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ABSTRACT

MANUFACTURING AND ANALYSIS OF THERMAL AND
CHEMICAL PROPERTIES OF POTATO STARCH-GELATIN BIOFILMS

Yilmaz, Secil
M.Sc., Department of Biotechnology
Supervisor: Prof. Dr. Fatih Yildiz
Co-Supervisor: Assist. Prof. Dr. Tiilin Yanik

December 2012, 82 pages

Today bioplastics, which are defined as environmentally friendly new
generation plastics, take place on the market as bags, foam fillers and food

tableware.

In this study, it was aimed to obtain biodegradable films using starch and
gelatin. Thermal, mechanical, permeability and optical properties of films
based on potato starch and bovine gelatin plasticized with glycerol and citric
acid monohydrate were investigated. Film formulations of different ratios of
potato starch to gelatin (1:0, 1:1, 2:1, 1:2, and 0:1) were prepared and casting
technique was used as film processing method. In the DSC analysis, one glass
transition temperature varying from 69.6 to 91.8°C for different film
formulations was observed, which showed that potato starch and bovine gelatin
are compatible. It was determined that blending ratio had an important effect

on the mechanical properties. Tensile strength, elongation at break and Young’s



modulus was found to be between 2.21-15.60 MPa, 93-130% and 14.20-151.50
MPa, respectively. The findings of this study showed that gelatin addition
significantly increased the mechanical durability. The water vapor permeability
of films ranged from 0.022x10™° to 0.061x10™ g.m™.s™.Pa™* and significantly
depended on the blending ratio. It was determined that the films contained
gelatin had lower water vapor permeability. It was observed that the blending
level has an important effect on the opacity values of films with an opacity-
decreasing effect of gelatin. It was also found that storage conditions affected
the optical stability. Storage at 40°C increased the opacity whereas storage at
room temperature, +4°C, and -20°C had an opposite effect.

Keywords: Bioplastics, Biodegradable Films, Potato Starch, Gelatin



0z

PATATES NISASTASI-JELATIN BIYOFILMLERININ URETIMI, TERMAL
VE KIMYASAL OZELLIKLERININ ANALIZI

Yilmaz, Secil
Yiiksek Lisans, Biyoteknoloji
Tez Yoneticisi: Prof. Dr. Fatih Yildiz
Ortak Tez Yoneticisi: Yard. Dog. Dr. Tiilin Yanik

Aralik 2012, 82 sayfa

Doga dostu yeni nesil plastikler olarak tanimlanan biyoplastikler bugiin;
posetler, kopiik dolgu maddeleri ve gida servis gerecleri seklinde piyasada yer

edinmeye baglamistir.

Bu ¢alismada, nigasta ve jelatin kullanilarak biyobozunur filmlerin elde
edilmesi amaglanmustir. Patates nigastasi ve sigir jelatini bazli, gliserol ve sitrik
asit monohidrat ile plastiklestirilmis biyobozunur filmlerin termal, mekanik,
gecirgenlik ve optik Ozellikleri incelenmistir. Farkli patates nisastasi-sigir
jelatini (1:0, 1:1, 2:1, 1:2 ve 0:1) oranma sahip film formiilasyonlari
hazirlanmis ve film isleme yontemi olarak kaliba dokme teknigi kullanilmistir.
Diferansiyel taramali kalorimetri analizlerinde, farkli film formiilasyonlar: i¢in
69.6°C ila 91.8°C arasinda degisen bir adet camsi gegis sicakligi izlenmistir. Bu
durum, patates nisastasi ile sigir jelatininin uyumlu oldugunu gostermistir.

Harmanlama oraninin, filmlerin mekanik 6zellikleri iizerinde 6nemli bir etkiye

Vi



sahip oldugu belirlenmistir. Gerilme direnci, kopmadaki uzama ve Young
modiilii degerleri; sirasiyla 2.21-15.60 MPa, %93-130 ve 14.20-151.50 MPa
olarak oOl¢iilmiistiir. Bu ¢alismanin bulgulari; jelatin ilavesinin, mekanik
dayanikliligt onemli oOlgiide arttirdigin1  gostermistir. Filmlerin su buhari
gecirgenliklerinin 0.022x10™°g.m™.s*.Pa™ ile 0.061x10"°g.m™ s Pa™* arasinda
degistigi ve Onemli Olgiide harmanlama oranmna bagli oldugu bulunmustur.
Jelatin igeren filmlerin su buhar1 gegirgenliginin daha diisiik oldugu
saptanmustir.  Jelatinin  optik gecirgenligi distirticii etkisi ile birlikte,
harmanlama oraninin optik gegirgenlik degerleri lizerinde 6nemli bir etkisi
oldugu gozlenmistir. Ayrica depolama kosullarinin da optik stabiliteyi
etkiledigi belirlenmistir. 40°C” de depolama, filmlerin opakligini arttirirken;
oda sicakliginda, +4°C’ de ve -20°C’ de depolama ters yonde bir etki

gostermistir.

Anahtar Kelimeler: Biyoplastikler, Biyobozunur Film, Patates Nisastasi,

Jelatin
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CHAPTER 1

INTRODUCTION

The current global consumption of conventional plastics which are
manufactured through the treatment of petroleum has gone beyond 300 million
tones (Siracusa et al., 2008). Since the conventional plastics are cost-effective
and have good mechanical performance they have been used increasing day by
day. However, in the course of time it was recognized that these synthetic
polymers have adverse effects on the environment because of their
accumulation in the nature. Moreover, their dependence on limited natural
resources was also come into question as a problem. In recent years,
sustainable development issue has gained importance and the awareness of
international society about the protection of nature has increased. Thus,
restriction of usage of petroleum-based plastics has been started to discuss in
many countries. Especially in the last two decades, it has been concentrated on
that the production of environmentally friendly biodegradable polymers as
alternatives of petroleum-based plastics and as solution of environmental
problems, and the studies about this issue has accelerated.

Bioplastics have been defined as polymers obtained from renewable resources,
which reduce the environmental impact, perform as conventional plastics in
use and completely degrade in the environment by the action of living
organisms (Bastioli, 2001). Polysaccharides and proteins have been the most

attractive materials for bioplastic production (Arvanitoyannis et al., 1998).

Potato starch is obtained from potato tubers and used industrially as a raw and
an intermediate material throughout the world. The cheapness and abundance
of starch and also its biodegradability property allow it to be commonly used in

different industrial fields such as food, chemistry, pharmaceutical and



medicine. Furthermore, the wide knowledge about gelatinization and
polymerization processes and processing technologies of is another factor that
increases the industrial use of starch. However, in film and bioplastic
applications of starch some problems have been faced such as poor mechanical
and permeability properties. Because of these kinds of inadequacies native
starch is used in bioplastic production blending with some natural based

materials.

Gelatin is a soluble protein obtained by acid or alkaline treatment from
collagen which is also a protein provides strength to tissues and organs of
many vertebrates and invertebrates. Food coating and film applications of
gelatin which has been commonly used as gelling agent have drawn attention
mostly in recent years. Besides food industry, gelatin has found the possibility
of usage in pharmaceutical, medical, photography, cosmetics, detergents, and
paper processing industries. In the literature, gelatin isolated from various
organisms such as pig, bovine and fish was used in bioplastic applications in
combination with polysaccharides, lipids, proteins in order to strengthen the
structure and obtain products that have superior characteristics (Arvanitoyannis
et al., 1998a; Arvanitoyannis et al., 1998b; Lee et al., 2004; Bertan et al., 2005;
Cao et al., 2007b; Denavi et al., 2009; Pérez-Mateos et al., 2009; Wang et al.,
2009; Limpisophon et al., 2010).

Aid materials were needed in order to produce more flexible and processable
films based on polysaccharides and proteins and at this point, plasticizers were
utilized. Glycerol had been the most common plasticizer among various
plasticizing agents including chloroform, low and high molecular weight
glycols and sorbitol. On the other hand, use of citric acid as plasticizer has been

an interesting improvement in recent years.

The objective of this study was to manufacture potato starch and gelatin-based

biodegradable films and to determine the characteristics of these films which



can be alternatives for synthetic plastics. At the end of the study production and
characterization of cost-effective bioplastics which are obtained from
agricultural renewable resources, have determined thermal and physical
properties, and help to protect the environment owing to their biodegradable
property were carried out. In the current study, it was demonstrated that potato
starch has alternative usage areas than food. From this point of view it is
considered that this research can establish a basis to increase potato production

in our country.



CHAPTER 2

LITERATURE SURVEY

2.1. Biodegradable Plastics

The terms compostable, biodegradable and bio-based plastics are generally
used as they have the same meaning. However, they are distinct concepts and

must be described separately.

The term biodegradable indicates the ability of polymers to be degraded in
nature as a result of metabolic actions of live organisms. These metabolic
actions convert the polymer into carbon dioxide, methane, water and biomass.
It is important to note that biodegradable plastics are not always obtained from
renewable resources; petroleum-based plastics can also be biodegradable. The
term compostable, on the other hand, used for polymers that can be broken
down into carbon dioxide, water and biomass as a result of biological processes
occurred during composting in a specific compost site under specific
composting conditions such as humidity, temperature, alkaline level.
Compostable products can be used in agricultural lands as fertilizers and thus
they participate in biological recycling in nature. They do not show toxic effect
on nature including water, soil, plants and living organisms. Bio-based plastics
refer to plastics obtained from renewable resources which can be
polysaccharides, proteins, tree fibers. Bio-based plastics are not necessarily
biodegradable (Packaging Recovery Organisation Europe, 2009). Many Kinds
of materials exist in the market launched in the name of bio-based or
biodegradable. These kinds of materials create confusion among consumers.
Especially oxo-degradable materials cause misunderstanding because they used
in place of biodegradable materials. Oxo-degradable materials are derived from

traditional plastics. These materials are made degradable with additives which



initiate degradation in the presence of ultraviolet light and oxygen. Oxo-
degradable materials are not degradable in the soil and have adverse effects on

nature particularly on marine life.

Another term frequently used in film applications is edible. The term edible
means materials which can be consumed as food in human nutrition in the
forms of coatings of foods or films alone. Edible films and coatings are used
with the purposes of prevention of moisture loss, creation of a bright

appearance on foods and enhancement of food stability.

Bioplastics can be produced synthetically as a result of the fermentation by
certain microorganisms or from mixing of some renewable sources. Bioplastics
that are synthesized by under different conditions or a part of microorganisms
are also known as polyesters and are synthesized by microorganisms intra- or
extracellularly. Some examples of bioplastics produced by microorganisms are
polyhydroxyalkanoate (PHA), polyhydroxybutyrate (PHB),
polyhydroxyvalerate (PHV), polylactic acid (PLA) and polycaprolactone
(PCL). Chemical structure and usage areas of these biodegradable polymers are

given in Table 2.1.

Depending on the raw material, bio-based polymers are divided into three
groups: polyesters, starch-based polymers and others. (Siracusa et al., 2008)

Polyesters include:

1 polymers directly extracted from biomass such as proteins, lipids, or

polysaccharides,

7 aliphatic-aromatic copolymers, aliphatic polyesters, or polylactide
aliphatic copolymers that are obtained by classical polymerization from
renewable resources like polylactic acid (PLA) and polycaprolactones

1 polymers that are produced by microorganisms such as
polyhydroxyalkanoates (PHA) and their polyesters.



Among these progresses microbial polyesters draw a special attention because
they are natural products that are synthesized and catabolized by different
organisms and that have found broad biotechnological applications. They can
be assimilated by many species (biodegradable) and do not cause toxic effects
in the host organism (biocompatible) (Steinbiichel and Fiichtenbusch, 1998;
Angelova et al. 1999; Zinn et al. 2001; Williams and Martin, 2002; Luengo et
al., 2003).

3-hydroxybutyrate (3HB) and 3-hydroxyvalerate (3HV) were produced by Doi
et al. (1987). The authors stated that these polyesters have attracted industrial
attention as a possible candidate for large-scale biotechnological production,
because they are environmentally degradable thermoplastics. They produced
polyester from propionic acid in Alcaligeneseutrophus.In this study they
defined the biosynthesis of 3HB, 3HV and 5-hydroxyvalerate (5HV) in A.
eutrophudrom different organic acids (Doi et al., 1987).

Holmes explained the physical properties of PHB and copolymers, their
commercial importance, and their applications in detail (1988). The first
patents for PHB were registered in the United States by J. N. Baptist in 1962
and the first industrial production of PHB and PHA was put into practice in
1982. Although PHB is the most abundant polyester polyhydroxyalkanoates
(PHAS) were investigated as bioplastics by many researchers in various

microorganisms.

Yu et al. (1998) produced PHAs and PHB by Alcaligeneseutrophususing
various carbohydrates in the growth media, including sucrose, lactic acid,
butyric acid, valeric acid as the carbon sources. In this study the authors
investigated the usage of malt refuse as the C sources for the production of
bioplastics. They reported that different polyhydroxyalkanoate copolymers
with different properties could be produced by using different types of food

wastes as C source.



Table 2.1. Chemical structure and usage areas of bioplastics produced by

microorganisms

Polymer | Chemical Structure Usage area References
PCL 0 Drug delivery, Kumari et al.,
O—(CHzs — C packaging 2010
PHA 0 i Production of Zinn et al.,
CHT =0T, cardiovascular 2001; Williams
products, tissue and Martin,
engineering, drug 2002; Luengo et
delivery al., 2003
P3HB o & Packaging, Wiliams and
0 agriculture, tissue Martin, 2002,
" engineering, Luengo et al.,
microencapsulation, 2003
drug delivery
P4AHB 0 Intravenous anesthetic | Sudesh, 2000;
° agent, drug delivery Williams and
n
Martin, 2002
PHV CH,CH; O Pharmaceutical Steinbiichel and
| 1
O— HC—CHLC J‘ applications Fiichtenbusch,
n 1998
PLA Drug delivery Kumari et al.,
0 2010
n




Besides bacteria yeasts also used for bioplastic production. Breuer et al.
produced PHB in genetically engineered Saccharomyces cerevisitansferring
the PHB genes in Ralstoniaeutrophaand Methylobacteriumextorquengo S.
cerevisiae They stated that the yeast could be used as a “cell factory” for the
production of bioplastics (Breuer et al., 2002).

