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Preface

This book is an extensive and detailed overview of recent developments in
the application of functional polymeric materials in food science, with an
emphasis on the scientific concerns arising from the need to combine the
properties of such versatile materials with nutritional needs. Consumers
are increasingly conscious of the relationship between diet and health,
and thus the request for high quality and safe foods has been continuously
growing. This has resulted in tremendous efforts being undertaken in both
academia and industry to increase the quality of food composition and
storage. By taking advantage of the contribution of researchers in top uni-
versities, industrial research and development centers, this book is meant
as a link between scientific and industrial research, showing how the devel-
opment in polymer science can impact the field.

The book is composed of two volumes; the first concerns the application
of polymers in food packaging, while the second shows the relationship
between polymer properties, functional food and food processing.

The first volume highlights novel insights in the research on the best
performing materials for intelligent packaging, capable of preserving food
quality and prolonging product shelf life. After an introduction to the field,
the volume goes into a detailed evaluation of the key polymeric and com-
posite materials employed in food packaging for eventually addressing
regulation issues.

The second volume opens with an overview of how polymers can be
used to improve the quality of food by affecting agricultural processes, and
subsequently the food rheology and nutritional profile of novel functional
foods and nutraceuticals are extensively developed.

xi
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Polymers and Food Packaging:
A Short Overview

Umile Gianfranco Spizzirri*, Giuseppe Cirillo and Francesca lemma

Department of Pharmacy, Health and Nutritional Sciences, University of Calabria,
Rende, Italy

Abstract

A discussion on the state-of-the-art performance of biopolymers and functional
biopolymers, focusing on food packaging applications, is presented in this chapter.
An overview is given of the most important materials used for producing biobased
films, their limitations, recycling pattern, and solutions thereof. Furthermore,
transport phenomena and regulation concerns are extensively treated.

Keywords: Food packaging, functional biopolymers, environmental concerns,
regulation issues

1.1 Introduction

Packaging materials are widely used to protect the product from its sur-
roundings, retard food product deterioration, and extend shelf life, pro-
ducing a positive effect on the food quality and safety [1]. A number of
packaging materials have been developed to meet these objectives, and
considerable efforts have been made to develop the most efficient materi-
als from both a mechanical and a functional point of view.

Apart from the materials used, packaging technology is of great impor-
tance. Among the different technologies, High Pressure Processing of
Foods is an innovative technology applied for safety assurance, shelf-life
extension, and nutrient preservation, and it is known for its potential in

*Corresponding author: g.spizzirri@unical.it

G. Cirillo, U. Gianfranco Spizzirri, and F. Iemma (eds.), Functional Polymers in Food Science,
(1-8) © 2015 Scrivener Publishing LLC



2 FunctioNaAL POLYMERS IN FOOD SCIENCE

manufacturing value-added foods, retaining heat-labile nutrients, flavors,
and aromas [2].

When considering any potential materials used for packaging, the direct
contact between food substances and materials should be tightly con-
trolled, since the migration of low molecular weight additives from pack-
aging material into foodstuffs can occur [3,4]. Several different scientific
reports and articles have investigated the migration of compounds such
as solvents, reaction byproducts, additives, and monomers from packag-
ing polymers into food [5]. Similarly, considerable attention and concern
have been devoted to the evaluation of loss of low molecular weight com-
pounds (including volatile and nonvolatile substances) from a food into
polymeric packaging materials [6]. This is of particular importance, since
the nonvolatiles, such as fats and pigments, can affect the package itself,
while sorption of volatiles (flavors and aromas) more directly affects food
quality, such as loss of aroma intensity [7].

Due to its deliberate interaction with the food and/or its environment,
the migration of substances could represent a food safety concern, and
most active and intelligent concepts that are on the market in the USA
and Australia could not be introduced in Europe due to more stringent EU
legislation. With regard to this, repealing of the EU Framework Directive
89/109/EEC for food contact materials, resulted firstly in the adoption of
a Framework Regulation 1935/2004/EC [8] in which the use of active and
intelligent packaging systems are now included. It was only in 2009 that
Regulation 450/2009/EC [9] was considered to be a specific measure that
laid down rules ad hoc for active and intelligent materials and articles to be
applied in addition to the general requirements established in Regulation
1935/2004/EC for their safe use.

Commonly used petroleum-based materials show disposability, easily
controlled gas permeability, and durability. On the other hand, these mate-
rials are not easy to biodegrade, and generate much heat and exhaust gases
when burned, thus posing a global issue of environmental pollution [10].

Analysis of the life cycle of petrochemically-based products allows
the understanding of waste management, which is an important issue to
every material. After consumer use, the product eventually becomes waste
which is either landfilled or recovered in the form of secondary product or
by means of energy recovery from an incinerator. Obviously if a product
remains in the landfill it contributes to its expansion and to environmental
pollution. A new portion of raw material must be extracted from the Earth
in order to meet the requirements of consumers or industry. However,
recovery gives waste products a chance for a “second life;” thus both saving
raw material resources and keeping the environment clean and healthy.
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Packaging is a product with a very short lifetime, counted frequently in
weeks. Sixty percent of all packaging is for food products, helping to save
large quantities of food which would otherwise be wasted (in some devel-
oping countries even 50%) [11].

In addition, petroleum resources are not infinite, and prices are likely to
rise in the future. Joint efforts by the packaging and food industries have
reduced the amount of packaging, however, packaging creates disposal
problems. In the food packaging industry, the use of proper packaging
materials and methods to minimize food losses and provide safe and whole-
some food products has always been the main interest. Environmental
issues have been attracting consumers’ attention. Consequently, consumer
pressure and rising petroleum prices are encouraging the use of environ-
mentally friendly biodegradable packaging as an alternative to materials
produced from nonrenewable resources. Because of this, efforts have been
made to utilize raw materials originating from agricultural sources. The
use of edible films and coatings is an environmentally friendly technology
that offers substantial advantages for an increase in the shelf life of many
food products [12].

Biopolymer or biodegradable plastics are polymeric materials in which
at least one step in the degradation process is through metabolism of nat-
urally occurring organisms [13]. According to the European Bioplastics
Organization, bioplastics can be defined as plastics based on renewable
resources or as plastics which are biodegradable and/or compostable.
Under appropriate conditions of moisture, temperature, and oxygen avail-
ability, biodegradation leads to fragmentation or disintegration of plastics
with no toxic or environmentally harmful residue [14,15]. Biopolymers
can be broadly divided into different categories based on the origin of the
raw materials and their manufacturing processes. They include:

« Biopolymers produced by microbial fer-
mentation  like  microbial  polyesters such  as
poly(hydroxyalkanoates) including poly(-hydroxybutyrate),
poly(3-hydroxybutyrate-co-3-hydroxyvalerate);

« Synthetic biodegradable polymers such as poly(l-lactide),
poly(glycolic acid), poly(e-caprolactone), poly(butylenes
succinate), poly(vinyl alcohol), etc.;

 Natural biopolymers such as plant carbohydrates like starch,
cellulose, chitosan, alginate, agar, carrageenan, etc., and
animal or plant origin proteins like soy protein, corn zein,
wheat gluten, gelatin, collagen, whey protein, and casein.
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At present, biodegradable packaging materials have some limitations: for
example, they cannot fully match the characteristics similar to petroleum-
based materials, and costs are high. Biopolymers alone do not form films
with adequate mechanical properties unless they are first treated by either
plasticizers, blending with other materials, genetic or chemical modifica-
tion or combinations of the above approaches. Blends of biopolymers with
other biodegradable polymers have been considered a promising avenue
for preparing polymers with “tailor-made” properties (functional physical
properties and biodegradability). Incorporating relatively low-cost natu-
ral biopolymers into biodegradable synthetic polymers provides a way to
reduce the overall cost of the material and offers a method of modifying
both properties and degradation rates. Food grade plasticizers include
glycerol and sorbitol, with glycerol being the most popular plasticizer used
in film-making techniques, due to stability and compatibility with the
hydrophilic biopolymeric packaging chain.

Recently, a new class of materials represented by bionanocomposites,
consisting of a biopolymer matrix reinforced with particles (nanoparti-
cles), with enhanced barrier, mechanical and thermal properties has been
considered as a promising option in improving the properties of these
biopolymer-based packaging materials [16]. Enhanced barrier properties
of the bionanocomposites against 0,, CO,, water vapor, and flavor com-
pounds would have a major impact on extending the shelf life of various
fresh and processed foods. In addition, biodegradability of the bionano-
composites can be finely tuned through the proper choice of polymer
matrix and nanoparticles, which is also a driver for the use of bionano-
composites in food packaging.

In the last decades the concept of an “active food packaging system” rep-
resents an innovative aspect for packaging materials with respect to some
other roles such as an inert barrier to external conditions. Active packag-
ing system involves a positive interaction between the packaging material
and the foodstuffs in order to provide desirable effects.

The food package interaction is achieved by the addition of certain addi-
tives into the packaging film to enhance the performance of the packaging
system [17]. Active packaging techniques can be divided into three cat-
egories: absorbers, releasing systems and other systems [18]. Scavenging
systems remove undesired components such as oxygen, carbon dioxide,
ethylene, humidity. Releasing systems actively add or emit compounds to
the packaged food or into the headspace of the package, such as carbon
dioxide, antioxidants and preservatives.

The most interesting and promising components of active packaging are
antimicrobial and antioxidant species.



PorLYMERS AND FOOD PACKAGING: A SHORT OVERVIEW 5

Antimicrobial packaging allows industry to potentially combine the pre-
servative functions of antimicrobial agents with the protective functions for
foods, and is an efficient and alternative way for using antimicrobial agents
for food safety. When antimicrobial activity is conferred to the packaging
material, the microbial growth is limited or prevented by reducing growth
rate or by decreasing live counts of microorganisms [19,20]. When food-
grade antimicrobial substances are incorporated into polymer, the use of
antimicrobial films allows the release of active compounds from the film,
and continuous antimicrobial effects take place on the food surface during
the exposure time, increasing consumer safety because these compounds
are included in the packaging structure instead of being directly added to
food, and are released in smaller amounts on the food surface.

Another serious problem in the food industry consists of protecting
shelf-stable food from oxidation reactions, which affect the food quality,
causing loss of nutritional quality and changes in chemical composition.
Due to the presence of unsaturations in their structure, the food compo-
nents most susceptible to oxidation are fats and oils [21]. Lipid oxidation
in the food system causes not only deterioration and reduction in the shelf
life, but also affects taste, loss in nutritional value and safety of foods, and
development of many chronic diseases [22]. Although conventional anti-
oxidants provide a good protection against oxidative processes, they suffer
from some serious limitations. Most of the antioxidants currently used in
the industry are low molecular weight compounds and processes such as
evaporation, diffusion and leaching can affect their performance [23,24].
The physical loss decreases the effective protective capabilities of the anti-
oxidants, resulting in processed food being unprotected against oxidation
after a short period of time.

During the past decade several attemps have been made to substitute
the low molecular weight antioxidants with higher molecular weight prod-
ucts (antioxidant polymers) with the objective of achieving longevity and
better performance of these materials.

Antioxidant polymers, indeed, couple the advantages of both polymeric
and antioxidant systems. They can be obtained by the covalent conjugation
of polymers with small antioxidant compounds or by direct polymeriza-
tion of the same antioxidants [25].

Chemical or enzymatic reactions can be employed for their synthesis
and the resulting materials maintain the antioxidant properties of the anti-
oxidant moiety and, at the same time, acquire the good stability properties
of the macromolecular systems [26-28].

In this volume, we provide an overview on food packaging based on
biopolymers and functional biopolymers. The most important materials
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used for producing biobased films, their limitations, recycling pattern, and
solutions thereof are treated together with the transport phenomena and
the regulation concerns in the field.
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Abstract

The shelf life of food is of interest to everyone in the food chain, from producer to
consumer. Factors affecting shelf life include microbiological, chemical, biochemi-
cal and sensory changes during storage.

The shelf life of a food is controlled by many factors and the packaging is one of
the most important factors which affect food preservation.

Without developments in packaging, food harvesting, processing and distribu-
tion systems would not have been developed to their present levels, consumers
would not have easy access to the wide range of foods offered today, and food
waste due to spoilage, damage and loss would be high. Packaging, then, is an inte-
gral part of the food industry. The objective of this chapter is to describe the shelf-
life concept, to examine the main factors influencing it and the main tests utilized
for monitoring shelf life, to introduce the role of different typologies of packaging
and to explain some innovative polymers for food packaging applications. Finally,
the chapter closes with a section on the future trends in food packaging.

Keywords: Shelf life, food packaging, innovative polymers

2.1 Shelf-Life Concept

To introduce the concept of shelf life it is necessary to recall the concept of
“principle of food degradation”” This principle states that all foods are sub-
jected over time to a progressive transformation of their chemical, physical
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and organoleptic microbiological and structural properties [1]. Shelf life is
closely related to the durability of a food that can be expressed as:

« “Use before” dates on food that goes off quickly, such as
smoked fish, meat products and ready-prepared salads. Any
food or drink should not be used after the end of the “use
by” date on the label, even if it looks and smells fine. This is
because using it after this date could put your health at risk;

o “Best before” dates appear on a wide range of frozen, dried,
tinned and other foods.

The “best before” dates are more about quality than safety, except for
eggs. So when the date runs out it does not mean that the food will be
harmful, but it might begin to lose its flavor and texture. The “best before”
date will only be accurate if the food is stored according to the instructions
on the label, such as “store in a cool dry place” or “keep in the fridge once
opened.” The food supplier is responsible for placing a use by or best before
date on food.

All foods are in fact systems of great complexity from the chemical,
chemical-physical and biological point of view. In particular, food is an
ecosystem:

« COMPLEX, characterized by a community microbial (i.e.,
set of bacterial populations different) essentially determined
from the raw materials used and the process production/
preparation put in place;

« DYNAMIC, evolving during storage for the effect of intrin-
sic factors (e.g., pH, aw) and extrinsic (e.g., temperature,
preservation conditions).

Because of the complexity and dynamism of system “food,” the qual-
ity of a food product is a dynamic attribute that starting from the time of
its production, moves—continuously and inexorably—toward ever lower
levels. Thus representing the decay of quality of a product in a Cartesian
plane where in the Y-axis is reported the level of quality and in the X-axis
the time, a curve is obtained whose shape is a function of the type of con-
sidered product.

Extreme cases are canned foods and vegetables, in which the deteriora-
tion can be represented more correctly by a straight line with minimum
slope, and opposite the vegetables are represented by a straight line with a
slope which is very accentuated, respectively (Figure 2.1).
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Time

Figure 2.1 Decay of quality of a product in function of time of life.

2.2 Shelf-Life Definitions
There are many definitions of shelf life of a food, among the most used are:

o Shelf life is that period of time which corresponds, under
certain conditions of storage, to a tolerable decrease in the
quality of the food [2].

o Shelf life is, under certain conditions of storage, the time
limit within which the progress of individual events deter-
mines reactive changes imperceptible on the sensorial, or
otherwise still acceptable in terms of safety of use [3].

It is interesting to note that in the two different cited definitions the
same expression, “under certain preservation conditions,” appears, even if
they are attributable to two different sources.

This assertion is of principal importance since the concept of shelf life,
i.e., the durability or shelf life, is closely related to the storage temperature
of the food itself.

In addition to the storage conditions (temperature, but also relative

humidity, exposure to light) the shelf life of a product is affected by:

« Microbiological quality of raw materials (level of contami-
nation, type of contamination, growth characteristics of

microorganisms);
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o Formulation of the product (quantity and composition of
the used ingredients);

o Terms of process/method of preparation;

o Methods of packaging.

Studies of shelf life are required by food regulations. Indeed there are
several rules provided to food business operators for checking the dura-
bility of their products: Reg 2073/2005, the State-Regions Agreement of
13/01/2005, EC Regulation 852/2004, just to name a few.

Given that a food product is characterized by complexity and dynamism
it is evident that the decay of quality characteristics of a food cannot be
measured or expressed only by a parameter, but it must be represented by
a series of deteriorative changes that are closely linked:

« Microbiological deteriorative changes;

» Chemical and biochemical deteriorative changes;
« Physical deteriorative changes;

o Temperature-related deteriorative changes.

No single intrinsic factor may determine the shelf life of a food, but the
most important to be considered in shelf-life studies are [4]: moisture and
water vapor transfer; pH value and total acidity; redox potential (Eh); avail-
able oxygen; nutrients; microbiological changes; chemical or biochemical
changes; and utilization of preservatives in product formulation. Intrinsic
factors are influenced by such variables as raw material type and quality,
and product formulation and structure.

Extrinsic factors are those factors the packed product encounters dur-
ing shelf life and can be listed as: pressure in the headspace; temperature
control during storage and distribution; relative humidity (RH) during
processing; storage and distribution; exposure to light (UV and IR) during
processing, storage and distribution; environmental microbial counts dur-
ing processing; composition of atmosphere within packaging; subsequent
heat treatment (e.g., reheating or cooking before consumption); and con-
sumer handling.

A combination of intrinsic and extrinsic factors, which individually are
unable to prevent spoilage, can carry out some changes to the product’s
sensory and nutritional properties.
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2.2.1 Microbiological Deteriorative Changes

Ecological factors that influence the behavior of microorganisms in food,
and therefore the fate of the microbial community initially present, are
classified into four main groups: intrinsic factors, extrinsic factors, pro-
cessing conditions and implied factors.

Intrinsic factors relate to the characteristics of the food and make refer-
ence to the chemical composition, the availability of free water (aw), pH,
presence of antimicrobial preservatives, the oxidation-reduction potential,
etc.

Extrinsic factors affecting the growth of microorganisms in food are
represented by the external conditions applied to the food and relate, in
particular, to the temperature, humidity and the gaseous composition of
the atmosphere in which the food is stored.

The processing conditions include all those procedures which applied
to the food during its transformation, change all the ecology. The techno-
logical processes applied may include heat treatment, refrigeration, salting,
acidification, addition of starter cultures and so on.

The implied factors include the relationships that develop between the
microorganisms that have colonized the food. Microbial populations pres-
ent in the food may exert synergistic actions, (a given group of organisms
is benefited by the development of another group, e.g., removing toxic
metabolites, or producing useful metabolites, or by changing the intrinsic
conditions of the food) and antagonistic actions (a group of microorgan-
isms becomes dominant over the other for different reasons, such as the
production of antimicrobial substances, or through competition for nutri-
ents, etc.).

Temperature is the most efficient means of controlling microbial growth
(Figure 2.2). Each microorganism is characterized by an optimum value of
growth temperature, from a minimum and a maximum value, when it is
in ideal conditions of development relative to other factors. Based on this
parameter, microorganisms are roughly classified as reported in Table 2.1.

The high temperatures, higher than the maximum growth, exert a
microbicide action. The sensitivity of microorganisms to high tempera-
tures, which represents precisely the heat resistance, varies in relation to
several factors, in particular:

« The water and the free water (a ): in the absence of water the
RTD increases because the proteins require a higher tem-
perature for denaturation.
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FOOD POISONING
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Figure 2.2 Low temperature limits growth of food poisoning and food spoilage

organisms [5].

Table 2.1 Classification of microorganisms based on growth temperature.

Microorganism Minimum (°C) Optimum (°C) | Maximum (°C)
Psychrophies -5 0 30
Psychrotrophs 0 15-25 37
Mesophiles 10 30-37 45
Thermotrophs 20 45 50
Thermophiles 40 55 65

o The pH: microorganisms are more resistant to high tem-
peratures at their optimal pH for growth, which is generally
around 7; at acid and alcalin pH the heat resistance drops.

o The substances that exert a protective action, such as fats,
carbohydrates, proteins, colloids and other salts, increase
the heat resistance.

o The number of microorganisms: the greater the number of
microorganisms, the higher the degree of heat resistance.
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« The age of the cell: the maximum resistance occurs at the
beginning of the lag phase. The cells in the stationary phase
are more heat resistant than those in phase logarithmic
(young cells).

 The temperature of maximum growth: for the same micro-
organism, the heat resistance increases with the increase of
its growth temperature.

« Inhibitory substances: the heat resistance decreases in the
presence of inhibitory antibiotics, CO,, SO,, etc.

The low temperatures are distinguished in refrigeration (between 0 and
+5°C) and freezing temperatures (between —40 and 0°C and more). The
low temperatures primarily exert bacteriostatic action on microorganisms,
and only in small part bactericidal action [6,7].

The temperature decrease slows or stops the growth when the enzyme
activity is blocked by the water unavailability.

Within the growth range, the rate of growth increases rapidly as the
temperature is raised (Figure 2.3). Conversely, microbial growth rates
decrease rapidly as the temperature is lowered and, hence, food spoilage
occurs much more slowly. This effect is especially marked near the freez-
ing point. Note in Figure 2.4 that a drop from about 16°C to about 0°C will
more than double the shelf life (time before spoilage).

1010

10°

108

107

10°

10°

‘|04 1 1 1 1 1 1 1 1
2 4 6 8 10 12 14 16 18

TIME IN DAYS

Figure 2.3 Growth of bacteria on chicken at three temperatures [8].
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Figure 2.4 Effect of temperature on time for chicken meat to spoil [9].

The free water a_ determines the hygiene and stability of the food with
respect to microbial growth, the rate of chemical reactions and physical
properties.

The a, indicates the amount of water, within the total water of the food,
available for the growth of microorganisms. Each species of microorgan-
ism (bacterium, yeast, mold) has its minimum, optimum and maximum
a , value below which no growth is possible. This value corresponds to the
survival power of the various microorganisms. With the measure a_ of a
food you can determine which organism is able or not to develop into a
food. The values of a development limits are 0.91 to 0.95 for the majority
of bacteria, 0.88 for most yeasts or 0.80 for osmosis tolerant yeasts; 0.75 for
halophilic bacteria.

The a limit that prevents the development of most pathogens is 0.90, for
tolerant molds 0.70, and for all organisms is 0.60.

A, measurement makes it possible to:

« Predict which microorganism could be the potential source
of infection or alteration;

« Maintain the chemical stability of the food;

o Minimize the nonenzymatic browning reactions and oxida-
tion reactions catalyzed spontaneously;

 Extend the activity of enzymes and vitamins;
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« Optimize the physical properties of foods such as migration
of moisture, texture and shelf life.

pH is a term used to describe the acidity or alkalinity of a solution. At pH
7, there is an equal amount of acid (hydrogen ion: H+) and alkali (hydroxyl
ion: OH-), so the solution is “neutral” pH values below 7 are acidic, while
those above 7 are alkaline. The pH has a profound effect on the growth of
microorganisms. Most bacteria grow best at about pH 7 and grow poorly or
not at all below pH 4. Yeasts and molds, therefore, predominate in low pH
foods where bacteria cannot compete. The lactic acid bacteria are excep-
tions; they can grow in high acid foods and actually produce acid to give
us sour milk, pickles, fermented meats, and similar products. Some strains,
called Leuconostoc, contribute to impart oft-flavors to orange juice.

In Table 2.2 intrinsic and extrinsic factors affecting the growth of some
key pathogens and spoilage organisms are shown. It is important to note
that this table lists approximate growth limits with the various factors act-
ing alone without considering eventually interactions between them.

Moreover, raw material used by the food industry, represents a poten-
tial source of microbial contamination. The potential growth of pathogens
and spoilage flora will be affected by the initial level of contamination and
the efficacy of processing steps in eliminating bacteria in the food. A bet-
ter quality of raw material in terms of microbial contamination can be
obtained with more stringent controls on primary production and sam-
pling. With a good initial quality of raw materials, the shelf life of food
could be extended.

2.2.2 Chemical and Biochemical Deteriorative Changes

The chemical and biochemical reactions that happen during the transfor-
mation and preservation of food include: nonenzymatic browning, enzy-
matic browning, lipid hydrolysis, lipid oxidation, hydrolysis of proteins,
protein denaturation, agglomeration of the protein, hydrolysis of polysac-
charides, glycolysis, synthesis of polysaccharides, degradation of natural
pigments, inactivation of vitamins, changes in the bioavailability of vita-
mins and minerals.

Air and oxygen are both direct and indirect causes of food degradation.
Oxygen acts directly by oxidizing some vitamins (A and C), some aromatic
substances and pigments. The phenomenon of the darkening of apples,
once cut, is due to the action of oxygen in contact with the pulp of the fruit.
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Table 2.2 Minimum growth conditions for selected microorganisms.

Type of microorganism | Minimum | Minimum | Anaerobic | Minimum
pH for a_for growth? growth
growth growth temp.”

(°C)

Pathogens®

Salmonella 4.0 0.94 Yes 7.0

Staphylococcus aureus | 4.0 (4.5 for | 0.83(0.90 Yes 6.0 (10 for
toxin) for toxin) toxin)

Bacillus cereus 4.4 0.91 Yes <4.0

(psychrotrophic)

Clostridium

botulinum

Proteolytic A, B, F 4.6 0.93 Yes 10

Non-proteolytic B, 5.0 0.97 Yes 3.3

E,F

Listeria 4.3 0.92 Yes 0.0

monocytogenes

Escherichia coli 4.4 0.95 Yes 7.0

Vibrio 4.8 0.94 Yes 5.0

parahaemolyticus

Yersinia enterocolitica 4.2 0.96 Yes -2.0

E. coli 0157 4.5 0.95 Yes -6.5

Spoilage organisms?

Pseudomonas 5.5 0.97 No <0

Enterobacter 4.4 0.94 Yes 2.0

aerogenes

Lactic acid bacteria 3.8 0.94 Yes 4.0

Micrococci 5.6 0.90 No 4.0

Yeasts 1-5 0.80 Yes -5.0
Moulds <2.0 0.60 No <0

@ Survival without oxygen, for example in vacuum pack.

® Minimum growth temperatures are for growth in typical neutral pH. High water activity,

chilled foods.

¢ Data for pathogens taken from Anon., Harmonisation of Safety Criteria far Minimally
Processed Foods. Inventory Report, Fair Concerted Action FAIR CT96-1020, 1997.

4 Data for spoilage organisms taken from Brown, H. M., Evaluahon of the Shelflife of Chilled
Foods. Campden and Chorleywood FRA Technical Manual No. 28, 1991.
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The rate of deterioration of a food is different according to the type and
the environmental conditions in which it is located; in meat, fish, milk,
eggs, for example, the process of spoilage occurs very quickly and their
conservation is reduced to a few days in a cool place but just a few hours
in warm climates.

Oxidative rancidity is considered the most serious and frequent alter-
ation of dietary fat. The process is essentially chemical in nature and
takes place in three phases: a phase of initiation or induction, in which
they develop radicals, a center stage of propagation and a termination
phase where the radicals are stabilized with formation of various organic
compounds.

Among these there are volatile aldehydes and ketones responsible
for the rancid odor. The alteration is favored in the initial stages by the
competition of some environmental factors, including exposure to light,
high temperatures, the presence of peroxides, the contact or the pres-
ence of certain metals (including iron and copper), and the presence of
the lipoxidase enzyme. A fundamental role is played by the presence,
in the food, of compounds that slow the initiation phase (antioxidants
such as tocopherols) or promote it (pro-oxidants such as myoglobin,
hemoglobin and chlorophyll). The arrangement, however, is the result
of a complex set of factors that can protect food or expose it to more of
this alteration.

Also, the light can react with some compounds contained in foods, such
as vitamins A, B2, C, and with some fat or proteins, by changing the color
of the food itself. For example, almost any type of food processing or stor-
age causes some deterioration of the chlorophyll pigments. This reaction is
accelerated by heat and is acid catalyzed. Because of this it is opportune to
keep certain foods at risk in dark containers (beer, wine). Other reactions
are also possible. For example, dehydrated products such as green peas and
beans packed in clear glass containers undergo photo-oxidation and loss
of desirable color [10].

Finally, in some foodstuffs, compounds derived from long-chain
fatty acids play an extremely important role in the formation of char-
acteristic flavors that can lead to significant off-flavors. In this case,
the permeability of packaging materials is of importance for retaining
desirable volatile components within packages, or in permitting unde-
sirable components to permeate through the package from the ambient
atmosphere.
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2.2.3 Physical Deteriorative Changes

The processes of a physical-chemical nature include the crystallization of
sugars, starch retrogradation, loss of volatile substances, changes in the
partitioning of components, adsorption and desorption of moisture. This
last process represents the major cause of physical deterioration of food.

Dehydration causes the wilting of vegetables and the “burn” of frozen
vegetables (the whitish spots more or less extensive).

The absorption of moisture damages all dried foods or those with low
water content: dry products such as breakfast cereals and biscuits can lose
their crispness through moisture uptake, dehydrated foods in powder form
lumps, and dried vegetables change taste and color. In addition, excessive
humidity favors the development of microorganisms, hydrolytic rancidity
of fats and the action of enzymes.

The absorption of moisture is a consequence of an inadequate barrier
provided by the package; this results in caking. It can occur either as a
result of a poor selection of packaging material in the first place, or failure
of the package integrity during storage.

Also, the migration phenomena can limit the sensory shelf life. For
example, migration of external volatiles into the food can result in the
development of taint. Migration of chemical components from the pack-
aging material can also produce taints, and this can be particularly serious
in products with a long shelf life.

2.2.4 Temperature Related Deteriorative Changes

Deterioration can occur at both elevated and depressed temperatures.
The minimum growth temperatures for a range of pathogens and spoil-
age organisms outlined earlier illustrates the importance of effective tem-
perature control in preventing microbial contamination and spoilage.
Increasing the temperature generally increases the rate of chemical reac-
tions that may result in deterioration. In foods containing fats, more solid
fat will become liquid and act as a solvent for reactions in the oil phase,
and changes in fat crystallinity can occur, for example, producing bloom in
chocolate. Increased temperature can also change the crystallization char-
acteristics of foods containing sugar syrups.

Destabilization of emulsion systems can also occur under conditions
of fluctuating temperature or mechanical agitation. Fluctuating tempera-
tures can cause ice crystal formation in frozen foods such as ice cream. In
contrast, increased temperatures can reduce the development of staling in
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bread, although the situation with other baked foods can be complex and
unpredictable.

2.3 Measuring Shelf Life

There are many methods for determining the shelf life of different food
products including microbiological, chemical and sensory evaluation.
Different factors will affect the length of shelf life depending on the prod-
uct, packaging and conditions surrounding the product. Shelf-life testing
can be carried out during development and pilot-scale production of the
product but should always be carried out once full-scale production has
been reached.

2.3.1 Sensory Analysis for the Evaluation of Food Shelf Life

Until recently, the food industry defined the quality of products mainly
based on the analysis of chemical, physical and microbiological testing,
and only secondarily on the judgment of expert tasters of the product.
This “physical” procedure, by itself, however, is not capable of effectively
representing the views of consumers, the real beneficiaries of the product
in question. The purpose of sensory analysis is to identify and objectively
describe the sensory properties of a product using a panel of judges ade-
quately educated and trained in order to predict the acceptability of the
consumer and assess the “sustainability” of the production choices, as well
as the communication of product quality. To achieve this goal the follow-
ing steps must be taken: identification of the characteristics that describe
the sensory quality of the product “fresh” (standard); identification of the
level at which the sensory quality remains unchanged compared to the
standard (expected product); assessment of the level at which the stored
product shows changes in the sensory quality while remaining still accept-
able (area of acceptability); determination of the point at which the prod-
uct has undergone substantial changes in the sensory quality so that it is no
longer edible (end point).
The approach of a sensory study involves the following steps:

o Selection of the “standard product” (used as a comparison
sample);
« Definition of the storage conditions (ideal, actual, extreme);
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« Choosingof the samples to submit to the shelf-life study (rep-
resentative of the production and, possibly, of its variability);

+ Definition of the timing of the control (time zero or base, at
least two intermediate points, end point expected);

« Planning of the sample size (depending on the time of the
inspection, storage conditions, for example, at different tem-
peratures, the type of sensory test).

The tests used to analyze sensory characteristics can be classified accord-
ing to the achievement of the type of information wanted and the complex-
ity of the method, and thus according to the different degree of training of
the panel.

The qualitative discriminating tests are able to establish whether a per-
ceptible sensory difference exists between the two products without esti-
mating the magnitude of the difference. These types of tests are widely used
for the simplicity of the experimental procedure, the speed with which
information is obtained and the sensitivity for small differences between
products on the basis of comparative judgments.

The discriminant quali-quantitative methods allow the assessment of
sensory differences between multiple samples.

The descriptive methods are used to describe and quantify the sensory
characteristics perceived in a product. The descriptive analysis may cover
all the sensations detected in the evaluation of a product, or just a few. The
different descriptive methods are divided into four main phases:

a) Definition of the vocabulary of sensory descriptors of the
product concerned (qualitative analysis);

b) Development of reference standards for each descriptor,
corresponding to the maximum intensity on the rating scale
used;

c) Assessment of the intensity of each descriptor in the product
concerned (quantitative analysis);

d) Statistical analysis and interpretation of results.

Dynamic tests consider the dynamics of the perception of our senses
and are able to record the change with the help of sensory technology.

These methods, time intensity (TI) and temporal dominance of sensa-
tions (TDS), make use of specific software, which allows the investigation
and recording of the changing perceived sensations, their intensity and
their duration.
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In the TDS sensory profile complex foods can be decomposed to fol-
low in time the attribute or attributes that have the greatest impact on our
senses, or alternatively, in the TI sensory profile one can focus on a single
characteristic of the product and follow the perception in the course of the
tasting.

Dynamic methods can be good solutions to make a “screening” sen-
sory and highlight interesting aspects for further analysis. Moreover, they
represent alternative means of investigation alongside classical descriptive
analysis.

Discriminatory qualitative tests are used to determine whether a per-
ceptible sensory difference exists between products without estimating the
magnitude of the differences.

These types of tests are widely used for the simplicity of the experimen-
tal procedure, the speed with which information is obtained and the sen-
sitivity for small differences between products on the basis of comparative
judgments. They are effective in Quality Control to assess whether any dif-
ferences can be perceived due, for example, to changes in the supply of raw
materials, in the process, in the type of packaging, in the storage condi-
tions, etc. They can also be used in the early stages of selection, training
and monitoring of the judges of the panel.

2.3.2 Instrumental Methods

Instrumental methods are used to study and characterize the properties of
foods and their constituents during shelf life. These analytical procedures
are used to provide information about a wide variety of different charac-
teristics of foods, including their composition, structure, physicochemical
properties and sensory attributes.

The evaluation of shelf life of the foodstuff is a critical area in mod-
ern production and distribution, first of all in what concerns the products
defined as fresh or fresh-like, where the packaging has a decisive role on
the maintaining of quality characteristics.

The study of shelf life is divided into five basic steps:

a) Identification of the most important quality attributes (e.g.,
decrease of the content of vitamins, changes in the flavor
profile, increase in the microbial load, oxidation reactions)
that are also easy to monitor over time;

b) Development of a procedure to control reliability and repeat-
ability over time;
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c) Study of a protocol of simple and effective action;

d) Assessment of the relationship cost/benefit ratio;

e) Verification of the dependence of the degradation reactions
from the packing.

Initially the quality attributes monitoring is chosen, which may, for
example, be the attribute that we want to be preserved longer, or the one
that deteriorates more quickly, or even one dictated by law.

Finally the suitable instrumental method is utilized in order to monitor
it over time.

For example, image analysis and the application of the electronic nose
are promising and suitable methods for these studies: they objectively
investigate and parameterize sensorial indices (appearance, color and aro-
matic fingerprint), i.e., the most relevant factors for the choice and the con-
sumption of foodstuft. In some case studies, these techniques are used for
the evaluation of shelf life of fresh-like vegetables, the investigation on the
freshness evolution of dairy products, and the discrimination of predictive
effects of different storage technologies of some products with aromatic
impact (fish and coftee). Clearly apparent from these studies is the immedi-
ate applicability of the results obtained by the use of these techniques, their
potentiality on the in-situ quality control and on the compelling planes of
sampling, and the possibility to characterize multisensory strategies for the
definition of shelf life based on the pattern identification methods.

In Table 2.3 the suitable instrumentations to monitor some of the sig-
nificant variables during shelf life are shown.

2.3.3 Physical Measurements

The most commonly used physical tests measure the changes in the tex-
ture of products. These changes may be the result of chemical reactions
occurring in the product, such as those caused by interaction of ingredi-
ents or by environmental influences, such as moisture migration through
the packaging. Methods of measurement of texture have to be chosen care-
fully so that the results correlate well with the textural changes as perceived
by the use of sensory panels. Various instruments are available for texture
measurement and instrumental methods of measuring attributes such as
hardness, crispness and snap are commonly used during shelf-life test-
ing. Some attributes, such as hardness, can be measured relatively easily
by measuring the force required to penetrate a particular distance into the
product. However, even in simple cases, the details of the tests, such as type
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of probe, crosshead speed, sample position and alignment and distance of
penetration need to be chosen carefully to obtain the best possible cor-
relation with sensory measurements. More sophisticated methods are also
being developed, such as nondestructive tests for online texture measure-
ment, the measurement of sound as a measure of textural attributes and
methods for measuring difficult attributes such as stickiness.

Understanding the structure of food is vital in predicting how it will
taste and how it will react during preservation. Many methods for the char-
acterization of the texture of food and food ingredients can be used; some
of them are reported below.

Rheology

« Measurement of viscoelastic properties of food systems such
as bread, pastry and biscuit doughs and other food materials.

o Fluid rheology of wafer and cake batters, gels and disper-
sions, flavors, yogurts, mayonnaise and so on.

« Generation of viscosity flow curves from —10 to 120°C and
calculation of n and K values.

« Fundamental rheological measurements allowing interlabo-
ratory comparisons.

Thermal analysis by differential scanning calorimetry

« Heat flow changes associated with physical changes in state,
for example, melting properties. Also gives a measure of the
liquid to solid ratio of plastic shortenings.

o Determination of starch gelatinization or “degree of cook” in
cereal-based foods.

o Measurement of the rates of staling and the effectiveness of
antistaling enzymes and emulsifiers in baked and extruded
products.

« Fat melting profiles and crystallization properties.

o Specific heat capacity measurements for engineering
calculations.

Emulsifier properties

o Interfacial properties of surfactants/emulsifiers as they occur
in foams, emulsions, batters and liquid systems, carried out
by interfacial tension and rheology measurements.

« Foaming behavior of emulsifiers.
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2.3.4 Chemical Measurements

There are usually a number of different analytical techniques available to
determine the decay of a food material. It is therefore necessary to select
the most appropriate technique for the specific application. The analytical
technique selected depends on the property to be measured, the type of food
to be analyzed, and the reason for carrying out the analysis. Information
about the various analytical procedures available can be obtained from a
number of different sources. The following techniques in chemical analysis
of food can be applied:

o Enzymatics

o Gas Chromatography—Mass Spectrometry—Mass
Spectrometry (GC-MS/MS)

o High-Performance Liquid Chromatography Thermal
Energy Analyzer (HPLC-TEA)

« Liquid Chromatography—Mass Spectrometry—-Mass
Spectrometry (LC-MS/MS)

« Ultraviolet-Visible (UV/VIS) Spectroscopy

+ Scanning Electron Microscopy

o Microscopy

o Atomic Absorption Spectroscopy (AAS), Inductively
Coupled Plasma Atomic Emission Spectroscopy (ICP-AES)

Some chemical tests determining changes in a particular quality charac-
teristic can be applicable to different types of products.

2.3.5 Microbiological Measurements

The microbiological control of food evaluates the presence or absence of
specific microbial groups and their evolution during storage. In particular,
it is important to evaluate the spoilage microorganisms (bacterial Bacterial
Total Mesophilic Aerobic) that provide interesting information on the state
of hygiene and cleaning conditions adopted during processing and patho-
genic microorganisms that define the safe use of a food. The evolution over
time of spoilage microorganisms establishes the limits of edibility of the
product.

Figure 2.5 shows the time stability limit within which the product retains
the characteristics compatible with the marketing.

Predictive microbial growth studies can be used to predict the shelf life
of products at any point from processing to purchase and provide useful
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Figure 2.5 Curve of the microbial load of a product in function of time.

information in order to inhibit the growth of spoilage and pathogenic
organisms.

Predictive food microbiology (PFM) is an emerging multidisciplinary
area of food microbiology. Predictive microbiology is the integration of
traditional microbiology knowledge and its objective is to develop math-
ematical modeling with an emphasis on modeling techniques, descrip-
tions, classifications and their recent advances that describe the behavior of
microorganisms under different environmental factors (physical, chemi-
cal, competitive) [11-13]. Predictive models allow the estimation of the
shelf life of foods, isolate critical points in the production and distribu-
tion process and can give insight on how environmental variables affect the
behavior of pathogenic or spoilage bacteria. The models used in predictive
microbiology are developed from experimental work, usually conducted
in laboratory media. These models are then extrapolated to foods.

2.4 Extending Shelf Life by Means of Food Packaging

There are many technologies that are “shelf life extending” and that main-
tain quality of foods. Among them the most widely used are packaging
under vacuum, modified-atmosphere packaging (MAP), active and intel-
ligent packaging.
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Vacuum packaging is used to increase the shelf life of food products.
Here the product is placed in an air-tight pack, the air sucked out and
the package sealed. By removing air from around the product, the levels
of oxygen in the packaging are reduced, impeding the ability of oxygen-
breathing microorganisms to grow and spoil the product. The lack of oxy-
gen also reduces the amount of spoilage due to oxidation—the process that
causes apples and bananas to turn brown, for example.

A certain amount of oxygen will remain, however, because it is not pos-
sible to create a total vacuum. Air contains around 21 per cent oxygen
at normal atmospheric pressure—1000 millibar. As the air is withdrawn
during the vacuum packaging process, the pressure inside the package is
reduced.

The MAP process is certainly more versatile than vacuum packaging.
Vacuum packaging consists solely of removing air. On the other hand, MAP
can be tailored to the particular foodstuff, with different gases and differ-
ent proportions of gas in the mixture used to give the maximum shelf life
for the particular product and to retain the quality and appearance of the
product. One area where MAP is better than vacuum packaging is in the
presentation of the product. In vacuum packaging, as the pressure within
the packaging is reduced the packaging material collapses and forms itself
tightly around the product. For some products, such as fresh meat, this can
distort the appearance of the product. Other products, such as shredded
cheese, are not suitable for vacuum packaging because the pressure of the
packaging material on the product would cause the product to deform and
to lose important characteristics.

Another aspect in which the two processes difter is in the ease of quality
control of the packaging process. In MAP packaging, air is flushed from
the package and replaced with the gas mixture, making it possible to con-
stantly monitor the gas content of the package during the packaging pro-
cess. Once the package is sealed, any leakage of the modified atmosphere
can be detected, enabling the integrity of the seal to be assured. For vac-
uum packaging, because there is no gas present in the package, leak testing
is typically done through manual inspection, making quality control less
straightforward.

Storage of foods in a modified gaseous atmosphere can maintain quality
and extend product shelf life by slowing chemical and biochemical deterio-
rative reactions and by slowing or in some instances preventing the growth
of spoilage organisms.

Modified atmosphere packaging (MAP) is defined as “the packaging of
a perishable product in an atmosphere which has been modified so that its
composition is other than that of air” [14]. Whereas controlled atmosphere
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storage involves maintaining a fixed concentration of gases surrounding
the product by careful monitoring and addition of gases, the gaseous com-
position of fresh MAP foods is constantly changing due to chemical reac-
tions and microbial activity. Gas exchange between the pack headspace and
the external environment may also occur because of permeation across the
package material.

Packing foods in a modified atmosphere can offer extended shelf life
and improved product presentation in a convenient container, making
the product more attractive to the retail customer. However, MAP cannot
improve the quality of a poor quality food product. It is therefore essential
that the food be of the highest quality prior to packing in order to optimize
the benefits of modifying the pack atmosphere. Good hygiene practice and
temperature control throughout the chill chain for perishable products are
required to maintain the quality benefits and extended shelf life of MAP
foods. The three main gases used in modified atmosphere packaging are
0,, CO, and N,. The choice of gas is very dependent upon the food product
being packed. Used singly or in combination, these gases are commonly
used to balance safe shelf-life extension with optimal organoleptic proper-
ties of the food. Inert gases such as argon are in commercial use for prod-
ucts such as coffee and snack products; however, the literature on their
application and benefits is limited.

The expression “functional packaging” generally refers to those packag-
ing solutions in which is provided the use of a material, of a container or
an accessory packing able to perform an additional function compared to
traditional containment and generic protection product.

The term “active” refers to those packaging solutions that consistently
and actively interact with the internal atmosphere of a package by vary-
ing the quantitative composition, or directly with the product it contains,
through the release of useful substances to improve their quality or by the
kidnapping of unwanted substances. The active packaging systems are
developed with the goal of extending the duration of the food and increas-
ing the period of time in which the food remains of high quality. The active
packaging technologies include a number of actions with physical, chemi-
cal or biological weapons aimed at changing the interactions between the
packaging and the product so as to obtain the desired result [15].

The most common active system recycles the oxygen from the packag-
ing or the product and may even activate it through an external resource
such as UV rays [16]. Active packaging is usually found in two types of
systems; bags and pads that are inside the package and active ingredients
that are embedded directly into the packaging material.
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The term “intelligent” indicates a packaging technique that involves
the use of an indicator, internal or external to the package, able to objec-
tively represent the history of the product and therefore its level of quality.
Intelligent packaging can bring the conditions outside of the package, or
directly measure the quality of the food inside the package. In order to
measure the quality of a product inside the package there must be direct
contact between the food and the quality marker.

In the end, an intelligent system could help the consumer in the decision-
making process by extending the duration, enhancing security, improving
quality, providing information and warning of potential problems.

Intelligent packaging belongs to the category of the time temperature
indicator (TTI). The TTI is useful because it tells the consumer when the
temperature of the food has been abused. If a food is exposed to a higher
temperature than recommended, the quality of the food can deteriorate
very quickly. A TTI can be placed on container ships or individual packag-
ing label adhesive, and an irreversible change, such as a color change, will
just indicate that there has been a change in conditions.

Another example of intelligent packaging is represented by the ther-
mochromic inks that are sensitive to temperature and may change color
accordingly. These inks can be printed on packaging and or labels in order
to convey a message to the consumer based on the color of the ink that
is seen. The thermochromic inks are becoming a popular technology for
drinks [17]. The inks used, however, can be damaged by UV radiation and
temperatures above 121°C, so the consumer cannot decide when to con-
sume food.

These synthetic and schematic definitions hide an amplitude of inno-
vation and technological complexity that is almost surprising. Materials
are used very differently from the traditional ones or traditional ones are
profoundly modified in various ways. In order to achieve the desired effect,
materials take different forms and types (bags, films, accessory closures).
The view of functional packaging solutions is very articulated and differ-
entiated, and most importantly, truly innovative compared to the usual.

2.5 The Role of Packaging

In recent times food packaging has assumed an important role in food
preservation having the following objectives:

« To meet the requirements of food safety for the protection of
consumer health;
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« To be an effective protection against chemical and microbio-
logical contamination;

o To be a means to provide the consumer with information
about the quality and the story of its content;

« To optimize shelf life.

Packaging is therefore one of the most important stages in the market-
ing of a product.

The utilized materials must be free of substances that could in any way
interfere with the chemical level in packaged food, altering taste, shape or
smell.

In this regard it is important that the link between packaging and shelf
life also takes into consideration the fact that currently the consumer
requires always higher food market standards of quality and safety; conse-
quently, the entire chain of production dedicates much effort to optimizing
all stages of preparation and marketing, with the mode of product packag-
ing having a central role.

Shelf life means the period of time in which a food product retains,
within acceptable levels, the chemical and physical composition, nutri-
tional value, microflora, safety, health and hygiene, and the characteristics
of taste, color, odor/aroma, and consistency. These parameters can be influ-
enced by several factors, such as exposure to light, temperature, mechani-
cal stress, microbial contamination, gases, humidity and packaging.

It is possible to distinguish between:

o Primary shelf life: Period of time during which a product,
under specific conditions of packaging, storage and distribu-
tion, maintains hygienic, nutritional and/or sensory accept-
able characteristics;

o Secondary shelf life: Period of time during which a product,
under specific storage conditions, maintains its hygienic,
nutritional and/or sensory acceptable characteristics after
opening the package.

The relationship between primary and secondary shelf life is the exten-
sion of duration due to packaging and therefore the minimum shelf life
that a product must have in order to remain competitive in the market.

The shelf life is determined mainly by marketing considerations related
to consumer behavior and the distribution needs. It is always advisable to
design the products and their packaging in order to reach or exceed the
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expected shelf life, but it is also desirable to avoid excessive protections
(overpackaging) and unnecessary costs.

The packaging operation takes an “active” role in controlling the phe-
nomena of decay, not a simple protection from degradation as it does in
traditional packaging, or the “passive” role of the evacuation of the air from
the package, but the ability to intervene in controlling certain degradative
processes.

Food packaging is the process by which a food product is applied to
physical protection, called packing, which prevents or minimizes the influ-
ence of the external environment.

The food packaging is of fundamental importance in reference to at least
four aspects of the life of a food product industry: containment, storage,
marketing and transportation.

o Containment: the packaging is essential to contain and sup-
port the amount of product that constitutes the unit of sale
if the product is a liquid (milk) or other fluid (pudding) or
powder (flour), or composed of small parts that need to be
kept together (cookies) if it does not have a rigid structure
(steak).

 Storage: packaging can be considered as a method of pres-
ervation, aimed at extending the life of the product for the
purpose of marketing.

In the great majority of cases, suitable packaging is a subsidiary of a
technique (freezing, dehydration, pasteurization, sterilization, etc.), mak-
ing ineffective any alteration processes of the product; in these cases the
packaging serves as a barrier to ensure the permanence of the virtuous
situation obtained with the applied process.

o Marketing: the packaging determines the unit of sale (in addi-
tion to any subunit), includes all the necessary information
for a correct identification by type of product, a knowledge
of its physical characteristics and nutritional characteristics,
methods of conservation and use of deadlines, the identifi-
cation of the manufacturer and the seller, in addition to host
images and striking colors for the purchase.

o Transport: the finished products in the warehouse/shipping
industry production, as well as the incoming raw mate-
rials, must have a set-up that it can be managed (loading,
unloading, stowage) with maximum efficiency; and the
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final packaging, consisting of large units and regular forms,
allows for the economical use of appropriate mechanical
means (fork, ribbons, containers, etc.).

Packaging must contain the product, which means preventing leakage,
or keeping together a multi-part product, e.g., a pack of soup sachets, or a
number of different items brought together as one meal in a pack. Leakage
is not only undesirable in that it almost certainly renders the product ined-
ible, but it can also cause irrevocable and costly damage to neighboring
packs and products.

Gradual leakage due to poor pack sealing can potentially cause more
problems than catastrophic failure, especially if the problem goes unno-
ticed at the point of sale. By this time even if the product remains whole-
some and fit for consumption, the weight may be below the legally allowed
tolerance.

During its journey from source to final consumer, the product will be
exposed to a number of different hazards, and packaging must provide
physical protection against these hazards. The complexity and cost of
modern food processing has meant a greater tendency to fewer and larger
processing and packaging operations, bringing with it greater journey dis-
tances and multiple handlings for the final packed product.

Damage can result from mechanical and environmental hazards
throughout this supply chain. Products can be jolted and subjected to vibra-
tion on vehicles and compressive loads during stacking in warehouses, all
of which can potentially damage both the product and the pack. Owing to
external forces, damage effects include breakage of fragile products such
as biscuits and weakening of pack closure systems such as heat seals and
screw caps, thereby destroying the preservation function. Environmental
hazards include exposure to light and to high and low temperatures and
humidity levels, dust and dirt, and insect and rodent infestation. Human
hazards must not be forgotten here. The threat of tampering, whether mali-
cious or just curious, has led to manufacturers having to consider the tam-
per evidence of their packed products and, where necessary, incorporating
additional devices to deter tampering.

Another important role of packaging is to provide a convenient way of
handling the product, all the way from the packaging line to final consump-
tion and pack disposal. Good packaging line performance consistently
achieves correctly formed and sealed packs, which are critical for main-
taining the preservation function with which this chapter is concerned.
Poorly sealed packs mean vastly reduced shelf life. Good performance in
what are usually very busy storage and handling environments means that
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packaging must provide ease of movement of the goods, with maximum
efficiency and minimum effort.

Convenience in product use is one of the major benefits of packaging,
and innovative solutions can provide major points of difference from one
product to another. Convenience features abound in modern food pack-
aging. The bottle of oil which allows for careful dispensing of the product
is superior to that which permits the product to pour out uncontrollably.
Ready-prepared meals which allow us to take the pack directly from the
freezer and put it in the microwave or conventional oven save time and
reduce washing up. Most importantly for today’s busy consumers, ease of
opening and, if relevant, reclosing are essential considerations. If the con-
tents of the pack cannot be removed without causing frustration to the
person opening it, he/she will at the very least register a silent protest by
purchasing a different type of pack in the future. If attempts to open the
pack result in damage to the consumer, the protest may not be silent and
may be a very costly and image-damaging lawsuit against the brand owner.

2.6 Innovative Polymers for Food Packaging
Applications

The market demands packaging of food products characterized by a high
barrier to oxygen and water vapor (critical for the proper preservation of
perishable packaged products) and high quality, able to meet the expecta-
tions of consumers. The packaging, once considered only useful to protect
the product, has become an important tool for marketing, communication
and sales. Through the packaging useful information comes to the con-
sumer for the proper use of the item purchased.

The materials used to produce packaging and articles intended for food
contact constitute a family which is not very large, but heterogeneous with
different characteristics. The knowledge of the properties and performance
of materials that are used to make food packaging is of paramount impor-
tance to make a correct choice of the type of protection for the product.

The choice of material, however, is of paramount importance, for mis-
takes made in the selection of the material can have very serious repercus-
sions in economic terms or in terms of the quality of the packaged product.
And therefore it is absolutely appropriate to have adequate knowledge of
the properties of solids, which can guide the evaluation or of the mate-
rial to be used for a specific type of packaging. Innovative and intelligent
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packaging constitutes a branch of such a sector that is truly innovative and
offers exciting opportunities for the safety, quality and affordability of food.

Many active and intelligent packagings are commercially available in
the United States. Some experts believe that the next technological devel-
opment of packaging will include nanotechnology that will add new com-
ponents such as antimicrobials and gas scavengers in packaging films.

The development of electronic devices can be made cheaply and will lead
in the direction of innovative active and intelligent packaging. As society
continues to evolve, consumer expectations continue to advance. The use
of active and intelligent packaging will become more and more popular
now that the technologies finding space in the market are becoming more
common. Perhaps active and intelligent packaging will completely replace
traditional packaging. And, as Paul Gander states in Food and Manufacture,
“the trend is towards less use of packaging, but more interactive” If 2020
sees packaging that literally walks down from the shelves, is another mat-
ter [16].

Moreover, nowadays a wide range of polymer-based nanomaterials are
used in applications which involve contact with food or beverages: particu-
larly in foodstuft packaging applications, utensils, kitchenware and in pro-
cessing equipment in food factories and other places where food is handled
in large quantities [18].

The use of nanotechnology in food packaging is expected to grow
rapidly in the next years, though its application in food packaging is at
a developmental stage. Simple conventional packing is to be replaced by
multifunctional intelligent packaging methods to improve the food quality
thanks to the application of nanotechnology in this field. New packaging
solutions will increasingly focus on food safety by controlling microbial
growth, delaying oxidation, improving tamper visibility and convenience
[19].

Applications in this area already support the development of improved
taste, color, flavor, texture and consistency of foodstufts, increased absorp-
tion and bioavailability of nutrients and health supplements, new food
packaging materials with improved mechanical, barrier and antimicrobial
properties, and nanosensors for traceability and monitoring the condition
of food during transport and storage. Particularly the latter are very inter-
esting, since, for example, with embedded nanosensors in the packaging,
consumers will be able to “read” the food inside. Moreover sensors can
warn us before the food goes rotten or can inform us of the exact nutrition
status contained in the contents.

Some reported examples of nanosensors applied to the food packaging
sector are as follows:
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In the frame of nanostructured materials for food and beverage packag-
ing applications, in this chapter we have reported the results of our work
concerning the preparation and characterization of two new polymer-
based nanocomposite systems that can be used as food packaging materi-
als. Particularly the results concerning the following systems are illustrated:
isotactic polypropylene (iPP) filled with CaCO, nanoparticles and poly-

Scientists at the University of Connecticut [20] are working
on nanoparticle films and other packaging with embedded
sensors that will detect food pathogens. Called “electronic
tongue” technology, the sensors can detect substances in
parts per trillion and would trigger a color change in the
packaging to alert the consumer if a food has become con-
taminated or if it has begun to spoil.

Researchers in the Netherlands [21] are going one step fur-
ther to develop intelligent packaging that will release a pre-
servative if the food within begins to spoil. This “release on
command” preservative packaging is operated by means of a
bio-switch developed through nanotechnology.

Developing small sensors to detect foodborne pathogens
will not just extend the reach of industrial agriculture and
large-scale food processing. In the view of the US military,
it is a national security priority. With present technologies,
testing for microbial food contamination takes two to seven
days, and the sensors that have been developed to date are
too big to be transported easily.

Several groups of researchers in the US are developing bio-
sensors that can detect pathogens quickly and easily, rea-
soning that “super-sensors” would play a crucial role in the
event of a terrorist attack on the food supply. With USDA
and National Science Foundation funding, researchers at
Purdue University [16] are working to produce a hand-held
sensor capable of detecting specific bacteria instantaneously
from any sample.

caprolactone (PCL) filled with SiO, nanoparticles.

Some studies of innovative polymers for food shelf-life extension are

discussed below.
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2.6.1 Biopolymer-Based Nanocomposites for Vegetable
Packaging Applications

The growing interest in the environmental impact of discarded plastics has
stimulated research in the development of plastics that degrade more rap-
idly in the environment, leading to their complete mineralization or bioas-
similation [22-25]. Thus, there is a considerable interest in replacing some
or all of the traditional non-biodegradable polymers, especially in short
life-time applications such as packaging, or when their recycling is difficult
and/or not economical.

Some of the natural polymers (polyhydroxybutyrate (PHB) and its
copolymers) and aliphatic polyesters (polycaprolactone, polylactic acid)
are biodegradable, but they are expensive compared with petroleum-based
plastics, and this high cost prevents their wider commercial usage, lead-
ing them to find applications only in niche sectors [26-32]. Among the
biomaterials now available in the market, those derived from renewable
resources such as starch-based products are the most widespread and eco-
nomic [33-37]. Some examples are Mater-Bi from Novamont, Italy, and
BIOPAR from Biop, Germany. The starch is normally blended with bio-
degradable aliphatic polyesters such as Ecoflex from BASE, Germany, or
Bionolle from Showa Highpolymer, Japan [38,39].

Unfortunately the starch presents some drawbacks such as its hydro-
philic behavior (poor moisture barrier) and mechanical properties that are
weaker than the conventional non-biodegradable plastic films used in the
food packaging industry. The realization of thermoplastic starch (TPS)-
based nanocomposites by dispersing functionalized layered silicates (clay
minerals) via melt processing techniques overcomes these problems.
Nanocomposite films were realized by casting, using thermoplastic potato
starch supplied by Avebe, Netherlands, and an organo-clay (montmo-
rillonite, sample code 12) with a cation exchange capacity (CEC) of 128
meq/100 g, supplied by Laviosa (Livorno, Italy).

Tensile properties such as those measured by Young’s modulus, strength
at break, and strain at break were calculated from the experimental stress—
strain curves recorded on all prepared nanocomposite films. The mechan-
ical test was carried out on samples stored at different relative moisture
contents in order to simulate different storage conditions.

The mechanical parameters are displayed in Table 2.4. As shown, the
TPS/C sample is characterized by the highest Young’s modulus and stress
at break with respect to the other materials, thus underling an effective
clay reinforcing effect. The addition of biodegradable polyester to the mix-
ture (TPS/PE and TPS/PE/C samples) decreases the Youngs modulus,



40 FuncTtioNAL POLYMERS IN FOOD SCIENCE

Table 2.4 Mechanical properties of the prepared materials.

Sample codes | wt% Clay | Young modulus | Strength at Strain at
(MPa) break (MPa) break (%)

Materials conditioned at 15% relative humidity

TPS 0 979 19

TPS/C 4 1135 22 4

TPS/PE 0 682 7.5

TPS/PE/C 4 374 7.8 38

Materials conditioned at 60% relative humidity

TPS 0 610 9
TPS/C 4 830 10
TPS/PE 0 150 3.6 21
TPS/PE/C 4 137 4.7 58

increasing the strain at break. These results agree with the morphological
and structural analyses. In fact, it was underlined that the TPS/C sample
is characterized by a good intercalation of the starch phase into the clay
layers, while a polyester phase separation was observed in the TPS/PE and
TPS/PE/C samples.

Finally, the conformity of the prepared starch/clay nanocomposite films
to the actual regulations and European directives on biodegradable materi-
als was examined, in terms of heavy metal and other toxic and hazardous
substance content and migration, in particular for packaging of vegetables.
The EC guidelines on food contact materials require that they shall be safe
and shall not transfer their components into the foodstuff in unacceptable
quantities. In fact, plastic materials are not inert and when direct contact
between the packaged product and the plastic container occurs, there can
be migration of substances into the product. The amount of any component
that migrates into food depends on its concentration in the polymer and its
solubility, as well as on temperature, mechanical stresses, and contact time.
It is extremely difficult to measure the migration directly into food, as most
foodstufts have a complicated composition. For this reason, the migration
behavior of the plastic material is more easily measured by using so-called
food simulants such as ethanol, water, etc. [40]. The extractability of a com-
pound from the plastic can be determined by placing the plastic in contact
with the food or food simulant under defined conditions of temperature
and time in a static or dynamic mode. An appropriate analytical technique
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is then employed to determine the amount of compound present in the
food/stimulant, and hence the degree of migration can be calculated. The
overall interaction of plastic packaging materials with foodstuffs is best
described by global migration, which is the sum of all the specific migra-
tions of plastic constituents and foodstuffs [41,42].

Two types of migration limits have been established in the area of plas-
tic materials: an overall migration limit (OML) of 60 mg/kg (of foodstuff
or food simulants) and a specific migration limit (SML), which applies to
individual authorized substances and is fixed on the basis of toxicological
considerations.

Energy dispersive X-ray spectroscopy (EDAX) analysis showed a heavy
metal content well below the permitted limits in all the TPS-based samples;
but the eventual metal migration during contact with a selected foodstuff
(lettuce) was measured anyway. The results of specific migration analysis
relative to Fe, Mg, and Si are shown in Table 2.5, where it can be seen that
the contact of the different films with lettuce did not produce a significant
increase of Fe and Mg in the vegetables. The higher Si content observed can
easily be attributed to the clay nanoparticles.

Finally, a test for measuring the overall migration after contact with a
common vegetable simulant (water) on the starch-based films was also
performed. The samples were immersed in distilled water at 40°C for 10
days. The test was performed on films after drying under vacuum and stor-
age in a plastic bag and showed negligible overall migration.

In conclusion, biodegradable starch/clay nanocomposite, prepared by
homogeneously dispersing montmorillonite nanoparticles via polymer
melt processing techniques, can be applied successfully to vegetable pack-
aging, as for the mechanical properties as for the conformity of starch/
clay nanocomposite films with actual regulations and European directives

Table 2.5 Fe, Mg, and Si content in vegetables before and after contact with
nanocomposite films (mg x 100 g).

Sample Fe Mg Si
Lettuce 2.2 45.7 0.28
TPS 2.4 14.8 1.3
TPS/C 3.7 77.1 1.9
TPS/PE 1.4 31.9 1.3
TPS/PE/C 2.1 43.1 1.6
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on biodegradable materials, demonstrating that these materials can be uti-
lized in the food packaging sector owing to their low overall migration
limit.

2.6.2 Innovative Polyamide-Based Packaging of Fresh Meat

Nowadays the market distribution system of fresh meats (i.e., larger super-
markets and hypermarkets) requires a product that is able to maintain its
original sensory and nutritional characteristics as long as possible [43-45].
The most important method to achieve this goal is represented by the use
of the so-called cold chain, which means that the refrigeration and freeze
is properly applied to inhibit the development of microbial flora originated
from the meat deterioration and microbiological decay [46]. Although a
natural antibacterial property exists in meals, the prevention of microbial
contamination remains an efficient way to limit its hygienic/sanitary and
sensory damages. Some scrupulous hygienic norms during the slaughter-
ing, transformation, and commercialization processes are not enough to
prevent meat contamination.

In fact, several studies have suggested that some methodologies for the
conservation of fresh and transformed meats [47-49] by using (1) preser-
vatives; (2) bacterial cultivations with a specific antagonistic activity gener-
ating some specific metabolites (i.e., lactic acid and bacteriocins) [50]; and
(3) gases, such as O, N, CO,, or their gaseous mixtures; are able to hinder
or delay the microbial increase [51]. Innovative polyamide-6-based poly-
mer films were investigated with migration tests by using some fat simulat-
ing substances [52] and the migration ability (particle cession) from the
package to the produce and vice versa was determined to ascertain their
suitability in the alimentary field [53-55]. The existence of the main bac-
teria groups and the pH values measured before and after the conserva-
tion of the meats are reported in Figures 2.6-2.8 for various polymer films.
Figure 2.6 shows the total microbial concentration detected in the fresh
and stored meats of the packages at 4°C for 6 days.

The bacterial concentrations were found larger in both the meat stored
in polyethylene and the pure nylon films than those detected in the fresh
meat conserved in Ny/EVOH and Ny/EVOH/COOH polymer films. In
Figure 2.7, the populations of the main microbial groups constituting the
natural microflora and contaminants of the meat, such as lactic acid bac-
teria, Micrococcaceae, Enterococcus spp., yeast and molds, enterobacteria,
and fecal choliforms, were reported before and after the packaging.
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Figure 2.6 Development of microflora in fresh and packaged meat.

This figure puts proves that the film made by the ternary blend is able
to limit the increase of yeasts, Micrococcaceae, and the fecal choliforms,
while the pure nylon sample is not able to perform any action of slowing
down or inhibition of the existing bacterial flora, out of a slight reduc-
tion in the increase of Enterococcus spp. and the lactic acid bacteria. An
intermediate behavior was observed for the meats stored in the Ny/EVOH
blend film. On the contrary, the meats stored in the polyethylene film show
an increase of all microbial groups up to 10 ufc/g, thus promoting the
complete deterioration of the product. The values of pH measured on the
meats in various packages were reported in Figure 2.8.

These data were collected before and after the conservation for a period
of 6 days at 4°C. The pH of the meats stored in the Ny/EVOH/COOH
film is lower compared with those of the fresh meats. In contrast, the pro-
nounced pH values in the meats stored in the nylon and polyethylene films
clearly indicate the beginning of the deterioration processes. The meats
in the binary Ny/EVOH alloy film show an intermediate pH value with
respect to other polymer materials based on Ny6 and Ny/EVOH/COOH
films. The measured decrease of pH values in the stored meats in the Ny/
EVOH/COOH film can be correlated with the increase of the lactic acid
bacteria [51]. Therefore, these results suggest that the recorded pH values
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are in agreement with the trend of the mesophilic microbial population, as
shown in Figure 2.8. These results also indicate that the composition of the
ternary blend, imparting the best oxygen barrier [52], shows an inhibition
effect toward the development of the natural microflora. The measured
surveying of twofold activity suggests that the inhibition with respect to
aerobic is dependent on the microorganisms and some microaerophilics,
such as Micrococcaceae, yeasts, enterobacteria, and fecal choliforms.

This result can explain the increase of the lactic acid bacteria, whose
antagonistic effect toward the putrescent microflora is well documented
[52].

The deep-red color of the meat is a parameter of paramount impor-
tance, because it is chosen by the end consumer as a freshness and qual-
ity index [54]. In fact, the chromatic changes with respect to the standard
initial color are interpreted as signs of bad conservation. The pigments of
the meats are mainly constituted by the myoglobin, and in a minor content
by the hemoglobin, cytochromes, and flavine. The myoglobin is a protein
formed from both a globulinic and a prosthetic, not polypeptidic, compo-
nent, defined as eme, showing a center directly linked to an iron cation.
The eme shows a reductive or oxidative behavior depending on its abil-
ity to bind an oxygen atom, in this way determining the various chemical
properties of the myoglobin. In a reduced form, iron (II) binds to an oxy-
gen molecule imparting to meat a deep-red color (oxymyoglobin). On the
contrary, iron (III) loses its ability to bind oxygen in the oxidized form and
the meat becomes purple-brownish in color (metamyoglobin). We tried
to determine color variations between fresh and stored meats by using
the UV-Vis spectrophotometric measurements to follow the absorbance
changes related to the concentration ratios between the oxymyoglobin
and metamyoglobin contents. The absorbances are reported in Figure 2.9
at three different wavelengths, 410, 560, and 580 nm, for some different
meats.

The absorbance at 410 nm (corresponding to the myoglobin of fresh
meat [55]) remains undoubtedly high when the meats are conserved in the
ternary blend film packaging for 6 days. In contrast, in the same sample,
the absorbances at 560 and 580 nm (corresponding to the oxidized state of
myoglobin) are less pronounced than those stored in the binary blend and
LDPE films [56]. These results are in agreement with the abovementioned
microbiological tests in which the ternary blend shows the best perfor-
mances toward inhibition of the meat contamination, because the absor-
bance found at 410 nm is more pronounced than those films derived from
the binary blend and pure polymer film.
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Figure 2.9 UV absorbances as function of preservation time.

The innovative film based on Ny/EVOH/modified EVOH ternary blend
film, in comparison with the pure Nylon 6 and a binary Ny/EVOH blend
film, shows a good oxygen barrier inhibiting the oxidation of commercially
available fresh minced meat. The same behavior was observed for the same
investigated polymer materials tested with some fat-containing simulating
foods. Under the same testing conditions, the enzymatic and fermenta-
tive processes, due to the meat deterioration, are simultaneously decreased
when a ternary blend film is used.

These inhibition effects were attributed to the blend component intimate
dispersion in achieving an improvement of the EVOH atmospheric oxygen
barrier of the polymer film matrix. The retention of the daylight transmit-
tance and color of the tested polymer films maintained an intimate contact
with the minced meat, which shows the absence of the contamination and
swelling phenomena under the packaging conditions.
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2.6.3 Innovative Packaging for Minimally Processed Fruits

Minimally processed (MP) fruits are spreading in answer to the increas-
ing demand for easy and fast products with fresh-like quality. The increas-
ing use of foods ready for consumption is due to their ability to satisfy
new food habits following lifestyle changes. These products maintain a
quality similar to that of fresh products. In fact, washing, sorting, peeling
and cutting of fruits and vegetables are completely automated in order to
limit manipulations and to guarantee the hygienic characteristics of the
product [57].

