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DEVELOPMENT AND CHARACTERIZATION OF CORN STARCH
FILMS BY BLENDING WITH MORE HYDROPHOBIC COMPOUNDS

ABSTRACT

Different strategies were used to improve physical properties of corn starch based
films, with glycerol (30%) as plasticizer, based on increasing their hydrophobic
character in order to reduce the materials’ water sensitivity. Starch was blended
with different components (surfactants and more hydrophobic polymers), with and
without compatibilizers, to obtain blend films through different processing
techniques (casting, melt blending, compression molding and extrusion). Bilayer
film formation by compression molding with starch and poly(e-caprolactone)
(PCL) was also studied.

The addition of surfactants to starch films obtained by casting gave rise to a
decrease in water vapor permeability (WVP), but an increase in the film fragility
was observed. Surfactants with lower hydrophilic-lipophilic balance (HLB), solid
at room temperature, promoted a fine microstructure in the matrix with smaller

lipid particle, which enhanced water vapor barrier properties.

Thermo-processing was used to obtain the other films due to its broader industrial
application. Starch blends with hydroxypropyl methylcellulose (HPMC) showed an
HPMC dispersed phase in the starch matrix and better water barrier properties, but
they were more permeable to oxygen, especially when they contained citric acid
(CA) as compatibilizer. CA induced cross-linking in the polymeric matrix, thus

slightly increasing film hardness, but decreasing its extensibility.

The incorporation of PCL in different ratios to starch films obtained by
compression molding gave rise to polymer phase separation, although a small PCL

miscibility in the starch rich phase was detected, which reduced the glass transition
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temperature of the starch phase. The structural heterogeneity and lack of interfacial
adhesion between polymers gave rise to fragile films. Nevertheless, small amounts
of PCL (10%) reinforced the matrix (increase in the elastic modulus). When the
PCL ratio increased, WVP was reduced but oxygen permeability increased. The
incorporation of CA as compatibilizer of these blends provoked an increase in the
water solubility of the films, by hydrolysis, and improved the mechanical
properties of the films when PCL ratio was low (10%), but it did not affect the film
barrier properties. The incorporation of polyethylene glycol (PEG 4000) to the
blends with a low proportion of PCL did not imply an improvement in the film
properties, since it promoted phase separation. Starch-PCL blends with 1:0.05 mass
ratio, without compatibilizer, were quite homogenous and exhibited good
mechanical properties and stability.

In order to incorporate greater amounts of PCL, thus improving film
hydrophobicity and stability, PCL was chemically modified by grafting glycidyl
methacrylate or glycidyl methacrylate and maleic anhydride (PCL.), to be used as
compatibilizers. Films with 20 % PCL and 2.5 or 5 % of PCL.4 showed very good
mechanical and barrier properties and stability, inhibiting starch retrogradation.
Their barrier properties met the food packaging requirements for a wide number of

food products.

Bilayer films obtained by compression molding of starch (or starch with 5% PCL)
and PCL layers showed very low WVP and oxygen permeability and adequate
mechanical properties. The adhesion of bilayers was greatly improved by the
application of ascorbic acid and, especially, potassium sorbate, as aqueous
solutions, at the interface before compression molding. These compounds, in turn,
imparted antioxidant and antimicrobial properties, respectively, to the films, thus

improving their potential use as active packaging material for food uses.



DESARROLLO Y CARACTERIZACION DE PELICULAS DE ALMIDON
DE MAIZ POR MEZCLADO CON COMPUESTOS MAS HIDROFOBICOS

RESUMEN

Se han utilizado diversas estrategias para mejorar las propiedades fisicas de films a
base de almidon de maiz, con glicerol (30 %) como plastificante, basadas en el
incremento de su caracter hidrofébico, para reducir su sensibilidad al agua. EI almiddn
se mezclé con diferentes compuestos (surfactantes y polimeros mas hidrofébicos), con
y sin compatilizadores, para la obtencién de films mixtos por diferentes técnicas de
procesado (casting, mezclado en fundido, moldeo por compresion y extrusion). Se
estudio también la formacion de films bicapa almiddén-poli-g-caprolactona (PCL)

mediante moldeo por compresion.

La adicion de surfactantes a los films de almidén elaborados por casting dio lugar a una
disminucion de su permeabilidad al vapor de agua (WVP), pero aumento su fragilidad.
Los surfactantes con menor balance hidréfilo-lipéfilo (HLB), y sélidos a temperatura
ambiente, proporcionaron una microestructura de los films con menor tamafio de

particula, que potencid las propiedades barrera al vapor de agua.

Por su mayor aplicabilidad industrial, se emplearon técnicas de termo-procesado para
la obtencion del resto de films estudiados. Los obtenidos por mezcla con hidroxipropil
metilcelulosa (HPMC) presentaron una fase dispersa de HPMC en la matriz de almidon
y mejores propiedades barrera al vapor de agua, pero fueron algo mas permeables al
oxigeno, sobre todo cuando se incorpord acido citrico (CA) como compatibilizador.
Este provocd entrecruzamiento en la matriz polimérica, incrementado ligeramente su

dureza y reduciendo su extensibilidad.

La incorporacién de PCL en diferentes proporciones a los films de almidon obtenidos
por termo-compresion, dio lugar a la separacion de fases polimericas, detectandose una

pequefia miscibilidad de la PCL en la fase rica en almiddn que redujo la temperatura de
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transicion vitrea de la fase amilacea. La heterogeneidad de su estructura y la falta de
adhesion entre fases dio lugar a films demasiado fragiles, aunque en pequefia
proporcion (10%), la PCL reforzd la matriz (aument6é el mddulo de elasticidad). Al
aumentar la proporcién de PCL, disminuyd la WVP de los films, pero aument6 la
permeabilidad al oxigeno. La incorporacion de CA como compatibilizador de estas
mezclas aumentd la solubilidad en agua de los films por efecto de hidroélisis y supuso
una mejora en las propiedades mecanicas de los films con baja proporcion de PCL (10
%), pero no afectd a sus propiedades barrera. La incorporacion de polietilenglicol
(PEG 4000) a las mezclas con baja proporcion de PCL no mejoré las propiedades de
los films, potenciando la separacion de fases. Las mezclas almidén:PCL con
proporcion masica 1:0.05, sin compatibilizador, fueron bastante homogéneas y

exhibieron buen comportamiento mecanico y estabilidad.

Para incorporar una mayor proporcion de PCL, y mejorar la hidrofobicidad y
estabilidad de los films, se modificé la PCL por reaccién con glicidil metacrilato o
anhidrido maleico y glicidil metacrilato (PCL.g), para su uso como compatibilizadores.
Los films con 20% de PCL y 25y 5 % de los PCL.4 presentaron muy buenas
propiedades mecanicas y de barrera al vapor de agua y a los gases y buena estabilidad
al inhibir la retrogradacion del almidén. Sus propiedades de barrera cumplieron con los

requisitos de envasado de un nimero importante de productos alimentarios.

La obtencion de films bicapa por termo-compresion a partir de almiddén (o almidon con
5% PCL) y PCL proporcion6 un material con muy baja permeabilidad al vapor de agua
y al oxigeno y buenas propiedades mecénicas. La adhesion entre las capas mejoro en
gran medida con la incorporacién de acido ascorbico, y sobre todo de sorbato potasico,
en la interfase en forma de disolucion acuosa antes de la termo-compresion. Estos
compuestos impartieron, a su vez, propiedades antioxidantes y antimicrobianas,
respectivamente, a los films, mejorando su uso potencial para el envasado activo de

alimentos.



DESENVOLUPAMENT I CARACTERITZACIO DE PEL-LICULES DE
MIDO DE DACSA PER MESCLAT AMB COMPOSTOS MES
HIDROFOBICS

RESUM

S'han utilitzat diverses estrategies per a millorar les propietats fisiques de films a base
de mido de dacsa, amb glicerol (30 %) com plastificant, basades en l'increment del seu
caracter hidrofobic, per a reduir la seua sensibilitat a l'aigia. EI midé es va mesclar
amb diferents compostos (surfactants i polimers més hidrofobics), amb i sense
compatibilitzadors, per l'obtencié de films mixtos mitjancant diferents técniques de
processat (casting, mesclat en fos, modelatge per compressio i extrusid). Es va estudiar
també la formacié de films bicapa midd-poli-e-caprolactona (PCL) mitjangant

modelatge per compressio.

L'addicio de surfactants als films de midd elaborats per casting va donar lloc a una
disminuci6 de la seua permeabilitat al vapor d'aigtia (WVP), perd va augmentar la seua
fragilitat. Els surfactants amb menor balang hidrofil-lipofil (HLB), i solids a
temperatura ambient, varen proporcionar una microestructura dels films amb menor
grandaria de particula, que varen potenciar les propietats barrera al vapor d'aigia. Per
la seua major aplicabilitat industrial, es van emprar técniques de termo-processat per
I'obtencio de la resta de films estudiats. Aquells obtinguts per mescla amb
hidroxipropil-metilcellulosa (HPMC) varen presentar una fase dispersa de HPMC en la
matriu de mid6 i millors propietats barrera al vapor d'aiglia, pero varen ser un poc més
permeables a I'oxigen, sobretot quan es va incorporar acid citric (CA) com
compatibilitzador. Aquest va provocar entrecreuament en la matriu polimérica,

incrementant lleugerament la seua duresa i reduint la seua extensibilitat.

La incorporacié de PCL en diferents proporcions als films de midé obtinguts per
termo-compressié, va donar lloc a la separaci6 de fases polimériques, detectant-se una

xicoteta miscibilitat de la PCL en la fase rica en mid6 que va reduir la temperatura de
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transicio vitria de la fase amilacea. L'heterogeneitat de la seua estructura i la falta
d'adhesio entre fases va donar lloc a films massa fragils, encara que en Xxicoteta
proporci6 (10%), la PCL va reforcar la matriu (augmentant el modul d'elasticitat). Al
augmentar la proporcid de PCL, va disminuir la WVP dels films, pero va augmentar la
permeabilitat a I'oxigen. La incorporaci6 de CA com compatibilitzador d'aquestes
mescles va augmentar la solubilitat en aigtia dels films per efecte d'hidrolisi i va
suposar una millora en les propietats mecaniques dels films amb baixa proporcié de
PCL (10 %), perd no va afectar les propietats barrera. La incorporaci6 de
polietilenglicol (PEG 4000) a les mescles amb baixa proporcié de PCL no va millorar
les propietats dels films, potenciant la separaci6 de fases. Les mescles mid6:PCL amb
proporcié massica 1:0.05, sense compatibilitzador, varen ser prou homogénies i varen

exhibir un bon comportament mecanic i una bona estabilitat.

Per a incorporar una major proporcié de PCL i millorar I'hidrofobicitat i estabilitat dels
films, es va modificar la PCL per reacci6 amb glicidil metacrilat o anhidrid maleic i
glicidil metacrilat (PCL.g), per al seu us com compatibilitzadors. Els films amb 20% de
PCL i 2515 % dels PCL4 varen presentar molt bones propietats mecaniques i de
barrera al vapor d'aigiia i als gasos i bona estabilitat al inhibir la retrogradacio del
mid6. Les seues propietats de barrera varen complir amb els requisits d'envasament

d'un nombre important de productes alimentaris.

L'obtenci6 de films bicapa per termo-compressié a partir de mid6é (o midé amb 5%
PCL) i PCL va proporcionar un material amb molt baixa permeabilitat al vapor d'aigiia
i al oxigen i bones propietats mecaniques. L'adhesio entre les capes va millorar en gran
mesura amb l'incorporacié d'acid ascorbic, i sobretot de sorbat de potassi, en la
interfase en forma de dissolucid agquosa abans de la termocompressid. Aquestos
compostos varen impartir, a la vegada, propietats antioxidants i antimicrobianes,
respectivament, als films, millorant el seu Us potencial per a l'envasament actiu

d'aliments.
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PREFACE

DISSERTATION OUTLINE

This Doctoral Thesis is structured in five sections: Introduction, Objectives,
Chapters, General Discussion and Conclusions. The Introduction section discusses
the state of the art concerning thermoplastic starch-based films. The Objectives
section presents general and specific objectives of the Thesis. The Chapters section
is organized into seven chapters, presented as a collection of scientific publications.
In the General Discussion section, a global discussion of the most relevant results
obtained in this Doctoral Thesis is given. Finally, the most important conclusions

are presented.
The Chapters section is organised as follows:

Chapter 1, entitled "Effect of the incorporation of surfactants on the physical
properties of corn starch films", analyses the effect of surfactant addition on
structural, mechanical, optical and barrier properties of film-forming dispersions
and starch-based films obtained by casting from the aqueous dispersions.
Subsequently, taking into account the potential industrial application, thermal
processing has been tried, but it was dismissed due to the high crystallization rate
of these surfactants during the cooling step which gave rise to very brittle films.
Then, blends of starch with other thermoplastic polymers more hydrophobic than

starch were considered as a better strategy.

In this sense, hydroxypropyl methylcellulose is a biodegradable polymer, less
water sensitive than starch and can be processed by thermal methods. So, in
Chapter 2 the “Properties of starch-hydroxypropyl methylcellulose based films
obtained by compression moulding” were studied. To overcome the low interfacial
adhesion between these polymers, citric acid was added as compatibilizer agent to
improve the blend properties. An extensive characterization was carried out for

these blends.
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Blending of starch with biodegradable polymers from natural sources is interesting,
but their principal drawback is their low degradation temperature as compared with
biodegradable polymers from synthesis. This characteristic limits their thermal
processing by compression moulding or extrusion. Therefore, in Chapter 3, starch
blending with a synthetic biodegradable polymer (poly(e-caprolactone)-PCL) was
studied. “Physical and structural properties, and thermal behaviour of starch-
poly(s-caprolactone) blend films for food packaging” were studied. These
materials were obtained by melt blending and compression moulding and were
extensively characterised. Despite the fact that starch-PCL blends have been
widely reported in literature, knowing how they behave in the process conditions
used in the thesis was considered necessary. These blends showed some desirable
characteristics, but poor interfacial adhesion between these non-compatible
polymers. In this way, in the subsequent chapters different strategies to overcome

this drawback were analysed.

In Chapter 4, the “Influence of citric acid on the properties and stability of starch-
poly(e-caprolactone) based films” was studied. The obtained results point to
enhanced interactions between PCL and starch chains in films with citric acid,
although this only quantitatively benefits the film properties at a low PCL ratio. In
Chapter 5, “starch-based films obtained by compression moulding: effect of a low
proportion of poly(e-caprolactone) and/or polyethylene glycol” was studied. In this
work, it was observed that starch films could incorporate 5% PCL without a
notable polymer phase separation, leading to more stretchable and stable films,
without the beneficial effects of PEG. So, other strategies are necessary in order to

achieve better results.

The chemical modification of PCL to obtain compatibilizers (grafted Poly(e-
caprolactone) -PCL.,) for starch and PCL blends was studied in Chapter 6, entitled

“Enhancement of interfacial adhesion between starch and poly(e-caprolactone):
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Strategies of chemical compatibilization”. Starch-PCL blend films with different
ratios of grafted PCL were obtained by using extrusion and compression moulding.
The compatibilizer developed was efficient and, as a result, some physical
properties of the blend films were improved, especially the barrier and mechanical

properties.

Finally, in Chapter 7, another strategy was used to improve the functionality of
starch-PCL films: the development of a bilayer material with starch and PCL
layers. Chapter 7, entitled “Active bilayer films of thermoplastic starch and poly(&-
caprolactone) obtained by compression moulding”, shows the results of this study.
Active compounds (antimicrobials or antioxidants) were added at the interface in
order to impart active properties to the final material. All bilayers showed good
barrier properties to water vapour and oxygen and good mechanical performance.
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Nomenclature

APP
ATBC
C.F.
CS.
CA

CF

CG

CH
CHT
CHNC
CHNF
CMC
CNT
DGEBA
Eq. RH
ESO
Et3N
Flax-Psil
_g_

GP
Gly
GlyPh
GPOE

Lotader 3210
Lotader 3410

LPB

Ammonium Polyphosphate

Acetyl Tributyl Citrate

Cooling Fast

Cooling Slow

Citric Acid

Cotton Fibre

Carrageenan

Chitosan

Chitin

Chitin Nanocrystal

Chitin Nanofibres

Carboxymethyl cellulose

Carbon Nanotube

Bisphenol A Diglycidyl Ether

Equilibrium Relative Humidity

Epoxidized Soybean Qil

Triethylamine

Flax treated with Phosphorous-Silane
Grafted

Grease Proof

Glycerol

Glycerol Phosphate

Glycidyl Methacrylate Grafted Poly (Ethylene
Octane)

Random terpolymer of Ethylene, Butyl Acrylate
(6%) and Maleic Anhydride (3%)
Poly(Ethylene-co-Butyl Acrylate-co-Maleic
Anhydride) Terpolymer

Liquid Packaging Board

LS
MA
MalA
MaA

MS
MTPS
N.R.
MMT
PCL.,
PU2

PU3
PU4
SA

SBC
SHP

Calcium Lignosulfonate
Maleic Anhydride
Maleic acid

Malic Acid

Magnesium Stearate

Modified Thermoplastic Starch

Not Reported

Montmorillonite

Poly(e-caprolactone) grafted
Poly(e-caprolactone) Diol Reacted with
Isocyanate

Poly(e-caprolactone) Triol Reacted with
Isocyanate

Poly(e-caprolactone) Tetrol Reacted with
Isocyanate

Stearic Acid

Starch based coating

Sodium Hypophosphite

Tartaric Acid

Glass transition temperature

T, from Starch-Rich Zone

T, from Glycerol-Rich Zone

Melting temperature

Maximum temperature of degradation
Talc Nanoparticles

Thermo Plastic Starch
Vinyltrimethoxysilane

Wood Fibre



1. INTRODUCTION

1.1. THERMOPLASTIC STARCH BASED FILMS. STRATEGIES TO
IMPROVE THEIR FUNCTIONAL PROPERTIES

The industry of conventional plastics has grown considerably since the 1950°s,
when crude oil and its large-scale industrial use for synthetic polymers was
discovered (Shen et al., 2009). In 2014, the global annual production of
conventional plastics was 300 million tonnes (European Bioplastics Association,
2014). Different processes to obtain plastic products were developed in line with
the growth of this industry: extrusion, injection moulding (injection compression
moulding, lost-core process, gas-assisted injection moulding, co-injection
moulding, two-shot injection moulding), thermoforming, blow moulding, rotational
moulding (centrifugal casting) and foaming (Harper, 2004). Currently, despite the
significant expansion of the plastics industry, the massive use of plastics has
generated serious problems derived from waste accumulation and pollution
problems (Shen et al., 2009), and declining crude oil reserves. All these aspects
and the growing environmental social awareness make it necessary to look for
alternative materials to substitute, at least partially, synthetic plastics. Nowadays,

bioplastics seem to be the best option.

According to European Bioplastics Association, bioplastics are plastics that are
biobased, biodegradable or both. These materials can be biobased non-
biodegradable plastics (biobased polyethylene, biobased polyethylene
terephthalate, biobased polyamides and materials such as starch-polyolefin blends,
etc.) and biobased biodegradable and compostable plastics (thermoplastic starch,
poly(e-caprolactone), polylactic acid and polyhydroxy alkanoate, etc) (European
Bioplastics Association, 2013). They are of particular relevance because they allow
a sustainable production, are environmentally friendly and completely

biodegradable. In 2013, the target biodegradable plastics were polylactic acid
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(PLA) (30.3%), biodegradable starch blends (30.1%), biodegradable polyesters
(28.7%) and polyhydroxyalkanoate (PHA) (5.6%) (Figure 1.1) (European
Bioplastics Association, 2014).

HEPLA

H Biodegradable starch blends
u Biodegradable polyesters
HPHA

i Regenerated cellulose

u Others

30.1

Figure 1.1.-Global production of bioplastics in 2013
[Source: European Bioplastics Association, 2014]

Starch-based plastics occupy a relevant position amongst the bio-based materials. It
has had a relevant role in the last few decades in several applications and has
recently been a frontrunner in bio-based materials. The global production of starch-
based plastics in 2013 was 668 kilo tons (kt), with an estimated growth of 94.3%
(1298 kt per annum) for the period 2013-2020 (Shen et al., 2009). Starch has
several advantages, such as its low cost, renewability, sustainable production and
good processability by means of conventional techniques (Shen et al., 2009;
Jiménez et al., 2012; Cai et al., 2014; Garcia et al., 2014; Lopez et al., 2014;
Soares et al., 2014; Alves et al., 2015). However, it also exhibits some drawbacks,
such as brittleness, a highly hydrophilic nature and retrogradation throughout time
(Lopez et al., 2013; Taghizadeh & Favis, 2013; B et al., 2014; Ortega-Toro et al.,
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2014; Salaberria et al., 2014). Different strategies aimed to improved the properties
of the starch based materials has been used, such as the use of thermo-mechanical
processing, plasticizers, chemical modification, incorporation of fillers, additives or
blending with other polymers. This allows us to obtain a wide range of materials
with diverse properties, enabling a broad scale of applications. The most common
process used for obtaining thermoplastic starch are compression moulding,
extrusion, co-extrusion, injection moulding and blow extrusion. Properties of strach
products obtained by these differetn techniques by using differetn formulation
starteties are summarized in Tables A.lL1 to A.L5 (see appendix A), where

references of the different studies are also given.

Nowadays, there are several starch-based materials on the market. The global
leaders in this field are: Novamont (Italy), Rodenburg (Netherlands), Biotec
(Deutschland), Limagrain (France), Livan (Canada), Cereplast (Unites States of
America), Plantic (Australia) and Biop (Deutschland). Usually, commercial
materials developed by these companies are starch-based blends with other
polymers, such as poly(e-caprolactone) (PCL), polyvinyl alcohol (PVOH),
polybutylene succinate (PBS), PLA, poly(butylene succinate-co-butylene adipate)
(PBSL), poly(butylene adipate-co-terephthalate) (PBAT), PHA,
polyhydroxybutyrate (PHB), polypropylene (PP) and polyethylene (PE). Packaging
and agriculture are the predominant applications of starch based plastics. In some
cases, conventional materials can be substituted wholly or partially by starch
plastics (Shen et al., 2009). However, despite technological advances and the
successful commercialization of some these materials, the optimization of process
and the improvement of physicochemical characteristics are necessary to reduce

the production costs and find new applications.

The different methods used to obtain starch-based plastics are described below as

well the relationship between starch properties and process conditions and the
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different strategies used for their improvement. The role of starch-based materials
in food packaging and the potential replacement of conventional plastics are also

analysed.

1.1.1. Methods for obtaining starch-based materials. Influence on their

properties.

Starch granules can vary in shape, size, structure and chemical composition,
depending on the origin of the starch (Smith, 2001). Chemically, native starch is
composed of two main macromolecular components: amylose and amylopectin
(Figure 1.2). Amylose is a nearly linear polymer of a-1,4 anhydroglucose units that
has excellent film-forming ability. Meanwhile, amylopectin is a highly branched
polymer of short a-1,4 chains linked by a-1,6 glucosidic branching points
occurring every 25-30 glucose units (Durrani & Donald, 1995; Liu, 2005).
Physically, native starches take the form of granules where both amylose and
amylopectin are structured by hydrogen-bonding, containing crystalline and non-
crystalline regions in alternating layers (Jenkins et al., 1993). In fact, most native
starches are semi-crystalline, having a crystallinity of about 20-45% (Whistler et
al., 1984). Amylose and the branching points of amylopectin form the amorphous
regions while the short-branched chains in the amylopectin are the main crystalline
components in granular starch. So, the higher content of amylopectin in native
starch means greater crystallinity (Cheetham & Tao, 1998). The ratio of
amylose/amylopectin depends on the source and age of the starch. Starch generally
contains 20 to 25 % amylose and 75 to 80 % amylopectin (Brown & Poon, 2005).
For instance, wheat, corn and potato starch contain 20-30% amylose, while its
content in waxy starches is lower than 5% and in high-amylose starches is as high
as 50-80 % (Liu, 2005).
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Amylose

Amylopectin

Figure 1.2.-Chemical structure of starch: amylose and amylopectin.

Starch granules are not soluble in cold water due to the fact that strong hydrogen
bonds hold the starch chains together. However, when starch is heated in water, the
crystalline structure is disrupted and water molecules interact with the hydroxyl
groups of amylose and amylopectin, producing the partial solubilisation of starch
(Hoover, 2001). Heating starch suspensions in an excess of water or of another
solvent able to form hydrogen bonding (e.g. liquid ammonia, formamide, formic
acid, chloroacetic acid and dimethyl sulfoxide) and at high temperatures (between
65-100 °C approximately depending on the type of starch) provokes an irreversible
gelatinization (destructuration) process. This process is highly affected by the kind
of solvent and the starch/solvent ratio. This process introduces irreversible changes
in starch granules, such as the loss of crystallinity, water absorption and the

swelling of the granules (Zhong et al., 2009, Carvalho, 2008).
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Although native starch is not a thermoplastic material, it can be processed like
conventional polymers if it is treated properly. Carvalho (2008) described
thermoplastic starch (TPS) as an amorphous or semi-crystalline material composed
of gelatinized or destructurized starch containing one or a mixture of plasticizers.
The native granular structure of starch is disrupted and converted into TPS by
processing under high temperature and shear conditions in the presence of
plasticizers (Ma et al., 2009; Pinto et al., 2009, Castillo et al., 2013), in a similar
way to common synthetic polymers. TPS can be repeatedly softened and hardened
so that it can be moulded/shaped by the action of heat and shear forces, thus
allowing its processing to be conducted with the techniques commonly used in the
plastics industry.

Properties of the starch materials are affected by the type of starch, chemical
modifications and processing conditions (Chaudhary et al., 2008) while TPS
materials exhibit some disadvantages such as their strong hydrophilic character and
poor mechanical and barrier properties as compared to synthetic polymers (Curvelo
et al., 2001; Avérous & Boquillon, 2004; Ma et al., 2009; Castillo et al., 2013).
Different approaches to overcome these limitations have been tested. For instance,
TPS matrices have been strengthened with organic or mineral fillers (Cyras et al.,
2008). These fillers reinforce polymeric matrices and led to films with better
properties due to the synergistic effect between the components (Wilhelm et al.,
2003).

In general, the processing of starch is more complicated and difficult to control
than that of conventional polymers, due to the fact that its properties make its
processing difficult: high glass transition temperature, high viscosity, water
evaporation, fast retrogradation, etc. However, with a proper formulation and
suitable processing conditions, many of these drawbacks can be overcome.

Formulation developments include different strategies: 1) the adding of appropriate
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plasticizers and lubricants (Moscicki et al., 2012; Lépez et al., 2013; Yu et al.,
2013); 2) the use of modified starch in which the hydroxyls have been replaced by
ester or ether groups (e.g. carboxymethyl starch and hydroxypropylated starch); 3)
the blending of starch with hydrophobic polymers (e.g. PLA, PCL or cellulose)
(Martin & Avérous, 2001; Sarazin et al., 2008; Brandelero et al., 2011) with the
appropriate compatibilizers; 4) the use of starch-graft-hydrophobic polymer, such
as starch-graft-PLA, starch-graft-PCL, etc. or 5) the blending of starch with

nanoclays to form starch nanocomposites (Liu et al., 2009).

Actually, rigid and flexible films, foams and cushioning materials containing starch
have also been developed using different methods (Maningat et al., 2009) with the
same technologies used for synthetic polymers, such as compression and injection
moulding, extrusion, blowing, etc. (Zhai et al., 2003; Avérous & Boquillon, 2004;
Teixeira et al., 2007; Sarazin et al., 2008; Lopez et al., 2013). This allows the use
of the actual machinery, making it easier to process and lowering the industrial
sector investment (Castillo et al., 2013).

1.1.1.1. Compression moulding

In this method, the moulding material, generally preheated, is first placed in an
open, heated mould cavity. The mould is closed with a top force or plug member
and pressure is applied to force the material into contact with every part of the
mould, while heat and pressure are maintained until the moulding material has
cured. The process employs thermosetting resins in a partially cured stage, either in
the form of granules, putty-like masses, or preforms (Kim et al., 2011). Advanced
composite thermoplastics can also be compression moulded with unidirectional
tapes, woven fabrics, randomly oriented fibre mat or chopped strand (Kim et al.,
2011). The advantage of compression moulding is its ability to mould large, fairly

intricate parts. It is one of the cheapest moulding methods as compared with others,

10
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such as transfer moulding and injection moulding. Moreover, it wastes relatively
little material, which is an advantage when working with expensive compounds. It
would significantly reduce the cycle time of intermediate preparation (Memon &
Nakai, 2013). However, compression moulding often provides poor product
consistency and difficulty in controlling flashing, and it is not suitable for some
types of materials. It is also suitable for ultra-large basic shape production in sizes
beyond the capacity of extrusion techniques (Todd et al., 1993). Hulleman et al.
(1999) showed that the amount of B-type crystallinity is the major factor
influencing the mechanical behaviour of compression-moulded, glycerol-
plasticised potato starches. The changes in the process parameters, such as
temperature and water content during moulding, allowed the amount of B-type
crystallinity to be varied and, thus, the properties of these materials. When melting
was completed, as concluded from the thermal analysis, still residual, birefringent
granules were present in the materials moulded at relatively high temperatures,
suggesting the continued presence of a high degree of structural order within the
granules. The measured mechanical properties of the plasticized potato starches
correlated well with the amount of B-type crystallinity.

1.1.1.2. Extrusion process

It is probably the most important processing method for thermoplastics and is used
to produce films and sheets. The extrusion of high amylose starch can be more
difficult than the processing of normal thermoplastic starches, partly due to the
high die pressures required because of the high melt viscosity (Shogren & Jasberg,
1994). This has been attributed to the high melting temperatures of amylose at low
moisture content (Shogren, 1992). An increase in the amylose content relative to
that of normal starch is, however, interesting, since high amylose materials

exhibited greater strength and toughness (Van Soest & Borger, 1997). Thuwall et

11
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al. (2006a) concluded that thermoplastic high amylose potato starch (HAP) is quite
suitable for extrusion although it is more difficult to process than thermoplastic
starch based on native potato starch (e.g. a higher moisture content and a higher
extrusion temperature is required with HAP). The higher melt viscosities might
also be a result of a more entangled structure in the amylose which then would
partly account for the greater tensile strength of the HAP-material. Here it was
found that the high amylose material could be successfully extruded at a
temperature of 160 °C if the starch has 45 parts of glycerol per 100 parts of starch
and the moisture content is 30%. The extrusion was facilitated by a higher
compression ratio of the screw, increased flow rate and smaller die gap. Most
studies on the processing of high amylose starches have been carried out on corn
starches (Willet et al., 1995; Van Soest & Essers; 1997; Thuwall et al., 2006a). The
extrusion processing of starch or starch-containing resins has been used in
conjunction with injection moulding or post-extrusion equipment to make films,
sheets and ribbons with many of the functional properties typical of petroleum-
based plastics (Otey et al., 1980; Doane, 1992; Moscicki et al., 2012; Yu et al.,
2013).

Krishna et al. (2012) demonstrated the potential production of fish gelatine films
using extrusion and compression processes by means of solid and liquid feeds
which are mixed within the barrel. Blends of glycerol and gelatine were obtained
and only 20-25% glycerol with respect to gelatine allows the continuous extrusion
of gelatine sheets. The authors observed significant differences in physical
properties upon comparing extruded films with solution cast films. The thickness
of the extruded films was four to five times higher than solution cast films at the
same glycerol concentrations; extruded films were more flexible than solution cast
films, with an elongation nearly 7-10 times higher. The extrusion processing of

fish gelatine films did not affect water vapour barrier properties to a great extent.

12
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Different authors have reported the compatibility of PLA and starch matrices in
extrusion processes (Martin & Avérous, 2001; Huneault & Li, 2007). Sarazin et al.
(2008) reported significant improvements in the impact and elongation at break
properties of PLA through the addition of thermoplastic wheat starch as well as
PCL. An elongation at break for PLA/PCL/TPS 40/10/50 of 55% was achieved, as
compared to 5% for the pure PLA. When high glycerol contents are present in the
TPS phase and PCL is added to modify the ductility of the PLA, synergies come
into play which allows the ternary PLA/PCL/TPS blend properties to exceed that

observed with any of the binary pairs.

1.1.1.3. Reactive extrusion (REX)

Chemical changes to starch or starch-based materials during extrusion processing
of food products have also been widely investigated and reviewed (Hablot et al.,
2013). It is a type of extrusion process in which individual components are first
bonded by a chemical reaction. Twin-screw extruders are particularly suitable for
the reactive extrusion process due to their excellent mixing properties (Xie et al.,
2006; Raquez et al., 2008a; Moad, 2011). According to Moad, (2011) twin-screw
extruders, in particular, can be used to produce modified starches in a continuous
process with a more consistent product quality. The extruder has the advantage of
being an excellent mixing device and is particularly suitable for processing highly
viscous fluids (such as gelatinized starch). Thus, with the use of REX, starch
modification can be performed in a homogeneous medium. The extruder also
displays good heat transfer and plug flow characteristics. Variations in screw
design offer good control over residence times and residence time distributions,
and provide opportunities for adding (or removing) reagents and additives, such as

processing aids and stabilizers, during the process.

13
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1.1.1.4. Co-extrusion

It is defined as simultaneous extrusion from a single die of two or more
homogeneous plastic layers (films) which form a laminar structure with varying
degrees of adhesion. Each material needs its own independent extruder, but a single
die can supply more than one layer of the same product. The final product consists
of independent layers of material in different forms. The main considerations for
successful co-extrusion are design of structure, selection of polymers with required
physical properties, design of equipment for predicted structure and feasibility
study (commercial consideration) (Djordjevic, 2001). Co-extrusion has major
advantages over single extrusion and lamination in the case of sheet and film or for
other products, such as no post-treatment, no additional handling labour and fewer
quality problems, fewer problems with regard to adhesion and appearance,
flexibility of thickness and location of layers and low cost. Polymers can be
selected to satisfy criteria such as moisture, gas or aroma barrier, chemical
resistance, high/low temperature resistance, glossy or dull surface, mechanical
strength and crack-resistant surface, recycling, etc. (Djordjevic, 2001).

However, there are some inherent problems with the multiphase nature of the flow
during co-extrusion operations, such as non-uniform layer distribution,
encapsulation, and interfacial instabilities, which are critical since they directly
affect the quality and functionality of the multilayer products. The layer
encapsulation phenomena correspond to the surrounding of the more viscous
polymer by the less viscous one (Yu, 2009). For the co-extrusion process, starch
can be processed as a powder (dry blend) or as granules. In the latter case, the dry
blend is extruded, granulated after air-cooling, and then equilibrated at a given
relative humidity and temperature. Some authors (Martin et al. 2001; Martin &
Avérous, 2002) have examined the use of coextruded sheet processing to produce

polyester/thermoplastic wheat starch/polyester multilayer films. It was found that

14
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adhesion strength between the layers and stability of the interface were crucial

properties in controlling the final performance properties of the films.

1.1.1.5. Injection moulding

Prior to thermoplastic processing such as injection moulding, starch is extruded and
gelatinized to form a thermoplastic material that can be subsequently processed
into viable products. Different extrusion processing conditions will alter the
transformation of the starch during the preparation of the thermoplastic starch
resin, which ultimately affects the mechanical properties of the finished product.
Screw speed is a particularly useful processing variable, since it is readily altered
during extrusion operation, controls the amount of work done on the material
during processing, affects the extent of degradation of starch and alters the
rheology of starch melts (Chaudhary et al., 2008). The injection moulding is a
process by which a hot polymer melt is injected into an empty, cold cavity of a
desired shape and is allowed to solidify under high holding pressure (Abbés et al.,
1998). The injection moulding cycle can be divided into three steps: filling,
packing, and cooling. At the beginning of the injection moulding cycle, the molten
polymer, which is maintained at a uniform temperature inside the barrel of the
injection machine, is pushed through the sprue, runner, gate and then into the
cavity. This is done under controlled ram speed or controlled hydraulic pressure,
depending on the control scheme of the injection unit. Before the cavity is
completely filled, the process control scheme switches over to pack/hold pressure
control to avoid a pressure rise at the end of filling, which can damage the mould.
As the plastic begins to cool, the newly moulded part shrinks. So, more material is
packed into the cavity under high pressure to compensate for the increasing density
of the polymer melt resulting from increasing pressure and decreasing temperature.

After the solidification of polymer at the entrance of the mould, the holding

15
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pressure is removed and the part remains in the mould to cool. When the part is
sufficiently cool, to avoid significant deformations, the mould opens and ejects the
solid part (Abbés et al., 1998). Polymers, commonly thermoplastic (at least 90%),
are the basic components of items produced by injection moulding. Currently, the
plastics industry supplies a wide variety of polymeric materials. Both, amorphous
(e.g. polyurethane (PU), polyvinyl chloride (PVC)) and semi-crystalline (e.g.
nylon; PE) polymers may be thermoplastic; they differ from each other in terms of
behaviour during the injection moulding process and characteristics of the finished
products. The amorphous polymers have an injection moulding behaviour of soften
on heating and poor lubricity. On the other hand, the semi-crystalline polymers
have melt on heating behaviour, good lubricity and marked and anisotropic
shrinkage (Zema et al., 2012). According to Abbés et al. (1998), many studies have
been reported using potato starch (around 15% water content) for obtaining oral
capsules as an alternative system to gelatine dip-moulded capsules. One of the
problems encountered in the injection moulding of thermoplastic starch is the high
pressure used to fill the mould cavity (Abbés et al.,1998).

1.1.1.6. Film blowing

It is the most popular method of polymer processing, commonly used in the
manufacturing of packaging materials (Della et al., 1995; Funke et al., 1998;
Moscicki et al., 2012). The preparation of films based on thermoplastic starch by
using the film-blowing technique is a challenging technology. However, most of
the studies on film blowing have been conducted on blends of thermoplastic starch
with other biodegradable and non-biodegradable polymers where TPS is usually
the minor component. Film blowing is a commonly-used method for producing
self-supporting plastic films. An empty tube is extruded and then expanded by

increasing the pressure inside the tube. The tensile properties of the melt are of
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great importance for the final result in both melt calendering and film blowing.
Poor melt tenacity has been identified as one of the potential limitations when
extruding (or processing) thermoplastic starch, i.e. starch blended with plasticizer
and water, at elevated temperatures (Thunwall et al., 2006a). Thunwall et al.
(2006b) recently identified factors influencing the melt tenacity of thermoplastic
starch and indicated some ways of improving it, where the high plasticizer content
and a material system based on oxidized and hydroxypropylated starch seemed
here to be favourable. In several studies on the film blowing of starch-containing
materials, rather moderate quantities of starch have either been introduced into a
synthetic polymeric system (Otey et al., 1980; Jana & Maiti, 1999; Fishman et al.,
2006) or been used together with a biodegradable polymer, such as PVOH, PCL or
polyester (Halley et al., 2001; Matzinos et al., 2002). It can be concluded that films
based on such blends can be produced by film blowing. Zullo & lannace, (2009)
reported studies where particular TPS were blended with PCL to adjust the
rheological properties of the melt before the film blowing process. Moreover,
blends of PCL/starch/ low density polyethylene (LDPE) were prepared with the
aim of increasing the mechanical properties of PCL/starch and making the LDPE
films partially biodegradable (Matzinos et al., 2002). More recently, McGlashan &
Halley (2003) employed nanoclays to improve the film properties of mixtures of
starch and aliphatic polyesters. With the clay, was added the film was more
transparent and the process of film blowing was more stable; the exfoliation of
nanoclay prevented the migration of the plasticizer. Recent studies (Thunwall et
al., 2008) regarding the film blowing process of TPS were conducted on potato
starch with differ amylose content and modified potato starches. The increases in
amylose content produced greater stiffness and higher melt viscosity; thus, the
material was difficult to process and required a higher amount of plasticizers, water

and glycerol (Zullo & lannace, 2009).
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1.1.2. Effect of production method on the physical properties of starch-based

films

Although the method used in the film production affects its functional properties,
the plasticizer content, botanical source of starch, amylose:amylopectin ratio and
the equilibrium relative humidity of the films are also influential.

TPS-based films obtained by compression moulding presented a high degree of
rigidity and low deformation. Elastic modulus (EM) and elongation at break (E)
varied over a wide range between 1049 MPa (2.4% elongation) (Lopez et al., 2014-
corn starch, 30% glycerol and equilibrium relative humidity (Eq. RH) 60%) and
268 MPa (28% elongation) (Ortega-Toro et al., 2014-corn starch, 30% glycerol and
Eqg. RH 53%) as compared with the TPS films obtained by other methods, where
the values reported were between 45 MPa (47% elongation) (Thuwall et al., 2006a-
potato starch, 45% glycerol and Eq. RH 50%) and 40 MPa (48% elongation)
(Miller et al., 2014-corn starch, 36% glycerol and Eq. RH 50%) for extrusion and
injection, respectively. According to Lopez et al. (2014) the formation of a dense
and rigid matrix could be attributed to compression process conditions, where high
temperature, pressure and shear force during moulding lead to the approximation of
the starch chains. Compression moulding facilitates the evaporation of water
during the process, unlike extrusion and injection that have different temperature
profiles throughout the equipment and the process occurs in more closed systems,
limiting water evaporation. This causes the approximation of starch chains and
leads to the compaction of the polymeric matrix, increasing its rigidity and
strength. The plasticizer content (glycerol and water) also affects the mechanical
properties. A high content of plasticizer promotes an increase in elongation and a

decrease in rigidity.

The mechanical and structural properties of the films directly influence their barrier

properties. More compact films give rise to a lower water vapour permeability
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(WVP) and manufacturing defects, such as pores and cracks, increase the WVP
values (Brandelero et al., 2011). TPS-based films obtained by extrusion presented
higher values of WVP as compared with the films prepared by compression
moulding; e.g. 20% of glycerol-sorghum starch extruded films have values of 6.4
x10* g-day *-Pa*-m™ (Rodriguez-Castellanos et al., 2013) whereas 30% of
glycerol-corn  starch  thermo-compressed  films show 1.11-1.16 x10*
g-day *-Pa'-m™ (Ortega-Toro et al., 2014; L6pez et al., 2015). Other factors, such
as process temperature and pressure, plasticizer content, film thickness and storage
conditions will also affect the values. Versino et al., (2015) reported still lower
values (1.30 x10° g-day *-Pa*-m™) of WVP for 30% glycerol-cassava starch
obtained by compression moulding. This coincides with the influence of the
botanical source and the amylose-amylopectin ratio on the values of barrier
properties.

As far as the thermal degradation of starch materials is concerned, thermal
gravimetric analysis (TGA) data reported by different authors provide information
on the thermal stability of TPS materials obtained by extrusion (Hablot et al.,
2013), injection (Salaberria et al., 2014) or compression moulding (Lomeli-
Ramirez et al., 2014; Prachayawarakorn et al., 2010; B. et al., 2014; Ferreira et al.,
2014; Versino et al., 2015). In every case, thermograms exhibited two mass losses,
the initial step at around 100-200 °C corresponding to water loss and the possible
volatilization of the plasticizer and the next step, observed between 281°C-305°C,
associated with the starch decomposition. The thermal stability of the starch-based
materials depends on the molecular structure of starch. Manufacturing processes
performed at high temperatures and pressures could degrade the starch chains, at

least partially, giving rise to starch-based films with a low degradation temperature.

Another important factor is the botanic source of the starch. Castafio et al. (2014)

studied the physical properties of thermoplastic starch films of Aesculus
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Hippocastanum seed starch (AH), and Araucaria Araucana seed starch (AA). The
materials were processed under the same conditions. The starch was blended with
glycerol (30%) at 120 °C for 15 min and injection moulded at 130 °C in cylinder,
55 °C of mould temperature, and 300 bar of injection pressure. The authors found
that AH starch-based films exhibit a degradation temperature (T.x) Which is 5 °C

lower than AA starch-based films.

1.1.3. Strategies to improve functional properties of the starch based materials.

Much research has been focussed on developing suitable solutions for improving
the properties of starch-based materials, considering their biodegradable nature,
ready availability and low cost. Different approaches are described below.

1.1.3.1. Starch modification

A frequent strategy used to enhance the TPS properties is chemical modification.
The most-commonly employed methods of bringing about chemical modification
in starch  molecules are esterification, etherification, acetylation,
hydroxypropylation and oxidation (Lépez et al., 2013; Olsson et al., 2014).
Maleated thermoplastic starch has been reported as an excellent option for
improving blends using hydrophobic polymers, such as PLA or PBAT (Raquez et
al., 20008a, b; Shin et al., 20011; Wootthikanokkhan et al., 2012). The chemical
modification of starch chains (surface chemical modification) reduces the
hydrophilic nature of the chain without changing the bulk composition and
properties of TPS (Belhassen et al., 2014). The increase in the amylose content has
also been considered interesting because of the increased strength and toughness of

the resulting films, as compared with native starch films (Thuwall et al., 2006a).
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Lopez et al. (2013) mixed native and acetylated corn starches with glycerol by
means of blown extrusion. The obtained films presented different properties, those
containing the lowest acetylated:native starch ratio (10:70, with 20% glycerol)
being the strongest films. At low concentrations, acetylated starch can reinforce the
film matrix. Nevertheless, at a low glycerol content, when the ratio of acetylated
starch was higher (80:5 with 15% glycerol), the water vapour and gas barrier

properties were improved with respect to the other formulations.

Olsson et al., 2014 used hydroxypropylated and oxidized potato starch, Sodium
Montmorillonite (Na-MMT), polyethylene glycol (PEG), citric acid (CA) and
glycerol to obtain a TPS coating. This was applied to the surface of grease proof
(GP) and liquid packaging board (LPB) sheets giving rise to barrier properties
comparable with those of two commercial latex-based barrier dispersions. This
starch-based dispersion was an efficient barrier to oxygen on GP paper and also
exhibited good barrier properties in a multi-layer film with polyethylene.

Esterification through the reaction with an anhydride is a suitable option for
enhancing the starch blends with hydrophobic polymers. Raquez et al. (2008a)
developed maleated-TPS (modified thermoplastic starch: MTPS) by reaction with
maleic anhydride (MA) as the esterification agent. Figure 1.3 shows the reaction
mechanism, according to Raquez et al. (2008a). A free carboxylic group at the C6
position of glucose units was observed in modified TPS. This characteristic could
promote transesterification reactions between MTPS and biodegradable polyesters
(Raquez et al., 2008b). Shin et al. (20011) modified starch by reaction with MA
before its blend with PLA. The interfacial adhesion was enhanced by the presence
of PLA grafted (-g-) to starch (PLA-g-TPS) copolymers that were formed at the
polymer interface. Tensile strength (TS) and elongation at breack point showed a
significant decrease when the proportion of MTPS increased in the blend, which

was attributed to the increase in the PLA crystallinity after the addition of MTPS.
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Figure 1.3.-Esterification reactions of starch backbone with maleic anhydride (Raquez et al. (2008a).

In the same way, Wootthikanokkhan et al. (2012) studied the influence of
processing conditions on the properties of PLA-MTPS blends. The MTPS was
prepared by mixing cassava starch with glycerol and MA, and the films were
obtained by compression moulding. A decrease in EM, TS and E was observed
after the addition f MTPS to the matrix. Likewise, TS and EM increased when the
blending temperature rose, at the expense of E. This may be due to hydrolysis and

trans-esterification processes that occur during the blending process.

The surface chemical modification of starch chains is another promising method.
Belhassen et al. (2014) improved the elastic modulus and the tension strength of
the TPS through melt reactive blending with epoxidized soybean oil (ESO).
However, the film elongation was adversely affected. A ring opening condensation
reaction between the epoxide of the ESO and the hydroxyl groups of starch and
glycerol was confirmed. Otherwise, Thuwall et al. (2006) studied the effect of the
increase in amylose content on TPS films of potato starch and found a significant
enhancement of the mechanical properties. However, extrusion was more difficult
for high amylose TPS material than for TPS because of its high melt viscosity. This
phenomenon has been attributed to the high melting temperatures of amylose at
low moisture contents and the more entangled structure in the amylose as

compared to that of amylopectin.
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1.1.3.2. Organic and inorganic fillers

The term “fillers” refer to solid additives that are incorporated into a plastic matrix
(Harper, 2004). The use of fillers is an interesting, alternative means of reinforcing
starch-based composites, thus principally improving the mechanical (modulus and
tensile strength) and thermal properties, while reducing costs. The adequate
interaction between the filler and the polymer matrix is fundamental in order to
obtain good materials. In this sense, particle size, particle shape and the distribution
of sizes and surface chemistry of the particles are relevant characteristics (Harper,
2004).

Thermoplastic starch has been reinforced with organic fillers obtained from natural
sources, such as sisal (Campos et al., 2012), wood (Miller et al., 2014), flax (Bocz
et al., 2014), coconut (Lomeli-Ramirez et al., 2014) or cotton fibres
(Prachayawarakorn et al., 2010), chitin, (Salaberria et al., 2014), cassava bagasse
(Teixeira et al., 2012; Versino et al., 2015), lignin (Privas et al., 2013) and rice
bran (Cano et al., 2014).

Prachayawarakorn et al., (2010) obtained good mechanical, thermal, water
absorption and biodegradable properties, reinforcing a thermoplastic rice starch
matrix with 10g cotton fibres/100g polymer, using chemically modified PE with
MA (PE-g-MA) and Vinyltrimethoxysilane (VTMS) as compatibilizers. The
increase in the thermal stability of TPS through the addition of cotton fibres was
remarkable. Campos et al. (2012) studied the effect of UV-C irradiation of the TPS
biocomposites with sisal bleached fibres. The addition of 20g sisal/100g TPS-PCL
led to an increase in EM from 62.2 to 103 MPa and TS from 1.7 to 3.8 MPa;
however, the elongation decreases by up to 32%. Muller et al. (2014) incorporated
wood micro-fibres into TPS with 36% of glycerol; this resulted in increased
stiffness and strength, the effect being more marked for the highest fibre ratio.

However, the elongation at break point decreased considerably, from 48% to 2%
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with 4g fibre/100g polymer matrix. Similarly, Bocz et al. (2014) studied the
incorporation of chopped flax fibre into PLA/TPS biocomposites. Glycerol
phosphate (GlyPh), a plasticizer of TPS with flame retardant potential, and
Phosphorus-silane (PSil), applied as a surface-treating agent of the fibres, were
successfully combined. GlyPh promoted the decrease in the glass transition
temperature (T,) of starch from 253 °C (TPS reference) to 200 °C in the case of
TPS-GlyPh. Lomeli-Ramirez et al. (2014) incorporated green coconut fibre into
cassava starch. Thermal studies showed that thermal stability was enhanced as a
consequence of the increase in fibre ratio. Dynamic mechanical thermal analysis
(DMTA) showed an increase in the storage modulus, higher T4 values and lower

damping modulus (tan 8) when the fibre content was raised.

Teixeira et al. (2012) studied the incorporation of cassava bagasse into
thermoplastic cassava starch. The first one formulated a bio-composite by blending
TPS or TPSh (TPS with cassava bagasse) with PLA (80:20); CA and stearic acid
(SA) were also added. The formulations with TPSb films exhibited similar TS, but
higher EM and lower E than TPS films. Versino et al. (2015) also studied the use
of cassava root peel and bagasse as natural fillers of TPS. The addition of bagasse
(1.5g bagasse/100g polymer) increased the EM and the TS of TPS composites by
260% and 128%, respectively. No notable changes in the water vapour
permeability (1.30 x 10° g-day™-Pa™-m™) of TPS were observed as a result of the
increase in the filler content. Versino et al. (2015) reported phase separation for the
starch films equilibrated at 60% relative humidity, through the two temperatures of
the relaxation processes (observed by DMTA) associated with glass transition: the
first one at a lower temperature (T,g) attributed to a glycerol-rich phase (-45 °C)
and the second one (Ty) attributed to a starch-rich phase (27 °C). The
incorporation of 1.5% of bagasse promotes the T, increase up to 46 °C, which was

associated with stronger hydrogen bond interactions between the reinforcing
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materials and starch. The double glass transition has also been reported by other
authors (Salaberria et al., 2014), who studied chitin nanocrystals and nanofibres as
nanosized fillers in TPS. The thermal and mechanical properties were better when
chitin nanofibres were incorporated into biocomposites than when the films were
prepared with nanocrystals. The incorporation of calcium lignosulfonate (LS), on a
nanometric scale, into TPS was studied by Privas et al., 2013. The incorporation of
2 g LS/100g TPS-Lotader 3210 (Lotader 3210: Random Terpolymer of Ethylene,
Butyl Acrylate and Maleic Anhydride) promoted a decrease of about 22% in the

oxygen permeability.

Of the organic fillers, lipids have also been used to improve the properties of starch
films on the basis of their potential to increase the hydrophobicity of the polymer
matrix, thus increasing the water resistance of the films. A significant number of
the studies have been carried out for emulsion-based films where lipids are
dispersed as droplets or particles of different sizes, depending on the interactions
among components and the homogenization method used for blending. Although
there are some studies (Garcia et al., 2000; Salgado et al., 2013) where lipids and
polymers are dry blended (by using roll mills or extruders), most of them used the
casting method to prepare the films, with the subsequent step of the evaporation of
a great amount of solvent. This implies a previous step of component
homogenization where the order and conditions in which compounds are blended
may have a great influence on the film’s microstructure and properties. The
incorporation of lipids into hydrocolloid matrices generally improves their
resistance to moisture action, in comparison with lipid-free films, but other
properties may be negatively affected, due to the lack of compatibility with starch.
Essential oils and their components are especially relevant lipids, widely used as
fillers of hydrocolloid films, since they can act as antioxidants and antimicrobials,

thus imparting bioactivity to the film (Bonilla et al. 2013).
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In some cases, the incorporation of lipids (essential oils, oleic acid or a-tocopherol,
etc.) into biopolymer matrices gives rise to less stretchable, less resistant films, as
observed by different authors (Fabra et al., 2008; Jiménez et al., 2013a). These
results have been related with the heterogeneous structure of the film matrix where
lipids interrupt the continuity of the polymer network, thus implying a reduction of
the matrix cohesion forces. In starch matrices, lipid incorporation greatly affects
the film’s nanostructure, since complexes of amylose helical forms and lipids are
formed, affecting the crystalline structure of the films and their mechanical

behaviour (Jiménez et al., 2012; Jiménez et al., 2013b).

