1
shows typical optical pictures of PLA and of PLAebtl films containing 5 wt % of
EVOH, of (EVOH29/AP) and of (EVOH29/AP/Gly). Frorhdse pictures, it can be
seen that all samples remain transparent at 100thigkness. The biocomposites
exhibit good optical properties and clarity, eveithwthe addition of EVOH,
amylopectin or with the addition of glycerol. Thansples after pressing were
conditioned at 54% RH and tested within 2 weekgreparation.

Gravimetric measurements

Direct permeability to water was determined frora glope of weight loss vs. time
experiments at 24°C and 40%RH. The films were séstthd between the aluminium
top (open O-ring) and bottom (deposit for the peantp parts of aluminium
permeability cells. A Viton rubber O-ring was plddeetween the film and the bottom
part of the cell to enhance sealability. Then thidm part of the cell was filled with
the permeant and the pinhole was secured with berud-ring and a screw. Finally,
the cell was placed in the desired environmenttaedsolvent weight loss through a
film area of 0.001 mwas monitored and plotted as a function of timee Bamples
were preconditioned at the desired testing conutifor 24 hours, and to estimate
permeability we used only the linear part of theighe loss data to ensure sample
steady state conditions. Cells with aluminium filrwith thickness of ca. 100
microns) were used as control samples to estim@tergt loss through the sealing.
The permeability sensitivity of the permeation gellas determined to be of ca. 0.01
10-13 kg m/s mPa based on the weight loss measurements of tingiralim cells.
Cells clamping polymer films but with no solvent neeused as blank samples to
monitor water uptake. Solvent permeation rates vestamated from the steady-state
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permeation slopes. Water vapour weight loss wasutated as the total cell loss
minus the loss through the sealing and plus thenatight gain. The tests were done
in duplicate and one-way analysis of the varia@®&OVA) was performed using
XLSTAT-Pro (Win) 7.5.3 (Addinsoft, NY) software pleage. Comparisons between
samples were evaluated using the Tukey test.

Water uptake

The water uptake was estimated during the sorgtiperiments at 24°C and 100%RH
by means of weight gain using an analytical balaviogageF V11140. Thus, at
saturation conditions, no changes in successivghteiptake were observed during
the measurements of the specimens.

Oxygen transmission rate

The oxygen permeability coefficient (P) was derifemm oxygen transmission rate
(OTR) measurements recorded using an Oxtran 10ipreeat (Modern Control Inc.,
Minneapolis, MN, US). The temperature was kept 48C2while experiments were
performed at two different relative humidities, O#bRnd 80%RH. The reason for the
latter is that such conditions are closer to realiaations. 80% relative humidity was
generated by a built-in gas bubbler and was cheulitda hygrometer placed at the
exit of the detector. Experiments were done in idapt. Diffusion and solubility
coefficients were also estimated at 0% and at 80%Rtd samples were purged with
nitrogen for a minimum of 20 h, prior to exposucea 100% oxygen flow of 10
ml/min, and a 5 cm2 sample area was measured by asi in-house developed mask.
The Diffusion (D) coefficient was estimated fronttifig the OTR-time curve to the
first six sum terms of the following solution ofetlrick’s second law [21,22]:

Dnzn t)}

OTR(t) = [1"' 22( 1)"exp(- Equation 1

n=1

In Equation 1, p is the oxygen partial pressurelasdhe film thickness.

The solubility coefficient was calculated by solyifor S in the following equation
[20]:
P=DxS Equation 2

Mechanical properties

Tensile tests were carried out at 24°C and 50% RHar Instron 4400 Universal
Tester. Dumb-bell shaped specimens with initialggalength of 25 mm and 5 mm in
width were die-stamped from the sheets in the nmectiirection according to ASTM
D638. The thickness of all specimens was approxty&t00 um. A fixed crosshead
rate of 10 mm/ min was utilized in all cases, a@slits were taken as the average of
four tests. The samples were preconditioned at H4obefore testing and were
assayed within 2 weeks after preparation ofthesfilm
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Biodegradability

Biodegradability may be tested by various methdgs. simplicity in experimental
setup, we chose a comparative method. PolycaposiaqtPCL), known to be readily
biodegradable, was chosen as a reference mat28hlBiodegradability of the films
was tested in a composting plant, filled with frestmpost, and “fed” regularly with
apple slices. The temperature of the compost wasndr25°C at all times, while the
relative humidity was around 60—70%. The sampleseveandwiched between wire
nets, placed in the composting plant and coveréd thie fresh compost. Photographs
were taken regularly during a period of 60 days nonitor the biopolymer
degradation.

Results and Discussion
Mass transport properties

Table 1 summarizes measured direct permeabilitwaier and water uptake for the
PLA film and their blends together with permeapgiMalues reported in the literature
for EVOH29 [24].

Table 1. Water permeability and water uptake for PLA filarzd their blends. The a,
b, c and d letters correspond to the ANOVA statidtanalysis and Tukey test of the
data that indicate that with a 95% level of conficke the values are significantly
different.

P water Water uptake
Sample (kg m/s m” Pa) 100% RH (%)
PLA 118 + e Literature
value™ 0.85
PLA + 1% EVOH29 b138 + 0.04 ¢ 1* 1.05
PLA + 5% EVOH29 b133 + 0.03 ¢ 1* 1.42
PLA + 10% EVOH29 b130 + 010 M 1.43
PLA + 1% (E29 + 50% AP) 140 + 0.04 ™™ 0.81
PLA + 5% (E29 + 50% AP) 140 + 0.03 ¢ 1.06
PLA + 10% (E29 + 50% AP) “1.49 + 0.04 o ** 2.22
PLA + 1% (E29 + 50% 4179 + 0.03 e M 1.14
AP + 10%Gly)
PLA + 5% (E29 + 50% 171 + 0.009 ¢ 2.15
AP + 10% Gly)
PLA + 10% (E29 + 50% 4187 + 0.05 ¢ 3.19
AP + 10% Gly)
PLA + 5% (E29 + 65% 4179 + 003 e ¥ 2.82
AP + 10% Gly)
EVOH?29 9.33
Literature value®* EVOH?29 1.70 ™™
EVOH?29 + 50% AP 19.01
EVOH29 + 65% AP 28.04
Literature value™ 11571 21

amylopectin

The a, b, ¢, and d letters correspond to the ANGY&istical analysis and Tukey test
of the data that indicate that with a 95% level aiinfidence the values are
significantly different.
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EVOH films have, as expected, poorer water barfem PLA films, hence the
addition of EVOH29 to PLA leads to higher water mpenbility when compared to
pure PLA. Thus, the blends of PLA with an EVOH2%tEmt of 1, 5, and 10 wt %
have a water permeability increase of 17, 13, &#b,lrespectively, compared to the
unfilled material. The statistical analysis indesthat the variations on permeability
between the different EVOH sample contents aresignificant. The water uptake
was also seen to increase and was found to bédeetsamples of 1.1, 1.4, and 1.4%,
respectively, whereas was of 0.85% for the pure PLA

In a similar fashion, the addition of amylopectim these blends led to a further
increase in water permeability. Blends of PLA with 5 and 10 wt.-%
(EVOH29+50%AP) content exhibited a water permespiticrease of 19%, 19% and
26%, respectively, compared to the unfilled matefiais is not surprising since the
water uptake of amylopectin is also much highenttieat of PLA [25]. Amylopectin
is a hydrophilic material which also leads to sligtigher water uptake when present
in the blend. The water uptake for the differentyknpectin blends was found to be
0.8%, 1.1% and 2.2%, respectively.

Glycerol is a very hydrophilic material and, theref, the addition of it to the different
blends leads to additional increases in the watempability. PLA-blends with 1, 5

and 10 wt.-% (EVOH29+50%AP+10%Glycerol) contentvsbd water permeability

increases of 52%, 50% and 58%, respectively, coeapsr the unfilled material. The

water uptake increases further until 1.1%, 2.2% 2286 respectively in these blends.
This is expected and a normal behaviour due tchtligophilic character of glycerol

[26].

Table 2 shows the measured oxygen permeability @sd oxygen diffusion and
solubility coefficients for the films. The table sal gathers permeability values
reported in the literature for PLA [24-27]. The gen permeability coefficients
reported from different authors for pure PLA, measuat dry and wet conditions,
provide similar values as those measured in owr&bry and suggest that %RH has
a minor effect on the permeability for the bioposmin this context, Auras et al. [1]
also reported a reduction in the oxygen permeghibiefficient for the pure PLA with
increasing water activity (at a constant tempeggtur

From Table 2, it is observed that EVOH29 is at 0%#&tid at 80%RH a much better
barrier than PLA. Therefore, the rationale behimel ¢urrent blending work was that
the addition of EVOH29 to the PLA should resulteinhanced oxygen permeability
compared to the unfilled PLA, and that this enhameet should be greater at 0%RH,
due to the better permeability of the EVOH29 at lmumidity.
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Table 2. Oxygen permeability and standard deviation, oxydifiusion coefficient at
80%RH and 0%RH, and at 24C for these blends.