The main limitation for production of microbial bioplastics in large amounts is
high production costs. For this reason alternatives have been sought which
would be cost-effective and easy for processing by equipment used for
conventional polymers. Herein some renewable materials such as
polysaccharides, proteins, cellulosic and lignocellulosic materials have come
into question in the last decade. Starch from various sources, egg white
proteins or whey proteins and other renewable materials draw attention as

biodegradable resources.

Alongside individual use of these renewable materials, they also used in
combination with microbial bioplastics to reduce the costs. Godbole et al. was
mixed PHB with starch to improve the properties of biodegradable polymers
and for cost reduction (Godbole et al., 2003). In another study poly-3-
hydroxybutyrate-co-hydroxyvalerate (PHBV) was used in combination with
natural bamboo fiber and renewable resource based green biocomposites were
prepared (Singh et al., 2008). Singh et al. (2010) also used PHBV with wood
fiber and talc. PHBV was also blended with tapioca flour to increase the value
of tapioca flour (Kaewkannetra et al., 2010). In a more recent study, as an
interesting example, poultry feather fiber was used together with polylactic

acid in order to obtain bioplastics (Ahn et al., 2011).

The study of Bradbury and Martin (1952) has been the leading research that
enables the investigations of polysaccharides and proteins as biopolymers in
production of packaging, coating materials and films. In the mentioned study

the availability of gelatin for packaging and coating material was explained.



After this study many research has been conducted which examine the
potential of polysaccharides and proteins in this area. Different biodegradable

polymers produced by different processing methods are given in Table 2.2.

Among these resources starch seems to be more appropriate for biodegradable
polymer production. Since starch is able to be fully degraded in nature, it has a
potential for production of biodegradable products. Besides these properties its
abundance and relatively low cost makes it a promising material for

biodegradable film production.

2.2. Properties of Potato Starch and Starch-Based Films

Starch is a natural product that can be obtained from a number of crops such as
wheat, corn, rice, potato and tapioca. It is totally biodegradable in different
environments and enables the development of degradable products (Bastioli,
2001). Also, it has been used in industry for a long time. In 1939 it was
reported that the industry knew how to produce a large number of commercial
products from starch (Newkirk, 1939).

Potato starch consists of two major components, amylose and amylopectin, like
other starches. These polysaccharides is formed by linking of a-D-glucose
units by a-1, 4 linkages. Amylose is principally linear whereas amylopectin is
highly branched. The structure of amylose and amylopectin is shown in Figure
2.1 (Parker and Ring, 2001). It is known that the linear structure of amylose

molecule give the starch its film formation characteristics (Liu et al., 2009).

Potato starch is mostly composed of amylopectin which is in general 70-80%
by weight independent of the size of the granules. Amylose is the minor
component of potato starch (Hoover, 2001). Less than 0.5% of granules are
proteins and there are almost no lipids in potato starch. It also contains
phosphorus in the form of phosphate and potassium linked to phosphate groups
(Bertoft and Blennow, 2009). The dominance of amylopectin is not unique for

potato starch; similar amounts are found in corn, wheat and rice.



Table 2.2. Examples of biodegradable material production from various

renewable resources

Resource Processing method Reference
Pectin and maize starch Casting Fishman et al., 1996
Chitosan and gelatin Casting Arvanitoyannis et

al., 1998

Soy protein and starch

Extrusion and injection

Huang at el., 1999

molding
Native corn starch or | Casting Kim et al., 2003
hydroxypropylated starch
and coniferous tree fiber
Wheat or maize starch and | Extrusion McGlashan and

montmorillonite organoclay

Halley, 2003

Potato starch and clay

nanocomposites

Melt intercalation

Park et al., 2003

Chitosan and corn starch

Casting/solvent

evoporation

Cervera et al., 2004

Chitosan and maize starch

Molding

Cervera et al., 2004

High-amylose rice starch or

pea starch

Casting

Mehyar and Han,
2004

10




Table 2.2. Examples of biodegradable material production from various

renewable resources (continued)

Resource

Processing method

Reference

Potato starch

Casting

Jansson and

Jarnstrom, 2005

Soy flour, polyester amide | Extrusion and injection | Liu et al., 2005
and pineapple leaf fiber molding

Wheat gluten Casting Jerez et al., 2005
Yam starch Casting Mali et al., 2005
Potato starch Casting Cyras et al., 2006
Corn starch Extrusion Shujun et al., 2006
Wheat gluten and egg | Combined compression | Jerez et al., 2007

white proteins

molding/thermosetting

Potato starch Casting Talja, 2007a

Corn starch and nano | Coating Xiong et al., 2008
silicon dioxide (nano-Sioy)

Wheat gluten (glutenin-rich | Molding Song and Zheng,

fraction)

2008

Wheat gluten

Compression-molding

GoOmez-Martinez et
al., 2009
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Table 2.2. Examples of biodegradable material production from various

renewable resources (continued)

Resource

Processing method

Reference

Egg white protein

Mixing-Molding

Gonzalez-Gutierrez

(albumen) and corn/potato etal., 2010
starch
Dialdehyde starch, sodium | Heat compression Martucci and

montmorillonitrile, and

bovine gelatin

Ruseckaite, 2010

Sago starch and fish gelatin

Casting

Al-Hassan and M.
H. Norziah, 2012

Starch constitutes 15-20% of potatoes and hence it is considered as the major

factor affecting then functionality of potato in terms of its applications. The

granular and molecular structure of potato starch makes it a good source of

biodegradable polymer technology (Bertoft and Blennow, 2009). Potato starch

IS more advantageous than other starches in terms of some aspects such as:

1 The granules of potato starch are very large (nearly 10-100um in

diameter) and smooth.

1 It contains high amount of covalently linked phosphate, long

amylopectin chains and high molecular-weight amylose.

1 The well-ordered and dense structure of potato starch makes it very

resistant to enzymatic degradation by hydrolytic enzymes (Sun et al.,

2006).
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For these advantages, in the literature potato starch was investigated as a
source of biodegradable/edible films. The effects of different plasticizers and
various compounds have examined in order to improve the structure of potato
starch films (Cyras et al., 2006; Talja, 2007a; Talja et al., 2007b; Wu et al.,
2009; Zhou et al., 2009; Gonzalez-Gutierrez et al., 2010; Gupta et al., 2010).

@ CH,0H CH,0H CH,OH

OH <OH ) <OH )

OH 0] ]
OH OH OH

n

(b) CH;OH CH;OH
OH OH
o) o) o
OH OH |
o CH;
OH
o) o—

OH

Figure 2.1.Structure of amylose (a) and amylopectin (b).

Starch-based film production is based on complete disruption of the granular
structure of starch and formation of thermoplastic starch. Native starch can be
transformed into thermoplastic starch through destruction of its crystalline
structure by chemical, thermal and mechanical methods. The materials that are
obtained by complexation of thermoplastic starch with other polymers exhibit
good plastic properties. These properties explain the leading position of starch-
based polymers in the biodegradable polymers market (Bastioli, 2005).
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Besides potato-starch based films, in the literature there are a great number of
studies about biodegradable films derived from other starches. In these studies
mechanical, physicochemical, thermal and permeability characteristics of films
were investigated (Parra et al., 2004; Mali et al., 2005; Romero-Bastida et al.,
2005; Bertuzzi et al., 2006; Chang et al., 2006; Fama et al., 2006; Flores et al.,
2007; Rodriguez et al., 2006; Zhang and Han, 2006; Talja et al., 2007a;
Galdeano et al., 2009). However there are some limitations for developing
starch-based polymers due to poor mechanical properties and moisture
sensitivity (Wu et al., 2009). To overcome this problem three different
procedures are recommended. The first recommendation is usage of starch with
high amylose content (Ryu et al., 2002), the second one is chemical
modification such as crosslinking (Parra et al., 2004). The last and most
common method is blending with different materials. This method is the easiest
and the most cost-effective procedure. In different studies cellulose,
hemicellulose and zein (Géspar et al., 2005), short pulp fiber (Kim et al.,
2003), modified montmorillonite organoclay (McGlashan and Halley, 2003),
agar (Wu et al., 2009), nano silicon dioxide (Xiong et al., 2008), nanoclay
(Almasi et al., 2010), chitosan (Xu et al., 2005; Bourtoom and Chinnan, 2008;
Mathew and Abraham, 2008) and pullulan (Kristo and Biliaderis, 2007) were
added to starch in certain amounts. In these studies the properties of starch-

based films were improved in a certain extent.

2.3. Properties of Gelatin

Gelatin is a protein that is obtained by controlled hydrolysis of collagen.
Collagen is widely found in nature and it forms the major parts of skin, bones
and connective tissue. Collagen is composed of unique sequence of amino
acids which are mainly glycine, proline and hydroxyproline (Yildiz, 2010; Park
et al., 2008). The proline and hydroxyproline content has particular importance
for the gelling effect of gelatin (Gomez-Guillén et al., 2011). The chemical

structure of gelatin is shown in Figure 2.2,
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In the presence of water above 37°C, gelatin dissolve as colloidal sol; at lower
temperatures it forms gel that behaves as soft thermoplastic polymers. The
stiffness of gelatin gels is measured by the Bloom index which is determined
via a test consisting a well-defined procedure which is performing at a certain
gelatin concentration (6.67%), temperature (10°C) and a maturation time which
is 17 h (Usta et al., 2003; Goémez-Guillén et al., 2011). The structure of the
network and the physical properties of the gelatin gels are designated by the
source and the extraction conditions (Bigi et al., 2004). Gelatin is generally
extracted from bovine or porcine tissues and as the extraction temperature

lowers, the gel stiffs and the Bloom index increases (Usta et al., 2003).
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Figure 2.2.Chemical structure of gelatin (Kumari et al., 2010).

Gelatin is a low cost material and is obtained from bones and skins generated
as waste during animal slaughtering and processing (Nur Hanani et al., 2012).
The use of gelatin in film applications was well-established until sixties and
this resulted in many patents, mainly in pharmaceutical area (Sobral et al.,
2001; Park et al., 2008; Nur Hanani et al., 2012). Today the remarkable interest
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in gelatin is a result of its biodegradability. It was reported by different
scientists that gelatin films have good properties such as stability, strength and
flexibility which make them suitable for packaging applications and other
purposes (Sobral et al., 2001; Bigi et al., 2004; Park et al., 2008).

Gelatin has two groups of functional properties: i) properties related to the
gelling behavior of gelatin, i.e. gel formation, texturizing, thickening and water
binding capacity, and ii) properties associated with its surface behavior, that
includes emulsion and foam formation and stabilization, protective colloid
function, adhesion and cohesion and film-forming capacity (Schrieber and
Gareis, 2007).

Gel formation of gelatin is mainly associated with structure, molecular size and
temperature of the system. Since gelatin is composed of polymer chains of
different lengths it does not form real solutions, instead colloidal solutions
(sols) are formed. When gelatin solution is cooled the mobile molecules
aggregate to small structures, these continuously grow and finally these sols
convert to gels. This process is thermo-reversible; gelatin gels melt by raising

the temperature (Schrieber and Gareis, 2007; Gomez-Guillén et al., 2011).

Gelatin also exhibits good film formation properties so it is considered as a
useful protecting material for food to prevent drying and exposure to light and
oxygen. Recent efforts focused on designing gelatin-based biodegradable
materials with improved properties through blending gelatin with different
polymers. In the literature, lipids (Bertan et al., 2005; Pérez-Mateos et al.,
2009; Wang et al., 2009; Limpisophon et al., 2010), chitosan (Arvanitoyannis
et al., 1998a; Kotodziejska and Piotrowska, 2007), gellan (Lee et al., 2004),
konjac glucomannan (Li et al., 2006), soy and whey protein isolate (Cao et al.,
2007b; Denavi et al., 2009; Wang et al., 2010), pectin (Liu et al., 2007) and
starch (Arvanitoyannis et al., 1998b; Al-Hassan and Norziah, 2012) were

combined with gelatin.
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Furthermore, many researchers investigated the effects of various plasticizers
such as citrate derivatives and soy lecithin (Andreucetti et al., 2009;
Andreucetti et al., 2010), sucrose and organic acids (Cao et al., 2009) and
modifications like cross-linking with different materials such as glutaraldehyde
(Bigi et al., 2001), ferulic and tannic acid (Cao et al., 2007a), transglutaminase
(Chambi and Grosso, 2006; Yi et al., 2006; Sztuka and Kotodziejska, 2009),
carboxymethyl cellulose (Mu et al., 2012) on film formation of gelatin. In all
these studies the characteristics of gelatin-based polymers could be partially

improved.

Gelatin has been extensively used in many areas such as food, pharmaceutical,
medical, cosmetic and photographic industries. It has founded its main
application in the food industry. Gelatin is used in confectioneries, desserts,
fruit gummies, and mallows, bar products, dairy products, ice cream, meat
products and salad dressings. Gelatin has been also used in pharmaceutical and
medicine industries successfully in the forms of capsules or coatings (Schrieber
and Gareis, 2007).

On the other hand, gelatin applications in the scientific literature have shown
an increase in the last 10-15 years. The contributing factors for this situation
were the desire of economical valorization of industrial by-products, the
management of wastes in an environmentally friendly way and the interest in
innovative production practices. Gelatin has also an alternative usage area as

the carrier of bioactive components (Gomez-Guillén et al., 2011).

2.4. Additives in Plastics

In the production of plastics, some additives are required in order to improve
properties of final products. By the use of additives commercially available
plastics can be more suitable to process and to use. Main groups of additives
used in commercial plastics such as LDPE, HDPE, PP and PET are fillers,
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flame retardants, colorants, stabilizers, lubricants, foaming agents, antistats and

plasticizers (Harper, 2006).

2.4.1. Properties of Plasticizers

The Council of the International Union of Pure and Applied Chemistry
(IUPAC) defined a plasticizer as “a substance or material incorporated in a
material (usually plastic or elastomer) to increase its flexibility, workability, or
distensibility”. Plasticizers are low molecular weight non-volatile compounds

and they have wide usage in polymer industries (Sejidov et al., 2005).

The use of plasticizers is not a new practice; their application to manipulate
polymer characteristics goes back to 1800s. At the beginning, manufacturers of
celluloid (the material used to make photographic film) used natural camphor
and castor oil for plasticization purposes. However those were dissatisfying for
many end uses. In 1912 triphenyl phosphate was tested to replace camphor oil,
representing the beginning of the ester plasticizers era. Phthalic acid esters
have used for the first time in 1920 and continue to be the largest class of
plasticizers in the 21% century (Rahman and Brazel 2004). Today many
different plasticizers that have been used for different materials exist. During
the last decade, the worldwide production of plasticizers was around 60
polymers and more than 30 groups of products (Biatecka-Florjanczyk E. and
Florjanczyk Z., 2007). The most commonly used plasticizers are phthalic acid
esters; glycerol is generally used for plasticization of biodegradable polymers
(Rahman and Brazel, 2004).