The rapid darkening of many fruits is a serious problem during minimal
processing operations. Appropriate steps must be taken during fruit pro-
cessing against oxidation phenomena. Browning damages the appearance,
organoleptic properties and nutritional quality of fruits [58]. Generally, the
market for MP products belongs to vegetables, but recently much attention
has been turned to the possibility of also manufacturing fresh fruits [59].
Truly, packaged MP fruits are already available, but they represent niche
products having high production costs and needing the cold chain for their
commercialization.

The greater part of the literature on ready-to-eat fruits and vegetables
is based on the use of modified atmospheres [60-64], where the air is
replaced by a gas mixture, or on the use of controlled atmospheres [65],
where the proportions of the gases are kept under control during the whole
storage period. Obviously, these methodologies increase production costs.

Among several thermoplastics, polyolefins are the most used plastic
materials in the food packaging sector [66]. Isotactic polypropylene (iPP)
films hold a prominent position in this field because of their transparency,
brilliance, low specific weight and chemical inertness. Unfortunately, poly-
propylene, like other polyolefins, is characterized by low barrier proper-
ties, which results in poor protection of the packaged food [67]. One of
the most useful methods to improve polypropylene drawbacks is to add a
second component such as a polymer in blend or in multilayers, fillers, etc.
[68-70].

Nowadays, polypropylene-based nanocomposites are a major industry
challenge because they represent the route to substantially increasing the
mechanical and physical properties of such a widely used thermoplastic
commodity [71-75]. Nanocomposites can achieve same or higher proper-
ties with only a low percentage of filler (1-5 wt%), thus preserving polymer
processability and recycling. The key factors in the preparation of high per-
formance nanomaterials are to obtain a fine and homogeneous dispersion
of the nanoparticles and to promote strong interfacial adhesion between



48 FuNcTiONAL POLYMERS IN FOOD SCIENCE

matrix and nanofillers. The iPP-based nanocomposites for potential use
in the packaging of MP foods such as apple slices were prepared and
characterized. For this purpose, innovative modified calcium carbonate
(CaCO,) nanoparticles, characterized by a spherical and elongated shape,
were tested. In particular, CaCO, nanoparticles of spherical and elongated
shape, coated with iPP-maleic anhydride and characterized by differ-
ent crystal modification were used for nanoreinforcing of iPP polymeric
matrix. An iPP-g-MA coating agent was selected because of its similar
chemical nature to that of the polymeric matrix that could ensure strong
coated nanoparticles/iPP interactions, thus allowing good matrix/nanofill-
ers interfacial adhesion.

The mechanical results reported in Figure 2.10 suggest that there is a sig-
nificant influence of the nanoparticle shape on the extent of the mechanical
improvement. Therefore, the different specific surface area of the nanopar-
ticles in contact with the polymer matrix was the main factor influencing
the improvement of the final properties.

Generally, the addition of inorganic fillers into a polymer could affect
the gas diffusion mechanism through the material because of the differ-
ent permeability properties of the matrix and the foreign particles. This
phenomenon is particularly stressed when a filler of nanometric size is
dispersed into the polymeric matrix because of the high specific surface
of nanoparticles responsible for the wide contact area between the phases.
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Nanoparticles content (%, wt/wt)

Figure 2.10 Trend of the Young’s modulus as a function of amount and shape of
the CaCO, nanoparticles: (a) iPP/S-CaCO, nanocomposites; (b) iPP/E-CaCO,
nanocomposites.
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Moreover, the tortuous path that diffusing molecules have to bypass
because of the presence of nanoparticles is an additional phenomenon
that must be taken into account to study the nanocomposite permeabil-
ity property [76-79]. As can be observed, nanoparticles (Figures 2.11 and
2.12) significantly influenced iPP barrier properties either to oxygen or to
carbon dioxide, reducing both the coeflicient permeability values by up
to about 30% as a function of the amount of nanoparticles. Furthermore,
spherical nanoparticles were responsible for a slightly more pronounced
decrease of permeability with respect to that obtained by the addition of
elongated nanoparticles.

Migration tests showed that all the nanocomposite films undergo migra-
tion values that are comparable, within the experimental errors, with those
recorded for neat iPP, independently from the amount of nanoparticles (1%
and 3% w/w) and from their shape. Therefore, all the tested films are suit-
able for food packaging applications because the release of nanoparticles or
other substances is negligible and, in any case, lower than the allowed limit
of 10 mg/dm?[78]. In Figure 2.13 the total mesophilic microflora enumer-
ated on apples stored for 5 and 10 days at 4°C is reported.

As can be observed, the total mesophilic microflora increases as a
function of storage time in the case of apples packaged in neat iPP films.
Concerning iPP-based nanocomposites, CaCO, nanoparticles caused
a decrease of this parameter with respect to that recorded at starting
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Figure 2.11 Variation of the oxygen permeability as a function of amount and shape
of the CaCO, nanoparticles: (a) iPP/S-CaCO, nanocomposites; (b) iPP/E-CaCO,
nanocomposites.
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Figure 2.12 Variation of the carbon dioxide permeability as a function of amount and
shape of the CaCO, nanoparticles: (a) iPP/S-CaCO, nanocomposites; (b) iPP/E-CaCO,
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Figure 2.13 Total microbial counts on apple slices at time zero (t0) and after 5 and 10
days of storage at 4°C in different packaging materials.

time (t0), thus preventing the growth of natural microflora. Moreover,
the microorganism growth seems to be influenced by the shape and the
amount of nanoparticles. In fact, S-CaCO, nanoparticles led to a reduc-
tion of microflora of up to 65% as a function of time and nanoparticle
content. On the other hand, the presence of elongated nanoparticles allows
a slightly larger microorganism growth decrease than that observed with
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spherical nanoparticles after the first 5 days of storage, while a successive
increase was recorded in the next 5 days. Nevertheless, this microorganism
growth increase assures smaller values than those recorded on apples at t0.
These findings underline a strict correlation between nanocomposite bar-
rier properties and total mesophilic microflora enumerated during storage
time. In fact, as described above, spherical nanoparticles were responsible
for a more pronounced improvement of barrier to oxygen in comparison
with that obtained with E-CaCO,. This enhanced property can justify the
reduction effect of CaCO, nanoparticles on microorganism growth, par-
ticularly marked in the case of S-CaCO.,.

In Figure 2.14, mold population on apples as a function of storage
time and nanoparticle shape and amount is reported. This microbiologi-
cal analysis showed a reduction of mold growth due to the presence of
nanoparticles attributable, also in this case, to the increase of barrier to
oxygen recorded for nanocomposites. In Figure 2.15, Brix index values
are reported. As it is shown, during the first 5 days, a slight increase of
Brix index values was recorded for apples packed both in neat iPP and in
iPP-based nanocomposite films. In the next 5 days, Brix values decreased
for apples packed in nanocomposite films, consistent with what has been
reported in the literature. On the contrary, concerning iPP films, Brix val-
ues remained almost unchanged during the whole storage period.

Moreover, the most interesting finding is that apples stored in nano-
composite films containing 3% by weight of S-CaCO, show the lowest Brix
index values. This result could be attributed to better barrier properties of
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Figure 2.14 Mold counted on apple slices at time zero (t0) and after 5 and 10 days of
storage at 4°C in different packaging materials.
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Figure 2.15 Brix indices measured on apple slices at time zero (t0) and after 5 and 10
days of storage at 4°C in different packaging materials.

this nanocomposite towards gases, and possibly also to ethylene naturally
developed during apple maturation, which, if retained in the packaging,
facilitates maturation [79]. It is well known that determination of the poly-
phenol concentration, here expressed as ( + )-catechin, indicates oxidation
phenomena occurring on the fruit. In particular, a more significant oxida-
tive effect corresponds to a drastic decrease of the catechin value.

The (+ )-catechin concentration, after 5 days of apple storage, as a func-
tion of nanoparticle amount and shape is reported in Figure 2.16. This
value was drastically reduced in apples packed in iPP films and in nano-
composite films containing 1% by weight of nanoparticles. In the case of
iPP-based nanocomposites containing 3% by weight of CaCO,, polyphenol
concentration values almost similar to that of fresh apples were recorded.
Moreover, the nanoparticle shape did not seem to influence this value.

These results suggest that the presence of nanoparticles decreases apple
oxidation phenomena, in particular at the highest loading of nanoparti-
cles, with respect to that obtained by apple storage in iPP films. The iPP-
based nanocomposites filled with CaCO, nanoparticles were prepared and
characterized. Moreover, contact test measurements have shown that iPP/
CaCO, nanofiller films satisfy the fixed limit of global migration of 60 mg/
kg required for plastic materials. Usual parameters used to determine the
food shelf life (microbiological analysis, Brix indices and polyphenol con-
tent) have demonstrated that iPP-based nanocomposites are able to guar-
antee the integrity of apple slices for up to 10 days.
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Figure 2.16 Polyphenol concentration of apples, expressed as (+)-catechin, measured at
time zero and after 10 days of storage in neat iPP and in iPP-based nanocomposite films.

2.6.4 Natural Polysaccharides-Based Gels for Dairy Food
Preservation

The real water buffalo mozzarella cheese (WBM) suffers a limited shelf life,
and today many researchers focus on the development of new methodolo-
gies and innovative materials that increase the shelf life of foods, without
impacting on their quality (so-called mild technologies).

The shelf life of mozzarella is strictly linked to the type of raw material
used (not pasteurized milk) and to the technology of processing. The prod-
uct obtained from unpasteurized milk and natural whey can be stored,
immersed in its mother solution, for 3—-4 days at a temperature between
4-10°C with no loss of its characteristics (translucent external skin, white
color, soft and elastic curd, peculiar taste of fresh milk and wildness aroma)
[80]. Beyond such period, the external skin peels off while the shred loses
consistency and becomes buttery following the destruction of the overlap-
ping shells structure obtained during high temperature stretching. Only
industrial products, obtained with pasteurized milk and selected starter,
can maintain a prolonged shelf life of up to 20 days, but the taste is abso-
lutely unsatisfactory when compared with traditional artisan mozzarella.

The development and realization of innovative packaging systems for
mozzarella have been able to guarantee a prolonged shelf life of at least
15 days for traditional mozzarella, with no influence on the production
methodology and no influence on the taste, mechanical properties and
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nutritional properties of the product. The basis of the innovation is first of
all related to the choice of material: mixtures of biodegradable and biocom-
patible polymers belonging to well-known families of natural polysaccha-
rides already approved for use in the agro-food industry. Such biopolymers
represent the widest fraction of organic matter present on our planet, just
to mention the most relevant representatives, cellulose, starch, chitin that
are produced yearly in amounts of billions of tons. It is obviously more rel-
evant in view of understanding the scientific and technological relevance
of polysaccharides to underline the fact that very often they are constituted
of highly stereoregular macromolecules, and are hydrophilic, reactive and
also able to exhibit biological “intelligence” similar to that of the more cel-
ebrated biopolymers such as proteins and nucleic acids. As a consequence,
many polysaccharides, being available in enormous amounts and with a
wide range of chemical and physical behavior, either in bulk, in solution or
in gel state, represent an unsubstitutable commodity.

Figure 2.17 shows the evolution of microflora isolated from water buf-
falo mozzarella cheese stored in preservation liquid (M) and in innovative
gel (MA).

Water buffalo mozzarella cheese was stored, after packaging, at room
temperature for 5 days (Figure 2.18) to evaluate the effects of temperature
and media composition on natural microbial growth. Counts of the differ-
ent groups of microorganisms, isolated from the water buffalo mozzarella
cheese before packaging (samples M and MA), were included in the range
6 and 2 logl0 ufc/g. Besides, there was an increase of 3 logl0 ufc/g for
total mesophilic microflora, lactic acid bacteria, and enterococci; while for
yeasts, total and fecal coliforms there was a few increase. Thus the preser-
vation of water buffalo mozzarella cheese at room temperature, promoting
an increase of natural microflora, was not advised.

Figure 2.19 illustrates the counts of natural microflora isolated from the
samples stored at 4°C for 5, 10 and 15 days. In the water buffalo mozzarella
cheese stored in preservation liquid, total mesophilic microflora and lac-
tic acid bacteria showed a higher increase than that stored in sperimental
gel. Instead, enterococci flora revealed a different ability of growth in the
samples (M and MA); in particular they were not able to grow in gel. The
innovative gels based on natural polysaccharides used in this work had
the peculiar characteristic to establish an unfavorable habitat for growth of
natural microflora, above all enterococci flora.

At the beginning of tests and at regular intervals pH was measured on
both cheeses. The values are reported in Table 2.6. In general, we noticed,
in the case of the liquid medium, a trend of pH from more acidic to more
alkaline values in 20 days (from 4.28 up to 5.00). The cheese stored in such
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Figure 2.17 Micrograph of water buffalo mozzarella cheese at time 0 and stored in
preservation liquid and innovative gel for 20 days at 4°C.

liquid showed a slight increase of pH from t0 (5.25) to t10 (5.42), while
the values recorded at a later time are lower (at t20 the value reaches 5.02).

For the gel-stored cheese, the variations of pH were more regular,
increasing regularly from t0 to t20 (from 5.25 to 5.60). The changes in pH
during storage seems to be closely related to the structure of mozzarella,
as reported in literature [81,82]. In many works a correlation is drawn
between pH, calcium content and proteolysis of the mozzarella [83,84]. In
general, a pH reduction increases the ratio between soluble calcium over
colloidal calcium, which in turn would increase the degree of hydration
of casein [85] and reduce its aggregation state, which in turn increases the
susceptibility of casein to hydrolysis [86]. In the gel-stored mozzarella, on
the contrary, all pH values are less different from the initial values and they
vary, moreover, in an opposite direction, i.e., they go towards more alkaline
values.

In order to study the protein fraction included in Mozzarella cheese
the descriptive electrophoretic techniques currently used for monitoring
casein hydrolysis in cheese [87] were used. In Figure 2.20 the isoelectric
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Figure 2.18 Microbial counts of water buffalo mozzarella cheese at time zero and
stored at room temperature for 5 days: M = water buffalo mozzarella cheese stored in
preservation liquid; MA = water buffalo mozzarella cheese stored in innovative gel; CMT
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Table 2.6 pH of mozzarella cheese and storage media as measured at different
times.

Time (d) Mozzarella' Preservation liquid Gel
M MA

0 5.25 5.25 4.28 7.23
5.31 5.35 4.80 4.47

10 5.42 5.58 4.85 5.28

20 5.02 5.60 5.00 5.66

' M = Water buffalo Mozzarella cheese stored in preservation liquid;

MA = Water buffalo Mozzarella cheese stored in innovative gels.

it
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Figure 2.20 Disc-P AGE analysis of the whole protein fraction from water buffalo
mozzarella cheese samples stored at 8°C in gel (lane c) or in its own liquid (lane d) for 15
d, and in gel (lane e) or in its own liquid (lane f) for 44 d. The electrophoretic profiles of a
freshly produced cheese sample and of a water buffalo whole casein sample, kept at —20°C
until the analysis, are reported in lanes a and b, respectively.

focusing profiles of the proteins extracted from samples of the same lot of
water buffalo mozzarella cheese after a storage at 8°C in its preservation
liquid (lane b) or in gel (lane c) for 15 days and in its preservation liquid
(lane d) or in gel (lane e) for 44 days are reported and compared with the
electrophoretic profile of proteins from a freshly produced cheese sample,
kept at —20°C until the analysis (lane a).

Disc-PAGE analysis of the whole protein fraction from the same moz-
zarella cheese samples analyzed in Figure 2.21 is shown in Figure 2.20.
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Figure 2.21 Isoelectric focusing-PAGE analysis of the whole protein fraction from water
buffalo mozzarella cheese samples stored at 8°C in its own liquid (lane b) or in gel (lane
¢) for 15 cl, and in its own liquid (lane d) or in gel (lane e) for 44 d. The electrophoretic
profile of a freshly produced cheese sample, kept a t —20°C until the analysis, is shown in
lane a.

For comparisons, disc-PAGE analysis of proteins from a freshly produced
cheese sample (lane a) and from a water buffalo whole casein sample (lane
b) is also included. The gel was overloaded in order to put in evidence
even poor differences in the profiles. Nevertheless, the type and the extent
of protein proteolysis, even after a 44-d storage period at 8°C, were quite
similar to that already found in a freshly prepared sample, regardless of the
environmental storage conditions (agar or liquid).

Physical properties are extremely important in order to evaluate the
state of preservation of mozzarella. As matter of fact, the deformability,
the resistance to break and the compactness of a food as it is witnessed
during mastication, and the energy related to these operations, induce in
the consumer a pool of sensorial stimuli which contribute to determine his
judgment on the quality of the food. We have hence carried out mechanical
tests in order to quantify the mechanical consistency of mozzarella pasta
as function of time and type of storage. Samples of mozzarella (stored in
liquid and in gel) were compressed in monoaxial load, by an Instron type
dynamometer, recording the penetration force against the displacement.
We carried out the above tests up to 30 days of storage. We reported the
results after 5 and 30 days. After 5 days (Figure 2.22), which is considered
the storage time at which the mozzarella is still fresh, the control sample
had already witnessed a strong diminution of the compression strength,
while the sample in gel still maintained very high strength. The most
impressive result is recorded after 30 days of storage (Figure 2.23). In this
case, the control reached a very low level of compressive strength, while the
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Figure 2.22 Compression tests of water buffalo mozzarella cheese stored for 5 d at 4°C
in gel and in its own preservation liquid compared with fresh water buffalo mozzarella
cheese.
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Figure 2.23 Compression tests of mozzarella cheese stored far 30 d at 4°C in gel and in its
own preservation liquid compared with fresh water buffalo mozzarella cheese.
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gel-stored cheese still maintained, practically unchanged, its mechanical
strength.

In conclusion, the research of innovative packaging is a fundamental
step towards the strategy to save the characteristics of a typical product
such as water buffalo mozzarella cheese, also with a view toward reaching
markets nowadays forbidden by distance and shipping costs. The innova-
tive gels based on natural polysaccharides have the peculiar characteristic
to allow the prolonged maintenance of sensorial properties of the cheese
with no addition of chemical substances and with no thermal treatment
on the milk.

2.7 Future Trends in Food Packaging

Traditional plastics are those which are most present in the food packaging
sector, so they affect the weight of the waste. Moreover, the enormous vari-
ety of plastics generated contribute to the difficult process of disposal and
recycling, besides generally being pollutants from exhaustible resources.

In contrast, biopolymers from renewable resources and compostables
facilitate recycling, generate reusable waste as production inputs, and also
ensure compliance with the requirements for food contact.

Sustainability in packaging remains a major trend with pressure from
both consumers and regulators, although now accompanied by the recog-
nition that brands should pursue a focus on achieving packaging efficiency
a more holistic approach that incorporates sourcing as well as product pro-
tection, transport, display and end of life. There is of course very little value
to the customer in environmentally friendly packaging if the final product
arrives damaged or otherwise unfit for use.

There is, however, always a scope to improve the environmental perfor-
mance of products and package design, as seen in the recognition of paper
and board as a material that is renewably sourced, is easily recycled and
can biodegrade at end of life.

Apparently biopolymers could be a satisfactory alternative to the exploi-
tation of fossil resources, but do not make the mistake of adopting simple
solutions. However, in the short term, it is necessary to consider what the
effect would be of mass producing them.

Given the negative externalities of a hypothetical intensive agriculture
associated with the generation of such biopolymers and the defined param-
eters of sustainable agriculture, we see how the latter makes possible the
production of biomass, the main raw material of biopolymers, providing
economic, environmental, social and qualitative-sensory characteristics.
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However, its limitations, for instance, do not make possible large-scale pro-
duction for economies of scale.

Looking towards the second half of 2013 and beyond, it is clear that

all of these trends are here to stay. To meet these trends and to continue
delivering value to customers, the packaging industry needs continued
innovation in smarter food packaging design that fuses functionality with
moves to limit the impact packaging has on the environment. Packaging
is a vital component in the modern food industry and pressure from all
stakeholders should be welcomed as it drives innovation and better pack-
aging design.
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Abstract

Food contamination results from various interactions between food and pack-
aging material. Migration of volatiles, additives, monomers and oligomers from
packaging materials into food and adsorption of volatile compounds of food by
polymer are important from a safety, hygienic and economic point of view. The
term migration includes two phenomenons (partition and diffusion) that can be
important for determination of contaminant concentrations in the food system
at any time. Estimation of partition coefficient, K, value in the food/packaging
system has been a major objective of different studies. Various parameters can
influence the partition coefficient such as temperature, pH, chemical structure of
migrant, molecular size and structure and fat content, and degrees of crystallinity.
In addition, different practical methods are applicable for identification of volatile
compounds present in polymer and food.

Keywords: Packaging, molecular transfer, interaction, migration, partition
coefficient

3.1 Introduction

Packaging makes food convenient and gives greater food safety assurance
from microorganisms and biochemical changes so that packaged foods can
enjoy a longer shelf life. Now, more than 30 different plastics are being used
as packaging materials [1]. The increasing use of plastics in food packaging
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has led to the need for more information about interactions between plas-
tic packaging materials and foods [2,3]. Despite the fact that all polymers
allow mass transport of low molecular weight substances (permeation,
migration and sorption), they are extensively used in packaging due to
their wide range of flexibility, size and shapes, thermal sealability, and cost
[4,5].

Direct contact between plastics packaging materials and food can result
in migration of low molecular weight additives from packaging material
into foodstuffs [6,7]. Amounts of solvents, reaction byproducts, additives,
and monomers migrating from polymer into food have been discussed by
a number of scientists [8-11]. In addition, loss of low molecular weight
compounds from a food into polymeric packaging materials, based on a
sorption mechanism, has been the subject of considerable attention and
concern [12-17]. These compounds include volatile and nonvolatile sub-
stituted. The nonvolatiles, such as fats and pigments, affect the package
itself, while sorption of volatiles (flavors and aromas) more directly affects
food quality, such as loss of aroma intensity [18,15,19].

Several investigations have shown that flavors can be absorbed to a con-
siderable extent by plastic packages [20,16,21-24]. Reports have been pub-
lished on partition equilibrium of aromas in packaged foods. Kwapong and
Hotchkiss [12], Imai et al. [22], Steffen and Pawliszyn [25] and Lebossé et
al. [26] studied the partition of aromas in packaged fruit juices or aqueous
simulants.

Use of printing solvents on food packages is widespread in the food
industry to inform and attract consumer attention. However, migration
of residual printing ink solvents from packages to the food can cause off-
flavors in food and deteriorate the quality of elaborated food products
[27-29]. Solvents consist of low molecular weight compounds such as
hydrocarbons, alcohols, ketones and esters [30], which can migrate to the
packaged food. The kinetic (diffusion) and thermodynamic equilibrium
(partition) of migration processes can be defined as an exchange of mass
and energy between the packaging and food and were investigated due
to the concern that human health might be endangered. Several studies
reported diffusion coefficients [31] or partition coefficient values of print-
ing ink solvents between packages and various foods [32-35] and involved
finding factors that affected the partitioning behavior [36-39]. Additional
data are needed on the food ingredients, solvent chemical structures and
properties as related to partitioning behavior.
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3.2 Food-Packaging Interaction

Food-packaging interactions can be defined as mass or energy interplay
between food, packaging, and the environment, which produces an effect
on the food, and/or the package.

Mass transfer processes in packaging systems are normally referred to as
permeation, migration and absorption (Figure 3.1).

Permeation is the process resulting from two basic mechanisms: dif-
fusion of molecules across the package wall, and absorption/desorption
from/into the internal/external atmospheres. Migration is the release of
compounds from the plastic packaging material into the product [41].
The migration of compounds from polymer packaging materials to foods
was the first type of interaction to be investigated due to the concern that
human health might be endangered by the leaching of residues from the
polymerization (e.g., monomers, oligomers, solvents), additives (e.g., plas-
ticizers, colorants, UV stabilizers, antioxidants) and printing inks. Later,
absorption, or scalping, of components originally contained in the product
by the packaging material attracted attention. Product components may
penetrate the structure of the packaging material, causing loss of aroma,
or changing barrier and/or mechanical properties, resulting in a reduced
perception of quality [42].

Legally, polymers for packaging are regulated through global or specific
migration levels. Global migration measures the total amount of all com-
pounds migrating into food simulants independently of migrant compo-
sition. Specific migration concerns a given migrant. Several studies have

Polymer film Migration substances  Adverse consequences

Environment Foodstuff
RIS Oxygen (1)O>f|dat|‘()n
m St _ Y Microbial growth
T[T Permeation Water vapour Mold growth
(2) < OO0 Carbon dioxide Off-flavour
O] Other gases
G880, 00 (2) Dehydratation
IS5
etelitaly
SIS0
’:’:’:‘:’: Decarbonation
el
BT
ol Migration Morpmers Off-flavour, Off-taste
0,400 Additives Safety problems
Getet e yp
BN
BT
eenerarale
ettt
O]
S .
St T Absorption Aroma compounds Loss of aroma intensity
Dhhhht (Scalping) Fats Development of
DO Organic acids unbalanced flavour profile
BTN Pigments Damage to the package
Pt
Fatititety

Figure 3.1 Possible interactions between foodstuff, polymer film and the environment,
together with the adverse consequences (adapted from [40]).



70 FuNcTtIiONAL POLYMERS IN FOOD SCIENCE

measured global and specific migration from packaging materials to foods
[43-46]. Authors noticed that, for specific migration measurement, and
particularly with fatty foods, procedures have to be questioned because
of the difficulty of analytical procedures, time consumption, or variety of
simulants required [47-52].

Migration processes can be divided into three classes, based on the lim-
iting mechanism [10,53].

o Class 1 - Non-migrating materials, with or without the
presence of food. The very low diffusion into the packaging
means that no measurable migration occurs.

o Class 2 - Independently migrating and not controlled by
the food, although the presence of food may accelerate the
migration. The high diffusion coefficient in the packaging
and the low affinity between packaging and migrant mean
that the migrant easily leaves the packaging material.

« Class 3 - Leaching; migration controlled by the food; negli-
gible in the absence of food, significant in its presence. The
food highly interacts with the packaging material (partial
solubilization) and the low packaging/food partition coef-
ficient make migrant transport very fast.

Even though there is no absolute cut-off between these various classes,
Class 1 was applied for diffusion coefficients of less than 107"° m?s'. On the
other hand, Briston and Katan [54] described Class 3 systems as those that
have diffusion coeflicients less than 107'° cm?s~! in the absence of food, but
107" m?s™! or higher in its presence. A migration process is fully described
by the kinetics of migrant diffusion in each phase (expressed by the diffu-
sion coeflicient, D) and the chemical equilibrium (expressed by the parti-
tion coefficient, K).

3.3 Mass Transport Processes

The fundamental driving force in the transfer of components through a
package system is the tendency to equilibrate the chemical potential. Mass
transport through polymeric materials can be described as a multistep pro-
cess (Figure 3.2). First, molecules collide with the polymer surface. Then
they adsorb and dissolve into the polymer mass. In the polymer film, the
molecules diffuse randomly as their own kinetic energy keeps them mov-
ing from vacancy to vacancy as the polymer chains move. The movement
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of the molecules depends on the availability of vacancies or “holes” in
the polymer film. These “holes” are formed of vacancies in the polymer
film. They are formed as large chain segments of the polymer and slide
over each other due to thermal agitation. The random diffusion yields a
net movement from the side of the polymer film that is in contact with
a high concentration or partial pressure of permeant to the side that is
in contact with a low concentration of permeant. The last step involves
desorption and evaporation of the molecules from the surface of the film
on the downstream side [55]. Absorption involves the first two steps of
this process, i.e., adsorption and diffusion, whereas permeation involves all
three steps [56]. Mass transfer processes between foods and packages are
governed by both kinetics and thermodynamics [9,57]. The rate at which
equilibrium is attained is governed by diffusion, whereas the distribution
of the migrant at equilibrium is determined by solution thermodynamics
[58]. The diffusion coefficient is a kinetic parameter that provides infor-
mation on migration velocity, whereas solubility and partition coeflicients
are thermodynamic parameters that measure migrant transfer [59,60].
Analysis of flavor scalping by packaging materials requires solubility data
and calculation of partition coefficients. Strong interaction between poten-
tial migrants and polymeric matrix greatly reduces the extent of migration
into contacting food [61]. Diffusion, solubility, and partition coeflicients
depend on the molecular dimensions of penetrants [62]. In general, as the
molecular size of penetrants increases, diffusion coefficient decreases and
solubility coefficient increases.

The diffusion coeflicient, D(C), is a measure of the speed of molecules
moving in the polymer. The solubility coefficient, S, is an indication of the
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Figure 3.2 Mass transport of molecules through a plastic polymer film (data from [56]).
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number of permeant molecules that are diffusing. Together, the diffusion
coefficient and the solubility coeflicient describe the permeability coefti-
cient, P [56].

P = D(C)*S (3.1)

Equation 3.1 is applicable only for situations where D(C) is independent of
permeant concentration C and S follows Henry’s law of solubility,

C=S5p (3.2)

where p is the partial pressure of the penetrant.

3.3.1 Migrant Diffusion

Quantitative measurement of the rate at which a diffusion process occurs
is usually expressed in terms of diftusivity (also called the “diffusion coef-
ficient”), expressed in m*s™.

The classical theory used to model the diffusion process is based on
Ficks laws [63,64]. Diffusion in homogeneous media is based upon the
assumption that the rate of transfer, R, of a migrant passing perpendicu-
larly through the unit area of a section is proportional to the concentration
gradient between the two sides of the packaging, as:

oC dc
= —_—= —D _—
ot (C) dX

where D(C) is the diffusion coefficient in m?s™". In general, D is a func-
tion of the local diffusant concentration, C (molm™7), t, is the time (s) and
X, the thickness of the material (m). The amount of package components
that may migrate from a plastic packaging material into liquid or solid
food depends on the chemical and physical properties of food and poly-
mer [65,2]. Various factors like migrant concentrations, molecular weight,
solubility, diffusivity, partition coefficient between polymer and food, time,
temperature, polymer and food compositions and structures (density,
crystallinity, chain branching) are the main controlling factors of migra-
tion [9,66]. Legally, polymers for packaging are regulated through global
or specific migration levels. Global migration measures the total amount
of compounds migrated to food independently of migrants’ composition.
Specific migration concerns a given migrant.

Several studies measured global and specific migrations from packag-
ing materials to foods [43-46]. Authors noticed that, for specific migra-
tion measurement, and particularly with fatty foods, procedures have to

R (3.3)
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be questioned because of the difficulty of analytical procedures, time con-
sumption, or variety of simulants required [47-49,67,45,50-52].

Migration processes can be divided into three classes, based on the lim-
iting mechanism [54,65,53].

 Class 1 - Non-migrating materials, with or without the pres-
ence of food. The very low diffusion into the packaging coef-
ficient makes no migration occur.

o Class 2 - Independently migrating not controlled by the
food, although the presence of food may accelerate the
migration. The high diffusion coefficient in the packaging
and the low affinity between packaging and migrant make
migrant easily leave the packaging material.

o Class 3 - Leaching; migration controlled by the food; negli-
gible in the absence of food, significant in its presence. Food
interacts highly with the packaging material (partial solu-
bilization) and the low packaging/food partition coefficient
makes migrant transport very fast.

Even though there is no absolute cut-off between these various classes,
Class 1 was applied for diffusion coefficients of less than 107"° m*s™’. On
the other hand, Briston and Katan described Class 3 systems as those that
have diffusion coefficients less than 107! cm?s™! in the absence of food, but
107" m?s™! or higher in its presence. A migration process is fully described
by the kinetics of migrant diffusion in each phase (expressed by the diffu-
sion coeflicient, D) and the chemical equilibrium (expressed by the parti-
tion coeflicient, K). Diffusion coefficient determines the dynamics of the
migration process. The larger the value of D, the shorter the time to reach
equilibrium [17].

3.3.2 Migrant Partition Coefficient

In a two-phase food/polymer system, migrant transfer from one phase to
the other one occurs to reach thermodynamic equilibrium. Partition coef-
ficient is defined as the ratio of migrant equilibrium concentration in the
polymeric material, C, toits equilibrium concentration, in the food phase,
C. Kis defined as:

K=t (3.4)
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When K = 1, the migrant concentration in food phase equals concentra-
tion in polymeric phase, at equilibrium. K is higher when more migrant is
absorbed into the polymer than in food. For food safety, a large K limits
migration from packaging material to food; conversely a lower K indicates
that more migrant is adsorbed into food. However, to minimize flavor loss
in a package, alow K is preferred. Partition coefficient depends on the solu-
bility coefficient, which indicates the polymer-solvent compatibility [68].
Thus, the partition coeflicient may be available for predicting the cohesive
property (in other words, sorption) of flavor compound for films, the cohe-
sive energy density, CED, which is defined by Equation 3.5:

AE
CED=—" (3.5)
%

where AE is the energy of vaporization and V'is the component molar vol-
ume. Due to thermodynamic relations, it is convenient to introduce a new
symbol, § (Equation 3.6) [69,70].

8= (CED)" (3.6)

The dimensions of § are (calem™)"2, also called 1 Hildebrand (1H). The
smaller the difference between the § values of two substances the greater
the solubility parameter. Other factors important in prediction of solubil-
ity include polarity and hydrogen-bonding character of the substances.
Hildebrand’s solubility parameter has been investigated for use in the
prediction of flavor sorption by packaging polymers [71]. Haleck and
Luttmann [72] and Nielsen [73] used Hildebrand’s solubility parameter to
explain the sorption behavior of citrus-flavor compounds and polyolefines.

Initial efforts in prediction of flavor sorption were based on modified
versions of the Hildebrand equation [74]. Hansen’s equation was based on
a three-dimensional map composed of dispersive, polar, and hydrogen-
bonding components of Hildebrand’s solubility parameter (8). Hansen
pioneered the concept that the total cohesive energy and the total solubility
parameter (8,) arises from a nonpolar (dispersive) parameter (6,), a polar
parameter (§,) and a hydrogen bonding parameter (3,,).

8, =487, +85 +87, (3.7)

Solute and solvents are represented as points in the three-dimensional
Hansen solubility space. Applications in which the solubility parameter
approach have been employed include finding compatible solvents for
coating resins, finding an effective mass separating agent, predicting the
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swelling of cured elastomers by solvent, and estimating liquid-liquid equi-
librium in polymer systems [70]. The Hansen equation was effectively used
in the paint and pigment industry for identification of suitable solvents for
paint polymers [74,75].

3.4 Effects of Different Parameters on Partition
Coefhicient

3.4.1 Temperature and Duration of Contact

Storage temperature is an important parameter acting on the degree of
aroma absorption by polymer [76,77].

The permeability of gases and liquids in polymers increased with
increasing temperature according to the Arrhenius relationship [78,79] in
the absence of glass transition. The effect of temperature on reaction rates
was empirically found to produce a linear relationship between log K and
1/T. Arrhenius plots of In K vs 1/T produced enthalpy values (AH) for the
sorption from Equation 3.8:

1| -AH
InK, =—
»77| %, (3.8)

where T is absolute temperature in degrees Kelvin (K) and R, is the perfect
gas constant (1.98717 cal.mol™. K™).

In fact, the relationship is the same as that seen in the van't Hoft analyses
of equilibrium constants. In an ideal equilibrium model the molecules heat
of transfer between phases can be related to the equilibrium constant by
the van't Hoff equation [80]. By performing a van’'t Hoff analysis, we can
extract enthalpy and entropy changes for a reaction:

~AH  AS°
R,T R,

InK = (3.9)

The kinetics of migration are, to a first approximation, first order in that
the extent of migration increases according to the square root of the time
of contact.
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3.4.2 Chemical Structure and Mobility of Migrant

The mobility of a migrant in the packaging material depends on the size
and shape of the molecule, any interaction it experiences with the material,
and the intrinsic resistance to mass transfer that the material presents.

The chemical structure of a migrant is an important parameter that can
influence the partition coefficient. Alcohols and short-chained esters had
higher partition coeflicients in the oil/polymer system than in the water/
polymer one. They have a higher affinity for the plastic when they are in
oil solution than when in they are water. In addition, short-chained esters
are more polar, therefore are lost to a greater extent from oil than from
aqueous solutions. Aldehydes have less solubility in the polymer when they
are in oil, because of their long carbon nonpolar chains. As a result, they
have lower partition coefficients in the oil/polymer than in the water/poly-
mer [81]. Partition coefficients of all volatile compounds decreased with
increasing ethanol concentration, although the decreasing behavior was
different for each homologous series [82].

3.4.3 Fat Content of Foods and Degrees of Crystallinity

An and Halek [39] studied partitioning (KP) of printing ink solvents in
three different types of chocolate (cream, liquor, chips) with different fat
content and different degrees of crystallinity. The KP for each solvent at 25,
35, and 45°C increased with increasing temperature. At 25°C, the partition
coeflicients decreased in the following order: cream (29% fat content and
lowest crystallinity) > liquor (48% fat and medium crystallinity) > chips
(25% fat and higher crystallinity). At this temperature, the degree of crys-
tallinity in the structure was more important than the fat content. At 35°C,
the order was: liquor (48.4% fat) > cream (28.9% fat) > chips (25.4% fat).
Thus, as the structures of chocolates became less crystalline, fat content
affected the partition coefficient values to a greater degree. At 45°C, the
structure in each sample became more amorphous and the order of K,
value was the same as that at 35°C, but KP differences were increased.

3.5 Model Migrants

Model migrants of different chemical structures, polarities, hydrophobic-
ity and molecular weight have been selected: limonene, styrene, bisphenol
A, diisopropyl naphthalene (DIPN), triacetin, butylated hydroxytoluene
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(BHT), triclosan.... These substances cover a wide range of technical
applications in plastics material, for instance (monomers, antioxidant....).

Limonene is a terpene very commonly found in recovered PET (poly-
ethylene terephthalate). This volatile compound is a precursor to off-flavor
compounds in foods and it can also be absorbed by other packaging mate-
rials such as low density polyethylene (LDPE) and polycarbonate (PC)
[83].

Styrene, a monomer used in the manufacture of numerous types of plas-
tics, can be in direct contact with food when polymers such as polystyrene
and acrylenenitrile-butadiene-styrene are used as packaging materials
(84].

Triacetin is an antifungal agent used in the perfume and pharmaceutical
industries, although it is also used as a plasticizer in cellulose.

Diisopropylnaphthalenes (DIPN) are widely employed as solvents in the
paper industry. The presence of this molecule in food products may pos-
sibly occur due to the migration from the paperboard packaging, made
from recycled fibers originating from feedstock containing carbonless
copy paper [85].

Bisphenol A is a monomer used to produce polycarbonate plastics [86].
It is also used as an antioxidant or inhibitor in the manufacture and pro-
cessing of polyvinyl chloride (PVC) [87].

Butylated hydroxytoluene (BHT) is also commonly used as an antioxi-
dant in plastics [88]. This molecule exhibits high mobility and therefore has
a tendency to migrate rapidly from packaging materials into foods [89].

All these migrants present different chemical structures, molecular
weight, and solubility polarity.

3.6 Instrumental Analyses

Many experimental methods have been reported to determine migrant
concentrations in the polymer/food system. Gavara et al. [90] used three
techniques, dynamic thermal stripping-thermal desorption (DTS-TD), gel
permeation chromatography (GPC), and gas chromatography (GC) for
partition studies of organic compounds in water/polystyrene systems. The
multi-technique method is certainly a good way to validate the partition
coefficients measured. The main techniques are described below.
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3.6.1 Gas Chromatography with Flame Ionization Detector

In general, gas chromatography (GC) is the method for K determination
universally applied with the help of several highly efficient modes of extrac-
tion, (pre)concentration, injection, separation, and qualitative or quantita-
tive detection of the volatile (flavor) compounds [91]. This technique has
been used to determine styrene, 1-octene, DIPN, laurolactam, ATBC and
limonene.

Kwapong and Hotchkiss [12] used solvent extraction (e.g., hexane or
heptane) and gas chromatography to measure sorption and partition coef-
ficients of aroma compounds in two types of polymers (polyethylene and
ionomers) in contact with aqueous solutions. Halek and Levinson [36]
used GC to measure the partition coeflicient of printing ink solvent poly-
propylene/air and cookie/air. Nielsen et al. [81] and Nielsen [73] used
supercritical carbon dioxide extraction directly coupled with a gas chro-
matograph for measurements of absorbed aroma compounds in plastic
packaging material and to directly collect extracted samples in the GC col-
umn for quantification. As another example, Garde et al. [92] used the GC
method to determine the concentration of three antioxidants (AO,) from
polypropylene films in fatty food simulants (heptane and 95% ethanol).

The analysis of flavor in packaging materials generally involves head-
space gas chromatography techniques, which are simple and reproduc-
ible but have a low sensitivity. The headspace GC analysis was applied for
identification and determination of individual components and substance
present in complex mixtures.

Headspace techniques are restricted to the most volatile components
[93,94,95]. The detection of flavor compounds greatly depends on their
concentration and vapor pressure, as well as on the temperature and food
matrix [91]. Headspace GC is used to control the content of toxic sub-
stances in biological samples, to determine volatile components in poly-
mer materials, and for the analysis of environmental media (air and water)
and food products [96].

The flame ionization detector (FID) is certainly the most popular detec-
tor used for GC analysis. Its main advantages are its low cost, universal
applicability (except for carbon dioxide and formic acid), extremely wide
linear range of concentration for quantitative determinations, and long-
term stability (the response factors for analytes remain very constant over
long periods). As a consequence of its universality, this type of detector is
neither specific, nor selective.

This technique was employed by lots of authors for migrant concentra-
tion measurements. Gas chromatography with flame ionization detector
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and silica capillary column has been largely used for partition coefficient
determination, but, it has some disadvantages such as: the selection of col-
umn depends upon the nature of the molecule to be separated, decrease
accuracy of results can be obtained for the compounds for the high polar
and nonpolar compound, and highly sensitive detector was necessary for
measuring very low concentrations.

3.6.2 Gas Chromatography-Mass Spectrometry

The technique of gas chromatography-mass spectrometry (GC-MS) has
had a great impact on research in the chemical and biological sciences.
Mass spectrometry (MS) is an analytical spectroscopic tool primarily con-
cerned with the separation of molecular (and atomic) species according to
their mass and includes different methods for ionizing molecules (posi-
tively and negatively charged ions). The principles involved are relatively
straightforward [90]. In GC-MS, electrically unchanged gaseous mole-
cules, coming directly from the GC column, are ionized in the ion source
of the instrument, either by negative-ion chemical ionization (NICI) or
by electron-impact ionization (EI) [97]. The spectrum of ions so obtained
(mass spectrum) is normally presented in the form of a bar diagram in
which the intensities of the various ions expressed in relative percentages
are plotted against the corresponding mz"' (mass to charge ratio) values
[98,99]. For interpretation, GC-MS results are compared to standard picks.

This technique was used for identification of the migrant in food/pack-
aging systems by a large number of authors including McGorrin et al. [29],
Startin et al. [100], Hollifield [101], Nielsen et al. [102] and Lau and Wong
[1]. Franz et al. [103] studied the functional barrier properties of multilayer
recycled poly (ethylene terephtalate) bottles for soft drinks. Lebossé et al.
[26] noticed the interactions between reactive aroma from model citrus
juice with polypropylene packaging film; Nahon et al. [104] for the deter-
mination of flavor release from mixtures of sodium cyclamate, sucrose,
and orange aroma; Sarria-Vidal et al. [105], Sipilainen-Malm et al. [106]
and Lau and Wong [1] for the determination of the migration of plasticiz-
ers from polymer materials into solid food.

Identification and quantification of the compounds need a great knowl-
edge of the method and a good awareness of the migrant present in the
packaging.
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3.6.3 Gel Permeation Chromatography

Gel permeation chromatography (GPC) differs from the other modes of
liquid chromatography. This instrument technique provides a means to
separate and quantify different molecules in a solution based on molecular
size. The GPC apparatus gives, by its differential refractometer, a measure
directly proportional to the concentration. The equipment is so calibrated
that a certain molecular weight is associated with each elution volume
[107].

The GPC technique has some advantages such as the possibility to
maintain all corresponding parts at high temperature (up to 140°C), the
short duration of the experiment and the high flow rate applied [108].
This experimental technique was employed by Gavara et al. [90] to deter-
mine the partition coefficient (K) of toluene, d-limonene, and ethyl acetate
between water and polystyrene. In another case, Lau and Wong [109] used
GPC to describe the migration of plasticizers from food contact material
into the solid foodstuff. Kubin [110] and Kedzierewicz et al. [111] also used
a GPC for the determination of partition coeflicients. A great advantage of
GPC is that the column can be used for several months without effects on
retention volumes or clean-up capacity [112]. A highly sensitive detector
was also necessary for measuring very low concentrations. A disadvantage
is the large volumes of solvent needed [113].

3.6.4 High Performance Liquid Chromatography

High performance (or pressure) liquid chromatography (HPLC), began
as an improved analytical separation technique, and today has become a
routine method in quality control and research. It is particularly useful
in fields where previous analysis of large numbers of samples containing
nonvolatile or thermally unstable species has required the application of
tedious and often imprecise procedures. The HPLC technique is consid-
ered to be a powerful technique for component analysis in commercial
preparations and food, but pure compounds from lac dye for the reference
standards are not commercially available. In addition, no effective method
for isolating these components from dye preparation has been reported
[114-116]. During the past decade, HPLC has emerged as an excellent
analytical tool for application in diverse areas. It has been further extended
to examine the interaction of polymeric materials such as polyvinyl acetate
(low and heavy carbon load), polymethacrylic acid (heavy carbon load),
polytriphenyl methyl methracrylate (heavy carbon load) with nonvolatile
food ingredients such as ascorbic acid, niacin, phenylalanine and caffeine
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[117]. The basic chromatographic process consists of the partition of sam-
ple molecules between a mobile fluid and a stationary phase. The parti-
tion of sample molecules between the mobile and stationary phases may
be considered as a dynamic equilibrium, both when the mobile phase is
static and also during chromatographic elution. Selection of the suitable
HPLC column is principally defined by the sample characteristics such as
molecular weight, solubility and polarity. Small and nonionic molecules
are separated by adsorption, reversed-phase, or on chemically bonded
phases, respectively. Charged samples are separated by ion-exchange, ion-
pair, or ion chromatography. The following stationary phases should be
installed in a HPLC laboratory, which is supposed to solve rather different
separation problems:

Silica gel, reversed phase (C-18), strong cation-exchanger, strong anion-
exchanger, and water are, respectively, solvent compatible gel columns. In
HPLC, the selection of a mobile phase depends on the stationary phase. The
mobile and the stationary phase have to exist together and must not destroy
each other. Normally, nonpolar mobile phases will be for the adsorption
chromatography, and polar mobile phases for the reversed-phase and ion-
exchange chromatography [116]. The HPLC techniques offer the advantage
of tolerating lower sample purity, smaller size, and being dynamic range.
Another advantage of HPLC is that closed, reusable columns are used, thus
hundreds of samples can be run through an individual column without
repackaging [118]. As an example, Snyder and Breder [119] used liquid
chromatography to determine migration of styrene from polystyrene into
several food stimulants. In addition, Hammarling et al. [120] determined
migration of bisphenol-A diglycidyl ether (BADGE) from cans into food
by HPLC. Nerin et al. [121] used it for identification of bisphenol-type
contaminants from food packaging materials in aqueous foods. Papilloud
and Baudraz [122] applied HPLC for the determination of printing inks
from packaging in food.

3.6.5 Liquid-Liquid and Solid-Phase Extractions

Liquid-liquid extraction (LLE) and solid-phase extraction (SPE) are nowa-
days the most important procedures of organic sample preparation [123].
Liquid-liquid extraction (LLE) applies to liquid matrices. It relies on a
“partition coefficient” between two immiscible solvents for the compounds
that are trying to be extracted or separated. Liquid extractions employ
immiscible solvents for partitioning the compounds of interest from one
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solvent to another. The LLE extractors are large sized, use considerable
amounts of solvent and must be controlled in terms of stirring [123,124].

Around 1980, a smaller open-bed column, solid-phase extraction (SPE),
cleanup column was introduced which could accommodate a smaller sam-
ple size. The SPE method was developed as an alternative to LLE for the
separation, purification, concentration and/or solvent exchange of solutes
for solutions. Solid phase extraction reduces the quantity of solvent used
per analysis. It is one of the simplest, most effective and most versatile
methods of sample preparation. It is supposed that the sorption behavior
in SPE depends principally on the hydrophobic interaction between the
sorbent and the analyte. Therefore, information about the hydrophobic
characteristics of sorbents and analytes is important for the effective use
of SPE [125]. The SPE method is widely used for liquid sample prepara-
tion and is based on using cartridges packed with octadecyl-silica gel or
other sorbents based on a reversed-phase mechanism. The SPE columns
are packed with a selectivity packing material, such as silica gel, C-18, or
ion exchange material, and the sample extract is fractionated by polarity,
water solubility or ionic attraction [126,127].

The advantages of SPE and LLE are that they need less solvent, their cost
is reasonable and they are rapid; in addition they have better precision and
accuracy. Chuang et al. [128] evaluated SPE for determining pesticides in
baby foods and adult duplicate-diet samples. Lopez et al. [129] used this
method for the quantitative determination of important wine odorants.

3.6.6 Solid-Phase Microextraction

In the early 1990s, solid-phase microextraction (SPME) was developed by
Arthur and Pawliszyn [130]. It is a single-step, solvent-free extraction tech-
nique for volatile compounds extraction, with a high sensitivity, sample
preparation technique, a reasonable cost and a rapid analysis [130,131].
It can be applied to the analysis of volatile and nonvolatile compounds
in solid, liquid, and gaseous samples, especially for quickly screening the
volatile composition [132]. The application of this technique was used to
analyze coffee, a butter flavor in vegetable oil [132], flavor compounds in a
fruit beverage [133] and orange juice [25], volatile compounds in tomato
and strawberry fruit [134], and volatile compounds in vodkas [135].

The key component of the SPME device is a piece of fused silica fiber (ca.1
cm in length) coated with an adsorbent such as poly(dimethylsilomane)
[132]. The principle of SPME technology is the partitioning process of
the analyte between the fiber coating and the sample. At equilibrium, the
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relationship can be expressed as the partition coefficient (K) between the
fiber and sample [136]. The SPME technique consists of a two-step process,
including the absorption of analytes onto the fiber and the desorption of
analytes into an analytical instrument [137]. Good linearity of response
was exhibited by SPME for volatiles ranging in concentration from ppb to
ppm with negligible effects from matrix variations. The sampling of SPME
should be sensitive enough to be used for dynamic investigations of impact
volatiles [138]. However, SPME analysis is quite sensitive to experimental
conditions such as heating temperature and time, sample volume, con-
centration, sample pH, sample matrix and uniformity [132,139]. Several
disadvantages related to fiber stability and sensitivity have been pointed
out. The main disadvantage of SPME in the field is its lack of robustness.
The needle can be easily bent, and the fiber can be broken when handled
without sufficient care.

3.6.7 Sensory Evaluation

Sensory evaluation is used to evaluate the transfer of migrants from the
packaging material to food and the effect of those migrants on the devel-
opment of off-flavor in the food. Threshold values are important param-
eters for (off-)flavor perception, which is determined by the nature and
quantity of the flavor compound and the availability of such compound to
the sensory system as a function of time. Moreover, food matrix plays an
important role in flavor perception [140]. Taste recognition threshold con-
centrations (TRTC) of plastic material or printing ink solvents are deter-
mined by using different panels and rating scale evaluations of intensity,
or by forced choice methods such as the triangle test [141]. The extent of
residual solvent migration from packaging materials into the food can be
evaluated after exposing water, food simulant, or actual food to packaging
materials at 40°C, at ambient temperature, or at actual cooking tempera-
ture [141-143]. Sensory evaluation can be paralleled with objective instru-
mental analyses and high correlations between sensory and instrumental
results can be obtained [144,145].

3.7 Conclusion
The protection of food is a key function of a package, and the visual and

aesthetic image created by the packaging is now a sales strategy of the same
order as the quality of the food product itself. As a result, the packaging
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technologist has to be able to tailor his product in order to reduce the level
of food contamination from packaging materials. Packaging scientists and
food manufacturers have worked together for marketing products that are
more and more attractive and safe to the public.

In conclusion, the migration process can be important in terms of addi-
tives in the polymeric packaging material of food or the volatile com-
pounds of food to packaging. Several factors such as the chemical and
physical structure of food, packaging and migrant, concentration and mix-
ture of migrant, fat and water contents of the food, affect the partitioning
of migrants between food and packaging. Storage temperature is the most
important environmental variable affecting the distribution process. In
high temperature, absorption of flavor increases in the packaging material.

The other factors that affect absorption include molecular size of aroma
compounds and polarity and solubility properties of both the polymers
and the aroma compounds.

In the methodology, each method has some advantage and disadvan-
tage. Both GC and HPLC were based on molecular size and polarity.
They have been developed for detecting pesticides in food or transfer of
migrant (volatile compound) in packaging. The GC-MS technique has the
advantage of increasing the sensitivity of the analysis. The most universally
applicable clean-up method is GPC for direct measurement of the migrant
concentration, with minimum sample manipulation. SPE, SPME and LLE
are good methods for extraction that can be used for determining the min-
imum sample concentration.

The SPME method can be used as a substitution and improvement
of classical sample preparation methods. Thus, it can be applied for the
analysis of drugs, methabolites, environmental pollution and food toxicity.
Although SPE methods are becoming increasingly popular, nearly all ana-
lytical problems can be solved by LLE and SPE. Therefore, these methods
can be characterized as universal from a scientific and technical view.
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Abstract

It is well known that petroleum derived non degradable synthetic polymer materi-
als have been widely used in every field of human activity during the last decades.
In recent years, there has been a clear rise in the interest in use of biodegrad-
able materials in packaging, in various industries. Biodegradable polymers are
polymers of natural origin and are long-chain molecules or materials, which
have been derived from bio-based monomers. Starches, cellulose, Polylactic
acid, Polyhydroxyalkanoates etc., are examples of some of the most commonly
used biodegrdable polymers in food packaging. The primary role of packaging is
protection and preservation of food from external contamination. This function
involves delay of deterioration, extension of shelf life, and maintenance of quality
and safety of packaged food. Food packaging is defined as a coordinated indus-
trial and marketing system for enclosing products in a container to meet the fol-
lowing needs: containment, protection, preservation, distribution, identification,
communication, and convenience. Biodegradable polymers have the potential to
fulfill all these functions without causing any threat to the environment. Most of
these polymers can be thermally and physically manipulated to a large extent to
have suitable material properties. The suitability of a biomaterial for the purpose
of packaging is dependent on its desirable extent of gas barrier properties, water
vapor transmittance, thermal and mechanical properties and Compostability. This
will also be dependent on cost of production and cost and ease of processing.
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4.1 Introduction

Biopolymers are naturally occurring long-chain molecules or materials,
which have been derived from biobased monomers [1]. Proteins, enzymes,
muscle fibers, polysaccharides and gummy exudates are examples of natu-
ral polymers being effectively used in formulating a variety of products.
Well-known natural polymers like chitosan, carrageenan, paghula, acacia,
agar, gelatine, shellac, guar gum, xanthan gum and gum karaya are widely
used in the food industry [1].

On the other hand, biodegradable biopolymers made from annually
renewable resources can solve major problems associated with plastics
used in the food industry and improve their life cycle by sustainable devel-
opment. Nowadays biopolymers have emerged as potential alternatives,
some of which are available commercially while others are being investi-
gated by researchers. According to the European Technology Platform for
Sustainable Chemistry, up to 30 percent of raw materials for the European
chemical industry could come from renewable sources by 2025 [2]. As far
as the polymer market is concerned, bioplastics are nowadays the fastest
growing biobased product globally. But like other biobased innovations
they have struggled to achieve a market share, contributing only less than
0.5% of world plastics consumption [3]. Table 4.1 outlines the three most
common routes to bioplastics manufacturing and Table 4.2 gives a com-
parison of major companies in the field [4].

Germany’s Nova-Institute is publishing the most comprehensive market
study of biobased polymers that has looked at every kind of biobased poly-
mer produced by 247 companies at 363 locations around the world, and
they have examined in detail 114 companies in 135 locations [5].

The 3.5 million tonnes in the Figure 4.1 represents a share of 1.5% of an
overall polymer production of 235 million tonnes in 2011. Current pro-
ducers of biobased polymers estimate that production capacity will reach
nearly 12 million tonnes by 2020. With an expected total polymer pro-
duction of about 400 million tonnes in 2020, the biobased share should
increase from 1.5% in 2011 to 3% in 2020, meaning that biobased produc-
tion capacity will grow faster than overall production (Figure 4.1).

Fields of application for bioplastic materials and products are increasing
steadily. Many market segments like packaging, food industry & services,
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Table 4.1 Current methods for biopolymer production [4].

Current methods for Biopolymers Examples of marketed
biopolymer production biopolymers
Modified natural Starch, starch deriva- Novamont’s starch resin

polymers from plant
material

tives; Cellulose.
cellulose derivatives;
Lignin

Mater-Bi

Polymers made directly
by microorganisms or
plants

Polyhydroxyalkanoates,
such as
Polyhydroxybutyrate
and copolymers
(PHB/PHAs);

Polylactic acid (PLA)

Metabolix. Inc’s PHA:
Mirel

Polymers made from
monomers obtained
by fermentation

Polylactic acid (PLA)
Polypropylene terephta-
late (PPT)
Polyethylene (PE)
and other ethylene
derivatives

Nature Works’ PLA
DuPont’s PPT: Sorona
Braskem’s Green PE

Table 4.2 Comparison between companies producing biopolymers [4].

Company | Polymer Renewable | Production Market
feedstock [ technology
BASF PHAs Corn Made by Niche
micro- biodegradable
organisms
DuPont BIO-Propanediol | Corn Fermentation | Film
(BIO-PDO)
Braskem | Green PE Sugarcane | Purification of | Major fibre
ethanol ethanol plastics,
Commodity
plastics

agriculture/horticultural, consumer electronics, automotive, consumer
goods and household appliances are steadily increasing the use of bioplas-
tic materials these days [5]. In food biotechnology, a major proportion of
biopolymers serve the purpose of packaging, with the latest development
being production of encapsulation systems based on edible biopolymers.
Other than these, there are natural polymers that have been used mainly
because of their rheological properties.
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Polymers world wide, bio-based shares (2011,)

Institut © nova-Institute 2013
b

(*):  Data from PlasticsEurope 2012. Original data show 45 Million t functional polymers plus 235 Million t construction polymers
=280 Million t total. We added in addition 10 Million t paper starch to the functional polymers -> new total: 290 Million t.

(**): nova-Institute 2013.

plus Different additional sources.

Figure 4.1 Market share of biopolymers [5].

4.1.1 Examples of Natural Edible Polymers in the Food
Industry

Xanthan gum is produced by a pure-culture fermentation of a carbohydrate
with Xanthomonas campestris and purified. It is also known as Corn sugar
gum and is used as a stabilizer, thickener and emulsifier in the food industry
for dairy products. Carrageenan is the hydrocolloid obtained from red sea-
weeds by extraction with water or aqueous alkali and recovered by alcoholic
precipitation, drum drying or freezing. Carrageenan is used as a suspend-
ing and gelling agent. In the food industry, it is utilized in milk products, ice
creams, chocolates, jams and gels in the concentration of 0.5-1% [6].
Cassia gum is a food additive made from the endosperm of Cassia
obtusifolia, also known as Senna obtusifolia or Cassia tora. Cassia gum is a
naturally occurring polymer with mannose and galactose as its repeating
units. Cassia gum develops high viscosity by swelling in water after it is
boiled. Cassia gum is the purified flour from the endosperm of the seeds of
Cassia obtusifolia and Cassia tora which belong to the leguminosae family.
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Cassia gum is used as thickener, emulsifier, foam stabilizer, moisture reten-
tion agent and texturizing agent in cheese, frozen dairy desserts and mixes,
meat products and poultry products [6].

4.2 Material Properties of Bioplastics Relevant to
Food Packaging

Food packaging is defined as a coordinated industrial and marketing sys-
tem for enclosing products in a container to meet the following needs:
containment, protection, preservation, distribution, identification, com-
munication, and convenience [7]. Some of the important functions of a
good packaging material are protection and preservation [8]. We will first
outline the essential properties required by a good packaging material in
order to fulfil the above-mentioned functions. Based on these properties,
we will discuss the extent to which the different bioplastics form suitable
food packaging materials.

4.2.1 Gas Barrier Properties

Many foods require specific atmospheric conditions to sustain their fresh-
ness and overall quality during storage. In most packaging applications,
the gas mixture inside the package contains carbon dioxide, oxygen, nitro-
gen or combinations thereof [9]. Literature reports that the presence of just
20% oxygen in the packaging atmosphere is enough to cause the growth
of microorganisms and carry out undesirable oxidation of the food [10].

In general, permeability ratios for nitrogen, oxygen and carbon dioxide
through polymers are 1:4:14. Oxygen permeability is usually used as a ref-
erence while measuring gas barrier properties [11]. These have also been
reported to be influenced by humidity in the case of biomass-based bio-
plastics (those involving cellulose and starch). The gas barrier properties of
PLA and PHA are relatively independent of humidity [9].

Thus, food packaging materials must evolve in design to include gas
barriers that are able to contain and maintain an optimum combination of
gases to preserve the long-term quality of food material.

4.2.2 Water Vapor Transmittance

Moisture content control forms an imperative part of food packaging. In
some cases, increased moisture content causes food deterioration, while in
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other cases loss of moisture is the cause of decline of the food’s organolep-
tic desirability [12].

The presence of moisture is attributed to enabling unnecessary chemical
reactions and encouraging growth of unwanted microorganisms [13]. As
mentioned in the previous paragraph, loss of moisture particularly affects
the texture and appearance of the foodstuff. Changes in relative humidity
(RH) cause surface moisture which results in many displeasing textural
defects such as lumping, caking, mottling, crystallization and stickiness.
The increase in moisture content within the packaging may also occur due
to the food; for example, vegetables and other plant tissues give off mois-
ture while respiring during a process called transpiration [6].

The availability of moisture within a food package is measured as water
activity. Water activity is measured on a scale of 0 to 1, where 0 indicates no
water and 1 indicates all water. Food spoilage microorganisms, in general,
are inhibited in food where the water activity is below 0.6. However, if the
pH of the food is less than 4.6, microorganisms are inhibited when the
water activity is below 0.85 [14].

Thus, it is imperative for the food packaging materials to ensure a rate
of water vapor transmittance to keep the water activity level optimum for
preservation depending upon the food item.

4.2.3 Thermal and Mechanical Properties

Bioplastics are usually semicrystalline in nature; hence exhibit both a glass
transition temperature and a melting temperature [13]. Crystalline and
glassy regions in a polymer provide barriers to permeants, and a material
is usually more permeable above its glass transition temperature due to the
decrease in glassy regions [15]. Therefore, knowledge of the Tg and Tm of
a polymer is essential for designing good food films with the desired bar-
rier properties.

Some foods (for example, fresh fruits, eggs, biscuits, etc.) are easily dam-
aged and require a higher level of protection from a package. The suit-
ability of a package to protect food from mechanical damage depends on
its ability to withstand “crushing” caused by stacking in warehouses or
vehicles, “abrasion” caused by rubbing against equipment or during han-
dling, “puncturing” or “fracturing” caused by impacts during handling or
by vibration during transport [16]. The mechanical strength of any mate-
rial is measured by the tensile strength and Young’s modulus. While tensile
strength gives the measure of how much deformation or tension a material
can withstand, Young’s modulus is a measure of the material’s stifftness or
elasticity [13].



PROPERTIES OF BIOPOLYMERS IN FOOD ScIENCE 101

4.2.4 Compostability

As per the ASTM D 6002, the word “compostable” has been defined as
“that which is capable of undergoing biological decomposition in a com-
post site such that the material is not visually distinguishable and breaks
down into carbon dioxide, water, inorganic compounds and biomass at a
rate consistent with known compostable materials” [14].

A frequent question that arises out of using bioplastics is the extent of
its biodegradability and how long it takes for a bioplastic object to degrade
once it reaches the landfill. This is usually a cause for concern as, until they
degrade, the bioplastics would be taking up the same amount of space in
landfills that traditional plastics do [17].

4.3 Materials

4.3.1 Starch
4.3.1.1 Production

Starch is a widely available and easily biodegradable natural resource. To
produce a plastic-like starch-based film, high water content or plasticiz-
ers (glycerol, sorbitol) are necessary. These plasticized materials (with the
application of thermal and mechanical energy) are called thermoplastic
starch (TPS) and constitute an alternative for polystyrene (PS). Starch-
based thermoplastic materials (e.g., blends of TPS with synthetic/biode-
gradable polymer) components, like polycaprolactone, polyethylene-vinyl
alcohol or polyvinyl alcohol, have been successfully applied on an indus-
trial level for foaming, film blowing, injection molding, blow molding and
extrusion applications [18]. Figure 4.2 illustrates various conversion tech-
niques and modifications of starch.

Industrial starch production uses many different extraction techniques.
In principle, they are differentiated by the origin of the raw materials.
There are cereal starches, root starches, and tuber starches. The processing
of supplied raw materials starts with a cleaning step. After that, the mate-
rial is crushed and then the components are separated by various physical
means. Then the separated starch passes on to one more cleaning step and
finally it is dehydrated and dried. Well-conducted steeping is an impor-
tant prerequisite for high yield and good starch quality. This step is con-
ducted at 50°C and lasts about 40 to 50 hours. Steepwater is kept at pH 4
by addition of sulphuric acid or hydrochloric acid and treated with sulphur
dioxide. These conditions guarantee optimal water absorption of the maize
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kernel, controlled fermentation by lactic acid bacteria and loosening of the
protein matrix. Growth of lactic acid bacteria suppresses unwanted micro-
organisms such as yeasts, molds and other bacteria. To free the germs the
kernels are coarsely ground in an attrition mill. Separation of specifically
lighter germs is conducted by means of special hydrocyclones. Afterwards
the germs are washed and dried and finally sold to companies, which uti-
lize them for corn oil production. The germ removal step is followed by
fine grinding in an impact mill to completely disrupt the cells of the endo-
sperm and release the starch granules. The resulting suspension is led over
bend green cascades for separation from fiber and other maize compo-
nents. The starch milk, which contains the protein fraction, the so-called
gluten, passes through. The bend screen cascades are connected in series.
For complete washing out of the starch and separation of the fibers they
are operated by the counter flow principle. Additionally, washing water is
added to the last process stage. The crude starch milk still contains all the
dissolved proteins. This fraction is called gluten, and most of it is separated
off by means of two successive nozzle-type continuous centrifugal separa-
tors. The process utilizes density differences between starch and protein.
The protein fraction is dehydrated by means of a rotary drum filter, then
dried and used as a high protein feed additive. The starch milk, which still
contains approximately 2% of protein and fibers after separation, is then
refined in a multi-step cyclone plant. By optimal construction and adjust-
ment of the plant it is possible to reduce the protein content in the starch
below 0.3% on dry matter. The refined starch milk, having a water con-
tent of approximately 65%, is dehydrated in peeler centrifuges to a residual
water content of about 40%. The inner layer of the filter cake is colored
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yellow and contains high amounts of protein. It is reintroduced into the
process. Pure starch is finally dried by means of a flash dryer. For optimal
shelf life, residual moisture must not exceed 14% [18,19].

The production of starch derivatives is carried out by conversion of
native starch with the respective chemicals. Starch conversion is achieved
by four different methods: slurry process (aqueous solution), paste reac-
tions, extrusion and semi-dry process, as shown in Figure 4.2 [19].

Modifications give starch its specific and desired properties.
Derivatization technologies aim for modifications of the natural starch
properties or for the establishment of new ones for utilization of starch
in different applications. Thus starch molecules are degraded, chemically
modified by introduction of functional groups or changed by hydrothermal
technology (Figure 4.3). Starch and modified starches have a broad range of
applications in the food sectors like beverages, syrups, deserts, confection-
ary, bakery products, puddings, gravy, creams and instant meals [19,20].

To achieve other properties and improve cost competitiveness of com-
pletely degradable polyesters, their blending with low cost starch is being
investigated. Usually, the components to blend with starch are aliphatic
polyesters, polyvinyl alcohol (PVA) and biopolymers. The commonly used
polyesters are poly(3-hydroxyalkanoates) (PHA), obtained by microbial
synthesis, and polyactide (PLA) or polycaprolactone (PCL), derived from
chemical polymerization [21,22,23]. Natural polymers such as chitosan,

Native starch
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A 4

Extrusion cooking |4
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Figure 4.3 Production of starch derivatives [19].
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cellulose and their derivatives are studied because the blend exhibits good
film-forming properties [21,24]. Extrusion of the mixture of corn starch
and microcrystalline cellulose in the presence or absence of plasticizers
(polyols) is used to produce edible films [23]. Starch-based nanocomposite
films have been obtained by casting the mixture of plasticized starch and
flax cellulose nanocrystals.

Food packaging and edible films are two major applications of the
starch-based biodegradable polymers in the food industry. Evidently, the
starch-based biodegradable polymers are attractive for the food industry
and will make great progress in the future.

4.3.1.2  Chemistry and Structure of Starch

Starch granules are composed of two types of alpha-glucan, amylose and
amylopectin, which represent approximately 98-99% of the dry weight.
The ratio of the two polysaccharides varies according to the botanical
origin of the starch. The “waxy” starches contain less than 15% amylose,
“normal” 20-35% and “high” (amylo-) amylose starches greater than
about 40%. The structure of the alpha-glucans is discussed below in more
detail. The moisture content of air-equilibrated starches ranges from about
10-12% (cereal) to about 14-18% (some roots and tubers).

Cereal starches contain integral lipids in the form of lysophospholip-
ids (LPL) and free fatty acids (FFA), which are positively correlated with
the amylose fraction, and the LPL may account for up to ~2% of starch
weight (in high amylose cereal starches). However, the granules may also
be contaminated with surface lipids [29]. The contaminants comprise tri-
glycerides, glycolipids, phospholipids and free fatty acids derived from the
amyloplast membrane and non-starch sources. These differ from integral
(internal) lipids, which are composed exclusively of the FFAs and LPL [29].
Starches from the Triticeae starches contain almost exclusively LPLs (-cho-
line, -ethanolamine and -glycerol), while other cereal starches are rich in
FFAs. Part of the amylose fraction within lipid-containing granules exists
as an amylose inclusion complex where the fatty acid chains occupy a
hydrophobic core located within the single amylose helix. The presence of
these complexes in native starch granules is apparent from "*C cross polar-
ization-magic-angle spinning/nuclear magnetic resonance (*C CP-MAS/
NMR) [27]. The presence of this fraction is also evident from iodine bind-
ing studies where non-defatted amylose from cereal starches has a lower
iodine binding capacity than the corresponding lipid-extracted material.
The amount of lipid-complexed amylose ranges from <15 to >55% of the
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Figure 4.4 Structure of amylose and amylopectin [26].

amylose fraction in cereal starches, with oat starches being especially rich
in lipids and correspondingly complexed amylose [27].