P oxygen P oxygen D D S S
80%RH, 24C 0%RH, 24C oxygen oxygen oxygen oxygen
(m*m/s nfPa) | (m*m/s nfPa) | 80%RH, | 0%RH, | 80%RH, | 0%RH,
24°C 24°C 24°C 24°C
(m?%s) (m%s) (g/gPa) | (g/gPa)
PLA 1.640.27 & 2.26+0.018° 1.9767 | 1.53&7 9.28¢ 14.80¢'
Literature Value *PLA 2.21e% 2.25¢et
Literature Value ?PLA 1.756%
PLA+1%EVOH29 2.03+0.46 & 2.21+0.028° 1.826"7 | 1.7267 9.34¢ 12.88¢
PLA+5%EVOH29 1.81+0.15°% 2.08¢" 8.20¢"
PLA+10%EVOH29 1.72+0.07¢ 1.67+0.088° 1.83¢ | 0.95¢* 9.12¢ 17.64¢
PLA+1%(E29+50%AP) 2.42+0.36'8 1.856" 11.70¢
PLA+5%(E29+50%AP) 2.18+0.176 2.24+0.058° 2.316% | 1.54e% 8.65¢ 14.50¢
PLA+10%(E29+50%AP) 2.19+0.10'® 1.946" 10.91¢
PLA+1%(E29+50%AP+10%Gly) 2.12+0.06% 1.686" 12.32¢
PLA+5%(E29+50%AP+10%Gly) 1.69+0.19% 1.976% 7.89¢'
PLA+10%(E29+50%AP+10%Gly)  2.13+0.17% 1.806" 11.13¢
PLA+5%(E29+65%AP+10%Gly) 1.99¢™ 2.186% 9.10¢&"
Literature valueEVOH29 0.0023¢&* 0.00084 &
20°C
Literature Value ZAmylopectin 0.004¢*
50%RH, 20°C
Literature Value 0.006€%
ZBAmylopectin+10%Gly
50%RH, 20°C

The results measured at 0%RH and 24°C indicatebteatls of PLA with EVOH29
have a lower average oxygen permeability companethé unfilled material. This
decrease is higher, particularly for the 10 wt.€ading, than expected by the simple
rule of mixtures as seen in Figure 2. The rule oftanes predicts a permeability drop
of 10% for 10 wt.-% loading, but the experimentalue shows a decrease of ca. 26%.
A reduction in the oxygen diffusion coefficient cé. 38% can also be seen and as a
result a corresponding increase in oxygen solybdit around 20%. Curiously, the
previous work indicated that the crystallinity dfet PLA phase, but also the Tg,
decreased to a small extent by blending with EVQBI.[Hence, the increase of the
oxygen solubility may be attributed to the differgrhase structures in the blend
suggested by the crystallinity alterations repoitethe previous work [20].

Unfortunately, at 80%RH the oxygen permeabilityyied no apparent improvement
with the addition of EVOH. The oxygen diffusion dfigent and the oxygen

solubility coefficient measured at 80%RH showedimprovement compared to the
pure PLA. The reason for this behaviour must therattributed to the interaction of
the blends with water, which seems to be detrinidotathe blends. Table 2 shows
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that while pure PLA reduces somewhat permeabilith increasing humidity, the
blends reduce to a much lesser extent and in sasgseemain unmodified.

The addition of amylopectin to these blends resulis slight decrease in the oxygen
permeability measured at 0%RH. However, in the cdgbe measurements in moist
conditions, the oxygen permeability measured at BB%ncreases and remains
almost unmodified compared to the permeability RMH case, while for pure PLA
the permeability decreases at high humidity. Bleo®LA with 1, 5 and 10 wt.-%
(EVOH29+50%AP) show an increase in oxygen permaglof, respectively, 47%,
32% and 34%, compared to the unfilled material messat 80%RH and 24°C. From
the results, the oxygen diffusion coefficient tendsdecrease slightly, however the
oxygen solubility coefficient increases [20]. Ax#n be seen in the previous study of
the thermal properties, data on the PLA blends sldbwhat crystallization was
reduced to some extent when EVOH and amylopectia adtled, so this could be
affecting the solubility and the role of humiditythe blends.

Blends of PLA with 1 and 10 wt.-% (EVOH29+50%AP+19filler content have an
oxygen permeability increase of 29% and 30%, rdspdg, again compared to the
unfilled material measured at 80%RH and 24°C. Hamethe oxygen diffusion
coefficient decreases. The reason for the increaiee oxygen permeability is in fact
attributed to an increased solubility [20]. Nevet#ss, the sample of PLA with 5 wt.-
% (45/45/10) content has the lowest oxygen pernigalincrease, i.e. only 3%.
Hence, the better barrier performance may be atw&i to the presence of a fine
dispersion of the EVOH phase in the blend, whictaldishes a positive interaction
with the PLA as suggested from the previous worke Tresults indicate, in
conclusion, that this amylopectin based blend hasbest morphology (as shown by
Nordgivst et al. in the former study [20]) and lgiagpact in oxygen barrier properties.

Mechanical properties

Table 3 summarizes the mechanical properties oPthe films and of their blends.
With the addition of EVOH29 the Young's Modulus deases slightly. With the
addition of AP and glycerol to the blend this chaimgalso very small suggesting that
stiffness is rather unchanged in the polymer sitheethree polymers have relatively
similar E modulus, being smallest for amylopectin.
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Table 3. Youngs’s Modulus, Stress at Break and Elongatidreak for the different
samples. *)Unpublished data by Nordgvist et al.

Sample E [GPa] Strength [Mpa] B [%]
PLA 2.01+0.04 54.16+5.22 9.20+0.09

PLA+1%EVOH29 1.97+0.13 57.05+5.00 8.8445.46
PLA+5%EVOH29 1.83+0.17 51.15+2.20 8.10+2.85
PLA+1%(E29+50%AP) 1.98+0.09 53.91+4.71 6.59+1.17
PLA+5%(E29+50%AP) 2.01+0.03 52.19+1.80 4.37+£0.84

PLA+5%(E29+50%AP+10%Gly) 1.81+0.06 45.25+7.25 41588
PLA+10%(E29+50%AP) 2.00+0.02 49.52+1.75 3.59+0.30

Literature Value *EVOH?29, dried films conditions 2.398 46.16
Amylopectin* 1.93+£0.07 40.0+1.3 2.3+0.3

Also the tensile strength of the films does nohsigantly change with the addition of
EVOH29. The strength was not affected greatly keyatidition of AP at lower levels.
However, for the sample containing 10 %(EVOH/AP)wdren glycerol was present
the strength decreased. The reason for this isARais naturally weaker than PLA
and EVOH, and to the plasticizing effect of glydeferom Table 3, it can be seen that

pure amylopectin has lower tensile strength, sexgected with the addition of AP
the tensile strength of the blends decreases.

Finally, the elongation at break decreases slightity the addition of EVOH, but
with the addition of amylopectin the elongatiorbatak decreases considerably. This
result is not surprising since amylopectin as ay Verittle material and hence is
expected to translate this effect into the blenchother result that might seem
surprising is that when glycerol is added this doefsincrease the strain at break. At

low glycerol content the plasticizing effect is maiticeable, something that has been
shown for the AP system earlier [26, 30].

Biodegradability

A significant drawback of using PLA as a biodegifaldamaterial is the slow rate of
degradation when compared to other biodegradabteriais. The biodegradation of
PLA in a composting environment has two stepshinfirst step, the high-molecular-
weight PLA chains hydrolyze into low-molecular-wiigoligomers. This step is
catalyzed by temperature and moisture. The secteql is the conversion of the
oligomeric components into GOwater, and humus by means of the action of
microorganisms. Therefore, any factors that inaettee hydrolysis tendency can
promote the degradation of PLA. Other factors diifec the biodegradation of
polymers are the molecular weight and the degreerysitallinity. Lower molecular
weight PLA materials do show higher rates of enzjendegradation due to the
higher concentration of accessible chain-end groupds also known that the
amorphous phase is easier to biodegrade compatkd twystalline phase [31-32].

253



Results: Chapter IV

Figure 3 shows the degradation patterns of a pphptactone (PCL) film. PCL is
often used as reference material in biodegradphists, and accordingly the PCL
films degraded within 60 days.

oday 44days 59days

Figure 3. Degradation of PCL Films — Reference Material fasd@gradability

Figure 4 shows the time dependence of the biodatjmadstudy for the pure PLA. In
this case, the PLA samples did not degrade withird&ys as did the PCL. After 90
days the PLA films had still not degraded. Thigtiar confirmed that PLA presents
very slow rate of degradation compared to polyckagtone [32].

Oday l4days 28days

i

42days

91days

Figure 4. Degradation of pure PLA Films

Curiously, Figure 5 shows that the films of PLA lwiow contents of EVOH and
amylopectin and with added glycerol became extrgrfragile and developed biofilm
layer during the composting period suggesting thatbiodegradability of PLA in the
blends containing EVOH, amylopectin and glycera@med to be enhanced. Similar
results were found for the blend without glyceraksylts not shown) The
biodegradability of PLA has elsewhere also beemdoto increase considerably with
the addition of a cellulosic component [33].
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l4days 28days

42days 65days 9ldays

Figure 5. Degradation of pure PLA + 5% (E-29 + 65% AP + 1084 g

In summary, the biodegradability tests indicatedt thvhile the blends did not
biodegrade in the time of the evaluation, they skwbwetter availability to do so in
comparison with the neat PLA. The more favourablendency towards
biodegradability could be related to the additidntlee biodegradable amylopectin
component and perhaps also to the somewhat lowstadinity of the blends [20].