Plasticizers are low molecular weight resins or liquids which improve the
flexibility and processability of polymers forming secondary bonds to polymer
chains and spread them apart. They allow macromolecules to be softer and
flexible by reducing secondary bonding in polymer-polymer chains (Rahman
and Brazel, 2004). They are also used to decrease brittleness and to avoid

shrinking during storage (Vieira et al., 2011). Water is the main solvent in
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biopolymer technology. Water molecules reduce the glass transition
temperature and increase the free volume of biopolymers. Because of its
features water is considered as the most powerful natural plasticizer (Cheng et
al., 2006).

Apart from water, many natural substances such as glycerol, sorbitol, and
organic acids, high and low molecular weight glycols and sucrose were used as
plasticizers. Some plasticizers being used in edible and biodegradable films
obtained from different raw materials are given in Table 2.3. In the production
of edible or biodegradable films, glycerol and polyethylene glycols have been
mostly used as plasticizers. Ethylene glycols have molecular weight above 200
are classified as polyethylene glycols. The numbers such as 200, 300 or 400
comes after the name of polyethylene glycol (PEG) indicates the molecular
weight of the compound. Among these studies, it is clear that glycerol is the
most common and thus, the most convenient plasticizer for biodegradable
material production. Glycerol (1,2,3-propanetriol) is a polyhydric alcohol with
a molecular weight of 92.1. Glycerol, which is also known as glycerin, has
many uses in cosmetic, paint, automotive, food, tobacco, pharmaceutical and
textile industries (Wang at al., 2001a).

Citric acid is an organic acid which is produced at the end of the Krebs (or
citric acid) cycle. Citric acid is a nontoxic product of metabolism with its

relatively new usage as a plasticizer.

In comparison with glycerol; the carboxyl groups of citric acid have a
capability of forming stronger hydrogen bonds, especially with the hydroxyl
groups of starch (Shi et al., 2007). It has been investigated in terms of
plasticizing and also cross-linking effect in different materials (Jiugao et al.,
2005; Ning et al., 2007; Shi et al., 2007; Holser, 2008). Molecular structure of

glycerol and citric acid is given in Figure 2.3.
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Table 2.3. Examples of plasticizers used in edible/biodegradable films

glycerol

Plasticizer Raw material of film | Reference
Ethylene glycol, diethylene | Pea proteins Gueguen et al.,
glycol, triethylene glycol and 1998

Glycerol and PEG 400

Deacylated gellan

Yang and Paulson,
2000

Propylene glycol, PEG 200, | B-lactoglobulin Sothornvit and

PEG 400, glycerol, sorbitol Krochta, 2001

and sucrose

Sorbitol Chitosan, corn starch | Lazaridou and
and pullulan Biliaderis, 2002

Sorbitol and glycerol Maize starch Krogars et al.,

2003

Glycerol and i-erythriol Chitosan and corn | Cervera et al,

starch 2004

Glycerol

Rice and pea starch

Mehyar and Han,
2004

Monohydroxyl alcohols, low
and high molecular weight

glycols and sorbitol

Corn starch

Da Roz et al., 2006
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Table 2.3. Examples of plasticizers used in edible/biodegradable films

(continued)

Plasticizer Raw material of film | Reference

Glycerol and sorbitol, and | Pea starch Zhang and Han,

glucose, mannose  and 2006

fructose

Glycerol, xylitol and sorbitol | Potato starch Talja et al., 2007b

Tributyl  citrate,  acetyl | Gelatin Andreuccetti et al.,

tributyl  citrate, triethyl 2009

citrate and acetyl triethyl

citrate

Sucrose, organic acids and | Gelatin Caoetal., 2009

polyethylene glycols

Urea, glycerol and sorbitol Oat starch Galdeano et al.,
2009

Sorbitol and glycerol Sago starch Abdorreza et al.,
2011

Glycerol and sorbitol Sago starch and fish | Al-Hassan and

gelatin Norziah, 2012
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Figure 2.3. Molecular structures of glycerol (a) and citric acid (b)

2.5. Thermal Transitions in Polymers

Two different physical states are found in solid polymers: amorphous and
crystalline. Amorphous polymers are characterized with glass transition (T);

while crystalline polymers are characterized with melting temperature (Tr,).

At sufficiently high temperature a thermoplastic polymer is liquid consisting of
amorphous molecular chains. As the polymer is cooled thermal disorganization
decreases and crystallization can occur at the Tn,. In this state, all of the
crystalline molecules are aligned regularly and form a compact structure.
However, since the molecular chains are highly tortuous this state occurs
rarely. As a result, many polymers crystallize slowly at supercooling. These
supercooled polymers remain viscous until a lower temperature at which the
polymer become glassy. The temperature at which the polymer vitrifies and
becomes relatively more stiff and brittle is called glass transition temperature
(Tg). Ty is the main transition temperature that is observed in amorphous
polymers (Robertson, 2006).
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Glass transition is generally explained in terms of the motion of chain atoms.
Below T,y thermal energy does not allow chains to move as a whole. The
motions of atoms are restricted to small movements. As T, is approached
thermal energy starts to allow larger motions. Glass transition temperature is
also known as the temperature at which chain motions start (Billmeyer, 1962).
Chain ends and low molecular weight plasticizers decrease the T of a polymer;
a sufficient number of cross-links, on the other hand, increase the T4. Above Ty,
a few of carbon atoms can move in a relatively more free manner. However,
below Ty, nearly all of the carbon atoms are fixed and only side groups and
short chains can move (Robertson, 2006).

Semi-crystalline polymers do not separate from each other unless an external
effect is applied to their crystalline regions. Due to these properties they show
thermoplastic characteristics between glass transition and melting temperatures
(Billmeyer, 1962).

Polymer chains can also form crystal regions aligning regularly in the polymer
structure. The temperature at which these crystallized chains start to melt is
defined as melting temperature (Ty). It has been known that an association
exists between Ty, and T4 (Billmeyer, 1962). This association is approximately

expressed as:

YQ -"Ya (unsymmetrical chains) (2.2)

YQ -"Ya (symmetrical chains) (2.2)

The physical properties of a thermoplastic polymer are determined by T, and
Ty values. If T, and T4 are below room temperature, the polymer is a liquid. If
room temperature is between T, and T, the polymer is a highly viscous liquid
or a crystalline solid. If T, and Ty are above room temperature, an amorphous
polymer is glassy and brittle. These transition temperatures are among the most

important properties which designate the usage areas of polymers. Ty and Tr,
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values of some of the common polymers are given in Table 2.4. At this table it
is observed that flexible and linear polymers have lower Ty values whereas
stiffer polymers have higher Ty values (Robertson, 2006). The melting and
glass transition temperatures determine the temperature interval that a polymer
can be used and processed. The temperature interval between T4 and Ty, is the
interval in which the polymer could be processed. Since the polymer is not able
to move as a whole which means it becomes brittle below Ty, it could not be
processed into any product. Similarly, polymers could not be processed above
Tm because at this temperature melting of crystallized chains starts and this

behavior renders polymer in a disorganized structure.

Table 2.4.Tg and Tm values of some common polymers (Robertson, 2006)

Polymer T (°C) | Tm (°O)
High density polyethylene -125 137
Low density polyethylene -25 98
Polypropylene -18 176
Poly(ethylene terephthalate) (PET) 69 267
Polycarbonate 150 220

2.5.1. Factors Affecting Glass Transition and Melting Temperature

Glass transition and melting temperatures change depending on the physical

and chemical characteristics of the polymer. Chain flexibility, side chains,
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geometric factors, molecular weight, branching, cross-linking, cristallinity,
intermolecular forces and plasticizers change Ty and T (Ebewele, 2000;
Robertson, 2006).

Bulky side chains decrease chain mobility and as a result increase T4. Because
side chains such as chloride and hydroxyl increase the strength of
intermolecular bonds, they tend to decrease T, and T, Plasticizers can
decrease T4 up to 100°C (Robertson, 2000).

Chain flexibility is a measure of the ability of the polymer chain to rotate
around chemical bonds and is the most affecting factor on Tg. Long-chain ether
and ester groups increase chain flexibility and decrease Ty while cyclic groups
stiffen the chain and increase T4. Bulky side chains decrease chain flexibility
and increase Tgy. The effectiveness of side groups to increase chain flexibility
depends on the flexibility of the group. Highly flexible side groups lead to
separation of polymer chains which increases free volume and consequently

decreases Tg.

Ty is affected by backbone symmetry and the existence of double bonds. Ty of
symmetric polymers is lower in comparison with asymmetric ones. cis-trans
configuration is also one of the factors affecting Ty. Double bonds with cis
configuration increase the chain flexibility and decrease T4 As sum, all
structural features tend to increase the distance between polymer chains

decrease the glass transition temperature.

Molecular weight is another factor affecting glass transition temperature. As
molecular weight increases, firstly T4 increases and then slows down and reach

to a constant value.

Cross-linking is the process of formation of connections between molecules via
chemical bonds. This process refers to reduction of the chain mobility and

hence the increase of Ty Moreover, as in long and flexible side groups,
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branching increase separation between chains, which means the increase of

free volume and decrease of Tg (Ebewele, 2000).

The glass transition temperature can be decreased by addition of plasticizers.
The most known example of this case is poly(vinyl chloride) (PVC). PVC
which is rigid can become a flexible polymer by addition of approximately 2-
5% plasticizer (Ebewele, 2000; Robertson, 2006).

Intermolecular bonding, structural properties and chain flexibility also affect
the melting temperature. A reduction in the density of intermolecular bonding,
which refers to an increase in the space between polar groups, decreases Tp.
Effects of structural properties on melting points are generally the same as that
for the glass transition temperature. It has been found that rigid polymers have

higher melting temperatures than flexible chains (Ebewele, 2000).

As yet, many methods have been developed regarding measurement of phase
transitions in polymers. Among different techniques such as X-ray diffraction,
nuclear magnetic resonance (NMR), differential scanning calorimetry (DSC)
and dynamic mechanical analysis (DMA), DSC has become the most common
method. Since Stevens and Elton first used DSC to measure the gelatinization
in starch, it was accepted the most convenient method in determination of

thermal transitions.

In the literature, Aguilar-Méndez et al. (2010) found that mixtures of starch and
gelatin demonstrated higher T, values than that of starch or gelatin alone. They
also reported that Tg values of starch-gelatin films decreased as glycerol
concentration increased. They observed that values of Ty and Ty, changed from
80°C to 67 °C and from 192°C to195°C respectively, for starch concentrations
of 0.2-0.4 and glycerol concentrations of 0.2-0.92 (%wi/w). In a more recent
study it was found that unplasticized sago starch-fish gelatin films had T,
values of 52.82-55.32 and T, values of 144.91-163.76 depending on the ratio
of starch to gelatin (Al-Hassan et al., 2012). They reported that addition of
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glycerol to films increased Ty to the interval of 60.08-62.28 while decreasing
Tmto the interval of 133.15-157.61. On the other hand they found that sorbitol,
another plasticizer, significantly diminished T4 and T values. Sobral et al.
(2001) produced edible films from bovine hide and pigskin gelatins and they
used sorbitol as plasticizer. They reported that glass transition of gelatin films

became broader as sorbitol concentration increased.

2.6. Mechanical Properties

The characteristics of polymers are of importance in terms of its applications.
In addition to thermal and optical properties, polymers have some performance
characteristics related with impact, pressure and fatigue. One of these

characteristics is mechanical properties.

A common defined mechanical characteristic in polymers is tensile strength.
The change in the geometrical shape of the material is called elongation and
the response inside the material arisen to balance the external forces is called
tensile. The tensile strength on a polymer, which is a significant measure of the
ability of the polymer to be stretched, is defined as the force per unit area.
When a simple elongation is considered, tensile strength can be defined as:

" - (2.3)

where F is the force (MPa) applied on the material and A is the cross-sectional

area (m?) of it.
The elongation, g, is given by the equation 2.4:

Q a « (2.4)
where | is the final length (m) and o is the initial length (m) of the material.

Strain is the measure of the change in length of the material and expressed as:
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(2.5)

The mechanical properties of polymers are affected by many external and
internal factors. External factors create clear effects on the mechanical
properties but they are not directly related with the structure and composition
of the polymer. The major external factors are strain rate, temperature, and
pressure. Internal factors produce direct changes in the chemical and physical
nature of the polymer. Some of the important internal factors are chemical
structure and composition, degree of crystallinity, molecular weight, polarity

and presence of plasticizers.

In the literature, Parra et al. (2004) found that the tensile strength for cassava
starch films plasticized with 1 g glycerol was approximately 0.357 MPa and
elongation was 11.00 %. In another study, the tensile strength of rice starch
films plasticized with 20, 25, 30 and 35% of glycerol was reported as 3.2, 2.2,
1.8 and 1.0 MPa respectively (Laohakunjit and Noomhorm, 2004). In a recent
study Talja et al. (2007) reported that as glycerol increased, Young’ modulus of
potato starch films decreased and elongation at break of films increased. They

found that increased glycerol and water content decreased the tensile strength.

The tensile strength and Young’s modulus of 170 bloom-gelatin films was
found as 1.9 MPa and 5.2 MPa respectively (Bigi et al., 2004). Researchers
produced gelatin films with different Bloom indexes and they stated that

Bloom index causes differences in mechanical properties of films.

Al-Hassan and Norziah (2012) reported tensile strength of sago starch-fish
gelatin films in the ratios of 1:0, 2:1, 3:1, 4:1 and 5:1 plasticized with glycerol
as 9.87, 1.28, 1.57, 1.70 and 1.67 MPa respectively. They found that as gelatin
content in film formulations increased, % EAB increased and Young’s modulus

significantly decreased.
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Mechanical properties of some packaging materials are given in Table 2.5. As
shown in this table, mechanical properties of synthetic materials are better than
that of biodegradable or edible materials. However, when biodegradable/edible
materials are compared between each other, it is seen that polysaccharides have
higher tensile strength values than proteins. On the other hand, it is observable
that elongation of gelatin films is significantly higher than that of

polysaccharide-based films.