4.3.1.3 Biosynthesis of Starch

Starch biosynthesis is a complex process. Sucrose (derived from photosyn-
thesis) is the starting point for alpha-glucan deposition. In the cell cytosol
the sucrose is converted to uridine diphosphate glucose (UDP-glucose) and
fructose by sucrose synthase, the UDP-glucose being subsequently con-
verted to glucose-1-phosphate (G-1-P) in the presence of pyrophosphate
(PPi) by UDP-glucose pyrophosphorylase. This is then itself converted to
glucose-6-phosphate (G-6-P) by phosphoglucomutase. The G-6-P is trans-
located across the amyloplast (the intracellular organelle responsible for
starch biosynthesis in storage tissues) membrane by specific translocators
and is converted to G-1-P by phosphoglucomutase. There is some evidence
that, in cereals at least, G-1-P may be translocated directly into the amylo-
plast or converted to, and translocated as, adenosine diphosphate glucose
(ADP-glucose) generated as a consequence of cytosol-based adenosine
diphosphate (ADP)-glucose pyrophosphorylase activity in the presence
of adenosine triphosphate (ATP). Using amyloplast located ADP-glucose
pyrophosphorylase, G-1-P within the amyloplast is (also) converted to
ADP-glucose and provides glucose residues for amylose and amylopectin
biosynthesis. Starch synthases (of which there are commonly considered
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to be two major classes, “granule bound” and “soluble,” with a number of
isoforms of each) add glucose units to the non-reducing ends of amylose
and amylopectin molecules. Granule bound starch synthase can elongate
malto-oligosaccharides to form amylose and is considered to be respon-
sible for the synthesis of this polymer. Soluble starch synthase is considered
to be responsible for the synthesis of unit chains of amylopectin. Starch
branching enzyme creates branching in amylopectin by linking linear
chains (branches) to the growing amylopectin molecule.

Starch granules are synthesized in a broad array of plant tissues and
within many plant species. Variations in granule size (~1-100 pm in diam-
eter), shape (round, lenticular, polygonal), size distribution (uni- or bi-
modal), association as individual (simple) or granule clusters (compound)
and composition (a-glucan, lipid, moisture, protein and mineral content)
reflect the origin of the starch. Although a broad variation of starch gran-
ule dimensions and size distributions are available naturally, a selection
of plant mutants provide a broader compositional variation and, more
recently, transgenic technology achieves a similar objective but in a more
controlled fashion. In addition, starches may be chemically, enzymatically
or physically modified to induce novel characteristics [27].

4.3.1.4 Properties of Starch-Based Bioplastics

Gas Barrier Properties

Of all starch-based bioplastics, it is the thermoplastic starch that is mostly
commercially available. The nontransparent films of this material provide
an oxygen permeability of 815.0 cc/m?*/day, which is not permissible for
application as a packaging material [28].

Water Vapor Transmittance

The hydrophilic nature of starch attributes a water vapor transmission rate
of 216.4 g/m* d to the thermoplastic starch after final formulation. Such
values prevent widespread usage of the material in most conventional food
packaging applications, while application of thermoplastic starch as edible
food packaging material is being explored as a viable option [28].

Thermal and Mechanical Properties

The glass transition temperature of thermoplastic starch is found to lie

in the range of —56°C to 10°C. With appropriate coatings like silicon diox-

ide, the glass transition temperature can be made to occupy a wider range

of temperatures to enable cold storage applications by the polymer [10].
The mechanical strength of the thermoplastic starch, measured by

a Young’s modulus of approximately 650 MPa, is quite low. Thus, this
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polymer needs much modification before it can be applied as a good food
packaging material [28].

Compostability

Thermoplastic starch has been found to be highly biodegradable with the
pure form of the films being able to completely degrade within 18-20 days.
It has been reported that enhanced thermoplastic starch films require up to
45 days to fully decompose, including mineralization of the extra material
used for enhancement [28].

4.3.2 Cellulose

Cellulose is a fibrous, tough, water-insoluble substance, which is found in
the protective cell walls of plants, particularly in stalks, stems, trunks and all
woody portions of plant tissues. Cellulose is the most widely spread natural
polymer and is derived by a delignification from wood pulp or cotton lint-
ers. It is a biodegradable polysaccharide which can be dissolved in a mixture
of sodium hydroxide and carbon disulphide to obtain cellulose xanthate
and then recast into an acid solution (sulfuric acid) to make a cellophane
film. Alternatively, cellulose derivatives can be produced by derivatization
of cellulose from the solvated state, via esterification or etherification of
hydroxyl groups. Especially these cellulose derivatives were the subject of
recent research. Cellulose esters like cellulose (di)acetate and cellulose (tri)
acetate need additives to produce thermoplastic materials. Most of them
can be processed by injection molding or extrusion. Cellulose ethers like
hydroxypropyl cellulose and methyl cellulose are water soluble, except for
ethyl cellulose and benzyl cellulose. Ethyl cellulose can be used for extru-
sion, laminating or molding after addition of plasticizers or other poly-
mers. Most of these derivatives show excellent film-forming properties, but
are too expensive for bulk use [30].

4.3.2.1 Chemistry and Structure of Cellulose

Cellulose is a linear polymer of -(1->4)-D-glucopyranose units in *C,
conformation. The fully equatorial conformation of p-linked glucopyra-
nose residues stabilizes the chair structure, minimizing its flexibility (for
example, relative to the slightly more flexible a-linked glucopyranose
residues in amylose). Cellulose preparations may contain trace amounts
(~0.3%) of arabinoxylans [6].

Cellulose is an insoluble molecule consisting of between 2000-14000
residues. It forms crystals (cellulose Ia) where intramolecular (O3-H->O5'
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and O6->H-02') and intrastrand (O6-H->03') hydrogen bonds hold the
network flat, allowing the more hydrophobic ribbon faces to stack. Weak
C6-H->02" hydrogen bonds may also make some contribution to the crys-
tal stability. Each residue is oriented 180° to the next with the chain synthe-
sized two residues at a time. Although individual strands of cellulose are
intrinsically no less hydrophilic, or no more hydrophobic, than some other
soluble polysaccharides (such as amylose) this tendency to form crystals
utilizing extensive hydrophobic interactions [32] in addition to intra- and
intermolecular hydrogen bonding makes it completely insoluble in normal
aqueous solutions (although it is soluble in more exotic solvents such as
aqueous N-methylmorpholine-N-oxide) [32]. It is thought that water mol-
ecules catalyze the formation of the natural cellulose crystals by helping to
align the chains through hydrogen-bonded bridges.

4.3.2.2  Biosynthesis of Cellulose

To date, bacterial cellulose is rather unexploited, but it represents a poly-
meric material with major potential. Bacterial strains of Acetobacter xylinum
and A. pasteurianus are able to produce an almost pure form of cellulose
(homo-beta-1,4-glucan). Its chemical and physical structure is identical
to the cellulose formed in plants. Plant cellulose, however, has to undergo
a harsh chemical treatment to remove lignin, hemicellulose and pectins.
This treatment severely impairs the material characteristics of plant cel-
lulose; the degree of polymerization decreases almost tenfold and the form
of crystallization changes. Bacterial cellulose is processed under ambient
conditions and the degree of polymerization is 15000, 15 times longer than
cellulose from wood pulp. Bacterial cellulose is highly crystalline. In bacte-
rial cellulose, 70% is in the form of cellulose I and the rest is amorphous.
This composition results in outstanding material properties; a modulus as
high as 15-30 GPa was determined across the plane of the film. Production
costs of bacterial cellulose are high due to the low efficiency of the bacterial

HO\C HO OH
6 () i — - —C
AR e
5 2
C N\ C,
"""" HO—C 2\\C1 C4// \O-————'
OH /Cs 5
14 HO
L —n

Figure 4.5 Single cellulose chain repeat unit showing the directionality of the 1->4 linkage
and intrachain hydrogen bonding (dashed lines) [31].
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process; approximately 10% of the glucose used in the process is incorpo-
rated in the cellulose. The high price of bacterial cellulose of approximately
20 Euro/kg hampers its applicability in low-added-value bulk products.
Several high-added-value specialty applications have been developed. The
material has been used as an artificial skin, as a food-grade nondigestible
fiber, as an acoustic membrane, and as a separation membrane [32].

4.3.2.3 Properties of Cellulosic Bioplastics

The cellulose-based films available in the market include cellulose, cel-
lulose acetate and its derivatives [33]. The physical properties of these
bioplastics enabling them to be suitable food packaging materials are men-
tioned below in detail.

Gas Barrier Properties

In almost all cases, depending on the type of auxiliary coatings provided,
the gas barrier properties can be enhanced to a certain degree to be com-
parable to the current synthetic favorites. Transparent cellophane has been
reported to display low levels of oxygen permeability of 9.9cc/m? d, while
nontransparent films are even more impermeable to oxygen at 3.4cc/m? d.
This makes cellulose-based bioplastics highly suited for packaging of food
items requiring long shelf life [28].

Water Vapor Transmittance

It has been found that the production process as well as enhancement pro-
cesses can improve the water vapor transmission rates of cellulose-based
films to values of 10.1 g/m? d, which are comparable to conventional plastics.
However, these materials cannot be used as higher water vapor barriers [28].

Thermal and Mechanical Properties

Cellulose-based bioplastics are greatly semicrystalline in nature, thus
exhibiting a melting temperature (T ) of around 170°C. The glass transi-
tion temperature (T ) of cellulose diacetate is reported to lie in the range of
110-140°C [34]. Thus, these bioplastics provide a wide-range of tempera-
ture protection to the foods enclosed in them.

Cellulose-based bioplastics exhibit a tensile strength greater than 3000
Mpa, making them at par with conventional plastics in material strength.
Thus, these can easily be used for protecting food requiring special
mechanical protection [28].

Compostability
Any cellulose-derived bioplastic is completely biodegradable. When bur-
ied, uncoated cellophane degrades in 28-60 days and coated cellophane



110 FunNctioNAL POLYMERS IN FOOD SCIENCE

degrades in 80-120 days. However, the biodegradability of cellulose ace-
tate varies with degree of substitution [34].

4.3.3 Polylactic Acids (PLAs)
4.3.3.1 Production of PLAs

PLA (polylactic acid) is a family of biodegradable thermoplastic polyesters
made from renewable resources which is currently one of the most favor-
able polymers for commercial use as a substitute for polyethylene, polysty-
rene (PS) and polyethyleneterephthalate (PET). Lactic acid, the monomer
of polylactic acid (PLA), may easily be produced by fermentation of carbo-
hydrate feedstock. The carbohydrate feedstock may be agricultural prod-
ucts such as maize and wheat, or alternatively may consist of waste products
from agriculture or the food industry, such as molasses and whey [35]. The
PLA pellets are obtained through direct polycondensation of lactic acid
monomers or through ring-opening polymerization of lactide. Since lac-
tic acid exists as two optical isomers, L- and D-lactic acid, three different
stereochemical compositions of lactide can be found, i.e., L,L-lactide, D,D-
lactide and L,D-lactide. This stereochemical composition determines the
final properties of the polymer. The processing possibilities of this transpar-
ent material are very wide, ranging from injection molding and extrusion
over cast film extrusion to blow molding and thermoforming [18].
Polylactic acid is the most common bioplastic in use today. Twenty-five
companies have developed production capacity at 30 sites worldwide of
over 180,000 tons of PLA [36]. The largest producer is NatureWorks, a com-
pany that is active in the USA and Thailand, and has a capacity of 140,000
t/year. The other producers have a current capacity of between 1,500 and
10,000 t/year. According to the forecasts, existing PLA producers are plan-
ning considerable expansion of their capacity to around 800,000 t/year by
2020. There should be at least 7 sites with a capacity of over 50,000 t/year
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Figure 4.6 Optical isomers of lactic acid [46].
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by then. A survey of lactic acid producers—the preliminary stage of PLA
production—revealed that production capacity to meet concrete requests
from customers could even rise to roughly 950,000 t/year [36].

Another producer is the Netherlands-based Synbra Technology, which
started its 5,000 tonnes/year PLA plant in Allschwil (Switzerland) in 2011,
which also plans to expand its capacity to 50,000 tonnes/year [35]. Other
major companies involved in PLA manufacturing are Toyobo, Dai Nippon
Printing Co., Mitsui Chemicals, Shimadzu, NEC and Toyota (Japan),
PURAC Biomaterials and Hycail (The Netherlands), Galactic (Belgium),
Cereplast (USA), FkuR, Biomer, Stanelco and Inventa-Fischer (Germany),
and Snamprogetti (China) [37,38].

Sulzer Chemtech now offers a complete plant solution for a PLA polym-
erization process which was jointly developed with Purac. The basis for
PLA production with the Sulzer process is lactide polymerization in a con-
tinuous, fully integrated process using Sulzer Chemtech’s proprietary SMR
technology and equipment. Sulzer Chemtech has developed a new genera-
tion of reactors based on the principle of static mixing and on continuous
bulk polymerization, e.g., mass and solution polymerization. This reactor is
characterized by accurate control of heat transfer and mixing effects so that
high conversion and consistently high polymer quality are achieved repro-
ducibly in order to meet varied and stringent requirements. This state-of-
the-art PLA production technology has advantages compared to standard
technologies like: very efficient polymerization process using static mixer
technology; short time requirement to switch to a different PLA grade due
to low residence times; operational flexibility to produce different PLA
grades with different molecular weights; straightforward scalability to big-
ger plant sizes; and low maintenance costs due to the installation of mainly
static equipment. Since 2012, Sulzer Chemtech has had their own 1000 t/yr
PLA production unit. Sulzer PLA is characterized by its high optical purity,
its low level of residual monomer and a wide range of accessible molecu-
lar weights. Due to an extremely low level of racemization, Sulzer’s PLA
process gives access to either pure PLLA or PDLA, exhibiting very high
degrees of crystallinity, or to PDLLA copolymers with precisely adjusted
L/D-ratios. Their yellowness index and polymer stability (avoiding mono-
mer reformation during processing) are among the best in the market. The
PLLA and PDLA may also be compounded to stereocomplex PLA (scPLA),
exhibiting outstanding temperature stability (>180°C HDT-B) [39,40].

Considerable efforts have been made to improve the properties of PLA
so as to compete with low-cost and flexible commodity polymers. These
attempts were carried out either by modifying PLA with biocompatible plas-
ticizers or by blending PLA with other polymers [30,41]. Such multilayer
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films or sheets can be formulated into several different types of packaging
shapes such as bags, pouches, plates, cups, trays, and clamshells for vari-
ous types of food materials including retail packaging for meats, cheese,
confectionery, as well as fresh fruits and vegetables. The mechanical and
barrier properties of these films are enhanced by various physical, chemi-
cal, or enzymatic treatments, as well as blending with hydrophobic addi-
tives, or making multilayer films with different film properties [30,41,42].
Multilayer films formed through coating or lamination methods have been
widely used to combine the properties of two or more polymers into one
single multilayered structure [43]. Also, in this case, the use of nanometric
filler promises to further expand its application. Polylactic acid has been
used for the preparation of polymer/clay nanocomposite materials, e.g.,
with montmorillonite (MMT) [44]. Solvent casting of mixtures of PLA and
organophilic clay in chloroform resulted in materials with an enhanced
crystallization tendency and increased Young’s modulus [45]. Also, PLA/
layered silicate nanocomposites, prepared by simple melt extrusion, exhib-
ited remarkable improvement of material properties in both solid and melt
states compared to the matrix without clay [45].

4.3.3.2  Chemistry and Synthesis of PLAs

Lactic acid exists as two optical isomers, L- and D-lactic acid.

Two optically active configurations of PLA, the L( +) and D(-) stereoiso-
mers, are produced by bacterial (homofermentative, resulting principally
in a single end product, and heterofermentative, resulting in a number
of end products) fermentation of carbohydrates. First, corn or other raw
materials are fermented to produce lactic acid, which is then polymerized
to make polylactic acid (PLA) [38,39].

The homofermentative method using corn starch or cane sugar is pre-
ferred for industrial production because it leads to greater yields of lactic acid
and to lower levels of byproducts. However, lactic acid cannot be directly
polymerized to a useful product, owing to the generation of water which
degrades the forming polymer. Instead, it is dimerized to lactide and PLA of
high molecular weight is produced from the lactide by ring-opening polym-
erization. This mechanism does not generate additional water, and hence, a
wide range of molecular weights are accessible. Typically PLA has a number
average molecular weight (M, ) between 75000 and 100000 Daltons [39].

A number of microbes are capable of producing lactic acid by aerobic
and anaerobic fermentation processes. Lactobacillus species are currently
used extensively in industry for starch-based lactic acid production. The
majority of these species lack the ability to ferment pentose sugars such as



PROPERTIES OF BIOPOLYMERS IN FOOD SCIENCE 113

xylose and arabinose. Although Lactobacillus pentosus, Lactobacillus brevis
and Lactococcus lactis are able to ferment pentoses to lactic acid, pentoses
are metabolized using the phosphoketolase pathway, which is inefficient
for lactic acid production. Other processes consist of using species such as
Lactobacillus delbrueckii, L. amylophilus, L. bulgaricus, and L. leichmanii, at
a pH range of 5.4 to 6.4, temperature range of 38 to 42°C, and a low oxygen
concentration. Generally, pure L-lactic acid is used for PLA production [40].

In the phosphoketolase pathway mentioned above, xylulose-5-phos-
phate is cleaved to glyceraldehyde-3-phosphate and acetyl phosphate. With
this pathway, the maximum theoretical yield of lactic acid is limited to one
per pentose (0.6 g lactic acid per g xylose) due to the loss of two carbons
to acetic acid. In most platform host organisms such as E. coli, production
of lactic acid at high titres is either inefficient or toxic. The production of
lactic acid at neutral pH typically results in the production of Ca-lactate,
which has to be converted into lactic acid by the addition of sulphuric acid,
resulting in the formation of CaSO, (gypsum) as byproduct. To produce
lactic acid directly, the fermentation needs to be carried out at low pH
(preferably at least one unit lower than the pK_ value of lactic acid, 3.85).
Lactic acid however is toxic to microorganisms, as in its protonated form
it acts as an uncoupler that destroys the membrane potential. Thus, while
quite a few microorganisms may be tolerant to low pH, limited numbers
of organisms are suitable for organic acid production. Hence, improved
methods for PLA production need further investigation.

There are two important methods for PLA synthesis: direct polyconden-
sation of lactic acid and ring-opening polymerization of lactic acid cyclic
dimer, known as lactide. Figure 4.7 shows the reaction mechanism for both
of them. In direct condensation, solvent is used and higher reaction times
are required. The resulting polymer is a material of low to intermediate
molecular weight.

In direct condensation, solvent is used under high vacuum and tem-
peratures for the removal of water produced in the condensation. This
approach was used by Carothers and is still used by Mitsui Chemicals.
The resultant polymer is a low to intermediate molecular weight material,
which can be used as is, or coupled with isocyantes, epoxides or peroxide
to produce a range of molecular weights [47]. In the solvent-free process, a
cyclic intermediate dimer, commonly referred to as lactide (Figure 4.7), is
produced and purified by distillation. Catalytic ring-opening polymeriza-
tion of the lactide intermediate results in PLA with controlled molecular
weight [48]. By controlling residence time and temperatures in combina-
tion with catalyst type and concentration, it is possible to control the ratio
and sequence of D- and L-lactic acid units in the final polymer [47].
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Figure 4.7 Synthesis of Polylactic acid [47].

4.3.3.3 Properties of PLA

Gas Barrier Properties

Polylactic acid (PLA) is a very widely popular biopolymer in use as a bio-
degradable food packaging material. It exhibits oxygen permeability of
25.4 cc/m?*/day making it a competitive material to commercially available
conventional plastics [28].

Water Vapor Transmittance

PLA provides a very high water vapor barrier displaying water vapor trans-
mission rate of 2.3 g/m? d. Thus, it is a very suitable material for preserving
food materials requiring long-term protection [28].

Thermal and Mechanical Properties

PLA is semicrystalline in nature like cellulose-based bioplastics, exhibit-
ing a melting temperature in the range of 200-205°C and a glass transi-
tion temperature of 58°C [49]. It has a tensile strength of 2300 MPa. It
is comparable to mineral-oil-based plastics as a mechanically strong food
packaging material [28].
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Compostability

While PLA sheets have been reported to not undergo any changes in a nat-
ural composting environment, PLA bottles were reported to have under-
gone complete degradation over a period of 30 days [15]. It is suggested
that PLA does not biodegrade readily at temperatures less than 60°C due
to its “glass transition” temperature being close to 60°C [49].

4.3.4 Polyhydroxyalkanoates (PHAs)
4.3.4.1 Production of PHAs

Currently PHAs show the highest growth rates on the market after PLA.
The PHA biobased polymers will more than quadruple their capacity
between 2011 and 2020 [84]. Many large companies such as Meredian
(US), Ecomann (China), and Bio-on (Italy) are focusing on increasing
production capacities. A large number of companies, particularly small
and middle-sized ones have initiated the experimental and industrial
scale manufacturing of all types of PHAs. Biomer, Bio-On SRL, Kaneka
Corporation, Metabolix Inc., Newlight Technologies, LIC PHB Industrial
S. A., Polyferm Canada Inc., Shenzhen Ecomann Biotechnology Co.
Ltd, Tianan Biologic Materials Co. Ltd, and Tianjin GreenBio Materials
Co. Ltd. are the companies that are connected with PHA production.
Although the existing PHA plant capacities are underutilized at present,
the companies are still planning for further capacity expansions. According
to the polyhydroxyalkanoates (PHA) producer Meredian, Inc., the largest
world plant will produce 30,000 t of PHA per year at the Bainbridge (USA)
plant. [50].

The PHAs can be produced using various renewable raw materials.
Currently, the majority of PHA is produced using plant sugar, which can
be easily obtained from sugarcane, corn sugar, and sugar beet, making it an
ideal raw material for PHA [50]. A considerable amount of PHA is also pro-
duced using plant or vegetable oils such as soybean oil, palm oil, and corn
oil. Waste lipids and milk whey are the other raw materials at experimental
stage and can be commercialized soon. Meredian’s PHA is produced via
fermentation using plant-based fatty acids (unlike its competitors who are
focusing on sugar) as feedstock. Meredian actually acquired its PHA tech-
nology from Procter & Gamble in 2007 [51].

These PHAs occur as either homopolymers or copolymers.
Polyhydroxybutyrate (PHB) is the most common type of PHA; it is pro-
duced by a wide range of bacteria. PHA-producing bacteria can be divided
into two groups according to the culture conditions required for PHA
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synthesis. The first group requires the limitation of an essential nutrient
(s) for the production of PHAs. Bacteria in this group include Cupriavidus
necator, Rhodopseudomonas palustris and Methylobacterium organophilum.
The second group synthesizes PHAs alongside growth in the cultivation
medium. Bacteria in this group include Alcaligenes latus and recombinant
E. coli containing the PHA biosynthetic genes [52]. Certain bacteria can
accumulate biopolymers such as PHAs up to 90% of the dry cell weight
(DCW, w/w). Bacillus spp. are able to utilize a wide range of substrates,
such as sugars, volatile fatty acids (VFAs), alcohols, and biowaste mate-
rials, to produce homopolymers such as P(3HB). The P(3HB) yields are
highly variable among the different Bacillus species: B. amyloliquefaciens,
B. brevis, B. cereus, B. circulans, B. coagulans, B. firmus, B. laterosporus, B.
licheniformis, B. macerans, B. megaterium, B. mycoides, B. sphaericus, B.
subtilis, B. thuringiensis and Bacillus sp, which is largely due to either the
type of strain or feed used in the process [53].

Efforts to improve P(3HB) yields were made through mutagenesis via
mutagens such as UV, acriflavine, and 5-bromouracil. These resulted in a
twofold increase compared to the yields of wild-type strains. The P(3HB)
yields of B. megaterium Y6, B. subtilis K8, and B. firmus G2 increased from
48.13%, 32.50%, and 15.62% of DCW to 63.45%, 61.32%, and 34.12% of
DCW in their respective mutants [54]. With complex substrates such as
nutrient medium, raffinose, and starch, the P(3HB) yields were in the
range of 48.1-60.6% of DCW [55,56]. Exceptionally, Bacillus sp strain CL1
has been reported to exploit different sugars such as glucose, sucrose, and
raffinose, to yield PHA up to 90% of DCW [57]. Hence, it is a highly suit-
able candidate for use in large-scale production.

In order to develop more cost-effective processes for PHA production
several different strategies are being applied. One of them involves the use
of microbial mixed cultures (MMC) combined with the utilization of low
value substrates as agro-industrial waste and byproducts. This approach
allows for lower investment and operating costs for the global process [58].
One of the main problems with these strategies is the low PHA content
achieved when compared with the ones reported for pure culture and syn-
thetic substrates. However, recently a similar PHA content (74.6%) using
MMC and fermented molasses was obtained [59]. Culture selection with
a high PHA storage capacity is one of the challenges in the mixed culture
PHA production process.

Cheap carbon sources such as whey, wastewater from olive mills,
molasses, corn steep liquor, starchy wastewater and palm oil mill efflu-
ent are used to reduce production costs. The use of bio-oil resulting
from fast pyrolysis as a possible feedstock to produce short-chain-length
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polyhydroxyalkanoates, composed of monomers with 4 and 5 carbons (HB
and HV), using mixed microbial cultures was also demonstrated [60].

Transgenic plants are also used for low-cost production of PHAs.
Producing PHAs in plants, on the other hand, will help connect the low-
cost/high-volume sustainable production capacity of crops with the vast
number of developing polymer industries and should not promote much
controversy. Many research groups have reported their attempts to pro-
duce PHAs in plant systems. The overall costs would make PHA produc-
tion economical. Transgenic plants containing the PHA synthase genes
have been created. The transgenic plants were stunted but accumulated
about 15% dcw (dry cell weight) of P(3HB) in the leaf expression systems.
Copolymers of 3HB and 3HV were produced in Arabidopsis and Brassica
rapa. The production of PHAs can take place in plastids or in seeds.
Arabidopsis plants accumulated P(3HB) up to 14% of the leaf dry weight.
Transgenic PHA-producing plants have also been produced using tobacco,
cotton, and flax systems. However, plant systems have other disadvantages.
It is difficult to produce copolymers in plant systems since the produc-
tion is under the control of endogenous metabolic precursors in the plant.
Similarly, the recovery of the polymer from plant tissues is a tricky and
expensive affair. Monsanto previously produced P(3HB) and P(3HB-co-
3HV) in Arabidopsis and Brassica rapa and these polymers resembled the
bacterial polymers. Researchers in Japan have also recently devised a trans-
genic Arabidopsis thaliana, harboring an engineered PHA synthase gene
from Pseudomonas sp 3; fabH gene (codes for 3-ketoacyl-ACP synthase
III) from E. coli and a phaAB gene (codes for a ketothiolase and acetoace-
tyl-CoA reductase) from Cupriavidus necator, and the enzymes were tar-
geted to the plastids. A polymer consisting of 3-hydroxybutyrate unit and
a small portion of 3-HA units (C5-C14) was produced [61].

4.3.4.2  Chemistry and Structure of PHAs

Polyhydroxyalkanoates (PHAs) (Figure 4.8) are a complex class of polyes-
ters produced by a wide variety of different bacteria and members of the
family Halobacteriaceae of the Archaea. They are produced as intracellular
storage compounds for carbon and energy, under nutrient-limiting con-
ditions in the presence of excess carbon. Although derived biologically,
they resemble certain synthetic absorbable polymers and hence have many
potential medical applications.

The PHAs are stored as water-insoluble inclusions in the cytoplasm of
bacteria [63]. These granules are produced in bacteria when subjected to
an unbalanced growth condition with excess carbon and simultaneous
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limitation of nutrients such as oxygen, nitrogen, sulphur, magnesium and
phosphorous [63]. However, there are some bacteria like Alcaligenes latus
that produce PHAs even when not under nutrient constraints [24].

4.3.42.1 SCL and MCL PHAs

Polyhydroxyalkanoates (PHAs) can have varied monomeric units as shown
in Figure 4.8. Based on the number of carbon atoms in the monomeric unit,
PHAs can be categorized into short-chain-length (SCL) PHAs containing
3-5 carbon atoms, e.g., poly-3-hydroxybutyrate, P(3HB) and medium-
chain-length (MCL) PHAs, containing 6-14 carbon atoms, e.g., poly-3-hy-
droxyhexanoate (P3HHx) [64]. Copolymers of PHAs are also found and
depending on the type of monomeric units present, these could be copo-
lymers of SCL PHAs, e.g., poly(3-hydroxybutyrate-co-3-hydroxyvalerate),
P(3HB-co-3HV), copolymers of MCL PHAs such as poly(3-hydroxyhex-
anoate-co-3-hydroxyoctanoate), P(3HHx-co-3HO) and copolymers of
SCL-MCL PHAs, e.g., poly-3-hydroxybutyrate-co-3-hydroxyhexanoate,
P(3HB-co-3HX).

Based on the organism used, the culture conditions and the carbon
sources provided, the molecular structure of the PHAs can vary. The MCL-
PHAs are produced mainly by Gram negative bacteria belonging to the
rRNA homology group I such as the genus Pseudomonas. Bacillus sp such
as B. sphearicus, B. subtilis, B. megaterium and B. cereus SPV have been
extensively studied with regard to the production of P(3HB) and P(3HB-
3HV) [63,64]. Bacillus sp, e.g., B. cereus SPV, use a broad spectrum of sub-
strates ranging from fatty acids, plant oils and carbohydrates to produce
P(3HB) and P(3HB-co-3HV).

4.3.4.3 Biosynthesis of PHAs

The biosynthesis of PHAs includes two important steps, the first one
generates hydroxyacyl-CoA substrates and the second one involves
the polymerization of these substrates leading to the formation of the
PHAs. Three metabolic pathways (Pathway I: Chain elongation reaction;

1 ﬁ Rz 0

F
\k /CH\ /C\ /CH\ /c\ 4/
0 (CH)X =1-4 0 (CH,X=1-4 0~ J N=100-30000
Current Opinion in Microbiology

Figure 4.8 The general structure of Polyhydroxyalkanoates (x = 1, 2, 3; n = 100-30000; R ,
R, = alkyl groups, C -C,,) [62].
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Pathway II: Fatty acid 3-oxidation; Pathway III: Fatty acid de novo biosyn-
thesis) have been known to be associated with PHA biosynthesis [65].

Pathway I (Figure 4.9) involving the chain elongation reaction is the best
known among the PHA biosynthetic pathways [66]. Here, the condensation
of two acetyl-CoA molecules from the tricarboxylic acid (TCA) cycle takes
place to form acetoacetyl-CoA with the help of the enzyme 3-ketothiolase
[66]. Acetoacetyl-CoA is then converted to (R)-3-hydroxybutyryl-CoA
by the (R)-specific acetoacetyl-CoA reductase. Finally, the PHA synthase
enzyme catalyzes the polymerization via esterification of 3-hydroxybu-
tyryl-CoA into poly (3-hydroxybutyrate), P(3HB).

Pathway II involves the fatty acid $3-oxidation in the presence of sub-
strates such as fatty acids and oils [8] (Figure 4.9). The monomeric com-
position is related to the carbon sources used [66]. Here, the fatty acids
are first converted to the corresponding acyl-CoA thioesters, which are
then oxidized by fatty acid f3-oxidation via trans-2-enoyl-CoA and (S)-3-
hydroxyacyl-CoA to form 3-ketoacyl-CoA. The 3-ketoacyl-CoA is then
cleaved by a f3-ketothiolase to form acetyl-CoA and an acyl-CoA com-
prised of two less carbon atoms as compared to the acyl-CoA that entered
the first cycle. Subsequent cycles follow until the original acyl-CoA is com-
pletely converted to acetyl-CoA.

Pathway III involving fatty acid de novo biosynthesis is significant as it
helps generate PHA monomers from structurally unrelated carbon sources
such as glucose, sucrose and fructose. In this pathway, the enzyme acyl-
CoA-ACP transferase (encoded by phaG) transfers the hydroxyacyl moi-
ety from (R)-3-hydroxy-acyl carrier protein to coenzyme A, thus forming
(R)-3-hydroxyacyl-CoA, which acts as the substrate for the PHA synthase
enzyme [66,67].

4.3.4.4 Properties of PHAs

Gas Barrier Properties

The most widely used PHA is P(3HB) or poly-3-hydroxybutyrate. When
applied as a packaging material, P(3HB) exhibits an oxygen permeability
of about 142 cc/m? d. This can be improved by blending with other biode-
gradable polymers such as cellophane [28].

Water Vapor Transmittance

P(3HB) has a moderately high water vapor transmission rate of 80.6 g/m?
d. Although P(3HB) in itself may not be applied directly as a high water
vapor barrier, composites involving P(3HB) and cellulose-based polymers
are good alternatives [28].
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Figure 4.9 Metabolic pathways that supply hydroxyalkanoate monomers for PHA
biosynthesis. PhaA, b-ketothiolase; PhaB, NADPH-dependent acetoacetyl-CoA reductase;
PhaC, PHA synthase; PhaG, 3-hydroxyacyl-ACP-CoA transferase; Pha], (R)-enoyl-CoA
hydratase; FabD, malonyl-CoA-ACP transacylase; FabG, 3-ketoacyl-CoA reductase [66].
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Thermal and Mechanical Properties

P(3HB) exhibits 60-80% crystallinity, and thus has a T, of 180°C, and a
glass transition temperature of 4°C. This enables the application of this bio-
polymer for long term storage of food products at and above room tem-
perature [15].

While P(3HB) has a Young’s modulus of 3500 MPa, it is a highly brittle
polymer with a tensile strength of only 40 MPa. Thus, blending P(3HB)
with other malleable biopolymers such as thermoplastic starch or mcl-
PHAs can improve its mechanical properties and provide adequate protec-
tion to the packaged food items [49].

Compostability

Many bacteria in the soil excrete enzymes that enable degradation of PHAs,
including P(3HB). It was found that pure P(3HB) degrades 60-70% of its
original weight in 30 days. Thus, over a maximum period of 45-60 days,
the P(3HB) product is completely degraded in real composting conditions,
i.e., compost containing cow manure, wood shavings, and waste feed.

4.4 Future Prospects

The profitability of bioplastics for industry still remains unclear. This is
connected with difficulties like scaling up small-scale biotechnologies
to industrial level, developing new infrastructures and introducing new
unknown products [68]. Despite this, there are many examples of bioplas-
tic production by ASE, DuPont, Braskem, and NatureWorks. Nowadays
biobased polymers are produced by 247 companies at 363 locations. The
most active areas of biopolymer production involve fermentation in bio-
refineries that are constructed near crop collection and processing points
to avoid the costs of transporting biomass over long distances. The costly
separation operation associated with fermentation can be avoided by pro-
ducing polymer directly in plants cells. Such attempts of genetic engineer-
ing of plants are currently under development [69,70].

Biobased polymers PLA and PHAs, which are new in the market, are
also expected to at least quadruple their capacity between 2011 and 2020.
Most investments in new biobased polymer capacities are predicted to take
place in Asia and South America because of better access to feedstock and
a favorable political framework. Europe’s share will decrease from 20% to
14% and North America’s share from 15% to 13%, whereas that of Asia is
predicted to increase from 52% to 55% and South America’s from 13% to
18% [71]. So, world market shares are not expected to shift dramatically,
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which means that all parts of the world will experience development in the
field of biobased polymer production [5].

Europe’s current position in producing biobased polymers is limited to
a few polymers. However, some new developments and investments are
foreseen: the first European industrial-scale PLA plant is expected to be
completed by 2014; the introduction of future PET production facilities
is expected to be established by 2015; recent developments in the com-
mercialization of biobased polybutylene terphthalate (PBT) and further
advancements in the field of high-value fine chemicals for polyamide (PA),
polyurethane (PUR) and thermosets production is predicted. Although
Europe shows a strong demand for biobased polymers, production tends
to take place elsewhere, namely in Asia and America [5].

Some targets of biopolymers and natural fiber composites in comparison
to their conventional counterparts have been specified [72]. They should
save at least 20 M] (non-renewable) energy per kg polymer; avoid at least
1 kg CO, emission per kg polymer; and reduce most other environmental
impacts by at least 20%. The convergence of a set of strong drivers for the
expansion of the bioplastics sector suggests that there is a bright future for
both biodegradable and recyclable biobased plastics.
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Abstract
Biopolymers found in nature are complex molecules that adopt precise and defi-
nite shapes and structures. They comprise a diverse and versatile type of materials
that normally exhibit useful properties such as biocompatibility, biodegradability,
nontoxicity, adsorption capacity, film-forming ability and hydrophilicity. In addi-
tion, they can be tailored to confer important properties to meet specific needs
and be modified to be useful in various applications such as food packaging. In
general, biopolymers such as polysaccharides and proteins are widely used for
this last application, in which the main objective is to maintain the quality and
safety of the food products contained in the packaging for a specific time period.
However, certain biopolymers do not show optimum properties to suit the use
in food packaging due to their hydrophilic nature, poor mechanical properties
and low thermal resistance. For these reasons, both modification and preparation
strategies of these natural materials are commonly developed in order to obtain
films with optimized properties for food packaging. This chapter focuses on syn-
thetic strategies that can be used to improve specific properties of materials made
from proteins, specifically from soy proteins. These improvements seek to satisfy
the needs of the applications in which these materials will be used. General strate-
gies such as the formation of chemical crosslinked networks using biodegradable
and noncytotoxic agents; graft with synthetic monomers; physical mixture with
nano-reinforcements and formation of a bilayer film using other components are
described among others.

The extent and variety of the improvements made in the final properties of the
films described using various modifications and preparation methodology open a
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promising field for the application of these “environmentally friendly materials,”
not only as coating or packaging materials, but also in varied and diverse applica-
tions in small and large scale.

Keywords: Biodegradable packaging, food packaging, protein-based materials
for packaging, modification strategies of proteins, soy protein, soy protein as a
base material for packaging, environmentally friendly materials, biopolymers

5.1 Biopolymers as Packaging Materials

The importance of packaging in the food supply chain is fully recognized
[1]. It is known that the goal of food packaging is to maintain food safety
and to minimize environmental impact. Furthermore, there must be a bal-
ance between the major role of packaging materials and their after-use
issues [2]. One of the major concerns for the industry is food safety and
quality. For this, several years ago, scientists studied various ways that try
to extend the life of food and retain its nutritional properties and sensory
characteristics. This adds to the peace of mind of consumers, since food is
kept in good condition for longer.

The choice of the right materials for food packaging is critical since it
must contain and protect food from damage and microbiological changes
in their sensory attributes.

Synthetic polymers, specifically plastics, are the main packaging materi-
als in high demand since they offer versatile solutions for several needs.
They exhibit many advantageous characteristics such as transparency, soft-
ness, heat sealability, and good strength to weight ratio. In addition, they
are generally inexpensive, show efficient mechanical properties such as tear
and tensile strength, and are good barriers to oxygen and heat [3]. In spite
of this, conventional packaging polymers have begun to be questioned due
to increasing environmental concerns.

Nowadays, a great number of research studies focus on solving the prob-
lems produced by plastic waste in order to obtain environmentally friendly
materials. For this reason, several researchers have studied the possibility
of substituting the traditional petroleum-based plastics with biodegrad-
able and low-cost materials with similar properties [4-7].

Therefore, the use of natural polymers or biopolymers as packaging
materials may relieve the environmental impact caused by excessive use
of conventional polymeric materials and thus reduce the increased pro-
duction of plastics [8,9]. At present, the biopolymer concept is emerg-
ing. Biodegradable materials are associated with the use of renewable raw
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materials such as proteins and polysaccharides extracted from agricultural,
plant and animal coproducts and byproducts, marine or microbial sources.
These materials can be degraded by the environment (exposed to soil
optimum moisture, microorganisms and oxygen) into simple substances
(water and carbon dioxide) and biomass.

Similar to conventional packaging, biobased materials must fulfill a
number of important conditions, including containment and protection
of food quality, by serving as selective barriers to moisture transfer, oxygen
uptake, lipid oxidation and losses of volatile aromas and flavors, maintain-
ing food’s sensory quality and safety [10-12].

The interest in biodegradable packaging has risen for several reasons.
The materials from natural polymers are associated with poor properties
and often they have inferior properties compared to commodity polymers.
As opposed to most synthetic plastics used as packaging materials, most of
the currently available bioplastics do not fulfill the key requirements of food
packaging, especially in terms of barrier and mechanical properties [13].

Performing a modification technique is a way to improve properties
and achieve property combinations required for specific applications. The
chemical structure of biopolymers opens up possibilities for their reactive
modification. The modification strategies of the starting material should be
those that enhance the water resistance, the barrier effect against the flow
of gases and the mechanical properties to avoid losses by rupture or break
of the material, in order to achieve the incorporation of active ingredients
to promote adhesion to the surface of food and to increase the stability
to storage conditions. So, copolymerization, grafting, transesterification
and the use of reactive coupling agents have been utilized with success to
yield polymers with improved properties. Blending is another technique
that allows considerable improvement in the impact resistance of brittle
polymers.

However, further study is needed on the miscibility-structure—prop-
erty relationships of these materials to utilize all potential of the approach.
Several examples are shown for the various approaches and their outcome.
Biopolymers and their blends are applied successfully in several areas from
agriculture to consumer goods, packaging and automotive [13].

Biodegradable materials in the form of films may be used directly on the
food or form one of the layers of the pack. In the first case, edible coatings
are used (available on food surfaces by immersion or using the application
of the filmogenic solution prepared by spray) or edible wrappings (or pack-
aging) (in the form of a preformed layer by molding, thicker with respect
to the edible coating), which are applied to the feed or used as a separator
for different components of a food. Edible coatings form a semipermeable
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barrier to gases and water vapor, help to retain volatile components and
may act as vehicles for food additives for developing active packaging (anti-
microbials, antioxidants and flavoring). On the other hand, if the material
forms part of a multilayer container, improvements in barrier properties
against oxygen can be achieved and prevention of migration of compounds
such as water, carbon dioxide, etc., can be reached.

In general, edible films often complement the nutritional value of the
food, are healthy, minimally processed and do not contain chemicals
agents; they prevent moisture loss during storage of fresh and frozen prod-
ucts, help keep the weight at the time of sale and decrease the rate of ran-
cidity and discoloration. These are products that serve as packaging and
are also used for the preservation of food, but they must meet conditions
such as being free of toxic substances and having good sensory qualities.

The properties of the final materials useful for coating food are strongly
influenced by the type of material used as matrix (conformation, molecu-
lar mass, charge), conditions of formation of the films (pH, temperature,
concentration of components, solvent, etc.) and the type and concentration
of additives. The development and the use of each biodegradable material
depends on the characteristics of the substance concerned.

Undoubtedly, biopolymers mainly used in the preparation of biofilms
are the polysaccharides, mainly starch, alginates and chitosan. Among
renewable resources, starch is one of the most important polysaccharides
obtained from plants. A biodegradable thermoplastic film can be tailored
from starch with additives such as plasticizers to improve the process-
ability by conventional plastic-forming equipments. Some authors have
already been published on this subject and different plasticizers have been
considered. The more usually used plasticizers include water, glycerol or
sorbitol [14-16].

Alginates are the main biomacromolecules extracted from brown sea-
weed. In molecular terms, they are anionic linear copolymers of (1, 4)
D-mannuronic acid and L-guloronic acid residues arranged in a non-
regular blockwise pattern. They are nontoxic, biodegradable and biocom-
patible. The most interesting property of alginates is their ability to react
with polyvalent metal cations, specifically calcium ions. The crosslinking
with polyvalent cations can improve film properties like water resistance,
mechanical resistance and barrier properties [8,17].

Chitosan is a weak cationic polysaccharide, formed mainly by (1, 4)
2-amino-2-deoxy-3-D-glucan. It is a natural carbohydrate polymer derived
from deacetylation of chitin, which is a major component of the shells of
crustaceans such as crab, shrimp and crawfish. Because of its good film-
forming property, biocompatibility and a certain degree of antimicrobial
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activity, chitosan has often been chosen as a raw material to prepare com-
posite films. Chitosan-based films have been proven to have adequate gas
barrier properties, moderate mechanical properties, but high water vapor
permeability (WVP) and water solubility because of their hydrophilic
nature. To overcome these disadvantages, many researchers have investi-
gated the polyelectrolyte complex (PEC) of chitosan with other polymers
like sodium alginate, pectin, carrageenan and xanthan gum. These oppo-
sitely charged polysaccharides will form PECs that have interesting charac-
teristics for controlled release applications [8,18-21].

5.2 Protein-Based Materials for Packaging

In their native state, proteins generally exist either as fibrous proteins,
which are insoluble in water whose function in animal tissue is structural,
or as globular proteins that are soluble in water or acidic, basic or saline
aqueous solutions whose functions are various in living systems. Fibrous
proteins are fully extended and associated closely together in parallel struc-
tures, generally through hydrogen bonding bridge to form fibers, while the
globular proteins fold into complex spherical structures held together by
a combination of hydrogen bridge bonds, ionic hydrophobic and cova-
lent (disulfide). The chemical and physical properties of these proteins are
dependent on chemical and structural composition.

Specifically, bioplastics and biofilms from protein feedstock may have
significant advantages over traditional plastics, especially in areas such as
packaging, agriculture, horticulture and medical materials.

Proteins are incredibly versatile materials, both by source and possibil-
ity for modifications to fulfill the diverse requirements of a specific applica-
tion. Proteins can be a viable source of macromolecules for fiber, molded
plastics, films, and an array of products currently supplied by the synthetic
polymer industries. The significant advantages are based in the fact that
some modified proteins can be processed using thermomechanical mold-
ing (e.g., compounding, extrusion, injection, compression) in a similar way
as conventional petro-based polymers, are biodegradable, and available at
relatively low cost. Besides, among the wide variety of biomaterials as stor-
age materials, proteins generally occupy an important position, especially
because they are usually extracted from subproducts of the food industry,
as in the case of whey protein. For their ability to provide good oxygen
barrier, such biopolymers are widely used as edible coatings because of
their property of biodegradability. Also, sometimes they are combined
with lipids such as beeswax and carnauba wax which provide resistance to
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steam for their hydrophobic properties, giving final composite materials
with multiple properties. Other times, these proteins are combined with
both lipids and polysaccharides in a single formulation, taking advantage
of their own properties of each component and the synergy that occurs
between them. Other active ingredients such as plasticizers, emulsifiers,
surfactants, antimicrobial agents or antioxidants may be incorporated
during processing into the films that act as supports, to help improve the
mechanical properties, quality, flavor, nutritive value and conservation of
food.

A number of researchers have developed bioplastics and biocomposites
from plant-based proteins and addressed several challenges such as both
the water and thermal stability of these materials [2-6].

A large number of proteins of different origin have been studied for
their ability to form edible and/or biodegradable films [22-26]. The pro-
teins of animal origin most studied [27-33] are caseins, whey proteins of
milk [8], chicken egg white [7], collagen, gelatin, feather keratin [9,10], fish
myofibrillar [11], and meat-and-bone meal [12]. These have also been used
to develop bioplastics. It is common that these films from proteins demon-
strate low toughness and water stability. These challenges and barriers need
to be resolved [16]. On the other hand, proteins from vegetable sources,
including those from wheat gluten, zeins from corn and sunflower [34-
45], have been widely studied. Particularly, protein from soybean has been
extensively explored as an alternative to petroleum polymeric derivates in
the manufacture of adhesives, plastics, and various binders [3]. Due to the
importance of the use of soy protein isolate (SPI), specific modification
strategies are described in Section 5.3 of this chapter.

As specific examples of uses, keratin (extracted from poultry feathers)
and gelatin (collagen derived from connective tissue, among others) are
used as raw material in the manufacture of edible films for meat products
(sausages, meats, etc.) or fish. Protective covers for brownies and donuts
were developed from sodium caseinate, cottonseed oil, soybean or corn
and a plasticizer. Films from whey proteins are excellent barriers to oxygen
but their mechanical properties are usually improved by the addition of
glycerol. Heat is applied on the protein concentrate to denaturalize it and
after cooling, the trapped gas is removed and the packaging material is
formed. Thus, coatings are used in oxygen-sensitive products such as pea-
nuts and walnuts to prevent oxidation.

In general, the modification of edible protein films to improve mechani-
cal strength and moisture barrier properties can be realized by chemical
methods, by enzymatic treatment, by combination with hydrophobic mate-
rials or by irradiation [46,47]. Various examples of modification processes
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of proteins in order to obtain edible and/or biodegradable films for food
packaging are described in this chapter. In the same way, some examples of
antimicrobial or other active film formulations are presented below.

Regarding formulations, the antimicrobial properties of various essen-
tial oils (clove, fennel, cypress, lavender, thyme and rosemary) were evalu-
ated and were also tested in a fish-based extract, where clove and thyme
were the most effective. Subsequently, gelatin-chitosan-based edible films
containing clove essential oil were developed, and their antimicrobial
activity was tested against six selected microorganisms: Pseudomonas fluo-
rescens, Shewanella putrefaciens, Photobacterium phosphoreum, Listeria
innocua, Escherichia coli and Lactobacillus acidophilus. The films contain-
ing clove inhibited all microorganisms independently of the film matrix
or the type of microorganism. In a further experiment, the effect of the
films with clove essential oil incorporated was analyzed during refriger-
ated fish storage, and microorganism growth was drastically reduced in the
gram-negative bacteria, particularly enterobacteria, while the lactic acid
bacteria remained practically constant during most of the storage period.
The effect on microorganisms during this period was consistent with bio-
chemical indices, indicating the viability of these films for the conservation
of fish [48].

In another case of formulation, edible films based on chitosan, carboxy-
methyl cellulose and casein were formulated with several oleoresins (olive,
rosemary, onion, pepper, cranberry, garlic and oregano) to inhibit or delay
the effect of the microflora in squash pieces and to evaluate the effect on
Listeria monocytogenes. The original film-forming solutions, without addi-
tives, showed no significant antimicrobial properties. The olive and rose-
mary oleoresins showed significant antimicrobial activity against both
(native microflora in squash and L. monocytogenes). In general, solutions
of films containing 1% of oleoresin showed different limited antimicrobial
effects against these microorganisms. The native microflora was sensitive
to chitosan with olive oleoresin, rosemary and pepper and carboxymethyl
cellulose with rosemary. Furthermore, Listeria monocytogenes resulted
sensitive to carboxymethyl cellulose with rosemary and very sensitive
to film-forming solutions of chitosan with rosemary. Films of chitosan
with olive and rosemary showed antioxidant properties by retarding the
action of peroxidase (POD) and polyphenol oxidase (PPO) for five days
of storage, but did not present deleterious effects on sensory acceptabil-
ity of squash juice. Thus, the antioxidant protection of squash provided
improved advantages in preventing browning reactions typically resulting
in the loss of quality of fruits and vegetables [49].



134 FunNcTiONAL POLYMERS IN FOOD SCIENCE

In the case of crosslinking reactions to modify proteins to form films,
some examples are described as follows: the enzyme transglutaminase
was used to produce cross linkages in the formation of edible films of
casein, gelatin and casein-gelatin blends (100:0, 75:25, 50:50, 25:75 and
0:100). The introduction of the crosslinks induced formation of high
molecular weight polymers, which resulted in changes in the mechani-
cal and WVP properties of the films. The elongation of the final films
containing different proportions of casein and gelatin, increased signifi-
cantly compared to films obtained from gelatin or casein alone, providing
a synergistic effect on the film properties; the greatest effect was observed
for the formulation of casein-gelatin corresponding to the 75:25 ratio,
showing elongation values of 27.2 and 56.8%, respectively, for samples
with and without modification. This particular mixture showed a large
decrease in WVP [50].

In another case, casein films were prepared by crosslinking with zein
hydrolysate using transglutaminase. Wax was either incorporated into the
film-forming solution or coated onto the casein films, improving their
mechanical properties. The wax-incorporated films exhibited a greater
reduction in tensile strength and Young’s modulus than the wax-coated
films. Besides, these exhibited a better improvement in flexibility of films
than wax-coated casein films due to the plasticization effects of the incor-
poration of wax. On the other hand, the application of wax to casein films
significantly improved their moisture barrier properties. The eftectiveness
of wax application on moisture barrier properties was greater in wax-
coated casein films than wax-incorporated casein films. Therefore, coating
wax emulsion on to the casein films was more effective than incorporat-
ing it into the films to improve moisture barrier properties of hydrophilic
casein films [51].

Moreover, modifications on whey protein to yield edible films are
described in several papers [52,53]. Cast films with different ratios of
hydrolyzed and not hydrolyzed whey protein isolate (WPI) were produced.
The influence of hydrolyzed WPI in whey protein isolate-based cast films
on their techno-functional properties was investigated. This study showed
that increasing hydrolyzed WPI concentrations significantly changes
the mechanical properties while maintaining the oxygen and WVP. The
tensile and elastic film properties decrease significantly by reducing the
average molecular weight, whereas the yellowish coloration and the sur-
face tension considerably increase. The strong intermolecular interactions
of protein crosslinked by both disulphide and hydrogen bonding and by
hydrophobic and electrostatic interactions into pure WPI-based cast films
were reduced by the addition of glycerol as plasticizer. So, the mobility
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of polymer chains and thus film flexibility was achieved. The addition of
glycerol also increases the free volume in the film leading to higher oxygen
and WVP. This study showed the necessity to tailor the characteristics of
whey protein isolate-based films according to their intended application
and further processing [54].

In another case of modification, a doubly emulsified film incorporated
with protein-polysaccharide microcapsules, which serves as a multifunc-
tional food packaging film, thus as their properties, was investigated.
Whey protein was selected by the emulsification and nutrition values and
its general application in the field of edible films, while the polysaccharides
were chosen according to their surface charges and emulsification ability.
The relationships between the microstructural properties and controlled
release features of a series of water-in-oil-in-water (W/O/W) microcapsu-
lated edible films prepared in thermodynamically incompatible conditions
were analyzed. The water-soluble riboflavin (VB2) nanodroplets dispersed
in the liposoluble a—tocopherol (vitamin E, VE) oil phase were embedded
in whey protein-polysaccharide (WPs) microcapsules. These microcap-
sules were then integrated in WP films. Various polysaccharides, including
gum arabic, low-methoxyl pectin, and k-carrageenan, exhibited different
in vitro synergistic effects on the ability of both films to effect enteric con-
trolled release of both vitamins [55].

Moreover, the combination of biopolymer films with barrier materials
derived from petroleum-based plastics or aluminium to enhance their low
barrier properties is an important subject. Because of this, research efforts
are focused on the development of sustainable coatings, while maintaining
the functional properties of the resulting packaging materials. An interest-
ing article provides important information about the use of whey-based
coatings for their barriers properties, and describes the properties of an
innovative packaging multilayer material that includes a whey-based layer.
The latter is able to serve as a good oxygen barrier and can either be used
as an upper layer or as a sandwich layer in a composite. The whey pro-
tein formulations described resulted in excellent barrier properties almost
comparable to the ethylene vinyl alcohol (EVOH) copolymers barrier layer
conventionally used in food packaging composites. Various properties of
the barrier layer such as good adhesion to the substrate and sufficient flex-
ibility to withstand mechanical load while preventing delamination and/
or brittle fracture, are required. Whey-protein-based coatings have suc-
cessfully met these functional and mechanical requirements. This study
confirmed, in the case of multilayer configuration, that those coatings
could be biodegraded using enzymatic detergent. This makes multilayer
films recyclable, which is another good characteristic. On the other hand,



136 FuncTiONAL POLYMERS IN FOOD SCIENCE

the multilayer packaging incorporating a whey-based barrier layer can be
composted when using biodegradable polymeric substrates. Whey pro-
teins are thus a promising resource for the packaging industry in that they
provide a sustainable, recyclable packaging material that meets all the per-
formance requirements of packaging materials [56].

In recent years, there has been a significant development in the pro-
duction of vegetal proteins from a wide variety of vegetal sources and a
tendency to reduce the consumption of animal protein because of vegetar-
ian consumers. These plant sources are vegetables, cereals, oilseeds, root
vegetables, greens, fruits, etc. They offer many characteristics and impor-
tant properties. In general, the use of vegetal proteins has increased as they
have no taste, their production is sustainable, they have less impact on the
environment compared to animal proteins, are less expensive compared to
those from animal sources, and allow the use of more innovative products.

5.3 SPI as a Base Material for Packaging

In particular, soy protein isolate (SPI) as raw material has shown advan-
tages over other sources due to its exceptional film-forming properties, low
cost (for its extensive production in several countries and for being isolated
from oil industry waste) and good barrier properties to oxygen, aromas
and lipids under low to intermediate moisture conditions [57]. This type
of protein also produces softer, more transparent and flexible films com-
pared to those derived from other sources [58]. However, SPI contains 58%
polar amino acids that cause hydrophilicity [59], leading to brittleness in
its wet state and poor moisture barrier and mechanical properties. These
effects can be minimized using physical, chemical or enzymatic treatments
including: blending with hydrophobic additives such as neutral lipids, fatty
acids or waxes [60]; changing drying conditions [31]; enzymatic treatment
with horseradish peroxidase [61]; heat curing [62]; UV irradiation [63];
and crosslinking. The e-amino group of lysine is considered the primary
reactive site between proteins and crosslinkers [64]. The crosslinkers most
extensively used for proteins are aldehydic compounds such as glutaral-
dehyde [65-67], formaldehyde [67] glyoxal [68], epoxy [69] and phenolic
compounds [70]. However, the cytotoxicity of these compounds restricts
their use for food covering. For this, a new natural crosslinker, genipin
(Gen), about 10000 times less cytotoxic than glutaraldehyde [71,72], is
widely used. The colony-forming assay also showed that the prolifera-
tive capacity of cells after being exposed to Gen was approximately 5000
times greater than that of cells exposed to glutaraldehyde [71-73]. This
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crosslinker is obtained from the enzymatic hydrolysis of Genipa with
B-glucosidase [74]. Genipa is extracted from the fruit of a type of jasmine
called Gardenia Jasminoides Ellis.

Flexible and homogeneous films could be obtained by casting method
using glycerol as plasticizer and different amounts of Gen [44]. A dark blue
color could be observed in the films that resulted from the chemical cross-
linking of Gen with the amino groups on the SPI macromolecular chains.
The color intensity and opacity linearly increased with the major amount
of Gen added. After crosslinking reaction, the mechanical and physical
properties of the resultant films were altered. Analyzing the physical prop-
erties, it could be noted that moisture content seems not to vary signifi-
cantly. However, total soluble matter values showed a marked diminution
depending on the amount of crosslinker incorporated. This resultant effect
is particularly important since, when used as coating, such materials could
be more resistant in the wet state. When the films were kept in contact with
water, they showed softening and a subsequent swollen state. High cross-
linking degrees allowed the formation of three-dimensional, rigid and less
expansible structures with minor capacity for softening and swellability. A
similar tendency was obtained for Gen crosslinked gelatin films [75]. The
reduction in swelling ratio values reached in the crosslinked SPI films was
the first evidence of SPI-Gen crosslinking reaction. Another effect derived
from the crosslinking reaction of the films was the improvement in the
mechanical properties. The tensile strength (TS) values increased until a
limit value. Larger additions of Gen did not significantly vary the TS val-
ues. Furthermore, the elongation at break (E) values increased when Gen
additions were minor or equal to a limit value. An increase in Gen concen-
tration led to diminution in E values becoming a less deformable material.
Also, WVP was measured, showing lower values which corresponded with
smaller sizes of the pores in the films by the crosslinkings. A biodegra-
dation test was developed to determine the biodegradation time of soil-
buried crosslinked films. As a result, the degradation of the different films
strongly depended on the crosslinking degree, which was attributed to the
hindering effect of the chemical networks on the enzymatic degradation
[76]. The water absorption of the more crosslinked films resulted lower
with respect to the less crosslinked. This effect produced diminution in the
bioavailability of water inside the matrices and could explain the fact that
microbial attack, proteolytic enzyme action and hydrolysis occurred to a
lesser extent in the more crosslinked films, providing a longer biodegrada-
tion time.

Moreover, grafting reactions with different monomers were realized
on SPI films to improve the properties. The formation of hybrid materials
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(containing natural and synthetic materials) represents another valid strat-
egy [77] to enhance properties. A synergic effect can be produced between
the advantageous properties of both materials; thereby the possibility of
application is major. In particular, reactions of grafting of natural materi-
als with different monomers is widely used [78]. These grafting reactions
involve the incorporation of a pending synthetic polymer chain on the pro-
teins chains.

So, grafting reactions using methyl methacrylate were performed on SPI
using radical initiators, and then films were formed by heat compression
method. The incorporation of poly(methyl methacrylate) in the material
increased the hydrophobicity degree of the matrix producing macroscopic
changes in its behavior against moisture. The films presented minor affinity
to water, determined by the diminution in the moisture content, the total
soluble matter and the water swelling demonstrated [79].

Another type of hybrid material can be formulated to yield nano-
reinforced materials. Usually, nano-reinforcements which may be
employed into different films are classified according to their dimensions
in lamellar, fibrillar and particulates, although the latter are more studied,
especially the nanocrystals formed from polysaccharides.

When nanocrystals produced from polar sources (such as polysac-
charides) are used as nano-reinforcement in protein-based materials,
the chemical structures of the matrix and filler are similar. The struc-
tural similarity promotes good miscibility and strong interfacial adhesion
between the filler and the matrix. These interactions can be responsible
for improving the basic properties of the final material. So, soy protein
films nano-reinforced with starch nanocrystals (SNC) were developed
by simple casting method [79]. The obtained films were transparent and
homogeneous. The opacity and the degree of crystallinity increased with
the amount of nanocrystals added. Moisture content, total soluble matter
and swelling in water were evaluated, showing a marked effect of the SNC
additions. As the amount of SNC increased, the films exhibited lower affin-
ity for water due to the strong interactions occurring between the protein
matrix and the reinforcement. A minor amount of moisture was present
and the resultant products were less swellable in water. Moreover, mechan-
ical properties were determined, showing that the films became more
resistant (by increasing TS and Young’s modulus) and less elongable (by
decreasing E) as SNC aggregates increased. With a considerable amount of
aggregates, an abrupt variation of these properties was noted [79].

Nevertheless, in some situations where the chemical or physical modi-
fications do not accomplish good results or the improvements are not suf-
ficient to fulfill the needs of a particular application, a blend polymeric
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system can be developed. In particular, the preparation of multilayer films
employing two or more components is one of the alternatives of modifi-
cation used, since the presence of each component can contribute their
advantageous properties with an expected synergistic effect between them.

Soy protein-poly(lactic acid) bilayer films were prepared and studied for
food packaging applications [76,80]. In particular, poly(lactic acid) (PLA)
was selected because it is a biodegradable material whose use in food pack-
aging is being currently developed. Some studies indicate that this mate-
rial is equally suitable for such applications compared to the widely used
low-density polyethylene [81]. In the two-component bilayer film, physical
interactions exist between the components (hydrogen bond interactions
between PLA carbonyl groups and hydrogen from peptide bonds of the
protein). These interactions are responsible for the good stability and adhe-
sion reached without using compatibilizing agents, adhesives, or without
performing film surface chemical modifications.

The films were prepared using different proportions (%) of SPI/PLA and
their physical and mechanical properties were studied. The analysis of the
physical properties showed that the resultant films were more transparent
when a high proportion of PLA was used. Furthermore, a major contact
angle was determined for the PLA surface. Hence, it can be concluded that
the resultant PLA layer was substantially more hydrophobic than SPI layer.
The hydrophobicity of the PLA layer exhibited a different behavior against
the action of water compared to the SPI film, conferring on the PLA-
containing films improvements in the properties. As expected, a marked
decrease in the properties studied such as swelling, moisture content and
total soluble matter were observed.

Furthermore, it is known that PLA has good barrier properties to water
vapor [82]. Likewise, it was demonstrated after the permeability analysis
was realized on the PLA-modified films, since values decreased. Thus,
bilayer films reached lower WVP values compared to the SPI film. Other
authors [83] described a multilayer system which exhibited a similar effect
produced by PLA layers in protein films (gelatin). From the stress-strain
curves, it was determined that the presence of PLA and the increase in its
proportion produced diminution in E and a marked increase in TS and
Young’s modulus, which means that the material becomes less elongable
and more resistant, turning into a more rigid material.

Biodegradation tests under soil burial conditions showed that after 55
days, the SPI film reached 100% of degradation while the 60/40 and 50/50
SPI-PLA films were degraded above 60 and 50%, respectively. These results
suggest that the entire SPI layer was degraded while only a portion of PLA
layer was degraded in the period analyzed. After 75 days, degradation
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reached 80 and 65% for SPI-PLA 60/40 and 50/50, respectively. At this
time, the PLA layer was partially degraded, showing a lowest degradation
rate compared to the SPI component.

5.4 Conclusion

As described in this chapter, the development of biodegradable materials
from natural sources focuses on the use of strategies to optimize funda-
mental properties so that all application requirements can be satisfied. A
large part of the plastics used for every person includes packaging, espe-
cially food packaging. This is the reason why specific innovations are
required in this field immediately. As can be noted in this text, the devel-
opment of strategies that make proteins suitable for use as food packaging
material is strongly increasing today. The current state of the environment
can become more serious if no solutions to the replacement of traditional
petroleum polymeric materials are found in a short period of time.
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Abstract

The film-forming ability of different native and modified starches by casting
method is discussed in this chapter. Likewise, rheological properties of filmogenic
suspensions are described. The mechanical and barrier properties of films, as well
as microstructural characterization of these biomaterials are also discussed since
they determine their performance and applications, mainly in food preservation.
Characterization of films was carried out using different complementary tech-
niques such as infrared spectroscopy (FTIR), light microscopy, scanning electron
microscopy (SEM), atomic force microscopy (AFM), X-ray diffraction, differen-
tial scanning calorimetry (DSC) and dynamic mechanical analysis (DMA). Also,
the plasticizer effect (glycerol and sorbitol) on films’ properties was analyzed.

Even though film-forming capacity of different chemically modified corn
starches was evaluated, this chapter only discusses the results concerning acety-
lated corn starch films. This selection was reliant on the lowest water vapor perme-
ability of films based on this modified derivative.

Addition of specific additives to formulations modifies films functionality,
transforming them into active films. Thus, in this chapter results concerning
starch films with potassium sorbate are presented. Furthermore, antimicrobial
agent diffusion from starch matrices is also discussed in order to demonstrate the
effectiveness of these active films.

With the purpose to develop biodegradable packages, heat sealing capacity of
native and acetylated corn starch-based films was studied. Film composition effect
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and presence of plasticizer on the type of heat sealing failure and its resistance is
also discussed.

Thermoplastic starch (TPS) is a biodegradable material which can easily be
adapted to different processes employing standard equipment used for synthetic
polymers, such as extrusion, blowing, injection and compression molding. Thus,
development of biodegradable films from TPS by extrusion and blowing methods is
discussed. The relevance of this study lies essentially in the demonstration of the pos-
sibility to develop biodegradable films based on TPS employing industrial methods.

Keywords: Biodegradable starch films, acetylated starch, filmogenic suspension
rheological behavior, mechanical and barrier properties, heat sealing capacity,
film microstructure, active films, antimicrobial capacity, blown extrusion, ther-
moplastic starch

6.1 Introduction: General Aspects of Films Based on
Native and Modified Starches

Interest in biodegradable and edible (B&E) films development from renew-
able resources is growing due to the increased environmental awareness
and to a strong marketing trend towards more environmentally friendly
materials. They can offer great potential to enhance food quality, safety and
stability. Thus, a high interest has been shown in the production of materi-
als from renewable resources, which are commonly known as bioplastics
[1-6]. Biobased materials are promising as their feedstocks are renewable,
theoretically they can be composted or recycled, and their production
process may be more energy efficient than petroleum-based plastics pro-
cessing [6]. They allow the control of mass transfer between components
within a product, as well as between the product and the environment, and
can offer improved product performance through the addition of additives
such as antioxidants, antimicrobial agents and nutrients to their formula-
tions. Biobased films development and their properties have been reviewed
extensively in this book and previously [7-13].

Composition, microstructure and physical properties of biopolymeric
films determine their possible applications. Controlling film formulation
allows tailoring their mechanical and barrier properties, thereby improving
their efficiency to preserve foods.

Among natural polymers, native starch is considered one of the most
promising materials because an attractive combination of availability,
price, performance and good film-forming ability, with regard to other
biopolymers [10,14,15]. Thus, the functionality of starch edible films, in
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conjunction with their biodegradability compared with other polymers,
could ensure their consideration in food packaging field in a near future.

Starch is a reserve polysaccharide present in the endosperm of cereal
grains like corn (Zea mays), wheat (Triticum aestivum o T. vulgare) and rice
(Oryza sativa); tubers like potato (Solanum tuberosum), cassava (Manihot
esculenta), yam (Dioscorea alata), ahipa (Pachyrhizus ahipa); legumes like
pea (Pisum sativum), okenia (Okenia hypogaea); and fruits like banana
(Musa paradisiaca) and mango (Manguifera indica); among others [16].
According to their origin, starches present diverse physicochemical, struc-
tural and functional characteristics; they can be processed under different
conditions and therefore they have many diverse end uses. Mainly, starch
is employed in food industry to impart functional properties, modify food
texture and consistency and so on. Current research is focused on using
non-conventional starch sources since the actual starch portfolio does not
cover industry’s entire spectrum of requirements.

Starch owes much of its functionality to two major high-molecular-
weight carbohydrate components, amylose and amylopectin, as well as,
the physical organization of these macromolecules within the granular
structure [17]. Amylose, the linear polymer, is responsible for the film-
forming capacity of starches. Besides, starches from different botanical
sources present varied amylose/amylopectin ratio and several studies have
demonstrated that these variations lead to obtaining biodegradable films
with different mechanical properties [18-21].

Development and characterization of films based on native starches
of diverse botanical sources have been widely studied by several authors
[10,18,20,21-29]. Numerous studies can be found in the literature about
corn starch films and their properties [10,15,20,26]. Development of B&E
films is an interesting application for common and non-conventional
starches since they could impulse their crops and grant added value to raw
commodities.