Conclusions

In this study, amylopectin was melt blended withAPhy using a thermoplastic

EVOH carrier with and without glycerol as plastiicompatibilizer. The rationale

behind using EVOH as carrier is double, on the baed, EVOH is a highly polar

polymer with very high gas barrier properties anteptially good interaction with the

starch component; and on the other hand the EVOtdrnimhcan be melt-compounded
and, therefore, could serve as a vehicle to inaatpoamylopectin into PLA by melt

blending. From the results, barrier propertiesxggen were only seen to improve at
0%RH. At 80%RH the blend of PLA with 5 wt.-% of (45/10) content showed the
lowest oxygen permeability increase, due to thesqgmee of glycerol promoting the
best blend morphology, as shown by the previoukJaper I). Despite the fact that
properties were not dramatically improved, incogiimg renewable resources within
PLA seems to be a potentially viable route to abtew cost effective biocomposites
with good optical properties and clarity, and aisith enhanced biodegradability
properties.
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6. Conclusiones

La presente tesis doctoral ha contribuido al de#larde nuevos biocompuestos,
mediante la adicion de micro y nanoparticulas tatemo fibras de celulosa,
nanocristales de celulosa, nanotubos de carbomofiheas de carbono, amilopectina
y nanoarcillas permitidas para contacto alimentai® matrices poliméricas de
biopoliésteres y polisacaridos. La aplicacion denénotecnologia al refuerzo de
biomateriales es un area de gran interés en l&iaigntecnologia de materiales de
envase y recubrimiento.

De este trabajo de tesis se derivan las siguieomdusiones:

1. En el caso de los nanobiocompuestos con naneartidminares preparados
por mezclado en fundido:

1.1. La adicién de organoarcillas de tipo catdirsl PHB permitié obtener
nanocompuestos con buena morfologia y propiedaalesra mejoradas. La
adicion de organoarcillas comerciales del tipo mmmtlionita condujo a una
degradacion acelerada del polimero y a materiatesomsistencia mecanica
inadecuados para su aplicacion en envases alirentar

1.2. La adicion del PCL al PHB condujo a un compue® miscible pero
con buena adhesion en la interfase, redujo la excegidez e inestabilidad
térmica del PHB y actlio de agente compatibilizaotelas nanoarcillas.

1.3. De manera especifica los hanocompuestos almita de mezclas de
PHB/PCL permitieron mejorar las propiedades térmiga consiguieron
reducir el transporte de los permeantes estudiewtns un 40-70%.

2. En el caso de los nanocompuestos de PET corearkilininares:

2.1. La adicién de contenidos iguales o menoreard&% en peso de una
nanoarcilla apta para contacto alimentario basadelMT permiti6 mejorar
significativamente la barrera a oxigeno, limoneragya del PET.

2.3 Sin embargo en un estudio comparativo con liegieres, los
nanocompuestos de PHB y de las mezclas de PHB/P&tranon mejor
barrera a agua, componentes de aroma (limonenodxigeno que el PET
puro. En cualquier caso, los nanocompuestos baf@aate PET obtenidos
mostraron la mejor barrera de todos los poliestesasliados.

3. En el caso de los nanobiocompuestos de PHB, PHBCly con nanoarcillas
laminares basadas en mica y procesados por casting:

3.1. Se observd un aumento en la cristalinidad ebncontenido de
nanoarcilla y los coeficientes de permeabilidad a&igeno, pero
especialmente a agua y limoneno disminuyeron sigifamente,
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encontrandose un balance éptimo de propiedadescpagas de un 5% en
peso para los tres biopolimeros.

3.2. Al aumentar el contenido en nanoarcillard@smision de luz a través
del material compuesto disminuy6é hasta en un 90%aergion del UV,
debido al bloqueo natural en el UV de la nanoaaksarrollada. Asi, estos
nuevos biocompuestos presentan un gran potencial gladesarrollo de
envases, recubrimientos y membranas con mejorgsepardes a gases y
vapores y con bloqueo a la radiacion UV. De losltados de este trabajo se
derivé una patente internacional.

4.En el caso de los nanobiocompuestos de carragedatosmdos de un alga
recogida en la costa de Portugal con nanoarcalagniares basadas en mica
y procesadas por casting:

4.1. Se obtuvieron con éxito films de mezclas deagenatos, zeina y

nanoarcilla usando glicerol como agente plastiieaba adicién de un 10%

en peso de glicerol a los nanocompuestos de caatagepermiti6 mejorar la

dispersion de la arcilla y por tanto se obtuvidasmejores propiedades en
propiedades mecdnicas, barrera, asi como de blatpukoradiacion UV.

4.2. Los nanocompuestos obtenidos presentan urta ci@oracion ocre en
espesores elevados pero son transparentes y corcapacidad de bloqueo
de la radiacion UV, incluso en contenidos de nasitbaiinferiores a un 5 %
en peso.

4.3. La principal conclusion de este trabajo es fuedicién de bajos
contenidos de nanoarcilla (1 0 5 % en peso) adosgenatos plastificados
permite reducir significativamente la permeabilidghégua (entre un 86 y 83
% respectivamente) y la sorcion de ésta se redocmas de un 90% a
humedades relativas altas.

4.4. La nanoarcilla utilizada es mas eficiente par@r resistencia al agua
que la zeina (prolamina) resistente a la humedasi, A&stos nuevos
nanobiocompuestos basados en carragenatos presargaan potencial para
el desarrollo de films de envases y recubrimiepts alargar la vida util de
alimentos.

5. En el caso de los nanobiocompuestos de PCL contdmign antimicrobiano y
antioxidante natural, timol, y nanoarcillas basean procesados por casting
se encontrd, que la nanoarcilla permite, ademasejerar las propiedades
fisicas, incrementar la solubilidad y reducir l&udion del elemento activo.
Estos nanocompuestos presentan por tanto un gian em la liberacion
controlada de agentes naturales para el desadellnievos envases activos
y bioactivos.

6.- En el caso de biocompuestos de PCL, PLA y PHBY wucrofibras de
celulosa purificadas
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6.1. Se observé una gran dispersidon e interaccénrefuerzo con las
matrices por varias técnicas incluyendo microespscbpia Raman
confocal, para bajos contenidos de fibra. Sin egiapara contenidos
superiores a un 5% en peso se observa la aglomerdei las fibras en la
matriz y la consiguiente perdida de propiedades.

6.3. En consonancia con los resultados morfolégiesshiocompuestos de
PLA, PCL y PHBV con microfibras de celulosa mejoratas propiedades
barrera a agua y a limoneno entre un 50-75% péoopsdia contenidos bajos
de fibra.

6.4. Como resultado del trabajo, la incorporaciénmicrofibras de celulosa
alfa altamente purificada a biopoliesteres generamportante impacto en
las propiedades barrera sin la necesidad de l@adie compatibilizadores o
de otros agentes interfaciales, y permite probappmera vez que las fibras
también reducen permeabilidad mas alla de mejoaar propiedades
mecanicas.

7. En nanobiocompuestos basados en nanowhiskersudesze(CNW) y PLA

7.1. Se prepararon nanocompuestos incorporandq 3,y25 en peso de
CNW en la matriz de celulosa procesado por castltms CNW se

prepararon por hidrélisis acida de la microfibracddulosa alfa purificada,
obteniendose nanofibras de 60-160 nm de longitdiel ¥0-20 nm de espesor.

7.2. Los resultados indican que los nanowhiskerdisgersaron bien en la
matriz de PLA, sin afectar a la estabilidad térmjpero induciendo algo de
cristalinidad que muy posiblemente sera transdingiad. CNW preparados
por liofilizacién en los nanocompuestos exhibenaneporfologia que los
preparados por intercambio del disolvente.

7.3. La permeabilidad a agua de los nanocompudstéd A disminuye con

la adicion de CNW preparados por liofilizacion kagn un 82% y la

permeabilidad a oxigeno se reduce hasta en un B&%4nejoras optimas de
las propiedades barrera se encontraron para lexoapuestos conteniendo
cargas de CNW menores del 3 % en peso, mostrandgoannpotencial para

la aplicacion de estos CNW en recubrimientos, mamds y envases de
alimentos.

8. Nanobiocompuestos basados en nanowhiskers de s2IU[@€NW) vy
carragenatos

8.1. CNW se prepararon también por hidrélisis dclddas microfibras de
celulosa alfa purificada, obteniendose nanofib@as una longitud entre 25-
50 nm y un diametro de alrededor 5 nm. Se preparaemocompuestos
incorporando 1, 3y 5 % en peso de CNW en los ganatos mediante el
método de casting.
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8.2. Nanobiocompuestos que contenian un 3 % ende&NW presentaron
una reduccion significativa de la permeabilidachgia del orden del 71%,
atribuido en parte a la alta reduccion en la sordié agua observada.

9. Nanobiocompuestos basados en nanotubos y nanofileasarbono en

10.

biopolimeros (PHBV y PCL).

9.1. Se prepararon con éxito nanocompuestos de BHBEL incorporando
1, 3,5y 10 % en peso de CNT y CNF mediante ebdwetde casting. El
mejor balance de propiedades se obtuvo con la¢edde bajos contenidos
de los aditivos, ya que al aumentar el contenidoed®s se observo
aglomeracion y empeoramiento de la morfologia y la®e propiedades
barrera.