In recent years, inorganic nanofillers, such as nanoclay, Na-MMT, talc
nanoparticles (TN), and carbon nanotube (CNT) have grown in importance as
fillers of starch films (Miller et al., 2012; Taghizadeh & Favis, 2013; B et al.,
2014; Olsson et al., 2014; Ldpez et al., 2015). Clays are an attractive option due to
their availability, low cost, and significant effect on the improvement of
mechanical and barrier properties of the films. Recently, attention has focused on
montmorillonite (MMT) minerals to develop nanocomposites. Miller et al. (2012)
achieved a WVP reduction of about 63% with the addition of 4g MMT/ 100g
polymer to TPS films, due to the formation of an intercalated composite. B et al.
(2014) studied TPS/PLA/Na-MMT nanocomposites and found an improvement in
the EM, TS, and E as a result of the addition of 1g Na-MMT/100g polymer (TPS-
PLA, 60:40). Another option for reinforcing TPS is talc nanoparticles. Talc is a
phyllosilicate with a layered structure that consists of octahedral brucite [Mg(OH),]
sheets sandwiched between two tetrahedral silica [Si,Os] sheets. Lépez et al.
(2015) incorporated talc nanoparticles into thermoplastic corn starch and found that
the addition of 5g nanofiller/100g polymer promoted an increase in EM (~39%)
and TS (~49%) and a decrease in E (~4.8), WVP (~25%) and O,P (~27%) with

respect to the TPS films of reference.
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Finally, CNT constitute a promising alternative for the generation of novel
material, improving the morphology and mechanical properties. Taghizadeh &
Favis (2013) dispersed CNT into PCL/TPS systems and studied the localization of
CNT in the polymer matrix. They found that CNT migrate to the interface, react
with thermoplastic starch and then are subsequently drawn into the low viscosity

TPS phase, enhancing the interfacial interactions between both polymers.

1.1.3.3. Blends with biodegradable and compostable plastics

Thermo-mechanical processes, such as extrusion, converts starch into a
thermoplastic material, which offers a route for successful blends of starch with
other bioplastics to form materials with improved properties.

1.1.3.3.1. Blends with natural biopolymers

What has not been extensively studied is thermo-mechanical blending with natural
biopolymers, such as cellulose, proteins and lignin. The main reason is because
most natural biopolymers have thermal degradation temperatures lower or close to
their glass transition temperature, i.e. the cellulose T, is 230 °C and its thermal
decomposition starts at 225 °C (Mark, 1999). In contrast, the T, of native corn
starch is ~223 °C (Mark, 1999) and its thermal degradation starts at ~270 °C with
Tmax at ~333 °C (Wang & Xie, 2010).

However, natural biopolymers, such as chitosan (CH), chitin (CHT),
hydroxypropyl methylcellulose (HPMC) and gelatine (Figure 1.4), have been
processed satisfactorily by conventional methods. Thermoplastic corn starch and
CH/CHT were obtained by melt mixing and thermo-compression at 140 °C (Lopez
et al., 2014).
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Figure 1.4.-Chemical structure of some natural biodegradable polymers.

Authors did not incorporate more than 10g biopolymer/ 100g native starch. In

general, the addition of CHT (10% with respect to native starch) implied better

mechanical and barrier properties of the films than when CH was added. As
regards TPS-CHT10 films, a decrease of ~56% in WVP with respect to the TPS
reference was obtained. Soares et al. (2013) studied blend films of TPS/PLA

(70:30), obtaining sheets by thermo-compression and, afterwards, adding a coating

of CH by spraying and immersion. Coating by spraying was more efficient than

when the immersion method was used. The CH coating promoted an increase in TS
(~54%) and EM (~86%), but a decrease in E (~86%) and WVP (~28%) with
respect to the reference TPS/PLA blend film. Subsequently, Soares et al. (2014)
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tried to enhance these formulations by changing the post compression-moulding
drying conditions from 150 °C to room temperature. To do this, they applied slow
(180 min) and fast (20 min) cooling rates and then spray-coated with CH. The
mechanical properties did not improve with the slow cooling; however, the WVP
decreased by ~43% with respect to the same formulation when fast cooling was

employed.

Lopez et al. (2014) used thermo-compression to obtain films of thermoplastic corn
starch with chitosan/chitin with uniform thickness and good appearance. The
clarity of TPS films decreased as the chitosan content rose while water vapour
permeability was reduced. The addition of these biopolymers to TPS increased the
tensile strength and elastic modulus and decreased the elongation at break, while
TPS films with chitosan reduced S. aureus and E. coli growth in the contact zone,
in line with the antimicrobial properties of chitosan.

Fakhouri et al. (2013) studied the influence of processing methods on the
properties of starch/gelatine type-A films at different starch:gelatine ratios: 4:1, 1:1
and 1:4. Authors compared films obtained by casting (70 °C), pressing (90 °C),
pressing followed by blowing (90, 100 and 110 °C, in zones 1 to 3) and extrusion
(110, 100, 100 and 95 °C, in zones 1 to 4) followed by blowing. Blends prepared
by casting had the lowest WVP and those obtained by pressing and blowing
exhibited surface cracks, the lowest TS values and the highest WVP. Blends

obtained by extrusion and blowing had the greatest water solubility (%).

1.1.3.3.2. Blends with synthetic biodegradable polymers

Synthetic biopolymers (Figure 1.5), unlike natural biopolymers, can be processed
over a wide range of temperatures-pressures without damaging their molecular

structure or properties. Currently, thermo-processed blend films with TPS and
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synthetic biodegradable polymers have been widely documented, although one of
the first studies into starch blends with a synthetic polymer (PVOH), was carried

out by solution casting Otey et al. (1974).

PCL e PLA

PVOH H (@] PEG
HO n n

(o]
0\/\/\0 0\/\/\0
PBAT o m o n

Figure 1.5.-Chemical structure of some synthetic biodegradable polymers.

The physical properties of blend film formulations including PCL (Sugih et al.,
2009; Campos et al., 2012; Taghizadeh & Favis, 2013; Cai et al., 2014), PLA
(Sarazin et al., 2008; Shi et al., 2011; Wootthikanokkhan et al., 2012; Abdillahi et
al., 2013; B et al., 2014; Bocz et al., 2014; Soares et al., 2013, 2014), PVOH
(Katerinopoulou et al., 2014,), PBAT (Brandelero et al., 2010, 2011; Olivato et al.,
2012a; Hablot et al., 2013; Shirai et al., 2013; Garcia et al., 2014), poly(butylene
succinate-co-adipate) (PBSA) (Jbilou et al., 2013), PU (Zhang et al., 2012) and
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PEG (Yu et al., 2013) have been studied, as has their relevance for packaging

applications. The most recent works are commented on below.

Li & Favis (2010) studied coalescence, dynamic and static mechanical properties
and interfacial interactions of films with PCL/TPS at different ratios. Glycerol was
used as plasticizer at 38% and 42% (w/w) with respect to TPS. These blends
showed a highly interactive system and the tensile properties demonstrated
ductility at very high levels of TPS (> 50%). High glycerol content promoted an
increase in molecular mobility which in turn promoted compatibility between
TPS/PCL due to hydrogen bond formation (Matzinos et al., 2002; Rodriguez-
Gonzalez et al., 2004). Other authors (Cai et al., 2014) studied the structure,
thermal properties, morphology and crystallization in TPS/PCL blends (at 0:10,
2:10, 4:10 and 6:10 ratios) obtained by compression moulding. Results revealed
that the addition of TPS gave rise to a decrease in thermal stability and a good
dispersion of the polymers, although weak interfacial adhesion was observed.
Different strategies have been developed for the purposes of enhancing TPS/PCL
blends, including the use of a third polymer, such as PLA, in the formulation.
Ternary blends of TPS/PLA/PCL with different glycerol contents (24 and 36%
with respect to TPS), obtained by extrusion, have been studied by Sarazin et al.
(2008). In the ternary system, the impact and elongation at break of PLA was
improved. The three components were mutually immiscible; however, a good PCL
dispersion was observed in PLA, which enhanced the ductility of the ternary blends
as compared to TPS/PLA blends. On the other hand, a high content of glycerol
promoted synergies in such a way that the properties of ternary blends exceed the
properties of binary blends in every case. In the ternary system, the increase in
glycerol led to a rise in E (~66%), but a slight decrease in EM (~14%).

Other polymers, such as PU, have offered interesting results when blending with

starch. Unlike PCL or PLA, cyanate groups (NCO) in PU can form a covalent bond
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with -OH groups of starch. Zhang et al. (2012) synthesized PU by means of
chemical reactions using PCL-diol, PCL-triol or PCL-tetrol and 4, 4’-methylenedi-
p-phenyl diisocyanate. The products obtained were PU-polyols (PUP). Afterwards,
PUP materials (20g PUP/100g polymer) were blended with starch and water at 90
°C and 100 rpm for 20 min. As a result, the hydrophobicity of modified starches
was enhanced, while the toughness and thermal stability of the material increased.
In general, PUP synthesized with high branched polyols can improve the

compatibility with TPS.

Brandelero et al. (2010, 2011) studied TPS/PBAT blended by blown extrusion by
analysing the effect of the process steps on the film properties. On the one hand,
they produced pellets of TPS (starch and glycerol) which were then extruded again
with PBAT; and on the other hand, they extruded native starch, glycerol and PBAT
using only one step. The second method permits an increase in the polymer contact
area, resulting in similar characteristics for the different film formulations with

high or low starch content. Likewise, this method reduces the processing cost.

Other works focused on PBSA,; this is one of the promising aliphatic polyesters
with desirable properties, such as biodegradability, melt processability, good
mechanical properties and both chemical and thermal resistance. Jbilou et al.
(2013) prepared blends of corn flour/PBSA, with glycerol as plasticizer, using
extrusion and injection moulding. They found that the increase of PBSA in the

blends promoted a rise in TS, EM and E and a decrease in WVP.

The addition of PVOH to starch nanocomposites produced a highly ordered
intercalated structure (Dean et al., 2008; Ali et al., 2011). Katerinopoulou et al.,
2014 characterized acetylated corn starch (ACS)/PVOH/clay nanocomposite films.
Replacing glycerol by PVOH in ACS-Na-MMT systems improved the mechanical
strength due to the creation of hydrogen bonds between ACS and PVOH. The
addition of 30g PVOH/100g starch, replacing the total amount of glycerol by
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PVOH, caused an increase in the EM (from 82 MPa to 3464 MPa), and the TS
(from 3.09 to 37.69) but a decrease in E (from 30.5 to 2.25). Another promising
biodegradable polymer is PEG, which is biocompatible, non-toxic and water
soluble (Dhawan et al., 2005). Yu et al. (2013) prepared TPS/(PEG) blends by
extrusion, using different concentrations of PEG. They observed that the thermal
stability of TPS is improved when PEG is added. However, the mechanical

properties did not exhibit a clear trend.

1.1.3.4. Blends with non-biodegradable plastics

Starch can be destructured and blended with different synthetic polymers to satisfy
a broad range of attributes. Typical synthetic polymers combined with TPS are
LDPE (Prachayawarakorn et al., 2010; Pushpadass et al., 2010; Sabetzadeh et al.,
2012; Prachayawarakorn & Pomdage, 2014), high density polyethylene (HDPE)
(Taguet et al., 2009, 2014), PP (Ferreira et al., 2014) and polyamides (PA)
(Landreau et al., 2009; Teyssandier et al., 2011). For this purpose, the use of a

compatibilizer was necessary in most cases.

The main reasons for blending TPS with synthetic polymers are the promotion of
the moisture barrier properties and the improvement of the strength and flexibility
of the TPS. These combinations also lead to a decrease in the cost and an increase
in the degradability of the material. Pushpadass et al. (2010) studied TPS/LDPE
blends processed by extrusion. Composites with a starch:LDPE ratio of 95:5 had a
WVP value of 2.18 x 10 g-day *-Pa*-m™ and, when the LDPE ratio increased (a
ratio of 85:15), the WVP decreased by 14.2%. Scanning Electron Microscope
(SEM) micrographs of the films showed that there was no miscibility between the
two polymers; for this purpose, the use of a compatibilizer was necessary.
Sabetzadeh et al. (2012) and Prachayawarakorn & Pomdage (2014) used PE-g-MA
as compatibilizer in these kinds of blends. Sabetzadeh et al. (2012) blended
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TPS/LDPE, at different ratios, and added 3g PE-g-MA/100g polymer. Blends of
TPS/LDPE (40/60), with compatibilizer, led to a decrease in EM (~44%), TS
(~46%) and E (~73%) as compared to the reference TPS. So, the addition of other
additives is necessary to enhance the mechanical properties. Prachayawarakorn &
Pomdage (2014) studied the effect of carrageenan on properties of TPS/LDPE
composite blends reinforced by cotton fibres and processed by compounding and
injection moulding. They used 2.59 PE-g-MA/100g polymer and a TPS:LDPE
weight ratio of 1:1. A significant improvement in the mechanical properties of the
composites was obtained through the addition of carrageenan and fibres. The best
mechanical properties were found for the composites modified by both carrageenan
and cotton fibres. An increase in the stress at break and Young’s modulus of 27.5%

and 320%, respectively, was obtained.

Taguet et al. (2009) studied the interface/morphology relationship in HDPE/TPS
blends prepared by extrusion by using different concentrations of glycerol and PE-
g-MA. When there was a high content of glycerol (>24%) in the TPS, a 20% TPS-
based binary blend with HDPE reached an elongation at break value of as much as
200%. When the appropriate level of PE-g-MA copolymer was added, this
elongation further increased to 600%. The added PE-g-MA initially reacts with the
glycerol-rich outer layer, but if the amount of compatibilizer is high enough, it
reacts with the starch-rich phase. An optimal combination of both added PE-g-MA
and an interfacial glycerol-rich phase promoted the best possible mechanical
properties. Likewise, Taguet et al. (2014) studied the mechanical behaviour of
blends HDPE/TPS (80/20) compatibilized with HDPE-g-MA. The authors studied
the effect of different concentrations of glycerol and compatibilizer. The
compatibilization of HDPE/TPS blends increases the surface area of TPS particles
by decreasing their size. The addition of HDPE-g-MA promotes a reaction between

maleic anhydride and the -OH of the glycerol leading to a reduction in the glycerol
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content in the TPS phase. This phenomenon increases the stiffness of the TPS
phase, thus leading to a significant decrease in toughness and deformation of the

material.

PP is another material blended with TPS, although it has not been extensively
studied. Ferreira et al. (2014) observed the effect of organoclays on TPS/PP
(70/30) blends. The plasticizers were the glycerol (25% with respect to starch dry
mass) and acetyl tributyl citrate (ATBC) (15% with respect to the PP mass). The
compatibilizer used was Polybond® 3200. Organoclay was added at different
concentrations, from 1 to 5% with respect to the total mass of polymer. The use of
ATBC avoids the exudation of glycerol from the material. However, the
compatibilizer was ineffective probably because of its low degree of MA
substitution. Organoclay layers acted as a barrier against the diffusion of humidity
within the starch matrix, preventing its retrogradation.

Finally, Landreau et al. (2009) and Teyssandier et al. (2011) studied blends of TPS
with polyamide 11 (PA1l) and polyamide 12 (PA12). In the first work, the
morphologies and properties of TPS/PA1l blends were determined. These
materials were compatibilized by means of carboxymethyl cellulose (CMC)
addition (1g CMC /100g dry polymer). CMC interacts with PA11l through its
sodium neutralized anionic groups, probably by the metal complexation and
hydrogen bonding of the amide groups. The blends exhibited good mechanical
properties (high TS and high E), even when TPS was the major component.
Teyssandier et al. (2011) studied the compatibilization of TPS/PA12 blends
through the addition of bisphenol A diglycidyl ether (DGEBA) and poly(ethylene-
co-butyl acrylate-co-maleic anhydride) terpolymer (Lotader 3410). The PA12
crystallization in TPS/PA12 blends was found to be heavily dependent on the
DGEBA content, while the introduction of Lotader 3410 had no influence. The

addition of the first one promotes an increase in E as a consequence of the better
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adhesion between the polymeric matrix and the dispersed phase, although a

decrease in EM may be observed.

1.1.3.5. Compatibilizers, plasticisers and other additives in food packaging

The FDA'’s food additive regulations, found in Title 21, Parts 170-197 of the Code
of Federal Regulations (CFR), cover both direct and indirect additives. The term
““indirect food additive’’ refers to substances that are not intended to, but
nevertheless become, components of food as a result of use in articles that are in
contact with food (i.e., substances used in packaging materials) (Yam et al., 2009).
The formulations designed for food packaging should contain only direct and
indirect food additives. In the European Union the plastic materials and articles
intended to come into contact with food are regulated by the Union Guidelines on
Regulation (EU) No 10/2011.

In most cases, polymers in multiple-phase blends are immiscible and require a
compatibilizer for blending. Usually, immiscible TPS/polymer blends are improved
through the addition of MA, (Wu, 2003; Taguet et al., 2009, Prachayawarakorn et
al., 2010; Sabetzadeh et al., 2012; Prachayawarakorn & Pomdage, 2014) diethyl
maleate (DEM) or glycidyl methacrylate (GMA) grafted polymers (Figure 1.6).
PCL-g-DEM and PCL-g-GMA contributed to efficiently combine TPS/PCL in
blends (Sugih et al., 2009).

Other compatibilizers, such as CMC, have been used in the compatibilization of
TPS/PA1l (Landreau et al.,, 2009); DGEBA and Lotader 3410 improved
TPS/PA12 combinations (Teyssandier et al., 2011); glycidyl methacrylate grafted
poly(ethylene octane) (GPOE) enhanced the properties of TPS/PLA blends (Shi et
al., 2011) and VTMS was used in the compatibilization of TPS/LDPE blends
(Prachayawarakorn et al., 2010).
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Figure 1.6.-Simplified reaction mechanism for the grafting reaction between PCL and GMA
according to Sugih et al. (2009).

Wu (2003) studied the physical and biodegradable properties of PCL/starch
composites as compared to PCL-g-MA/starch binary blends. The mass ratios of
starch to PCL were set at 10:90, 20:80, 30:70, 40:60, and 50:50. Plasticizer was not
added to the polymer matrix. The great compatibility of PCL-g-MA with starch led
to a much better dispersion and homogeneity of starch in the PCL-g-MA matrix
and, consequently, to noticeably better properties. In the same way, the PCL-g-MA
/starch blend is more easily processed, at lower melt temperatures, than PCL/starch
blends. Other authors (Sugih et al., 2009) studied the synthesis and properties of
reactive interfacial agents (PCL-g-GMA and PCL-g-DEM) for starch/PCL blends.
Interfacial agents were used as compatibilizers of starch/PCL blends at different
ratios. At a fixed starch amount (20 wt.%) PCL-g-DEM showed a better
compatibilization effect than PCL-g-GMA. The compatibilized blends exhibited

significantly higher values of EM than the non-compatibilized ones.
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Another extensively documented polymer is PLA. Shi et al. (2011) studied the
physical properties of PLA/TPS and PLA/TPS blends with GPOE as
compatibilizer. The content of TPS ranged from 0 to 50 wt.% and the content of
GPOE from 0 to 20 wt.% with respect to the total weight. Glycerol at 20% with
respect to dry starch was used as plasticizer. The elongation at break and impact
strength of the ternary blends significantly increased when the addition of GPOE
was added. The morphology of ternary blends with GPOE indicated that the starch
granules melted and a good compatibility between PLA and TPS was reached in

the matrix.

Another interesting compound that can act as an appropriate compatibilizer is CA
because it has cross-linking capability through the reaction of its carboxyl groups
(Ghanbarzadeh et al., 2010). The three carboxyl groups in CA molecules can
interact with the hydroxyl groups of the starch molecules through the formation of
ester groups (Figure 1.7). This reaction can improve the water vapour barrier
properties of the starch matrix due to the reduction of available hydroxyl groups,
while decreasing the crystallization and retrogradation phenomena of the starch
polymers (Shi et al., 2007). CA can also act as a compatibilizer, plasticizer and
depolymerization agent simultaneously, depending on the processing conditions
(Chabrat et al., 2012).

g 0 ? q i
—HC—t—0H _HC—C —HC—C—0—R —HC—C—0—R — HC—C—0-R
~ | o o | o] 0
i H,0 O *R-OH i Hy [ +R—OH i
—C—C—0H — —C—C _— —T—C—DH _— —_ C1—C_\ —_— —C—C—0H
I (8]
—BO—C—08 _HJ:_S_OH —HC—C—OH —nc—¢” ~HC—G—0-R
i

Figure 1.7.-Conventional mechanism of dry cross-linking of polymers with hydroxyl groups, such as
starch and cellulose, by citric acid, according to Reddy & Yang, 2010).
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Olivato et al. (2012a) carried out a comparative study regarding the effect of
different organic acids on the performance of TPS/polyester blow films. The
influence of CA, malic acid (MaA) and tartaric acid (TA) in TPS/PBAT (55:45)
films was evaluated. 1.5 (wt.%) of TA and CA produced films with an improved
tensile strength (6.8 and 6.7 MPa, respectively), reduced the WVP and gave rise to
a more homogeneous structure. The incorporation of the acids produced
esterification reactions and/or starch hydrolysis. In the same way, Olivato et al.
(2012b) compared the effect of citric acid and anhydride maleic on TPS/PBAT
(55:45) films obtained by blown extrusion, containing glycerol in different
concentrations. Although MA is a more reactive compound, it was a less efficient
crosslinking agent (lower tensile strength) than CA, at similar concentrations. The
WVP values were improved by high levels of CA (1.5 wt.%) and intermediate
levels of glycerol (9.25 wt.%). Other authors (Garcia et al., 2014) evaluated
TPS/PBAT (60:40) blend films plasticized with glycerol (different proportions)
containing CA, with and without sodium hypophosphite (SHP), produced by blown
extrusion. The TS of the films with CA and CA/SHP increased by 47% and 104%,
respectively, as compared with the control film, while the elongation of the films
with compatibilizer and catalyst (CA/SHP) increased by 125.7%. Films with CA
and CA/SHP had a much greater EM than that of the control, while a significant

reduction in the WVP values was observed.

Abdillahi et al. (2013) studied the effects of CA on TPS/PLA (75:25) blends
prepared by injection moulding by using glycerol (15 wt.%) as plasticizer. CA was
used in different ratios up to 20 parts (wt.) with respect to the polymer. The values
of barrier properties proved that CA acted as compatibilizer for ratios of between 0
and 10 parts. The presence of CA significantly reduced the WVP and O,P by up to
80% and 90%, respectively. When the addition exceeds 10 parts, CA acted as a
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plasticizer and/or promoted the hydrolysis of the starch glycosidic bonds, leading
to the plasticization of TPS/PLA blends and to a decrease in the WVP.

1.1.4. Final Remarks

It has become necessary to use biodegradable materials from renewable sources for
food packaging in order to reduce the current environmental problems caused by
conventional plastics while improving the sustainability of industrial processes.
However, in terms of properties and cost, the competitiveness of bioplastics needs
to be improved. Petroleum-derived plastics exhibit good mechanical properties and
low water vapour sensitivity and permeability, which represent a significant
advantage for food packaging, although in some cases they have poor oxygen
barrier properties. Table A.1.6 (see Appendix A) shows the values of mechanical
and barrier properties of some conventional plastics commonly used in food
packaging. Their tensile strength, elongation, water vapour uptake capacity and
water vapour permeability are more closely aligned with the food packaging
requirements than that exhibited by bioplastic materials, particularly by starch-
based films. Figure 1.8 shows the locus of food packaging necessities in terms of
water vapour and oxygen barrier properties (according to Schmid et al., 2012),

where the close fit of some of the plastics to the food necessities can be seen.

The location of starch materials on the map of barrier properties is very good in
terms of their oxygen permeability but it is far from water barrier requirements and,
what is worse, the high water uptake capacity of starch materials leads to an
increase in water vapour permeability (and also in oxygen permeability) in line
with the moisture gain and polymer matrix plasticization. Likewise, the mechanical
properties of starch-based materials are also very sensitive to moisture content and
ageing due to the starch retrogradation processes, which are promoted by molecular

mobility associated with moisturizing. So, despite their low oxygen permeability,
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the high water sensitivity of starch materials limits their industrial food packaging
applications. Therefore, it is crucial to modify these materials in order to increase
their hydrophobicity and facilitate their optimal use, taking advantage of the ready

availability and low cost of starch.
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Figure 1.8.-Comparison between barrier requirements of some foods (dotted lines) and barrier
properties of some plastics used in food packaging. WTR and O, TR values of materials are
normalized at 100um of thickness.

The present thesis studies different alternative means of improving physical
properties of starch-based films, particularly their hydrophilic character. To this
end, the blending of starch with more hydrophobic polymers and other compounds

is examined.
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1.1.5. APPENDIX A: see Tables A.l.1, A.l.2, A.1.3, A.ll.4, AllL.5and A.l.6

Table A.l.1.-Mechanical properties of starch-based films taking into account the preparation techniques and the strategies for
improvement.

o PR o T . —m S Plasticizer Thickness EM R
Method I Starch Formulations Strategy to improve and Eq. RH ot (MPa) (MPa) Reference
. . 62 1.7 13.1
TPS/PCL (20/80) i 102 109
. 103 3.8 8.9
TPS/PCL (20/80) + sisal (20% -
Corn starch ( ) + sisal (20%) Organic filler. Gly: 30% 1000 +7 +0.5 +1.3 Campos et al.,
’ L Radiation. Eq. RH: 65% 2012
TPS/PCL (20/80) + radiation nation 4 ° f; il'og_ . fz
. . 63 49 6.2
f! + G 0,
TPS + PCL (20/80) + sisal(20%) + radiation 43 +04 +0.5
IpPs 2 113
= TPS/PAL1 (70/30) + CMC (1%) R
Z C atibili Gly: 33% NR NR Landreau ef al.,
= N 0 ompatibrlizer. Fq. RIT: 50% - - 16 180 2009
< TPS/PA11 (50/50) + CMC (1%) q o a6
= Wheat starch 20.0 160
/ /i e 104 .
TPS/PA11 (40/60) + CMC (1%) i1a | im
TPS/PLA/PCL (50/45/5) Blends with synthetic | o, O 24% 700 13 _
X Eq. RH: N.R. Sarazin et al.,
biodegradable Gl 360 N.R. N.R. 2008
DO/ / =) ) :‘- I 3 ) ) - 0
I'PS/PLA/PCL (50/45/5) polymer. Eq. RH: N.R. 600 38
45 47
IPs Starch modification: Gly: 45% L4 3 L Thuwall et al
Potato starch high amylose. Eq. RH: 50 and N.R. -
MTPS 70% 36 4.9 80 2006
\ g +7 + 0.3 + 11

42



1. INTRODUCTION

extrusion

=1
=
—
=
_—
=
s
=
=
=
—
=]
3
7
o
=
—

Table A.L1. (Continued)

- . 68 5.0 67
MTPS + 5% dextrin 116 £03 .8
MTPS (12.5%) + TPS (87.5%) (12.5/87.5) L;H[{:l 120(:2“0/ B0+ ﬂ f(fz
(. : 0 2 .
Gly: 15% 16.2 2.6
MTPS/TPS (94/6 . 76+ 14
Cormn starch (94/6) Starch modification: Eq. RH: 65% NR + 0.4 +0.5 Lépez e al.,
i ED o 13
MTPS/TPS (17.5/82.5) acetylated starch. Equl){.]—I]-Séﬁ% 120+ 14 JZ-AL f(jlz 2013
p . Gly: 17.5% 17 39
MTPS/TPS (54.5/45.5) Eq. RH: 65% 122+ 14 i 102
TPS 40 7 48
[E— s Gly: 36% Miiller ef al.,
SWFE (O -
I'PS/WF (98/2) Organic filler. Eq. RH: 50% N.R. 240 25 2 2014
TPS/WF (96/4) 400 30 1
90 4.0 82
PS + 20 + 0.6 + 20
- 290 7.5 22
C tarch 3
orn starch TPS/CHNC (90/10) +20 +0.9 + 10
] , . ) Gly: 30% 380 11 12.0 | Salaberria et al.,
TPS/CHNC (80/20) Organic filler. Eq. RH: 50% 1200 +50 42 108 2014
) 380 11 19
TPS/CHNF (90/10) 160 13 )
510 14 9
/i 7 (80/
TPS/CHINT (80/20) o 4 s
189 39 16
TPS/PBSA (70/30) Blem_ls with synthetic Gly: 25% L15 £0.6 12 Thilou ef al..
Com flour biodegradable Eq. RH: 50% 2000 >0 T 7 2013
TPS/PBSA (70/30) polymer. +10 106 £36
TPS/HDPE (20/80) + HDPE-g-MA (4%) Blends with non- Gly: 24% 30
Wheat starch | TPS/HDPE (20/80) + HDPE-g-MA (13%) b“’iﬁf;:‘c’ﬂh‘e Eq. RH: 50% 3050 NR. NR. 50 Tag;;‘ﬂﬂgf al.,
TPS/HDPE (20/80) + HDPE-g-MA (4%) Compatibilizer. Gly: 32% 280
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Table A.L1. (Continued)

TPS/HDPE (20/80) + HDPE-g-MA (13%) Eq. RH: 50% 600
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s 146 1.8 36
_ Blends with synthetic £6 102 +0.9
; e , ; biodegradable Gly: 30% 305 5.6 4.3 N
Potato starch TPS/PLA (60/40) polyme. Eq. RH: NR. N.R. 14 03 109 Betal, 2014
Inorganic filler. 329 79 6.0
TPS/PLA (60/40) + Na-MMT (1%) 14 03 12
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Table A.1.2.-Water vapour permeability of starch-based films taking into account the preparation techniques and the strategies for

improvement.
o . = 5 . . A Relative wvp . .
Hz“ orf | Ons n‘ ¥ i "ove AS cizer {Ness ertere o
tarch Formulations Strategy to improve Plasticizer Humidity (g day 'Pa'm™) Thickness (um) | Reference
TPS + LDPE (95/5) 2.2 (x10™ 400-500 Pust
. p— N ; Blends with non- . ) shpa-
= Com starch TPS + LDPE (90/10) biodegradable plastic Gly:30% | 100-50% 1.7 (x10™ 400-500 dass et al.,
3 e : 2010
RS TPS + LDPE (85/15) 1.9 (x10™ 400-500
® & T
= F GP + 1 layer SBC (1.2 g/m?) Inorganic filler. 5.1 (x10™
= § - Starch modification: —
E = GP + 2 layers SBC (3 g/m’) Hydroxypropylated 4.2 (x107%)
< 2 SBC m? and oxidized PEG 400: 10 Olsson er
- = ] LPB + 1 layer SBC (3.8 g/m . 3 AU -500 47.4 (x10
il ot st 2 gm) SBC: starch + PEG + 30% 100-30% ol NR. al., 2014
= LPB + 2 layers SBC (7.1 g/m?) 33% Na-MMT based 13.7 (x10™%
i 2 on dry starch: total 10
LPB + 2 layers SBC (9.1 g/m’) solid content 20.3%). 6.2 (x107)
MTPS/TPS (12.5/87.5) Gly: 20% 1.4+0.3 (x107'%) 80+8
Comm starch MTPS/TPS (94/6) Starch modification: | Gly: 15% T5.0% 0.88 £0.05 (x10™) 76+ 14 Lépez et
MTIPS/TPS (17.5/82.5) acetylated starch. Gly: 20% 1.3 40.2 (x10'%) 123+ 12 al., 2013
= MTPS/TPS (54.5/45.5) Gly: 15% 1.2+0.2(x10™) 129+ 14
2 TPS 20+4 (x107) B
= . X randelero
% TPS/PBAT (30/20) Mmﬂ“j;‘;ﬁ’mim Gly:30% | 90-64% | 3944003 x107 NR. etal.,
£ TPS/PBAT (50/50) 24+0.2(x107 201
[=-] Cassava starch TPS/PBAT(55/45) Blends with synthetic 3114002 (x107) 100-150
TPS/PBAT (55/43) + CA (1.5%) biodegradable 1.69 +0.02 (x10°%) 100-150 Olivato ef
polymer. Gly: 18% 75-33% - 1 2012b
TPS/PBAT (55/45) + MA (1.5%) Conmpatibilizer. 33+0.7(x10%) 100-150 al., 20
TPS/PBAT (55/45) + CA (0.75%) + MA (0.75%) Plasticizer 4.0£0.3 (x107) 100-150
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5=
2F
= £

Compres-

moulding

Table A.L2. (Continued)

TPS/PBAT (55/45) + CA (0.375%) Blends with synthetic 1.5+0.2 (x10%) 100-150
biodegradable T .
TPS/PBAT (55/45) + MaA (0.375%) polymer. Gly: 18% 75-33% 1.6+ 0.2 (x107) 100-150 0’1“;(;?;’
P - ai.. a
Compatibilizer. 5 B
J 1 " 0, -5 .
TPS/PBAT (55/45) + TA (0.375%) Plasticizer 1.6+ 0.2 (x10%) 100-150
TPS/PBAT (60/40) Blends with synthetic | Gly: 11% 58406 (x10%) 100-150
- biodegradable = Garcia et
TPS/PBAT (60/40) + CA (0.8%) polymer Gly:102% | 75.330, | 350+0.13 (x10%) 100-150 I;lrm el
e o al., 2014
TPS/PBAT (60/40) + CA (0.8%) + SHP (0.38%) C“;;',{:zféll’;':f“ Gly: 102% 38404 (x107) 100-150
33-0% 0.57+0.02 (x107) 147 + 58
TPS/PBAT (33/67) . .
Blends with synthetic 00-64% 24402 (x107) 147 + 58
biodegradable Gly: 30% _ — Brandelero
acdk . 3 0
mer. Additive ’ 33-0% 53403 (x107) 1206 + 200 el al. 2010
TPS/PBAT (33/67) + Tween 80 (2%) polymer. Additives. -
90-64% 2246 (x107) 1206 + 200
TPS/PBAT /i +C 05) + 3 0 Blends with synthetic + -6 346
TPS/PBAT (60/40) + CA (0.01%) + MS (0.5%) yni 72+ 0.2 (x10%) 103+ 9
biodegradable .
TPS/PBAT/PLA (50/40/10) + CA (0.01%) + MS (0.5%) polymer Gly: 32% | 64-33% 6.3 +0.3(x10%) 131+ 10 Shirai ef
cr- - = al., 2013
TPS/PBAT/PLA (40/40/20) + CA (0.01%) + MS (0.5%) Compatibilizer. 50407 (x109) 405+ 59
Plasticizer.
/ -5
TPS/PLA (75/25) Blends with synthetic 14 +0.2(x10%) 1000 + 100
TPS/PLA (75/25) + CA (2%) biodegradable 0.24 +0.02 (x10°) 1100 +20 Abdillahi
Wheat flour polymer. Gly: 15% 60-0% - etal.,
TPS/PLA (75/25) + CA (10%) Compatibilizer. 0.29 +0.06 (x10) 1000 + 100 2013
TPS/PLA (75/25) + CA (20%) Plasticizer. 1.26 +0.14 (x10%) 1000 + 100
TPS Blends with natural 1.16 + 0.06 (x10™) 268+ 28 Ortega-
TPS/HPMC (83.3/16.7) biopalymer. Gly:30% | 100-53% | 0.58+0.05 (x10™) 204 + 28 Toro et al.,
Compatibilizer. 2014
Com starch TPS/HPMC (83.3/16.7) + CA (1%) Plasticizer. 0.34 4+ 0.04 (x107) 158 + 13
TPS . 1.15 +£0.08 (x10™) 110+2
BleI]les V\}Lh natural Gly: 30% 100-50% - L',op;;-::."
TPS/CH (86/14) iopolymer. 0.75 +0.03 (x10™) 13842 al., 201
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Table A.L.2. (Continued)

TPS/CHT (86/14) 0.51 +0.02 (x10° 12143
TPS 1114 0.09 (x10™)
TPS/TN (97/3) Tnorganic filler. Gly: 30% 50-0% 0.80 = 0.05 (x10™) NR. L';"’zcg f;
TPS/TN (95/5) 0.830 = 0.009 (x10™
TPS/PLA (70/30) Blends with synthetic 43 +0.5(x107)
TPS/PLA (70/30) + CH (spray) mly:’:)‘éf“é‘:i?:;wnh Gly: 30% 75-0% 3.1 402 (x107) 900-1200 zf“;gl‘;’
TPS/PLA (70/30) + CH (immersion) natural biopolymer. 3.3 £02(x107)
TPS/PLA (70/30) Blends with synthetic 43 +05(x107)
TPS/PLA (70/30) + CH (C.S.) polvf’]‘)‘;d,eﬁﬂ?::‘wml Gly:30% | 75-0% 1.75 +0.05 (x107) NR. Z;‘ar;g IZ’
TPS/PLA (70/30) + CH (C.F.) natural biopolymer. 3.1 +02(x107)
Cassava starch -
S 1.9 £ 0.2 (x107) 394 428
TPS/MMT (96/4) Inorganic filler. Gly: 25% 75-0% 0.7 +0.2 (x107) 485 437 I;f“l;gl‘z’
TPS/MMT(94/6) 0.7 £0.2 (x10%) 515+37
TPS 1.30 (x10%) 20047
TPS + cassava bagasse (98.5/1.5) Organic filler. Gly: 30% 50-0% 1.30 (x10%) 192412 ‘;j“;';)"l ;"’
TPS + cassava root peel (98.5/1.5) 1.34 (x107) 193+£9
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Table A.1.3.-Oxygen permeability (O,P) of starch-based films taking into account the preparation techniques and the strategies for

improvement.

Method I

Starch

Formulations

MTPS/TPS (12.5/87.5)

Strategy to improve

I Plasticizer and Eq. RH

0,P (cm’/m s Pa)

Thickness (jum)

Reference

- Gly: 20%:; Eq. RH: 65% | 4.13+0.11 (x10™%) 80+8
£.2 MTPS/TPS (94/6) ification: | Oly: 15%: Eq. RH: 65% | 2.08+0.08 (x10™%) 76 + 14
§ 5 Comn starch Starch ;noilflua.n]on. - Lopez et al., 2013
= };- MTPS/TPS (17.5/82.5) acetylated starch. Gly: 20%; Eq. RH: 65% | 3.31+0.08 (x10"") 123+ 12
@ MTPS/TPS (54.5/45.5) Gly: 15%:; Eq. RH: 65% | 2.98+0.08 (x10™%) 129+ 14
. IPS/Lotader 3210 (80/20) 78 (x1072) 400
= . - ) i ) Filler. Gly: 35% e o
= Comn starch | TPS/Lotader 3210 (80/20) + LS (2%) Compatibilizer. Eq. RI: NR. 6.0 (x107°) 400 Privas et al., 2013
B TPS/Lotader 3210 (80/20) + LS (4%) 6.1 (x101%) 400
= TPS/PLA (75/25) 5.44+0.02 (x10) 1000 + 100
s TPS/PLA (75/25)  CA (2%) Blends with synthetic 0351 0.02(x10™ | 1100120
= s . % f e . . . X ;
U ot flour biodegradable polymer. Gly: 13% - Abdillahi ef al., 2013
= TPS/PLA (75/25) + CA (10%) Ugrlma_lﬂ?lhzc'- Eq. RH: 50% 1.60 +0.03 (x10™%) 1000 + 100
= asticizer.
= IPS/PLA (75/25) + CA (20%) 140+ 0.2 (x10'7) 1000 + 100
TPS/HPMC (83.3/16.7) Blends with natural 1.3+ 0.5 (x10™") 268 + 28
= J— N , N biopolymer. Gly: 30% H o
0 I
£ & TPS/HPMC (83.3/16.7) + CA (1%) Compatibilizer. Eq R 53% 4.0 £ 1.0 (x10™%) 204+ 28 Ortega-Toro et al., 2014
= TPS/HPMC (83.3/16.7) Plasticizer. 5.0+ 1.0 (x10™%) 158 + 13
= = Corn starch -
? = TPS 6.0+0.5(x10"
c E TPS/TN (97/3) Inorganic filler Gly: 30% 46403 (x10M N.R Lopez et al., 2015
o - & Eq. RH: 75% SE0o0 -~ P -

IPS/TN (95/5)

44+0.2(x10™M)
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Table A.l.4.-Gas permeability of starch-based films taking into account the preparation techniques and the strategies for

improvement.

Plasticizer and

Method Starch Formulations Strategy to improve Eq. RH Permeability Thickness (um) | Reference
GP + 1 layer SBC (1.2 0
VA
3 g/m?) Inorganic filler.
= GP+2 Iayezs SBC (3 Starch modification: 0
S g/m*) Hydroxypropylated PEG 400
I Potato LPB + 1 layer SBC and oxidized. (30%) Air > 65 NR Olsson et
2 starch (3.8 g/m?) SBC: starch + PEG + s (nm/ Pa.. s) o al. 2014
> Eq. RH: 50%
) LPB + 2 layers SBC 33% Na-MMT based
= (7.1 g/m?) on dry starch: total 19
L LPB + 2 layers SBC solid content 20.3%). 03
(9.1 g/m?) ’
Gly: 20% 9
MTPS/TPS (12.5/87.5) Eq. RH: 65% 5.0+ 0.3 (x107) 80+8
= Gly: 15% .
c .2 70 o *
=2 [P MTPSITPS (94/6) Starch modification: | Eq. RH: 65% o, 27£0.2 (x107) 76:+14 Lopez et
= < acetylated starch. Gly: 20% (cm®m s Pa) o al., 2013
m % MTPS/TPS (17.5/82.5) Eq, RH: 65% 413 +0.14 (x10) 123+12
Gly: 15% 9
MTPS/TPS (54.5/45.5) Eq, RH: 65% 3.85+0.04 (x10°%) 129 + 14
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Table A.1.5.-Thermal properties of starch-based films taking

improvement.

Starch

Method |

Formulations

into account the preparation techniques and the strategies for

Reference

TPS

Strategy to improve

Plasticizer and Eq. RH

I'hermal properties (°C)

TGA Onset: 302

.
S = Q H . e 2504
; E Corn starch TPS/PBAT (40/60) Starch m]\‘,‘[iﬁ“‘“’"' Eé”ﬂfﬁfk TGA Onset: 321 Hablot ef al., 2013
= TPS/PBAT (40/60) + MA (2%) TGA Onset: 205
TPS Ty 48 Tg 67 TGA Onset: 252
‘%L' Comn starch TPS/CHNC (90/10) Organic filler Gly: 30% Top: -47  Tge: 75 TGA Onset: 230 Salaberria ef al.
% TPS/CHNC (80/20) Eq. RH: 50% Ty 47 Tea: 76 TGA Onset: 222 2014
g TPS/CHNF(90/10) Top: 46 Toa 74 TGA Onset: 259
) Aesculus TPS (30% Gly) TGA Ty 302
= Hippocastanum
8 starch (A.H) and IPS (15% Gly) +15% MalA Plasticizer. Gly and MalA TGA Tusx: 302 Castafio ef al.,
E . Araucaria . TPS (30% Gly) New sources of starch Eq. RH: N.R. TGA T 307 2014
aucana starc
(AA) TPS (15% Gly) + 15% MalA TGA Toa: 307
rps Blends with natural T 125+4
=1 — N ; biopolymers. Gly: 30% o Ortega-Toro ef al.,
-E IPS/HPMC (83.3/16.7) Compatibilizer. Eq. RH: 0% I 11243 2014
= TPS/HPMC (83.3/16.7) + CA (1%) Plasticizer. T, 10549
=]
E TPS T 155+ 12
- . 0,
_E Corn starch TPS/CH (86/14) m“';)?:}:’:@:ﬁf‘f”“l T:“é’”‘ 0(:;'% Ta: 1521 14 Lopez et al., 2014
g TPS/CHT (86/14) To 147+ 12
1=
% TPS Blends with synthetic TGA Onset: 270
X I
S TPS/PLA (20/80) b';ﬁg\::‘:fh]e Eé’]{Hz_%“R TGA Onset: 280 Shi et al., 2011
TPS/PLA (20/80) + GPOE (15%) Compatibilizer TGA Onset: 290
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Table A.LS. (Continued)

TPS

Blends with synthetic

Gly: 30%

TGA Onset: 290

Cassava starch

TPS/PCL (40/60) biodegradable . ! TGA Onset: 288 Caieral, 2014
— polymer. Eq.RH:N.R .
TPS/PCL (60/40) I'GA Onset: 278
S/PU2(80/20 . . ax: 337
TPS/PU(80/20) Blends with synthetic Without TGA Tor
TPS/PU3 (80/20) biodegradable Fq 1{11-0?»00/ TGA Toey: 340 Zhang et al., 2012
Q. . 70
TPS/PU4 (80/20 polymer. TGA Tt 343
TIPS bmﬁle;nr:zl:‘:lglpl}gg;ts Glycerol (25% based on TGA Ty 305
[PS/PP-ATBC (70/30) Commpatibilizer : starch) and ATBC 15% TGA Tas: 309 Ferreira et al.,
Plasticizer : based on PP) 2014
[PS/PP-ATBC (70/30) + MMT (1%) Tnorganic ﬁlfer Eq. RH: 80% T'GA Ty 308
TPS Ty 4544 Te: 2748 | Tu 155410
- i, . 1 30% Jersino ef al.
TPS + cassava bagasse (98.5/1.5) Organic filler. Ex?]])-’IR'Ob(;% Tep:-45+5 Tg: 46+ 8 | T2 219.1+0.9 \ders'zr(l](; ér al.
Ty 4845 Tp 7748 | Ta: 18743

TPS + cassava root peel (98.5/1.5)

TPS

Gly: 30%

TGA Onset: 296

TGA T 319

TGA Onset: 311

TGA T 311

Lomeli-Ramirez ef

TPS/Coconut fibre (80/20) Organic filler. Eq. RH: NR al. 2014
TPS/Coconut fibre (70/30) TGA Onset: 306 TGA Tuac 306
TPS Blends with synthetic TGA Onset: 290 TGA Ty 300
p— biodegradable Gly: 30% . P
ato s S/PL. /- = set: 3 13 ., 21
Potato starch IPS/PLA (60/40) polymers. Eq. RH: N.R I'GA Onset: 310 TGA T 340 Betal, 2014
TPS/PLA (60/40) + Na-MMT (1%) Inorganic filler. TGA Onset: 310 TGA Toae: 341
TPS Blends with non- TGA Onset: 301
- ; biodegradable plastics Gly: 50% Prachayawarakorn
Rice starch TPS/CE (90110) Organic filler. Eq. RH: 50% TGA Onset: 303 et al., 2010
TPS/LDPE (70/30) Compatibilizer. TGA Onset: 301
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Table A.1.6.-Mechanical, thermal and barrier properties and degradation in soil of conventional polymers and typical biodegradable

polymers

Polymer

Mechanical

Thermal (°C)

WVP
(g /(day Pa'm)

Properties

O CO,P . .
(cm¥m’s Pa) Soil degradation

HDPE

LDPE

LLDPE

PP

PS

TM: 862 MPa
TS: 21-52 MPa
E: 10-500%
(Harper, 2004)

Tm: 205-280
(Harper, 2004)

(1.16-2.52) x 10°°
(90% RH, 25um)
(Harper, 2004)

(0.13-1.12) x 10
(0% RH, 25pm)
(Harper, 2004)

(1.12-2.90) x 10™** (0%
RH, 25um)
(Harper, 2004)

0% Mass loss in 2
years
(Bastioli, 2005)

TM: 138-278MPa
TS: 8.3-17.2 MPa

E: 225-600%
(Harper, 2004)

Tm: 180-280
(Harper, 2004)
Ty -30
(Bastioli, 2005)

4,66 x 10 (90% RH,
25um)
(Harper, 2004)

(1.12-3.78) x 10
(0% RH, 25pm)
(Harper, 2004)

(2.25-22.5) x 10™ (0%
RH, 25um)
(Harper, 2004)

Molecular weight
decrease after 32-37
years
(Ohtake et al., 1998)

TM: 172 MPa
TS: 24-55 MPa
E: 400-800%

Tm: 160-280
(Harper, 2004)
Ty -122t0-20.5

4.66 x 10° (90% RH,
25um)
(Harper, 2004)

(1.12-3.78) x 10
(0% RH, 25um)
(Harper, 2004)

(2.25-22.5) x 10™** (0%
RH, 25um)
(Harper, 2004)

(Harper, 2004) (YYam, 2009)
Oriented: 1.50 x 10° | Oriented: 0.72 x 10™ Oriented:
. o 0 :
TS: 81.4 MPa T 220225 (25um, 90 % RH) (25um, 90 % RH) (L35 243x 10"
TM: 2760 MPa (Harper, 2004) (Harper, 2004) A ) .
(Harper, 2004) ; : ; : Non-oriented: 3% CO; in 12 weeks
(Harper, 2004) T 14105 Non-oriented: Non-oriented: (2.25-3.6) x 101 (Bastioli, 2005)
E: 35-475% Yg 2009 3.76 X 10°° (25um, 90 | 1.07 x 10" (25pum, 90 o5 00 ,
(Yam, 2009) (yam, 2009) % RH) % RH) ( 20)09
(Harper, 2004) (Harper, 2004) (vam, )
EM: 2.800 MPa No degradation after
TS: 45 MPa Ty 83-94 3.34 x 10 (25um) (1.12-18) x 10°® (3.14-6.7) x 10 32 years
TM: 3100 MPa (Yam, 2009) (Harper, 2004) (Yam, 2009) (YYam, 2009) (Albertsson &

(Harper, 2004)

Karlsson, 1988)
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Table A.1.6. (Continued)

TS: 159 MPa 8.67 x 10™ (oriented .
TM: 9960 MPa T 212-265 2C 6.9x10° (1.32-1.77) x 10° : olymer) ~15% CO, in 2 years
UE: 30-300% (Harper, 2004) (YYam, 2009) (YYam, 2009) poly (ISO 14851, 1999)
(YYam, 2009)
(Harper, 2004)
TS: 52 MPa
TM: 2300 MPa Tim: 230-280 4.14x 10 (8.96-13.4) x 10™ (44.8-53.7) x 10™
E: 50-200% (Harper, 2004) (Yam, 2009) (Yam, 2009) (YYam, 2009)
(Harper, 2004)
TS: 71.6 MPa 5.5 x 107 (40°C, 90% - Oriented: 4.5 x 107
) . RH, 44 mol% 4.48x10 (25um, 70 % RH, 32
EMI.E.Zgggo/IZIIPa T jg?r;(l)?%m' ethylene) (23°C, aw: 0) r_nol% ethylene)
hvie .| ethylene content) 14.7 x 10° (40°C, 134 x 10" Oriented: 4.5 x 10™
(Et 3;;”9 Cloo/”te”t- 3\'( 000 90% RH, 32 mol% (23°C, aw: 0.95) (25um, 90 % RH, 44
(YammZOSg) (Yam, 2009) ethylene) (Bastioli, 2005) mol% ethylene)
' (YYam, 2009) (Harper, 2004)
TS: 36 MPa
(Extru.ded, 25 °C) T 200°C 45x 100'13 38°C, 2,65 x 10" (24°C) 27x 19'_15 8% mass loss in 2
E: 225% (Mark, 1999) 90% RH) (Yam, 2009) (Dry conditions) years
(Extruded, 25 °C) ’ (YYam, 2009) ' (YYam, 2009) (Bastioli, 2005)
(Mark, 1999)
TM: 3834 MPa
FM: 3689 . 5 12 12 .
E: 4% Tw: 184 1.51+0.04 x10 1.7+0.09 x 10 (25 3.88£0.07 x 10** (25 14% CO, in 45 days
(Bastioli, 2005) Tq: 60 (25°C) °C) °C) (McCarthy etal.,
EM: 8.6MPa (Bastioli, 2005) (YYam, 2009) (YYam, 2009) (YYam, 2009) 1999)
(YYam, 2009)
EM: 304 £ 11 95% mass loss in 1
TSy: 18 + 1 MPa Tm:63.5+0.6 2.88+09x10° (25 year
E: > 1000% T.:12.6+0.6 °C, 53% RH) PCL/starch blend:
Ey: 13+ 4% (Ortega-Toro, et (Ortega-Toro, et al., 48% mass loss in 40
(Ortega-Toro, et al., 2015) 2015) days
al., 2015) (Bastioli, 2005)
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Mater-Bi:
corn starch
A

Mater-Bi:
corn starch
B

Table A.1.6. (Continued)

FI\TAS-:ai%(;\A l\j‘:‘a Tw: 180 1.9x10% 5.12 x 102 ~97% mass loss in 2
e Ty 4 (23°C, 50% RH) (23°C, 50% RH) years

' ioli . . Cal tal., 1999
(Bastioli, 2005) (Bastioli, 2005) (Petersen et al., 2001) | (Petersen et al., 2001) (Calmon eta )
TS: 9 + 1IMPa
TeS: 480 + 123 9.9x10™ 10

. 1.35x 10
MPa 3.7x10° (23°C, 0% RH o~ o
E: 23+ 7% (23°Cand50% RH) | oxygenand 7506 RH | (23 °C. 0% RH oxygen

(thickness: 20pum)
(Petersen et al.,

(Petersen et al., 2001)

nitrogen)
(Petersen et al., 2001)

and 75% RH nitrogen)
(Petersen et al., 2001)

2001)
TS: 18 +2 MPa
TeS: 145 + 42 6.9x10% 10
MPa (23°C, 0% RH @3 OCO .g;leg oxvaen
E:6+0% oxygen and 75% RH o7 Y9

(thickness: 20pum)
(Petersen et al.,
2001)

nitrogen)
(Petersen et al., 2001)

and 75% RH nitrogen)
(Petersen et al., 2001)

E: Elongation at Break Point; EM: Elastic Modulus; Ey: Elongation at yield Point; FM: Flexural Modulus; T.: crystallization temperature; TeS:
Tear Strenght; T: glass transition temperature; TM: Tensile Modulus; T,: melting temperature; TS: Tensile Strenght; TSy: Tensile Strengh at

yield point; UE: Ultimate Elongation.
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Il. OBJECTIVES

11.1. DISSERTATION OBJECTIVES

11.1.1. General Objective

The general objective of the present Doctoral Thesis is to enhance physical
properties of starch-based films by blending with different hydrophobic
compounds, using different strategies, such as the addition of compatibilizers or
bilayer formation, and processing methods (casting, melt blending, extrusion and

compression moulding).