Starch’s hydrophilic nature is a major constraint that seriously limits
starch-based materials applications since many of their properties depend
on the ambient humidity [30]. An alternative to reduce these drawbacks
is the use of modified starches [31]. Chemical derivatization has long
been studied as a way to solve this problem and to produce low water-
sensitive materials [32]. Chemical modification involves the introduction
of functional groups into starch constituent molecules using reactions of
derivatization (etherification, esterification, crosslinking and grafting) or
reactions of decomposition (acid or enzymatic hydrolysis and oxidation).
This is a useful alternative that allows modifying the structure and conse-
quently the properties of native starches. Several authors have reported the
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use of chemically modified starches to obtain films; mainly substituted and
pregelatinized starches [32-35]. On the other hand, they were employed
in the formulation of composite films by mixing with other biopolymers,
such as gelatin [36] and k-carrageenan [31], among others. In addition,
modified starches, particularly starch esters, have been used in the prepa-
ration of biodegradable laminate films [37].

Besides, as for synthetic polymers, composition, microstructure and
functional properties of films based on biopolymers determine their pos-
sible applications. Films formulation control allows tailoring mechanical
and barrier properties of these materials, improving their efficiency to
package food products.

Study of films’ microstructure and the interactions between the com-
ponents provides insight into both the fundamental aspects of material
science and the practical technologies for future applications. Most of the
methods used in the characterization of these materials are based on the
study of structural and thermodynamic properties related to their crystal-
line-amorphous structure. X-ray diffraction is probably the most important
technique for studying structural properties of crystalline solid materi-
als, polymers and undoubtedly food materials [38,39]. Thermodynamic
changes can be evaluated by several calorimetric techniques and by
dynamic thermomechanical analysis [10,18,40-43]. Knowledge of mole-
cular mobility and phase transitions are important since they affect films
barrier properties, which define their performance under different condi-
tions of common use and abuse.

This chapter discusses the film-forming ability of various native and
modified starches. Rheological properties of filmogenic suspensions
and mechanical and barrier properties of the obtained biomaterials are
also described. A deep insight into films' microstructure is presented.
Additionally, the heat sealing capacity of native and acetylated corn starch
films was evaluated in order to develop biodegradable packages. Diftfusion
of antimicrobial agents such as potassium sorbate from active starch film is
also discussed. Finally, development of biodegradable films from thermo-
plastic starch (TPS) employing industrial methods such as extrusion and
blowing is described.
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6.2 Characterization of Biodegradable Films
Obtained by Casting from Different Native
Starches and Acetylated Corn Starch

Starch is abundant in nature, commercially available, inexpensive and is
totally biodegradable under a wide variety of conditions. Thus, it can be
used in the development of completely degradable products for specific
market needs. Of all polysaccharides of agricultural origin, starch has been
the first to reach industrial applications. For example, Novamont, an Italian
company, commercializes EverCorn™, a starch-based material available as
films or bags. Similarly, Bioenvelope, a Japanese company, commercializes
Bio-P™, another starch-based film. Likewise, Mater-Bi™, a biodegradable
material based on 60% starch and 40% alcohols produced by Novamont, is
mainly commercialized in Europe and America.

Table 6.1 summarizes the main characteristics of starches from different
sources which are relevant in B&E films development.

Generally, plasticizers are added to film formulations to aid processing
operations and to modify final product properties. In the case of starch-
based films, plasticizer addition overcomes materials’ brittleness and
improves their flexibility and extensibility. They are low molecular mass
organic compounds that must be compatible with the film-forming poly-
mers. Besides, plasticizers presence reduces intermolecular forces and
increases polymer chain mobility [44]. Oligosaccharides, polyols and lipids
are different types of plasticizers chemically compatible with hydrocolloid-
based films; glycerol being the most widely use [15,36,45-50].

Additional additives, including antioxidants, antimicrobial agents and
nutrients, can be incorporated into film formulations in order to achieve

Table 6.1 Main characteristics of starches from different sources.

Starch Amylose Granule | X-ray crystalline | Gelatinization
source content (%) | size (um) | pattern temperature (°C)
Corn [21] 23.9 11.5 A 72.2

Cassava [21] | 15.5 8.8 B 69.9

Ahipa [21] 11.6 9.4 C 67.2

Okenia [23] | 26.1 1-3 C 71.2

Mango [23] | 28.7 5-10 C 73.8

Banana [23] | 35 10-40 C 77.6

Yam [43] 30 45.3 B 76.0
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specific functionalities. This concept of “active films” is very promising
for the future, as it creates new avenues for designing packaging materials
according to product needs.

6.2.1 Rheological Behavior of Filmogenic Suspensions

The first step to prepare filmogenic suspensions is the gelatinization
of native starch granules, either by cold (e.g., alkaline treatment with
NaOH) or thermal treatments, the latter being the most common tech-
nique. However, alkaline dispersion can be used to alter size distribution
of starch constituent molecules since the conditions of this method favor a
mild degree of starch hydrolysis or depolymerization [23,51]. Thus, mate-
rial properties could be modified to fit the application needs. In general,
plasticizers are added to gelatinized starch suspensions, as well as other
functional additives (e.g. emulsifiers, lipids and antimicrobial or antioxi-
dant agents). It must be stressed that each individual additive may require
particular conditions for an appropriate and effective incorporation.
Rheological behavior of filmogenic starch suspensions determines their
processing conditions to obtain films at industrial scale. Furthermore,
rheological properties are related to the presence of some defects such as
bubbles and pores in polymeric matrixes [52]. Rotational assays led to the
analysis of rheological behavior of starch pastes when they are submitted
under conditions close to industrial processing parameters such as high
shear stress. Figure 6.1 shows flow curves corresponding to gelatinized
starch suspensions from different sources, with and without glycerol as
plasticizer. All filmogenic suspensions presented a pseudoplastic behavior
(n < 1), which was satisfactorily adjusted by the Ostwald-de Waele model.
Moreover, gelatinized starch suspensions were characterized as thixo-
tropic ones, indicating that rheological behavior of these systems was
time dependent (Figure 6.1a). Thixotropic materials exhibit decreasing
shear stress and apparent viscosity over time at a fixed shear rate [53].
Rheological properties of starch pastes depend on their botanical sources
and determine their most adequate use in food processing. Cassava starch
filmogenic suspensions presented significantly (p < 0.05) higher apparent
viscosity values, indicating that the remainder amylopectin inside starch
granules reinforces the amylose network. Furthermore, macromolecules’
structural characteristics (molecular weight, polymerization degree,
chains size distribution, etc.) determine degree of network reinforcement.
Figure 6.1b shows that glycerol addition to filmogenic suspensions did not
modify their flow behavior, although the apparent viscosity at 500 s values
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Figure 6.1 Flow curves and rheological parameters of ahipa, cassava and corn starch

filmogenic suspensions: (a) without glycerol and (b) with 1.5% w/w glycerol (1.5 G).

Arrows indicate the

up and down flow curves.

decreased significantly (p < 0.05). Lipids can be added to the starch system
in order to decrease the permeability of the films [54]. Table 6.2 shows that
both plasticizer and lipid addition to corn starch gelatinized suspensions
decreased the flow behavior index, and increased the consistency index.
Apparent viscosity of corn starch suspensions decreased with the addition
of both plasticizer and lipid (Table 6.2).

Oscillatory assays evaluate starch pastes viscoelastic behavior within
linear viscoelasticity range where sample did not suffer structural damage.
Figure 6.2 shows mechanical spectra obtained from frequency sweeps
of corn, cassava and ahipa starch filmogenic suspensions. Corn starch
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Table 6.2 Formulation effect on apparent viscosity of corn starch filmogenic
suspensions.

Corn starch filmogenic suspension | Apparent viscosity ('Lp) at shear rate
(20 g starch/ L) 692.48 s! (mPa.sec)

Without additives 12.85 + 0.063

20 g/L Glycerol (G) 11.95 £ 0.182

G + 2 g/L Sunflower oil (SO) 11.31 £0.092

20 g/L Sorbitol (S) 12.59 + 0.176

S+SO 9.64 +£0.182

filmogenic suspensions presented a typically viscous fluid behavior since
higher viscous module values compared to elastic ones (G” > G") were
registered over almost all frequency ranges, approaching each other at
high frequency values (Figure 6.2a). While, for ahipa and cassava starch
pastes, G” values were significantly higher (p < 0.05) than G” ones, and
remained practically constant throughout all the analyzed frequency
ranges, behaving like a weak gel (Figure 6.2b and ¢). The G” and G” values
for cassava starch gelatinized suspensions were higher than those of ahipa
and corn starch pastes. For example, at 1.1 Hz, G" and G” of cassava starch
pastes were 20 and 60% higher, respectively, than the corresponding values
of ahipa starch pastes. These results are in agreement with the apparent
viscosities reported previously (Figure 6.1). When glycerol was incorpo-
rated to starch matrixes, both G” and G” decreased; however the curves
tendency was similar to those corresponding to unplasticized films
(Figure 6.2). A similar trend was reported by Rodriguez-Gonzalez et al.
[55] for wheat thermoplastic starch films plasticized with different glycerol
concentrations.

On the other hand, chemical modification of starch granules can affect
the rheological behavior of filmogenic suspensions. Figure 6.3a shows
the rheological flow curve corresponding to gelatinized acetylated starch
suspension (5% w/w) with glycerol (1.5 g/100g starch), exhibiting a pseu-
doplastic behavior which could be fitted to the Ostwald-de Waele model.
From stress sweep assays, it was determined that linear viscoelasticity
range was extended up to 2.7 Pa, indicating that gelatinized suspensions
based on the acetylated corn starch presents a high deformation resistance
suitable to withstand severe processing conditions [15]. Figure 6.3b shows
dynamical spectra obtained for acetylated corn starch gelatinized suspen-
sions, presenting a typical behavior of a viscous fluid, since G” resulted
higher than G’ values along all the assayed frequency range, behaving like
a gel.
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Figure 6.2 Mechanical spectra, at constant amplitude (1 Pa) of 5% w/w starch filmogenic
suspensions without (4 ) and with 1.5% w/w of glycerol (=): (a) ahipa; (b) cassava and
(c) corn.

6.2.2 Film Properties

Casting is a common and small-scale production method used to obtain
biodegradable films. In this technique, filmogenic suspension is poured
onto acrylic plates, and then dried in a ventilated oven to a constant weight.
This simple technique produces B&E films that can be easily removed from
plates. Besides, in the casting method film thickness can be adjusted by
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Figure 6.3 Acetylated corn starch filmogenic suspensions with 1.5% w/w glycerol:
(a) flow curves and rheological parameters and (b) viscoelastic behavior.

controlling the ratio of filmogenic suspension weight and the plate area.
Drying conditions (rate and temperature) determine film characteristics
(e.g. water content, crystallinity, etc.), affecting its microstructure and
properties. Bader and Goritz [56] stressed that by tailoring drying con-
ditions amorphous-crystalline structure could be controlled, which is
strongly related to the barrier and mechanical properties of films.

At industrial scale, starch-based films can be obtained by the thermo-
compression, blowing or lamination process, similar to those used for syn-
thetic ones.

The main attributes involved in biodegradable films characterization
are: optical properties, water solubility, water sorption/desorption, micro-
structure, biopolymer compatibility (composite films), thermal behavior,
barrier properties (vapor and gaseous permeability) and mechanical
performance.



FiLMms BASED ON STARCHES 157

6.2.2.1 Optical Properties

Films optical properties ultimately determine packaged product accept-
ability by consumers. Material opacity is a critical property to consider
if the film is useful to develop packaging which allows seeing the packed
product. It can be measured using the method proposed by Gontard et al.
[38], in which the absorption spectrum is recorded over the visible range.
Opacity is estimated as the area under the curve (Au x nm); transparent
films are characterized by low values of this area. Table 6.3 shows that chi-
tosan films were the most transparent and corn starch (CS) ones the most
opaque, increasing opacity with starch concentration. Nevertheless, opacity
values for starch-based films were still lower than those reported for wheat
gluten films obtained under different solubilization conditions [38].

On the other hand, study of UV light absorption capacity of biode-
gradable films is relevant to determine their possible applications for food
packaging. Materials which are able to absorb UV light could be useful to
extend shelf life of fatty foods that are susceptible to oxidative rancidity.
Otherwise, films that cannot absorb in this spectral region could be used to
develop packages for foods which will be later sanitized by UV light expo-
sure. Starch-based films spectra exhibited a characteristic peak at 270-300
nm, resulting in barriers to UV light (Figure 6.4). Ahipa starch led to the
development of films with a lower capacity to absorb UV light since the
peak intensity was lower compared with cassava and corn starches (Figure
6.4). Transparency values of cassava and corn starch films were similar to

Table 6.3 Optical properties of corn starch, chitosan and composite films.

Film formulation | Film opacity Film color
(Auxnm) [ Color differences Chromaticity
(AE) parameter b*
Corn starch® (CS) 138.0 + 0.8° 0.83 £0.16 2.20+0.25
CS with glycerol 109.6 £ 0.9 0.60 +0.10 2.23+0.08
(2g/ 100g)
CS with chitosan 95.9 + 1.05 1.74 +0.15 294 +0.15
(50:50)
CS with glycerol 88.7+0.7 2.16 £0.19 3.68 £0.21
and chitosan
Chitosan (1g/100) 189+ 1.1 3.79 +£0.50 5.04 +0.32

* CS concentration: 5g/100g filmogenic suspension, ® value + standard deviation
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Film composition Opacity ~ Transparency

Corn (AUxnm)  (A,,/mm)
Ahipa starch 243.6+1.6 4.0+0.1
Cassava starch 285.2+0.6 4.7+0.1
Corn starch 273.4+2.2 4.6+0.1
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Figure 6.4 UV-vis light absorption spectrum and optical properties of starch films
(ahipa, cassava and corn) plasticized with 1.5% w/w of glycerol.

those corresponding to some synthetic films, such as polyvinyl dichloride
(PVDC, 4.58 A600/mm).

6.2.2.2 Water Solubility

Water solubility of starch films is another relevant property which deter-
mines the application of these materials. In some cases, water-insoluble
films are required to enhance product integrity and package humidity
resistance. In applications such as additive encapsulation, total or par-
tial film dissolution could be useful [26]. Films water solubility at 25 and
100°C are shown in Table 6.4. Starch type did not affect film water solubil-
ity, regardless of the assayed temperature. Values increased significantly
(p < 0.05) with temperature and glycerol addition due to plasticizer hydro-
philic characteristic. Similar results were reported by Shen et al. [57] and
Piermaria et al. [58] for sweet potato starch films with glycerol and for
plasticized kefiran films, respectively.

6.2.2.3  Water Sorption Isotherms

Water sorption isotherms are useful for the estimation of film stability
under different ambient conditions. Particularly, in the case of film based
on hydrocolloids, this study is relevant since these materials are very sensi-
tive to relative humidity. Although sorption isotherms can be measured
by several techniques, a simple procedure was described by Spiess and
Wolf [59].
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Table 6.4 Water solubility of ahipa, cassava and corn starch films without and
with 1.5% w/w glycerol (1.5G).

Film formulation (starch concentration 5/100g) | Water solubility (%)
at 25°C at 100°C

Ahipa 3.8+0.4* 172+ 0.7
Ahipa - 1.5G 13.2+0.1 26.6 1.1
Cassava 3.9+0.0 17.0 £ 0.6
Cassava — 1.5G 13.6+0.3 27.7+1.3
Corn 4.0+0.3 16.4+£29
Corn - 1.5G 13.6 £ 0.0 26.3+0.5

2 value + standard deviation

1.5G = 1.5g glycerol/100g

Sorption isotherms for yam starch films (with and without glycerol)
and native yam starch were compared at 25°C (Figure 6.5). All isotherms
showed a similar sigmoid shape (type II isotherm). When samples were
conditioned at water activity (a ) values greater than 0.43, plasticized starch
film showed higher equilibrium moisture contents than both native yam
starch powder and non-plasticized starch film. Hygroscopic characteristics
of glycerol-plasticized starch films could be attributed to the hydrophilic
character of this plasticizer.

Control films showed higher equilibrium moisture content than the
native yam starch at a > 0.75. This result could be attributed to the fact
that during film production, gelatinization led to a starch molecule reor-
ganization, increasing water absorption capacity of the unplasticized film
compared to native starch. Unplasticized films showed similar behavior to
those reported by other researchers working with high amylose corn starch
films [56] and tapioca starch films [60].

With regard to acetylated starch-based films, experimental data can be
satisfactorily fitted to the GAB model, estimating water content values of
the monolayer (X ) (Figure 6.6). Plasticized films exhibited significantly
higher X values (0.127 g water/g dry solid) than unplasticized ones (0.063
g water/g dry solid). Coupland et al. [61] reported a similar trend for whey
protein films plasticized with different concentrations of glycerol. Miiller et
al. [62] reported a water content value of the monolayer of 0.094 g water/g
dry matter, for cassava starch films plasticized with glycerol.
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Figure 6.5 Water sorption isotherms of yam starch films.
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Figure 6.6 Water sorption isotherms of acetylated corn starch films without glycerol (0G)
and with glycerol 1.5% w/w (1.5G).

6.2.2.4 Microstructure

Biodegradable films’ microstructure provides the physical basis for their
barrier and mechanical properties. Common techniques used to eluci-
date film structure include scanning electron microscopy (SEM), atomic
force microscopy (AFM), X-ray diffraction (XRD), differential scanning
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calorimetry (DSC), thermomechanical analysis (TMA), dynamic mechan-
ical analysis (DMA) and Fourier transform infrared spectroscopy (FTIR).

6.2.2.4.1 Scanning Electron Microscopy (SEM)
Scanning electron microscopy may be used to evaluate film homogeneity,
layer structure, pores and cracks, surface smoothness and thickness. Figure
6.7 shows SEM micrographs of cryofractured surfaces of plasticized films
based on ahipa, cassava and corn starch. Materials based on corn starch
exhibited a more homogeneous and compact structure than films obtained
from tuberous starches. Compact and homogeneous matrix of films is an
indicator of structural integrity and, consequently, good mechanical prop-
erties (high resistance and elongation at break) are expected.
Unplasticized acetylated starch films exhibited a multilayer structure
(Figure 6.8a). Glycerol addition increased, on average 20%, film thickness,
which could be related to a modification of the film structure (Figure 6.8b).
It is well known that glycerol interferes in chain interactions [50], and thus
the typical multilayer structure of unplasticized films was not observed.

6.2.2.4.2 Atomic Force Microscopy (AFM)

Topography and roughness of starch films surfaces can be evaluated using
a multimode atomic force microscope. Images were obtained in tapping
mode using a silicon nitride tip model NP20 (Veeco Instrument Inc., NY,
USA). Images of films surfaces were randomly taken at different loca-
tions of the specimens to obtain reliable and reproducible data. The 2D
and 3D images were analyzed with the Scanning Probe Microscopy WSxM
3.1 software. To evaluate film surface roughness the following statistical
parameters were calculated: ironed surface (three-dimensional image area,
correspond to the sum of the areas of all triangles formed by three adjacent
points; nm?*) and RMS (height standard deviation; nm). Figure 6.9 shows
3D topographic images of films based on native and acetylated corn starch
films.

Use of acetylated starch in the formulations allowed the development
of films whose surfaces were softer with lower roughness, evaluated by the
standard deviation of the heights (RMS). It was also determined that the
addition of plasticizer decreased roughness parameters of starch film sur-
faces (Figure 6.9).

6.2.2.4.3 Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) is a useful technique to
complement microstructural characterization of films and may be used to
evaluate interactions between the corresponding components. The FTIR
spectra of native corn starch films without glycerol showed typical signals
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Corn starch

Figure 6.7 SEM micrographs of (a) ahipa, (b) cassava and (c) corn starch films plasticized
with 1.5% w/w of glycerol.

of stretching, bending and deformation for the main characteristic func-
tional groups of starch (Figure 6.10). Acetylated corn starch films pre-
sented the same signals that native starch ones and a characteristic peak
located at 1726 cm™, which is specific to CO bond stretching vibration of
acetyl groups [63]. Furthermore, Guerra Della Valle et al. [64] observed a
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Figure 6.8 SEM micrographs of acetylated corn starch based films: (a) without plasticizer
and (b) with 1.5% w/w glycerol.

decrease in the vibration signal corresponding to stretch (3000-3900 cm™)
and bending vibration (1650 cm™) of the OH groups due to the introduc-
tion of acetyl substituents on the starch constituent molecules.

6.2.2.4.4 X-ray Diffraction (XRD)

X-ray diffraction patterns show an amorphous-crystalline structure
characterized by sharp peaks associated with crystalline diffraction and an
amorphous zone; the higher the amorphous zone, the lower the crystal-
linity. Amorphous regions within the sample can be estimated by the area
between the smooth curve drawn following the scattering hump and the
baseline joining the background within the low- and high-angle points.
Crystalline fraction can be estimated by the relative area of the upper
regions above the smooth curve [65,66]. In general, film crystallinity is
dependent on the following processing conditions: i) biopolymer source
and plasticizer, ii) completeness of biopolymer dissolution in water, iii)
film drying conditions (rate and temperature), and iv) final moisture con-
tent of the samples [67,68]. The shape and width of the diffraction profile
are determined by both the mean crystal size (and distribution of crystal
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Film formulation Roughness parameters
Corn Glycerol RMS Mean Ironed
starch (% wiw) (m) roughness surface
(pm) (pm?)

) 0 0.5407 0.4247 3954.93
Native

1.5 0.506 0.3939 2627.71

Acetylated 0 0.3625 0.2883 3744.49

1.5 0.3113 0.2431 2634.89

Figure 6.9 AFM topographic images (3D) of films based on: (a) native corn starch,
(b) native corn starch with 1.5% w/w glycerol, (c) acetylated corn starch and (d) acetylated
corn starch with 1.5% w/w glycerol. Effect of formulation on film roughness parameters.

size within the specimen) and the particular imperfections of the crystal-
line lattice [69].

X-ray diffraction can be used to track the recrystallization of film poly-
mers during storage. In the case of starch-based films, peak width decreased
slightly and peak intensities increased, indicating a growth in crystallite
size corresponding to a slow recrystallization process. X-ray diffraction
patterns of composite films generally represent a mixture of component
features in which the characteristic peaks of the individual components
can be identified.

Film preparation techniques may also lead to the development of
different matrix structures. For films based on starch thermally gelatinized,
X-ray diffraction pattern of yam starch exhibited a B-type crystalline pack-
ing arrangement, characteristic of starch from tubers [70]; this pattern
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Figure 6.10 FTIR spectra of films based on native and acetylated corn starch.

remained virtually unchanged over the course of storage. Starch and glyc-
erol contents did not markedly influence the X-ray pattern of these films
[18]. In contrast, when films were obtained from starch solubilized by alka-
line treatment, X-ray diffraction patterns showed a crystalline structure of
higher stability, namely A-type pattern (Figure 6.11). This change in the
crystalline pattern was also observed for amylomaize films by Bader and
Goritz [56], and was also attributed to film drying conditions. For tempera-
tures up to 60°C, diffractograms of films exhibited a B-type crystalline pat-
tern, while those dried at 100°C exhibited diffractograms corresponding to
A-type crystals. As film drying temperature increased over the range of 60
to 100°C, film diffractograms exhibited a continuous transition from B- to
A-type crystals. A film’s crystallinity was primarily related to the starch
amylose content, and depended on both drying and storage conditions.
Water is incorporated in a structural active state through inter- and intra-
molecular hydrogen bondings [71]. High water content favors chain inter-
actions and, consequently, starch crystallization.

Starch films without plasticizer showed higher crystallinity than those
containing plasticizer, showing a larger amorphous zone and lower peaks
(Figure 6.11a). Films containing plasticizer also retained a stable diffraction
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Figure 6.11 X-ray diffractograms of films based on: (a) native and (b) acetylated corn
starch. Initial and stored 180 days at 20°C and 63.8% RH.
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pattern during the initial storage stages, while unplasticized starch films
required more time to reach a stable diffraction pattern [51]. Nevertheless,
the presence of glycerol facilitated polymeric chain mobility, allowing rapid
development of the most stable structure, and also reduced crystal growth
by interfering with polymeric chain arrangement.

Acetylated starch-developed films yielded less crystalline structure than
those from native starch (Figure 6.11b).

6.2.2.4.5 Differential Scanning Calorimetry (DSC)

Evolution of film matrix crystalline structure during storage can also be
evaluated by DSC, which allows the determination of glass transition tem-
perature (Tg). As described for X-ray diffraction, film preparation and
storage conditions influence their thermal transitions. Films obtained by
starch thermal treatment, such as those formulated with yam starch, did
not show any peaks in DSC thermograms at the beginning of the storage
time, indicating that starch gelatinization during film production was com-
plete. With storage (90 days at 20°C and 64% relative humidity), these films
did not show any peaks in DSC thermograms (between 40 and 120°C),
indicating the stability of the matrix [18]. A similar trend was observed for
native starch films from other botanical sources, as well as those based on
acetylated corn starch.

However, starch films obtained by alkaline treatment showed an endo-
thermic transition at around 50°C during storage (90 days); this peak
became narrower and its melting temperature and the corresponding
enthalpy (AH) increased with storage time (Figure 6.12). This thermal tran-
sition could be associated with several processes, such as crystal growth of
short chains (products of hydrolysis), recrystallization of amylose or other
long lateral amylopectin chains.

As previously described for XRD analysis, the presence of plasticiz-
ers limited starch crystal growth and recrystallization, leading to lower
enthalpy values (AH) and peak melting temperatures (Figure 6.12). Sorbitol
is a good starch plasticizer since its molecular structure is similar to the
glucose units of constituent molecules of starch, increasing the chances to
interact with the polymeric chains [51]. Additives may interfere with the
polymeric chains association due to steric hindrances, and in these cases
the crystallinity of films will likely decrease.

6.2.2.4.6 Glass Transition Temperature (Tg)

Glass transition temperature (T)) is strongly dependent on both film
composition and moisture content, and it can be seen as a film stability
parameter. As the water content of an amorphous material increases, T,
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Figure 6.12 DSC of starch films obtained by alkaline treatment.

decreases. Thus, for a given storage temperature, an amorphous matrix
in the glassy state remains stable to molecular change, while the same
matrix at higher moisture content (corresponding to the rubbery state) can
undergo molecular reorganization. In the rubbery state, polymer chains
possess sufficient mobility for crystal growth and perfection. Thus, know-
ledge of T is important since it impacts on films mechanical and barrier
properties under specific application and storage conditions.

Both DSC and thermo-mechanical analysis (TMA) techniques are com-
monly used to estimate T . Chang and Randall [72] stressed that TMA
sensitivity is superior to that of DSC for defining glass transition tempera-
tures. Dynamic mechanical thermal analysis (DMTA) may also be used
for T determination. Table 6.5 provides some literature reported T, values
for various film formulations. Plasticization decreases the intermolecular
forces between polymer chains and, consequently, reduces T  values [73].

Measurement of T_ by DSC in starch samples is difficult since the change
of heat capacity or the signal on heat flow are usually weaker than the
corresponding conventional polymers. For acetylated based materials, T,
values of plasticized films were around 30% lower than those of unplasti-
cized ones, indicating the well-known effect of glycerol on starch matrixes.
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Table 6.5 Glass transition temperature (Tg) of films with different compositions.

Film formulation Glass transition temperature
Tgvalue (°C) | Method * and reference
Yam starch 48.0 DSC [18]
44.2 TMA [18]
Yam starch plasticized with glycerol 12.2 DSC [18]
10.9 TMA [18]
Acetylated corn starch 71.7 DSC and DMA [74]
Native and acetylated corn starch 71.5 DSC and DMA [74]
blend
Gluten protein plasticized with 68.0 DMA [75]
glycerol
Gelatin plasticized with sorbitol 56.5 DSC [76]
Chitosan (depending of water con- -23.0to 67.0 DSC and DMTA [40]
tent and acetylation degree)
Pectin (regardless the methyl esteri- 35.0 DSC [77]
fication degree)

* DSC = differential scanning calorimetry, TMA = thermomechanical analysis and DMA =
dynamic mechanical thermal analysis.

Dynamic mechanical analysis (DMA) is an alternative method that can
be applied to determine relaxation processes associated with glass tran-
sition temperatures (T ). This method is based on the determination of
storage (E’) and loss moduli (E”) , as well as tan § as functions of tempera-
ture. E’; the elastic response of the material is related to the mechanical
energy stored per cycle when the sample is subjected to a deformation. E”,
the viscous response, is related to the dissipated energy as heat per cycle
when the sample is deformed. Loss factor is defined as tan § = E”/E’, d
being the angle between the in-phase and out-of-phase components of the
modulus in the cyclic motion. Temperatures of the relaxation processes
associated with glass transition temperatures were determined through the
inflexion point of the storage modulus E” curve, as well as the maximum
peak in both the loss modulus E” and tan § curves [78].

Assays were carried out in a dynamic-mechanical thermal equipment
Q800 (TA Instruments, New Castle, USA) with a liquid nitrogen cooling
system, using a clamp tension. Multifrequency sweeps at fixed amplitude
from -100 to 100°C at 2°C/min were carried out. E" and E” moduli and
tan O curves as a function of temperature were recorded and analyzed
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Figure 6.13 DMA spectra of acetylated corn starch films with 1.5% w/w glycerol.
Dependence of E’ (storage modulus), E” (loss modulus) and tan § with temperature at a
constant frequency of 3 Hz.

using Universal Analysis 2000 software. The linear viscoelastic range was
around 12 um amplitude, thus, frequency sweep assays as a function of
temperature were performed at constant amplitude of 5 um.

Figure 6.13 shows E’, E” and tan § curves of the acetylated starch, and
it can be observed that their dynamic-mechanical response show two
relaxation peaks. Similar behavior was observed for native corn, ahipa
and cassava starch films. Several authors stressed that starch-glycerol
mixtures are partially miscible systems, giving rise to a starch-rich phase
and another phase rich in glycerol [20,42,74,79-80]. Likewise, Zhang and
Han [25] stressed that glycerol miscibility in starch matrix is limited and
depends on plasticizer concentration. Thus, dynamic-mechanical patterns
of plasticized film show two relaxations, one located around -50°C, associ-
ated with the glass transition of the plasticizer-rich phase, and the other
about 60°C, attributed to the starch-rich phase (Figure 6.13). A transition
at around -50°C showed better definition with a higher associated intensity
change than that of about 60°C. Our results are in agreement with those
reported by the work of Jiang et al. [81] on thermoplastic acetylated tapi-
oca starch films. A similar trend was also reported by other authors for
films formulated with native starches from different sources such as barley
[82], waxy maize [20], pea [83], mungbean [84], cassava [85] and cara [86]
roots. This tendency was also reported for plasticized protein films [87].
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Table 6.6 Relaxation temperatures associated with the glass transition of the
glycerol and starch-rich phases of starch films plasticized with 1.5% w/w glycerol
determined by DMA (frequency:10 Hz; amplitude: 5 um).

Plasticized Relaxation temperatures (°C)
film Glycerol-rich phase Starch-rich
composition phase
Inflexion of | Maximum of [ Maximum | Maximum of
storage modu- |loss modulus | of tan § tan
lus (E) (E”)
Ahipa -59.9 £ 1.7* -58.81 £0.08 -44.96 + 429+6.9
0.01

Cassava -61.0+£34 -58.0+1.5 -48.5+3.3 38.1+7.0
Corn -60.92 £ 0.01 -61.1+4.1 -522+03 483+14

* value + standard deviation

Dynamic-mechanical patterns of unplasticized films exhibited a single
relaxation, in comparison with those containing glycerol. Biliaderis et al.
[88] stressed that systems based on polymer-water presented only one
transition.

Glycerol addition significantly decreased (p < 0.05) the relaxation tem-
perature of the starch-rich phase, making this effect more marked in native
starch films. These results are in agreement with the well-known effect of
plasticizer on glass transition temperatures [50,88].

Table 6.6 shows the relaxation temperatures of the glycerol-rich phase;
for ahipa starch film this relaxation occurs at higher temperatures com-
pared to the cassava and corn ones. Also taken into consideration is the
fact that the glass transition temperature, T, of pure glycerol is located at
-78°C [89]. Similar results were reported by Garcia et al. [20] working on
cassava and waxy maize starch films. A similar trend was also reported
by other authors for films formulated with native starches from different
sources such as barley [90], waxy maize [20], pea [83], mungbean [84],
corn [74], cassava [85] and cara [86] roots. This tendency was also reported
for plasticized protein films [87].

6.2.2.5 Barrier Properties

Barrier properties ultimately determine the films ability to improve the
storage life of food products. Water vapor and gas permeability is com-
monly measured and it is strongly related to film structure, since perme-
ants generally move through the amorphous film zones. Film components,
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especially plasticizers, affect both barrier and mechanical properties,
because they modify film structure, chain mobility and the permeants’
diffusion coefficients.

6.2.2.5.1 Water Vapor Permeability (WVP)

Determination of WVP is highly dependent on measurement conditions
such as temperature and the gradient of water vapor pressure. Water vapor
permeability testing of films may be conducted according to method
E96-95 [91] that includes some modifications introduced by Gennadios
et al. [47]. Since barrier thickness strongly affects water vapor transport
through the film matrix, it is necessary to consider film thickness in WVP
calculations. In addition, WVP determinations can be performed using
PERMATRAN equipment, a specific instrument developed by MOCON
to analyze synthetic film materials.

Films without plasticizer often yield significantly higher WVP values
than those with plasticizer (Table 6.7), which is attributed to the presence of
pores and cracks. These results could be related to structural modifications
of the starch network produced by the presence of plasticizer, as well as to
the glycerol hydrophilic character which favors water molecules absorp-
tion/desorption, promoting the permeability. Glycerol interferes with the
polymeric chains association, decreasing the network rigidity; thus a less
ordered and compact structure is achieved, decreasing WVP [18]. A sim-
ilar tendency were reported by Galdeano et al. [92] for oat starch films
plasticized with glycerol (20g/100g starch). Sorbitol generally resulted in
lower WVP values compared to glycerol in plasticized starch-based films
(Table 6.7). McHugh and Krochta [93,94] reported similar results for algi-
nate and pectin films using the same plasticizers at similar concentrations.

Amylomaize films, with higher amylose content, denser matrix struc-
ture and higher degree of crystallinity than those of standard corn starch,
also exhibited relatively lower WVP values. A similar trend has been
observed by others [95-97]. However, the amylose content effect on the
WVP of starch film was minimized by the incorporation of sunflower oil
into the coating formulation (Table 6.7). The addition of sunflower oil sig-
nificantly decreased the WVP of starch-based films and coatings. Baldwin
et al. [98] reviewed the lipid effects on other non-starch composite films.
As water vapor transfer generally occurs through the hydrophilic film por-
tion, WVP is dependent on the hydrophilic-hydrophobic ratio of the film
components [99]. In general, WVP increases with both lipid polarity and
degree of unsaturation/branching, though water absorption properties of
the films polar components must also be considered [45].
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Table 6.7 Effect of formulation on water vapor permeability of starch-based
films.

Film formulation Water vapor permeability x
10" (g m™ sec! Pa™)

Corn® Without additives 36.8 +22.4f

Glycerol (G)* 25.7 +10.4

G + Sunflower oil (SO)? 19.2 £ 4.7

Se 175+14

S +S0O¢ 122+1.1
Amylomaize® Without additives 26.2+13.9

G* 214+75

G+ SO 17.6 £ 3.7

Se 121+£1.5

S+SO 9.7+0.8
Ahipa® Without additives 26.0 1.0

G* 16.0 £2.0
Cassava® Without additives 16 + 1.0

G® 14+ 1.0
Acetylated corn® | Without additives 13.3+0.2

G* 1.6 £ 0.1

* Corn starch and amylomaize concentration = 20g/L, *Ahipa, cassava and acetylated corn
starch concentration: 50g/L, © Glycerol and sorbitol concentration = 20g/L, ¢ SO = sunflower
oil (2g/L), ¢ Glycerol concentration = 15g/L, f Value + standard deviation

The WVP values for corn, cassava and ahipa starch films are similar to
those reported by other authors for different starch types [100-104]. The
WVP reduction caused by the addition of glycerol was 38, 9 and 65% for
ahipa, cassava and corn starch films, respectively. The lower WVP reduc-
tion for cassava starch films could be attributed to the high apparent vis-
cosity of its filmogenic suspensions that led to the development of more
cohesive matrixes, with good barrier properties, even without plasticizer
addition.

Lower WVP value was obtained for plasticized acetylated corn starch
films due to the hydrophobic character of the substituent (Table 6.7). The
addition of plasticizer was necessary to maintain film integrity, reducing
film fragility and avoiding pores and cracks. Table 6.7 shows that glycerol
incorporation reduces by 88% the WVP of acetylated corn starch films.
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The WVP of yam starch film is lower than that of many edible, biode-
gradable films such as wheat gluten plasticized with glycerol and amylose
and hydroxypropylmethylcellulose containing plasticizer and oil [105]. In
general, starch exhibit lower WVP (an order of magnitude) compared both
to protein films and other polysaccharide-based films reported in litera-
ture [54,93,94,106-109]. In comparison to synthetic polymers, starch films
have WVP values similar to those of cellophane, but higher than low den-
sity polyethylene (LDPE), the most common synthetic film [110].

6.2.2.5.2 Gas Permeability (CO, and O,)

Film permeability to CO, and O, measurement is essential to under-
standing quality and physiological aspects of coated fruit products during
storage. Oxygen permeability can be measured using commercial instru-
ments, such as the OXTRAN equipment developed by MOCON. In
addition, CO, and O, permeability of films can be assessed by the accumu-
lation method using a specially designed cell [10,54,111]. This quasi-static
method is based on the measure of gas diffusing through a film, which is
quantified by gas chromatography. As it was previously described for WVP
determinations, calculated values for gaseous permeability must account
for film thickness.

Films’ structural integrity conditions barrier properties, thus, unplasti-
cized starch films exhibit much higher CO, and O, permeability and also
higher standard deviation coeflicients than the same formulations contain-
ing plasticizers (Table 6.8). This result was attributed to the presence of
pores within unplasticized matrixes, resulting in a lack of film integrity, as
determined by SEM [10,106]. Starch films with sorbitol exhibit lower oxy-
gen permeability values than those formulated with glycerol (Table 6.8).
Sorbitol combined with an amylomaize film matrix provided the lowest
gas permeability values for all materials tested (Table 6.8). McHugh and
Krochta [93,94] found similar results working on milk and whey protein
films.

Table 6.8 shows that O, permeability of starch-based films were much
lower than those of CO,, indicating a variable permeability of these films to
select gases. This effect can be attributed to a higher solubility of CO, than
O, in film matrix [93]. Similar results were obtained by Arvanitoyanis et
al. [112] while working with potato and rice starch films. Further, addition
of lipid, which is necessary to reduce water vapor permeability, maintained
the selective gas permeability properties of the starch-based films (Table
6.8).

Synthetic film materials, such as LDPE, show lower gas permeabilities
(2.16x107" and 9.45x107"" cm’ m™* sec”' Pa™! for O, and CO,, respectively)
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Table 6.8 Film formulation effect on gas permeability of starch-based films.
Starch base | Additives CO, permeability O, permeability x
x 10" (cm®* m™! 10" (cm® m™! sec™?)
sec’) LSD  _=1.63 LSDOQ_i =1.03
Corn _ 292.1 £ 138.9¢ 15.92 +2.99
Glycerol* 56.9 +9.7 4.61 +0.51
Glycerol + SO° 58.7+5.38 3.83+£0.76
Sorbitol? 419=+8.1 2.48 £0.32
Sorbitol + SO 47.2+6.5 3.77 £0.03
Amylomaize | _ 280.5+73.7 26.45 + 2.48
Glycerol 385+12.8 3.21£0.19
Glycerol + SO 43.9+9.0 2.36 £ 0.04
Sorbitol 29.6 £4.6 2.28 £0.26
Sorbitol + SO 343+2.1 2.18 £ 0.04

* Glycerol and sorbitol concentration = 20g/L; ®* SO = sunflower oil (2g/L); © Value * stan-

dard deviation

Table 6.9 Effect of plasticizer and starch type on CO, permeabilities of starch-

based films.

Starch base | Plasticizer CO, permeability x 10° [cm’/m sec Pa]*
(20g/1) Initial time® Stored samples®

Corn _ 29.21 + 13.89¢ 8.90 + 1.28
Glycerol 5.69 £ 0.97 2.76 £ 0.55
Sorbitol 4.19 £0.81 2.42 £0.46

Amylomaize |_ 28.05+7.37 7.71 £ 1.40
Glycerol 3.85+1.28 2.28+0.33
Sorbitol 2.96 £ 0.46 1.82 £ 0.15

* At standard pressure and temperature conditions; ® Stored 20 days at 20°C and 63.8% rela-
tive humidity; © Value + standard deviation

with regard to starch-based films. However, LDPE has a relatively low
CO, to O, permeability ratio (=4), compared to an average ratio of 13 for
starch-based films [113-115]. Cuq et al. [116] compared the CO, to O,
permeability ratios of several synthetic and edible films, and reported that
edible films show higher selectivity than synthetic ones, with ratios for
edible films ranging from 8 to 30. Development of composite edible films
and coatings with selective gas permeabilities could be very promising for
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controlling respiratory exchange and improving the conservation of fresh
or minimally processed vegetables [113-115].

Table 6.9 shows that the CO, permeability of starch-based films decreased
with increasing lengths of storage [51]. Gas and vapor permeabilities of
filmsand coatings depend on several factors such as: i) the ratio of crystalline
to amorphous zones, ii) polymeric chains mobility, and iii) specific interac-
tions between the functional groups of the polymers and gases within the
amorphous zones. Table 6.9 shows that CO, permeability of starch-based
films decreased with increasing lengths of storage [51]. Gaseous perme-
ability measurements of starch stored films correlated with the increase of
crystallinity degree, reported by DSC and XRD (Figure 6.11). According to
Donhowe and Fennema [117], film permeability increases by decreasing
crystalline to amorphous zone ratio, since permeation occurs through the
amorphous zone.

6.2.2.6 Mechanical Properties

Films mechanical properties are dependent on additive-matrix interac-
tions, and are also strongly affected by physical, chemical and environ-
mental conditions, which influence material stability and flexibility. The
mechanical performance of films is usually characterized by the deforma-
tion at break, tensile strength and elastic modulus according to the ASTM
D882-91 method [118] and can be determined using a texturometer or
an Instron universal machine. These parameters are related to the films
stretching ability. It is well known that the films mechanical properties are
strongly affected by environmental conditions during their production,
storage and use. The aging phenomena occurring during the useful lifetime
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Figure 6.14 Stress-strain curves of amilomaize starch films.
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Table 6.10 Comparison of the mechanical properties of films based on native

and acetylated corn starch with commercial synthetic films.

Film type Mechanical properties
Tensile strength | Elongation at
(MPa) break (%)
Biodegradable | CS® 474+ 1.5 3.6£0.5
CS+G 7.1+04 225+4.2
Acetylated corn 60.94 +0.76 1.89 +0.15
Acetylated corn + G | 41.85 +2.44 5.44+0.26
Synthetic Cellophane® 85.8 £ 8.9 144+24
LDPE* 16.2+4.0 68.7 + 14.9
HDPE¢ 27.8+3.2 150.0 + 18.5

2 CS: corn starch at 5 g/100g; °[123]; <[110]
LDPE: Low density polyethylene and HDPE: high density polyethylene

of films also causes great losses to their mechanical properties, particularly
in regard to film elongation.

Plasticizers interfere with polymeric chains association, facilitating their
slipping and thus decreasing the rigidity of the network, producing a less
ordered film structure. In the case of amylomaize films, high values of elas-
tic modulus were obtained (Figure 6.14), which were attributed to their
high amylose content. According to Garcia et al. [54], plasticizer-matrix
interaction showed similar trends for both corn starch and amylomaize
films, though plasticized corn starch films were more flexible than those of
amylomaize. The combination of lipid and plasticizer addition increased
film flexibility, and reduced the effect of starch type on film mechanical
properties.

Stress-strain curves for cassava, ahipa and corn starch (CS) without
plasticizer showed a typical pattern of brittle materials, as can be observed
in Figure 6.15 [119,120]. Plasticized films exhibited stress-strain behav-
ior of ductile polymers compared with unplasticized films (Figure 6.15,
Table 6.10). Starch films plasticized with glycerol exhibited the most flex-
ible behavior [121]. Similar results were obtained by Laohakunjit and
Noomhorm [122] and Mali et al. [120] for cassava starch films plasticized
with glycerol or sorbitol.

Films without glycerol were more brittle compared to those with plasti-
cizer; being that unplasticized corn starch films are the most resistant and
less flexible (Table 6.10). It could be related to the higher amylose con-
tent of corn starch; there is broad agreement in the literature regarding the
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positive effect of amylose content increase on the elastic modulus of starch
films [6,101,123-124]. According to Rindlav-Westling et al. [125], amylose
network structure is very stable, with strong molecular orientation, form-
ing denser films than the amylopectin one. Besides, Zobel [126] found that
linear amylose molecules formed strong films, whereas branched amylo-
pectin-based films were weak and brittle. When glycerol was incorporated
the mechanical behavior of these materials changed considerably (Figure
6.15), decreasing tensile strength, as well as elastic modulus; while elonga-
tion at break increased significantly (p < 0.05; Table 6.10). When plasti-
cizer is added, starch chains proximity is reduced, thus under tensile forces
movements of starch chains are facilitated [92]. Similarly to unplasticized
materials, corn starch films with glycerol remained more resistant and less
flexible than those of tuberous starches (Table 6.10). It should be taken
into account that the mechanical behavior of films is related to the network
compaction degree, which is influenced by the amylose:amylopectin ratio,
the chains’ characteristics and glycerol interactions.

Tensile strength of films containing acetylated starch were significantly
(p < 0.05) higher than those of native starch ones, regardless of the addition
of glycerol (Tables 6.10). Although acetyl groups interfere with the align-
ment of the chains, they led to the development of a more resistant matrix
due to the reinforcement by hydrogen bonds between aligned polymeric
chains. Several authors have reported that structural modification of starch
matrix is a useful tool to improve films’ mechanical strength and barrier
properties [15,32,83,86]. Young’s modulus showed a similar trend to the
tensile strength (Table 6.10). The addition of glycerol improved mechanical
behavior, increasing significantly (p < 0.05) elongation at break.

Likewise, Table 6.10 compares mechanical properties determined for
both biodegradable and synthetic films under identical test conditions.
Tensile strength values for biodegradable films were in the range of those
for LDPE and HDPE, but were lower than the ones corresponding to
cellophane. However, synthetic polymers like LDPE and HDPE exhibited
much greater values for elongation at break. Similar results were reported
for synthetic films by Cunningham et al. [127].

6.2.3 Specific Properties Analyzed in Native and Acetylated
Corn Starch Films: Heat Sealing Performance and
Analysis of Failure Modes

The heat sealing capacity of flexible films is a critical feature and determines
the integrity of the package. Zip quality depends on processing conditions
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such as temperature, time and pressure, as well as previous film treat-
ments. When molecular interaction between individual layers is enough to
destroy the interface and lead to a new homogenous layer, a good quality
zip is obtained [128].

Numerous sealing techniques are available, including bar, band,
impulse, wire or knife, ultrasonic, friction, gas, contact, hot-melt, pneu-
matic, dielectric, magnetic, induction, radiant and solvent sealing methods
[129]. Selection of heat sealing type depends mainly on the polymeric film
structure, packaging and product. Regardless of the type used, it should
assure the mechanical resistance and packaging integrity, preventing
microorganisms entrance and maintaining its barrier properties. Sealing
strength, which is a quantitative measurement used in process validation
and control, is influenced by film thickness. Besides, the knowledge of the
failure mode of a heat sealed material is critical since it conditions packag-
ing performance and describes how the two sealed surfaces are separated
during the resistance assays. Different failure modes (adhesive, cohesive,
delaminated, rupture near to the zip, rupture far from the zip, stretching
and adhesive plus stretching) were described by ASTM F88-00 standard
method [130].

Starch-based films are sealed by impulse sealing technique, which is
widely used to zip flexible synthetic films [129]. In this technique, jaws are
heated to fusion temperature by a short powerful electric impulse. Impulse
wire sealing was selected over impulse bar sealing since it allows cooling
the zip, enhancing its strength, before the jaws were opened [129,131].

Heat sealing ability of the developed starch films was evaluated and
the best zip quality was achieved at 154.3 + 8.5 C during 1.84 + 0.01 s
for all film formulations. Figure 6.16 shows the typical curves obtained
from heat sealing resistance assays as well as the failure modes associated.
Unplasticized films exhibited a rupture near the zip, while plasticized ones
presented adhesive failures (Figure 6.16.) Acetylated starch films exhib-
ited the higher values of the maximum traction resistance compared to
native ones, while an intermediate behavior was recorded for the blend
(Figure 6.17). According to Lacroix [132] the presence of functional groups
such as hydroxyl, aldehyde and carboxyl acids are responsible for the dif-
ferent adhesion strengths of the films.

A similar effect in polyethylene films was described by Possart and
Deckhoft [133]; the enhancement of the seal strength was attributed to
the increase in chain interaction due to the incorporation of nitrogen- and
oxygen-containing functional groups.

Glycerol addition did not modify this tendency since plasticized acety-
lated starch films exhibited statistically (p < 0.05) higher media heat sealer
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Figure 6.16 Typical curves of heat sealing resistance and the associated failure modes of
films based on acetylated, native corn starch and their blend; (a) films without plasticizer
and (b) films plasticized with 1.5% w/w glycerol.

resistance values than those of native ones (Figure 6.17). Besides, the nec-
essary energy to cause adhesive failure of native and starch blend films
were comparable, while acetylated ones showed the highest value. Again,
this was attributed to the higher resistance of acetylated matrix due to the
structure reinforcement by the incorporation of the acetyl groups.
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Figure 6.17 Heat sealing resistance of films based on acetylated (A), native (N) corn
starch: (a) maximum traction resistance of unplasticized films and (b) media heat sealing
resistance of 30% (w/w) glycerol plasticized films and the necessary energy to cause
adhesive failure.

6.3 Development of Active Starch Films Containing
an Antimicrobial Agent (Potassium Sorbate)

The food industry is focusing their efforts towards offering the consumers
safer, more nutritious and higher quality products. Microbial contamina-
tion of food products causes serious diseases and consequent economic
losses [134]. Thus, addition of bactericidal agents or growth inhibitors into
food formulation by spraying or immersion methods has been employed
to overcome food contamination. However, direct application of the anti-
microbial agents has some limitations since they can be neutralized, evapo-
rated or diffused rapidly and inadequately into the food bulk, reducing their
effective concentration on the surface [135,136]. In this context, a current
trend with good prospects consists of the incorporation of the additives to
food packages, improving their functionality [137,138]. Active agents are
added to the film matrix and slowly released to the food surface, where
they remain at a high concentration for along time [139]. The effectiveness



FiLms BASED ON STARCHES 183

of the addition of potassium sorbate to plasticized corn starch films to
prevent microbial growth on a food product surface was studied. Sorbate
controlled release from the polymeric matrix to a semisolid medium was
evaluated by Lopez et al. [13]. Active starch films with glycerol and potas-
sium sorbate were obtained by casting. Aqueous suspensions (5% w/w) of
native and acetylated corn starch were gelatinized at 90°C; then, glycerol as
plasticizer (1.5% w/w) and potassium sorbate (PS) as antimicrobial agent
(0.1-0.5% w/w) were added. Filmogenic suspensions with pH adjusted at
4.5 were also prepared by adding 5 M citric acid in order to increase the
preservative effect of PS, since its undissociated form is the effective one.
For further analysis and discussions, plasticized films without active agent
were used as controls. The PS incorporation did not modify the filmogenic
capacity of starch formulations, obtaining homogeneous films and easily
removable from the casting plates. It was determined that additive concen-
tration diminished approximately 21% during film storage due to sorbate
degradative oxidation. Several authors stressed that this reaction depends
mainly on storage conditions and the presence of other additives [140,141].

The PS minimum inhibitory concentration (MIC) was determined by
the method proposed by Fajardo et al. [142] using a cheese sample with
high humidity content (55%), elaborated with full cream milk and acidi-
fied with lactic acid bacteria. The lowest additive concentration which did
not allow visual observation of fungi growth on cheese surface was 0.3%
w/w. Stanojevic et al. [143], investigating antimicrobial effects of PS on
selected food- spoiling bacteria and fungi, stressed that MIC depends on
the kind of preservative and the microorganism taxonomic characteristics.

Active films antimicrobial activity was evaluated testing the following
microorganisms: S. aureus, Candida spp., Salmonella spp. and Penicillium
spp, since they are mainly responsible for foodborne diseases [13]. They
were cultivated from stock vials in Tryptic Soy Broth (TSB) and incubated
at 37°C during 12 h to reach a concentration of 10°-10° CFU/mL. Besides,
diluted inocula were prepared to reach a concentration of 10’-10* CFU/mL.
The agar diffusion method described by Pranoto et al. [135] was followed,
using the previously described inocula, incubating samples at 37°C. For
S. aureus, Candida spp. and Salmonella spp. visual observations and film
inhibition zone at different incubation times (24, 48 and 94 h) were car-
ried out. For Penicillium spp., observations as well as inhibition zone mea-
surements were performed at 48 h and at 8 days of storage. To determine
the inhibition zones, sample photographs were taken at different storage
times and they were processed with the software GIMP 2.2 (GNU Image
Manipulation Program). Figure 6.18 corresponds to the photographs of
the inhibition zones observed for Candida spp. and Penicillium spp. In
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general, microbial growth inhibition and the effect of the formulation pH
were better observed working with the most diluted inoculums (10’-10°
CFU/mL). Active starch film formulations based on native and acetylated
corn starch inhibited Candida spp. growth and a positive effect of the pH
adjustment to 4.5 was observed since the corresponding inhibition zones
presented the largest diameters (Table 6.11).

It was not possible to measure the inhibition zones for Penicillium spp.;
therefore a visual inspection of the microbial growth and a qualitative
description were done. For films based on native starch, when concentrated
inocula were seeded, fungi development was not observed, regardless of
the formulation pH (Figure 6.18). In the case of acetylated films, although
fungi grew, the pH adjustment effect was evident (Figure 6.18). Sofos and
Busta [144] have extensively described how potassium sorbate inhibits the
development of a great number of bacteria (gram positive and negative,
catalase positive and negative, aerobic and anaerobic, mesophilics and psy-
crotrophics). Active film inhibitory action on S. aureus and Salmonella spp.
was evaluated [13]. The selection of these microorganisms was based on
their pathogenesis and their amenability on some diseases transmitted by
foods. Both bacteria are facultative anaerobic, being S. aureus gram posi-
tive and Salmonella spp. gram negative. Native starch films with potassium
sorbate inhibited S. aureus growth, being that this effect was 34% higher
for films with pH = 4.5. Pranoto et al. [135] reported that chitosan films
containing potassium sorbate also presented antimicrobial effectiveness
against this microorganism, evaluated by the agar diffusion method. In the
case of Salmonella spp. similar results were observed. Besides, pH adjust-
ment increased by 22% the inhibitory zone diameter for starch films based
on native starch. Active acetylated starch films were only able to inhibit the
development of both bacteria in the contact zone between the film and the
culture medium, regardless of the suspension pH.

6.4 Advances in Starch Films Production Using Non-
Casting Methods: Thermocompression and Blown
Extrusion

In order to convert starch into films, the casting technique is the most
widely used procedure in research works [15,28,29,74,145,146]. Even
though this is a useful technique at laboratory scale, it must be taken into
account that this method involves the gelatinization of an aqueous starch
suspension and its subsequent dehydration under controlled conditions,
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Figure 6.18 Inhibition zones development of Candida spp. and Penicillium spp. in starch
films with glycerol (1.5% w/w) and potassium sorbate (0.3% w/w PS).

Table 6.11 Inhibition zones measurements of Candida spp. in corn starch films
with 1.5% w/w glycerol (1.5G) and 0.3% w/w potassium sorbate (0.3KS).

Film Inhibition zone (mm)
composition | [yocylum 10°-10° UFC/mL | Inoculum 107-10° UFC/mL
pH pH=4.5 pH pH=4.5
non-adjusted non-adjusted
N-1.5G-0.3KS | 13.55+0.12 | 1571+0.63 | 42.08 +1.14 | 43.53 +1.07
A-1.5G-0.3KS 10 10 36.38 £ 1.95 43.25+0.36

N: native corn starch; A: acetylated corn starch; 1.5 G: 1.5 g glycerol/100g; 0.3 KS: 0.3 g
potassium sorbate / 100g.
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being considered as an energy-consuming procedure. Besides, industry
requires high levels of biodegradable film production, so the scale-up of
the obtaining process employing the existing processes for synthetic mate-
rials is indispensable [147]. In this context, the extrusion method followed
by blowing or thermo-compression molding is a viable alternative due to
its energy efficiency combined with its high productivity [28,147,148,149].

Thermoplastic starch (TPS) is a relatively new concept and, actually, it is
one of the main research hints for biodegradable materials manufacturing
[150-154]. Starch is not a real thermoplastic material, but when it is pro-
cessed with plasticizers under high temperature and mechanical forces,
granules suffer destructuring and starch melts and flows [152-157].

Thermoplastic starch can easily be adapted to different processes employ-
ing standard equipments used for synthetic polymers, such as extrusion,
blowing, injection and compression molding [1,154,158]. This possibility
would enhance the commercial potential of biodegradable films since it is
feasible working in a continuous system with ready control of process vari-
ables such as temperature, moisture, and size/shape. Nowadays, there are
a wide variety of available products obtained by processed TPS from dif-
ferent native starches, like disposable bags, containers, vessels, forks, knifes
and garbage bags [153,159].

6.4.1 Thermoplastic Corn Starch by Thermocompression

Starch can be converted into a thermoplastic material by its processing
under high shear stress and high temperatures in a plasticizer presence
[160,161]. Thus, starch semicrystalline granular structure is disrupted and
the polymer melts [1].

Films based on thermoplastic corn starch were obtained by thermo-
compression and their structure and properties were studied. Blend com-
positions as well as processing conditions were set following literature data
for analogous systems processed by thermocompression [148].

Mixtures of native corn starch, glycerol (30% w/w) and distilled water
(25 and 45% w/w) were prepared. Blend composition was expressed in
g per 100 of starch and they were named 10:3:2.5 and 10:3:4.5, respec-
tively. Samples were processed in a Brabender Plastograph (Brabender,
Germany) at 140°C and 50 rpm for 15 min. Processed mixtures were
removed from the mixing chamber, triturated and conditioned at 25°C and
60% relative humidity (RH) in order to improve their future proccesability.
Films were obtained by thermocompression using a hydraulic press using
the following processing conditions: 150 kg cm™ at 140°C during 6 min.
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Figure 6.19 Surfaces and cross-section SEM micrographs of films obtained by
thermocompression based on thermoplastic corn starch with 30% w/w glycerol and 25 (a
and b) and 45% w/w (c and d) water.

The obtained materials that resulted were homogenous, presented good
integrity, adequate handling characteristics and their thickness varied
between 178 and 223 pm.

The films homogeneity and appearance were examined by visual obser-
vation, as well as by SEM with a JEOL JSM 6360 electron microscope
(Japan). Figure 6.19A and B correspond to SEM micrographs of TPS films
obtained from the mixture 10:3:2.5. Film surface showed the appearance
of few unmelted starch granules and some small pores (Figure 6.19a),
while its cross-section presented an irregular structure (Figure 6.19b).
On the other hand, Figure 6.19c and d shows SEM micrographs of TPS
materials corresponding to the formulation 10:3:4.5. Film surface again
showed some unmelted starch granules, however the presence of cracks
that resulted were lower than for formulation 10:3:2.5 (Figure 6.19¢). Film
cross-section evidenced a development of homogeneous structure due to
water content increase in the formulation (Figure 6.19d). In all cases, a low
film thickness variation was observed, which demonstrates the effective-
ness of the thermocompression method [42].

Topography and roughness surfaces of the starch films were evaluated
using a multimode atomic force microscope Nanoscope V (Veeco
Instruments). Figure 6.20a and b show the bi- and three-dimensional
topographic images of the films obtained from the mixtures 10:3:2.5 and
10:3:4.5. Figure 6.20c shows the height profiles and the RMS roughness
values corresponding to each formulation. Starch film obtained from the
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Figure 6.20 Bi- and three-dimensional AFM images of films obtained by
thermocompression based on thermoplastic corn starch with 30% w/w glycerol and 25 (a)
and 45% w/w (b) water. (c): Height profiles and RMS roughness values.
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Table 6.12 Mechanical properties of films obtained by thermocompression
based on thermoplastic corn starch with 30% w/w glycerol and 25 and 45% w/w
water.

Formulation Elastic Maximum tensile Elongation at
modulus stress (MPa) break (%)
(MPa)

10:3:2.5* 166.3£12.2 3.82+0.14 32.77+£2.41

10:3:4.5 146.6+13.3 3.46+0.34 37.61+£2.17

*9% w/w acetylated corn starch:% w/w native corn starch:% w/w glycerol

mixture 10:3:2.5 had a smooth surface showing the globular structure of
starch granules (Figure 6.20A). Vigneshwaran et al. [162] reported a simi-
lar result for starch films prepared by the solution casting method. On the
other hand, films obtained from formulations with the highest water con-
tent presented less surface roughness (Figure 6.20B). This result is evident
in the bi- and three-dimensional images and in the height profiles, as well
as in the roughness parameters. Films 10:3:4.5 presented a RMS roughness
value 84% lower than films 10:3:2.5 (Figure 6.20C).

In order to evaluate TPS films mechanical behavior tensile tests were
performed in a universal Instron machine 3369 (USA). The TPS films
mechanical properties are shown in Table 6.12. Elongation at break was
the property most affected by water content increase in the formulation,
registering an increment of around 14%. On the other hand, elastic modu-
lus and maximum tensile stress values decreased approximately 12 and 9%
with water content increase.

In conclusion, biodegradable films based on TPS were developed by
thermocompression. The obtained materials that resulted were homoge-
neous and transparent. By SEM it was observed that an increase in water
content in formulations led to the obtainment of materials with more
homogenous and compact structure, as well as a significant decrease in
film surface roughness. With respect to mechanical properties, it was
observed that there was an increase in film flexibility with water content
in TPS formulations.

6.4.2 Acetylated and Native Corn Starch Blend Films Produced
by Blown Extrusion

The extrusion method followed by blowing or thermocompression mold-
ing is a viable alternative to produce starch films due to its energy efficiency
combined with its high productivity [28,148,149]. In order to evaluate the
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possibility to develop TPS films by blown extrusion, mixtures of native and
acetylated corn starches with glycerol were processed [163]. To optimize
the formulations an experimental design for multicomponent mixtures
was used. The advantage of this design is the possibility to evaluate the
effects of the individual and combined variables through an experimen-
tally delimited assay [164]. Assayed formulations are shown in Table 6.13;
they were determined using Statistica software version 6.0, (StatSoft, USA).

Operating conditions should be selected taking into account the need to
avoid starch degradation but allowing a complete starch plasticization, as
well as a good material flow through the extruder barrel. In this particu-
lar case, 140°C was employed in the three heating zones of the extruder.
The TPS pellets were obtained using a pilot extruder BGM ELR-25 (Brazil)
equipped with a single screw of 250 mm in diameter and a 10-HP motor.
A matrix containing six orifices of 2 mm in diameter was employed. It
must be taken into account that the screw speed should generate enough
torque to destroy starch crystalline structure, allowing its plasticization.
To process the above-mentioned native-acetylated TPS mixtures, a screw
speed of 40 rpm was used. The humidity content of the blends before they
were submitted to the extrusion process, and the values corresponding to
the pellets, are reported in Table 6.13. As can be observed, the moisture
content of blends and pellets increased with glycerol concentration due to
the plasticizer’s hydrophilic character. Results corresponding to the blends
were closer to those reported for Galicia-Garcia et al. [165] for mixtures
based on native starch (corn, potato and waxy corn) and phosphorylated
corn starch blended with bagasse fiber, plasticized with glycerol (22%).
Extrusion of blends caused a sample dehydration, decreasing the humid-
ity content 45% on average. Avérous et al. [166] also reported a decrease
(~ 5%) in the water content of blends based on wheat starch and natural
cellulose fibers, plasticized with glycerol, after they were being processed.

The blowing process was used to obtain the corresponding films. The
previously described extruder was fed with TPS pellets to obtain starch
film tubes of approximately 15 cm in diameter. Pellets obtained from the
different tested formulations showed adequate processability to form films
by blown extrusion, supporting the tension exerted by rolling and the air
flow pressure without showing a tendency to tear. The blowing process
conditions employed led to the development of homogeneous films with-
out bubbles, regardless of the TPS formulation (Figure 6.21). Screw rota-
tion speed was 40 rpm; temperature setting along the extruder and die
temperature was 120/120/120 + 2°C. Moscicki et al. [167] stressed that it is
not advisable to submit TPS materials at blown temperatures below 120°C
since some residual pellets could appear on film surfaces.
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Figure 6.21 TPS films obtained by blown extrusion.

It is well known that water is considered a natural plasticizer for starch
matrixes and can be regarded as a process aid since the melt viscosity is
lowered with increasing water content. However, in this study no extra
water was incorporated into the formulations since this one restricts the
upper processing temperature because steam generation in the material
leads to bubbles and foaming, which is not desirable in film blowing [147].
The obtained materials presented a certain stickiness, which disallowed
that TPS films could be winding when they emerged from the die; this
problem might be overcome, maintaining the bubble blown till it reaches
ambient temperature. Flores et al. [28] and Thunwall et al. [147] also
reported the same inconvenience with respect to the grassy appearance of
cassava and potato starch films obtained by extrusion and blowing. These
authors stressed that the starch humidity susceptibility and the plasticizer
migration to the material surface caused blown bubble failures, as well
as problems related to the film’s stickiness. According to Thunwall et al.
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Figure 6.22 Cross-section SEM micrographs of starch-based films obtained by blown
extrusion.

[147], an alternative to get over this problem could be to dry the pellets
prior to film blowing. On the other hand, Buehler et al. [168] proposed
the use of other plasticizers, such as sorbitol and urea, as a complement or
replacement of glycerol. The films that were obtained by the extrusion and
blowing method were not homogeneous with respect to their thickness
(76-129 pm) since this property depends on the insufflated gas flux during
the blowing step and it was very difficult to control.

In order to evaluate TPS films morphology they were examined visually
and by scanning electron microscopy (SEM). Figure 6.22 shows the sur-
faces and microstructures of starch films corresponding to formulations
3, 4 and 5 which contained 20, 15 and 17.5% w/w glycerol, respectively.
All starch formulations allowed the obtainment of films with surfaces that
presented a certain roughness, and their resultant structures were homo-
geneous and compact. The similar microstructure of the developed films
could be attributed to the chemical compatibility between native and
acetylated starches due to the low acetylation degree of the modified starch
employed (0.5-0.8%). Herrera-Brandelero et al. [157] stressed that when
two polymers are mixed by extrusion, it is relevant to achieve a single phase
and avoid the formation of clusters from the entangled polymer chains. In
Figure 6.22 there is no evidence of the presence of clusters, indicating that
an adequate blend processing occurred. Besides, even though the TPS for-
mulations contained different glycerol concentrations, this variation did
not affect the appearance and homogeneity of the films’ structures.

The TPS films were characterized determining their mechanical and
barrier properties and the obtained results are shown in Table 6.14.

The WVP values of TPS films varied between 0.88 and 1.41 x 107" g/s
m Pa. These results were lower than those reported by Flores et al. [28] for
TPS cassava starch films (3.72-6.40 x 107'° g/s m Pa) obtained under simi-
lar operating conditions. Native starch and glycerol concentrations exerted
a positive effect on this property, the plasticizer one being the most impor-
tant due to its hydrophilic character. Cerqueira et al. [145] stressed that
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the action of this plasticizer on hydrocolloids films, especially on chitosan
ones, increased the free volume and chain movements reducing the rigid-
ity and increasing the molecular mobility, allowing higher water vapor
transport through their structure. Acetylated starch incorporation into
film formulations decreased their WVP due to the hydrophobic character
of the substituent [15,29,74]. Films with the lowest WVP were those with
low glycerol concentration and high acetylated/native ratio.

The TPS films presented the same behavior for oxygen and carbon diox-
ide (O, and CO,) formulations; the highest glycerol concentration and
the lowest acetylated/native ratio showed the highest gaseous permeabil-
ity values. These results indicate that even though an increase in glycerol
content enhanced films’ mechanical properties, the obtained material pre-
sented higher gaseous permeabilities. A similar trend on films based on
TPS was also reported by several authors [169,170]. Besides, starch films
obtained from extrusion and blowing methods were selective with respect
to gaseous permeabilities. The CO, permeability values were significantly
(p < 0.05) higher than those corresponding to O, permeability; the selec-
tive coefficients are presented in Table 6.14. Development of biodegradable
films with selective gaseous permeabilities could be very promising for
controlling respiratory exchange and improving the conservation of fresh
or minimally processed vegetables or foods susceptible to oxidation [146].

Table 6.14 also presented maximum tensile strength, as well as elon-
gation at break values of TPS films. Obtained results evidenced that the
strongest materials were those with a low acetylated/native ratio, regardless
of the glycerol concentration. Acetylated starch incorporation reinforced
film matrix, increasing the maximum tensile strength. A similar trend was
observed for starch-based films prepared by casting method [15]. Besides,
obtained values of tensile strength for the developed films were higher than
those reported by Zullo and Iannace [171] for blown films from different
starch sources. Concerning elongation at break, it was observed that film
flexibility was improved by increasing glycerol concentration. This trend
was clearly evidenced by comparing the flexibility of the films correspond-
ing to the formulations 2 and 3, since their ratios AS/NS were similar (16
and 15, respectively; Table 6.13). Films obtained from the formulation 3
with 20% glycerol presented flexibility 700% higher than those obtained
from formulation 2 (15% plasticizer). However, for formulations with low
AS/NS ratios (formulations 1 and 4, Table 6.14) this tendency was not
observed; films with the highest glycerol concentration resulted in less
flexibility.
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6.5 Future Trends

The use of biodegradable packaging films by the food industry has become
a topic of great interest, because of their potential for increasing the shelf
life of many food products [172-175]. Biobased packaging has to supply a
number of important functions in regard to the food product, including
protection, maintenance of sensory quality and safety, and communication
of information to the consumer [176].

Biopolymers, such as polysaccharides and proteins, are being studied
as prospective replacements for synthetic polymers in the film and plastic
industries. Their potential benefits are both environmental and cost related.
Traditional techniques for processing thermoplastic synthetic polymers
have been adapted to hydrophilic polymers such as starch.