9.2. El aumento de las propiedades barrera a aguxigeno, de la
conductividad eléctrica y térmica asi como de lespiedades mecanicas
hace que estos materiales puedan tener interéplieaciones de envasado
microhorneable o antiestético.

Mezclas de biomateriales: refuerzo de PLA con gmeilnina mediante
mezclado en fundido

10.1 Se consigui6 incorporar el componente renavgbbiodegradable de
alta barrera a oxigeno en seco amilopectina ermatez de PLA mediante
mezclado en fundido utilizando un grado biodegrédal® EVOH como
vehiculo. Las mezclas presentaron una mejor digperde fases con la
adicion de glicerol.

10.2 Aunque se observé una mejora en la barreraigemo en seco, en
general ni las propiedades barrera, ni las propieslamecanicas se
incrementaron significativamente. Aun asi se defiarrun método de
incorporacion por mezclado en fundido de un pofisdo no procesable
altamente biodegradable y renovable que retenienttansparencia del PLA
mejoro la biodegradacion de este.
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NoveL PET NANOCOMPOSITES OF
INTEREST IN FooD PACKAGING
APPLICATIONS AND COMPARATIVE BARRIER
PERFORMANCE WITH BIOPOLYESTER

N ANOCOMPOSITES™
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!Novel Materials and Nanotechnology, IATA, CSIC, Burjassot, Spain

ZArea of Materials, Department of Industrial Systems Engineering and
Design, University Jaume I, Castellon, Spain

ABSTRACT: Poly(ethylene terephthalate) (PET) is one of the polymers
most widely used in the packaging industry. However, it is highly desirable
to enhance its barrier properties for applications, such as carbonated drinks
and other rigid and flexible packaging applications. The nanocomposites
route offers unique possibilities to enhance the properties of this material,
provided that adequate thermally resistant and legislation complying nano-
additives are used. This study presents novel PET nanocomposites with
enhanced barrier properties to oxygen, water, and limonene based on a new
specifically developed food-contact-complying highly swollen montmorillonite
grade, and, furthermore, presents and discusses morphological data. More-
over, given the current interest in the packaging industry to replace this
material by other biopolyesters, a comparative barrier performance of PET
nanocomposites versus that of biopolymers, such as poly(lactic acid) (PLA),
polyhydroxyalkanoates (PHB, PHBV), and polycaprolactones (PCL) and
their corresponding nanocomposites is also reported.

KEY WORDS: PET, food packaging, composites, barrier properties,
biopolyesters.

*This is an expansion of a paper presented at the Society of Plastics Engineers’ ANTEC 2007 conference
held in Cincinnati, USA on May 6-10, 2007. Copyright SPE.
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ABSTRACT: Polyhydroxybutyrate (PHB) is generally
considered to be a very uneasy biopolymer to handle
because of significant instability during melt processing
and some excessive brittleness. This work studied the mor-
phological, thermal, and barrier properties of novel melt-
mixed nanobiocomposites of PHB, poly(s-caprolactones)
(PCL), and layered phyllosilicates based on commercial
organomodified kaolinite and montmorillonite clay addi-
tives. The addition of PCL component to the blend was
seen to reduce oxygen permeability but it was also found
to lead to a finer dispersion of the clay. The addition of
highly intergallery swollen orgamnnudlfmd montmorillon-
ite clays to the PHB blend led to a highly dispersed mor-
phology of the filler, but this simultaneously increased to a
significant extend the melt instability of the biopolymer.
Nevertheless, the organomodified kaolinite clay, despite
the fact that it was found to both lead to less dlﬁpcr%nd

and irregular morphology, particularly for higher clay
loadings, it led to enhanced barrier properties to oxygen,
p-limonene, and water. p-limonene and specially water
molecules were, however, found to sorb in both hydropho-
bic and hydrophilic sites of the filler, respectively, hence
diminishing the positive barrier effect of an enlarged tortu-
osity factor in the permeability. Mass transport properties
were found to depend on the type of penetrant and model-
ing of the permeability data to most commonly applied
formalisms was not found to be satisfactory because of fac-
tors such as morphological alterations, heterogeneity in
the clay dispersion, and penetrant solubility in the filler.
© 2008 Wiley Periodicals, Inc. | Appl Polym Sci 108: 2787-2801,
2008

Key words: biopolymers; packaging applications; batrier
properties; nanocomposites; polyhydroxybutyrate

INTRODUCTION

In the last decades, there has been a significant
increase in the amount of plastics being used in
packaging applications. In fact, the largest applica-
tion for plastics today is packaging, and within the
packaging niche, food packaging amounts has the
largest plastics demanding application. This substan-
tial increase in use has also raised a number of envi-
ronmental concerns from a waste management point
of view.!™ As a result, there is a strong research in-
terest, pushed by authorities at national and inter-
national levels, and a parallel industrial growing
demand in the development and use of materials
which can disintegrate and biodegrade through
processes such as composting into carbon dioxide
and water.

Correspondence to: ]. M. Lagaron (lagaron@iata.csic.es).

Contract grant sponsor: EU integrated project SUSTAIN-
PACK.

Contract grant sponsor: CYCIT project; contract grant
numbers: MAT2006-10261-C03-01, MAT2003-08480-C3.

Journal of Applied Polymer Science, Vol. 108, 2787-2801 (2008)
©2008 Wiley Periodicals, Inc.
& @IWILEY
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Among biodegradable materials, three families'™
are usually considered: polymers directly extracted
from biomass such as the polysaccharides starch,
chitosan, and cellulose and proteins such as gluten,
soy protein, and zein. A second family comprises oil
based monomers or biomass derived monomers, but
uses classical chemical synthetic routes to obtain the
final biodegradable material, this is the case of for
instance poly(e-caprolactones) (PCL), polyvinyl-alco-
hol (PVOH) and for the case of sustainable mono-
mers polylactic acid (PLA). The third family com-
prises polymers produced by natural or genetically
modified microorganisms such as polyhydroxylalca-
noates and polypeptides.5

Recently, surface modified clays have been studied
as advanced additives to improve or balance thermal,
mechanical, fire resistance, surface, or conductivity
properties of nanocomposites because of its high sur-
face to volume ratios and the subsequent intimate
contact that they promote with the matrix at low filler
additions.” Aside from the enhancement in these
properties, these clay platelets with very few nano-
meters (ideally one nanometer in fully exfoliated sys-
tems) in thickness have the potential to uniquely
reduce the matrix permeability to gases and vapors,

262



Annex

Available online at www.sciencedirect.com

*.*"ScienceDirect CaEt())cla;?r/]derraste

ELSEVIER

Carbohydrate Polymers 71 (2008) 235-244
www.elsevier.com/locate/carbpol

Morphology and barrier properties of solvent cast composites
of thermoplastic biopolymers and purified cellulose fibers

ca . b a,
M.D. Sanchez-Garcia *, E. Gimenez °, .M. Lagaron **
* Novel Materials and Nanotechirology, IATA, CSIC, Apdo. Correos 73, 46100 Burjassot, Spain
Y Area of Materials, Depariment of Industrial Systems Engineering and Design, University Jaume I, 1207F Castellon, Spain

Received 12 March 2007; received in revised form 23 May 2007; accepted 24 May 2007
Available online 12 June 2007

Abstract

This paper shows and discusses the morphology, thermal and transport properties of solvent cast biocomposites of poly(lactic acid)
(PLA), polyhydroxybutyrate-co-valerate (PHBYV) and polycaprolactones (PCL) containing purified alfa micro-cellulose fibers as a func-
tion of filler content. The SEM, optical microscopy and Raman imaging results indicate that a good dispersion of the fibers in the matrix
was achieved for the three biopolymers. However, detrimental fiber agglomeration was clearly observed to take place for samples with
fiber contents in excess of 5 wt%. The heat of fusion (related to crystallinity) of the semicrystalline PCL and PHBV biopolymers was seen
to decrease, particularly in low fiber content biocomposites, but it seemed to increase slightly in the highly amorphous PLA biocompos-
ites. In accordance with the morphology data, water and p-limonene direct permeability were seen to decrease to a significant extent in
the biocomposites with low fiber contents. The permeability reduction was mostly related to a decrease in diffusivity but solubility was
also found to be favorable. The main conclusion from this work is that purified cellulose fibers can also be used to enhance the barrier

properties of thermoplastic biopolyesters of interest in, for instance, packaging and membrane applications.

© 2007 Elsevier Ltd. All rights reserved.

Keywords: Cellulose fibers; Composites; Barrier properties; PLA; PCL and PHBY

1. Introduction

There is a growing worldwide interest pushed by govern-
ments and societies to increment the responsible use of
renewable resources in commodity plastic products in
order to reduce the waste associated to their use, particu-
larly in packaging applications (Petersen et al., 1999; Haug-
aard et al., 2001). The use of biodegradable plastics and
resources are seen as one of the many strategies to minimise
the environmental impact of petroleum-based plastics. The
biological base of these new biopolymers provides a unique
opportunity to incorporate a highly demanded property of
these materials, 1.e. the compostability. It must be consid-
ered that among the plastic waste there are products with
a high degree of contamination and recycling requires a

* Corresponding author.
E-mail address: lagaron@iata.csic.es (J.M. Lagaron).