11.1.2. Specific Objectives

The specific objectives are:

v To study the effect of the addition of sorbitan esters of different fatty acids
on the physical properties of film-forming dispersions and films of corn starch-

glycerol based blends.

v To study the effect of citric acid addition on the structural and physical
properties of corn starch films obtained by melt blending and compression

moulding, combined with different ratios of HPMC.

v' To characterize the structural and physical properties and thermal
behaviour of corn starch-PCL blend films, with a wide range of polymer ratios,

obtained by melt blending and compression moulding.
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v" To analyse the influence of citric acid addition on the structural, thermal
and physical properties of starch-PCL blend films obtained by melt blending

and compression moulding.

v" To analyse the influence of adding polyethylene glycol on the structural,
thermal and physicochemical properties of compression moulded starch films

containing a low ratio (less than 10%) of PCL.

v' To analyse the influence of PCL grafted with maleic anhydride and
glycidyl methacrylate on the physical and structural properties of starch-PCL
blend films obtained by extrusion and compression moulding.

v' To analyse the physical and structural properties of starch-PCL bilayer
films obtained by compression moulding by incorporating commonly used
food antimicrobials and antioxidants (potassium sorbate and ascorbic acid) at

the layers’ interface.
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CHAPTER 1

EFFECT OF THE INCORPORATION OF SURFACTANTS ON THE
PHYSICAL PROPERTIES OF CORN STARCH FILMS

Rodrigo Ortega-Toro, Alberto Jiménez, Pau Talens & Amparo Chiralt

Food Hydrocolloids, 38, 66-75 (2014)

The effect of surfactant addition on structural, mechanical, optical and barrier
properties of corn starch-glycerol based films was studied. Sorbitan
monopalmitate, monostearate or monooleate were incorporated into starch-glycerol
(1:0.25) at a surfactant:starch ratio of 0.15:1. The film forming dispersions (FFD)
were characterized as to rheology, (-potential, particle size distribution and contact
angle. Film characterization was carried out at 1 and 5 storage weeks (at 25°C and
53% relative humidity). Surfactants led to different particle size distribution, zeta
potential and viscosity in FFD, and film extensibility, depending on their
hydrophobicity and melting properties. Their incorporation to the corn starch-
glycerol films produced a coarser film microstructure due to the appearance of free
surfactant aggregates or V-amylose inclusion complexes which produce
discontinuities in the amorphous continuous matrix. The size of these crystalline
complexes was smaller for the surfactant with the lowest hydrophobicity with
saturated fatty acid (span 40). This contributed to decrease the WVP values with
respect to surfactant-free film. Films containing surfactants were less hard, resistant
and extensible, and more permeable to oxygen, than surfactant-free films, but they
did not notably affect the film gloss and transparency. Saturated fatty acid
compounds with higher melting temperature are recommended to ensure a finer

microstructure in the final film which favours water barrier efficiency.
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1.1. INTRODUCTION

The environmental conservation policies, the integral use of natural resources and
the reduction of hydrocarbon reserves have generated particular interest in
developing alternatives to petroleum synthetic polymers for different industrial
uses, particularly for foodstuffs. Several studies focused on the development of
biodegradable materials to replace, at least partially, conventional plastics. The
materials obtained from natural biopolymers, such as polysaccharides, are an
interesting alternative, of which, starch is one of the most promising materials for
the manufacture of biodegradable plastics (Ma et al., 2009). This polymer is a
renewable, low cost resource, readily available and has thermoplastic
characteristics which permit it to be processed easily by using conventional
synthetic polymer methods (Shah et al., 1995). However, starch presents worse
physical characteristics than synthetic polymers. Its main weaknesses are its highly
hydrophilic nature, which makes it a poor water vapour barrier, and the fact that it
undergoes retrogradation processes, which implies that its mechanical properties
vary over time. Nevertheless, their properties can be modified by adding small
quantities of chemical compounds (Garcia et al., 2000, Ma et al., 2009).

Plasticizers act by increasing the molecular mobility in the polymeric network, thus
improving mechanical properties, but reducing the water vapour barrier properties
(Rosen, 1993). Glycerol can be added as a plasticizer to improve the mechanical
properties of the film, increasing the flexibility and tensile strength by lowering the

glass transition temperature (Vieira et al., 2011).

Other components with potential capacity to improve some properties of the starch-
based films are surfactants. Some studies have found that surfactants may enhance
the wettability and stability of the dispersions (Ghebremeskel et al., 2007; Chen et
al., 2009), reduce the starch retrogradation (Jovanovich & Af6n, 1999) and

improve the water vapour barrier properties (Villalobos et al., 2006). Vieira et al.,
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2011 have observed that if the surfactant was added without glycerol, it had a
significant effect on mechanical properties but did not significantly modify the
water vapour barrier properties. Nevertheless, if the surfactant was added with
glycerol, it provoked a reduction in the tensile strength and an increase in both
elongation and water vapour permeability. Surfactants have been added to different
polysaccharide matrices, such as tapioca starch/decolorized hsian-tsao leaf gum
films (Chen et al., 2009). When concentration and HLB of surfactant increased,
there was an observed improvement in the water vapour barrier properties,
although films showed a loss of mechanical resistance. Nevertheless, in matrices of
corn starch reinforced with microfibres of cellulose, the mechanical properties
were improved with the addition of glyceryl monostearate by the formation of
complexes which increase the V-type crystallinity (Mondragén et al., 2008).

Working on films of potato starch and glycerol, Rodriguez et al. (2006) observed
that the presence of surfactants increased the wettability of film forming
dispersions, with a synergistic effect between glycerol and surfactants. Similarly, in
chitosan films, surfactants showed a synergistic effect with the glycerol on the
water vapour permeability (Ziani et al., 2008). Zhong & Li (2011) also observed
that the addition of surfactants and citric acid diminished the surface tension in the
film forming dispersions and the formation of crystalline forms in kudzu starch

films.

Despite several works have report the effect of different surfactants on biopolymer
films, no previous studies have been published in corn starch films containing this
kind of compounds, except that reported by Jimenez et al. 2012 where the effect of
different fatty acids, with very low (between 1-2) hydrophilic-lipophilic balance
(HLB), was analysed. A low HLB value indicates the predominant lipophilic
balance in the molecular structure which can contribute to limit the water vapour

permeability of the films, although slightly higher values could improve the better
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integration of these compounds in the hydrophilic matrix. Likewise, the presence
of saturated and unsaturated hydrocarbon chains could also play a relevant role in
the component interactions in the matrix. In this sense, the study of the effect a
family of surfactants with intermediate HLB values containing saturated or
unsaturated chains could give interesting information about the different effects on
the properties of the film forming dispersions and films, which are relevant for both
coating applications on a determined product and film formation for packaging
ends. Surfactants incorporated to film aqueous forming dispersions can act as
carrier vehicles of non-polar bioactive compounds (such as antimicrobials or
antioxidants), making their dispersion easy in the non-polar core of the formed

micellar structures.

The aim of this work was to study the effect of addition of sorbitan esters of
different fatty acids (saturated and unsaturated), with low-intermediate HLB values
(sorbitan monopalmitate: 6.7, sorbitan monostearate: 4.7 and sorbitan monooleate:
4.3) on physical properties of film forming dispersions (particle size distribution,
C-potential, contact angle) and films (mechanical, optical, structural and barrier
properties) of corn starch-glycerol based blends. The effect of storage time on film

properties was also analyzed.

1.2. MATERIAL AND METHODS

1.2.1. Materials

Corn starch was obtained from Roquette (Roquette Laisa Espafia, Benifaio, Spain).
The glycerol and surfactants (sorbitan monopalmitate: span 40, sorbitan
monostearate: Span 60 and sorbitan monooleate: Span 80) were provided by

Panreac Quimica, S.A. (Castellar del Vallés, Barcelona, Spain).
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1.2.2. Preparation of film-forming dispersions (FFD)

Four different dispersions based on corn starch, glycerol and surfactant were
prepared by using starch:glycerol:surfactant ratios of 1:0.25:0.15. The
starch:surfactant ratio was chosen on the basis of previous studies (Jimenez et al.,
2012). Corn starch (1% wi/w in distilled water) was gelatinized in a thermostat-
controlled bath at 95 °C for 30 min. Then, the glycerol and the surfactants
(previously melted) were added and the mixtures were homogenized. The
homogenization was carried out under vacuum, to avoid bubble formation, by
using a venturi vacuum pump connected to the homogenization chamber. This step
was performed at 95 °C using a rotor-stator homogenizer (Ultraturrax T25, Janke
and Kunkel, Germany) for 1 min at 13,500 rpm and for 3 min at 20,500 rpm.
Melting temperature of surfactants are 46-47, 54-57 and 0.98 °C, respectively for
Span 40, Span 60 and Span 80. Therefore, they remain in liquid state during the
homogenization step, thus making their dispersion easy. Prior to the
characterization, FFD were cooled to 25 °C. Sample control (FFD-C) was
considered as a dispersion containing only starch and glycerol. FFD with
surfactants span 40, span 60 and span 80 were designated FFD-S40, FFD -S60 and
FFD-S80, respectively.

1.2.3. Characterization of the film-forming dispersions

1.2.3.1. Rheological behaviour

The rheological behaviour of FFD was analyzed in triplicate at 25 °C by means of
a rotational rheometer (Haake Rheostressl, Thermo Electric Corporation,
Germany), by using a coaxial cylinder sensor system (Z34DIN Ti). Rheological

curves were obtained after a sample resting time in the sensor of 5 min at 25 °C.
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The shear stress (o) was measured as a function of shear rate (7 ) from 0 to 512 s,

obtaining the up and down curves taking 5 min for each one.

1.2.3.2. Particle size, {-potential and surface tension measurements

The droplet size distribution, volume-length mean diameter (D,3) and volume-
surface mean diameter (Ds,) were determined in FFD, in triplicate, with a laser
light scattering instrument (Malvern Mastersizer, Malvern Instruments,
Worcestershire, U.K.). To obtain {-potential values, all FFD were diluted to a
droplet concentration of 0.02% using deionised water. {-Potential was determined
at 25 °C by mean of Zetasizer nano-Z (Malvern Instruments, Worcestershire, UK).
The Smoluchowsky mathematical model was used to convert the electrophoretic
mobility into {-potential values.

The surface tension was determined at 25 °C by means of the ring method using a
ring tensiometer (Mobil-K9 Tensiometer, Kruss GmbH, Hamburg, Germany) and a
platinum-iridium ring of 19.09 mm in diameter. Measurements were performed in

triplicate in each FFD.

1.2.3.3. Contact angle

Due to the potential application in multilayer packaging of these dispersions with
synthetic polymers, contact angle (0) was measured on the surface of polyethylene
terephthalate (PET) (Cubil S. L. Barcelona, Spain) polypropylene (PP) (Cubil S. L.
Barcelona, Spain) and polystyrene (PS) (Cubil S. L. Barcelona, Spain). The shape
of a sessile drop (0.01 ml) was studied after 10 s by means of a Video-Based
Contact Angle Meter model OCA 20 (DataPhysics Instruments GmbH, Filderstadt,
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Germany). Image analyses were carried out using SCA20 software. Ten replicates

were made per formulation.

1.2.4. Preparation and characterization of films

Films were obtained by casting method. The mass of the FFD containing 1 g of
total solids was spread evenly over a teflon casting plate of 15 cm diameter resting
on a level surface. Films were formed by drying for approximately 48h at 45% RH
and 20 °C. Dry films could be peeled intact from the casting surface and they were
conditioned for 1 and 5 weeks at 53% RH and 25°C depending on the analysis. RH
in the storage chamber was controlled by using an oversaturated solution of
Magnesium nitrate-6-hydrat (Panreac Quimica, S.A.). Films without surfactant
(control) are denominated F-C and films containing Span 40, Span 60 and Span 80,
FS-40, FS-60 and F-S80, respectively. Film thickness was measured with a Palmer
digital micrometer to the nearest 0.0025 mm at 4-6 random position, depending on
the analysis.

1.2.4.1. Scanning electron microscopy (SEM)

Microstructural analysis of the films was carried out by SEM using a scanning
electron microscope JEOL JSM-5410 (Japan). Film samples were maintained in a
desiccator with P,Os (Panreac Quimica, S.A.) for two weeks to ensure that water
was not present in the sample (theoretical relative humidity in desiccator 0).
Afterwards, films were frozen in liquid nitrogen and cryofractured to observe the
cross-section and surface of the samples. Films were fixed on copper stubs, gold

coated, and observed using an accelerating voltage of 10 kV.
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1.2.4.2. X-ray diffraction

X-ray diffraction patterns were recorded using an X-ray diffractometor (XRD,
Bruker AXS/D8 Advance). All the aged samples (equilibrated for five weeks at 25
°C and 53% RH) were analyzed between 26: 5° and 50°, using Ka Cu radiation (A:
1.542 A), 40 kV and 40 mA with a step size of 0.05°. For this analysis, samples
were cut into 4 cm squares, prior to storage, in order to avoid breakage during
handling. Span 40 and Span 60 reagents were also analyzed in order to identify

their characteristic

1.2.4.3. Atomic force microscopy (AFM)

The surface morphology of dried aged films (equilibrated in a desiccator with P,Os
for 1 week) was analyzed using an atomic force microscope (Multimode 8, Bruker
AXS, Santa Barbara, USA) with a NanoScope® V controller electronics.
Measurements were taken from several areas of the film surface (50 x 50 um and 5
X 5 um) using the Tapping mode. According to method ASME B46.1 (ASME,
1995), the following statistical parameters related with sample surface roughness
were calculated: average roughness (Ra: average of the absolute value of the height
deviations from a mean surface), root-mean-square roughness (Rq: root-mean-
square average of height deviations taken from the mean data plane), and factor of
roughness (r: ratio between the three-dimensional surface and two-dimensional
area projected onto the threshold plane). Three replicates were considered to obtain

these parameters.

Phase Imaging mode derived from Tapping Mode, that goes beyond topographical
data, was also applied. Phase imaging is the mapping of the phase lag between the
periodic signal that drives the cantilever and the oscillations of the cantilever.

Changes in the phase lag indicate changes in the properties of the sample surface in
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composition, adhesion, friction, viscoelasticity, and other properties, including

electric and magnetic.

1.2.4.4. Optical properties

The film transparency was determined by applying the Kubelka-Munk theory for
multiple scattering to the reflection spectra (Hutchings, 1999). The surface
reflectance spectra of the films were determined from 400 to 700 nm with a
spectrocolorimeter CM-3600d (Minolta Co., Tokyo, Japan) on both a white and a
black background. As the light passes through the film, it is partially absorbed and
scattered, which is quantified by the absorption (K) and the scattering (S)
coefficients. Internal transmittance (Ti) of the films was quantified using eq. (1.1).
In this equation Ry is the reflectance of the film on an ideal black background.
Parameters a and b were calculated by egs. (1.2) and (1.3), where R is the
reflectance of the sample layer backed by a known reflectance Ry. Measurements
were taken in triplicate for each sample on the free film surface. Wavelength of

450 nm was considered for analysis.

T, =/(@—R,)*-Db? (1.2)

2 9) (1.2)

b=+va*-1 (1.3)
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The gloss was measured on the free film surface, at 60° incidence angle, according
to the ASTM standard D523 method (ASTM, 1999), by means of a flat surface
gloss meter (Multi Gloss 268, Minolta, Germany). Measurements were taken in
triplicate for each sample and three films of each formulation were considered. All
results were expressed as gloss units, relative to a highly polished surface of black
glass standard with a value near to 100. Transparency and gloss measurements
were carried out with films conditioned for 1 week (initial time) and 5 weeks (final

time) in hermetic desiccators at 25 °C and 53% RH.

1.2.4.5. Moisture content

Films previously conditioned at 53% RH were dried for 24h at 60 °C in a natural
convection stove and subsequently placed in a desiccator with P,Os at 25 °C for 2
weeks. The reported results represent the mean values of at least three samples.

1.2.4.6. Water vapour permeability (WVP)

WVP measurements were carried out with films conditioned for 1 and 5 weeks in
hermetic desiccators at 25 °C and 53% RH. WVP of films was determined by using
the ASTM E96-95 (ASTM, 1995) gravimetric method, taking into account the
modification proposed by McHugh et al., 1993. Films were selected for WVP tests
based on the lack of physical defects. Distilled water was placed in Payne
permeability cups (3.5 cm diameter, Elcometer SPRL, Hermelle/s Argenteau,
Belgium) to expose the film to 100% RH on one side. Once the films were secured,
each cup was placed in a relative humidity equilibrated cabinet at 25 °C, with a fan
placed on the top of the cup in order to reduce resistance to water vapour transport,
thus avoiding the stagnant layer effect in this exposed side of the film. RH of the

cabinets (53%) was held constant using oversaturated solutions of magnesium
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nitrate-6-hydrate. The free film surface during film formation was exposed to the
lowest relative humidity to simulate the actual application of the films in high
water activity products when stored at intermediate relative humidity. The cups
were weighed periodically (0.0001 g) and water vapour transmission (WVTR) was
determined from the slope obtained from the regression analysis of weight loss data
versus time, once the steady state had been reached, divided by the film area. From
WVTR data, the vapour pressure on the film’s inner surface (p2) was obtained with
eq. (1.4), proposed by McHugh et al. (1993), to correct the effect of concentration

gradients established in the stagnant air gap inside the cup.

PDL, {P - pz}
WVTR = PP
= (1.4)
RTAz

where P, total pressure (atm); D, diffusivity of water through air at 25 °C (m2 /s);
R, gas law constant (82.057 x 10 m® atm kmol™ K™); T, absolute temperature (K);
Az, mean stagnant air gap height (m), considering the initial and final z value; p;,
water vapour pressure on the solution surface (atm); and p,, corrected water vapour
pressure on the film’s inner surface (atm). Water vapour permeance was calculated
using eg. (1.5) as a function of p, and ps (pressure on the film’s outer surface in the

cabinet).

WVTR
pz - p3

permeance =

(15)
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Permeability was obtained by multiplying the permeance by the average film

thickness.

1.2.4.7. Oxygen permeability (O,P)

The oxygen permeation rate of the corn starch films was determined at 53% RH
and 25 °C using an OX-TRAN Model 2/21 ML Mocon (Lippke, Neuwied,
Germany). Film samples were previously conditioned for 1 or 5 weeks at 25 °C and
53% RH by using magnesium nitrate-6-hydrate saturated solutions. Two samples
were placed in the equipment for analysis and they were conditioned in the cells for
6 h, then the transmission values were determined every 20 min until the
equilibrium was reached. The exposure area during the tests was 50 cm? for each
formulation. In order to obtain the oxygen permeability, film thickness was

considered in all cases. Measurements were carried out in triplicate.

1.2.4.8. Tensile properties

The mechanical behaviour of films was tested by using conditioned samples (1 or 5
weeks at 25 °C and 53% RH). A universal test Machine (TA.XTplus model, Stable
Micro Systems, Haslemere, England) was used to determine the tensile strength
(TS), elastic modulus (EM), and elongation (E) of the films, according to ASTM
standard method D882 (ASTM, 2001) EM, TS, and E were determined from the
stress-strain curves, estimated from force-distance data obtained for the different
films (2.5 cm wide and 10 cm long). Equilibrated samples were mounted in the
film-extension grips of the testing machine and stretched at 50 mm min™ until
breaking. The relative humidity of the environment was held at nearly 53% during
the tests, which were performed at 25 °C. At least seven replicates were obtained

from each sample.
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1.2.5. Statistical analysis

Statgraphics Plus for Windows 5.1 (Manugistics Corp., Rockville, MD) was used
to carry out statistical analyses of data through analysis of variance (ANOVA).

Fisher’s least significant difference (LSD) was used at the 95% confidence level.

1.3. RESULTS AND DISCUSSION
1.3.1. Properties of film forming dispersions

Figure 1.1 shows the particle size distribution for the film forming dispersions
containing corn starch and surfactants (Span 40, Span 60 and Span 80). The values
of mean diameters D3, and D43 are shown in Table 1.1. A similar distribution is
observed in all cases. Most of the volume fraction of the dispersed particles is
under 1 um in size, although there are large particles (over 10 um) in all cases that
greatly contribute to the average size. D,z values indicate that the particle size of
FFD-S80 was significantly smaller (p < 0.05) than those of FFD-S40 and FFD-S60
whereas no significant differences (p < 0.05) were observed between the particle
sizes of these last FFD.
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Figure 1.1.-Particle size distribution of film forming dispersions containing corn starch and
surfactants (Span 40, Span 60 and Span 80).
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Surfactants, as polar lipids, form different kind of molecular association
(association colloids) in aqueous systems, where the hydrocarbon chains are
oriented to minimize the contact with water molecules. These aggregates (micellar
structures) have different size and shape depending on their relative water affinity
(HLB) and the overall balance of molecular interactions which minimize the total
free energy of the system (Dickinson, 1992). Usually, the lower the water affinity
(HLB) the greater the aggregation number and so, the greater the particle size. In
this sense, it is remarkable that S80, with the lowest HLB, forms the smallest
particles which could be related with the double bond in the oleic acid chain, which
make the packing of molecules more difficult. This is also related with the liquid
state of this compound under room conditions, whereas S40 and S60 are solids
under the same conditions. There are a greater proportion of large particles in FFD-
S60 and FFD-S40, which may be associated with the formation of big aggregates
of the surfactant molecules (Villalobos et al., 2005) or even combined aggregates
of surfactants and starch polymer chains. Associations of helical amylose which
give rise to gel zones in the FFD could also be detected as particles in the
measurements. Surfactant molecules can also participate in these associations
through the formation of complexes with helical conformation of amylose
(Wokadala et al., 2012).

Table 1.1 shows the rheological behaviour, {-potential, surface tension and contact
angle with different polymer films (PET: Polyethylene terephthalate, PP:
polypropylene, PS: polystyrene) of FFDs containing corn starch and surfactants.
All film-forming dispersions showed similar rheological behaviour. At low shear
rates, Newtonian behaviour was observed, but from a determined shear rate, FFDs
exhibited shear thickening behaviour. No differences were observed between up

and down which means that no tixotropic effects occur during the fluid flow.
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Table 1.1 shows the Newtonian viscosity values in the first step and the shear rate
values where the change in behaviour occurs, which range between 130 and 173s™.
The shear thickening behaviour from a determined shear rate can be explained by
the induced orthokinetic flocculation of particles. Particle aggregates retain a part
of the continuous phase and this, together with the greater flow resistance of the
bigger aggregates, defines the higher shear stress-shear rate relationship or flow
resistance (Peker & Helvaci, 2007). Non-Newtonian behaviour has previously been
observed by other authors in starch dispersions and pastes (Zhong et al, 2009)
where the viscosity varied according to the shear rate applied. Table 1.1 shows that
the presence of surfactants caused a significant increase (p < 0.05) in the
Newtonian viscosity in all cases; the FFD-S40 dispersion exhibiting the highest
values. No significant differences were observed between the FFD-S60 and FFD-
S80 formulations despite their different particle sizes. This viscosity increase
provoked by the addition of surfactants is explained by the greater concentration of

dispersed/dissolved species in the aqueous media.

All dispersions had negative (-potential values with significant differences (p <
0.05) among formulations (Table 1.1). All FFDs containing surfactants showed
higher values of {-potential than that containing only starch. This can be due to the
promotion of the adsorption of negative ions on the polar heads of the surfactant
associations. Some authors (Ho & Ahmad, 1999; Hsu & Nacu, 2003) have reported
that at pH near 7, non-ionic surfactants attract OH" ions of the aqueous medium,
thus increasing the surface charge of the lipid associations while a pH decrease is
promoted. In Table 1.1, the lower pH of FFD-S60 and FFD-S80 can be observed,
while these FFDs also showed the highest surface charge. Variations in (-potential
could also be due to the different degree of hydrolysis in sorbitan esters, giving rise

to free fatty acids with ionisable groups.
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Table 1.1.-Mean particle size, rheological behaviour, (-potential, pH, surface tension and contact angle of the film forming
dispersions. . Mean values and standard deviation.

Particle Size \ Rheological behaviour 5 _ Surface Contact angle
C-potential

(mv) tension
Viscosity (Pa.s) | Shear rate (mN/m)
Dz (um) | 108 1yx
10 (s™)
T 1.83 131 -3.6 6.42 69.2 52 82 65
) ) . +0.022 +28 +0.8° +0.02% +0.8° +28 | 32| £0%
e 2.0 0.14 2.70 173 -15 6.44 438 64 85 66
: +0.8° +0.02° +0.02° +2° +2P +0.022 +0.5° £3% | +2b2 | 428
e 2.1 0.139 2.16 150.2 -26.9 6.20 48.0 63 88 67
: +0.6% +0.008%® +0.02° +0.2° +15° +0.02% +1.0° +4° | +4%2 | +0%
e 1.2 0.137 2.18 151.4 -29.3 6.06 41.9 57 81 67
: +0.6° +0.006° +0.07° +2.3° +1.4¢ +0.02° +0.5¢ £4° | £22 | £2%°

Different superscript letters within the same column indicate significant differences among formulations (p < 0.05). Different superscript numbers
within the same row indicate significant differences due to different polymer films (p < 0.05). (*) Limit of shear rate from which shear thickening
behaviour was observed.
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The C-potential is defined as the electrostatic potential in the layer of the particle
electrophoretic mobility and greatly affects the stability of the colloidal systems by
electrostatic forces (Ravina & Moramarco, 1993). Accordingly, the most stable
FFD would be FFD-S80 and FFD-S60 because the contribution of repulsive forces
between particles to the stability would be greater. However, it should be noted that
colloidal stabilization is the result of the interaction of numerous factors. In the
case of FFD, the particle charge may not be enough to ensure stability of the
dispersion because it is a complex system in which the hydrocolloid interactions
(amylose and amylopectin) also play an important role. In particular, the viscosity
of the continuous phase, which depends on the molecular interactions, greatly
affects the system stability. So, as FFD-S80 and FFD-S60 are less viscous,
destabilization phenomena during film drying could take place more easily,
promoting coalescence and creaming, despite their greater surface charge. Other
factors, such as the physical state of the lipid, may affect the coalescence
phenomena, this being inhibited in solid lipids.

Surface tension values showed significant differences (p < 0.05) among
formulations. The control dispersion (FFD-C) exhibited similar values to pure
water (72 mN/m at 25 °C), but, as expected, the presence of surfactants reduced the
surface tension of the dispersions to values below 47.6 mN/m at 25 °C. The surface
tension reduction in the FFDs is interesting from the point of view of their
application on a determined surface as coatings, since this favours their
extensibility during the product coating (Fernandez et al., 2006) and the possible

formation of multi-layer materials with other polymers (Chen et. al., 2010)

The contact angle values of FFD on the surface of different polymer films (PET:
Polyethylene terephthalate, PP: polypropylene, PS: polystyrene) are shown in
Table 1.1. Values lower than 90° indicate surface wettability and therefore greater

extensibility of the dispersion on the polymer. The polymer which was least
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wettable with the studied dispersions was PP, since the greatest contact angles were
obtained in this case (p < 0.05). PET had the lowest contact angles and therefore it
offers the best possibilities to be coated with the studied FFDs, for instance as
vehicles of active compounds, thus obtaining multi-layer films. Nevertheless, the
obtained values were dependent on the composition of the FFDs and it was
remarkable that the formulations without surfactant were those which showed the

greatest extensibility despite their higher surface tension.

1.3.2. Microstructure of the films

Films obtained had 50 + 5 um in thickness, regardless of the FFD composition.
The final structure of the film depends on both the interactions of film components
and the drying conditions of the film-forming dispersion and has a great impact on
the different film properties (Villalobos et al., 2005). The microstructural analysis
of the films gives relevant information about the arrangement of the components,
which, in turn, allows us to explain the differences in the barrier, mechanical or

optical properties of the films.

Figure 1.2 shows the SEM micrographs of the surface (left) and the cross-section
(right) of starch based films with and without surfactants, conditioned for one
week. Control films (F-C) showed an homogeneous structure, coherent with the
formation of a compact arrangement of polymer chains. The addition of surfactants
resulted in less homogeneous films whose differences can be observed in the cross-
section images. Films with surfactants showed a coarser cross section than the
control films, which suggests that polymer chain packaging was interrupted by
other structural elements present in the matrix. These elements may be free
surfactant particles, resulting from the micellar structure in the aqueous FFD and
surfactat particles of V-amylose inclusion complexes which produce discontinuities

of different magnitude in the amorphous continuous matrix, thus contributing to
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weaken the bond strength between the polymer chains in the amorphous matrix.
Interactions of polar lipids with V-amylose leads to complex formation, where the
helical conformation of amylose traps the hydrocarbon chains of lipids, as has been
previously described by other authors (Singh et al., 2002). V-amylose forms small
particles with size in the nano or micro scale, depending on medium conditions
(Lesmes et al., 2009). In F-S80, micro-droplets of span 80 (liquid at room
temperature) can be seen in the matrix, whereas no droplets can be observed for F-
S40 and F-S60, but finer no spherical formations. Lipid droplets also appear on the
F-S80 film surface, even larger than in the cross-section due to the coalescence and
creaming phenomena occurring in the drying step. Similar phenomena were
observed by other authors (Zhong & Li, 2011) in kudzu starch films. The presence
of droplets in F-S80 films is related with the liquid state of span 80 at room
temperature and reveals the no total integration of the lipid in the starch matrix, and
its separation in a dispersed liquid phase. Span 40 and span 60 seem also separated
(discontinuities in the matrix) but their solid state at room temperature did not
allow droplets formation, but crystalline or amorphous solid particles.

T

Figure 1.2.-SEM micrographs of surface and cross section of corn starch films with and without
surfactants (Span 40, Span 60 and Span 80).
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Figure 1.3 shows the phase imaging analysis obtained from the Tapping Mode
AFM for films conditioned for five weeks. The phase image is providing material
property contrast on the film surface since this technique is sensitive to variations
in composition, adhesion, friction, viscoelasticity, and other surface properties
(Baker et al., 2001). In control film (F-C), the image reveals the presence of lighter
zones which can be attributed to crystalline aggregates of helical amylose (Baker et
al., 2001).

F-S60 F-S80

Figure 1.3. -AFM phase imaging of corn starch films with and without surfactants (Span 40, Span 60
and Span 80).

In films containing span 40 the presence of lighter spots reveals the presence of
lipid particles on the film surface due to lipid coalescence and creaming during
film drying and subsequent solidification. The excess of lipid contributed to its

separation in the matrix and its migration to the film surface where solidifies,
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according to its high melting temperature (46-47 °C). In the case of span 60, no big
lipid formations were observed on the film surface probably due to its higher
melting temperature (54-57°C), which contribute to inhibit coalescence phenomena
during the film drying step, which also limits creaming, due to the restrictions in
the particle size growth. For the film containing span 80 (liquid at room
temperature, melting point: 0.98 °C) a great proportion of lipid formations can be
observed on the film surface, coherent with a high progress of the coalescence and
creaming phenomena during the film drying. The irregular shape of lipid droplets
reveals that they are droplet aggregates, whose surface is covered by a thin polymer

layer, which entraps them.

The melting properties and molecular characteristics of the surfactant had an
impact on the film structure and surface morphology which will affect the film
properties, mainly its mechanical and optical parameters.

Figure 1.4a shows X-ray diffraction (XRD) spectra of corn starch films with and
without surfactants, equilibrated at 25°C and 53% RH for 5 weeks. Generally, the
native starch crystallinity is types A and B, type C being an intermediate form
(Jiménez et al., 2013); crystalline V type could also be observed, corresponding to
the amylose helical associations, which are the result of the amylose complexation
with other substances, such as lipids (Jiménez et al., 2013). The addition of
surfactants affected the crystallization pattern of the films. Control film showed the
typical peaks of amylose V-type, with a peak of maximum intensity at 26 17° and
other peaks at 26 about 15° 20° and 22 ° (Lesmes et al., 2009). When surfactants
were added, two main peaks are shown at 20 about 13° and 20°, as has been
observed for V-type amylose hosting complexes with long chain fatty acids
(Lesmes et al., 2009). So, the XRD spectra reveal that surfactants in the film
induce the formation of complexes with amylose, as observed for other lipids.
Wokadala et al., (2012) reported peaks at 26 7.5°, 13° and 20°, attributable to V-
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type crystallinity as a result of the presence of amylose-lipid complexes in

hydrolyzed maize starch in the presence of stearic acid.
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Figure 1.4.-XRD spectra and angles (20 degrees) and intensity (cps'107%) of crystalline peaks of (a)
corn starch films with and without surfactants and (b) pure surfactants (Span 40 and Span 60).

By considering the XRD pattern of the pure surfactants (Figure 1.4b), where a very

sharp peak appears at 20 22°, in both cases, the non-crystalline forms of the non-

complexed (free) lipid in the films must be deduced, since at this angle no sharp

peak was observed in the film XRD diffraction spectra.

These results indicate that in the structure of surfactant-starch films, V-type

amylose complexes are formed with surfactant molecules giving rise to crystalline

aggregates, whereas the excess of lipid is not crystallized. These crystalline
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aggregates interrupt the starch matrix producing discontinuities in the same way as
the free surfactant molecules. In the case of span 80, free lipids are clearly
observable in the SEM micrographs as liquid droplets dispersed in the starch
matrix, with a high degree of lipid creaming on the film surface. Film F-S40
showed the lowest peak intensity in the XRD spectra, which suggests that V-type
crystalline forms were the smallest in size, which could have a positive effect on

the film properties.

1.3.3. Physical properties of films

Table 1.2 shows the optical properties (gloss at incidence angle of 60° and internal
transmittance at 450 nm) of corn starch films with and without surfactants,
conditioned for one and five weeks. The gloss values obtained were less than 35
units and, therefore, films can be considered of low gloss (Villalobos et al., 2005).
The addition of surfactants did not have a significant effect (p > 0.05) on the gloss
values as compared with the control formulation. In the case of F-S80, the gloss
significantly increased during the storage time, which did not occur in the other
cases. This increase can be attributed to a progressive migration of the liquid
droplets to the film surface, in line with the progressive chain aggregations and the
reduction of the matrix volume. The fluid lipid acted as a filler of the micro-pores
in the surface, thus reducing the apparent roughness and increasing the gloss. Table
1.2 shows the values of roughness parameters (R, Ry, and r) analyzed through AFM
in films stored for five weeks. No significant differences in the film roughness
were detected, except for F-S40 where higher values were obtained. Nevertheless,
this difference was not coherent with the gloss values, unlike that reported by other
authors (Villalobos et al., 2005). This can be due to the liquid state of span 80
which interferes with the cantilever signal in terms of the height of peaks on the

surface.
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All films were highly transparent, as deduced by the values of the internal
transmittance (Ti) in Table 1.2. This is associated with a greater homogeneity in
the film structure. The addition of surfactants resulted in a slight decrease of the
transparency with respect to the control film, in line with a more anisotropic
structure due to the formation of crystalline forms and the presence of dispersed
surfactants aggregates, with a different refractive index, which enhance light
scattering, as observed by Jimenez et al. (2012) in corn starch films containing

fatty acids.

Table 1.2.-Surface roughness parameters and optical properties (gloss and transparency) of
corn starch films with and without surfactants (Span 40, Span-60 and Span 80). Mean
values and standard deviation.

Surface roughness Gloss 60° T; (450 nm)
Ra (nm) | Rg (nm) Initial Initial
271 363 2.0 23 | 18 | 85.6 83.1
F-C EESEE +20° | £05% | +£581 | £490| 1029 | +02%
571 775 3.6 21 | 20 | 84.9 84.9
B 41760 | £104° | £02° | £2®| 16| £02° | +£0.2M
322 394 2.1 29 | 22 | 8362 | 84.69
B 152 | +707 | £07° | +£8" | +5%|+0.14% | +0.12%
F-ss0 EX 488 3.1 17 | 35 | 8253 | 8252
) +11° £20° | 20.9%° | +5% | +6%|+0.12%| +0.06%

Different superscript letters within the same column indicate significant differences among
formulations (p < 0.05). Different superscript numbers within the same row indicate significant
differences due to storage time (p < 0.05).

The F-S80 films showed a significantly (p < 0.05) lower Ti, which can be
attributed to the liquid droplet dispersion observed in the film microstructure.
During film storage, no notable changes in Ti could be observed, although control
films showed a slight decrease which could be attributed to the greater progress of
amylose crystallization, thus inducing a greater degree of anisotropy (Jimenez et
al., 2012).
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Table 1.3 shows the moisture content, water vapour permeability (WVP), oxygen
permeability (O,P) and mechanical properties of corn starch films, with and
without surfactants. The incorporation of surfactants greatly decreased the
equilibrium water content of the films, even if this is considered in the lipid free
basis (4.3, 4.9 and 5.4, respectively for the films with span 40, span 60 and span
80). This agrees with the changes in the packing of a part of the polymer chains
involved in the V-type crystalline forms complexing the lipids, which reduces the

water binding capacity of these chains.

The WVP was measured at a gradient of 53-100% RH. At one week of storage, the
addition of span 40 implied a significant (p < 0.05) reduction of WVP, although
this was not observed for films containing span 60 (without significant differences
with respect to the control) and span 80, where a significant increase was observed,
more markedly at 5 weeks’ storage. The improvement of the water vapour barrier
properties due to the addition of surfactants has been observed in different
matrices, such as tapioca starch with sucrose esters (Chen et al., 2009),
hydroxypropyl methylcellulose with span 60 and sucrose esters (Villalobos et al.,
2006) and kudzu starch and ascorbic acid based films with Tween 20 (Zhong & Li,
2011). The scarce effect of surfactants on WVP observed in these films, regardless
of their hydrophobicity, could be explained by the formation of crystalline
structures in all cases (even in control films) which could be a strong limitation

factor for transfer of water molecules.

In terms of WVP, the different behaviour induced by each of the three studied
surfactants must be related with the structural differences reached in the matrix for
each case. F-S40 showed the smallest V-type crystalline forms, as deduced from
RX spectra, which could imply a great increase in the tortuosity factor for mass

transfer in the matrix, thus reducing WVP.

100



CHAPTER 1

Table 1.3.- Moisture content (Xw: g water/g dry film) , water vapour permeability, oxygen permeability and mechanical properties
of corn starch films with and without surfactants (Span 40, Span 60, and Span 80). Mean values and standard deviation.

WVP (g-mm-KPat-h?-m?) | O,P - 10** (cm® m*.s*.Pa™) EM (MPa) TS (MPa) E (%)

& -0
F-540 INYSE
F-S60 i%%%%bc
=l oo

Initial
4.4
+0.6™

3.1
+0.5%

4.0
+0.3%

5.4
+0.2¢%

5.37
+0.07™

35
+0.3%

3.7
+0.2%

6.17
+0.15%

0.65
+0.02%

1.59
+0.02"

1.4
+0.2%

1.09
+0.14%*

0.46
+0.02%

1.55
+0.02¢

1.39
+0.14"

1.29
+0.03%

Initial
2115
+236%

991
+ 145

963
+ 2442

1388
+ 235"

2494
+ 148"

1454
+231%

1347
+151%

1447
+104%

24.3
+4.6%

105
+ l.8ab1

8.4
+1.2%

115
+1.9%

28.3
+ 2.9

10.2
+2.3%

9.8
+1.8%

11.8
+1.3%

Initial
2.5
+0.5%

2.2
+0.7%

1.3
+0.5%

1.2
+0.3%

2.3
+0.7™

0.8
+0.2%

0.9
+0.2%

1.0
+0.2%

Different superscript letters within the same column indicate significant differences among formulations (p < 0.05). Different superscript numbers
within the same row indicate significant differences due to storage time (p < 0.05)
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On the contrary, the increase in WVP provoked by the addition of span 80 could be
related with the greater size of crystalline complexes. Lesmes et al. (2009)
demonstrated that increased fatty acid unsaturation affects the microscopic and
nanoscopic arrangement of VV-amylose, and fatty acid unsaturation leads to bigger
and more disperse populations. This can suppose a more open structure where
water molecules could diffuse more easily. No significant differences (p < 0.05)
between WVP of the films stored for one and five weeks were observed, except for
F-S80 where WVP increased over time. This could be explained by the above
mentioned migration of the free liquid droplets of span 80 to the film surface,
leaving fewer hydrophobic areas or void nanopores in the matrix, which facilitate

transfer of water molecules.

Oxygen permeability values (Table 1.3) significantly (p < 0.05) increased when
surfactants were incorporated into the films, as usually happens when hydrophobic
components are added, since these substances are more permeable to gases due to
their greater chemical affinity and solubility (Miller & Krochta, 1997). The oxygen
permeability did not vary with the storage time, except in the control film, where it
decreased significantly (p < 0.05). This can be explained by the progressive
increase in the film crystallinity, as observed in previous works (Donhowe &
Fennema, 1993; Jimenez et al. 2012).

Table 1.3 shows the values of the parameters used to describe the mechanical
properties of starch based films at 25 °C and 53% RH: elastic modulus (EM),
tensile strength (TS) and elongation at break (E). In general, the addition of
surfactants caused the decrease of EM, TS and E, in agreement with the formation
of a more anisotropic structure with reduced cohesion forces. Similar results were
observed by Jimenez et al. (2012) in corn starch films when fatty acids were added.
Rodriguez, et al. (2006) also observed that the addition of surfactants in the

presence of glycerol causes a significant reduction in tensile strength and
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elongation at break with respect to the control formulation. TS and EM initial
values for F-S80 were significantly higher (p < 0.05) than for the other films with
surfactants, which showed very similar values. This indicates that bonding forces
in the matrix were more intense in the F-S80 films. Nevertheless, all films were
very short, especially F-S60 and F-S80, which showed the lowest deformation at
break, thus indicating the low capacity of the structural elements to slippage during
tensile test without structural failure. This can be attributed, in part, to the

formation of crystalline zones with low deformability.

1.4. CONCLUSIONS

Incorporation of span 40, 60 or 80 into the corn starch-glycerol film forming
dispersions led to different particle size distribution, zeta potential, viscosity and
extensibility on other films, depending on their hydrophobicity and melting
properties (related with the unsaturation in the fatty acid chain). These aspects
affected the final film microstructure and its surface morphology, since the
growing of the surfactant molecule aggregates during the film drying (loss of water
availability) occurred to a different extent, depending on the dispersion stability.
When the surfactant melting temperature was the highest (span 60), creaming of
surfactants in the film surface was not observed and the size of the final lipid
aggregates in the film were lower. Likewise, the size of the type-V crystalline
amylose complexes was smaller for the surfactant with the highest HLB value with
saturated fatty acid (span 40). This contributed to decrease the WVP values with
respect to surfactant-free film. Nevertheless, films containing surfactants were less
hard, resistant and extensible than surfactant-free films, but they did not notably
affect the film gloss and transparency. The use of surfactants in film formulation
can be useful to incorporate non-polar bioactive compounds in the aqueous film

forming dispersions. In this sense, the obtained results allow us to recommend
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saturated fatty acid compounds with higher melting temperature to ensure a finer

microstructure in the final film which favour water barrier efficiency.
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PROPERTIES OF STARCH-HYDROXYPROPYL METHYLCELLULOSE
BASED FILMS OBTAINED BY COMPRESSION MOULDING

Rodrigo Ortega-Toro, Alberto Jiménez, Pau Talens, & Amparo Chiralt

Carbohydrate Polymers, 109, 155-165 (2014)

Corn starch-glycerol (1:0.3) films, containing or not citric acid (1g/100 g starch)
and HPMC (10 and 20 g/100g starch), are obtained by compression moulding. The
microstructure of the films, the thermal behaviour, the X-Ray diffraction spectra
and the physical properties (mechanical, barrier and optical) were analysed after 1
and 5 storage weeks at 25°C and 53% relative humidity. The bonded citric acid and
film solubility were also determined. Starch-HPMC blend films showed a
dispersed phase of HPMC in a continuous, starch-rich phase with lower glass
transition than HPMC-free films. The addition of citric acid also provoked a
decrease in glass transition in line with the partial hydrolysis of starch chains. Both
components implied a decrease in the water vapour permeability while the oxygen
permeability slightly increased. Although citric acid only provoked a small
hardening effect in the films, it greatly decreased their extensibility (weak cross-
linking effect), which seems to increase during film storage. Starch crystallization

during storage was inhibited by both citric acid and HPMC.
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2.1. INTRODUCTION

Society’s awareness of the importance of both environmental conservation and
green technologies, and the growing environmental contamination caused by
synthetic polymers based on petroleum, have led to an increased interest in
developing environmentally friendly materials, such as biodegradable polymers
based on polysaccharides. In the development of biodegradable materials, starch is
the most promising of the polysaccharide polymers, due to its low cost, great
processability, and abundance (Yoon et al., 2006; Ghanbarzadeh et al., 2011).
Starch films exhibit some good properties, such as high barrier to oxygen, carbon
dioxide and lipids. However, poor water vapour permeability and mechanical
properties, and the recrystallization during storage, are limitations of this material
(Kester & Fennema, 1986; Arik Kibar & Us, 2013).

The deficiencies in the properties of starch films can be improved by different
methods. The phenomenon of the recrystallization of starch films could be solved
by combining starch with other polymers, as has been proven by other authors
(Funami et al., 2005; Jiménez et al., 2012a). Hydroxypropyl methylcellulose
(HPMC) is a cellulose-derived polymer commonly used for obtaining edible,
biodegradable films (Albert & Mittal, 2002; Villalobos et al., 2006; Sanchez-
Gonzélez, et al., 2009) with good availability and processability (Fahs et al., 2010;
Jiménez et al., 2012a) which have excellent film-forming properties (Villalobos et
al., 2006). Compared to other polymers, HPMC films have great mechanical
strength, (Jiménez et al., 2010; 2012a) but limited barrier properties. In this sense,
Jiménez et al. (2012a) observed that the oxygen permeability of HPMC films
obtained by casting was approximately 100 times higher than cornstarch films,

while the water barrier properties are similar for films made from both polymers.

Nevertheless, the thermal stability of HPMC films means that they can be

thermally processed using industrial equipment, and previous studies (Jiménez et
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al., 2012a) revealed inhibition of starch crystallization when blend films were
obtained by casting the aqueous dispersions, the films showing a more amorphous
character. So, HPMC-starch blends could be used to obtain thermally processed
films with interesting properties, although phase separation in corn starch-HPMC
films obtained by casting has been observed by scanning electron microscopy
(Jiménez et al., 2012a), with the films exhibiting a starch-rich phase and a HPMC-

rich phase in what is practically a bi-layer film.

The poor compatibility of these polymers can be limited by the incorporation of
compatibilizer compounds, which promotes the esterification of the starch -OH
groups. For this purpose, cross-linking agents, such as phosphorus oxychloride,
sodium trimetaphosphate, sodium tripolyphosphate, epichlorohydrin, and 1,2,3,4-
diepoxybutane, were used (Seker & Hanna, 2006; Reddy & Yang, 2010). These
substances are relatively toxic and expensive (Reddy & Yang, 2010), so their use
in food packaging is not recommendable. However, using polycarboxylic acids as
cross-linking agents is a good alternative. This is especially so in the case of citric
acid, a low cost organic acid widely used in the food industry, that acts as a cross-
linking agent due to the presence of several carboxyl groups in its molecular
structure (Ghanbarzadeh et al., 2010). These groups can react with the hydroxyl
groups of starch molecules through the formation of esters. According to Reddy &
Yang (2010), the esterification reaction using polycarboxylic acids occur with the
polymer hydroxyl groups, at high temperatures (about 160 °C), through the
formation of anhydride groups (Yang et al., 1997). This interaction can decrease
the retrogradation and recrystallization of starch during storage time
(Ghanbarzadeh et al., 2011). The compatibilizer effect of the citric acid in the
starch-polymer blends, as well as an improvement in the properties of starch films,
have been reported in several studies (Yu et al., 2005; Shi et al., 2008; Ma et al.,
2009; Reddy & Yang, 2010; Ghanbarzadeh et al., 2010; 2011). The most
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promising results derived from the addition of citric acid to the polymeric matrix
are the increase in thermal stability and the improvement in the barrier properties
(Yu et al., 2005; Reddy & Yang, 2010).

The aim of this work was to study the effect of citric acid addition on the structural
and physical properties of corn starch films obtained by compression moulding,
combined with different ratios of HPMC, using glycerol as plasticizer. The effect

of storage time on the film properties was also analyzed.

2.2. MATERIALS AND METHODS

2.2.1. Materials

Corn starch was obtained from Roquette (Roquette Laisa Spain, Benifai, Spain).
Its moisture content was 10% w/w and amylose percentage was 14%. Glycerol was
purchased from Panreac Quimica, S.A. (Castellar del Vallés, Barcelona, Spain).
Hydroxypropyl methylcellulose (HPMC) and citric acid (CA) were provided by
Fluka (Sigma—Aldrich Chemie, Steinheim, Germany).

2.2.2. Film preparation

Native starch and glycerol, as plasticizer, were dispersed in water. HPMC was
hydrated in cold water (5% w/w) under continuous stirring. The HPMC dispersion
and the aqueous mixture of starch and glycerol were mixed in different ratios to
obtain two blends with 1:0.1 and 1:0.2 starch:HPMC ratios. The polymer:glycerol
ratio was 1:0.3. CA was mixed to obtain four blends with and without CA; a
constant starch:CA ratio of 1:0.01 was used in every case. Blends of starch-

glycerol and starch-glycerol-citric acid, in the previously described ratios, were
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studied as control formulations. The abbreviations used for the studied
formulations were: SG: starch-glycerol; CA: citric acid; H10: 10g HPMC/100 g
starch; H20: 20g HPMC/100 g starch.

The formulations were hot-mixed on a two-roll mill (Model LRM-M-100, Labtech
Engineering, Thailand) at 160 °C and 8 rpm for 20 minutes. A visual good
miscibility of HPMC, CA and starch was obtained. A trowel was used during
mixing to smoothly spread the material on the rolls. The paste sheet formed was
removed from the mill and conditioned at 25 °C and 53% Relative Humidity (RH),
using a Mg(NOs), saturated solutions (Panreac Quimica, SA, Castellar del Valles,

Barcelona, Spain), for 48 hours.

Afterwards, films were obtained by compression moulding (Model LP20, Labtech
Engineering, Thailand). Four grams of the pre-conditioned paste were put onto
steel sheets and pre-heated on the heating unit for about 5 min. Compression
moulding was performed at 160°C for 2 minutes at a pressure of 30 bars, followed
by 6 minutes at 130 bars; thereafter, the cooling cycle was applied for 3 minutes.
The films were conditioned at 25°C and 53% RH for 1 week for the initial time

characterization and for 5 weeks for the final time characterization.

2.2.3. Film characterization

2.2.3.1. Film thickness

A Palmer digital micrometer was used to measure film thickness to the nearest

0.0025 mm at six random positions around the film.
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2.2.3.2. Scanning electron microscopy (SEM)

The microstructural analysis of the cross-sections and surface of the films was
carried out by means of a scanning electron microscope (JEOL JSM-5410, Japan).
The film samples were maintained in desiccators with P,Os for two weeks to
guarantee that water was not present in the sample and observations were taken in

duplicate for each film sample and in two films per formulation.

Film pieces, 0.5 cm? in size, were cryofractured from films and fixed on copper

stubs, gold coated, and observed using an accelerating voltage of 10 kV.

2.2.3.3. X-ray diffraction

A diffractometer (XRD, Bruker AXS/D8 Advance) was used to record the X-ray
diffraction patterns. All the samples (equilibrated for one and five weeks at 25 °C
and at 53% RH) were analyzed at 25 °C and 53% RH, between 26 = 5° and 26 =
30° using Ka Cu radiation (A: 1.542 A), 40 kV and 40 mA with a step size of 0.05°.
For this analysis, samples were cut into 4 cm squares. Pure citric acid was also

analyzed, so as to identify its characteristic peaks.

2.2.3.4. Atomic force microscopy (AFM)

Samples equilibrated for five weeks at 25 °C and 0% RH, using P,Os saturated
solutions (Panreac Quimica, SA, Castellar del Valles, Barcelona, Spain), were
used. The surface morphology of the films was analyzed using an atomic force
microscope (Multimode 8, Bruker AXS, Santa Barbara, USA) with NanoScope® V
controller electronics. Measurements were taken from several areas of the film
surface (20 um?) using the PeakForce QNM mode. Method ASME B46.1 (ASME,

1995) was used to calculate the following statistical parameters related with sample
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roughness: average roughness (Ra: average of the absolute value of the height
deviations from a mean surface), root-mean-square roughness (Rqg: root-mean-
square average of height deviations taken from the mean data plane), and factor of
roughness (r: ratio between the three-dimensional surface and two-dimensional
area projected onto the threshold plane). The DMT modulus, derived from the Peak
Force QNM Mode, was also applied to obtain the surface maps showing the
heterogeneities present in the surface properties. Three replicates were considered

for each sample.