2.7. Water Vapor Permeability

Packages produced from thermoplastic polymers are permeable to small
molecules such as gases, water vapor and organic vapors (Robertson, 2006).
Among these molecules water vapor is one of the most important factors
affecting the shelf life of the product in the package because physical or
chemical deterioration of this product is associated with the moisture content
(Siracusa et al., 2008).

Water vapor permeability is defined as the amount of water vapor passes
through the unit area in a given time per unit of vapor pressure under test
conditions which are maintained at a constant temperature and relative
humidity difference. It is generally expressed as grams per one second per

meter per vapor pressure difference (g m™ s™ Pa™).

The main method using in determination of water vapor permeability of films
includes the seal of film sample on a glass/Plexiglas/aluminum cup which
contains a substance at relative humidity of 0%. The cup is then placed in a
desiccator at constant relative humidity and weight increase in the film is
measured as a function of time. Since pressure change (AP) is constant during
the test, when the change in weight vs. time is plotted the points construct a
straight line.
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Table 2.5. Mechanical properties of some packaging materials

Material Tensile Elongation at Young’s
strength (MPa) break (%0) modulus (MPa)

LDPE® 11,000 190 210

HDPE® 20.3 380 911

ppW 36.8 120 1,900

PET® 55 130 2,700

Cassava 0.069+0.050 11.10+0.45 -

starch/Water®

Cassava  starch/GLY | 0.357+0.018 11.00+0.47 -

(1/1)@

Cassava 0.4214+0.020 12.1+1.35 -

starch/GLY/GLU

(1/1/1)@

Cassava starch 0.399+0.018 11.16+0.64 -

IGLY/GLU/PEG

(1/1/0.2/0.2)®

Pea starch/GLY (5/2)® 5.8+0.59 37.6+4.47 97.5+19.9

Pea starch/GLY (5/3)® 5.8+0.60 50.6+6.49 82.6+19.49

Pea starch/GLY (5/4)® 2.240.22 39.3+8.25 22.843.17

Pea starch/GLY (5/5)® 1.4+0.08 46.4+6.35 7.8+0.36

30




Table 2.5. Mechanical properties of some packaging materials (continued)

Material Tensile Elongation at Young’s
strength (MPa) break (%) modulus (MPa)
Chitosan/Water® 26.842.0 4.6+1.9 -
Chitosan/GLY (1/0.2)® 27.241.9 5.440.1 -
Chitosan/Erythritol 44.242.0 5.9+1.6 -
(1/0.2)®
Gellan/GLY (2/1.2)® 37 29 31
Gellan/GLY (2/1.33)® 22.5 32 15
Gellan/GLY (2/1.5)® 16 37 9
Gellan/GLY (2/1.6)® 9 36 5
Gelatin-170 1.9+0.6 227+70 5.2+0.6
Bloom/GLU (5/1)®
Casein/GLY (5.7/1)" 29.1 4.1 -
Casein/GLY (2.3/1)™ 13.9 30.8 -
Casein/Sorbitol 14.0 5.0 -
(2.3/1)"
Casein/GLY (1.5/1) 18.2 8.7 -

http://www.matweb.com™; Parra et al., 2004®; Zhang and Han, 2006"; Cervera

et al., 2004“; Yang and Paulson, 2000

Krotcha, 2000,

31

: Bigi et al., 2004®; McHugh and



http://www.matweb.com(1)/

Water vapor transmission rate (WVTR) is expressed as:

WwYY — (2.6)
— (2.7)

(2.8)

In order to convert WVTR into permeability it should be divided by AP which

is the driving force.

In the literature, water vapor permeability values of different
edible/biodegradable films and some common packaging materials were
investigated by researchers thus far. Various WVPs reported in the literature are
given in Table 2.6. Because the water vapor permeability of packaging
materials differs depending on environmental factors the relative humidity
interval and temperature at which the measurement has done are given in the
Table 2.6.

2.8. Optical Properties

Light initiates or accelerates many of the reactions that cause deterioration in
foods. The catalytic effects of light are based on the rays come from lower
wavelengths of visible spectrum or UV region. The intensity of light and the
duration of light exposure are interpreted as the most important factors in color
and flavor deteriorations. When light come to the surface of packaging material
a part of it is reflected, a part is enters in the polymer and is absorbed
converting to heat energy and the rest is transmitted through the material. The

photochemical reactions in foods are proportional to transmittance percent.
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Table 2.6. Water vapor permeability values of some edible/biodegradable films

and packaging materials

Material WVPx10™° T(CC) | RH%
(gm*s?tpal)

LDPE® 0,0087 38 95-0

HDPE® 0,0022 38 97-0

Edible gellan films® 1.9-7.8 21 54-0

Bovine hide gelatin films® 0.47-1.05 22 100-0
Pigskin gelatin films® 0.50-0,89 22 100-0
Fish gelatin-chitosan film® 6.7 25 50-0

Potato starch-based film/20% 0.11 23.5 54-0

glycerol®

Rice starch-chitosan films®” 0.48-0.90 25 60-0

Gelatin film® 0.00374-0.00692 25 50-0

Potato starch-agar film® 45-6.5 25 75-0

Pig hide gelatin/saponint® 0.33-0.94 25 75-0

Sago starch-fish gelatin film®% 0.5-1.03 30 100-0

Myers, 1961P: Guilbert, 1996); Yang and Paulson, 2000®; Sobral et al.,
2001%; KotodziejskaandPiotrowska, 2007®; Talja et al., 2007; Bourtoom
and Chinnan, 2008"); Cao et al., 2009®; Wu et al., 2009); Andreuccetti et al.,
2010"?; Al-Hassan and Norziah, 2012"Y;
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Optical transmittance is defined as the ratio of light intensity transmitting

through the material to incident intensity and is given by:
Y — (2.9)

where | is the intensity of light transmitted through the material and Ig is
incident intensity (Tilley, 2011). Transmittance is generally expressed as

percent and given by:

%"Y —x100 (2.10)

Opacity, on the other hand, generally calculated by integration of absorbance
spectrums with wavelength and expressed as multiplying absorbance by
nanometer (A*nm). In the current study, opacity was calculated per unit
thickness of films and expressed as multiplying absorbance by nanometer per

millimeter (A*nm/mm).

It is well known that light accelerates the formation of free radicals in lipids
during oxidation reactions. This oxidation decreases the nutritional value of
fats and oils, leads production of toxic compounds from lipids and causes
rancidity and also breaks fat-soluble vitamins particularly vitamins A and E.

The effects of light which plays an important role in deterioration of foods can
be decreased or removed by suitable packaging. Depending on the
characteristics of light transmittance of the packaging material, it can provide
direct protection for foods by absorbing or reflecting whole light or a part of it
(Robertson, 2006).

In the literature, opacity of corn starch films was reported as 138.0+0.8 A*nm
while the opacity of corn starch films with glycerol was 109.6+0.9 A*nm
(Garcia et al., 2009). In another study, protein-starch based bioplastics in

different ratios were produced using different procedures namely compression-
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molding, extrusion and combination of both techniques. Researchers found that
the type of starch had effects on the optical properties of films produced. They
observed that potato starch added to formulation in a ratio of 20% (w/w)
resulted in more transparent films than that of corn starch and also,
compression-molding method revealed more transparent films than extrusion

method (Gonzalez-Gutiérrez et al., 2011).

Gelatin has stated in the literature as quite transparent. Pérez-Mateos et al.
(2009) added sunflower oil to cod gelatin in order to improve the hydrophobic
characteristics of gelatin films. They stored the films and observed the optical
properties of films. They observed that adding oil increased optical absorbance
and decreased transparency of gelatin films which were very transparent in sole
form. They reported that the transparency of gelatin films was 9.51+0.75 and
8.00+0.41 with 1% oil added while it was 0.30+0.11 and 0.22+0.02 with no
added oil, before and after storage respectively. In a more recent study, it has
been found that increase of gelatin concentration in a formulation of gelatin
and starch did not significantly affect the transparency of films (Al-Hassan and
Norziah, 2012). They found transparency values of glycerol plasticized-sago
starch-gelatin films in the ratios of 1:0, 2:1, 3:1, 4:1 and 5:1 as 1.34+0.09,
2.00+0.18, 1.91+0.02, 2.124+0.09 and 1.85+0.17 respectively. Higher light
absorbance was denoted by some researchers as an excellent barrier to prevent

light-induced lipid oxidation.
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CHAPTER 3

MATERIALS AND METHODS

3.1. Chemicals

All chemicals were analytical grade and obtained from Merck Ltd and
Surechem Products Ltd.

3.2. Preparation of Solutions and Production of Films

Commercial potato starch (PS, Soyyigit Gida San. ve Tic. A.S.) and gelatin
from bovine skin (Sel Sanayi Uriinleri Ticaret ve Pazarlama A.S., Turkey) were
used for the preparation of film solutions. Glycerol (Merck Chemicals) and
citric acid monohydrate (Merck Chemicals) are added to film solutions as

plasticizers.

3.2.1. Preparation of Potato Starch-based Films

6.6 g potato starch was added to 100 ml distilled water at room temperature.
Then mixture was heated in a water bath (Niive BM 402) at 60°C for 30 min
and obtained solution was vortexed (Niive NM 110) for 1 min in order to
disperse aggregation. Solutions were divided into four groups and different
film formulations were prepared. Glycerol and citric acid monohydrate were
kept constant at the ratio of 1 g/100 ml individually. Solutions were hold in
water bath at 60 °C for 30 min. After incubation solutions were poured on
plastic petri dishes (30 ml). Finally films were dried in ambient conditions for 3

days or they were incubated in an oven (Niive EN 500) at 40 °C for 24 h.

3.2.2. Preparation of Gelatin-Based Films

3.4 g gelatin was added to 100 ml distilled water at room temperature. Mixture
was heated in a water bath (Niive BM 402) at 60°C for 30 min and gelatin was
solubilized. Solutions were divided into four groups and different film

36



formulations were prepared. Glycerol and citric acid monohydrate were kept
constant at the ratio of 1 g/100 ml individually. Then the methods that were

used for the preparation of PS-based films were applied for gelatin-based films.

3.2.3. Preparation of Combined Films

The method that was used for preparation of films is given in Figure 3.1. In the
preparation of combined films, different ratios of potato starch and gelatin
solutions (1:0, 1:1, 2:1, 1:2 and 0:1) based on total weight basis of 10 g in 200
ml distilled water were prepared. 2 g glycerol and 2 g citric acid monohydrate

per 200 ml solution was used in the film production.

PS+100 ml water Gelatin+100 ml water
(60 °C, 30 min) (60 °C, 30 min)

A 4 A 4

Mixing

\ 4

Addition of plasticizers
(60 °C, 30 min)

\ 4

Homogenization
(vortex)

y

Pouring on petri dishes

'

Incubation
(25 °C, 3 days or 40 °C, 24 h)

Figure 3.1. Preparation of combined film solutions and production of films
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Starch solutions were prepared as described in Section 3.2.1 and gelatin
solutions were prepared as described in Section 3.2.2. After solubilization,
solutions were mixed and films in different formulations were prepared.
Mixtures were hold in water bath at 60 °C for 30 min. Solutions were poured
on plastic petri dishes (30 ml). Films were dried in ambient conditions for 3
days or they were incubated in an oven (Niive EN 500) at 40 °C for 24 h. Film
formulations that were prepared for combined film production are given in
Table 3.1.

Table 3.1. Description of film formulations

1 2 3 4 5
Component Concentration, g/100 ml
Potato starch 5 25 |33 |17 |-
Gelatin - 25 |17 |33 |5
Glycerol 1 1 1 1 1
Citric acid | 1 1 1 1 1
monohydrate

3.3. Analyses

Thicknesses of films were determined using a micrometer (BTS Digital
Caliper) with an accuracy of 0.01 mm at 5 random positions on each film
sample and average of those measurements was used. Film samples were

stored in desiccator containing silica gel until analysis.
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The analyses carried out on film samples were as follows: determination of
thermal properties, mechanical analysis, determination of water vapor
permeability and determination of opacity. Mechanical analyses, and
determination of water vapor permeability and opacity were performed in

triplicates and duplicates respectively.

3.3.1. Determination of Thermal Properties

Thermal analyses were conducted by METU Central Laboratory. Differential
scanning calorimeter (Perkin EImer 800) was used for determination of thermal
properties of films. DSC data were recorded in the temperature range of (-90)-
(100) °C, under a nitrogen flow of 30 ml/min. 2-4 mg samples were
encapsulated in aluminum pans and heated at a rate of 10 °C/min.
Thermograms were evaluated using Pyris program. T, was taken from the DSC
endotherm as the peak temperature of melting endotherm. T, was determined as
the midpoint of the gradual increase of the specific heat associated with the

transition.

3.3.2. Determination of Mechanical Properties

Mechanical properties were determined on a universal testing machine
(Zwick/Roell Z250) by METU Central Lab. After conditioning at 23£2 °C, in
RH = 50£5% for 88 h, three film specimens were cut from each film sample
using dumbbell shaper (Zwick/Roell). The thicknesses of films were measured
with a digital micrometer and specimens were mounted between the grips of
the machine. Tests were performed at initial grip separation of 20 mm and
cross-head speed of 5 mm/min. A loadcell at 100 N was applied until the break

and the elongation was recorded.

3.3.3. Determination of Water Vapor Permeability

Water vapor permeability (WVP) was determined according to a gravimetric
method at 25 °C based on ASTM E96-80 test (ASTM, 1989). Films were

sealed onto the opening of cells containing anhydrous CaCl, (RH: 0.0%) and
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then, these cells were placed in desiccators containing saturated KCI solution
(RH: 84%). The cells were weighed (= 0.01 g) in an analytical balance (EJ-
610, A&D Co. Ltd.) hourly for 48 hours. The water vapor permeability of films
was determined through the relation between weight and time using the
equation (3.1) obtained from the calibration curve given in Figure 4.9:

Y& € e (3.1)

where P is the water vapor permeability (g/m.s.Pa), x is the thickness of the
film (m), A is the permeation area (m?), and AP is the difference of partial

vapor pressure of the atmosphere with CaCl, and KCI solution.

3.3.4. Determination of Optical Properties

The opacity of films was determined according to the method described by Cao
et al. (2007b). Film samples were cut into a rectangle and placed on the internal
part of a spectrophotometer cell. The area under the absorption curve in the
visible region at 500 nm) was recorded using a UV-Vis spectrophotometer
(Specord 50, Analytik Jena AG). The opacity of films was calculated using the
equation (3.2).