The use of biodegradable films obtained from hydrocolloids for food
packaging has been strongly limited mainly because of their poor water
vapor barrier properties and weak mechanical properties. For this reason,
natural polymers are frequently blended with other synthetic polymers or,
less frequently, chemically modified with the aim of extending their appli-
cations [177,178].

Starch and its derivates are promising raw materials, due to their renew-
ability from plants, industrial availability, and relative low cost [179,180]. It
is known to be completely biodegradable in soil and water. As a packaging
material, starch alone does not form films with appropriate mechanical
properties unless it is first plasticized, or chemically modified. When starch
is treated in an extruder by application of both thermal and mechanical
energy, it can be converted to a thermoplastic material. In the production of
thermoplastic starches, plasticizers are expected to efficiently reduce intra-
molecular hydrogen bonds and to provide stability to product properties.
Research about the development of films based on TPS is promoted since
starch can be processed employing the same technology used for syn-
thetic polymers like extrusion, blowing, thermocompression or injection
molding [42,181,182]. This advantage allows the use of actual machinery,
making its processability easier and lowering industrial sector inversion.
Unfortunately, TPS materials exhibit some disadvantages such as their
strong hydrophilic character and poor mechanical and barrier properties
compared to synthetic polymers [3,42]. An approach to overcome this lim-
itation is to strengthen TPS matrixes with organic or mineral fillers [183].
These fillers reinforce biopolymeric matrixes and led to the development of
films with special properties due to the synergic effect between the compo-
nents. TPS composite films have a potential use as packaging materials for
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food, cosmetics, and pharmaceutical products, among others. Lagaron and
Lépez-Rubio [183] have stressed the advantages of nanoclays inclusion in
the formulation of active packaging based on bioplastics, which increase
packaged food quality and safety.

Further studies should continue optimizing film formulation, as well as
processing conditions, to improve humidity susceptibility and film proper-
ties for specific applications.
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Abstract
The food industry is a large consumer of packaging materials. The main purpose
of packaging is to protect the product from the surroundings and to maintain the
safety and quality of packaged food. In addition, packaging must address com-
munication, legal, and commercial demands. Other requirements for packaging
materials include processability, heat sealability, recyclability or compostability,
and low cost. Petroleum synthetic plastics show useful and convenient attributes
and are therefore widely used as food packaging. However, a significant drawback
is their permanence in the environment after use. The use of polymers derived
from renewable resources, directly extracted/removed from natural materials,
produced by classical chemical synthesis or produced by microorganisms or
genetically transformed bacteria, could be an interesting alternative. In this sense,
the potential use of polysaccharides alone or in combination with other substances
as valuable materials in food packaging has been studied by several food compa-
nies and researchers during the last few years. Polysaccharide films and coatings
have been used to extend the shelf life of fruits, vegetables, seafood, meats, and
confectionary products by preventing dehydration, oxidation rancidity, surface
browning, and oil diffusion; and, in some specific cases, they have been used to
improve the physicochemical, nutritional, and sensorial properties of the prod-
ucts. The common polysaccharides used in food packaging are chitosan, cellulose,
starches and their derivatives.

This chapter analyses the film-forming ability of polysaccharides and the physi-
cochemical properties of this type of films, focusing on the way to obtain biode-
gradable films and the relationship between the structure and properties. Other
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aspects related to the production of polysaccharide-based films or packages, such
as the effect of the addition of other components and applications of polysaccha-
ride films have also been described.

Keywords: Polysaccharides, film formation, physicochemical properties, hydro-
colloids, nanomaterials, food packaging

7.1 Introduction

The materials used for food packaging today consist of a variety of plastics,
glass, metals, paper and cardboard, or combinations of materials of dif-
ferent chemical nature and physical structure. These materials, alone or
used in various combinations, must provide physical protection and cre-
ate proper physicochemical conditions for products that are essential for
obtaining a satisfactory shelf life and maintaining food quality and safety.

Among the basic packaging materials, petroleum-based plastics have
been widely used since the middle of the twentieth century. These materi-
als have numerous advantages, including large scale availability and rela-
tively low production cost. They are also lightweight and have excellent,
versatile physicochemical properties [1]. However, after their useful life,
they cause a serious environmental problem since they are not easily bio-
degraded [2,3]. In order to solve the problems generated by plastic waste,
a great deal of research has been focused on the possible substitution of
petro-based plastics by biodegradable materials with similar properties.
Biopolymers derived from renewable biological resources are considered as
potential substitutes for traditional non-biodegradable plastic films owing
to their low cost, easy availability from reproducible resources and biode-
gradability [4]. Based on their origin and their manufacturing processes,
the biopolymers can be broadly divided into three main categories: natural
polymers extracted from marine and agricultural animals and plants such
as polysaccharides and proteins, synthetic biodegradable polymers such
as poly(l-lactide) (PLA), poly(glycolic acid) (PGA), poly(e-caprolactone)
(PCL), poly(butylene succinate) (PBS) or poly(vinyl alcohol) (PVA) and
polymers produced directly by microbial fermentation such as microbial
polyesters (poly(hydroxyalkanoates: PHAs, poly(p-hydroxybutyrate: PHB
or poly(3-hydroxybutyrate-co-3-hydroxyvalerate: PHBV), or microbial
polysaccharides: pullulan and curdlan [5].

In this context, edible films based on natural polymers appear as poten-
tial substitutes of synthetic packaging, thus playing a decisive role in the
improvement of the shelf life of food through controlling gas transfer and
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being carriers of functional compounds. Edible films can be used as wrap-
ping materials, stand-alone films, or can be fabricated into pouches and
bags for subsequent packaging use. The main advantage of edible films
over traditional synthetics is that they can be consumed with the products,
but if the films are not consumed they contribute to the reduction of envi-
ronmental pollution.

Several studies have reported the use of polysaccharides from different
sources to prepare edible films with different properties, and have indi-
cated that these carbohydrates are promising materials [6-8]. However,
polysaccharide-based films are relatively stiff, and have a strong hydro-
philic character compared with synthetic packaging films [9]. For this
reason, research needs to focus on processing strategies to improve their
poor properties. Some strategies are based on blends with lipids [10-12],
synthetic polymers [13,14] or other biodegradable polymers with different
properties [15]. The use of plasticizers [16] is another widely used strategy.
Polysaccharides can easily be modified to improve their physicochemical
properties by salt addition, solvent changes, heat gelatinization, pH
changes, chemical modification of hydroxyl groups, crosslinking of poly-
saccharides, hydrolysis of polysaccharides, and applications of nanotech-
nology [17].

This chapter analyses the film-forming ability of polysaccharides and
the physicochemical properties of these types of films, focusing on the way
to obtain biodegradable films and the relationship between the structure
and properties. Other aspects related to the production of polysaccharide-
based films or packages, such as the effect of the addition of other compo-
nents and applications of polysaccharides, have also been described.

7.2 Polysaccharides Used in Biodegradable Food
Packaging

Common polysaccharides used in biodegradable food packaging are
starch, cellulose, pectin, alginate, carrageenan and chitosan. These poly-
mers are commonly extracted from natural resources such as plants and
algae. An alternative to these polysaccharides are gums. Different varieties
of exudate gums (gum arabic, mesquite gum), seed gums (locust bean gum
and guar gum) and microbial fermentation gums (kefiran, pullulan, gellan
and xanthan gum) are used for edible films and coatings.
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7.2.1 Starch

Starch is one of the most abundant natural polysaccharides, principally
derived from tubers or cereals. This is not a uniform material since
starches contain two types of glucose polymers: a linear chain molecule,
called amylose, and a branched polymer of glucose, amylopectin [18].
The content of amylose in starch varies from 0 to 100%, depending on
the botanic origins, but the most common starches contain about 25 per-
cent of amylose and 75 percent of amylopectin. Amylose is responsible
for the film-forming capacity of starch [19]. High amylose starch, such
as corn starch, is a good source for film formation. Starch-based films
exhibit physical characteristics, some of which are similar to plastic films,
in that they are odorless, tasteless, colorless, nontoxic, biologically absorb-
able, flexible, oxygen impermeable, oil resistant, heat sealable and water
soluble.

7.2.2 Cellulose and Cellulose Derivatives

Cellulose is the most abundantly occurring natural polymer on earth and
is a cheap raw material. It is a polysaccharide composed of linear chains
of B (1-4) glucosidic units with methyl, hydroxypropyl or carboxyl substit-
uents. The degree of methyl, hydroxypropyl or carboxyl substitution affects
the physical and chemical properties of the material. The number of substi-
tuted hydroxyl groups per monomeric units is known as the degree of sub-
stitution (DS). Four cellulose derivative forms are used for food packaging:
Hydroxypropyl cellulose (HPC), hydroxypropyl methylcellulose (HPMC),
carboxymethyl cellulose (CMC) or methyl cellulose (MC). The MC, HPC
and HPMC nonionic cellulose ethers are commercially available in pow-
der or granular form, and in varying molecular weights and DS. They are
insoluble in hot water but are soluble in cold water and organic solvents.
CMC, which is an anionic cellulose ether, is available in a variety of types
based on particle size, DS, viscosity and hydration characteristics for dif-
ferent food applications. It is soluble in hot and cold water but insoluble in
organic solvents.

All of them have good film-forming characteristics. MC, HPMC, HPC
and CMC films are generally transparent, flexible, odorless, tasteless, water
soluble and resistant to oil and fats [20]. MC is the most resistant to water
and it presents the lowest hydrophilic character among cellulose deriva-
tives [21]; however, the water vapor permeability of cellulose ether film is
still relatively high.
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7.2.3 Pectin

Pectin is a family of heterogeneous branched polysaccharides composed
of B-1,4-linked D-galacturonic acid residues, wherein the uronic acid car-
boxyls are either fully (HMP, high methoxy pectin) or partially (LMP, low
methoxy pectin) methyl-esterified. It is a food additive which is mainly
used for its gelling and stabilizing abilities. Pectin films can control water
activity, preventing moisture loss from food by acting as a sacrificial agent.
It can potentially limit fat migration, provide a barrier to gas, and help to
trap flavor and aroma, and carry and present antioxidants or antimicro-
bials. High-methoxyl pectin forms excellent films; low-methoxyl pectin
forms gels in the presence of calcium ions and can also be used for devel-
oping edible films.

7.2.4 Alginate

Alginates, polysaccharides derived from seaweeds, are known as potential
biopolymer films due to their unique and well-studied colloidal proper-
ties; these include thickening, stabilizing, suspending, film-forming, gel-
producing and emulsion-stabilizing properties [22]. Edible films prepared
from alginates form strong, uniform, transparent and water-soluble films.
Due to their hydrophilic nature, alginates exhibit poor water resistance, but
they have good oxygen barrier properties and can retard lipid oxidation in
foods. Desirable properties attributed to alginate films include moisture
retention, shrinkage reduction, improved product texture, juiciness, color,
and aroma of foods. Alginates can also be put to versatile use in encapsu-
lation [23]. The treatment of alginate films with divalent cation (calcium,
magnesium, manganese, aluminum, or iron) solutions converts these into
insoluble films.

7.2.5 Carrageenan

Carrageenan is a water-soluble polymer with a linear chain of partially sul-
phated galactans, extracted from red seaweed (Rhodophyceae). It is widely
used in the food industry to improve thickening and texture qualities and
to stabilize food products. There are three main varieties of carrageenan,
lambda, iota and, kappa, which differ in the number of sulphate groups, 41,
33 and 20% (w/w) respectively. While kappa and iota carrageenans form
gels, lambda is unable to do so and is used as a pure thickener. In general,
carrageenan forms uniform, transparent and water-soluble films with good
mechanical properties and has been applied to a variety of foods to carry
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antimicrobials and to reduce moisture loss, oxidation, or disintegration
[24]. Carrageenan has also been studied for flavor encapsulation [25]. Of
the three varieties, kappa-carregeenan exhibits the greatest tensile strength.

7.2.6 Chitosan

Chitosan is an edible and biodegradable polymer derived from chitin, the
second most abundant natural and nontoxic polymer (after cellulose) and
is found in the exoskeleton of crustaceans, in fungal cell walls and other
biological materials. It is a copolymer consisting of B-(1-4)-2-acetamido-
O-glucose and B-(1-4)-2-amino-8-glucose units with the latter usually
exceeding 80%. Chitosans are described in terms of the degree of deacety-
lation and average molecular weight; and, their importance resides in their
antimicrobial properties in conjunction with their cationicity and their
film-forming properties [26]. Chitosan forms films with excellent oxygen
barrier properties, good mechanical properties and good antimicrobial
activity. However, a major drawback of chitosan is its high water vapor
permeability.

7.2.7 Exudate Gums

Exudate gums are structurally complex heteropolysaccharides obtained
from natural exudates of different tree species. Gum arabic and mesquite
gum are examples of exudate gums that can be used for edible films and
coatings. Gum arabic, owing to its solubility in hot or cold water, is the
least viscous of the hydrocolloid gums. It has been used as a protective
film on oily foods to eliminate their moist, oily appearance and provide a
low-calorie product. The mesquite gum forms films with excellent water
vapor barrier properties when small amounts of lipids are added to their
formulation [27].

7.2.8 Seed Gums

Examples of seed gums that can be used for edible films and coatings are
locust bean gum and guar gum. Locust bean gum is a neutral polysaccha-
ride consisting of f-D-mannopyranosyl and a-D-galactopyranosyl units
in a ratio of 4:1. Guar gum is a polysaccharide having a straight chain of
B-D-mannopyranosyl with single a-D-galactopyranosyl units attached as
side chains in a ratio of 1:2. Both are soluble in water (locust bean gum
must be heated to be dissolved) and are highly viscous. Locust bean gum
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is generally used as a thickener or viscosity modifier, binder of free water,
suspending agent or stabilizer in cheeses, frozen confections, bakery prod-
ucts, pie fillings, meats, sauces and salad dressings. Guar gum is used as a
water binder and stabilizer and viscosity builder. It is used in dairy, bakery
and meat products; as well as in beverages and salad dressings.

7.2.9 Microbial Polysaccharides

Kefiran, pullulan, gellan and xanthan gum are examples of microbial poly-
saccharides that have been tested to produce biodegradable films [28-30].
Kefiran, an exopolysaccharide produced by microorganisms present in the
kefir grains, is a glucogalactan that has several health-promoting prop-
erties. Kefiran improves the viscosity and viscoelastic properties of acid
milk gels [31] and is also able to form gels with interesting viscoelastic
properties itself at low temperatures [32]. Pullulan is a water soluble, ran-
dom coil glucan gum, insoluble in organic solvents and non-hygroscopic
in nature. Its aqueous solutions are stable and exhibit a relatively low vis-
cosity as compared to other polysaccharides. Pulullan gum forms clear,
odorless and tasteless films with good oxygen barriers. Generally, pullulan
films are commonly combined with other polysaccharides or proteins to
improve the functional properties of edible films. Gellan gum is a water-
soluble polysaccharide, produced by the fermentation of a pure culture of
Pseudomonas elodea. The gel of gellan gum can be formed by dispersing
the gellan gum in water, heating, adding cations, and then cooling to set.
The gel texture can be modified by blending with other gums, especially
the gelling gums. Gellan gum forms transparent, stronger and more brit-
tle films than alginate or carrageenan films. Xanthan gum is produced by
fermentation from the organism Xanthomonas campestris. It is soluble in
both cold and hot water and has a high degree of viscosity. Thanks to its
thickening, suspending and stabilizing effects, it is used in salad dressings,
dry mix products, icings and frostings, confectionery, dairy products, fruit
gels, sauces, syrups and baked goods. It can be used to provide uniform
coating, good clinging qualities, improved adhesion in wet batters, and to
prevent moisture migration during frying [33].
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7.3 Formation and Main Characteristics of
Polysaccharide-Based Films

The development of films from water-soluble-gel-forming polysaccharides
has brought a surge of new types of coatings for extending the shelf life of a
wide variety of food products. Polysaccharide films are poor moisture bar-
riers but, in contrast, they have moderately low oxygen permeability and,
at the same time, selective permeability to this gas and CO, [34]. A major
goal for future research is to reduce the hydrophilic nature of polysaccha-
ride coatings and films while maintaining the desirable gas permeability
of this type of films. Polysaccharide polymers, such as cellulose, must first
undergo hydrolysis or derivitization to become water soluble.

Cellulose is the most abundant polysaccharide in the world. MC, HPMC
and HPC are nonionic water-soluble ethers with good film-forming prop-
erties. In order to avoid the formation of agglomerates, the dissolution of
these nonionic cellulose ethers must be performed in two steps: dispersion
and hydration. Wherever possible, they should be put into solution before
other soluble ingredients are added or should be dispersed in a water mis-
cible non-solvent, such as glycerol, ethanol or propylene glycol, and then
this slurry added to water. The solutions of these cellulose ethers are sta-
ble at pH 2-11 and are compatible with surfactants, other water-soluble
polysaccharides, and with salts. The procedure for the preparation of clear
CMC solutions follows that of the nonionic cellulose ethers, except for the
pH conditions. The CMC solutions are only stable at pH 7-9. CMC is com-
patible with a wide range of other food ingredients, including proteins,
sugars, starches and other hydrocolloids.

Edible coatings, including MC, HPC, HPMC or CMC, have been applied
to a variety of foods to provide moisture, oxygen or oil barriers, and to
improve batter adhesion. These cellulose-ether films are generally trans-
parent, flexible, odorless, tasteless, water soluble, and resistant to oils and
fats [33,34]. The MC films do not have good moisture barrier, but provide
an excellent barrier against the migration of fats and oils and can be used to
reduce oil absorption in fried products. HPC is thermoplastic and capable
of injection molding and extrusion. It can retard spoilage and moisture
absorption in coated nuts and candies. The film-forming characteristics of
HPMC upon heating provide an effective film that can reduce oil absorp-
tion in certain reformed products. CMC forms a complex in the presence
of casein, increasing the coating’s formulation viscosity. It retains the firm-
ness of fruits and vegetables, preserves the important flavor components
of some fresh commodities, reduces the oxygen uptake without causing
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an increase in carbon dioxide in fruits and vegetables, and improves the
puncture strength of caseinate-based films [34].

Starch is one of the most naturally abundant polysaccharide raw mate-
rials. It is a renewable resource, inexpensive, and widely available. Edible
or biodegradable starch films can be obtained from the native starch or its
components, amylose and amylopectin, by means of two main techniques:
solution casting and subsequent drying (wet method) and thermoplastic
processing (dry method) [35]. Modified [36] and soluble or pre-gelati-
nized starch have also been used [37] to obtain starch films. For edible
starch films, it is important to prepare a clear starch solution with proper
solid concentration, in order to ensure both the continuity of films and the
ease of casting. A solid concentration of 10-15% is suggested for casting
conventional starch films [38]. At higher concentrations, the solution is too
viscous to be cast; and at low concentrations, the solution of completely
solubilized starch polymers has low-level gelling results, causing problems
for the process of forming a continuous film of sufficient thickness [39].
The complete solubilization of starches in water requires high tempera-
tures and can be facilitated using amylose-complexing agents, like buta-
nol. Aqueous starch solutions are normally unstable, and in this sense, it is
necessary to keep the starch solution at a temperature above their gelation
temperature prior to casting. When the solid concentration is 10-15%, the
gelation temperature is 60-74°C [40]. Generally, films produced from edi-
ble starches are odorless, tasteless, and colorless and exhibit physical char-
acteristics, chemical resistance and mechanical properties similar to those
of plastic films [41]. Otherwise, starch films may be obtained by using a
dry process (thermoplastic or thermal processing) in which the water con-
tent is lower when compared to the wet process. A dry process can also be
used with those raw materials which present thermoplastic properties; this
means that they become soft (melted or rubbery) at a temperature lower
than the decomposition temperature and so can be molded into a deter-
mined shape when submitted to a thermal/mechanical process. Although
starch does not present this characteristic in its native state, it is capable of
becoming a thermoplastic material if it is treated correctly.

Carrageenans are used mainly in gel formation, in stabilizing sus-
pensions and emulsions, and for the gelation and structural viscosity of
milk-based products. Carrageenan gels can also be used as food coatings.
Carrageenan-based coatings have long been applied to a variety of foods
to incorporate antimicrobials or antioxidants, and to reduce moisture
loss, oxidation, or disintegration [34]. Choi et al. [42] reported that the
t-carrageenan film containing potassium sorbate under study had great
potential to form antimicrobial food packaging with valuable properties for
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extending the shelf life or increasing the safety of foods. The 1-carrageenan-
based edible films have good mechanical characteristics and present low
oxygen transfer. The addition of lipids to form emulsified films decreases
water vapor transfer and could be used to encapsulate active molecules or
aroma compounds [25,43]. Fabra et al. [44] reported that (-carrageenan
improves the tensile properties and water vapor permeability of sodium
caseinate-oleic acid-beeswax films, though the barrier properties of lipid-
free films decreased when -carrageenan was added.

Alginates possess good film-forming properties, which make them par-
ticularly useful in food applications. Divalent cations are used as gelling
agents (to induce ionic interactions, followed by hydrogen bonding) in
the formation of alginate films [21]. Films and coatings can be made from
a sodium alginate solution; these films and coatings can be produced by
means of a rapid reaction with a cold application of calcium, forming inter-
molecular associations involving the G-block regions [33]. The treatment
of alginate films with divalent cations (i.e., calcium solutions) converts
them into insoluble films [45]. Although alginate films are quite brittle,
they may be further plasticized with glycerol [22,46-48]. Due to their
highly hydrophilic nature, alginate-based films are poor moisture barri-
ers; although alginate gel coatings can significantly reduce moisture loss
from foods, because the moisture is lost from the coating before the food
dehydrates [49]. Fabra et al. [44] evaluated the effect of adding alginates to
sodium caseinate-lipid films. In lipid-free films, alginates improved their
tensile properties, although the water vapor permeability values increased.
However, in sodium caseinate-lipid films, the addition of alginates to pro-
tein matrices produced less flexible, less stretchable and more permeable
films.

Regarding pectins, the characteristics of obtained films vary depend-
ing on the type of pectin. Generally, high-methoxyl pectin forms excellent
films and low-methoxyl pectin, derived from controlling esterification,
forms gels in the presence of calcium ions and can also be used for devel-
oping edible films. Despite their hydrophilic nature, pectinate coatings can
control water activity, preventing moisture loss from food by acting as a
sacrificial agent. It can potentially limit fat migration, provide a barrier to
gas, help to trap flavor and aroma, and carry antioxidants or antimicrobials
[50]. In addition, the incorporation of lipids may improve water vapor bar-
rier properties. Plasticized blends of citrus pectin give strong, flexible films
which are thermally stable up to 180°C [51].

Chitosan is of interest as a potential edible film component because of
its excellent oxygen barrier properties [33,49,52,53] and its good mechani-
cal properties. However, it is highly permeable to water vapor [54,55].
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Inherent antibacterial properties and the film-forming ability of chitosan
make it an ideal choice for use as a biodegradable antimicrobial packaging
material that can be used to improve the storability of perishable foods. It
has been confirmed that chitosan films exhibit good antimicrobial activity,
which can help extend the food shelf life [56-61].

Agar forms transparent, strong and flexible films even at low moisture
levels. Their water vapor permeability quality did not appreciably differ in
comparison to starch films, arabinoxylan films or cellulose derivative films.
Moreover, agar-based films were found to be heat sealable. Phan The et al.
[62] demonstrated that agar can potentially provide a very good cohesive
matrix, which contributes towards enhancing the tensile properties of
other polysaccharide films, such as cassava starch or arabinoxylan.

Pullulan films cast from aqueous solutions are clear, odorless and taste-
less and are good oxygen barriers [49,63]. Pullulan films are commonly
combined with other polysaccharides (alginate, carboxymethylcellulose)
or proteins (whey protein, sodium caseinate) to improve the functional
properties of edible films [64-67]. Tong et al. [67] reported that by incor-
porating alginate and CMC into pullulan, the water barrier and mechanical
properties were weakened significantly. On the other hand, the addition of
low concentrations of pullulan to whey protein isolate films improved the
functional properties of whey protein isolate-based films, modifying the
oxygen and water vapor barrier properties of these films [65].

Gellan gum films are transparent, stronger and more brittle than algi-
nate or carrageenan [46]. Gellan films can also be used as a carrier of anti-
microbials or antioxidants [68].

7.4 Physicochemical Properties of Polysaccharide-
Based Materials

Due to the hydrophilic nature of these polymers, polysaccharide-based
films exhibit limited water vapor barrier ability. However, films based on
polysaccharides, such as alginate, cellulose ethers, chitosan, carrageenan
or pectins, exhibit good gas-barrier properties. Mechanical and barrier
properties are generally related to the physical and chemical nature of the
polymers. Generally, the properties of polysaccharide-based films are very
sensitive to changes in relative humidity. At low relative humidity, these
films tend to crack while, at high relative humidity, these films swell and
their barrier characteristics are markedly degraded.
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Barrier properties are important to separate food components or foods
from the environment, which causes food deterioration. At low to inter-
mediate relative humidity levels, polysaccharide-based films and coatings
are good barriers against oxygen and other nonpolar substances, such as
aromas and oils, due to their highly packed and ordered hydrogen-bonded
networked structure [69]. Nevertheless, due to their hydrophilic nature,
they are indeed wettable by water and generally exhibit limited water vapor
barrier ability, especially at high relative humidity levels. However, certain
polysaccharides, applied in the form of high moisture gelatinous coatings,
can retard moisture loss from coated foods by functioning as sacrificing
agents rather than moisture barriers.

Tables 7.1 and 7.2 show the water vapor permeability and gas perme-
ability values of different polysaccharide films. Comparisons have to be
made with caution since the data come from different studies, where dif-
ferent test conditions (temperature and relative humidity) are used, which
affect the obtained values. Polysaccharide films appear to have higher water
vapor permeability and lower oxygen permeability values than synthetic
polymers. Glycerol, which is commonly used as a plasticizer to form poly-
saccharide films, promotes the increase of water and oxygen permeability
values as the plasticizer content increases. Of the polysaccharide films, the
starch films have the best water barrier properties; both the starch and chi-
tosan-based films have better oxygen barrier properties than HPMC films.

The mechanical properties reflect the durability of films and the ability
of a coating to enhance the mechanical integrity of foods. Polysaccharide
films are relatively stiff and, therefore, plasticizers are needed to facilitate
their handling and to achieve the desirable plasticity.

Table 7.3 shows the tensile parameters (EM: Elastic Modulus, T'S: Tensile
strength at break, E: Elongation at break) of different polysaccharide-
based films. Polysaccharide films appear to have similar tensile strength
and lower elongation at break values than synthetic polymer films. HPMC,
alginate, pectin and chitosan films have the highest TS values. The addi-
tion of some additives, such as montmorillonite (MMT), modified the
barrier and mechanical properties of these polysaccharide-based films.
For instance, starch-CMC films containing MMT had lower elongation at
break and higher TS values.

The glass transition temperature (Tg) of the polymers, which are greatly
affected by the polymer mean molecular weight and the water and plasti-
cizer content, defines the temperature range from within which polysac-
charide films exhibit adequate plastic deformation, without brittleness.
Table 7.4 shows some values of Tg for different polymer films equilibrated
at different water activity levels, containing plasticizers or not. Completely
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Table 7.4 Glass transition temperature of polysaccharide-based films obtained
from DSC analysis.

Composition (dry basis) Water activity (a ) | Tg (°C) Reference
HPMC! 0’ 150.5 (1.6) | [70]
HPMC:gly' 1:0.04 145.7 (1.3)
Starch:CMC? 0.55 162.1 [84]
Starch:CMC + 1% MMT? 169.7
Cassava starch 0.58 131.9 [86]
Cassava starch:gly 1:0.15 97.9
Cassava starch:gly 1:0.30 62.2/ -55.7
Cassava starch:gly 1:0.45 42.1/ -58.8
Pectin 0 37 [87]
Corn starch:gly 1:0.25 0 50 (4) [88]
0.53 48.3 (3)
0.68 10.3 (1.4)
0.75 1(3)
Chitosan 0.45 170 [89]
Gellan + glycerol® -- -12.2 [90]
SSPS 0.53 31 (3) [9]
SSPS:gly 1:0.2 24.7 (1.5)
SSPS:gly 1:0.3 21.9 (1.5)
SSPS:gly 1:0.4 20 (4)
Pullulan 0.23 58.67 [91]
0.43 51.03
0.65 41.51
0.84 38.89
Sodium alginate 0.23 56.03
0.43 52.46
0.65 39.96
0.84 35.12

"Measurements were carried out by using perforated pans.
*Films contain citric acid as cross-linking agent.
*Glycerol content was not specified.

CMC: carboxymethylcellulose. MMT: montmorillonite. SSPS: soluble soybean
polysaccharide.
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dried HPMC, both with and without glycerol, showed very high Tg values
where the effect of glycerol at 4% provoked a drop of 5°C as compared to
HPMC [70]. Starch:CMC blend films, containing citric acid as the cross-
linking agent, equilibrated at 55% relative humidity, also showed very high
values of Tg [84]; while a lower value was obtained for cassava starch,
which was greatly reduced when growing amounts of glycerol (0 to 45%
with respect to starch) were added to the films equilibrated at 58% relative
humidity [86]. For corn starch, containing 25% glycerol with respect to
starch, very similar values to cassava starch containing a similar amount of
glycerol and with the same level of water activity were obtained [88]. The
effect of glycerol was also observed in the case of soluble soy bean poly-
saccharide (SSPS) equilibrated at 53% relative humidity, although all the
values were in the range of the room-handling temperature [9]. Pullulan
and sodium alginate also showed relatively low Tg values, mainly when
equilibrated at high relative humidity (84%) [91].

7.5 Functionalization of Polysaccharide Materials

To improve the properties of polysaccharide films in order to substitute
conventional polymers (polyethylene, polyethylene terephthalate, etc.) and
to obtain biodegradable packaging, different strategies have been tested.
In this sense, different studies have been carried out in the last few years
which have used different polysaccharides, such as alginate [76,92], cellu-
lose derivatives [10,67,93] or starch [94,95]. Despite their potential as envi-
ronmentally friendly materials, polysaccharides present some drawbacks
that make their application difficult on an industrial scale, such as the fact
that, as previously mentioned, most polysaccharides are highly hydrophilic
and therefore very sensitive to moisture action. In addition, the mechani-
cal properties of some polysaccharides, such as starch, are too deficient to
be used as packaging. Furthermore, the gas barrier ability of other polysac-
charides, such as HPMC, is very poor in comparison with starch or ethyl-
ene vinyl alcohol (EVOH) (Table 7.2).

The mechanical behavior of starch-based materials can be improved
by the addition of plasticizers (usually polyols) that reduce the brittle-
ness of the matrix, in relationship with the presence of attractive forces
between starch chains [96]. Glycerol, sorbitol and other compounds have
been added to the film-forming dispersions to decrease these attractive
intermolecular forces [97-99]. In the previous chapter (6: Films Based on
Starches), this information and other aspects related with starch-based
packaging are extensively reviewed.



PoOLYSACCHARIDES AS VALUABLE MATERIALS IN FOOD PACKAGING 231

It has been reported that lipids and other nonpolar compounds have
been used to form composite films so as to increase the hydrophobicity
of polysaccharide materials. In this way, fatty acids, paraffin, triolein or
vegetable oils have been used in emulsified films [25,100,101]. Lipid addi-
tion allows us to obtain better water vapor barriers but other properties
such as mechanical behavior or transparency may be negatively affected.
Nowadays, the sensitivity of polysaccharides to moisture action, their bar-
rier ability and other characteristics can be improved by the addition of
other components which increase the functionality of these materials. In
this sense, blends with different hydrocolloids and nanomaterials have
been evaluated as a real alternative of obtaining highly functional biode-
gradable packaging.

7.5.1 Blends with Other Hydrocolloids

Some properties of polysaccharide-based films can be improved by blend-
ing them with other polysaccharides or proteins. The combination of
different polysaccharides allows us to obtain materials with improved
properties, whereas the incorporation of proteins permits us to improve
the hydrophobicity of the film, coherent with the protein’s amphiphilic
nature.

One of the most widely-studied polysaccharide blends is the starch-chi-
tosan blend. These polymers form a homogeneous and continuous matrix,
as has been observed in different studies [72,102,103]. Bonilla et al. [72]
obtained films by using different ratios of starch and chitosan in order to
improve the properties of starch. They found that the mechanical proper-
ties of blend films were significantly improved in comparison with pure
starch films, since the mechanical resistance (tensile strength) and elonga-
tion at break increased after chitosan was added. These results were linked
with a plasticizing effect of chitosan which favored the film extension
and plastic deformation during tensile tests. On the contrary, the oxygen
permeability and water vapor permeability increased when chitosan was
added in comparison with pure starch films, although the differences were
not significant. In addition, blend films showed a relevant antimicrobial
activity when the starch:chitosan ratio was 50:50. These authors also stud-
ied the effect of storage time on the physical properties of starch:chitosan
films and observed that chitosan was able to avoid starch retrogradation.

The inhibition of starch retrogradation by the addition of other hydro-
colloids has also been observed by Jiménez et al. [74]. These authors
obtained corn starch films with HPMC, which is an amorphous polymer
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[104]. The HPMC inhibited starch recrystallization, although it gave rise to
a poorer oxygen barrier. These starch-HPMC blends exhibited phase sepa-
ration, as the authors observed by means of scanning electron microscopy.
The lack of miscibility between starch and HPMC gave rise to a starch-rich
phase (on the bottom) and an HPMC rich-phase (on the top). The phase
separation of polysaccharide blends has also been found in other polysac-
charide blends [103,105].

One of the most commonly-used methods with which to improve the
miscibility of components or to increase the interactions between polymer
chains is the use of crosslinking agents such as ferulic acid [103], tannic acid
[106] or citric acid [107]. Mathew and Abraham [103] found that starch-
chitosan films were more homogeneous when ferulic acid was incorpo-
rated, which was explained by the crosslinking activity of this organic acid.
The starch-chitosan film with ferulic acid was stronger and more stable and
flexible than the film without the crosslinking agent. They used FTIR anal-
ysis to confirm the presence of interactions between the film components.
The addition of ferulic acid led to the improvement in the water vapor and
oxygen barrier properties and the mechanical resistance of the blend films,
while the lipid peroxide inhibition capacity was also enhanced.

Another polysaccharide that has been used to improve the properties of
starch films is agar. Wu et al. [81] obtained starch-agar films and evaluated
their barrier ability and their mechanical behavior. They found that the
addition of 5-15% agar yielded homogeneous films in which both poly-
mers were compatible due to the presence of hydrogen bonds between
polymer chains, in agreement with the FTIR results. Composite films were
more resistant and flexible (higher tensile strength and elongation values)
and less permeable in a high moisture environment.

In a more recent work, Rhim and Wang [108] obtained blend hydrogel
films by using agar, k-carrageenan and konjac glucomannan. These films,
based on hydrogels, presented three-dimensional networks that swell by
absorbing and retaining a large amount of water without dissolving or los-
ing their integrity in water [109]. The properties of the ternary blend film
were not improved to a great extent in comparison with the pure com-
ponents. Nevertheless, the effect of the hydration, which is particularly
problematic in single-biopolymer films, where water-polymer interactions
compete effectively with polymer-polymer interactions [110], is mitigated
in the ternary blend, which is useful for obtaining an antifogging film. As
Farris et al. [110] explained, polymer-polymer interactions can be strength-
ened by combining biopolymers with different structures and introducing
predominantly electrostatic interactions rather than hydrogen bonding.
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As previously mentioned, some features of polysaccharide films may be
improved by the addition of proteins. In this sense, different studies, which
evaluate the properties and functionality of polysaccharide-protein films,
have been published in the last few years [111-113].

Wang et al. [114] studied films where sodium alginate, whey protein
isolate (WPI) and gelatin were combined in different proportions to obtain
films with improved functionality. They studied different properties, such
as the mechanical behavior of films or their oxygen and water vapor bar-
rier ability. In most cases, even though the smallest proportion was that of
sodium alginate, the authors concluded that the properties of edible films
were improved by combining proteins and polysaccharides.

The polysaccharide:protein ratio used in composite film formula-
tion can be optimized, depending on the final use of the material. In this
sense, Lee et al. [111] studied the mechanical properties of gellan/gelatin
films and concluded that the change in the ratio of two polymers modifies
the strength and extensibility of the films. The tensile strength increased
linearly as the gellan content increased, whereas the tensile elongation
decreased as the gellan content rose.

Another polysaccharide-protein composite that has been studied as
a potential edible/biodegradable material for food applications is WPI-
mesquite gum [113]. Regardless of the WPI:mesquite gum ratio, all the
samples were homogeneous, which points out that both polymers were
compatible and able to form film-forming solutions and films. Nevertheless,
the roughness (the higher the proportion of mesquite gum, the rougher)
obtained from atomic force microscopy observations indicated that the
interactions between polymers were related with the WPI:mesquite gum
ratio and the net charge of the polymers. In this sense, both polymers are
negatively charged, thus favoring electrostatic repulsion and promoting
the formation of aggregates. These authors observe that the incorporation
of mesquite gum helped to obtain more flexible and extensible films coher-
ent with an increase in the plastic deformation. Taking these observations
into account, the authors conclude that the polysaccharide-protein blend
may form films with adequate properties, avoiding the use of low molecu-
lar weight plasticizers.

Low and medium moisture polysaccharide packaging films are usually
totally functional. Nevertheless, their properties are greatly affected under
high moisture conditions since the internal structure is affected by poly-
mer-water interactions. To solve this problem, which affects most polysac-
charides and proteins, it is possible to form hydrogel films, as previously
commented on [108]. One of the polysaccharides that may be used for
food applications at high moisture contents is alginate. Recently, Harper
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et al. [115] studied the influence of gelatin, whey and soy protein on the
properties of “wet” alginate films (moisture content up to 90%) used to
obtain sausage casings. The addition of proteins reduced the puncture force
in comparison with pure alginate film, thus indicating that these compo-
nents led to weakened “wet” alginate films. The lower puncture force was
observed for films containing heated WPI and unheated protein isolate,
which concurs with light microscopy observations. In these images, pro-
tein clumps, which disrupt the internal structure, can be clearly observed.
Of all the studied samples, it seems that alginate-gelatin is the best com-
posite since the puncture force decreases but not to a significant extent.
In addition, this blend had the lowest water loss of all the alginate-protein
gels, implying that it may be the most compatible alginate-protein gel.

The fact that the addition of proteins led to an improvement in the prop-
erties of polysaccharide films is also observed by Jiménez et al. [116]. These
authors obtained films based on corn starch and sodium caseinate in dif-
ferent ratios and studied their different physicochemical properties after
different storage times. The incorporation of sodium caseinate to starch
matrices reduced the crystallinity of starch films and inhibited starch ret-
rogradation during film storage. Although blend films showed higher oxy-
gen permeability, films prepared by using both hydrocolloids presented
better potential applications than pure starch films, mainly due to the inhi-
bition of starch crystallization which implies undesirable changes in the
film mechanical behavior.

Jiménez et al. [117] also studied the effect of the incorporation of hydro-
phobic compounds (oleic acid and/or a-tocopherol) into starch-sodium
caseinate blend films (50:50 ratio) in order to reduce the water vapor per-
meability and to obtain antioxidant biodegradable films. The lipid incor-
poration provoked phase separation in starch-sodium caseinate films, due
to the different interactions with each polymer (amphiphilic protein and
hydrophilic starch). In addition, although lipids only slightly affected the
water vapor barrier properties, depending on the film storage time, the
incorporation of oleic acid greatly increased oxygen permeability. This
effect was also expected for a-tocopherol, but it was mitigated by the anti-
oxidant activity of this compound, which conferred antioxidant capacity
to the films. The obtained results pointed out that, in complex matrices
in which more than one polymer are included, the interactions between
components have to be considered carefully in order to predict the final
behavior of the materials adequately.
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7.5.2 Addition of Nanomaterials

Nowadays, the incorporation of nanomaterials is one of the most promis-
ing strategies for improving the functionality of biodegradable polymers.
These components can be divided into several groups depending on their
origin and structure. In this sense, polysaccharides have been studied
as matrices of nanocomposites by using nanoclays [118-120], cellulose
nanoparticles [120,121], chitin nanoparticles [122], carbon nanotubes
[123], silver nanoparticles [118] or nanoliposomes [124,125].

Layered silicate nanoclays, mainly montmorillonite, have been incor-
porated into biodegradable matrices so as to obtain materials with greater
mechanical resistance and improved barrier properties. The increase in the
mechanical resistance (higher tensile strength) has been found by authors
in different polysaccharide matrices [119,120,126]. Rhim [119] explained
that this effect is related not only with the very high elastic modulus of the
clay and large surface area, but also with the stronger interfacial interaction
through hydrogen or ionic bonds between the polysaccharide chains and
intercalated layered silicate [84]. Abdollahi et al. [120] obtained alginate
films with incorporated MMT nanoparticles. They found a linear decrease
in water vapor permeability as the nanoclay content increased in the for-
mulations. The authors related this effect with the tortuous path caused
by layered silicate nanoparticles distributed homogeneously in the matrix.
The reduction in water vapor permeability brought about by the addition
of layered nanoclays has been reported in other polysaccharides, such
as chitosan [118], agar [119] or starch [127]. As regards the water vapor
uptake ratio, Rhim [119] found that adding nanoclays to agar matrices
led to a reduction in this parameter, coherent with the strong interaction
between polymer chains and clay nanoparticles.

Other nanomaterials that have been incorporated into polysaccha-
ride films are cellulose nanoparticles. Bilbao-Sainz et al. [121] obtained
HPMC-based films with different incorporated cellulose nanoparticles.
These components were cellulose nanofibrils, oxidized cellulose nanofi-
brils and cellulose whiskers. The size of the particles ranged from 301 + 67
nm, in the case of cellulose whiskers, to 35 + 9 nm, corresponding to cel-
lulose nanofibrils. The effect of adding the cellulose nanoparticles differed
depending on the type of particle. Cellulose nanofibrils improved neither
the mechanical performance nor the water vapor barrier of the HPMC
films. On the contrary, cellulose nanowhiskers improved both proper-
ties. As far as the transparency of films is concerned, this parameter was
reduced by between 35 and 42% when cellulose nanofibrils were added.
When cellulose whiskers were incorporated into the films, the decrease in
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the transparency was very slight (6%) in comparison with the pure HPMC
films.

Chang et al. [122] used chitin nanoparticles to improve the functional-
ity of starch-based films. The incorporation of these particles led to films
being obtained with higher tensile strength and glass transition tempera-
ture and lower water vapor permeability. On the contrary, the elongation of
films decreased linearly as more nanoparticles were added. The improve-
ment of the abovementioned properties is related with the good interfacial
interaction between the nanoparticles and the starch matrices when chitin
nanoparticles are added at low concentrations. At high levels, these par-
ticles tended to conglomerate, giving rise to microcomposites, as found
by Rhim [119] while working with agar-nanoclay composites. Referring
to nanoclays, Alexandre and Dubois [128] explained that when the poly-
mer is unable to intercalate between the silicate sheets, a phase-separated
composite is obtained, whose properties remain in the same range as tra-
ditional microcomposites.

The most widely used means of increasing the antimicrobial effect of
biodegradable and conventional polymers is through the incorporation of
silver nanoparticles. One of the main advantages of their addition is that
they are wide-spectrum antimicrobials, as reported by Rhim et al. [118].
The addition of silver nanoparticles to chitosan-based films was able to
inhibit the growth of both Gram + (Staphylococcus aureus, Listeria mono-
cytogenes) and Gram- (Salmonella typhimurium, Escherichia coli) bacteria.
Other studies have reported the antimicrobial activity of silver nanopar-
ticles in agar [129] or alginate [130] matrices.

In general, nanoparticles or nanomaterials are ultrafine particles in the
nanometer size range, which are able to form nanobiocomposite films
when combined with natural polymers [131]. Recently, Zhang et al. [124]
have produced lecithin nanoliposomes which have been incorporated into
chitosan matrices, thus giving rise to nanocomposites. They used fish,
rapeseed and soy lecithin and studied the physycochemical properties
of the obtained films, mainly focusing their results on tissue engineering
applications. Another study, carried out by Jiménez et al. [125], presented
the application of rapeseed and soy lecithin nanoliposomes as carriers of
antimicrobial compounds. In this piece of work, starch-sodium caseinate
matrix was used and nanoliposomes containing orange essential oil and
D-limonene were incorporated into the matrix. The incorporation of vola-
tile antimicrobials into nanoliposomes avoided their loss by evaporation
during film drying, although the mechanical resistance of the matrix (due
to the introduction of discontinuities) and their transparency (due to the
natural color of lecithins) were affected by their addition.
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7.6 Applications of Polysaccharide-Based Materials in
Food Packaging

Many studies have pointed out the benefits of the application of polysac-
charide-based packaging to food products (Table 7.5). Polysaccharides
may be used to form a coating on the surface of food products to increase
their shelf life or to avoid mass or moisture transfer [132,133,136], to sub-
stitute conventional polymers by forming bags for food products [94,140]
or to improve the performance of conventional polymers by means of the
formation of multilayers [141,142].

Bravin et al. [10] obtained an edible coating based on corn starch, meth-
ylcellulose and soybean oil and studied its effectiveness at controlling
moisture transfer in cereal crackers. In addition, they studied the effect of
the thickness and the deposition process used for film-forming dispersions
(spreading and spraying). The authors identified that an atomization pres-
sure of 2 bar and a film thickness of 30 um were optimum for the appli-
cation of an edible coating to bakery products. Furthermore, they found
that a coating application increased the shelf life (in terms of crispness) of
crackers at different relative humidities.

Polysaccharides have also been used to reduce oil consumption during
the frying of food products. Garcia et al. [132] obtained methylcellulose-
sorbitol-based coatings to reduce the oil consumption in wheat flour discs
and potato chips. Samples were immersed for 10 s in the coating solu-
tion and immediately fried. They found a decrease of up to 35% in the
oil consumption during the frying of both products. In a more recent
study, Singthong and Thonkaew [143] applied sodium alginate, carboxy-
methylcellulose and pectin-based coatings to banana chips. The highest
reductions in oil consumption corresponded with banana chips blanched
in 0.5% CaCl, and coated with 1% pectin or 1% carboxymethylcellulose
(w/w). In these cases, oil consumption was reduced from 40 g/100 g chips
to 22.89 and 22.90 g/100 g chips, respectively.

The main application of polysaccharide-based materials is the increase
in the shelf life of highly perishable products, such as fresh-cut fruit and
vegetables and meat products. Magbool et al. [135] applied an arabic
gum:chitosan based coating (1:0.1) to fresh banana to prevent the growth
of Colletotrichum musae (anthracnose). They found a reduction in the inci-
dence of anthracnose in fresh fruits after 28 days at 13°C and 80% rela-
tive humidity and 5 days under marketing conditions (25%, 60% RH). The
control of fungi growth was also studied by Perdones et al. [137]. They
obtained chitosan-lemon essential oil-based coatings which were applied
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to fresh strawberries. The antifungal effect of chitosan and essential oil
contributed to a better preservation of fruits after 7 days’ storage at 5°C.

In some cases, the reduction in quality is related with color changes,
connected or not with the oxidation of components, or with the moisture
loss of food products. Robles-Sanchez et al. [139] obtained alginate-ascor-
bic acid coatings which were applied to fresh-cut mangoes. This coating
allowed the color and the antioxidant potential of fresh-cut fruits to be
maintained after 12 days’ storage at 4°C. Ponce et al. [138] applied chitosan
coatings with incorporated oleoresines to pumpkin slices. In this case, the
coating was able to reduce the polyphenol oxidase (PPO) and peroxidase
(POD) activities, thus maintaining the natural color of the product. In a
more recent study, Lago-Vanzela et al. [134] analyzed how starch-based
coatings reduced the amount of carotene lost during the hot-air drying of
pumpkin slices. The results showed that applying the coating before dry-
ing gave rise to dehydrated products with better color and a significantly
higher retention of trans-a-carotene and trans-p-carotene than the prod-
ucts without this pretreatment.

Polysaccharide materials may also be used as carriers of active com-
pounds to prevent the spoilage of food products. In this way, Marcos et al.
[92] carried out a study in which they obtained alginate coatings with
incorporated enterocines. The authors used these coatings on the surface
of cooked ham and found that alginate films slowed down the growth of L.
Monocytogenes after 8 days’ storage at 6°C.

As previously commented on, polysaccharides may be used to form
packaging materials like conventional synthetic ones. Cannarsi et al. [94]
studied the possibility of substituting conventional PVC film packaging
for a starch-polyester biodegradable composite film. To this end, they pre-
pared different beef steak samples, packaged by using the conventional
PVC film and two biodegradable films: a composite film based on starch
and biodegradable polyester and another composed of a mixture of three
biodegradable polyesters. The samples were stored at 4 and 15°C to simu-
late the conventional storage conditions and thermal abuse, respectively.
After 6 days’ storage, the color of the samples as well as the total viable
counts and spoilage microorganism counts were measured. The authors
concluded that there were no significant differences between the conven-
tional PVC film and those containing biodegradable polymers. Therefore,
starch may be used to obtain flexible biodegradable films to substitute, in
some applications, conventional petroleum-derived polymers.

Chitosan has also been used to obtain polysaccharide-based packaging.
Schreiber et al. [140] obtained gallic acid-grafted chitosan to prevent the
oxidation of packaged peanuts. These authors found that chitosan films
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grafted with gallic acid were able to reduce the oxidation of peanut powder
after 15 weeks at 50°C under low humidity conditions, compared with low
density polyethylene films. These results may be attributed to the presence
of a primary antioxidant and to the low oxygen permeability of chitosan in
comparison with LDPE (see Table 7.2).

The ability of some polysaccharides to avoid the oxygen transfer allows
some conventional polymers to be substituted in multilayer systems. In this
way, the biodegradability of the final material increases, whereas the cost
and the consumption of synthetic polymers significantly decrease. Laufer
et al. [142] obtained multilayered, thin films by using chitosan (CH), car-
rageenan (CR) and montmorillonite (MMT). Trilayer films (CH/MMT/
CR) were able to reduce the oxygen permeability of a PET film by an order
of magnitude under dry conditions, whereas the presence of an additional
layer of CH reduced the oxygen permeability by two orders of magnitude
under the same conditions. To demonstrate the effectiveness of the mul-
tilayered films, these authors studied the browning of coated and non-
coated samples, stored at room temperature and humidity (22°C and 55%
RH). After 9 days’ storage, uncoated samples were almost entirely brown,
whereas coated bananas had just a few brown speckles. Thin films were
obtained by using the layer-by-layer method, which is a powerful means of
assembling gas barrier multilayer thin films by the sequential adsorption of
oppositely charged polyelectrolites or particles [144]. This method has also
been used by Gu et al. [141] to obtain multilayer-coated biaxially-oriented
poly (lactic acid) films, by assembling alternating layers of sodium algi-
nate (ALG)/polyethyleneimine (PEI). They studied the water vapor and
oxygen barrier properties of films as well as their mechanical and optical
properties to evaluate the possibility of competing with synthetic polymers
(PE, PET) in food packaging applications. The water vapor permeability
was significantly reduced (25%), while the studied films were highly trans-
parent. The mechanical properties of PLA films improved slightly (higher
tensile strength and elongation at break) as the number of layers increased.
Nevertheless, the most relevant result was the very low oxygen permeabil-
ity found for the 30-layer ALG/PEI coating (4.8 - 10~® cm®s™"-Pa™') which
is, as the authors reported, the lowest ever reported for a biodegradable
all-polymer LBL assembly.
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Abstract

High pressure processing (HPP) of foods mainly utilizes flexible packaging mate-
rials for commercial products. Many materials have been evaluated for their ade-
quacy in the process. There are a number of integrity, design and high-pressure
process control requirements for these packaging materials that must be complied
with for acceptance and use in different product applications. These include gas
permeability, seal and physical strength properties, and global migration of pack-
aging components into the food, some of which are specific to either refrigerated
or shelf-stable products. Laminate options reported in the literature were reviewed
and suitable packaging materials for HPP at both low- and high-temperature con-
ditions were classified. Packs with a gaseous headspace (modified atmosphere
packaging = MAP) are especially challenging due to the large volume compres-
sion under high pressure and because of the behavior of gaseous headspace mix-
tures under variable HPP conditions. For example, some materials encountered
problems during HPP including morphological changes, delamination and micro-
defects of films and foodstuft. This chapter highlights a selection of suitable com-
binations of materials, package design and HPP parameters, in particular product
applications and packaging materials currently utilized in industry. Criteria to
assess deviations of packaging materials after HPP are discussed in view of fur-
ther harmonization being required for the adequacy of tests for reliable packaging
selection.
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8.1 High Pressure Processing of Foods

High pressure processing (HPP) is an innovative technology applied for
food safety assurance, shelf-life extension, and nutrient preservation. Food
items are prepackaged into flexible containers and loaded into a cylindrical
hydrostatic pressurization vessel (Figure 8.1). The vessel is then closed and
filled with compression fluid (typically water) and pressurization starts via
further pumping of fluid until reaching target pressures between 200 and
800 MPa. The pressure selection will depend upon product application.
Food containers remain under pressure for a period of time (ranging from
seconds up to over 20 min, generally up to 5 min) and pressure is released
for product unloading. Especially for the treatment of MAP packages, the
pressure release gradient is controlled depending upon product applica-
tion. Subsequently the packages are typically dried, labeled or printed—if
non-water-resistant or pressure stable labels or print are required—and
packed into secondary packaging for storage and distribution.

High pressure processing is known for its potential in manufacturing
value-added foods, retaining heat-labile nutrients, flavors, and aromas,
with products ranging from individual to institutional size packages (e.g.,
6 kg sliced turkey breast package). This technology is advantageous for the
uniform and almost instant pressure transmission inside the product and
for nutrient and volatile retention resulting from the use of low to milder
temperatures. Precooling or preheating of products and temperature
equilibration are important steps in HPP to achieve the required process
temperature. The commercial process temperature generally ranges from
chilled temperatures (4°C) to above ambient temperatures (up to 50°C),
although this technology is also explored for freezing and cooling and

PRODUCT LOADING VESSEL PRE-FILLING

WATER TANK

PRESSURE
PRODUCT UNLOADING PRESSURIZING

BATCH

PROCESSED
BATCH

Figure 8.1 Description of an industrial high pressure process. Source: Carole Tonello-
Samson, Hiperbaric, with permission.
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thermal sterilization. Commercial processes currently often use 600 MPa
for product pasteurization or shelf-life extension via microbial and enzy-
matic load reduction, which will require storage at refrigerated conditions.
Other vessels currently existing at pilot scale are designed to pressurize
preheated food packages, working with heated vessel walls and pressur-
ization water, to enable microbial spore inactivation and thereby achieve
low acid food product stability and extended storage at chilled or ambient
conditions. Manufacturing of chilled meals requires a pressurization tem-
perature near 90°C at 600 MPa, while sterilized (ambient storage) products
will require temperatures higher than 105°C when using this pressure.

The US Food and Drug Administration (FDA) and Department of
Agriculture (USDA) have approved HPP as a post-package pasteurization
technology for manufacture of shelf-stable high-acid foods and pasteurized
low-acid food products, and developed guidelines and regulations for those
products (21CFR §114 and 21CFR$113). In 2009, the US FDA approved
the first petition for the commercial use of pressure-assisted thermal ster-
ilization (PATS) for application in the production of a mashed potato
product in a 35 L high pressure sterilization vessel. Earlier, the European
Commission on food regulations adapted existing legislation on novel
foods to products processed by HPP (EC258/97; European Commission,
2002) and later, Health Canada (Novel Food Decisions, available on Health
Canada's website: http://www.novelfoods.gc.ca) issued “no-objections
novel foods decisions” concerning ready-to-eat meat and poultry products,
which have been treated by HPP for the control of Listeria monocytogenes
(2006), as well as for meat-containing entrees, meat-containing salads and
meat products (2006), and applesauce and apple sauce/fruit blends (2004).

Even though HPP is mainly a batch or semi-batch process, semi-con-
tinuous and continuous systems are currently also commercially available.
However, semi-continuous HPP systems are used only in a few cases to
directly process pumpable products, which then need to be aseptically
packaged. Batch or semi-batch processing vessels are most commonly
found in the food industry and require prepackaged products. Commonly,
the food and its packaging are treated together; thus the entire package
remains a secure unit until the consumer opens it.

In order to achieve a quasi-continuous product flow of prepackaged
products, several automation concepts have been developed. Some of them
are based on the tandem concept, the alternating usage of multiple HPP
vessels integrated in a packaging and HPP production line with a single
control system [1].
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8.2. Commercial HPP Applications and Packaging
Formats

In-container HPP requires packages in the form of multilayer pouches,
large bulk bags, container-lid tray combinations, and polymeric bottles (see
commercial examples in Figure 8.2). In 2012, more than 350,000 tonnes of
food packages were produced by HPP by more than 100 companies using
more than 230 HPP machines globally [2]. A number of commercial prod-
ucts such as sliced meats, vegetables and salsa dips, fruit juices, seafood
products, and ready-to-eat chilled products processed by applying HPP are
available today in the worldwide market.

Packaging materials, which are oxygen-impermeable and opaque to
light, have been developed to keep colors and flavors fresh in certain high-
pressure-treated foods and to inhibit microbial growth. Some multilayer
structures with functional or high-barrier properties may also be suitable
for prepackaged HPP foods.

Bottles and trays

Figure 8.2 Container types used for commercial high-pressure products.
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A number of requirements define the packaging integrity and barrier
properties and must be met during and after processing to ensure pres-
ervation of high-pressure-treated food throughout its shelf life; these
include: flexibility, visual integrity, gas and water vapor barrier properties,
laminate bonding and seal strength, headspace gas mixture and process
control, adequate heat transfer properties, material aging, printability and
transparency, and migration limits.

o HPP requires flexible and semi-rigid gastight packages made
of polymers or copolymers that can withstand a change in
volume corresponding to the compressibility of the product.
Foods decrease in volume as function of the pressure applied
and a relatively similar expansion, depending on the material
properties, occurs upon decompression. For this reason, the
packaging used for vacuum packaged foods must be able to
accommodate up to a 19% reduction in volume during HPP.
For products package with modified atmosphere (MAP) the
reduction in volume is far more dependent on the volume
percentage of gaseous headspace incorporated in the pack-
age. After HPP, the package has to return to its original vol-
ume without loss of seal integrity or barrier properties. At
least one interface in the package should be flexible enough
to transmit the pressure. Therefore, rigid metal, glass, some
plastic containers, or paper board-based packages are not
recommended, as they deform irreversibly or tend to frac-
ture under the compressive forces [3,4]. Moreover, packages
made of paperboard are not suitable for pressure treatment
either, since they can degrade under pressure [3].

« The package should maintain its integrity for visual aesthet-
ics and barrier properties, avoiding delamination, creasing,
pinholes, crazing, or other pressure-induced defects. The
latter could be distinguished between direct and indirect
pressure-induced defects [5]. Delamination not visible to
the naked eye but, nevertheless, potentially affecting bar-
rier properties, should also be assessed when developing
HPP-specific packaging and processing concepts. Especially
MAP products are prone to visual and microdefects when a
not suitable high pressure process control, like fast decom-
pression, is used in conjunction with an inappropriate film
and package design. Therefore, the packaging should be
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evaluated against the background of the intended HPP pro-
cess and decompression pattern.

o Requirements for gas and water vapor barrier properties
depend on the product application and intended storage tem-
perature. Industrial norms allow up to 12% deviation from
standard oxygen and water barrier levels [6]. For developing
shelf-stable products to be stored above room temperature,
the US army has specified a 0.06 ml/m?/day oxygen perme-
ability limit and a 0.01 g/m?®/day water permeability limit.
These specifications are required for a shelf life of 3 years at
25°C or 6 months at 37°C. On the other hand, some com-
mercial shelf-stable products require an oxygen permeabil-
ity value between 0.1 and 0.2 ml/m?/day. Retort pouches
generally carry a middle aluminium layer (e.g., 7, 9, and 15
um thick), which functions as a moisture, light, and gas bar-
rier. Retention of strength properties of a material refers to
its tensile strength, tear strength, puncture resistance and
the seal strength. Industrial norms suggest that deviations
in tensile strength, elongation, elasticity modulus, as well as
seal strength, must remain within the 25% range for these
properties [6]. In this case, a structure that provides extract-
tight seals, rounded and reinforced edges is required.

o MAP packs contain a gaseous headspace of 30-50%, which
is typically a mixture of CO, and N, or O,. However, a gas-
eous headspace leads to a higher decrease in package volume
during HPP compared to vacuum packaging. Consequently
the impact on the packaging and risk of damage is higher.
Suitable elastic materials and package shapes are required.

« The package is expected to allow for fast cooling or preheat-
ing of the product. Foil laminated materials may provide
faster preheating than polymeric materials due to higher
thermal conductivity of the aluminum layer in the pouch [7].

o Additional desirable properties of packaging polymers
include good aging properties, printability [8] and transpar-
ency [9]. Good barrier polymer-based packaging materials
can provide transparency, while aluminum and metalized
coating cannot provide visibility to the consumer.

o The material must also not allow the migration of compres-
sion fluid or food components through the package or the
transfer of packaging components to the food during pro-
cessing or storage. The required EU limit for global migration
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of film components is 10 mg/dm?. Other substances of films,
like antioxidants, have various specific migration limits.
Exemplary studies have shown that neither the global nor
the specific migration was altered in an undesired way after
HPP [10,11]. Due to the large variability of commercially
available film blends the migration of packaging which is
intended for HPP should be assessed on a case-by-case basis.

The general requirements for HPP packaging, including integrity,
oxygen and water permeability, seal and physical strength, and global
migration of components, are summarized in Table 8.1. Not meeting gas
permeability and strength property requirements is sufficient for initial
rejection and out-screening. Commercial packaging manufacturing norms
allow deviations of up to 12% in permeability and 25% deviation in mate-
rial strength, including seal strength. Table 8.2 lists a number of polymers
that have been considered for HPP applications and their oxygen and water
permeabilities.

The container types commercially utilized for various product applica-
tions (fruits and vegetables, red meat and poultry, fish, and dairy) by a
number of companies in Australia, Germany, New Zealand, and the USA
have been summarized in Table 8.3. These are HPP products utilizing
low temperature (<10°C), including refrigerated ready-to-eat meals. In
this case, single and combinations of PET, PE, PP and EVOH are com-
mon materials composing trays, bottle and flexible pouches. Stand up and
resealable pouches are becoming a popular option for high value addition
in HPP applications. In general, additional packaging functions such as
value-added design, incorporation of intelligent, active or convenience fea-
tures have become important for HPP marketing. Especially in advanced-
economy countries, there is a clear trend towards resealable MAP trays
made by semi-rigid, easy-peel films for more convenience as well as for
better visual product presentation in a modified atmosphere package.

8.3 Modified Atmosphere Packaging (MAP) for HPP

For a growing population, spare time is becoming a limited resource and
consumers appreciate more convenience packaging. In relation to food
and nutrition there is an imminent conflict: food should be convenient to
handle, store, eat and cook, it should have a long shelf life, but it should be
fresh and healthy at the same time.
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Table 8.2 Typical permeability values of polymers that have been used or evalu-
ated for HPP applications (before HPP).

Polymer Oxygen permeability Water vapor permeabil-
at 23°C 50% or 0% RH | ity at 23°C 85% RH (g/
(ml/m?*/day) m?/day)
Ethylene vinyl alcohol 0.001-0.01 (dry) 1-3
(EVOH)
Poly (vinylidene chlo- 0.01-0.3 0.1
ride) (PVDC)
Poly (vinyl alcohol) 0.02 (dry) 30
(PVAL)
Polyamide (PA) or nylon | 0.1-1 (dry) 0.5-10
Poly (vinyl chloride) 2-8 1-2
(PVC)
Polypropylene (PP) 50-100 0.2-0.4
Polyethylene (PE) 50-200 0.5-2

Some of these needs could be addressed by the combination of MAP
and HPP. High pressure processing fulfills the requirements to increase
food safety, extend shelf life and cater to the consumer preference for food
that is as natural as possible without artificial preservatives. Modified
atmosphere packaging is commonly used as an additional hurdle and for
a superior, more natural presentation of the products within the pack. The
MAP packages are gas flushed with a dedicated gas mixture to evacuate
significant amounts of air so that the oxygen content in the package is
adjusted to the product requirements and sealed with a high barrier film.
The oxygen level in the package affects the growth of bacteria, oxidation
processes and/or can have an impact on the color of fresh meat. Due to
its bacteriostatic properties, CO, is also included in the gas mixture. In
combination with high pressure it may even provide a synergistic effect on
the inactivation rates of bacteria [12,13]. Table 8.4 shows typical MAP gas
mixtures suggested for industrial use.

During the pressure ramp-up time a semi-rigid MAP package partly
and reversibly collapses due to the compressibility of headspace gas. As
shown in Figure 8.3, this could lead to delamination and crazing of com-
posite materials in flexible packages that have a relative large headspace
volume [14]. Packages of PA/PE (30 um/60 um) filled with CO, showed
partial delamination by bubble formation and partial loss of transparency
after 500 MPa for 5 min [15].
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Table 8.4 Range of typical gas mixtures for MAP (Source: Multivac).

N, content in %

CO, content in %

O, content in %

Meat, fresh 20-30 0-30 50-70
Meat Products 50-70 30 0-20
Poultry, fresh 30 70 0
Poultry, cooked / | 80 20 0
smoked
Fish 20-40 30-60 20-30
Seafood 0-70 30-80 0-30
Cheese 20-40 60-80 0
Salads 85-94 4-12 2-3
Fruits 70-95 4-20 1-10

Figure 8.3 Delaminaton and micro defects are formed in packaging materials after high
pressure processing of 600 MPa, 3 min, due to a unsuitable film and package design
combination (Source: Multivac).

The reasons for delamination are the high tensile deformation of the
film laminate structure and local temperature hot spots due to the heating
of the gases upon compression. Flexible, high-barrier films with an organic
barrier layer, like PET/PE/EVOH/PE, could be used for this kind of appli-
cation. Unlike the common “retort-shock” problem of EVOH-based films
like PP/EVOH/PP (100/10/100 um), the barrier properties are not signifi-
cantly altered after HPP (400 and 800 MPa; 40 and 75°C; 5 and 10 min)

[16].
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The package design of semi-rigid MAP packs has to be adopted to accom-
modate the volume reduction as well. To prevent dented edges associated
with increased risk of partial delamination, a MAP suitable tray should
have larger corner radii and reinforced areas like ribbing. This allows the
package to collapse during the pressure ramp-up phase and to fully expand
during the pressure release phase. Therefore, headspace volume, film and
package design must be rigorously evaluated in order to prevent delamina-
tion, flex cracking, deformation and stresses to the packages. Figure 8.4
shows examples of suitable MAP products after a high pressure treatment
at 600 MPa for 3 min.

Under high pressure, semicrystalline films like PA (colloquially known
as nylon) show a decrease in permeability with increasing pressure. This
effect is reversible and derives from the reduction of the polymer free
volume under pressure [17-19]. However, during the pressure ramp-up
phase of an HPP cycle, gases are absorbed within the film and food matrix

Figure 8.4 Package design examples for MAP and HPP (Source: Multivac).
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30 x magnification

Figure 8.5 Typical micro defects / white spots (Source: Multivac).

[20]. This amount of gas absorbed can potentially create irreversible dam-
age, microdefects and losses in permeability upon an uncontrolled quick
release of pressure (see microdefects in Figure 8.5).

Packaging damages, including microdefects, are created due to the
rapid volume expansion of gases, which are present within the film or food
matrices while the pressure drops. One study showed that an extremely
fast decompression rate (20,850 MPa/min) led to the formation of white
opaque areas and lines on the surface of a PP/PEF film, especially when
using increased headspace [21]. Figure 8.6 shows an example of the micro-
defects created followed by Raman and atomic force microscopy. These
kinds of microdefects could be overcome by controlling the decompression
gradient and pattern of the high pressure profile [18]. Figure 8.7 shows the
impact of an uncontrolled fast decompression in comparison with a con-
trolled decompression on the film after HPP of a MAP product with 70%
N,/30% CO, headspace at 600 MPa for 3 min.
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Overview image of micro defect Atomic force microscopy image of micro defect

L._-A | ]

Figure 8.6 Raman microscopy showing impact of microdefects on film layers. [22]

(a) (b)

Figure 8.7 Effects of decompression rate on packaging: (a) microdefects (white-spots)
after uuncontrolled, fast decompression; (b) intact product after HPP with a controlled
decompression. MAP product with 70% N,/30% CO, headspace at 600 MPa, 3 min
(Source: Multivac).
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However, packaging material selection yet remains a challenge for cer-
tain laminate compositions. It is known that absorbed molecules within
the amorphous areas of polymeric films can lead to morphologic changes.
Absorbed gases like CO, can lead to a decrease of the glass transition tem-
perature, which would affect the brittleness of the film [23].

Modified atmosphere packaging in combination with HPP is currently
being further developed as an alternative process and companies like
Multivac are further exploring potential packaging able to endure such a
process.

8.4 Active Packaging Materials for HPP

The application of active packaging materials containing antimicrobial
agents holds some promise to further enhance the efficiency of HPP for
food safety and shelf-life extension applications. There is evidence that
antimicrobial packaging can have strong synergistic effects with HPP to
control pathogens in meat products [24,25]. For example, combining HHP
at 400 MPa and nisin- or lactate-containing interleavers successfully inhib-
ited L. monocytogenes growth in ham slices for 30 days at 6°C, whereas
the bacteria were able to grow in HPP batches without active packaging
or non-HPP but actively packaged ham slices [24]. Another study investi-
gated the antimicrobial properties of active PLA-based materials contain-
ing either carvacrol or allyl isothiocyanate (AITC) during storage and after
HPP (up to 800 MPa at room temperature) [26]. The combination of active
AITC-based films with HPP at 300 MPa was proven to be more efficient
for inhibiting B. cinerea growth on a model food system than either HPP at
800 MPa or antimicrobial packaging used alone, even though the quantity
of active compound released from the film was lower than the minimal
quantity required to obtain inhibition at atmospheric pressure. Hence, this
synergistic effect of HPP and antimicrobial agent can be used to reduce
the quantity of active agents used in antimicrobial film and/or to reduce
intensity of the HP treatment.