2.2.3.5. Optical properties

The Kubelka-Munk theory for multiple scattering was applied to the reflection
spectra to determine the film’s transparency (Hutchings, 1999). The surface
reflectance spectra were determined from 400 to 700 nm using a spectro-
colorimeter CM- 3600d (Minolta Co., Tokyo, Japan) on both a white and a black
background. As the light passes through the film, it is partially absorbed and
scattered, which is quantified by the absorption (K) and the scattering (S)
coefficients. The internal transmittance (Ti) of the films was determined using eq.
(1). In this equation, Ry is the reflectance of the film on an ideal black background.
Parameters a and b were calculated by means of egs. (2) and (3), where R is the
reflectance of the sample layer backed by a known reflectance, Rg. Three replicates
were used for each sample on the free film surface. For the purposes of the

analysis, a wavelength of 450 nm was considered.

T, = /(@ — Ry)? — b2 2.1)

114



CHAPTER 2

1

= (R +_§2:5i5£)

RoRg

a (2.2)

b=vaZz—1 (2.3)

The gloss was determined on the free film surface, at a 60° incidence angle by
means of a flat surface gloss meter (Multi Gloss 268, Minolta, Germany),
following the ASTM standard D523 method (ASTM, 1999). The measurements of
each sample were taken in triplicate and three films were measured from each
formulation. The results were expressed as gloss units (GU), relative to a highly
polished surface of black glass standard with a value near to 100 GU.

2.2.3.6._ Moisture content

The films that had been previously conditioned at 53% RH were dried for 24h at 60
°C (J.P. Selecta, S.A. Barcelona, Spain) and placed in a desiccator with P,Os
(Panreac Quimica, S.A. Castellar Vallés, Barcelona) adjusting them to 0% RH and

25 °C for 2 weeks. The reported results represent the average of three samples.

2.2.3.7. Water vapour permeability (WVP)

The WVP of films was determined by means of the ASTM E96-95 (ASTM, 1995)
gravimetric method, taking the modification proposed by McHugh et al. (1993)
into account. Distilled water was placed in Payne permeability cups (3.5 cm
diameter, Elcometer SPRL, Hermelle/s Argenteau, Belgium) to expose the film to
100% RH on one side. Once the films were secured, each cup was placed in a

relative humidity equilibrated cabinet at 25 °C, with a fan placed on the top of the
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cup in order to reduce resistance to water vapour transport, thus avoiding the
stagnant layer effect in this exposed side of the film. The RH of the cabinets (53%)
was held constant using oversaturated solutions of magnesium nitrate-6-hydrate.
The cups were weighed periodically (0.0001 g) and water vapour transmission
(WVTR) was determined from the slope obtained from the regression analysis of
weight loss data versus time, once the steady state had been reached, divided by the
film area. From WVTR data, the vapour pressure on the film’s inner surface (p2)
was obtained using eq. (4), proposed by McHugh et al. (1993), to correct the effect

of concentration gradients.

WVTR = P DLy [P—p, \P—p1] (24)
RT-Az

where P, total pressure (atm); D, diffusivity of water through air at 25 °C (m2 /s);
R, gas law constant (82.057 x 10 m® atm kmol™ K™); T, absolute temperature (K);
Az, mean stagnant air gap height (m), considering the initial and final z value; py,
water vapour pressure on the solution surface (atm); and p,, corrected water vapour
pressure on the film’s inner surface (atm). Water vapour permeance was calculated
using eq. (5) as a function of p, and p; (pressure on the film’s outer surface in the

cabinet).

WVTR
P2—DP3

ermeance = 2.5)
p (

Permeability was calculated by multiplying the permeance by film thickness.
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2.2.3.8._Oxygen permeability (O,P)

The oxygen permeation rate of the films was determined at 53% RH and 25 °C
using an OX-TRAN (Model 2/21 ML Mocon Lippke, Neuwied, Germany). The
samples were conditioned at the relative humidity level of the test in a desiccator
using magnesium nitrate-6-hydrate saturated solutions. Three samples were placed
in the equipment for analysis, and the transmission values were determined every
20 min until equilibrium was reached. The exposure area during the tests was 50
cm? for each sample. To obtain the oxygen permeability, the film thickness was

considered in every case.

2.2.3.9. Tensile properties

A universal test Machine (TA.XTplus model, Stable Micro Systems, Haslemere,
England) was used to determine the tensile strength (TS), elastic modulus (EM),
and elongation (E) of the films, following ASTM standard method D882 (ASTM,
2001). EM, TS, and E were determined from the stress-strain curves, estimated
from force-distance data obtained for the different films (2.5 cm wide and 5 cm
long). Equilibrated samples were mounted in the film-extension grips of the testing
machine and stretched at 50 mm min™ until breaking. The relative humidity of the
environment was held constant, at approximately 53% during the tests, which were

performed at 25 °C. At least ten replicates were obtained from each sample.

2.2.3.10. Film solubility and bonded citric acid

Film solubility was determined by keeping the sample in bidistilled water at a film:
water ratio of 1:10, for 48h. Three replicates were made for each formulation. After
48h, the film samples were transferred to a convection oven (J.P. Selecta, S.A.,

Barcelona, Spain) for 24 h at 60 °C to remove the free water and afterwards
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transferred to a desiccator with P,Os at 25 °C for 2 weeks to complete film drying.
Film water solubility was estimated from its initial and final weights. The water
solution was used to determine the bonded citric acid in the film. Free citric acid
was assumed to dissolve in the aqueous phase and was determined by titration of
an aliquot of the solution with NaOH (0.1 N), using phenolphthalein as indicator.

Three replicates were considered for each formulation.

2.2.3.11. Thermal properties

A Differential Scanning Calorimeter (DSC 1 Star® System, Mettler-Toledo Inc.,
Switzerland) was used to analyze the thermal properties. Weighted amounts of
samples were placed into aluminum pans and sealed and drilled to promote the
bonded moisture loss during heating. The curves were obtained using a double
scan. First, a scan from 0 °C to 160 °C at 50 °C/min was used where the bonded
water in the film was eliminated. Then the temperature was lowered to 0 °C at the
same speed, and finally heated to 160 °C at 20 °C / min (in this scan, starch glass
transition was analyzed). The initial and final weights of the pans were registered

to assess water loss during the first heating.

2.2.3.12. Statistical analysis

Statgraphics Plus for Windows 5.1 (Manugistics Corp., Rockville, MD) was used
to carry out statistical analyses of data through an analysis of variance (ANOVA).

Fisher’s least significant difference (LSD) was used at the 95% confidence level.
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2.3. RESULTS

2.3.1. Film thickness, water solubility and bonded citric acid.

Constant compression moulding conditions were maintained during processing in
order to submit all the formulations to a similar thermomechanical treatment. In
agreement with the different composition, the differing response of the samples to
the same treatment can be estimated by the film thickness. The values of this

parameter obtained for every formulation are shown in Table 2.1.

Table 2.1.-Thickness, film solubility (g solubilised film/g initial dried film) and bonded
citric acid (ratio with respect to the amount in the film) of the films equilibrated at 53%
relative humidity and 25 °C and the glass transition temperature (onset: Ty, and midpoint:
Tym ) Of dried films.

Thickness | Film solubility | Bonded citric

Films (um) (**) (a/g) acid (*)

HPMCG 113 +2°
SG 268 + 28° 0.19 +£0.07% 111+2° 125 + 4°

SG-CA 217 + 22% 0.35+0.03° 0.80 +0.03 106 + 2° 119 + 2
SG-H10 257 + 19° 0.15 £ 0.02° 105 # 2° 114 £ 7%
SG-H10-CA [ZEENkS 0.32 £ 0.06° 0.83 £ 0.04% 85+5° 100 + 3¢
SG-H20 204 + 18° 0.18 £0.02° 94 + 2° 112 + 3¢
SIeRzVINo/ 158 + 13° 0.31+0.05° 0.89 + 0.09% 85+2° 105 + 9°

(*) At 5 storage weeks; (**) At initial time, without significant differences with respect to the final
time. Different superscript letters within the same column indicate significant differences among
formulations (p < 0.05).

As can be observed, the film thickness decreases when HPMC was incorporated

into the film (from 268 pm to 204 pm). This phenomenon is related with the

increase in the blend flowability when HPMC is present in the blend, which is
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probably related with the decrease in the glass transition of the blend commented
on below. The addition of citric acid also contributed to the decrease in the film
thickness, thus indicating the promotion of the blend’s flowability. Due to its cross-
linking effect, citric acid has not only been reported to be a compatibilizer of
biopolymers (Reddy & Yang, 2010; Olivatto et al., 2012; Menzel et al., 2013) but
also a plasticizer in its free form (Ghanbarzadeh et al., 2011). Thus, this organic
acid can have a relevant impact on the rheological behaviour of blends during

compression, which affects the final film thickness.

Table 2.1 also shows the solubility of the studied films in water at initial time.
Values at final time (5 weeks) were not included due to the fact that no significant
differences were found with respect to the initial values. The results show that the
addition of citric acid is a key factor in terms of the integrity of films submitted to
water action. Films containing citric acid showed higher solubility (0.31-0.35g/g)
than citric acid-free films (0.15-0.19g/g). These results seem contradictory since
the cross-linking activity of citric acid is related with an increase in the
hydrophobicity as a result of the formation of ester groups. Nevertheless, the
addition of citric acid is also related with a decrease in the pH values, which may
give rise to a partial hydrolysis of glucosidic linkage (Olsson et al., 2013). In this
way, the values of bonded citric acid in films at 5 weeks of storage time (Table 2.1)
are relevant since an important amount of citric acid remains free to contribute to
the pH decrease. The contents of bonded citric acid ranged from 80 % (SG-CA) to
89% (SG-H20-CA) with respect to the total amount present in the film, there being
no significant differences (p > 0.05) between samples. This indicates that this
component partially reacts with the —OH groups of the polymer chains, although

about 15% of the added amount is free in the matrix and could act as plasticizer.
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2.3.2. Film microstructure

Figures 2.1a and b show SEM micrographs of the cross sections of films,
containing (Figure 2.1b) or not (Figure 2.1a) citric acid, conditioned at 25 °C and
53% RH for 1 (initial time) or 5 weeks (final time). At the initial time, the control
formulations (SGi and SG-CAI) exhibited a homogeneous structure with some
cracks which are related with the more brittle nature of this formulation under the
observation conditions. The low water content and the electron beam in the
microscopy chamber provoked the formation of these microcracks, as observed

previously for other starch films (Jiménez et al., 2012b).

= wmm LS s

T

Figure 2.1.-SEM micrographs of the cross sections of films without (a) and with (b) citric acid after 1
(i: Initial time) and 5 (f: Final time) weeks of storage at 53% relative humidity and 25 °C.

The addition of HPMC gave rise to a two-phase structure in which this

polysaccharide constitutes the dispersed phase embedded in a starch continuous
phase, which can be observed both at initial and final storage times. The
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incompatibility of HPMC and starch has previously been observed in films
obtained by casting (Jiménez et al., 2012a). Phase separation has also been
reported in other polysaccharide blends such as potato maltodextrin in admixture
with locust bean gum, gum arabic and carboxymethyl cellulose, and starch—
chitosan blend films (Annable et al., 1994; Mathew & Abraham, 2008). The
different behaviour of continuous and dispersed phases in response to cryofracture
is remarkable. Whereas a very hard, rigid matrix can be deduced for the starch
continuous phase, HPMC particles can be inferred to be more rubbery and soft in
nature, and, in some cases, they appeared greatly deformable (sample SG-H20-
CAf).

Citric acid addition did not contribute to avoid the formation of microcracks as can
be observed in Figure 2.1b (SG-CAI), despite its plasticizing effect on the matrix
(Yu et al., 2005) as deduced from the film thickness values. In HPMC-containing
films, citric acid addition did not significantly affect their microstructural
appearance in comparison with acid-free films and the HPMC dispersed phase was
also observed in films. Nevertheless, a small increase in the polymer miscibility

could be promoted, without notably affecting the visible film microstructure.

The effect of storage time on the film microstructure is also shown in Figure 2.1.
Starch-glycerol films, containing or not citric acid (SGf, SG-CATf), show the
extensive formation of crystalline zones, as revealed by the irregular, layered
fracture surface, which point to the growth of the crystalline regions. This was
especially notable for CA- free starch films whereas wider amorphous regions are
still observable for starch films containing CA. In this case, the advance of the
crystalline front from the film surface to the inner part of the film can be observed,
probably due to the easier water uptake from the environment and the subsequent
increase in the molecular mobility. The greater advance of these crystalline

structures in citric acid-free films suggests that, despite its apparent plasticizing
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effect, this organic acid contributes to partially inhibit starch recrystallization as
mentioned by other authors (Shi et al., 2007). The possible starch depolymerization

provoked by acid hydrolysis could also affect the crystallization advance.

In HPMC-containing films, crystalline regions are not observed to the same extent
as in starch films and, although HPMC appears in a dispersed phase, its partial
miscibility in starch matrix may also contribute to inhibit starch crystallization as
observed by Jiménez et al. (2012a) for HPMC-corn starch films obtained by

casting.

The peak force quantitative nano-mechanical mapping AFM-based method is a
good tool with which to analyse the nanostructure of biopolymer based films. This
tool allows us to measure the Young modulus of the film at each point on its
surface. Figure 2.2 shows the results obtained for studied films stored for 1 week
and 5 weeks under controlled conditions. Raw data were converted into 2D images
and their scale is expressed as DMT modulus.

20GPa 50GPa 35GPa

10GPa 1.0GPa 10GPa

00 DMTModulus  20.0 ym

b| 30GP2 25GPa N 50GPa

10GPa § 1.0GPa 1.0GPa

& SG-H10f
DMTHodulus  20.0 pm

306Pa 50GPa | . socra # socPa

1.0GPa 1.0 GPa

SG-H20-GAi

00 DMTModulus  20.0 pm

SGHID-GAF

00 DMThodulus  20.0 pm

00 DMTModulus ~ 20.0 m 00 DMTModulus ~ 20.0 pm

Figure 2.2.-AFM images (force mode) of films without (a) and with (b) citric acid after 1 (i: Initial
time) and 5 weeks (f: Final time) of storage at 53% relative humidity and 25 °C.
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At initial time, films show a more homogeneous Young’s modulus (up to 3.5 GPa),
since no drastic changes are observed in the surface maps. Citric acid addition
implied an increase in the surface modulus in agreement with the cross-linking
effect, which is less marked in films containing HPMC. Likewise, the modulus
values significantly increased with storage time (up to 15 GPa in HPMC-free films
with citric acid), in part due to the progress of recrystallization phenomena. In
HPMC-free samples, a greater increase was observed in line with a greater ratio of
crystallinity, as observed by SEM. This increase was especially marked when these
samples contained citric acid (SG-CAf), probably due to the combined effect of the
cross-linking, which could progress throughout time. In samples with HPMC, more
heterogeneous values of surface modulus were obtained, probably due to the fact
that crystal growth was inhibited in areas near to HPMC zones.

2.3.3. X-ray diffraction

X-ray diffraction patterns obtained for both films stored for 1 week and those aged
for 5 weeks are presented in Figure 2.3. Obtained patterns correspond with the
formation of V-type structures, resulting from the formation of complexes of
helical amylose forms with substances such as aliphatic fatty acids, surfactants,
emulsifiers, alcohols, glycerol or dimethyl sulfoxide (Fama et al., 2005). This type
of conformation may be formed when endogenous lipids form complexes within
the amylose helices (Gelders et al., 2004). These patterns have previously been
observed by other authors for starch or amylose with peaks at 26 ~7, 14 and 20°
(Fama et al., 2005; Chen et al., 2009; Lesmes et al., 2009). Nevertheless, the
addition of citric acid or HPMC to the starch films promoted the formation of
polymorphs since the intensity of peaks at 20 7° and 21° is enhanced, whereas the
intensity at 20 20° decreased in most of the samples stored for 1 week. In general,

the intensity of the peaks increased for stored samples thus indicating the growth in
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the crystal size, which was especially marked for control film (SG), as observed by
SEM (Figure 2.1). Nevertheless, most of the crystalline regions for the rest of the
films seem to be formed during the compression and cooling, when the molecular
mobility is still high (Rindlav-Westling et al., 1998; Standing et al., 2001).
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Figure 2.3.-X-Ray diffraction patterns of films without (a) and with (b) citric acid after 1 (i: Initial
time) and 5 weeks (f: Final time) of storage at 53% relative humidity and 25 °C.

When citric acid was added, the surface modulus obtained by peak force
guantitative nano-mechanical mapping significantly increased, as mentioned
above. Nevertheless, this change is not only attributable to a greater increase in
crystallinity, as deduced from X-R diffraction patterns at initial and final storage

times. So, the cross-linking progress or rearrangement of crystals and components
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throughout storage can be inferred for this sample. In this sense, Reddy & Yang
(2010) suggested that some of the amorphous regions of citric-acid cross-linked
starch films may be better oriented after cross-linking, thus affecting the film
mechanical behaviour. In this sense, SG-CA film presented a sharp peak at 26 21°
at initial time whose intensity decreased with storage, whereas the intensity of the
20 20° peaks increased. This confirms the reorganization of components and the

final formation of other polymorph crystals.

Regarding the effect of HPMC addition, it seems that this component is able to
limit the starch recrystallization, since no significant changes in intensity are
observed in XRD spectra after 5 storage weeks. Nevertheless, as observed for SG-
CA film, the relative intensity of some peaks increased or decreased due to the
molecular rearrangement and the formation of other polymorphic structures closer
to that of starch films. Although HPMC is a totally amorphous polymer (Cai et al.,
2011; Jiménez et al., 2012a), starch films containing HPMC were semicrystalline,
as observed in Figure 2.3. Jiménez et al. (2012a) obtained starch-HPMC films and
analysed, by wide angle X-ray diffraction, their crystallinity. This was lower as the
HPMC content increased, the films being almost totally amorphous when the
HPMC content was 50%.

Figure 2.4 shows the X-ray diffraction pattern of pure citric acid in which the main
peaks are at 20 14°, 17°, 19°, 24°, 26° and 29°. These are not found in the obtained
films, which indicates that no crystalline citric acid is formed during film drying,
even when it is non-bonded to the polymers. Similar results are obtained by (Shi et

al., 2007), which point to its dispersion in the polymeric matrix at molecular level.
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Figure 2.4.-XRD patterns of pure citric acid.

2.3.4. Glass transition of films

DSC analysis of the films allows us to know the possible changes in the glass
transition of components due to their interactions in the matrix. In principle, two
glass transitions are expected according to the two phases (continuous-starch and
dispersed-HPMC phases) observed by SEM. Different authors have also reported
the presence of two different glass transitions due to the phase separation of
plasticizer at high water activity, where water-polymer interactions predominate
over plasticizer-polymer ones (Debeaufort & Voilley, 1997; Jiménez et al., 2013).
Glass transition values of dry films are shown in Table 2.1, together with the value
of HPMC with the same ratio of glycerol as that present in the films. Figure 2.5
shows the obtained thermograms for the different samples in the range of glass
transitions. The value for HPMC-glycerol blends was slightly lower than that
obtained for starch-glycerol films (113 compared to 125 °C at the midpoint). In the
blend films, only one glass transition was clearly observed, which was attributed to
the starch phase which represents the greatest proportion of the film. The relatively
low ratio of HPMC in the film makes the observation of its glass transition
difficult. Nevertheless, the T, value of the starch phase changed when citric acid or
HPMC were added to the film. Citric acid incorporation supposed a decrease of

about 5 °C in Tg, which can be attributed to the plasticizing effect of the free citric
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acid in the matrix and/or to the degree of starch depolymerization provoked by
citric acid, as deduced from the film solubility values, which reduces the overall

molecular weight of the polymers.
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Figure 2.5.-Thermograms of dry films and HPMC-glycerol sample, showing glass transition
(midpoint marked with arrow).

Different authors (Menzel et al., 2013) report this effect of citric acid in starch
systems when it was added as a cross-linking agent. Although an anti-plasticizing
effect could be expected from cross-linking due to the associated decrease in the

molecular mobility (Yu et al., 2005), the overlapped hydrolysis effect masks it.

When HPMC was incorporated in the film without citric acid, a decrease in the T,
of about 10 °C was also observed, which indicates that a partial miscibility of both
polymers occurs in the blend with a T, value nearer to that of HPMC. When both,
citric acid and HPMC, are present in the film, T, value ranged between 100-105 °C,
reflecting both the plasticizing effect of citric acid and the mixing effect of HPMC.
So, phase separation between starch and HPMC was not total as deduced from
these results and the continuous phase is a starch-rich phase containing glycerol,

free citric acid and HPMC molecules. Both free citric acid and glycerol could also

128



CHAPTER 2

be present in the HPMC dispersed phase since their chemical structures are

compatible.

The decrease in the T, provoked by both components explains the higher
flowability of the blends shown during compression-moulding, commented on

above.

2.3.5. Mechanical properties

Figure 2.6 shows the stress-Hencky strain curves obtained for the films studied,
conditioned at 25 °C and 53% RH for 1 week. The SG film was the most resistant
and flexible, while the addition of HPMC brought about a slight reduction to the
film resistance to break and to the elongation at break: the higher the HPMC
content, the less resistant the film. This can be attributed to the presence of a
dispersed phase in the starch matrix (as observed in Figure 2.1) which leads to a
loss in the cohesion forces in the film. In this sense, a greater dispersed phase ratio
lowers the cohesion forces and then the film resistance to break. The addition of
citric acid had a great impact on the film stretchability, since elongation at break
was reduced by up to 60% (from 28% to 11%). The shortening of the films caused
by the citric acid is coherent with the cross-linking effect, since the slippage of
polymer chains during the tensile test is limited by their strong inter-chain bonds.
Nevertheless, the elastic modulus only slightly increases after the addition of citric
acid, this increase only being significant in the sample with 20% HPMC. Similar
behaviour was observed for the tensile strength at break. These results seem to
indicate that inter-chain bonding did not progress enough, as observed by other
authors for higher contents of citric acid (Reddy & Yang, 2010), and that HPMC
chains seem to participate in the cross-linking reactions, probably through the

hydroxy-propyl group which can be more readily available for reaction.
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Figure 6.-Typical stress-strain curves of the different films after 1 week of storage.

Figure 2.7 also shows the values of the mechanical parameters of the films after 5
storage weeks. For every formulation, the elongation at break significantly
decreases while the elastic modulus and the tensile strength increase. There are
different mechanisms responsible for this behaviour. On the one hand, starch tends
to recrystallize over time, as commented on above, which explains the observed
behaviour of the formulation without HPMC or citric acid (Mali et al., 2006).
Apart from crystallization, the progressive aggregation of polymer chains
throughout time has been observed for starch films and starch dispersions
(Rindlav-Westling et al., 1998; Funami et al., 2005; Jiménez et al., 2012a) which
provokes an increase in the matrix compactness and the subsequent changes in the

tensile response.

The cross linking effect of citric acid could also be extended throughout time, thus
contributing to the changes in the mechanical properties. In this sense, the sample
with the highest elastic modulus and lowest stretchability after 5 storage weeks is
the one that contains the highest ratio of HPMC and citric acid, which also points

to the fact that HPMC chains participate in the citric acid cross-linking action. This
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phenomenon would be associated with the non-bonded citric acid (11-20%,
according to Table 2.1) that remains free after film formation and which is able to

react with the hydroxyl groups of polymers during storage
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Figure 2.7.-Mean values of elastic modulus and stress and strain at break for the different films stored
for 1 (black bars) and 5 (grey bars) weeks at 53% relative humidity and 25 °C. LSD intervals (95%
confidence level) for each mean value are shown.
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2.3.6. Barrier properties

One of the main features to take into account when biodegradable polymers are
used for packaging application is their ability to avoid mass transfer mechanisms.
In this way, a good barrier against aroma, water vapour and gases is generally
desired. Table 2.2 shows the values of water vapour, oxygen permeability and

water content for films conditioned for 1 week and those aged for 5 weeks.

Table 2.2.-Mean values and standard deviation of water content (Xw: g water/g dry film),
water vapour and oxygen permeabilities of the different films after 1 (Initial time) and 5
(Final time) weeks of storage at 53% relative humidity and 25 °C.

Initial Initial Initial

0.062 0.079 18.1 16 13
SG +£0.0022 | +0.004% +1.4% T <DL | 105
0.059 0.076 12 15.6 2.6 2.81
SG-CA +0.002% | +0.002%2 + 20 +1.2% +05% | +0.04%
0.056 0.075 13 14 14 25
SG-H10 +0.004" | +0.0022 + 20 + 20 +0.3% | +05
0.054 0.073 11 11 2.2 40
SICERNIEOZN 0003 | +0.002%2 + 20 + 20 £02% | +1.0?
0.055 0.071 12.0 11.0 41 5.1
SG-H20 +0.002% | +0.003% +1.1% +1.20 +1.0% | +09%
0.054 0.070 9.1 10.1 5.0 6.0
SG-H20-CA g SR RNyl B +04% | £12% | +09%

D.L.: 0.1 cm®(m?day). Different superscript letters within the same column indicate significant
differences among formulations (p < 0.05). Different superscript numbers within the same row
indicate significant differences due to storage time (p < 0.05).

At initial time, the water vapour permeability values were significantly reduced by
HPMC and the addition of citric acid, exhibiting the lowest value when both citric
acid and the highest HPMC ratio were present in the film. Ghanbarzadeh et al.
(2011) also found that the addition of citric acid reduced WVP when the

concentrations ranged between 5 and 20%. They explained this effect in terms of
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the substitution of hydroxyl groups (-OH) by hydrophobic esters and by the fact
that citric acid introduced a tortuous path for water molecules to pass through the
films due to the cross linking effect. These authors also found that another cellulose
derivative (carboxymethylcellulose) was effective at reducing the WVP and related
this phenomenon with the fact that carboxymethylcellulose is less hydrophilic than
starch (Ma et al., 2008). Nevertheless, HPMC has been reported to produce worse
water vapour barriers (Jiménez et al., 2010; 2012a). Thus, the positive effect of
HPMC on the water vapour barrier of the studied films may be due to its

cooperative effect on the cross-linking effect, as previously commented on.

Storing the films for 5 weeks had no effect on the WVP values, regardless of the
film composition, despite the fact that a significant increase (p < 0.05) in the film
moisture content occurred during storage. A similar result was reported by Jiménez
et al. (2012c) for starch-glycerol films. They found a significant increase in the
film’s moisture content after 5 storage weeks, at the same time as they became
more brittle, as observed in the present work. In this sense, it is remarkable that the
formation of crystalline regions implies a gain in water content, since a great
amount of water molecules are bonded to the crystalline conformations (Rindlav et
al., 1997). So, the water gain of the films could be associated with the water
bonded to the crystalline regions which did not contribute to the plasticization of

the amorphous matrix and therefore, did not affect the barrier properties.

As regards oxygen permeability, SG was the least permeable film, mainly at initial
time when the equipment was not able to take measurements due to the very low
guantity of oxygen molecules that passed through the film. Different studies have
pointed out the very good oxygen barrier properties of starch compared with other
polymers (Miller & Krochta, 1997; Jiménez et al., 2012ab). The addition of HPMC
significantly increased (p < 0.05) the oxygen permeability as previously observed

by Jiménez et al., 2012a, which coincides with the higher oxygen permeability of
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this polymer. Storage time did not affect the oxygen barrier properties, unlike what

occurred with the water vapour barrier.

2.3.7. Optical properties

Optical properties are relevant when a polymeric matrix is tested as a packaging
material. Ghanbarzadeh et al. (2010) commented that film colour can be an
important factor in terms of the consumer acceptance of both edible and inedible
films. In the same sense, Hutchings (1999) explained that the most outstanding
optical properties with which to evaluate the impact on the appearance and colour
of coated products are opacity and gloss. Table 2.3 shows the gloss values
(measured at 60°) and internal transmittance values (at 450 nm) for films stored for
1 or 5 weeks at 25 °C and 53% RH. The gloss values were very low for every
formulation (between 10.2 GU to 12 GU), regardless of the film composition and
the storage time. Higher gloss values have been found for both pure HPMC
(Jiménez et al., 2010) and starch-glycerol films (Jiménez et al., 2012c) obtained by
casting. Nevertheless, for starch films blended with other polymers, such as
chitosan (Bonilla et al., 2013) or HPMC (Jiménez et al., 2012a), similar gloss
values are reported. Film gloss is directly related with the surface topography,
which can be determined by atomic force microscopy. The corresponding surface
roughness parameters for the obtained films are shown in Table 2.3, where neither
a different composition nor a varying storage time led to there being any significant

differences in the parameters.

Table 2.3 also includes the values of internal transmittance (Ti) for films after 1
and 5 storage weeks. High values of internal transmittance are associated with
highly transparent films. On the contrary, more opaque films correspond with low

values of internal transmittance. The Ti values ranged from 74 to 81 and were
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dependent on the formulation, but were not significantly affected by the storage
time.

Table 2.3.-Mean values and standard deviation of surface roughness parameters and optical
properties of the different films after 1 (Initial time) and 5 (Final time) weeks of storage at
53% relative humidity and 25 °C.

Surface roughness Gloss 60° (GU) T; (450 nm)

Formulation Rg (nm) | Rg (nm) | r (%6)

initial initial Initial Initial

. 115 77.0 76.9

SG + 3L +64% | +10% | £052 | £057 | £0.4%2 | +1.1® | +05%
206 302 25 2 11.0 12.0 80.9 82.0

SG-CA + 72! £70" | £02% | £05% | +05™ | £1.0% | +05% | £1.1¢
319 272 2.1 2.0 11.1 11.0 75 75.4

SG-H10 + 1473 +760 | 04 | 1087 | £12" | £11% | +05% | +£05™
233 214 2.2 1.3 10.2 121 78.2 79.0

SG-H10-CA pEits +83 | +08" | £03" | £03% | £1.0° | 02 | +0.3"
169 214 1.2 21 10.9 115 74.0 74.1

SG-H20 +43M +20% | £02° | £1.0% | £0.9% | £05% | +09% | +0.9™
232 228 2.1 2.0 106 111 76.0 77.0

SG-H20-CA v +23% +09% | +0.9% | +05° | +1.2% | +11° | +11¢

Different superscript letters within the same column indicate significant differences among
formulations (p < 0.05). Different superscript numbers within the same row indicate significant
differences due to storage time (p < 0.05).

Considering these results, all of the films can be considered quite transparent. It is
remarkable that, whereas the incorporation of citric acid promotes a slight increase
in transparency, HPMC slightly increases film opacity, in agreement with the
appearance of a dispersed phase which enhances light scattering. The effect of
citric acid is opposite to that observed by Olivatto et al., (2012) for starch-PBAT
films obtained by reactive extrusion with citric acid, where a significant increase in
opacity is observed. These authors related the cross-linking activity of the acid with
a higher polymeric chain compaction, which modifies the refractive index and
hinders the passage of the light through the matrix. The relatively low ratio of citric

acid (1% with respect to starch) in the films and the commented depolymerisation
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effect, which gives rise to a less compact matrix, can explain the different

behaviour

2.4. CONCLUSIONS

Corn starch films containing HPMC (10 and 20%, with respect to starch) obtained
by compression moulding showed a dispersed phase of HPMC in a continuous
starch-rich phase with a lower glass transition than HPMC-free films. The addition
of citric acid as a compatibilizer also provoked a decrease in glass transition in line
with a depolymerisation effect brought about by acid hydrolysis. Both components
implied a decrease in the water vapour permeability but a slight increase in oxygen
permeability. Although citric acid provoked a mild hardening effect in the films, it
greatly decreased extensibility pointing to a weak cross-linking effect, which seems
to increase during film storage to a greater extent in films with the highest ratio of
HPMC. Starch crystallization was slightly modified by both components which
induce the formation of other polymorphs mainly at initial time (1 storage week).
Starch crystallization during storage was inhibited by both citric acid and HPMC.
A greater ratio of citric acid could be interesting as a means of promoting both a

more significant cross-linking effect and greater HPMC compatibility with starch.

2.5. REFERENCES

Albert, S., & Mittal, G. S. (2002). Comparative evaluation of edible coatings to reduce fat
uptake in a deep-fried cereal product. Food Research International, 35(2), 445-458.

Annable, P., Fitton, M. G., Harris, B., Philips, G. O., & Williams, P. A. (1994). Phase
behaviour and rheology of mixed polymer systems containing starch. Food
Hydrocolloids, 8(4), 351-359.

136



CHAPTER 2

Arik Kibar, E. A., & Us, F. (2013). Thermal, mechanical and water adsorption properties of
corn starch—carboxymethylcellulose/methylcellulose biodegradable films. Journal of
Food Engineering, 114(1), 123-131.

American Society for Testing and Materials, ASTM E96-95. Standard test methods for
water vapor transmission of materials. In annual book of ASTM. Philadelphia; 1995.

American Society for Testing and Materials, ASTM D523. Standard test method for
specular gloss. In annual book of ASTM. Philadelphia; 1999.

American Society for Testing and Materials, ASTM D882. Standard test method for tensile
properties of thin plastic sheeting. In annual book of ASTM. Philadelphia; 2001.

American Society of Mechanical Engineers, ASME B46.1. Surface texture: Surface
roughness, waviness and lay. New York; 1995.

Bonilla, J., Talon, E., Atarés, L., Vargas, M., & Chiralt, A. (2013). Effect of the
incorporation of antioxidants on physicochemical and antioxidant properties of wheat
starch-chitosan films. Journal of Food Engineering, 118(3), 271-278.

Chen, C., Kuo, W., & Lai, L. (2009). Rheological and physical characterization of film-
forming solutions and edible films from tapioca starch/decolorized hsian-tsao leaf gum.
Food Hydrocolloids, 23(8), 2132-2140.

Debeaufort, F., & Voilley, A. (1997). Methylcellulose-based edible films and coatings: 2.
Mechanical and thermal properties as a function of plasticizer content. Journal of
Agricultural and Food Chemistry, 45, 685-689.

Fama, L., Rojas, A., Goyanes, S., & Gerschenson, L. (2005). Mechanical properties of
tapioca-starch edible films containing sorbates. LWT-Food Science and Technology,
38(6), 631-639.

Fahs, A., Brogly, M., Bistac, S., & Schmitt, M. (2010). Hydroxypropyl methylcellulose
(HPMC) formulated films: Relevance to adhesion and friction surface properties.
Carbohydrate Polymers, 80(1), 105-114.

Funami, T., Kataoka, Y., Omoto, T., Goto, Y., Asai, |., & Nishinari, K. (2005). Effects of
non-ionic polysaccharides on the gelatinization and retrogradation behavior of wheat
starch. Food Hydrocolloids, 19(1), 1-13.

Gelders, G. G., Vanderstukken, T. C., Goesaert, H., & Delcour, J. A. (2004). Amylose-lipid
complexation: a new fractionation method. Carbohydrate Polymers, 56(4), 447-458.

Ghanbarzadeh, B,. Almasi, H., & Entezami, A. A. (2010). Physical properties of edible
modified starch/carboxymethyl cellulose films. Innovative Food Science & Emerging
Technologies, 11(4), 697-702.

Ghanbarzadeh, B,. Almasi, H., & Entezami, A. A. (2011). Improving the barrier and
mechanical properties of corn starch-based edible films: Effect of citric acid and
carboxymethyl cellulose. Industrial Crops and Products, 33(1), 229-235.

137



CHAPTER 2

Hutchings, J. B. (1999). Food color and appearance. (2nd ed.). Gaithersburg, Maryland,
USA: Aspen Publishers, Inc.

Jiménez, A., Fabra, M,J., Talens, P., & Chiralt, A. (2010). Effect of lipid self-association on
the microstructure and physical properties of hydroxypropyl-methylcellulose edible
films containing fatty acids. Carbohydrate Polymers, 82(3), 585-593.

Jiménez, A., Fabra, M. J., Talens, P., & Chiralt, A. (2012a). Influence of
hydroxypropylmethylcellulose addition and homogenization conditions on properties
and ageing of corn starch based films. Carbohydrate Polymers, 89(2), 676— 686.

Jiménez, A., Fabra, M. J., Talens, P., & Chiralt, A. (2012b). Effect of sodium caseinate on
properties and ageing behaviour of corn starch based films. Food Hydrocolloids, 29(2),
265-271.

Jiménez, A., Fabra, M. J.,, Talens, P., & Chiralt, A. (2012c). Effect of re-crystallization on
tensile, optical and water vapour barrier properties of corn starch films containing fatty
acids. Food Hydrocolloids, 26(1), 302-310.

Jiménez, A., Fabra, M. J., Talens, P., & Chiralt, A. (2013). Phase transitions in starch based
films containing fatty acids. Effect on water sorption and mechanical behaviour. Food
Hydrocolloids, 30 (1), 408-418.

Kester, J., & Fennema, O. (1986). Edible films and coatings: A review. Food Technology,
40, 47-59.

Kou, W., Cai, C., Xu, S., Wang, H., Liu, J., Yang, D., & Zhang, T. (2011). In vitro and in
vivo evaluation of novel immediate release carbamazepine tablets: Complexation with
hydroxypropyl-p-cyclodextrin in the presence of HPMC. International Journal of
Pharmaceutics, 409(1-2), 75-80.

Lesmes, U., Cohen, S. H., Shener, Y., & Shimoni, E. (2009). Effects of long chain fatty
acid unsaturation on the structure and controlled release properties of amylose
complexes. Food Hydrocolloids, 23(3), 667-675.

Ma, X., Chang, P. R, & Yu, J. (2008). Properties of biodegradable thermoplastic pea
starch/carboxymethyl cellulose and pea starch/microcrystalline cellulose composites.
Carbolydrate Polymers, 72(3), 369-375.

Ma, X., Chang, P. R, Yu, J., & Stumborg, M. (2009). Properties of biodegradable citric
acid-modified granular starch/thermoplastic pea starch composites. Carbohydrate
Polymers, 75(1), 1-8.

Mathew, S., & Abraham, T. E. (2008). Characterisation of ferulic acid incorporated starch-
chitosan blend films. Food Hydrocolloids, 22(5), 826-835.

McHugh, T. H., Avena-Bustillos, R., & Krochta, J. M. (1993). Hydrophobic edible films:
Modified procedure for water vapour permeability and explanation of thickness effects.
Journal of Food Science, 58(4), 899-903.

138



CHAPTER 2

Menzel, C., Olsson, E., Plivelic, T. S., Andersson, R., Johansson, C., Kuktaite, R.,
Jarnstrém, L., & Koch, K. (2013). Molecular structure of citric acid cross-linked starch
films. Carbohydrate Polymers, 96(1), 270-276.

Miller, K. S., & Krochta, J. M. (1997). Oxygen and aroma barrier properties of edible
films: A review. Trends in Food Science & Technology, 8(7), 228-237.

Olivato, J. B., Grossmann, M. V. E., Yamashita, F., Eiras, D., & Pessan, L. A. (2012).
Citric acid and maleic anhydre as compatibilizers in starch/poly(butylene adipate-co-
terephthalate) blends by one-step reactive extrusion. Carbohydrate Polymers, 87(4),
2614-2618.

Olsson, E., Menzel, C., Johansson, C., Andersson, R., Koch, K., & Jarnstrom, L. (2013).
The effect on pH on hydrolysis, cross-linking and barrier properties of starch barriers
containing citric acid. Carbohydrate Polymers, 98(2), 1505-1513.

Reddy, N., & Yang, Y. (2010). Citric acid cross-linking of starch films. Food Chemistry,
118(3), 702-711.

Rindlav, A., Hulleman, S. H. D., & Gatenholm, P. (1997). Formation of starch films with
varying crystallinity. Carbohydrate Polymers, 34(1-2), 25-30.

Rindlav-Westling, A., Stading, M., Hermansson, A. M., & Gatenholm, P. (1998). Structure,
mechanical and barrier properties of amylose and amylopectin films. Carbohydrate
Polymers, 36(2-3), 217-224.

Sanchez-Gonzélez, L., Vargas, M., Gonzalez-Martinez, C., Chiralt, A., & Chafer, M.
(2009). Characterization of edible films based on hydroxypropylmethylcellulose and tea
tree essential oil. Food Hydrocolloids, 23(8), 2102-2109.

Seker, M., & Hanna, M. A. (2006). Sodium hydroxide and trimetaphosphate levels affect
properties of starch extrudates. Industrial Crops and Products, 23(3), 249-255.

Shi, R., Zhang, Z., Liu, Q., Han, Y., Zhang, L., Chen, D., & Tian, W. (2007).
Characterization of citric acid/glycerol co-plasticized thermoplastic starch prepared by
melt blending. Carbohydrate Polymers, 69(4), 748-755.

Shi, R., Bi, J., Zhang, Z., Zhu, A., Chen, D., Zhou, X., Zhang, L., & Tian, W. (2008). The
effect of citric acid on the structural properties and cytotoxicity of the polyvinyl
alcohol/starch films when molding at high temperature. Carbohydrate Polymers, 74(4),
763-770.

Stading, M., Rindlav-Westling, A., & Gatenholm, P. (2001). Humidity-induced structural
transitions in amylose and amylopectin films. Carbohydrate Polymers, 45 (3), 209-217.

Villalobos, R., Hernandez-Mufioz, P., & Chiralt, A. (2006). Effect of surfactants on water
sorption and barrier properties of hydroxypropyl methylcellulose films. Food
Hydrocolloids, 20(4), 502-5009.

Yang, C. Q., Wang, X., & Kang I. (1997). Ester cross-linking of cotton fabric by polymeric
carboxylic acids and citric acid. Textile Research Journal, 67(5): 334-342.

139


http://www.sciencedirect.com/science/journal/01448617
http://www.sciencedirect.com/science/journal/01448617/34/1
http://www.sciencedirect.com/science/journal/01448617
http://www.sciencedirect.com/science/journal/01448617
http://www.sciencedirect.com/science/journal/01448617/36/2
http://www.sciencedirect.com/science/journal/01448617
http://www.sciencedirect.com/science/journal/01448617/45/3

CHAPTER 2

Yoon, S.-D., Chough, S.-H., & Park, H.-R. (2006). Properties of starch-based blend films
using citric acid as additive. Il. Journal of Applied Polymer Science, 100(3), 2554—
2560.

Yu, J., Wang, N., & Ma, X. (2005). The effects of citric acid on the properties of
thermoplastic starch plascitized by glycerol. Starch—Starke, 57(10), 494-504.

140



CHAPTER 3

PHYSICAL AND STRUCTURAL PROPERTIES AND THERMAL
BEHAVIOUR OF STARCH-POLY (e~CAPROLACTONE)
BLEND FILMS FOR FOOD PACKAGING

Rodrigo Ortega-Toro, Jessica Contreras, Pau Talens, & Amparo Chiralt

Food Packaging and Shelf Life, doi:10.1016/j.fpsl.2015.04.001

Structural and physical properties (barrier, mechanical, and optical properties) and
thermal behaviour of corn starch-PCL blend films, containing glycerol as
plasticizer, obtained by compression moulding, at 160°C and 130 bars, were
studied. The stability on the films’ properties was also evaluated. Blend films
showed phase separation of the polymers in a heterogeneous matrix with starch
rich regions and PCL rich regions. Nevertheless, a small miscibility of PCL in the
starch phase was detected trough the shift in the glass transition temperature of the
starch phase, which leads to a partial inhibition of amylose crystallization during
film formation and storage. The lack of interfacial adhesion of PCL and starch
phases promoted films’ fragility and reduced stretchability, although elastic
modulus of the films with small PCL ratios increased. Water barrier properties of
starch films were improved as the PCL increased in the blend, but oxygen
permeability increased. Due to the food compatibility of this polymer blends
(without any toxic compound) these could be an interesting alternative for food

packaging, where some drawbacks of starch films has been overcome.
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3.1. INTRODUCTION

In the last decade, there has been growing interest in the development of
biodegradable materials for applications in packaging technology, medicine or
agriculture in order to mitigate the problems caused by non-biodegradable
petroleum-derived plastics (Hubackova et al., 2013). In this sense, starch is a
promising polymer because it is abundant, cheap and renewable (Lourdin, Valle, &
Colonna, 1995). Although starch shows a high capacity to form homogeneous
films with excellent oxygen barrier properties, they exhibit some drawbacks, such
as poor mechanical properties, and high water vapour sensitivity which leads to
high water vapour permeability (Averous & Boquillon, 2004; Ghanbarzadeh et al.,
2011), and retrogradation. This consists of a slow recoiling of gelatinized amylose
and amylopectin molecules which back into their native helical arrangements or
into a new single helix conformation. The retrogradation is undesirable as it
increases crystallinity and reduces film elongation over time. In order to improve
the starch film properties, blends with other components, such as plasticizers,
cross-linking agents or other polymers have been studied. Glycerol can be added as
a plasticizer to enhance the mechanical properties of the film, increasing the
flexibility (Vieira et al., 2011).

The addition of other thermoplastic polymers to form blend starch films can
modulate the films’ properties in order to improve their functionality. Of the
commercially available biodegradable polymeric materials, blends based on
thermoplastic starch (TPS) and hydrophobic synthetic polymers, such as aliphatic

polyesters, could offer adequate solutions (Di Franco et al., 2004).

PCL is aliphatic polyester obtained by chemical synthesis from crude oil. PCL-
based films have good water resistance. It is a thermoplastic, biodegradable,
biocompatible and semi-crystalline polymer that has a very low glass transition

temperature (~-60°C) (Cao et al., 2008). It also has a low melting point (58-60 °C),
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low viscosity, and is easily processable (Flieger et al., 2003). PCL can be blended
with other polymers to improve stress crack resistance, dyeability and adhesion and
has been used in combination with polymers such as cellulose propionate, cellulose
acetate butyrate, polylactic acid and polylactic acid-co-glycolic acid (Woodruff &
Hutmacher, 2010; Takala et al., 2013).

Properties of PCL-starch blends have been analysed by several authors for different
applications. Averous et al. (2000), studied the mechanical properties, the thermal
and thermo-mechanical behaviour and the hydrophobicity of wheat TPS-PCL
materials blended by extrusion and injection moulded, containing different ratios of
TPS and PCL (up to 40 wt.%). They found a phase separation of polymers due to
their incompatibility, although thermal transitions of each polymer suffered minor
shifts in the characteristic temperatures. The hydrophobicity of the blends
considerably increased as compared with TPS. Rosa et al. (2004) also analysed the
properties of PCL blends with different ratios of gelatinized and non-gelatinized
corn starch. They observed that the melt flow index increased when the PCL ratio
increased in the blend, while PCL reduced the water sorption capacity of the

materials. A decrease in the crystallinity of PCL in the blends was also observed.

On the basis of previous studies, and despite the polymer incompatibility, PCL-
starch blends could offer properties that are of interest for the development of
biodegradable packaging materials for food products where some drawbacks of
starch films, such as their highly hydrophilic nature, poor water barrier properties
and retrogradation phenomena could be overcome, while no potentially toxic
compounds are present in the film formulation, which is crucial for food packaging
applications (Duguesne et al., 2001). Likewise, biodegradability of starch-PCL
blends has been reported by Sawada (1994) and Yang & Wu (1999). These authors

found a reduction of the PCL degradation time when it is blended with starch.
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The aim of this work was to characterize the structural and physical properties
(barrier, mechanical, and optical properties) and thermal behaviour of corn starch-
PCL blend films, with a wide range of polymers’ ratios, obtained by compression
moulding. The stability during storage time on the films’ properties was also

evaluated.

3.2. MATERIALS AND METHODS

3.2.1. Materials

Corn starch was purchased from Roquette (Roquette Laisa Spain, Benifaio, Spain).
Glycerol was obtained from Panreac Quimica, S.A. (Castellar del Vallés,
Barcelona, Spain). Polycaprolactone (pellets ~3 mm, average M, 80.000 Da,
impurities <1.0% water) was provided by Fluka (Sigma—Aldrich Chemie,
Steinheim, Germany). P,Os and Mg(NOs), were obtained from Panreac Quimica,
S.A. (Castellar Vallés, Barcelona).

3.2.2. Film processing

Native starch and glycerol were dispersed in water. The starch:glycerol ratio (w/w)
was 1:0.3, which was established on the basis of previous studies (Ortega-Toro et
al., 2014) PCL was dispersed in the aqueous slurry of starch and glycerol
containing 0.5 g water/g starch at different ratios to obtain four blends with 80:20,
60:40, 40:60, 20:80 starch:PCL ratios (w/w). Mass fraction of every formulation is
shown in Table 3.1. The blends were named S80, S60, S40 and S20, respectively.

Starch-glycerol (S) and pure PCL films were used as controls.
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The formulations were gradually mixed on a two-roll mill (Model LRM-M-100,
Labtech Engineering, Thailand) at 160 °C and 8 rpm for 30 minutes until a
homogeneous paste sheet was obtained. The obtained paste sheets were
conditioned at 25 °C and 53% relative humidity (RH) for 48 hours before

compression moulding.

The films were obtained by compression moulding (Model LP20, Labtech
Engineering, Thailand). Four grams of the paste were put onto steel sheets and
preheated on the heating unit for 5 min. Films were obtained by compressing at
160 °C for 2 minutes at 30 bars, followed by 6 minutes at 130 bars; thereafter a
cooling cycle was applied for 3 minutes. The obtained films were conditioned at 25
°C and 53% RH for 1 and 5 weeks for their characterization.

3.2.3. Film characterization

3.2.3.1. Film thickness, moisture content and solubility in water

The film thickness was measured with a Palmer digital micrometer at six random
positions around the film. Regarding moisture content, the films were conditioned
at 53% RH and dried for 24 h at 60 °C using a convection oven (J.P. Selecta, S.A.
Barcelona, Spain) and placed in a desiccator at 25 °C with P,Os for 2 weeks. This

assay was performed in triplicate.

The solubility in water was determined holding the sample in bi-distilled water for
48 h, considering a film:water ratio of 1:10. Afterwards, the samples were
transferred to a convection oven (J.P. Selecta, S.A., Barcelona, Spain) for 24 h at
60 °C to remove free water and then were transferred to a desiccator with P,Os at

25 °C for 2 weeks till constant weight. Solubility in water was obtained from the
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initial and final weights of the films. Three samples were used for each

formulation.

3.2.3.2. Water Vapour Permeability (WVP) y Oxygen Permeability (O,P)

The ASTM E96-95 (ASTM, 1995) gravimetric method was used for determining
the WVP of the films. The modification proposed by McHugh, Avena-Bustillos, &
Krochta (1993) was considered. Distilled water was placed in Payne permeability
cups (3.5 cm diameter, Elcometer SPRL, Hermelle/s Argenteau, Belgium) to
expose the film to 100% RH on one side. Each cup was placed in a cabinet
equilibrated at 25 °C and 53% RH, with a fan placed on the top of the cup in order
to reduce the resistance to water vapour transport, thus avoiding the stagnant layer
effect in this exposed side of the film. The relative humidity of the cabinet (53%)
was held constant using Mg(NQ3), oversaturated solutions. The cups were weighed
periodically (0.0001 g) and the water vapour transmission (WVTR) was
determined from the slope obtained from the regression analysis of weight loss data
versus time. From this data, WVP was obtained according to Jiménez et al. (2012).

The oxygen permeation rate of the films was determined using an OX-TRAN
Model 2/21 ML (Mocon Lippke, Neuwied, Germany) in samples conditioned at
53% RH and 25 °C. The transmission values were determined every 20 min until to
reach the equilibrium. The exposure area during the tests was 50 cm? Three

samples were studied for each formulation.

3.2.3.3. Tensile properties

A universal test machine (TA.XTplus model, Stable Micro Systems, Haslemere,
England) was used to determine the tensile properties of films. The tensile strength

(TS), the elastic modulus (EM), and the elongation (E) of the films were
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determined from the stress-strain curves, estimated from force-distance data
obtained for different films (2.5 cm wide and 5 cm long), according to the ASTM
standard method D882 (ASTM, 2001). Equilibrated samples were mounted in the
film-extension grips of the testing machine and stretched at 50 mm min™ until
breaking. Tests were carried out at 25 °C and 53% RH. Ten replicates were

considered for each formulation.

3.2.3.4. Optical properties

The Kubelka-Munk theory for multiple scattering was applied to the reflection
spectra to determinate the film’s transparency (Hutchings, 1999). The surface
reflectance spectrum was determined from 400 to 700 nm with a spectro-
colorimeter CM- 3600d (Minolta Co., Tokyo, Japan) on both a white and a black
background. Internal transmittance (Ti) was obtained according to Jiménez et al.
(2012).

The gloss was determined at an incidence angle of 85°, according to the ASTM
standard D523 method (ASTM, 1999) using a flat surface gloss meter (Multi.Gloss
268, Minolta, Germany). Three films of each formulation were considered, taking
three measurements in each sample. All results are expressed as gloss units (GU),
relative to a highly polished surface of black glass standard with a value near to
100 GU.

3.2.3.5. Thermal properties

A Differential Scanning Calorimeter DSC 1 Star® System (Mettler-Toledo Inc.,
Switzerland) was used to analyse the phase transitions in the polymer matrices. 10-
15 mg of film samples were placed into aluminium pans, sealed and perforated to

favour possible moisture loss during the heating run. Three scans were performed
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for the sample analyses. First, sample was heated from -80 °C to 160 °C at a
heating rate of 20 °C/min, from which PCL melting properties (AHp, T) were
obtained and in which the bonded water in the film was eliminated. In the second
scan, the temperature was lowered to -80 °C at the same rate and the PCL
crystallization properties (AH,, T.) were obtained. Finally, samples were heated to
160 °C at a 20 °C/min to obtain the starch glass transition temperature and melting
properties of PCL. The initial and final weights of the pans were registered to

assess water loss during the first heating step.