61 6O Qé-6— (3.2)

where Asg is the absorption at 500 nm, and x is the thickness (mm). The
measurements were repeated three times for each film sample and an average

was taken as the result.

The opacity of film samples was determined immediately after the production
as well as it was measured after storage of films at temperatures of -20°, +4°,
+40° and ambient conditions for 10 days in order to investigate the effects of

temperature conditions on the opacity of film samples.
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3.3.5. Statistical Analysis

A one way analysis of variance (ANOVA) was used for statistical evaluation of
the data obtained from this study using SPSS Package 17.0. Differences

between formulations were detected by Duncan test (p<0.05).
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CHAPTER 4

RESULTS AND DISCUSSIONS

In this study, it was aimed to produce biodegradable potato starch-bovine
gelatin films and investigate the properties of these films. In the first part of the
study, films of different ratios of potato starch to bovine gelatin (1:0, 1:1, 1:2,
2:1, and 0:1) plasticized with glycerol and citric acid monohydrate were
prepared. In the second part, in order to characterize the films, physical and
mechanical properties including water vapor permeability, opacity, thermal
transition temperatures, tensile strength and elongation-at-break were

measured.

4.1. Visual Properties and Thicknesses of Films

Depending on the formulation, film samples had various visual properties that
can be defined in a scale from opaque to transparent. It was observed that the
films which were plasticized with both glycerol and citric acid monohydrate
and dried at ambient conditions were separated from petri dishes easily and
used in analyses due to their structural integrity. However, the films which
were prepared by addition of glycerol alone did not exhibit film formation
properties. Because these films were very brittle and extremely thin, they could
not be analyzed. Moreover, it was observed that the films which were
incubated in the oven at 40°C gained a leathery structure so these films also
could not be analyzed. It is known that the strength of starch decreased under
stress especially under high temperature. Because glycoside bonds in starch
start cracking at high temperature, cracking could be occurred in the films
dried in oven. Within the scope of the thesis, it was studied on 5 different film

formulation and the pictures of these samples are shown in Figure 4.1.
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Figure 4.1. Visual properties of potato starch-gelatin films

The thickness values of films produced in this study are given in Table 4.1.
Thicknesses of film samples were not affected by the film formulation.

Statistically thickness values of all films fell within the same group.

Table 4.1.Thickness values of potato starch-gelatin films

Films (starch:gelatin) | Film thickness (mm)
1:0 0.19+0.014°
11 0.17+0.0072
2:1 0.16+0.014°
1:2 0.19+0.028%
0:1 0.15+0.035°
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4.2. Differential Scanning Calorimetry (DSC) Analysis

Since it is known that plasticizers added to biodegradable/edible films in order
to increase flexibility and processability affects the thermal properties of films,
thermal properties of glycerol and citric acid monohydrate were firstly
investigated with DSC. DSC thermograms of glycerol and citric acid

monohydrate are given in Figure 4.2 and 4.3.

From the thermogram of glycerol its glass transition temperature was
determined as -81.36°C (Figure 4.2). Similar results were reported by other
researchers. The glass transition temperature of pure glycerol was reported as -
78°C and -86°C by Averous et al. (2000) and Murthy (1996), respectively.

Glass transition temperature of citric acid monohydrate was determined as
57.20°C (Figure 4.3). In the literature melting temperature of citric acid was
reported as between 153°C and 160°C (Shi et al., 2007; Holser, 2008). In the
current study, since the temperature interval was (-90)-(100)°C melting
temperature of citric acid monohydrate was not determined. However, it is

expected around 150-155°C, depending on the literature.

Tg: Half Cp Extrapolated = -81.36 °C

15
10 \_‘
Delta Cp = 0.615 Jig™C

Heat Flow Endo Up (mW) — ——
o o ™ -

=20
-88.27 -20 -£0 -40 -20 0 20
Temperature (°C)

Figure 4.2. DSC thermogram of glycerol
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Peak =75.57 °C

Area = 823.997 mJ
Delta H = 134.6400 Jig

o

Heat Flow Endo Up (mW) — ——

20 60 80 100.

0
Temperature (°C)

Figure 4.3. DSC thermogram of citric acid monohydrate

Measurement of glass transition temperature depends upon determination of
the gradual effect in DSC curve created by the heat capacity change. DSC
thermograms of film samples are given in Figure 4.4 — 4.8. Glass transition
temperature is evaluated as an indication of the compatibility of polymers (Al-
Hassan and Norziah, 2012). The findings of this study showed that potato
starch-gelatin films had Tg values between 69.8°C and 91.8°C (Figure 4.5 —
4.7).

Films studied in this study showed only one glass transition temperature. This
thermal behavior of films indicated that no phase separation occurred between
plasticizers and potato starch or gelatin. The presence of only one Tg in
multiple polymeric systems has been attributed to the polymer matrix of the
system as a whole. In the literature, this behavior was also observed by Al-
Hassan and Norziah (2012) in sago starch-gelatin blends. Arvanitoyannis et al.
(1998) reported that chitosan and gelatin based films had shown no phase

separation and they indicated the hydrophilic nature of gelatin as the reason of
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that observation. They stated that the hydrophilic structure of gelatin resulted in
formation of hydrogen bonds between gelatin, water and glycerol. In all these
studies the phenomena with only one Tg was related to entire polymeric
matrix. In this study, the presence of only one Tg can also indicate that potato
starch and gelatin are compatible. Furthermore, since no phase separation was

observed, these findings confirmed that glycerol is an effective plasticizer.

|

Heat Flow Endo Up {(mW)

Temperature (°C)

Figure 4.4. DSC thermogram of the film sample in the potato starch:gelatin

ratio of 1:0

Glass transition temperature of film samples are given in Table 4.2. Tg values
of films varied from 69.6 to 91.8°C depending on the formulation. The result of
DSC analysis showed that Tg values of combined films lower than that of

starch or gelatin alone except for the potato starch-gelatin ratio of 1:1.
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Figure 4.5. DSC thermogram of the film sample in the potato starch:gelatin

ratio of 1:1
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Figure 4.6. DSC thermogram of the film sample in the potato starch:gelatin

ratio of 2:1
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Figure 4.7. DSC thermogram of the film sample in the potato starch:gelatin

ratio of 1:2
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Figure 4.8. DSC thermogram of the film sample in the potato starch:gelatin

ratio of 0:1
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The lowest and highest Tg values were determined in the combined film
samples in potato starch to gelatin ratio of 2:1 and 1:1, respectively. It was
clearly observed that gelatin introduction into film formulation increased Tg.
From this finding it can be concluded that gelatin diminished chain flexibility

and hence decreased free volume, consequently Tg increased.

Table 4.2. Glass transition temperature of film samples

Films (starch:gelatin) Tg (°C)
1:0 83.4
11 91.8
2:1 69.6
1:2 77.2
0:1 80.6

Findings of the current study are different from the results of studies on starch
films. Tg value of potato starch film determined in this study is higher than that
of potato and sago starch films which were reported by Talja et al. (2007) and
Al-Hassan and Norziah (2012). However, Tg values of starch film
demonstrated similarity with the results of Aguilar-Méndez et al. (2010) who

reported glass transition temperature of starch film as 80°C.

Glass transition temperature of the gelatin film (0:1) is in parallel with the
findings of Vanin et al. (2005) who reported the Tg value of gelatin film as
82.5°C. Tg values of the combined films are close to that values of sago starch-

fish gelatin films (Al-Hassan and Norziah, 2012).
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On the other hand, the films demonstrated higher Tg values than chitosan-
gelatin, yam starch and pea starch films (Arvanitoyannis et al., 1998; Mali et
al., 2005; Zhang and Han, 2006).

When the glass transition temperatures of the biodegradable films produced in
the current study were compared to common synthetic polymers it was seen
that Tg values of the films were significantly higher than that values of HDPE,
LDPE and PP. However, it is also observed that Tg values of potato starch-
gelatin films produced in this study were close to TG value of poly(ethylene
terephthalate) which is 69°C and are lower than Tg values of polycarbonate

(Table 2.4).

Tm values of the films were not determined because temperature interval
during DSC analysis was not sufficiently high to rise the temperature that the
melting point could be observed. However, melting temperature of film

samples are expected to be around 120°C.

4.3. Mechanical Properties

The mechanical properties including tensile strength, percentage of elongation-
at-break and Young’s modulus values of the films produced in this study are

given in Table 4.3. The mechanical properties were affected by the formulation.

The results demonstrated that the tensile strength of biodegradable potato
starch-gelatin films increased with the addition of gelatin and the maximum
tensile strength was observed in the ratio of 0:1. The tensile strength values of
films varied from 2.21 to 15.60 MPa (Table 4.3). Tensile strength indicates the
maximum load that sustained by the films. That is, it is an indication of
mechanical durability. Higher tensile strength means stronger films so high
tensile strength is generally required in materials used in packaging. In this
study, films higher in gelatin content demonstrated higher tensile strength
values than the starch films. Thus, it can be concluded that gelatin-based films

are more durable than starch-based films.
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Table 4.3. Mechanical properties of potato starch-gelatin films

Films Tensile strength Elongation at Young’s modulus
(starch:gelatin) (om) (MPa) break (EAB) (%) (Ey) (MPa)
1:0 2.21+0.92¢ 93+32.2° 14.20+5.8°
1:1 3.56+0.31° 123+5.8%® 80.07+12.3"
2:1 2.95+(.38% 130+17.32 86.57+29 4"
1:2 6.31+0.28° 130+8.22 93.43+11.6"
0:1 15.60£1.24% 110£14.1% 151.50+25.12

Elongation at break (EAB) is a measure of the flexibility and extensibility of
films. EAB is determined at the point when the films break under tensile
testing (Bourtoom and Chinnan, 2008). In the current study, EAB varied
between 93% and 130%, depending on the ratio of potato starch to gelatin
(Table 4.3). In general EAB increased with gelatin and starch addition so the
combined films demonstrated better flexibility than that of starch and gelatin
alone. There is an explanation for EAB-increasing effect of gelatin which was
reported by Al-Hassan and Norziah (2012). This explanation indicates that
gelatin seems to act as a plasticizer with increased flexibility and reduced
brittleness. With the results obtained in this study, the increased EAB can again

be attributable to this effect of gelatin and also starch itself.

Young’s modulus of films varied between 14.20 and 151.50 MPa and
significantly increased with addition of gelatin in films. The gelatin film (0:1)

showed the maximum Young’s modulus value (Table 4.3). Since Young’s
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modulus is defined as the measure of the rigidity or stiffness, it can be

concluded that films with gelatin are stiffer than starch films.

When the results were statistically evaluated, it was seen that the tensile
strengths of the films took place in different statistical groups except for the
films in the ratio of 1:1 and 2:1. Their tensile strength values were not
statistically different. Tensile strengths of the starch film (1:0) and the film had
the ratio of 2:1 also fell within the same group. For EAB values, it was
determined that the values were statistically close to each other. There were
two different statistical groups for EAB values and the values of the films in
the potato starch-gelatin ratio of 1:1, 2:1, 1:2 and 0:1 fell in the same statistical
group (a). The films had the ratio of 1:0, 1:1 and 0:1 also took place in the
same statistical group (b). It can be concluded from these results that potato
starch-gelatin ratio did not statistically affect EAB. As for Young’s modulus
values it was designated that there were three different statistical groups. The
films in the ratio of 1:1, 2:1and 1:2 took place in the same group. Therefore it
can be concluded that Young’s modulus values of those films were not
statistically different. However, the starch (1:0) and gelatin (0:1) films were in
different groups from the combined films. It can be concluded that combination
of potato starch and gelatin revealed stronger films than the films composed of

potato starch or gelatin alone (Table 4.3).

In general, mechanical analysis revealed that the films higher in gelatin content
were more durable, more rigid and more flexible than the films high in potato
starch. Thus, it can be concluded that gelatin improved and starch weakened
the structure of the biodegradable films. There are some explanations for these
effects of gelatin and starch. One of them is that starch granules create
heterogeneities in the protein matrix that acted as stress points, induce cracking
and result in lower values of strength and elongation (Wang et al., 2001b).
Another explanation is that networks between starch and gelatin in anionic

domains of the starch and cationic domains of the gelatin could be formed
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(Fonkwe et al., 2003). As a result, this formation makes the films stronger.
Moreover, the possibility of the formation of these networks is significantly
increased by the introduction of small molecules such as water and glycerol to
the blend (Tolstoguzov, 1994).

When the mechanical properties of the biodegradable films produced in the
current study were compared to common synthetic polymers it was seen that
tensile strength and Young’s modulus values of the films were lower than that
of those common polymers. However, elongation-at-breaks of the
biodegradable films were comparable to those values of PP and PET. Although
the films demonstrated lower tensile strength than chitosan, gellan and casein
films, their elongation-at-break and Young’s modulus values are significantly
higher than that of films composed of cassava starch, pea starch, chitosan,

whey protein (casein) and gellan (Table 2.5).

4.4. Water Vapor Permeability

Water vapor permeability was determined according to the ASTM method
(1989) at 25+2°C and 0-84+2 RH. The weight gained was plotted versus time
and the slope of this plot was used to determine the WVP. The slope yielded a
coefficient of determination of (R?) of 0.996-0.999. The data of a WVP

determination experiment is given in Figure 4.9.

Although water vapor permeability is considered as a constant value, in
hydrophilic materials such as protein and polysaccharide films it can deviate
from the ideal behavior due to the interaction of water permeated with polar
groups in the film (Hagenmaier and Shaw, 1990). It is generally accepted that
water vapor permeability of food packaging materials should be as low as
possible. The WVPs of potato starch-gelatin films produced in this study are
given in Table 4.4. The WVP values of films varied between 0.022x10™ and

0.061 x10°g.s.m™.Pa™ depending on the formulation.
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Figure 4.9. Change in weight of the cup containing CaCl, with time for a
potato starch film (Slope = 2x10™ g.s™; WVP = 0.064x10™"° g.s*.m™.pa™).

The lowest permeability value occurred at the potato starch-gelatin ratio of 0:1
(gelatin film). The results demonstrated that WVP decreased with the presence

of gelatin in the formulation.