0144-8617/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
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high energy cost. Therefore, compostability is a very inter-
esting property that guarantees that these new biomaterials
will degrade mostly into carbon dioxide and water after
disposal (Kijchavengkul, Auras, Rubino, Ngouajio, & Fer-
nandez, 2006). These biodegradable materials present a
number of excellent and promising properties in a number
of applications, including packaging, automotive and
biomedical sectors. Thus, thermoplastic biodegradable
polymers, such as poly(lactic acid) (PLA), polyhydroxyalk-
anoate (PHA) and polycaprolactones (PCL), exhibit an
excellent equilibrium of properties, i.e. they are processable
using conventional plastics machinery and, for the case of
the first two, they arise from renewable resources. PLA is
a thermoplastic biopolyester produced from L-lactid acid,
which typically comes from the fermentation of corn
starch. Currently, PLA is being commercialized and being
used as a food packaging polymer for short shelf-life
products with common applications such as containers,
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ABSTRACT: It is well-known that the nanocomposites technology can
significantly enhance, among others, the thermal, mechanical, and barrier
properties of plastics. It is also known that most bioplastics, including the
thermoplastic biopolymers, have lower than desired levels for certain properties
which makes their use in certain packaging applications problematic. The
combination of active technologies such as antimicrobials and nanotechnologies
such as nanocomposites can synergistically lead to bioplastic formulations with
balanced properties and functionalities for their implementation in packaging
applications. The present work presents the development and characterization of
novel nanocomposites of polycaprolactone with enhanced barrier properties and
with controlled-release of the biocide natural extract thymol. The antimicrobial
nanocomposites of biodegradable materials were prepared in solution hy a casting
method. The morphology of the biocomposites was visualized by transmission
electron microscopy and by atomic force microscopy, the thermal properties were
investigated by differential scanning calorimetry and the relative uptake
(solubility) and kinetics (diffusion) of the released biocide were determined by
Attenuated Total Reflection Fourier Transformed Infrared spectroscopy. Water,
oxygen, and limonene barrier properties were also enhanced in the biocomposites.

*This is an expansion of a paper presented at ANTEC 2008, the annual technical meeting of the Society
of Plastics Engineers, held in Milwaukee, Wisconsin on 4-8 May 2008.
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ABSTRACT: This study reports on the efect of

radiation en morphological. themnal, and water barrier
pmperue-t ol pure eth]ene wn‘_\-'] alcohol copo]vmeﬁ
(EVOH29 and EVOH#) and ils biocomposiles with the
nanofiller microfibrillated cellulese (2 wi %) Added micro-
fibrillated cellulese (MFO) preserved the bransparency of
EVOH fils but led to a decrease in waler barrier proper-
ties. Gamma irradiation at bow (30 kGy) and high doses
(60 kGy) caused some imeversible changes in the phase
mm—ph&]ogv of EVOH29 and EVOH44 copolymers that
could be assocated to crosslinking and other chemdcal
alterations. Additionally, the EVOH copolymers and the

EVOH compesites reduced the number of hygroscopic
Tiydmocyl functicnalities during the irradiation processing
and noval carbmv] baszad chemj-ﬂw wag, in turmn, detecled.
Az a resull of the above alleralions, the water barrier prop-
erlies of both neal malerials and composites irmadiated at
low doses were nolably enhanced, counlemcling the detri-
mental effect on waler barmier of adding MFEC to the
EVOH malrix. & 2008 Wiley Periodicals, Inc. ] Appl Palym Sci
109 126-154, T0&

Key wonds: EVOH; EVOH composites; irradiation; water
barrier; microfibrillated cellulose

INTRODUCTION

Ethylene vinyl alcohol copolymers (EVOH) are ran-
dom semicrystalline materials with excellent barrier
properties to gases and food aroma compounds.
They are produced via saponification of ethylene-co-
vinyl acetate copolymers where the acetoxy group is
comverted into a secondary alcohol. These materials
are increasingly used in the food packaging indus-
try, especially in multilayer packaging. However,
barrier and mechanical properties of EVOH suffer
from water contact due to water uptake and the
associated swelling ratio.! EVOH crystllinity and
performances have been conveniently enhanced bx
adding, for example, low amounts of DIga.nuday‘i

Microfibrillated cellulose (MFC) from wood pulp is a
reinfordng filler with excellent potential to be used
in polymer composites. The MFC material consists
of long nanoscale bundles of microfibrills, which
form entangled networks. MEC is normally prepared
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by the delamination of delignified wood fibers in
high-pressure homaogenizers; the diameter of the MBC
from Scandinavian softwood pulp is ~ 17-30 nm.* This
filler is being currently studied to increase the amount
of sustainable components in the farmulation of plas-
tics, and to provide additional benefits related to the
mechanial and barrier properties of the films. Thus,
MFC has been reported to have an acceptably high
aspect ratio and, in general, the composites with cellu-
lose derived materials have been observed to improve
the mechanical properties of polymer films*" How-
ever, its hydrophilic nature may diminish the compo-
dites performances in contact with moisture, and
therefore have to be carefully investigated.

Gamma irradiation is not only wsed for material
sterilization but also to improve the properties of
polymers and in aseptic packaging technologies.”
Typical effects of irradiation in polymers are chain
scission associated to the formation of free radicals
and low molecular weight radiolysis compounds,
and finally crosslinking®. Changes in permeation and
mechanical properties due to crosslinking might
improve the performances of plastics for instance
storage of packaged food at low doses,'™" and usu-
ally rnecha:licalgml:erﬁes are only affected by high
radiation doses.”” The formation of free radicals and
low-molecular-weight compounds might generate
undesirable off-flavors or discolorations in the plas
tics, which could impair the use of this treatment
during processing of packaged foods.
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This paper presents the properties of nano-bio-composites of solvent cast polyhydroxybutyrate-co-valer-
ate (PHBV) and polycaprolactone (PCL) containing carbon nanofiber or carbon nanotubes as a function of
filler content. It is found that carbon nanotubes and nanofibers can be used to enhance the conductivity,
thermal, mechanical and to enhance gas barrier properties of thermoplastic biopolyesters.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Biodegradable polymers have received considerable attention
due to their potential application in fields related to environmental
protection and ecology in the last two decades. Most biodegradable
polymers have excellent properties comparable to many petroleum-
based plastics. They possess a number of excellent and promising
properties that can be used in a number of applications, including
packaging, automotive and biomedical sectors. Thermoplastic bio-
degradable polymers, such as polyhydroxyalkanoate (PHA) and
polycaprolactones (PCL), are processable using conventional plastics
machinery. For the polyhydroxyalkanoates (PHAs) family, the most
widely used material is the polyhydroxybutyrate (PHB) and its
copolymers with valerate. These microbial biopolymers are storage
materials produced by a variety of bacteria in response to particular
environmental stresses [1]. Polyhydroxybutyrate (PHB) is a natu-
rally occurring b-hydroxyacid (a linear polyester). The homo-
polymer, poly(hydroxybutyrate) PHB, and its copolymer with
hydroxyvalerate, PHBV, are biodegradable engineering thermoplas-
tic polymers with important properties that make them suitable for
many applications for which petroleum-based synthetic polymers
are currently used. PHB polymers are already used in small dispos-
able products and in packaging materials [2]. PCL is a thermoplastic
biodegradable polyester synthesized by chemical conversion of

* Corresponding author. Tel.: +1 514 848 2424; fax: +1 514 848 3175.
E-mail address: hoasuon@vax2.concordia.ca (S.V. Hoa).

0266-3538/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.compscitech.2010.02.015

crude oil. PCL has good water, oil, solvent, and chlorine resistance,
low melting point, low viscosity, and is easily processed using con-
ventional melt blending technologies [3]. PCL is being investigated
for use in biomedical utensils, pharmaceutical controlled release
systems, and in biodegradable packaging [4].

Biodegradable polymers have strong commercial potential for
bio-plastics. However, they exhibit low toughness, low heat distor-
tion temperature, relatively high gas permeability compared to oil
based polyesters such as PET, low melt viscosity, low thermal and
electrical conductivity. These shortcomings restrict their use. Rein-
forcement of these materials using nanoparticles may be an effec-
tive way to improve these properties [5-7].

There are research studies showing property improvements in
biodegradable materials with the addition of carbon nanotubes.
Reinforcement of PCL with carbon nanotubes has been carried
out with the overall aim of increasing its biodegradation rate and
to enhance mechanical properties, i.e. this route led to consider-
able improvements in the composites tensile strength [8]. Other
authors reported that the addition of small amount of MWCNT into
PCL matrix can improve its thermal stability, and the loading of
MWCNT into PCL matrix induced heterogeneous nucleation during
crystallization processes as studied by DSC [9]. Saeed and Park re-
ported that the conductivity of the nanocomposite of PCL increases
with the increase of CNT content [10]. Lai et al. found that addition
of carbon nanotubes into PHBV enhanced its thermal stability
studied by TGA. The thermal properties and the crystallization
behaviour of the composites were characterized by differential

266



Annex

Incorporating Amylopectin in Poly(lactic Acid) by Melt
Blending Using Poly(ethylene-co-vinyl Alcohol) as a
Thermoplastic Carrier. (I) Morphological Characterization

D. Nordqvist,' Maria D. Sanchez-Garcia,” Mikael S. Hedenqvist,' Jose M. Lagaron®

:thpnrfmenf of Fiber and Polymer Technology, Royal Institute of Techrmlug%y, Stockholm, Sweden
00

“Novel Materials and Nanotechnology Lab, Institute of Agrochemistry and

CSIC, Burjassot, Valencia, Spain

Received 18 November 2008; accepted 11 February 2009
DOI 10.1002/ app.31290

d Technology (IATA),

Published online 7 October 2009 in Wiley InterScience (www.interscience. wiley.com).