3.2.3.6. X-ray diffraction (XRD)

A diffractometer (XRD, Bruker AXS/D8 Advance) was used to obtain X-ray
diffraction patterns. All samples (equilibrated for 1 and 5 weeks) were analyzed at
25 °C and 53% RH, between 26: 5° and 30° using Ka Cu radiation (A: 1.542 1&), 40
kV and 40 mA with a step size of 0.05°. For this analysis, 4 cm” samples were
used.

3.2.3.7..Scanning Electron Microscopy (SEM)

The microstructural analysis of cross-sections of films was carried out by using a
Scanning Electron Microscope (JEOL JSM-5410, Japan). Film samples were
maintained in desiccators with P,Os for two weeks at 25 °C and observations were
carried out in at least two samples per formulation. Pieces of about 0.5 cm? were
immersed in liquid nitrogen and then cryo-fractured to observe the revealed
surface. They were mounted on copper stubs and gold-coated for observation,

using an accelerating voltage of 10 kV.
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3.2.3.8. Atomic Force Microscopy (AFM)

Samples conditioned for 5 weeks at 25 °C and 53% RH using P,Os were observed
by AFM to analyze their surface morphology using an Atomic Force Microscope
(Multimode 8, Bruker AXS, Santa Barbara, USA) with a NanoScope® V controller
electronics. Measurements were taken from several areas of film surface (20 pm?
using PeakForce QNM® mode (Quantitative Nanomechanical Mapping). The DMT
Modulus mode derived from PeakForce QNM was plotted in the 2-D plane of the

sample. Three samples were analyzed for each formulation.

3.2.3.9. Statistical analysis

Statgraphics Plus for Windows 5.1 (Manugistics Corp., Rockville, MD) was used
to carry out statistical analyses of data through analysis of variance (ANOVA).

Fisher’s least significant difference (LSD) was used at the 95% confidence level.

3.3. RESULTS

3.3.1. Physical properties of films

3.3.1.1. Thickness, extensibility, water solubility and moisture content.

Table 3.1 shows the thickness and the extensibility (film surface per mass unit
during the compression moulding) of the starch-PCL based films equilibrated at 25
°C and 53% RH for 1 week. A significant decrease in thickness and an increase in
extensibility (p < 0.05) were observed when the content of PCL rose in the films,
indicating greater flowability. Films without PCL were the thickest as a result of

the greater resistance to flow of the material during compression.
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Table 3.1.-Mass fraction (Xi, g compound/g wet formulation) of the different components (starch: S, PCL, glycerol: Gly and water)
in wet formulation before melt blending and mean values and standard deviation of thickness, extensibility, solubility in water (g
solubilised film/g initial dried film) and moisture content (g water/g dried film) of the starch:PCL films conditioned at 53% RH and
25 °C for 1 week (initial) and 5 weeks (final).

X X X Thickness Extensibility Solubility in water
PCL €]) 1t 2
¢ s (pm) (cm/g) Initial Initial
0.19 0.24
s 0556 | 0.000 | 0.167 | 0.277 | 268+ 28° 24 +2° 40075 P %‘%%%)%al N %%Z)iz
0.132 0.137 0.0535 0.061
b b . .
S80 0.488 0.122 0.146 0.244 221+9 32+2 +0.003™ +0.013% +0.0008™ +0.002"2
0.13 0.13
UMMl 0405 | 0270 | 0122 | 0.203 | 168z 13 45 £ 6° +0.03™ 002" | 4 %.%g%gecl N %%ggz
0.091 0.101 0.027 0.031
70 0303 | 0454 | 0.091 | 0.152 | 173+13° 45+3° +0.011" +0.009™ +0002" | +0.004%
0.014 0.017
SPOM 0172 | 0690 | 0.052 | 0.086 | 185+ 19° 47 £ 8° +0.003¢ +0.004% | 4 %.%ﬁ%el i%.%]éigel
d d 0.00022 0.0004 0.003 0.0021
JoIM| 0.000 | 1.000 | 0.000 | 0.000 | 149+17 57+9 +000011% | +00002% | +0002" | +0.0005"

Different superscript letters within the same column indicate significant differences between formulations (p < 0.05). Different superscript
numbers within the same row indicate significant differences due to storage time (p < 0.05).
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These results show the promotion of the flowability of polymer blends by the
addition of PCL, as observed by Rosa et al. (2004), thus favouring their thermo-

processing.

Table 3.1 also shows the solubility in water and the moisture content of the films.
The moisture content showed significant changes (p < 0.05) with the storage time
for formulations S, S80 and S60. As expected, the higher the starch content in the
films, the greater the water sorption capacity (Averous et al., 2000; Lopez et al.,
2013). The hydrophobic character of PCL reduces the water adsorption capacity of
the blend films and their equilibrium moisture content. Likewise, when the ratio of
PCL in the films increased, their water solubility decreased, as shown in Table 3.1,
without significant (p < 0.05) changes during storage. The results confirm the
expected changes in the water affinity of the films when the ratio of PCL increased,
which supposes an advantage with respect to starch materials.

3.3.1.2. Barrier properties

Table 3.2 shows the values of Water Vapour Permeability (WVP) at a RH gradient
of 53-100% and at 25 °C, after 1 and 5 storage weeks. The WVP values fell
significantly (p < 0.05) when the PCL ratio increased in the films, without
significant changes during storage. Nevertheless, the obtained values for starch-
PCL blends were not in the established range of WVTR for food systems’
requirements (Schmid et al. 2012) and additional reduction would be necessary. In
this sense the bilayer films composed by a PCL layer and starch-PCL blend layer
could be and alternative since perpendicular resistance of both layers to water
vapour transfer would be much more effective. The WVP values of the PCL layer
are in the range of the WVTR requirements for meat and MAP products (Schmid et
al. 2012).
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Table 3.2.-Mean values and standard deviation of barrier properties of the starch:PCL films
conditioned at 53% RH and 25 °C for 1 week (initial time) and 5 weeks (final time).

WVP (g-mm/KPa-h-m?) O,P-10% (cm®*m™.s*.Pa?)

Initial Initial

18.1 +1.4% 16 + 2%
11+ 2" 9.3+0.6" 6.5 +0.3% 6+ 3%
8+ 2% 5.4 +0.4% 33+12% 26 + 3%
3.7 £0.4% 3.3+0.3% >D.L. >D.L.
2.7+0.2% 2.3+0.3% >D.L. >D.L.
0.120 £0.004°* | 0.117 +0.011* >D.L. >D.L.

D.L.: 0.1-200 cm®(mZ.day). Different superscript letters within the same column indicate significant
differences between formulations (p < 0.05). Different superscript numbers within the same row
indicate significant differences due to storage time (p < 0.05).

Table 3.2 also shows the Oxygen Permeability (O,P) values of the films. The
control film (S) had such low oxygen permeability that this value could not be
measured with the equipment used. The very low O,P of starch films has been
reported by other authors (Lépez et al., 2013). However, PCL films and those
containing a high ratio of this component (S40, S20) exhibited such high O,P
values that they were beyond the measurement range of the equipment. Samples
S80 and S60 showed a significant increase (p < 0.05) in the O,P values with
respect to the pure starch films as a result of the PCL addition. No significant
changes in the O,P of the films occurred during the storage. The hydrophobic
character of PCL promoted the increase in the oxygen permeability due to their
chemical affinity which favours the gas solubility in the polymer matrix (Park et
al., 1996). So, the incorporation of PCL into starch matrices modifies their barrier
properties, improving the water vapour barrier properties, but reducing the barrier

to oxygen.

Oxygen barrier properties of net starch films cover the whole range of food
packaging requirements, but when the PCL ratio increased in the blend films,
different food products fall outside of their O,TR range (Schmid et al. 2012). As
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commented on above, and according with the barrier properties of each film, the
formation of PCL-starch bilayer films would be an adequate option to obtain
materials appropriate for food packaging, particularly meat and MAP products or

nuts and snacks.

3.3.1.3. Tensile properties

Figure 3.1 shows the typical stress-strain curves of the starch:PCL films stored at
53% RH for 1 week. The pure PCL films showed a high plastic deformation after

the yield point as shown in Figure 3.1a.

10

Stress (MPa)

o N A O ®

0 50 100 150 200

Strain (%) Strain (%)

Figure 3.1.-Typical stress-strain curves of the starch:PCL films stored at 53% RH for 1 week: a) PCL
film; b) Starch (S) and blend films: S80, S60, S40 and S20.

Values of the strength and deformation in the yield point were 18.17 £ 1.06 MPa
and 13 + 4%, respectively. PCL is a ductile polymer which can be deformed until
1100% in agreement with Ishiaku et al. (2002). Films containing low ratio of starch
(S20 and S40 samples) exhibited an initial rupture followed by subsequent partial
breaks (Figure 3.1b), while blends with less PCL content exhibited only one clear
break point (Figure 3.1b). This indicates that PCL tend to be the continuous phase

as its ratio increase in the matrix, but the interruptions provoked by the starch
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phase promote the film failure, thus losing the ductile properties of PCL, as

reported by Averous et al. (2000).

Table 3.3 shows the tensile properties of the films conditioned at 53% RH and 25
°C for 1 and 5 weeks of storage. Significant changes (p < 0.05) were observed in all
tensile parameters when PCL was added to starch films. Despite the fact that the
elastic modulus of pure PCL and pure S films did not show significant differences,
their blends exhibited higher values. Nevertheless, the resistance to break (TS) and
extensibility (E) of the films significantly (p < 0.05) decreased when PCL was
incorporated. No significant differences in any tensile parameter were observed for
the different blends. The obtained results were similar to those reported by
Corradini et al. (2004) for blends of PCL and zein, and by Ishiaku et al. (2002) for
PCL and sago starch blends. In both cases, the incompatibility of polymers was
observed.

The effect of storage time on the mechanical properties of the blend films reveals
different behaviour depending on the PCL ratio. Films with higher ratios of starch
(up to 60%) exhibit a marked increase (nearly two times) in the elastic modulus
over the storage time, whereas no significant changes were observed for films
whose starch content was under 40%. This suggests that retrogradation phenomena
occurred in the continuous starch matrix, giving rise to recrystallization and chain
aggregation which makes the cohesion forces in the polymer network more intense
(Mali et al., 2006). This effect was not observed for films with the greatest
proportions of PCL, where EM did not change during storage time. Blend films did
not show changes in the resistance at break (TS values), although this increased in
pure starch films in line with the retrogradation effects. Deformation at break
decreased in all the films over storage time, except for the one that contained the

greatest ratio of PCL. This reduction is especially marked in pure starch films.
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The incorporation of PCL into starch matrices seems to reduce the changes in the
mechanical properties of starch films throughout time, but the polymer
incompatibility makes its efficiency limited due to the phase separation of
polymers and the increase in the interface area where adhesion forces are not

intense enough.

Table 3.3. -Mean values and standard deviation of mechanical properties of the starch:PCL
films conditioned at 53% RH and 25 °C for 1 week (initial) and 5 weeks (final).

Initial Initial Initial

S 278 + 75" | 587 65" 10 + 2% 157+1.2%2 | 28+10" | 41+04%
S80 405 + 82" | 719+ 72% 9+3" 9.9 +0.9" 35+12" | 1.7+05%
SO 390 +56°! | 662+67% | 72+09™ | 7106 | 27+06" | 20+05%
S40 430+ 47 | 3914105 | 75+07" | 6.2+12% | 27+05" | 1.9+0.3%

520 372 £ 22 337+71% | 75+08™ 8.2 +1.2% 32+05%" | 32+1.1™

PCL 304 + 11 314 + 51

Different superscript letters within the same column indicate significant differences between
formulations (p < 0.05). Different superscript numbers within the same row indicate significant
differences due to storage time (p < 0.05).

3.3.1.4. Thermal properties

Table 3.4 shows the thermal properties of the studied films obtained from DSC
analysis. The T, value of starch (obtained from the second heating scan) was about
126 °C, similar to that reported by other authors (Ortega-Toro et al., 2014). In S20
formulation, the T4 value of starch was not observed because of the very weak

signal associated with the low starch ratio in the sample.
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Table 3.4.-Mean values and standard deviation of thermal properties of the starch:PCL films.

. AH,, AH,,
T, midpoint (J/g PCL) (/g PCL)
126.0 0.112
S +0.3 +0.002°
114.31 0.128 62.9 72.3 63.29 82.3 12.5 52.3 55.4 51.2
S80 +0.05 +0.002° | +0.6% +1.30 | +011% | 072 +0.6° +0.3 +0.3 +1.3
114.8 0.126 63.0 725 63.3 81.9 12.33 52.2 55.13 51.0
S60 +0.2° +0.004° | +0.2% +0.6% +0.2% +1.02 | +£007° +0.8° +0.042 +1.3
114.509 0.123 63.10 72.7 63.02 82.8 12.2 51.1 55.1 51.1
S40 +0.09° +0.005° | £0.15° | +08% | +015% | +04% +0.6° +0.8° +0.2° +1.1°
63.5 73.1 63.6 82.4 12.3 51.6 55.5 51.1
S20 +0.54 +0.5% +0.4% +0.4% +0.42 +0.32 +0.42 +1.0°
o 63.5 72.8 63.7 82.2 12.6 52.4 55.4 51.0
+0.6% +1.4% +0.6% +1.5% +0.6° +0.3% +0.4° +1.28

Glass transition

Fusion on the first scan

Initial time

Crystallization

Fusion on the second scan

Different superscript letters within the same column indicate significant differences between formulations (p < 0.05). Different superscript
numbers within the same row indicate significant differences due to storage time (p < 0.05).
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The T4 value of PCL was not detected due to the operation temperature range of
the equipment, although its value (-60 °C) was reported by other authors (Averous
et al., 2000). When PCL was incorporated, the T, of starch decreased significantly
(AT4~12°C), regardless of the ratio of PCL. This suggests a partial miscibility of
PCL in the starch phase. The decrease in T, as well as the higher values of ACp, is
coherent with the lower molecular weight of PCL, which reduced the mean
molecular weight of the starch-rich phase. This favours the plasticization of the
starch phase, thus increasing its flowability during thermo-processing, as

previously commented on, while favouring its thermo-processing.

The melting behaviour of PCL, characterized in the first heating scan, was similar
for every film, regardless of the PCL ratio, even for 100% PCL films. The T, value
for films stored for 1 week was 63°C and the AH,,, was 72 J/g of PCL, similar to
those reported by other authors (Averous et al., 2000; Matzinos, Tserki et al., 2002;
Kweo et al., 2003). For samples stored for 5 weeks, although the same T, values
were obtained, AHy, slightly increased (about 82 J/g of PCL) which indicates that
the degree of crystallinity of PCL in the films increased throughout storage in both
pure and blend films. No effect of starch on the PCL crystallinity was observed in

the films.

The crystallization behaviour of PCL during the cooling step was also constant for
all the samples, regardless of the film composition. The T, value (peak) was about
12 °C and the AH, was close to 52 J/g of PCL. As compared with melting
constants, the values of T, and AH, were lower, revealing the supercooling effect
during the cooling step after the previous melting. As expected, the AH,, values of
the second heating step reproduced those obtained for AHc, since all crystallized

PCL melts during heating.

The results reveal that, for the obtained films, starch did not affect the melting

behaviour of PCL, which, in turn, suggests a very low, or null, miscibility of starch
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in the PCL-rich phase. Likewise, the crystallization of the PCL progress during
storage time and supercooling occurred in fast cooling processes, as given by the
DSC analysis. This is in contrast to that described by other authors (Averous et al.,
2000; Matzinos et al., 2002; Wang et al., 2005) who report a small inhibition of
PCL crystallization in PCL-starch blend films obtained by different techniques.

3.3.1.5. Optical properties

Table 3.5 shows the gloss at an 85° incidence angle and the internal transmittance
at 650 nm of the films conditioned for 1 and 5 weeks. Films of pure components
(PCL and S) presented the highest gloss values, while blend films were less glossy
with no marked differences. The decrease in the gloss of blends can be attributed to
changes in the surface roughness caused by the immiscibility of the polymers,
which gives rise to the formation of a heterogeneous matrix with greater surface
roughness (Jiménez et al., 2012). No formulation exhibited significant changes in

the film gloss over storage time.

Table 3.5.-Mean values and standard deviation of optical properties of the starch:PCL films
coditioned at 53% relative humidity and 25 °C for 1 week (initial) and 5 weeks (final).

Gloss (85°) Ti (650nm)

Initial Initial

37.2+1.5> 85.1 +0.3% 84.2 +0.2¢
29 + 9% 31+ 9% 82.4 +0.6™ 82.5+1.1%
38 + 6! 37 + 4% 81.2 +1.3 81.6 +0.7°
29 +10% 30 + 5% 79.4+0.9% | 79.93 +0.12%
38 + 10° 42 + 9% 78.6 + 0.4% 787 +1.1%
59 + 16% 57 + 9% 78 + 2% 78 + 2%

Different superscript letters within the same column indicate significant differences between
formulations (p < 0.05). Different superscript numbers within the same row indicate significant
differences due to storage time (p < 0.05).
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The internal transmittance values decreased when the ratio of PCL in the matrix
rose, in line with the greater opacity of this polymer. The PCL formulation had the
lowest transmittance and in no case did any significant changes in internal

transmittance occur during the storage time.

3.3.2. Nano and microstructure of the films

Figure 3.2 shows the micrographs of the cross sections of films obtained by SEM.

Figure 3.2.-SEM micrographs of the starch:PCL films stored at 53% RH and 25 °C for 1 week.
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The heterogeneity of the blends was observed, evidencing the lack of miscibility of
both polymers while the S and PCL films presented a homogeneous structure. No
granules of native starch were observed in any case, which indicates that starch was
effectively melted in the process used, giving rise to thermoplastic starch. Random-
order conglomerates of starch and PCL were observed in the blend films. Likewise,
blends exhibited poor interfacial adhesion, due to the different polymer polarities
(Rosa et al., 2003; Corradini et al., 2004). The PCL phase can be clearly
distinguished due to its ductile behaviour, which defines a particular cryofracture
pattern, promoting stretched filamentous formations. The spontaneous detachment
of both phases caused a loss in cohesion of the blend matrix and the lack of
stretchability of the blend films (Ishiaku et al., 2002; Corradini et al., 2004).

Figure 3.3 shows the DMT modulus maps of the films obtained from the
PeakForce QNM AFM analyses.

S ’ S S60

DMTModulus 20.0 ym DMTModulus

R 500.0 MPa

L e
S W .
DMTModulus 20.0 ym

\ LoSs
20.0 ym

DMTModulus 20.0 ym

Figure 3.3.-AFM images of the starch:PCL films stored at 53% RH and 25 °C for 5 weeks.
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The polymer matrices with pure components (S or PCL) show quite a
homogeneous structure in terms of the surface mechanical response in line with the
homogeneity of the material. The S surface was harder than the PCL, in agreement
with the higher value of the elastic modulus of starch films after 5 storage weeks.
Blend films had a more heterogeneous surface modulus, exhibiting light and dark
areas, according to the distribution of harder (starch phase) and softer (PCL)
regions at surface level. The film with formulation S20 shows the structure which
bears the most similarity to pure PCL films, due to the small ratio of starch which

interrupts the continuity of the PCL matrix.

The X-ray diffraction patterns of the films stored for 1 and 5 weeks are shown in
Figure 3.4. The diffraction spectra of S films showed peaks at 13.5° 20° and 24° 26
angle, characteristic of the helical amylose-lipid complexes in the V-type
crystallization form (Matzinos et al., 2002; Gelders et al.,2004). The intensity of
the peaks increased in films stored for 5 weeks, which indicates the progress of
amylose crystallization during storage.

PCL films show the characteristics peaks of the crystalline polymer at 21°, 22° and
24° 26 angle. No notable changes in diffraction pattern were observed for these
films during storage. For the blend films with the highest ratio of PCL, S20 and
S40, the diffraction spectra were similar to those of the PCL film, which indicates
that starch crystalline forms were not present after 1 or 5 storage weeks.
Nevertheless, samples with higher ratios of starch, S60 and, especially S80,
showed the starch typical peak at 13.5° and an overlapping of the characteristic
peaks of PCL and some of the starch in the 26 angle range of 20-24°. In these films,
the relative intensity of the starch peaks is lower than in pure starch films. This
suggests that starch crystallization is partially inhibited by blending with PCL,

mainly when the PCL ratio increased in the blend.
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Figure 3.4.-XRD patterns of the starch:PCL films conditioned at 53% RH and 25 °C for 1(i: initial
time) and 5 (f: final time) weeks.

3.4. CONCLUSIONS

Corn starch and PCL blend films, containing 30% glycerol with respect to starch,
could be obtained by compression moulding at 160°C and 130 bars. The films
showed phase separation of the polymers, exhibiting a heterogeneous blend matrix
where starch-rich regions and PCL-rich regions could be observed. Nevertheless, a
small degree of PCL miscibility in the starch phase was detected through the shift

in the glass transition temperature of the starch phase, which leads to the partial
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inhibition of amylose retrogradation during film formation and storage. The lack of
interfacial adhesion of the PCL and starch phases promoted the films’ fragility and
reduced their elongation, although small PCL ratios increased the elastic modulus
of the films, indicating its adequate properties as reinforcing filler in starch
matrices. Water barrier properties of starch films were improved as the PCL
increased in the blend but worsening of the oxygen barrier properties was obtained.
Bilayer films with both PCL and starch blend layers could meet the requirements
for packaging of some foods such as meat and MAP products. Nevertheless, the
overall migration in different food simulants must be assessed, according to

migration limits established by regulation for plastic materials in contact with food.
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CHAPTER 4

INFLUENCE OF CITRIC ACID ON THE PROPERTIES AND STABILITY
OF STARCH-POLYCAPROLACTONE BASED FILMS

Rodrigo Ortega-Toro, Sofia Collazo-Bigliardi, Pau Talens, & Amparo Chiralt

Journal of Applied Polymer Science, DOI: 10.1002/app.42220

The influence of citric acid on structural and physicochemical properties of blend
films based on corn starch and polycaprolactone (PCL) was studied. Films were
obtained by melt blending of starch and PCL and compression moulding. Phase
separation of polymers observed by SEM and AFM was reduced by citric acid
incorporation. Citric acid affected both starch and PCL crystallization as deduced
from the X-ray diffraction patterns and values of melting enthalpy. Glass transition
of starch was reduced by PCL incorporation, while this occurred to a greater extent
in films containing CA. Obtained results point to enhanced interactions between
PCL and starch chains in films with citric acid, although this only quantitatively
benefits the film properties at a low PCL ratio. Compounding starch with small
amounts of PCL, using glycerol and citric acid, can supply films with better
functional properties than net starch films.
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4.1. INTRODUCTION

Packaging films, made of synthetic polymers, cause serious ecological problems
due to their non-biodegradability. Increased social awareness about environmental
protection has made it necessary to intensify research for the purposes of
developing biodegradable packaging materials (Flieger et al., 2003). These
materials must be competitive in price and should have similar properties to the
petroleum-derived plastics (Garcia et al., 2004). In the last few years there has been
a significant increase in the number of studies about biodegradable packaging
materials from economically viable sources. Of these materials, starch is
remarkable for its low cost, renewability and processability by means of traditional
thermoplastic techniques (Yoon et al., 2006; Ghanbarzadeh et al., 2011)

Starch represents more than 60% of the cereal grains produced worldwide and it is
relatively easy to extract (Lourdin et al., 1995). Of the so-called bioplastics, starch
is of great importance because of its low cost, availability and technical
characteristics. Starch-based films are continuous, homogeneous, odourless and
colourless while exhibiting very low oxygen permeability (Dole et al., 2004; Liu,
2005; Ortega-Toro et al., 2014a). However, they have some disadvantages such as
high hydrophilicity (water sensitivity) and poor mechanical properties as compared
to conventional synthetic polymers (Averous & Boquillon, 2004). Furthermore,
depending on temperature and relative humidity (RH), the starch film structure
undergoes changes during storage, e.g. in crystallinity and chain aggregations,
which greatly affect the films’ physical properties (Rindlav et al., 1997; Bergo et
al., 2010). To improve and maintain their properties it is necessary to add
plasticizers, fillers or cross-linking agents. The most common plasticizer used in
starch-based films is glycerol. This polyol reduces the intermolecular attractive
forces in the native starch and increases its flexibility or stretchability (Mali et al.,
2005).
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On the other hand, polycaprolactone (PCL) is one of the most commercially
available biodegradable polymers. It is synthetic and thermoplastic, with
interesting properties such as its low water solubility and permeability and high
degree of extensibility (Flieger et al., 2003; Averous et al., 2000). Several authors
have shown that blends of PCL and starch are readily biodegradable and
thermoprocessable by conventional methods (Matzinos et al., 2002; Rosa et al.,
2005; Calil et al., 2007; Campos et al., 2012). However, starch and PCL (chemical
structures shown in Figure 1.2 and 1.5) are chemically incompatible and their
blends show phase separation (Averous et al., 2000), which implies that the
obtained materials are heterogeneous with insufficiently improved properties, as
occurs with other starch blends with more hydrophobic polymers of different
polarity (Annable et al., 1994; Mathew & Abraham, 2008). This is the main limit
of the starch/PCL blends, represented by the lacking of adhesion between the
polysaccharide and the synthetic polymer matrices owing to their different polarity
giving consequently poor final properties. In fact, starch and hydrophobic polymers
(as PCL) are immiscible and simple mixing produce blends with separate phase. To
improve the compatibility and the adhesion between the phases of the two
immiscible polymers, different strategies, such as the incorporation of
compatibilizers to the starch blends, have been analysed. Avella et al. (2000)
introduced a reactive functional group (pyromellitic anhydride) on a PCL phase to
increase the polar nature of the matrix and so to improve the adhesion between the

components of materials.

Citric acid (CA) can be an appropriate compatibilizer because it is a cheap organic
acid widely used in the food industry with cross-linking capability through the
reaction of its carboxyl groups (Ghanbarzadeh et al., 2010; Ortega-Toro et al.,
2014b). The three carboxyl groups in CA molecules can interact with the hydroxyl

groups of the starch molecules through the formation of esters, which contributes
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to the decrease in the hydrophilic nature of the starch. According to other authors,
esterification using polycarboxylic acids takes place with the polymer's hydroxyl
groups at high temperatures (about 160 °C), through the formation of anhydride
groups (Reddy & Yang, 2010). This reaction can contribute to improve the water
vapour barrier properties of the starch matrix due to the reduction of available
hydroxyl groups (Thiebaud et al., 1997) while decreasing the crystallization and
retrogradation phenomena of the starch polymers (Shi et al., 2007). CA can also act
as compatibilizer, plasticizer and depolymerization agent with different polymers
depending on the processing conditions (Chabrat et al., 2012). Likewise, citric acid
can act as a catalyst for e-CL polymerization and transesterification reactions in
PCL (Labet & Thielemans, 2009). The incorporation of CA to starch-PCL blends
could improve the polymers’ compatibility due to the enhancement of the starch
hydrophobicity through the process of esterification, thus giving rise to films with
more adequate properties for food packaging: with less water and time sensitivity
and better mechanical response. CA has been used as compatibilizer in
starch/poly(butylene adipate-co-terephthalate) films obtained by one-step reactive
extrusion, notably improving of the film properties (Olivato et al., 2012). Likewise,
properties of starch/ poly(lactic acid) blend films were also improved by adding
CA (Chabrat et al., 2012; Wang et al., 2007). No previous studies have been found

about the effect of citric acid on starch-PCL blend films.

The aim of this work was to analyze the influence of citric acid addition on the
structural, thermal and physical properties of starch-polycaprolactone blend films

obtained by compression moulding, and their stability throughout the storage time.
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4.2. MATERIALS AND METHODS

4.2.1. Materials

Corn starch was purchased from Roquette (Roquette Laisa Spain, Benifaid, Spain).
Glycerol was obtained from Panreac Quimica, S.A. (Castellar del Vallés,
Barcelona, Spain). Polycaprolactone (pellets ~3 mm, average Mn 80.000 Daltons,
impurities <1.0% water) was provided by Fluka (Sigma—Aldrich Chemie,
Steinheim, Germany). Citric acid was provided by Fisher (Scientific Afora,
Valencia, Spain). Phosphorus pentoxide (P,Os), Magnesium nitrate-6-hydrate
(Mg(NOs3),), sodium hydroxide (NaOH) and phenolphthalein were obtained from
Panreac Quimica, S.A. (Castellar Vallés, Barcelona).

4.2.2. Film preparation

Eleven formulations based on starch and PCL, with and without CA, were
prepared. Starch:PCL ratios (w/w) were 100:0, 90:10, 80:20, 70:30, 60:40 and
0:100 while a starch:CA ratio of 1:0.01 (w/w) was used. 30% (wt.) of glycerol with
respect to the starch content was added as plasticizer. Native starch and glycerol
were dispersed in distilled water (2 g of starch / g water) and, afterwards, PCL was
added to the aqueous mixture. The blends were identified by the percentage of
starch (S) and the presence of citric acid (CA): S90, S90-CA, S80, S80-CA, S70,
S70-CA, S60, S60-CA. Films with 100% starch (S), with and without CA, and

PCL (PCL) were also analyzed for comparisons.

Aqueous blends were progressively melt-blended using a two-roll mill (Model
LRM-M-100, Labtech Engineering, Thailand) at 160 °C and 8 rpm for 30 min until
a homogeneous paste sheet was obtained. The CA was added to the blends in the

last 5 min of the homogenization. The paste sheet formed was conditioned at 25 °C
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and 53% RH using Mg(NOs), oversaturated solutions for 48 h before compression

moulding.

The films were obtained by compression moulding (Model LP20, Labtech
Engineering, Thailand). Four grams of the paste were put onto steel sheets and
preheated on the heating unit for 5 min. The films were performed at 160 °C for 2
min at 30 bars, followed by 6 min at 130 bars; thereafter, a cooling cycle
(40°C/min) was applied for 3 min. The films obtained were conditioned at 25 °C
and 53% RH for 1 (initial time) and 5 (final time) weeks before their

characterization.

4.2.3. Film characterization

4.2.3.1. Film thickness and extensibility

The film thickness was measured with a Palmer digital micrometer (Palmer—
Comecta, Spain, +/- 0.001 mm) at six random positions around the film. The
extensibility during the thermo-compression step was estimated by the relationship
between the surface and the weight of films with known dimensions. This

parameter was expressed in cm?/g of the film.

4.2.3.2. Structural properties

The surface morphology of the samples, conditioned for 5 weeks at 25 °C and 53%
relative humidity (RH), was analyzed using an Atomic Force Microscope (AFM)
(Multimode 8, Bruker AXS, Santa Barbara, USA) with a NanoScope® V controller
electronics. Measurements were taken using the PeakForce QNM® mode

(Quantitative Nanomechanical Mapping). The statistical parameters: root-mean-
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square roughness (Rqg: root-mean-square average of height deviations taken from
the mean data plane), and roughness factor (r: ratio between the three-dimensional
surface and two-dimensional area projected onto the threshold plane), were
calculated according to the method ASME B46.1 (1995) The DMT Modulus map,
derived from PeakForce QNM, was obtained. Three replicates for each formulation

were taken to obtain these parameters.

The microstructural analysis of the cross-sections of the films was carried out by
using a Scanning Electron Microscope (SEM) (JEOL JSM-5410, Japan). The film
samples were maintained in desiccators with P,Os for 2 weeks at 25 °C and the
observations were made in duplicate for each formulation. Pieces of about 0.5 cm?
were cut from films and mounted on copper stubs perpendicularly to their surface.

Samples were gold coated and observed, using an accelerating voltage of 10 kV.

A diffractometer (XRD, Bruker AXS/D8 Advance) was used to obtain the X-ray
diffraction spectra. All samples (equilibrated for 1 and 5 weeks) were analyzed at
25 °C and 53% RH, between 20: 5° and 30° using Ka Cu radiation (A: 1.542 1&), 40
kV and 40 mA with a step size of 0.05°. For this analysis, the samples were cut
into 4 cm®. The crystallinity degree (CD) of starch matrices was calculated as the
ratio between the absorption peaks and the total diffractogram area, expressed as
percentage, by using OriginPro 8.5 software. Moreover, basal spacing for starch

crystallites was calculated applying the Bragg equation.

4.2.3.3. Thermal behaviour

A Differential Scanning Calorimeter DSC 1 Star® System (Mettler-Toledo Inc.,
Switzerland) was used to analyze phase transitions (PCL crystallization and starch
glass transition) of the films. Weighed amounts of samples were placed into

aluminium pans, sealed and drilled to favour moisture loss during the heating step.
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The thermograms were obtained using three scans. First, a scan from -80 °C to 160
°C at a rate of 50 °C/min was used to obtain the PCL melting properties, while the
bonded water in the film was released. The initial and final weights of the pans
were registered to assess water loss during the first heating step. Then, the
temperature was lowered to -80 °C at a rate of 50 °C/min. In this cooling step, the
PCL crystallization temperature (T.) and enthalpy (AH;) were obtained. Finally,
samples were heated to 160 °C at a rate of 20 °C/min in order to analyze the starch
glass transition and the melting properties of PCL.

4.2.3.4. Physicochemical properties

The film water content was determined in samples conditioned at 53% RH and
25°C. Samples were dried for 24 h at 60 °C using a convection oven (J.P. Selecta,
S.A. Barcelona, Spain). Afterwards, the samples were placed in a desiccator at 25
°C with P,Os for 2 weeks. This was carried out in triplicate.

The film solubility in water was determined by holding the sample in bi-distilled
water (film:water ratio of 1:10) for 48 h. Afterwards, these samples were
transferred to a convection oven (J.P. Selecta, S.A., Barcelona, Spain) for 24 h at
60 °C to remove free water and then transferred to a desiccator with P,Os at 25 °C
for 2 weeks to remove the residual water. Their initial and final weights were taken
to calculate the amount of the film solubilized in water. These analyses were
carried out in triplicate for each formulation. The bonded citric acid in the film was
also determined in this test, by titration of the water solution. Free CA was
assumed to dissolve in the aqueous phase and was determined by titration of an
aliquot of the solution with NaOH (0.1 N), using phenolphthalein as indicator.

Analyses were carried out in triplicate for each formulation.
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A universal test machine (TA.XT plus model, Stable Micro Systems, Haslemere,
England) was used to determine the elastic modulus (EM) and the tensile strength
(TS), and the elongation (E) at break of the films, according to the ASTM D882
(2001) 2.5-cm-wide and 5-cm-long equilibrated samples were mounted in the film-
extension grips of the testing machine and stretched at 50 mm min™ until breaking.

Ten replicates were performed for each formulation.

The ASTM E96-95 gravimetric method was used to determine the Water Vapour
Permeability (WVP) of the films, considering the modification proposed by
McHugh et al. (1993). Distilled water was placed in Payne permeability cups (3.5
cm diameter, Elcometer SPRL, Hermelle/s Argenteau, Belgium) to expose the film
to 100% RH on one side. Each cup was placed in a cabinet equilibrated at 25 °C
and 53% RH, with a fan placed on the top of the cup in order to reduce the
resistance to water vapour transport, thus avoiding the stagnant layer effect in this
exposed side of the film. The relative humidity of the cabinet (53%) was held
constant using Mg(NOs), oversaturated solutions. The cups were weighed
periodically (0.0001 g) and the water vapour transmission (WVTR) was
determined from the slope obtained from the regression analysis of weight loss data
versus time. From WVTR data, the vapour pressure on the film’s inner surface (p.)
was obtained with eq. (4.1), proposed by McHugh et al. (1993) to correct the effect

of the concentration gradients.

PDL, {P P, }
N
WVTR = (4.1)
RTAz
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where P, total pressure (atm); D, diffusivity of water through air at 25 °C (m? /s);
R, gas law constant (82.057 x 10 m® atm kmol™ K™); T, absolute temperature (K);
Az, mean stagnant air gap height (m), considering the initial and final z value; p;,
water vapour pressure on the solution surface (atm); and p,, corrected water vapour
pressure on the film’s inner surface (atm). Water vapour permeance was calculated
using eq. (4.2) as a function of p2 and p3 (pressure on the film’s outer surface in

the cabinet).

WVTR
P, — Ps

permeance = (4.2)

The permeability was calculated by multiplying the permeance by film thickness.
This analysis was carried out in triplicate.

The Oxygen Permeability (O,P) of the films was determined using an OX-TRAN
Model 2/21 ML (Mocon Lippke, Neuwied, Germany) according to the ASTM
D3985-05 (2010). Three samples conditioned at 53% RH and 25 °C for each
formulation were analysed. The transmission values were determined every 20 min
until equilibrium was reached. The film area used in the tests was 50 cm®. The film

thickness was considered in all cases to obtain the O,P values.

The transparency of the films was determined using the Kubelka-Munk theory for
multiple scattering (Hutchings, 1999), as was the gloss, at 85° incidence angle,
according to the ASTM D523 (1999) The surface reflectance spectrum was
determined from 400 to 700 nm with a spectro-colorimeter CM- 3600d (Minolta
Co., Tokyo, Japan) on both a white and a black background. As light passes
through the film, it is partially absorbed and scattered, which is quantified by the
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absorption (K) and the scattering (S) coefficients. Internal transmittance (Ti) of

films was determined using eq. (4.3).

T, =+/(@-R,)* —b? (4.3)

where R is the reflectance of the film on an ideal black background. The
parameters a and b were calculated by egs. (4.4) and (4.5).

R,-R+R
a=1(+JL——JJ (4.4)
2 RoR,
b=+a’-1 (4.5)

where R is the reflectance of the sample layer backed by a known reflectance Rg.
Three replicates were used for each formulation. Internal transmittance (Ti) at 650

nm was used to compare samples.

The gloss was determined using a flat surface gloss meter (Multi.Gloss 268,
Minolta, Germany). Three films of each formulation were analyzed, taking three
measurements in each sample film. All results are expressed as gloss units (GU),
relative to a highly polished surface of black glass standard with a value near to
100 GU.
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4.2.3.5. Statistical analysis

Statgraphics Plus for Windows 5.1 (Manugistics Corp., Rockville, MD) was used
to carry out statistical analyses of data through analysis of variance (ANOVA).

Fisher’s least significant difference (LSD) was used at the 95% confidence level.

4.3. RESULTS

4.3.1. Thickness and extensibility

Table 4.1 shows the mass fraction (Xi) of the different components in dried films,
thickness of the obtained films and their extension during the compression
moulding step, expressed as the area per mass unit of the material. The PCL films
were thinner than the other formulations due to their greater flowability and
extensibility. In contrast, the film thickness tended to increase when the amount of
starch in the matrix rose, due to the starch’s reduced ability to flow. Incorporation
of citric acid in the formulations led to an increase in the extensibility with net
starch films, but had an opposite effect on starch-PCL blends with the lowest PCL
ratio, and had no significant effect on films with over 30% PCL, when the
influence of the greater amount of PCL in the film flowability was more notable.
Chabrat et al. (2012) report for blend films of wheat flour and PLA, processed at
high temperature, that citric acid in the blends acts as compatibilizer (esterification,
hydrogen bonds), as starch plasticizer and/or as depolymerization agent for both
starch and PLA. Similar effects could be expected for CA in the studied S-PCL
blends as concerns the starch-CA interactions. In fact, plasticization and/or
depolymerization effects can be deduced from the increase in the flowability of the

starch when citric acid was added. Its opposite effect at low PCL ratios in the film
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could point to the promotion of the inter chain forces between both polymers

promoted by CA.

Table 4.1.-Mass fraction (Xi) of the different components in dried films and mean values
and standard deviation of film thickness and extensibility during the thermo-compression

step.

Thickness | Extensibility

(nm) (cm?lg)
268 + 22° 24 £ 22

Different superscript letters within the same
formulations (p < 0.05).

4.3.2. Structural analysis

0.7634| - |0.2290|0.0076 | 217 + 22° 32 + 4%
0.7087 | 0.0787 [0.2126 | - [232x17% 28 + 2%¢
0.7037 | 0.0782 | 0.2111 | 0.0070 | 293 + 27" 24+ 22
0.6452 | 0.1613 | 0.1935 | - 221 + 9« 32+2°
0.6410 | 0.1603 | 0.1923 | 0.0064 | 239 + 17° 27 2%
0.5785|0.2479 | 0.1736 | - 224 + 9« 31+ 2%
0.5752 | 0.2465 | 0.1726 | 0.0058 | 227 + 11% | 29.8 £ 0.6™
0.5085|0.3390 | 0.1525 | - 168 + 13° 45 + 6°
0.5059 | 0.3373 [ 0.1518 | 0.0051 | 172 + 14° 41 +2¢
- |1.0000| - - 149 + 172 57 +9°
column

indicate significant differences among

Atomic Force Microscopy PeakForce QNM mode was used to acquire the images

shown in Figure 4.1, where the DMT modulus maps for the samples’ surfaces are

plotted. The control formulations (S and PCL) showed more homogenous values of

the surface modulus than the blend films, although a great difference in their values

can be observed for both control films. Net starch films had a much harder surface
than net PCL films. The addition of CA to starch films did not introduce notable

changes in the surface homogeneity, but in some areas, higher values of the

modulus were registered, which could be due to the CA crosslinking effect. When
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the PCL was added to the starch matrix, the heterogeneity of the material greatly
increased while the modulus reached values near to those obtained for starch films,
with very soft zones, corresponding to the non-crystallized domains. In samples
containing 90% starch, the incorporation of CA seemed to reduce the modulus
heterogeneity level and they were harder (the surface area percentage with values
of the modulus lower than 1.5 GPa was 1.2% and 67.9% respectively for films with
and without CA). This suggests that CA could be responsible for cross-linking in
the starch phase (Ortega-Toro et al., 2014b) at the same time as it contributes to
enhance the polymer compatibility to some extent. This effect was not observed, or

was masked, when the content of PCL was higher.

20GPa 35GPa 50.Pa socka

1.0GPa 00

| sca

k| S80-CA
DMTModulus 20.0 ym

25GPa

1.0GPa

S$90-CA

Bl 1s5cea

00

S60-CA

DMTModulus  20.0 pm 0.0 DMTModulus  20.0 ym

Figure 4.1.-DMT Modulus maps obtained by AFM of starch:PCL films without (a) and with (b)
citric acid.

Figure 4.2 shows SEM micrographs of the cross-section of the studied films, with
or without citric acid, conditioned at 25 °C and 53% RH for one week. S and PCL
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samples have a continuous and homogeneous structure. The PCL sample showed
its typical cryo-fracture behaviour in liquid nitrogen, where elongation of the
amorphous zones (very ductile, Tg= -67 °C-Avella et al., 2000) can be observed
despite the low temperature. When PCL was added to the starch matrix, the films
were heterogeneous, in agreement with the non-compatibility of the polymers. In
the formulations with low PCL ratio (S90), an effective distribution of PCL in the
starch matrix can be observed. Nevertheless, when the proportion of PCL increased
(S70 and S60) large domains of interpenetrated PCL-rich and starch-rich phases

were observed.

Figure 4.2.-SEM micrographs of starch:PCL films without (a) and with (b) citric acid.

The addition of citric acid caused changes in the films’ microstructure. The S-CA
films showed a continuous matrix with some cracks, which suggests the formation
of a more brittle matrix. Likewise, S-CA films were more homogeneous than the S
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films, which indicates that citric acid contributes to the fragmentation and
dissolution of the native starch granules (acid gelatinization), as observed by other
authors (Yu et al., 2005; Ma et al., 2009). Likewise, in the formulations with less
PCL (S80-CA and S90-CA), the CA promotes changes in the dispersion of PCL in
the starch matrix; PCL particles are finer and better dispersed in the starch
continuous phase. Similar results were reported by Chabrat et al. (2012) for blend
films of wheat flour-PLA-glycerol (75:25:15) with different ratios of citric acid. In
the formulations S70-CA and S60-CA, the changes were not evident probably due
to the fact that the ratio of PCL is too high to be compatible with the starch. The
increase in polymer compatibility of PCL may be due to the partial esterification of
starch hydroxyl groups with CA, and its depolymerisation effects on both polymers
which can induce a greater affinity between them (Reddy & Yang, 2010; Chabrat
etal., 2012).

Figure 4.3 shows the X-ray diffraction patterns and crystallinity degree (CD) of the
films stored for 1 and 5 weeks under controlled conditions. Spectrum of S films
presented low intensity, broad diffraction peaks and a large amorphous scattering
halo. These characteristics correspond to a semi-crystalline polymer with low
crystallinity. In all formulations containing starch, the typical crystalline forms of
amylose were V type, with peaks at 26 of about 13 and 20°. This V-type crystalline
structure is formed by crystallization of amylose in single helices involving
glycerol or lipids. Nevertheless, this V-type crystalline structure can be divided
into two subtypes, namely V, (anhydrous) with peaks at 13.2° and 20.6° and V,
(hydrated) with peaks at 12.6° and 19.4° (Castillo et al., 2013). These two subtypes
could be observed in the different films, depending on their composition and

storage time.
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Figure 4.3.-X-Ray diffraction patterns of starch:PCL films without (a) and with (b) citric acid at
initial and final time of storage at 53% relative humidity and 25 °C.

Starch-glycerol films showed V, subtype at both storage times, whereas when they
contained citric acid, both V, and V, subtypes were initially formed and

predominantly developed into the V, subtype during storage. So, CA addition
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promoted the simultaneous formation of V, and V|, crystalline subtypes, while the
crystallinity degree increased at both 1 and 5 storage weeks. This could be due to
the hydrolysis effect which, upon reducing the mean molecular weight, promotes
molecular mobility, thus favouring the crystalline arrangement. At five storage
weeks, there were no differences between the observed peaks for S and S-CA

samples, although the increase in the crystallinity degree was higher in S-CA.

Some authors (Xie et al., 2006) reported that the citrate substituent altered chain
packing and generated more amorphous structures in starch. Nevertheless,
probably due to the hydrolysis effect, CA promoted starch crystallization under the
conditions used for film preparation.

In PCL starch blends, the characteristic peaks of crystalline PCL appeared, but
starch peaks can also be distinguished, since overlapping only occurs at 26 near
21°. In all these blends, starch showed the V, subtype crystallization at initial time
but it became the V,, subtype after the 5 storage weeks, regardless of the presence
of CA. This tendency was only observed when PCL was present in the film, which
suggests that PCL induced the formation of this crystalline subtype. The interplanar
basal spacing deduced from 26 values was greater for the Vy form than for V,,
these being 6.7 and 4.3 A and 7.0 and 4.6 A, respectively for V, and V..

When the amount of PCL increased, sharper and more intense peaks were observed
in the diffractograms, due to the PCL crystallinity, with the main peaks at 20: 22°
and 24° as reported by Mark (1999). According to the theory of kinematical
scattering, peak sharpening is caused by either greater crystal size or the absence of
lattice defects. The crystallinity degree in the films increased when the PCL ratio
rose, due to the predominantly crystalline structure of this polymer. In general, CA
addition to starch PCL blends gave rise to a slightly lower ratio of crystallinity in
the films at both 1 and 5 storage weeks, contrary to what was observed for net

starch films. No clear effect of storage time could be observed in blend films, since
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small increases or decreases in the percentage of crystallinity could be observed,

depending on the formulation.

Therefore, CA or PCL slightly modified the starch crystallization pattern. CA
promoted the crystalline forms in glycerol plasticized starch films, whereas it
reduced the total crystallinity degree in the films when they contain PCL, which
could indicate that CA affected the PCL crystallinity degree. In general, a slight
progress of crystallization occurred during storage time, but this was not
appreciable for blend films with a lower ratio of PCL. CA promoted the formation
of V,, subtype crystalline forms in starch films, as well as PCL at long storage

times.

4.3.3. Thermal analysis

Table 4.2 shows the thermal properties of the studied films conditioned for 1 and 5
weeks. Two heating scans and one cooling scan were performed. In the first
heating scan, the melting temperature (T,) of PCL was determined as the peak
temperature of the endotherm as well as the melting enthalpy (AHy,). This has been
analyzed for samples stored for different times (1 and 5 weeks, initial and final) in
order to detect changes in the PCL crystalline structure, as could be deduced from
X ray diffraction patterns. During the cooling step, the crystallization temperature
(T. peak) and enthalpy (AH.) of PCL were obtained from the crystallization
exotherm. Finally, during the second heating scan, the melting temperature and
enthalpy of the newly crystallized PCL (during the cooling step) and the glass

transition temperature (T,) of starch (midpoint) were determined.

The Tq of the starch phase significantly decreased (p < 0.05) when PCL was
incorporated into the starch matrix. This decrease was constant (about 12 °C),

regardless of the PCL ratio in the blend.
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Table 4.2.-Mean values and standard deviation of thermal properties of the starch:PCL films stored for 1 week (Initial) and 5 weeks
(final).

Fusion in the first heating scan Fusion in the second heating

Glass scan
transition (T,) AH. / AH
(J/g PCL)

m

(J/g PCL) (J/g PCL)

S 1260+ 0.3 - -
S-CA 113.0£0.7°
$90 114.5£0.7° 12.0 £0.2° 51.4+09% 62.4+0.7™ 72.4£04° 63.9 £0.6" 81.9+1.0" | 5518 £0.05™ | 51.8+£1.3"
S90-CA 101.6 £0.2 12.10 £0.14" 492 £0.9a 61.1 09" 72.140.5" 63.84 £0.08" 79.7 £ 0.5" 54.0£02" 50+ 2
S80 11431 £0.05° 125+ 0.6% 523+0.3° 62.9+0.6° 723+13* | 6329+011% | 823x07" 554+034 512+13"
S80-CA 101.2£0.2° 12.6 = 0.4% 49309 60.97 £0.12° 722 +0.4° 63.92+£0.11° | B1.0£1.5% | 54112005 [ 505+09°
S70 114.35+£0.13¢ 12.3+03% 52.0 £0.6° 6232£0.62% | 72.1+£03" | 6332+0.04% | 81.7+£0.9% 54.9 402" 514+ 14°
S70-CA 101.53 £0.13" 12.95+0.07" 507+ 11" | 61.55£0.03" | 724£04" | 6339£011" | 799+06° 548+04" 499+11°
S60 114.8£0.2° 12.33 2 0.07% 52208 63.0£02° 72.5 £0.6° 633=02" 81.9+1.0" | 55.13£0.04% | 51.0£13"
S60-CA 100.9 £0.5° 123+03% 503=02" 6151002 | 722+04° 63.07 £0.04° 79.8 £0.4° 5488=0.14° | 497+1.0"
PCL 12.6 +0.6™ 524 +0.3° 63.5+0.6" 72.8 4 1.4 63.7+0.6" 822+15" 55.4 + 0.4 51.0%12"

Different superscript letters within the same column indicate significant differences among formulations (p < 0.05).
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This indicates that PCL partially solubilizes in the starch phase, thus decreasing the
mean molecular weight of the amorphous blend and the molecular mobility, which
reduces the T, value. The amount of PCL that the starch phase can incorporate at a
molecular level was less than 10%, since this sample also shows two phases, as

revealed by the microstructural analyses.

The incorporation of citric acid also led to a decrease in the Ty values of starch (AT
about 13 °C) and this effect was maintained for starch-PCL blend films. This
decrease in the T4 can be attributed to a depolymerisation effect in starch, which
implies a reduction in the polymer molecular weight leading to an increase in the
molecular mobility, but also to a better solubilisation of PCL in the starch phase
with a similar impact in the mean molecular weight of this amorphous phase or to a
combination of these two phenomena, as reported by Chabrat et al. (2012) for
wheat flour-PLA blend films.

The T, values of the PCL in the different films were 12 °C and there were no
significant differences between the different formulations or net PCL films. The
crystallization enthalpy (AH.) was about 52 J/g PCL for samples without CA and
slightly decreased (49-50 J/g PCL) when CA was present in the film, the difference
being statistically significant. This suggests that changes in the ability of PCL to
crystallize were induced by citric acid, in agreement with that deduced from the X-

ray diffraction data.

The melting behaviour of PCL in the first heating scan, where no fusion was
previously provoked, gave T, values from 61 to 63.5 °C and AH, values of about
72 J/g of PCL for samples stored for 1 week, regardless of the film formulation;
this indicates that, at this storage time, PCL is crystallized to the same extent in
every case. Similar results have been reported by other authors for films of wheat
thermoplastic starch/PCL blends (Averous et al., 2000) LDPE/starch/PCL blends14
or chlorinated starch- PCL blends (Kweon et al., 2003). Nevertheless, after 5
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storage weeks, a slight increase was observed in the melting peak, T, and AH,,
which indicates that the crystallization of PCL progresses slightly during storage.
This occurred to a slightly lesser extent when CA was incorporated to the

formulation (lower values of AH,,).

Likewise, the T,, and AH,, obtained in the second scan were lower than the values
obtained in the first scan, as observed by other authors for pure PCL (Koenig &
Huang, 1995). The AH,, values of the second scan were very close to the AH,
values, in line with the melting of the crystallized polymer during the thermal
scanning (Campos et al., 2012). From the melting parameters obtained in the first
and second scans, supercooling effects during the cooling step in DSC analyses can
be deduced, while citric acid slightly reduces the ability of PCL to crystallize. This
suggests that there are molecular changes in the polymer either brought about by
depolymerisation or by the occurrence of stronger interactions with the starch
chains promoted by citric acid.

4.3.4. Physicochemical properties

Figure 4.4 shows typical tensile curves of the different films stored for 1 week
under controlled conditions. The incorporation of CA to the net starch film
provoked a decrease in the film stretchability, while the resistance to break and
elastic modulus were hardly affected. This has previously been reported and
attributed to the crosslinking of starch chains, which reduced their possibilities of
slipping during the tensile test (Ortega-Toro et al., 2014b). Nevertheless, in blend
films with a low ratio of PCL (S90 and S80), citric acid greatly increased the film
stretchability, although the elastic modulus and resistance to break were reduced.
This suggests that the polymer compatibility increased and that the films gain
extension ability associated with the presence of a very stretchable polymer, such

as PCL. This is particularly effective in films containing the lowest PCL ratio.
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Blend films with a higher ratio of PCL, both with and without citric acid, exhibited
a very low deformation capacity and break at low deformation levels probably due
to the low adhesion forces between the phases in the matrix, where both polymers

are arranged in large domains of separated phases with scarce union forces between
them.