Table 4.4. Water vapor permeability values of potato starch-gelatin films

Films (starch:gelatin) | WVP (g.s.m™.Pa™) x 10™°
1:0 0.061+0.004°
11 0.0260.001°
2:1 0.03120.005"
1:2 0.025+0.002°
0:1 0.022+0.004"
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Statistically, the starch film (1:0) fell in a different group from other films. The
films had the potato starch-gelatin ratio of 1:1, 2:1, 1:2 and 0:1 took place in
the same statistical group. From the statistical analysis it was concluded that
water vapor permeability difference between combined films (1:1, 2:1, 1:2) and
the gelatin film (0:1) was not statistically significant whereas the WVP
difference of the starch film (1:0) was significant. However, it is apparent that
the ratio of 1:2 had the best permeability property among combined films
(Table 4.4).

These results are in contrast with results obtained by Al-Hassan and Norziah
(2012) who reported that higher WVP was found with films containing more
protein. Though gelatin is more hydrophilic than potato starch, the lowest WVP
value that it possessed and the reduction in the WVP of films produced with
higher gelatin content demonstrated that the intramolecular polymer-polymer
interactions in gelatin are stronger than that of potato starch. Tensile strength
values determined by mechanical analysis supported this situation. The tensile
strength which is an indication of the interaction between polymer chains was
significantly high in gelatin film. In mechanical analysis it was observed that
the tensile strength increased as the gelatin content increased. In can be
concluded that gelatin increased the tortuosity factor of the way that water
molecules diffused and clouded the diffusion. The decrease in WVP with the
increase of gelatin content can be attributable to a formation of hydrogen
bonding between amino groups of gelatin which were protonated to NH3" due
to the presence of citric acid monohydrate and OH" of partially gelatinized and

destroyed starch molecules.

Water vapor permeability values of some polymers are summarized in Table
2.6. WVP of LDPE and HDPE is 0.087x10™ and 0.0022x10™ g.s*.m™.Pa™.
The WVPs of the films produced in the current study are 2-10 folds higher than

these values. However, the films studied in this study demonstrated better
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permeability properties compared to other films based on gellan, chitosan or

other protein and polysaccharide sources (Table 2.6).

4.5. Optical Properties

The opacity of films before and after storage at room temperature, 40°C, +4°C
and -20°C was measured as an indication of the shelf life of films. Opacity
determination based on the measurement of the light absorbed by the material
and it was measured in the visible region. Opacity values of films (Op) before
and after storage are given in Table 4.5. Obviously, opacity values of films

were affected by formulation and storage.

Opacity measurement indicated that the introduction of gelatin significantly
reduced the opacity of films. Opacity values of films before storage varied
between 208.7 and 1194.4 A.nm/mm (Table 4.5). These results also observed
with naked eye. The films containing higher gelatin were less opaque than the
films high-in-starch (Figure 4.1). It was determined from visual analysis that
with increasing gelatin content there were less starch particles in films. It can
also be concluded that as the content of potato starch increased the light
transmittance decreased. These findings can be related to the effect of gelatin to
decrease the surface roughness of films and the amount of starch particles in
the film structure (Figure 4.1). Similarly, Gonzalez-Gutiérrez et al. (2010)
reported for albumen/starch-based bioplastics that the transmittance decreased
as starch content increased. In another study, it was reported that the
introduction of a polysaccharide (chitosan) into gelatin films increased the

opacity (Rivero et al., 2009).

Nevertheless increased opacity is an undesirable property in many applications,
in some food packaging applications this is required to provide protection
against deterioration reactions triggered by light (Andreucetti et al., 2009).
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It can be concluded in this regard that increase of starch content in the films
produced in the current study, which resulted in an increase in the film opacity,
can be suitable for the packaging applications that will aim to protect the food,

particularly oils, fats and some oily food products, from the effect of light.

On the other hand storage at different temperatures affected the opacity, which
is an indication of the shelf life of packaging materials. Storage at 40°C had the
maximum effect on the films. In general, opacity of films significantly
increased after storage at 40°C whereas it reduced after storage of combined
films at room temperature, +4°C and -20°C. This could mean that, in the case
of the usage of these films in food packaging, they could lose their optical
stability in refrigerator or freezer while they could be suitable packaging

materials for foods which are kept at temperatures above room temperature.

Among all film samples, starch film (1:0) demonstrated the greatest change
towards storage at different temperatures. It could not sustain its stability
during storage. However, the introduction of gelatin to the film offered it the
stability that protected the optical properties. Alongside the starch film (1:0),
gelatin film (0:1) also exhibited greater changes than the combined films with
storage. With the addition of gelatin the fluctuations in the opacity values
during storage reduced and the most stable structure was observed in the potato

starch-gelatin ratio of 2:1.

Storage at room temperature for 10 days increased the opacity of starch (1:0)
and gelatin (0:1) films whereas reduced these values of the combined films.
Among the combined films the highest and the lowest percent reduction was
determined in the ratios of 2:1 and 1:2 respectively. The percent increase in the
opacity of starch and gelatin films after storage at room temperature was 17.9%
and 12.8%, respectively. On the other hand the percent decrease in the opacity
of combined films had the ratio of 1:1, 2:1 and 1:2 was 3.4%, 4.6% and 1.9%,
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respectively. According to these results, it can be concluded that the most stable

film after storage at room temperature for 10 days is the film in the ratio of 1:2.

Storage at 40°C for 10 days significantly increased the opacity of all film
samples in comparison with the films before storage. The highest increase was
determined in the film sample with the ratio of 1:1 with 181.5% increase. The
most stable film after storage at 40°C was the gelatin film with 9.8% increase.
The film sample which was composed of higher gelatin amount (1:2) was more
stable than the other combined films. It can be concluded that gelatin provided

stability to the films during storage.

Storage at 4°C for 10 days decreased the opacity of all film samples except for
the film in the ratio of 2:1 which did not demonstrated change in opacity value.
This film sample was the most stable one after storage at refrigerator. On the

other hand, the highest reduction was observed in the starch film (1:0).

Storage at -20°C generally decreased the opacity of films as storage at 4°C.
However, the opacity of the films high in starch content demonstrated an
increase after storage at -20°C. The highest decrease was observed in the

second film sample (1:1).

Obviously higher storage temperature increased the opacity whereas lower
storage temperature reduced it. When the optical properties evaluated, it was
observed that the most stable film is the third film (2:1) and the least stables are
the first (1:0) and the fourth (1:2) films. Statistical analysis supported these
findings (Table 4.5). The optical values of the starch film (1:0) fell within
different statistical groups. In the second film (1:1), opacity change by storage
at room temperature, 40°C and -20 °C was not statistically important; these
values took place in the same statistical group. From these finding, it can be
concluded that storage of this film at these temperatures will not significantly
affect its stability. On the other hand, storage of the second film at 40°C was in

a different statistical group and this indicated that storage of this film at 40°C
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will affect its optical stability. However, the opacity values of the third film
(2:1) before and after storage statistically fell within the same group except for
the value of storage after 40°C. This difference can be related to the strong
effect of high temperature on the opacity. Therefore, it can be interpreted that
the third film could be an appropriate packaging material for food which
should be stored at room temperature, in refrigerator or in freezer. Statistically,
opacities of the fourth film fell into different groups except for values after
storage at room temperature and -20°C. The mentioned opacity values fell into
the same group. Finally, opacity values of gelatin film (0:1) before and after
storage showed significant statistical differences in comparison to the third film
(2:1). However, opacity values before and after storage at room temperature,
40°C and 4°C were in the same statistical group. Inside the values of gelatin
film it can be concluded that storage at these temperatures will not significantly
affect the optical stability, so the shelf life of the material.

The opacity differences occurred with different potato starch to gelatin ratios
found in the current study are different from the study of Al-Hassan and
Norziah (2012) who reported that the increase of fish gelatin concentration did
not significantly affect the light absorbance of the films. The opacity values
before storage found in the current study are lower than the films composed of
soy protein isolate and gelatin and plasticized with glycerin which were
investigated by Cao et al. (2007b) and were found to have opacity values
between 1184 and 5676 (A.nm/mm). However, opacity values obtained in this
study are significantly higher than unplasticized or glycerol-plasticized gelatin-
chitosan films which had opacity values around 280-470 A.nm/mm (Rivero et
al., 2009).
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CHAPTER 5

CONCLUSION

In this study, it was aimed to produce potato starch and gelatin based
bioplastics and to investigate the characteristics of these materials. In order to
investigate the effects of potato starch to gelatin ratio on the properties of films,
film samples with different potato starch to gelatin ratios were manufactured
by casting method. In order to determine the characteristics of these
biodegradable films thermal, mechanical, two physical (permeability and
optical) properties were examined.

From the results of DSC analysis, it was concluded that glycerol was an
effective plasticizer. In DSC thermograms only one Tg was observed for all
film samples. According to this result it was concluded that potato starch and
bovine gelatin were compatible. It was decided that the effectiveness of

glycerol as plasticizer was maximum in the third film sample (2:1).

It was determined that the mechanical properties affected by potato starch to
gelatin ratio. The tensile strength increased with the increased content of
gelatin. Elongation at break increased as both starch and gelatin content in the
films increased. Young’s modulus also increased as both starch and gelatin
content in the films increased. It was determined that combined films
demonstrated higher mechanical durability than the films composed of potato
starch or gelatin alone. Therefore, it was concluded that mechanical properties
of starch-based or gelatin-based films could be improved by the addition of

gelatin.

According to the results of water vapor permeability measurement, it was

determined that WVP decreased as the content of gelatin increased in the
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formulation. The lowest water vapor permeability was observed in the gelatin
film which was in the potato starch to gelatin ratio of 0:1. Reduction effect of
gelatin on permeability values despite its higher hydrophilic characteristics
over potato starch was depended on that polymer-polymer interactions were
stronger between gelatin chains that that of potato starch. It was determined
that the findings obtained in this study were well-adjusted to the tensile
strength values. Higher tensile strength values of combined films then potato
starch film is another indication of stronger polymer-polymer interactions
between chains. It was stated as a reason for the reduction in WVP with the
introduction of gelatin that the formation of hydrogen bonds between OH"

groups of partially gelatinized potato starch and NHs" groups of gelatin.

Opacity of the films was determined before storage as a measure of their
transparency and after storage at different temperatures for 10 days as an
indication of the shelf life of the materials. It was observed that the opacity of
films was significantly affected by the ratio of potato starch to gelatin. It was
determined that the increase in the starch content resulted in an increase of
opacity whereas the increase in the gelatin content made the films more
transparent. This effect of gelatin which has very high transparency was
interpreted as an expected result. Opacity change was determined after storage
at room temperature, 40°C, +4°C and -20°C for 10 days. It was determined that
storage at room temperature decreased the opacity values of combined films.
On the contrary, optical transmittance of starch and gelatin films increased after
10-day storage at room temperature. It was determined that opacity values of
films after storage at 40°C similarly affected. Storage at a relatively high
temperature prominently increased the opacities of films. The greatest raise
was observed in the film sample which had the potato starch to gelatin ratio of
1:1 and the minimum change was determined in the gelatin film. Opacity of the
film sample in the potato starch to gelatin ratio of 2:1 was not affected by
storage at +4°C while opacity values of the other films decreased. It was

concluded that the least stable film was the starch film. It was determined that

62



the majority of films demonstrated reduction in their opacity values. On the
contrary, it was observed that opacity of the films high in potato starch

increased after storage at -20°C.

When the results entirely evaluated, the optimum formulation among combined
films determined as the potato starch gelatin ratio of 1:2. This formulation
displayed the best properties, specifically in terms of mechanical behavior and
permeability value. The glass transition temperature of this film sample was
the second-lowest value among all films. It had the highest tensile strength,
elongation at break, Young’s modulus and water vapor permeability values
among combined films. It was also superior to the other films in terms of
optical stability after storage. It was determined that optimum storage condition
for this film formulation was storage at +4°C, whereby it can be concluded that

this film could be suitable for foods which should be stored at refrigerator.

As a conclusion, the production of potato starch/gelatin-based films which
were characterized in physical properties and associated with each other was
carried out. It was revealed that thermal, mechanical and physical properties
(water vapor permeability) of starch-based films could be significantly
improved by the addition of gelatin. Although the films obtained in this study
had higher glass transition temperature than that value of many
biodegradable/edible films in the literature, demonstrated thermal properties
comparable with PET and PC. Also, the films had higher mechanical durability
than many bioplastics in the literature composed of cassava starch, pea starch,
casein, chitosan and gellan. Additionally, elongation at break values of the
films was comparable with synthetic polymers PP and PET. Furthermore, the
films had significantly lower water vapor permeability degrees than other
polysaccharide-based films such as chitosan and gellan but higher values than
common synthetic polymers. It is thought that the films obtained in this study
will be suitable packaging materials with some improvements, depending on

both permeability and light transmittance properties the films.
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This study holds the qualification that to be a basis for studies about
biodegradable plastics would be done in the future. The high cost of raw
materials of biodegradable plastics is supposed as the main disadvantage of
their applications. It is considered that the investigation of the recovery of these
raw materials from industrial wastes can make the production of biodegradable
plastics more economic. It is also evaluated that this kind of applications will
attain a place in the packaging market which is dominated by commercial
petroleum-based products, as user-friendly and environmentally friendly

options and will reduce the dependence on petroleum.

64



REFERENCES

Abdorreza, M. N., Cheng, L. H., Karim, A. A, 2011. Effects of plasticizers
on thermal properties and heat sealability of sago starch films. Food
Hydrocolloids, 25(1), 56-60.

Ahn, H. K., Huda, M. S., Smith, M. C., Mulbry, W., Schmidt, W. F,
Reeves, J. B., 2011. Biodegradability of injection molded bioplastic pots
containing polylactic acid and poultry feather fiber. Bioresource
Technology, 102(7), 4930-3.

Aguilar-Méndez, M. a., Martin-Martinez, E. S., Ortega-Arroyo, L., Cruz-
Orea, A., 2010.Application of Differential Scanning Calorimetry to
Evaluate Thermal Properties and Study of Microstructure of Biodegradable
Films. International Journal of Thermophysics, 31(3), 595-600.

Al-Hassan, A. A., Norziah, M. H., 2012. Starch—gelatin edible films: Water
vapor permeability and mechanical properties as affected by plasticizers.
Food Hydrocolloids, 26(1), 108-117.

Almasi, H., Ghanbarzadeh, B., Entezami, A. A., 2010. Physicochemical
properties of starch-CMC-nanoclay biodegradable films. International
journal of biological macromolecules, 46(1), 1-5.

Andreuccetti, C., Carvalho, R. A., Grosso, C. R. F., 2009. Effect of
hydrophobic plasticizers on functional properties of gelatin-based films.
Food Research International, 42(8), 1113-1121.