ABSTRACT: In this study, the possibility of using a bio-
degradable grade of thermoplastic poly(ethylene-co-vinyl
alcohol) with high (71 mol %) vinyl alcohol (EVOH-29), as
a carrier to incorporate the renewable and biodegradable
component amylopectin (AP) into poly(lactic acid) (PLA)
through melt blending, was investigated. The effect of using
a plasticizer /compatibilizer (glycerol) in the blend systems
was also investigated. In a first step, the EVOH/AP blends
were produced and thereafter, in a second step, these were
mixed with PLA. In this first study, the blend morphology
was investigated using optical microscopy, scanning elec-
tron microscopy and Raman imaging spectroscopy and the
thermal properties were measured by differential scanning
calorimetry. Despite the fact that EVOH and AP are both
highly polar, their blends were immiscible. Still, the blends

exhibited an excellent phase dispersion on a micron level,
which was enhanced further by the addition of glycerol. A
good phase dispersion was finally observed by incorpora-
tion of the latter blends in the PLA matrix, suggesting that
the proposed blending route can be successfully applied for
these systems. Finally, the Differential scanning calorimetry
(DSC) data showed that the melting point of EVOH
dropped in the EVOH /AP blends, but the properties of the
PLA phase was still relatively unaffected as a result of
blending with the above components. © 2009 Wiley Periodi-
cals, Inc. ] Appl Polym Sa 115: 1315-1324, 2010

Key words: polymer blends; biopolymers; EVOH
copolymers; amylopeptine; PLA; packaging applications;
biomedical applications; morphology; raman imaging

INTRODUCTION

Poly(lactic acid) (PLA) is a biodegradable linear ali-
phatic thermoplastic polyester that has received sig-
nificant attention among researchers as an alterna-
tive material for packaging applications. Today, PLA
is one of the most important biodegradable/renew-
able plastic materials on the market; to a great extent
due to its interesting mechanical, optical, and proc-
essing properties, and, of course, to its renewability
and biodegradability aspects.l’: In attempt to
improve desired properties or lower the processing
costs both blends and composites have been pro-
duced. Several studies have been carried out on
PLA blends, both with non-biodegradable and bio-
degradable materials.” By blending PLA with
other, less expensive, biodegradable polymers, the
“green” factor can be retained at the same time as
properties are improved and cost lowered. A possi-

Correspondence to: ]. M. Lagaron (lagaron@iata.csic.es).
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ble candidate is starch, due to its biobased origin,
low price, good availability, and high performance.
Starch consists of a mixture of amylose (~30%) and
amylopectin (AP) (70%), both based on chains of 1,4-
linked a-p-glucose.” Amylose is linear whereas AP is
highly branched and forms transparent films, a very
attractive feature when it comes to the packaging
industry.® Martin and Averous’ previously studied
melt-blended PLA/starch systems. The observation
of two glass transition temperatures (T), and a two-
phase morphology, indicated a low compatibility
between the two polymers. The use of adequate
compatibilizers was, therefore, suggested.
Poly(ethylene-co-vinyl alcohol) (EVOH) polymers
are a family of semicrystalline random co-polymers
with excellent barrier properties to gases and hydro-
carbons, and with outstanding chemical resistance.'”
EVOH copolymers are commonly produced via a sa-
ponification reaction of a parent ethylene-co-vinyl ace-
tate copolymer, whereby the acetoxy group is con-
verted into a secondary alcohol. These materials have
been, increasingly, implemented in many pipe and
packaging applications where high demands on
chemical resistance and gas, aroma, and hydrocarbon
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ABSTRACT: This study adds to a previous morphologi-
cal work (paper I) with further characterization of the
developed poly(lactic acid) (PLA) blends containing amy-
lopectin, which made use of an ethylene-vinyl alcohol co-
polymer (EVOH) as a melt-compoundable carrier for the
polysaccharide in the biopolyester. The effect of using
glycerol as compatibilizer was also characterized. Water
and oxygen transport parameters, mechanical properties,
and comparative biodegradability tests were evaluated for
the blends. From the results, the barrier properties to oxy-
gen were only seen to improve at 0%RH and mostly for
the PLA-EVOH blends, which furthermore showed a posi-
tive deviation from the rule of mixtures. At high relative
humidity, the blends showed somewhat poorer barrier

performance due to the comparatively higher improve-
ment in barrier of the neat PLA at 80% RH. Interestingly,
room temperature biodegradability testing suggested that
low additions of the blending elements seemed to facilitate
the biodegradability of the biopolyester. Despite the fact
that properties were not so dramatically improved, incor-
porating renewable resources within PLA seems as a
potentially viable route to reduce PLA supply depend-
ency, retain good optical properties and to overcome
some drawbacks associated to the use of this biopolyester.
© 2010 Wiley Periodicals, Inc. ] Appl Polym Sci 119: 3708-3716, 2011
renewable

Key words: polylactic acid; resources;

packaging; bioplastis; amylopeptine

INTRODUCTION

Poly (lactic acid) (PLA) is today one of the most im-
portant renewable/biodegradable plastic materials.
Hence, this linear aliphatic thermoplastic polyester is
receiving a lot of attention from researchers all over
the world as an alternative material for packaging
applications. Besides being renewable and biode-
gradable, its transparency, mechanical properties,
and processability make PLA an attractive and inter-
esting material from an application point of view."*
A problem with PLA is, as with many other envi-
ronmentally friendly materials, the fact that the bio-
polymer and processing costs are too high compared
to its petroleum-based polymers. The properties of
this biodegradable polymer are still considered to be
insufficient for some applications and demand con-
tinuous efforts to exceed production capacity. There-
fore, several studies have been carried out where
PLA has been mixed with other biodegradable and
nonbiodegradable materials.*® By choosing a less
expensive, biodegradable polymer as blending mate-
rial for PLA the production costs and inaccessibility
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could be potentially lowered at the same time as the
“eco” factor is retained.

Several materials can be considered as a blending
component for PLA. The low price, good availabil-
ity, and performance along with its biobased origin
make starch an attractive and promising candidate
for renewable applications. Starch consists of a mix-
ture of amylose (~ 30%) and amylopectin (~ 70%),
both based on chains of 1,4-linked #-pD-glucose.” Am-
ylose is linear, whereas amylopectin (AP) is highly
branched and forms transparent films, a very attrac-
tive feature when it comes to the packaging area.®
Martin and Averous’ previously studied melt-
blended PLA /starch systems. The results showed a
relatively low level of compatibility between the two
systems, reported after observation of two glass
transition temperatures (T,). Also their SEM studies
indicated a low degree of compatibility and the use
of adequate compatibilizers was suggested as the
right way forward.

Ethylene-vinyl alcohol (EVOH) copolymers are a
family of semicrystalline materials with excellent
barrier properties to gases and hydrocarbons (in
drier conditions), and with outstanding chemical re-
sistance.'” These materials have been increasingly
implemented in many pipe and packaging applica-
tions where stringent criteria in terms of chemical re-
sistance and gas, water, aroma, and hydrocarbon
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ABSTRACT: This article presents novel solvent cast bio-
composites of poly(lactic acid) (PLA), polyhydroxybuty-
rate-co-valerate (PHBV), and polycaprolactone (PCL) with
enhanced barrier properties to UV light, oxygen, water, and
limonene by means of incorporating an organomodified
mica-based clay grade. The TEM results suggested a good
clay dispersion but with no exfoliation in the three biopo-
lyesters. In agreement with the crystallinity data, which
was found to generally increase with increasing filler con-
tent, oxygen but specially water and p-limonene permeabil-
ity coefficients were seen to decrease to a significant extent
in the biocomposites and an optimum property balance

was found for 5 wt % of clay loading in the three biopoly-
mers. With increasing clay content, the light transmission
of these biodegradable biocomposites decreased by up to
90% in the UV wavelength region due to the specific UV
blocking nature of the clay used. As a result, these new bio-
composites can have significant potential to develop pack-
aging films, coatings and membranes with enhanced gas
and vapor barrier properties and UV blocking performance.
© 2010 Wiley Periodicals, Inc. | Appl Polym Sci 118: 188-199, 2010

Key words: clay-based composites; packaging; barrier
properties; biopolyesters

INTRODUCTION

Protection against light is a basic requirement to pre-
serve the quality of many products, such as pack-
aged foods. Metal and paper being opaque to the
transmission of light, automatically provide this
function. On the other hand, plastic films are often
transparent materials to UV and Visible radiation of
short wavelengths. Therefore, the protection of light
sensitive goods, such as fruit and vegetable juices,
vitamin and sport drinks, dairy products, and edible
oils from UV-radiation when packaged in plastic
containers has been widely investigated.'™

The primary wavelengths of interest in, for
instance, food packaging applications are those that
fall between 200 and 2200 nm. This section of the
electromagnetic spectrum can be divided into three
components: the ultraviolet (UV) range (100-400
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nm); the visible spectrum (400-700 nm); and the
near-infrared range (700-2200 nm). Ultraviolet radia-
tion accounts for only 3% of the total radiation that
reaches earth, but it causes chemical reactions,
weathering of polymers, fading of certain coloring,
and even eye and skin damage. For this reason, UV
light blocking is a very demanded property in poly-
mers and also in the newcoming renewable and bio-
degradable polymers of interest in multisectorial
applications.