12 — S — S-CA

S90 — S90-CA
S80-CA
S70-CA
S60-CA

Stress (MPa)

70

Strain (%)

Figure 4.4.-Typical stress-strain curves of the different films after 1 week of storage.

Figure 4.5 shows the tensile parameter values at 1 and 5 storage weeks for the
different formulations. When the starch is blended with PCL, EM was greater than
in the control formulations (S and PCL), except for sample S90 where EM was
significantly lower (p < 0.05). Likewise, EM values significantly increased during
storage in almost every case, which indicates that starch chain aggregations
progressively increased in the continuous phase, thus hardening the matrix. The

increase in EM for PCL concentrations over 20% suggests that the conformation of
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the starch chains in the starch domains changed in the presence of the hydrophobic
PCL chains in the matrix, thus promoting stronger intermolecular bonds, while the
forces in the union zones are weak. The latter was reflected in the significant
decrease in the film’s resistance to break and stretchability when the PCL ratio
increased in the matrix. Only the S90 sample gains extensibility, as compared to
the S control, especially when it contains CA (S90-CA), although it loses resistance
to break. These results indicate that, at this PCL ratio, a better integration of both
polymers occurred, as deduced from thermal behaviour and microstructural
analyses. This integration was enhanced when CA was added to the film, which led
to a significant gain in the film stretchability, probably through the role of PCL
chains in the matrix. Net PCL films exhibited very ductile behaviour with yield
point (not break) at 18.17 £ 1.06 MPa and 13 £ 4 percentage deformation. Other
authors reported that the PCL films’ break occurs at 1100% (Ishiaku et al., 2002).
The incorporation of CA to the films caused a reduction in the EM and the
resistance (TS) at break of the blend films, except for the S60 sample where both
parameters slightly increased. As concerns elongation, CA greatly promotes the
extensibility of S90 and S80 samples, whereas it did not affect the very low values
of the S70 and S80 samples.

These results are coherent with a combined effect of CA, previously reported by
other authors for starch blend films: cross linking between starch chains, or even
with the end hydroxyl groups of PCL (loss of stretchability), partial hydrolysis of
the starch and PCL chains and plasticizing effect of the non-bonded citric acid
molecules (decrease in the elastic modulus and resistance to break) (Ghanbarzadeh
et al., 2011; Chabrat et al., 2012; Ortega-Toro et al., 2014b). The differentiated
behaviour of S90 and S80 samples with a relatively low ratio of PCL indicates that

the interactions between starch and PCL chains promoted by citric acid
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predominate over the overall behaviour of non-well-adhered separate phases of
PCL and starch in blend films.

800
700

[=2)
(=]
(=

EM (MPa)
£ 58

S S-CA S90 S90-CA S80 S80-CA S70 S70-CA 860 S60-CA PCL

S S-CA 890 890-CA S80 S80-CA 870 870-CA 860 S60-CA

70 €
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Figure 4.5.- Mean values of EM, TS and elongation for the different films stored for 1 (black bars)
and 5 (grey bars) weeks. LSD intervals (95% confidence level) are shown. Different letters or
numbers on the columns indicate significant differences among formulations after 1 or 5 storage
weeks, respectively.
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As concerns the development of the mechanical behaviour of the films during
storage time, two trends were observed. When the proportion of PCL was low (S90
and S80 samples with and without CA), the EM and TS parameters increased and
the elongation decreased. The changes were not marked when the amount of PCL
was high (S70, S70-CA, S60 and S60-CA). As previously commented on, this
suggests that starch chain aggregation progressed during storage (retrogradation
phenomenon), even when CA or PCL was added, this being more notable when the
starch dominated in the matrix. Nevertheless, films with 10% PCL and CA

maintained a good mechanical response after 5 weeks’ storage time.

Table 4.3 shows the values and standard deviation of the equilibrium water content,
water solubility and bonded citric acid of the studied films at the initial and final
storage times. The water content (Xw) decreased when the amount of PCL rose in
the blend due to its hydrophobic character. In general, at 1 week of storage,
formulations with citric acid exhibited a significantly lower (p < 0.05) water
content than the CA-free films. This indicates that a certain extent of esterification
of the starch hydroxyl groups could occur during the film’s thermo-processing
(blend in roll mills and compression moulding) at the high temperature used (160
°C) and in the absence of water, since these are adequate conditions for citric acid
esterification reactions with chain hydroxyls (Reddy &Yang, 2010). The fall in the
number of hydroxyls will reduce the water affinity of the polymer, while cross-
linking between different starch chains will reinforce the intermolecular binding,
by introducing covalent bonds thus improving the water uptake resistance
(Krumova et al., 2000; Yu et al., 2005; Ghanbarzadeh et al., 2011). Nevertheless,
a significant increase (p < 0.05) in the films’ water content during the storage time
was observed in every case, except in the pure PCL film, thus indicating that the

equilibrium was not reached at 1 week of storage. At this time, the effect of citric

193



CHAPTER 4

acid on the films’ moisture content was not significant, which suggests that there

was no notable reduction of active points for water adsorption.

Table 4.3.-Mean values and standard deviation of water content (Xw), film solubility (g
solubilised film/g initial dried film) and bonded citric acid (ratio with respect to the amount
in the film) of the different films stored at 53% relative humidity and 25 °C.

Xw (g water/g dried film) Film solubility Bonded

Different superscript letters within the same column indicate significant differences among
formulations (p < 0.05). Different superscript numbers within the same row indicate significant

Initial Final Initial Final citric acid
0.0613 0.079 0.19 0.24
+0.0006™ +0.004% +0.07%" +0.05%
0.059 0.076 0.35 0.371 0.80
+0.0029" +0.0021? +0.03" +0.012" +0.03°
0.0664 0.074 0.120 0.138
+0.0004" + 0.003%% +0.009"! +0.002"
0.0543 0.0713 0.328 0.331 0.84
+0.0007¢" +0.0005% +0.005" +0.005% £0.03
0.0535 0.061 0.132 0.137
+0.0008% +0.002% +0.003* +0.013™
0.056 0.061 0.362 0.32 0.86
+0.003°" +0.015% +0.013" +0.02% +0.03°
0.057 0.063 0.099 0.106
+0.003%* +0.004% +0.003™ +0.006™
0.047 0.0578 0.24 0.30 0.81
+0.003% +0.005% +0.02% +0.02% +0.04°
0.0409 0.046 0.13 0.13
+0.0006% +0.002" +0.03%! +0.02%
0.03331 0.0458 0.16 0.19 0.83
+0.00014™ | £0.0014" +0.02°% +0.02% +0.04°
0.003 0.0021 0.00022 0.0004
+0.002% +0.0005% +0.00011% +0.0002%

differences due to storage time (p < 0.05).
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As concerns the water solubility of films, the values were lower than the glycerol
mass fraction in the films except in the case of those films containing citric acid
(Table 4.1), which indicates that in no case is this component completely released
to the water medium. Compared to the S formulation, films without citric acid
experienced a significant (p < 0.05) decrease in water solubility when PCL was
present in the film, regardless of its ratio; this is coherent with their increased
hydrophobic character and the subsequent inhibition of the mass transport rate of

polar water soluble compounds.

On the other hand, the film solubility increased when CA was added, although this
was slightly reduced for higher PCL ratios. The increase in this parameter suggests
the partial hydrolysis of macromolecules caused by citric acid, resulting in a
greater quantity of linear, smaller fragments of starch which are more water soluble
(Olivato et al., 2012; Carvalho et al., 2005). Yoon et al. (2006) reported an increase
in the solubility of starch-polyvinyl alcohol (PVA) blend films when the CA
concentration increased. Likewise, a similar effect was reported for modified
starch-polyvinyl alcohol blends (Lee et al., 2007; Yun et al., 2008). Shi et al.
(2007) reported a decrease in the polymer molecular weight when citric acid was
added to thermoplastic corn starch as co-plasticizer with glycerol. The lower values
of the citric acid induced water solubility, when PCL ratio increased in the blends,

suggest that no notable hydrolysis of this polymer occurred.

The values of the ratio of bonded CA with respect to the amounts added to the
films did not differ significantly from formulation to formulation. This suggests
that CA reacts with starch chains or with glycerol, taking into account that the CA-
glycerol-starch ratios were constant in every formulation and that the CA-PCL
ratio decreased as PCL rose in the blend. So, neither are there any notable CA-PCL
reactions (such as possible transesterification) nor does the PCL presence affect the

starch or glycerol reactions with CA. Esterification reactions of CA with glycerol
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have previously been described in starch-glycerol-citric acid films (Holser, 2008).
Nevertheless, this reaction could not be confirmed from the obtained data, since for
films with CA solubility values were always greater than the mass fraction of
glycerol in the films, even when the PCL ratio was at its highest and the solubility

value at its lowest.

Table 4.4 shows the water vapour permeability (WVP) and oxygen permeability
(O,P) of the studied films after 1 and 5 storage weeks. The addition of PCL
promoted a significant decrease (p < 0.05) in the WVP of the studied films; the
higher the PCL content, the greater the reduction for films stored for both 1 and 5
weeks. The hydrophobic phase in the starch matrix can explain this behaviour,
since the material presents a greater tortuosity factor for the transport of water
molecules. The incorporation of CA to the starch matrix did not imply a significant
reduction in WVP values in films equilibrated for 5 weeks, when they gained
moisture content. It is likely that the crosslinking and hydrolysis phenomena effects
on mass transport properties of the material were balanced. In blend films, CA did

not improve water vapour barrier properties.

The O,P values for S and PCL formulations were not shown because their values
were outside the sensitivity range of the equipment used: those of the S formulation
were too low and those of the net PCL films too high. The O,P values of blend
films significantly (p < 0.05) increased in line with the PCL ratio in the film, while
the addition of CA did not present a notable effect. No notable changes in the O,P
values of the films were observed after 5 storage weeks. So, the barrier properties
of starch films were positively affected by PCL blending for water vapour but
negatively affected for oxygen, in agreement with the different chemical affinity of
PCL with both molecules. Even in samples with 10% PCL, where citric acid acts as
a compatibilizer, there was no observed impact of this compound on film barrier

properties.
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Table 4.4.-Mean values and standard deviation of water vapour permeability (WVP) and
oxygen permeability (O,P) of the different films after 1 (Initial) and 5 (Final) weeks of
storage at 53% relative humidity and 25 °C.

WVP (g-mm-KPa*-h!-m?) O,P - 10%® (cm®* m™-s*.Pa?)

Initial Initial

18.1+1.4™ 16 + 2% <D.L. <D.L.
12 + 2% 15.6 +1.2°8 | 0.26 +0.05" |0.281 + 0.004%
145+0.7" 158+1.2°% |0.22+0.09" | 0.23+0.15"
13.0 +1.4°" 15+ 2% 04+02% | 0.54+0.06"
11 + 2% 9.3+0.6%" 6.5 + 0.3%! 6+ 3%
10.0 + 0.6" 10.8 +1.0% 24+0.3% 3.9 +0.2%2
75+0.7% 104+0.7%% | 171+09% | 146+1.1%

6.3+0.7% 8.5 +0.3% 11.6 + 1.2 12 +2%
8+ 2% 5.4 +0.4% 33+2% 26 +3%
2.9+0.8" 3.55+0.11™ 24 + 2% 27.1+0.8%
0.120 + 0.04* |0.117 +0.011* >D.L. >D.L.

D.L.: 0.1-200 cm®/(m?.day). Different superscript letters within the same column indicate significant
differences among formulations (p < 0.05). Different superscript numbers within the same row
indicate significant differences due to storage time (p < 0.05).

Table 4.5 presents the values and standard deviation of roughness parameters,
internal transmittance at 650 nm, and gloss at 85° of the studied films conditioned
under controlled conditions for 1 and 5 weeks. In general, the roughness
parameters did not show marked differences while they did exhibit a slight
tendency to decrease when the PCL ratio increased, the net PCL films were not as
rough as net starch films. Likewise, the roughness tended to decrease after the
addition of CA in line with the promotion of the fragmentation and gelatinization
of starch granules caused by the acid (Yu et al., 2005; Wang et al., 2009; Chabrat
et al., 2012). In the analysis of this parameter, it is necessary to take into account
that the compression moulding could affect the surface roughness and mask the
effect caused by the components of the polymeric matrix.
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Table 4.5.-Mean values and standard deviation of surface roughness parameters and optical
properties of the different films after 1 (Initial time) and 5 (Final time) weeks of storage at
53% relative humidity and 25 °C.

Roughness parameters

Gloss (85°) Ti (650nm)

Initial

Initial

S 6.1+0.9% |263+63* | 40+5% |[37.2+15°" | 851+03" |84.2+0.2
Mo/ Wl 25+02% |206+72° | 39+5% 32+ 2% 85.5+0.6™ | 859+0.8%
590 13+5% | 247+65° | 37+9° 35+ 6™ 77.3+0.6% | 79.8+0.6°
Oy 3.2+12° |200+38° | 52+3% 43 + 1792 79.4 +0.3%% | 81.1+0.4%
580 8 + 3™ 255 +26% | 29+ 9% 31+ 9% 82.4+06%" |[825+1.1%"
LN 14 +49 | 497+35° | 20 +13% 14 + 2% 73.6 £0.6% | 76.0+0.7"
~S70 8 + 3™ 271 +68% |34 +10™! 46 + 4% 80.90 + 0.14°0! | 80.9 + 0.4%!
YO 113 | 265+72° | 31+ 9t 35 + 10! 76.2+0.7" | 77.1+0.6%
S60 56+14% |210+79° | 38+6% 37 + 4 81.2+1.3% |81.6+0.7%
RN 02 +13% | 214+26° | 50+7% | 41+10%2 | 78.8+0.8! |79.4 0.8
lo{B 6.0 + 0.9 | 195+ 25% | 59+ 16% 57 + 9" 78 + 204 78 + 2%t

Different superscript letters within the same column indicate significant differences among
formulations (p < 0.05). Different superscript numbers within the same row indicate significant
differences due to storage time (p < 0.05).

The gloss of the films was related with their surface roughness (Sdnchez-Gonzélez
et al., 2012) and, therefore, the process by which it is obtained can also affect it. In
general, the films showed low gloss, their values ranging between 20 and 59 GU,
with high variability, and without clear tendencies as a function of their
composition. The net PCL films exhibited the highest gloss values according to

their lowest roughness parameters obtained by AFM.

The internal transmittance (Ti), as a measure of film transparency, tended to
decrease in line with the PCL ratio, according to the greater heterogeneity of the
matrix with two non-miscible phases and a different refractive index. The
incorporation of CA improved the film transparency of the S90 sample, but
increased the film’s opacity in the other blend films. No notable changes in this

parameter occurred while the film was stored for 5 weeks. The different effect of
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CA in the S90 films is coherent with the improvement in the polymer compatibility

deduced from the thermal and mechanical behaviour of these films.

4.4. CONCLUSIONS

Citric acid improves the properties of corn starch-PCL blend films with a low PCL
ratio (S:PCL ratio of 90:10), while it was not effective at compabilizing blends
with higher amounts of PCL. This was observed in the microstructural analyses
and deduced from the film’s physicochemical properties. The incorporation of CA
in the films affected both starch and PCL crystallization as deduced from the X-ray
diffraction patterns of starch and PCL melting enthalpy values. The glass transition
of starch was reduced by the incorporation of PCL in line with its partial
solubilization in the starch phase, but lower than 10% with respect to starch. This
decrease was greater in the presence of citric acid. So, citric acid promoted stronger
interactions between PCL and starch chains, although this only quantitatively
benefited the film properties at a low PCL ratio. In fact, blend films with a 90:10
starch:PCL ratio with citric acid exhibited the highest stretchability, with good
mechanical resistance. The water solubility of the films increased when they
contained citric acid, due to the acid hydrolysis of starch, although the water
transfer rate was limited in blend films. Citric acid did not affect the barrier
properties of the blend films which showed intermediate values, between those of
net starch and PCL films, according to their ratio in the film. So, compounding
starch with small amounts of PCL, using glycerol and citric acid, can supply films

with better functional properties than net starch films.
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CHAPTER 5

IMPROVEMENT OF PROPERTIES OF GLYCEROL PLASTICIZED
STARCH FILMS BY BLENDING WITH A LOW RATIO OF
POLYCAPROLACTONE AND/OR POLYETHYLENE GLYCOL

Rodrigo Ortega-Toro, Amparo Mufioz, Pau Talens, & Amparo Chiralt

Food Hydrocolloids, Accepted Manuscript

The effect of the melt blending of polycaprolactone (PCL) (5 and 10 wt. %) and
polyethylene glycol (PEG 4000 D) (2 wt. %) with corn thermoplastic starch (with
30% glycerol) on film properties was studied through the characterization of the
structural, thermal and physical properties of the films obtained by compression
moulding, after 1 and 5 storage weeks. PCL and PEG decreased the glass transition
temperature of starch, whereas no changes in PCL melting properties were
observed. Starch films could incorporate 5% PCL without a notable phase
separation, leading to more stretchable and stable films. Blend films with 10% PCL
showed clear phase separation, without any improved tensile properties, but with
lower water vapour permeability. In ternary systems, PEG reduced the PCL-starch
affinity, enhancing phase separation, whereas it did not improve the film properties
with respect to starch films.
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5.1. INTRODUCTION

Synthetic polymers have been widely used for food packaging because of their
accessible cost and suitable properties. However, the growth of environmental
problems caused by petrochemical-based plastics has aroused interest in the use of
biodegradable alternatives coming from renewable sources (Petersen et al., 1999;
Weber et al., 2002).

Among the natural polymers, such as polysaccharides and proteins, starch is a
promising candidate with which to develop biodegradable films due to its high
film-forming capability, its low cost, its wide availability from renewable sources
and its relatively easy handling (Bertuzzi et al., 2007; Romero-Bastida et al., 2005;
Talja et al., 2007). Many studies have reported the development of starch-based
films as a means of reducing the environmental impact of synthetic plastics
(Averous & Boquillon, 2004; Park et al., 2004).

Starch based-films exhibit good barrier properties to oxygen (Dole et al., 2004),
carbon dioxide and lipids, biodegradability (lovino et al., 2008) and compostability
(Lorcks, 1998). However, starch itself has poor thermo-processability and exhibits
some drawbacks such as a strong hydrophilic character (Teixeira et al., 2009), and
poor mechanical properties compared to conventional synthetic polymers (Averous
& Boquillon, 2004; Teixeira et al., 2009), which limit its use as packaging

material.

The most common methods used to overcome these limitations are chemical
modification (Lépez et al., 2010), plasticization and blending with other polymers
and additives (Jiménez et al., 2012). Plasticizers improve the processability and/or
other properties required for specific applications, by establishing intermolecular
bonds with polymers and promoting conformational changes, which result in an
increase in deformability. Thus, plasticizers are added to reduce brittleness,

increase free volume between polymer molecules and decrease the intermolecular
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forces (Romero-Bastida et al., 2005). Both the glass transition temperature of
polymer and the processing temperature decreased in the presence of a plasticizer.
The most common plasticizers used on starch-based materials are polyols,
principally glycerol and sorbitol (Mali et al., 2002; McHugh et al., 1993;
Sothornvit & Krochta, 2005).

The other way to improve the properties of starch-based materials is by blending
them with other polymers. The most commonly-used polymers are poly (B-
hydroxyalkanoates) (PHA), obtained by microbial synthesis, Poly(lactic acid)
(PLA) and poly (e-caprolactone) (PCL), which are derived from chemical
polymerization. PCL is a linear, partially crystalline, hydrophobic polyester (Li et
al., 1997) with good mechanical properties and high extensibility. Its elongation
and tensile strength at break point was higher than 1100% and 33 MPa,
respectively (Matzinos et al., 2002; Ortega-Toro et al., 2015)

Starch and PCL blends have been extensively studied by several authors (Avella et
al., 2000; Averous et al., 2000; Matzinos et al., 2002; Li & Favis, 2010; Ortega-
Toro et al., 2015; Singh et al., 2003; Wu, 2003). Several disadvantages of pure
starch-based films, such as their low resilience, high degree of moisture sensitivity
and high shrinkage have been overcome by adding PCL to the starch matrix. With
PCL addition, the impact resistance and the dimensional stability of native starch
have been significantly improved (Averous et al., 2000). However, the main
problem of the starch/PCL blend is the phase separation of both incompatible
polymers and the weak adhesion between the hydrophilic polysaccharide and the
hydrophobic polyester due to their different polarity, which result in poor
properties. To overcome this problem, compatibilizers have been used or the
polymers have been modified (Avella et al., 2000). Nevertheless, the incorporation
of small amounts (10%) of PCL into starch films led to a very fine dispersion of

PCL in the starch matrix, decreasing the starch glass transition temperature and
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improving the water vapour barrier properties of starch films (Ortega-Toro et al.,
2015).

Compatibilizers exhibit interfacial activity inside the heterogeneous polymer
blends. Generally, they are amphiphilic, low molecular weight compounds
(Yolesahachart & Yoksan, 2011), ionomers (Landreau et al., 2009) or a third
polymer at least partially miscible in both components (Parulekar & Mohanty,
2007). In this sense, Kim et al. (2000) have reported that the mechanical and
structural properties of 40/60 (wt. %) starch-PCL blend films were greatly
improved when 10% (wt.) polyethylene glycol (PEG) of intermediate molecular
weight (MW: 3.400 D) was added. The films showed the highest tensile toughness
and the smallest domain size of the starch dispersed phase, which implies that PEG
of the proper molecular weight could effectively stabilize the interface of the
starch-PCL blend, interacting with both the starch phase and the PCL phase.
Considering these aspects, PEG of intermediate molecular weight could be used as
a possible compatibilizer in starch-PCL blend films, while acting as a starch

plasticizer.

The aim of this work was to analyse the influence of adding PEG of intermediate
molecular weight on the structural, thermal and physicochemical properties of
compression moulded starch films containing a low ratio (less than 10%) of PCL in

order to obtain low cost starch films with improved properties.

5.2. MATERIALS AND METHODS

5.2.1. Materials

Corn starch was obtained from Roquette (Roquette Laisa Spain, Benifaid, Spain).

Its moisture content was 10% w/w and amylose percentage was 14%. Glycerol was
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purchased from Panreac Quimica, S.A. (Castellar del Vallés, Barcelona, Spain).
Polyethylene Glycol (PEG) and the polycaprolactone (PCL) were provided by
Aldrich Chemistry (Sigma-Aldrich Co. LLC Madrid, Spain); their molecular
weights were 4000 dalton and 80000 dalton respectively. Magnesium nitrate 6-
hydrate and phosphorus pentoxide were purchased from Panreac Quimica, S.A.

(Castellar del Vallés, Barcelona, Spain).

5.2.2. Film preparation

PEG and glycerol were dissolved in water, and then native starch was dispersed in
the aqueous solution. Afterwards, the respective amount of PCL was added to the
mixture. The starch:glycerol ratio was 1:0.3 and the starch:water ratio was 1:05 in
every case. The other components were added in different proportions depending
on the blend. The starch:PEG ratio was 1:0.02 and the starch:PCL ratios were
1:0.05 and 1:0.1. Two control films (S: glycerol plasticized starch and PCL: pure
PCL) and 5 blend films were prepared: S-PEG (starch, glycerol and PEG), S-PCL5
(starch, glycerol and PCL at 5%), S-PCL5-PEG (starch, glycerol, PCL at 5%, and
PEG), S-PCL10 (starch, glycerol and PCL at 10%) and S-PCL10-PEG (starch,
glycerol, PCL at 10%, and PEG).

The formulations were hot-mixed on a two-roll mill (Model LRM-M-100, Labtech
Engineering, Thailand) at 160 °C and 8 rpm for 30 minutes. A visually good
miscibility among the components was observed. When the mixing was finished,
the paste sheets formed were removed from the mill and conditioned at 25 °C and
53% Relative Humidity (RH), using a Mg(NO,), oversaturated solution for 48
hours, to increase the blend moisture content, thus improving processability.
Afterwards, films were made in a compression moulding press (Model LP20,
Labtech Engineering, Thailand). Four grams of the pre-conditioned paste were put

onto steel sheets and pre-heated on the heating unit for 5 min. Compression
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moulding was performed at 160 °C for 2 min and 50 bars, followed by 6 min and
150 bars; thereafter, the cooling cycle was applied for 3 min. Starch-based films
were conditioned at 25 °C and 53% RH for 1 week for the initial time

characterization and for 5 weeks for the final time characterization.

5.2.3. Film characterization

5.2.3.1. Structural properties

The surface morphology of the films was analyzed using an atomic force
microscope (AFM) (Multimode 8, Bruker AXS, Santa Barbara, USA) with
NanoScope® V controller electronics. Measurements were taken from 20 um? areas
using the PeakForce QNM mode. Samples conditioned for 1 week at 25 °C and
53% RH were analysed. The DMT modulus maps, derived from the PeakForce
QNM Mode, were obtained, showing the surface mechanical properties of the

materials. Three replicates were considered for every case.

Scanning Electron Microscopy (SEM) of the cross-sections of the films was
performed by means of a microscope (JEOL JSM-5410, Japan). The film samples
were maintained in desiccators with P,Os for 1 week to guarantee that water was
not present and 2 samples per formulation were analysed. Film pieces, 0.5 cm? in
size, were cryofractured (by immersion in liquid nitrogen and subsequent break)
from films and fixed on copper stubs, gold coated, and observed using an

accelerating voltage of 10 kV.

A diffractometer (XRD, Bruker AXS/D8 Advance) was used to obtain the X-ray
diffraction patterns of the films. The samples (conditioned for 1 and 5 weeks at 25
°C and 53% RH) were analyzed between 26: 5° and 20: 30° using Ka Cu radiation
(A 1.542 A), 40 kV and 40 mA with a step size of 0.05°, using a sample holder of
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quartz. For this analysis, samples were cut into 4 cm squares. Pure PEG film was

also analysed, so as to identify its characteristic peaks.

Fourier Transform Infrared spectroscopy in Total Attenuated Reflection mode
(ATR-FTIR) was used to study the films at initial time. Measurements were carried
out using a Tensor 27 mid-FTIR Bruker spectrometer (Bruker, Karlsruhe,
Germany) equipped with a Platinum ATR optical cell and an RT-Dla TGS detector
(Bruker, Karlsruhe, Germany). During analysis, the diaphragm was set at 4 mm
whereas the scanning rate was 10 kHz. For the reference (air) and each
formulation, 100 scans were considered from 4000 to 800 cm™, with a resolution of
4 cm™. The obtained data were treated by using OPUS software (Bruker,
Karlsruhe, Germany): initial absorbance spectra were smoothed using a nine-points
Savitskye Golay algorithm. After, an elastic baseline correction (200 points) was
applied and then centred and normalized.

5.2.3.2. Thermal properties

A Differential Scanning Calorimeter (DSC 1 Star® System, Mettler-Toledo Inc.,
Switzerland) was used to analyse the thermal properties. Films conditioned at
initial and final time were analysed. Weighed amounts of samples were placed into
aluminium pans and sealed and drilled to promote the bonded moisture loss during
heating. The thermograms were obtained by heating from 25 °C to 160 °C at 20
°C/min, afterwards samples were cooled till 25 °C, and heat in a second step to 160
°C at the same rate. In the first scan, the bonded water in the film was eliminated
and the PCL fusion parameters were determined. In the second heating scan, the

glass transition of starch was analysed.
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5.2.3.3. Physicochemical properties

A Palmer digital micrometer was used to measure film thickness to the nearest
0.0025 mm at six random positions around the film. Every film obtained was
measured. A universal test Machine (TA.XTplus model, Stable Micro Systems,
Haslemere, England) was used to determine the tensile strength (TS), elastic
modulus (EM), and elongation (E) of the films, following ASTM standard method
D882 (ASTM, 2001). Films conditioned at 25 °C and 53% RH for 1 and 5 weeks
were evaluated. EM, TS, and E were determined from the stress-strain curves,
estimated from force-distance data obtained for the different films (2.5 cm wide
and 5 cm long). Samples were mounted in the film-extension grips of the testing
machine and stretched at 50 mm min™ until breaking. At least ten replicates were
obtained from each sample.

The Water vapour permeability (WVP) of films was determined according to the
ASTM E96-95 (ASTM, 1995) gravimetric method, taking into account the
modification proposed by McHugh et al. (1993). Distilled water was placed in
Payne permeability cups (3.5 cm diameter, Elcometer SPRL, Hermelle/s
Argenteau, Belgium) to expose the film to 100% RH on one side. Once the films
were secured, each cup was placed in a relative humidity equilibrated cabinet at 25
°C, with a fan placed on the top of the cup in order to reduce resistance to water
vapour transport, thus avoiding the stagnant layer effect in this exposed side of the
film. The RH of the cabinets (53%) was held constant using oversaturated solutions
of magnesium nitrate-6-hydrate. The cups were weighed periodically (0.0001 g)
and water vapour transmission (WVTR) was calculated from the slope obtained
from the regression analysis of weight loss data versus time (once the steady state
had been reached), divided by the film area. From WVTR data, the vapour pressure
on the film’s inner surface (p,) was obtained using eq. (5.1), proposed by McHugh

et al. (1993), to correct the effect of concentration gradients.
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WVTR — PDLy [P_pZ \P_pl] (5.1)
RT-Az

where P, total pressure (atm); D, diffusivity of water through air at 25 °C (m* /s);
R, gas law constant (82.057 x 10 m® atm kmol™ K*); T, absolute temperature (K);
Az, mean stagnant air gap height (m), considering the initial and final z value; p,,
water vapour pressure on the solution surface (atm); and p,, corrected water vapour
pressure on the film’s inner surface (atm). Water vapour permeance was calculated
using eq. (5.2) as a function of p, and ps (pressure on the film’s outer surface in the

cabinet).

WVTR

2~DP3

permeance = (5.2)

Permeability was calculated by multiplying the permeance by film thickness.

The Oxygen permeability (O,P) of the films was determined at 53% RH and 25 °C
using an OX-TRAN (Model 2/21 ML Mocon Lippke, Neuwied, Germany)
following the ASTM standard D3985-95 method (ASTM, 2002). The samples were
conditioned at the relative humidity level of the test in a desiccator using
magnesium nitrate-6-hydrate over saturated solutions for 1 and 5 weeks. Three
samples were placed in the equipment for analysis, and the transmission values
were determined every 20 min until equilibrium was reached. The exposure area
during the tests was 50 cm? for each sample. To obtain the oxygen permeability,
the film thickness was considered. Analyses were carried out in triplicate for each

sample.
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The film water content (Xw) was determined in conditioned films at 53% RH by
drying at 60 °C for 24h (J.P. Selecta, S.A. Barcelona, Spain) and afterwards,
placing them in a desiccator with P,Os (Panreac Quimica, S.A. Castellar Vallés,
Barcelona) to adjust them to 0% RH and 25 °C for 2 weeks. Analyses were carried

out in triplicate for each sample.

Film solubility in water was determined by keeping the samples in bidistilled water
at a film: water ratio of 1:10, for 48 h. Afterwards, the film samples were
transferred to a convection oven (J.P. Selecta, S.A., Barcelona, Spain) for 24 h at
60 °C to remove the free water and then transferred to a desiccator with P,Os at 25
°C for 2 weeks to complete film drying. Sample solubility was estimated from the
film initial and final weights. Analysis was carried out in triplicate for each

formulation.

The Kubelka-Munk theory for multiple scattering was applied to the reflection
spectra to determine the film’s transparency (Hutchings, 1999). The surface
reflectance spectra were determined from 400 to 700 nm using a spectro-
colorimeter CM-3600d (Minolta Co., Tokyo, Japan) on both a white and a black
background. As the light passes through the film, it is partially absorbed and
scattered, which is quantified by the absorption (K) and the scattering (S)
coefficients. The internal transmittance (Ti) of the films was determined using eqg.
(5.3). In this equation, R, is the reflectance of the film on an ideal black
background. Parameters a and b were calculated by means of egs. (5.4) and (5.5),
where R is the reflectance of the sample layer backed by a known reflectance, Rg.
Three replicates were used for each sample on the free film surface. For this

analysis, a wavelength of 650 nm was considered.

T, = /(a — Ry)? — b2 (5.3)
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1 RO—R+Rg)

a==-(R+ RoRy (5.4)

b=+va?-1 (5.5)

The gloss was determined on the free film surface, at an 85° incidence angle by
means of a flat surface gloss meter (Multi Gloss 268, Minolta, Germany),
following the ASTM standard D523 method (ASTM, 1999). The measurements
were carried out in triplicate in each film and three films were considered for each
formulation. The results were expressed as gloss units (GU) relative to a highly

polished surface of black glass standard with a value near to 100 GU.

5.2.3.4. Statistical analysis

Statgraphics Plus for Windows 5.1 (Manugistics Corp., Rockville, MD) was used
to carry out statistical analyses of data through an analysis of variance (ANOVA).

Fisher’s least significant difference (LSD) was used at the 95% confidence level.

5.3. RESULTS

5.3.1. Structural properties

Film microstructure, determined by the structural arrangement of film components,

has a great impact on the physical properties. Figure 5.1 shows the maps of the
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DMT modulus of the films’ surface obtained from AFM in Peak Force QNM

mode.

3.0 GPa 2.3GPa
0.0 0.0
7.3 GPa 3.9 GPa
0.0 0.0
DMTModulus DMTModulus 20.0 ym
3.0GPa 3.2GPa

0.0 0.0

DMTModulus 20.0 ym

Figure 5.1.-DMT modulus maps obtained from AFM of the studied films conditioned for 1 week at
25 °C and 53% relative humidity.
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The control formulations (S and PCL) showed more homogenous values of the
surface modulus than the blend films, although a great difference in their respective
values could be observed for both control films. Net starch films had a much harder
surface than net PCL films. The starch matrix was less homogeneous when it
contained PEG, exhibiting softer zones with lower values of DMT Modulus, which
suggests that PEG was not completely integrated in the glycerol plasticized starch

matrix, while PEG reduced the overall rigidity of the material.

When the PCL was added to the starch matrix, the heterogeneity of the material
greatly increased, showing zones with values of the modulus near to those obtained
for starch films and very soft zones corresponding to the PCL domains. In the case
of S-PCL5 formulations, PCL (softer zones) showed finer distribution in the starch
matrix than in S-PCL10 samples. The polymer phase separation on the film surface
was more evident in S-PCL10 formulations, where large, soft PCL domains could
be observed. The addition of PEG to the S-PCL blends promoted the heterogeneity
of the film surface; a greater differentiation of soft and hard phases could be
appreciated, thus suggesting a clearer polymer phase separation at surface level.

Figure 5.2 shows the SEM micrographs of the cross section of the studied films.
The structure of control formulations was more homogeneous than that of the
blends. Incorporating PEG into the starch matrix hardly affected the film
microstructure, although qualitative differences could be appreciated in the film
matrix. The incorporation of the lowest ratio of PCL into the starch matrix led to a
good dispersion in the starch continuous matrix, with very fine PCL particles. The
increase in the PCL content enhanced the size of the PCL domains, coherently with
the greater difficulty of dispersing a greater amount of the immiscible polymer in
the starch matrix. These results indicate that the partial miscibility of PCL in the

glycerol plasticized starch phase is lower than 10%, actually nearer to 5%.
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Figure 5.2.-SEM micrographs of the cross section of the studied films conditioned for 1 week at 25
°C and 53% relative humidity.

The addition of PEG to blends clearly promoted the phase separation of polymers,
since greater PCL separated domains appeared; they were separated from the starch
matrix at both ratios of PCL, but especially at that of 10%. The lack of adhesion of
both polymer phases could also be observed. So, the starch-PCL interactions were
modified when PEG was present in the films. This could be due to the fact that
PEG has a higher chemical affinity with starch than with PCL because of its
predominantly hydrophilic character (HLB: 18.5, Cao & Aita, 2013) and despite its
amphiphilic nature. The active points of starch able to interact with PCL could be
more hindered when PEG was present in the blend.

219



CHAPTER 5

Figure 5.3 showed the X-ray diffraction (XRD) patterns obtained for the films
conditioned at 25 °C and 53% RH for 1 and 5 weeks. The process used to obtain
thermoplastic starch promoted the disruption of the typical crystallinity of native
starch (type A or B) (Blanshard, 1987; Wu & Sarko, 1978) and provoked the
formation of new structures with specific peaks, such as that observed at 20: 13.5°,
which is attributed to the formation of complex between the helical conformation
of amylose and endogenous starch lipids (Guilbort & Mercier, 1985). The typical
forms of amylose V-type crystals were observed in starch films, with peaks at 26:
13.5 and 20° in the diffraction spectra, as observed by Lesmes et al., 2009 and
Ortega-Toro et al., 2014.

On the other hand, the PCL diffractograms (Figure 5.3) showed thinner and more
intense peaks than starch at 20: 21-22 and 24°. This indicates that the crystalline
zones of PCL are bigger in size, with the amorphous region contributing much less
to the diffraction pattern than in the case of starch. The addition of PEG to the
starch films slightly modified the diffraction patterns of the starch films, enhancing
the crystalline response (sharper peaks), especially after 5 storage weeks. This can
be due to the promotion of starch crystallization or PEG crystallization, whose
peaks overlap with those of starch. Characteristic diffraction spectra of PEG can be
observed in Figure 5.3, showing the main peaks at 20: 18 and 22.6°. At final time,
marked shoulders appeared at 18 and 22.6° in starch films containing PEG, while
the characteristic peak at 20° splits, thus indicating changes in the starch

crystallization and possible PEG crystallization, despite its low ratio in the blend.

The characteristic peaks of PCL, at 20 22° and 24°, appeared in the PCL-starch
blends, both with and without PEG, while the amorphous response in the film
diffractograms was much less pronounced when the PCL ratio increased in the
film. The addition of PEG also affected the diffraction patterns of blend films in a

similar way to the net starch films.

220



CHAPTER 5

— sf | 42 _
—~ — S /\ q
a A\ RS
< yal \\ =
é‘ ‘A\\/’/ 4 % .
7] / ~ 2 e
e PN — 2 W —
E e R S
5 10 15 20 25 30 10 15 20 25 20
20 (Degrees) 20 (Degrees)
~—  S-PCL5-PEG-f 63
& —— S-PCL5-PEG-i I
o /
@ o /
g = v .
i) [ A\ -~ .
s E )N T N
E P e e
5 10 15 20 25 30 10 15 20 25 30
20 (Degrees) 26 (Degrees)
~—  S-PCLI0-PEG "
%  — S-PCLIO-PEG-i
o W
z / L N
| 2 ~ 1o
< spoLiof a 2_ S NN
>  SPCLIOA P 2 N —
3 . J\ = el
< N e = N «
=N — N \_
5 10 15 20 25 30 10 15 20 25 30
20 (Degrees) 26 (Degrees)
I 131)|
— PCLIOf 160) o PEGpue I
— PCL10-i i S I
@ . 1 -~ |
s I > |
< 222 ¥ \
2 b |
G £
c -_— \ /
o ; T JU/ N
= _J
5 10 15 20 25 5 15 20 25 30
20 (Degrees) 20 (Degrees)

Figure 5.3.-XRD spectra of the studied films at initial (i) and final time (f) of storage at 25 °C and

53% relative humidity. Spectra of a PEG film is also included.

FTIR spectroscopy allows us to identify molecular interactions among the
components in the polymer matrix through displacement or changes in the relative
intensity of the specific bands of chemical groups (Kim et al., 2009; Yu et al.,
2013). Figure 5.4 showed the infrared spectra of studied films conditioned at 25 °C
and 53% RH for 1 week, as well as that of pure PEG.
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S-PCL10-PEG
S-PCL10
S-PCL5-PEG
S-PCL5
S-PEG
5 HN g S
) ) PCL
S v x\; PEG
800 1600 2400 3200 4000

Wavenumber (cm™)

Figure 5.4.-FTIR spectra of studied films and PEG at initial time of storage at 25 °C and 53% relative
humidity.
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The wavenumber of the typical vibration mode of the characteristic groups was
indicated for each sample in the figure. The PCL spectrum showed the C=0
stretching vibrations of the carbonyl at 1722 cm™ and the (C-O-C-) stretching of
the ether group at 1170 cm™ and 1240 cm™, according to Elzein et al. (2004). The
PEG spectrum showed the C-O-C- stretching at 847 cm™and the -C-H stretching of
the methylene groups at 2887 cm™, according to Jagadish et al. (2012). The -OH
stretching of the hydroxyl group in the region of 3000-3700 cm™ was observed in
the starch spectrum (Yu et al., 2013).

The IR spectra of blends did not show new peaks, which indicates that no new
chemical bonds were formed during the film processing. However, a shift in the
wavenumber of some peaks was registered in blends as compared with control
formulations (S, PCL and PEG), which could indicate that molecular interactions
among the components were established.

The FTIR spectra of S and S-PEG samples were very similar, with a small
difference in the methylene band, with the expected higher relative intensity in the
sample with PEG. In fact the -C-H stretching of methylene in PEG was observed at
2887cm-1 and in net starch films at 2926 cm-1. Likewise, the IR band at 1149 cm-
1 assigned to the C-O-C stretching in starch shift to 1145 cm-1 in samples
containing PEG. So, interactions between starch and PEG chains could be deduced,
as reported by other authors (Kim et al., 2009). Nevertheless, the simultaneous use
of glycerol as plasticizer could inhibit the establishment of strong interactions
between starch and PEG groups (Yu et al., 2013).

The band of the carbonyl group of PCL was more affected when low proportions of
PCL (5%) were blended, which indicates that carbonyl groups interact more
effectively with the starch groups. In fact, stretching of carbonyl group shifted to
1726-1728 cm™ in films containing 5% PCL and to 1724 cm™ when they contained
10%, against 1722 cm™ in pure PCL films. With a higher proportion of PCL, the
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prevalent amount of non-interacting PCL molecules gaves rise to a less altered
spectral response of the carbonyl groups. When PEG is present in the S-PCL5
blend, the carbonyl group vibration mode was more affected (1728 cm™), which
suggests that carbonyls could more effectively interact with the terminal -OH

groups of PEG when higher ratio PEG:PCL were present in the blend.

These results indicate that a complex balance of molecular interactions takes place
in the ternary blends affecting the final arrangement of the polymer chains in
matrix. As a result of the balance a clearer polymer phase separation was observed

in the microstructural analyses when PEG was present in the blend.

5.3.2. Thermal properties

Table 5.1 showed the glass transition (Ty) of starch, the melting temperature (T,)
and the enthalpy (AHn,) of PCL in the studied films conditioned at 25 °C and 0%
RH for 1 and 5 weeks. No significant differences (p < 0.05) between the respective
T, values of the different samples were observed for samples stored for 1 and 5
weeks, so only one value was included. The incorporation of 5% PCL in the films
promoted a decrease in the T, of starch of about 18 °C, whereas when 10% PCL
was added this was only of 12 °C. For PCL amounts higher than 10%, a constant
decrease in the starch T, of 12 °C was previously observed (Ortega Toro et al.,
2015). This suggests that a greater amount of PCL was effectively miscible in the

starch phase when a total of 5% is blended.

The addition of PEG also promoted a decrease in the T, of starch (AT = 22 °C), in
agreement with the contribution of PEG to the polymer plasticization.
Incorporating PEG was more effective than PCL because of its lower molecular
weight (4000 D, against 80000 D of PCL). In the PCL-starch blends, PEG

promoted an additional decrease in the Tg, but only of 4 °C, which indicates that
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PEG interactions with the starch phase are modified in the presence of PCL and
vice versa , as previously observed from the FTIR data. The T, values of the two
blend formulations containing PEG did not exhibit significant differences. This
agrees with what was previously commented on: when starch, PCL and PEG were
present in the film, the total balance of molecular interactions changed, thus
modifying the binary interactions between starch and PCL chains and starch-PEG
molecules. This new balance reduces the starch chain’s capacity to positively
interact with PCL molecules leading to lower polymer compatibility, as observed
in SEM and AFM images.

Table 5.1.-Mean values and standard deviation of the glass transition of starch and melting
properties of PCL of the studied films equilibrated at 53% relative humidity and 25 °C for 1
(initial time) and 5 (final time) weeks.

” Fusion on the first scan
Glass transition . - -
Initial time Final time

AH,, AH,,
(J/g PCL) (J/gPCL)

0.112
+0.3° +0.002°

S-PEG 102.1 0.028 *58 4 *53

+0.8° +0.008%° +0.5° +2°

S-PCL5 108.4 0.042 56.2 72.0 57.1 78.6
+0.7° +0.003° +0.5% +0.6% +0.4% +1.5%

S-PCL5-PEG 104.4 0.03 56.0 70 575 76.6
+1.2° +0.003%® +0.2% +3% +0.2% +0.8%

S-PCL10 1145 0.17 62.4 72.4 63.9 81.9
+0.7¢ +0.02¢ +0.7% +0.4% +0.6% +1.0%

S-PCL10-PEG 103.7 0.013 57.6 713 58.33 76.9
+0.4° +0.0022 +0.2% +1.4% +0.04" +1.3%

63.5 72.8 63.7 82.2
+0.6% +1.4% +0.6% +1.5%

* Data for PEG (enthalpy in J/g PEG). Different superscript letters within the same column indicate
significant differences among formulations (p < 0.05). Different superscript numbers within the same
row indicate significant differences due to storage time (p < 0.05).
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The melting properties of PCL are also shown in Table 5.1 for films stored for 1
and 5 weeks. Likewise, a melting endotherm, attributable to PEG, appeared in S-
PEG films stored for 5 weeks at similar temperature range as PCL. The melting
temperature of PEG (4000 D) was reported by Bosca et al. (2002) at 61.5 °C, with
an enthalpy value of 238 J/g. Taking into account this enthalpy value, 22% of the
PEG present in the S-PEG films crystallized after 5 storage weeks. This probably
corresponded to the amount of free PEG molecules, separated from the polymer
matriX, as deduced from the AFM analysis. This crystallization could also occur in
ternary blend films, but the endotherm would overlap with the PCL melting

endotherm.

After 1 storage week, no PEG melting was observed in starch films and the PCL
melting behaviour revealed very small differences among S-PCL and SPCL-PEG
samples. Taking into account the melting enthalpy for totally crystallized PCL (136
J/g, Avella et al., 2000), the degree of crystallinity of PCL in the samples was 53%,
with no significant differences between the different blend films.

Likewise, the melting enthalpy of samples stored for 5 weeks increased for both
pure PCL and blend films. The progression of PCL crystallization during film
storage was more marked in the case of pure PCL films, which reached a
crystallinity degree of 60%, similar to that attained in blend films with 10% PCL
without PEG. In the other blend films, crystallinity reached 56%. This lower
crystallinity degree indicates that PCL chains were more bonded to starch or PEG

molecules, thus limiting their ability to crystallize.

5.3.3. Physicochemical properties

Figure 5.5 shows the tensile behaviour of the films stored for 1 and 5 weeks and

Table 5.2 shows the corresponding values of the film thickness and tensile
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parameters (EM: Elastic Modulus; TS: Tensile Strength and E: Elongation at break

point). A reduction in film thickness was obtained when PEG or PCL was added, in

agreement with the increase in the blend flowability during compression moulding;

this is due to the plasticizing effect of both components, as deduced from T values.
The addition of PEG to the starch films led to a decrease in both the elastic

modulus and tensile stress at break but increased the films’ extensibility, according

to the plasticizing effect of PEG.
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Figure 5.5.-Typical stress-strain curves of studied formulations at initial (a) and final time (b).
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Table 5.2.-Mean values and standard deviation of the thickness and mechanical properties
of the studied films equilibrated at 53% RH and 25 °C for 1 week (initial) and 5 weeks
(final).

Thickness EM (MPa) TS (MPa)

(nm) Initial Initial Initial

S-PEG
S-PCL5
S-PCL5-PEG
S-PCL10

S-PCL10-PEG

PCL

Different superscript letters within the same column indicate significant differences among
formulations (p < 0.05). Different superscript numbers within the same row indicate significant
differences due to storage time (p < 0.05).

Likewise, PEG also reduced how much the starch films harden during storage
while the films maintained their stretchability better. Adding 5% PCL had a similar
effect on the tensile behaviour of starch films to PEG, but with a greater increase in
the film extensibility. The incorporation of PEG to this blend greatly reduced the
films’ extensibility coinciding with the above mentioned changes in molecular
interactions. PCL at 10% provoked smaller changes in the tensile behaviour of
starch films after both 1 and 5 storage weeks. The observed decrease in both the
elastic modulus and tensile stress at break can be explained by the fact that the PCL
dispersed domains interrupt the starch continuous matrix. The hardening of the film
during storage in S-PCL10 samples was similar to what occurred in net starch
films, which agrees with the fact that PCL-starch interactions were less effective in

this formulation. The incorporation of PEG to S-PCL10 films led to behaviour
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which was similar to that of S-PCL5-PEG films, but with slightly lowers

extensibility.

According to these results, the addition of a low ratio of PCL to thermoplastic
starch had a positive effect on its tensile properties, giving rise to more stretchable
films with lower degree of hardening during storage. The simultaneous
incorporation of PEG inhibits this effect, but also helps to maintain the stability of
the tensile response of the films. This suggests that the progressive chain
aggregation of starch chains during storage (Mali et al., 2006) was inhibited with
small amounts of PCL and/or PEG, but it progressed with a greater ratio of PCL

(S-PCL10 samples).

Table 5.3 shows the water vapour permeability (WVP) and oxygen permeability
(OP) of the studied films after 1 and 5 storage weeks. The O,P values for S and
PCL were beyond the detection limit (D. L.) (0.1-200 cm®-m?.dia™); lower and
higher, respectively.

Table 5.3.-Mean values and standard deviation of the water vapour permeability (WVP)
and oxygen permeability (O,P) of the different films after 1 (Initial) and 5 (Final) weeks of
storage at 53% relative humidity and 25 °C. D.L.: 0.1-200 cc/(m?.day).

WVP (g-mm-KPa™-ht.m?)

O,P-10" (cm®*m?t-st.Pal)

Initial Initial

S 18.1 + 1.4 16 + 2! <D.L. <D.L
S-PEG 24 + 2% 22 +£2% 22 + 4% 24 + 45
S-PCL5 20.4 +0.2% 18 + 2% 12.3+0.8™ 19 + 3%
S-PCL5-PEG |GV ES W 16.7 £ 0.3™* 15.4 +2.2% 22 + 5%
S-PCL10 145+ 0.7 15.8 + 1.2 2.2+0.9% 23+15%
S-PCL10-PEG 14 + 2" 15+ 0.4™ 19.6 + 1.3 34 + 6%
PCL 0.120 £ 0.04* | 0.117 +0.011* >D.L. >D.L

D.L.: 0.1-200 cm®/(m?-day). Different superscript letters within the same column indicate significant
differences among formulations (p < 0.05). Different superscript numbers within the same row
indicate significant differences due to storage time (p < 0.05).
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The addition of PEG to the starch films promoted their WVP and O,P, according to
the greater plasticization of the starch matrix, with the corresponding enhancement
of all diffusion dependent processes. The addition of 5% PCL did not affect the
WVP of the starch films, but reduced it when incorporated at 10%. This agrees
with the notable presence of a dispersed hydrophobic phase in the S-PCL10
samples, which increased the tortuosity factor for the transport of water molecules,
thus limiting the water transport rate (Fabra et al., 2011). At 5%, PCL was well
integrated in the starch matrix (plasticizing), and so did not provoke a notable
reduction in the WVP. However, the O,P increased in this film due to both the
plasticizing PCL effect and the potential increase of the film’s hydrophobic
character due to the PCL chains. At 10%, a smaller increase in O,P was promoted
by PCL, probably due to the lower T, depression and the less plasticized starch

matrix.

The incorporation of PEG to the binary blends led to a reduction in the WVP and
an increase in the O,P, but this was only significant in S-PCL5 and S-PCL10
samples, respectively. This can be explained by the promotion of PCL phase
separation, commented on above, which gave rise to the notable increase of PCL
dispersed domains in the samples. In samples with 5% PCL, this significantly
increased the tortuosity factor for the transfer of water molecules, while in samples
with 10% PCL this significantly increased the ratio of the hydrophobic dispersed
phase, thus raising the oxygen solubility. In no formulation did any significant
changes in the films’ barrier properties occur during storage. This indicates that,
even when structural changes occurred, these did not affect mass transport

properties of the films.

Table 5.4 shows the water content (Xw) and film solubility in water of the studied
films. Except those of net PCL, the water content of all the films increased during

storage at 53% RH, which indicates that equilibrium moisture content was not
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reached after 1 conditioning week. After 5 weeks, the moisture content of films
containing PEG and 5% PCL was higher than that of the net starch films, which
suggests that starch interactions with these molecules led to an increase in the
active points for water sorption. This behaviour has also been observed in corn
starch-carboxymethylcellulose/methylcellulose films (Arik Kibar & Ferhunde,
2013). Nevertheless, samples with 10% PCL showed values closer to those of the
starch films. Likewise, the water solubility of the films was only significantly
reduced when they contained 10% PCL, without PEG.

Table 5.4.-Mean values and standard deviation of the water content (g water/g dried film)
and film solubility (g solubilised film/g initial dried film) of the different films stored at
53% relative humidity and 25 °C for 1 (Initial) and 5 (Final) weeks.