Andreuccetti, C., Carvalho, R. A., Grosso, C. R. F., 2010. Gelatin-based
films containing hydrophobic plasticizers and saponin from Yucca

65



schidigeraas the surfactant. Food Research International, 43(6), 1710-
1718.

Angelova, N., Hunkeler, D., 1999. Rationalizing the design of polymeric
biomaterials. Trends in Biotechnology, 17(10), 409-21.

Arik Kibar, E. A., 2010. Biyobozunur Metilseliioz-Misir Nisastas1 ve
Karboksimetilselilloz-Misir  Nisastas1 Esasli  Filmlerin Uretimi ile
Gegirgenlik, Mekaniksel ve Yapisal Ozelliklerinin Belirlenmesi. PhD
Thesis, Hacettepe University, Turkey.

Arvanitoyannis, I. S., Nakayama, A., Aiba, S.-Ichi, 1998. Chitosan and
gelatin based edible films: state diagrams, mechanical and permeation

properties. Carbohydrate Polymers, 37, 371-382.

Arvanitoyannis, I., Nakayama, A., Aiba, S.-1., 1998. Edible films made
from hydroxypropyl starch and gelatin and plasticized by polyols and
water. Carbohydrate Polymers, 36, 105-1109.

ASTM Standard. 1989. Standard test methods for water vapor transmission
of materials. Annual book of ASTM standards. Designation E96-E80 (pp.
730-739). Philadelphia: ASTM.

Averous, L., Moro, L., Dole, P., Fringant, C., 2000. Properties of
thermoplastic blends: starch-polycaprolactone. Polymer, 41, 4157-4167.

Bastioli, C., 2001. Global Status of the Production of Biobased Packaging
Materials. Starch/Starke, 53, 351-355.

Bastioli, C., 2005. Handbook of Biodegradable Polymers. Shawbury,
Shrewsbury, Shropshire, SY4 4NR, UK: Rapra Technology Limited.

66



Bertan, L. C., Tanada-Palmu, P. S., Siani, A. C., Grosso, C. R. F., 2005.
Effect of fatty acids and “Brazilian elemi” on composite films based on

gelatin. Food Hydrocolloids19, 73-82.

Bertoft, E., Blennow, A., 2009. Structure of Potato Starch. In Singh, J.,
Kaur, L., Advances in Potato Chemistry and Technology. First Edition.

Academic Press, Elsevier, Inc.

Bertuzzi, M. A., Castro Vidaurre, E. F., Armada, M., Gottifredi, J. C. 2007.
Water vapor permeability of edible starch based films. Journal of Food
Engineering, 80(3), 972-978.

Bialecka-Florjanczyk E, Florjanczyk Z., 2007. Solubility of plasticizers,
polymers and environmental pollution. In: Letcher T, editor. Biology. New
York.

Bigi, A., Cojazzi, G., Panzavolta, S., Rubini, K., Roveri, N.,
2001.Mechanical and thermal properties of gelatin films at different

degrees of glutaraldehyde crosslinking. Biomaterials, 22, 763-768.

Bigi, A., Panzavolta, S., Rubini, K., 2004. Relationship between triple-
helix content and mechanical properties of gelatin films. Biomaterials, 25,
5675-80.

Billmeyer, F.M., 1962. Textbook of polymer science (pp. 1-601).New

York, Interscience Publishers.

Bourtoom, T., Chinnan, M. S., 2008. Preparation and properties of rice
starch—chitosan blend biodegradable film. LWT - Food Science and
Technology, 41(9), 1633-1641.

Bradbury, E., Martin, C., 1952. The Effect of the Temperature of
Preparation on the Mechanical Properties and Structure of Gelatin Films.

67



Proceedings of the Royal Society A: Mathematical, Physical and
Engineering Sciences, 214(1117), 183-192.

Breuer, U., Terentiev, Y., Kunze, G., Babel, W., 2002. Yeasts as Producers
of Polyhydroxyalkanoates: Genetic Engineering of Saccharomyces
cerevisiaeMacromolecular Bioscience, 2(8), 380-386.

Cao, N., Fu, Y., He, J., 2007a. Mechanical properties of gelatin films cross-
linked, respectively, by ferulic acid and tannin acid. Food Hydrocolloids,
21(4), 575-584.

Cao, N., Fu, Y., He, J., 2007b. Preparation and physical properties of soy
protein isolate and gelatin composite films. Food Hydrocolloids, 21(7),
1153-1162.

Cao, N., Yang, X., Fu, Y., 2009. Effects of various plasticizers on
mechanical and water vapor barrier properties of gelatin films. Food
Hydrocolloids, 23(3), 729-735.

Cervera, M. F., Heindmiki, J., Krogars, K., Jorgensen, A. C., Karjalainen,
M., Colarte, A. 1., Yliruusi, J., 2004. Solid-state and mechanical properties
of aqueous chitosan-amylose starch films plasticized with polyols. Aaps
Pharmscitech, 5(1), 109-114. Springer-Verlag.

Cervera, M. F., Karjalainen, M., Airaksinen, S., Rantanen, J., Krogars, K.,
Heindmaiki, J., Colarte, A. 1., 2004. Physical stability and moisture sorption
of aqueous chitosan-amylose starch films plasticized with polyols.

European journal of pharmaceutics and biopharmaceutics, 58(1), 69-76.

Chambi, H., Grosso, C., 2006. Edible films produced with gelatin and
casein cross-linked with transglutaminase. Food Research International,
39(4), 458-466.

68



Chang, Y. P., AbdKarim, A., Seow, C. C., 2006. Interactive plasticizing—
antiplasticizing effects of water and glycerol on the tensile properties of

tapioca starch films. Food Hydrocolloids, 20(1), 1-8.

Cheng, L. H., Karim, A. A, Seow, C. C., 2006. Effects of Water-Glycerol
and Water-Sorbitol Interactions on the Physical Properties of Konjac

Glucomannan Films. Journal of Food Science, 71(2), 62-67.

Cyras, V. P.,, Tolosa Zenklusen, M. C., Vazquez, A., 2006. Relationship
between structure and properties of modified potato starch biodegradable
films. Journal of Applied Polymer Science, 101(6), 4313-4319.

Da Roéz, A., Carvalho, A. J. F., Gandini, A., Curvelo, A. A. S., 2006. The
effect of plasticizers on thermoplastic starch compositions obtained by melt
processing. Carbohydrate Polymers, 63(3), 417-424.

Denavi, G. A., Pérez-Mateos, M., Anon, M. C., Montero, P., Mauri, A. N.,
Goméz-Guillén, M. C., 2009. Structural and functional properties of soy
protein isolate and cod gelatin blend films. Food Hydrocolloids, 23, 2094-
2101.

Doi, Y., Tamaki, A., Kunioka, M., Soga, K., 1987. Biosynthesis of
terpolyesters of  3-hydroxybutyrate, 3-hydroxyvalerate, and 5-
hydroxyvalerate in Alcaligenes eutrophus from 5-chloropentanoic and
pentanoic acids. Makromolekulare Chemie, Rapid Communications, 8,
631-635.

Ebewele, R. O., 2000. Polymer Science and Technology. New York, NY:
CRC Press LLC.

Fama, L., Flores, S., Gerschenson, L., Goyanes, S., 2006. Physical

characterization of cassava starch biofilms with special reference to

69



dynamic mechanical properties at low temperatures. Carbohydrate
Polymers, 66(1), 8-15.

Fishman, M. L., Coffin, D. R., Unruh, J. J., Ly, T., 1996.
Pectin/Starch/Glycerol Films: Blends or Composites? Journal of
Macromolecular Science, Part A : Pure and Applied Chemistry, 33(5), 639-
654.

Flores, S., Fama, L., Rojas, A. M., Goyanes, S., Gerschenson, L., 2007.
Physical properties of tapioca-starch edible films: Influence of filmmaking

and potassium sorbate. Food Research International, 40(2), 257-265.

Fonkwe, L. G., Narsimhan, G., Cha, A. S., 2003. Characterization of
gelatin time and texture of gelatin and gelatin-polysaccharide mixed gels.
Food Hydrocolloids, 17(6), 871-883.

Galdeano, M. C., Grossmann, M. V. E., Mali, S., Bello-Perez, L. A., Garcia,
M. A., Zamudio-Flores, P. B., 2009. Effects of production process and
plasticizers on stability of films and sheets of oat starch. Materials Science
and Engineering: C, 29(2), 492-498.

Gaspar, M., Benkd, Z., Dogossy, G., Réczey, K., Czigany, T., 2005.
Reducing water absorption in compostable starch-based plastics. Polymer
Degradation and Stability, 90(3), 563-5609.

Godbole, S., Gote, S., Latkar, M., Chakrabarti, T., 2003. Preparation and
characterization of biodegradable poly-3-hydroxybutyrate-starch blend
films. Bioresource Technology, 86(1), 33-7.

Gomez-Guillén, M. C., Giménez, B., Lopez-Caballero, M. E., Montero, M.
P., 2011. Functional and bioactive properties of collagen and gelatin from
alternative sources: A review. Food Hydrocolloids, 25(8), 1813-1827.
Elsevier Ltd.

70



Gomez-Martinez, D., Partal, P., Martinez, 1., Gallegos, C., 2009.
Rheological behaviour and physical properties of controlled-release gluten-
based bioplastics. Bioresource Technology, 100(5), 1828-32. Elsevier Ltd.

Gontard, N., Duchez, C., Cuq, J.-L., Guilbert, S., 1994. Edible composite
films of wheat gluten and lipids: water vapour permeability and other
physical properties. International Journal of Food Science and Technology,
29, 39-50.

Gonzalez-Gutierrez, J., Partal, P., Garcia-Morales, M., Gallegos, C., 2010.
Development of highly-transparent protein/starch-based bioplastics.
Bioresource Technology, 101(6), 2007-13.

Gonzalez-Gutiérrez, J., Partal, P., Garcia-Morales, M., Gallegos, C., 2011.
Effect of processing on the viscoelastic, tensile and optical properties of
albumen/starch-based bioplastics.Carbohydrate Polymers, 84(1), 308-315.

Gueguen, J., Viroben, G., Noireaux, P., Subirade, M., 1998. Influence of
plasticizers and treatments on the properties of films from pea proteins.
Industrial Crops and Products, 7(2-3), 149-157.

Guilbert, S., Biquet, B., 1996. Edible Films and Coatings, in Food
Packaging Technology, G. Bureau, J.L. Multon (ed.), Volumel.VCH
Publishers, NY.

Gupta, A. P., Kumar, V., Sharma, M., 2010. Formulation and
Characterization of Biodegradable Packaging Film Derived from Potato
Starch & LDPE Grafted with Maleic Anhydride—LDPE Composition.
Journal of Polymers and the Environment, 18(4), 484-491.

71



Hagenmaier, R. D., Shaw, P. E., 1990. Moisture permeability of edible
films made with fatty acid and (hydroxypropyl) methylcellulose. Journal of
Agricultural and Food Chemistry, 38(9), 1799-1803.

Harper, C. A., 2006. Handbook of Plastics Technologies. Second Edition.
Maryland, McGraw-Hill.

Holmes, P. A., 1988. Biologically produced (R)-3-hydroxyalkanoate
polymers and copolymers, p. 1-65. In D. C. Bassett (ed.), Developments in

crystalline polymers-2. Elsevier Applied Science Publishers, London.

Holser, R. A., 2008. Thermal Analysis of Glycerol Citrate/Starch Blends.
Journal of Applied Polymer Science, 110, 1498-1501.

Hoover, R., 2001. Composition, molecular structure, and physicochemical
properties of tuber and root starches: a review. Carbohydrate Polymers,
45(3), 253-267.

Huang, H. C., Chang, T. C., Jane, J., 1999. Mechanical and Physical
Properties of Protein-Starch Based Plastics Produced by Extrusion and
Injection Molding. Journal of The American Oil Chemists’ Society, 76(9),
1101-1108.

Jansson, A., Jarnstrom, L., 2005. Barrier and mechanical properties of

modified starches. Cellulose, 12, 423-433.

Jerez, A., Partal, P., Martinez, I., Gallegos, C., Guerrero, A., 2005.
Rheology and processing of gluten based bioplastics. Biochemical
Engineering Journal, 26(2-3), 131-138.

Jerez, A., Partal, P., Martinez, I., Gallegos, C., Guerrero, A., 2007. Egg
white-based bioplastics developed by thermomechanical processing.
Journal of Food Engineering, 82(4), 608-617.

72



Jiugao, Y., Ning, W., Xiaofei, M., 2005. The Effects of Citric Acid on the
Properties of Thermoplastic Starch Plasticized by Glycerol. Starch - Stérke,
57(10), 494-504.

Kaewkannetra, P., Soonthornchiya, J., Moonamart, S., 2010. Increasing of
tapioca flour by blending and forming with commercial PHBV and
biopolymer obtained from fermented sugar cane juice for producing as

bioplastic. Journal of Biotechnology, 150, 385.

Kim, D.-Hyun, Na, S.-Ki, Park, J.-Shin., 2003. Preparation and
Characterization of Modified Starch-Based Plastic Film Reinforced with
Short Pulp Fiber. I .Structural Properties.Journal of Applied Polymer
Science Polymer, 88, 2100-2107.

Kotodziejska, 1., Piotrowska, B., 2007. The water vapour permeability,
mechanical properties and solubility of fish gelatin-chitosan films modified
with transglutaminase or 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) and plasticized with glycerol. Food Chemistry, 103, 295-300.

Kristo, E., Biliaderis, C., 2007. Physical properties of starch nanocrystal-
reinforced pullulan films. Carbohydrate Polymers, 68(1), 146-158.

Krogars, K., Heindmiki, J., Karjalainen, M., Niskanen, A., Leskeld, M.,
Yliruusi, J., 2003. Enhanced stability of rubbery amylose-rich maize starch
films plasticized with a combination of sorbitol and glycerol. International

journal of pharmaceutics, 251(1-2), 205-8.

Kumari, A., Yadav, S. K., Yadav, S. C., 2010. Biodegradable polymeric
nanoparticles based drug delivery systems. Colloids and Surfaces B:
Biointerfaces, 75(1), 1-18.

Laohakunjit, N., Noomhorm, A., 2004. Effect of Plasticizers on Mechanical
and Barrier Properties of Rice Starch Film. Starch/Starke, 56, 348—-356.