One limitation of cold HPP is that microbiological spores tend to be
resistant to the treatment. Oxygen present in most food systems appears
to reduce the bactericidal effect of HPP on spores. Thus, the combina-
tion of active oxygen-scavenging films with HPP to control bacterial and
fungal spores in food systems has been explored [27]. OPET/EVOH/O,-
scavenger/CPP multilayer laminate, using reducible organic compounds
(e.g., quinones) as oxygen-scavenger material, were found to be effective
inhibitors for Neosartorya fischeri spores in nutrient broth contained in
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pouches when HPP at 600 MPa for 1 min was performed before storage at
30°C. Also, inactivation and inhibition of Bacillus subtilis spores in nutri-
ent broth during storage at 30°C, was enhanced when HPP was performed.
Results indicated that the enhanced reduction of spore growth obtained
using the combination of oxygen scavenging and HPP can be achieved
independently of the sequence in which these two steps are performed.

8.5 Challenges Encountered after HPP

High pressure processing can alter the integrity of multilayered materi-
als, including the adhesion between layers. The adhesion between layers
can be compromised if compressibility and resilience of individual layers
differ significantly. The resulting gaps between the layers may even affect
the microbiological safety of the package [9]. When an inelastic packag-
ing material is used, severe deformation is expected to occur during the
process [28].

Films with functional Al, AlOx, SiOx or other inorganic barrier lay-
ers provide less tensile strength and tend to delaminate more easily dur-
ing HPP [14,29]. Polymer-based barrier layers like EVOH have material
properties which are more akin to commonly used film layers such as PE,
PP or PET. Therefore, these laminates may provide a more homogenous
tensile strength and availability for a broader range of HPP applications.
Therefore, depending on the package multilayer composition, both revers-
ible and irreversible phenomena may occur in packaging materials exposed
to HPP. These phenomena could be further distinguished between direct
and indirect HPP-related effects [5].

Migration of packaging components into the food product after applica-
tion for high pressure has been largely dismissed. For example, the global
migration values of several multilayer packaging materials, including PET/
Al/PP and PE/EVOH/PE, into model foods were below the EU legisla-
tion limit (10 mg/dm?) after 30 min HPP at 200-500 MPa and 25°C [6].
Similarly, Mauricio-Iglesias et al. [30] reported that 5 min treatments at 800
MPa and 20 to 115°C and subsequent storage did not result in Uvitex OB
and Irganox 1076 migration from synthetic common packaging (LLDPE)
into four standard liquid food models. Similarly, migration of aroma com-
pounds into PLA was reported minimal after 5 min HPP at 800 MPa and
40°C [31]. However, application of 800 MPa at 115°C notably increases the
uptake of aroma compounds in the phase transition of the PLA material.

In the package system, compression forces not only act on the food
materials, but also on the contained gas by compressing it almost
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completely [4]. Food materials are compressed similarly to water, resulting
in limited volume reduction. Furthermore, compression forces act on the
polymeric materials forming the package, reducing the overall volume of
food package. Once pressure is released, the food package system under-
goes a reversible or quasi-reversible return to its initial volume.

Pressurization of compressible substances, such as a food product,
results in a temperature increase correlated to pressure increase. The extent
of this temperature rise depends on the pressure, the temperature prior to
pressurization, and the thermal and physical properties of the food and
packaging. As well as foods, packaging materials undergo compression
heating. For example, polymers like PP and PE undergo compression heat-
ing greater than water, as shown at low and high pre-pressurization tem-
peratures and pressures up to 750 MPa [32]. In particular, the temperature
increase with pressure is not linear; therefore, the relative increase with
respect to water depends on the pressure range selected as well as the pre-
pressurization temperature.

In a high-temperature/high-pressure process, the preheating step may
influence the integrity of some tested packages in terms of oxygen per-
meability [7], particularly if temperatures higher than 85°C are utilized.
Blistering and delamination has been observed in five packaging materi-
als (PA/coextruded EVOH, PA/PP, PET/Al/CPP from two suppliers, and
PA/Al/PP) that initially met the oxygen barrier criterion (0.06 ml/m?/
day) for long life shelf-stable products. None could survive the preheating
stage, with an observed increase in oxygen permeability between 380 and
37,000%. However, the seal strength of Al-based pouches can be improved
by preheating and subsequent application of high temperature pressuriza-
tion due to the use of PP as the internal layer in the package.

Limited information has been reported in terms of the influence of other
variables such as the film thickness, the type of food simulant contained,
and the pressurization or depressurization rates before and after HPP on
packaging integrity and migration properties.

8.6 Laminate Selection for HPP at Low Temperature

A literature review on packaging materials evaluated for conventional cold
HPP has been published elsewhere [33]. Examples of laminate materi-
als classified according to the main barrier component where applicable
(i.e., EVOH, PVDC, PA, Al-based and metalized) are shown in Table 8.5.
Another material commonly used in high-pressure, low-temperature
applications [34] is LPDE.
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The EVOH and PVDC-based packaging high pressure treated at initial
temperature lower or equal to 60°C has been shown to retain visual and
physical integrity, thus showing no signs of delamination. In general, oxy-
gen and water permeability after HPP remained within the specified devia-
tion limits (within 12% deviation according to industrial norms). Although
several PA-based materials have been tested, little has been reported on
their visual integrity after HPP. In general, the PA barrier provides higher
oxygen permeability values than EVOH and PVDC (Table 8.5); however,
the required oxygen permeability will depend on the product applica-
tion. In addition, the barrier properties of the EVOH and PA materials
are best when dry. PA is known for its high water uptake properties of up
to 30%. This could lead to swelling of the PA-layer and an enhanced risk
of delamination during HPP. In a PA/PE composite, delamination seems
to be affected by the thickness of each layer [6] and oxygen permeability
increases by more than 12% in some reported packages. Even though PA
is used for its toughness rather than barrier properties in some structures,
these structures may be unsuitable for HPP. High barrier grades of PVDC
are more brittle than EVOH and nylons and may undergo stress fracturing
when HPP treated. On the other hand, a few metal-foil materials such as
PET/Al/CPP have been reported to survive the high-pressure, low-tem-
perature process without significant delamination.

8.7 Laminate Selection for HPP at High Temperature

In contrast to the extensive number of materials evaluated for integrity after
conventional HPP, very few studies have reported the integrity and barrier
properties of individual and multilayered composite films after preheating
and high-pressure/high-temperature processing. Some EVOH materials, a
PA-based material, and Al-based/metalized pouches have achieved accept-
able visual integrity and/or permeability after high pressure and high tem-
perature, and their suitability will depend on the composition and high
pressure/temperature conditions applied (Table 8.6).

Single-layer materials used in the food industry as water vapor trans-
fer barriers, namely, PA, EVOH, PET, PP, and aluminum oxide coating,
have been reported to survive high-pressure/high-temperature processing
[7]. Most reports include visual integrity and oxygen permeability, how-
ever, little has been reported in terms of water permeability and strength
properties.

Some EVOH-based materials were reported to retain visual integrity
after high-pressure/high-temperature processing. White stains, due to
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partial delamination, have been seen in the coextruded PA/PP/EVOH/PP
[35]. Ayvaz et al. [36] processed baby carrots in PA/EVOH/EVA at 600
MPa and 110°C for 10 min, seeing minimal impact in this high barrier
packaging material after processing.

Aluminum-based pouches have shown effects from complete delami-
nation to minor blistering as a result of high temperature. Bull et al. [20]
reported a series of Al-based packages meeting the specifications for
standard retort pouches after high-pressure/high-temperature process-
ing. However, further research is needed to identify other suitable retort
pouches for high pressure and high temperature. On the other hand,
a study by Koutchma et al. [7] also reported that the magnitude of the
increase in oxygen permeability in Al-based pouches (PET/Al and PA/Al/
PP) was significantly less than that observed in traditional thermal treat-
ment (121°C for 3 min in steam retort).

8.8 Final Remarks

Design of primary, direct contact packaging for HPP requires consider-
ation of the geometry and format to maximize loading efficiencies in cylin-
drical pressurization vessels, while providing attractiveness and added
value to niche markets. Packages should be tailored for HPP by taking into
account the overall HPP process control, type of product and packaging,
package geometry and format, packaging films and film laminate struc-
ture, and type of barrier layer. A few materials utilizing PET, PE, PP, as
well as PS-EVOH, PE-EVOH, and other metallic films are currently being
utilized for commercial production. However, not all the specifications
required to determine the suitability of such packaging for applications
(i.e., visual integrity, gas permeability, seal and physical strength proper-
ties, and global migration of packaging components into the food) have
been considered together in the scientific literature. At least one of these
properties was not assessed for packages reported, not enabling a complete
screening of packaging after HPP based on literature. Visual integrity fail-
ure by delamination or blistering is sufficient to discard the material for a
given processing condition and in many publications integrity issues have
not been fully addressed. In addition, the HPP conditions reported in the
literature are variable due to differences in maximum pressure and tem-
perature achievable by laboratory-scale HPP systems. Therefore, a stan-
dardized approach for packaging evaluation for HPP is required for future
screening of multi-laminate materials.
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In general, the literature indicates that EVOH-based materials show no
deviations after conventional, low temperature (i.e., < 60°C) HPP in terms
of visual integrity, permeability, and physical properties, making it a suit-
able packaging material for high barrier applications. Modified atmosphere
packaging is an innovative, in many cases industrially proven, addition to
HPP, particularly in the development of meat products or products that
degrade easily in the presence of oxygen. The challenge is to overcome the
potential delamination defects caused by the presence of gas in the pack-
age. However, newly selected materials and a comprehensive high-pressure
process control are overcoming the problem.

For high-pressure/high-temperature processing, some EVOH- and
PA-based materials, and a few Al-based/metalized materials, show poten-
tial for further developments. However, care must be taken to consider the
effect of the preheating process on the overall integrity of the package. For
packaging materials surviving the preheating process in terms of visual
integrity, oxygen permeability changes observed between preheating and
high pressure and high temperature were minor [7]. However, others have
identified Al-based packages able to retain oxygen permeability but with-
out much success in retaining packaging integrity under the harsh high-
pressure/high-temperature conditions required for food sterilization [20].

Further research is required in the screening of new materials that are
finding applications in thermal processing (hot fill or retort) for their
potential use in HPP processes. The identification of transparent mate-
rials is desirable due to higher consumer preference. For example, thin
vacuum deposited coatings of SiO_on PET, PP or PA, that are transpar-
ent and water resistant, are appearing in retortable microwaveable options.
Another option is the evaluation of new barrier polymers currently used
as discrete layers with an oxygen permeability value 50 to 100 times lower
than PET. There is a trend to use more plastic-based, stronger packaging
materials that provide higher durability and meet the demand for higher
line speeds and packaging waste reduction. Additionally, in active packag-
ing like MAP, the use of antimicrobial films or films with natural volatile
antimicrobial compounds adds to the hurdle concept of microbial control
and provides an enormous potential for cold HPP applications.

References

1. Richter, T. Machine and method for the packaging and high pressure treatment
of products. Patent DE102009042083B3, also published as EP2308759A3,
US20110067355, 2011.



278 FuNcTiOoNAL POLYMERS IN FOOD SCIENCE

10.

11.

12.

13.

14.

15.

16.

Tonello-Samson, C. Packaging materials utilised in commercial applications.
Personal Communication, 2012.

. Caner, C, Hernandez, R. J., Harte, B. R. High-pressure processing effects on

the mechanical, barrier and mass transfer properties of food packaging flex-
ible structures: A critical review. Packaging Technology Science 17 (1): 23-9,
2004.

Mertens, B. Packaging aspects of high pressure food processing technology.
Packaging Technology Science 6:31-36, 1993.

. Fleckenstein, B., Sterr, J., Langowski, H.-C. The effect of high pressure process-

ing on the integrity of polymeric packaging: Analysis and categorization of
occurring defects. Packaging Technology Science, doi: 10.1002/pts.2018, 2013.

. Lambert, Y., Demazeau, G., Largeteau, A., Bouvier, J. M., Laborde-Croubit, S.,

Cabannes, M. Packaging for high-pressure treatments in the food industry.
Packaging Technology Science 13 (2): 63-71, 2000.

. Koutchma, T., Song, Y., Setikaite, I., Juliano, P, Barbosa-Canovas, G. V.,

Dunne, C. P, Patazca, E. Packaging evaluation for high-pressure high-tem-
perature sterilzaition of shelf-stable foods. Journal of Food Process Engineering
33 (6): 1097-114, 2010.

Venugopal, V. Retort pouch packaging. In Seafood Processing: Adding Value
through Quick Freezing, Retortable Packaging, Cook-Chilling and Other
Methods, pp. 197-215. CRC Press: New York, 2006.

Lange, J., and Wyser, Y. Recent innovations in barrier technologies for plastic
packaging: A review. Packaging Technology Science 16 (4): 149-58, 2003.
Dobias, J., Voldrich, M., Marek, M., Chudackova, K. Changes of properties
of polymer packaging films during high pressure treatment. Journal of Food
Engineering 61:545-549, 2004.

Caner, C., Harte, B. R. Effect of high-pressure processing on the migration
of antioxidant Irganox 1076 from polypropylene film into a food simulant.
Journal of the Science of Food and Agriculture 85:39-46, 2005.

Li, W,, Jian, P, Huiming, X., Yi, Y., Chunming, L. Inactivation of S. aureus and
E. coli by the synergistic action of high hydrostatic pressure and dissolved
CO,. International Journal of Food Microbiology 144:118-125, 2010.

Park, S. J., Park, H. W,, Park. ]. Inactivation kinetics of food poisoning micro-
organisms by carbon dioxide and high hydrostatic pressure. Journal of Food
Science 68 (3): 976-981, 2003.

Schauwecker, A., Balasubramaniam, V. M., Sadler, G., Pascall, M. A., Adhikari,
C. Influence of high-pressure processing on selected polymeric materials
and on the migration of a pressure-transmitting fluid. Packaging Technology
Science 15 (5): 255-62, 2002.

Gotz, J., and Weisser, H. Permeation of aroma compounds through plastic
films under high pressure: In-situ measuring method. Innovative Food Science
and Emerging Technology 3 (1): 25-31, 2002.

Lopez-Rubio, A., Lagaron, J. M., Hernandez-Munoz, P, Almenar, E., Catala,
R., Gavara, R., Pascall, M. A. Effect of high pressure treatments on the



17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Foop PAckAGING FOR HIGH PRESSURE PROCESSING 279

properties of EVOH-based food packaging materials. Innovative Food Science
and Emerging Technologies 6:51-58, 2005.

Richter, T., Sterr, J., Jost, V., Langowski, H. High pressure-induced structural
effects in plastic packaging. High Pressure Research 30 (4): 555-66, 2010.
Richter, T. Method for high pressure processing of products. Patent EP
2308325B1, also published as DE102009042088A1, US20110070341, 2012.
Schmerder, A., Richter, T., Langowski, H., Ludwig, H. Effect of high hydro-
static pressure on the barrier properties of polyamide-6 films. Brazilian
Journal of Medical and Biological Research 38 (8): 1279-1283, 2005.

Bull, M. K,, Steele, R. J., Kelly, M., Olivier, S. A., Chapman, B. Packaging under
pressure: Effects of high pressure, high temperature processing on the bar-
rier properties of commonly available packaging materials. Innovative Food
Science and Emerging Technologies 11 (4): 533-7, 2010.

Fairclough, J. P. A., and Conti, M. Influence of ultra-high pressure steriliza-
tion on the structure of polymer films. Packaging Technology Science 22 (5):
303-10, 2009.

Richter, T. Der Einfluss hohen hydrostatischen Drucks auf polymere thermo-
plastische Lebensmittelverpackungen. Dissertation Technische Universitaet
Muenchen: 97, 2011.

Boyer, S. A. E,, and Grolier, ]. P. E. Modification of the glass transitions of
polymers by high-pressure gas solubility. Pure and Applied Chemistry 77 (3):
593-603, 2005.

Jofre, A., Garriga, M., Aymerich, T. Inhibition of Listeria monocytogenes in
cooked ham through active packaging with natural antimicrobials and high-
pressure processing. Journal of Food Protection 70 (11): 2498-2502, 2007.
Jofre, A., Aymerich, T., Garriga, M. Assessment of the effectiveness of antimi-
crobial packaging combined with high pressure to control Salmonella spp in
cooked ham. Food Control 19 (6): 634-638, 2008.

Raouche, S., Mauricio-Iglesias, M., Peyron, S., Guillard, V., Gontard, N.
Combined effect of high pressure treatment and anti-microbial bio-sourced
materials on microorganisms' growth in model food during storage. Innovative
Food Science and Emerging Technologies 12 (4): 426-434, 2011.

Scully, A., Zerdin, K., Rooney, M., Hocking, A., Stewart, C. Inactivation
of microbiological spore comprises absorbing oxygen from environment
about the spore to limit the consumption of oxygen by the spore. Patent
W0O2005041694-A1, 2005.

Guillard, V., Iglesias, M., Gontard, N. Effect of novel food processing meth-
ods on packaging: Structure, composition, and migration properties. Critical
Reviews in Food Science and Nutrition 50 (10): 969-88, 2010.

Caner, C., Hernandez, R. J., Harte, B. R. High-pressure processing effects on
the mechanical, barrier and mass transfer properties of food packaging flex-
ible structures: A critical review. Packaging Technology Science 17 (1): 23-9,
2004.



280 FuncTioNAL POLYMERS IN FOOD SCIENCE

30.

31.

32.

33.

34.

35.

36.

37.

38.

Mauricio-Iglesias, M., Jansana, S., Peyron, S., Gontard, N., Guillard, V. Effect
of high-pressure/temperature (HP/T) treatments of in-package food on addi-
tive migration from conventional and bio-sourced materials. Food Additives
and Contaminants Part a-Chemistry Analysis Control Exposure and Risk
Assessment 27 (1): 118-127, 2010.

Mauricio-Iglesias, M., Peyron, S., Chalier, P., Gontard, N. Scalping of four
aroma compounds by one common (LDPE) and one biosourced (PLA) pack-
aging materials during high pressure treatments. Journal of Food Engineering
102 (1): 9-15, 2011.

Knoerzer, K., Buckow, R., Versteeg, C. Adiabatic compression heating coethi-
cients for high pressure processing: A study of some insulating polymer mate-
rials. Journal of Food Engineering 98 (1): 110-119, 2010.

Juliano, P,, Koutchma, T., Sui, Q., Barbosa-Canovas, G. V., Sadler, G. Polymeric-
based food packaging for high pressure processing. Food Engineering Reviews
2 (4): 274-297, 2010.

Le-Bail, A., Hamadami, N., Bahuaud, S. Effect of high-pressure processing
on the mechanical and barrier properties of selected packaging. Packaging
Technology Science 19 (4): 237-43, 2006.

Moueffak, H. E., Cruz, C., Demazeau, G., Montury, M. Effects of high pres-
sure on packaging materials for food stabilisation. In High Pressure Research
in the Bioscience and Biotechnology, ed. K. Heremans, pp. 467-470. Leuven
University Press: Leuven, 1997.

Ayvaz, H., Schirmer, S., Parulekar, Y., Balasubramaniam, V. M., Somerville,
J. A., Daryaei, H. Influence of selected packaging materials on some quality
aspects of pressure-assisted thermally processed carrots during storage. LWT-
Food Science and Technology 46 (2): 437-447, 2012.

Masuda, M., Saito, Y., Iwanami, T., Hirai, Y. Effects of hydrostatic pressure
on packaging materials for food. In High Pressure and Biotechnology, eds.
C. Balny, R. Hayashi, K. Heremans, P. Masson, pp. 545-547. John Libbey
Eurotext: London, 1992.

Halim, L., Pascall, M. A, Lee, J., Finnigan, B. Effect of pasteurization, high-
pressure processing, and retorting on the barrier properties of nylon 6, nylon
6/ethylene vinyl alcohol, and nylon 6/nanocomposites films. Journal of Food
Science, 74:N9-N15, 2009.



9

Inorganic-Organic Hybrid Polymers for
Food Packaging

Sreejarani Kesavan Pillai>' and Suprakas Sinha Ray"?

!DST/CSIR National Centre for Nanostructured Materials, Council for Scientific
and Industrial Research, Pretoria, South Africa

“Department of Applied Chemistry, University of Johannesburg,

Johannesburg, South Africa

Abstract

The use of polymer materials in food packaging is one of the fastest growing global
trends. There has been serious interest and effort over the last few years in the
advancement of novel food packaging concepts which can play a proactive role in
food preservation and shelf life extension. Homogeneous blending of inorganic
and organic moieties in a single-phase material offers extraordinary opportunities
to tailor barrier, mechanical, antimicrobial and other properties with respect to
food packaging application. Numerous hybrid inorganic-organic materials have
been developed using low temperature sol-gel chemistry, which enables the tailor-
ing of the nanostructure and the resulting material is often multifunctional, offer-
ing a wide range of interesting properties. These new materials can be effectively
used as transparent barrier coatings to obtain high-barrier properties for oxygen,
water vapor, and flavor permeation. Active oxygen barrier layers and nanosensors
based on inorganic-organic hybrids can also be produced via the sol-gel method,
particularly for advanced food packaging. In recent years, nanocomposites, where
polymers are formulated with fillers of nanometric dimensions, have become a
rapidly emerging field due to their huge potential to improve the performance
of materials in polymer packages. Due to the nanometer size dispersion of the
filler particles, these composites, especially natural polymer-layered silicate nano-
composites, exhibit markedly improved properties such as increased modulus and
strength, decreased barrier properties, increased thermal stability, etc. Polymer
nanocomposites-based packaging materials can also serve as carriers of some
active substances and nanosensors for tracing and monitoring the condition of
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food during transport and storage. This chapter gives a brief overview of develop-
ments in hybrid inorganic-organic polymers and nanocomposites for food pack-
aging application.

Keywords: Inorganic-organic hybrid polymers, sol-gel synthesis, polymer nano-
composites, properties, food packaging

9.1 Introduction

Hybrid inorganic-organic materials can be broadly defined as composites
with intimately mixed organic and inorganic building blocks [1,2]. These
are promising systems for a variety of applications due to their extraordi-
nary properties, which arise from the synergism between the properties
typical of each of the constituents [3]. By combining different kinds of inor-
ganic and organic components and varying their proportions at the molec-
ular level, hybrid materials with superior properties (mechanical, thermal,
chemical, optical, barrier, etc.) compared to their pure counterparts can be
generated [4]. This again, makes it possible to fine-tune material properties
and design systems for specific applications. The seemingly unlimited vari-
ety, unique structure-property control, and the compositional and shaping
flexibility give these materials a high potential [5]. Another motivational
force is the possibility to create multifunctional materials. Unlike the pure
inorganic materials which often require high temperature treatment, these
materials show more polymer-like handling because of their large organic
content or due to crosslinked inorganic networks which makes the pro-
cessing of these materials very simple [3]. Hence, hybrid materials can be
processed to any form such as gels, monoliths, thin films, fibers, particles or
powders. Consequently, inorganic-organic hybrid materials are considered
to be treasured for application in numerous areas, for example in optics,
catalysis, sensor technology, electronics, magnetism, mechanics, and food
and beverage packaging [6]. The increasing impact of hybrid materials is
summarized in Figure 9.1.

Successful commercial inorganic-organic hybrid polymers have been
part of manufacturing technology since the 1950s and have emerged with
the development of the polymer industry [6,7]. However, the field of inor-
ganic-organic hybrid materials has grown rapidly since the 1980s with the
expansion of soft inorganic synthetic processes and availability of novel
physicochemical characterization methods [8,9]. In particular, the mild
synthetic conditions offered by the sol-gel process (metallo-organic pre-
cursors, organic solvents, low processing temperature, and processability
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Figure 9.1 Impact of hybrid materials in academic and industrial sectors (reproduced
with permission from [1]).

of the colloidal state) was one of the major driving forces for the develop-
ment of the so-called functional hybrid materials [6].

Generally, hybrid materials are constituted of organic polymers and
inorganic components, mainly metal oxide and metal-oxo polymers or
others such as phosphates, carbonates and chalcogenides [1]. The inor-
ganic part is generally amorphous networks, nanocrystalline networks or
metal-oxo clusters which are formed via condensation of metal organic
precursors or metallic salts. The size of the inorganic component can vary
from lower micrometer to nanometer range. The term “nanocomposite”
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is used if the discrete inorganic structural units have dimensions in the
nanometer length scale (1-100 nm) and the term “hybrid materials” is
more often used if the inorganic units are formed in situ by molecular pre-
cursors [9].

9.2 Classification and Terminology of Inorganic-
Organic Hybrids

9.2.1 Classification Based on Type of Interaction

Inorganic-organic hybrid materials are not simply physical mixtures but
also have a high level of mixing of inorganic and organic components
at the nanometer or molecular level [10]. Such materials can be either a
homogeneous mixture derived from monomers and miscible or compat-
ible organic/inorganic components or heterogeneous mixture (phase-
separated system or nanocomposite), where one of the domains has a
dimension ranging from a few angstroms to several nanometers [11-13].
A distinct characteristic of hybrid materials is that their properties are
related not only to the chemical nature of individual components but also
to the nature of interface between them [14]. Hence, based on the nature
of interaction at the interface, these materials are categorized into two dis-
tinct classes: Class I materials with weak bonds (hydrogen, van der Waals
or ionic) and Class II materials with strong bonds (covalent, coordination,
iono-covalent) [15,16]. Examples of Class I materials include blends and
interpenetrating networks. In blends, a weak crosslinking occurs by the
entrapped inorganic units through physical interaction with the polymer
matrix [4], while in the latter, the organic and inorganic network interpen-
etrate without strong chemical interactions [9]. Class IT hybrids are formed
when inorganic building blocks are covalently bonded to the organic poly-
mers [9]. A critical challenge in the design of these Class II inorganic-
organic systems is the control of the mixing between the two dissimilar
phases. The preparation of these materials hence usually requires some
effort to establish the chemical link (e.g., development of special precur-
sors) between the organic and inorganic components to overcome the
phase separation or leaching problems [4]. A pictorial representation of
different types of hybrid materials is given in Figure 9.2.
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Figure 9.2 Types of inorganic-organic hybrid materials (reproduced with permission
from [3]).

9.2.2 Classification Based on Morphological Combination

Another classification of inorganic-organic hybrid materials is based on
the morphological combinations of the components [17] as follows: Class
1 - Inorganic matrix systems; where organic materials were embedded in
an inorganic polymer. Class 2 — Organic matrix systems; where inorganic
materials are embedded in an organic polymer. Class 3 - Interpenetrated
networks systems; where inorganic and organic polymeric networks are
independently formed without mutual chemical bonds. Class 4 — Truly
hybrids systems; where inorganic and organic polymeric systems with
mutual chemical bonds are formed. Class 5 — Inorganic core/shell matrix
systems; where core/shell nanoparticles are in organic polymer structures.

9.2.3 Polymer Nanocomposites

While most compounds can be reasonably considered to be formed by a
predominant matrix (be it organic or inorganic) and a host component
inserted within the structure of the former, that is not the case for certain
types of hybrids. These materials, formed by colloidal nanometer-sized
particles (size < 100 nm) of metals or metallic compounds in polymer
matrix constitute a separate category called “polymer nanocomposites”
In these materials, inorganic nanoparticles are not the host for the inter-
calation of organic polymers, but at the same time they are too large to
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be considered guest species conforming to the structure of the polymers.
These materials could therefore be considered as true composite materials
where each component still retains its own structure but with an increased
interfacial interaction derived from the particle size in the nanometer range
[18]. Depending on the nature and surface functionality of the nanofillers,
nanocomposites could exhibit modifications in their properties such as
improved mechanical and barrier properties, higher transparency [19-22],
etc. Such property enhancements rely on their nanoscale dispersion, even
with a very low level of nanofiller incorporation (<5 wt%), which results
in high aspect ratio and high surface area. The reinforcement efficiency of
nanocomposites can match that of conventional composites with 40-50%
of loading with classical fillers [19].The different nanofillers can be classi-
fied depending on their aspect ratio and geometry, such as (i) platelet or
layered particles (e.g., clay, graphene), (ii) spherical (e.g., silica or metal
nanoparticles) or (iii) acicular or fibrous ones (e.g., whiskers, carbon
nanotubes) [23]. Besides reinforcing nanoparticles, whose main role is to
improve mechanical and barrier properties of the polymer materials, there
are several types of nanostructures responsible for other functions, some-
times providing active or “smart” properties to the polymer system such as
antimicrobial activity, enzyme immobilization, biosensing, etc. Some par-
ticles can have multiple applications, and sometimes the applications can
overlap, such as some immobilized enzymes which can act as antimicrobial
components, oxygen scavengers and/or biosensors [24].

9.2.4 Terminology

Depending on the process to make the inorganic-organic hybrids, they
are associated with different names. The most versatile technique for the
preparation of hybrid materials is the sol-gel process, where the formation
of inorganic moieties starts from molecular precursors [4]. The hybrids
made by the process where a silane coupling agent is used to modify the
metal alkoxide, which is subsequently blended with reactive monomers
and suitable catalysts for secondary polymerization to form a network, are
called ORMOSILs (organically modified silanes) [25]. These materials are
also known as ORMOCERs [26] to reflect their more ceramic-like proper-
ties following thermal treatment. These materials offer several advantages
such as crack resistance, low light scattering, better mechanical properties,
and flexibility [27].

Another class of inorganic-organic hybrid materials are CERAMERSs
[28], in which monolithic networks are prepared from reactive components
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such as soluble metal alkoxides and an oligomer or polymer with alkoxysi-
lane functionality. The brittleness and optical properties of the ceramics in
these materials could be modified by appropriately choosing the polymeric
species [29].

NANOMERs are surface modified or unmodified nanometer-scale
materials available as fillers for a range of polymer resins from commodity
polyolefins to specialty polyamides. Nano-effects have been demonstrated
for resins in which nanomers are added either during polymerization or by
melt-compounding [30]. These inorganic materials can impart properties
such as wettability, coloration, selective adsorption, porosity, etc., to the
resulting polymer nanocomposite or nanohybrids.

9.3 General Preparation Strategies for Organic-
Inorganic Hybrid Polymers

There are a number of synthetic strategies to produce inorganic-organic
hybrid materials in which the control of mixing the inorganic and organic
phases differs, resulting in various degrees of homogeneity between the
phases [31]. If the two phases have opposite properties or polarity, the sys-
tem would thermodynamically phase-separate. The same can happen on
the molecular or nanometer level leading to microphase separation [3].
This phenomenon in turn is related to the chemical nature of the interface
developed during the synthesis processes [1]. The type of properties and
additional functionalities required in the final materials also play a major
role in choosing the synthesis route of these hybrids.

9.3.1 Class I Hybrids

In Class I materials, the lack of strong interaction between the inorganic
and organic entities leaves some potential for dynamic phenomena in the
final material, which may lead to particle aggregation or separation of dis-
crete phases resulting in poor mechanical, optical, electrical, etc., prop-
erties [3]. Weak interaction becomes advantageous when mobility of one
component in the other is required for targeted properties [9]. Otherwise
these problems can be avoided by adopting proper synthesis strategies.
Class I hybrids are generally synthesized based on a bottom-up approach
(Lego-like chemistry), where nanosized building blocks (BBs) self-assem-
ble into dense or porous structures [32]. The BBs are often inorganic moi-
eties (metal clusters, nanoclay minerals, nanoparticles, preformed colloidal
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particles, etc.) with well-defined size, shape, tailored surface structure and
composition [9]. The BBs may then be assembled in the second phase
through intercalation chemistry, amphiphilicity driven self-assembly or
electrostatic interactions [33]. The interface between two phases can be
tailored by adding functional groups to the surface of the inorganic build-
ing blocks either by their post-synthesis modification (two-step process) or
during their synthesis (in situ). The attachment of functional groups to the
surface of the inorganic component occurs through different interaction
mechanisms and hence a variety of organic groups can be applied for the
functionalization process [9]. Similarly other methods employed to over-
come the interface include use of polymers with functional groups that
can interact with the modified surface of inorganic particles or selection of
monomers that can react with the polar inorganic surfaces via formation
of covalent bonds [25].

Generally, for the mixing of organic components with the inorganic
part, three methods are used: (i) intercalation of monomers followed by in-
situ polymerization, (ii) direct intercalation of polymer chains from solu-
tion, and (iii) polymer melt intercalation. The incorporation of unmodified
NBBs is done either by attaching an inert organic layer on the surface of the
particle core (core shell) that can act as the compatibilizer at the particle/
polymer interface, or by encapsulation of particles by special polymeriza-
tion techniques such as emulsion polymerization [3].

Class I materials can also be synthesized by stimulating a phase separa-
tion by changes in the reaction conditions (e.g., temperature, pH), solvent
composition, and polymerization process. In this method, the initially
miscible system of the organic and inorganic constituents separates into
structured domains. These hybrids can be later converted to porous struc-
tures either by calcination or by solvent extraction [19]. Another popular
method of forming Class I hybrids is through templating (coating, cast-
ing or mineralization) of organic polymer [20]. This method is specifically
used for producing macroporous and hierarchically structured materials.

9.3.2 Class II Hybrids

The most versatile method for the preparation of Class II hybrids is sol-gel
processing, which allows the formation of inorganic entities starting from
molecular precursors [4]. This process is basically an organic polyconden-
sation reaction, which involves the successive hydrolysis and condensa-
tion of organically functionalized metal precursors to form crosslinked
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Scheme 9.1 Sol-gel process (reproduced with permission from [3]).

3D-networks with metal-oxo (M-O) or metal-hydroxo (M-OH) bridges
[34,35]. The reactions are presented in Scheme 9.1.

The inorganic precursors used are metal halides, metal or silicon alk-
oxides, and organometallic coordination compounds. The mild reaction
conditions and the broad solvent compatibility offer the possibility to carry
out this network-forming process with preformed organic polymer or to
carry out the organic polymerization during or after the sol-gel process
[9]. The type of solvent, catalyst and inorganic precursors along with their
ratio determines the morphologies and properties of the sol-gel products
[36]. The most prominent inorganic material formed during the sol-gel
method is unmodified or organically modified SiO, using precursors Si
(OR), or R Si (OR), respectively. This process can be extended to other
metal oxide precursors of Sn, Zr, Ce, Al, etc. Since C-Si bond is stable to
hydrolysis, a variety of modifications can be directly incorporated to SiO,
network, whereas for the organic modification of metal-containing inor-
ganic moieties, coordination of multidentate ligands, which show a higher
stability towards substitution reaction, is used [37].

The common methods used to incorporate an inorganic part to organic
polymers applying the sol-gel approach are:

a) Mixing of the precursor for the sol-gel process with the
preformed organic polymer followed by an inorganic
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polycondensation reaction. The structure of the preformed
organic building block is retained in the final material.
Organic polymers with functional groups which have spe-
cific interaction (e.g., hydrogen bonding) with the sol-gel
compounds have to be selected for this strategy to avoid
macrophase separation [3,38]. Parameters employed for sol-
gel (e.g., pH, reaction time, temperature, solvent) have a cru-
cial influence on the morphology of the inorganic species in
the resulting material and its properties [39].

b) Polymerization of an organic monomer in the inorganic gel.
Here, the preformed inorganic structures are crosslinked by
in-situ polymerization reactions or infiltration of the mono-
mers [40]. To improve the interaction between inorganic
and organic phases, coupling agents such as trialkoxy silanes
with organic functionality (e.g., methacryloxytrimethoxy
silane) are used [41].

¢) Simultaneous formation of the inorganic and organic net-
work by the adjustment of hydrolysis conditions, making the
reaction faster; hence phase separation can be minimized in
this case [3].

d) Dual network materials in which the molecular precursors
for the formation of the two networks are covalently linked
to each other, where bifunctional molecular precursors
bearing an inorganic and an organic functionality [42] are
used. The latter must be capable of undergoing polymeriza-
tion or crosslinking reactions. Usually, these precursors are
reacted first with water. After the formation of the inorganic
network, the organic groups are polymerized or crosslinked
to form extended organic structures.

The amount of incorporated inorganic moiety can be varied over a wide
range. In addition to the sol-gel processing parameters, the morphology
of the hybrid materials obtained by the interpenetration of polymers and
inorganic moieties is dependent on polymer variables such as the molecu-
lar weight, the presence and extent of polymer functionality and shape,
and the solubility of the polymer in the sol solution. Therefore, possibilities
for synthesizing this type of materials are immense [3]. These strategies
are simple, cost effective and produce amorphous nanocomposite hybrid
materials exhibiting a variety of microstructures which can be transparent
and easily shaped as films or bulks. The materials thus formed are cheap,
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very versatile, present many interesting properties and consequently give
rise to many commercial products [1].

9.3.3 Polymer Nanocomposites

The most traditional and easy method for the synthesis of inorganic-
organic polymer nanocomposites is direct mixing of the nanoparticles into
the polymer. The blending can generally be done by melt or solution mix-
ing. The main difficulty in the mixing process is accomplishing an effec-
tive dispersion of the nanoparticles in the polymer matrix because they
have a strong tendency to form agglomerates. In melt processing, particles
are dispersed into a polymer melt and polymer inorganic nanocomposites
are then obtained by extrusion. Solution blending is a liquid-state pow-
der processing method that provides a good level of molecular mixing
and is widely used in material preparation and processing. Some of the
limitations of melt mixing can be overcome if both the polymer and the
nanoparticles are dissolved or dispersed in solution, but there is a cost sub-
ject to the solvent and its recovery [43].

Another simple and efficient method to incorporate inorganic nanopar-
ticles into polymers consists of performing in-situ growth inside the poly-
mer matrix [44-47]. In this method, the particles are formed from their
respective precursors in the presence of the polymer matrix. The incorpo-
ration of precursors into the polymeric matrix is usually achieved either
from the gas or liquid phases, but it is also possible to mix the components
in the solid phase. This step is followed by the removal of unwanted chemi-
cal products after the nanoparticles have formed. A number of pathways
including chemical reductions, photo-reductions, and thermal decompo-
sitions can be used for the in-situ fabrication of nanoparticles [48,49].

An alternative approach consists of the concurrent formation of both
the polymeric matrix and the nanoparticles, and it is considered to be a
promising methodology for the synthesis of polymer nanocomposites. In
this approach, precursors of the nanoparticles are dispersed into polym-
erizable monomers, and the polymer matrix is prepared simultaneously
during the generation of the nanoparticles. Hence, the in-situ metal sur-
faces that are formed can catalyze or initiate the polymerization through a
transfer of electrons from the metal surface atoms to the monomers. Thus,
the degree of dispersion of the inorganic components may influence the
formation of the nanoparticles, which in turn affects the degree and rate of
polymerization achieved by the polymeric matrix [50].
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The sol-gel processing of nanoparticles inside of a polymer dissolved
in nonaqueous or aqueous solutions results in the generation of interpen-
etrating networks between inorganic and organic moieties at low tempera-
tures; this network improves the compatibility between components and
builds strong interfacial interaction between the two phases. This process
has been used successfully to prepare nanocomposites with silica, alumina,
calcium oxide, and titania in an extensive range of polymer matrices [51].

9.4 Characteristics of Polymer-Based Food Packaging
Materials

Over the last decades, the use of polymers as food packaging materials has
increased massively due to their benefits over other traditional materials
such as glass or metals [52,53]. A great benefit of polymers is the large
diversity of materials and compositions available, which make it possible
to adopt the most convenient packaging design to the very specific needs
of each product. Characteristics of polymers such as their low cost, light-
weight nature, thermosealability, ease of printing, microwaveability and
optical transparency can also be adapted to specific requirements of the
products. They can also be conformed into an infinite variety of sizes and
shapes depending on the thermal and mechanical properties. Furthermore,
polymers can also be incorporated in integrated production processes
where the package is formed, filled and sealed in the same production line,
making the process quick and cheap and avoiding the transport and stor-
age of empty packages. Another important factor is that plastics can be
selected with adequate chemical inertness to suit almost every food prod-
uct [54,55].

An important function of packaging, when regarded as a food preserva-
tion technology, is to retard food product deterioration, extending shelf
life, and to maintain and increase the quality and safety of the packaged
foods. Thus packaging materials provide physical protection and cre-
ate appropriate physicochemical conditions for products that are neces-
sary for obtaining a suitable shelf life. The packaging system, based on a
proper choice of the packaging materials in conjunction with appropriate
gas (e.g., O,, CO,), light and water vapor barrier and mechanical proper-
ties, prevents product deterioration due to physicochemical or biological
factors and maintains the overall quality during storage and handling [56].
Traditionally, food packages have been defined as passive barriers to delay
the adverse effect of the environment on the contained product. However,
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the current tendencies include the development of packaging materials
that interact with the environment and with the food, playing an active role
in preservation. These new food packaging systems have been developed
as a response to trends in consumer preferences toward mildly preserved,
fresh, tasty, and convenient food products with a prolonged shelf life [57].

The use of different polymers in the food packaging industry depends
on the properties of the food product. Also, manufacturing, handling,
and packaging engineering procedures can influence the final properties
of packaging material, especially in terms of barrier properties which are,
further, strictly correlated to the intrinsic structure of the polymer such
as degree of crystallinity, crystalline/amorphous phase ratio, nature of
polymer, thermal and mechanical treatment before and after food contact,
chemical groups present in the polymer (polar or not), degree of cross-
linking, and glass transition temperature [58]. The selection of the best
packaging material is a crucial point for the food market, because it needs
to be versatile enough to withstand handling process forces maintaining
physical and chemical integrity and suitable for barrier properties to sev-
eral gases used in modified atmosphere packaging (MAP) techniques (e.g.,
O,, N, CO,) [3]. Furthermore, the intrinsic composition of the packed
food (e.g., pH, fat content, aroma compound) may have influence on the
sorption characteristics of the packaging materials, while environmental
factors like temperature and, for some polymers, relative humidity, may
affect their barrier characteristics [59].

9.4.1 Permeability Behavior

Long-term preservation of food products requires packaging with high
diffusion-barrier performance materials [60]. In contrast to glass or metal
packaging materials, packages made with plastic are permeable at different
degrees to small molecules like gases, water vapor, and organic vapor and
to other low molecular weight compounds like aromas, flavors, and addi-
tives present in food. As a consequence of different barrier properties of
the material, the transfer of these molecules ranges from high to low [61].
Permeability is generally defined as the quantification of permeant
transmission, gas or vapor, through a resisting material [62,63]. So the
concept of permeation is directly associated with barrier properties of
polymer-based packaging materials. A permeant molecule moves through
a barrier in a multistep process: the permeant dissolves in the film matrix
at the higher concentration side, diffuses through the film driven by a con-
centration gradient, and desorbs from the other surface [61] (Figure 9.3).
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Figure 9.3 General mechanism of gas permeation through plastic films (reproduced with
permission from [61]).

In virtually every case, the permeation is controlled by the dissolution
and diffusion steps. The diffusion coefficient, D, is a measure of the speed of
molecules moving in the polymer. The solubility coefficient, S, is an indica-
tion of the number of permeant molecules that are diffusing [64,65]. Based
on Henry’s law of solubility [66], Fick’s law of diffusion [67], and assuming
steady-state transport, the relationship between D, S and the permeation
coefficient (P commonly called permeability) simplifies to:

P=DxS (9.1)
A low permeability may result from a low diffusion coefficient or a low
solubility coefficient or both. The most commonly used SI unit (at STP) is
cm’/cm? sec (cm Hg). When the permeability coefficient is measured with
the manometric method, cm?/m? day bar is used to express the permeabil-
ity value [61]. Several reports on conversion factors, gas transmission rate,
are available in the literature [68-70].

Water vapor and oxygen are two of the main permeants studied in pack-
aging applications, because they may transfer from the internal or external
environment through the polymer package wall, resulting in a continuous
change in product quality and shelf life [71]. The oxygen transmission rate
of packaging materials is of great importance because oxygen promotes a
lot of degradation mechanisms of a food, such as corrosive phenomena,
oxidations, and great modification of organoleptic properties [72]. The
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water vapor barrier properties for the packaged product, whose physical
or chemical deterioration is related to its equilibrium moisture content,
are of great importance for maintaining or extending its shelf life. Water
vapor transmission rate (WVTR) is mostly reported at standard conditions
of temperature (37.8°C) and relative humidity (90%). Carbon dioxide has
also become very important for MAP technology because it can potentially
reduce the degradation phenomena associated with processed fresh veg-
etable products, leading to a significantly longer shelf life [73]. Generally,
the permeabilities of N, O, and CO, are in the ratio 1:4:14. In addition
to functioning as gas and moisture barriers, polymers are also utilized in
packaging applications that require flavor, aroma, or solvent barriers [74].

Humidity and temperature can affect permeability of polymer films.
When a polymer equilibrates with a humid environment, it absorbs water
which may increase the permeability, whereas the permeability in general
increases with increasing temperature. Additives can also play an impor-
tant role in altering the permeation behavior of polymers. When a poly-
mer is plasticized with small molecules that are soluble in polymer, it can
increase the D of the permeant without affecting S. For inorganic fillers,
the permeability might increase if the polymer does not wet the filler. The
permeability will decrease if the polymer wets the filler. Filler in the form
of platelets can lower the permeability when compared to filler with a more
compact shape. If the platelets tend to lie in the plane of the film, permeant
molecules must make wide detours (tortuous path) while traversing the
film (Figure 9.4). This gives a greatly reduced effective diffusion coefficient
[75].

water vapor, oxygen I water vapor, oxygen

Figure 9.4 Illustration of the “tortuous pathway” created by fillers with platelet structure
(a) diffusing gas molecules on average migrate via a pathway that is perpendicular to the
film orientation; (b) diffusing molecules must navigate around impenetrable particles/
platelets and through interfacial zones which have different permeability characteristics
than those of the virgin polymer (reproduced with permission from [75]).
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Other factors such as size, shape, and polarity of the penetrating mol-
ecule of the permeant and crystallinity, degree of crosslinking and polymer
chain are also influences on the permeation process. Since gas molecules
cannot permeate through crystallites, an increase in crystallinity of a poly-
mer can reduce the rate of gas transmission. Thus, the gas permeation into
semicrystalline polymers is limited to the amorphous regions [61].

9.4.2 Mechanical Properties

The role of packaging material is to protect the original quality of foodstuff
from undesirable external influences. Structural characteristics as well as
conditions in which external forces take effect are crucial factors that influ-
ence increase in defects, random breaking and crevices in the material
[76]. Tt is well accepted that the polymer design plays an important role
in the mechanical properties, and consequently in the process utilized to
model the final product (injection molding, sheet extrusion, blow mold-
ing, thermoforming, and film forming). In addition, many packages are
commercially used below room temperature, so it is important to assess
the mechanical performance of materials under these conditions [77]. The
benefit of using polymers as packaging materials is the feasibility of tai-
loring a structure and mechanical properties to meet the requirement of
protection, preservation and distribution of specific products. Mechanical
properties of packaging materials include tensile strength, elongation,
burst strength, tearing resistance and stiftness [78].

No pristine polymer exhibits all desired mechanical properties required
for every conceivable food packaging application. Hence several hybrids
have been developed by adding reinforcing fillers such as inorganic fibers,
platelets, and particles to polymers to enhance their properties [79].
Mechanical properties of these filled polymers are affected by the shape,
size, and orientation of the fillers [56]. Moreover, the dispersion and
chemical nature of the filler also play a fundamental role in the mechani-
cal properties of the hybrid materials [80]. Recent developments showed
that polymer nanocomposites consisting of a polymer and nanometric
inclusions exhibit remarkably improved mechanical and physical prop-
erties when compared to those of neat polymers. A uniform dispersion
of nanoparticles leads to a very large matrix/filler interfacial area, which
changes the molecular mobility, the relaxation behavior and the conse-
quent thermal and mechanical properties of the material. Fillers with a
high aspect ratio are particularly interesting because of their high specific
surface area, providing better reinforcing effects [81-83]. Additionally,
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optimizing the interfacial bond between the particle and the matrix, one
can tailor the properties of the overall composite, similar to what is done in
macrocomposites. For example, good adhesion at the interface will result
in improved properties such as higher modulus, increased strength and
heat resistance, higher shear strength, delamination resistance and corro-
sion resistance [84].

Tensile test analyses are made to determine the tensile strength (MPa),
the percent elongation at yield (%), the percent elongation at break (%) and
the elastic modulus (GPa) of the food polymer packaging material [73].
These values are important to get mechanical information of the materials
to be compared with the commercial ones [85]. An impact properties test
is a method utilized to determine the energy that causes the plastic to fail
under specific impact conditions [86].

9.4.3 Other Properties

The interaction and absorption between chemical compounds and poly-
mer may affect the final mechanical properties of a polymer. Normally
the chemical resistance is tested measuring the tensile stress, elongation at
break and modulus of elasticity of sample submerged in weak and strong
acid solutions as a function of time, simulating real conditions, at ambient
temperature (23°C), 18°C and 29°C. The weak acid solution is prepared
with acetic acid while the strong acid solution is prepared with hydrochlo-
ric acid [77].

Good optical properties, such as high surface shine and transparency,
are important for packaging materials to satisfy consumer demand for a
clear view of the product. Traditional hybrid materials tend to be largely
opaque because of light scattering by the particles or fibers embedded
within the continuous phase. However in nanocomposites, the domain
sizes are reduced to a level such that true “molecular composites” are
formed [56]. Based on the molecular or nanoscale dimensions of the
building blocks, light scattering in homogeneous hybrid material can be
avoided, and therefore the optical transparency of the resulting hybrid
materials and nanocomposites is relatively high [3].

Condensation (fogging) of water vapor on the inner surface of food
packs can occur when the temperature of the pack environment is reduced,
resulting in a temperature differential between the pack contents and the
packaging material. Fogging of the inner surface of lidding film is a result
of light scattering by the small droplets of condensed moisture that leads to
poor product visibility and an aesthetically unpleasing appearance of the
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pack. This can be overcome by applying antifogging agents to the plastic
heat-sealing layer, either as an internal additive or as an external coating.
These chemicals decrease the surface energy of the packaging film, which
enables moisture to spread as a thin film across the under surface of the
pack rather than collecting as visible droplets. Antifogging agents include
fatty acid esters [87].

9.5 Hybrid Polymers in Packaging Applications

There has been a growing interest and effort over the last few years in the
development of novel food packaging concepts, which can play a proac-
tive role regarding product preservation, shelf life extension, and even
improvement. Prolonging shelf life involves retardation of enzymatic,
microbial, and biochemical reactions through various strategies such as
temperature control; moisture control; addition of chemicals such as salt,
sugar, carbon dioxide, or natural acids; removal of oxygen; or a combina-
tion of these with effective packaging. The ideal packaging material should
be inert and resistant to hazards and should not allow molecular trans-
fer from or to packaging materials [88]. Traditional food packages which
include metal, ceramic (glass) and paper are passive barriers designed to
delay the adverse effects of the environment on the food product [89,90].
While these materials are still used, the light weight, low cost, ease of pro-
cessing and formability, and remarkable diversity in physical properties of
organic polymeric materials make plastics attractive alternatives for the
packaging of foods. Though polymers have revolutionized the food indus-
try and possess numerous advantages over conventional materials, their
major drawback is an inherent permeability to gasses and other small mol-
ecules [75]. Several new strategies have been formulated to exert a positive
action over the packaged foodstuff, including retention of desirable mol-
ecules (i.e., aldehydes, oxygen) and release of substances (i.e., carbon diox-
ide, aromas) [91]. Extensive studies have been conducted to develop hybrid
inorganic-organic polymers as packaging materials to keep the freshness
of food along with extending its shelf life. This includes development of
inorganic-organic hybrid polymers either based on sol-gel technique or via
polymers filled with inorganic particles, or layered inorganic compounds
intercalated by organic polymers. In these classes of inorganic-organic
hybrid materials, the constituents are connected with each other by strong
covalent or ionic bonds. Other nanotechnology innovations in the forms
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of pathogen detection, active packaging, antimicrobial packaging and bar-
rier formation are also poised to elevate food packaging to new heights
(4,92].

9.5.1 Hybrid Inorganic-Organic Polymers

Due to the possibility of combining characteristics of inorganic moieties
and organic polymers, materials exhibiting exceptional properties such
as transparency, good adhesion, barrier effect and corrosion protection,
adjustable mechanical properties, decorative properties, and functional
properties can be created. Class II sol-gel hybrid materials are one of the
promising examples of this category. The main interest in these hybrid
materials is as barrier coating systems to develop much more sophisticated
materials for food packaging [14]. It seems particularly attractive because
it presents several advantages such as high purity of the reactants and
of the resulting products; mild processing conditions (low temperature,
atmospheric pressure); possible control of connectivity and morphology
by suitable choice of reactants, catalyst, and reaction conditions; easy appli-
cation to any kind of substrate; transparency due to the nanosized organic
and inorganic domains; and easy inclusion of inorganic salts in the start-
ing solution to obtain a homogeneous dispersion. Moreover, by a suitable
choice of the organic-phase precursor it should also be possible to adjust
the mechanical properties of the coating, its morphology, and the adhesion
of the coating to the plastic substrate. As a consequence, the diffusion rate
of the included additives may in principle be controlled in order to prepare
coatings able to release the trapped functional additives at the desired rate.
Indeed, the possibility of preparing bioactive materials by using materials
obtained by the sol-gel approach has also been recently proposed [93-95].

Recent developments in food packaging materials trends range from the
fabrication of passive barrier coatings to active coatings that can interact
with the packaged items, or even to the development of so-called smart
packages that can monitor the conditions of packaged foodstuff [96]. New
barrier coating materials based on ORMOSILs have been developed which
act as an adhesive/sealing layer barrier against water vapor and gases, as
well as an outside layer for weatherability. The building principle of these
hybrid polymers is the sol-gel method employing different types of precur-
sor molecules. The first sol-gel process is then followed by organic cross-
linking (self, thermal or UV curing systems) or polymerization. Scheme
9.2 illustrates the steps of ORMOSIL synthesis [97,98].



300 FunNcrioNAL POLYMERS IN FOOD SCIENCE

Functional groups

@ Multifunctional precursors: type 2 or 3
HS — oR
| Sol-gel-reaction
HN— | «—— (CH,)n—-Si—OR hydrolysis
F,C(CF,),— OR (R) polycondensation
5
3MeN* + HZO - HZO
cr -ROH
0
N | |
H,C—CH—CH,—0— 0 0
| |
H,C=CH— —O—?i—O—?i—O—
HC=C=(—0— |~ (CH), (CH),
R O R R
CH2=$—C02—CH2

CH —0 C—NH—
3 CH—O,C—NH Inorganic backbone

CH,=C—CO,—CH,
CH

3

Organic crosslinking/polymerization
UV - or thermally induced
(curing reaction)

Scheme 9.2 ORMOSIL synthesis (reproduced with permission from [97]).

Thus the basis of most of the barrier coatings is polycondensation of
some percentage of Al alkoxides with phenyl- and epoxyfunctionalized
alkoxysilanes. Due to control of the inorganic and organic network den-
sities and by insertion of specific functional groups, it is possible to vary
the material property in a wide range [99]. The barrier efficiency for these
hybrid materials is related to the density of the hybrid coating, and can
be managed varying the sol-gel chemistry conditions (hydrolysis rate) and
oxide content. Furthermore, hybrid material compared to pure inorganic
material allows one to enhance the chemical resistance through incorpo-
ration of hydrophobic surface functions, such as methyl groups, which
also reduce coating stress, allowing a thicker film deposition onto eventu-
ally deformable substrates [100-106]. Hybrid polymers formed by sol-gel
process are generally amorphous materials. Since there is no crystalline
phases present in the structure, these polymers show high optical trans-
parency, which is advantageous for food packaging applications [107].
Comparing the stiffness of typical carbon-based polymers (~5GPa) with
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Figure 9.5 Hybrid coatings as barrier systems. Scanning transmission micrograph of a
thin hybrid polymer coating on SiOx deposited on a flexible PET film (reproduced with
permission from [112]).
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Figure 9.6 Passive-active barrier coating concept (reproduced with permission from
[113]).

inorganic silicon oxides (~70GPa), a combination of organic and inorganic
systems gives materials with relatively high stiffness [108-110]. Al-O-Al-
based epoxy silanes are reported to have high mechanical abrasion resis-
tance [111]. While inorganic oxides have extremely low permeation rates
for gases and water vapor, organic polymers have more flexible, open type
networks, and hence suffer from high gas permeation when used for pack-
aging application. The permeation of oxygen and water vapor drastically
reduces when SiO - and AlO -based hybrid polymer coating [112] is used
as a barrier system, as illustrated by Figure 9.5. Concerning oxygen perme-
ability, improvement factors from 30 to 300 were obtained depending on
the coating support.

A revolutionary concept called passive-active barrier coating (refer to
Figure 9.6) prepared by sol-gel method was developed by major chemical
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companies. A new combined oxygen scavenger system formed in a one-
step synthesis by hydrolysis of the corresponding alkoxysilanes is used for
integration into packaging film materials to remove oxygen by means of
the oxygen scavenger component. The functional principle of the newly
developed oxygen scavenger system is based on a photoinitiated, metal-
catalyzed oxidation of a cyclo-olefin bonded chemically to a silicate back-
bone. This concept permits the activation of the scavenging process by UV
light and prevents the formation of low-molecular-weight oxidation prod-
ucts which may decrease the quality of the packaged goods or may even
be toxic. Such active layers can be deposited on any inorganic or organic
surface [113].

In addition to their barrier properties against gases, inorganic-organic
polymers can be used as protective layers against migration of chemical
substances and for other additional functionalities [106].

The chemistry of ORMOSILs can also be tailored to have antimicro-
bial property in the coating formulations. When antimicrobial agents like
ammonium silanes are fixed to the hybrid network by covalent bonding,
microbes which have direct contact with the surface cannot grow and are
subsequently effectively inhibited. The release mechanism works by incor-
porating active agents like benzoic acid in such a way as to allow its diffu-
sion into the surroundings, thus retarding microbe attack [112].

Silver-doped organic-inorganic hybrid coatings were developed start-
ing from tetraethoxysilane- and triethoxysilane-terminated poly(ethylene
glycol)-block-polyethylene by the sol-gel process for food packaging poly-
mer materials. In addition to the good antibacterial properties observed,
the coated films showed the same transparency as the uncoated ones (due
to the nanosized organic and inorganic domains) and quite good adhesion
to both polyethylene and poly(vinyl chloride) substrates, even without any
preliminary treatment of the plastic film surfaces [114].

The recent developments for smart packaging include oxygen indica-
tors, freshness indicators and pathogen sensors based on functional mate-
rials incorporated in the active barrier coating.

9.5.2 Polymer Nanocomposites

Recent studies have shown that at smaller dimensions, materials can be
controlled at a greater extent, and hence research on application of nano-
materials (scale of 1-100 nm) in packaging is exponentially increasing
[115]. In general, the unique combination of the nanomaterial’s char-
acteristics such as size, mechanical properties, and low concentrations
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necessary to effect change in a polymer matrix, coupled with the advanced
characterization and simulation techniques now available, have generated
much interest in the field of polymer nanocomposites. In addition, many
polymer nanocomposites can be fabricated and processed in ways simi-
lar to that of conventional polymer composites, making them particularly
attractive from a manufacturing point of view [116].

Polymer nanocomposites are created by dispersing an inert, nanoscale
filler throughout a polymeric matrix. Filler materials can include clay and
silicate nanoplatelets silica (SiO,) nanoparticles [117-120], carbon nano-
tubes [121-126], graphene [127,128] and other inorganics. Melt process-
ing, in-situ polymerization and solution-based processing techniques are
employed for the preparation of different filler/polymer nanocomposite
systems [129-131]. Polymer nanocomposites-based packaging materials
have several valuable properties as packaging materials for improving food
quality and extending the shelf life through minimizing microbial growth
in the product [115]. Nanocomposites exhibit increased barrier properties,
increased mechanical strength, and improved heat resistance compared to
their neat polymers and conventional composites [130,131]. Also, because
of their improved mechanical properties, nanocomposites may allow
down-gauging, thus reducing materials usage. Nanocomposites may even
offer environmental advantages over conventional plastics. For instance,
when a nanofiller is dispersed within the biocompatible polymer polylactic
acid (PLA), the nanocomposite actually has a faster rate of biodegradation
than PLA containing no such additives [132]. In addition to serving as
barriers to water vapor, gases, and solutes, they can also act as carriers of
some active substances such as oxygen scavengers, antimicrobial agents,
moisture absorbers and nanosensors for food quality measurement [56].
In summary, the main applications for polymer nanocomposites for food
packaging will be “improved” (where the nanoparticles in the polymer
matrix improve the properties of packaging flexibility, barrier property and
thermal resistance); “active” (the presence of nanoparticle allows packages
to interact with the food environment); and “intelligent/smart” (nanopar-
ticles as nanosensors to monitor the conditions of packaged food) [76].

Polymers incorporating clay nanoparticles are among the first polymer
nanomaterials to emerge on the market as improved materials for food
packaging. Clay nanoparticles have a nanolayer structure with the layers
separated by interlayer spaces [133-135]. Their dimensions, 1 nm thick
and 100 to 500 nm in diameter, result in platelets of high aspect ratio [136].
The effect of nanoclay minerals on polymer properties originate mainly
from their high surface area to volume ratio, since polymer-filler interac-
tions are governed by interfacial forces. Clay particles should be exfoliated
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Figure 9.7 (a) TEM image of PA6/5% C30B nanocomposites showing exfoliated clay
platelets; (b) Effect of clay organic modifier on the barrier properties of high density
poly(ethylene) (HDPE) matrix. MMT clays were chemically modified with trimethyl-
(octadecyl)ammonium [3], dimethyldi(octadecyl)ammonium [o], methyl-tri (octadecyl)
ammonium [A] and tetra(octadecyl)ammonium [V] surfactants (reproduced with
permission from [75,133]).

as individual platelets and uniformly dispersed within the polymer matrix
in order to take full advantage of the potential high surface area [134].
The clay minerals are generally organically modified with surfactants to
increase the compatibility with hydrophobic polymer matrices and exfo-
liation. Exfoliated nanoclay layers are effective at improving gas and water
vapor barrier properties of polymeric materials [75,137]. When dispersed
into polymers, they create a maze structure that presents a tortuous path
to moving gases, greatly slowing their permeation rate (refer to Figure 9.7)
[138]. It is well known that clay particles are effective nucleating agents
which greatly change the crystalline morphology and crystal type for poly-
mers like nylon 6 or polypropylene, which can also affect the barrier prop-
erties of pristine polymers [139].

Properly dispersed and aligned clay platelets have proven to be very
effective for increasing mechanical properties such as strength and modu-
lus of the nanocomposites. Traditional composite structures contain large
quantities of filler (approximately 60% vol), whereas in polymer nanocom-
posites, dramatic changes in properties are possible at very low loadings
(< 10 vol%) [140]. The significant improvements of tensile strength and
tensile modulus given by the exfoliated clay minerals on polymer nano-
composites were first reported by Toyota researchers [141]. The tensile
strength of polyamide-6 was increased by 55% and the modulus by 90%
with the addition of only 4 wt% of delaminated clay. More than a 10-fold
increase in strength and modulus in a rubbery epoxy matrix with only 15
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wt% of delaminated organically modified clay minerals [142] was reported
later on. A 30% increase of tensile modulus could be obtained in partially
delaminated unsaturated polyester-clay nanocomposite with 5 vol% of clay
mineral content [75].

Other benefits have been reported on the performance of a diversity of
polymers resulting from using clay nanoparticles, including increased glass
transition [143-145] and thermal degradation temperatures [145-147],
with a minor disadvantage of decreased transparency [145]. Toyota was
the first company to commercialize nanocomposite materials, and they
found that the addition of 5 wt% nanosized montmorillonite clay signifi-
cantly increased the thermal properties of different grades of nylon [148].
This property was combined with a reduction in the thermal expansion
coeflicient up to 45%. The improvement of heat distortion temperature
increased with the length and the content of silicate layers, and was attrib-
uted to the presence of a constrained region in the nanocomposites [56].

There are several reports on polymer nanocomposites containing car-
bon nanotubes and graphene nanoplates with improved heat resistant,
high barrier nanocomposites with improved mechanical properties that
are promising in food packaging applications. However, the use of these
fillers in nanocomposites, to date, has been limited by challenges in pro-
cessing and dispersion, and their exorbitantly high cost [140,149].

Active packaging is designed to integrate constituents (nanoparticles)
that would interact with the packaged food or with the environment sur-
rounding the food. At present, active packaging has been mainly advanced
for antimicrobial packaging applications [140]. One of the biggest advan-
tages of inorganic nanoparticles over molecular antimicrobials is the ease
with which the former can be incorporated into polymers to form func-
tional antimicrobials. These nanocomposites can be engineered to remain
potent antimicrobial agents for long periods of time, which in turn can
increase the shelf life of packed foodstuft [150,151]. Other main promis-
ing applications of active packaging include oxygen scavengers, ethylene
removers and carbon dioxide absorbers/emitters [152].

Silver is the most studied metal nanoparticle with antimicrobial func-
tion since it has temperature stability, low volatility and significantly high
antimicrobial activity against a wide range of fungi and bacteria [153,154].
Silver nanocomposites have been obtained by several researchers and their
antimicrobial effectiveness has been extensively reported (refer to Figure
9.8) [155-160]. Synergic effect of bimetallic systems containing silver and
gold in conjunction with zeolite minerals was also found to produce a
greater antibacterial effect than silver alone [161]. Nanoparticles of zinc
[162], copper [163], as well as carbon nanotubes [164,165] have also been
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Figure 9.8 Antimicrobial of silver/chitosan nanocomposites against different pathogenic
bacteria: (a) S. Aureus and (b) E. coli (reproduced with permission from [158]).

reported as antimicrobial, antibiotic and antifungal agents when incorpo-
rated into plastic matrix. Among other nanoparticles with antimicrobial
property, TiO, nanoparticles have been widely investigated. Unlike silver
nanoparticles, TiO, nanoparticles are only active in the presence of UV
light. In principle, food packaging films incorporating TiO, nanoparticles
may have the additional benefit of protecting food content from the oxidiz-
ing effects of UV irradiation while maintaining good optical clarity, as TiO,
nanoparticles are efficient short-wavelength light absorbers with high pho-
tostability [166-170]. Lately, antimicrobial properties of nanostructured
metal oxides such as ZnO, CuO and MgO have been revealed [171-176].
Compared to nanosilver, the nanoparticles of ZnO and MgO are expected
to provide more affordable and safe food packaging solutions in the future.
The ZnO nanoparticles do not require UV light to be active; rather they are
stimulated by visible light [177].

The presence of O, in a package can trigger or accelerate oxidative reac-
tions that result in food deterioration and facilitate the growth of aero-
bic microbes and molds. Oxidation reactions in turn result in undesirable
odors, flavors, color changes, and reduced nutritional quality of packaged
food. Oxygen-scavenging compounds are mostly agents that react with
oxygen to reduce its concentration. Ferrous oxide is the most commonly
used scavenger [178]. Several nanoparticles, including TiO, nanoparticles,
were used to produce oxygen-scavenger films. Others include ascorbic acid,
sulfites, catechol, some nylons, photosensitive dyes, unsaturated hydrocar-
bons, ligands, and enzymes such as glucose oxidase [90]. The most studied
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oxide nanoparticle additives for packaging polymers are TiO,, ZnO, SiO,
and MgO, due to their ability to be UV blockers and photocatalytic disin-
fecting agents [179]. Some nanoparticles based on silver that have antimi-
crobial activity are also able to absorb and decompose ethylene, thereby
helping to extend the shelf life of fruits and vegetables [180].

Intelligent or smart packaging is designed to monitor the environ-
ment of the food and communicate information about its quality [89,178].
Examples include time-temperature indicators (T'TIs), ripeness indicators,
biosensors, and radio frequency identification (RFID). Nanoparticles can
be applied as reactive particles in packaging materials to inform about the
state of the package, thereby helping consumers to determine whether the
food is palatable. The so-called nanosensors are able to respond to envi-
ronmental changes (e.g., temperature or humidity in storage rooms, levels
of oxygen exposure), degradation products or microbial contamination
[181].

The unique chemical and electro-optical and gas sensing properties of
nanoscale particles is the basis of such technological development. When
incorporated into food packaging, nanosensors can identify certain chem-
ical compounds, pathogens, and toxins in food, thus being useful in pro-
viding the real-time status of food freshness and eliminating the need for
information on expiration dates. The recent developments in nanoparti-
cle-based food packaging sensors include oxygen indicators, freshness
indicators and pathogen sensors [182]. For example, functionalized gold
nanoparticles selectively bind to melamine and this causes aggregation of
gold nanoparticles which leads to a color change from red to blue. This can
be used to precisely measure the melamine content in raw milk and infant
formula at concentrations as low as 2.5 ppb [183]. Photoactivated indica-
tor ink based on TiO,, SnO, nanoparticles and a redox active dye (e.g.,
methylene blue) has been developed as an oxygen indicator for packaging
films [184,185]. Other gas sensors include a series of electronic ZnO-TiO,
nanocomposites, SnO nanobelts, to detect the presence of volatile organ-
ics, including acetone, ethanol and carbon monoxide [186,187]; and WO.-
SnO, nanocomposites to detect the presence of ethylene gas, a hormone
responsible for fruit ripening [188]. Sensor systems based on nanomate-
rials such as cerium oxide [189], carbon nanotubes [190,191] have been
investigated for the detection of various biomolecules formed in the pack-
aging environment.

A considerable amount of research is also focusing on biodegradable
nanocomposite food packages. Exploration of edible film packaging and
biobased packaging materials from renewable sources are also highly
encouraged these days. This new class of materials is reported to have
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enhanced barrier, mechanical and thermal properties and has been con-
sidered as a promising alternative to synthetic plastic packaging materi-
als [131,192-196]. Renewable resource-based biopolymers such as starch,
cellulosic plastics, corn-derived plastics such as polylactide (PLA), and
polyhy-droxyalkanoates (PHAs) are some of the most widely used bio-
polymers to produce nanocomposites for food packaging applications.
The most promising nanoscale fillers used in bionanocomposite prepara-
tion are layered silicate nanoclays such as montmorillonite and kaolinite.
Moreover, similar to the nanostructures used in petroleum-based polymer
matrices, several nanostructures are used to provide active and/or smart
properties to biobased food packaging systems, as exemplified by antimi-
crobial properties, oxygen scavenging ability, etc. [160].