Film solubility

Initial

0.0613 0.079 0.19 0.24 "
+0.0006" | +0.004% +0.07% +0.05
0.085 0.128 0.17 0.21
SR +0002 | +00057 | +004% | +0.02°%
0.091 0.1146 0.18 0.198
SRl +0.007" | +00013% | +005* | +0.004%
0.0794 0.106 0.208 0.208
Ml - 00006" | £0004% | 0011 | +0.002
0.0664 0.074 0.120 0.138
SASUE SN ;00004 | +0003%? | +0009" | +0.002%
0.0602 0.070 0.16 0.173
SRMCRIGEEN | 00077t | +0.003® + 0,020t +0.007™
et 0.003 0.0021 0.00022 0.0004
+0.0022 | +0.0005* | +0.00011% | +0.0002*

Different superscript letters within the same column indicate significant differences among
formulations (p < 0.05). Different superscript numbers within the same row indicate significant
differences due to storage time (p < 0.05).

Table 5.5 showed the optical properties of the films: gloss and internal

transmittance, related to the film transparency. No marked changes in gloss or
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transparency were provoked by the addition of PEG or PCL to starch films; the
least glossy and transparent sample was S-PCL10, probably due to the greater
amount of dispersed PCL domains in the starch continuous matrix. This provokes
both discontinuities in the refractive index through the film and irregularities at
surface level, which causes light dispersion, decreasing both surface gloss and

transparency.

Throughout storage, a gloss reduction occurred in every formulation, whereas
transparency slightly increased in almost all cases. These changes could be
attributed to the moisture gain in the films (with more open and transparent
structures) which, in turn, can provoke starch crystallization at surface level (with
greater molecular mobility), thus increasing surface roughness.

Table 5.5.-Mean values and standard deviation of the gloss and internal transmittance (Ti)
of the different films after 1 (Initial) and 5 (Final) storage weeks at 53% relative humidity
and 25 °C.

Gloss (85°) Ti (650nm)

Initial Initial

S 40+5% | 372+15% | 851+0.3% | 84.2+0.2%
S-PEG 49 + 6! 21 + 5% 83.6+0.3% | 844+0.7™
S-PCL5 47 +117 25 + 82 80.1+0.7" | 83.8+0.2%
ETOIMLRRTel 49 + 127 | 24+12%2 | 825+0.3°1 | 84.7+0.3%
S-PCL10 37+ 9% 35+6™ | 77.3+0.6% | 79.8+0.6%
[R-TolIM=T=lel| 40 +7°! | 28+9%2 | 81.2+0.6" | 83.77 +0.03"
PCL 59 + 16° 57 + 9% 78 + 2% 78 + 2%

Different superscript letters within the same column indicate significant differences among
formulations (p < 0.05). Different superscript numbers within the same row indicate significant
differences due to storage time (p < 0.05).
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5.4. CONCLUSIONS

Glycerol plasticized starch films could incorporate 5% PCL without a notable
phase separation, leading to the improved stretchability and storage stability of the
films. Blend films with 10% PCL exhibited clear phase separation and poor starch-
PCL interactions which did not improve the starch tensile properties, although the
film water vapour permeability was reduced. In ternary systems with PEG, the total
balance of molecular interactions reduced the PCL-starch affinity, enhancing phase
separation. They did not exhibit improved film properties with respect to starch
films. PEG partly separates from the glycerol plasticized starch matrix,

crystallising after long storage times.
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ENHANCEMENT OF INTERFACIAL ADHESION BETWEEN STARCH
AND POLY (e-CAPROLACTONE): STRATEGIES OF CHEMICAL
COMPATIBILIZATION

Rodrigo Ortega-Toro, Gabirella Santagata, Giovanna Gomez d'Ayala,

Pierfrancesco Cerruti, Pau Talens, Amparo Chiralt & Mario Malinconico

Carbohydrate Polymers, Under per rev

Grafted PCL (PCL.) materials with maleic anhydride and glycidyl methacrylate
(PCLyg) or only GMA (PCLg) were obtained in order to combine them with
thermoplastic starch to improve film properties. Grafted PCL materials were
analysed as to their grafting degree (4 and 4.5 wt%, respectively for PCLg and
PCLwmg) and structural and thermal properties. Binary blends of PCL or grafted
PCL with starch (0.2:1 wt ratio) and ternary blends, where grafted PCL was used as
compatibilizer (at 2.5-5 wt%), were obtained by extrusion and compression
moulding and characterized as to structural, thermal, mechanical and barrier
properties. Properties of the starch-PCL_4 blend films were poorer than those of
starch-PCL blends with only 2-5% PCL.4 acting as compatibilizer. The used of
grafted PCL was effective at improving interactions between starch and PCL
chains, as deduced from XRD, FTIR and thermal analysis, as well as the functional
properties of the blend films. Grafted PCL compatibilizers improved the interfacial
adhesion of starch and PCL, thus allowing us to obtain starch-PCL blend films with
good mechanical performance and stability and high barrier properties, useful to

meet the food packaging requirements.
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CHAPTER 6

6.1. INTRODUCTION

Nowadays, the growing interest in environmental protection, the widespread use of
petroleum-based polymers and the future scarcity of oil sources have increased
interest in the development of biodegradable polymers. Starch, which is produced
by many green plants as a store of energy (Zhang et al., 2013) is an attractive
alternative and offers several potential advantages as a raw material for plastics
applications. It comes from renewable sources, can be obtained from a great variety
of plant sources and is low-cost. In addition, starch has inherent biodegradability
and the microorganisms capable of using it as a carbon source are extremely
abundant in nature. These characteristics promote its potential use in biodegradable
plastics (BeMiller & Whistler, 2009; Xie et al., 2013; Pérez et al., 2013).

The development of thermoplastic starch (TPS) from native starch and plasticizers
allows the transformation of starch into a thermoprocesable material similarly to
other conventional plastics (Averous et al., 2000). An advantage of TPS is that it
can be processed using typical melt processing equipment (Li & Favis, 2010) while
starch-based films have good oxygen, carbon dioxide and lipid barrier properties.
On the other hand, this material exhibited some drawbacks, such as its poor
mechanical properties, high water adsorption capacity and water sensitivity, poor
water vapour barrier properties and retrogradation phenomena during storage time
(Wu, 2003; Arik Kibar & Us, 2013; Ortega-Toro et al., 2014).

Nevertheless, both academia and industry have been developing different strategies
for the purposes of improving the properties of starch-based materials. Of these, the
following can be cited: blending with hydrophobic polymers and compounds
(Averous et al., 2000; Li & Fabis, 2010; Teixeira et al., 2012; De Camargo et al.,
2013), blends with other biopolymers (Leroy et al., 2012; Ortega-Toro et al.,
2014), the use of compatibilizer or cross-linking agents (Avella et al., 2000; Wu,
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2003; Sugih et al., 2009) and the incorporation of organic and inorganic fillers
(Woehl et al., 2010).

Starch blending with PCL could be a potential option for improving the
fucntionality of starch. Its hydrophobic character and biodegradability could help
to decrease the water vapour permeability and the water uptake capacity of the
starch-based films, while conserving their biodegradable properties (Ortega-Toro et
al., 2015). However, the lack of interfacial adhesion between these polymers leads
to poor mechanical properties (Avella et al., 2000; Averous et al., 2000) and the
use of compatibilizers to improve the interface properties of both polymers is

necessary.

In this sense, the PCL molecule can be modified by means of grafting reactions
with maleic anhydride (MA) (Wu, 2003; Arbelaiz et al., 2006) or glycidyl
methacrylate (GMA) (Kim et al., 2001; Sugih et al., 2009), thus increasing its
chemical affinity with the starch chains. This modified PCL could be used as a
compatibilizer for TPS and PCL blends. After the grafting reaction, a purification
step would be required in order to remove any excess ungrafted reagents for the
purposes of avoidin the possible migration of these chemicals (residual monomers

and oligomers of MA and GMA\) from the developed films.

Laurienzo et al., (2006), synthetized a new crosslinkable poly(e-caprolactone) by
the simultaneous grafting of MA and GMA to PCL in the melt. It has been reported
(Laurienzo et al., 2006 and Mangiacapra et al., 2007) that the addition of GMA
promoted a greater grafting efficiency. Nevertheless, the use of this grafted PCL as

a compatibilizer for starch-PCL systems has not yet been studied.

The aim of this work was to carry out two different strategies as to overcome the
incompatibility between starch and PCL. The first one consisted of the direct
blending of starch with PCL grafted with GMA (PCLg) or both MA and GMA
(PCLwmg). The second approach consisted of adding PCLg and PCLyg as
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compatibilizers for starch-PCL blends. The structure of grafted PCL and the yield
of the grafting reactions were analysed, as well as the structural, thermal,

mechanical and barrier properties of binary and ternary blend films.

6.2. MATERIALS AND METHODS

6.2.1. Materials

Corn starch was purchased from Roquette (Roquette Laisa, Benifaio, Spain).
Glycerol was obtained from Panreac Quimica, S.A. (Castellar delVallés,
Barcelona, Spain). Polycaprolactone (PCL) (pellets~3 mm, average M, 80.000
Daltons, impurities < 1.0% water) was provided by Fluka (Sigma—Aldrich Chemie,
Steinheim, Germany). Glycidyl methacrylate (GMA) (purity 97%), maleic
anhydride (MA) (purity 99.8%) and benzoyl peroxide (BPO) were supplied by
Aldrich Chemicals and used as received. All other chemicals used in this work

were reagent grade and used without further purification.

6.2.2. Chemical modification of PCL

PCL was modified using the methodology reported by Laurienzo et al. (2006). The
grafting reaction was carried out in the melt by using a Brabender Plasticorder
internal mixer equipped with two roller blades. The modification of PCL with
maleic anhydride and glycidyl methacrylate, (PCLyg) was performed as follows: a
mixture of 45 g of PCL, 2.5 g of maleic anhydride, 0.5 g of benzoyl peroxide and
2.5 g of glycidyl methacrylate, the last one added dropwise, was fed into the mixer
at 100 °C. The reaction was carried out at 100 °C for 20 min at a roller rate of 32
rpm. Modified PCL thus obtained, was dissolved in 500 mL of chloroform (CHCI,)

and then precipitated twice in a large excess of hexane. Samples were kept in a
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desiccator under vacuum at 25 °C for 12 h to remove possible unreacted
components. Afterwards, the product was kept in a freezer at -20°C for 24 h until
its use. The synthesis of PCL modified only with glycidyl methacrylate, PCLg, was
performed as follows: a mixture of 45 g of PCL, 0.5 g of benzoyl peroxide and 5 g
of glycidyl methacrylate was fed into the mixer at 100 °C. The reaction was carried

out as in the case of PCLy Synthesis.

6.2.3. Characterization of the grafting rate and grafted PCL

The content of GMA grafted onto PCL was determined through the 'H NMR
spectra recorded with a Bruker Avance DPX300 apparatus operating at 300 MHz.
The sample (about 12 mg) was dissolved in chloroform-deuterated (CDCIs) and
one dimensional 'H NMR spectra were obtained. The relative peak area of the
methylene proton of PCL a-carbon (2.30 ppm) and the methine proton of GMA
(3.2 ppm) was considered to estimate the molar grafting ratio.

Due to the lack of total solubility of PCLy in CDCl3 the grafting degree was
evaluated through the content of grafted maleic anhydride in PCLy, samples by
FTIR spectroscopy (Perkin Elmer Spectrum 100 spectrometer) performed in
chloroform solutions, taking the band at 1777 cm™; this corresponds to the
symmetric stretching of the anhydride group, as the analytical reference band for
quantitative determination. Firstly, a calibration curve was built up with different
amount of succinic anhydride in chloroform. The obtained results are reported as

the average of three determinations.

PCL and grafted PCL materials were also characterized as to their crystallization
pattern through the XR diffraction spectra and thermal behaviour by DSC and
FTIR, as described below. To this end, films of PCL and grafted PCL were
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obtained by compression moulding the pellets by using the same procedure as

described below for blend films.

6.2.4. Preparation of formulations

Native corn starch, previously dried overnight in an oven at 60°C under vacuum,
was hand-blended with glycerol and water in a starch:glycerol:water weight ratio
of 1:0.3:0.5 w/w. This formulation (S) was considered as the control. In S-PCL
binary blends the polysaccharide always represents the main component (i.e., the
matrix), whereas neat or functionalized PCL (PCLyg or PCLg) were added in a
weight ratio of 0.2 g / g of starch.

For ternary blends, where grafted PCL (PCLg or PCLyg) was used as
compatibilizer, the same ratio (0.2 g/g of starch) of net PCL was maintained and
two different amounts of PCLg or PCLy were incorporated: 2.5 and 5 g/g total
polymer (S+PCL). Hence, four ternary blends were obtained and coded as:
Secie25PCL, SpeiesPCL, Speime2sPCL, SpcimesPCL.

Binary and ternary blends were processed and pelletized by means of a twin-screw
extruder (Teach-Line® ZK 25T, Collin, Germany) with coaxial rotation. The
temperature profile was as follows (from hopper to die): 60, 90, 110, 120 and 110

°C and the residence time was about 5 minutes.

To obtain films, pellets were compression moulded by means of a compression
moulding press (Model C, Carver Laboratory Press, USA). Three grams of pellets
were placed between two steel sheet frames and pre-heated at 130 °C for 2 min;
kept at the same temperature, pellets were compression moulded at a pressure of 90
bars for 2 minutes and 220 bars for a further 2 minutes; lastly, a cooling cycle,

applied for about 8 minutes, allowed films of about 230 um to be obtained.
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Before each test, all the films were conditioned in a climatic chamber set at 25°C
and 50% Relative Humidity (RH). After one week of conditioning, a first sampling
was analysed (initial time, ti) and a second group of films was characterized after 4

weeks of conditioning (final time, tf).

6.2.5. Film characterization

6.2.5.1. Fourier Transform Infrared (FTIR) spectroscopy

Attenuated Total Reflection Fourier Transform Infrared (FTIR-ATR) spectroscopy
was carried out on the surface of compression moulded samples by means of a
Perkin Elmer Spectrum 100 spectrometer, equipped with a Universal ATR
diamond crystal sampling accessory. All the samples were analysed at room
temperature. Spectra were recorded as an average of 64 scans in the range 4000—

480 cm %, with a resolution of 4 cm ™.

6.2.5.2. X-ray diffraction

A diffractometer (XRD, Bruker AXS/D8 Advance) was used to obtain X-ray
diffraction patterns. All the samples, stored for 4 weeks in climatic chamber, were
analysed at 25 °C and 50% RH, between 26: 5° and 30° using Ka Cu radiation (A:
1.542 1&), 40 kV and 40 mA with a step size of 0.05°. For this analysis, 4 cm?
samples were used. The degree of crystallinity of the samples was calculated from
the integrated area of X-ray diffraction data, using OriginPro 8.5 software, for
which we assumed Gaussian profiles for crystalline and amorphous peaks. The
areas under the crystalline (Ac) and amorphous (Aa) phases were determined in
arbitrary units and the degree of crystallinity (X was obtained using the

relationship reported by Monteiro et al. (2013).
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6.2.5.3. Scanning Electron Microscopy (SEM)

A morphological analysis of the films was performed by means of a Scanning
Electron Microscope (SEM) FEI Quanta 200 FEG on cryogenically fractured
cross-sections. SEM observations were performed in low vacuum mode (Pyzo: 0.7
torr), using a large field detector (LFD) and an acceleration voltage of 5-20 kV.
Before the observation, the surfaces were coated with Au-Pd alloy by means of a
sputtering device (MED 020, Bal-Tec AG). The coating provided the entire sample
surfaces with a homogeneous layer of metal of 18 + 0.2 nm.

6.2.5.4. Differential Scanning Calorimetry and Thermogravimetric Analysis

Differential scanning calorimetric measurements (DSC) were performed by a TA
DSC-Q2000 instrument equipped with a TA Instruments DSC cooling system. The
analyses were performed under a 30 mL min " nitrogen purge gas flow. Indium was
used to calibrate the temperature and energy of the calorimeter. Approximately 6
mg of the samples were placed into aluminium pans, sealed and analysed according
to the following procedures. All the specimens were equilibrated at 25 °C and
heated up to 110 °C at 20 °C/ min. Then an isotherm step was performed at 110°C
for 60 min in order to remove the free and bound water that could mask starch T,
(Russo et al., 2010). Afterwards, the samples were cooled to -80 °C at 10 °C/min,
thermally stabilized for 2 min at that temperature and, finally, re-heated up to 200
°C at 20 °C/min, in order to erase any thermal history. A DSC cooling rate was
selected in an attempt to mimic what occurs during film preparation under
compression moulding, where the water chilled system allowed the samples to be
cooled at about 10°C/min. For each sample, data analysis was averaged on a set of

three measurements.
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Thermogravimetric analyses (TGA) were carried out with a Mettler
Thermogravimetric Analyzer Mod. TG 50. The measurements were performed on
samples of about 8-10 mg, placed in ceramic crucibles, from 25 to 700 °C at a
heating rate of 10 °C/min, in a nitrogen atmosphere with a nominal gas flow rate of
30 mL/min. For each composition, the thermogravimetric tests were performed in

triplicate.

6.2.5.5. Tensile properties

Tensile tests were performed using an Instron machine, model 4505, equipped with
a 1 kN load cell and interfaced with a personal computer for data acquisition,
following the ASTM D638 test method. Dumbbell-shaped films (4 mm width, 50
mm length) were used. All the measurements were taken at room temperature, at a
crosshead speed of 10 mm min™, a gauge length of 25 mm and at a nominal strain
rate of 0.45 mm min™. At least 7 analysed samples were used to calculate average

values of Young’s modulus (EM), tensile strength (TS) and elongation at break (E)

6.2.5.6. Water vapour permeability, oxygen permeability and carbon dioxide

permeability

Water vapour and carbon dioxide permeability tests were performed by means of
Extra Solution Multiperm equipment, whereas the oxygen permeability analyses
were carried out using an Extra Solution PermO, device. All the films were tested
at 25°C and 50% RH. The exposed area of the film was 8.5 cm® The collected data
were converted into water vapour, oxygen and carbon dioxide transmission rates
(WVTR, O,TR, CO,TR), corresponding to the gas flow between two parallel
surfaces under steady conditions, at a specific temperature and RH. The

permeability coefficient, P, was calculated by normalizing WVTR, O,TR, and

246



CHAPTER 6

CO, TR with respect to film thickness and dividing by the gas partial pressure in the
bottom chamber. At least three tests were conducted for each film sample in order
to confirm the reproducibility of the data.

6.2.5.7. Statistical analysis

Statgraphics Plus 5.1 (Manugistics Corp. Rockville, MD) was used to carry out
statistical analyses of data through analysis of variance (ANOVA). Fisher’s least
significant difference (LSD) was used at the 95% confidence level. Homogeneous

groups were reported as numbers or letter superscripts.

6.3. RESULTS

6.3.1. Synthesis of PCLyg and PCL¢ and structural characterization

In order to enhance the interfacial adhesion between starch and PCL, functional
polar groups were chemically grafted on hydrophobic PCL chains. In particular,
PCL was modified by inserting both maleic anhydride (MA) and glicydil
methacrylate reactive molecules (GMA) (PCLyg) or only GMA (PCLg) on its
macromolecular backbone, thus obtaining two differently functionalized polymers.
PCL modifications were obtained by radical grafting, following the procedure
described by Laurienzo et al. (2006). As concerns PCL g, a direct grafting of MA
on PCL was inhibit due to the low reactivity and steric hindrance of maleic
anhydride, as shown by John et al. (1997). With the aim of enhancing the
functionalization degree of MA, the more reactive GMA co-monomer was added to
the bulk. Being an electron donor to MA, GMA supports its insertion, thus
increasing the grafting efficiency. Figures 6.1 shows the reaction mechanisms

involved in the synthesis of the two functionalized PCL.
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Figure 6.1.-Schematic representation of grafting reactions of PCL with maleic anhydride and glycidyl methacrylate (PCL,,c) and with only
glycidyl methacrylate (PCLg).
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Figure 6.2 shows FTIR-ATR spectra of PCL and grafted PCL. In particular, the
PCLug spectrum shows new peaks at 1780 and 1850 cm™, respectively attributed
to the symmetric and asymmetric stretching of the carbonyl groups of the grafted
anhydride. The quantitative determination of grafted maleic anhydride, performed
by FTIR analysis as reported in the experimental section, revealed a grafting
weight percentage of 4.5 £ 0.9%. Moreover, NMR analysis (spectrum not shown)
confirms the occurrence of MA grafting, since the presence of the typical

anhydride signal at 6 = 2.5 ppm (Laurienzo et al., 2006).

PCLg

PCLwme

1850

1780
1721
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™)

Figure 6.2.-FTIR-ATR spectra of PCL and grafted PCL ( PCLg and PCLyg).
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As concerns PCLg, the FTIR-ATR spectrum displays the characteristic peak of the
asymmetric stretching vibration of epoxy ring C-O bonds at 910 cm™, thus
suggesting that PCL functionalization mostly involved the double bond of the
methacrylate unit. This hypothesis is furthermore confirmed by NMR analysis.
Indeed, the PCL¢ spectrum shows characteristic signals relative to methine and
methylene protons of epoxy rings of GMA, at 3.2 ppm, 2.8 ppm and 2.6 ppm
(Figure 6.3). GMA molar grafting degree was evaluated from the relative peak area
of the PCL proton in a—position with respect to carbonyl (6 = 2.3 ppm) and the
GMA methine proton of epoxy ring (6 = 3.2 ppm) and was found to be 4.3 + 0.4%,
which correspond to a weight percentage of 5%.

JH ] " J’Pu‘rLJJ‘ IW’ \"" V‘\J\\J‘A . .:

ppm
Figure 6.3.-'H NMR spectrum of glycidyl methacrylate grafted PCL (PCLg).

Figure 6.4 shows XRD patterns and crystallinity degree (X) of all analysed films.
In particular, Figure 6.4a evidences X-ray diffraction profiles of both neat PCL and
grafted PCL samples.
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Figure 6.4.-X-Ray diffraction patterns and crystallinity degree (X) of: (a) PCL and PCL_y materials and (b) starch-based films conditioned at 50%
RH and 25 °C for 4 weeks.
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In particular, three distinct crystalline peaks were observed at 26 values of around
21.6°, 22.2° and 23.3° in the diffractograms of all three PCL-based samples, which
are indexed to be (110), (111) and (200) planes, respectively, of an orthorhombic
crystalline structure of PCL. The amorphous halo was fitted to a broad peak
centered at 21.0° (Haque et al., 2012; Suzuki et al., 2013). Nevertheless, small
displacements of the peaks could be observed for grafted PCL, thus indicating
small changes in the interplanar basal spacing associated with the different packing

of grafted molecules.

The crystallinity of the samples was obtained by performing a curve fitting in order
to calculate the area of each peak. A linear background correction was applied to
the diffraction pattern before obtaining the area of each peak, for which was
assumed a Gaussian profile. As can be noticed from the data, a crystallinity value
of 44% was calculated for PCL. Both functionalized PCL samples displayed a clear
enhancement of crystallinity of up to 66%, although smaller crystalline formations
were obtained, as deduced from the wider peaks, especially in PCLys. Hence, the
presence of maleic anhydride and glycidyl methacrylate led to a more ordered
polymeric matrix. This outcome could be mostly due to hydrogen bond between
PCL and the polar grafted groups, responsible for a faster crystallization process
during sample cooling after compression moulding. The effect was particularly
marked in the case of PCLyg. Actually, maleic anhydride (MA) reactivity in
radical reactions is expected to be different from that of glycidyl methacrylate
(GMA). Indeed, MA easily grafts onto a GMA reactive molecule, but subsequent
reactions of MA onto already grafted PCLy, as previously discussed, hardly
occurs. Hence, it is possible to hypothesize that, in PCLyg functionalized
polymers, short-grafted chains, promoting PCL structural crystallization, would be
obtained. On the contrary, GMA molecules may either directly graft onto PCL

radical chains, or homopolymerize by a chain transfer process, leading to longer
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GMA grafted chains on a PCL backbone, this delaying PCLg crystallization (Sugih
et al., 2009).

XRD results are supported by the higher crystallization temperature (T.) of grafted
PCL samples with respect to PCL (less super-cooling effect), evaluated by DSC
cooling ramp from the melt (as shown in Table 6.2). The polar groups grafted on
PCL backbone could act as nucleating sites, providing the development of PCL
small crystallization nuclei in different domains of the matrix; as a consequence the
crystals growth Kinetic was hampered. As a matter of fact, in Table 6.1 the melting
temperature (T, the relative enthalpy (AH,,) and the crystallization degree (X.) of
neat and functionalized PCL are shown, as evaluated during the first heating run,
since it better reproduces the thermal history of samples analysed by NMR, FTIR
and XRD.

As shown in Table 6.1, T, AH,, and (X.) values of functionalized PCL were lower
than for pure PCL. The differences in thermal properties of the reactive PCL and
plain polymer could be due to the introduction of grafted branches onto PCL
backbone that induce chain structural irregularities, thus hindering PCL
crystallization. Similar observations were made by Kim et al. (2001) for PCL-
GMA. Nevertheless, in the second heating run of the DSC analysis, no differences
were found between the melting behaviour (T, and AH,) of PCL and grafted PCL,
which showed the same degree of crystallinity when they were thermally treated
under the controlled conditions of this analysis. So, it can be concluded that GMA
and MA polar molecules could act as nucleating agents in PCL matrix, but they
were not able to promote the growth of crystalline domains, in this way giving rise

to more amorphous material, depending on the cooling conditions.
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Table 6.1.-Mean values and standard deviation of melting temperature and enthalpy and
crystallization degree (X.n), obtained from Differential Scanning Calorimetry on first
heating scan, of studied formulation conditioned at 50% RH and 25 °C for 4 weeks.

Films First heating scan
AH,, (J/gPCL)
S - - -
SPCL 56.2+05a° | 53.2+14° 39.1 +1.0°
SPCLg 543 +0.7° 61.0+0.9 448 +0.7°
SPCLyc 57.9+0.9° 54.8 + 0.5° 40.3 +0.4°
SR -Tol I 56.4 + 1.0 498 +1.2° 36.6 +0.9¢
S -To I 56.4 + 0.4° 53.1+0.8° 39.0 £ 0.6°
SRV -Tol Bl 56.3 + 0.2° 37.6 £0.8° 27.7 +0.6°
S -Tol I 57.1 + 0.5 53.5+0.3° 39.3+0.2°
PCL 60.8 +0.7° 68.3 +0.3Y 50.2 +0.29
PCLg 56.1 +0.3%® 423+0.2° 31.10 +£ 0.15°
PCLyc 56.8+0.4° | 32.25+0.3 23.7+0.2%

Different superscript letters within the same column indicate significant differences among
formulations (p < 0.05).

6.3.2. Properties of starch-based blends

6.3.2.1. Structural properties of films

Infrared Spectroscopy represents a valid tool aimed to assess the physical or
chemical interactions between components in polymeric blend systems. In Figure
6.5, the FTIR-ATR spectra of carbonyl stretching adsorption, related to neat PCL,
SPCL and SPCL.4 in binary and ternary blends are shown. As usually evidenced by
a semicrystalline polymer, the spectrum of PCL is composed of two overlapping
peaks; there is a relatively broad band centered at 1738 cm™, occurring as a
shoulder of a sharper and more intense band at 1720 cm™ (as shown the zoom in
Figure 6.5); previously, it has been shown that the above peaks arise from the
amorphous and crystalline phases of the polymer, respectively (He et al., 2000).

After blending S with PCL and with PCL.4, two interesting changes in carbonyl
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stretching modes were observed: a variation of the relative intensity of the above-
mentioned amorphous and crystalline peaks and a shift of the PCL crystalline band
to 1724 cm™. In particular, the decrease in intensity of the crystalline carbonyl band
in favour of a widening of the amorphous region, observed both in binary and
ternary blends (zoom in Figure 6.5), suggests that starch chains disturb the regular
packing of both PCL and functionalised PCL macromolecular structures,
increasing their amorphous phases. The amorphous (Ap) and the crystalline (Cp)
components of PCL carbonyl groups was quantified in the different samples by
using the software package GRAMS 8.0Al, THERMO Electron Corporation. The
area of each peak was calculated after performing a linear background correction
and assuming mixed Gaussian-Lorentzian functions. The ratios of amorphous and

crystalline areas (Ap/Cp, %) are shown in Figure 6.5 (blue square-zoom).

Furthermore, the crystalline carbonyl band moves towards higher stretching
vibration frequencies, thus suggesting that a new PCL crystalline domain forms. As
a matter of fact, the interaction with starch provokes both the disruption of the
previous inter and intramolecular dipole interactions of carbonyl groups,
responsible for both hindering local stretching vibration, and the development of a
different structural organization characterized by a slight increase in the intrinsic

vibration energy of the carbonyl bond (Murphy et al., 2012).

Another characteristic broad peak occurring about 1646 cm™ is ascribed to the
tightly bound water of starch (Kizil et al.; 2002). Santha et al. (1990) showed that
this band concerns the vibration modes of water molecules adsorbed in the
amorphous region of starch, since it is barely visible when the crystalline starch
fraction increases. This peak is well discernible both in binary and ternary blends,
thus suggesting that in all the investigated blends, the starch amorphous phase

plays a key role in every possible polymer interactions that occur.
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Sample Ap/Cp (%
SPCL 25.1+0.6
SPCLg 356+0.7
SPCLye 339+02
Spcrca.sPCL 54.7+0.4
SPCLyg SecrgsPCL 522 +0.6
Secimca.sPCL 594+02
SPCL 1720 SecrmesPCL 53.1+03

SPCL

S PCL
PCLG5 \Mm
\ vy
1724 1646
f
SecimesPCL |
1
1724
1646
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm™

Figure 6.5.-FTIR-ATR spectra of some studied films conditioned for 4 weeks. Zooms: Blue square:
carbonyl zone of some samples and the ratios of amorphous and crystalline areas (Ap/Cp). Red
square: band related to the epoxy vibration C-O bonds at 910 cm* disappears.
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This hypothesis is confirmed by X ray diffraction data (see Figures 6.4a,b). Indeed,
all the starch-based films display lower crystallinity percentages if compared to
those of PCL and PCL., samples, since the blending of all the components is
sensibly affected by the amorphous phase of starch, representing the polymeric
matrix of all the blends. Nevertheless, it is worth highlighting that, in binary
blends, crystallinity is higher if compared to that of neat S and SPCL, as found in
the case of PCL.4 films when compared to plain PCL. This supports the hypothesis
that reactive polar groups of maleic anhydride and glycidyl methacrylate, pendant
on the hydrophobic PCL backbone, can interact with —OH groups of starch chains,
by means of hydrogen bond. In this way, both the interfacial association between
the two polymer phases and the fast crystallization of a more packed structure are
triggered.

On the other hand, the degree of crystallinity in ternary blends is comparable to
that of an SPCL binary one. A likely explanation of these experimental data could
be found in the low concentration of compatibilizers used (2.5-5% w/w) with
respect to the SPCL blend. This implies a low ratio of polar groups to act as
nucleating agents, as occurred in PCL, or binary blends. So, it could be
hypothesized that, during the melting and fast cooling following the compression
moulding process, the compatibilizers are not able to significantly favour polymer
crystallization, the dispersion of the two polymers, hindering the development of
tight interactions between the two phases. These hypotheses, strengthened by
FTIR-ATR results reported in Figure 6.5 (blue square-zoom), are furthermore
supported by the analysis of XRD patterns reported in Figure 6.4b, related to
starch-based films. Spectrum of net starch films (S) evidences a low degree of
crystallinity (3.8%) with a large amorphous region, with peaks at 20 of 12.7° and
19.5° which correspond to the typical crystalline forms of amylose V-type. These

peaks were observed in all starch based films. According to Castillo et al. (2013),
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the crystalline V-type can be divided into two subtypes, namely V, (anhydrous)
with peaks at 13.2° and 20.6° and V,, (hydrated) with peaks at 12.6° and 19.4°. The
V,, subtype was present in net starch films, and a tendency of the peaks to shift
towards higher values (typical of the V, subtype) was observed for blends with
PCL, especially in the ternary blend of Spcime2sPCL (20: 13.1° and 20.0°), with the
subsequent decrease in the interplanar basal spacing as compared with the control

formulation.

When the PCL or grafted PCL (PCL.) was blended with the starch, the
characteristic peaks of PCL at about 20 21° and 23° clearly appeared, since
overlapping with starch peaks only occurs at 20 near 21°. Binary formulations
showed a marked increase in crystallinity as compared with S, especially in blends
with PCL (up to 31%), this effect was more attenuated in ternary blends (up to
18%). As regards the interplanar spacing of PCL crystalline forms in the blends,
very small differences could be observed with respect to net PCL, the exception
being sample SpcimesPCL, which showed a slight increase, coherently with a more
PCL crystalline structure. The remarked upon behaviour of starch and PCL
crystallization revealed that the compatibilizers have different effects on the

crystallization pattern of the polymers.

6.3.2.2. Morphological properties of films

Figure 6.6 shows the micrographs of the cryogenically fractured cross-section of
binary (SPCL, SPCLg and SPCLyg), and ternary (SpcicsPCL and SpcpmesPCL)
blends. From the analysis of the SEM picture of the SPCL sample, it is possible to
observe some isolated but fairly dispersed PCL particles within the polymeric
matrix, and some voids formed as a consequence of the debonding and pulling out
of PCL fragments, following the mechanical stress applied during cryogenic

fracture. This outcome suggests a poor macromolecular interconnection between
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the two polymeric phases (Li & Favis, 2010; Sugih et al., 2009; Cocca et al.,
2015).

Figure 6.6.-SEM micrographs of cross-section of binary (SPCL, SPCL¢ and SPCLy,g) and ternary
blends (SpcigsPCL and SP¢; mesPCL).

However, SEM micrographs of binary and ternary blends evidenced an improved
interfacial adhesion between the phases, with a diffuse halo surrounding the
dispersed phase, indicating a good interaction between the polymers. As a matter of
fact, the chemical interactions between hydroxyl groups of starch and polar groups
of PCL¢ and PCLyg seriously affect their microstructure. Indeed, binary blends
exhibited a smoother and more compact structure, resulting both in a partial
coating of PCL¢ domains with the polymeric matrix and in a complete embedding

of PCLy within the starch network.
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Actually, for blends containing PCL g, a greater interfacial adhesion was observed
between starch and PCL. The enhancement of the interfacial adhesion is probably
due to the stronger interaction between the —OH groups of starch and epoxy or the
anhydride group of PCLyg. Similar observations were reported by Haque et al.
(2012) who studied PCL-based composites with cellulose micro-fibres containing

PCL grafted with maleic anhydride and glycidyl methacrylate as compatibilizers.

Finally, as far as ternary blends are concerned, only Spc csPCL and SpemesPCL
micrographs are reported. Generally, it is possible to observe a fairly rough cross-
section surface with a partially smooth interface between components.
Nevertheless, the absence of voids and the fine dispersion of PCL, PCLg and
PCLwg particles within the polymeric matrix, renders ternary blends which exhibit
intermediate behaviour between SPCL blends and SPCL4 binary blends. In
particular, in the case of SpcimesPCL sample, the presence of smaller and very
finely distributed PLC domains may be noticed, thus suggesting that PCL at 5%
is a very good compatibilizer. Actually, the structure of PCLg, as previously
discussed, is quite inhomogeneous at molecular level, probably because of the
homopolymerization which occurs during the grafting process on the PCL
backbone. This restrains the reactive GMA groups in relatively concentrated spots,

as evidenced by SEM micrographs (Haque et al., 2012).

6.3.2.3. Thermal properties

6.3.2.3.1. Differential Scanning Calorimetry (DSC)

The values of phase transition temperatures (Tc: crystallization peak temperature,
Tm: melting peak temperature, Tq: glass transition temperature), enthalpies (AH:
crystallization enthalpy, AH.,: melting enthalpy) and degree of crystallinity (X.),

calculated from DSC thermograms, are reported in Tables 6.1 and 6.2.
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Table 6.2.-Mean values and standard deviation of crystallization temperature and enthalpy and crystallization degree (on cooling
scan on DSC), melting temperature and enthalpy and glass transition temperatures (second heating scan on DSC) of studied
formulation.

Second heating scan

T, AH (J/gPCL) | X (%) Tme (°C) | AHpe (J/gPCL) | Tgstarch | T,PCL or PCL |
S - - - - 100.3 +0.2°
SPCL 27.3+0.2° 465+0.8° | 34.2+0.6° | 535+ 0.4® 53.4 +0.9% 97.12 + 0.14 -70.1+0.3
SPCLg 41.5+0.4" 745+04" |588+0.3"| 53.0+0.3 854+ 1.1 131.2 +0.3f -62.3+0.5°
SPCLpg 38.1+0.2° 58.2+05° | 43.0+0.4° | 54.6 + 0.5 66.7 + 0.8° 100.3 +0.4° -70.9+0.3
31.1+0.3°
SpcLc2sPCL (Broad Peak) 61.0+0.4" | 44.8+0.3" | 54.2 +0.7% 52.5 + 0.9 118.7 +0.3° -70.5 £ 0.9°
309+ O'ZC abc c e a
SpcLesPCL (Brosd Peald) 655+0.29 | 48.2+0.29 | 545+0.8 55.3+0.7 122.2+0.2 -74.0+0.7
29.2+0.2°
RV 332 +0.3° 49.4+05° | 36.3+0.4° | 54.1+0.3% 43.2+0.5° 119.5 +0.3% -74.2 +0.4%
(Double Peak)
3264+ 0.2¢
SecLmosPCL [P 49.4+1.0° |363+07°|546+05"™ | 592+13¢ 120.0 £0.2° -75.1+0.3°
PCL 26.7£0.3° 56.1+0.9% | 413+07%| 55.2+0.7% 68.0 +0.4° -61.9 +0.4°
PCLg 38.3+0.2° 529+05° | 38.9+0.4° | 554 +0.9% 67.7+0.7° -61.3+0.3°
PCLyc 38.4+0.3° 50.4+0.7° | 37.1+05° | 55.4+0.6° 69.3+0.8° -61.0 + 0.6°

Different superscript letters within the same column indicate significant differences among formulations (p < 0.05).
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The content of crystallinity (X.) was calculated as the AH/AH,, ratio (where AH is
the fusion enthalpy of PCL in the samples, while AH,, refers to the hypothetically
perfect crystal of PCL AH..=136 J/g-Avella et al., 2000). From the analysis of
Table 6.2, it is possible to observe that the SPCL sample exhibited lower values of
AH. and X, due to the mixing of the components in the starch matrix amorphous
phase, whereas SPCL_4 samples of binary blends evidenced higher crystallization
enthalpy, AH,, and crystallinity, X;, a noticeably improved crystallization
temperature T, (less supercooling effect) and an enhanced melting enthalpy, AH,.
These experimental data could be attributed to the marked interactions occurring
between hydroxyl residues of starch and polar groups of functionalized PCL based
samples, both able to support the nucleation process and to endorse the
crystallization kinetics (Liu et al., 2009).

It is worth underscoring the peculiar behaviour of the SPCLg sample, exhibiting
the highest values of AH., X, AH., probably ascribed to the formation of a very
tight and crystalline network, able to drastically reduce the mobility of amorphous
regions of S, as evidenced by the increase in the S T, values. The proposed
explanation for this behaviour may be found in the high concentration of starch
hydroxyl residues available for reaction with GMA groups. As a matter of fact, this
assumption could be in contrast with the previous hypothesis that long GMA
branches, pending from the PCL backbone in secluded domains, could hinder its
grafting efficiency. Anyway, when PCL¢ is melt blended with the starch rich
phase, chemical reactions between hydroxyl groups of starch and GMA occur at
the expense of both reactive double bond and epoxy ring groups, by means of a
steric and structural stabilization mechanism (Macosko et al., 1996). Actually, the
FTIR-ATR analysis of the SPCL¢ spectrum (Figure 6.5), compared to that of the
PCL¢ one (Figure 6.2), points out that the band related to the asymmetric stretching
vibration of epoxy ring C-O bonds at 910 cm™ disappears, thus indicating GMA
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epoxy ring opening as a consequence of the reaction with available starch hydroxyl

groups (Odusanya et al., 2000).

DSC cooling curves of all the blends are reported in Figure 6.7. Unlike binary
blends, PCL melt crystallization of ternary blends generally follows a complex
pattern, characterized by the presence of double or wider peaks for 2.5 or 5% of
compatibilizer, respectively. This could be related to the existence of two fairly
distinct crystalline domains, one related to PCL in the SPCL system, and the other
associated to PCLg and PCLyg compatibilizers, as suggested by a reasonably good
match between the corresponding Tc values. With 5% compatibilizer less peak

separation was observed which suggest a better compatibilization degree in this

case.
S~ SPCL
[ ___SPCLg
)
z
= SPCLyg
=
(5
3 B
= — .. _ SpcresPCL
. ) . SpcimezsPCL
I T T _ SpcumesPCL
0 10 20 30 40 50 60
Exoup Temperature (°C)

Figure 6.7.-DSC curves on cooling cycle of blends conditioned at 50% RH and 25 °C for 4 weeks.

Actually, it could be hypothesized that the restrained amounts of compatibilizers

used with respect to the S-PCL polymeric batch, induce a spot grafting process
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along the macromolecular backbone, with the subsequent isolated regions of
interfacial compatibilization; as a consequence, during fast cooling from melt, a
homogeneous nucleation is avoided, due to different crystalline packings.
Nevertheless, both AH., and X, values were higher than those of SPCL samples,
particularly when PCLg was used as compatibilizer, thus reproducing the trend
previously observed in the SPCL¢ binary blend. As a final point, it is relevant to
emphasize the mutual influence of polymers as a consequence of their better phase
dispersion. Indeed, while starch Tgincreases due to the stiffness of the crystalline
network responsible for macromolecular free volume reduction, PCL molecules in
their unstructured phase are well dispersed in the amorphous starch phase (Sarazin
et al., 2008). The fact that the S T, values increase while those of the amorphous
PCL decrease, could indicate that, in ternary blends, the greater molecular
interactions through the bonding of polar groups of both macromolecules, give rise
to an increase in the mean molecular weight of starch chains, while the PCL
molecules of small size remain in the amorphous PCL phase. This hypothesis is
supported by the fact that, the higher the PCL chain size, the greater the probability

of polar groups bonding during the grafting process.

6.3.2.3.2. Thermogravimetric analysis TGA

Table 6.3 shows the water content and thermal degradation recorded from the
thermo-gravimetric analysis of the studied formulations stored for 1 and 4 weeks.
All the thermograms exhibited three separate steps: a) small, broad peak due to the
evaporation of bonded water between 50 and 150 °C; b) starch thermal degradation
between 293 °C and 300 °C and c¢) PCL thermal degradation at about 373°C. The
water content of samples was calculated as the weight lost between 25 °C and 150
°C. The blends presented a decrease in the water content compared with net starch

films.

264



CHAPTER 6

Table 6.3.-Mean values and standard deviation of water content, thermal degradation temperatures of starch and PCL of the studied
formulations equilibrated at 50% relative humidity and 25 °C for 1 (initial) and 4 (final) weeks.

T— PCL orgPCL
(25-150 °C) Onset (°C) Peak (°C) Onset (°C) Peak (°C)

Initial Initial Initial Final Initial Final Initial

SPCL
SPCLg
SPCLwmg
Secre2sPCL

SpcLesPCL

SpcLme2sPCL

SpcLmesPCL

PCL

PCLg

PCLwe

Different superscript letters within the same column indicate significant differences among formulations (p < 0.05). Different superscript numbers
within the same row indicate significant differences due to storage time (p < 0.05).
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This performance was expected as a consequence of the addition of hydrophobic
polymers. Besides, the water content in the samples increased slightly throughout
the storage time, which suggests that they were not in equilibrium at initial time.
There is a more marked increase in the water content in SPCL through time than
other blends. This fact is coherent with the more effective interactions between
TPS and PCL.4 through the —OH groups of starch, in such a way that less active
points are available for water adsorption; thus, polymeric matrices are more
hydrophobic than S or SPCL.

Figure 6.8 shows TG and derivate (DTG) thermogram curves of PCL and PCL ..
The derivate curve of net PCL in nitrogen displays a large peak centered at 405 °C.
Meanwhile, PCL.4 experience a shift in their peaks until 409 °C and 411 °C for
PCLue and PCLg respectively. Thus, the thermal stability of PCL appears to be
improved by the grafting.

Table 6.3 shows the temperature of degradation onset as well as the temperature
corresponding to the maximum degradation rate of neat polymers and binary and
ternary blends. Plain PCL showed a very sharp degradation pattern, whose onset
occurred at 393°C and the maximum degradation rate at 405°C. As regards PCL 4
samples, it must be underscored that, even if the presence of maleic anhydride and
glycidyl methacrylate shifts T, to a fairly lower temperature, T..x iS moved
towards higher temperatures. This result coincides with DSC data, indicating that
the introduction of grafted branches on the PCL backbone, in PCLg and PCL g,
hampered its crystallization, thus endorsing its thermal degradation at lower
temperatures. On the other hand, the presence of more complex networks delayed
PCL degradation Kinetics, resulting in the shifting of T, towards a higher
temperature. As regards binary blends, it must be underlined that PCL is markedly
affected by the amorphous phase of starch, as previously shown by DSC data (see

Table 6.2) and spectroscopic analyses of starch-based samples. Indeed, from Table
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6.3, it may be seen that the onset of PCL degradation temperature decreased by
about 20°C with respect to the neat polymer. Anyway, no significant differences
were recorded for compatibilized binary blends, whose PCL T,ns: remained
practically the same, whereas a slight lowering of T, was observed. In ternary
blends, a fairly thermal stabilization may be observed, in terms of both the T
and T« of PCL. This upshot can be related to the improved efficiency of PCLg
and PCLyg compatibilizers in interfacing between the two polymers, creating a
strong polymer network. In particular, SpcmesPCL is able to shift T, from 402°C
to 412°C, thus evidencing the formation of a very tightly-packed macromolecular
association. Actually, from DSC data, it stands out that, during the cooling ramp,
SrcmesPCL showed a single crystallization peak (Figure 6.7) with the highest
associated melting enthalpy (Table 6.2).

Weight loss (%0)

PCL, |
e |L\,
PCLg ] \‘
|l 150 3 400 ‘I‘::;__ --------
— T —"
7
: PCLs - & | f

PCLys - !
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50 100 150 200 250 300 350 100 150 500

Temperature (°C)

Figure 6.8.-TGA and DTG curves of PCL, PCLg and PCL g conditioned at 50% RH and 25 °C for 4
weeks.
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As for starch, it is worthwhile highlighting a general increase in thermal stability,
passing from plain polymer to binary and ternary blends, as evidenced by the
increase in the onset T. This outcome is expected if the enhancement in
crystallinity following the strong chemical interaction between the polar groups of
the matrix and the modified PCL is considered. Moreover, it is of relevance to
emphasize that thermal stability is particularly marked in SPCL¢ and SpcimesPCL
samples, due to the formation of a very tight crystalline structure (highest melting

enthalpy), as confirmed by DSC analysis.

6.3.2.4. Mechanical properties

Table 6.4 shows the tensile properties of the studied formulations at initial (1 week)
and final (4 weeks) storage time. The binary blends did not show any significant
changes in EM and TS with respect to net starch films, although their deformations
at break are noticeable reduced (about 50%). Grafting PCL did not improve the
mechanical parameters of the blend films despite the better interfacial adhesion
between polymer phases observed by SEM. Nevertheless, whereas the extensibility
of S films was significantly reduced during storage, the values did not significantly
change in binary blends, although all the samples became harder as revealed by the
significant increase in both EM and TS values. This indicates that PCL or PCL 4
did not inhibit the starch chain aggregation progress throughout time. The
amorphous component in TPS changes fast after film forming and there appears to
be some short-range ordering of the amorphous components over time. The loss of
water leads to some dynamic molecular re-arrangements within the amylose
fraction (Frost et al., 2009). Both retrogradation and crystallization phenomena
may take place in TPS/PCL or PCL4 blends, but it is not clear. An increase in
crystallinity may also be possible because of the interactions between the

epoxy/anhydride groups of compatibilizers and the hydroxyl groups of starch.
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Table 6.4.-Mean values and standard deviation of mechanical properties of films
equilibrated at 50% RH and 25 °C for 1 (initial) and 4 (final) weeks.

Thickness EM (MPa) TS (MPa) E (%)

(nm) Initial Initial Initial

SPCL

SPCLg

SPCLwme

SPCLGZ‘SPCL

SPCLGSPCI—

SPCLMGZ‘SP(:I—

SPCLMG-SP(:I—

PCL

Different superscript letters within the same column indicate significant differences among
formulations (p < 0.05). Different superscript numbers within the same row indicate significant
differences due to storage time (p < 0.05).

As regards ternary blends, although a significant increase (p < 0.05) was observed
in TS (up to 49% -SpcimesPCL) and EM (up to 58.4% -Spci mesPCL), E was seen to
decrease (t0 84% -Spcic25PCL). The rise in the amount of compatibilizers (from
2.5 to 5 ¢/100g polymers) did not significantly affect the values of tensile
properties, although a tendency was observed in the sense that the greater the
amount of compatibilizers, the better the matrix reinforcement. This fact suggests
that the compatibility between PCL and TPS was enhanced the more
compatibilizer was added. Likewise, from the point of view of mechanical
behaviour, ternary blends, where PCL., materials were used as S-PCL

compatibilizers, exhibit a better response than binary blends.
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As far as the changes experienced by ternary blends throughout time, they followed
a different trend to binary ones; a decrease in EM (to 37.1% -Spc sPCL) and an
increase in E (up to 65.5% -Spcig25PCL) and TS (up to 15.5% -Spcis25PCL) were
observed. The blends compatibilized with PCLg were more unstable throughout the
storage time than those compatibilized with PCL,g, although, in general, minor
changes could be observed for all the ternary blends. This fact, combined with the
decrease in the sample rigidity and the increase in stretchability, seems to indicate
that the starch retrogradation was limited in ternary blends. According to the lower
degree of crystallization in these samples, as deduced from XRD and DSC
analyses, the progress of this phenomenon during storage could be responsible for
the observed changes in the mechanical properties. Likewise, the molecular
structure (bond angles, hydrogen bonds...) of polymers may be re-ordered within
time, thus reaching a new equilibrium state after the perturbation induced by
extrusion and compression moulding. As a result, the films become more

stretchable and tough and less rigid than at the initial time.

From the mechanical analysis, it can be concluded that the use of PCL4 as a
compatibilizer is more effective for improving the mechanical behaviour of starch

based films with PCL than their use as a second polymer in binary blends.

6.3.2.5. Barrier properties

Table 6.5 shows the barrier properties (oxygen, carbon dioxide and water vapour)
of the studied formulations stored at 25 °C and 50% RH for 4 weeks. As concerns
the binary blends, the addition of PCL causes an increase in oxygen and carbon
dioxide permeability, whereas PCLg did not cause any remarkable effects and
PCLwc led to a significant reduction in both parameters. Ternary blends exhibited

0, and CO, permeability values in the range of the net starch films or lower.
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Table 6.5.-Mean values and standard deviation of oxygen permeability (O,P), carbon
dioxide permeability (CO,P) and water vapour permeability (WVP) of the different films
stored at 50% relative humidity and 25 °C for 4 weeks.

Films

O,P - 10%°
[cm®/(m:-s-Pa)]

CO,P- 108

[cm®/(m-s-Pa)] | [gr - mm/(m2-h-KPa)]

WVP

S 2.00 +0.09¢ 1.02 +0.05° 4.47 +0.05
SPCL 2.87+0.14° 1.98+0.12° 4.30 +0.08¢
SPCLg 2.07 +0.03¢ 1.03 +0.09° 3.41+0.03°
SPCL g 1.11 +0.11% 0.88 + 0.05® 3.87 £0.13°
SRpe-To I 1.30 + 0.03™ 0.94 +0.08° 1.35+0.022
SpcLesPCL 0.891+0.04* | 0.641+0.09° 1.26 + 0.05°
SRSIVToTol Il 1.53 + 0.05° 1.04+0.11° 1.46 +0.04°
Yo To I 124 + 0.02° 0.65 + 0.06° 1.39 +0.08°
PCL 138+ 8 120 + 9¢ 1.45 +0.042

Different superscript letters within the same column indicate significant differences among
formulations (p < 0.05).

The gas permeability in polymeric materials stems from two contributions: the
dissolution phenomenon and the interaction between the diffusing molecule and
specific polymer sites (Gain et al., 2005). The results can be explained in terms of
changes in the gas solubility in the continuous matrix and dispersed phase as well
as differences in diffusion coefficients by hindrance effects provoked by dispersed
PCL particles and the respective gas molecule interactions with the specific polar
and non-polar polymer sites. In this sense, the increase in gas permeability when
pure PCL was added to starch can be attributed to the better affinity of molecules
with dispersed PCL than with S. When grafted PCL was blended with starch, both
0O, and CO, permeability values were reduced due to the overall increase in the
PCL polarity caused by grafting polar groups (epoxy and anhydride). Likewise, if
these compounds are mainly at the polymer interface, the diffusion of gas
molecules into the PCL particles could be hindered. In fact, in blends where PCL

acts as compatibilizer at polymer interfacial level, gas permeability are more
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reduced. Actually, samples with 5% of PCLg and PCLyg showed the lowest

oxygen and carbon dioxide permeability values, below those of net starch films.

On the other hand, when the PCL and PCL., were incorporated into the starch
matrix as binary blends, WVP decreases, especially for PCL.. The overall
reduction of WVP in binary blends can be associated to the increase in the
tortuosity factor for mass transfer when hydrophobic particles (PCL or PCL.) are
dispersed. The greater WVP reduction in the starch matrix when the PCL_4 was
incorporated may be due to the decrease in the starch matrix water affinity
associated to the —OH bonding with polar groups of PCL.,. Ternary blends
exhibited WVP values similar to those of PCL, which represents a great
improvement in the starch barrier properties. This increase in the water barrier
properties of the starch based films could be attributed to the new arrangement of
components in the presence of compatibilizers, which makes it more difficult for
the water molecules to pass through the matrix.