73



Lazaridou, A., Biliaderis, C. G., 2002. Thermophysical properties of
chitosan, chitosan-starch and chitosan-pullulan films near the glass
transition. Carbohydrate Polymers, 48, 179-190.

Lee, K. Y., Shim, J., Lee, H. G., 2004. Mechanical properties of gellan and
gelatin composite films. Carbohydrate Polymers, 56, 251-254.

Li, B., Kennedy, J. F., Jiang, Q. G., Xie, B. J., 2006. Quick dissolvable,
edible and heat sealable blend films based on konjac glucomannan —
gelatin. Food Research International, 39(5), 544-549.

Liu, W., Misra, M., Askeland, P., Drzal, L., Mohanty, A., 2005. “Green”
composites from soy based plastic and pineapple leaf fiber: fabrication and

properties evaluation. Polymer, 46(8), 2710-2721.

Liu, L., Liu, C.-K., Fishman, M. L., Hicks, K. B., 2007. Composite Films
from Pectin and Fish Skin Gelatin or Soybean Flour Protein. Journal of
Agricultural and Food Chemistry, 55, 2349-2355.

Liu, P., Yu, L., Liu, H., Chen, L., Li, L., 2009. Glass transition temperature
of starch studied by a high-speed DSC. Carbohydrate Polymers, 77(2),
250-253.

Limpisophon, K., Tanaka, M., Osako, K., 2010.Characterisation of gelatin-
fatty acid emulsion films based on blue shark (Prionace glaucg skin
gelatin. Food Chemistry, 122(4), 1095-1101.

Liu, H., Xie, F, Yu, L., Chen, L., Li, L., 2009. Thermal processing of
starch-based polymers. Progress in Polymer Science, 34(12), 1348-1368.

Luengo, J. M., Garcia, B., Sandoval, A., Naharro, G., Olivera, E. R., 2003.
Bioplastics from microorganisms. Current Opinion in Microbiology, 6(3),
251-260.

74



Mali, S., Grossmann, M. V. E., Garcia, M. A., Martino, M. N., Zaritzky, N.
E., 2005. Mechanical and thermal properties of yam starch films. Food
Hydrocolloids, 19(1), 157-164.

Martucci, J. F., Ruseckaite, R. A., 2010. Biodegradable three-layer film
derived from bovine gelatin. Journal of Food Engineering, 99(3), 377-383.
Elsevier Ltd.

Mathew, S., Abraham, T. E., 2008.Characterisation of ferulic acid
incorporated starch—chitosan blend films. Food Hydrocolloids, 22(5), 826-
835. 7

McGlashan, S.A, Halley, P. J., 2003. Preparation and characterisation of
biodegradable starch-based nanocomposite materials.Polymer International,
52(11), 1767-1773.

McHugh, T. H., Krotcha, J. M., 2000. Sorbitol vs. glycerol-plasticized
whey protein edible films: Integrated oxygen permeability and tensile
property evaluation. Journal of Agricultural and Food Chemistry, 42(4),
841.

Mehyar, G. F., Han, J. H., 2004. Physical and Mechanical Properties of
High-amylose Rice and Pea Starch Films as Affected by Relative Humidity
and Plasticizer. Journal of Food Science, 69(9), 449-454.

Mu, C., Guo, J., Li, X., Lin, W., Li, D., 2012. Preparation and properties of
dialdehyde carboxymethyl cellulose crosslinked gelatin edible films. Food
Hydrocolloids, 27(1), 22-29.

Myers, A.W., Meyer, J.A., Rogers, C.E., Stannet, V., Szwarc, M., 1961.
Studies in the gas and vapor permeability of plastic films and coated

papers, The permeation of water vapor. TAPPI, 45-58

75



Murthy, S. S. N., 1996. Experimental study of dielectric relaxation in
supercooled alcohols and polyols. Molecular Physics, 87(3), 691-7009.

Newkirk, W. B., 1939. Industrial Use of Starch Products. Industrial &
Engineering Chemistry, 31(2), 153-157.

Ning, W., Jiugao, Y., Xiaofei, M., Ying, W., 2007. The influence of citric
acid on the properties of thermoplastic starch/linear low-density
polyethylene blends. Carbohydrate Polymers, 67, 446-453.

Nur Hanani, Z. A., Roos, Y. H., Kerry, J. P., 2012. Use of beef, pork and
fish gelatin sources in the manufacture of films and assessment of their
composition and mechanical properties. Food Hydrocolloids, 29(1), 144-
151.

Packaging Recovery Organisation Europe, 2009. Fact sheet on

bioplastics.1-7.

Park, H.-Man, Lee, W.-Ki, Park, C.-Young, 2003. Environmentally friendly
polymer hybrids. Journal of Materials Science, 38, 909-915.

Park, J. W., Scott Whiteside, W., Cho, S. Y., 2008. Mechanical and water
vapor barrier properties of extruded and heat-pressed gelatin films. LWT -
Food Science and Technology, 41(4), 692-700.

Parker, R., Ring, S. G. 2001. Aspects of the Physical Chemistry of Starch.
Journal of Cereal Science, 34, 1-17.

Parra, D., Tadini, C., Ponce, P., Lugao, A., 2004. Mechanical properties and
water vapor transmission in some blends of cassava starch edible films.
Carbohydrate Polymers, 58(4), 475-481.

76



Pérez-Mateos, M., Montero, P., Gomez-Guillén, M. C., 2009. Formulation
and stability of biodegradable films made from cod gelatin and sunflower
oil blends. Food Hydrocolloids, 23, 53-61.

Rahman, M., Brazel, C., 2004. The plasticizer market: an assessment of
traditional plasticizers and research trends to meet new challenges. Progress
in Polymer Science, 29(12), 1223-1248.

Rivero, S., Garcia, M. A., Pinotti, A., 2009. Composite and bi-layer films
based on gelatin and chitosan. Journal of Food Engineering, 90(4), 531-
539.

Robertson, G. L., 2006. Food Packaging: Principles and Practice. Second
Edition. Boca Raton, FL: Taylor & Francis/CRC Press.

Rodriguez, M., Osés, J., Ziani, K., Maté, J. 1. 2006. Combined effect of
plasticizers and surfactants on the physical properties of starch based edible
films. Food Research International, 39, 840-846.

Romero-Bastida, C. A., Bello-Pérez, L. A., Garcia, M. A., Martino, M. N.,
Solorza-Feria, J., Zaritzky, N. E., 2005. Physicochemical and
microstructural characterization of films prepared by thermal and cold
gelatinization from non-conventional sources of starches. Carbohydrate
Polymers, 60(2), 235-244.

Ryu, S. Y., Rhim, J. W,, Roh, H. J., Kim, S. S., 2002. Preparation and
Physical Properties of Zein-Coated High-Amylose Corn Starch Film. LWT
- Food Science and Technology, 35(8), 680-686.

Schrieber, R., Gareis, H., 2007. Gelatine Handbook. Theory and Industrial
Practice.Wiley-VCH Verlag GmbH & Co.KGaA.

77



Sejidov, F., Mansoori, Y., Goodarzi, N., 2005. Esterification reaction using
solid heterogeneous acid catalysts under solvent-less condition. Journal of
Molecular Catalysis A: Chemical, 240, 186-190.

Singh, S., Mohanty, .A, Sugie, T., Takai, Y., Hamada, H., 2008. Renewable
resource based biocomposites from natural fiber and polyhydroxybutyrate-
co-valerate (PHBV) bioplastic. Composites Part A: Applied Science and
Manufacturing, 39(5), 875-886.

Singh, S., Mohanty, A. K., Misra, M., 2010. Hybrid bio-composite from
talc, wood fiber and bioplastic: Fabrication and characterization.
Composites Part A: Applied Science and Manufacturing, 41(2), 304-312.

Siracusa, V., Rocculi, P., Romani, S., Rosa, M. D., 2008. Biodegradable
polymers for food packaging: a review. Trends in Food Science &
Technology, 19(12), 634-643.

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, 748-755.

Shujun, W., Jiugao, Y., Jinglin, Y., 2006. Preparation and Characterization
of Compatible and Degradable Thermoplastic Starch/Polyethylene Film.
Journal of Polymers and the Environment, 14(1), 65-70.

Sobral, P. J. A., Menegalli, F. C., Hubinger, M. D., Roques, M. A., 2001.
Mechanical, water vapor barrier and thermal properties of gelatin based
edible films. Food Hydrocolloids, 15, 423-432.

Song, Y., Zheng, Q., 2008. Preparation and properties of thermo-molded
bioplastics of glutenin-rich fraction. Journal of Cereal Science, 48(1), 77-
82.

78



Sothornvit, R., Krochta, J. M., 2001. Plasticizer effect on mechanical
properties of B-lactoglobulin films. Journal of Food Engineering, 50, 149-
155.

Steinbiichel, A., Fiichtenbusch, B., 1998. Bacterial and other biological
systems for polyester production. Trends in Biotechnology, 16, 419-427.

Sudesh, K., Abe, H., Doi, Y., 2000. Synthesis, structure and properties of
polyhydroxyalkanoates : biological polyesters. Progress in Polymer
Science, 25, 1503-1555.

Sun, T., Lerke, H. N., Jorgensen, H.,Knudsen, K. E. B., 2006. The effect of
extrusion cooking of different starch sources on the in vitro and in vivo
digestibility in growing pigs. Animal Feed Science and Technology, 131(1-
2), 66-85.

Sztuka, K., Kotodziejska, 1., 2009. The influence of hydrophobic
substances on water vapor permeability of fish gelatin films modified with
transglutaminase or 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC). Food Hydrocolloids, 23(3), 1062-1064.

Talja, R., 2007a. Preparation and characterization of potato starch films

plasticized with polyols. Forestry, 1-57.

Talja, R. A., Helén, H., Roos, Y. H., Jouppila, K., 2007b. Effect of various
polyols and polyol contents on physical and mechanical properties of

potato starch-based films. Carbohydrate Polymers, 67, 288-295.

Tilley, R., 2011. Colour and The Optical Properties of Materials: An
exploration of the relationship between light, the optical properties of

materials and colour. New Jersey, John Wiley & Sons, Inc.

79



Tolstoguzov, V. B., 1994. Some physicochemical aspects of protein
processing in foods. In G. O. Philips, P. A. Williams, D. J. Wedlock (Eds.)
Gums and Stabilizers for the Food Industry, Vol. 7. Oxford, IRL Press.

Xiong, H., Tang, S., Tang, H., Zou, P., 2008. The structure and properties of
a starch-based biodegradable film. Carbohydrate Polymers, 71(2), 263-268.

Xu, Y. X., Kim, K. M., Hanna, M. A., Nag, D., 2005. Chitosan-starch
composite film: preparation and characterization. Industrial Crops and
Products, 21(2), 185-192.

Usta, M., Piech, D. L., MacCrone, R. K., Hillig, W. B., 2003. Behavior and
properties of neat and filled gelatins. Biomaterials, 24(1), 165-72.

Vanin, F. M., Sobral, P. J. A., Menegalli, F. C., Carvalho, R. A., Habitante,
A. M. Q. B., 2005. Effects of plasticizers and their concentrations on
thermal and functional properties of gelatin-based films. Food
Hydrocolloids, 19, 899-907.

Vieira, M. G. A, da Silva, M. A,, dos Santos, L. O., Beppu, M. M. 2011.
Natural-based plasticizers and biopolymer films: A review. European
Polymer Journal, 47(3), 254-263.

Wang, Z. X., Zhuge, J.,, Fang, H., Prior, B. A., 2001(a). Glycerol
production by microbial fermentation: a review. Biotechnology Advances,
19(3), 201-23.

Wang, H., Sun, X., Seib, P., 2001 (b). Strengthen blends of poly(lactic
acid) and starch with methylene diphenyl diisocyanate. Journal of Applied
Polymer Science, 82, 1761-1767.

80



Wang, L., Auty, M. A. E., Rau, A., Kerry, J. F., Kerry, J. P., 2009. Effect of
pH and addition of corn oil on the properties of gelatin-based biopolymer
films. Journal of Food Engineering, 90(1), 11-19.

Wang, L., Auty, M. a. E., Kerry, J. P., 2010. Physical assessment of
composite biodegradable films manufactured using whey protein isolate,
gelatin and sodium alginate. Journal of Food Engineering, 96(2), 199-207.
Elsevier Ltd.

Williams, S., Martin, D. P., 2002. Applications of PHAs in medicine and
pharmacy. Biopolymers, 4, 91-128.

Wu, Y., Geng, F., Chang, P. R., Yu, J., Ma, X., 2009.Effect of agar on the
microstructure and performance of potato starch film. Carbohydrate
Polymers, 76(2), 299-304.

Yang, L., Paulson, A. T., 2000. Mechanical and water vapour barrier

properties of edible gellan films. Food Research International, 33, 563-570.

Yi, J. B,, Kim, Y. T., Bae, H. J., Whiteside, W. S., Park, H. J., 2006.
Influence of Transglutaminase-Induced Cross-Linking on Properties of
Fish Gelatin Films. Journal of Food Science, 71(9), 376-383.

Yildiz, F., 2010. Amino acids, Oligopeptides, Polypeptides, and Proteins, p.
51-101. In F. Yildiz (ed.), Advances in Food Biochemistry. Taylor &
Francis/CRC Press, New York, NY.

Yildiz F., 1994. Initial Preparation, Handling, and Distribution of
Minimally Processed Refrigerated Fruits and Vegetables, p. 14-66. In R. C.
Wiley (ed.), Minimally Processed Refrigerated Fruits and \egetables.
Chapman and Hall.

81



Yu, P. H., Chua, H., Huang, A. L., Lo, W., Chen, G. Q., 1998.Conversion of
food industrial wastes into bioplastics. Applied biochemistry and
biotechnology, 70-72, 603-14.

Zinn, M., Witholt, B., Egli, T., 2001. Occurrence, synthesis and medical
application of bacterial polyhydroxyalkanoate. Advanced drug delivery
reviews, 53(1), 5-21.

Zhang, Y., Han, J. H., 2006. Mechanical and Thermal Characteristics of Pea
Starch Films Plasticized with Monosaccharides and Polyols. Journal of
Food Science, 71(2), 109-118.

Zhou, Y., Wang, L., Li, D., Yan, P., Li, Y., Shi, J., Chen, X. D., Mao, Z.,
2009. Effect of sucrose on dynamic mechanical characteristics of maize
and potato starch films. Carbohydrate Polymers, 76(2), 239-243.

http://www.matweb.com

82