9.6 Current Status and Future Prospects

Hybrid inorganic-organic materials form a remarkable and growing cat-
egory within the realm of materials for food packing application [5]. The
increasing demand for new food packaging materials which fulfill con-
sumer demands has provided the thrust for improving the inherent prop-
erties of these materials. A combination of various organic polymers and
inorganic materials has been very useful for the exploration of new materi-
als having unique properties and specific performances when compared to
individual constituents. Although conventional, macroscopic hybrid mate-
rials have ruled the world for many decades, the realization that reduction
in domain size of inorganic phase to 100 nm or below will result in dra-
matic changes in the structure and hence properties of the material has led
to the development of a new field called “polymer nanotechnology” With
the advancement of this technology, processing and characterization tools,
it is now possible to have a high degree of control of both composition
and structure of these materials, which in turn results in high performance
and multifunctional polymeric materials. Applications of polymer nano-
technology can, in fact, provide new food packaging materials (based on
sol-gel-based hybrids, polymer nanocomposites and bionanocomposites)
with improved mechanical, barrier and antimicrobial properties, together
with nanosensors for tracing and monitoring the condition of food during
transport and storage [152]. Hybrid materials obtained by mixing poly-
mers and sheets of crystalline solid layered (clays or LDHs) or nanoparticle
materials (Ag, TiO, and ZnO) are of particular interest nowadays because
of their great improvement in mechanical, thermal, barrier as well as anti-
microbial properties over conventional composites.
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The progress in food packaging materials has mostly been concentrated
on ultra-high barrier properties, oxygen scavenging and controlling mois-
ture migration, microbial growth, respiration rates, and volatile flavors and
aromas. This focus parallels the development in sustainable packaging,
using bionanocomposites derived from renewable sources. The innova-
tions in the form of nanoparticles for pathogen detection, active packag-
ing, and barrier formation have taken food packaging to higher levels.

However, the use of nanomaterial-based food packaging has raised
numerous safety, ecological and regulatory concerns. The main question
is regarding the possible migration of nanoparticles from packaging mate-
rial to foodstuff and their ultimate toxicological effect on human health.
Although nanomaterials offer exciting benefits in terms of food packaging
property enhancement, the potential risks associated with these materials
have either not been evaluated or are still being evaluated. Acceptable test
methods should be developed for the risk analyses of nano-based packag-
ing materials which are intended to be used under specific storage condi-
tions. The packaging industry is also expected to not only assure product
quality adhering to regulatory rules, but also to offer accurate information
about the benefits and risks of the materials to end users.

A wide variety of inorganic-organic hybrid polymers and nanocompos-
ites are available as food packaging materials, and the number of material
choices will continue to grow in the future. A holistic approach integrat-
ing materials, processes, usage, disposal and balancing cost, performance,
health and environmental considerations is envisaged for the future devel-
opment of these materials. Although a significant amount of research is
being undertaken in packaging materials worldwide, further developments
in the basic understanding and manipulation of hybrid polymers with fas-
cinating multifunctional properties seem to be promising to achieve highly
advanced systems for the food industry. Once the aforementioned barriers
are crossed, there is no doubt that the global market and consumers can
enjoy the benefits of these sophisticated food packaging materials.
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Abstract

In the last decades there has been a paradigm shift in food packaging. Nowadays
it is not only expected that food packaging act as a protective food barrier; what is
expected is that during the period of time that the package is in direct contact with
food, it will have a positive effect over food quality, safety and shelf life, becoming
“active packaging” Within the different active packaging systems, antimicrobial
packaging has become the focus of great attention as it acts on the food surface
where the microorganisms grow. In this chapter, a review of the different antimi-
crobial agents that are included in polymer matrix is presented, including the dif-
ferent mechanisms to include these antimicrobial agents in the polymer and their
kinetic release.

Keywords: Antimicrobial packaging, food packaging, antimicrobial release

10.1 Introduction to Food Packaging

The main objective for the food industry is to increase food shelf life, main-
tain food quality, and enhance food safety. The nature of shelf life of foods
depends on intrinsic and extrinsic factors [1]. Intrinsic factors include pH,
water activity (aw), nutrient content, redox potential, respiratory rate, and
biological structure; whereas extrinsic factors include storage tempera-
ture, relative humidity, and the surrounding gas composition. A number
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of nontraditional preservation techniques are being developed to satisfy
consumer demand with regard to nutritional and sensory aspects of foods.
Generally, foods are thermally processed by subjecting them to tempera-
tures varying from 60 to 100°C for the duration of a few seconds to a min-
ute in order to destroy vegetative microorganisms. During this period of
treatment, a large amount of energy is transferred to the food. However,
this energy can trigger unwanted reactions, leading to undesirable organ-
oleptic and nutritional effects [2]. Ensuring food safety and at the same
time meeting such demands as nutritional retention and quality attributes
has resulted in increased interest in alternative preservation techniques to
inactivate microorganisms and enzymes in foods. Food packaging appears
to be an alternative food preservation technique.

During the period of time that the packaging is in direct contact with
food, packaging not only acts to protect food, it can also produce a posi-
tive effect on the food quality, food safety and even increase food shelf life.
Food packaging requires a good selection of the material and packaging
system in order to maintain food quality and increase food shelf life. In
order to select the best packaging system to ensure food shelf life, firstly, it
is necessary to determine which are the main factors that determine prod-
uct shelf life. Once the protection requirements of food are defined, it is
also necessary to know the properties of the packaging material and the
packaging system in order to combine these two elements.

Traditional packaging has focused its attention on the inertness between
packaging and food product, diminishing natural interaction processes
between packaging and food product (sorption, migration and perme-
ation). The understanding of these mass transference processes has been
one of the main issues in food packaging. In the last decades a new food
packaging concept has arisen, the concept of an “active food packaging
system,” which is supposed to perform some other role than providing an
inert barrier to external conditions. Active packaging (AP) system involves
a positive interaction between the packaging material and the food in order
to provide desirable effects and extend the shelf life of packaged foods.
The food-package interaction is achieved by the addition of certain addi-
tives into the packaging film to enhance the performance of the packag-
ing system [3]. In Europe, active packaging is governed by EU Regulations
1935/2004/EC and 450/2009/EC, and is described as “active food contact
materials and articles” (herein after referred to as active materials and
articles) means materials and articles that are intended to extend the shelf
life or to maintain or improve the condition of packaged food. They are
designed to deliberately incorporate components that would release or
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absorb substances into or from the packaged food or the environment sur-

rounding the food (European Commission Regulation (EC) 2009) [4,5].
Active and intelligent materials and articles may only be placed on the

market if they meet the following conditions:

a)

They are suitable and effective for the intended purpose of
use.

b) They comply with the general requirements set out in Article

c)

3 of Regulation (EC) No 1935/2004. Materials and articles,
including active and intelligent materials and articles, shall
be manufactured in compliance with good manufacturing
practice so that, under normal or foreseeable conditions of
use, they do not transfer their constituents to food in quan-
tities which could: (i) endanger human health; or (ii) bring
about an unacceptable change in the composition of the
food; or (iii) bring about a deterioration in the organoleptic
characteristics thereof.

They comply with the special requirements set out in Article
4 of Regulation (EC) No 1935/2004. Active materials and
articles may bring about changes in the composition or
organoleptic characteristics of food on condition that the
changes comply with the Community provisions applicable
to food, such as the provisions of Directive 89/107/EEC on
food additives and related implementing measures, or, if no
Community provisions exist, with the national provisions
applicable to food.

d) They also must comply with the labeling requirements set

out in Article 15(1)(e) of Regulation (EC) No 1935/2004;
comply with the composition requirements Regulation
(EC) No 1935/2004; and comply with labeling and declara-
tion requirements set out Regulation (EC) No 1935/2004. In
the case of active materials and articles, information on the
permitted use or uses and other relevant information such
as the name and quantity of the substances released by the
active component so as to enable food business operators
who use these materials and articles to comply with any
other relevant Community provisions or, in their absence,
national provisions applicable to food, including the provi-
sions on food labeling.

When the active action involves release of active components
to food, these will be consider as ingredients and material
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must not produce changes that mislead consumers as mask-
ing the spoilage of food. Although only substances listed in
the Community list of permitted substances may be used in
components of the active materials and articles, there is an
exception for active substances release that must comply to
national food regulations. The substances must not be muta-
genic, carcinogenic or toxic for reproduction.

Active packaging techniques can be divided into three categories:
absorbers, releasing systems and other systems. Scavenging systems
remove undesired components such as oxygen, carbon dioxide, ethylene,
and humidity. Releasing systems actively add or emit compounds to the
packaged food or into the headspace of the package, such as carbon diox-
ide, antioxidants and preservatives. Other systems may have miscellaneous
tasks such as self-heating, self-cooling and preservation [6].

Antimicrobial packaging is one of the most interesting and promis-
ing components of AP, which potentially allows industry to combine the
preservative functions of antimicrobial (AM) agents with protective func-
tions for foods, and is an alternative way to use antimicrobial agents for
food safety. When the packaging material acquires antimicrobial activity,
the packaging material limits or prevents microbial growth by reducing
growth rate or by decreasing live counts of microorganisms [7,8]. When
food-grade antimicrobial substances are incorporated into polymer, the
use of antimicrobial films allows the release of active compounds from the
film, and continuous antimicrobial effects take place on the food surface
during the exposure time, increasing consumer safety because these com-
pounds are included in the packaging structure instead of being directly
added to food, and are released in smaller amounts on the food surface.

A wide range of antimicrobial substances have been tested in labora-
tories for their potential applications in antimicrobial food packaging.
These substances include organic acids (benzoic acid, sorbates), enzymes
(lysozyme, glucose oxidase), bacteriocins (nisin, pediocin), fungicides
(benomyl, imazalil), polymers (predominantly chitosan), natural extracts,
antibiotics, triclosan, and silver compounds. Each antimicrobial substance
exhibits a unique mechanism of action that is specific to a particular range
of foods and microorganisms. Some antimicrobials block or inhibit meta-
bolic and reproductive processes of microorganisms, while others modify
their cell wall conformation, leading to the loss of vital internal materials
and adaptability in the medium. However, this point can be a disadvantage
for antimicrobial food-packaging systems, since an antimicrobial film may
have limited applicability in certain food products. From a commercial
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standpoint, this shortcoming may reduce marketing opportunities and
potential applications [9].

10.2 Antimicrobial Agents

Many antimicrobial agents are widely used in the food, food packaging,
aromatherapy, pharmaceuticals and cosmetic products. Each industry
must respect the regulations of the industry sector and the country where
they will be used. Antimicrobial agents (AM) encompass different activi-
ties and different microorganisms due to the characteristic antimicrobial
mechanisms and the various physiologies of microorganisms.

A broad range of antimicrobials have received attention for antimicrobial
food packaging developments; also taken into consideration is the require-
ment for the release elements to be nonintrusive, cheap, and compatible
with the geometry and physicochemical properties of food. Whereas vola-
tile antimicrobials (such as essential oils or their active components) have
been proposed in the case of foods with a low mass/volume ratio (such as
salads), water-soluble antimicrobials have been indicated as most appro-
priate when direct contact with the food is involved (for instance, meat
and meat cuts).

An appropriate AM substance and its concentration, the microorgan-
ism to be attacked, the polymer matrix, the food (nature and pH), stor-
age temperature and solubility of the agent into the polymer and on the
food, are important parameters to take into account in the formulation of
an active material. The chemical properties of the AM substance, such as
solubility, are also important factors. The compatibility of the AM agent
and the packaging material is one of the most important elements to be
taken into account, being that the AM effectiveness inside the package is
dependent on its interaction with the particular packaging material. The
pH of the system is also crucial. Most of the AM substances alter their
activity with the pH, which will be dependent on the pH of the packaged
food composition. Moreover, it is important to maintain the physical and
mechanical properties of packaging materials after the incorporation of
the AM substances.

Antimicrobial agents can protect food through different mechanisms:
i) they can be mixed with food ingredients; ii) they can be incorporated
into packaging formulation; and iii) they can be immersed into package
headspace atmosphere. In the case of a food additive and when it is added
to the polymeric formulation with the purpose to be later released into the
food, AM substances are controlled as food ingredients. Even when AM
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substances are additives of packaging materials, when their purpose is to
be delivered into the food, they are required to be GRAS grade substance.
Although a large number of chemicals have been described that show
potential as food preservatives, only a relatively small number are allowed
in food products, due in large part to the strict rules of safety adhered to
by the Food and Drug Administration (FDA) and to a lesser extent to the
fact that not all compounds that show antimicrobial activity in vitro do so
when added to certain foods.

It is also necessary to conform to the regulatory legislation where the
food package will be used. In the case of non-food-grade chemicals, the
only way to be incorporated into the food packaging is by its immobiliza-
tion through chemical binding of the antimicrobial compound to poly-
meric material. Anyway, it will be necessary to verify that no migration
occurs.

Several published papers and reviews have already presented the most
important types of antimicrobial agents and works related to them [10-12].
In this section, some of the most used and interesting antimicrobial agents
are also described, some of which have already been used in the devel-
opment of active materials for food packaging applications, and only the
latest developments will be presented in Tables 10.1 and 10.2 as examples.
Antimicrobial agents have been divided in four groups: natural substances,
chemical agents, probiotics and polymers that present antimicrobial prop-
erties by themselves.

10.2.1 Natural Antimicrobial Agents

Natural antimicrobial substances include animal, microbial and plant ori-
gin antimicrobial agents. Many efforts have been scientifically expended
to discover new antimicrobial compounds from various kinds of sources
such as soil, microorganisms, animals and plants.

10.2.1.1 Bacteriocins

Bacteriocins are antimicrobial peptides produced by bacteria which kill
or inhibit the growth of other similar bacterial strains. For instance, the
known safe food-grade lactic acid bacteria (LAB) produces a variety of
bacteriocins with desirable properties that make them suitable for food
preservation, such as: i) they are generally recognized as safe substances
(GRAYS); ii) they are nontoxic and nonactive substances on eukaryotic
cells; iii) they have little influence on the gut microbiota; and iv) they have
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a broad antimicrobial spectrum against many foodborne pathogenic bac-
teria [13-15].

Though these bacteriocins are produced by LAB, nisin is currently
the only bacteriocin widely used as a food preservative [16,17]. Nisin is
a hydrophobic protein very effective against a wide range of spoilage and
hazardous Gram-positive bacteria, such as Lysteria monocytogenes, and
it is a very interesting AM compound to be incorporated in a polymeric
material for food protection due to its high stability to moderate thermal
processing and acidic environments.

Nisin is also considered an antimicrobial peptide produced from
Lactococcus lactis fermentation [18]. It is a positively charged antibiotic
peptide that is able to bind to negatively charged cytoplasmic membranes.
Nisin contains 34 amino acids and has a molecular weight of 3.4 kD, killing
bacteria by forming pores on cell membranes, and can be used broadly in
food. During the last few years, several developments have been based on
the incorporation of nisin into different polymeric matrices intended for
food protection (see Table 10.1).

Other examples of bacteriocins for potential use in food packaging
material are bavaricin, brevicin, carnocin, lacticin, mesenteracin, pedio-
cin, sakacin, lactocin 75 and subtilin [19-23].

10.2.1.2  Antibiotics and Fungicides

Antibiotics are secondary metabolites produced by microorganisms that
inhibit or kill a wide spectrum of other microorganisms. Most of the useful
ones are produced by molds and bacteria of the genus Streptomyces, and a
few by Bacillus and Paenibacillus spp.

Although the use of chemical preservatives in foods is not popular
among many consumers, and the idea of employing antibiotics is even less
popular, nisin and natamycin are the two antibiotics widely used in foods.
Nisin was already explained before as a bacteriocin, and natamycin is the
most common antibiotic employed in the food industry, especially in dairy
products such as cheese, for the prevention of molds and yeast contamina-
tion. It is a fungicide, also known as pimaricin, and belongs to polyethylene
antibiotics, produced by aerobic fermentation of Streptomyces natalensis
and related species. In general, yeasts are less resistant (minimum inhibi-
tory concentration below 5 ppm) than molds (minimum inhibitory con-
centration above 10 ppm). Natamycin is permitted as an antimycotic in
surface and cheese treatments in 32 countries but its use as a general food
additive is more limited. In the European Union, natamycin (designated
as preservative E235) is allowed for surface treatment of hard, semi-hard,
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and semi-soft cheeses as well as dry sausages [24]. In 1964, the studies of
Klis and coworkers already proved the enormous effectiveness of natamy-
cin compared to sorbic acid and other compounds [25]. Its mechanism of
action is believed to result from a binding of natamycin to sterol molecules
in fungal cell membranes that alters the permeability of the membranes
and thereby causes disruption of cell processes. Several recent works are
based on the incorporation of natamycin on different polymers [26-28].

Fungicides are also common antimicrobial agents, they are biocidal
chemical compounds or biological organisms used to kill or inhibit fungi
or fungal spores such as Benomyl or Imazalil, or Enilconazole, fungicides
widely used in agriculture, particularly in the growing of citrus fruits.
Imazalil is a systemic imidazole fungicide used to control a wide range
of fungi on fruit, vegetables, and ornamentals, including powdery mildew
on cucumber and black spot on roses. As fungicides are not permitted as
a direct food preservative, they cannot be mixed into food ingredients or
added to food-contact packaging materials. In the case of a formulation
of an antimicrobial material with a fungicide, it is completely necessary
to immobilize this substance in the polymer matrix by chemical binding
[29,30].

10.2.1.3 Antimicrobial Peptides

Antimicrobial peptides are usually described as short-size gene-encoded
polypeptide substances synthesized by ribosome. Antimicrobial peptides
appear to be ubiquitous and multipotent components of the innate immune
defense arsenal used by both prokaryotic and eukaryotic organisms. They
show a great diversity of primary structures, being most commonly clas-
sified by the number of disulfide bridges and particular amino-acid com-
position. Many of the antimicrobial agents inherent to animals are in the
form of antimicrobial peptides [18,31].

Nisin was the first antimicrobial peptide to be isolated from natural
sources in the 1950s from lactic acid bacteria for potential use as food
preservative. Later, several antimicrobial peptides, such as magainins,
cecropins and defensins, were isolated from natural sources as well, such
as plants, insects, crustaceans, amphibians, and marine organisms [32].

Even AM peptides can be a very interesting alternative; few studies are
still based on the incorporation of these compounds as active agents on
food packaging materials.
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10.2.1.4 Enzymes

Antimicrobial enzymes are ubiquitous in nature, playing a significant role
in the defense mechanisms of living organisms against infection by bacte-
ria and fungi. Hydrolytic antimicrobial enzymes function by degrading key
structural components of the cell walls of bacteria and/or fungi, whereas
antimicrobial oxidoreductases exert their effects by the generation in situ
of reactive molecules [33].

When the antimicrobial packaging is based on the immobilization of
the antimicrobial substance through binding to the surface of the package,
a molecular structure large enough to retain activity on the microbial cell
wall is required even though bound to the plastic. Such agents are likely to
be limited to enzymes or other antimicrobial proteins.

The potential of these enzymes in food preservation is still slightly
extended, lysozyme and lactoperoxidase being the two most studied
enzymes on antimicrobial food packaging applications.

Lysozyme (1,4-beta-N-acetylmuramidase, 14.4 KDa), is a hydrolytic
enzyme that plays an important role in preventing bacterial infection,
especially for Gram-positive bacteria. It is abundant in a number of secre-
tions such as tears, saliva, human milk, and mucus, and large amounts
can be found in egg white. Its antimicrobial activity relies on the ability of
hydrolyzing the b-1,4 linkage between N-acetyl muramic acid and N-acetyl
glucosamine present in peptidoglycan. Gram-positive bacteria are very
susceptible to lysozyme, because their cell wall is made up of 90% peptido-
glycan; in Gram-negatives, peptidoglycan counts only for 5 to 10% of the
cell wall. Nevertheless, lysozyme can be effective against Gram-negative
bacteria in the presence of membrane destabilizing agents such as deter-
gents and chelators as EDTA or lactoferrin [34]. Antimicrobial packaging
applications employing lysozyme as active agent have been studied by sev-
eral authors over the last few years [34-36].

The lactoperoxidase system also has a strong antimicrobial activity
against bacteria and fungi. A wide range of both Gram-positive and Gram-
negative bacteria are inhibited by the lactoperoxidase system, and some
studies based on the incorporation of lactoperoxidase into polymers have
already been carried out [37-39].

10.2.1.5 Plant Origin Antimicrobial Agents: Essential Oils and
Plant Extracts

The consumer’s desire for natural ingredients and for chemical preserva-
tive-free foods, and their higher familiarity with plant origin compounds
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as in herbal medicine, has increased the popularity of these types of natural
antimicrobial agents.

Essential oils and organic plant extracts are gaining increasing inter-
est because of their relatively safe status, their wide acceptance by con-
sumers, and their exploitation for potential multipurpose functional uses,
due to their multiple biological effects, including antimicrobial and anti-
fungal activities, antioxidant, antiallergic, antiplatelet, anti-inflammatory,
antitumor, antiviral and therapeutical properties [40-42]. Furthermore,
researchers have increased their interest in biologically active compounds
isolated from plant species for the elimination of pathogenic microorgan-
isms because of the resistance that they have developed to antibiotics.

Spices and herbs are the two most important sources of antimicro-
bial agents which are effective against several Gram-positive and Gram-
negative bacteria as well as yeast and fungi. Essential oils (EO) can be
obtained from various parts of the plant matter; for example, the leaves
(oregano, rosemary, thyme, basil, marjoram), flowers or bulds (clove),
bulbs (garlic and onion), seed (parsley, grape), fruits (cardamom, cocoa),
grass, roots, wood, and others.

Owing to their molecular structures based mainly on the presence of
olefinic double bonds and functional groups such as hydroxyl, aldehyde
and esters, they are hydrophobic, soluble in alcohol, nonpolar or weakly
polar solvents, waxes and oils; most are liquid and of lower density than
water (sassafras, vetiver, cinnamon and clove essential oils being excep-
tions) and are readily oxidizable by light, heat and air.

Essential oils are composed of a mixture of different compounds such
as phenolic compounds, terpenes, aliphatic alcohols, aldehydes, ketones,
acids and flavonoids. Terpenoids are the most abundant and present both
as sesquiterpenes and especially as monoterpenes. The biological activity of
essential oils is due to these terpenoids, particularly monoterpenoid phe-
nols, which possess numerous functional properties. The components of
essential oils can be aromatic and aliphatic constituents, all characterized
by low molecular weight. Due to the volatile character of their principal
constituents, the main drawback could be the organoleptical alteration of
the packaged food due to the chemicals released by the active package, the
study of their effect on food’s organoleptic properties is necessary [43-45].

The antimicrobial activity is due to the composition, structure and func-
tional groups of the extracts and the oils. The extraction method depends
on the type of botanical material used and it is one of the key points which
determines the final quality of the essential oil and the plant extracts. Also,
various extraction methods can be used such as distillation, supercritical
fluid extraction, microwave-assisted extraction, rectification and steam
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extraction, effleurage, fractional distillation, percolation, etc. The chemical
composition of the oil differs quantitatively and qualitatively according to
the extraction technique [46,47].

Most of the natural extracts are approved as GRAS by the US Food and
Drug Administration.

Antimicrobial agents from plant extracts and essential oils have been
incorporated into a spectrum of natural and synthetic polymers already in
use for food packaging applications (Table 10.2).

The main problems associated with the incorporation of EOs on poly-
mer matrix are related to their very low thermal resistance. Different
authors have been working on incorporating essential oils such as cinna-
maldehyde, thymol or carvacrol through extrusion process; nevertheless
they report losses reaching up 73% [48-50].

10.2.2 Chemical Antimicrobial Agents
10.2.2.1 Organic Acids: Salts and Anhydrides

Organic acids are natural constituents of many foods, and they can also
be produced by some microorganisms, although currently most of them
are produced by chemical synthesis or chemically modified from natural
acids. They have been used for a long time as additives in food preserva-
tion, food contact substances and food contact material sanitizers. They
show nonspecific AM properties against bacteria and fungi. Their AM
activity depends on the dissociation constant pKa. These compounds are
most active at the lowest pH values of foods and essentially ineffective at
neutral values.

The most common chemical antimicrobial agents used by researchers
are various organic acids such as benzoic and sorbic acid, alkyl esters of
p-hydroxybenzoic acid (parabens), sorbates [51,52], sorbic acid [53,54],
propionic acid and its derivatives [55,56], acetic acid and their salts such
as sodium, calcium and potassium acetate which are commonly used in
bread and other baked goods, lactic acid and their mixtures [57,58].

Many fatty acids and monoglycerides also present antimicrobial activity
against Gram-positive bacteria and some yeast [59]. These lipophilic sub-
stances exhibit an inhibitory effect against C. Botulinum for instance, and
glyceryl monolaurate is commonly used in cured meats and refrigerated
and packaged fresh fish. Their mechanism of action is based on the genera-
tion of holes in cell microorganism membranes by their ability to facilitate
the conduction of protons through the cell membranes.
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10.2.2.2  Ethyl-N-Lauroyl-1-Arginate (LAE)

One promising antimicrobial agent that has been around during recent
developments is Ethyl-N-a-dodecanoyl-L-arginate hydrochloride or ethyl-
N-lauroyl-1-arginate-HCl, commonly known as LAE. Commercialized as a
white powder or in solution, it is synthesized by reacting l-arginine-HCl,
ethanol, tionyl chloride, sodium hydroxide, lauryl chloride and deionized
water. Its high antimicrobial effectiveness results from its chemical struc-
ture and surfactant properties [60,61]. The antimicrobial properties of LAE
are due to its action as cationic surfactant on cytoplasmic membrane and
the outer membrane of Gram-negative, and cell membrane and cytoplasm
of Gram-positive denaturation proteins. These changes produce distur-
bances in membrane potential, resulting in cell growth inhibition and loss
of viability.

LAE is characterized by a broad spectrum and high antimicrobial
efficiency against Gram-negatives, Gram-positives, fungi and yeasts, with
a low-dose application. Furthermore, because it is primarily and rapidly
metabolized and hydrolyzed chemically in the human body to natural
endogenous compounds present in the human diet, having an important
degree of security, it has been classified as GRAS (generally recognized as
safe) and as a food additive by both the Food and Drug Administration
(FDA) in 2005 and the European Food Safety Agency (EFSA) in 2007 and
2009. Because of all these reasons, LAE has become an interesting antimi-
crobial substance to be incorporated into active food packaging material.
Some of the developments based on the incorporation of LAE into differ-
ent polymer matrices are presented in Table 10.1 [62-64].

10.2.2.3  Silver

Silver ions and nanoparticles are probably the metal particles most used
as antimicrobial agent in polymeric nanocomposites because of their
broad antimicrobial spectrum of action against bacteria, virus and fungi.
Nevertheless, their mechanism of action is not yet clear. Silver in its metal-
lic state can react with moisture to be ionized, releasing highly reactive Ag*
ions. The ionized silver can bind to proteins causing structural changes
in the cell wall and also in the nuclear membranes, provoking cell death.
The Ag" ions also form complexes with bases contained in DNA and RNA,
inhibiting the microorganism replication. Furthermore, several studies
reported that the size and the shape of the silver nanoparticle influences
the antimicrobial behavior, as well as its oxidation number, Ag° or Ag*, in
the matrix. Moreover, there are diverse techniques to incorporate silver
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into a polymeric matrix. One of them is through silver-substituted zeolites,
which are widely used as polymer additives for food applications, espe-
cially in Japan. Silver ions are antimicrobial against a wide range of bacte-
ria and molds. Silver zeolites have already been incorporated in polymers
like polyethylene, polypropylene, and nylon at levels of 1-3% [65]. Several
commercial applications have already been developed as Zeomic. In Japan,
silver-substituted zeolite has been developed as the most common antimi-
crobial agent incorporated into plastics.

10.2.2.4 Copper

Copper has recently gained attention as an antimicrobial agent because of
its inhibitory effects on bacteria, yeast, and viruses. It is common knowl-
edge that microorganisms require low concentrations of copper ions as
essential micronutrients and as vital cofactors for processing of metalo-
proteins and certain enzymes. Higher concentrations of copper (250 ppm)
can cause inhibition of growth or even death of microorganisms. The toxic
effect of copper on microorganisms occurs by the displacement of essen-
tial ions, thereby obstructing functional groups of proteins, inactivating
enzymes, producing hydroperoxide free radicals, and altering membrane
integrity [66]. Several works are related to the antimicrobial activity of cop-
per, as nanoparticles and complexed as well [67-69].

Copper particles are also known for their antimicrobial activity, although
they are relatively less studied than silver. Polypropylene (PP) nanocom-
posites containing different amounts of Cu nanoparticles were prepared by
melt mixed method where composites with only 1% (v/v) of Cu were able
to kill 99.9% of bacteria after 4 h of contact [70]. Moreover, nanocompos-
ites of copper and polystyrene (PS) were synthesized in situ by the addition
of Cu nanoparticles during the polymerization. They showed an important
antibacterial activity tested against P. fluorescens, B. circulans, E. coliand S.
aureus [71]. Antimicrobial nanocomposites with dual action based on cop-
per have also been described. Cationic polyvinylpyrrolidone (PVP) poly-
meric particles were used for in situ Cu metal nanoparticle syntheses [72].
The bactericidal action was tested against S. aureus, P. aeruginosa, B. subti-
lis and E. coli. Although they showed antimicrobial activity, their minimal
inhibitory concentration (MIC) values were higher than the composites of
silver nanoparticles. Several studies are also focused on the incorporation
of the copper nanoparticles at the surface of polymers. Copper ion implan-
tation by plasma immersion was employed to create antibacterial surface
on PEs, exhibiting excellent long-term antibacterial effects against E. coli
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and S. aureus [73]. These properties were improved when gases such as N,
were plasma-implanted in concert with Cu [74,75].

10.2.2.5 Other Chemical Agents

Antimicrobial chemical inorganic acids and their salts, sulfites, nitrites and
alcohols are some of the chemical agents that have been broadly used for
food preservation.

Sulfur dioxide (SO,) and its derivatives have been widely used as food
preservatives. They are added to inhibit and control microorganisms’
growth and enzymatic catalytic reactions. The commonly used forms in
foods include SO, gas, and sodium, potassium or calcium salts of sulfite
(SO,%), bisulfate (HSO,’) or metabisulfite (S,0,*). Sulfur dioxide acts as a
biocidal and biostatic agent, and is more active against bacteria than molds
and yeasts. Furthermore, it is more effective against Gram-negative bacte-
ria than Gram-positive bacteria, and it is known to also have antioxidant
activity in a variety of food systems [76,77]. Nevertheless, even though it is
known to be the most effective antimicrobial agent in controlling the decay
of some fruits, recently their use in foods became regulated and subjected
to rigorous restrictions.

Another antimicrobial agent with volatile character is allyl isothio-
cyanate (AIT) derived from mustard seed, and it is commonly used as a
flavoring. It is largely insoluble in aqueous systems and reacts readily with
peptides and proteins. Several studies have shown its antimicrobial activ-
ity for food protection, such as on tomatoes or fresh-cut vegetables. Some
works are related to their encapsulation on cyclodextrins and natural gums
to reduce its odor and taste, and control the release [78,79].

Potassium and sodium salts of nitrite and nitrate are also antimicrobi-
als commonly used for meat preservation. Their mechanism of action is
unknown, but it has been suggested that it is based on the reaction between
nitrite and sulthydryl groups generating compounds that are not metabo-
lized by microorganisms.

10.2.3 Probiotics

Lactic acid bacteria, as various microorganisms, produces bacteriocins
and a nonpeptide growth inhibiting chemical with antioxidant activity. But
they can afford antimicrobial activity by itself as well. The use of probiotics
can effectively control the competitive undesirable microorganisms. Many
traditional fermented food products contain antimicrobial probiotics,
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although nowadays the research into the use of probiotics in the develop-
ment of antimicrobial active packaging is limited.

Lactic acid bacteria (LAB) is a GRAS substance and it is the prevalent
microbiota during the current storage conditions of fresh meat, being one
of the most interesting probiotics for future development. Some works
have already shown interesting results, as the application of Lactobacillus
curvatures CRL705 for beef protection, or its action in combination with
EDTA as a chelator agent [80-82]. Nevertheless, research has to be contin-
ued because some studies have also shown some negative organoleptical
and muscle structure changes on meat.

10.2.4 Polymers Inherently Antimicrobial

The packaging material can serve as a source of releasing antimicrobial
agents, or even prevent the growth of microorganisms by presenting
antimicrobial properties by itself, as in the case of chitosan, or polymers
obtained through synthesis based on polymerization of antimicrobial
monomers.

Naturally, in the case of chitosan and poly-L-lysine, both biopolymers
have antimicrobial activity owing to their specific structure.

Chitosan is a linear polysaccharide composed of randomly distrib-
uted B-(1,4)-linked D-glucosamine (deacetylated unit) and N-acetyl-D-
glucosamine (acetylated unit). It is is a polycationic biopolymer industrially
produced by chemical deacetylation of chitin which is found in arthropod
exoskeletons, although it can also be obtained directly from the cell walls of
some plant-pathogenic fungi. Due to its unique biological characteristics,
including biodegradability and nontoxicity, many applications have been
found either alone or blended with other natural polymers (starch, gelatin,
alginates) in the food, pharmaceutical, textile, agriculture, water treatment
and cosmetics industries. Antimicrobial activity of chitosan has been dem-
onstrated against many bacteria, yeasts and a wide range of fungi. It can
also trigger defensive mechanisms in plants and fruit against infections
caused by several pathogens. It has a broad spectrum of activity and high
killing rate against Gram-positive and Gram-negative bacteria. Several
works are related to the use of chitosan in the development of antimicro-
bial materials and nanocomposites as well [83-85].
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10.3 Antimicrobial Construction and Release System

Antimicrobial agents can be incorporated in a packaging system by dif-
ferent mechanisms. One of the mechanisms consists of including the AM
agent in a sachet that can be incorporated inside the package [86]. In this
case, the AM diffuses through the sachet, generating its antimicrobial
action in the package headspace. Nevertheless, nowadays it is necessary to
look for mechanisms in which the AM agent can be incorporated as a part
of the packaging structure. This incorporation depends on the characteris-
tics of the packaging material, antimicrobial agent and food.

The mechanism for the AM agent incorporation and its physical-chemi-
cal nature define the release mechanism of the AM agent. There are systems
in which AM agents are released through a diffusion process; meanwhile
when volatile AM agents are used they are released by evaporation into
the headspace. Headspace antimicrobial agent concentration is then par-
titioned with the food product by an equilibrium sorption/isotherm. This
system can also include a control layer release that controls the permeation
of the volatile AM agent and maintains specific headspace concentration
[87].

Furthermore, the AM agent can also be immobilized by being chemi-
cally bound to the packaging inner surface (Figure 10.1).

In both cases, the external barrier layer should be included in order to
avoid the release of the AM agent outside the packaging. The AM agent can
be incorporated through an extrusion process inside the polymer matrix
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Figure 10.1 Antimicrobial packaging system.
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or by a coating process in the inner surface of the polymer matrix, in direct
contact with food.

The design of AM packaging requires matching the release rate of the
AM agents with the growth kinetics of the target microorganism, as it is
necessary to maintain the concentration of the AM agent over the MIC on
the food surface.

Depending on the food packaging system, the mechanism will change.
The two main possible food packaging systems are presented below.

10.3.1 Release System: Indirect Contact

Equilibrium of the AM substance among the headspace, polymeric mate-
rial and the packaged food is taken into account as part of the main migra-
tion mechanism to calculate the real distribution of the AM agent.

In the case of a volatile substance that can migrate to the food and to the
headspace package, equilibrium occurs between them as well.

The relationship between the sorption and the desorption of a volatile
AM agent within a polymeric matrix is given in Equation 10.1:

[Mt /M., ]desorption =1- [Mt M., ]sorption (10.1)

where M, is the total amount of a species that has migrated after time ¢,
ad M_ is the maximum amount of the species that can migrate after an
infinite time (¢ = oo, namely, at equilibrium). The ration M JM_ is known
as the fractional mass release. If the fractional mass release ratio is directly
proportional to ¢, , such a linearity would indicate compliance with the
general law of diffusion [88], then the diffusion coefficient D (m? s™') can
be calculated by the half-time method according to Equation 10.2 [89]:

D=0.0491x I’ /t,, (10.2)

where L is the thickness of the film and ¢, is the time required for 50% of
the migrating species to be released into the food. Theoretical value of the
fractional mass release as a function of time can be calculated assuming an
exponential rise to a maximum level as indicated in Equation 10.3:

M,/ M_ =1-exp(—kt) (10.3)

where k is the rate constant (s™) that is dependent on the mass transfer
properties, geometry and other conditions of the film material [49].
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10.3.2 Release Systems: Direct Contact

This is the case of a nonvolatile antimicrobial substance, which is necessary
for direct contact between the package and food system, as the AM agent
will migrate only through the contact area between the food and the mate-
rial. The description of mass transfer in the migration processes through
the plastic film can be achieved by means of Fick's law.

Figure 10.2 shows the main migration mechanism involved, based on
these parameters: i) the diffusion between the packaging material and the
food; ii) the partitioning coeflicient of the interface. This figure represents
the concentration profile of migrant compound through the plastic film
(layer I), the distribution in the food phase in contact with the plastic pack-
age and the concentration profile through the boundary layer at the prox-
imities of the interface (layer II). In migration analysis these profiles are
symmetrical, considering the thickness according to the conditions of these
tests. Thus, the mass transfer for this system can be explained by the resis-
tances-in-series approach based on the one-dimensional simplification of
Fick's Law.

From the system described in Figure 10.2, the instantaneous mass trans-
fer of migrant compound by molecular diffusion through the plastic film
may be estimated by Equation 9.4:

/ £ -¢) (10.4)

where ], is the mass transfer flux (kg m™s™) of migrant compound through
the polymer-food interface, D, is the diffusion coefficient in the plastic film
(m?s™"), C, is the migrant concentration in the polymer bulk (kg m™), C,

Polymer Food

C1\
C

Diffusion Convection-Diffusion

X=0 X=1/2

Figure 10.2 Scheme of the migration process: concentration profiles and equilibrium
conditions in the surrounding of the polymer/food interphase.
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is the migrant concentration in the polymer side interface (kg m~), and L
is the film thickness (m). The dimensionless distribution coefficient of the
migrant is represented by its concentration ratio between the polymer and
the food phase (C,), respectively, in Equation 10.5:

C
Ve C, (10.5)

Finally, the third step in the migration process is the transfer through
the boundary layer in the food at the interface proximities, which can be
described by Equation 10.6:

Ju =k(C3 _C4) (10.6)

where C, is the migrant concentration in the food (kg m~)and k is the mass
transfer coefficient that quantify natural convection in food phase (m s™).
Equations 10.4 to 10.6 can be solved for an instantaneous time. In this case,
the initial concentration of migrant in the polymer is considered from the
following initial condition:

(x,=) _ 0
C,7=C, (10.7)
Thus, if t=0, C,=C=C PO. On the other hand, no content of migrant in the

food is considered at the beginning of the migration process, which defines
a second initial condition:

Cr9 =0 (10.8)

This equation is involved if = 0, C, = C, = 0. All calculations can be done
in terms of the symmetrical conditions of the studied system, which is rep-
resented by Equation 9.9 as an additional border condition:

(x,t)
aCt
ox

=0 (10.9)

x=0

Taking into account that the initial concentration of migrant in the poly-
mer and the bulk of the food are known, an iterative calculation can be
done to estimate the mass transfer flux through the interface when J, =],
[90]. This calculation is necessary to determine if MIC is achieved on the
food surface.
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10.3.3 Non-release Systems

Non-release systems are when AM substances are covalently immobilized
on polymeric surfaces and any type of mass transfer occurs.

10.3.3.1 Immobilization

Some antimicrobial packaging uses covalently immobilized non-food-
grade antimicrobial substances without diffusional mass transfer, such as
packaging systems with covalently immobilized antibiotics or fungicides
such as lisozyme or nisin [12,23].

10.3.3.2  Surface Modification

Surface modification is the introduction of chemical functional groups
with AM activity into polymer films. Some cases are:

« Newbiopolymer containinga chito-oligosacharide side chain
obtained through crosslinking of N-methylolacrylamide
(NMA) on polyvinylacetate (PVA) [91].

o Surface amine groups formation in polymers through elec-
tron irradiation [92,93].

« Incorporation of anhydride linkages by reaction of acid/base
treated films with benzoyl chloride [94].

10.4 Conclusions

Antimicrobial packaging is a new technology for the preservation of
food that inhibits the growth of spoilage or pathogenic microorganisms,
improving food quality, safety and shelf life. The design of antimicrobial
packaging requires taking into account many factors such as characteris-
tics of antimicrobial components, compatibility and interaction between
antimicrobial agents and the packaging system, food nature and character-
istics, target microorganisms, and compatibility of kinetics of the release of
AM agent and growth kinetics of microorganisms.
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Abstract

The legislative and technical background for recycling of plastic packaging is dis-
cussed in this chapter. Packaging is a short lifetime product, therefore if not man-
aged properly, it can be seen around us as litter. Plastics are excellent packaging
materials for their versatility, lightweight and mechanical strength, thus they are
used as first choice materials for food packaging. The high quantity of packaging
waste has caused legislative measures to be undertaken that have defined the obli-
gations of packaging producers/distributors, recycling and recovery targets, and
the waste management hierarchy.

In this chapter the overall structure and components of recovery systems is pre-
sented. Recycling options are described with a focus on mechanical recycling. The
impact of reprocessing on properties of the main packaging plastics is discussed.
Possible problems related to novel packaging materials, in particular their impact
on quality of recyclates, are briefly presented.

Keywords: Packaging waste, legislation, recovery, recycling, bioplastics, mechan-
ical properties, quality of recyclates

11.1 Introduction

Waste management is an important issue for every material. That is clearly
visible in the analysis of the lifecycle of petrochemically based products
(Figure 11.1). The history of each item starts with a raw material extraction
that has to be refined/processed into a material ready for manufacturing
a market product in the processing plant. The product, after being used
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Energy recovery

Chemical recycling  Mechanical recycling Reuse

Figure 11.1 Life cycle scheme of petrochemical based products.

by the consumer, eventually becomes waste which is either landfilled or
recovered in the form of secondary product or by means of energy recov-
ery from an incinerator. Obviously if a product remains in the landfill it
contributes to its expansion and to the environment’s pollution. A new
portion of raw material must be extracted from Earth in order to meet
the requirements of consumers and industry. However, recovery gives a
chance of “second life” to waste products, thus both saving the raw material
resources and keeping the environment clean and healthy.

Packaging is a product with a very short lifetime, counted frequently
in weeks. Sixty percent of all packaging is for food products that helps to
save large quantities of food which otherwise would be wasted (in some
developing countries even 50%). Current starvation problems of many
populations are related not to global food shortages, but rather to unequal
food distribution among different world regions. Therefore, besides eco-
nomic development (availability of money for food), proper logistics, stor-
age and packaging are also important. Packaging should play diverse roles.
It should protect a product from damage or contamination, facilitate its
distribution, increase shelf life, deliver information allowing identification
of the content, expiration date, manufacturer, price, etc.; but it should also
attract customers.

According to the World Packaging Organization there are 100,000 pack-
aging manufacturing companies in operation, representing 5 million jobs.
After a sharp decline in 2009, global packaging sales recovered in 2010 to
$671 billion, and then the market reached $700 billion in 2011. Smithers
Pira’s report, “The Future of Global Packaging,” predicts an annual growth
of 3% with sales set to exceed $800 billion by 2016, driven mainly by
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increasing demand for packaging in the emerging and transitional econo-
mies [1]. The U. S. was the largest consumer for packaging in 2010 with a
demand of $137 billion, whereas China was second with $80 billion, a little
ahead of Japan (ca. $75 billion).

The worth of the European packaging market is estimated at $127 bil-
lion. The amount of packaging being placed on the market in 2010 was
78.7 million tonnes [2]. Considering its short lifetime, every citizen in the
27 Member States generated 156 kg of packaging waste (this quantity var-
ied across European countries between 43 kg in Bulgaria and 202 kg in
Luxembourg).

11.2 European Policy on Packaging Waste and Raw
Materials

Legislation has established a framework for the recycling activity across
Europe. European legislation dealing with packaging and the environment
should consider a series of European strategies, frameworks and policies.

The first comprehensive legislation on packaging was established in
1994, when the Directive on Packaging and Packaging Waste (Directive
94/62/EC) [3] was adopted by the European Parliament and the Council of
Ministers. This Directive aimed to harmonize national measures in order
to prevent or reduce the impact of packaging and packaging waste on the
environment and to ensure the functioning of the internal market. The
Directive requested that Member States introduce systems for the return
and/or collection of used packaging and defines specific targets for packag-
ing waste recovery and recycling.

In 2004, the Directive was reviewed to provide criteria clarifying the
definition of the term “packaging” and increased the targets for recovery
and recycling of packaging waste (Table 11.1). These targets are calculated

Table 11.1 Recovery and recycling targets of packaging waste.

94/62/EC 2004/12/EC
Deadline 30 June 2001 31 December 2008
Opverall recovery 50-65% Min. 60%
Overall recycling 25-45% Min. 55-80%
Glass recycling Min. 15% Min. 60%
Paper recycling Min. 15% Min. 60%
Metals recycling Min. 15% Min. 50%
Plastics recycling Min. 15% Min. 22,5%*
Wood recycling - Min. 15%

* exclusively mechanical recycling.
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by weight, by dividing the amount of packaging waste recycled by the total
amount of packaging waste generated.

Asfarasthe 10 new countries are concerned, Cyprus, the Czech Republic,
Estonia, Hungary, Lithuania, Slovakia and Slovenia were expected to meet
the 2004 objectives by 2012, Malta by 2013; Poland received an additional
two years to comply and Latvia an additional three [4].

Consecutive general Environment Action Programmes (EAP) have
guided the development of the EU’s environmental policy since the early
seventies. Over the past decade (2002-2012), the Sixth EU Environment
Action Programme has helped ensure that environmental legislation is in
place to tackle most environmental challenges in the EU. In the 6th EAP
four priority areas have been identified:

« Climate Change

« Nature and Biodiversity

o Environment and Health

o Natural Resources and Waste

Seven thematic strategies were adopted to constitute the framework for
action at EU level in each of the priorities concerned. Within the last pri-
ority, the Thematic Strategy on the Prevention and Recycling Waste was
developed (adopted 21/12/2005) [5]. The Strategy has been defined as a
long-term goal for the EU to become a recycling society that seeks to avoid
waste and uses waste as a resource. Therefore, waste prevention, reuse and
recycling are promoted, whereas waste disposal should only be considered
as the last option (Figure 11.2).

Most favoured
option

Prevention

Minimisation

Recycling

Energy recovery

Least favoured

option Disposal

Figure 11.2 Hierarchy of waste management.
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The Strategy has identified six key actions to achieve its objectives:

o Life cycle approach;

« Waste prevention policies to be developed by Member States;

 Environmental standards on recycling;

« Simplifying existing legislation;

« Not imposing specific waste recycling or prevention targets;
and

« Improving energy recovery from municipal incinerators.

Implementation of these measures has been evaluated in 2011. In the
Report on the Thematic Strategy on the Prevention and Recycling of Waste
[6] the Commission recommended to:

 Analyse the feasibility of developing eco-design instruments;

o Foster more efficient use of raw materials;

« Ensure the recyclability and durability of products;

« Promote the use of secondary raw materials in products in
the context of the Ecodesign Directive [7]; and

o Improve the competitiveness of EU recycling industries by
introducing new market-based instruments favoring sec-
ondary raw materials.

Another Thematic Strategy formulated within the Natural Resources
and Waste Priority was that on the Sustainable Use of Resources. Both
strategies are related to the life cycle and resulted in the Raw Materials
Initiative (RMI), that was launched in 2008 in order to secure European
access to non-energy and non-agricultural raw materials [8,9]. The RMI
has focused on the following topics:

 Ensuring access to resources in third countries;

o Fostering a sustainable supply of raw materials from
European resources; and

» Boosting resource efficiency and recycling.

In the context of Horizon 2020 it is expected that raw materials will be
reflected as a societal challenge. The European strategy for the smart, sus-
tainable and inclusive growth, formally adopted by the European Council
on 17 June 2010, shows that in the new integrated industrial policy the
Commission has considered waste as an important issue [10].
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The experience gathered through the years the recycling market was
operating has revealed the role the quality of recyclates plays in market
acceptance. This has been emphasized, a.o., in the Lead Market Initiative
(2007) [11,12], as a part of the European policy for six important sectors
that are supported by actions aimed at lowering barriers in bringing new
products or services into the market. It has been stated that innovation is
required in the recycling sector in order to enhance the quality of products
made of recyclates and reduce the market barriers.

The next legislative measure is the revised Waste Framework Directive
2008/98/EC [13] that has repealed some earlier regulations (the End of Life
Vehicles Directive 2000/53/EC and the Directive on Waste of Electric and
Electronic Equipment, 2002/96/EC; both also dealing with plastic compo-
nents) and simplified others in order to provide a set of concepts and tar-
gets that should facilitate the recycling business and spread good practices
across the EC. They include:

« Promotion of awareness of recycling technologies;

« Promotion of results of research in recycling;

« Supporting eco-innovations in the waste management area;
o Development of recycling standards; and

o Broadening EU market for recyclates.

The Waste Framework Directive has defined recovery as any useful use
of waste to replace another material. That includes:

« Energy recovery, i.e., using waste as a fuel or other means to
generate energy; and
» Recycling, i.e., reprocessing into products or raw materials.

The term recycling means:

o Mechanical (material) recycling, i.e., reprocessing by melt-
ing, shredding or granulation;

 Chemical (feedstock) recycling, that uses techniques allow-
ing the break down of polymers into their constituent
monomers;

« Organic recycling, i.e., composting (aerobic conditions) or
biofuel production (without access of oxygen) from biode-
gradable plastics.
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The REACH Regulation 1907/2006/EC is of some relevance for plas-
tics recycling. It contains specific provisions that facilitate the placing on
the market of recycled materials; however some hazardous additives may
hinder a compliance with REACH [14]. Some REACH processes are also
relevant for improving the resource efficiency of plastics, including recy-
clability. In particular, restrictions on hazardous additives reduce the risk
to the environment associated with using certain plastics.

The Classification, Labelling and Packaging Regulation 1272/2008/EC
[15] allows identification of hazardous chemicals and informs consum-
ers of a possible hazard with standard symbols on the packaging labels.
Reducing hazardous substances in plastics should also increase their recy-
clability and reduce risks associated with the use of recyclates.

The European Commission has already formulated the Seventh
Environment Action Programme to guide the EU environment policy up
to 2020. The 7th EAP is aimed at protecting nature, stimulating sustain-
able growth, creating new jobs and setting Europe on its way to prosperity
and health. A recent study suggested that full implementation of EU waste
legislation could save €72 billion a year, increase the annual turnover of the
EU waste management and recycling sector by €42 billion and create over
400,000 jobs by 2020 [16]. Legal measures should also stimulate invest-
ments in the state-of-the-art collection, sorting and recycling infrastruc-
ture as well as in innovations which will improve recycling efficiency.

11.3 Packaging

11.3.1 Packaging Waste

Since the statistical citizen in the 27 Member States generated 156 kg of
packaging waste in 2010, the total quantity was 78.6 million tonnes. As a
result of the above-described regulations the recycling rate of packaging
waste in the EU-27 went up from 54.6% in 2005 to 63.3% in 2010. The rate
of overall recovery (including incineration with energy recovery) rose from
66.8% to 76.2%. Figure 11.3 shows the share of different recovery options
for the packaging waste in Europe. The major form of recovery in all coun-
tries is recycling (only the recycling back to plastics is counted), however,
in some countries the energy recovery and the incineration with energy
recovery contribute markedly to the overall recovery rate. Member States
with landfill rates below 5%, such as Germany, the Netherlands, Denmark,
and Belgium, reported above 70% packaging waste recycling [17,18]. As a
matter of principle, that option is better than the energy recovery, but even
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Figure 11.3 Recovery options for packaging waste (Source: Eurostat).

if not all packaging waste may be suitable for recycling, there are no techni-
cal reasons why plastics should go to landfill rather than being recycled or
incinerated with energy recovery.

Moreover, landfills are not the only places where the packaging waste
is being dumped. According to estimations, around 10 million tonnes of
litter annually, about 80% of which is plastic, ends up in the world’s oceans
and seas [19]. It is harmful to the coastal and marine environment, causing
problems to sea animals that suffer due to entanglement or ingestion.

11.3.2 Plastic Packaging

Plastics are increasingly used not only as packaging, but also in other appli-
cations both in the consumer sector and in industrial products. Plastics
have been called a 21st century material for their versatility, lightweight,
durability, good mechanical properties, low electrical and thermal con-
ductivity, easy processing and recyclability. They are cheap, offer chemi-
cal and physical modifications (instead of looking for new monomers to
synthesize novel polymers), and are sustainable, e.g., plastics help reduce
greenhouse gas emissions and energy consumption [4,20-22].

The world plastics manufacturing capacity (Figure 11.4) has grown
annually almost continuously since 1950 (excluding the 2009 crisis), reach-
ing 288 million tonnes in 2012 (y/y growth of 2.8% as compared to 2011)
[21]. Asia is the leading plastics producing region (44.6%), with China
being the world’s number one manufacturer (23.9%).
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Figure 11.4 Plastics production growth with time.

The plastics industry belongs to the most important European economic
pillars, employing over 1.4 million people, showing a turnover of over 300
billion euro (plastics producers, plastics converters, and plastics machinery
sector) and generating ca. 26.6 billion euro taxes in 2012. Europe’s share of
global plastics production (ca. 47 million tonnes) accounts for 20.4%.

The assortment of polymers manufactured in Europe has been presented
in Figure 11.5. Major plastics are: polyethylene low density (LDPE) and
high density (HDPE), polypropylene (PP), polystyrene (PS) and expanded
polystyrene (EPS), polyvinyl chloride (PVC) and polyethylene terephtalate
(PET). These polymers contribute up to 73% of the total consumption of
plastics in Europe and their recycling will be treated with a special empha-
sis in this chapter. The group of bioplastics, which has had highly dynamic
recent growth, currently constitutes only a small part of total plastic con-
sumption. Their global production capacity is estimated to be 1.2 million
tonnes, however the forecasts for 2016 account for 5.8 million tonnes.

Packaging is a leading application sector, representing 39.4% of the total
plastics demand, followed by the building, construction and application
sector (20.3%). The automotive, electric and electronics, as well as agricul-
ture sectors consume less then 10% each (Figure 11.6).

The total amount of plastics used in the European packaging sector is
18.5 million tonnes, of which polyolefins account for 62%, followed by PET
(17.1%), polystyrene (including EPS) and PVC (Fig. 11.7).



364 FuNcTtIiONAL POLYMERS IN FOOD SCIENCE

LDPE, LLDPE

HDPE

PP

PS, EPS

PVC

PET

Others

8 10 12
Mtonne

o -
N
IS
o

Figure 11.5 Plastics manufactured in Europe.

22.4%

39.4%
4.2%

5.5%
8.2%
20.3%
@ Packaging B Building & construction O Automotive
O Electrical&electronics W Agriculture @ Others

Figure 11.6 Implementation of plastics in different sectors.

17,1% 24,8%

14,3% 18,6%

18,6%

o LDPE, LLDPE m HDPE O PP O PS, EPS m PVC @ PET

Figure 11.7 Polymers used in the packaging sector.

14



RECYCLING OF FOOD PACKAGING MATERIALS 365

11.3.3 Plastic Packaging Waste

Because the lifetime of packaging is very short and most plastics are non-
biodegradable, the entire amount of plastics used for manufacturing pack-
aging becomes waste very shortly. That means that 18.5 million tonnes
of plastics remain in the environment for a long time, with a possible
risk to human health and the environment if it is not recovered [23,24].
Fortunately, as much as 83% of all plastic waste recycled in 2012 in the
European Community was packaging. The recycling of plastics is more
difficult and costly in comparison to other packaging materials; therefore
the amounts of recycled plastic packaging waste vary in different Member
States (Figure 11.8).

As the graph reveals, all Member States except Cyprus and Malta
achieved recycling rates above the 2008 target of 22.5% (only mechanical
recycling was counted). Some countries recover more than 90% of plastic
waste, therefore an exchange of best practices on the collection and recov-
ery methods by these countries should allow for improved performance of
other Member States [25-27]. One can observe that the best performing
countries received such good recovery results due to a high energy recov-
ery rate. These countries have enacted measures leading to a diversion
of combustible waste from landfills, equivalent to a landfill ban. The less
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performing Member States apply no such measures and accept waste in
landfills with a fee sometimes as low as 7 €/tonne.

The Green Paper on the European Strategy on Plastic Waste in the
Environment published in Brussels on 7.3.2013 has announced a review of
the waste legislation that will be completed in 2014 [28]. This review will
look at the existing targets for waste recovery and landfill.

Sometimes industry is a driver for sustainable development. In 2011 the
European plastics industry urged the EU to aim at zero plastics to landfill by
2020. Some regional initiatives towards that goal have already been started.
However, as a matter of principle, recyclable materials should not be used
as fuel and the energy recovery should be a complement to recycling.

Increasingly scarce resources are focusing interest on the recovery of
hardy recyclable plastics, like flexible packaging, especially colorful, fully
printed and multilayered films. The environmental impact of plastic car-
rier bags is considerable. In 2010 there were 95.5 billion plastic carrier bags
(1.42 Mt) placed on the EU market, most of them (92%) were for single use.
Subsequent to the public consultation on plastic carrier bags held in 2011,
the European Commission is considering measures to reduce single-use
plastic carrier bags [29]. The recently developed technology is enabling the
recycling of materials with binding agents and other additives in a single
step into high quality pellets suitable for use in high quality end products.

Figure 11.9 shows the amounts of plastic packaging waste generated and
recycled by country in 2010. Luxembourg, Ireland, UK and Estonia have
shown plastic packaging waste generated above 38 kg per capita, whereas
in Romania and Bulgaria it was only 13 and 11 kg per capita.

Plastic packaging waste generated and recycled

LU IE UK EE IT PT DE AT FR ES NO DK EU-MT BE HU NL SI FI SE CZ EL SK PL CY LI LT LV RO BG
27
M Generation M Recycling

Figure 11.9 Plastic packaging waste generated and recycled in Europe, kg per capita 2010
(Source: Eurostat).
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Since plastic waste is categorized as non-hazardous, it can also be
imported and exported to non-OECD countries following the procedures
of the Waste Shipment Regulation, provided the import is not prohib-
ited by the country of destination. Total exports of plastic waste from EU
Member States increased by a factor of five between 1999 and 2011. Most
exports went to Asia; however, that means a loss of resources and opportu-
nities for recycling in Europe.

11.4 Recovery Systems

The Packaging Directive has obliged the EC Member States to create recov-
ery/recycling systems. Moreover, the Directive introduced two general
principles:

 Producer responsibility; and
o “Polluter pays” rule.

Thus, all over Europe different systems were established which have
decided how they are going to obey these principles and meet the recov-
ery and recycling targets. Industry (manufacturers, fillers, distributors) is
obliged to take back and recycle their sales and transport packaging after
use. It is also possible for them to transfer these obligations to other bodies
(recovery organizations) that would perform the recovery and recycling of
packaging waste in the most economically efficient and ecologically sound
manner. Recovery organizations may differ markedly in the logistics solu-
tions and financing details. Some systems are responsible only for house-
hold packaging, whereas others also collect the packaging from trade and
industry. Recovery organizations operate either in a full-cost or shared-
cost system. In the full-cost scheme, the license fee is paid by the com-
panies placing the packed goods on a market and covers the full costs of
the collection, sorting, recovery and recycling; whereas in the shared-cost
scheme, the fee only includes the expenses spent on a collection or exclu-
sively on the recovery and recycling. Therefore, there are different fee levels
in respective organizations [4].

A role of the recovery organizations is coordinating activities of other
partners (industry, trade, waste management companies and local authori-
ties) according to contract agreements, which specify mutual obligations,
rights and profits (Figure 11.10). It has been learned from the experience
gathered through years of operation, that it is very important to build an
organization that is transparent and subject to strict internal rules and
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stringent, regular financial audits in order to avoid undesired malpractices
and undue costs.

11.4.1 Collection

There are three main systems to collect post-consumer packaging waste:

o Bring systems;
e Door-to-door (curbside) collection; and
o Deposits.

The bring system is frequently used in European countries. It is par-
ticularly useful and cost effective in towns with many high-rise apartment
buildings, and in small communities in rural areas. The bring system uses
a number of relatively large containers placed at convenient sites that have
good access to the public: adjacent to high-rise buildings, next to shopping
centres, etc. A typical arrangement of bring system containers includes one
container for waste paper, one or two for glass bottles, one for plastic bot-
tles and cans. Usually the containers differ in colors. The separate collec-
tion across Europe is a target of the Waste Framework Directive till 2015.
Bring systems can achieve a return rate of 40 percent or more, however the
containers can have relatively high contamination rates, depending on the
level of the ecological consciousness of a society and how the system has
been organized.
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The curbside collection applies the same principle as a bring system, e.g.,
the citizens separate the waste at source, but they do it at home. The curb-
side collection can use containers like the ones used with bring systems,
only smaller (Figure 11.11). Recently, it is most common to use plastic bags
for the collection of plastic packaging and cans, bags of another color for
compost, and a container for residual waste. Glass bottles and paper are
often collected at bring systems. The curbside collection can achieve col-
lection rates of 60 percent or more, with a contamination level of around
20 percent.

Deposit systems achieve return rates frequently higher than those of
curbside collection; however, they are more expensive.

11.4.2 Sorting

Waste suitable for further material recycling must be of sufficiently high
quality so that it is possible to separate the collected waste into material-
specific streams. To meet the quality standards of recycled plastics, sort-
ing systems should be installed that are designed to remove contaminants
before the recycling process [4,22,30]. Sorting is a substantial cost factor
in the budget of recovery organizations; however, the recyclers operating
high-capacity plants need a steady source of standardized waste.

Manual sorting is the simplest technique, based on the identification by
trained inspectors specific plastics in a waste stream being carried on a
conveyor. This technique is labor intensive and costly, and may be used
efficiently for large items. Manual sorting is facilitated by ID-codes and
by a knowledge of typical applications of respective polymers (Table 11.2).
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Table 11.2 Information supporting manual sorting.

Code 1 2 3 4 5 6

Polymer PET HDPE PVC LDPE PP PS

Application Drink Bottles for Food trays, Carrier Margarine Pots, cups,
bottles, milk or bottles for bags, tubs, fish
pots, washing-up squash or bin cups, trays,
tubs, liquids shampoo liners meal boxes,
meal trays, cuttlery
trays bottles

Table 11.3 Density of polymers used for packaging.
Polymer PP PE PS PA PET PVC
Density g/ 0.89-0.92 0.91-0.96 1.04-1.08 1.13-1.18 1.30-1.38 1.32-1.45
cm?

Air classification allows separating flexible plastics (films) from the
whole rigid items using air streams with an adjustable velocity to control
the separation process.

Float-sink is a method carried out in a tank filled with the fluid of a
defined density, thus allowing floating of the less dense materials and
sinking of the heavier ones (Table 11.3). The most common fluid is water
(making possible a separation of polyolefin from other plastics), but also
water-based solutions with NaCl, ZnClZ or with methanol. This method is
simple but slow, due to a long retention time, moreover it is essential that
the size of all flakes is equal.

Hydrocyclone is a technique which uses a cylindrical separator with a
cone-wall end and applies the principle of centrifugal acceleration, allow-
ing the separation of a water suspension of mixed plastic flakes into the
heavy and light fraction based on their specific density. The suspension is
pumped tangentially to the hydrocyclone, thus initiating a spinning vortex
(Figure 11.12). This technique allows fast and accurate separation.

Centrifugal sorting applies the same principle as sorting. The separator is
a cylindrical centrifuge ended with cones and equipped with a solid bowl
screw with opposite slope of flights. The slurry of shredded plastic waste in
a separation liquid is fed axially into the centrifuge and subjected to strong
turbulent forces accomplished due to rotation with a very high speed (cen-
trifugal field up to 1600 times higher then gravity). The separation is very
fast (residence time in a centrifuge range of 25 s) and achieves efficiency
exceeding 99.5%.
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Figure 11.12 Hydrocyclone operation scheme.

Flotation is a technique which separates the hydrophobic particles from
hydrophilic ones. The aqueous slurry of shredded plastic waste is pumped
with air and the bubbles adhere to the hydrophobic particles and carry
them out to the surface, forming a froth layer. Hydrophilic particles are
wetted by water and stay dispersed in a liquid phase. Some flotation agents
may be added to facilitate the separation process, allowing even separation
of PET and PVC.

Electrostatic sorting uses a triboelectric technique for separation of
plastics by their differences in electrostatic charges. The flakes subjected
to a frictional contact are charged positively or negatively depending on
their dielectric constant, and then are sorted while falling freely between
two oppositely charged electrodes that attract the flakes and allow their
separate collection according to the triboelectric charge (Figure 11.13).
Possible modifications of the sorting set include a rotating drum instead
of one plate.

Melting temperature is a polymer specific property that allows sorting of
mixed polymer waste by differences in the melting point. This method uses
a drum/belt heated to temperature of the polymer with the lowest melting
point. Such polymer adheres and gets scraped after the drum/belt is turned
over, whereas other plastics fall down to a second drum/belt of higher tem-
perature, where another polymer adheres.

Automated sorting applies different techniques of identification for elim-
ination of desired components from the stream of dry mixed waste being
transported on a conveyor belt. On their way they are subjected to a light/
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Figure 11.13 Scheme of electrostatic sorting.

Figure 11.14 Scheme of automatic sorting.

laser beam, and then the detector identifies the single item by comparing a
reflected beam to a reference stored in a data base. The item is either ejected
by a precisely directed jet of compressed air or is transported further in
the main stream (Figure 11.14). The system operates using different sen-
sors (optical, color, spectroscopic — mainly infrared, X-ray) and software,
making real-time decisions. For the exact identification of polymers and
additives frequently both spectroscopic and optical sensors are integrated
in one system. Automated sorting operates with a high throughput (3-5
tph) and high purity (around 95%). Sorting plants frequently use magnet
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and/or eddy current units to remove small amounts of steel or aluminium
closures.

11.4.3 Recycling

The packaging waste, if not reused, should be subjected either to recycling
or energy recovery. There are various options to exclude plastic waste from
landfills (Figure 11.15).

Figure 11.16 shows how the approach to plastic waste has varied in
Europe in recent decades. Initially landfilling was prevalent, but after
the Packaging Directive came into force the practice of waste recovery
started developing, and since 2005 the amount of waste being landfilled
has decreased, even if production of virgin plastics increased. In 2010 the

RECOVERY OPTIONS
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Mechanical Feedstock Organic Energy Alternative
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Figure 11.15 Recovery options of plastic waste.
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Figure 11.16 Plastic waste management in Europe.
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amount of recovered plastic waste was higher than that landfilled and that
tendency is increasingly developing. In 2012, of a total of 25.2 Mt plas-
tic waste generated in Europe, recovery accounted for 15.6 MT (61.9%)
and landfill for 9.6 Mt (38.1%). From that amount, 6.6 MT (26.3%) plastic
waste was recycled and 8.9 Mt (35.6%) incinerated.

Mechanical recycling performed for plastic waste should be well sepa-
rated by resin, otherwise the products have a limited market, or need up-
grading by compatibilization, or by preparing composites. Separation by
color is also recommended, since unpigmented recyclate has a greater
value due to the larger number of applications. Mixed or contaminated
waste plastics should be recovered be means of feedstock recycling or
energy recovery.

Feedstock recycling has almost disappeared from European practice for
economic reasons, since that option is economically sound only for high
waste quantities, which should be available in a continuous manner. Thus,
the high cost of transport was the deciding factor in closing major plants.

Organic recycling is limited to a specific group of biodegradable plastics
and currently has only a niche market; however its rate of development is
very high (20%).

Among all recycling options the mechanical recycling is preferred and
solely counted as “recycling” in the annual reports on packaging waste
recovery. According to the recent resolution of the European Parliament of
14 January 2014 on the policy regarding plastic waste in the environment,
incineration of these wastes should be reduced and landfilling of the plastic
waste suitable for reuse or recycling should be entirely banned.

11.4.3.1 Mechanical Recycling

The mechanical (material) recycling of plastic waste should be preceded by
a range of auxiliary processes that improve the quality of recyclates, mak-
ing them more attractive to the market.

The technological steps of mechanical recycling include the following
operations:

« Sorting;
 Grinding;
o Washing;

o Drying; and
o Melt processing.
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Figure 11.17 Mechanical recycling stages.

A typical set of equipment used for mechanical recycling has been pre-
sented in Figure 11.17. Final output form may be flakes/pellets or a final
product manufactured directly from the recyclate.

Sorting

Sorting of waste is very important due to incompatibility between poly-
mers and their different melting temperatures. Even a small amount of
another polymer dispersed in the matrix may markedly change its proper-
ties and exclude a whole batch from a desired application.

Grinding

The efficiency of some recycling processes depends on a uniformity of the
waste size; therefore larger items should be reduced in size with a shredder
and then grinded to smaller particles (flakes). In order to avoid the dam-
age of processing equipment and facilitate a smooth separation of different
plastics, the metal detector (frequently more than one) has to be located
along the way of waste to subsequent technology stages. Size of grinded
particles (5-10 mm) is regulated with the sieve mesh.

A variety of technical solutions (whirling and static knives, single, row
or cascade location) have been used to provide a desired result, e.g., regu-
lar flakes without powder, that should be separated with a cyclone. Waste
is normally fed to a shredder/grinder on a conveyor belt or with a feeding
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screw, and the flakes are discharged gravimetrically or with a vacuum
system.

Washing

For removing contaminants from packaging waste (paper, glue, labels,
detergents, whiteners, remainder of drinks and food, insects, etc.) washing
with hot water and detergents or caustic soda should be performed. This
prevents defects in the final products, observed as bloomings, bubbles,
intrusions and smelts. In addition, recyclates made of an unwashed waste
exhibit a deterioration of strength and appearance. Washing should be fol-
lowed by rinsing with clean water to remove chemicals from a flake surface
that could catalyze polymer degradation.

Drying

Removing water after washing is important to protect polymers like PET
and PA from a hydrolytic degradation, or to facilitate a free gravimetric
dosing of flakes to the hopper of the processing equipment. This is per-
formed in a centrifuge, followed by a drier with the polymer-specific tem-
perature (Table 11.4).

Processing
Marketable forms of plastic recyclates are flakes (without further con-
verting), pellets or final products, manufactured from flakes during melt
processing. Converting methods are typical for thermoplastics, includ-
ing extrusion, blow molding, injection molding, press molding, etc. Some
changes in the construction of the processing equipment are advisable
(Figure 11.18).

These concern the dosing unit (allowing a transfer of flakes to the bar-
rel), the riffled internal wall of a barrel (to push solid flakes forward), the

Table 11.4 Drying parameters for selected polymers.

Polymer PET | HDPE | PVC | LDPE PP PS
Temperature, °C 140 80 75 80 80 80
Time, h 2 1 1 1 1 1

I
IR T

Figure 11.18 Exemplary extruder for waste processing.
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deep screw channel in a feeding zone (to take flakes or agglomerates), the
venting port at the end of a melting zone (to remove volatiles, water vapor
and odors), the filter before the polymer melt leaves a barrel (removing
contaminants, gels, solid products of degradation, etc.)