In fact, ternary blends showed gas permeability values lower than those of net
starch films and water vapour permeability values lower than those of PCL, which
represents a noticeable improvement in the barrier properties of starch-PCL based
films. In this way, these formulations met the barrier requirements for food
packaging. As for WVP, all the formulations are within the requirement range for
meat and MAP products (10-50 g water vapour-m™-day™) according to what is
reported by Schmid et al.,, 2012. Meanwhile, the O,P of every starch-based
formulation cover the highest requirements for food packaging (less than 1 cm?®
oxygen-m?.day™-bar™, Schmid et al., 2012). The materials developed have oxygen
barrier properties comparable to Polyethylene Terephthalate (PET) and Ethylene
vinyl alcohol (44% ethylene content -EVOH) and their WVTR is close to that of
Polystyrene (PS) and PET (Schmid et al., 2012). However, despite their excellent

barrier properties, the overall migration in different food simulants must be
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assessed, according to the migration limits established by regulation for plastic
materials in contact with food. Another alternative for the practical utilization of
these materials is to develop a multilayer package in which a layer of food grade

polymer forms part of the material.

6.4. CONCLUSIONS

The grafting of an MA-GMA blend or net GMA to PCL allows us to obtain good
compatibilizers (PCL.) in order to obtain starch-PCL blend films with a high ratio
of starch, with good mechanical performance and stability and high barrier
properties, useful to meet the food packaging requirements. The grafting degree
was 4.5 and 4 wt%, for the MA-GMA blend and GMA, respectively. The
interfacial adhesion of both polymers was greatly improved when PCL., was
present in the blends, which gave rise to tight matrices. Compatibilizers acted as
nucleating agents for PCL crystallization, affecting the degree of crystallization in
the blends. The properties of the starch-PCL.4 blend films were poorer than those
of the ternary systems of starch-PCL blends with only 2-5% of PCL., which
represents an advantage from the economic point of view. The materials developed
have gas and water vapour barrier properties comparable to some synthetic plastics
commonly used for food packaging. The overall migration in different food
simulants must be assessed, according to the migration limits established by

regulation for plastic materials in contact with food.
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ACTIVE BILAYER FILMS OF THERMOPLASTIC STARCH AND
POLYCAPROLACTONE OBTAINED BY COMPRESSION MOULDING

Rodrigo Ortega-Toro, Iris Morey, Pau Talens &Amparo Chiralt

Carbohydrate Polymers, 127, 282290

Bilayer films consisting of one layer of PCL with either one of thermoplastic starch
(S) or one of thermoplastic starch with 5% PCL (S95) were obtained by
compression moulding. Before compression, agueous solutions of ascorbic acid or
potassium sorbate were sprayed onto the S or S95 layers in order to plasticize them
and favour layer adhesion. S95 films formed bilayers with PCL with very good
adhesion and good mechanical performance, especially when potassium sorbate
was added at the interface. All bilayers showed excellent barrier properties to water
vapour and oxygen. Bilayers consisting of PCL and starch containing 5% PCL,
with potassium sorbate at the interface, showed the best mechanical and barrier
properties and interfacial adhesion while having active properties, associated with

the antimicrobial action of potassium sorbate.
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7.1. INTRODUCTION

In the last few vyears, the need for replacing petroleum-based plastics by
biodegradable polymers has led to a great number of studies focused on the design
of environmentally friendly materials. In particular, starch and its derivatives have
been widely studied since they could offer an inexpensive solution to such
problems (Bastioli, 2001). Starch is obtained from renewable resources, is widely
available and low cost and it can be used to obtain biodegradable films for food
applications, as it has the ability to form films or coatings with very low oxygen
permeability (Jiménez et al., 2012). However, starch-based materials show several
disadvantages which reduce their applicability as packaging material, such as their
highly hydrophilic character, limited mechanical properties and the retrogradation
phenomena that occur during ageing. The blending of starch with other, more
hydrophobic, polymers is a widely studied strategy used to improve properties of
starch films. The aliphatic polyesters, such as polycaprolactone (PCL) or polylactic
acid (PLA), are synthetic biodegradable materials of a more hydrophobic nature
that can be combined with starch in different ways to modulate the properties of
mixed films. Of them, PCL has the advantage of great stretchability and low water
vapour permeability (Averous et al., 2000). Nevertheless, the starch-PCL materials
obtained by simple blending are not adequate due to the low affinity of both
polymers, which leads to polymer phase separation with limited adhesion between
the polymer interfaces, thus resulting in poor film properties (Avella et al., 2000).
To overcome this, several authors have studied the improvement in the starch-PCL
compatibility by using different compounds, which can increase the polymer
affinity via different mechanisms, such as PCL-co-pyromellitic anhydride (Avella
et al., 2000) methylene diphenyl diisocyanate (Wang et al., 2001) or dioctyl
maleate (Zhang & Sun, 2004). Nevertheless, the use of these kinds of compounds

can compromise the use of films for food packaging due to their potential toxicity.
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Other authors reported that hydrogen bonds can be established to a certain extent
between the starch hydroxyls and the PCL carbonyls at the interface region, which
could allow the incorporation of small amounts of PCL in starch matrices without
notable polymer separation, improving film properties (Matzinos et al., 2002;
Ortega-Toro et al., 2015).

The development of multilayer films using starch and PCL layers could be a good
alternative for developing packaging materials for food applications. A multilayer
packaging material can be defined as two or more materials with specific properties
combined in a single layered structure. The multilayer films with petrochemical-
based materials are already widely used in food packaging applications (Fang et
al., 2005; Mensitieri et al., 2011). The PCL-starch multilayers could exhibit some
advantages, such as the decrease in the overall moisture sensitivity and the
improvement in the mechanical properties (Yu et al., 2006), by combining the
properties of each material (Fabra et al., 2013). Therefore, starch-PCL multilayers
could maintain the excellent gas barrier properties of the starch and the high water
vapour barrier of the PCL, which would be difficult to achieve with a single
biopolymer-based material. Layered structures based on biopolymers containing
antimicrobial compounds have been obtained by co-extrusion (Alix et al., 2013) or

compression-moulding (Takala et al., 2013).

The incorporation of antioxidant and antimicrobial agents in biodegradable films
has been widely studied to obtain active packaging materials with controlled
release of bioactives (Ayranci & Tunc, 2003; Wook et al. 2013) to enhance food
stability and shelf life. These agents have often been included in the biopolymer
dispersions used for casting films (Gémez-Guillén et al., 2007; Jiménez et al.,
2013; Cian et al., 2014). Nevertheless, the usual thermal processing of bioplastics
make their incorporation necessary during the extrusion or other hot melting steps

used at industrial level. Some losses of active compounds can occur during this
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step due their thermo-sensitive. For instance, Wook et al. (2013) reported losses of
resveratrol and a-tocopherol incorporated in PLA/starch blend films during the
polymer melt blending, ranging between 4 and 26%, depending on the film

formulation.

The aim of this work is to analyse the properties of starch-PCL bilayer films
obtained by compression moulding by incorporating a common food antimicrobial
(potassium sorbate: PS) and an antioxidant (ascorbic acid: AA) at the layers’
interface. The interactions of these compounds with both phases could improve the
layers’ adhesion, while conferring active properties to the layered film. Bilayer
films formed with starch layers containing 5% PCL was compared with those
formed with pure starch layers in order to discover the potential improvement of
starch-PCL interfacial adhesion when a small amount of PCL is present in the

starch matrix.

7.2. MATERIALS AND METHODS

7.2.1. Materials

Corn starch was purchased from Roquette (Roquette Laisa, Benifaid, Spain). Its
moisture content was 10% w/w and amylose percentage was 14%. Glycerol was
from Panreac Quimica, S.A. (Castellar del Valleés, Barcelona, Spain).
Polycaprolactone (PCL) was from Aldrich Chemistry (Sigma-Aldrich Co. LLC
Madrid, Spain), with a molecular weight of 80.000 daltons. Potassium sorbate,
ascorbic acid, magnesium nitrate 6-hydrate, sodium chloride and phosphorus
pentoxide were from Panreac Quimica, S.A. (Castellar del Vallés, Barcelona,

Spain).
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7.2.2. Film preparation

Three kinds of monolayer films were obtained by melt blending and subsequent
compression moulding: thermoplastic starch (S), thermoplastic starch with 5%
(9/100g of starch) PCL (S95) and pure PCL (PCL). To prepare S films, native
starch and glycerol were dispersed in water using a starch:glycerol ratio of 1:0.3
w/w. When starch films contained PCL, this was added to aqueous dispersions in
1:0.05, w/w starch:PCL ratio.

A two-roll mill (Model LRM-M-100, Labtech Engineering, Thailand) was used for
the hot-mixing process where polymers were heated at 160 °C and 8 rpm for 30
min. The resulting sheets were ground and conditioned at 25 °C and 75% RH using
NaCl oversaturated solutions for 48 h. Afterwards, the monolayer films were
obtained using a compression moulding press (Model LP20, Labtech Engineering,
Thailand). The following process conditions were used: a) pre-heating cycle at 160
°C for 5 min, b) compression-moulding at 50 bar for 2 min, ¢) compression-
moulding at 150 bar for 6 min, and d) cooling cycle at 150 bars for 3 min.

Subsequently, the bilayer films were obtained by means of a second compression-
moulding step where the corresponding two layers were compressed together. The
process conditions were 80 °C and 150 bars for 4 min and cooling cycle for 2 min.
The obtained bilayer films always had one PCL layer and an S or S95 layer. Before
the second compression, 1 mL of distilled water (H,O) or aqueous solutions
containing ascorbic acid (AA) or potassium sorbate (PS) were sprayed onto the S
or S95 layers in order to plasticize starch and promote layer adhesion. The obtained
bilayer films were coded by indicating if the starch layer was S or S95 and the kind
of solution sprayed onto the interface (H,O, AA or PS); e.g. S-H,0O indicates that
the bilayer film contains S plus PCL layers sprayed with pure water. AA and PS
aqueous solutions were prepared in such a way that 1 mL of solution contained 0.1

g of compound/g of starch film. The bilayer films were conditioned at 25 °C and
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53% RH for 1 and 5 weeks before their characterization. The thickness of
conditioned films was measured at six random positions with a digital electronic

micrometer (Palmer-Comecta, Spain, £ 0.001 mm).

7.2.3. Film characterization

7.2.3.1. Scanning Electron Microscopy (SEM)

Cross-section images from resulting films were obtained by means of a scanning
electronic microscope (JEOL, JSM-5410, Japan). The conditioned samples (1 and
5 weeks) were stored inside P,Os desiccators for one week before the analysis.
Afterwards, the samples were cryo-fractured, fixed on copper stubs, gold coated,
and observed using an accelerating voltage of 10 kV.

7.2.3.2. Fourier Transform Infrared (FTIR) spectroscopy

Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) spectroscopy
was used to analyse component interactions in the films. Measurements were
performed at 25 °C using a Tensor 27 mid-FTIR Bruker spectrometer (Bruker,
Karlsruhe, Germany) attached to a platinum ATR optical cell and an RT-Dla TGS
detector (Bruker, Karlsruhe, Germany). The diaphragm was set at 4 mm for the
analysis, and the spectra were obtained between 4000 and 800 cm™ using a
resolution of 4 cm™. The analysis was carried out on both the S or S95 and PCL
layers. The data were analyzed using OPUS software (Bruker, Karlsruhe,

Germany).
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7.2.3.3._ Thermal properties

Thermal degradation of the films and their components was analysed using a
thermogravimetric TGA 1 Star® System analyser (Mettler-Toledo, Inc.,
Switzerland), equipped with an ultra-micro weighing scale (£ 0.1 pg), under
nitrogen atmosphere. The analysis was carried out using the following temperature
programme: heating from 25 to 500 °C at a 10 °C/min heating rate. Approximately
4 mg of each sample were used in each test, considering at least two replicates for
each one. Initial degradation temperature (Onset) and peak temperature (Peak)

were registered from the first derivative of the resulting weight loss curves.

7.2.3.4. Water content (X,,) and film solubility in water

Conditioned films were transferred to a natural convection oven (J.P. Selecta, S.A.,
Barcelona, Spain) at 60 °C for 24 h. Then, these samples were stored in a P,0s
desiccator for 8 days. Moisture content in dry basis was obtained from the initial
and final sample weights. Pieces of dry samples were transferred to glass pots, and
covered with bidistilled water at a film:water ratio of 1:9 w/w. After 48 h, the
samples were transferred to a natural convection oven at 60 °C for 24 h in order to
remove the water contained in bilayer films. Finally, the samples were stored in a
desiccator containing P,Os for 8 days to complete drying. Film water solubility was
estimated from its initial and final weights. Three replicates were considered per

formulation.

7.2.3.5. Water Vapour Permeability (WVP) and Oxygen Permeability (O,P)

The Water Vapour Permeability (WVP) of films was determined according to a
modification of E96-95 gravimetric method (ASTM, 1995) proposed by McHugh

et al. (1993). The measures were carried out exposing the S or S95 layer to 100%
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RH. To this end, 5 mL of bidistilled water were placed in Payne permeability cups
(3.5 cm diameter, Elcometer SPRL, Hermelle/s Argenteau, Belgium). These cups
were transferred to a desiccator containing oversaturated Mg(NOs), (53% RH) at
25 °C. The permeability measurements were performed by weighing the cups
periodically (every 1.5 h for 24 h). Eq. (7.1) proposed by McHugh et al. (1993)

was used to calculate the vapour pressure on the film’s inner surface (ps).

WVTR — P'D'Ln[P_pz\P_pl] (71)
R-T-Az

where P, total pressure (atm); D, diffusivity of water through air at 25 °C (m?/s); R,
gas law constant (82.057 x 10> m?atm kmol * K™); T, absolute temperature (K):;
Az, mean stagnant air gap height (m), considering the initial and final z value;
pi,water vapour pressure on the solution surface (atm); and p,, corrected water
vapour pressure on the film’s inner surface (atm). Water vapour permeance was
calculated using Eq. (7.2) as a function of p, and p; (pressure on the film’s outer
surface in the cabinet). Multiplication of permeance by film thickness leads to the
WVP of films.

WVTR
P2—P3

permeance = (7.2)

In a first approach, the WVP of S-H,0 and S95-H,0 bilayer films was determined
by exposing PCL layer to both the 100% and 53% RH atmospheres in order to

verify if there were significant differences among WVP values. As none were
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observed, measurements were carried out by exposing the starch layer (S or S95) to

100% RH in every case. Values were obtained in triplicate for each film.

The oxygen permeability (O,P) was determined using an Oxtran 1/50 (Mocon,
Minneapolis, USA) system considering the Standard Method D3985-95 (ASTM,
2002) at 25 °C and 53% RH. Three films were evaluated for each formulation. The
assay was performed exposing the PCL layer to the highest oxygen concentration
in every case. The transmission values were determined every 20 min until
equilibrium was reached. The exposure area during the tests was 50 cm? for each

sample. To obtain the oxygen permeability, the film thickness was considered.

7.2.3.6. Tensile properties

A universal test Machine (TA.XTplus model, Stable Micro Systems, Haslemere,
England) was used to determine the elastic modulus (EM) and tensile strength (TS)
and elongation (E) at break point of the films, following ASTM standard method
D882 (ASTM, 2001). Films conditioned at 25 °C and 53% RH for 1 and 5 weeks
were evaluated. EM, TS, and E were determined from the stress-strain curves,
estimated from force-distance data obtained for the different films (2.5 cm wide
and 5 cm long). Samples were mounted in the film-extension grips of the testing
machine and stretched at 50 mm min™ until breaking. At least ten replicates were

obtained from each sample.

7.2.3.7. Optical properties

The films’ surface gloss was determined by means of a surface gloss meter (Multi
Gloss 268, Minolta, Germany) at 85° incidence angle, since films exhibit low gloss,
according to D523 standard method (ASTM, 1999). Each film was measured in
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triplicate on both film faces. Results were expressed as gloss units (GU), relative to

a highly polished surface of black glass standard with a value near to 100 GU.

Film transparency was determined from the surface reflectance spectra (400-700
nm) obtained by a Minolta spectro-colorimeter (CM-3600d model, Minolta Co.,
Tokyo, Japan) on both white and black backgrounds. Kubelka-Munk theory for
multiple scattering was applied in order to determine the internal transmittance
(Ti). The Ti of the films was determined using eq. (7.3). In this equation, Ry is the
reflectance of the film on an ideal black background. Parameters a and b were
calculated by means of egs. (7.4) and (7.5), where R is the reflectance of the

sample backed by a known reflectance, Rg.

T, = /(@ — Rg)% — b2 (7.3)

_1 Ro—R+Rg
a=3(R+20m) (7.4)
b=vaZ—-1 (7.5)

7.2.3.8. Statistical analysis

Statgraphics Plus for Windows 5.1 (Manugistics Corp., Rockville, MD) was used
to carry out statistical analyses of data through an analysis of variance (ANOVA).

Fisher’s least significant difference (LSD) was used at the 95% confidence level.
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7.3. RESULTS

7.3.1. Structural properties

Figure 7.1A shows the micrographs of the cross section of some of the studied
bilayer films where the two polymer layers can be clearly distinguished. PCL layer
was much thinner than that of starch, despite the fact that films of similar weight

were compressed together.

300pm 000

Figure 7.1.-SEM micrographs of the cross section of some bilayer films, at low (A) and high
magnification levels (B) showing the layer interface.

Table 7.1 shows the thickness values of the mono- and bilayers. S and S95 bilayers
showed values close to those of the initial starch monolayer, which indicated that
both starch and PCL layers became thinner during the second compression.
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Table 7.1.-Mean values and standard deviation of thickness, water content (g water/g dried
film) and water solubility (g solubilised film/g initial dried film) of the different films
stored at 53% relative humidity and 25 °C.

Thickness
(nm)

Initial

Film solubility

Initial

S 261+22% | 0.061+0.006™ 0.079 + 0.004% 0.19 +0.07% 0.24 + 0.05%
S95 268 +13 | 0.091+0.007% | 0.1146 + 0.0013% 0.18 + 0.05 0.198 + 0.004%
PCL 149 +17° 0.003 +0.0021 | 0.0021 +0.0005 | 0.00022 +0.00011** | 0.0004 + 0.0002%

S-H,0 228+ 7° 0.372+0.015% | 0.060 + 0.002° 0.30 + 0.02¢ 0.21 + 0.04%2
S-AA 236 + 2° 0.25 +0.02" 0.058 + 0.008" 0.20 + 0.05% 0.114 + 0.010"
S-PS 234 +5° 0.46 + 0.04" 0.066 + 0.004% 0.38 +0.05" 0.297 + 0.014%

$95-H,0 283 + 30° 0.20 + 0.02" 0.067 + 0.008% 0.114 + 0.009" 0.107 + 0.014"
S95-AA 322 + 25¢ 0.220 +0.012% 0.085 + 0.002% 0.123 +0.012** 0.142 +0.016"
595-PS 325+14% | 0.237+0.011°" | 0.0804 + 0.0015% 0.123 +0.017** 0.120 +0.013™

Different superscript letters within the same column indicate significant differences among
formulations (p < 0.05). Different superscript numbers within the same row indicate significant
differences due to storage time (p < 0.05).

However, SEM micrographs show that PCL films flow to a greater extent during
the second compression step, giving rise to PCL layers of about 30-50 um, while
the starch layers barely decrease in their original thickness, especially the S95. This
agrees with the higher flowability of the more plastic PCL material. At the
temperature of the second compression (80°C), the melting temperature of PCL
(63.5 °C, Ortega-Toro et al., 2015) was reached, while starch (T,: 126 °C, Ortega-
Toro et al., 2015) was only plasticized at surface level by the moisturising effect of
the sprayed solution. The S95 bilayers were thicker which indicates that the
presence of PCL in starch films decreased their ability to flow during compression.
This can be attributed to the reduced water affinity of the starch phase when PCL
was finely dispersed in the matrix, which inhibits the water plasticization effect of
the sprayed solution. The interfacial adhesion of PCL and starch layers can be

observed in Figure 7.2, where the interface of the different bilayer films is clearly
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observed. Each layer shows its typical fracture appearance; pure starch exhibits a
continuous and homogeneous aspect, whereas fine, well dispersed PCL particles
can be observed in the S95 layer. Previous studies (Ortega-Toro et al., 2015)
demonstrated a small degree of miscibility of PCL in starch, through the depression

of the starch glass transition temperature when PCL was added.

Figure 7.2.-SEM micrographs of the cross section of the different bilayer films, showing the layer
interface.

PCL layers exhibit filamentous formations, associated with the plastic fracture of
their amorphous zones, in agreement with the very low PCL T4 (-61.5 °C, Averous
et al., 2000). At higher magnification (Figure 7.1B), the penetration of fine
channels of the PCL phase (arrows) into the starch phase can be observed forming
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union points between layers. This is probably favoured by the plasticization
induced in the starch layer surface by the aqueous solutions sprayed before the
compression step. When the starch layer contained PCL, the PCL which flows into
the starch phase can bond to the dispersed, melted PCL particles, thus contributing
to the layer adhesion. In Figure 7.2, greater layer adhesion can be observed in films
containing S95, especially when the surface was sprayed with potassium sorbate

aqueous solution, where the interface can barely be observed.

Figure 7.3 shows the infrared spectra obtained from the starch face and the
wavenumber corresponding to the most characteristic peaks of the compounds.
Spectra obtained from the PCL layer did not differ from that of pure PCL and they
were not included. This could indicate that no significant diffusion of compounds
added at the interface (AA or PS) occurred through the PCL layer, although they
could act at interfacial level.

The spectra of the S95 films showed some differences with respect to those of pure
starch, showing characteristic peaks of both S and PCL, with some band shifts. The
carbonyl group band (C=0 stretching) was shifted with respect to pure PCL, which
suggests the formation of hydrogen bonds between PCL carbonyl and starch
hydroxyls, as reported by other authors (Cai et al., 2014). Likewise, small shifts in
some peaks can be detected for starch bilayers, as compared to the corresponding
bands of the S or S95 monolayer films. This suggests that some changes in
molecular interactions inside the starch matrix occurred, associated with the
diffusion of compounds added at the interface. Shifts in bands corresponding to C-
O-C (1049-1153 cm™), C=0 (1724-1728 cm™) and —OH (3300-3319 cm™) can be
due to the presence of small amounts of AA or PS, diffused together with water
molecules inside the starch phase. The hydroxyl vibration band showed the highest
shift with respect to the S or S95 films, which can be due to the higher hydration of

the starch layer due to the surface wetting with the corresponding solution.
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Figure 7.3.-FT-IR spectra of monolayers (S, S95 and PCL) and starch-PCL bilayers (S-H,0, S-AA,

S-SP, S95-H,0, S95-AA, S95-SP) obtained from the starch face.
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7.3.2. Thermal

behaviour

Thermogravimetric analysis allows us to obtain information about the effect of

compounds added at the interface on the thermal stability of polymers, due to their

diffusion into the layers and potential interactions with each macromolecule.

Figure 7.4 shows the DGTA curves of the bilayers, showing the peaks associated

with the different weight losses caused by thermal degradation. All the curves

showed three separate steps: a) small, broad peak due to evaporation of bonded

water between 50 and 100 °C; b) starch thermal degradation between 283 °C and
290 °C and c) PCL thermal degradation at about 374 °C.
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Figure 7.4.-DGTA curves of bilayer films showing peaks for starch degradation and PCL

degradation. A: bilayers with S layer, B: bilayers with S95 layer.
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Table 7.2 shows thermal degradation temperatures (onset and peak) of mono- and
bilayer films. The PCL addition to the starch (S95 sample) provoked a significant
increase (p > 0.05) in the starch degradation temperature (onset and peak) while the
onset temperature of PCL phase also rose. This indicates that polymer interactions
improved the thermal stability of both phases. In bilayers, degradation temperatures
of both starch and PCL increased (more in the case of starch), except when PS was
added. In these cases, the thermal degradation of polymers in bilayers occurred at a
lower temperature than in the corresponding monolayer. This indicates that PS
diffused from the interface inside the polymer matrices and the induced molecular
interactions with both polymers affected their thermal degradation behaviour. The
interactions of PS with polymer layers promoted layer adhesion, as deduced by
SEM.

Table 7.2.-Mean values and standard deviation of thermal degradation of starch and PCL
of the studied bilayers equilibrated at 53% relative humidity and 25 °C.

Starch

Onset (°C)

Peak (°C)

Onset (°C)

Peak (°C)

S 283+ 7° 313.8 £ 0.4°
595 290 + 2¢ 317.3+£1.3° 3835+ 1.4° 402.4 +1.1°
PCL 374.1+0.2° 408.7 £ 0.2°
S-H,0 293.1 +0.8% 320.92 +0.12¢ 378 +2¢ 410.8 +0.8¢
S-AA 293.0 £ 0.6% 320.0 +0.2¢ 378.0 + 0.6° 410.40 + 0.12¢
S-PS 272.3+0.7° 299.9 + 0.4° 370.6 £ 0.6° 403.4 +0.4°
S95-H,0 298.03 +0.13° 319.4 +0.6° 377.51 +0.11¢ 409.90 + 0.12%
S95-AA 295 + 2% 3195+1.2¢ 376.5 + 1.3¢ 408.9 +0.6°
S95-PS 262 + 22 300.9 + 0.4° 364 + 2° 399.75 + 0.11°

Different superscript letters within the same column indicate significant differences among
formulations (p < 0.05).

As a reference, the TGA of the glycerol, AA and PS was carried out. The onset
temperatures for each compound were 212 °C, 196 °C and 448 °C respectively,

which guarantees their stability at the temperatures used in the film
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thermoprocessing (maximum 160°C). AA and PS were only heated up to 80 °C
during the second compression. So, the antioxidant effect of AA and the
antimicrobial activity of PS could be preserved after compression moulding. In
fact, the pure PS showed the highest thermal stability, although it promoted the
thermal degradation of starch and PCL. Flores et al. (2010) also reported that the
PS concentration in tapioca starch—glycerol based edible films was not affected by
the extrusion process and the preservative was available to act as an antimicrobial

agent.

7.3.3. Physical properties

In Table 7.1, the water content and film solubility in water are also shown for all
the samples conditioned at 25 °C and 53% RH for 1 and 5 weeks. At the initial
time, water content of bilayers was higher than that of S or S95 films due to water
absorption of the sprayed solution and their slow equilibration with the external
atmosphere (53% RH). Nevertheless, after 5 storage weeks, every bilayer had
similar water content (6-8%) in the range of the starch (S or S95) films.

Water solubility of S95 bilayers showed homogenous values which did not change
after 5 storage weeks, whereas S bilayers showed higher solubility after 1 storage
week, when they have a high moisture content, but lower solubility at 5 storage
weeks when the film moisture content fell. In S95 bilayers, solubility was reduced
to about half of the corresponding value of the S layer, which is coherent with the
very low water solubility of the PCL layer. During the solubility test, S95 bilayers
remained adhered, whereas in S bilayers, separation occurred at the edges of the

films.

Figure 7.5 shows typical Stress—Hencky Strain curves of the monolayer and bilayer
films after 1 week conditioned at 53% RH and 25 °C. The S95 monolayer exhibited
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lower stress values than the S layer, but greater extensibility. The addition of PCL
to the starch matrix provoked a twofold effect on the mechanical response of the
film: matrix plasticization effect (T, decrease of starch) caused by the small PCL
miscible fraction and matrix discontinuity due to the non-compatible PCL fraction.
Both effects caused weakening of the cohesion forces of the starch phase which
decreased the elastic modulus and the tensile strength, although the plasticizing
effect enhanced the film stretchability. PCL is a ductile polymer with high
deformability, whose deformation at break is near 500% (Averous et al., 2000;

Matzinos et al., 2002), which was not reached during the tensile test.
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Figure 7.5.-Typical stress—Hencky strain curves of the different films conditioned at 25 °C and 53%
relative humidity for 1 week.

The bilayer films did not exhibit a net break but they showed successive micro-
fractures from a determined deformation level till the total breakdown of the film.
This can be associated with the progressive detachment of the film layers during

the tensile test till total fracture. The value of the first fracture point was taken and
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shown in Table 7.3, together with the elastic modulus and tensile strength at the

first failure point.

Table 7.3.-Mean values and standard deviation of mechanical properties of films
equilibrated at 53% RH and 25 °C for 1 week (initial) and 5 weeks (final).

Initial Initial Initial

324 +48° | 587 +65°2 | 10+2% |157 +1.2% |28 +10° | 4.1 + 0.4%
48 +10* | 103 +10%2 |54 +15%| 7.8+0.7°2 | 53+5% | 39 +57
304+11°| 314 £ 51" | -
215+17% | 284 +35% |91+ 0.7 | 11.9 +1.2% | 15 + 2% | 15+ 5%
181+ 16 | 205+ 33 [ 8.7 +1.0° | 9.9+0.6% | 17 +4%® | 17 +5%
170 + 16 | 202 +18% | 6.7 £ 0.6™ | 7.7 +1.0® | 11+5% | 9=+4™
129 +17°% | 311+ 14% | 6.7 £ 0.6" | 6.7+1.0° | 18 +5 | 6.1 +0.6%
114 +14%* | 213 +5% [ 8.1+0.9| 7.5+0.6%% | 35+ 6% | 12 +5°

126 £ 27" | 153+ 30" |85+ 1.0 | 9+2¢% |32+8%| 27+6%

Different superscript letters within the same column indicate significant differences among
formulations (p < 0.05). Different superscript numbers within the same row indicate significant
differences due to storage time (p < 0.05).

Bilayer films showed slightly lower values of EM and TS than the S or PCL
monolayer but greater than the S95 monolayer, which indicates that the PCL layer
reinforced the S95 bilayer films. The incorporation of AA or PS into the interface
slightly decreased the EM values of bilayers, but significantly increased TS and
deformation at break in the S95 bilayers. The start of layer detachment (micro-
fractures) takes place at a deformation level of about 30% in S95-AA and S95-PS
bilayers, which indicates that they were better adhered than in the other bilayer
films when micro-fractures occurred at lower deformation levels. In S bilayers,
these compounds were not so effective at promoting S-PCL adhesiveness.

Therefore, the diffusion of AA and PS molecules to the PCL chains near the
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interface in both PCL and S95 layers could promote stronger union forces which

contribute to the layer adhesion.

After 5 weeks of storage, all the films had higher EM values, especially S
monolayers, due to the phenomenon of starch retrogradation, which also reduced
the film extensibility. Nevertheless, S95 maintained a deformability level of about
40% and the S95-PS bilayer did not reduce its extensibility value. This bilayer
exhibited the most stable tensile behaviour, which indicates that starch chain
association was mitigated by the combined effect of both PCL and PS interactions
with starch chains. In general, bilayers better maintain tensile properties throughout
storage time. In fact, in no case did tensile stress and deformation at break vary
while EM increased in every case, except for the S95-PS samples. The increase in
EM can be caused by the reduction in film water content shown in Table 7.1. The
observed behaviour suggests there were positive interactions between layers
inhibiting the changes in the starch phase, at least near the PCL interface.

Table 7.4 shows the water vapour permeability (WVP) and the oxygen
permeability (O,P) of the studied films conditioned at 25 °C and 53% RH for 1 and
5 weeks. In general, the WVP values of bilayers were very low, as compared with
S or S95 monolayers, and similar to the PCL monolayer. This was highly positive
because an effective water vapour barrier is very important in food packaging. The
greater WVP of S95 than that of the S monolayer can be explained by the
plasticization effect of PCL in the starch matrix, as commented on above (Ortega-
Toro et al., 2015). After 5 weeks of storage, no notable changes in the WVP values

occurred; the bilayers maintained their high water vapour barrier.

The oxygen permeability (O,P) of starch films and bilayers was very low and in
some cases they were below the sensitivity threshold of the equipment. On the
contrary, the O,P of PCL film reached the sensitivity limit. So, as expected, the

barrier properties of bilayers were greatly improved with respect to the starch or
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PCL films, exhibiting very low O,P (as starch) and WVP (as PCL). As regards the
influence of adding AA or PS at the interface, the most noticeable change was
produced by PS, which reduces the O,P in both S and S95 bilayers to values lower
than the detection limit of the Ox-Tran® used to perform the test. This coincides
with the particular interactions of PS with S and PCL, as deduced from the

structural and thermal analysis.

Table 7.4.- Mean values and standard deviation of water vapour permeability (WVP) and
oxygen permeability (O,P) of the different films at 1 (Initial) and 5 (Final) weeks of storage
at 53% relative humidity and 25 °C.

O,P - 10* (cm* mt-st.pa?)

WVP (g-mm-KPa™-h*.m?)

Initial Initial

18.1+1.4% 16 + 2% <D.L. <D.L
20.41 +0.02% 18 + 2¢ 12.2 +0.8% 19 + 332
0.120 +0.04* | 0.117 +0.011* >D.L. >D.L
0.8 +0.3%! 0.43 £ 0.07* 12 + 2% 112 +15%
0.71+0.07% | 057 +0.07* 15 + 2% 9+3%
0.7 +0.2% 0.63 +0.07* <D.L. <D.L.
1.4+0.3" 6.0 + 0.5% 28 + 5% 15.6 + 1.0
15+0.6™ 2.4+0.9% 14 + 3% 10+ 2%
0.96 +£0.04% | 1.24 +0.15%? <D.L. <D.L.

D.L.: 0.1-200 cm*(mZ.day). Different superscript letters within the same column indicate significant
differences among formulations (p < 0.05). Different superscript numbers within the same row
indicate significant differences due to storage time (p < 0.05).

Table 7.5 shows the gloss values at 85° of both faces of the films conditioned for 1
and 5 weeks. The gloss of S and S95 films was very similar and slightly lower than
that of the PCL. Likewise, the gloss of the starch and PCL faces in S bilayers was
in the same range as that of the respective controls (S and PCL). However, the S95

bilayers presented lower gloss at both faces than the isolated S95 or PCL films.
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This is coherent with the special role which dispersed PCL plays in S95 layers, that
of favoring the layer bonding. The PCL of both S95 and PCL layers melt at 80 °C
and this contributes to compound interpenetration during the second compression,
unifying itself after cooling. This melting-crystallization process of PCL at both
layers could generate both more union points at the interface and micro-
irregularities on each layer surface. This is a key factor in the engineering design of
starch-based bilayers, because it promotes the material stability over time
inhibiting the starch retrogradation, as deduced from mechanical behaviour after 5

storage weeks.

Table 7.5.-Mean values and standard deviation of surface roughness parameters and optical
properties of the different films at 1 (Initial) and 5 (Final) weeks of storage at 53% relative
humidity and 25 °C.

Gloss (85°). Starch face | Gloss (85°). PCL face
Initial
40 +5% 37+24
47 +11%1 | 254+ 8™
59 +16° | 57+9%
41 +5% 38+9% | 5249l | 394+71b2
46 + 7% 39+6% | 5247 | 38413
51 +16%! | 43+13° | 54+10% | 39+16"
16 + 2% 13 + 2% 29+5% | 26+8%
13 + 4% 15 + 8 24 +5% | 19+ 10%
23+ 2% 20£6% | 45+7"1 | 41+09"

Different superscript letters within the same column indicate significant differences among
formulations (p < 0.05). Different superscript numbers within the same row indicate significant
differences due to storage time (p < 0.05).

Figure 7.6 shows the spectral distribution curves of internal transmittance (Ti) of

the films conditioned at 25 °C and 53% RH for 1 week. The results obtained,

considering both starch or PCL faces as beam incidence surfaces, did not present
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significant differences. So, the mean values were considered. In general, films with

an isotropic structure have high Ti values since no light dispersion occurs
(Villalobos et al., 2005; Ortega-Toro et al., 2014).

The S monolayer was the most transparent, whereas PCL showed a greater opacity.

The S95 monolayer lost transparency with respect to the pure starch film due to the

presence of a PCL dispersed phase which provoked light dispersion. Bilayers

showed transparency levels in the order of those of S95, but the S95 bilayers were

slightly more opaque due to the effect of dispersed PCL particles and non-isotropic

bilayer formation.

Ti (%)

90 -

85 A

—5S S95 ——PCL
65 1,7
S-H,0 S-AA  ---SPS
60 -
—— S95-H,0 - S95-AA S95-PS
55 ‘ ‘ ‘
400 500 600 700

Wavenumber (nm)

Figure 7.6.- Spectral distribution curves of internal transmittance (Ti) of the studied films

7.4. CONCLUSIONS

conditioned at 25 °C and 53% RH for 1 week.

Bilayer films of thermoplastic corn starch and PCL could be obtained by

compression moulding at 80°C, by moisturising the interface with aqueous
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solutions containing ascorbic acid or potassium sorbate which, in turn, can confer
active properties to the films. Starch layers containing 5% PCL formed bilayers
which were very well adhered with PCL and exhibited good mechanical
performance, especially when potassium sorbate was added at the interface. All the
bilayers showed excellent water vapour and oxygen permeability due to the
association of two layers with very good barrier properties to each one. Bilayers
consisting of PCL and starch containing 5% PCL, with potassium sorbate at the
interface, had the best mechanical and barrier properties and interfacial adhesion
while also having active properties associated with the antimicrobial action of
potassium sorbate. A study of the release of this compound in different food

simulants is running in order to evaluate its potential in food preservation.
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Among biodegradable materials to obtain packing films, starch is one of the most
promising polymers, due to its low cost, thermo-processability, and abundance.
Starch based-films exhibit some desirable properties, such as high barrier to
oxygen, carbon dioxide and lipids, which represent an advantage in food
packaging. However, these materials present several drawbacks such as their high
water sensitivity and WWVP, poor mechanical properties and retrogradation
throughout storage. The improvement of these characteristics is necessary for

starch applications in the plastics industry.

The present Doctoral Thesis deals with the enhancement of starch-based materials
by blending with other compounds and polymers more hydrophobic than the starch
in order to decrease the water sensitivity of the blends, to promote their water
vapour barrier properties and time stability, while improving mechanical

performance. For this purpose, different techniques of processing were used.

One of the most important parameters in food packaging is the barrier properties of
the materials. The Figure IV.1 shows a map of barrier properties (WVTR vs.:
O,TR) where the studied starch film formulations, obtained by different methods,
were located in order to compare them. The values are normalized at 100 um of
thickness. The values of barrier properties were affected by both the formulation
and the processing method. The use of different formulations and techniques of
processing resulted in enormous changes in water vapour barrier properties: from
~2500 g water vapour-m?.day™ in films prepared by casting to ~10 g water
vapour-m?-day™ in bilayers and films compatibilized with PCL 4. In the same way,
the O,TR decreased from ~30 cm®-m™.day™*-bar* (films by casting) until ~0.1
cm®-m™.day™*-bar? (bilayers and films obtained by melt blending and compression

moulding).

The starch-based films with worst barrier properties were those obtained by

casting. In these films, weaker intermolecular interactions seem to be done in line
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with the film elaboration method. When the film forming dispersions were cast,
water was evaporated slowly giving rise to a less compact matrix as compared with
the starch matrices obtained by thermo-mechanic methods (melt blending,

compression moulding and extrusion).

The starch blends with HPMC or PCL and the addition of CA and PEG promoted
some changes in barrier properties, although, in most of the cases, an enhancement
in WVP implied a worst O,P. This effect was caused by the presence of more
hydrophobic dispersed phases with higher oxygen permeability, which facilitated

the transfer of gas molecules through the matrix.

The more efficient methods for improving the barrier properties, especially WVP,
were the formation of bilayer films with starch based and PCL layers and the use of
PCL., as compatibilizers between TPS and PCL phases in the blend films. In
Figure 1V.1 the good barrier properties of bilayer films can be observed. They
maintain the low O,TR values of the starch films, but with highly improved WVP
due to the parallel arrangement of PCL and starch layers, in perpendicular sense to
mass transfer rate. Likewise, the starch-PCL blends compatibilized with PCL g,
obtained by extrusion and compression moulding, exhibited the best water vapour
barrier properties. These results were due to the compatibilizing role of PCL 4 at
interfacial level in starch and PCL phases, which during extrusion of the blend

promoted the interfacial adhesion of both polymers.

In the Figure IV.1 the differences in barrier properties of glycerol plasticized net
starch films obtained by casting (25% glycerol) melt blending (30% glycerol) and
extrusion (30% glycerol) can be observed, despite that these formulations had
similar composition. Dry methods (melt blending, extrusion and compression
moulding) gave rise to the formation of a more compact starch matrix in
comparison to casting method, which enhanced film barrier properties. This could

be attributed to the compression process conditions, which leads to greater
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approximation of the starch chains and more densely packed matrix. When S and

S80 films obtained by melt blending in the roller mill or extrusion were compared,

differences in barrier properties were also observed (Figure 1V.1). Extrusion led to

a notable reduction in WVP of both S and S80 films and lower oxygen

permeability for S80, but higher for S films. Melt blending in the roller mill was

less efficient than extrusion for defining a closer polymer matrix probably due to

the higher temperature, pressure and shear in the screw which induce differences in

the chain packing of the melts, thus affecting mass transfer properties.
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Figure 1V.1.-Map showing barrier properties of starch-based films with different formulation,

obtained by different methods.

Figure IV.2 shows the map of barrier properties, showing the characteristic

location of some plastics commonly used in food packaging, for comparisons.
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Likewise, the zones which define the requirements in barrier properties of different

foods are plotted (pink dashed areas).
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Figure 1V.2.-Map of barrier properties showing the developed films, some commonly used plastics in
food packaging and barrier requirement ranges for some foods.

The bilayer films and blends compatibilized with PCL_4 (ternary blends) showed
values of barrier properties in the range of some commonly used plastics. As
concerns WVTR, these films meet the packaging requirements of some foods
(Schmid et al., 2012) such as meat and MAP products (10-50 g water-vapour-m-

2.day™). Even more, some formulations exhibit WVTR values around 5 g-m™-day’
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' meeting the requirements of nuts, snacks and coffee vacuum. Meanwhile, the
O,TR of these starch-based materials reached the highest requirements for food
packaging (around 1 cm® oxygen-m?.day®-bar?). These materials exhibited
comparable O,TR values to Ethylene Vinyl Alcohol (EVOH) and Polyethylene
Terephthalate (PET) while their WVTR were close to Polystyrene (PS) and PET.

Mechanical properties of the films were also affected by the formulation and
process conditions. Figure 1V.3 shows a map of mechanical properties where
starch-based films obtained by different methods, conditioned for 5 weeks were

plotted. The principal effects of components in the different formulations were:

- Effect of surfactants: films containing surfactants were less hard, resistant and

extensible than surfactant-free films.

- Effect of HPMC and CA: CA provoked a mild hardening effect in the films;
while extensibility greatly decreased due to a weak cross-linking effect, which
seems to increase during film storage to a greater extent in films with the
highest ratio of HPMC.

- Effect of PCL and CA: the lack of interfacial adhesion of the PCL and starch
phases promoted the films’ fragility, although small PCL ratios increased the
elastic modulus of the films. Blend films with a 90:10 starch-PCL ratio with
CA exhibited high stretchability and good mechanical resistance. Plasticized
starch films could incorporate 5% PCL without a notable phase separation,

leading to the improved stretchability and storage stability of the films.

- Effect of PCL and PEG: the incorporation of PEG to the starch/PCL blends
reduced the affinity starch-PCL, enhancing phase separation, although PEG

acts as plasticizer of net starch films.

- Effect of grafted PCL: Interfacial adhesion of starch and PCL was greatly

improved when PCL_4 was present in the blends giving rise to tight matrices.

311



IV. GENERAL DISCUSSION

As a result, an improvement on mechanical performance and stability was
obtained.

- Effect of PCL and potassium sorbate in bilayer films: starch layers containing
5% PCL formed bilayers which were very well adhered with PCL and
exhibited good mechanical performance, especially when potassium sorbate
was added at the interface.
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Figure 1V.3.-Map of mechanical properties where starch-based films obtained by different methods
and formulation are plotted.

Mechanical properties were also affected by the processing method. As an
example, Figure IV.4 shows the comparison of the mechanical properties of S and
S80 (S-PCL blend) formulations obtained by two different methods:
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- Melt blending in a roller mill (160 °C and 8 rpm for 30 min) and compression
moulding (160 °C for 5 min on preheating; then compressed at 160 °C for 2
min at 30 bars, followed by 6 min at 130 bars; cooling cycle applied for 4

min).

- Extrusion (temperature profile from hopper to die: 60, 90, 110, 120 and 110
°C and the residence time was about 5 min) and compression moulding (pre-
heated at 130 °C for 2 min; then compressed for 2 min at 90 bares, followed

by 2 min at 220 bares; cooling cycle, applied for 8 min).
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Figure 1V.4.-Mechanical properties of S and S80 films obtained by different processing
methods.

Melt blending in the roller mill promoted the formation of more dense and rigid
matrices probably due to the greater water evaporation during blending and a
different arrangement of chains according with the applied shear forces. In
extrusion process, water evaporation was more limited due to the different
temperature profile along the screw (closed systems), while shear forces are

promoted by pressure. As a result, the higher bonded water (plasticizer) in the
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matrices obtained by extrusion and subsequent compression moulding exhibited
higher values of elongation and lower values of EM and TS. This fact is supported
by FTIR spectra of the starch-based films: the broad peak occurring at about 1646
cm™, ascribed to the tightly bound water of starch, appeared in samples extruded
(Figure 6.5) but not in films blended in the roller mill (Figure 5.4).

Figure IV.5 shows the comparison between the mechanical properties of starch-

based films and some commonly used polymers for food packaging.
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Figure 1V.5- Map of mechanical properties showing the location of developed starch-based films and
some commonly used polymers for food packaging.

Other polymers such as EVOH, Poly(Vinyl Alcohol) (PVOH) and Low Density
Polyethylene (LDPE) exhibit greater stretchability and tensile strength than starch-
based polymers. However, a fraction of High Density Polyethylene (HDPE)

materials shows similar properties. On the other hand, biodegradable polymers
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such as PHB and Mater-Bi (commercial starch-based polymer) have close
mechanical properties. So, mechanical and barrier properties of the obtained film
formulations indicate that some of them have potential applications in food

packaging.

As concerns retrogradation phenomena throughout time in the developed starch
films, some formulations were able to limit these undesirable changes which lead
to a decrease in film elongation and an increase the film brittleness. The Figure 2.1
showed SEM micrographs of films with and without HPMC and CA at 1 and 5
weeks of storage. The retrogradation of starch chains was remarkable in net starch
films while the addition of HPMC and CA promoted a decrease in the
retrogradation. As concerns the PCL blends, the partial miscibility between starch
and PCL led to a partial inhibition of amylose retrogradation during storage. This
effect was more marked when small amounts of PCL were added (5% wt.). The
Figure 5.5 showed that the S-PCL5 films did not exhibit relevant changes in their
mechanical properties throughout time. In the same way, the incorporation of PEG
to net starch films promoted the stability of their mechanical properties (Figure
5.5). Retrogradation was also inhibited when the S-PCL interfacial adhesion was
improved by using PCL_4 as compatibilizer. The Table 6.4 showed the mechanical
properties of starch-based films containing PCL and PCL 4. In these ternary blends,
the elongation increased and the elastic modulus decreased during the storage time,
this behaviour being contrary to the retrogradation effects. As regards bilayer films,
the addition of potassium sorbate at the interface decreased the retrogradation, as
deduced from the development of mechanical properties during the film storage

time.
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1.

Incorporation of span 40, 60 or 80 into the corn starch-glycerol film forming
dispersions led to different particle size distribution, zeta potential, viscosity
and extensibility on other films, depending on their hydrophobicity and
melting properties (related with the unsaturation in the fatty acid chain). These
aspects affected the final film microstructure and its surface morphology,
since the growing of the surfactant molecule aggregates during the film drying
(loss of water availability) occurred to a different extent, depending on the
dispersion stability. When the surfactant melting temperature was the highest
(span 60), creaming of surfactants in the film surface was not observed and the
size of the final lipid aggregates in the film were lower. Likewise, the size of
the type-V crystalline amylose complexes was smaller for the surfactant with
the highest HLB value with saturated fatty acid (span 40). This contributed to
decrease the WVP values with respect to surfactant-free film. Nevertheless,
films containing surfactants were less hard, resistant and extensible than
surfactant-free films, but they did not notably affect the film gloss and
transparency. The use of surfactants in film formulation can be useful to
incorporate non-polar bioactive compounds in the aqueous film forming
dispersions. In this sense, the obtained results allow us to recommend
saturated fatty acid compounds with higher melting temperature to ensure a

finer microstructure in the final film which favour water barrier efficiency.

Corn starch films containing HPMC (10 and 20%, with respect to starch)
obtained by compression molding showed a dispersed phase of HPMC in a
continuous starch-rich phase with a lower glass transition than HPMC-free
films. The addition of citric acid as a compatibilizer also provoked a decrease
in glass transition in line with a depolymerisation effect brought about by acid
hydrolysis. Both components implied a decrease in the water vapour

permeability but a slight increase in oxygen permeability. Although citric acid
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provoked a mild hardening effect in the films, it greatly decreased
extensibility pointing to a weak cross-linking effect, which seems to increase
during film storage to a greater extent in films with the highest ratio of
HPMC. Starch crystallization was slightly modified by both components
which induce the formation of other polymorphs mainly at initial time (1
storage week). Starch crystallization during storage was inhibited by both
citric acid and HPMC. A greater ratio of citric acid could be interesting as a
means of promoting both a more significant cross-linking effect and greater
HPMC compatibility with starch.

Corn starch and PCL blend films, containing 30% glycerol with respect to
starch, could be obtained by compression moulding at 160°C and 130 bars.
The films showed phase separation of the polymers, exhibiting a
heterogeneous blend matrix where starch- rich regions and PCL- rich regions
could be observed. Nevertheless, a small degree of PCL miscibility in the
starch phase was detected through the shift in the glass transition temperature
of the starch phase, which leads to the partial inhibition of amylose
retrogradation during film formation and storage. The lack of interfacial
adhesion of the PCL and starch phases promoted the films’ fragility and
reduced their elongation, although small PCL ratios increased the elastic
modulus of the films, indicating its adequate properties as reinforcing filler in
starch matrices. Water barrier properties of starch films were improved as the
PCL increased in the blend but worsening of the oxygen barrier properties was
obtained. Bilayer films with both PCL and starch blend layers could meet the
requirements for packaging of some foods such as meat and MAP products.
Nevertheless, the overall migration in different food simulants must be
assessed, according to migration limits established by regulation for plastic

materials in contact with food.
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4. Citric acid improves the properties of corn starch-PCL blend films with a low
PCL ratio (S:PCL ratio of 90:10), while it was not effective at compabilizing
blends with higher amounts of PCL. This was observed in the microstructural
analyses and deduced from the film’s physicochemical properties. The
incorporation of CA in the films affected both starch and PCL crystallization
as deduced from the X-ray diffraction patterns of starch and PCL melting
enthalpy values. The glass transition of starch was reduced by the
incorporation of PCL in line with its partial solubilization in the starch phase,
but lower than 10% with respect to starch. This decrease was greater in the
presence of citric acid. So, citric acid promoted stronger interactions between
PCL and starch chains, although this only quantitatively benefited the film
properties at a low PCL ratio. In fact, blend films with a 90:10 starch-PCL
ratio with citric acid exhibited the highest stretchability, with good mechanical
resistance. The water solubility of the films increased when they contained
citric acid, due to the acid hydrolysis of starch, although the water transfer rate
was limited in blend films. Citric acid did not affect the barrier properties of
the blend films which showed intermediate values, between those of net starch
and PCL films, according to their ratio in the film. So, compounding starch
with small amounts of PCL, using glycerol and citric acid, can supply films
with better functional properties than net starch films.

5. Glycerol plasticized starch films could incorporate 5% PCL without a notable
phase separation, leading to the improved stretchability and storage stability of
the films. Blend films with 10% PCL exhibited clear phase separation and
poor starch-PCL interactions which did not improve the starch tensile
properties, although the film water vapour permeability was reduced. In
ternary systems with PEG, the total balance of molecular interactions reduced
the PCL-starch affinity, enhancing phase separation. They did not exhibit

improved film properties with respect to starch films. PEG partly separates
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from the glycerol plasticized starch matrix, crystallising after long storage
times.

Grafting of MA-GMA blend or net GMA to PCL allow us to obtain good
compatibilizers (PCL-g) to obtain starch-PCL blend films, with high ratio of
starch, with good mechanical performance and stability and high barrier
properties, useful to cover the food packaging requirements. Grafting degree
was 4.5 and 4 wt%, for GMA-MA blend and GMA, respectively. Interfacial
adhesion of both polymers was greatly improved when PCL-g is present in the
blends which give rise to tight matrices. Compatibilizers acted as nucleating
agents for PCL crystallization, affecting the crystallization degree on the
blends. Properties of the starch-PCL-g blend films were poor than those of
ternary systems of starch-PCL blends with only 2-5% of PCL-g, which
represent an advantage from the economic point of view. The materials
developed have comparable gas and water vapour properties usual synthetic
plastics for food packaging. The overall migration in different food simulants
must be assessed, according to migration limits established by regulation for
plastic materials in contact with food.

Bilayer films of thermoplastic corn starch and PCL could be obtained by
compression molding at 80°C, by moisturising the interface with aqueous
solutions containing ascorbic acid or potassium sorbate which, in turn, can
confer active properties to the films. Starch layers containing 5% PCL formed
bilayers which were very well adhered with PCL and exhibited good
mechanical performance, especially when potassium sorbate was added at the
interface. All the bilayers showed excellent water vapour and oxygen
permeability due to the association of two layers with very good barrier
properties to each one. Bilayers consisting of PCL and starch containing 5%
PCL, with potassium sorbate at the interface, had the best mechanical and

barrier properties and interfacial adhesion while also having active properties
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associated with the antimicrobial action of potassium sorbate. A study of the
release of this compound in different food simulants is running in order to

evaluate its potential in food preservation.
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