Biodegradable and/or sustainable materials pres-
ent a number of excellent properties for a number of
applications, including packaging, automotive, and
biomedical fields. Thermoplastic biopolymers, such
as poly(lactic acid) (PLA), polyhydroxyalkanoates
(PHA), and polycaprolactones (PCL), exhibit an
excellent balance between barrier and mechanical
properties, are water resistant and can be processed
using conventional plastics machinery. Moreover,
for the case of the first two, they originate from
renewable resources, i.e., maize and microorganisms,
respectively. Composites of biopolymers, often
called nanobiocomposites, containing highly dis-
persed naturally derived layered additives, typically
montmorillonite (MMT), are proving to be an excel-
lent technology to design new materials with
enhanced key properties while retaining the “bio”
characteristics. Nanocomposites of biodegradable
materials containing between 1 and 5 wt % of MMT
have been claimed to exhibit significant improve-

ments in barrier®™ and in mechanical properties'®!!
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Nanobiocomposites of Carrageenan, Zein, and Mica of Interest
in Food Packaging and Coating Applications
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Rua Dr. Roberto Frias s/n, 4200-465 Porto, Portugal

The present study presents the development and characterization of biocomposites of a red-algae-
derived carrageenan, mica, and their blends with zein prolamine obtained by solvent casting. The
morphology of the blends was characterized by scanning and transmission electron microscopy
(SEM and TEM), optical microscopy, and atomic force microscopy (AFM). Mechanical behavior,
water barrier, water uptake, and UV—vis protection of the cast films were also investigated. The
results indicated that the addition of 10 wt % glycerol to the blends resulted in a better dispersion of
the additive and, for that reason, a better improvement for the studied properties. The composites
were seen colored but transparent and exhibited the ability to block the UV—vis radiation because of
the characteristic absorbing properties of the filler. Nevertheless, the main conclusion from the work
is that the nanocomposites were seen to act as a reinforcing plasticizer and also led to significantly
reduced water permeability and uptake. The clay was found to be more efficient in the latter aspect
than the zein prolamine as an additive. As a result, these novel carragenan-based biocomposites
can have significant potential to develop packaging films and coatings for shelf-life extension of food

products.

KEYWORDS: Car food hydrocolloids;

1. INTRODUCTION

Biopolymer films have been the focus of worldwide attention
for the past few decades because they offer favorable environ-
mental advantages in terms of sustainability and compostability
compared to conventional synthetic polymeric films. Edible and
biodegradable natural polymer films offer alternative packaging
with lower environmental costs. The search for new renewable
resources for the production of edible and biodegradable packag-
ing materials and coatings has steadily increased in recent years.
In particular, nonconventional sources of carbohydrates have
been extensively studied. There are various unique carbohydrates
that are found in marine organisms that represent a largely
unexplored source of valuable materials. These nonconventional
and underexploited renewable materials can be used as an
interesting alternative to produce edible films and coatings.

The biopolymers studied in this work to produce edible
films and coatings were «/i-hybrid carrageenan extracted from
Mastocarpus stellatus, an underexploited red algae present in the
Portuguese marine coast (1 —4). Carrageenans are water-soluble
polymers with a linear chain of partially sulfated galactans, which
present high potentiality as film-forming material. Carrageenans
are structural polysaccharides from red seaweed and have been
used extensively in foods, cosmetics, and pharmaceuticals (3).

*To whom correspondence should be addressed. E-mail: lagaron()
iata.csic.es.

©XXXX American Chemical Society

Carrageenan biopolymer extracted from M. stellaius seaweeds
was shown to be a x/t-hybrid carrageenan (7) with gel properties
comparable to commercial k-carrageenan gel formers (2, 3). The
use of carrageenan as edible films and coatings is already used in
the food industry on fresh and frozen meat, poultry, and fish to
prevent superficial dehydration (6), ham or sausage casings (7),
granulation-coated powders, dry solid foods, oily foods (8), etc.
but also to manufacture soft capsules (9, /0) and, especially,
nongelatin capsules (/7). Polysaccharide and protein film materi-
als are characterized by high moisture permeability, low oxygen
and lipid permeability at lower relative humidities, and com-
promised barrier and mechanical properties at high relative
humidities (12).

To tailor the properties and improve the water resistance of
these biopolymers, it is often desirable to combine with, for
instance, other biopolymers more resistant to water or with the
addition of nanoclays. In the case of the addition of nanoclays,
these layers are known to form impermeable shields. As a
consequence, it is expected that the nanocomposite carbohydrate
film will have substantially reduced water vapor permeability,
thus helping to solve one of the long-standing drawbacks in the
use of biopolymer films, i.e., water plasticization (I3). Indeed,
Lagaron et al. (/13) showed that the dispersion of mica nanoclay
layers into the biopolymer matrix greatly improved the overall
water barrier without measurable impact in the biodegradability
of the matrix, thus turning them into industrially attractive

pubs.acs.org/JAFC
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Morphology and Water Barrier Properties
of Nanobiocomposites of k/i-Hybrid Carrageenan
and Cellulose Nanowhiskers
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The current study presents the development and characterization of novel carrageenan nano-
biocomposites showing enhanced water barrier due to incorporation of cellulose nanowhiskers (CNW).
CNW, prepared by acid hydrolysis of highly purified « cellulose microfibers, were seen to have a
length of around 25—50 nm and a cross section of ca. 5 nm when dispersed in the matrix. The
nanobiocomposites were prepared by incorporating 1, 3, and 5 wt % of the CNW into a carrageenan
matrix using a solution casting method. Morphological data (TEM and optical microscopy) of the
nanocomposites containing CNW were compared with the morphology of the corresponding
biocomposites containing the original cellulose microfibers and the differences discussed. Thermal
stability by TGA, water vapor permeability, and percent water uptake were also determined. The
main conclusion arising from the analysis of the results is that the nanobiocomposites containing
3 wt % of CNW exhibited the lowest reduction in water vapor permeability, that is, ca. 71%, and that
this reduction was largely attributed to a filler-induced water solubility reduction. This fully biobased
nancreinforced carrageenan can open new opportunities for the application of this biopolymer in

food-packaging and -coating applications.

KEYWORDS: C

food p

INTRODUCTION

Biopolymer films have been the focus of worldwide attention
for the past few decades because they offer favorable environ-
mental advantages in terms of biodegradability compared to
conventional synthetic polymeric films. Edible and biodegradable
natural polymer films offer alternative packagings and coatings
with lower environmental costs. The search for new renewable
resources for the production of edible and biodegradable materi-
als has steadily increased in recent years. In particular, non-
conventional sources of carbohydrates have been extensively
studied. There are various unique carbohydrates that are found
in marine organisms that represent a largely unexplored source of
valuable materials. These nonconventional and underexploited
renewable materials can be used as an interesting alternative to
produce edible films and coatings (4).

The biopolymers studied in this work to produce edible
films and coatings were «/t-hybrid carrageenan extracted from
Mastocarpus stellarus, an underexploited red algae present in the
Portuguese marine coast (/—4). Carrageenans are water-soluble
polymers with a linear chain of partially sulfated galactans, which
present high potentiality as film-forming materials. Carrageenans
are structural polysaccharides from red seaweed and have been

*Author to whom correspondence should be addressed (e-mail
lagaron(@ iata.csic.es),

©2010 American Ghemical Society

; food

g P

used extensively in foods, cosmetics, and pharmaceuticals (5).
Carrageenan biopolymer extracted from M. stellatus seaweeds
was shown to be a /e-hybrid carrageenan with gel properties
comparable to those of commercial «-carrageenan gel formers.
The use of carrageenan as edible films and coatingsalready covers
various fields of the food industry such as application on fresh
and frozen meat, poultry, and fish to prevent superficial dehydra-
tion (6), ham or sausage casings (7), granulation-coated powders,
dry solids foods, oily foods (8), etc., and also the manufacture
of soft capsules (9, /() and especially nongelatin capsules (/7).
Polysaccharide and protein film materials are characterized by
high moisture permeability, low oxygen and lipid permeability at
lower relative humidities, and compromised barrier and mechani-
cal properties at high relative humidities (/2).

To tailor the properties and improve the water resistance of these
biopolymers, it is often desirable to blend them with more water-
resistant biopolymers or with nanoadditives. In the case of theaddition
of nanoclays, the nanocomposite films have been seen to substantially
reduce water-vapor permeability, solving one of the long-standing
problems in the production of biopolymer films and coatings (13).

More recently, cellulose nanowhiskers (CNW), also termed
cellulose nanocrystals, are increasingly used as load-bearing
constituents in developing new and inexpensive biodegradable
materials due to their high aspect ratio, good mechanical proper-
ties (/4), and fully degradable and renewable character.