11.4.3.2  Impact of Mechanical Recycling on Polymer Properties

Plastic materials most frequently constitute a mixture of polymers with fill-
ers and processing aids. Their properties depend primarily on the structure
of polymers—their chemical composition, molecular weight and molecu-
lar weight distribution, crystallinity degree, etc. Material characteristics
of most interest for end-users, e.g., impact strength, tensile, bending and
damping properties, depend on the molecular parameters—similarly also
the viscoelastic properties of polymer melts, which are crucial for plastics
processing.

The quality of recyclates depends on the entire thermomechanical his-
tory of a polymer since it was manufactured. The next step is processing
of the polymer into a final product at a high temperature under severe
mechanical stresses, depending on the technology and processing param-
eters. Even if appropriate additives are applied (stabilizers, processing
aids) most polymers suffer some degradation. That process leads to a first
reduction in length of macromolecules, that also deteriorates the mechani-
cal strength, heat deflection temperature and melt viscosity of polymers.
Relatively low structural changes occur during the storage period—espe-
cially if temperature is moderate and access to light is limited. The next
degradation steps occur during the use period due to the influence of tem-
perature, oxygen, ozone, UV radiation, and humidity. Although some pro-
tection is provided by antioxidants and UV stabilizers, they are consumed
in the course of exploitation time.

Further degradation takes place during recycling operations (grinding,
drying, processing), depending on the applied temperature, stress level and
a total residence time in the high shear regions. The final quality of recycled
polymers is usually inferior to that of virgin polymers, depending on the
polymer type, its initial molecular mass and the extent of degradation. All
the above-mentioned degradation reasons constitute some form of energy.
If its value exceeds the bonding energy between carbon atoms in polymer
macromolecules, chain scission occurs. This is a radical process, which
may continue either progressing with a further reduction in the length of
macromolecules or may lead to crosslinking/branching reactions.

Different polymers behave differently under possible degradation con-
ditions, depending on their chemical structure, sensitivity to temperature,
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Figure 11.19 Melt viscosity of PP with a different processing history.

humidity, and oxygen access; therefore some are more resistant to mechan-
ical recycling than others [31,32].

The kind of equipment used for recycling also plays a substantial role in
the quality of recyclates. For example, single-screw extruders cause more
severe degradation than twin-screw machines due to different mechanical
stresses and trajectories of melt streams within the extruder barrel, in par-
ticular between the static and rotating elements of the machines.

The influence of the processing technology on polymer degradation is
presented in Figure 11.19 for a case of virgin polypropylene, subjected to
press molding, extrusion or mixing in the internal mixer for 5 minutes
at 190°C. The measure of degradation was the melt viscosity n, evaluated
with an oscillatory rheometer. All measurements revealed the pseudoplas-
tic character of PP melts; however, they differed in a value of the zero shear
viscosity, which is directly related to the molecular weight of a polymer
(Mark-Houwink Equation 10.1), and in the length of the Newtonian pla-
teau, which also informs on the extent of degradation. It has been shown
that even the press molding caused a drop in the melt viscosity from 750
Pas to 350 Pas, whereas the extrusion brought about a decrease in viscosity
down to 120 Pas. Prolonged mixing caused a severe degradation of poly-
propylene—its melt viscosity fell down to 25 Pas, which evidenced dra-
matic decrease in the molecular weight of the polymer.

n,= KM * (11.1)
where:
n, — zero shear viscosity;

M, - molecular weight; and
K - constant.
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The general dependence of the mechanical performance of a polymer
on the molecular weight (M, ) has been presented schematically in Figure
10.20. Before M falls down below a critical molecular weight (M ) the
material keeps fairly high mechanical properties, however, if the degra-
dation progresses beyond M _the mechanical behavior changes dramati-
cally. Since the critical molecular weight of particular polymers is different
and sensitivity to degradation as well, in practice one observes that plastic
waste exhibits different resistance to multiple reprocessing (recycling).

Mechanical properties can be predicted using Equation 11.2:

P=P_ -C/M, (11.2)
P — mechanical property (Young’s modulus, strength, ultimate elongation);

P_ - mechanical property of the polymer with a very high molecular
weight; and

C - constant dependent on the kind of polymer and the property
selected.

The influence of mechanical recycling on polymer properties has been
presented below for selected packaging materials: HDPE, PVC, LDPE, PS,
PP and PA6. Since extrusion is commonly used by plastic converters, that
technology was chosen for comparison of different polymers. Processability
and mechanical strength have been presented as the properties of high

Mechanical
performance
(stiffness,
strength,
toughness)

>
»

Max Molecular weight

Figure 11.20 Schematic of the relationship between polymer molecular weight and
mechanical properties.
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Figure 11.21 Relative melt flow rate as a function of reprocessing steps.

practical value. Processability was estimated by means of the melt flow
rate (MFR) and tensile tests were performed in an uniaxial mode. Relative
properties have been presented in order to compare the behavior of differ-
ent polymers on the same graph. The values measured after consecutive
extrusions were compared to that of a virgin polymer and marked with an
upper index R.

Changes in the relative melt flow rate (MFR®) have been presented in
Figure 11.21. High increase in a melt flow rate after consecutive extrusions
has been found for polyamide 6. The polymer was so much degraded, that
after the 4th cycle a further processing was impossible.

Similar dependence of reprocessing on MFR has been found for poly-
styrene, but the extent of changes was less expressed than that for polyam-
ide. The LDPE and PVC exhibited high resistance to multiple extrusions.
However, contrary to other polymers, MFR of LDPE slightly decreased
after reprocessing, which may result in new branchings arising during
reprocessing.

Tensile properties are also related to the chemical and physical state of
polymers. Young’s modulus and the elongation at break are known to be
sensitive indicators of the structural parameters. The elongation at break of
PA6 only slightly decreased after initial extrusion courses (Figure 11.22). A
tremendous decrease, reaching 80%, was observed after the third extrusion
cycle, thus confirming a conclusion on the extended polymer degradation.



RECYCLING OF FOOD PACKAGING MATERIALS 381

1.2
R T G G
1% o o
g y T %;
-
<
£ 0.8 1 —x— LDPE
% o6 —o—Ps
g " ——PVC
s 04 ——PA
2
]
o 0.21
2
0 t t t t t
0 1 2 3 4 5 6
Extrusion cycle
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Figure 11.23 Relative Young's modulus as a function of reprocessing steps.

There were no changes observed in relative elongation values for LDPE,
PVC and PS.

The tensile modulus of PA6 exhibited a substantial decrease just after
the first extrusion, which accounted for 50%—consecutive extrusions did
not cause a further change in the stiftness of the polymer (Figure 11.23).
This finding has confirmed an advanced degradation of polyamide, which
was evidenced by MER results. Young’s modulus of other polymers did not
change its value in comparison to the virgin ones. This has confirmed the
conclusion that LDPE, PVC and PS can be recycled without objections.
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Figure 11.25 Relative elongation at break as a function of extrusion cycle.

A comparison of the sensitivity to degradation during consecutive
extrusions of PA6 with polyolefins has been presented in Figures 11.24 and
11.25. Polyamide degraded with a very high rate, however, some increase
in flowability was also observed for PP and HDPE, thus indicating the
chain scission reactions. The LDPE exhibited only a slight decrease of
MEFR, which was interpreted in terms of an increased branching density.

Tensile properties revealed not only a dramatic degradation of PA6,
but also a steadily progressing chain scission in polypropylene, that was
observed as an increase in Young’s modulus and a decrease in the elonga-
tion at break (Figure 11.25). Some decrease in the ultimate elongation of
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LDPE was interpreted as a result of branching and crosslinking reactions
developing stepwise in the polymer.

The highest stability in the mechanical recycling exhibited HDPE, how-
ever, LDPE and PVC can also be recommended for multiple reprocessing,
although a restabilization of poly (vinyl chloride) should be considered
due to a high temperature sensitivity of that polymer.

11.4.3.2.1 Recycling of PET

A major PET waste in a recycling stream is bottles, which can be converted
to fibers (for clothing, e.g., t-shirts, fleeces, jeans, or geotextiles), foils,
bottles (even for food applications with B2B technology), strapping tapes
or technical details. European collection of PET bottles attained 1.68 Mt
(more than 60 billion bottles); that is over 52% of all bottles available.

The mechanical recycling of PET is a predominant recovery technol-
ogy; however, it is hampered by numerous constraints. Among the most
important are those related to the hydrolysis leading to the depolymer-
ization of poly (ethylene terephtalate). Contaminants that generate acidic
compounds (PVC labels, seals or sleeves, rosin acid from glue, EVA cap
liners) or caustic soda (remaining from washing) cause that problem dur-
ing extrusion. The same happens if PET waste is not dry enough—initial
humidity of flakes is 0.7%, however before extrusion it should not exceed
50 ppm, otherwise a reaction reverse to polycondensation occurs [33].

The influence of degradation caused by processing on molecular param-
eters has been presented in Figure 11.26. The intrinsic viscosity IV (related
to a molecular weight) of virgin PET is markedly higher than that after
processing into a bottle (injection molding followed by blow molding).
The recyclate derived from a waste bottle suffered a further IV decrease,
making it not useful for manufacturing bottles (required IV is above 0.75).
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Figure 11.26 Intrinsic viscosity of PET with different processing history.
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Waste PET from X-ray film exhibited the lowest molecular weight (intrin-
sic viscosity 0.65 dl/g).

The problems related with PET depolymerization can be solved with
solid-state polycondensation, which should be performed with a hot inert
gas (nitrogen) or in a vacuum chamber at temperature of 200°C. The pro-
cess takes 4-6 hours and by advancing the polymerization degree it pro-
vides a material of increased intrinsic viscosity and contaminant-free. Such
recyclate is of the food grade and exhibits high mechanical strength.

Even if PVC at a level above 50 ppm is a principal problem, other dif-
ficulties may be caused by novel multilayer bottles with enhanced barrier
properties. Frequently that barrier is EVOH, in which content during recy-
cling above 500 ppm should be avoided because of the danger of acidic
hydrolytic degradation. Another barrier material is PEN, which if recycled
with PET causes the secondary material to become brownish and fluores-
cent. Currently there are no restrictions on clear plasma coatings, provided
the carbon level in not high.

Closures and labels on PET packaging should be of polypropylene or
polyethylene, as these polymers are easy to separate as low-density materi-
als. Some problems are caused by sleeve labels covering more than 40%
of the bottle surface. Without sufficient clear area available, such bottles
cannot be identified with sensors and are rejected by the automatic sorting
equipment.

Some specifications of PET mechanical recycling require additional
operations preceding extrusion, e.g., crystallization, that should be per-
formed at 120°C for 30-60 min., and drying at 150°C for 4 h. Crystallization
prevents the sticking together of PET flakes during drying, up to forming
aggregates, that would happen if the polymer was in an amorphous phase,
which is a normal PET state in bottles, films and sheets. The difference
in the thermomechanical behavior of poly (ethylene terephtalate) at both
physical states has been presented in Figure 11.27. The range of tempera-
ture transitions in the crystalline PET is higher for 14.5°C in comparison
to that in the amorphous polymer.

In recent years one can observe in the market an increasing amount
of bottles made of poly(lactic acid) (PLA) that are collected in the same
stream as PET bottles. Recycling of PLA together with PET should be
avoided for the reason that PLA melts at the temperature of PET drier, thus
complicating the recycling process. In addition it causes a deterioration of
PET mechanical properties and a loss in transparency, as these polymers
are incompatible.
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Figure 11.27 Thermomechanical properties of PET amorphous (w5) and crystalline (w).

11.4.3.2.2 Recycling of Polyethylene

The wastes of interest are HDPE bottles for milk or other liquids, as well as
different containers, tubes and films. Efficient separation with conventional
density separators is easy, provided that the fillers (talc, calcium carbonate)
were used in such an amount that polyethylene flakes do not sink in water.

The principal contaminants of HDPE waste are made up of polypro-
pylene bottles and closures. The PE and PP cannot be easily separated
with water (density of both is below 1 g/cm’), therefore polypropylene
may form inclusions in the HDPE matrix if both polymers are processed
together. This is due to the higher melting temperature of PP (ca. 165°C)
than HDPE (ca. 130°C).

Another problem is caused by HDPE containers used for motor oil
that not only leaves a specific odor in recyclates, but also migrates into the
flakes, thus plasticizing the polymer and changing its mechanical and ther-
mal properties. In contrast to the odor derived from milk bottles, its odor
cannot be extracted during a hot washing stage.

The next factor decreasing the market value of recyclates is mixing waste
bottles with tubs and dishes, since HDPE grades used for their manufac-
turing are different. Bottles are produced by blow molding technology,
which does not require such a high melt flow index as the injection-molded

goods need.



386 FuNcrtIiONAL POLYMERS IN FOOD SCIENCE

As a result of recycling, the melt flow rate of polyethylene slightly
decreases due to branching and crosslinking. Chain scission occurs only if
the processing temperature is high (above 240°C).

Specific problems have arisen in recent years after oxo-degradable mate-
rials entered the market. These plastics are made mainly of polyethylene
with additives (usually metal salts), that accelerate their degradation when
exposed to light and/or heat. Packaging made of oxo-degradable plastics
is frequently claimed to be biodegradable or oxo-biodegradable. As a mat-
ter of fact, the bioassimilation of microorganisms is possible only for the
moderate- or short-length molecules. The extent of polyethylene macro-
molecules degradation caused by pro-degradants depends on weathering
conditions and the timescale (usually years), thus when a true biodegrada-
tion starts is not known [34]. Such waste cannot be mixed with composta-
ble packaging, since it does not degrade within the composting period.
Mechanical recycling also should be excluded due to the additives, which
accelerate degradation causing a deterioration of the mechanical perfor-
mance. Oxo-degradable waste in landfills behaves like regular polyethyl-
ene because normally there is no oxygen access to the landfill interior. The
recovery route of choice for oxo-degradable packaging waste should be
incineration with energy recovery.

11.4.3.2.3 Recycling of PVC

Usually PVC bottles are recycled. The polymer is easily separated in poly-
olefins, however PVC is of very similar density to PET, therefore these
components are difficult to separate in the conventional density separa-
tors. Even small amounts of PET cause quality problems due to a higher
processing temperature of PET (250-260°C) than PVC (180-190°C). Thus,
unmelted PET can lead to a rapid obstruction of filters in the extruder or it
will form spots dispersed in a clear PVC matrix.

The main disadvantage of PVC is a limited thermal stability that
requires the addition of heat stabilizers to prevent an extended degrada-
tion. Because the stabilizer is consumed during processing of a primary
product, the thermal stability of recycled PVC is remarkably reduced and
for further processing cycles a restabilization should be considered.

11.4.3.2.4 Recycling of PP

The major contaminant of polypropylene waste is HDPE from bottles
and closures. Both polymers have a density < 1 g/cm® and float on water,
thus are difficult to separate. Because polyethylene melts before PP, small
amounts of HDPE (up to 5%) should be acceptable. Higher polyethylene
levels are not recommended due to incompatibility.
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Figure 11.28 Influence of stabilization on melt flow rate of polypropylene.

The use of PVC labels and sleeves should be avoided since thin foils are
not separated gravimetrically and carried over with a floating fraction that
can cause discoloration and malodor.

Manufacturing of technically advanced products from PP recyclates
needs an additional amount of antioxidants and stabilizers. The influ-
ence of stabilization on the melt flow rate of polypropylene as a function
of reprocessing cycles has been presented in Figure 11.28. The PP with
addition of stabilizers (antioxidant Irganox 1010 and stabilizer Irgafox 168)
keeps MER value without remarkable changes, whereas the non-stabilized
recyclate exhibited an increase of MFR with consecutive recycling steps,
thus evidencing the chain scission typical for polypropylene degradation.
Moreover, shorter polymer chains may arrange easier into a crystalline
order, thus the degraded polypropylene becomes increasingly brittle.

11.4.3.2.5 Recycling of PS

A colorless polystyrene waste has the highest recycling value. Recovery
of transparent polystyrene packaging has no specific restrictions, besides
labeling with PET or PVC, as all these components sink in water and are
difficult for sorting with the most popular density separators. However,
aluminium lids are acceptable, especially the peel-off ones.

11.4.3.3 Chemical Recycling

Mixed plastics, multilayer packaging and contaminated waste used to
be rejected by the collection stream as not being suitable for mechanical
recycling. Although some fractions may be used for manufacturing fur-
niture, insulations, pallets and fencings (by intrusion of heavily contami-
nated polyolefins), the rest should be subjected to a chemical recycling or
incinerated.
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Feedstock recycling, as a technique aimed at the degradation of poly-
mer macromolecules to monomers or to simple hydrocarbons, requires
the infrastructure typical for chemical plants and also similar parameters
(high temperature and pressure). The polymers manufactured from chem-
icals derived from feedstock recycling are of high quality, therefore they are
market acceptable and food contact permitted.

Mixed plastic waste loaded together with coal in a high temperature
reactor (1100-1300°C) decompose to the synthesis gas (CO, H,), a princi-
pal substrate for the chemical industry. It is used for production of metha-
nol, synthetic fuels, acetic and formic acid, as well for ammonia synthesis.

The next technique is converting mixed waste plastics into hydrocarbon
fuel, which is increasingly important as crude oil price is rising. Another
benefit is a reduced foreign oil dependency, the security of energy and
environment protection. Shredded plastic wastes are fed to the reactor at
a temperature above 400°C, where plastics are subjected to cracking and
vaporization. After condensing, the liquid oil-like products are collected.
Their composition depends on the reactor temperature—the lower the
temperature the more oil and less coke is manufactured, the higher the
temperature the more gases, more coke and higher reaction rate. While
performing cracking with an access of hydrogen one receives products of
higher quality, without unsaturated hydrocarbons.

The controlled degradation at high temperature can be performed for
any kind of plastics (polyolefin is preferred), however, PVC should be
rejected since due to its dehydrochlorination the intensive emission of
hydrochloric acid occurs, thus causing a corrosion of metal parts. Another
reason is emission of a deadly poison named dioxins that accumulate in
living tissues.

The reduction of iron ore is a specific recovery method of waste plastics.
Steel is produced from hot metal, which still contains up to 4% carbon (C).
This percentage needs to be reduced to a maximum of 2% down to zero,
depending on the steel grade. The reduction of ore (iron oxide) into a metal
is normally done with coke, loaded to the blast furnace together with the
ore. Part of the coke can be substituted with waste plastics, preferably poly-
olefins, as hydrocarbons enter into the reaction with oxygen, linking it into
carbon dioxide and water.

The waste plastics are agglomerated or pelletized and injected with a
compressed air through the long pipe systems into the blast furnace.
Around half a million tonnes of waste packaging is recovered with this
method in Austria and Germany, saving a lot of space in landfills, tens mil-
lions GJ of energy and around 1 million tones of carbon dioxide, sulphur
dioxide and a lot of dust.
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Several chemical transformations are possible with poly (ethylene tere-
phtalate), as all polyesters have functional end groups ready to react with
other chemicals.

Glycolysis of PET waste is a reaction performed with excess ethylene
glycol under pressure at a temperature of 200°C, giving bis-(hydroxyethyl)
terephtalate as a product. That compound is used as a monomer for PET
synthesis.

Methanolysis can be performed under similar conditions, but with
methanol instead of ethylene glycol. The products are dimethylterephtalate
and ethylene glycol, both being substrates for PET production.

Hydrolysis can be performed with water in an acidic or alkali (caustic
soda) environment. The products are terephtalic acid and ethylene glycol,
again useful for PET manufacturing. However, this method is less estab-
lished than glycolysis and methanolysis.

Saponification is an alkali treatment of PET waste in a multistep process.
The products are ethylene glycol and disodium terephtalate, or ethylene
glycol, terephtalic acid and sodium sulphate, e.g., the raw materials for PET
production.

11.4.3.4 Organic Recycling

Organic recycling is related to biodegradation, e.g., the enzymatic activ-
ity of bacteria, microorganisms, fungi and insects, that transforms biode-
gradable plastics into compost (with oxygen access) or biogas (at anaerobic
conditions). Organic recycling brings about not only a reduction of the
packaging waste amount in landfills and emission of greenhouse gases, but
also helps in reaching the limits of the landfilled biodegradable municipal
waste according to Directive 1999/31/EC (current limit is max. 50%, 2016
limit accounts for max. 35% of the amount landfilled in 1995).

Composting enables an increase in the amount of organic carbon in
soil and a decrease in the consumption of fertilizers by 30-50%. The pro-
cess requires specific conditions: oxygen access, controlled temperature
(20-37°C at a first stage, then 50-65°C) and humidity (40-45%) to pro-
vide high quality compost. The product of composting is humus (rich
in mineral salts), carbon dioxide and water. The composting and qual-
ity control parameters have been defined in Standard EN13432 together
with acceptable limits of selected hazardous substances and a disintegra-
tion level. Moreover, the compost should exhibit no negative impact on
plants. Compostable packaging should be labeled with appropriate sym-
bols (Figure 11.29).
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Figure 11.29 International labeling of compostable packaging.
The industrial composting of plants also sets a time scale for the process,
therefore not every biodegradable material is compostable. The total time

should not exceed 12 weeks. The process stages are as follows:

« Separation (glass, plastics, metals, batteries, etc.);

« Grinding;

o Sieving;

« Composting (prism forming, agitation every 1-2 weeks,
water supply);

o Maturing; and
o Sieving (fractions 10 mm and 25 mm).

Biogas generation is a process of waste biodegradation without oxygen
access which produces a gas containing methane (50-80%), carbon diox-
ide (20-40%), water vapor, nitrogen and oxygen. An amount of 100 m’
of biogas allows the generation of 400 kWh of electricity. The cost of a
multifunctional biogas plant capacity of 30-50,000 t/a is approximately 20
million €.

11.5 Bioplastics

Biomass is considered as an option that may help in reducing the depen-
dence on imported oil and gas and improving the environmental balance
due to reduced carbon dioxide emissions. Looking for free access to raw
materials, industry is moving nearer to nature, therefore polymer materials
which are produced from renewable resources (biobased) are the focus of
growing interest [35,36].
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A similar trend is observed for a group of biodegradable polymers, e.g.,
materials that undergo degradation caused by microorganisms and meet
specific international standards (EN 13432, ISO 17088). Both terms are
frequently used synonymously, which is wrong, since biodegradables are
both poly(lactic acid) (PLA) and starch (biobased), as well as polycaprolac-
tone and aliphatic-aromatic polyesters (fossil derived). On the other hand,
bio-polyethylene and bio-polypropylene are biobased, but do not degrade
when exposed to microorganisms. Nevertheless, both biobased and biode-
gradable are called bioplastics.

Bioplastics play an increasing role in packaging applications (both rigid
and flexible), as their development has been encouraged in Europe in a
different manner (lower packaging tax tariff or even derogation from the
recovery fee). Therefore one should expect an increased quantity of pack-
aging made of bioplastics entering the recycling scheme.

11.5.1 Biodegradable Polymers

Biodegradable polymers frequently exhibit properties comparable to com-
modity plastics but their applications are intended mainly for single-use
food packaging, containers, cups, plates and cutlery because of their sensi-
tivity to undergo the microbially induced degradation. Thus, the prefera-
ble recycling technique for biodegradable polymers should be composting
(organic recycling). However, during processing some amounts of waste
remain, which could be mechanically recycled similarly to a majority of
commodity plastics at the processing site. Moreover, some amounts of
biodegradable packaging waste can be mixed with other plastic waste, as
there are not yet individual bioplastic collection systems. Once their criti-
cal volumes in the overall waste stream are achieved, one should expect
that the bioplastics stream will be separated for suitable recovery methods,
depending on local infrastructures. Besides composting, mechanical recy-
cling could be considered, especially when sufficient volumes of homoge-
neous waste are available, since some biodegradable plastics are capable of
being multiply reprocessed (Figures 11.30 and 11.31).

The PLA exhibited only slight changes in the tensile modulus after con-
secutive extrusions within the 10-times extrusion program (Figure 11.30).
The value 2,200 MPa measured for a virgin polymer was different in some
recycling stages for only 10%. This is a confirmation that such a processing
history still keeps the material in a high value range for mechanical proper-
ties (Figure 11.20). The same statement is valid for the tensile strength of
recycled PLA (Figure 11.31).
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Figure 11.31 Influence of recycling on tensile strength of PLA.

Poly(lactic acid) is a biodegradable material produced from natural,
renewable raw materials. It is characterized as a high gloss and transparent
material, with high barrier properties for gases, good mechanical proper-
ties, and good processability. It is used in many industrial sectors, mainly
in the packaging industry (for bottles, beakers, food trays, cups, plates and
cutlery), where PLA has to compete with cheap synthetic plastics, and in
medicine. It is a crystalline thermoplastic polymer with a relatively high
melting point (150-180°C) and with a glass transition point 54-56°C.

The principal PLA manufacturer is NatureWorks, a company that offers
several grades under the brand name Ingeo. Due to its relatively high price,
it is beneficial to recycle PLA.

Another biodegradable polymer is starch, which occurs in nature as
discrete granules. Starch is a polysaccharide mixed of two components:
the linear amylose and the highly branched amylopectin. In a native state
it is brittle and not processable, because its melting temperature is higher
than the degradation temperature. However after addition of plasticizers
one receives thermoplastic polymers with moderate mechanical strength,
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flexibility, and barrier properties for commercial packaging and consumer
products. Depending on the plasticizer amount the properties of thermo-
plastic starch can vary greatly (Tg varies between —50°C and 110°).

Novamont is a leading company in producing various types of starch-
based blends with other polymers for film applications (bags, overwraps,
mulch films), sanitary products, etc.

11.5.2 Biobased Polymers

The principal polymer used in the packaging industry is polyethylene,
manufactured by polymerization of ethylene. Traditionally, this monomer
is produced from crude oil by the steam cracking of naphta or by ethanol
dehydration.

The first trials for producing PE from bioethanol were performed in the
1980s by Braskem. Unfortunately, low oil prices and problems with the
biotechnology processes caused the technology to be unsuccessful at that
time.

Currently, a revival of that concept has been observed. Bio-PE is pro-
duced at industrial scale from bioethanol derived from sugarcane. Some
other renewable feedstocks can also be used, including sugar beet, maize,
wood, wheat, corn, and other plant waste.

Bio-PE has the same chemical, physical, and mechanical properties as
petrochemical polyethylene and has been used for manufacturing plastic
bags, milk and water bottles, food packaging films, etc. Braskem is the larg-
est producer of bio-PE, also having bio-PP and bio-PVC in the company
portfolio.

Because of the structural identity of biobased polymers with the fossil-
based equivalents, packaging made of both grades can be recycled with
the same methods and in the same waste stream without any need of their
separation. The mechanical recycling of biobased polymers together with
traditional polymers has no effect on the quality of recyclates.

11.6 Polymer Nanocomposites

Nanocomposites constitute two-phase materials with nanoparticles of a
different size and shape dispersed in the polymer matrix. Nanocomposites
filled with nanosize platelets are becoming popular as high barrier pack-
aging materials due to a specific dispersion state of the filler that causes a
much slower torturous penetration of gas particles through the composite.
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Moreover, the nanofillers are incorporated in very low quantities (1-5
wt%), allowing reduction of filler consumption and making the products
lightweight. Nevertheless, the change in properties of a matrix is compa-
rable to that achieved with ten times higher loadings of traditional fillers.
In addition, the tiny size of the filler (lower than a length of a light wave)
makes the composite transparent, which is unique for composites and
favorable for packaging.

Mechanical recycling of polymers with such low filler loadings does
not negatively influence the material quality [37]. Properties of recycled
nanocomposites depend on the kind of equipment used for recycling, the
reprocessing number and the extent of the polymer matrix degradation.
Recycling of nanocomposites sometimes brings about an improvement in
selected properties. The results presented in Figure 11.32 show a decrease
in the oxygen permeability of PLA filled with 5 wt% of organically modi-
fied montmorillonite (MMT) after the fifth extrusion. The results may be
interpreted in terms of an improved intercalation of MMT nanofiller in
PLA matrix.

However, a better dispersion of MMT clay platelets in the polymer does
not necessarily improve mechanical properties. The relative tensile strength
as a function of extrusion cycles has been presented for PLA and PLA/
MMT nanocomposite in Figure 11.33. The values measured after recycling
using a twin-screw extruder were compared to that of a pristine PLA and
the nanocomposite prepared from a masterbatch. Any influence of recy-
cling on the material performance was not found, only a slight increase
in the tensile strength was observed after ten extrusion cycles. Since the
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Figure 11.32 Oxygen permeability of recycled PLA/MMT nanocomposite.
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character of changes is identical for both PLA and PLA/MMT composite
one can suppose that the reason is the polymer degradation rather than the
quality of nanofiller dispersion.

Relative processability of PLA and PLA/MMT nanocomposites as a
function of extrusion cycles has been presented in Figure 11.34 by means of
the relative melt flow rate. One can observe the effect of polymer degrada-
tion, which is illustrated by a systematic increase of MFR after consecutive
extrusions, up 50% after ten cycles. However, PLA/MMT nanocomposite
exhibited a strong increase in the melt flow rate at that stage that should be
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attributed not only to the polymer degradation, but rather to a significant
change in the mode of nanofiller dispersion (e.g., intercalation).

The nanofillers can be applied to up-grade waste polymers, however
that should be done with care, since the frequently used clays are modi-
fied predominantly with quaternary ammonia, which are unstable at high
temperature. Decomposition of these compounds above 200°C generates
byproducts that cause an acidic degradation of the polymers manufactured
by polycondensation, like poly (ethylene terephtalate). Nevertheless, selec-
tion of proper modifiers may result in an improvement of PET stiffness
and flexibility with layered silicates.

11.7 Polymer Blends

The mechanical recycling of waste plastics contaminated with other poly-
mers or the reprocessing of multilayer packaging gives a product in the
form of heterogeneous materials, with properties that depend on the com-
position of such blends, a compatibility of components, the viscosity and
elasticity ratio of molten polymers, and on interfacial adhesion and other
parameters that influence the morphology generated in the course of pro-
cessing. The phase structure of heterogeneous materials may change during
recycling, thus causing significant changes in their properties. The influ-
ence of recycling on morphology of polymer blends has been presented
for two exemplary systems: LDPE mixed with PS and PP mixed with PA6.

Observations of the cold-fractures samples with a scanning electron
microscope revealed that the morphology of LDPE/PS (2/1 weight ratio)
is of the interpenetrating type (Figure 11.35a). Comparison of the initial
morphology with that after five extrusions has revealed its change into the
disperse-type morphology (Figure 11.35b). Both materials exhibited differ-
ent mechanical properties, since in the first case both components equally
participate in resulted properties, whereas in the second the characteris-
tics of the matrix polymer and the interfacial adhesion become dominant;
moreover the dispersed phase may play a specific role. The total level of
the thermomechanical stress imposed on the polymers may also cause the
macromolecular defects, which initiate radical processes and change the
interfacial interactions. This has been confirmed by Figure 11.35b, where
domains of the dispersed phase were smaller and more uniform in size,
which suggested a compatibilization of components in the system.

Similar conclusions can be drawn from observations of the initial mor-
phology and that after ten extrusions of PP/PA 80/20 blend (Figure 11.36).
The blend exhibited the dispersed type of morphology; however, the initial



RECYCLING OF FOOD PACKAGING MATERIALS 397

Figure 11.36 PP/PA 80/20 initial morphology (left) and after ten extrusion cycles (right).

one was fiber-like, whereas after recycling it had changed into a droplet-
like one. Material changes in a microscale were transposed into macro-
scopic properties.
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Abstract

Unlike traditional packaging, which must be totally inert, active packaging is
designed to interact with the contents and/or the surrounding environment. Active
packaging systems are successfully used to increase the shelflife of processed foods
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new active and intelligent packaging.
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12.1 Introduction

The shelf life of packaged food depends on both the intrinsic nature of
food and extrinsic factors. Intrinsic factors include pH, water activ-
ity (Aw), nutrient content, presence of antimicrobial compounds, redox
potential, respiratory rate, and the biological structure; whereas extrinsic
factors include storage temperature, relative humidity, and the surround-
ing gas composition. It follows that the primary purpose of food packaging
is to protect the food against attack from oxygen, water vapor, ultravio-
let light, and both chemical and microbiological contamination. However
although the major functions of packaging are generally considered to be
containment, protection, utility/convenience, communication/informa-
tion and machinability, other minor functions can be underlined such as
motivation, identification, resistance to processing, and reuse or recycle
(Figure 12.1). Therefore, selection of appropriate packaging that is speci-
fied for foods, beverages or fresh produce should take into account all these
functions [1].

Consumer demand for mildly preserved, minimally processed, easily
prepared and ready-to-eat “fresher” foods—together with retail and distri-
bution practices related to the globalization, new consumer product logis-
tics, new distribution trends (e.g., internet shopping), automatic handling
systems at distribution centers, and the stricter requirements regarding
consumer health—pose major challenges for food quality and safety [2-4].
Moreover, there is a continual challenge to provide cost effective pack per-
formance that satisfies the needs and wants of the user, with health and
safety being of paramount importance. At the same time, it is important to
minimize the environmental impact of products and the services required
to deliver them. This challenge is continually stimulated by a number of
key drivers—most notably, legislation and political pressure.

Active packaging (AP) and intelligent packaging (IP) technologies are
being developed as a result of some of these driving forces [5,6]. Unlike tra-
ditional packaging, which must be totally inert, A&I packaging are designed
to interact with the contents and/or the surrounding environment.

Active packaging refers to the incorporation of certain additives into
packaging film or within packaging containers with the aim of main-
taining and extending product shelf life. They include additives or fresh-
ness enhancers that are capable of scavenging oxygen; adsorbing carbon
dioxide, moisture, ethylene and/or flavor/odor taints; releasing ethanol,
sorbates, antioxidants and/or other preservatives; and/or maintaining tem-
perature control [7]. The AP systems provide different solutions depending
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Figure 12.1 Packaging functions [8].

on the quality attribute that is to be preserved. For example, if oxidation of
a food product has to be slowed down, the packaging must use an active
system that contains an oxygen scavenger or antioxidants. If, however, the
deterioration of the food is caused by moisture or condensation, the pack-
aging may contain a moisture absorber.

Intelligent packaging is also an innovative concept that can be defined
as a packaging system (or material) that uses either internal (e.g., metabo-
lites) or external (e.g., temperature, gas, humidity) package environment as
“information” to monitor the status of product quality for enhancing prod-
uct safety, biosecurity and/or convenience or capable of tracking a product
for automatic product identification and traceability [8]. Such packaging is
characterized by its ability to monitor the condition of packaged food or
the environment by providing information about different factors during
transportation and storage.

It should be underlined, that AP is not synonymous with intelligent or
smart packaging, which refers to packaging that senses and informs [7,9].
The IP devices are capable of sensing and providing information about the
function and properties of packaged food and can provide assurances of
pack integrity, tamper evidence, product safety and quality, and are being
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utilized in applications such as product authenticity, anti-theft and product
traceability [7,9]. These IP devices include time-temperature indicators,
gas sensing dyes, microbial growth indicators, physical shock indicators,
and numerous examples of tamper proof, anti-counterfeiting and anti-
theft technologies.

These systems can provide several benefits to the quality and safety of
food and there is a strong view, underlined by the numbers on the global
market of active and intelligent packaging, that they will be a tool with
a high potential, covering both the more transparent communication to
consumers and the need for the retail and food industry to better con-
trol the food production chain. However due to its deliberate interaction
with the food and/or its environment, the migration of substances could
represent a food safety concern, and most active and intelligent concepts
that are on the market in the USA and Australia could not be introduced
in Europe, due to more stringent EU legislation. In this regard, repealing
of the EU Framework Directive for food contact materials 89/109/EEC,
resulted firstly in the adoption of a Framework Regulation 1935/2004/EC
[10] in which the use of active and intelligent packaging systems are now
included. Only in 2009 can Regulation 450/2009/EC [11] be considered
a specific measure that lays down rules ad hoc for active and intelligent
materials and articles to be applied in addition to the general require-
ments established in Regulation 1935/2004/EC for their safe use. The aim
of this chapter is to give an overview of the new legal issues set in Europe
by the Framework Regulation 1935/2004/EC and, more specifically, by the
Regulation 450/2009/EC. Moreover, safety issues and compliance will be
also considered.

12.2 AP and IP: Main Characteristics and
Applications

There are many different types of active and intelligent materials and
articles [12,13]. Substances responsible for the active or intelligent func-
tion can be contained in a separate container, for instance in a small paper
sachet, or they can be directly incorporated in the packaging material.
Concerning active packaging, they include additives or “freshness
enhancers” that can participate in a host of packaging applications and
by so doing, enhance the preservation function of the primary packag-
ing system. The principal rewards that active food packaging brings are
the efficient control of surface contamination where the microbial growth
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predominantly originates; protecting foodstuff with high water activity
such as fish and seafood [14]; comparatively prolonged retention of anti-
microbial activity [15]; extension of shelf life of foods by residual activ-
ity over time [16]; reducing the risk of pathogen development, i.e., log
reduction [15]; restrain partial inactivation of active substances by prod-
uct constituents cross-reaction [17]; controlled diffusion of bactericidal or
bacteriostatic active agents; target specific microorganism population to
provide higher safety [18]; a comparatively low use of preservative agents;
simplification of the production process by combining the addition of pre-
servatives and the packaging step; improving sensorial properties [19];
the ability to inhibit the germination of spores; applicable to ready-to-eat
foodstuft [20]; imperative control of post-process contamination [21]; and
above all, prevent economic loss and possible deaths due to foodborne
infections.

Active packaging includes additives that are capable of scavenging or
absorbing oxygen, carbon dioxide, ethylene, moisture and/or odor and fla-
vor taints; releasing oxygen, carbon dioxide, moisture, ethanol, sorbates,
antioxidants and/or other preservatives and antimicrobials; and/or main-
taining temperature control (Figure 12.2). The wide diversity of active
packaging devices have specific applications to individual food products
through which the shelf life can be extended substantially, so long as the
food’s unique spoilage mechanisms are understood and controlled. Hence,
an important objective is to design functional materials that include the
active agent in their structure; then this active substance can act or be
released in a controlled manner [22]. In this regard, recent data are avail-
able on either application to food industry of active packaging (Table 12.1)
[23] or active packaging technologies (Table 12.2, Table 12.3) [23-26].

Intelligent packaging is packaging that in some way senses some prop-
erties of the food it encloses or the environment in which it is kept, and
which is able to inform the manufacturer, retailer and consumer of the
state of these properties (Table 12.4). Intelligent packaging is an extension
of the communication function of traditional packaging, and communi-
cates information to the consumer based on its ability to sense, detect, or
record external or internal changes in the product’s environment. Basically,
there are two types of intelligent packaging: one based on measuring the
condition of the package on the outside, the other measuring directly the
quality of the food product, i.e., inside the packaging. In the latter case
there is direct contact with the food or with the headspace and there is
always the need for a marker indicative of the quality and/or safety of the
packed food. Examples include time-temperature indicators (TTI), gas
leakage indicators, ripeness indicators, toxin indicators, biosensors, and
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Figure 12.2 Active food packaging systems, concepts and application matrix [25].

radio frequency identification [4,9,23] (Table 12.5). Moreover, the active
and intelligent materials and articles may be composed of one or more lay-
ers or parts of different types of materials, such as plastics, paper and board
or coatings and varnishes.

The success of these new technologies is underlined by the economic
dimension of the sector. In fact, the global market for advanced packag-
ing solutions that includes active, controlled, intelligent packaging, and
advanced packaging components was at US$31.4 billion in 2011. This
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Table 12.1 Applications of active packaging technologies [38].

Type of application Foods

Oxygen scavengers Ground coffee, tea, roasted nuts, potato chips,
chocolate, fat poedered milk, powdered drinks,
bread, tortillas, pizza, pizza crust, refrigerated
fresh pasta, fruit tortes, cakes, cookies, beer, deli
meats, smoked and cured meats, fish, cheese

Carbon dioxide Ground coffee
absorbers

Carbon dioxide emitters | Meat, fish

Moisture absorbers Dry and dehydrated products, meat, poultry, fish
Ethylene scavengers Kiwifruit, banana, avocados, persimmons
Ethanol emitters Bread, cakes, fish
Antimicrobial releasing | Dry apricots

films
Antioxidant releasing Cereals

films

Flavor absorbing films | Navel orange juice

Flavor releasing films Ground coffee

Color containing films | Surimi

Anti-fogging films Some fresh fruit and vegetable packages

Anti-sticking films Soft candies, cheese slices

Light absorbers Pizza, milk

Time-temperature Microwaveable pancake syrup, refrigerated
indicators pasta, deli items

Gas permeable/breath- | Ready-to-eat salads
able films

Microwave susceptors | Ready-to-eat meals

value is expected to grow to nearly US$44.3 billion in 2017 after increas-
ing at a Compound annual growth rate (CAGR) of 5.8%. The market is
still dominated by controlled packaging, which had sales of nearly US$12.4
billion in 2011. The expected CAGR for controlled packaging is 6% from
2012 through 2017, resulting in a projected market value of US$17.6 bil-
lion in 2017. Active packaging was next in market share in 2011 with
nearly US$8.8 billion in sales; the anticipated CAGR for this segment of
advanced packaging is 5.2%, leading to a market value of US$11.9 billion
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Table 12.2 Examples of some currently known active packaging systems [12].

Type of AP system

Substances used and mode of action

Oxygen scavengers

Enzymatic systems (glucose oxidase-glucose, alcohol
oxidase-ethanol vapor)

Chemical systems (powdered iron oxide, catechol,
ferrous carbonate, iron-sulfur, sulfite salt-copper
sulfate, photosensitive dye oxidation, ascorbic
acid oxidation, catalytic conversion of oxygen by
platinum catalyst)

Carbon dioxide
absorbing/emitting

Iron powder-calcium hydroxide, ferrous carbonate-
metal halide

Moisture absorbing

Silica gel, propylene glycol, polyvinyl alcohol, diato-
maceous earth

Ethylene absorbing

Activated charcoal, silica gel-potassium permanga-
nate, Kieselguhr, bentonite, Fuller’s earth, silicon
dioxide powder, powdered Ovya stone, zeolite,
ozone

Ethanol emitting

Encapsulated ethanol

Antimicrobial releasing

Sorbates, benzoates, propionates, ethanol, ozone,
peroxide, sulfur dioxide, antibiotics, silver-zeolite,
quaternary ammonium salts

Antioxidant releasing

BHA, BHT, TBHQ, ascorbic acid, tocopherol

Flavor absorbing

Baking soda, active charcoal

Flavor releasing

Many food flavors

Color containing

Various food colors

Anti-fogging and
anti-sticking

Biaxially oriented vinylon, compression rolled ori-
ented HDPE

Light absorbing/ UV blocking agents, hydroxybenzophenone
regulating
Monitoring Time-temperature indicators

Temperature controlling

Non-woven microperforated plastic

Gas permeable/
breathable

Surface treated, perforated or microporous films

Microwave susceptors

Metallized thermoplastics

Insect repellant

Low toxicity fumigants (pyrethrins, permethrin)
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Table 12.4 Examples of intelligent packaging applications for use within the
food industry [12].

Tamper evidence and pack integrity | Breach of pack containment

Indicators of product safety/quality Time-temperature indicators (TTTs),
gas sensing devices, microbial
growth, pathogen detection

Traceability/anti-theft devices Radio frequency identification (RFID)
Labels, tags, chips

Product authenticity Holographic images, logos, hidden
design print elements, RFID

Table 12.5 Intelligent packaging systems for food applications [38].

Indicator Principle/Reagents Gives information | Application
about
Time- temperature Mechanical Chemical Storage Conditions | Foods stored
(external) Enzymatic under chilled
and frozen
conditions
Oxygen (internal) Redox dyes pH dyes Storage conditions Foods stored in
Enzymes Package leak MA packages
Carbon dioxide (internal) | Chemical Storage conditions MA or CA food
Package leak packaging
Microbial growth pH dyes Microbial quality of | Perishable foods
(internal) All dyes reactingwith food
certain metabo-
lites (volatiles or
nonvolatiles)

in 2017. Advanced packaging components accounted for US$6.5 billion of
sales in 2011, and the market value for 2017 for this segment is expected
to be at around US$9.4 billion after rising at a 6.3% CAGR. The intelligent
packaging sales were nearly US$3.8 billion in 2011 and could approach
US$5.3 billion in 2017 with a CAGR of 5.6%. Because of the advantages it
has in terms of marketing the product and its acceptance by the consumer,
recently, a large number of companies sell this type of packaging. Some
companies that sell active and/or intelligent packaging are shown in Table
12.6. Moreover, a number of portentous activities, such as collaborative



Foop APPLICATIONS OF ACTIVE AND INTELLIGENT PACKAGING 411

Table 12.6 List of some companies that produce active and/or intelligent pack-

aging [23].
Company Web page Country
Artibal www.artibal.com Spain
ATCO/Standa Industrie www.atmospherecontrole.fr France
BASF Group www.basf.com Germany
Bericap GmbH und Co. KG | www.bericap.com Germany
Bio Fresh PKG www.biofreshpkg.come United States
Bioka LTD www.bioka.fi Finland
Ciba Inc. (BASF) www.basf.com Switzerland
Constar International Inc. www.constar.net United States
Cryolog S. A www.cryolog.com France
CSIRO Www.csiro.au Australia
E-I-A Warenhandels GmbH | http://warenhandels.lookchem.com Austria
Ethylene Control Inc. www.ethylenecontrol.com United States
Evert-Fresh Corporation www.everfresh.com United States
Freud Corporation www.freud.co.jp Japan
Grace Darex Packaging www.gracedarex.com United States

Technologies

Honeywell International Inc.

www51.honeywell.com/honeywell

United States

Hsaio SUNG Non-Oxygen www.o-buster.com Taiwan
Chemical Co., LTD
Humidipak, Inc. www.humidipak.com United States
Infratab, Inc. www.infratab.com United States
Inline Packaging LLC. www.inlinepkg.com United States
KonteK (S. R. L.) Tecnologie Italy
Della Conservazione
Ortofrutticola
M&G Finanziaria s.r.l WWW.gruppomg.com Italy
Mitsubushi Gas Chemical WWW.mgc.co.jp Japan
Multisorb Technologies www.multisorb.com United States
PEAK fresh http://peakfresh.com Australia
Powdertech, Co. Ltd. www.powdertech.com Japan
Repsol www.repsol.com Spain
ScentSational Technologies, | www.scentsationaltechnologies.com United States
LLC
Sealed Air Corporation www.sealedair.com United States
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Company Web page Country
Sirane Ltd www.irane.co.uk United
Kingdom

Sud-Chemie AG ww.sud-chemie.com Germany

Techmer PM www.techmerpm.com United States

Telatemp Corporation www.telatemp.com United States

Tempra Technology and www.tempratech.com United States
Crown Holdings

Toppan Printing Co. www.toppan.co.jp Japan

Toxin Alert www.toxinalert.com Canada

Toyo Seikan Kaisha, Ltd www.toyo-seikan.co.jp Japan

Tri-Seal (Tekni-Plex) www.tri-seal.com United States

UOP LLC. WWW.U0op.com United States

Valspar Corporation www.valsparglobal.com United States

efforts and new product development in the Asia-Pacific region as well as
in the European and North American markets, were witnessed.

12.2.1 Nanotechnology

The invention of nanotechnology and its implementation in food prod-
ucts and active/smart packaging has been approved due to its enabling
nature. Nanoscience is “the study of phenomena and manipulation of
materials at atomic, molecular, and macromolecular scales (0.2-100 nm),
where properties differ significantly from those at a larger scale,” whereas
nanotechnology is “the design, characterisation, production, and applica-
tion of structures, devices, and systems by controlling the shape and size
at the nanometre scale” [27]. The US definition is that “nanotechnology
is the understanding and control of matter at dimensions of roughly 1 to
100 nanometers, where unique phenomena enable novel applications”
Encompassing nanoscale science, engineering, and technology, nanotech-
nology involves imaging, measuring, modeling, and manipulating matter
at this length scale [28].

Nanotechnology has the potential to transform food packaging mate-
rials in the future. Such nanoscale innovation could potentially intro-
duce many amazing new improvements to food packaging in the forms
of barrier and mechanical properties, detection of pathogens, and smart
and active packaging with food safety and quality benefits. The nanolayer
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of aluminum that coats the interior of many snack food packages is one
common example of the role that nanotechnology already plays in food
packaging. Nanomaterials are abundant in nature and numerous tech-
niques are available to fabricate various nanomaterials. Nanoparticles can
be produced top down from larger structures by grinding, use of lasers,
and vaporization followed by cooling. Alternately, bottom-up methods
are commonly used for synthesis of complex nanoparticles. These meth-
ods include solvent extraction/evaporation, crystallization, self-assembly,
layer-by-layer deposition, microbial synthesis, and biomass reactions [25].
All of these are being researched for potential application in food packages
in the future.

Packaging that incorporates nanomaterials can be “smart/intelligent,”
which means that it can respond to environmental conditions or repair
itself or alert a consumer to contamination and/or the presence of patho-
gens. Some of the applications associated with nanotechnology include
improved taste, color, flavor, texture and consistency of foodstuffs, increased
absorption and bioavailability of food or food ingredients (nutrients), and
the development of new food-packaging materials with improved mechan-
ical, barrier and antimicrobial properties [29-31]. One group of nanoma-
terials at the forefront of food packaging development is nanocomposites;
improvements in fundamental characteristics of food-packaging materials
such as strength, barrier properties, antimicrobial properties, and stability
to heat and cold are in fact being achieved using nanocomposite materials
[32].

Self-healing packaging materials use nano/micro-encapsulated repair-
ing agents. Small amounts of an encapsulated “healing agent” will be
released by crack propagation or other triggering mechanism, which have
been incorporated into polymeric coatings. The substitution of flexible
polyolefin layers with novel, thin, functional polymer coatings in the pro-
duction of paperboard packaging entails the risk of deteriorated barrier
and mechanical properties. However, tiny capsules with a hydrophobic
core surrounded by a hydrophobically modified polysaccharide membrane
reasonably enhanced the packaging functionality. The results showed a
reduced tendency for deteriorated barrier properties and local blockage
of cracks formed upon creasing. The self-healing mechanism engages the
break of tiny capsules local to the applied stress, with subsequent release
of the core material. Fracture propagation is hampered by plasticization of
the underlying coating layer, while the augmented hydrophobicity assists
in sustaining the barrier characteristics [33].

Other applications include carbon nanotubes or nanosensors. The first
are cylinders with nanoscale diameters that can be used in food packaging
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to improve its mechanical properties, although it was recently discovered
that they may also exert powerful antimicrobial effects [34], while nano-
sensors could be used to detect chemicals, pathogens, and toxins in foods
[35].

Security of the food supply may possibly be enhanced by making
“pathogen-repulsive” surfaces or packaging materials that change color
in the incidence of injurious microorganisms or toxins [36]. Moreover,
nanoscale technologies also are in development to improve traceability
and for monitoring the condition of food during transport and storage.

12.3 Legal Issues

12.3.1 Definitions

For the purpose of this chapter, the definitions laid down in Regulation
(EC) No 1935/2004 and in Regulation (EC) No 450 /2009 shall apply.

o “Active materials and articles” means materials and articles
that are intended to extend the shelf life or to maintain or
improve the condition of packaged food. They are designed
to deliberately incorporate components that would release
or absorb substances into or from the packaged food or the
environment surrounding the food (Regulation (EC) No
1935/2004 Article 2.2.a and Regulation (EC) No 450/2009
Article 3.a). This definition of active materials and articles
is interpreted as including all materials and articles that are
designed to deliberately interact with food and/or the food
surrounding environment, and bring about change in their
composition or characteristics.

o “Intelligent materials and articles” means materials and arti-
cles which monitor the condition of packaged food or the
environment surrounding the food. (Regulation (EC) No
1935/2004 Article 2.2.b and Regulation (EC) No 450/2009
Article 3.b);

o “Component” means an individual substance or a combina-
tion of individual substances which cause the active and/
or intelligent function of a material or article, including the
products of in situ reaction of these substances. It does not
include the passive part, such as the material they are added
to or incorporated into. (Regulation (EC) No 450/2009
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Article 3.c). The component might be the individual active
substance only. The component can also be a combination or
group of substances that, e.g., when the active or intelligent
function implies interaction between different substances
leading to an enhancement of the function or the generation
of new substances responsible for the active and intelligent
function.

o “Functional barrier” means a barrier consisting of one or
more layers of food contact materials which ensures that
the finished material or article complies with Article 3 of
Regulation (EC) No 1935/2004 and with Regulation (EC)
No 450/2009. This barrier is a layer within the food contact
materials or articles preventing the migration of substances
from behind that barrier into the food. The maximum tol-
erated migration level is 0,01 mg substance /kg food for a
substance. This migration limit is applicable to a group of
substances if they are structurally and toxicologically related,
in particular isomers or substances with the same relevant
functional group; it also includes possible set-off transfer.
This limit shall always be expressed as a concentration in
foods. If it is demonstrated that the packaging material or
a layer acts as a functional barrier to migration then non-
authorised substances can be used in the layer (s) behind the
barrier (not on the food contact side) provided they don't
fall under one of the following categories:

o Substances that are mutagenic, carcinogenic or toxic to
reproduction should not be used in food contact mate-
rials or articles without previous authorisation and are
therefore not covered by the functional barrier concept.

o New technologies that engineer substances in par-
ticle size that exhibit chemical and physical properties
that significantly differ from those at a larger scale, for
example, nanoparticles, should be assessed on a case-by-
case basis as regards their risk until more information
is known about such new technology. Therefore, they
are not covered by the functional barrier concept. This
should be demonstrated in the declaration of compliance
and the supporting documentation [(EC) No 450/2009
Article 13 and Annex II (10)].

» “Releasing active materials and articles” are those active
materials and articles designed to deliberately incorporate
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components that would release substances into or onto the
packaged food or the environment surrounding the food.
(Regulation (EC) No 450/2009 Article 3.e);

o “Released active substances” are those substances intended
to be released from releasing active materials and articles into
or onto the packaged food or the environment surrounding
the food and fulfilling a purpose in the food. (Regulation
(EC) No 450/2009 Article 3.f);

o “Active and/or intelligent substance” means a substance
which contributes to the active and/or intelligent function;

o “Passive parts” means all material(s) and article(s) into
which the component is added or incorporated (such as the
container and the primary packaging into which that com-
ponent is placed or the primary packaging material into
which it is incorporated).

12.3.2 Regulation (EC) No 1935/2004 and Regulation (EC) No
450 /2009

The regulatory systems for active packaging employed in the United States
and Europe is apparently similar, but each has its own special set of exemp-
tions. In brief, the US approach considers that “the dose makes the poi-
son” so that toxicological justification is not needed, while the European
approach starts from the principle that there must be toxicological data on
all substances regardless of the level of anticipated exposure [37,38].

In Europe, the Framework Regulation (EC) 1935/2004 allows the intro-
duction of active and intelligent packaging on the European market. This
Regulation states that food contact materials shall not transfer constituents
to food in quantities, which could endanger human health, bring about
an unacceptable change in the composition and bring about deterioration
in organoleptic characteristics thereof (Article 3). The Regulation pro-
vides specific requirements for active and intelligent materials and articles
(Article 4) and includes the following provisions:

 Active materials and articles may bring about changes in the
composition or organoleptic characteristics of food on con-
dition that the changes comply with the food legislation.

 Substances deliberately incorporated into active materials
and articles to be released into the food or the environment
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surrounding the food shall be authorised and used in accor-

dance with the relevant EU provisions applicable to food.

Active materials and articles shall not bring about changes

in the composition or organoleptic characteristics of food,

for instance by masking the spoilage of food, which could
mislead consumers.

Intelligent materials and articles shall not give informa-

tion about the condition of the food which could mislead

consumers.

Active and intelligent materials and articles already brought

into contact with food shall be adequately labeled to allow

identification by the consumer of non-edible parts.

Active and intelligent materials and articles shall be ade-

quately labeled to indicate that the materials or articles are

active and/or intelligent.

Commission Regulation (EC) No 450/2009 is the specific

measure under the Framework Regulation that regulates

active and intelligent materials and articles. This Regulation
includes additional provisions:

o The individual substance or group/combination of sub-
stances which make up the active or intelligent compo-
nent should be safe and comply with the requirements in
the Framework Regulation (EC) No 1935/2004 and the
Regulation (EC) No 450/2009.

o Substances should undergo a safety assessment by EFSA
before they are authorised for use. It is mentioned that the
substances responsible for the active and intelligent func-
tions can either be contained in separate containers (e.g.
oxygen absorbers in small sachets) or be directly incor-
porated in the packaging material (e.g. oxygen absorb-
ing films). Moreover, the materials may be composed of
one or more layers or parts of different types of materials,
such as plastics, paper, and board as well as coatings and
varnishes. Only the active and intelligent “components”
should be subjected to authorization. Safety evaluation
does not apply to substances used behind a functional
barrier as defined by article 3 of Regulation (EC) No
450/2009. Substances behind such a barrier will not, by
definition, migrate in amounts which could endanger
human health or bring about unacceptable changes in the
composition of the food or of its organoleptic properties.
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Consequently, these active and intelligent substances

do not need a safety evaluation and are also outside the

scope of Regulation (EC) No 450/2009. However, this
functional barrier concept does not apply to substances
in nanoparticulate form which should be assessed on

a case by case basis (article 5(2)(c)ii of regulation No

450/2009).

o A Union list of substances or group/combination of sub-
stances to be used in active and intelligent components
should be drawn up following risk assessment of these
substances by EFSA; the deadline for submitting applica-
tions to establish the EU positive list is not over yet. In
some cases, restrictions may be proposed by the EFSA
on a group of substances especially when the active or
intelligent function implies interactions between differ-
ent substances. The Union list will include:

o the identity: name, synonym name, CAS No, EC
No, particle size, when relevant, composition, other
specifications

« the function

o the reference number

» the conditions of use of the substance or the
component

o the restrictions and/or specifications of the use of the
substance

« the conditions of use of the material and article to
which the substance or component is added or into
which it is incorporated

« Substances released from active releasing materials should

comply with any restrictions in the existing food law (e.g.

as authorised food additives) thus complying with the

safety requirement. They do not need to be listed in the

Community list. They shall be used in full compliance with

the relevant Community and national provisions applicable

to food, and shall comply with the provisions of Regulation

(EC) No 1935/2004 and its implementing measures. The

same shall apply to substances which are incorporated in

active materials and articles by techniques such as grafting
and immobilisation, in order to have a technological effect
in the food.



Foop APPLICATIONS OF ACTIVE AND INTELLIGENT PACKAGING 419

« The overall migration from active releasing materials can
exceed the overall migration limits described in EU or
national legislation as long as the levels transferred to the
food comply with restrictions in the existing food law (e.g. as
authorised food additives). The transfer of these active sub-
stance/substances should not be included in the calculation
of the overall migration limit (OML).

o As well as complying with the Framework Regulation the
passive parts of the active and intelligent packaging materi-
als must also comply with the rules applicable to the same
materials and articles when they do not contain the active
component, such as the Plastics Regulation (EU) No 10/2011
[39]. For materials such as paper and board for which the
specific requirements are not regulated at EU level existing
national legislation should be applied.

« Intelligent systems that are on the non-food contact sur-
face of the package can be separated from the foodstuft by
a functional barrier, i.e. a barrier to any migration. If it is
demonstrated that the packaging material acts as a func-
tional barrier to migration then non-authorised substances
can be used providing they meet specific criteria defined in
the Regulation.

12.3.3 Labeling Requirements

Articles 4(d) and 11 of (EC) No 450/2009 specify that active and intelli-
gent materials should be labeled. For example, to avoid that the content of
sachets are perceived as edible, these should be labeled as non-edible.
Articles 12 and 13 specify that information should be provided through-
out the packaging chain as well as to the consumer to ensure the correct
use of these materials and articles. Active materials and articles which are
not yet in contact with food when placed on the market, e.g., a packaging
containing an antioxidant to be released in the food, are to be accompanied
by information on the permitted use or uses and other relevant informa-
tion such as the name and maximum quantity of the antioxidant released
by the active component. In this way the food business operators who use
these materials and articles are enabled to comply with any other EU or
national provisions applicable to food such as the permitted level of the
antioxidant in the food. The labeling of food packed in active materials and



420 FuncTtioNAL POLYMERS IN FOOD SCIENCE

articles that contain substances to be released into the food shall be per-
formed according to the relevant EU labeling provisions. Released active
substances are considered as ingredients within the meaning of Article
6(4)(a) of Directive 2000/13/EC [40]. Food additives remain subject to the
general labeling obligations as provided for in Directive 2000/13/EC of the
European Parliament and of the Council of 20 March 2000 on the approxi-
mation of the laws of the Member States relating to the labeling, presenta-
tion and advertising of foodstufts.

12.3.4 Declaration of Compliance

Article 16 of the Framework Regulation (EC) No 1935/2004 provides that
materials and articles are to be accompanied by a written declaration of
compliance attesting that they comply with the rules applicable to them.
Active and intelligent materials and articles, whether or not they are in
contact with food, or the components intended for the manufacturing of
those materials and articles or the substances intended for the manufac-
turing of those components shall be accompanied by a written declaration
at the marketing stages other than at the point of sale to the final con-
sumer. Annex II of Commission Regulation (EC) No 450/2009 contains
the required information. When the material or article also has to meet
the requirements of other food contact materials legislation, for example
under (EU) No 10/2011, then the declaration of compliance also has to
contain that necessary information as required by that legislation.

12.4 Dossier Submission and EFSA Safety Assessment

The community list of authorized substances that can be used to manu-
facture an active or intelligent component of active and/or intelligent
materials and articles, shall be established after the European Food Safety
Authority (EFSA) has performed a risk assessment and has issued an opin-
ion on each substance. In particular, the risk assessment of nanoparticles
has to be performed on a case-by-case basis. This is necessary because data
on toxicity and oral exposure of nanoparticles are currently extremely lim-
ited. In addition, the small size of many nanoparticles causes them to take
on unique chemical and physical properties that are different from their
macroscale chemical counterparts. The large surface area of nanoparticles
allows a greater contact with cellular membranes, as well as greater capac-
ity for absorption and migration [41]. This implies that their toxicokinetic
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and toxicity profiles cannot be extrapolated from data on their equivalent
non-nanoforms. Exposure to nanoparticles is likely to occur through der-
mal contact with the packaging material, or ingestion due to the leakage to
foodstuft [41]; also inhalation of nanoparticles is of particular concern [42].
In addition, nanoparticles may migrate into foods from recycled packaging
produced from material that contains nanoparticles. Also, nanoparticles
may be released into the environment and enter the food chain indirectly
[43].

After reviewing the document and in order to guarantee that the foods
in contact with active and intelligent materials and articles are safe, the
EFSA will, where appropriate, issue opinion, recommendations, specifica-
tions or restrictions on the substance(s) or group of substances incorpo-
rated in active or intelligent food contact materials and articles and when
necessary, special conditions of manufacture and use for these substances
and/or the materials and articles in which they are incorporated. After a
positive evaluation, the authorization is valid for 10 years (renewal nec-
essary) (Figure 12.3) and it is not “general” but is only for the petitioner
(“Authorisation holder”).

The EFSA safety assessment process will focus on the risks related to the
dietary exposure to chemicals due to:

 The migration of the active and/or intelligent substance (s);
« The migration of their degradation and/or reaction products;
« Their toxicological properties.

The dossier submitted by the applicant shall include all relevant infor-
mation enabling the EFSA to perform a complete evaluation. It should be
noted that efficacy of active and/or intelligent material and article and most
importantly any technical parameters and restrictions needed to ensure
efficacy will be considered only when relevant for safety evaluation. The
EFSA evaluation cannot be considered as proof of the technical efficacy of
active and/or intelligent material and article. It should be noted that these
guidelines do not include any consideration of environmental aspects such
as persistence in the environment, ecological impact of food contact mate-
rials constituents and their fate after the food contact material has been
submitted to waste disposal treatment.

The dossier shall be composed of three sections:

a) The summary document;
b) The administrative part;
¢) The technical part (technical dossier).
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Industry

Application for authorisation

Member States competent authority
Mail box

European Food Safety Authority 6 months
+

Check validity and Safety Evaluation 6 months

European Commission

Proposal

Standing Committee

Member States Opinion

European Commission

(Regulation, Decision or Directive)

Figure 12.3 Authorization procedure as defined by Reg. 1935/2004 EC [38].

The summary document should contain a summary of all information
provided in the technical dossier (TD) and the safety evaluation, including:

« The principle and target function of the active or intelligent
material or article;

« The identity and relevant physical and chemical characteris-
tics of the active and/or intelligent substance(s);

o The manufacturing process of the active or intelli-
gent substance(s), the type(s) of materials in which the
substance(s) can be added or incorporated into and manu-
facturing conditions of the active and/or intelligent materi-
als and articles;
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 The intended use of the active and/or intelligent materials or
articles with respect to the types of foods and the conditions
of time and temperature of use;

« The existing authorization in EU Member States and other
countries;

 The migration data;

 The toxicological data.

In the administrative part, the data supplied shall identify the legal
entities and the business involved, as well as the person in charge of the
application.

The technical dossier should start with an overview of the application
relating with the composition, structure and working principle of the
active or intelligent material or article. The target function, the active and
intelligent substance(s) and passive parts of the material or article, their
functions and other information necessary for understanding their mode
of action such as intended migration or reaction, as well as the importance
of usage conditions should be presented in a synthetic and comprehensive
way.

In the case of interactions among substances responsible for the active
or intelligent function, all the relevant information, for all these substances
should be submitted in the dossier.

The identity of the active or intelligent substance(s) should then pro-
vide all relevant information on the identity of the active or intelligent
substance(s) and its (their) impurities giving respective chemical name
(IUPAC), CAS registry number, synonyms and trade names, abbreviation,
molecular weight, molecular and structural formula abd spectroscopic. If
a mixture, also the proportion of each constituent in the mixture must be
given.

Then, all relevant information on the physical and chemical properties
of the active and intelligent substance(s), such as physical state, melting
point, boiling point, solubility, octanol/water partition, stability, decompo-
sition temperature, reactivity and hydrolysis shall be provided.

Information on any intended or potential unintended reaction or break-
down products originating for instance during the manufacturing process,
the storage or the use of active and intelligent substance(s) including, if
any, reactions with passive parts of packaging materials, substances of the
food surrounding atmosphere or natural compounds of the food shall also
be provided.

In the section of the manifacturing process a detailed description should
be given of:
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o The manufacturing process of the active or intelligent
substance(s);

 The nature of the passive parts and;

 The process of incorporation of the active and/or intelligent
substances in the finished material or article;

« The types of the food contact material(s);

o The maximum percentage of the active or intelligent
substance(s) in the food contact material.

The applicant shall identify any possible reaction and/or degradation
products under the conditions of the manufacturing processes.

Moreover, information shall be provided on the range of food catego-
ries that active and intelligent materials and articles are intended/recom-
mended to be used with. Intended and worst case conditions of use (time,
temperature, surface/volume ratio or anything of relevance for the safety
evaluation) of active or intelligent materials and articles with those foods
should be given. In this section the applicant shall also provide data rel-
evant to the efficacy of the active and/or intelligent materials and articles
for the intended use.

All relevant information on the legal status of the active and intelligent
substances in respect to the EU and/or national legislation as well as infor-
mation concerning authorization in other countries shall be also provided.
It should be indicated whether the material and article has been authorized
as such (the same active or intelligent substance(s) for the same passive
parts and same usage conditions) or a similar material or article (material
or article having similar principle and function, i.e., similar active or intel-
ligent substance(s), passive parts and usage conditions

Migration data of active and/or intelligent substances and, if any, impu-
rities, reaction products and degradation products, should be provided
using where appropriate conventional migration tests, as described in
the Directive 82/711/EEC [44] or dedicated migration/evaluation tests in
foods or simulants with demonstrated adequacy for the intended/recom-
mended conditions of use. Alternatively, calculations based on worst case
transfer scenarios or recognized mathematical migration models [45] may
be used including any assumptions made. Validated analytical methods for
the determination of the substances and if relevant their degradation and
reaction products in food or food simulants and/or in the final material
should be given in detail except where the analytical methods used are well
established and may be given by reference only.

If known, estimates of exposure to the migrating substances from other
sources should be provided. Finally, toxicological data on each substance
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and if relevant on its/their degradation products and any identified reac-
tion byproducts, should be provided. As a general principle, the extent of
toxicological studies needed will be dependent on the level of exposure
through migration. The greater the exposure, the more toxicological infor-
mation will be required. The same tiered approach as described in the
guidelines of the Scientific Committee on Food [46] for the presentation
of an application for safety assessment of a substance to be used in food
contact materials prior to its authorization has to be followed.

In cases where a substance is already authorized in food or food con-
tact materials Community legislation or evaluated by the SCF or EFSA, a
reference to that legislation or evaluation of the substance should in first
instance be provided instead of the above toxicological data.

12.5 Conclusions

Bioactive packaging is progressively more experimented upon because
it is believed to have a significant potential in improving food safety and
prolonging the shelf life of food products. It follows that a bright future
may be anticipated for active and intelligent packaging. However, despite
long-time commercial use without particular safety concerns, few exam-
ples of these new technologies were present in Europe due to the lack of
legislation. To solve the problem the Regulation 1935/2004/EC and new
Regulation 450/2009/EC pose a new basis for the general requirements
and specific safety and marketing issues related to active and intelligent
packaging in the EU. Both regulations seem to be necessary and helpful
because they both fit perfectly with the food safety strategy, involving an
improved level of food safety and transparency to consumers. In fact, it
should be considered that the complexity of systems introduce many vari-
ables into risk assessment. Pouches/sachets may introduce new migration
products and lead to interactions between active agents and other packag-
ing materials. The development and validation of migration tests to reli-
ably detect and measure new migration products could represent a serious
challenge, as well as the risk assessment for nanomaterials. In this context,
further research on active food packaging materials is necessary not only
to reveal the mechanisms of action of existing systems, but also to develop
novel efficient active agents. Current trends suggest that active packaging
will generally incorporate micro- or nanotechnology to accomplish more
effective and efficient improvement. Parallel tests with diverse foods will be
indispensable before we reach the ideal combination, working equally well
for a majority of foods.
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Anyway, despite the hurdles that have to be overcome in the near future,

there is a strong view that active and intelligent packaging will be a techni-
cal tool in the market with both high potential and more transparent com-
munication with the consumer.
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