Published on Web 11/12/2010 pubs.acs.org/JAFC
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On the use of plant cellulose nanowhiskers to enhance
the barrier properties of polylactic acid
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Abstract Polylactic acid (PLA) nanocomposites
were prepared using cellulose nanowhiskers (CNW)
as a reinforcing element in order to asses the value of
this filler to reduce the gas and vapour permeability of
the biopolyester matrix. The nanocomposites were
prepared by incorporating 1. 2, 3 and 5 wt% of the
CNW into the PLA matrix by a chloroform solu-
tion casting method. The morphology, thermal and
mechanical behaviour and permeability of the films
were investigated. The CNW prepared by acid hydro-
lysis of highly purified alpha cellulose microfibers,
resulted in nanofibers of 60-160 nm in length and of
10-20 nm in thickness. The results indicated that the
nanofiller was well dispersed in the PLA matrix, did
not impair the thermal stability of this but induced the
formation of some crystallinity, most likely transcrys-
tallinity. CNW prepared by freeze drying exhibited in
the nanocomposites better morphology and properties
than their solvent exchanged counterparts. Interest-
ingly. the water permeability of nanocomposites of
PLA decreased with the addition of CNW prepared by
freeze drying by up to 82% and the oxygen perme-
ability by up to 90%. Optimum barrier enhancement
was found for composites containing loadings of CNW

M. D. Sanchez-Garcia - J. M. Lagaron (P4)

Novel Materials and Nanotechnology Group, IATA-
CSIC, Av. Agustin Escardino 7, 46980 Paterna, Spain
e-mail: lagaron @iata.csic.es

below 3 wt%. Typical modelling of barrier and
mechanical properties failed to describe the behaviour
of the composites and appropriate discussion regarding
this aspect was also carried out. From the results, CNW
exhibit novel significant potential in coatings. mem-
branes and food agrobased packaging applications.

Keywords Cellulose - Nanobiocomposites -
Mass transport properties - PLA

Introduction

Production of ‘green materials’ based on raw mate-
rials derived from natural sources of plant or animal
origin are of great interest both in the academic and
industrial fields. The most widely researched thermo-
plastic sustainable biopolymers for food agrobased
packaging applications are starch, PLA and PHA's.
From these, starch and PLA biopolymers are without
doubt the most interesting families of biodegradable
materials because they have become commercially
available, are produced in a large industrial scale and
also because they present an interesting balance of
properties. Yet, the main drawbacks of this new
family of polymers regarding performance are still
associated to low thermal resistance, excessive brit-
tleness and insufficient barrier to oxygen and/or to
water compared to for instance other benchmark
packaging polymers such as polyolefins and PET. It is,

@ Springer
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The incorporation of nanoclays, micro and nanofibers of cellu-
lose and carbon nanofibers and nanotubes into bioplastics is
attracting a great deal of research interest regarding improve-
ment of general physical properties in plastics and hioplastics.
The present overview shows, beyond the reviewed state of the
art, nanobiocomposites specifically developed for food pack-
aging applications, in which mainly cellulose biofibers, their
highly crystalline building nanoblocks and food contact com-
plying non-MMT (non-montmorillonite) nanoclays have been
used in melt blending and solution casting processing routes
to improve the barrier properties to gases and vapours and to
impart additional functionalities to biopackaging plastics.
Bar rier properties are known to be very strong limiting factors

* Corresponding author.

0924-2244/$ - see front matter © 2010 Published by Elsevier Ltd.
doi:10.1016/).tifs.2010.07.008
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for the current widespread application of, mainly, hiopolyest-
ers in self-life extension of biopackaged foods. The paper spe-
cifically exemplifies on novel functionalities by showing novel
nanobiocompoesite films of biopolyesters with enhanced gas,
vapour and UV barrier and simultaneously exhibiting con-
trolled release capacity of an antimicrobial and antioxidant
natural plant extract of interest in active antimicrobial food bi-
opackaging applications.

State of the art
Biopolymers

There is a growing worldwide interest pushed by govern-
ments and societies to increment the responsible use of re-
newable resources in plastic commodity products in order
to reduce the waste associated to their use, particularly in
packaging applications (Petersen, Nielsen, & Olsen, 2001).
The use of biodegradable plastics and resources are seen as
one of the many strategies to minimise the environmental
impact of petroleum-based plastics. The biological base of
these new biopolymers provides a unique opportunity to in-
corporate a highly demanded property of these materials, i.e.
compostability. Plastic recycling is not often economically
viable due to contamination of the food packages. Therefore,
compostability is a very interesting option that guarantees
that new biomaterials will degrade mostly into carbon diox-
ide and water after disposal (Kijchavengkul, Auras, Rubino,
Ngouajio, & Fernandez, 2006).

Biodegradable materials present a number of promising
properties in a number of applications, including packag-
ing, automotive and biomedical sectors. Specifically, ther-
moplastic biodegradable polymers, such as poly(lactic
acid) (PLA), polyhydroxyalkanoates (PHA) and polycapro-
lactones (PCL), exhibit an excellent equilibrium of proper-
ties, apart from being processable using conventional
plastics machinery and, for the case of the first two, they
arise from renewable resources. PLA is a thermoplastic bi-
opolyester produced from L-lactic acid, which typically
comes from the fermentation of corn starch. Currently,
PLA is being commercialized as a food packaging polymer
in cups, containers and films for short shelf-life products
(Auras, Singh, & Singh, 2006). Polyhydroxybutyrate
(PHB) is a naturally occurring P-hydroxyacid (a linear
polyester). The homopolymer, poly(hydroxybutyrate)
PHB. and its copolymer with hydroxyvalerate, PHBYV, are
biodegradable thermoplastic polymers with important trade
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NANOCOMPOSITES FOR
FOOD PACKAGING

1. Introduction

Nanotechnology is by definition the creation and use of structures with at least
one dimension in the nanometer-length scale that creates novel properties and
phenomena otherwise not di&:piﬁyﬁd by either isolated molecules or bulk materi-
als, Since Toyota researchers in the late 1980 found that mechanical, thermal,
and barrier properties of nylon-clay composite materials improved to a signifi-
cant extent by reinforcement with less than 5% of elay (1), extensive research
work has been performed in the study of nanocompaosites for packaging applica-
tion. The term “nanccomposite” refors to composite materials that contain
typically low additions of sume kind of nanostructured materials. Most nanoeom-
posites being considered in the packaging sector are based in low additions,
typically 1 to T wt%, of modified nanoclays,

2. Technology

Nungscale structures display a high sudace-to-volume ratin, which becomes
ideal for applications that involve composite materinls chemical reastions,
drug delivery, controlled and immediate release of substances in active and Mune-
tivnal packaging technologies, and energy storage, for instance, in intelligent
puckaging (2,3).

Until recently, the most interesting packaging technology based on blend-
ing to generate barrier properties was the so-called oxypen scavengers. This tech-
nology is known to lead to relatively low levels of oxygen in contact with the food
because it traps permeated oxygen from both the headspace and the outside.
However, in carbonated beverapes for instunce, a barrier to carbon dioxide
is mlso A requirement. As most commodity plastic packaping materials, eg,
polyiethylene terephthalate) (PET) and its main sustainable counterpart the
PLA, are not sufficient barrier to these gases, multilayer structures had to be
devised in which one laver (made of ethylenevinyl aleohol copolymer (EVOH),
MXD8, polylethylens naphthalene) (PEN), and nanocomposites of PAB) needs
be high barrier to carbon dioxide and to oxygen, An alternative, technology is
the use of pxygen scavenger but these only reduce Oy, and not CO4, at the packa-
ging headspace. The nanobio-composites technology can overcome this in mono-
layer solutions because barrier properties are usually not only to axygen but also
to other gases and low-moleculnr-weight components such as water vapor and
food aroma components (4),

In general, the rationale behind the interest of the nanocomposites is that
with low additions of the nanofiller, many relevant properties ean be enhanced
without a significant drop in interesting properties of the matrix such as trans-
parency or toughness. As stated above, one property that bas attracted more
interest in the food-packaging area, because of its direct implication in food gual-
ity and safety issues, is the possibility of increasing the barrier properties to
gases and vapors of plasties and bioplastics. Thus, by simple application of
models such as the one of Nielsen, and for the case of laminar structures with

1

Kerk- Othmer Encyclopedia of Chemical Technology. Copyright John Wiky & Sons, Ine. All rights reserved.
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Thermoplastic nanobiocomposites
for rigid and flexible food
packaging applications
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3.1 Introduction: plastic food packaging, sustainable
materials and barrier properties

Over the last few decades there has been a significant increase in the
amount of plastics being used in packaging applications. In fact, the largest
application for plastics today is packaging, and within the packaging niche,
food packaging constitutes the largest plastics-demanding application. This
is because plastics demonstrate enormous advantages, such as thermoweld-
ability, flexibility in thermal and mechanical properties, lightness and low
price.'”* However, polymers do also have a number of limitations for certain
applications when compared with more traditional materials such as metals
and alloys or ceramics. Of these limitations, those relevant to this chapter
are their impermeability to low molecular weight components, a compara-
tively low thermal resistance and a strong interdependence between the last
two properties. In spite of this, use of plastic materials continues to expand
and to replace the conventional use of paperboard, tinplate cans and glass,
which have typically been used as monolayer systems. Initially, most plastic
packaging was made of monolayer rigid or flexible materials but as the
advantages of plastic packaging became more and more established and
developed, the increasingly demanding product requirements found when
plastics had to suit more and more different food products led, in conjunc-
tion with significant advances in plastic processing technologies, to more
and more complex polymeric packaging formulations. This resulted
in complex multicomponent structures such as the so-called multilayer
packaging-based systems widely used today. However, there are significant
advantages in terms of costs and other issues, such as ease of recycling, in
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